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This special issue is dedicated to glioblastoma and elucidates this disease from different
perspectives. Despite multimodal therapies, the prognosis is still dismal. Many features contribute to
this therapeutic challenge including high intratumoral and intertumoral heterogeneity, resistance to
therapy, migration and invasion, and immunosuppression. With the advent of novel high throughput
technologies, significant progress has been made to understand molecular and immunological
signatures underlying the pathology of glioblastoma. This special issue aimed at updating researchers
on current topics and progress made in basic, preclinical, and clinical glioblastoma research.

The original articles in this special issue present novel findings on molecular mechanisms of
radiosensitization, radioresistance and acquired resistance to therapy (Kessler et al., Müller-Längle et al.,
Shah et al., Llaguno-Munive et al.) [1–4], cell migration (Nowicki et al., Hübner et al.) [5,6],
intracellular drug levels (Colin et al.) [7], strategies targeting renewal capacities of cancer stem-like
cells (Gravina et al., Sansalone et al., Linder et al.) [8–10], mathematic modeling of synergy, machine
learning, deep learning (Kim et al., Hana et al., Wong et al.) [11–13], distinct signaling pathways
(Barbagallo et al., Akgül et al., Bensalma et al., Saito et al., Liu et al.) [14–18], prognostic and
predictive effects of imaging patterns (Jungk et al., Puig et al.) [19,20], tumor-associated epilepsy
(Berendsen et al.) [21], and novel models and experimental therapeutic approaches (Berthier et al.,
Offenhäuser et al., Privat-Maldonado et al., Lozada-Delgado et al.) [22–25].

Moreover, review articles summarize the current state of knowledge in the fields of platelets
(Marx et al.) [26], subventricular zone (Altmann et al.) [27] and microenvironment (Schiffer et al.) [28],
lentiviral vectors (Del Vecchio et al.) [29], allergic inflammation (Costanza and Finocchiaro) [30], elderly
patients (Minniti et al.) [31], EMT and authophagy (Colella et al.) [32], notch signaling and CXCL12
signaling (Bazzoni et al., Giordano et al.) [33,34], protein phosphatases (Tomiyama et al.) [35], nitric
oxide antagonism (Fahey and Girotti) [36], virus-based immunotherapy (Martikainen and Essand;
Stepanenko et al.) [37,38], tumor-treating fields (Fabian et al.) [39], amino acid PET (Lohmann et al.) [40],
cholesterol metabolism (Ahmad et al.) [41], preclinical modeling (Rominiyi et al.) [42], and EGFR as a
therapeutic target (Gao et al.) [43].

It becomes clear that a holistic view from different angles is required to understand this complex
disease and discover novel therapeutic targets and biomarkers. We are grateful for all the work the
authors have included in this special issue.

Finally, we would like to emphasize the most important perspective, i.e., our patients’ perspectives.
From their point of view, the main readout for success in patient-centered research is prolonged
survival with maintained quality of life. A culture of continued collaboration between disciplines and
research teams will be necessary to meet this challenge.

Cancers 2019, 11, 1091; doi:10.3390/cancers11081091 www.mdpi.com/journal/cancers1
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Abstract: Glioblastoma (GBM) is the most common and aggressive of all brain tumors, with a median
survival of only 14 months after initial diagnosis. Novel therapeutic approaches are an unmet need
for GBM treatment. MicroRNAs (miRNAs) are a class of small non-coding RNAs that regulate gene
expression at the post-transcriptional level. Several dysregulated miRNAs have been identified in
all cancer types including GBM. In this study, we aimed to uncover the role of miR-143 in GBM cell
lines, patient samples, and mouse models. Quantitative real-time RT-PCR of RNA extracted from
formalin-fixed paraffin-embedded (FFPE) samples showed that the relative expression of miR-143
was higher in GBM patients compared to control individuals. Transient transfection of GBM cells with
a miR-143 oligonucleotide inhibitor (miR-143-inh) resulted in reduced cell proliferation, increased
apoptosis, and cell cycle arrest. SLC30A8, a glucose metabolism-related protein, was identified as
a direct target of miR-143 in GBM cells. Moreover, multiple injections of GBM tumor-bearing mice
with a miR-143-inh-liposomal formulation significantly reduced tumor growth compared to control
mice. The reduced in vitro cell growth and in vivo tumor growth following miRNA-143 inhibition
suggests that miR-143 is a potential therapeutic target for GBM therapy.

Keywords: glioblastoma; microRNAs; mouse model; cell proliferation

1. Introduction

Glioblastoma (GBM), also known as glioblastoma multiforme, is the most common and lethal
form of brain tumor [1]. Currently, there are no optimal treatments for this disease, which accounts for
about 14,000 annual deaths in the U.S., having an incidence ratio of 2 to 3 out of 100,000 adults per
year [2]. GBM, or WHO Grade IV astrocytoma, can either develop de novo (primary, 90% of cases) or
derive from WHO grade II or grade III astrocytomas (secondary) [1,3–5]. GBM tumors are known to be
fast growing in the cerebral white matter and patients typically remain asymptomatic until advanced
stages of the disease [6]. The current therapeutic strategy for GBM involves tumor resection surgery
followed by radiotherapy (XRT) and/or radiosurgery in combination with temozolomide (TMZ)-based

Cancers 2018, 10, 382; doi:10.3390/cancers10100382 www.mdpi.com/journal/cancers5
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chemotherapy [1,7]. However, most GBM patients become resistant to a second round of TMZ
treatment due to over-activation of the DNA repair enzyme O6-methylguanine-DNA methyltransferase
(MGMT) [2,8]. Despite the aggressive treatment, the prognosis of GBM patients remains poor, with
survival rates of only 12–14 months after initial diagnosis. Therefore, novel and more effective therapies
for GBM are urgently needed.

MicroRNAs (miRNAs) are small non-coding RNAs of about 18–22 nucleotides in length
that regulate gene expression post-transcriptionally by recognizing and binding preferably to the
3’-Untranslated Region (3’-UTR) of their target messenger RNAs (mRNAs) [9]. In addition, miRNAs
binding to the 5’-UTR or coding regions have also been observed [9–11]. Evidence indicates that
altered expression of miRNAs in GBM plays a central role in GBM initiation, progression, and tumor
maintenance [12–14]. This has led to the proposal of several miRNAs as both diagnostic and prognostic
markers, and as targets for GBM therapy [2].

MicroRNA-143 (miR-143) is part of a conserved miRNA cluster composed of miR-143/miR-145
on chromosome 5 (5q33) in humans [15]. MiR-143 has been shown to have a role in tumor progression,
cancer cell growth, and invasiveness of cancer cells, including GBM cells [16,17]. As most miRNAs,
miR-143 expression appears to be tissue-specific [17,18]. In normal tissues, miR-143 expression ranges
from highest in the colon to lowest in the brain and liver [15]. Reports have shown that high levels
of miR-143 sensitize cells to chemotherapeutic drugs including docetaxel in prostate cancer cells and
TMZ in GBM cells [8,19]. However, others show an association between high levels of miR-143 with
increased invasive potential of GBM cells compared with parental GBM cells, suggesting an oncogenic
role [16]. Since the biological role of miR-143 in GBM is not well understood, in the present study we
rigorously investigated the role of miR-143 in GBM cell lines, patient samples, and a subcutaneous
GBM mouse model.

2. Results

2.1. Expression of MiR-143 in GBM Patients

First, we assessed the miR-143 expression levels in FFPE samples of GBM patients [14,20,21].
MiR-143 expression levels were found to be significantly increased in GBM patients compared to
controls (* p = 0.0208) (Figure 1).

Figure 1. MiR-143 expression levels in GBM. Formalin-fixed paraffin-embedded (FFPE) tissue blocks
from 19 newly diagnosed Glioblastoma (GBM) patients (13 females, 6 males) and 5 control patients
(2 females, 3 males) were used in this study. GBM patients showed higher miR-143 expression compared
to control patient samples (* p < 0.05); dots represent the means of triplicates ± SD.

2.2. Effect of MiR-143 Targeting on GBM Cell Proliferation

We measured miR-143 expression levels in a panel of three well-known GBM cell lines (U87-MG,
T98G, A-172). MiR-143 was found to be expressed in higher levels in the U87-MG (U87) cell line,
while the T98G cells expressed the lowest miR-143 levels (Figure 2A). Therefore, the U87 cell line was

6



Cancers 2018, 10, 382

used for miR-143 inhibition experiments, while the T98G cell line was chosen for ectopic miR-143
overexpression. To examine the effect of targeting miR-143 on cell proliferation, U87 cells were
transiently transfected with 100 nM of oligonucleotide-inhibitors (miR-143-inh or NC-inh). Following
this treatment, miR-143 levels were significantly reduced in U87 cells by ~90% (* p = 0.0211; Figure 2B).
These cells showed a reduced ability to proliferate as shown by the 78% reduction in the number of
colonies (* p = 0.0202) compared to the NC-inh transfected cells (Figure 2C). Transient transfection of
A-172 cells with 100 nM of miR-143-inh produced similar cell growth inhibitory effects (Figure 2D).

Taq-Man-based RT-PCR (qPCR) analysis with the total RNA extracted from stable transfected
clones showed a 6.98-fold and 2.17-fold increase (compared with empty vector clones) in two of the
miR-143 selected clones (Figure 2E). In a colony formation assay, the miR-143-overexpressed clone
miR-143-1 grew significantly faster than cells expressing the empty vector clones (EV) (Figure 2F).
Together, these results suggest that high miR-143 levels promote cell proliferation of GBM cells.

Figure 2. Effect of miR-143 inhibition or overexpression on cell proliferation. Total RNA was isolated,
and qPCR was performed. (A) Relative miR-143 expression in a panel of Glioblastoma (GBM) cell lines,
calculated relative to T98G cells; (B) Relative miR-143 expression after transient transfection of U87
with miR-inhibitors, calculated relative to the Negative control (NC) inhibitor. Colony formation assay
after transfection of (C) U87 and (D) A-172 GBM cells with miR-143 inhibitor (miR-143-inh) or negative
control inhibitor (NC-inh). (E) qPCR for relative miR-143 expression in empty vector (EV) and miR-143
T98G clones, calculated relative to the T98G non-treated (T98G NT) cells. (F) Colony formation assay of
the T98G (143-1) miR-143 overexpressing clone and T98G Empty Vector (EV) clone. Columns represent
the means of at least triplicates ± SEM (* p < 0.05, ** p < 0.01, *** p < 0.001).

2.3. Effect of MiR-143 Targeting on Cell Cycle Progression and Apoptosis

Next, we investigated whether the reduction of cell proliferation after miR-143 downregulation
was due to activation of apoptosis and/or inhibition of cell cycle progression. Transient transfection of
miR-143-inh in U87 GBM cells produced a cell cycle arrest in the G0/G1 to S phase 72 h post-transfection
(Figure 3A). These results were further validated by western blot analysis of key proteins involved in
G0/G1 to S phase transition. Particularly, cyclin A2, cyclin D3, and cyclin-dependent kinase 2 (Cdk2)
protein levels decreased following miR-143 inhibition (Figure 3B,C).
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Figure 3. Inhibition of miR-143 induces apoptosis and cell cycle arrest. Apoptosis and cell cycle
progression were measured by flow cytometry as described in the “Materials and Methods” section.
U87 cells were transfected with 100 nM of negative control (NC-inh) or miR-143 inhibitor (miR-143-inh).
(A) Seventy-two hours later, cells were fixed and cell cycle progression was assessed using the Muse
Cell Analyzer. (B) Western blot analysis was performed 72 h after miR-inh transfection to detect
changes in cell cycle-related proteins. (C) Densitometric analysis of the band intensities from (B) was
performed and intensity values were expressed relative to NC-inh treated cells. U87 cells were treated
as in (A), and 72 h later the Muse Cell Analyzer was used to measure apoptosis with (D) Annexin V
and (E) Caspase 3/7 activity assays. (F) U87 cells were treated as in (A) and western blot analysis was
performed to detect PARP-1 expression. (G) Densitometric analysis of the band intensities from (F) was
performed and values were expressed relative to NC-inh treated cells. Columns represent the means of
at least triplicates ± SEM (* p < 0.05, ** p < 0.01).
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Furthermore, compared to NC-inh transfected cells, treatment of U87 cells with the miR-143-inh
significantly increased apoptosis as evidenced by increased Annexin-V positive cells (Figure 3D) and
caspase 3/7 levels (Figure 3E). Western blot analysis confirmed the induction of apoptosis showing a
drastic reduction in the total poly (ADP-ribose) polymerase (PARP) protein levels accompanied by a
significant increase in cleaved PARP (Figure 3F,G). Together, these results suggest that high levels of
miR-143 protect GBM cells from apoptotic cell death.

2.4. MiR-143 Target Prediction and Validation

To identify further miR-143 target mRNAs in GBM cells, we performed in silico analysis using six
different microRNA target identification softwares (Targetscan, Diana microT, miRPath, miRecords,
miRDIP, miRGator). Over a hundred potential miR-143-regulated genes were identified by this
approach (data not shown). Targets identified by at least three softwares generated a list of 21 potential
miR-143-regulated genes (Figure 4A). Total RNA extracted from T98G cells transiently transfected with
100 nM of miR-143-inh or NC-inh was used for SYBR Green I-based qPCR analyses. Compared with
the NC-inh transfected cells, transient transfection of miR-143-inh increased the mRNA levels of 6 out
of the 21 miR-143 potential target genes (Figure 4A). These genes include SLC30A8, ITGA7, GXYLT1,
ABL2, and ITM2B (Table 1). ELK-1 has been previously reported as a direct miR-143-regulated gene
and was used as a positive control [22]. Western blot analysis was performed with protein lysates from
miR-143 overexpressed clones 143-1 and 143-2 (Figure 2E). A reduction in the protein levels of ITM2B,
SLC30A8, and ELK-1 was observed in the miR-143 overexpressed clones (143-1, 143-2) compared to
EV or non-treated (NT) protein samples (Figure 4B). However, no observable changes in protein levels
were detected for ABL2, GXYLT1, or ITGA7 in the samples tested (Figure 4B). Moreover, western blot
analysis of U87 cells transiently transfected with 200 nM of miR-143-inh showed increases in expression
of both ITM2B and SLC30A8 compared to the NC-inh U87 transfected cells (Figure 4C). These results
suggest that both ITM2B and SLC30A8 are regulated by miR-143, either directly or indirectly.

Dual-luciferase reporter assays were performed to confirm that miR-143 binds directly to the
3’-UTR of the mRNA of ITM2B and SLC30A8. A plasmid containing the 3’-UTR region of each mRNA
(ITM2B or SLC30A8) and a plasmid containing the pre-miR-143 were co-transfected, as described in
the “Materials and Methods” section. The 3’-UTR of SLC30A8 was divided into two vectors due to
its length (A and B). The sequence of the A and B 3’-UTR fragments are shown in Supplementary
Figure S1. A reduction of 37% in the relative luciferase activity of the SLC30A8 (A) 3’-UTR (* p < 0.05)
was observed, compared to the 3′-UTR control vector confirming direct binding of miR-143 to this
target mRNA (Figure 4D). Supplementary Figure S2 shows the binding region of miR-143 to SLC30A8.
However, changes in luciferase activity for ITM2B were not observed (Figure 4D). Ingenuity pathway
analysis (IPA) shows that SLC30A8 is a zinc transporter protein associated with glucose metabolism
(Figure 4E) [23]. Moreover, SLC30A8 has been shown to interact with CREB3L1 (cAMP responsive
element binding protein 3-like 1), a transcription factor related to unfolded protein response of the
Golgi apparatus and endoplasmic reticulum stress [24].
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Figure 4. Identification of miR-143 target genes in GBM cells. (A) SYBR Green-based qPCR was
performed with total RNA isolated from T98G cells transiently transfected with miR-143-inh or NC-inh.
(B) Western blot analysis was performed with protein extracts from miR-143 overexpressed (143-1,
143-2) and EV clones. (C) Western blot analysis of protein extracts from U87 cells treated with 200 nM
miR-143-inh or NC-inh, Non-treated cells (NT), and U87 cells with transfection reagent alone (lipo) as
loading controls. (D) Dual-luciferase reporter assays were performed where luciferase activity was
calculated relative to the NC-inh. (E) IPA analysis showing the interaction of miR-143 with its target
genes and SLC30A8 association with glucose metabolism.
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Table 1. List of the five miR-143 predicted target genes from qPCR results.

Full Name Gene Symbol

Fold Change
miR-143-Inh vs.

NC-Inh in
T98G Cells

Biological Role

Solute carrier family 30
(zinc transporter),

member 8
SLC30A8 1.98 Role in glucose homeostasis; diabetes

mellitus [25,26].

Integrin, alpha 7 ITGA7 1.51 Receptor for the basement membrane protein
laminin-1 [27]; Tumor suppressor gene [28].

Glucoside
xylosyltransferase 1 GXYLT1 1.69 Notch xylosyltransferase [29].

ABL proto-oncogene 2,
non-receptor tyrosine

kinase
ABL2 1.53

Oncogene related to cell migration and
invasion in various cancers; role in
cytoskeletal rearrangement, regulator of
neuronal structural stability [30–32].

Integral membrane
protein 2B ITM2B 1.32

Role in triggering apoptosis P53
independent; tumor suppressor [33].
Transmembrane protein involved in negative
regulation of amyloid processing. Related to
dementia [34–36].

2.5. In Vivo Targeting of MiR-143

We then assessed the effect of targeting miR-143 on tumor progression in a GBM subcutaneous
mouse model. MiRNA inhibitors were administered as a DOPC-PEG-cholesterol-based nanoliposome
formulation [37]. The experimental design is illustrated in Figure 5A. Tumor-bearing mice were divided
into two groups: DOPC-PEG-liposomal-miR-NC-Inh (N = 7) and DOPC-PEG-liposomal-miR-143-Inh
(N = 9). Nine days after cell implantation, nude mice bearing U87 tumors were injected i.p. three
times a week for three weeks. Each dose consisted of 2.5 μg of DOPC-PEG-liposomal-miR-NC-Inh
or 2.5 μg of DOPC-PEG-liposomal-miR-143-Inh. Liposomal miR-143-inh treatment reduced tumor
growth compared to the control group (Figure 5B). The differences among groups were statistically
significant, particularly for the last two treatment sessions. To confirm that the reduction in tumor
growth was caused by the inhibition of miR-143, we assessed the miR-143 expression levels in total
RNA extracted from mouse tumor samples of both NC-inh and miR-143-inh treated groups. qPCR
results showed a significant reduction in miR-143 expression levels in the miR-143-inh group compared
to the NC-inh group (Figure 5C). Western blot analysis of protein extracted from mouse tumor samples
showed increased SLC30A8 protein levels in three out of the four miR-143-inh samples (miR-143-inh-1,
3, 4) compared to the NC-inh group (Figure 5D). These results further confirm that SLC30A8 is a
miR-143 target in GBM cells.

Figure 5. Cont.
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Figure 5. In vivo targeting of miR-143 reduces tumor growth. (A) Experimental design. (B) MiR-143
inhibition effect on tumor growth was calculated as described in the “Materials and Methods” section.
(C) MiR-143 expression levels were measured by qPCR from total RNA extracted from mouse tumor
tissues. Columns represent the means of N = 7 for NC-inh and N = 9 for miR-143-inh treatments
± SEM. (D) SLC30A8 expression levels were measured by western blot analysis in protein samples
extracted from the mouse tumor tissues. * p < 0.05, ** p < 0.01.

3. Discussion

The major findings of this study are that miR-143 levels are increased in GBM patient samples
compared to normal controls; and that targeting miR-143 reduced cell growth in vitro and tumor
growth in a xenograft mouse model of GBM. Early studies showed divergences regarding the role
of miR-143 in cancer [38]. In colorectal cancer, low levels of miR-143 have been associated with
exacerbation of cancer proliferation in patient samples and cell lines [39]. Similar results were obtained
in gastric cancer [40]. In contrast, a recent study showed that miR-143 expression in stromal cells of a
mouse model of lung adenocarcinoma promoted tumor progression through neoangiogenesis [38].
Similarly, Koo et al. showed that serial selection for invasiveness in glioblastoma cell lines (U87, U251,
U373, and rat glioma cell line C6) exhibited increased expression of miR-143 compared with parental
GBM cells, suggesting an invasive oncogenic role of miR-143 in these cells [16].

While Wang and colleagues found that miR-143 is down-regulated in GBM tissues compared
to normal brains [8], we obtained opposite results. Differences in the integrity of the tissue samples,
the internal standard used for the real-time PCR experiments, and miRNA polymorphisms could
contribute to these divergent results [41–43]. Furthermore, the presence of multiple cancer cell
populations in a tumor (tumor heterogeneity) may result in diverse miRNA expression patterns,
as evidenced by other miRNA expression profiles [2,44].

We observed a reduction in cell proliferation, activation of apoptosis, and cell cycle arrest following
miR-143 inhibition. These results support the conclusion that high levels of miR-143 promote cell
proliferation and protect GBM cells from apoptosis. In fact, PUMA (p53 upregulated modulator of
apoptosis), a reported miR-143-target, is a proapoptotic protein that has been demonstrated to reduce
the growth of subcutaneous U87 tumors in nude mice [45–47]. In our study, multiple injections of
a liposomal-miR-143-Inh reduced tumor growth in a subcutaneous GBM mouse model. A similar
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cancer-driving role for miR-143 is supported by other studies, including Koo et al., where up-regulation
of miR-143 increased the invasive ability of GBM cells [16,38]. These results corroborate the oncogenic
role of miR-143 in GBM cells.

In this study, we identified SLC30A8 as a direct target of miR-143 in GBM cells. SLC30A8, or
Solute carrier family 30 (zinc transporter) member 8, is a protein highly expressed in pancreatic beta
cells. Evidence indicates that SLC30A8 is necessary for the transport of cytosolic zinc into insulin
granules for further insulin maturation (Figure 5E) [25,48]. Interestingly, miR-143 has been reported to
promote type 2 diabetes and adipocyte differentiation [49]. In different tumor types including breast,
colon, and in GBM stem-like cells, miR-143 has been linked to glucose metabolism and regulation of
cancer glycolysis via targeting hexokinase-2 [50–54]. As metabolic rewiring has been recently coined
as a hallmark of cancer [55], further studies should be performed to uncover the role of miR-143
and its target gene SLC30A8, in metabolism pathways contributing to GBM progression and tumor
maintenance. Again, as the expression of miRNA-143 (as most miRNAs) is tissue- and time-dependent,
its role in the intracellular glucose accumulation and the progression of GBM should be carefully
interpreted [2]. Of note, recent reports indicate that the circular RNA, DLGAP4 (circDLGAP4) [56];
and the Mir-143 host gene (MIR143HG) [57] act as miRNA sponges that sequester miRNA-143, thus,
reducing the ability of this miRNA to bind to its cognate targets.

Moreover, miR-143 post-transcriptionally regulates other genes including HK2, PUMA, and
ELK-1 [22,46,50–53]. The decreased expression of all these genes (including SLC30A8), as a result of
the aberrant overexpression of miR-143, could contribute to the uncontrolled growth, proliferation,
and tumor maintenance of GBM cells. Although direct binding of miR-143 to the mRNA of ITM2B
was not observed, the changes in ITM2B protein levels upon miR-143 manipulation suggest that this
protein is a miR-143 downstream effector in GBM cells. ITM2B is known as a tumor suppressor that
triggers p53-independent apoptosis [33,36]. The molecular mechanism of how ITM2B is regulated by
miR-143 in GBM cells should be further investigated.

4. Materials and Methods

4.1. Tumor Samples: RNA and Protein Isolation

Formalin-fixed paraffin-embedded (FFPE) tissue blocks (2008–2010) from 19 newly diagnosed
(de novo) glioblastoma patients (12 females, seven males; median age 59) and five control patients
(two females, three males; median age 38) were obtained from the Pathology Department of the
University of Puerto Rico-Medical Sciences Campus. The control samples were from patients selected
based on having non-neoplastic, non-infectious brain tissue with no metabolic conditions and without
hemorrhagic or necrotic diathesis. The research protocol conducted was approved by the University of
Puerto Rico-Medical Sciences Campus Institutional Research Board (IRB) on 26 January 2016 (protocol
number: A9180112). A representative hematoxylin and eosin (H&E)-stained slide from each of the
selected tissue blocks was evaluated by a pathologist and neurooncologist to corroborate diagnosis
and delineate tumor tissue from normal brain tissue. RNA isolation followed the protocol previously
described by Rivera et al. [14]. Briefly, for each FFPE tissue block, a 3-mm punch biopsy sample was
obtained from the tumor area previously delineated by the pathologist. Samples were processed for
total RNA isolation using the RecoverAll Total Nucleic Acid Isolation Kit (Ambion, Austin, TX, USA).
RNA concentrations were measured using NanoDrop (Thermo Scientific, Wilmington, DE, USA).
The threshold cycles (Ct) were used to calculate the relative miR-143 expression using U48 as the
internal control [14,58]. RNA was isolated from mice tumor tissue with the RecoverAll Total Nucleic
Acid Isolation kit as per the manufacturer instructions. Protein extraction from mice tumor tissue
was performed using the same procedure of protein isolation described below. In both cases, the
frozen tumor tissue was placed in liquid nitrogen, followed by tissue homogenization with a mortar
and electric tissue homogenizer (D1000 Hand-held homogenizer, Benchmark Scientific, Sayreville,
NJ, USA).
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4.2. Cells and Culture Conditions

T98G, U87-MG (U87), and A-172 GBM human cancer cells (RRID: CVCL_0556, CVCL_0022, and
CVCL_0131, respectively) were purchased from American Type Culture Collection (ATCC, (Manassas,
VA, USA). These lines were authenticated by the ATCC on August 2016. The cells were maintained in
adherent culture in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12; GIBCO)
(Invitrogen Corporation) supplemented with 10% fetal bovine serum (FBS) (Thermo Scientific, Logan,
UT, USA), 100 U/mL penicillin/streptomycin (Thermo Scientific) at 37 ◦C in a humidified chamber
with 5% CO2. In vitro assays were performed at 75−85% cell density in passages 1−8.

4.3. Transient and Stable Transfections

For transient transfections, U87 cells (3 × 104 cells/mL) were plated in 6-well plates or Petri
dishes. After 24 h, a mixture of 100 nM (final concentration) of miRNA oligonucleotide-inhibitors
(negative control and miR-143) (Life Technologies, Grand Island, NY, USA), lipofectamine RNAiMAX
(Life Technologies) (1:1 ratio, v/v), and Opti-MEM I (Life Technologies) was added to the cells for
6−8 h. Then, the media was changed to regular DMEM with 10% FBS. For stable transfections,
T98G cells were plated in a 6-well plate (3 × 104 cells/mL). After 24 h, a mixture of 3 μg of miR-143
(pCMV-MIR143) or Empty (pCMV-EV) OriGene vectors (OriGene Technologies, Inc. Rockville, MD),
lipofectamine RNAiMAX (Life Technologies) (1:1 ratio, v/v), and Opti-MEM I (Life Technologies)
was added to the cells for 6−8 h. These vectors contain a Neomycin resistance cassette, which was
used for mammalian cell clone selection and maintenance. Independent clones were picked and
grown individually. RNA was isolated using the mirVana miRNA Isolation Kit (Ambion, Austin, TX,
USA), following manufacturer’s instructions. To monitor miR-143 expression in empty vector and
miR-143-overexpressing clones we used Taqman based qPCR (Applied Biosystems, Life Technologies,
NY, USA). Threshold cycles (Ct) were used to calculate the relative miR-143 expression using U48 as
an internal control [14,58].

4.4. Colony Formation Assay

Cell proliferation was assessed by a clonogenic assay. U87 cells were seeded in a 6-well plate
(3.0 × 104 cells/mL). The next day cells were transiently transfected with miR-143 oligonucleotide-
inhibitor (miR-143-inh) or negative-control inhibitor (NC-inh) as described above. The next day cells
were collected, and 1000 cells were seeded in 10 cm-Petri dishes. Ten days later, colonies were stained
with 0.5% crystal violet in methanol and counted using an Eclipse TS100 microscope (Nikon, Minato,
Tokyo, Japan) [59]. Colony formation assay was also performed with T98G miR-143-overexpressed
clones without the oligonucleotide-inhibitor transfection step.

4.5. Assessment of Cell Cycle and Apoptosis

U87 cells were transiently transfected with a 100 nM (final concentration) of miR-143-inh or NC-inh
as described above. Apoptosis was evaluated by flow cytometry analysis 72 h post-transfection using
both Muse Annexin V Dead Cell Kit and Caspase 3/7 Kits (EMD Millipore Headquarters, Burlington,
MA, USA). Cell cycle progression was evaluated by flow cytometry 72 h post-transfection with the
Cell Cycle Kit (EMD Millipore Headquarters). Data was analyzed and collected using the Muse
Cell Analyzer (EMD Millipore Headquarters). For western blot analysis, U87 transiently transfected
(miR-143-inh or NC-inh oligonucleotides) cells were collected for western blot analysis.

4.6. MiRNA Target Prediction and SYBR-Green I RT-PCR for Target Identification

Online target prediction softwares (microrna.org, Diana-microT, Target Scan Human, mirPath,
miRecords, miRGator, and mRDB) were used to identify potential target genes of miR-143. Total RNA
from miR-143-inh and NC-inh samples were subjected to reverse transcription using the iScript cDNA
Synthesis Kit from Bio-Rad Laboratories (Hercules, CA, USA). Data was collected and analyzed using
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a StepOne Software v2.1 from Applied Biosystems following manufacturer’s protocol (95 ◦C for 2 min
followed by 40 cycles of 5 s at 95 ◦C and 30 s at 60 ◦C). β-actin was used as the internal standard
for the gene expression values [59,60]. We used the multalin software (http://multalin.toulouse.
inra.fr/multalin/) [61] for alignment analysis of miR-143-3p (mature strand) and the SLC30A8(A)
fragment mRNA.

4.7. Western Blot Analysis

Cells were collected, washed with PBS 1X, and stored at −80 ◦C until processed. For protein
extraction, cells were lysed on ice with lysis buffer (1% Triton X, 150 mM NaCl, 25 mM Tris HCl,
0.4 mM NaVO4, 0.4 mM NaF and protease inhibitor cocktail from Sigma, St. Louis, MO, USA) for
30 min vortexing periodically. Lysates were centrifuged for 15 min at 4 ◦C, supernatants collected,
and total protein concentration was determined using Bio-Rad DC Protein Assay reagents (Bio-Rad)
following the manufacturer’s protocol. Equal protein quantities for each sample (30 or 50 μg per lane)
were separated by SDS-PAGE, blotted onto nitrocellulose membranes, blocked with 5% non-fat milk,
and probed with the appropriate dilution of the corresponding primary antibody. Once incubated with
the primary antibody, membranes were rinsed and incubated with the corresponding HRP-conjugated
secondary antibody. Bound antibodies were detected using an enhanced chemiluminescence substrate
followed by autoradiography using a FluorChemTM 8900 (Alpha Innotech Corporation, San Leandro,
CA, USA). Primary antibodies used: anti-ITM2B (1C11) (3 0kDa), anti-ELK-1 (E277) (45 kDa),
anti-ITGA7 (129 kDa), anti-ABL2 (EPR1222(2)) (128 kDa), anti-SLC30A8 (40 kDa), anti-GXYLT1 (51 kDa)
(Abcam, Cambridge, UK); cdk2 (78B2] (33 kDa), Cyclin D3 (DCS22) (31 kDa), p21 (12D1) (21 kDa),
Cyclin A2 (BF683) (55 kDa), PARP (89, 116 kDa) (Cell Signaling, Danvers, MA, USA); and anti-β-actin
(42 kDa) (Sigma). Secondary antibodies used: anti-mouse and anti-rabbit IgG horseradish peroxidase
(HRP) (Cell Signaling).

4.8. Dual-Luciferase Reporter Assays

T98G cells (3.5 × 104 cells/mL) were transiently transfected with 1.5 μg pre-miR vectors (miR-143
and empty vector control) and lipofectamine RNAiMax (1:1 ratio, v/v) in Opti-MEM I media.
After 6 h of transfection cells were washed with PBS 1X and the second transfection of 1.5 μg of
dual Firefly/Renilla luciferase reporter mammalian expression vectors (pEZX-MT06; GeneCopoeia,
Rockville, MD, USA) was performed. Vectors included the 3’-UTR of SLC30A8 (in two portions-A and
B), ITM2B, and an empty vector control. The transfection mix included the 3’-UTR vector, lipofectamine
RNAiMax (Life Technologies) (1:1 ratio, v/v) and Opti-MEM I which was added for another 6 h. Then,
the media was changed to fresh DME/F-12 (10% FBS and 0.1% penicillin/streptomycin). After 48 h
firefly and renilla activity were measured in a Glomax 20/20 luminometer using the Dual-Luciferase
Reporter Assay System kit (Promega, Madison, WI) following the manufacturer’s protocol. The relative
luciferase activity was calculated and graphed relative to the negative-control inhibitor samples with
each 3’-UTR vector.

4.9. Tumor Implantation and Treatment

Male (10) and female (10) BALB/c nude mice of 4 to 6 weeks of age were purchased from Taconic
Biosciences (Rensselaer, NY, USA). U87 cells were subcutaneously (s.c.) injected into the right dorsal
flank (2.0 × 106 cells/200 μL in PBS/Matrigel mixture). Tumor size was measured each treatment
session (every three days) with a caliper. Tumor volumes were calculated using the following formula:
volume = (L × W × H) × 0.5, where L is the length (longest diameter), W is the weight (thickness),
and H is the height (shorter diameter). Liposomal-miRNA-inh administration initiated once tumors
were visible (after 7 days). Mice were injected intraperitoneally (i.p.) three times a week for three
weeks with DOPC-PEG-liposomal-miR-NC-Inh or DOPC-PEG-liposomal-miR-143-Inh. Liposomes
were composed of miRNA-inh; 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (1:10 w/w ratio);
(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(amino(polyethylene glycol)-2000) (ammonium
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salt) − (DSPE-PEG-2000) (5% mol/mol of DOPC); and cholesterol (25% w/w of DOPC). This liposome
formulation has been previously described [37]. At the end of treatment, mice were euthanized, tumors
were measured and weighted. Tumor samples were processed, and total RNA extraction was obtained
with the mirVana miRNA Isolation Kit (Life Technologies, Thermo Fisher Scientific, Waltham, MA,
USA) as per de protocol instructions. MiR-143 and U48 (internal control) were measured by real-time
PCR with TaqMan specific probes (Applied Biosystems). Animal handling and research protocols were
approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Puerto
Rico, Medical Sciences Campus on 10 April 2018 (protocol number: A870110).

4.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla,
CA, USA). Data was analyzed using Student’s t-test for comparing two groups and ANOVA tests for
multiple group comparisons, with p < 0.05 considered statistically significant (* p < 0.05, ** p < 0.01,
*** p < 0.001). All experiments were performed at least in triplicates.

5. Conclusions

We provide evidence that miR-143 levels are increased in GBM patients and that miR-143 acts as an
oncogene by promoting cell proliferation and survival of GBM cells. Further preclinical studies using
orthotopic xenograft models and direct administration of the miR-143 inhibitor into an orthotopic brain
tumor should be conducted to confirm that miR-143 is a viable molecular target for GBM treatment.
We also identified SLC30A8 as a direct target mRNA of miR-143 in GBM cells in vitro and in vivo.
Further studies should elucidate the role of this novel cancer-associated gene in GBM.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2072-6694/10/10/
382/s1, Figure S1: SCL30A8 3′UTR vectors A and B sequences, Figure S2: Sequence alignment of miR-143 and
SLC30A8 3′UTR.
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Abstract: Background: The second intron of Mitogen-Activated Protein Kinase Kinase 4 (MAP2K4),
an important hub in the pro-invasive MAPK pathway, harbors miR-744. There is accumulating
evidence that intronic micro-RNAs (miRNAs) are capable of either supporting or restraining
functional pathways of their host genes, thereby creating intricate regulative networks. We thus
hypothesized that miR-744 regulates glioma migration by interacting with its host’s pathways.
Methods: Patients’ tumor specimens were obtained stereotactically. MiR-744 was overexpressed in
U87, T98G, and primary glioblastoma (GBM) cell lines. Cell mobility was studied using migration and
Boyden chamber assays. Protein and mRNA expression was quantified by SDS-PAGE and qRT-PCR.
Interactions of miR-744 and 3’UTRs were analyzed by luciferase reporter assays, and SMAD2/3,
p38, and beta-Catenin activities by TOP/FOPflash reporter gene assays. Results: As compared to
a normal brain, miR-744 levels were dramatically decreased in GBM samples and in primary GBM
cell lines. Astrocytoma WHO grade II/III exhibited intermediate expression levels. Re-expression
of miR-744 in U87, T98G, and primary GBM cell lines induced focal growth and impaired cell
mobility. Luciferase activity of 3’UTR reporter constructs revealed the pro-invasive factors TGFB1
and DVL2 as direct targets of miR-744. Re-expression of miR-744 reduced levels of TGFB1, DVL2,
and the host MAP2K4, and mitigated activity of TGFB1 and DVL2 downstream targets SMAD2/3 and
beta-Catenin. TGFB1 knock-down repressed MAP2K4 expression. Conclusion: MiR-744 acts as an
intrinsic brake on its host. It impedes MAP2K4 functional pathways through simultaneously targeting
SMAD-, beta-Catenin, and MAPK signaling networks, thereby strongly mitigating pro-migratory
effects of MAP2K4. MiR-744 is strongly repressed in glioma, and its re-expression might attenuate
tumor invasiveness.

Keywords: glioblastoma; migration; microRNAs; MAP2K4

1. Introduction

Micro-RNAs (miRNAs) are short RNA molecules with an established role as important epigenetic
regulators of the transcriptome via recognition of base-complementary signals in the 3’ untranslated
regions of target mRNAs [1,2]. Interestingly, the majority of human miRNA genes are located within
non-coding regions of protein-coding genes [3,4]. It also appears that this colocalization leads to
coregulation in several instances, either through cotranscription and therefore coexpression, or via
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shared cis-regulatory elements [5]. Increasing evidence has begun to unravel the shades of a mechanism
bearing an important role in the regulation of central cellular pathways, rather than just being a
biological pendent of an information compression algorithm. However, we are only on the verge of
understanding its impact on health and disease [6,7]. The Mitogen-Activated Protein Kinase (MAPK)
pathway is one of such central signal transduction pathways, regulating a plethora of essential cellular
functions, including proliferation, differentiation, and modulation of gene expression. One of its
members, Mitogen-Activated Protein Kinase Kinase 4 (MAP2K4), is a well-known tumorigenic kinase
with an established role in metastasis, invasion, and cancer progression [8–10]. MAP2K4 in turn hosts
the intronic microRNA hsa-miR-744, located in the second intron of its host. Even though MAP2K4
has long been recognized as a potent proto-oncogene, little is known about its intronic miRNA. Most
importantly, the relationship between MAP2K4 and miR-744 is as yet completely uncharacterized.
Due to the central and established role of MAP2K4 in tumor biology [11,12], we hypothesized miR-744
to be guilty by association, possibly augmenting or antagonizing MAP2K4s tumor-promoting effects.

In the following manuscript, we provide new and unprecedented evidence of a significant role
of miR-744 in the regulation of its host gene MAP2K4 in human glioma. This is accomplished via
controlling both expression and functional aspects of its host gene. We show how miR-744 inhibits
cell migration and invasion, a key characteristic of glioblastoma (GBM), via targeting three essential
cellular pathways. We finally validate our hypothesis in cell line experiments as well as patients´
tissue samples. We believe that our findings shed some more light on the as yet blurry contours of the
mechanisms underlying tumor development through dysregulation of cellular signaling, and portray
miR-744 as a central molecule in the formation of GBM.

2. Results

2.1. miR-744 Is Strongly Repressed in Human Glioma

To identify human tissues in which miR-744 may fulfill important regulatory functions, we used
the intragenic microRNA database miRIAD (http://bmi.ana.med.uni-muenchen.de/miriad/) [4],
and screened for tissues with high expression levels of this miRNA. As depicted in Figure 1A, among
five different tissues deposited in miRIAD (heart, testis, kidney, cerebellum, and brain), human brain
exhibited the highest expression levels of miR-744, which suggests its implication in the maintenance
of homeostatic conditions in the central nervous system. To investigate our initial hypothesis, we next
quantified miR-744 in stereotactically obtained GBM specimens and primary cell lines obtained from
open GBM resections by qRT-PCR, and found a dramatic reduction of miR-744 as compared to normal
brain tissue (Figure 1B; GBM samples: reduction by 90.3% ± 14.7%, primary GBM cell lines: reduction
by 92.7% ± 7.3%; n = 9 for normal brain tissue, n = 21 for GBM samples, n = 8 for primary GBM cell
lines; p < 0.01). Also, we could detect reduced expression of miR-744 in U87 cells, a human GBM cell
line (Figure 1B; reduction by 97.7% ± 6%, n = 9, p < 0.001).

Collectively, this data shows that miR-744 is highly expressed in human brain tissue, whereas it is
almost entirely repressed in GBM.

To assess the expression of miR-744 in human glioma of different grades, we quantified miR-744
in 15 stereotactically obtained WHO II/III tumors by qRT-PCR. As depicted in Figure 1C, we found
miR-744 also to be repressed; however, expression levels were significantly higher as compared to
GBM (48% ± 20%; WHO II/III: n = 15, GBM: n = 21, p = 0.034). It thus appears that miR-744 expression
is inversely correlated with tumor grade and may contribute to increased tumor aggressiveness.

22



Cancers 2018, 10, 400

 
Figure 1. miR-744 is strongly repressed in glioma. MiR-744 expression was quantified by qRT-PCR.
U47 served as the endogenous reference. (A) Expression levels of miR-744 in five different tissues.
(B) Expression of miR-744 in normal brain tissue (NB) (n = 9), glioblastoma (GBM) (n = 21), primary
GBM cell lines (n = 9), and U87 cells (n = 9), p < 0.001. (C) Expression of miR-744 in WHO grade ◦II/◦III
glioma (n = 15) compared to GBM (n = 21), p = 0.034. ** p < 0.001; * p < 0.05.

2.2. Overexpression of miR-744 Reduces Migration of GBM Cells

It is a frequently occurring phenomenon that tumors down-regulate, or even hamper,
the expression of genes that are not useful for malignant transformation. Our next aim was to
understand the reasons for miR-744 downregulation in human GBM, and thus we investigated the
biological functions of miR-744 in glioma cells. To this end, we transiently re-expressed miR-744 in
U87, T98G, and primary GBM cell lines by transfection of the respective premiR and assessed the
resulting phenotype. Surprisingly, we could not detect any alterations of apoptosis or proliferation
after transfection of miR-744 (data not shown). 2D wound closure assays however, revealed a strong
impact of miR-744 on cellular migration, which was markedly attenuated in miR-744 transfected cells
(Figure 2A). To study the long-term effects of miR-744 on cellular migration, we constructed a miR-744
delivering expression vector, and stably transfected U87 GBM cells (Figure 2D, left panel). As shown
in Figure 2B, overexpression of miR-744 leads to a decrease in cellular spreading and induces focal
growth, pointing towards an alteration of cellular mobility. Importantly, 2D migration and Boyden
Chamber assays revealed a less invasive phenotype (Figure 2C,D, right panel; reduction of 46% ± 5.8%,
n = 4, p = 0.029). Taken together, this data shows that miR-744 inhibits migration of GBM cells.
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Figure 2. Overexpression of miR-744 induces focal cell growth and inhibits invasion and migration.
(A) 2D migration assays of transiently miR-744 transfected cells (left panel: U87; middle panel: T98G;
right panel: primary GBM cell lines) at start and after 24 h. Lines mark the initially cell-free area.
A typical example of 3 experiments is shown. (B) Fluorescence microscopy of control and stably
miR-744 overexpressing cells. (C) 2D migration assays of stably transfected cells; depicted are start
state and after 24 h of incubation. Lines mark the cell-free area. A typical example of 3 similar
experiments is shown. (D) Left panel: MiR-744 levels after stable transfection (induction 14.4-fold
± 6.0, n = 5, p < 0.001). Right panel: Invasion after stable transfection of U87 cells, measured with
Collagen-coated Boyden Chamber invasion assays (n = 4, p = 0.029). ** p < 0.001; * p < 0.05.

2.3. TGFB1 and DVL2 are Direct Targets of miR-744, Regulate Migration in GBM Cells, and are Induced in
Tissue of Human Malignant Glioma

To identify direct targets of miR-744 possibly accounting for the detected phenotypic alterations,
we next combined in silico target prediction and pathway analysis to extract mRNAs (a) containing
miR-744 binding sites in their 3’ untranslated region (3’UTR), and (b) being involved in the regulation
of cellular mobility. This prompted us to investigate Transforming Growth Factor Beta 1 (TGFB1)
and Dishevelled2 (DVL2) in detail, as these were the most promising predicted targets of miR-744
with respect to a supposed role in GBM migration [13,14]. To test this assumption, we quantified
mRNA and protein expression levels of TGFB1 and DVL2 in U87 cells stably overexpressing miR-744,
and indeed detected a marked decrease of TGFB1 and DVL2 mRNA (reduction of 38% ± 5.6% and
33.6% ± 4.9%, respectively, n = 5, p < 0.05), and protein expression (reduction of 35.6% ± 8.3% and
36.8% ± 5.3%; Figure 3A, left and middle panels). To provide experimental proof that both genes
are bona fide targets of miR-744 in GBM, we performed luciferase reporter gene assays on vector
constructs containing the full-length 3’-UTR of either TGFB1 or DVL2. As shown in Figure 3A (right
panel), co-transfection of miR-744 mimic and reporter constructs diminished luciferase activity by
37% and 47%, respectively, compared to miR scrambled control (n = 5, p < 0.05), thereby proving that
both genes are direct targets of miR-744. Transient knock-down of both TGFB1 and DVL2 by specific
siRNAs (knock-down efficiency: Supplementary Figure S1) reduced the migratory capabilities of GBM
cells in 2D migration assays (Figure 3B), thereby closing the anticipated functional loop; miR-744
impairs migration of human glioma cells by direct targeting of TGFB1 and DVL2.
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Figure 3. Transforming Growth Factor Beta 1 (TGFB1) and Dishevelled2 (DVL2) are direct targets
of miR-744, regulate migration, and are induced in GBM and in Astrocytoma ◦II/◦III. (A) Left and
middle panels: mRNA and protein expression of TGFB1 and DVL2 in U87 cells stably transfected with
miR-744 or empty vector control, respectively (n = 5, p < 0.05). Right panels: TGFB1 and DVL2 3’UTR
Luciferase Reporter Gene activity after co-transfection of the respective reporter vectors with miR-744
or with scrambled control, respectively (DVL2: −47% ± 3,2%, TGFB1: −37% ± 2%, n = 5, p < 0.05).
All Luciferase and mRNA experiments were performed in triplicates. (B) 2D migration assay after
transient knock-down of DVL2 and TGFB1 in U87 cells. One representative example of 3 experiments
is shown. (C) Expression of DVL2 and TGFB1 mRNA in Astrocytoma ◦II/◦III biopsies (n = 10, p < 0.05),
GBM biopsies (DVL: n = 17, p = 0.001; TGFB1: n = 39, p = 0.015), and primary GBM cell lines (n = 8,
p < 0.001), as compared to normal brain tissue (n = 9). ** p < 0.001; * p < 0.05. n.s. = not significant.

In GBM and Astrocytoma ◦II/◦III specimens, as well as in primary GBM cells, we found
significantly increased expression levels of DVL2 and TGFB1. These results are in line with the
detected down-regulation of miR-744 (Figure 3C; DVL2: GBM, induction 3.35-fold ± 0.14, p = 0.002;
primary GBM cells, induction 5.4-fold ± 0.46, p < 0.001; normal brain tissue (NB), n = 9; GBM, n = 17;
primary GBM cells, n = 8. TGFB1: GBM, induction 2.19-fold ± 0.09, p = 0.015; primary GBM cells,
induction 4.33-fold ± 0.69, p < 0.001; NB, n = 9; GBM, n = 39; primary GBM cells, n = 8). Notably, GBM
exhibited higher levels of TGFB1 and DVL2 as compared to Astrocytoma ◦II/◦III (Figure 3; TGFB1:
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induction 1.5-fold ± 0.36, p = n.s.; DVL2: induction 2.1-fold ± 0.3, p < 0.001; n = 10 for Astrocytoma
◦II/◦III).

Hence, this data indicates that miR-744 puts the brake on the expression of DVL2 and TGFB1,
which both play an important role as promoters of migration in GBM.

2.4. Via Repression of DVL2 and TGFB1, miR-744 Regulates Beta-Catenin and SMAD-Signaling Pathways

We next set out to gain insight into the molecular pathways underlying the observed phenotypic
alterations. TGFB1 is assumed to enhance cellular mobility through SMAD-dependent induction of
pro-invasive factors such as Matrix Metalloproteinases (MMPs) [15,16], while DVL2 represents a central
inducer of beta-Catenin signaling [17]. Both pathways induce epithelial-to-mesenchymal transition
(EMT), and enhance tumor cell migration [14,17]. Consequently, we next assessed the activation status
of SMAD2/3 and beta-Catenin upon overexpression of miR-744, as these transcription factors represent
important downstream effector molecules of TGFB1 and DVL2 [16,18], respectively. As depicted in
Figure 4A, miR-744 overexpression resulted in a marked reduction of the transcriptionally active
forms of SMAD2/3 and beta-Catenin (SMAD2/3: reduction of 52% ± 15.8%; active beta-Catenin:
reduction of 38.6%± 5.7%). In addition, immunohistochemistry showed a significantly weaker staining
for transcriptional active beta-Catenin upon overexpression of miR-744 as compared to controls
(Figure 4B). In line with these results, subsequent analysis of beta-Catenin-mediated transcriptional
activity by Lef/Tcf luciferase reporter gene assay revealed a significantly reduced activity in cells stably
overexpressing miR-744 (Figure 4C; −46.1% ± 10.7%, n = 5, p < 0.01).

Figure 4. Stable overexpression of miR-744 represses activity of TGFB1 and DVL2 downstream effector
molecules SMAD- and β-Catenin. Experiments were conducted after stable overexpression of miR-744
as compared to empty vector controls. (A) SDS-PAGE of active β-Catenin and phosphorylated SMAD
2/3. (B) Immunohistochemistry staining of active β-Catenin. (C) β-Catenin-dependent transcriptional
activity of Lef/Tcf, measured with TOP/FOPFlash Luciferase Reporter Gene Assay (n = 4, p = 0.007).
* p < 0.05.

Taken together, our results show that miR-744 via DVL2 and TGFB1 ameliorates invasive
properties of GBM cells by down-regulation of beta-Catenin and SMAD-signaling.
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2.5. miR-744 Reduces It’s Host Gene MAP2K4 Through TGFB1-Mediated Negative Feedback

So far, our results have suggested that miR-744 acts as a counterpart of its host gene MAP2K4,
an enhancer of cancer progression [8,10]. It thus appeared likely that a negative feedback relationship
between miR and host might exist. To test this assumption, we assessed MAP2K4 expression in
U87 cells stably overexpressing miR-744, and indeed found reduced mRNA and protein levels
(Figure 5A; mRNA: −66.2% ± 7.9%; protein: −56.2% ± 9.6%; n = 5, p < 0.05). Concordantly, miR-744
overexpression attenuated activity of MAP2K4s downstream effector p38. As the 3’UTR of MAP2K4
does not contain any putative binding sites of miR-744, the host obviously is not directly targeted.
We thus hypothesized that miR-744 indirectly represses its host by targeting an activator of the host
gene. As TGFB1 is known to activate p38 MAPK, we speculated that TGFB1 might also fulfill a
function as an enhancer of MAP2K4 signaling. Gene-specific knock-down of TGFB1 (Figure 5C, right
panel) significantly decreased MAP2K4 mRNA and protein levels, thereby strongly supporting this
assumption (Figure 5B; −47.7% ± 3.8%, n = 4, p = 0.004). Not unexpectedly, intronic miR-744 was also
significantly affected by TGFB1 knock-down (Figure 5C, left panel; −38.1% ± 9.5%, n = 4, p = 0.015).

Figure 5. miR-744 reduces its host gene Mitogen-Activated Protein Kinase Kinase 4 (MAP2K4) through
TGFB1-mediated negative feedback. (A) mRNA expression of MAP2K4 (left panel), and protein
expression of MAP2K4 and its downstream target phospho-p38 MAPK (right panel), after stable
overexpression of miR-744 as compared to empty vector controls (n = 5, p = 0.003). (B) mRNA (left
panel) and protein expression (right panel) of MAP2K4 after knock-down of TGFB1 (n = 5, p = 0.004).
(C) Expression of miR-744 (left panel) and TGFB1 (right panel) after knock-down of TGFB1 (miR-744:
n = 5, p = 0.015; TGFB1: n = 5, p < 0.001). ** p < 0.001; * p < 0.05.

These results sketch a regulatory loop: TGFB1 simultaneously enhances transcription of MAP2K4
and miR-744. The latter directly targets TGFB1, which as a negative feedback results in concurrent
repression of MAP2K4 and miR-744 (Figure 6). These results highlight the close regulatory relationship
between intronically located miRs and their host genes.
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Figure 6. Model of miR-744 effects on it’s host gene´s expression and on tumor cell migration.
Direct repression of DVL2 and TGFB1 by miR-744 inhibits SMAD- and beta-Catenin-dependent
transcriptional activity, respectively, thus reducing expression of EMT- and pro-invasive genes.
Moreover, miR-744 constitutes a second-order negative feedback loop on its host gene MAP2K4
through direct repression of TGFB1 levels, concomitantly repressing host gene and miR-744 expression.

3. Discussion

In recent years, evidence has accumulated that colocalization of intronic miRNA and the host
gene is not a random choice by nature, but rather fulfills important functional tasks within the host
genes’ pathways. Several studies have experimentally proven in different contexts that intronic
miRNAs are capable of either supporting or restraining functional pathways of their host genes,
thereby creating intricate regulative networks [19,20]. As about half of human miRNAs reside in
introns of protein-coding genes, these examples may signify a more general biological principle.
A very recent study however, has suggested low prevalence of functional association between host and
intronic miRNAs in general, but has assumed a key role of this type of regulation in cellular signaling
pathways requiring tight control [21]. To date, experimental evidence supporting this view is scarce.
As an example of potential high interest, we investigated miR-744, located in the second intron of the
tumorigenic kinase MAP2K4, and its impact on it’s host gene’s functional networks.

Expression patterns of miRNAs are highly heterogeneous among cell types, and pronounced
expression levels of a certain miRNA within a specific tissue is likely to reflect functional relevance.
After analysis of different tissues, we found brain tissue to be the most suitable for further analyses,
due to its high miR-744 expression. With respect to the role of MAP2K4 as a driver of malignancy,
we assessed miR-744 expression in human brain tissue, in Astrocytoma WHO grade II/III, and in the
most malignant brain tumor (i.e., GBM). Interestingly, we detected a gradual tumor-grade-dependent
loss of expression, with almost completely lost miR-744 expression levels in GBM. These findings
made us assume that miR-744 is a gatekeeper of oncogenic signaling during the malignization process.
Indeed, stable re-expression of miR-744 in GBM cells resulted in a significantly more benign phenotype,
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with tumor cells growing focally, and migrating less. To uncover the mechanisms underlying these
phenotype changes, we stably overexpressed miR-744 in GBM cells, and evaluated potential miR-744
target genes fulfilling the criteria of (a) being involved in the regulation of cell motility and (b) harboring
potential miR-744 binding sites in their 3’UTRs. We identified and experimentally validated DVL2 and
TGFB1 to be directly regulated by miR-744 in GBM cells. We were further able to show that specific
knock-down of these target genes impaired cellular migration similar to miR-744 overexpression.
In line with these results, we found that down-regulation of miR-744 in human GBM is accompanied
by a marked increase in DVL2 and TGFB1 expression levels, indicating clinical relevance of these
functional networks.

DVL2 and TGFB1 have repeatedly been shown to act as inductors of epithelial-to-mesenchymal
transition (EMT) [13,22,23], one of the hallmarks of cancer progression. During EMT, induction
of Matrix-Metalloproteinases initiates breakdown of the extracellular matrix and reduces cellular
adhesion, which results in enhanced migratory capacity and invasiveness [24,25]. Particularly in GBM,
TGFB1 is one of the most powerful cytokines secreted by the tumor itself. It has repeatedly been
shown that GBM-derived TGFB1 induces EMT via activation of transcription factors of the SMAD
family, thereby increasing migration of GBM cells into the surrounding brain tissue. It thus represents
a hallmark of GBM progression [26–28]. In addition, DVL2, as a key enhancer of beta-Catenin
transcriptional activity, represents another orchestrator of EMT [29–31]. In GBM, the DVL2-beta-catenin
signaling axis has been found to be markedly activated, which significantly contributes to the extremely
invasive nature of these tumors [13,32,33]. To this end, we tested whether inhibition of DVL2 and
TGFB1 by overexpression of miR-744 exerted the supposed impact on the respective downstream
effector molecules, beta-Catenin and SMAD. Based on immunohistochemistry, protein analyses,
and reporter gene assays, our results provided evidence that miR-744 hampers GBM cell migration
via concurrent reduction of SMAD- and beta-Catenin signaling. Thus, downregulation of miR-744
during gliomagenesis may be an effective tumor intrinsic mechanism to support tumor progression by
simultaneously affecting different oncogenic signaling pathways.

This negative impact of miR-744 on tumor cell migration strongly contrasts with the functions
of its host gene, MAP2K4, which has been shown to profoundly enhance cancer cell migration and
metastasis [8,10]. It can thus be concluded that that miR-744 acts as functional antagonist of its host,
thereby keeping a molecular balance. As stable overexpression of miR-744 resulted in significantly
reduced MAP2K4 levels, we assumed that miR-744 may not only control its host functionally, but also
on the level of gene expression through negative feedback. The concept of intronic miRs regulating
their host genes by direct or indirect feedback loops has been experimentally proven in several
different contexts [6,34]. Effects are achieved either directly by targeting of the host’s 3’UTR (first
order negative feedback), or indirectly by targeting an interposed gene that subsequently affects
the host gene’s expression (second order negative feedback). As the 3’UTR of MAP2K4 does not
contain any predicted miR-744 binding sites, we focused on the identification of a second order
negative feedback. In this regard, our finding that stable overexpression of miR-744 attenuated
the activity of MAP2K4’s downstream effector p38 prompted us to come back to TGFB1 as an
important activator of p38 MAPKs [35,36]. Indeed, we could show that gene-specific knock-down of
TGFB1 significantly decreased MAP2K4 expression. Concomitantly, miR-744 levels were decreased,
supporting the notion of a negative feedback loop acting as an “intrinsic transcriptional brake” to
prevent inadequate transcription of MAP2K4. Inhibition of TGFB1 by miR-744 thus fulfills a dual role
in mediating effects of this intronic miRNA on its host MAP2K4: (i) Functional antagonization via
blocking SMAD-signaling, thereby reducing glioma migration and invasion; and (ii) control of the
tumorigenic host’s expression levels.

It is a limitation of the current study that the molecular mechanisms enabling this fundamental
switch remain elusive. However, due to the assumable multi-layered nature of these processes, this
question may be addressed in further research projects.
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4. Materials and Methods

4.1. Bioinformatics

Analysis of potential miR-mRNA interactions was performed using the public databases
TargetScan, PITA, miRIAD, and picTAR. Potential direct interactions were considered probable when 2
or more algorithms returned a positive target prediction. In-silico analysis of miR expression levels
was conducted using the intragenic microRNA database miRIAD (http://bmi.ana.med.uni-muenchen.
de/miriad/). Involvement of target genes in tumor-associated pathways was evaluated using the
KEGG database (www.genome.jp/kegg/pathway.html).

4.2. Human Tissue Samples

Tissue samples (n = 21, GBM; n = 15, WHO II/III Astocytoma; n = 8, primary GBM cell lines; and n
= 9, normal brain) were obtained and processed as described previously [7]. Written informed consent
was given by all patients, and the study protocol was approved by the Institutional Review Board of
the Ludwig-Maximilians University of Munich, Germany (approval number: 216/14). For this study,
only specimens from patients diagnosed with primary GBM, LOH 1p/19q negative, and IDH wild
type were used.

4.3. RNA Extraction and cDNA Synthesis

RNA was extracted using the RNAqueous or miRvana Isolation kit (Ambion, Waltham, MA,
USA), followed by DNAse treatment (Turbo DNAse, Ambion) according to the manufacturer’s
instructions. RNA amount and quality was assessed using a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Waltham, MA, USA). Equal amounts of RNA were transcribed using Oligo-dT
Primers, Random Hexamers (Qiagen, Venlo, Netherlands), dNTPs, RNAse OUT, and Superscript® III
Reverse Transcriptase (Invitrogen, Waltham, MA, USA), following the manufacturer’s instructions.

4.4. Quantitative RT-PCR

Quantitative analysis of mRNA levels was performed on a LightCycler 480 (Roche Diagnostics,
Penzberg, Germany) using 10 ng of cDNA/well. Succinate Dehydrogenase Subunit A (SDHA)
and TATA Box Binding Protein (TBP) were used as reference genes. Quantitative real-time PCR
(qRT-PCR) was conducted using the primers (Metabion, Martinsried, Germany) and UPL Probes
(Roche Diagnostics) provided in Supplementary Table S1. All assays were designed intron spanning.
qRT-PCR conditions comprised initial denaturation for 10 Minutes (95 ◦C), and 50 cycles of 95 ◦C for
10 s, 60 ◦C for 30 s, and 72 ◦C for 1 s. Quantification cycle (Cq) values were calculated employing the
"second derivative maximum" method computed by the LightCycler® software.

4.5. Quantification of miRNA Expression

Mir-744 expression was studied using TaqMan miRNA assays (Applied Biosystems, Waltham,
MA, USA) according to manufacturer’s instructions. MiR-744 and reference gene expression was
measured in technical duplicates. U47 served as an endogenous reference. All patient samples were
calibrated using a sample of normal brain tissue.

4.6. SDS-PAGE

Cells were lysed in cell lysis buffer containing protease and phosphatase inhibitors (Cell Signaling
Technologies, Danvers, MA, USA). Protein concentrations were assessed through BCA assays
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.
Forty micrograms of the protein extracts were electrophoresed on 10% SDS-PAGE gels and
electroblotted on PVDF-membranes. Nonspecific binding was blocked with 5% Bovine Serum Albumin
(BSA) in TBS-Tween-20 (TBST) (Sigma, St.Louis, MO, USA). Antibodies for MAP2K4 (Cat. No. 9152),
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TGFB1 (Clone 56E4, Cat. No. 3709), DVL2 (Clone 30D2, Cat. No. 3224), and β-Actin (Clone 13E5,
Cat. No. 4970) (all Cell Signaling Technologies) were diluted in TBST with 1% BSA. β-Actin served
as the loading control. Immunoreactivity was assessed using horseradish peroxidase-labeled goat
anti-mouse or goat anti-rabbit antibodies (Cell Signaling Technologies).

4.7. Cell Culture

U87 and T98G GBM cells were purchased from the American Type Cell Culture Collection
(ATCC). Cells were maintained in DMEM (Gibco) with 10% FCS (Biochrom AG), 2% L-Glutamine, 1%
Penicillin/Streptomycin, 1% MEM NEAA (Invitrogen), and 1% Sodium Pyruvate (PAA). HEK-293
cells (ATCC) were maintained in DMEM with 10% FCS, 2% L-Glutamine, 1% Penicillin/Streptomycin,
and 1% MEM NEAA. Primary GBM cell lines were obtained from patients undergoing open
GBM resection, according to the study protocol mentioned above. Tumor tissue was dissociated
using the Brain Tumor Dissociation Kit P (Miltenyi, Bergisch-Gladbach, Germany) according to
the manufacturer’s instructions. Primary GBM cells were cultivated in MACS Neuro Medium
supplemented with Neuro Brew-21 without Vitamin A (Miltenyi).

4.8. Cloning of Reporter Constructs

The 3’UTRs of TGFB1 and DVL2 were amplified using genomic DNA and primer with XhoI
and NotI, or PmEI and XhoI, restriction sites. Primer sequences are supplied in Supplementary
Table S2. PCR products were cloned into the psiCHECK2 vector (Promega, Mannheim, Germany).
Correct sequences were verified by Sanger sequencing (Eurofins Operon, Ebersberg, Germany).
Plasmids were purified using the Qiaprep Spin Plasmid Miniprep Kit (Qiagen) and the Pure Yield
Plasmid Midiprep System (Promega). DNA concentrations were determined using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific).

4.9. Cloning of miRNA Expression Vector

The pre-miR sequence was amplified using genomic DNA and specific primers (sequences
supplied in Supplementary Table S2). The resulting amplicon was cloned into the pmRZs-Green1
vector (Promega).

4.10. Transfections

Transfections were conducted using the NEON electroporation device (Life Technologies,
Waltham, MA, USA). Transient transfection with microRNA precursors (premiR, Thermo Fisher
Scientific) or siRNA (Dharmacon, Lafayette, CO, USA) was carried out at final concentrations of
50 nM (premiR) or 100 nM (siRNA), and 250,000 cells per well. Cells were incubated for 36 h at 37 ◦C
and 5% CO2 in an antibiotics-free medium. Stable transfection was performed using 1 million cells
and 10 μg plasmid/well. After incubation for 12 h in antibiotics-free medium, cells were seeded in
DMEM containing 750 μg/mL Geneticin (Life Technologies). Stable transfection was analyzed by flow
cytometry (Attune, Life Technologies). Monoclonal cell lines were obtained by single-cell picking.
Overexpression of miR-744 was assessed through TaqMan assays. Co-transfection of luciferase reporter
plasmids and premiR™ was carried out using 100,000 HEK-293 cells and 1 μg of Psi-CHECK™2
plasmid. All transfection experiments were performed in triplicate.

4.11. Reporter Gene Assays

After 36 h of incubation, co-transfected cells were harvested, washed twice, and resuspended
in 20μl medium. Luminescence was measured with the MicroLumat Plus (Berthold Technologies,
Bad Wildbad, Germany) using the Dual-Glo Luciferase Assay system (Promega), according to
manufacturer’s instructions. All experiments were performed in triplicate.
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4.12. Migration Assays

70,000 cells/well were seeded in 2-well culture inserts (Ibidi, Martinsried, Germany) and
incubated for 24 h at 37 ◦C with 5% CO2 in a humidified incubator. Inserts were removed, cells
were washed with cell culture media, and pictures were obtained using an inverted microscope (Carl
Zeiss, Jena, Germany). Cells were incubated for 24 h in a cell culture incubator. Pictures were obtained
and cells were fixed with methanol.Invasive properties were studied with the Cytoselect Assay,
Collagen I, Colorimetric Format (Cell Biolabs, San Diego, CA, USA). 100.000 Cells were resuspended
in 250 μL FCS-free media and seeded into the upper compartment of the boyden chamber. DMEM
containing 10% FCS was added to the lower compartment. After incubation for 24 h in a cell culture
incubator, non-invasive cells were removed with cotton swabs, invasive cells were stained, lysed,
and the optical density was determined. Experiments were performed in duplicate.

4.13. Immunohistochemistry

100,000 cells were seeded on glass slides (Falcon) and incubated for 2 days. Cells were washed
with PBS, fixed with ice-cold acetone, and washed with TBST. Endogenous peroxidase was blocked
(1% H2O2, 10 minutes), cells were washed twice with TBST, and incubated in 5% normal goat serum
for 1h. Antibodies were diluted in Antibody Diluent (Cell Signaling Technologies) at a concentration
of 1:800 and incubated at 4 ◦C overnight. Cells were washed twice with TBST and Signal Stain Boost
IHC Detection Reagent was added (Cell Signaling Technologies). After washing with TBST, Signal
Stain DAB substrate was added for 45 s. Thereafter, cells were washed with TBST. Counterstaining
was performed with Haematoxylin (Sigma Aldrich).

4.14. Statistics

All data is presented as the mean ± SEM. p-values were calculated using student’s t-tests.
Statistical analyses were performed using SigmaPlot 12.0 (Systat Software). p-values below 0.05
were considered statistically significant (* p < 0.05; ** p < 0.001).

5. Conclusions

Taken together, we here uncovered a new regulatory circuit consisting of the tumorigenic host
gene MAP2K4 and its intronically located miR-744; miR-744 acts as an intrinsic brake on its host by
counterbalancing both its expression and function. In human glioma, this circuit is disrupted, leading
to an invasion-promoting constellation where miR-744 is almost completely repressed while its host
is induced.

Our data underscores the necessity to gain further profound insights into the networks of intronic
miRNAs and their hosts, which is particularly important with respect to potential clinical approaches.
Counteracting the shortfall of miR-744 in GBM pharmacologically, for example, might be an innovative
clinical direction to pursue.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/10/11/
400/s1, Table S1: Primer sequences for qRT-PCR; Table S2: Primer sequences for molecular cloning; Figure S1:
Knock-down efficiency after transient transfection of U87 GBM cells with DVL2 or TGFB1 siRNA, as analyzed
by qRT-PCR.
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Abstract: Glioblastoma (GBM) remains an incurable disease, mainly due to the high migration
and invasion potency of GBM cells inside the brain. PI3K/Akt, Sonic Hedgehog (SHH), and PKA
pathways play major regulatory roles in the progression of GBM. The vasoactive intestinal peptide
(VIP) family of neuropeptides and their receptors, referred in this article as the “VIP-receptor system”,
has been reported to regulate proliferation, differentiation, and migration in a number of tumor
cell types and more particularly in GBM cells. These neuropeptides are potent activators of the
cAMP/PKA pathway. The present study aimed to investigate the cross-talks between the above
cited signaling cascades. Regulation by VIP-related neuropeptides of GBM migration and invasion
was evaluated ex vivo in rat brain slices explanted in culture. Effects of different combinations of
VIP-related neuropeptides and of pharmacological and siRNA inhibitors of PKA, Akt, and of the
SHH/GLI1 pathways were tested on GBM migration rat C6 and human U87 GBM cell lines using
the wound-healing technique. Quantification of nuclear GLI1, phospho-Akt, and phospho-PTEN
was assessed by western-immunoblotting. The VIP-receptor system agonists VIP and PACAP-38
significantly reduced C6 cells invasion in the rat brain parenchyma ex vivo, and C6 and U87
migration in vitro. A VIP-receptor system antagonist, VIP10-28 increased C6 cell invasion in the
rat brain parenchyma ex vivo, and C6 and migration in vitro. These effects on cell migration were
abolished by selective inhibitors of the PI3K/Akt and of the SHH pathways. Furthermore, VIP and
PACAP-38 reduced the expression of nuclear GLI1 while VIP10-28 increased this expression. Selective
inhibitors of Akt and PKA abolished VIP, PACAP-38, and VIP10-28 effects on nuclear GLI1 expression
in C6 cells. PACAP-38 induced a time-dependent inhibition of phospho-Akt expression and an
increased phosphorylation of PTEN in C6 cells. All together, these data indicate that triggering
the VIP-receptor system reduces migration and invasion in GBM cells through a PKA-dependent
blockade of the PI3K/Akt and of the SHH/GLI1 pathways. Therefore, the VIP-receptor system
displays anti-oncogenic properties in GBM cells and PKA is a central core in this process.
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1. Introduction

Glioblastoma multiforme (GBM) are the most frequent and malignant adult brain cancers.
Their origin remains unclear, but it has been proposed that they could develop from the transformation
of poorly differentiated glial progenitors or of neural stem cells [1–4]. Since 2005, the Stupp protocol
has become the standard of care for the treatment of GBM. It consists of radiotherapy and concomitant
chemotherapy with temozolomide, an alkylating agent [5]. Since then, in spite of constant progress of
neurosurgical resection, radio- and chemotherapy, GBM remains an incurable disease with a median
survival time less than two years after diagnosis. This is the consequence of the high migration and
invasion potency of GBM cells, more particularly of the subset of so-called GBM stem cells or GSCs [6].
A strategy to cure GBM patients could thus be to inhibit tumor infiltration into the surrounding brain
parenchyma. Clinical trials for GBM infiltration using the matrix metalloproteinase inhibitor Marimastat
or the integrin antagonist Cilengitide have been attempted with no real success [7]. Numerous recent
therapeutic trials targeting the pro-invasive role in GBM of Ephrin receptors, TGFβR1, Integrin β8
chain, Rho GTPases, and casein kinase 2 (CK2) are under development [8]. Recent immunotherapy
early phase trials targeting the GBM stem cells led to a significant improvement of the median survival
of patients [9].

The signaling pathways that play central roles in the invasive potential and in the radio- and
chemo-resistance of GBM have been extensively studied. Among them are the PI3K/Akt/PTEN/mTOR
and the SHH/GLI1 cascades [10]. In numerous GBM cases, PI3K/Akt is abnormally activated, due to
amplification of EGFR, gene amplification, or activating mutations of the p110α catalytic or of the p85
regulatory subunits of PI3K. Almost half of GBM patients bear deletions, mutations, or epigenetic silencing
of the PTEN gene leading to a loss of function of this anti-oncogenic factor associated with poor survival.
Alterations of at least one of the EGFR, PTEN, or p110 PI3K genes is frequently detected in primary and or
secondary GBM [11,12]. Effectors of this pathway have been targeted by a number of small molecules that
demonstrated poor therapeutic benefit on GBM progression in clinical trials [13–17].

Another major cascade in GBM pathogenesis is triggered by the developmental protein Sonic
Hedgehog (SHH) binding to the transmembrane glycoprotein Patched-1 (PTCH1), which releases its
repressor activity on the smoothened (SMO) co-receptor, a member of the G-protein coupled receptors
(GPCR) family. This causes the expression, activation, and nuclear import of glioma-associated
oncogene homolog 1 (GLI1), a zinc finger transcription factor, regulating directly or indirectly the
expression of numerous factors involved in GBM progression. Growth factors also activate GLI1
through the PI3K/Akt and Ras/MAP kinases cascades, while GPCR activation of PKA represses
this process [18,19]. A number of small compounds that inhibit different effectors of this pathway
have been developed. Despite their efficacy in vitro and in preclinical assays, SMO inhibitors like the
plant alkaloid cyclopamine and its derivatives failed to improve the overall patient survival in clinical
trials. This may be due to their limited bioavailability and to unintentional side effects, since the SHH
pathway is involved in many physiological cell processes. Moreover, resistance to these inhibitors
have been observed in animal models as a consequence of, for example, SMO activating or PTCH1
inactivating mutations, and PTCH1 suppression by the microRNA miR-9 [20–25].

The “VIP-receptor system” is composed of the 28-amino-acid neuropeptide VIP (vasoactive
intestinal peptide) and VIP-related peptides, such as the 38-amino-acid PACAP-38 (pituitary
adenylate-cyclase activating peptide) and their GPCR: VPAC1 and VPAC2, which display a high
affinity for both VIP and PACAP-38, and PAC1 which is selective for PACAP-38. The pleiotropic
functions of the VIP-receptor system in the body, particularly on glial and neuronal differentiation and
on the progression of a number of cancer types, are at least partly mediated by a potent activation of
the cAMP/PKA pathway [26–30]. We and others demonstrated that GBM generally express different
combinations of components of the VIP-receptor system that are involved in the control of proliferation
and migration of GBM cells [31–38]. VIP and PACAP act as anti-invasive factors in different GBM cell
lines, a function mediated by VPAC1-dependent inhibition of AKT phosphorylation [36,38]. PACAP
also acts as a strong tumor suppressor in medulloblastoma (MB), a highly aggressive tumor of the
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cerebellum, by repressing GLI1 expression and activity in a PKA-dependent manner [39,40]. It has
been proposed that in MB, a compartmentalized pool of PKA in the vicinity of primary cilia could
be involved in the regulation by PACAP of the SHH/GLI1 pathway [41]. PKA directly regulates
GLI1 by phosphorylating a Threonine residue near the nuclear localization signal of this protein,
resulting in its cytoplasmic retention [42]. Overexpression of Gαs in transgenic mice leads to increased
cAMP-dependent signaling, inhibits ciliary trafficking of SHH components and SMO activation,
leading to decreased MB cell proliferation [43]. These data indicate that, as an alternative to SMO
inhibition, the SHH signaling could be inhibited by PACAP/PKA signaling in tumor cells.

Shortly after the discovery of the intracellular messenger cyclic adenosine monophosphate (cAMP)
and of its synthetase adenylate cyclase (ADCY), a relationship between the levels of this nucleotide,
cell differentiation and tumor biology has been evident. Decreased activation of the cAMP-dependent
pathway and lower levels of cAMP are generally associated with increased tumor grade and decreased
overall patient survival. An extensive and converging documentation supports the potent tumor
suppressor function of the cAMP/PKA axis in GBM and MB cells [43–48].

All together, these observations encouraged us to investigate further the signaling pathways
triggered by the VIP-receptor system involved in GBM migration and invasion, paying particular
attention to the potential implication of PKA in the cross-talks between the PI3K/PTEN and the
SHH/GLI1 cascades in these phenomena.

2. Results

2.1. Components of the VIP-Receptor System Are Expressed in C6 and U87 Cell Lines

Analysis by RT-qPCR of mRNA expression of the components of the VIP-receptor system reveals
that C6 cells mainly express VIP and the VPAC2 receptor and very limited levels of PACAP, VPAC1
and PAC1 mRNAs. In U87 cells, the main expressed components are VIP and PAC1 with a very low
level of VPAC1 and PACAP mRNAs, while VPAC2 mRNA was undetectable, as shown in Table S1.
Thus, both cell lines expressed mainly the VIP mRNA and at least one mRNA encoding a receptor of
the VIP-receptor system.

2.2. VIP, PACAP-38, and VIP10-28 Effects on Invasion by C6-GFP Cells of the Rat Brain Parenchyma

Ex vivo invasion assays on rat brain slices were performed in order to assess the potential action
of VIP and related peptides on this process in rat C6 GBM cells. After 48 h of treatment of the slices
with 1 μM VIP, PACAP-38, or VIP10-28, the width of invasion of GFP-C6 cells was determined using a
fluorescent macroscope, as shown in Figure 1A,B. The depth of invasion of GFP-C6 cells was assessed
by confocal microscopy, as shown in Figure 1C. The width of the invasive area was significantly
reduced by about 50% by the VIP or PACAP-38 receptors agonists and the depth of invasion was
decreased by about 35%. On the contrary, the VIP receptor antagonist VIP10-28 increased by 2.3-fold
the width of the invasive area and by about 1.4-fold the width of invasion by C6 cells. The VIP and
PACAP-38 analog secretin, which does not interact with VIP/PACAP receptors, did not significantly
modify invasion of brain slices by C6 cells, as shown in Figure 1B,C.
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Figure 1. The rat brain slice model system was used to measure ex vivo C6 cell invasiveness. C6 cells
stably expressing GFP were transplanted into the center of the putamen in brain slices. Then brain
slices were treated or not (CTRL, control) with 10-6M of secretin, vasoactive intestinal peptide (VIP),
PACAP-38, or VIP10-28, and the C6 cells were allowed to invade for 48 h. (A) Images were taken with
a macroscope. (B) The area of GFP-stained cells in invasive population (RIM) in each section was
measured. (C) The depth of invasion at 48 h was determined using the confocal microscopy. The values
are the mean ± SD of quantification of glioblastoma (GBM) invasion in eight different brain slices,
obtained from three independent experiments for each experimental condition. About 4–5 newborn
rats were necessary to obtain 10 usable brain slices. Data were analyzed using the Kruskal–Wallis test
and Dunn’s post hoc test (* p < 0.05; ** p < 0.01).

2.3. VIP, PACAP-38, and VIP10-28 Regulation of the Migration Process of C6 and U87 Cells is Affected by
Different Signaling Pathways Inhibitors

Neuropeptide effects on GBM cell migration were evaluated by the wound-healing technique,
as described in the methods section and as previously reported [36]. In both C6 and U87 cells, VIP
or PACAP-38 but not secretin, dose-dependently and robustly reduced the wound-healing closure
process, as shown in Figure 2A,B. The VIP receptor antagonist VIP10-28 significantly increased the
migration of C6 cells but had no significant effect in the U87 cell line. The PKA inhibitor H89 at 1 μM
abolished the inhibition of migration induced by 10−7 M VIP or PACAP-38 in both cell types, as shown
in Figure 2C,D.
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Figure 2. Effects of VIP, PACAP-38, VIP10-28 and/or inhibitors of signaling pathways H89
(PKA inhibitor), IA (Akt inhibitor), on the migration process of C6 and U87 cells. Migration was
analyzed by the technique of wound healing closure, as described in Materials and Methods. (A,B)
Effect of neuropeptides on the migration of C6 or U87 cells. (C,D) Migration of C6 and U87 cells treated
or not with VIP or PACAP-38 at 10−7 M in absence or presence of H89. Data represent the wound
healing closure expressed in % and are the mean ± SD of at least three independent experiments, each
performed in duplicate. Data were analyzed using the Kruskal–Wallis test and Dunn’s post hoc test
(* p < 0.05, *** p < 0.001, ns: not significant).

The increased migration of C6 cells by VIP10-28 was blocked by 1 μM of the AKT protein kinase
inhibitor or by the SMO co-receptor antagonist cyclopamine. None of these inhibitors affected
the cell migration on their own at the concentration used, as shown in Figure 3A. When C6 cells
were transfected with a siRNA targeting GLI1 (Gli-1 siRNA), an important reduction of wound
closure by about 3-fold was obtained when compared with cells transfected with a control siRNA.
The VIP-receptors antagonist VIP10-28 significantly increased migration in the cells transfected with
the control siRNA, but this effect could not be observed in the cells transfected with the GLI1-siRNA,
as shown in Figure 3B. These results indicate that PKA is implicated in the regulation of C6 and U87
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cell migration by the VIP-receptor system and that the component of the Hh pathway GLI1 participates
also in this regulation in C6 cells.

Figure 3. Effects of VIP10-28 and/or inhibitors IA (Akt inhibitor), cyclopamine (Smo inhibitor), or Gli1
(Si-RNA) on the migration process of C6 cells. (A) Migration of C6 treated or not with VIP10-28 at
10−7 M in absence or presence of 1 μM of IA or cyclopamine. Cells underwent incubation for 20 min
with an inhibitor (1 μM of IA or cyclopamine) followed by treatment with VIP10-28 at 10−7 M for
24 h. (B) Wound healing assay using confluent C6 cells transfected with 25 nM siRNA targeting GLI1
(GLI1-siRNA) or 25 nM negative control siRNA. Cells were wounded and treated or not with VIP10-28

10−7 M for 24 h. Data represent the wound healing closure expressed in % and are the mean ± SD of
at least three independent experiments, each performed in duplicate. Data were analyzed using the
Kruskal–Wallis test and Dunn’s post hoc test (** p < 0.01, and *** p < 0.001, ns: not significant).

2.4. Inhibitors of PKA (H89) or of Akt (IA) Abolish the Effects of VIP-Related Peptides on the GLI1 Protein
Nuclear Expression

Western immunoblotting detection of GLI1 in C6 or U87 lineages revealed the major expression
of this protein in nuclear extracts of these GBM cells, as shown in Figure 4A. Expression of GLI1 was
analyzed in cells treated for 24 h with neuropeptides at 10−7 M, following or not a 1 μM pretreatment
with H89 or IA, as shown in Figure 4B–D. In both cell types, VIP or PACAP-38 induced an important
reduction of nuclear expression of Gli1 protein. The effects of these neuropeptides were totally blocked
by H89. In C6 cells, the VIP10-28 antagonist triggered a robust rise of the expression of nuclear GLI1
protein, an effect which was completely abolished by IA.

Figure 4. Cont.
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Figure 4. Effects of VIP, PACAP-38, VIP10-28, and/or inhibitors H89 (PKA inhibitor), IA (Akt inhibitor)
on the expression and intracellular localization of GLI1 protein in C6 and U87 cells. (A) Western
immunoblotting of GLI1 proteins in C6 and U87 cells. Cytosolic and nuclear proteins of cells were
resolved by SDS-PAGE, transferred to membranes, and further probed with antibody anti-GLI1,
anti-GAPDH, or anti-Lamin-C. GAPDH and Lamin-C proteins are used as a control for cytosolic
and nuclear extracts, respectively. (B) Western immunoblotting of GLI1 proteins in C6 and U87
cells treated or not with neuropeptides in absence or presence of pathways inhibitors. Nuclear
proteins were extracted from cells treated or not with neuropeptides at 10−7 M for 24 h. Cells were
incubated for 20 min with an inhibitor (1 μM of H89 or IA) followed by treatment with VIP, PACAP-38,
or VIP10-28 at 10−7 M for 24 h. Nuclear proteins of cells were resolved by SDS-PAGE, transferred
to membranes and further probed with antibody anti-GLI1 or anti-Lamin-C. (C,D) Cumulative data
from three independent experiments, in same conditions as in (B), after densitometry quantification
of immunoblotting (WB) data. Quantification data are the mean ± SD. Data were analyzed using the
Kruskal–Wallis test and Dunn’s post hoc test (* p < 0.05 and ** p < 0.01, ns: not significant).

2.5. PACAP-38 Triggers a Time-Dependent Decrease of Phospho-Akt and Elevation of Phospho-PTEN Protein
Expression in C6 Cells

C6 cells were treated with 10−7 M PACAP-38 for increasing periods of time ranging from 30 min to
24 h. Western immunoblotting detection of total and phosphorylated forms of Akt and phosphorylated
PTEN was then carried out in cell lysates from these experiments, as shown in Figure 5A–C. PACAP-38
time-dependently decreased the phospho-Akt/total Akt ratio with a very strong but transient maximal
effect after 6 h of treatment. At 24 h, this ratio returned to its initial level at the onset of the experiment.
On the opposite, the phospho-PTEN/GAPDH ratio started to significantly increase after 2 h of
treatment with a maximal increase of about 10-fold after 3 h. Then this ratio dropped back to its initial
value after 24 h. Increased phosphorylation of PTEN by PACAP-38 was abolished in the presence of
the PKA inhibitor H89, as shown in Figure 5D,E.
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Figure 5. Effect of PACAP-38 on the phosphorylation of Akt and PTEN in C6 cells. Effect of the H89
PKA inhibitor on PACAP638 induced inhibition of PTEN phosphorylation. (A–C) Cells were treated
with 10−7 M PACAP-38 for the indicated times. Total cell lysates were analyzed by immunoblotting
(WB) with antibodies recognizing total Akt, phosphorylated Akt, phosphorylated PTEN or GAPDH.
(A) corresponds to a representative WB experiment. (B,C) Cumulative data from three independent
experiments after quantification by densitometry. Data were normalized by attributing a value of 1
for the control experiment. (D,E) Cells were treated for 3 h with 10−7 M PACAP-38, in the presence or
not of 1 μM H89. (D) corresponds to a representative WB experiment. (E) Cumulative data from three
independent experiments after quantification by densitometry. Quantification data are the mean ± SD.
Data were analyzed using the Kruskal–Wallis test and Dunn’s post hoc test (* p < 0.05, ** p < 0.01, and
*** p < 0.001, ns: not significant).
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3. Discussion

Previous work from our group demonstrated that the VIP-receptor system displayed
anti-oncogenic properties in different human GBM cell lines. VIP receptor antagonists and a PACAP
antibody enhanced migration, suggesting an autocrine or paracrine action of VIP-related peptides
on this process [36,38]. The aim of the present study was to extend the analysis of GBM migration
and invasion with the objective to investigate the signaling pathways involved in these processes.
The C6 rat GBM cells were chosen because they have been long recognized as a valuable experimental
model system for studying ex vivo or in vivo GBM progression after injection in Wistar rat brain [49].
This animal model was utilized in our group to test the in vivo antitumor activity of a cyclopamine
glucuronide prodrug on GBM progression [50]. The U87 cell line has been demonstrated to express the
PAC1 receptor and this cell line has been utilized to evaluate the effect of a VIP receptors antagonist
on xenograft proliferation in nude mice [31]. We have generated C6 cells expressing the GFP protein
to better follow the extent of tumor cell invasion after implantation of these cells inside the brain
parenchyma. This allowed us to precisely determine the width and depth of invasion in rat brain slices
by C6 cells and to demonstrate that both VIP and PACAP-38 were able to limit GBM cell invasion in this
tissue. Of course, these ex vivo conditions do not reflect the real conditions of GBM development inside
the brain. In the future, it will be of chief importance to study the effects of these neuropeptides on
GBM progression on in vivo developing tumors in animal models. The wound healing technique was
carried out to assess the efficiency of inhibitors of PKA (H89) and Akt (IA) protein kinases on the VIP
and PACAP-38 inhibition of C6 and U87 migration process. The data indicated that the effects of these
neuropeptides were abolished by these compounds, suggesting an involvement of the corresponding
pathways in the migration process of GBM cells. In the C6 cells that are expressing important levels of
VIP mRNA, the VIP receptors antagonist VIP10-28 increased cell migration, arguing for an autocrine or
paracrine reduction by endogenous VIP of the C6 cells migration. The VIP10-28 antagonist has been
demonstrated to be more selective for the VPAC1 and VPAC2 receptor subtypes [51,52], indicating
their possible implication in the VIP and PACAP-38 inhibition of the C6 and U87 migration process.
Interestingly, the fact that both VIP and PACAP-38 reduced U87 GBM migration also indicates that
these peptides could act on the low amount of VPAC1 receptors expressed in this cell line or perhaps
on certain splice variants of the PAC1 receptor that have been demonstrated to display high-affinity
for both VIP and PACAP [53]. Increased migration by VIP10-28 was not observed in U87 cells, which
may be due to a lesser expression of VIP, as observed by real-time RT-PCR analysis. In the C6 cells,
H89, IA, GLI1 siRNA, and cyclopamine, were all capable to totally abolish the increased cell migration
caused by VIP10-28. Migration was potently reduced in C6 transfected with a GLI1 siRNA and in these
cells, VIP10-28 failed to increase cell migration. Taken together, these data argue for an implication of
the PKA, PI3K/Akt, and SHH/GLI1 pathways in the migration process of GBM cells.

To confirm these hypotheses, effects of the neuropeptides were evaluated on nuclear GLI1 protein
expression in C6 and U87 cells. The data indicated that VIP or PACAP-38 strongly reduced the nuclear
level of GLI1 protein, a process which was abolished by the PKA inhibitor H89. In C6 cells, the VIP10-28

increase of nuclear GLI1 expression was completely blocked by IA, but the Akt inhibitor had no effect
on VIP or PACAP-38 reduction of nuclear GLI1 level. These observations clearly demonstrate that
regulation of GLI1 localization and activity by the VIP-receptor system are dependent on the PKA and
the PI3K/Akt pathways. Regulation of the nuclear localization and transcriptional activity of GLI1
by Akt is well documented in a number of malignancies in general and in GBM in particular [54–57].
Furthermore, it has been described that phosphorylation of GLI1 near its nuclear localization signal
(NLS) by PKA retains GLI1 in the cytoplasm [42].

A time-dependent treatment of C6 cells by PACAP-38 revealed that this neuropeptide could
reduce the expression of the phosphorylated form of Akt with a very strong effect at 6 h. Conversely,
PACAP-38 triggered a potent elevation of phospho-PTEN protein with the highest amplitude after
3 h of treatment, i.e., 3 h before the maximal inhibition of phospho-Akt, suggesting a close link
between these two mechanisms. These experiments have been conducted in C6 cells because they
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express a wild-type PTEN protein, contrary to U87 presenting an in-frame deletion in the PTEN
gene [58]. PKA could play a major role in the phosphorylation events observed in our studies because
it has been shown that the p85 regulatory subunit of PI3K is phosphorylated in vivo and in vitro
by PKA on its serine residue 83, a process which was demonstrated to play a major role on G1 cell
cycle arrest [59]. Hence, the strong inhibition of Akt phosphorylation by PACAP-38 could be due
to the combined phosphorylation by PKA of the P85 regulatory PI3K subunit and potentially of
the phosphatase PTEN, leading to PIP3 dephosphorylation and to inhibition of the p110 catalytic
PI3K subunit. The latter process remains, however, to be demonstrated in GBM cells. Subsequently,
the decreased nuclear localization and activity of GLI1 observed in GBM cells could result both from
the above discussed PKA-dependent inhibition of PI3K/Akt activity and from GLI1 phosphorylation
by PKA (Figure 6). Hence PKA appears like a possible central core in the complex network linking
these different pathways.

Figure 6. Potential molecular pathways and mechanisms regulated by the VIP-receptor system in
glioblastoma (GBM) cells. Binding of VIP and related peptide agonists to their G-protein coupled
receptors (GPCR) VPAC-1/2 and PAC1, leads to adenylate cyclase (AC) and cAMP-dependent
Protein Kinase (PKA) activation. PKA is a central enzyme in these mechanisms because it could
potentially: (i) inhibit glioma-associated oncogene homolog 1 (GLI1) nuclear translocation and activity;
(ii) phosphorylate the phosphatase tensin-homolog deleted on chromosome ten (PTEN) and activate its
Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) phosphatase activity, leading to an inhibition of Akt
phosphorylation and activation and consequently to a reduced nuclear localization and transcriptional
activity of GLI1; (iii) phosphorylate the p85 regulatory subunit of PI3K on its serine residue 83. This
hypothetic process (dashed line) that was described in vitro and in vivo to play a major role on G1
cell cycle arrest (see the discussion section) remains however to be demonstrated in GBM. Hh: Sonic
Hedgehog; Ptc: Patched, the Hh receptor; RTK: receptor tyrosine kinase; Smo: smoothened, the
Ptc co-receptor.

These data all together indicate that triggering the VIP-receptor system, a potent activator of the
cAMP/PKA axis, reduces migration and invasion in GBM cells through a blockade of the PI3K/Akt
and of the Shh/GLI1 pathways. These effects are efficiently abolished by H89, a PKA inhibitor. One
has to keep in mind that pharmacological inhibitors can display off-target effects, as reported for H89,
which besides PKA, can act on other protein kinases and signaling mechanisms [60,61]. In spite of
these limitations, the observations reported in the present study support the hypothesis of a central
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role of PKA at a cross-road of signaling pathways involved in the regulation of GBM migration and
invasion. Ten adenylate cyclases (ADCYs) have been identified in mammals. They can be activated
by the plant diterpene Forskolin. Some of these isoforms are often overexpressed in brain cancers.
ADCY3 is localized in the primary cilia of neural cells. Development of specific activators of certain
ADCY isoforms expressed in GBM cells could thus be an interesting paradigm. Another strategy could
be to block the phosphodiesterase PDE4 by Rolipram or other inhibitors of this enzyme. PDE4, which
specifically hydrolyzes cAMP, is often overexpressed in cancer cells [43–48].

As a powerful activator of the cAMP/PKA pathway, the VIP-receptor system should also be
considered as an alternative strategy to inhibit the interrelated signaling pathways involved in GBM
cells in particular and in cancer progression in general. In this respect, a number of VIP or PACAP
more stable derivatives or with improved receptor subtype specificity have been developed. Some of
them have been utilized for in vivo studies on their neuroprotective properties. They really deserve to
be considered for future in vitro and in vivo preclinical studies targeting the VIP-receptor system in
cancer progression [62–65].

4. Materials and Methods

4.1. Materials

Synthetic VIP, PACAP-38, and antagonist VIP10-28 were purchased from Polypeptide Laboratories.
H89 (a PKA antagonist) and IA (Akt Inhibitor VIII, Isozyme-Selective) were obtained from Calbiochem
Merck, Guyancourt France. The Smo antagonist cyclopamine (an inhibitor of SHH pathway) was
obtained from Sigma Aldrich, Saint-Quentin Fallavier, France).

4.2. Cell Culture

The rat C6 glioma cell line [66] was purchased from the European Collection of Animal Cell
Culture (ECACC) (Salisbury, UK). The human U87 MG glioblastoma cell line was obtained from the
American Type Culture Collection (Manassas, VA, USA). C6 cells were utilized from passage 9 to 20,
to avoid the possible loss in these cells of efficient coupling of the VIP and PACAP receptors to adenylate
cyclase at late passages reported by other investigators [33]. In standard monolayer conditions,
the cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with GlutamaxTM I, and
supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells
were incubated in humidified 95% air, 5% CO2 at 37 ◦C. Medium was changed twice a week, and cells
were subcultured once a week using trypsin-EDTA solution. Cell culture media, supplements and
reagents were from Lonza, Levallois-Perret, France.

4.3. Transfection with a GFP-Encoding Vector

C6 cells were stably transfected with copGFP plasmid (Santa Cruz Biotechnology, Clinisciences,
Nanterre, France) using FuGENE (Promega, Charbonnières-les-Bains, France) according to the
manufacturer’s instructions. Twenty-four hours before transfection experiments, 150,000 C6 cells were
plated per well in 6-well dishes and grown in serum-containing medium without antibiotics. FuGENE
(3 μL) and 1 μg of a copGFP plasmid was mixed with Opti-MEM and the mixture was incubated for
15 min at room temperature. The combined mixtures were added to the cells. After a 24-h culture
period, the medium was changed and puromycin selection (12 μg/mL) of transfected cells was started.

4.4. siRNA Transfection

C6 cells were transfected with rat GLI-1 siRNA (Santa Cruz Biotechnology) using Lipofectamine
RNAiMax (Invitrogen, Paris, France) according to the manufacturer’s instructions. Four microliters of
Lipofectamine RNAiMax and 25 nM of GLI-1 siRNA or a control siRNA FITC Conjugate-A (Santa Cruz
Biotechnology, Clinisciences, Nanterre, France) were each mixed with 100 μL of Opti-MEM (Invitrogen).
The RNAiMax/Opti-MEM mixture was incubated for 5 min at room temperature and next combined
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with the vector/Opti-MEM mixture. The combined mixtures were incubated for 20 min at room
temperature and then added to the cells. After a 24-h culture period, the medium was changed.

4.5. Ex Vivo Invasion Assay on Rat Brain Slices

The ex vivo invasion assay on rat brain slices was performed as described in Nakada and
collaborators [67]. The experimental protocol was approved by the local Animal Care Committee
(Comité d’éthique en expérimentation animale COMETHEA). Briefly, 400-μm-thick sections were
prepared from newborn Wistar rat brain. Brain slices then were laid down on a Millicell-CM membrane
insert (Millipore, Molsheim, France) and the insert was placed in individual wells of six-well plates.
Medium (1 mL) was added to the bottom of culture plates. Slices were cultured in the same culture
medium as C6 cells at 37 ◦C in a 5% CO2 incubator. After 24 h, a volume of 0.1 μL containing 5 × 103

C6 cells stably expressing GFP protein was injected with a Hamilton syringe in the putamen of the
brain slices. Two hours after injection, the culture medium was changed, and the slices were treated
with 10-6M of VIP, PACAP-38, or VIP10-28. After 48 h of treatment, the slices were incubated for 4 h with
4% of paraformaldehyde. Imaging of specimens was performed using a macro-fluorescent imaging
system (Olympus, Rungis, France) equipped with a GFP barrier filter (DP50, Olympus). The area
of GFP-stained cells in invasive population (RIM) in each section was measured and the depth of
invasion at 48 h was determined using a confocal FV-1000 station installed on an inverted microscope
IX-81 (Olympus, Rungis, France).

4.6. Wound Healing

Cells were cultured in 24-well dishes and a wound was made in the confluent monolayer by
mechanical scraping using a p200 pipette tip. After a wash with serum-free medium, the cells were
incubated in the absence or presence of increasing concentrations of VIP, PACAP-38, or VIP10-28 in
serum-free medium supplemented with 0.1% BSA. Cells underwent an incubation for 20 min with an
inhibitor (1 μM of H89, IA, or cyclopamine) followed by a treatment with VIP, PACAP-38, or VIP10-28.
Phase-contrast micrographs were collected after 24 h and the width of the wound was measured.
The data in percent represented the wound healing closure according to the calculation: ((Initial width
− final width)/initial width) × 100.

4.7. Western Immunoblotting and Antibodies

C6 and U87 cells were cultured in 25-cm2 flasks to about 75% confluence and then incubated for
0, 1/2, 1, 2, 3, 6, or 24 h, in the presence or absence of VIP or VIP10-28 10−7 M in serum-free medium
supplemented with 0.1% BSA. After treatments, cells were harvested with 1× trypsin/EDTA, washed
twice with cold Phosphate Buffered Saline (PBS) and resuspended in 10 μL per 106 cells of ice-cold
lysis buffer (10 mM Tris, pH 7.5, 0.5 mM EDTA, pH 8.0, 0.5% CHAPS, 10% glycerol) supplemented
with a cocktail of protease inhibitors (Calbiochem Merck, Guyancourt, France). After 30 min on ice,
the samples were centrifuged at 4 ◦C for 20 min at 10,000× g and stored at −80 ◦C.

For extraction of nuclear and cytosolic proteins, cells were resuspended in 1 mL per 5 × 106 cells
of lysis buffer (10 mM Tris, pH 7.4, 3 mM MgCl2, 10 mM NaCl, 0.5% NP40). After 5 min on ice and
centrifugation for 10 min at 2000× g at 4 ◦C, the supernatant containing the cytosolic fraction was
collected. The pellet containing nuclei was resuspended in 30 μL per 5 × 106 cells of lysis buffer
(20 mM HEPES, pH 7.9, 0.3 M NaCl, 1.5 mM MgCl2, and the cocktail of protease inhibitors mentioned
above) and incubated 30 min on ice under vigorous shaking. Samples were then centrifuged 20 min at
10,000× g at 4 ◦C. The supernatants were stored at −80 ◦C.

For all protein extracts, protein concentration was determined using the Bio-Rad DC Protein
Assay (Bio-Rad, Marnes-La-Coquette, France). Total, cytosolic, and nuclear proteins were resolved
in 8% SDS-PAGE and electroblotted for 1 h at 200 mA onto Immobilon-P membranes (Millipore).
Membranes were blocked overnight at 4 ◦C using 5% nonfat milk in Tris-buffered saline (TBS)
containing 0.1% Tween-20 (TBST) and incubated for 1 h at room temperature with a polyclonal
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rabbit anti-Akt antibody (1:1000; Cell Signaling Ozyme, San Quentin Yvelines, France), a polyclonal
rabbit anti-phospho-Akt antibody (1:1000; Cell Signaling Ozyme, San Quentin Yvelines, France),
a polyclonal rabbit anti-phospho-PTEN antibody (1:1000; Cell Signaling, Saint Quentin Yvelines,
France), a polyclonal rabbit anti-Gli1 antibody (1:200; Santa-Cruz Clinisciences, Nanterre, France)
or 1 h at room temperature with a monoclonal mouse anti-GAPDH antibody (1:80,000; Abcam,
Paris, France) or monoclonal mouse anti-Lamin-C (1:1000; Abcam, Paris, France) used as a loading
control, in blocking solution. After three washes, the membrane was next incubated 1 h at room
temperature with goat anti-rabbit or goat anti-mouse secondary antibodies (1:20,000) (Calbiochem,
Beeston Nottingham, UK) conjugated to horseradish peroxydase. The enhanced chemiluminescence
(ECL) stainings obtained using ECL prime western blotting detection reagent (GE Healthcare, Buc,
France) were quantified by densitometry with Image J software (National Institutes of Health, USA).

4.8. cDNA Synthesis

Total RNA was isolated using the GenEluteTM Mammalian Total RNA kit (Sigma-Aldrich,
Saint-Quentin Fallavier, France) following the manufacturer’s instructions. Total RNA (1 μg) was
treated with 1 U/μg RNA of DNase I Amplification Grade (Invitrogen) according to the manufacturer’s
instructions, and in the presence of 10 U/μg RNA of RNaseOUT (Invitrogen). After DNase inactivation,
RNA was reverse transcribed using random hexamers (Promega) and M-MLV Reverse Transcriptase
H Minus (Promega) according to the manufacturer’s instructions.

4.9. Quantitative Polymerase Chain Reaction of Reverse Transcribed mRNA

Real-time polymerase chain reaction quantification was carried out with the LightCycler
System (Roche Diagnostics, Basel, Switzerland) using the SYBR qPCR Premix Ex Taq (Takara,
Saint-Germain-en-Laye, France). Sequences of primers used are listed in Table S2 (Supplementary
data). The cDNA amplification program was 10 s at 95 ◦C to activate ExTaq polymerase followed by at
least 45 cycles of 5 s at 95 ◦C, 5 s at 60 ◦C, and 10 s at 72 ◦C.

5. Conclusions

Triggering the VIP-receptor system reduces migration and invasion in GBM cells through a
PKA-dependent blockade of the PI3K/Akt and of the SHH/GLI1 pathways. Therefore, the VIP-receptor
system displays anti-oncogenic properties in GBM cells and PKA appears like a central core in this
process. As a powerful activator of the cAMP/PKA pathway, targeting the VIP-receptor system should
be considered as an alternative strategy to inhibit the interrelated signaling pathways involved in GBM
and possibly other cancers progression.
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Abstract: We previously showed lithium chloride (LiCl) and other inhibitors of glycogen synthase
kinase-3 (GSK-3) including 6-bromo-indirubin-3-oxime (BIO), can block glioblastoma (GBM) cell
migration. To investigate the mechanisms involved we used two-dimensional difference in-gel
electrophoresis (2D-DIGE) and mass spectrometry to identify proteins altered after treatment of
U251 GBM cells with 20 mM LiCl. Downregulation of the intermediate filament protein vimentin
was the most significant change identified. Analysis of patient tumor samples revealed that
vimentin is expressed abundantly in GBM, and is prognostic especially in lower grade tumors.
Additionally, siRNA-mediated vimentin knockdown impaired GBM migration. Western blotting
showed that treatment with LiCl or small molecule GSK-3 inhibitors led to the rapid downregulation
of detergent soluble vimentin levels across a panel of GBM-derived cells. Fluorescence reactivation
after photobleaching (FRAP) microscopy studies showed a significant reduction in the ability of the
vimentin cytoskeleton to recover from photo-bleaching in the presence of LiCl or BIO. Biochemical
studies revealed that GSK-3 and vimentin directly interact, and analysis of vimentin revealed a
GSK-3 consensus phosphorylation site. We conclude that anti-migratory compounds with the ability
to inhibit GSK-3 have effects on vimentin cytoskeletal dynamics, which may play a role in their
anti-invasive activity.

Keywords: vimentin; GSK-3; glioblastoma; motility; cytoskeleton

1. Introduction

Invasiveness is one of the main hallmarks of glioblastoma (GBM) and other glial tumors, in which
malignant cells diffusely infiltrate normal brain tissue and migrate along blood vessels and defined
structures of the brain [1,2]. This has important clinical consequences as it prevents complete
surgical tumor resection, contributes to therapeutic resistance and helps to drive rapid tumor growth.
Invasion is facilitated by multiple cellular processes including extracellular matrix remodeling [3],
interactions of malignant cells with the normal cells of the brain and the host immune system [4],
changes in cell adhesion properties [5] and cytoskeletal dynamics [6,7].

GBM is the most common malignant brain tumor and has a dismal prognosis [8,9]. At present
there are no clinical approaches to block GBM invasion. We previously showed that lithium chloride
(LiCl) potently and specifically blocks GBM cell migration in vitro [8]. LiCl has multiple targets within
the cell [9–11], including the protein kinase glycogen synthase kinase-3 (GSK-3). GSK-3 is ubiquitously
expressed in mammalian cells, with two closely related isoforms, GSK-3α and GSK-3β which have
distinct and overlapping functions [12–14]. GSK-3 is a multi-tasking enzyme, known for its role in the
regulation of glycogen synthesis, via inactivation by Akt, and also for its role as a critical mediator of
Wnt signaling [15]. GSK-3 has been associated with a number of processes involved in cell motility via
interactions with cytoskeletal components [11,16].
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In pre-clinical murine GBM xenograft models we showed that protein kinase inhibitors of the
indirubin family, which are known to potently inhibit GSK-3, block invasion and angiogenesis
improving survival [17,18]. However, we have not yet defined the mechanisms underlying our
observations in GBM cells. Here, we performed a proteomic study, which revealed consistent and
highly significant downregulation of the intermediate protein vimentin after treatment of GBM cells
with LiCl, and the indirubin derivative 6-bromo-indirubin-3-oxime (BIO).

Vimentin is a major component of the intermediate filament cytoskeleton and is best known in
cancer as a marker of cellular epithelial to mesenchymal transition (EMT) [9], a phenomenon associated
with cancer cell invasion and metastatic tumor spread. Vimentin is known to play an important role in
maintenance of cellular integrity and resistance to stress, and vimentin knockout mice show impaired
wound healing ability [19]. Vimentin has been shown to regulate cell migration via interaction with
paxillin, integrin α6β4 and myosin II [20]. The role of vimentin in GBM has not been explored in detail
regardless of the fact that it has been used as biomarker [21].

Here we show that LiCl and BIO, which block GBM cell migration, both affect the dynamic
regulation of vimentin in GBM cells, and that vimentin knockdown partially blocks GBM migration.
We also show that vimentin and GSK-3 physically associate. Thus, vimentin may affect GBM invasion
downstream of anti-invasive compounds LiCl and indirubin derivatives.

2. Results

2.1. Two-Dimensional Fluorescence DIGE Proteomics Analysis Identifies Vimentin Downregulation by LiCl in
GBM Cells

Our previous studies showed that LiCl specifically and reversibly blocks GBM cell migration with
minimal cytotoxicity in a dose-dependent manner with maximal effects at a concentration of 20 mM [8].
To better understand these observations, proteomic analysis was performed on U251 GBM cells treated
with 20 mM LiCl. Image analysis after 2-D fluorescence difference gel electrophoresis (DIGE) revealed
22 significantly altered spots on the gel comparing LiCl treated U251 cells with untreated controls
(≥1.5 fold average increase/decrease and p ≤ 0.05, Students t-test) (Figure 1a). Individual spots were
cut from the gels, and mass spectrometry was used to determine the identity of the most significant
hits identified by 2D-DIGE (Figure 1b). Interestingly, the six top primary targets identified (LMNA,
ARF1, AIF1L, VIM, TUBB and CRMP4) are all components of the cytoskeleton, with the intermediate
filament VIM (vimentin) being the top scoring hit. However, the role of intermediate filaments in GBM
is poorly characterized. In this study, we therefore further explored the potential link between LiCl
and vimentin in GBM as suggested by the proteomic data.
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Figure 1. Two-dimensional fluorescence difference gel electrophoresis (DIGE) proteomics analysis
identified 22 protein spots significantly altered by 20 mM lithium chloride (LiCl) treatment of
glioblastoma (GBM) cells for 24 h. The experiment was performed in triplicate. (a) Representative
Cy3/Cy5 stained (presented in gray) gel showing differentially regulated spots after 24 h treatment of
U251 cells with 20 mM LiCl. (b) The top six targets were excised from the gel based on significance after
analysis of alterations in fluorescence intensity post-LiCl treatment and identified by mass spectrometry
peptide analysis.

2.2. Vimentin Is Highly Expressed in GBM Patient Tumor Specimens and Is Associated with Cell Migration

Initially, to confirm the relevance of vimentin in GBM, we examined its expression by
Western blotting of patient tumor specimens. This revealed high levels of vimentin in GBM,
anaplastic astrocytoma (AA) and oligodendroglioma (OD) specimens compared with normal brain
controls (Figure 2a). This was confirmed by examination of gene expression data which showed
significantly elevated median vimentin expression in GBM (p = 3.5 × 10−23) compared with normal
brain (Figure 2b) and also that vimentin expression is a prognostic factor in glioma analyzed in the
Rembrandt glioma database (Figure 2c). Analysis of vimentin mRNA transcript levels in the TCGA
database shows that it is present in all types of malignancies, where most invasive cancer types like
melanoma and glioma show the highest levels (Figure S1a). The TCGA database allows for survival
analysis of combined GBM and Low-Grade Glioma (LGG) datasets, as shown in Figure S1b; this data
also suggest that vimentin is a prognostic factor in both GBM and LGG.
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Figure 2. Expression of vimentin in malignant gliomas: (a) Western blot analysis of vimentin expression
in human patient malignant glioma surgical specimens: OD—oligodendroglioma, AA—anaplastic
astrocytoma, GBM—glioblastoma multiforme; compared with normal brain; (b) the mRNA transcript
levels of vimentin according REMBRANDT database (http://www.betastasis.com/glioma/rembrandt),
sample size: non-tumor n = 29, OD n = 67, AA n = 460, GBM n = 220; (c) survival curves based on high
versus low vimentin mRNA expression obtained from the REMBRANDT database. The solid lines
present data for samples with levels higher (red) or lower (green) than median of dataset; the dashed
lines presents data for samples divided into two groups (higher—red or lower—green) based on the
“optimal cut-off” algorithm [22].

2.3. Vimentin Immunofluorescence Staining in GBM cells and in Patient Specimens

To further understand vimentin in GBM we performed immunofluorescence staining in U251
GBM cells grown as monolayers. The vimentin cytoskeleton could clearly be seen ramifying throughout
the cytosol, with a concentrated perinuclear area associated with the aggresome as previously
observed [23] (Figure 3a). In patient specimens variable staining was observed, but in general a
very strong signal could be seen throughout the tumor (Figure 3b). The small subset of glioma tissues
in the Human Protein Atlas (www.proteinatlas.org) [24] are shown in Figure S2.
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(a) 

 
(b) 

Figure 3. Vimentin staining in human GBM: (a) U251 cells grown as monolayers (left panel, field of
view 400 by 400 μm, scale 50 μm) and high magnification (right, scale bar = 50 μm) of single cells,
vimentin staining is presented here as a high dynamic range (HDR) image showing the perinuclear
vimentin-rich region and fine network of filaments. (b) Surgically obtained human tumor specimens
were stained for vimentin, field of view 400 by 400 μm, scale 50 μm.

2.4. Vimentin Knockdown Reduces GBM Cell Migration

To establish further the relevance of vimentin in the process of GBM migration we performed
siRNA knockdown. Even though we were not able to fully knockdown endogenous vimentin, similar
to other reports [18,20], a significant reduction in transwell migration was observed in three distinct
GBM cell lines (Figure 4).

57



Cancers 2019, 11, 466

Figure 4. siRNA vimentin downregulation reduces the ability of cells to migrate across a transwell
membrane in the modified Boyden chamber assay at 24 h post-transfection. The number of cells
measured on the bottom side of membrane was normalized to the performance of the respective
scrambled siRNA control (=100%) for each cell line; * p = 0.010, ** p = 0.015, *** p = 0.037. Western blot
(upper) shows the actual degree of vimentin downregulation obtained for each cell line compared with
scrambled siRNA control.

2.5. Downregulation of the Triton-x-100 Soluble Vimentin Fraction in GBM Cell Lines by GSK-3 Inhibitors

Having established the potential role of vimentin in GBM cell migration, we further investigated
the effects of LiCl on vimentin levels in a range of GBM cell lines. Initially we used Western blotting
to validate alterations in vimentin levels observed in the proteomics study. This confirmed the
effects seen in our proteomics screen, with downregulation of vimentin expression observed in both
U251 and U373 GBM cell lines, and was detected very rapidly, minutes after LiCl administration
(Figure 5a). The effects were much more pronounced at earlier time points, with approximately 3-fold
downregulation typically observed three hours post LiCl treatment. This effect was also observed in a
panel of patient-derived GBM stem-like cells (GSCs) grown as neurospheres and treated with 20 mM
LiCl for three hours (Figure 5b). The reduction of vimentin levels in the detergent soluble fraction
was also observed in correlation with concentration dependent inhibition of GSK-3 by the indirubin
derivative, 6-Bromoindirubin-3′-oxime (BIO) and other GSK-3 inhibitors (Figure 5c). The effect of BIO
on vimentin levels was dose dependent (Figure 5d). These data suggest that vimentin downregulation
is a common feature of these anti-invasive drugs. However, in all of these experiments lysates created
in parallel using 8 M urea to solubilize all intracellular proteins did not show a difference in vimentin
levels (shown in Figure 5a). Thus, there was in fact not a change in absolute vimentin levels, rather a
change in its physical state, likely polymerized versus depolymerized within the cell. These data
therefore suggest a change in the distribution of vimentin between intracellular triton-x-100 soluble
and insoluble pools after treatment with GSK-3 inhibitors including LiCl and BIO.
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Figure 5. Downregulation of vimentin in detergent soluble extracts from GBM cells treated with LiCl,
and a panel of small molecular glycogen synthase kinase-3 (GSK-3) inhibitors: (a) Validation in GBM
cell lines. U251 and U373 glioma cells were treated with 20 mM LiCl or NaCl, for the time (hours) as
indicated. Vimentin levels were determined in triton-x-100 extracts and in “total” extracts in 8 M urea.
(b) Effects of 20 mM LiCl across a panel of GBM cell lines 3 h post-treatment. (c) Effects of a panel of
GSK-3 inhibitors on vimentin levels in U251 cells 3 h post-treatment. (d) Dose-dependent effects of
6-bromo-indirubin-3-oxime (BIO) on triton-x-100 soluble vimentin levels 3 h post-treatment.

2.6. Changes in Vimentin Dynamics in LiCl and BIO Treated GBM cells

We used microscopic approaches to investigate these observations further using U251 cells
stably expressing a green fluorescent protein (GFP)-vimentin fusion protein to visualize the effects
of LiCl on the vimentin intermediate filament network. Exposure to 20 mM LiCl or 5 μM BIO for 3 h
induced a reduction in the amount and GFP-intensity of small size vimentin fibers located at the cell
periphery, and increased the GFP signal in the perinuclear area (Figure 6a). Time-lapse observations of
GFP-vimentin fiber movement showed that in our cellular model, fibers are highly mobile laterally
and possibly also have a dynamic rebuilding rate. We therefore utilized fluorescence recovery after
photobleaching (FRAP) in which real-time fluorescence microscopy is used to determine the time
taken for a cell to recover fluorescence levels after bleaching a small area in the presence and absence
of drug treatment. A photobleached area was made in GFP-vimentin expressing U251 cells (Figure 6b),
and recovery-time was measured. This showed a significant reduction in the time necessary for fibers
to recover their fluorescent signal after LiCl or BIO treatment (Figure 6b, plot). We also utilized
a time-lapse based approach to further assess effects of BIO treatment on fine vimentin network
movement, which leads to up to 40% reduction in measured values compared with controls (Figure 6c).
We also verified our previously reported observations [8,17] that LiCl and BIO treatments lead to
overall reduction in cell motility in all tested cell lines and assays (Figure S3).
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(a) 

 
(b) 

(c) 

Figure 6. (a) Appearance of green fluorescent protein (GFP)-vimentin filaments after 20 mM LiCl
or 5 μM BIO treatment (3 h, scale bar = 10 μm). (b) Recovery of photo-bleached GFP-vimentin in
time points, scale bar = 10 μm. (c) Quantification of dynamic of vimentin skeleton movement by
frame-to-frame derivative (μm2) in 50 frames (200 s) time lapse series; scale = 10 μm.

2.7. GSK-3 and Vimentin Colocalize in GBM Cells

Both LiCl and BIO are known to inhibit the protein kinase GSK-3. Therefore, to investigate
the relationship of vimentin and GSK-3, co-precipitation studies were performed. We used U251
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cells transiently overexpressing glutathione-s-transferase (GST)-GSK-3α and GSK-3β fusion proteins.
The cell lysate was incubated with agarose-glutathione beads, washed and subsequently assayed
by Western blotting. We found that both isoforms of GSK-3 are able to interact with vimentin
isolated from triton-x-100 cell lysates (Figure 7a). We then used a co-sedimentation assay to further
investigate GSK-3 interaction with vimentin. In this assay, vimentin is solubilized and precipitated
by a series of buffer exchanges in two cycles of dialysis, followed by Western blotting (Figure 7b).
Additionally, Fluorescence Resonance Energy Transfer (FRET) measurements showed co-localization
of cyan-fluorescent protein (CFP)-GSK3 and yellow-fluorescent protein (YFP)-vimentin fusion proteins
in live cells (Figure 7c). Thus GSK-3 and vimentin are physically associated in GBM cells. These data
identify a novel relationship between GSK-3 and vimentin for the first time and suggest that alterations
in vimentin dynamics may contribute to the inhibition of GBM cell migration in response to LiCl
and BIO.

Figure 7. GSK-3 interaction with vimentin shown by: (a) glutathione-s-transferase (GST)-GSK-3
pull down assay; and (b) co-precipitation assay. GSK3 migrates as a double band with GSK-3α
showing a slightly higher molecular weight than GSK-3β. (c) Yellow-fluorescent protein (YFP)-vimentin
and cyan-fluorescent protein (CFP)-GSK-3β fusion proteins interaction as shown by Fluorescence
REsonance Energy Transfer (FRET) colocalization, scale bar = 10 μm.

3. Discussion

Our previous studies implicated the conserved, ubiquitous and multi-tasking protein kinase
GSK-3 in GBM cell migration [8,17]. Here we performed a proteomics screen to investigate the
mechanisms underlying these observations, and show for the first time that GSK-3 plays a role in
regulation of the intermediate cytoskeleton component vimentin. Specifically, we establish that
(1) GSK-3 regulates vimentin dynamics, (2) GSK-3 interacts with and phosphorylates vimentin,
(3) vimentin facilitates GBM cell migration, and (4) vimentin is highly expressed in GBM patient
specimens, and is prognostic, particularly in lower grade gliomas.

This study was performed as a development from our previously published observations on
small molecules with potent inhibitory effects on GBM cell migration [8,17]. First, we showed that LiCl
was a potent and reversible inhibitor of GBM cell migration in vitro [8]. These effects were observed
at 10–20 mM LiCl, which exceeds the maximum tolerated dose of around 1 mM. LiCl is known to

61



Cancers 2019, 11, 466

inhibit GSK-3 [25], therefore we went on to show that GSK-3α/β siRNA could block GBM migration
and that other small molecule GSK-3 inhibitors could block GBM cell migration. During these studies,
we examined derivatives of the Chinese medicine indirubin, which are known to inhibit GSK-3 [26].
These molecules blocked migration and angiogenesis in vivo in murine GBM models, improving
animal survival [17].

To further study the underlying mechanisms, here we examined the impact of LiCl on GBM
cells using proteomics-based approach. 2D-gel electrophoresis/mass spectrometry identified several
proteins significantly altered by LiCl treatment. Interestingly these were all involved with cytoskeleton
regulation and merit further study in the context of GBM cell migration. Indeed, one of these proteins,
CRMP-4, regulates microtubule dynamics in axon outgrowth, and is also a known GSK-3 substrate [14].
Vimentin was the most significantly altered protein and the focus of this study. Additionally, by analysis
of patient specimens by Western blotting and immunofluorescence, as well gene expression databases
and the human protein atlas, we showed that vimentin is highly abundant in most GBM cases.
At the mRNA level it is significantly prognostic in GBM and even more so in astrocytoma where the
distribution of vimentin expression appears much broader than in GBM. Further studies are needed to
determine whether the reduced expression in astrocytoma compared with GBM is at the tumor cell
level, or rather reflects lower cellularity in lower grade tumors. To determine whether vimentin is truly
a useful prognostic marker, much more detailed studies are required with larger well-characterized
patient populations.

Our data suggest that a primary target of the anti-invasive drugs is vimentin dynamics. This is
supported by the observations that (1) detergent soluble vimentin levels are rapidly reduced upon
exposure to either LiCl or BIO, and (2) FRAP studies which showed a reduction in the ability of the
vimentin cytoskeleton to recover after photobleaching of a GFP-vimentin fusion protein. Presumably
this prevents the cell undergoing the restructuring and dynamic alterations required for effective
migration and invasion.

Structurally, vimentin is a 57 kDa protein with a highly conserved α−helical rod domain flanked
by N- and C-terminal domains which associate to ultimately form intermediate filament networks.
Phosphorylation of vimentin, largely at the N-terminus, regulates its ability to form filaments and
several kinases have been implicated in this process including protein kinase A (PKA), aurora kinase
B and Akt which phosphorylate vimentin at various N-terminal sites [11,12]. Our data strongly
implicates GSK-3 as a candidate vimentin kinase, although we have not yet definitively shown this.
Analysis of the vimentin amino acid sequence reveals the presence of GSK-3 phosphorylation sites
(Ser 50) [14,27] at the N-terminus, which are under investigation.

Further studies on the role of vimentin in GBM are warranted. This protein is highly abundant in
GBM and is involved in multiple cellular processes including cell migration. However, one challenge
we faced throughout this study was that vimentin manipulation in GBM cells is difficult; sustained
knockdown was not straightforward due to the high levels of vimentin in GBM cells, and we have
so far been unable to generate CRISPR gene edited GBM cell lines null for vimentin. Additionally,
further detailed molecular studies are needed to understand better the effects of vimentin on GBM
cell migration. Our data also shows that proteomics can be a very effective approach to identifying
molecular changes relevant in GBM cell migration, revealing new targets and mechanisms.

4. Materials and Methods

4.1. Cell Lines, Tissue Samples and Chemicals

The U87 cell line was provided by Dr Webster Cavenee (Ludwig Institute for Cancer Research,
La Jolla, CA, USA). U251 and U373 cells were purchased from ATCC (Manassas, VA, USA).
All cells were grown in Dulbecco’s Modified Eagles Medium (DMEM) with 10% FBS and 1%
penicillin-streptomycin. The GBM stem-like cells (GSCs) were derived from fresh samples of surgically
resected brain tumors obtained from The Ohio State University Tissue Procurement Shared Resources
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under a protocol approved by OSU IRB. GSCs were maintained as neurosphere suspension cultures
in Neurobasal medium with 20 ng/mL fibroblast growth factor (FGF) and epidermal growth factor
(EGF). Unless otherwise stated, reagents, chemicals and supplies were purchased from Thermo-Fisher
Scientific (Waltham, MA, USA).

4.2. Western Blotting

Proteins from 5× 106 cells were isolated by 15 min extraction in TX100 lysis buffer: 1% Triton X100,
50 mM Tris pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 50 mM β-glycerophosphate supplemented
with 50 mM NaF, 1 mM PMSF, 1 mM DTT, 2 mM Na3VO4, 10 μg/mL Leupeptin, 10 μg/mL Aprotinin,
10 μg/mL Pepstatin, 0.25 ng/mL Microcystin LR (EMD Millipore, Billerica, MA, USA). To achieve total
solubilization of vimentin fibers, TX100 lysis buffer was supplemented with 8 M urea. Tissue samples
were solubilized by sonication in urea containing TX100 lysis buffer. For Western blotting, proteins
(100 μg) were separated by SDS-PAGE (Criterion system, Bio-Rad, Hercules, CA, USA) and transferred
to nitrocellulose (Bio-Rad). Antibodies used for Western blotting were: mouse anti-vimentin V9
(MS-129-P, Thermo Scientific, (Waltham, MA, USA) mouse anti-GSK-3αβ (368662, EMD Millipore),
mouse anti-α-tubulin (T6074, Sigma-Aldrich, St. Louis, MO, USA), mouse anti-GAPDH (ab9484-200,
Abcam, Cambridge, MA, USA) and peroxidase-conjugated secondary antibodies (Jackson Laboratories,
Bar Harbor, ME, USA).

4.3. Cell Migration Assays

For vimentin knockdown, 200 pmols of Smartpool siRNA, or scrambled siRNA control
(Dharmacon, Chicago, IL, USA) was introduced into cells with Lipofectamine 2000 (Thermo Scientific)
in a six-well plate 24 h prior to the transwell assay (modified Boyden chamber assay [28]). Assays were
performed using 8 μm pore size inserts (ISC Bioexpress, Kaysville, UT, USA), and 50,000 cells per well.
Cells were allowed to migrate for 6 h prior to fixation in 1% glutaraldehyde and cell visualization was
performed by staining with 10 μg/mL 4′,6-diamidino-2-phenylindole (DAPI). Images of the whole
membrane were captured with a motorized Nikon Eclipse Ti microscope system. The time-lapse
version of the transwell assay was performed with FluoroBlock inserts (Corning cat# 351152 & 353504)
and U251pCDH (copGFP labeled cells, System Biosciences plasmid pCDH-EF1-MCS-T2A-copGFP).
Images of the whole insert were captured with a motorized Nikon Eclipse TE2000 microscope system
(Nikon, Tokyo, Japan) equipped with an on-stage incubator with CO2 and temperature control.
The invasion/migration assay performed in collagen gel was performed as described previously [8].
Analysis and quantification of signal was performed in ImageJ (https://imagej.nih.gov/ij) [29],
Microsoft Excel was used for data handling and Prism Graphpad version 8 (San Diego, CA, USA) was
used for data presentation.

4.4. Two-Dimensional Fluorescence Difference Gel Electrophoresis

Whole cell proteomic analysis was performed by using 2-D fluorescence difference gel
electrophoresis (DIGE) recommended by The Ohio State University Proteomics Shared Resource
https://www.ccic.osu.edu/msp-proteomics [30]. U251 cells (1 × 107) were incubated with 20 mM
NaCl or 20 mM LiCl for 24 h. Cell pellets were snap frozen and processed for DIGE analysis by
The Ohio State University Mass Spectrometry and Proteomics Facility using the Ettan DIGE system.
After 2D-SDS-PAGE, gels were imaged with the Typhoon Variable Mode Imager. Image analysis and
quantitation were performed using DeCyder Differential Analysis Software (GE Healthcare, Atlanta,
GA, USA). Selected spots were excised and processed for protein/peptide identification.

4.5. Fluorescence Recovery After Photobleaching (FRAP) Assay

U251 cells were stably transfected with a pEGFP-vimentin expression vector, kindly provided
by Professor Robert Goldman, Northwestern University [31]. High magnification, time-lapse image
series of GFP-vimentin-labeled cells were collected using a Zeiss LSM510 confocal microscope system
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(Carl Zeiss Inc., Thornwood, NY, USA), equipped with an in vitro cell culture on-stage incubator
(PeCon GmbH, Erbach, Germany). Images were collected every 10 s, for 20 min with minimal laser
power (1%). A 5 μm2 area was burned with 100% laser power for 2 s (until the fluorescence from
the selected area was equal to background levels). The half-time of fluorescence recovery T1/2 was
analyzed using Zeiss LSM510 control software v3.2 (Jena, Germany). For image dynamic measurement
200-seconds-long, 50 frames sequences were collected. A frame-to-frame difference was calculated
with ImageJ/Image Calculator function; data is presented as percent value of first frame of time
sequence, accounting for background/noise. Co-localization of GSK-3 with vimentin was assayed on
the same microscope system; U251 cells were transiently transfected with pcDNA4TO/CFP-hVimentin
(NM_003380) and pcDNA4TO/YFP-GSK-3α/β plasmids. The pcDNA4TO plasmid was purchased
from Thermo-Fisher/Life Technologies (cat# V1020), human vimentin was obtained from OriGene
(SC111054), GSK-3α/β coding sequences were provided by Dr. Chris Phiel, Nationwide Children’s
Hospital, Columbus, OH, USA.

4.6. GST Pull-Down Assay

U251 cells were transiently transfected with pDEST27/GST (control) and pDEST27/GST-GSK-3
(either α or β isoform) expression vector. A total of 500 μg of TX100 protein extract was incubated
with 50 μL of glutathione agarose beads (Invitrogen, Carlsbad, CA, USA) at 4 ◦C for 1 h. Beads were
extensively washed with TX100 lysis buffer and pulled-down proteins were extracted by boiling in 2×
Laemmli Western blot sample buffer (Bio-Rad) and analyzed by Western blotting.

4.7. Digital Data Resources

Digital data presenting vimentin expression levels and Kaplan-Meier survival plots were obtained
from The Cancer Genome Atlas (TCGA) (http://cancergenome.nih.gov/), and Rembrandt (https:
//caintegrator.nci.nih.gov/rembrandt/) databases.

5. Conclusions

Proteomic analysis of GBM cells treated with LiCl and other GSK-3 inhibitors showed alterations
in multiple cytoskeletal proteins which may play a role in GBM migration. The intermediate filament
protein vimentin was the most significantly altered of these, is highly expressed in GBM, and is
prognostic, particularly in LGG. Knockdown of vimentin impairs GBM migration and its dynamics
appear to be altered by LiCl treatment. Vimentin physically associates with GSK-3 and this may
represent a novel mechanism that mediates intermediate filament dynamics and cell migration.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/4/466/s1,
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as Fragments Per Kilobase of exon per Million reads (FPKM), Figure S2: The small subset of tissues for vimentin
and labeled with DAB, Figure S3: LiCl and BIO Treated GBM cells reduces cell motility.
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Abstract: Circular RNAs are a large group of RNAs whose cellular functions are still being
investigated. We recently proposed that circSMARCA5 acts as sponge for the splicing factor Serine
and Arginine Rich Splicing Factor 1 (SRSF1) in glioblastoma multiforme (GBM). After demonstrating
by RNA immunoprecipitation a physical interaction between SRFS1 and circSMARCA5, we assayed
by real-time PCR in a cohort of 31 GBM biopsies and 20 unaffected brain parenchyma controls
(UC) the expression of total, pro-angiogenic (Iso8a) and anti-angiogenic (Iso8b) mRNA isoforms of
Vascular Endothelial Growth Factor A (VEGFA), a known splicing target of SRSF1. The Iso8a to Iso8b
ratio: (i) increased in GBM biopsies with respect to UC (p-value < 0.00001); (ii) negatively correlated
with the expression of circSMARCA5 (r-value = −0.46, p-value = 0.006); (iii) decreased in U87-MG
overexpressing circSMARCA5 with respect to negative control (p-value = 0.0055). Blood vascular
microvessel density, estimated within the same biopsies, negatively correlated with the expression of
circSMARCA5 (r-value = −0.59, p-value = 0.00001), while positively correlated with that of SRSF1
(r-value = 0.38, p-value = 0.00663) and the Iso8a to Iso8b ratio (r-value = 0.41, p-value = 0.0259).
Kaplan-Meier survival analysis showed that GBM patients with low circSMARCA5 expression had
lower overall and progression free survival rates than those with higher circSMARCA5 expression
(p-values = 0.033, 0.012, respectively). Our data convincingly suggest that circSMARCA5 is an
upstream regulator of pro- to anti-angiogenic VEGFA isoforms ratio within GBM cells and a highly
promising GBM prognostic and prospective anti-angiogenic molecule.

Keywords: circular RNA; hsa_circ_0001445; RNA binding proteins; alternative splicing; glioblastoma
multiforme; angiogenesis; VEGFA
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1. Introduction

Circular RNAs (circRNAs) are a recently discovered large group of RNAs, of which biogenesis
and functions within cells remain mostly to be investigated [1–4]. Notwithstanding the limited number
of studies describing the mechanisms through which they act, the expression of several circRNAs
has been found deregulated in pathological phenotypes from cancer to degenerative conditions: this
suggests an active role of these molecules in their pathogenesis [5–10]. Splicing is thought to represent
the main mechanism by which circRNAs originate [11–13]. Glioblastoma multiforme (GBM) is the
most deadly human brain cancer to date: its median overall survival is 14.6 months after diagnosis
and the prognosis is dismal in the majority of cases [14]. Notwithstanding the published data on the
involvement of circRNAs and splicing in GBM, many questions remain without an answer [15–18].
Recently, we hypothesized that circSMARCA5 may carry out its function by tethering the splicing
factor Serine and Arginine Rich Splicing Factor 1 (SRSF1) and that through this mechanism it may
regulate GBM cells migration [19]. In addition to splicing, SRSF1 is involved in a plethora of other
cellular functions as: (i) regulation of RNA metabolism; (ii) mRNA translation; (iii) miRNA processing;
(iv) protein sumoylation; (v) stress response [20]. SRSF1 is also upregulated and acts as oncoprotein in
several cancers [21]. Here, we demonstrate the physical interaction between circSMARCA5 and the
splicing factor SRSF1 in GBM cells; based on our data, we propose that this interaction regulates the
switch between pro- and anti-angiogenic isoforms generated by the splicing of the clinically relevant
Vascular Endothelial Growth Factor A (VEGFA) pre-mRNA in GBM cells.

2. Results

2.1. SRSF1 and CircSMARCA5 Physically Interact within GBM Cells

CircSMARCA5 was predicted to be bound by SRSF1 in at least seven different evolutionarily
conserved sites (see [19] and Figure 1A). SRSF1 RNA immunoprecipitation (RIP) allowed us to validate
this interaction, showing a significant enrichment of circSMARCA5 in addition to SRSF3 mRNA,
a known splicing target of SRSF1 (positive control), in immunoprecipitated U87-MG cells lysate with
respect to a negative control (Figure 1B,C).

Figure 1. Cont.
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Figure 1. CircSMARCA5 and SRSF1 physically interact within U87-MG cells. (A) SRSF1 binding sites
predicted by RBPMap database (http://rbpmap.technion.ac.il/) are highlighted with different colors
within circSMARCA5 sequence. * indicates sequence conservation among twelve primates, including
Homo sapiens (see [19]). (B) Fold enrichment (FC) of circSMARCA5, SRSF3 and GAPDH are shown as
IPed samples/input. See [22] and Section 4 Materials and Methods for further details (* p-value < 0.05;
** p-value < 0.01, N = 4, two-samples t-test). (C) Representative western blot of U87-MG Input, SRSF1
and normal IgG RIPed samples. Antibodies against SRSF1 and Actin Beta (ACTB) were used as
described in Section 4 Materials and Methods.

2.2. SRSF1 and VEGFA Are Upregulated While circSMARCA5 Is Downregulated in GBM Biopsies

SRSF1 was upregulated in GBM biopsies with respect to unaffected brain parenchyma (UC), both
as mRNA (p-value = 0.0009, Mann–Whitney test) and protein (p-value = 0.022, two-sample t-test)
(Figure 2A–C). After a literature review of SRSF1’s splicing targets (Table S1, Supplementary Materials),
we focused on VEGFA, a molecule of high clinical interest in GBM (see Discussion). We demonstrated
that total VEGFA mRNA was upregulated in the same cohort (p-value < 0.00001, Mann–Whitney test),
while circSMARCA5 was downregulated (p-value < 0.00001, Mann–Whitney test), confirming our
data previously obtained in an independent GBM cohort (Figure 2A). Upregulation of SRSF1 and
VEGFA mRNA, as well as their positive correlation, was also observed in the extended cohort of GBM
biopsies analyzed in REpository for Molecular BRAin Neoplasia DaTa (REMBRANDT) (Figure S1,
Supplementary Materials) and The Cancer Genome Atlas (TCGA) (Figure S2, Supplementary
Materials) databases. Most specifically, based on REMBRANDT data, SRSF1 mRNA was significantly
upregulated in all glioma grades with respect to normal brain (p-value < 0.0001, ANOVA test)
(Figure S1A, Supplementary Materials), while VEGFA was significantly upregulated specifically
in GBM (p-value < 0.0001, ANOVA test) (Figure S1B, Supplementary Materials). In more detail,
SRSF1 and VEGFA mRNAs were both significantly upregulated in all GBM subtypes, except for the
neural subtype, with respect to unaffected brain samples (see significant p-values within Figure S2,
Supplementary Materials) [23,24].
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Figure 2. SRSF1, circSMARCA5 and VEGFA expression in GBM biopsies and unaffected controls
(UC). (A) Box-and-whisker plots, representing the expression of SRSF1, circSMARCA5 and total
VEGFA RNA in the studied cohort. Data are represented as log2 fold change (FC) values versus
UC. (*** p-value < 0.001, N(GBM) = 31, N(UC) = 20, Mann–Whitney test). (B) Western blot of SRSF1 in
a selection of UC (N) and GBM (T) samples. ACTB was used as a loading control. (C) Bar graph
representing densitometric quantification of SRSF1. Data, shown as mean ± standard deviation,
represent fold change versus UC (* p-value < 0.05, N(GBM) = 14, N(UC) = 8, two-sample t-test).

2.3. The Ratio of Pro- to Anti-Angiogenic VEGFA mRNA Isoforms Increases in GBM Cells as Compared to
Unaffected Brain Parenchyma and Decreases in U87-MG Overexpressing circSMARCA5

In order to define the role of circSMARCA5 in the control of VEGFA mRNA splicing, the
expression of total VEGFA, pro- and anti-angiogenic VEGFA mRNA isoforms (Iso8a and Iso8b,
respectively) were assayed in the same cohort previously analyzed. Iso8a isoforms were most
expressed in all biopsies, as shown by real-time PCR data. Most specifically, the Iso8a-to-Iso8b
ratio was significantly higher in GBM biopsies with respect to UC (p-value < 0.00001, Mann–Whitney
test) (Figure 3A and Figure S3) (see Section 4 Materials and Methods for details on data analysis).
In the same cohort, the expression of circSMARCA5 negatively correlated with that of SRSF1
mRNA (r-value = −0.36, p-value = 0.011, Spearman correlation test) and with the Iso8a-to-Iso8b ratio
(r-value = −0.47, p-value = 0.006, Spearman correlation test) (Figure 3B). The Iso8a-to-Iso8b ratio
was also higher in three GBM cell lines (A172, CAS-1 and U87MG) with respect to unaffected brain
(Figure S4, Supplementary Materials). Interestingly, U87-MG overexpressing circSMARCA5 showed
a significant decrease in the Iso8a-to-Iso8b ratio with respect to the same cells transfected with the
empty vector (negative control, NC) (p-value = 0.0055, two-sample t-test) (Figure 3C; Figures S3 and
S5, Supplementary Materials).
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Figure 3. Iso8a-to-Iso8b ratio in GBM biopsies vs. UC. (A) Box-and-whisker plots, representing the
ratios between fold changes of Iso8a and total VEGFA (VEGFAtot) and Iso8b and VEGFAtot in GBM
compared to UC (*** p-value < 0.00001, N = 27, Mann–Whitney test) (see Section 4 Materials and
Methods for details on data analysis). (B) Correlation matrix among the expression of circSMARCA5
and SRSF1 and Iso8a-to-Iso8b ratio. Positive and negative correlations are displayed in blue and
red colors, respectively. The color scale bar indicates r values. Color intensity and the size of the
circle are proportional to the correlation coefficients into the correlogram. (C) Box-and-whisker plots,
representing the ratios between fold changes of Iso8a and VEGFAtot and Iso8b and VEGFAtot in
U87-MG overexpressing circSMARCA5 with respect to U87-MG transfected with the empty vector
(NC) (** p-value < 0.001, N = 3, two-sample t-test) (see Section 4 Materials and Methods for details on
data analysis).

2.4. Blood Vascular Microvessel Density (MVD) Negatively Correlates with the Expression of circSMARCA5,
While Positively Correlating with SRSF1 mRNA Expression and Pro/Anti-Angiogenic VEGFA Isoforms Ratio

As expected, MVD evaluated in the same cohort previously characterized was significantly higher
in GBM samples than in UC (p-value < 0.00001, two-sample t-test) (Figure 4A,B). MVD positively
correlated with the SRSF1 mRNA expression and the Iso8a-to-Iso8b ratio (r-values = 0.38, and 0.41,
respectively; p-values = 0.00663, and 0.026, respectively, Spearman correlation test), while negatively
correlating with circSMARCA5 expression (r-value = −0.59, p-value = 0.00001, Spearman correlation
test) (Figure 4C).
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Figure 4. MVD in GBM and UC samples. (A) Representative immunohistochemical staining for CD31
showing areas of high MVD with multiple branching vessels in glioblastoma tissue (1 and 2) and a lower
MVD in unaffected brain tissue (3 and 4). Immunoperoxidase staining; 400× magnification (B) Bar
graph representing the mean MVD in GBM and UC samples. Data are represented as mean ± standard
deviation (*** p-value < 0.00001, N(GBM) = 31, N(UC) = 18, two sample t-test). (C) Correlation matrix
among MVD, circSMARCA5 and SRSF1 expression and Iso8a to Iso8b ratio. Positive and negative
correlations are displayed in blue and red color, respectively. Color scale bar indicates r values. Color
intensity and the size of the circle are proportional to the correlation coefficients into the correlogram.

2.5. CircSMARCA5 Expression Negatively Correlates with GBM Patients’ Overall Survival (OS) and
Progression-Free Survival (PFS)

We found that lower circSMARCA5 expression was associated with poorer OS and PFS in GBM
(p-values = 0.033, and 0.012, respectively, logrank test) (Figure 5A,B). Kaplan–Meier analysis performed
on TCGA data showed also a negative correlation between mesenchymal GBM patients’ OS and SRSF1
expression (p-value = 0.0172, logrank test) (Figure S6, Supplementary Materials).
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Figure 5. Kaplan–Meier overall survival (OS) and progression-free survival (PFS) curves of GBM
patients, based on the expression of circSMARCA5. Patients having a lower expression of circSMARCA5
(DCt ≥Median DCt) survive less (A) show a shorter PFS (B) than patients with a higher expression of
circSMARCA5 (DCt < Median DCt).

3. Discussion

As previously described by our group, circSMARCA5 sequence is predicted to be enriched in
SRSF1 protein-binding sites: accordingly, a physical interaction between these two molecules has been
identified by high-throughput enhanced UV crosslinking and immunoprecipitation (eCLIP) analysis
in K562 cells [19,25]. Deeper knowledge on the interactions between RNAs and RNA-binding proteins
(RBPs) in specific cell contexts is a critical piece of the cell function puzzle [26]. For instance, the
ability of specific viral RNAs to function as a sponge for several host cell’s RBPs has been extensively
analyzed [27]; similarly, many coding and non-coding RNAs have been described to behave as
miRNAs- and RBPs-sponges in eukaryotic cells [28,29]. Here, we validate, through RIP data, the
physical interaction between circSMARCA5 and SRSF1 in human GBM cells. SRSF1 is a protein
involved in many biomolecular functions [20] and its expression is known to be upregulated in several
cancers [30,31]. In order to understand if the interaction between circSMARCA5 and SRSF1 may alter
the splicing pattern of SRSF1’s targets, we focused on VEGFA. It is known that VEGFA pre-mRNA can
be alternatively spliced generating both pro-angiogenic isoforms (VEGF-Axxxa) and anti-angiogenic
isoforms (VEGF-Axxxb), depending on the recognition of a proximal splicing site (PSS) within the
eighth exon of VEGFA pre-mRNA by SRSF1: specifically, the higher the amount of SRSF1 binding
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this PSS, the higher the retention of full-length eighth exon is, improving the synthesis of VEGF-Axxxa
isoforms [32–34]. Aberrant splicing of VEGFA, leading to an alteration in the pro/anti-angiogenic
ratio was described in human colon cancer [35]. Data from biopsies and our in vitro model following
overexpression of circSMARCA5, together with our previous data [19], support the hypothesis that
this circRNA performs a trans-acting splicing function within GBM cells, which it carries out by
tethering SRSF1. Moreover, this pathway seems to be specifically deregulated in GBM cells, among
the other glioma grades, based on our previous observations and on REMBRANDT and TCGA
data. Additionally, the hypothesis of a functional involvement of circSMARCA5 in the regulation
of angiogenesis is supported by correlations observed among the circSMARCA5/SRSF1/VEGFA
expression and the blood microvascular vessel density. This is an important aspect of GBM biology:
ultimately, the control of the pro- to anti-angiogenic switch may represent a valid alternative to the
therapy based on monoclonal anti-VEGFA antibodies that did not reach the expected results to date [36].
Finally, even if on a limited cohort of patients, the perspective use of circSMARCA5 as a prognostic
biomarker and a therapeutic target [33,37,38] in GBM cells appears to be promising.

4. Materials and Methods

4.1. GBM Biopsies

Each specimen obtained during intraoperative navigation-assisted neurosurgery was divided
in two halves: one half was supplied to pathologists for fixation and tissue embedded into paraffin,
and the other was immediately frozen and stored at −80 ◦C until use. All patients enrolled in this
study supplied their written informed consent before surgery. The study was conducted in accordance
with the declaration of Helsinki and the protocol was approved by the ethical committee of Azienda
Ospedaliero-Universitaria "Policlinico-Vittorio Emanuele", Catania, Italy. Only biopsies from patients
with a confirmed pathological diagnosis of GBM were included into the study (N = 31). Unaffected
brain parenchyma was obtained, when possible, from a non-eloquent region of the brain, adjacent
to the tumor and negative to 5-aminolevulinic acid (5-ALA) fluorescence: this type of sample has
been defined as unaffected control and used as calibrator tissue in this study only after pathologists
observed no infiltration of cancer cells (N = 20). Clinical data from patients enrolled in the study are
summarized in Table 1.

Table 1. Clinical data of Glioblastoma (GBM) and control samples.

Sample N
Mean Age

(Years ± Std. Dev.)
Sex

Mean OS
(Months ± Std. Dev.)

Mean PFS
(Months ± Std. Dev.)

M F
Fresh frozen

GBM biopsies 31 63.6 ± 10.9 15 16 15 ± 8.2 13.8 ± 8.7

Fresh frozen
unaffected brain

parenchyma
20 64 ± 10.3 8 12

FirstChoice®

Human Brain
Reference RNA

1
(commercially

available)
68.3 ± 15 13 10

4.2. Cell Cultures and Transfection

GBM cell lines A172, CAS-1 and U87-MG culture and transfection with pcDNA3-circSMARCA5
or empty pcDNA3 vectors were performed as previously described [10,19].

4.3. RNA Immunoprecipitation (RIP)

Briefly, cells were seeded in 10 cm dishes at a density of 3.6 × 106 and cultured for 72 hours. RIP
was performed as previously described by Peritz et al. [39], with some modifications. More specifically,
RIP was performed without cross-linking. Immunoprecipitation was performed using 5μg of mouse
monoclonal IgG2b antibody against SRSF1 (Santa Cruz Biotechnology, Inc., Heidelberg, Germany, Cat.
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n. sc-73026) or isotype control IgG from mouse (negative control) (Santa Cruz Biotechnology, Inc., Cat.
n. sc-2025). Data were analyzed as described by Ratnadiwakara et al. [22]. RIP methodology and data
analysis are fully described in Supplementary Materials.

4.4. RNA Extraction and Real-Time PCR

RNA was extracted by using Trizol (ThermoFisher Scientific, Waltham, MA USA), according
to manufacturer’s instruction and quantified both by spectrophotometer and Qubit™ fluorometer
(ThermoFisher Scientific). A commercially available RNA from human brain (Ambion, Austin, TX,
USA) has been used as further unaffected control. Real-time PCR was performed as previously
described [40] and relative RNA amounts were estimated by using 2-DDCt method [41]. For a fully
description of real-time PCR data analysis within this manuscript, see Supplementary Materials.
Linear and circular RNAs were amplified by using convergent and divergent primers, respectively,
as described in Table S2 and in Figure S7 (Supplementary Materials).

4.5. Protein Extraction and Immunoblotting

Proteins from biopsies were extracted by using RIPA buffer (Abcam, Cambridge, UK) and
quantified by Qubit™ fluorometer (ThermoFisher Scientific). Human Brain Cerebral Cortex Protein
Medley (Takara Clontech®, Mountain View, CA, USA) was used as further unaffected control. Western
blot analysis was performed as previously described [42]. Primary antibodies against the following
proteins were used: SRSF1 (mouse monoclonal antibody from Santa Cruz Biotechnology, Inc., Cat. n.
sc-73026) and ACTB (rabbit polyclonal antibody from Abcam, Cat. n. ab16039). Secondary antibodies
were HRP-conjugated anti-mouse (for SRSF1) or anti-rabbit (for ACTB) (Santa Cruz Biotechnology, Inc,
Cat. n. sc-516102 and sc-2004, respectively) for chemiluminescent detection. Gel bands were quantified
by ImageJ software (https://imagej.nih.gov/ij/index.html).

4.6. Immunohistochemistry

For each case, all Hematoxylin and Eosin (H&E) stained sections were assessed by two
pathologists and one representative sample was identified. Sections were processed as previously
described [43]. Briefly, slides were cut at 4–5 μm, dried, deparaffinized and rehydrated. Then, sections
were incubated for 30 min at 4 ◦C with mouse monoclonal anti-Human CD31, Endothelial Cell
antibody (JC70A, Dako Corporation, Glostrup, Denmark), diluted 1/40 in PBS (Sigma, Milan, Italy).
The biotinylated anti-rabbit secondary antibody was applied for 30 min at 20 ◦C, followed by the
avidin–biotin–peroxidase complex (Vector Laboratories, Burlingame, CA, USA) for a further 30 min at
20 ◦C. The immunoreaction was visualized by incubating the sections for 4 min in a diaminobenzidine
(DAB) and 0.02% hydrogen peroxide solution (DAB substrate kit, Vector Laboratories, CA, USA).

4.7. Assessment of Blood Vascular Microvessel Density (MVD)

MVD of CD31 was evaluated by two pathologists. Immunohistochemical sections were observed
with a Zeiss Axioplan light microscope (CarlZeiss, Oberkochen, Germany). MVD assessment was
performed as described by Weidner et al. and Mikkelsen et al., with some modifications [44,45]. Briefly,
vascular hotspots were identified on CD31 sections by a light microscope at 4× and 10×magnifications.
MVD was evaluated as the total number of vessels per mm2 with a conversion factor of 1 mm2 equaling
4 high power fields (HPFs) at 40× magnification of highest vascular densities [46]. Areas with ≥50
of viable tumor cells were counted; tissues with extensive necrosis, hemorrhage and desmoplasia
were excluded. Every single stained endothelial cell and each lumen for long branched vessels and
glomeruloid tufts were counted. Moreover, small clusters of ≥2 staining endothelial cells within the
same vessel was counted as one vascular structure.
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4.8. Statistics

All the statistical tests used in this study are described throughout the text and in figure legends.
p-values lower than 0.05 were considered significant.

5. Conclusions

We proposed that our data convincingly suggest that circSMARCA5 is an upstream regulator
of the ratio of the pro- and anti-angiogenic VEGFA isoforms within GBM cells and is a promising
prognostic biomarker and a prospective therapeutic target in GBM cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/2/194/s1,
Table S1, List of SRSF1’s splicing targets retrieved by literature. Table S2, Sequences of primers used in the study.
Figure S1, SRSF1 and VEGFA mRNA expression in different types of glioma (REMBRANDT database). Figure S2,
SRSF1 and VEGFA mRNA expression in GBM subtypes (TCGA database). Figure S3, Box-and-whisker plots,
representing the Iso8a/Iso8b ratio in GBM and UC. Figure S4, Bar graph showing Iso8A vs Iso8B ratio in three
different GBM cell lines. Figure S5, CircSMARCA5 but not linear SMARCA5 is overexpressed in U87-MG
transfected with pcDNA3-circSMARCA5 vector with respect to NC (U87-MG transfected with the empty vector).
Figure S6, Kaplan-Meier overall survival curves of mesenchymal GBM patients, based on the expression of SRSF1.
Figure S7, Diagram of primers used to amplify Iso8a and Iso8b VEGFA specific isoforms by qRT PCR.
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Abstract: Background: Glioblastoma (GBM), a malignant form of glioma, is characterized by
resistance to therapy and poor prognosis. Accumulating evidence shows that the initiation,
propagation, and recurrence of GBM is attributable to the presence of GBM stem cells (GBM-CSCs).
Experimental approach: Herein, we investigated the effect of 4-Acetylantroquinonol B (4-AAQB),
a bioactive isolate of Antrodia cinnamomea, on GBM cell viability, oncogenic, and CSCs-like activities.
Results: We observed that aberrant expression of catenin is characteristic of GBM, compared to
other glioma types (p = 0.0001, log-rank test = 475.2), and correlates with poor prognosis of GBM
patients. Lower grade glioma and glioblastoma patients (n = 1152) with low catenin expression had
25% and 21.5% better overall survival than those with high catenin expression at the 5 and 10-year
time-points, respectively (p = 3.57e-11, log-rank test = 43.8). Immunohistochemistry demonstrated
that compared with adjacent non-tumor brain tissue, primary and recurrent GBM exhibited enhanced
catenin expression (~10-fold, p < 0.001). Western blot analysis showed that 4-AAQB significantly
downregulated β-catenin and dysregulated the catenin/LEF1/Stat3 signaling axis in U87MG and
DBTRG-05MG cells, dose-dependently. 4-AAQB–induced downregulation of catenin positively
correlated with reduced Sox2 and Oct4 nuclear expression in the cells. Furthermore, 4-AAQB
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markedly reduced the viability of U87MG and DBTRG-05MG cells with 48 h IC50 of 9.2 M and
12.5 M, respectively, effectively inhibited the nuclear catenin, limited the migration and invasion
of GBM cells, with concurrent downregulation of catenin, vimentin, and slug; similarly, colony
and tumorsphere formation was significantly attenuated with reduced expression of c-Myc and
KLF4 proteins. Conclusions: Summarily, we show for the first time that 4-AAQB suppresses the
tumor-promoting catenin/LEF1/Stat3 signaling, and inhibited CSCs-induced oncogenic activities
in GBM in vitro, with in vivo validation; thus projecting 4-AAQB as a potent therapeutic agent for
anti-GBM target therapy.

Keywords: glioblastoma; β-catenin; cancer stem cell; 4-AAQB; chemoresistance; prognosis; survival

1. Introduction

Glioblastoma (GBM), one of the most lethal malignancies in adults, with an average incidence
of 3.2/100 000, median survival of about 15 months, and median age at diagnosis of 64 years, is the
most common and highly aggressive brain tumor [1]. Histopathologically-defined by necrosis and
endothelial proliferation, GBM are high-grade (World Health Organization (WHO) grade IV) gliomas
which are characteristically resistant to anticancer therapy, resulting in death within 12 months of
diagnosis or initiation of therapy [2]. Glioblastoma is characterized by sustained self-renew potential,
enhanced tumorigenicity and invasiveness, high likelihood to relapse, and increased resistance to
chemotherapy; all features associated with the presence and activities of a small tumor subpopulation
called cancer stem cells (CSCs) or tumor-initiating cells (TICs) and referred to herein as GBM stem
cells (GBM-SCs). Current anti-GBM therapeutic strategy consisting of concurrent chemoradiotherapy
(CCRT) with the DNA alkylating agent, temozolomide (TMZ), is plagued by eventual disease relapse
and only prolongs the median survival to 14.6 months [3], necessitating the discovery and/or
development of new therapeutic strategy with high anti-GBM efficacy.

In their published review, Vogelstein et al. [4] analyzed several alterations in the human cancer
genome and identified tumor driver or promoter genes, as well as outlined twelve associated signaling
pathways including Notch, Hedgehog (Hh), and Wnt/β-catenin, known to regulate the determination
of cell fate, survival, proliferation, and genome stability. Though infrequently mutated in GBM,
these pathways are often aberrantly activated and enhance the CSC-like phenotypes of GBM cells [5].
While our understanding of the molecular mechanism underlying the pathogenesis of GBM is
incomplete and continues to evolve, as suggested above, there is increasing evidence that GBM-SCs
play an important role in gliomagenesis, tumor maintenance and subsequent disease progression [5],
and that Wnt/β-catenin signaling is implicated in the modulation of GBM-SCs [6]. Consistent with
this, in a recent study, FoxM1 was shown to enhance the nuclear localization of β-catenin, regulate the
expression of target genes of Wnt and gliomagenesis; similarly, close correlation was demonstrated
between Wnt/β-catenin signaling, GBM progression, and patient prognosis [7], as well as cancer
stemness, self-renewal, and resistance to therapy [8,9], thus, reinforcing the notion that the targeting of
Wnt/β-catenin-mediated oncogenicity, self-renewal, and therapy-resistance may represent a critically
efficacious anti-GBM treatment strategy.

The principal factor in the canonical Wnt signaling pathway is β-catenin. Nuclear β-catenin
facilitates activation of T-cell factor/lymphoid enhancing factor (TCF/LEF) transcription factors,
consequently modulating tumor formation, cell-cycle progression, cell survival, and stem-cell like
activities [5], thus, making β-catenin a potential therapeutic target in anti-GBM therapy.

In the present study, understanding that the aberrant activation of the Wnt signaling is implicated
in gliomagenesis, mediates the maintenance of GBM-SCs and enhances GBM invasive potential [6],
as well as building on the demonstrated anticancer therapeutic efficacy of the relatively novel
phytochemical 4-acetylantroquinonol B (4-AAQB), a derivative of mono-acetylated antroquinonol,
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which is a bioactive extract of Antrodia camphorata [10,11], we hypothesized and investigated if and
how 4-AAQB through the downregulation of β-catenin expression and/or activity, can inhibit the
activation of β-catenin-modulated genes in GBM cell lines, U87MG and DBTRG-05MG. The plausibility
of this hypothesis is rooted in our previous demonstration of the ability of 4-AAQB to suppress
autophagic flux and improves cisplatin sensitivity in highly aggressive epithelial cancer through the
PI3K/Akt/mTOR/p70S6K signaling pathway [11], coupled with our understanding that the inhibition
of autophagy by mTORC1, a complex of mTOR, rescues disheveled (Dvl), which is key component of
Wnt signaling, and thus lead to the activation of Wnt/β-catenin pathway [12]. In addition, we examined
the role of 4-AAQB in modulating the responsiveness of GBM cells to anticancer therapy. Thus, we
present a novel anti-GBM therapeutic approach by inhibiting the oncogenic Wnt signaling through
direct β-catenin targeting by the 4-AAQB.

2. Materials and Methods

2.1. Drugs and Chemicals

4-acetylantroquinonol B (4-AAQB; >99% HPLC purity) was purchased from New Bellus
Enterprises Co., Ltd (Tainan, Taiwan). Stock solution of 1 mM dissolved in dimethyl sulfoxide (DMSO;
Sigma–Aldrich Co., St. Louis, MO, USA) was stored at −20 ◦C then further diluted in sterile culture
medium immediately prior to use. Gibco® RPMI-1640, fetal bovine serum (FBS), Trypsin/EDTA,
DMSO, phosphate buffered saline (PBS), sulforhodamine B (SRB) medium, Acetic acid, and TRIS base
were also purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).

2.2. Cell Lines and Culture

The human GBM cell lines U87MG and DBTRG-05MG were obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA). Cells were cultured in RPMI-1640, supplemented
with 10% FBS and 1% penicillin/streptomycin (Invitrogen, Life Technologies, Carlsbad, CA, USA) and
incubated in 5% humidified CO2 incubator at 37 ◦C. The cells were passaged at 95% confluence or
culture medium changed every 72 h. For drug cytotoxicity assays, the cells were treated with different
concentrations of 4-AAQB for different duration.

2.3. Sulforhodamine B (SRB) Cell Viability Assay

U87MG or DBTRG-05MG cells were seeded in supplemented media at a density of
3.5 × 103 cells/well in triplicates in 96-well plates. After 24 h incubation, cells were treated with
different concentrations of 4-AAQB. After 24 h or 48 h of treatment, the treated cells were washed in
PBS, fixed with 10% trichloroacetic acid (TCA) for 1 h, washed with distilled water, and the viable cells
incubated in 0.4% SRB (w/v) in 1% acetic acid at room temperature for 1 h. The unbound dye was
removed by 1% acetic acid washing thrice and the plates air-dried. Attached dye was dissolved in
10mM trizma base, and absorbance was read in a microplate reader at a wavelength of 570 nm.

2.4. Western Blot Analysis

Ten-μg protein samples were run in 10% SDS-PAGE gel and transferred onto a polyvinylidene
fluoride (PVDF) membrane using the Bio-Rad Mini-Protean system (Bio-Rad Laboratories, Inc,
Hercules, CA, USA). Non-specific binding was blocked by incubating the membranes in 5% skimmed
milk in tris-buffered saline with Tween 20 (TBST) for 1 h and then overnight at 4 ◦C with the antibodies
against total β-catenin (1:1000, Cell Signaling Technology, Danvers, MA, USA), free β-catenin (1:1000,
Cell Signaling Technology), p-GSK-3β (1:1000, Cell Signaling Technology), GSK-3β (1: 1000, Cell
Signaling Technology), TCF1/TCF7 (1:1000, Cell Signaling Technology), LEF1 (1:1000, Cell Signaling
Technology), p-Stat3 (1:1000, Santa Cruz, California, USA), Stat3 (1:1000, Santa Cruz), KLF4 (1:1000,
Santa Cruz), c-Myc (1:1000, Santa Cruz), vimentin (1:1000, Cell Signaling Technology), Slug (1:1000, Cell
Signaling Technology), and β-actin (1:500, Santa Cruz). After overnight probing with primary antibody,
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the membranes were incubated with horseradish peroxidise (HRP)-linked secondary antibodies for
1 h, then washed with PBS thrice. The protein band signals were detected and developed using an
enhanced chemiluminescence (ECL) detection system (Thermo Fisher Scientific Inc, Waltham, MA,
USA). Protein bands were quantified using ImageJ software.

2.5. β-catenin siRNA Infection

For β-catenin loss of function assays, U87MG or DBTRG-05MG cells were infected with stealth
siRNAs targeting CTNNB1 (HSS102461; Thermo Fisher Scientific Inc., Lai Fu Life Science and
Technology Co., Ltd. Taipei, Taiwan) according to the manufacturers’ protocol. Briefly, the cells
at 70–75% confluence per well in 6-well plates were infected with 30 nmol/L siRNA or control/mock
siRNA and 3 μL RNAiMAX reagent (Thermo Fisher Scientific Inc., Lai Fu Life Science and Technology
Co., Ltd. Taipei, Taiwan). The infection efficiency was confirmed using microscopy and Western blot
assays before being used in this study.

2.6. Immunohistochemical Staining and Quantification

Paraffin-embedded primary or recurrent GBM tissue sections were used for examination of
β-catenin expression, as well as hematoxylin and eosin (H&E) staining. For Immunohistochemistry
(IHC) assay, sections were incubated with primary anti- β-catenin (Cell Signaling Technology
1:200 dilutions) at 4 ◦C overnight, followed by a biotin-labeled secondary antibody (1:100 dilutions) at
room temperature for 1 h. Sections were incubated in ABC-peroxidase and diaminobenzidine (DAB),
counterstained with hematoxylin and visualized using light microscopy. For Immunofluorescence
staining and analysis, the cells were plated in 6-well chamber slides (Nunc, Thermo Fisher Scientific,
Taipei, Taiwan) at 4 ◦C overnight, fixed in 2% paraformaldehyde at room temperature for 10 min, then
permeabilized with 0.1% Triton X-100 in 0.01 M phosphate-buffered saline (PBS), pH 7.4 containing
0.2% bovine serum albumin (BSA). Thereafter, they were air-dried and rehydrated in PBS. Followed by
incubating the cells with antibody against β-catenin (D10A8; XP Rabbit mAb #8480; Cell Signaling
Technology), Sox2 (D6D9; XP Rabbit mAb #3579; Cell Signaling Technology), Oct4 (C30A3; Rabbit mAb
#2840; Cell Signaling Technology), or F-actin (13E5; Rabbit mAb #4970; Cell Signaling Technology)
diluted 1:500, in PBS containing 3% normal goat serum at room temperature for 2 h. For negative
controls we omitted the primary antibody. After PBS washing twice for 10 min each, anti-rabbit
IgG fluorescein isothiocyanate-conjugated secondary antibody (Jackson Immunoresearch Lab. Inc.,
West Grove, PA, USA) diluted 1:500 in PBS was added, and the cells incubated at room temperature for
1 h. This was followed by PBS washing and cell mounting using the Vectashield mounting medium
and 4′, 6′-diamidino-2-phenylindole (DAPI) to counter stain DNA for nucleus visualization. Cells were
observed under a Zeiss Axiophot (Carl Zeiss, Strasse, Oberkochen Germany) fluorescence microscope.
Immunohistochemistry in the evaluation was performed by 2 independent pathologists who were
blinded to the study. Immunohistochemistry in the evaluation was performed by 2 independent
pathologists who were blinded to the study. The staining results were classified into 3 categories
based on β-catenin subcellular localization, namely nuclear, cytoplasmic or membranous. All slides
were assessed under microscope and initial score representing the estimated proportion (0: ≤ 5%, 1:
5%–25%, 2: 25%–75%, and 3: ≥ 75%) of positively stained (P) cancer cells, while the intensity (I) scores
1, 2, or 3 were assigned to weak, moderate, and strong stainings, respectively. Slides with indeterminate
evaluation were re-assessed until consensus was reached. The Quick score (Q) was calculated by
multiplying the percentage of positive cells (P) by the intensity (I) based on the formula below:

Q = P× I; maximum = 300

2.7. Tumorsphere Formation Assay

For tumorsphere generation, U87MG and DBTRG-05MG cells were cultured in HEScGROTM

serum-free medium for human embryonic stem cell culture (Chemicon, SCM020; Merck KGaA,

82



Cancers 2018, 10, 491

Darmstadt, Germany), supplemented with 10 ng/mL hbFGF (Invitrogen, Carlsbad, CA), 20 ng/mL
hEGF (Millipore, Bedford, MA), B27 supplement (Invitrogen, Carlsbad, CA), heparin (#07980;
STEMCELL Technologies Inc., Interlab Co., Ltd, Taipei, Taiwan), and NeuroCultTM NS-A proliferation
supplement (Human; #05753; STEMCELL Technologies Inc. Interlab Co., Ltd, Taipei, Taiwan). Cells
were seeded at 1000 cells/mL/well in 6-well ultra-low adhesion plates (Corning Inc., Corning, NY,
USA) and cultured for 7–10 days. The non-adherent tumorspheres (≥ 90 m in diameter) were viewed,
counted, and photographed under inverted phase contrast microscope.

2.8. Colony Formation Assay

Two× 104 U87MG or DBTRG-05MG cells were seeded per well in triplicate in 6-well culture plates
with or without indicated concentration of 4-AAQB and incubated at 37 ◦C in a 5% CO2 atmosphere
incubator for 12–14 days. Generated colonies with diameter ≥ 100 μm and consisting of ≥50 cells,
were washed two times with PBS, fixed with methanol for 15 min, and stained with 0.005% crystal
violet for 15 min at room temperature for visualization and counting of colonies. The number and size
of colonies formed were estimated with the ChemiDoc-XRS imager (QuantityOne software package;
Bio-Rad, Hercules, CA, USA).

2.9. Invasion Assay

For the invasion assay, 24-well plate Transwell systems were used; 3 × 104 U87MG or
DBTRG-05MG cells were seeded into the upper chamber of the insert (BD Bioscience, 8 μm pore
size) containing media without serum, while media containing 10% FBS in the lower chamber was
used as chemo-attractant. Media was discarded after incubating for 24 h, and the GBM cells on the
filter membrane were fixed for 1 h with 3.7% formaldehyde, before staining with crystal violet dye,
and cells lying on the upper surface of the insert were cleared off using a cotton swab. Visualization of
the migrated cells and evaluation of their migratory capacity based on the total number of cells on the
lower surface of the filter membrane was performed under microscope.

2.10. Wound-healing Migration Assay

The GBM cell lines, U87MG or DBTRG-05MG, were seeded in 6-well plates and incubated in 5%
CO2 atmosphere incubator for 48 h until they were 100% confluent. Scratch wounds of similar sizes
were then made along the median axis of the adherent cells using sterile 200 μL micropipette tips.
After PBS washing to remove detached cells, adherent cells were incubated in new culture medium in
5% CO2 humidified incubator at 37 ◦C to allow wound to close. Healing/closure of wound-gap was
monitored and photographed at the indicated time points.

2.11. Animal Studies

Six–8-weeks old female Non-Obese Diabetic (NOD)/Severe-Combined Immunodeficient Mice
(SCID) mice (n = 15) obtained from BioLASCO Taiwan Co., Ltd (Taipei, Taiwan) were bred under
standard experimental animals specific-pathogen-free conditions. The mice (5/treatment group) were
subcutaneously inoculated on the right flank with 0.5 × 106 U87MG cells in 0.5 ml PBS. Treatment was
started on day 7–10 when tumors reached an average size of ≥150 mm3. Treatment group 1 consisted
of thrice weekly intraperitoneal (i.p.) injections of 5 mg/kg 4-AAQB in 0.5 ml PBS for 4 weeks;
Treatment group 2 consisted of thrice weekly oral (p.o.) gavage of 5 mg/kg 4-AAQB in 0.5 ml PBS
for 4 weeks; while the control group were injected with PBS. Tumor growth was measured two times
per week using calipers, and tumor volume (v) calculated using the formula: v = (width)2 × length/2.
Animals were followed for another 3 weeks after the final 4-AAQB treatment (i.e., 7 weeks after tumor
inoculation), then the treated and control with extremely large tumors were humanely sacrificed.
Mice with small tumors were allowed for an additional 8–12 weeks. Assessment of tumor growth for
each of the studies was carried out and statistical analyses was determined by Student’s t-test using
Sigma plot v13 (Stystat Software, CA, U.S.A.). p < 0.05 was considered statistically significant. All the
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experimental animal procedures were approved by and performed in accordance to the Institutional
Animal Care and Use Committee/Panel (IACUC/P) protocol approval LAC-2015-0386.

2.12. Statistical Analysis

Each experiment was performed at least 4 times in triplicates. Shown data represent means ± SD.
Comparison between two groups was estimated using the 2-sided Student’s t-test, while the one-way
analysis of variance (ANOVA) was used for comparison between 3 or more groups. p-value < 0.05 was
considered statistically significant.

3. Results

3.1. Aberrant Expression of β-Catenin Is Characteristic of GBM and Correlates with Poor Prognosis

To determine the clinical relevance of the Wnt/β-catenin signaling in GBM, we accessed and
analyzed the cancer genome atlas (TCGA) lower grade glioma and glioblastoma cohort (GBMLGG,
n = 1152) dataset. We observed that of all four histological sub-types of glioma brain tumor in the
GBMLGG cohort, namely astrocytoma (n = 196), oligoastrocytoma (n = 134), oligodendroglioma
(n = 195), and GBM (n = 604), GBM in its various forms exhibit the poorest survival rates (p = 0.001,
log-rank test = 475.2), with a 100% mortality rate by 4.1, 8.2, and 10 year post-diagnosis for
GBM (n = 30), treated primary GBM (n =20), and untreated primary (de novo) GBM (n = 554),
respectively (Figure 1A). Furthermore, our analyses revealed the histological subtypes of glioma
with the poorest overall survival were characterized by the most aberrantly expressed β-catenin
gene expression as demonstrated by a median β-catenin expression of 13.125 in patients with GBM,
treated primary GBM and untreated primary (de novo) GBM, compared to 12.80, 12.69, and 12.70
in those with astrocytoma, oligoastrocytoma and oligodendroglioma, respectively (Figure 1B). This
is consistent with the high grade, highly malignant, and aggressive character of GBM, compared
to the lower grade gliomas. In parallel analyses, we observed that 23.75% and 18.75% of GBM
patients with low expression of β-catenin (n = 301) were more likely to be alive at the 5- and 10-yr
time-point post-diagnosis, respectively, compared to patients with high β-catenin expression (n = 303)
(p = 3.57e-11; log-rank test = 43.8; Figure 1C). These data not only indicate a functional relationship
between patients’ survival and the expression levels of β-catenin, but also points to a probable causative
or at least participatory role for β-catenin overexpression in the poor prognosis of GBM patients (also
see Figure S1).
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Figure 1. Aberrant expression of β-catenin is characteristic of glioblastoma (GBM) and correlates with
poor prognosis. (A) Kaplan–Meier plot showing the overall survival of The Cancer Genome Atlas
(TCGA) lower grade glioma and glioblastoma cohort (Glioma (GBMLGG), n = 1152) according to
their histological type. (B) β-catenin expression across the different histological type of glioma and
glioblastoma in the TCGA GBMLGG cohort. (C) Kaplan–Meier plot based on the β-catenin expression
level in only the glioblastoma component of the TCGA GBMLGG dataset using the gene expression
RNAseq-illuminaHiSeq. Expression cutoff is based on median expression. LGG, low grade glioma;
GBM, glioblastoma.

3.2. β-Catenin Facilitates GBM Oncogenicity and Disease Recurrence, as well as Their Cancer Stem
Cell-Like Traits

To better appreciate the oncogenic role of β-catenin in GBM and investigate its likely causative or
participatory role in gliomagenesis and disease course, we accessed and analyzed the TCGA GBM
dataset (n = 538), for differential β-catenin expression profile. Using the Human Genome U133A Array,
compared to the normal brain tissues (n = 10), β-catenin (reporter ID 201533_at), was overexpressed in
the GBM tissues (n = 528; p = 9.4e-6), with a Tukey’s honest significant difference (HSD) of 0.47 and 95%
confidence interval of 0.26–0.68 (Figure 2A). This data does suggest an initiating or enhancing role for
β-catenin in GBM. In confirmatory assays using clinical samples from our GBM cohort, we evaluated
and compared the expression of β-catenin in primary GBM, recurrent GBM and non-tumor (“normal”)
brain tissue. Our immunohistochemical staining results showed enhanced β-catenin expression in the
primary (8-fold, p < 0.001) and recurrent GBM (8.1-fold, p < 0.001) tissues, compared to the non-tumor
tissues (Figure 2B). To further provide insight into the mechanistic underlining of GBM oncogenicity
and recurrence, using the SE20736/GPL570/GDS4535 (HG-U133_Plus_2) Affymetrix Human Genome
U133 Plus 2.0 Array dataset, we examined the expression profile of β-catenin (1554411_at) in cultures
of progenitor (GBM-SCs) and four-day differentiated GBM cells derived from surgical specimens; our
data show that compared to the differentiated GBM cells in samples GSM520521, GSM520523, and
GSM520525, the cumulative β-catenin expression in the GBM-SCs samples GSM520522, GSM520524,
and GSM520526 was significantly higher (Figure 2C). Specifically, as shown in Figure 2C, while
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the differential β-catenin expression was equivocal between GSM520521 and GSM520522, a 30%
and 32.25% enhancement in β-catenin expression was observed in GSM520524 and GSM520526
compared to GSM520523 and GSM520525, respectively. These data indicate the probable involvement
of β-catenin expression in facilitating GBM oncogenicity and disease recurrence, as well as their cancer
stem cell-like traits.

 

Figure 2. β-catenin facilitates GBM oncogenicity and disease recurrence, as well as their cancer stem
cell-like traits. (A) TCGA brain dataset (n = 557) using the Human Genome U133A Array showing
the differential β-catenin mRNA expression in GBM (n = 547) and normal brain (n = 10) samples.
(B) Immunohistochemistry (IHC) staining comparing expression of β-catenin in GBM, recurrent and
adjacent non-tumor brain tissues in 2 Taipei Medical University Shuang Ho Hospital (TMU-SHH) brain
tumor patients. * p < 0.05, ** p < 0.01, *** p < 0.001; GBM, glioblastoma. Scale bar: 50 μm (C) GEO
dataset GSE20736/GPL570/GDS4535 shows time-dependent enhancement of β-catenin expression
levels in human progenitor GBM cells compared to their differentiated counterparts.

3.3. 4-AAQB Disrupts the CSC-Associated Oncogenic β-Catenin/TCF-1/Stat3 Signaling Axis in GBM Cells

Having demonstrated the efficacy of 4-AAQB alone or in combination with cisplatin in highly
aggressive epithelial cancers, in vitro and in vivo, in earlier work [11], we thus investigated the
therapeutic effect and probable β-catenin—mediated efficacy of 4-AAQB (Figure 3A) in the human
GBM cell lines—U87MG and DBTRG05MG. Using the Western blot assay, we demonstrated that similar
to the inhibitory effect of the transient silencing of β-catenin using short interfering RNA (siRNA)
on the protein expression of β-catenin, its upstream modulator p-GSK-3, and downstream effectors
TCF1/TCF7 and LEF1 in U87MG cells (Figure 3B), treatment of U87MG and DBTRG05MG cells with
5 and 10 μM 4-AAQB significantly and dose-dependently downregulated the expression of β-catenin,
p-GSK-3β, TCF1/TCF7 and LEF1, as well as p-Stat3 (Figure 3C). These data not only corroborate
demonstrated convergence of the canonical Wnt/β-catenin and Stat3 signaling pathways [13–15],
but also is indicative of the therapeutic efficacy of 4-AAQB in GBM cells through disruption of the
CSC-associated oncogenic β-catenin/TCF-1/Stat3 signaling axis.
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Figure 3. 4-AAQB disrupts β-catenin/TCF-1/Stat3 signaling axis in GBM cells. (A) Chemical structure
of 4-Acetylantroquinonol B; C26H38O7, 462.58 g/mol. Representative Western blot data and graphical
quantification showing (B) the knock-down efficiency of β-catenin in human GBM cell line U87MG,
with corresponding effect on the expression levels of pGSK3β, GSK-3β, TCF1/TCF7, and LEF1 proteins;
and (C) the dose-dependent downregulation of β-catenin, pGSK3β, TCF1/TCF7, LEF1, and p-Stat3
proteins in U87MG and DBTRG05MG cells treated with increasing concentrations of 4-AAQB for
24 h. β-actin served as loading control. siCTNNB1, short interfering RNA directed specifically against
β-catenin; WT, wild type; * p <0.05, ** p <0.01, *** p <0.001. All data is representative of experiments
performed 4 times in triplicates.

3.4. 4-AAQB Inhibits the Nuclear Localization of β-Catenin, Sox2, and Oct4 in GBM Cells

Since there is evidence that the key stemness genes Nanog, Oct4, and Sox2 are directly or indirectly
regulated in a context-specific and TCF1/TCF3-involved manner by β-catenin [16], and that the
blocking of β-catenin nuclear localization with small-molecule inhibitors significantly enhances
reprogramming efficiency of stem cells [17], we then evaluated the effect of 4-AAQB on the nuclear
localization of β-catenin, Sox2, and Oct4 using the dual-color immunofluorescent staining. Our results
demonstrated that 48 h exposure to 5–10 μM 4-AAQB significantly reduced the nuclear expression and
co-localization of Sox2 and Oct4 in U87MG (Figure 4A) and DBTRG05MG (Figure 4B) cells, and this
correlates with the concurrent decrease in β-catenin and F-actin expression after treatment with 10 μM
4-AAQB (Figure 4C). These data are corroboratory of previous results and demonstrate the therapeutic
efficacy of 4-AAQB in GBM cells through disruption of F-actin-mediated essential cellular bioactivities,
pluripotency, and CSCs-associated oncogenic β-catenin signaling.
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Figure 4. 4-AAQB inhibits the nuclear localization of β-catenin, Sox2, and Oct4 in GBM cells. U87MG
and DBTRG-05MG cells treated with or without 5–10 μM 4-AAQB were immunostained with Sox2
(green), Oct4 (red), β-catenin (red), and F-actin (green) antibodies, then image visualization and
analysis carried out by fluorescence microscopy. Treatment with 5 or 10 μM 4-AAQB markedly
decreased nuclear Sox2 and Oct4 protein expression in (A) U87MG or (B) DBTRG-05MG cells.
(C) Immunohistochemistry show reduced nuclear expression of β-catenin and F-actin after treatment
with 10 μM 4-AAQB. Original magnification ×200. DAPI (blue) served as nuclear marker.

3.5. 4-AAQB Significantly Suppresses the Viability and Oncogenicity of GBM Cells

To further understand the therapeutic relevance of 4-AAQB in GBM, we examined the effect and
therapeutic efficacy of 2.5–15 M 4-AAQB in U87MG and DBTRG05MG cells. Our drug cytotoxicity
assay results demonstrate that the viability of U87MG and DBTRG05MG cells treated with 4-AAQB
was markedly reduced in a dose- and time-dependent manner, compared to the untreated control
cells (Figure 5A). Since oncogenic signaling and/or oncogenic transformation of cancer cells is
associated with and underlies the acquisition of migratory, invasive, and metastatic phenotypes;
we evaluated the effect of 4-AAQB on the migration of GBM cells using the scratch wound healing
assay. Confluent U87MG or DBTRG05MG monolayer adherent cells were scratched along the median
axis and 4-AAQB- or vehicle-containing culture medium was added, and wound closure monitored
over 24 h. The untreated control U87MG or DBTRG05MG cells migrated significantly faster into the
scratched area, compared to the cells treated with 5 M or 10 M 4-AAQB (Figure 5B). Using the transwell
invasion assay, we demonstrated that when treated with 5 M or 10 M 4-AAQB, the GBM cells were
less invasive than their untreated counterparts, with a 52% (p < 0.01) or 70% (p < 0.001) reduction in
number of 5 M or 10 M 4-AAQB-treated invaded U87MG cells, respectively, compared to the untreated
control cells. The number of 5 M or 10 M 4-AAQB-treated invaded DBTRG05MG cells was reduced by
35% (p < 0.01) or 48% (p < 0.001), respectively, in comparison to their untreated counterpart (Figure 5C).
To characterize the underlying mechanism for the observed reduction in cell viability, migration and
invasion, we evaluated the expression of a selected panel of oncogenic proteins and observed that
5 μM or 10 μM 4-AAQB significantly downregulated the expression levels of β-catenin, vimentin,
and slug proteins, in a dose-dependent manner (Figure 5D). These results are indicative of 4-AAQB
ability to inhibit GBM cell viability and/or proliferation, migration, invasion, and consequently, deter
metastasis in GBM cells.
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Figure 5. 4-AAQB significantly suppresses the viability and oncogenicity of GBM cells. (A) The
dose-dependent cytotoxic effect of 4-AAQB on the cell viability of U-87MG and DBTRG-05MG.
(B) Representative photo-images and graphical quantification showing the effect of 5 μM and 10 μM
of 4-AAQB on the migration of U-87MG and DBTRG-05MG over 24 h duration. (C) 4-AAQB
dose-dependently inhibit the number of invaded U-87MG and DBTRG-05MG cells. Scale bar: 50 μm.
(D) The inhibitory effect of 5 M and 10 M 4-AAQB on the expression levels of β-catenin, vimentin,
and slug proteins in DBTRG-05MG cells as shown by Western blot assay. β-actin served as loading
control. * p < 0.05, ** p < 0.01, *** p < 0.001; All data is representative of experiments performed 4 times
in triplicates.

3.6. 4-AAQB Markedly Inhibits the Stem Cell-Like Phenotype of U87MG and DBTRG-05MG Cells by
Modulation of β-Catenin Expression

Since undifferentiated GBM-SCs are highly proliferative, invasive, and drug-resistant cells with
enhanced colony- and tumorsphere-formation efficiency [18–20], compared to the remaining cancer cell
population, and are implicated in tumor formation, reduced treatment response, and recurrence [20],
we evaluated the effect of 4-AAQB on these cancer stem-cell-like phenotypes in human GBM cell
lines, U87MG and DBTRG05MG. Results of our anchorage-independent tumorsphere formation assay
demonstrated that treatment with 5 M or 10 M 4-AAQB significantly reduced the tumorsphere-forming
capacity of U87MG and DBTRG05MG cells (79–96% reduction, p < 0.001) (Figure 6A,B). More
interestingly, consistent with our portended self-renewal-limiting potential of 4-AAQB, U87MG-
or DBTRG-05MG—derived tumorspheres pre-treated with 5 M 4-AAQB significantly lost their ability
to form secondary or tertiary generation of tumorspheres, qualitatively and quantitatively (p < 0.001)
(Figure 6A,B). Similarly, using the colony formation assay, we demonstrated that the treatment of
GBM cells with 4-AAQB inhibits the formation of GBM colonies in a dose-dependent manner, as we
observed a 39% (p < 0.01) and 80% (p < 0.001) reduction in number of colonies formed by U87MG
cells treated with 5 or 10 M 4-AAQB, respectively, compared to the untreated cells. For the treated
DBTRG05MG cells, a 58% (p < 0.01) and 64% (p < 0.001) inhibition in capacity to form colonies was
noted after treatment with 5 or 10 μM 4-AAQB, respectively, compared to their untreated counterparts
(Figure 6C,D). These findings were corroborated by Western blot data showing marked downregulation
in the expression levels of β-catenin, and the stem cell markers, Oct4, Sox2, c-Myc and KLF4 proteins
in a dose-dependent manner when treated with 5 and 10 M 4-AAQB (Figure 6E). These results
do demonstrate that 4-AAQB effectively inhibits the stem cell-like phenotype and attenuates the
self-renewal capacity of GBM cells and is consistent with the significant downregulation in expression
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or marked decrease in nuclear localization of β-catenin, and the stemness marker, Sox2 and Oct4
demonstrated earlier in Figures 3 and 4.

Figure 6. 4-AAQB markedly inhibits the stem cell-like phenotype of U87MG and DBTRG-05MG
cells. (A) Representative photo-images and (B) graphical quantification showing 4-AAQB significantly
reduce the size and number of U87MG and DBTRG-05MG primary, secondary, and tertiary generation
tumorspheres formed. Original magnification = 200×. (C) Representative photo-images and (D)
graphical representations of 4-AAQB effect on the ability of U87MG and DBTRG-05MG cells to form
colonies; (E) The dose-dependent inhibitory effect of 5–10 M 4-AAQB treatment on the expression levels
of β-catenin, c-Myc, KLF4, Oct4, and Sox2 proteins in DBTRG05MG cells shown in a representative
Western blot data. β-actin served as loading control. * p < 0.05, ** p < 0.01, *** p < 0.001; All data is
representative of experiments performed 4 times in triplicates.

3.7. Compared to Oral Gavage, Intraperitoneal 4-AAQB Significantly and More Efficiently Suppresses GBM
Stem Cell-Induced Tumor Growth, in Vivo

Considering the enhanced tumor-initiating capacity of undifferentiated GBM-SCs and their
implication in poor treatment response and tumor recurrence [18–20], we evaluated the effect of
4-AAQB administered through different routes, namely intraperitoneally (i.p) or orally (p.o) on
these CSC-like phenotypes of GBM cells using U87MG single cell solution dissociated from formed
tumorspheres, with the aim of validating our in vitro results in vivo. Subcutaneous injection of
U87MG cells resulted in tumor formation in all 15 nude mice, which were thereafter treated with
PBS, 4-AAQB (i.p), or 4-AAQB (p.o) from day 7 after tumor cell inoculation. No animals died during
the treatment. We observed no dyscrasia nor significant difference in body weight between the
3 treatment groups before and after the experiments, neither was any metastases found in organs of
the thoracic or abdominal cavity. Tumor growth curves showed that the average size of tumors in the
4-AAQB (i.p) group was significantly smaller compared to the 4-AAQB (p.o) (163.6 ± 78.4 mm3 vs.
196.4 ± 108.9 mm3, p = 0.0095) or PBS-treated control groups (163.6± 78.4 mm3 vs. 307.0± 231.4 mm3,
p = 0.0001) (Figure 7A,B). Similarly, our immunoflourescence staining showed that compared with
data from mice subjected to oral gavage of 4-AAQB (p.o), intraperitoneal injection of 4-AAQB (i.p)
significantly decreased the nuclear and cytomenbranous expression of both TCF-1 and β-catenin, as
well as inhibited their nuclear co-localization in the xenograft-derived GBM primary culture (Figure 7C).
These findings indicate that 4-AAQB treatment, especially the intraperitoneal administration, inhibits
tumor growth effectively.
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Figure 7. Compared to oral gavage, intraperitoneal 4-AAQB significantly and more efficiently
suppresses GBM stem cell-induced tumor growth, in vivo. (A) Tumor size vs time curve show the
inhibitory effect of 4-AAQB on U87MG tumor growth either via p.o or i.p route, as compared to
the control group. (B) Photographs of tumor samples harvested from the in vivo studies. (C) The
differential effects of oral and intraperitoneal administration of 4-AAQB on the expression and
localization of TCF-1 and β-catenin in xenograft-derived GBM primary culture. * p < 0.05, ** p < 0.01,
*** p < 0.001; 4′, 6′-diamidino-2-phenylindole (DAPI) served as nuclear marker.

4. Discussion

β-catenin is an essential transcription co-activator of the Wnt/β-catenin signaling pathway.
Inappropriate activation and/or expression of the β-catenin induces aberrant activation of the canonical
Wnt pathway in various cancer types including brain tumors and are in fact implicated in the enhanced
proliferation and evasion of cell death of GBM cells [21], and poor prognosis in GBM patients [22].
While it has been suggested that β-catenin expression is a prognostic marker in GBM, for the first
time, in a comparative analysis of different histological types of glioma, we showed that the aberrant
expression of β-catenin is most characteristic of GBM cells and correlates with shorter overall and
relapse-free survival (Figure 1). These findings are interesting in the context of our data showing
overexpression of β-catenin in primary and recurrent GBM relative to normal brain tissues (Figure 2),
which is corroboratory to the findings of Liu X, et al. [21] in which higher expression level of β-catenin
was found in astrocytic glioma patients with high grade in comparison with the normal controls, while
siRNA-mediated silencing of β-catenin inhibited the proliferation and resulted in apoptosis of human
U251 cells, with arrested cell cycle in G0/G1. Against the background of β-catenin overexpression
in recurrent GBM cells, of particular clinical relevance is our data showing cumulative enhanced
expression of β-catenin in undifferentiated (progenitor) GBM-SCs compared to the differentiated GBM
(Figure 2), as it not only suggests a critical role for β-catenin in the resistance of GBM cells to therapy
and disease recurrence, which are characteristic of CSCs, thus projecting β-catenin as a putative
biomarker for GBM initiating cells or GBM-SCs. GBM-SCs exhibit distinct phenotypic, histopathologic
and molecular features; they are highly tumorigenic, differentiate into heterogeneous glioma cell
types or self-renew to sustain the GBM-SC pool, thus, facilitating and enhancing gliomagenesis [5].
These features make the eradication of these β-catenin-rich GBM-SCs a crucial therapeutic strategy for
the effective treatment of GBM [23].

4-Acetylantroquinonol B (4-AAQB), an acetylated form of antroquinonol, a bioactive
mycelial isolate of Antrodia cinnamomea, which is a Taiwanese mushroom with documented
anti-inflammatory, blood sugar-lowering, vascular tone-relaxing, anti-proliferative, anti-metastasis,
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and autophagy-modulating activity [10,11,24]. Following the demonstrated CSCs-limiting anticancer
efficacy of 4-AAQB in different cancer types, including colorectal, hepatocellular, breast and ovarian
carcinomas, by our team and others [10,11,24], we herein investigated and demonstrated for the first
time to the best of our knowledge, the therapeutic effect of 4-AAQB against GBM cells, by targeting
GSM-SCs through the dysregulation of the canonical Wnt signaling pathway in a β-catenin-mediated
manner. The canonical Wnt signaling pathway, especially mediated by aberrant or ectopic expression
of a constitutively-active β-catenin, is broadly known to be involved in epithelial-to-mesenchymal
transition (EMT), increased cell motility and tumor invasion, which are elements of tumor metastasis
and contribute largely to cancer-related deaths [6], thus, our findings showing that treatment with
4-AAQB significantly inhibit the viability, migration, and invasive potential of GBM cells, while
concurrently suppressing the expression levels of β-catenin, p-Stat3, vimentin, and slug proteins
(Figures 3 and 5) has clinical implications and is consistent with research reports that the inhibition
of β-catenin signaling disrupts the Wnt pathway, inhibits the downstream TCF/LEF transcriptional
activity and suppress oncogenic activity [25,26]; more so we demonstrated that this suppression of
GBM cell oncogenicity is associated with the concurrent marked reduction in the expression of nuclear
β-catenin, Sox2, and Oct4, as well as inhibited nuclear co-localization of β-catenin and F-actin in the
GBM cells (Figures 3 and 4), which is consistent with contemporary knowledge that the Wnt/β-catenin
signaling plays with vital role in embryogenesis, activates embryonic stem cells (ESCs), regulates
adult stem cells (ASCs), and modulates CSC biology by modulating the expression and activity of
pluripotency and self-renewal transcription factor, namely Nanog, Oct4, Sox2, c-Myc [27].

Interestingly, in corroborating assays, we showed that 4-AAQB significantly diminished the
colony-forming and tumorsphere-forming population, as well as the self-renewal capacity of
GBM cells in a dose-dependent manner (Figure 6). Tumorspheres are characterized by enhanced
anchorage-independent clonogenicity and clonal expansivity [28], thus their use as in vitro
representation of the human CSC model. The GBM-SCs are implicated in tumorigenesis, therapy
resistance, metastasis, and GBM recurrence, making them crucial molecular targets for effective
anti-GBM therapeutic strategy, thus, the ability of 4-AAQB to effectively target this cellular subset
is therapeutically-relevant in the light of the short-lived response of GBM patients to standard
anti-GBM therapy consisting of temozolomide (TMZ) and radiation, which is almost always
followed by recurrence, and not unconnected with the presence of unscathed treatment-insensitive
GBM-SCs [5,18–20,23,27]. Results of our tumor xenograft in vivo studies are corroboratory of our
in vitro findings, as they showed that treatment with 4-AAQB significantly suppress GBM-SC-induced
tumor growth, in vivo. More so, we observed that compared to oral gavage, the intraperitoneal
administration of 4-AAQB not only significantly, but also more efficiently suppressed the formation
and growth of tumors in the GBM mice models (Figure 7). This is clinically relevant as it informs
clinical decision making on the optimal route of drug administration in the treatment of GBM. As with
the experimental design of in vivo animal studies, the administration of therapeutic compound in
human is a critical component of every therapeutic strategy, as the optimization of drug delivery
while minimizing likely adverse effects may constitute a deciding factor in treatment failure or
response, and the degree or extent of such response [29]. Consistent with our observation, parenteral
administration of therapeutics, specifically intraperitoneally, typically exhibits enhanced bioavailability
of the drug because this route avoids the first-pass effect of liver metabolism, as commonly witnessed
with oral administration of therapeutics; Similarly, the i.p route circumvents the unpredictability often
associated with enteral absorptive processes [30]. Our results highlight the therapeutic potential of
4-AAQB for anti-GBM treatment, especially for reversal of GBM stem cell-associated TMZ resistance
and lay the groundwork for further pre-clinical exploration and clinical utility of 4-AAQB for
enhancement of TMZ efficacy in hitherto therapy-resistant GBM cells by either sensitizing GBM-SCs to
TMZ or potentiating the anticancer effect of TMZ.
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5. Conclusions

In conclusion, for the first time to the best of our knowledge, as shown in our Graphical Abstract,
we demonstrate that 4-AAQB effectively targets the often unscathed chemoradiotherapy, insensitive
GBM-SCs, and inhibits the not-too-innocent differentiated bystander GBM cells by suppressing
β-catenin, inhibiting Stat3 activation and disrupting the canonical Wnt signaling pathway, thus
projecting 4-AAQB as a novel small-molecule inhibitor of the Wnt/β-catenin signaling pathway with
GBM-SC -targeting potentials, Thus projecting 4-AAQB as a putative therapeutic agent for effective
anti-GBM target therapy with the promise of improving survival.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/10/12/491/s1,
Figure S1: Aberrant expression of β-catenin is characteristic of GBM and correlates with poor prognosis.
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Abstract: The NOTCH pathway regulates neural stem cells and glioma initiating cells (GICs).
However, blocking NOTCH activity with γ-secretase inhibitors (GSIs) fails to alter the growth
of GICs, as GSIs seem to be active in only a fraction of GICs lines with constitutive NOTCH activity.
Here we report loss of PTEN function as a critical event leading to resistance to NOTCH inhibition,
which causes the transfer of oncogene addiction from the NOTCH pathway to the PI3K pathway.
Drug cytotoxicity testing of eight GICs showed a differential growth response to GSI, and the GICs
were thus stratified into two groups: sensitive and resistant. In the sensitive group, GICs with loss
of PTEN function appeared less sensitive to GSI treatment. Here we show that NOTCH regulates
PTEN expression and the activity of the PI3K pathway in GICs, as treatment with GSI attenuated the
NOTCH pathway and increased PTEN expression. NOTCH regulates PTEN expression via Hes-1,
as knockdown of Notch or Hes1 increased expression of PTEN. This novel observation suggests that
both pathways must be simultaneously inhibited in order to improve therapeutic efficacy in human
glioblastomas (GBMs).

Keywords: NOTCH; glioma initiating cell; PTEN; PI3K pathway; glioblastoma

1. Introduction

Glioblastoma (GBM), the most common adult glioma, has a poor prognosis. Genetic heterogeneity
between patients and even within tumors is high, and GBM is characterized by evolving genetic
aberration resulting from dynamic genetic instability. The genes most commonly affected are CDKN2A,
TP53, EGFR, PTEN and RB [1]. By combining sequencing data with other types of genomic information,
the Cancer Genome Atlas team produced a tentative overview of the main biological pathways
involved in GBM. Each of the three pathways (namely, the CDK/RB, p53 and RTK/RAS/PI3K
pathways) was disrupted in more than three-quarters of GBM tumors. Signal transduction pathways
are complex and exhibit overlap and crosstalk [2]. The complexity of these pathways may allow
for compensatory effects in alternative pathways, which could lead to resistance to single agents
that regulate only one target. Successful novel therapeutic strategies for GBMs may thus require
simultaneous targeting of multiple dysregulated molecules.

The NOTCH signaling pathway is an evolutionarily conserved system that is important in
most multicellular processes such as neural differentiation, proliferation, survival, angiogenesis and
stemness [3–5]. About 45% of proneural GBMs exhibit a high expression of representative NOTCH
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pathway genes, which has been implicated in the pathogenesis of solid tumors [6]. When the NOTCH
receptor is triggered by a ligand, it promotes two proteolytic cleavage events at the NOTCH receptor:
by means of an ADAM metalloprotease and γ-secretase complex. The cleavage can release the NOTCH
intracellular domain (NICD), which translocates to the nucleus and interacts with the CSL-binding
protein to activate expressions of NOTCH targeting genes [3,4].

Recent studies suggest that PTEN is regulated through the NOTCH pathway in a variety of
settings, such as fibroblasts [7,8], T-cell acute lymphoblastic leukemia cells [9] and prostate tumor
cells [10]. NOTCH interaction with PTEN has been well characterized in T-cell leukemia, in which
NOTCH and PTEN induce resistance to γ-secretase inhibition. Here we report that PTEN regulates
GBM sensitivity to γ-secretase inhibitors (GSIs), thereby highlighting the need for simultaneous
inhibition of the PI3K/AKT and NOTCH pathways in PTEN-mutant GBMs. Thus, PTEN may be
an important factor of GSI-induced attenuation of cell growth through a regulatory circuit linking
NOTCH signaling with PTEN expression. This finding supports a need for combination therapeutic
strategies in the treatment of GBM.

2. Results

2.1. GICs Show Differential Growth in Response to GSIs

We quantified sensitivity to three GSIs, as seen in Figure S1, in a panel of eight glioma initiating cell
lines (GICs) and four glioma cell lines by measuring the IC50 or half-maximal inhibitory concentration
after 72 h of continuous exposure. GSIs showed a dose-dependent growth inhibition of GICs and
glioma cell lines (Figure 1a,b). Expression of the Notch signaling, PTEN and AKT are shown in
Figure 1c [11]. NICD and Hes1—a NOTCH-1 pathway component—were expressed in U87, A172
and LN18. PTEN expression was absent in U87 and U251, suggesting that loss of PTEN function
(Figure 1c). Figure 1d shows representative waterfall plots of the differential responses to GSIs, which
were used to classify GICs as sensitive and resistant. Sensitive cell lines were those with IC50 values of
3–18 μmol/L for N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT) and
0.5–2 μmol/L for BMS-708163 and RO4929097. Resistant cell lines were those with IC50 values greater
than 20 μmol/L for DAPT and greater than 3 μmol/L for BMS-708163 and RO4929097 (Figure 1d).

(a)

(b)

Figure 1. Cont.
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(c)

(d)

Figure 1. γ-Secretase inhibitors (GSIs) showed dose-dependent growth inhibition of glioma
tumor-initiating cells (GICs). (a) A panel of GIC lines was treated with various concentrations of
the GSIs. Cells were treated with increasing concentrations of GSIs in triplicate wells for 72 h, and cell
viability was assessed with the CellTiter-Blue assay. Cell viability in the vehicle control was considered
to be 100%; (b) GSIs showed dose-dependent growth inhibition of glioma cells. A panel of glioma
cell lines was treated with various concentrations of the GSIs. Cells were treated with increasing
concentrations of GSIs in triplicate wells for 72 h, and cell viability was assessed with the CellTiter-Blue
assay. Cell viability in the vehicle control was considered to be 100%; (c) Western blotting of the Notch
signaling, AKT and PTEN in glioma cell lines. β-Actin was used as loading control; (d) Waterfall plot of
IC50 values for eight GICs. These figures show that GSIs have a particular growth inhibition signature:
some cell lines are very sensitive and others are relatively resistant.

2.2. Expression of the NOTCH Signaling Pathway and PTEN Status in GICs

To identify associations between the activation of the NOTCH signaling pathway, PTEN status
and the sensitivity of GSIs, Western blot analysis was used to evaluate gene expression in the NOTCH
signaling pathway in eight GIC lines, as seen in Figure 2. NICD and Hes1—a NOTCH-1 pathway
component—were all expressed in sensitive and resistant GICs. PTEN expression was absent, or very
low, in resistant GICs, which suggests that the response may be related to PTEN status in GICs.
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Figure 2. Western blotting of the NOTCH signaling pathway in eight GICs. Activated Notch-1 (NICD)
and Hes1 were expressed in sensitive GICs. β-Actin was used as the loading control.

2.3. NOTCH Regulates Activity of the PI3K/AKT Pathway via Hes1 in PTEN–Wild-Type GICs

The close association between the presence of PTEN mutations and GSI resistance in GICs
prompted us to ask whether PTEN might be functionally linked to NOTCH-1 signaling. Real-time
PCR analysis of PTEN transcript levels upon NOTCH-1 inhibition by GSI showed PTEN relative
expression levels were increased by GSI treatment in GICT25, i.e., GSI-sensitive/PTEN–wild-type cells
(Figure 3a). In GICT25, NICD and HES1 expressions decreased and PTEN expression increased after
treatment with GSIs, as seen in Figure 3b. In NOTCH knockdown experiments, NOTCH-1, NICD and
HES1 expressions were decreased and PTEN expression was increased. siRNA knockdown of Hes1
decreased HES1 expression and increased PTEN expression, thus suggesting that Hes1 caused the
down-regulation of PTEN expression by transcriptional repression of the PTEN promoter (Figure 3c).
In GICT18—a PTEN-mutant GIC—Western blotting was used to investigate the expression of NICD,
HES1, PTEN, p-AKT and total AKT proteins. Transfection with PTEN resulted in the up-regulation
of PTEN expression and down-regulation of p-AKT expression in GICT18. After transfection with
PTEN, PTEN expression increased after GSI treatment, as seen in Figure 3d. These results indicate that
GSI might affect the PTEN and AKT pathway and that PTEN is a downstream target of the NOTCH
pathway via HES1 in PTEN–wild-type GICs.

Figure 3. Cont.
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Figure 3. (a) Real-time PCR analysis of PTEN transcript levels upon NOTCH-1 inhibition by GSI in
GICT25 and GICT14 relative to (DMSO) controls. GAPDH levels were used as the reference control;
(b) A GICT25 panel was treated with the indicated doses of DAPT, BMS-708163 and RO4929097
for the indicated time intervals. All GSIs inhibited the expression of NICD, Hes1 and p-AKT in
a time-dependent manner. The decrease in NICD was followed by a decrease in Hes1 expression,
whereas Notch-1 expression did not change; (c) Western blotting confirmed the knockdown effect
of Notch shRNA lentivirus on GICT25. siRNA knockdown of Hes1 decreased HES1 expression and
increased PTEN expression; (d) After transfection with the PTEN gene, PTEN expression increased
with GSI treatment.

2.4. The Combination of GSI and PI3K Inhibitor had a Synergistic Effect in PTEN Mutant GICs

We performed drug sensitivity testing and compared the control with PTEN knockdown in
GICT25. The IC50 of GICT25 increased from 7.69 to 19.8 μM in DAPT, from 0.55 to 2.00 μM in
BMS-708163 and from 0.96 to 4.67 μM in RO4929097, indicating a decrease in sensitivity to GSI
treatment, as seen in Table 1a and Figure 4a. We also performed drug sensitivity testing and compared
the control with PTEN-transfected GICT18. The IC50 of GICT18 decreased from 13.50 to 5.78 μM
in DAPT, from 1.82 to 0.84 μM in BMS-708163 and from 2.21 to 1.11 μM in RO4929097, indicating
an increase of sensitivity to GSI treatment, as seen in Table 1b and Figure 4b. We tested the efficacy
of combining RO4929097 with two inhibitors of the PI3K/AKT/mTOR pathway, namely BEZ235
and BKM120. For BKM120 and RO4929097, the maximum concentration was 2 μM for BKM120 and
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1 μM for RO4929097, which were diluted to a 2:1 ratio. For BEZ235 and RO4929097, the maximum
concentration was 200 nM for BEZ235 and 1 μM for RO4929097, which were diluted to a 1:5 ratio.
We calculated the Combination Index by using the Calcusyn software package and observed the
synergistic inhibition of cell proliferation in GICT18, as seen in Figure 5 and Table 2.

Table 1. PTEN expression is required for the GSI response in cell growth inhibition. (a) PTEN
knockdown decreased the response to GSI in PTEN–wild-type GIC. (b) PTEN expression increased the
response to GSI in PTEN-mutant GIC.

IC50 GICT25 shPTEN

(a)

DAPT (μM) 7.69 19.8
BMS-708163 (μM) 0.55 2.00
RO4929097 (μM) 0.96 4.67

(b)

DAPT (μM) 13.50 5.78
BMS-708163 (μM) 1.82 0.84
RO4929097 (μM) 2.21 1.11

Figure 4. PTEN expression is required for the GSI response in cell growth inhibition. (a) PTEN
knockdown decreased the response to GSI in PTEN–wild-type GIC; (b) PTEN expression increased the
response to GSI in PTEN-mutant GIC.

100



Cancers 2019, 11, 121

Figure 5. The combination of a GSI and PI3K inhibitor had a synergistic effect on PTEN-mutant GIC.

Table 2. Combination Index of GSI and PI3K inhibitor in GICs cells in vitro.

Reagents CI Values at ED50

BKM120/GSI (2:1) 0.47
BEZ235/GSI (1:5) 0.58

2.5. The Combination of GSI and PI3K Inhibitor Regulated Survival in an Orthotropic Mouse Model

To assess the anti-glioma efficacy of the combination of GSI and PI3K inhibitor in vivo, we used
a GICT25 orthotopic model of human glioma intracranial xenografts in nude mice. On day 4 after
tumor cell implantation, the animals were treated with vehicle or with 10 mg/kg RO4929097 in
methyl cellulose alone, 20 mg/kg BKM120 in methyl cellulose alone, a combination of RO4929097
and BKM120 in methyl cellulose or methyl cellulose alone (control) once a week for a total of 5 weeks,
as described in the Materials and Methods section. The median survival duration for animals treated
with methylcellulose (control) was 64 days, as seen in Figure 6. Treatment with 10 mg/kg RO4929097
and 20 mg/kg BKM120 alone extended survival to a median of 109.5 and 117.5 days, respectively
(p < 0.05, log-rank test for both experiments). Combination treatment with RO4929097 and BKM120
significantly increased the survival of mice, as compared with either agent alone (median 168.5 days,
p < 0.05). These results show that the combination of RO4929097 and BKM120 can inhibit tumor
growth and prolong the survival of mice with xenograft tumors, which suggests that the combination
of RO4929097 with BKM120 has potential therapeutic efficacy in vivo.

Figure 6. The combination of a GSI and PI3K inhibitor had a synergistic effect in PTEN-mutant GIC.
Kaplan–Meier survival probability plots of tumor-bearing mice in vehicle or RO4929097, BKM120 and
combined RO4929097 and BKM120 treatment groups were graphed, and the log-rank test was used to
compare groups. All treatments (different colored lines) showed a statistically significant improvement
versus control (p < 0.05).
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3. Discussion

The NOTCH signaling pathway is involved in cell-fate decisions during normal development
and in multicellular processes and has been implicated in the maintenance of neural progenitors
during brain development [12,13]. In gliomas, NOTCH signaling seems to confer radioresistance to
glioma initiating cells [14] and the inhibition of NOTCH through GSIs [15] or Delta-4 monoclonal
antibodies [16] decreased the numbers of glioma initiating cells and/or their tumorigenicity in some
preclinical models. This suggests that a therapeutic strategy that includes NOTCH inhibitors might
be used clinically to target glioma initiating cells and overcome chemoresistance and radioresistance.
We previously reported that proneural GICs with high NOTCH pathway activation responded to GSIs
and that PTEN status was an important factor in the sensitivity to GSI treatment [6]. Amplifying or
activating mutations of PIK3CA were found in about 15% of patients with GBM [17–19]. Similarly,
loss-of-function mutations, chromosomal deletions or epigenetic gene silencing of PTEN, which are
associated with poor survival [19], were found in approximately 40% of GBM cases [1].

The close association between PTEN mutation and GSI resistance in GICs suggests that PTEN
might be linked to NOTCH signaling functionally. Analysis of the transcriptional responses of
GSI-sensitive GICs with PTEN wildtype to NOTCH inhibition showed significant upregulation of
the PTEN expression level. However, the mechanism responsible for PI3K-AKT upregulation via
NOTCH activation in GICs remains unknown. The inhibitory effect of NOTCH signaling on PTEN
expression is inconsistent with the established role of NOTCH as a transcriptional activator [20–23].
Thus, we hypothesized that the inhibition of PTEN by NOTCH could be mediated by HES1 regulated
by NOTCH1.

“Oncogene addiction” refers to the need that tumor cells have for sustained abundant oncogene
signaling, which maintains their viability [24–26], and explains the requirement for continuous NOTCH
signaling in GICs with mutations in NOTCH [27,28]. Our data indicate that loss of function with
PTEN in GICs may result in resistance to NOTCH inhibition by GSI treatment. Thus, we hypothesized
that GSI resistance results from a change in oncogene addiction, from NOTCH to constitutive AKT
signaling. Our preliminary data reveal a synergistic attenuation of cell growth by the combination of
GSIs and PI3K inhibitors in PTEN mutant GICs. Thus, a future study should evaluate the efficacy of
combined NOTCH and PI3K/AKT inhibition therapies in glioma.

4. Materials and Methods

4.1. Cell Lines and Reagents

The four glioma cell lines used in this study were obtained from the JCRB cell bank. The eight
glioma initiating cell lines were maintained in neurosphere medium by using a previously described
method [29] to isolate neurosphere-forming cells from surgical specimens of human GBM. The study
was approved by the Institutional Review Board of Toho University (H22-62). These GIC lines were
cultured as GBM neurospheres in DMEM/F12 medium supplemented with B27 (Invitrogen, Grand
Island, NY, USA), L-glutamine (GIBCO), penicillin/streptomycin and growth factors (20 ng/mL EGF
and 20 ng/mL FGF-2; Invitrogen). DAPT, BMS-708163, RO4929097 and NVP-BKM120 were purchased
from Selleck Chemicals. For in vitro use, all inhibitors were dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich, St. Louis, MO, USA) to a concentration of 10 mmol/L, stored at −20 ◦C and further
diluted to an appropriate final concentration in DMEM/F12 medium at the time of use. The DMSO in
the final solution did not exceed 0.1% (v/v).

4.2. Cell Proliferation Assay

Cells were seeded in 96-well plates (2000 cells/well) and incubated at 37 ◦C for 24 h before addition
of serial dilutions of GSIs DAPT, BMS-708163 and RO4929097. Growth inhibition was estimated using
the CellTiter-Blue (Promega, Madison, WI, USA) viability assay. The IC50 value was calculated as the
mean drug concentration required in order to inhibit cell proliferation by 50% compared with vehicle
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controls. The data are expressed as percentages of the vehicle-treated controls, and IC50 values were
calculated with CalcuSyn 2.0 software (BIOSOFT, Great Shelford, Cambridge, UK).

4.3. Western Blot Analysis

Cells were harvested in lysis solution, as previously described [30], and subjected to Western
blotting. Membranes were probed with the following primary antibodies: NOTCH-1, PTEN,
phospho-specific AKT, total AKT (Cell Signaling, Boston, MA, USA) and Hes-1 (Millipore, Burlington,
MA, USA). Anti–β-actin antibody was purchased from Sigma and used as a loading control.

4.4. RNA Extraction and cDNA Synthesis

Total RNAs were extracted from each sample and placed in 350 μL of RLT buffer (Qiagen,
Hilden, Germany) supplemented with 1% β-mercaptoethanol. Next, the total RNAs were purified
with an RNeasy Micro Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s protocol.
After RNA extraction, we synthesized first-strand cDNA by using random primers and TaqMan
reverse-transcription reagents (Applied Biosystems, Foster City, CA, USA).

4.5. Quantitative Real-Time PCR Analysis

Quantitative real-time PCR was performed with an ABI PRISM 7000 sequence detection system
(Applied Biosystems) according to the manufacturer’s instructions. The relative expressions of PTEN
mRNAs were normalized to the amount of GAPDH in the same cDNA by using the delta Ct method,
as described by the manufacturer. Each sample was assayed in triplicate and analyzed with SDS
software (Applied Biosystems).

4.6. Knockdown of Notch-1 by Lentiviral shRNA

Lentiviral vector encoding shRNA for PTEN was purchased from GeneCopoeia Inc. Lentiviral
vector with pLKO.1-mediated expression of shRNA for targeting human PTEN was performed
according to the manufacturer’s instructions. Lentiviral particles, which expressed targeting and
control scramble, were produced in HEK293 cells with the mixed set of packing plasmids, and the
viruses were concentrated and titered as previously described [31]. GICT25 cells were infected with
the PTEN shRNA. The produced lentiviruses were concentrated with a Centricon Plus-20 centrifugal
filter device (Millipore). To ensure that the same number of lentiviral particles was used in each
experiment, the produced lentiviral stock was stored at −80 ◦C. For the in vitro infection of GICs with
the lentivirus, we disaggregated cultured tumorspheres before infection, to increase infection efficiency
and uniformity. To infect target cells with lentiviruses, we exposed GICT25 for 24 h. Cells were
washed and then cultured with regular complete medium for two additional days in the 2.5 μg/μL
puromycin. Lastly, the cells were washed and analyzed for protein expression with the Western
blotting protein assay.

4.7. Transient RNA Interference

Small interfering RNA (siRNA) duplexes targeting human Hes1 sequences and a scrambled
siRNA were purchased from Sigma-Aldrich. Transfection of the siRNA duplexes was
performed by TransIT-TKO Transfection Reagent (Takara, Kusatsu, Shiga, Japan) according to the
manufacturer’s instructions.

4.8. Combination Studies

In the in vitro combination studies, cells were seeded in 96-well plates (2000 cells/well) and
incubated at 37 ◦C for 24 h before addition. Then cells were treated with RO4929097, BKM120 and
BEZ235. Cell viability was quantified with the CellTiter-Blue assay. Drug synergy was analyzed
by calculating the combination index (CI) as a measure of the interaction between two drugs.
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The Combination Index (CI) was calculated according to the median-effect principle of the Chou
and Talalay method, using the CalcuSyn software, version 2.1 (BioSoft, Great Shelford, Cambridge,
UK). CI values are generated over a range of Fa levels, from 0.05–0.90 (5–90% growth inhibition). A CI
of 1 indicates an additive effect between two agents, whereas a CI of <1 or >1 indicates synergism or
antagonism, respectively [32].

4.9. Animal Studies

The mice were housed and cared for at the animal care facility of Toho University School of
Medicine in accordance with the institution’s guidelines for the care and use of laboratory animals.
The experimental protocol was approved by the Animal Research Committee, Toho University School
of Medicine (ARC/TUSM-R16-14). We examined the antitumor efficacy of RO4929097 and BKM120 in
intracranial xenografts, using GICs. Nude (nu/nu) 6–8 week-old mice (n = 24) were purchased from
Charles River Co. (Japan). In this study, we used a guide-screw system to implant 5 × 105 GICT25
cells in DMEM/F-12 serum-free media (5 mL), as described previously [6], and then randomly divided
the mice into four groups of six mice each. Starting on day 4 after the tumor cells were implanted, mice
were treated by oral gavage with 10 mg/kg RO4929097 in methyl cellulose alone, 20 mg/kg BKM120
in methyl cellulose alone, a combination of RO4929097 and BKM120 in methyl cellulose or methyl
cellulose alone (control) once a week for a total of 5 weeks. Mice were monitored daily and euthanized
when they became moribund. At necropsy, all organs were analyzed grossly and microscopically to
assess toxicity.

4.10. Statistical Analysis

The data were analyzed with the Student unpaired t–test. The results are presented as the mean
of at least three independent experiments. Differences were considered significant at a p value of <0.05,
in all comparisons.

5. Conclusions

Our data show that PTEN is an important mediator of GSI-induced attenuation of cell growth
and suggest the presence of a regulatory circuit linking NOTCH signaling with the PI3K/PTEN/AKT
pathway. This finding may yield new therapeutic strategies and indicates that both pathways should
be simultaneously inhibited in order to improve therapeutic efficacy in human GBMs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/1/121/s1,
Figure S1: γ-Secretase inhibitors. DAPT, BMS-708163 and RO4929097 were purchased from Selleck Chemicals.
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Abstract: The EphA3 receptor has recently emerged as a functional tumour-specific therapeutic
target in glioblastoma (GBM). EphA3 is significantly elevated in recurrent disease, is most highly
expressed on glioma stem cells (GSCs), and has a functional role in maintaining self-renewal and
tumourigenesis. An unlabelled EphA3-targeting therapeutic antibody is currently under clinical
assessment in recurrent GBM patients. In this study, we assessed the efficacy of EphA3 antibody
drug conjugate (ADC) and radioimmunotherapy (RIT) approaches using orthotopic animal xenograft
models. Brain uptake studies, using positron emission tomography/computed tomography (PET/CT)
imaging, show EphA3 antibodies are effectively delivered across the blood-tumour barrier and
accumulate at the tumour site with no observed normal brain reactivity. A robust anti-tumour
response, with no toxicity, was observed using EphA3, ADC, and RIT approaches, leading to a
significant increase in overall survival. Our current research provides evidence that GBM patients
may benefit from pay-loaded EphA3 antibody therapies.

Keywords: EphA3; antibody drug conjugate; radioimmunotherapy; glioblastoma; stem cells

1. Introduction

Glioblastoma (GBM) is the most common and aggressive adult malignant brain cancer.
Despite surgical resection, radiation, and temozolomide chemotherapy, median survival is
approximately 15 months [1,2]. Brain cancer sufferers have not seen meaningful increases in overall
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survival for decades. This is, in large part, due to the highly infiltrative and heterogeneous nature of
these aggressive tumours [3]. GBM also displays complex cellular hierarchies containing self-renewing
glioma stem cells (GSCs) with the ability to re-populate the tumour post-therapy.

Eph receptors are the largest family of receptor tyrosine kinases (RTKs). Whilst they have critical
functions during embryonic development, they are typically expressed at low levels in normal adult
tissues [4]. It is now established that numerous Eph receptors are re-expressed and functional in
human cancers, making them attractive, relatively tumour-specific targets [5,6]. The ephrin type-A
receptor 3 (EphA3) (formerly known as HEK) was first identified in 1992 as a surface antigen on
pre-B lymphoblastic leukaemia cells [7]. Since then, EphA3 has been widely implicated in a number
of developmental processes involving cell adhesion, cell migration, and tissue boundary formation.
EphA3 has been shown to be elevated in a number of haematological cancers and solid tumours, with
both oncogenic and tumour suppressive functions being described [8]. We recently reported that
EphA3 has oncogenic functions in GBM [9,10]. Critically, we showed that EphA3 is expressed at low
levels in a normal brain, but is most highly expressed on GSCs, where it has a functional role in survival
and self-renewal. EphA3 knockdown (KD) induced tumour cell differentiation, apoptosis, and reduced
tumour formation in vivo. More recently in GBM, EphA3 was shown to be significantly elevated in
recurrent post-treatment versus primary treatment naïve disease. These findings further establish this
receptor as an attractive tumour-specific target for brain cancer therapy [9,11,12]. Moreover, EphA3 has
been shown to be over-expressed and functional on mesenchymal stromal cells in a number of human
cancers, and EphA3 antibody targeting inhibited tumour growth by disrupting newly formed tumour
microvasculature [13]. We previously generated the EphA3 monoclonal antibody (mAb) IIIA4 [7].
IIIA4 binds the EphA3 globular ephrin-binding domain with high affinity (KD ~ 5 × 10−10 mol/L)
with a low dissociation constant (KD = 3 × 10−4/s) [14–16]. IIIA4, similar to how the high affinity
ligand ephrin-A5, triggers rapid EphA3 activation and internalisation by inducing a conformation
change allowing for the assembly of EphA3/ephrin-A5 signal clusters [17]. An investigator-sponsored
Phase 0/1 clinical trial is currently underway using the EphA3-targeting monoclonal antibody (mAb)
Ifabotuzumab [18] (Humanigen Inc., Brisbane, CA, USA), a humanised version of IIIA4, in patients
with recurrent GBM. This study will confirm the safety and recommended dose to achieve optimal
tumour penetration using positron emission tomography/computed tomography (PET/CT) imaging.
This study is in part motivated by reports of the positive results of other antibody drug conjugate
(ADC) therapy in the treatment of GBM. Depatuxizumab mafodotin (Depatux-m, formerly ABT-414)
is an ADC against activated epidermal growth factor receptor (EGFR), conjugated, via a non-cleavable
linker, to the cytotoxic microtubule-targeting agent monomethyl auristatin F (MMAF). Efficacy has
been demonstrated as both a single agent and in combination with temozolomide (TMZ) [19,20].

EphA3 is predominantly expressed on the stem cell fraction in GBM and hence represents a
logical target for further exploitation of immunotherapeutic approaches to this disease. To this end, we
assessed the efficacy of EphA3 pay-loaded antibody strategies in GBM, using both EphA3 ADC and
radioimmunotherapy (RIT) approaches in orthotopic GBM xenograft models. Our results shed light on
further clinical evaluation of EphA3 targeting in GBM, and highlight this receptor as a tumour-specific
candidate suitable for ADC or RIT strategies.

2. Results

2.1. The EphA3-Maytansine ADC Induces Potent Cell Killing In Vitro

The IIIA4 antibody was deemed to be an excellent candidate for ADC therapy, as previous
studies have shown that the IIIA4 antibody-EphA3 interaction induces rapid internalisation [17].
As a first step, we prepared an EphA3-ADC by conjugating the IIIA4 antibody to the
cytotoxic microtubule-targeting agent maytansine (USAN), using a non-cleavable succinimidyl
4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) linker, with a drug-to-antibody ratio
(DAR) of 2.81 (Figure 1A and Figure S1A). A DAR of ~2–4 has been shown to be optimal for in vivo
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efficacy, as a low DAR reduces potency while a high DAR (~8) negatively affects antibody clearance and
pharmacokinetics (PK) [21]. Bio-Layer Interferometry (BLI) Octet®, analysis showed that IIIA4 binding
kinetics were unaffected following USAN conjugation (Figure S1B). Immunofluorescence (IF) analysis
of EphA3-positive primary GBM cell lines, labelled with IIIA4 at 4 ◦C to prevent internalisation of
receptor-antibody complexes, confirmed expression of the receptor on the cell membrane. To confirm
receptor complexes were internalised following IIIA4 treatment, we performed IF labelling of EphA3
post-antibody treatment (IIIA4, 1 μg/mL at 37 ◦C for 20 min) (Figure 1B and Figure S1C). To assess
IIIA4-USAN efficacy, we selected the EphA3-positive lines, U251 and SJH1, and an EphA3-negative
line PB1. SJH1 and PB1 are primary GBM cultures, generated in-house (Q-Cell), and grown as glioma
neural stem (GNS) cell cultures (Figure 1C) [22,23]. IIIA4-USAN showed a significant and specific
reduction of cell viability in the EphA3-positive U251 and SJH1 lines 7 days post-treatment, which was
accompanied with apoptotic cell death as judged by induction of caspase-3 cleavage (Figure 1D,E).

We expanded our cytotoxicity studies to a panel of four Q-Cell EphA3-positive primary GBM
GNS cultures, representing all GBM subtypes, classical (CL), proneural (PN) and mesenchymal (MES),
(WK1-CL, JK2-PN, BAH1-PN, SB2b-MES) (Figure 2A) [24–26]. IIIA4-USAN was potent across these
GBM cultures with a half maximal inhibitory concentration (IC50) of less than 0.7 μg/mL (Figure 2B).

2.2. IIIA4 Crosses the Blood-Tumour Barrier (BTB) and Accumulates Specifically in GBM

IIIA4 binds both mouse and human EphA3 with high affinity [17]. To assess IIIA4 brain
penetration and tumour uptake, we engrafted the EphA3-positive U251 cell line into the right striatum
of a NOD/SCID mouse and allowed the tumour to form orthotopically for 30 days. Biotin-labelled
IIIA4 was then injected intravenously (IV) via the tail vein and allowed to circulate for two hours.
The animal was then euthanised and coronal brain sections prepared, followed by IF analysis using
streptavidin-Alexa Fluor 488. Results showed that the IIIA4-biotin accumulated specifically at the
tumour site, while no staining was detected in surrounding normal brain (Figure 3A). To further
assess tumour penetration, we engrafted the EphA3-positive primary model WK1 into the striatum
of a NOD/SCID mouse. WK1 tumours were allowed to form for 60 days before PET/CT imaging
was conducted 12 h post 64Cu-IIIA4 IV injection, followed by magnetic resonance imaging (MRI).
PET/CT revealed specific tumour uptake with a minimal signal detected in contralateral normal brain
(Figure 3B).
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Figure 3. IIIA4 crosses the blood-tumour barrier (BTB) and accumulates specifically in GBM.
(A) Tumour uptake of biotin-labelled IIIA4 (shown in green) 2 h post IV injection in a U251 orthotopic
tumour xenograft, compared to adjacent normal brain was visualized with streptavidin-Alexa Fluor 488.
(B) positron emission tomography/computed tomography (PET/CT) imaging and image quantification
of 64Cu-labelled IIIA4 uptake into MRI-confirmed tumour tissue in an EphA3+ intracranial primary
GBM tumour model (WK1). Images were acquired 12 h after IV injection of the labelled antibody.
Scale bars represent 50 μm.

2.3. The EphA3-Maytansine ADC Induces A Potent GBM Anti-Tumour Response In Vivo

To assess the efficacy of the IIIA4-USAN ADC, we first selected the EphA3-positive U251 model.
Three weeks post-orthotopic injection, large tumours were detected via bioluminescent imaging.
IIIA4-USAN therapy (10 mg/kg IV twice weekly) was commenced and compared to treatment with
unlabelled IIIA4 (IIIA4-naked) or vehicle (PBS)-only arms. No signs of toxicity were observed at any
time during the course of the up to 22 IIIA4-USAN injections. Weekly imaging revealed an initial
anti-tumour response, which appeared to reduce tumour burden to near completion in some animals
after eight treatments (Figure 4A and Figure S2A). Tumours rapidly progressed in both control arms
and all control animals had been euthanised five weeks after treatment initiation from advanced
tumour burden. Despite continuation of IIIA4-USAN injections, tumours recurred and progressed in
all animals. IIIA4-USAN led to a significant (p = 0.0007, n = 6) increase in overall survival compared to
controls. Notably, IIIA4-USAN almost doubled overall survival. Median survival in days was 46.5
for PBS and 47.5 for IIIA4-naked, versus 90.5 days for IIIA4-USAN (Figure 4B). Post mortem, we
examined EphA3 mRNA levels in controls versus treated animals by qPCR. Tumours were collected
from four animals per group and expression analysed. IIIA4-USAN treatment led to a significant
(p < 0.01) reduction in EphA3 mRNA levels in these tumours (Figure 4C). We repeated our initial
U251 IIIA4-USAN animal study, on this occasion we allowed tumours to form for six weeks before
treatment was commenced. Weekly imaging revealed a similar initial robust anti-tumour response,
while tumours rapidly progressed in both control arms. ADC treatment significantly increased overall
survival (p = 0.0024, n = 5). Median survival in days was 56 for PBS and 60 for IIIA4-naked, versus
92 days for IIIA4-USAN (Figure S2B). We have previously shown that shRNA-mediated knockdown
(KD) of EphA3 in U251 cells prolongs survival following orthotopic engraftment [9]. To confirm that
EphA3 has a similar oncogenic role in the WK1 primary model, we conducted a comparable orthotopic
animal study. WK1 control shRNA cells were compared to constitutive EphA3 shRNA expressing
cells. Effective EphA3 KD in WK1 was confirmed as part of a previous study [9]. EphA3 KD led to a
significant increase in overall survival (p = 0.0225, n = 6). Median survival in days was control 109.5
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for shRNA versus 148.5 for EphA3 KD (Figure 4D). We next assessed IIIA4-USAN, using the WK1
model as a single agent (10 mg/kg IV twice weekly). A significant increase (p = 0.0002, n = 6) in overall
survival was observed from the IIIA4-USAN compared to PBS and IIIA4-naked (Figure 4E).

 
Figure 4. The EphA3-maytansine ADC induces a potent GBM anti-tumour response in vivo.
(A) Luciferase-expressing U251 cells were engrafted into NRG mice. From day 21 after engraftment
until endpoint, animals received twice weekly IV injections of IIIA4-USAN (10 mg/kg), IIIA4-naked
(10 mg/kg), or PBS vehicle control. Representative images of tumour signals are shown. For complete
analysis, see Figure S2A. (B) Kaplan-Meier survival analysis showing a significant increase in overall
survival following IIIA4-USAN treatment. (C) qPCR analysis showing a significant (** p < 0.01)
reduction in EphA3 mRNA levels in IIIA4-USAN-treated animals compared to controls. Tumors tissue
from 4 animals per arm were analysed. (D) Kaplan Meier survival analysis showing a significant
increase in overall survival of animals engrafted orthotopically with WK1 EphA3 shRNA-expressing
cells compared to control shRNA-expressing cells. (E) Kaplan Meier survival analysis showing a
significant increase in overall survival in NRG mice engrafted with the WK1 cells following IIIA4-USAN
(10 mg/kg) treatment compared to controls.

2.4. EphA3-Targeting RIT Induces A GBM Anti-Tumour Response In Vivo

To examine if EphA3-targeting RIT could have benefit as a GBM therapy we radiolabelled
IIIA4-DOTA with the β particle-emitting radionuclide lutetium-177 (177Lu-IIIA4). Established U251
xenografts in BALB/c nude mice were treated with a single dose of 177Lu-IIIA4 (450 MBq/kg,
equivalent to ~9 MBq per animal), administered IV. No signs of toxicity were observed at any time
during the course of the experiment. Compared to the unlabelled IIIA4-DOTA control, a significant
anti-tumour response and a delayed onset of tumour progression, up to 32 days, was detected by
imaging (Figure 5A). This delay is significant considering the 6.7 days half-life of 177Lu, and that by
day 32 approximately five half-lives have passed. Tumours rapidly progressed in the control arm and
all control animals had been euthanised 32 days after commencing treatment, due to advanced tumour
burden. 177Lu-IIIA4 led to a significant (p = 0.0329) increase in overall survival compared to the control
arm. Median survival in days was 47 for IIIA4-DOTA-control versus 64.5 for 177Lu-IIIA4 (Figure 5B).
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Figure 5. EphA3-targeting RIT induces a GBM anti-tumour response in vivo. (A) Luciferase-expressing
U251 cells were engrafted orthotopically and, on day 27, animals received a single dose of 450 MBq/kg
dose of IIIA4-DOTA-177Lu (177Lu-IIIA4) or IIIA4-DOTA control (IIIA4 control). Representative images
of tumour signals are shown. (B) Kaplan-Meier survival analysis showing a significant increase in
overall survival following a single dose of 177Lu-IIIA4 (450 MBq/kg) treatment.

3. Discussion

Since 2005, when TMZ was adopted into the clinical management of GBM, no therapy has
significantly improved overall patient survival, prompting a search for alternative therapeutic
modalities [1,2]. ADC therapy has emerged as an effective part of anti-cancer treatment. A recent
example is the HER2 mAb Trastuzumab coupled to the maytansinoid anti-microtubule agent (DM1) for
the treatment of HER2-positive breast cancer [27–29]. In GBM, Depatux-m (ABT-414), an ADC against
activated EGFR is showing promise as an effective therapy [19,20]. A large body of data on the role of
EphA3 biology in cancer has identified this receptor as one of the most promising targets for therapy,
based on low expression levels in normal adult tissues and the tumour-promoting properties, including
stem cell maintenance, angiogenesis, metastatic functions, and enriched expression in recurrent
disease [30]. Here, we build upon our existing body of work and the work of others to characterize
EphA3 as a tumour-specific therapeutic target for the treatment of GBM [9–12]. Our findings show
that EphA3 is an effective target for antibody-based pay-loaded therapy in GBM. PET/CT imaging
showed that the IIIA4 antibody readily enters the tumour in our orthotopic models, accumulating
specifically at the tumour site with minimal uptake in normal brain. Importantly, we observed no
toxicity from either EphA3 ADC or RIT treatment. IIIA4 has equal affinity for both mouse and human
EphA3, allowing accurate assessment of off-target toxicity in our animal studies. EphA3 ADC or RIT
were both very well tolerated, in the case of one animal study, up to 22 doses of IIIA4-USAN were
administered over an eleven-week period with no toxic response. In all our animal studies, therapy
was commenced only after large tumours had already formed in the brain. Despite this, both ADC
and RIT therapies were able to significantly reduce tumour burden. In one experiment, although ADC
therapy was not commenced until six weeks post engraftment, efficacy was still achieved, leading
to a significant increase in overall survival in the treated group. Thus, both pay-loading strategies

114



Cancers 2018, 10, 519

were shown to be effective, whereas the IIIA4 antibody alone showed no effect on tumour progression.
The EphA3-targeting mAb Ifabotuzumab, a humanised version of IIIA4, has been trialed in its naked
form in patients with advanced haematologic malignancies [18]. Results from this study found that
the antibody was well-tolerated. While some clinical responses were observed, overall responses were
modest. An investigator-sponsored Phase 0/1 clinical trial has been instigated to assess Ifabotuzumab
in patients with recurrent GBM (NCT03374943). This study will confirm safety in a solid tumour
setting and determine the biodistribution and pharmacokinetics of 89Zr-Ifabotuzumab using PET/CT
imaging. In addition, PET/CT imaging could be used to screen EphA3 levels in patient tumours
prior to commencing Ifabotuzumab therapy. Though efficacy of naked Ifabotuzumab is yet to be
determined in patients with GBM, it might be expected that greater responses could be achieved
using pay-loaded approaches in these aggressive diseases. With this in mind, we chose to assess
EphA3 targeting antibody pay-loaded strategies in pre-clinical GBM models to inform potential future
trial design.

Ultimately, all tumours recurred using both pay-loaded strategies. This was despite ADC therapy
being administered throughout the course of the experiments. In seeking to understand the escape
from the initial response, it was notable that ADC therapy also significantly reduced EphA3 receptor
levels in recurrent tumours, indicating that escape might be partly mediated by down-regulation
of EphA3. Alternatively, this finding could indicate that therapy was specifically targeting the
EphA3 positive tumour compartment, reducing overall receptor levels. In recent years, acquired
resistance to ADCs has emerged as a challenge for this class of cancer therapeutics. Most patients
treated with Trastuzumab-maytansine (T-DM1), while initially responsive, develop acquired drug
resistance to this therapy [31]. Preclinical studies have recently revealed several possible resistance
mechanisms, including decreased cell surface antigen expression, altered intracellular trafficking,
impaired lysosomal degradation, and payload removal via multiple drug resistance transporters [32].
This highlights the need for drugs which target multiple aspects of tumour biology in order to develop
effective combinations of therapies, rather than single agents alone. However, despite these limitations,
our pre-clinical study indicates that GBM sufferers may benefit from pay-loaded EphA3 antibody
targeting strategies and supports further clinical evaluation of these therapies.

4. Materials and Methods

4.1. Primary Cell Cultures

We have developed a characterised GBM patient-derived cell line resource (Q-Cell) [23], in
which GBM lines are maintained as glioma neural stem cell (GNS) cultures [22] or as neurosphere
cultures using StemPro NSC SFM (Invitrogen, Carlsbad, CA, USA) as per manufacturer’s guidelines.
Characterisation data is freely available from: https://www.qimrberghofer.edu.au/q-cell/. U251-MG
GBM cells were obtained from the ATCC (Manassas, VA, USA) and cultured as GNS cultures as
described above. Luciferase-expressing lines were generated by transducing U-251-MG and WK1 cells
with Firefly Luciferase Lentifect™ Purified Lentiviral Particles (GeneCopoeia, Rockville, MD, USA).
70–80% confluent cells were transduced with 2 μL of Lentifect particles in 2 mL of culture medium,
supplemented with 8 μg/mL polybrene per well of a 6-well plate. After adding the virus, cells were
centrifuged at 500× g in a swing-out rotor for 45 min at room temperature and subsequently cultured
for 24 h before the medium was replaced. Puromycin was added 72 h after transduction to select
successfully transduced cells.

4.2. ADC Preparation

IIIA4 was purified in-house as previously described [17]. To conjugate IIIA to the non-cleavable
linker SMCC, sulfo-SMCC (2.2 mg in 220 μL DMSO) was added dropwise to IIIA4 in PBS (8 mL
at 9.17 mg/mL) at 4 ◦C and stirred overnight. IIIA4-SMCC was purified by centrifugal filtration
(Amicon Ultra-15 centrifugal filters, 3 kDa MWCO). The SMCC linker to antibody ratio of 7.2
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SMCC units per IIIA4 was determined by Matrix Assisted Laser Desorption Ionisation-Time of
Flight Mass Spectroscopy (MALDI-ToF MS). Maytansine DM1 (1.62 mg in 162 μL DMSO, Abcam,
Cambridge, UK) was added dropwise to IIIA4-SMCC (8.2 mL at 9.26 mg/mL) in PBS at 4 ◦C, stirred
overnight and purified by centrifugal filtration (Amicon Ultra-15 centrifugal filters, 3 kDa MWCO).
A drug-to-antibody (DAR) ratio of 2.81 USAN units per IIIA4-SMCC was determined by MALDI-ToF.
MALDI-ToF MS was conducted on a Bruker Autoflex III equipped with a nitrogen laser delivering
3 ns laser pulses at 337 nm. A matrix solution was prepared consisting of sinapinic acid (saturated) in
MeCN containing 0.1% v/v trifluoroacetic acid. The antibody solutions (in PBS) were diluted 10× with
Milli-Q water, then mixed in an Eppendorf tube with the matrix solution in a 1:1 ratio. The resulting
solutions were then applied to a polished steel target (1 μL) followed be solvent evaporation to prepare
a thin matrix/analyte film. Samples were analysed in positive linear mode over a mass range of
20–200 kDa with an average of 10,000 shots. The average number of maleimide reactive groups per
IIIA4-SMCC for USAN attachment was calculated from the mass difference between IIIA4-SMCC and
IIIA4 divided by MWSMCC after conjugation (220.1 Da). Subsequently, the DAR was calculated from
the mass difference between IIIA4-USAN and IIIA4-SMCC divided by MWUSAN after conjugation
(738.3 Da).

4.3. Bio-Layer Interferometry (BLI)

Antibody binding kinetics of IIIA4-naked and IIIA4-USAN to EphA3-Fc-loaded biosensors was
compared by Bio-Layer Interferometry using the Octet® RED system (ForteBio, Fremont, CA, USA).
EphA3-Fc protein (in-house) was conjugated to biotin using a 1:1 molar ratio of protein to EZ-Link
Sulfo NHS-LC-LC-Biotin (ThermoFisher Scientific, Waltham, MA, USA) following the manufacturer’s
instructions. Excess biotin was removed using Zeba Spin desalting columns 7K MWCO (ThermoFisher
Scientific). Biotinylated EphA3-Fc protein (50 μg/mL) was loaded onto streptavidin biosensors
(ForteBio) as per the manufacturer’s instructions, and binding of IIIA4-naked and IIIA4-USAN
(30 μg/mL) to individual sensors recorded. On reaching saturation, the probes were exchanged
into 1× kinetics buffer (1 mM Phosphate, 15 mM NaCl, 0.005% Tween 20 and 0.1 mg/mL BSA) to
allow dissociation.

4.4. Cell Viability Assay

To assess cell viability, 5 × 103 cells per well were seeded in 96-well plates in GNS conditions
and incubated overnight. Cells were incubated with IIIA4-naked and IIIA4-USAN at the indicated
concentrations or medium alone (control) for seven days before cell viability was assessed by MTS
assay as per manufacturer’s instructions (CellTiter 96 Aqueous One Cell Proliferation Assay; Promega,
Madison, WI, USA). To measure dose response curves, cells were incubated with nine 1:2 serial
dilutions, starting from 10 μg/mL, for 96 h before cell viability was assessed. Responses were
normalised to percent viability of control and maximal effect and half-maximal inhibitory concentration
(IC50) determined by four-parameter nonlinear regressing analysis (top plateau constrained to 100%)
using GraphPad Prism 7 software (GraphPad, San Diego, CA, USA).

4.5. Caspase-3 Activation

To assess caspase activation, cells were cultured in GNS conditions and treated with 5 ug/mL
IIIA4-ADC for the indicated times, or incubated in medium alone. Cells were lysed and protein
expression of cleaved caspase-3 (Cell Signaling Technology, Danvers, MA, USA, #9661, 1:1000), total
caspase-3 (Cell Signaling Technology, #9662, 1:1000) and β-actin (Cell Signaling Technology, #9700,
1:5000) determined by Western blot analysis as previously described [33].

4.6. Immunofluorescence Analysis

Cells were seeded on coverslips and cultured overnight in GNS conditions. Cells were incubated
with IIIA4 antibody at 4 ◦C (to prevent internalisation of antibody receptor complexes) or 37 ◦C for
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20 min. Cells were washed twice in PBS and fixed in 4% paraformaldehyde in PBS for 30 min at
room temperature. Cells were permeabilised with 0.25% Triton X-100 in PBS for 10 min at room
temperature and EphA3 receptor-antibody complexes visualised with Alexa Fluor 488-conjugated
secondary antibodies (ThermoFisher Scientific). Nuclei were labelled with DAPI. For in vivo uptake of
IIIA4 antibody into intracranially engrafted tumours, a U251-MG tumour-bearing mouse was injected
with a single dose of biotin-conjugated IIIA4 antibody (10 mg/kg). The antibody was allowed to
circulate for 2 h before the mouse was euthanised and the brain removed and fixed in 10% neutral
buffered formalin. IIIA4 antibody uptake was visualised in coronal cross-sections using Alexa Fluor
488 streptavidin (ThermoFisher Scientific), and nuclei were labelled with DAPI.

4.7. Flow Cytometry

Cell surface expression of EphA3 was analysed using the IIIA4 antibody (in-house, 1:100).
IgG1 isotype control antibody (Abcam, 1:100) was used to indicate background staining. Cells were
washed twice in ice-cold PBS and blocked for 20 min in 1% bovine serum albumin (BSA) in PBS on ice.
After blocking, cells were incubated with primary antibodies for 20 min on ice, washed and incubated
with secondary Alexa Fluor 488-conjugated antibodies for 20 min on ice in the dark (ThermoFisher
Scientific). EphA3 expression levels were examined using a LSR Fortessa flow cytometer (BD, Franklin
Lakes, NJ, USA) and acquired data analysed using FlowJo (FlowJo, LLC, CA, USA) software.

4.8. Animal Studies

All mice experiments were performed according to the National Health and Medical
Research Council (2013) Australian code for the care and use of animals for scientific purposes,
under experimental protocols approved by the QIMR Berghofer Animal Ethics Committee,
P1572-A1412-613M approved 17 December 2014; P1173-A0812-608M approved 12 December 2008.
For intracranial (orthotopic) xenograft studies, five week-old female NOD/SCID (NOD.CB17-Prkdc
scid/Arc), BALB/c Nude (BALB/c-Foxn1nu/Arc) or NRG mice (NOD.Cg-Rag1tm1MOM IL2rgtm1Wjl/SzJ)
animals were sourced from the Animal Resources Centre (ARC) in Canning Vale, Western Australia).
Mice were anaesthetised using 2% isoflurane in oxygen and engrafted intracranially using a small
animal stereotactic device. Mice were given analgesia (Meloxicam (Ilium) 5 mg/kg, delivered
subcutaneously) 30 min prior to surgery and again the following day. Tumour growth was monitored
weekly by bioluminescence imaging. To generate bioluminescence signals, mice were anaesthetised
with 2% isoflurane in oxygen, injected IP with 100 μL of 5 mg/mL D-Luciferin (Pure Science Ltd,
Porirua, New Zealand) in PBS and imaged using the IVIS Spectrum in vivo imaging system (Perkin
Elmer, Waltham, MA, USA). Following tumour formation, mice were randomised and tumour-matched
based on bioluminescence imaging results. A non-specific antibody (1A7, in-house, 500 μg/mouse)
was injected into the peritoneum 2 h prior to ADC therapy to block unspecific tissue uptake by
unoccupied Fc receptors in immune-compromised mice. IIIA4-naked and IIIA4-USAN in PBS were
administered intravenously at 10mg/kg twice weekly via the lateral tail vain. Mice were monitored
daily for signs of illness or tumour burden as per our ethical guidelines, animal monitoring criteria,
and scoring. At the endpoint, animals were euthanised by cervical dislocation.

4.9. Imaging

4.9.1. Generation of IIIA4-NOTA

IIIA4 (1 mg) was buffer exchanged into 0.1 M Na2CO3 (pH 9.2) and pSCN-Bn-NOTA (35 μg in
3.5 μL DMSO, Macrocyclics) added. The reaction mixture was incubated for 1 h at 37 ◦C with gentle
agitation followed by purification by size exclusion chromatography (ÄKTA PrimePlus fitted with
a 5 mL, HiTrap Desalting G25 column running a mobile phase of 0.1 M PBS at 0.5 mL/min, GE Life
Sciences, NSW, Australia).
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4.9.2. Radiolabelling

IIIA4-NOTA (200 μg) was buffer exchanged into 0.1 M NH3OAc (pH 5.5) and incubated with
100 MBq 64CuOAc for 1 h at 37 ◦C with gentle agitation followed by purification by centrifugal
filtration (Zeba Spin Desalting Column, 7K MWCO, 0.5 mL equilibrated with 1× PBS, ThermoFisher).
Radiochemical purity was assessed by iTLC (50 mM EDTA mobile phase using silica-gel impregnated
glass microfiber paper strips (iTLC-SG, Agilent, Santa Clara, CA, USA). Radiochemical purity was
>98%, radiochemical yield was 70% and specific activity was 350 MBq/mg.

4.9.3. PET/CT Imaging

NOD/SCID (n = 3) mice bearing intracranial WK1 tumours were injected with IIIA4-NOTA-64Cu
(5–7 MBq) via the lateral tail vein. At 12 h post injection, mice were anaesthetised and maintained using
2% isoflurane in oxygen at a flow rate of 2 L/min and positioned on the scanning bed of an Inveon
Preclinical PET/CT system (Siemens, Munich, Germany). A 30 min PET image was acquired followed
by a CT for anatomical registration and attenuation correction. PET images were reconstructed using
the OSEM-2D reconstruction algorithm in Inveon Acquisition Workspace (IAW, Siemens) correcting
for isotope half-life, attenuation, and 64Cu detector efficiency.

4.9.4. Magnetic Resonance Imaging (MRI)

MRI images were acquired 24 h following PET/CT imaging. Mice were anaesthetised and
maintained using 2% isoflurane in oxygen at a flow rate of 2 L/min. Immediately prior to acquisition
of the MRI image, mice were injected with 50 μL of a 0.2 M solution of Magnevist (Bayer, Leverkusen,
Germany) in 1× PBS. Mice were placed on the scanning bed of a Brüker 7T ClinScan (Brüker, Billerica,
MA, USA) fitted with a 23 mm volume coil and 3D T1 weighted contrast enhanced images were
acquired using a VIBE sequence (TR = 12 ms, TE = 1.78 ms, FA = 21◦, 0.12 mm isotropic resolution).

4.9.5. Image Analysis

Decay-corrected PET images and contrast-enhanced MRI images were co-registered to the CT
image space using Inveon Research Workspace (Siemens). The brain was segmented from the CT
image and applied as a mask to the PET and MRI images. Contrast-enhancing tumour was segmented
from the MRI image by thresholding the brain volume voxel histogram and the segmented volume
duplicated and horizontally reflected to form tumour and contralateral brain volumes of interest
(VOIs). These VOIs were transformed onto the co-registered PET image and mean %ID/g within each
VOI was measured.

4.10. Radioimmunotherapy (RIT)

The EphA3 mAb IIIA4 was conjugated to DOTA-NHS (Macrocyclics, Plano, TX, USA),
radiolabelled with 177LuCl3, and purified using 100 kDA-cutoff microconcentrators (Millipore,
Burlington, MA, USA) as previously described [9,34,35]. The specific activity of 177Lu-IIIA4 ranged
from 225 and 260 MBq/mg, and radiolabelling efficiency was >98% as judged by standard, instant
iTLC-SG [34]. Mice were injected intravenously with 177Lu-IIIA4 once only at 450 MBq/kg dose
(equivalent to 1.7–2.0 mg/kg of IIIA4 mAb dose).

4.11. Statistical Analysis

In vivo experiments—sample size or replicate number (designated as “n”)—for each experiment
is indicated in the figure. Charts and survival plots were generated using GraphPad Prism 7 software.
A log-rank (Mantel-Cox) test was used to determine the significance between experimental groups.
p-values are as indicated and * p ≤ 0.05 was considered to be statistically significant. In vitro
experiments—a Student’s t-test determined the probability of difference—* p < 0.05 was considered
significant; all statistical tests were two-sided.
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5. Conclusions

Our data demonstrate that EphA3 can be effectively targeted using both ADC or RIT approaches,
and that EphA3 mAbs cross the BTB to allow tumour-specific targeting. Our pre-clinical study supports
further clinical evaluation of pay-loaded EphA3 antibody therapies in patients with GBM.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/10/12/
519/s1, Figure S1: Validation of the EphA3-maytansine ADC IIIA4-USAN, Figure S2: In vivo efficacy of the
EphA3-maytansine ADC IIIA4-USAN.
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Abstract: Therapies against glioblastoma (GBM) show a high percentage of failure associated with the
survival of glioma stem cells (GSCs) that repopulate treated tumours. Forced differentiation of GSCs
is a promising new approach in cancer treatment. Erythropoietin-producing hepatocellular (Eph)
receptors drive tumourigenicity and stemness in GBM. We tested GLPG1790, a first small molecule
with inhibition activity versus inhibitor of various Eph receptor kinases, in preclinical GBM models
using in vitro and in vivo assays. GLPG1790 rapidly and persistently inhibited Ephrin-A1-mediated
phosphorylation of Tyr588 and Ser897, completely blocking EphA2 receptor signalling. Similarly,
this compound blocks the ephrin B2-mediated EphA3 and EphB4 tyrosine phosphorylation. This
resulted in anti-glioma effects. GLPG1790 down-modulated the expression of mesenchymal markers
CD44, Sox2, nestin, octamer-binding transcription factor 3/4 (Oct3/4), Nanog, CD90, and CD105,
and up-regulated that of glial fibrillary acidic protein (GFAP) and pro-neural/neuronal markers,
βIII tubulin, and neurofilaments. GLPG1790 reduced tumour growth in vivo. These effects were
larger compared to radiation therapy (RT; U251 and T98G xenografts) and smaller than those of
temozolomide (TMZ; U251 and U87MG cell models). By contrast, GLPG1790 showed effects that were
higher than Radiotherapy (RT) and similar to Temozolomide (TMZ) in orthotopic U87MG and CSCs-5
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models in terms of disease-free survival (DFS) and overall survival (OS). Further experiments were
necessary to study possible interactions with radio- and chemotherapy. GLPG1790 demonstrated
anti-tumor effects regulating both the differentiative status of Glioma Initiating Cells (GICs) and
the quality of tumor microenvironment, translating into efficacy in aggressive GBM mouse models.
Significant common molecular targets to radio and chemo therapy supported the combination use of
GLPG1790 in ameliorative antiglioma therapy.

Keywords: glioblastoma; ephrin system; glioma stem like cells

1. Introduction

Glioblastoma multiforme (GBM) is the most malignant human brain tumour [1]. This neoplasia is
characterised by high cell heterogeneity and the presence of a complex tumour microenvironment [2].
Its aggressiveness is due to the high capacity of tumour cells to move and infiltrate healthy brain
tissue [3] as well as to produce soluble factors capable of recruiting blood vessels and inflammatory
cells [4,5]. This means that aggressive/infiltrating tumour cells are not eradicated with surgery or
standard chemo and radio therapy [6]. Abnormal angiogenesis is also supported by vasculogenic
mimicry [4–7]. Despite the abundant tumour-associated vasculogenesis, tumour necrosis is increased
and this renders some tumour areas strongly hypoxic [8]. This is associated with the recruitment
of precursors of endothelial cells/pericytes, bone marrow derived myeloid circulating cells and
glioma stem cells (GSCs) [9–11]. Recruited cancer stem cells grow rapidly, they determine tumour
recurrence [12] and are frequently resistant to chemotherapeutic agents [13]. The inflammatory state
of gliomas is constantly maintained to support vasculogenesis and hypoxia [9,14]. Median overall
survival (OS) for newly diagnosed GBM is 14.6 months [15]. Failure of standard chemo and radio
therapy is attributed to multiple factors, such as microenvironment protection, -de novo and/or
acquired tumour resistance, limitations in drug deliver, increased angiogenesis and/or vasculogenesis
and GSCs.

Erythropoietin-producing hepatocellular (EPH) proteins are a large family of receptors with
tyrosine kinases (TKs) moieties widely considered targets for glioblastoma [16]. These are grouped
as Eph-A and Eph-B based on binding cell associated ligands, Ephrin-A and Ephrin-B, respectively.
Binding of the ligand to the receptor starts a complex network of signals through “trans” and “cis”
mechanisms [17] as a function of Eph and Ephrin expression in different cells or in the same cell,
respectively. For the trans-modality, a “forward” activation, which is dependent on TK activity,
propagates signals in the receptor-expressing cell, while the “reverse” signals are propagated in
the Ephrin-expressing cell. “Forward” signaling includes the activation of Rho and Ras family
GTPases and Akt/mTORC1, whereas “reverse” signaling involves Src family kinase activation [16,17].
The Eph/Ephrin network plays a key role in tissue remodeling during embryogenesis, cardiovascular
and skeletal development, axon guidance, tissue patterning (for reviews, see Saha et al 2018 [18]).
The major members of this receptor family involved in GBM progression and glial/neuronal
differentiation are EphA2, EphA3 and EphB4 [19–25]. In particular, EphA3 is a protein frequently
overexpressed in the most aggressive mesenchymal subtype [22]. Importantly, EphA3 is highly
expressed on the tumor-initiating cell population in glioma, and appears critically involved in
maintaining tumor cells in a less differentiated state by modulating mitogen-activated protein
kinase signalling. EphA2 is co-expressed with EphA3 and promotes infiltrative invasion of Glioma
Initiating Cells (GICs) in vivo through cross-talk with Akt and regulates stem cell properties [20].
Several processes correlated to tumour progression, such as neovascularization/angiogenesis, local
invasion and metastatization are regulated by these receptors [23–25]. Many recent reports also
indicate that the signals triggered by the EPH/Ephrin system modulate aspects of cancer stem
cell self-renewal [20]. Different compounds targeting the Eph receptor are developed in cancer
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research [26–28]. GLPG1790 is one of these compounds. This compound is a small molecule with a
pan-specific pharmacological compound with inhibition activity versus various Eph receptors kinases
and with oral bioavailability [27,28]. This compound shows remarkable inhibition activity with
nanomolar potency against EphB2, EphA2, EphB4, EphA4 and EphA1, but was not able to block
EphA7 (if not in high doses). GLPG1790 was not previously tested for EpHA3 inhibition. Therefore,
we are aware that different members of Eph receptors may be involved in tumor progression, stemness,
differentiation of glioma stem like cells and angiogenesis [29].

It has also been demonstrated that GLPG1790 inhibits EphA2 receptor phosphorylation after a
single oral administration of 30 and 100 mg/kg doses. Previously, we observed that pharmacological
doses of GLPG1790 reduced tumour cell proliferation in rabdo-myosarcoma, modulating muscle
cell differentiation [28]. Molecular action mechanisms are under investigation in tumour histotypes
over-expressing Eph receptors. In this current study, the effectiveness of GLPG1790 was evaluated
in GBM. For this purpose, we selected three cell lines (U87MG, U251 and T98G), which were
subcutaneously xenografts in nude mice, and luciferase tagged U87MG and GSCs, which were
orthotopically injected into the brains of female cd1 nude mice. We assessed changes in tumour
growth, disease-free survival time (DSF) and OS after the GLPG1790 treatment, and compared these
parameters with those collected by standard radio-, chemo- and chemo and radio therapies.

2. Material and Methods

2.1. Cell Lines and Cell Cultures

All the materials for the tissue culture were purchased from the Italian distributor of Euroclone
(Euroclone S.p.A, Milan, Italy). Six human glioma cell lines (U251MG, A172, U87MG, SW1783,
LN229 and T98G) were cultured at 37 ◦C in 5% CO2 in Dulbecco’s modified Eagle medium (DMEM,
Euroclone) containing 10% (v/v) fetal bovine serum, 4 mM glutamine, 100 IU/mL penicillin, 100
μg/mL streptomycin and 1% nonessential amino acids (Thermo Fisher Scientific Inc., Carlsbad,
CA, USA). The risk of working with misidentified and/or contaminated cell lines was minimised
by using GBM cells at very low passages and periodic short tandem repeat (STR) DNA profiling.
Luciferase-tagged U87MG cells were generated and provided by Jari E. Heikkila (Abo Akademi
University, Turku, Finland). Five GBM patient-derived stem cell lines (BT12M, BT25M, BT48EF,
BT50EF and BT53M), were provided by J. Gregory Cairncross, and Samuel Weiss (University of Calgary,
Calgary, Canada) [30], and GSCs-5 and CSCs-7 were obtained from Marta Izquierdo (Universidad
Autónoma de Madrid, Spain) [31]. These cells were maintained in neurosphere medium DMEM:F12
(1:1) supplemented with B-27, epidermal growth factor (EGF; 20 ng/mL) and basic fibroblast growth
factor (bFGF; 10 ng/mL). Luciferase was inserted in the genome of GSCs-5 cells using the pGL4.13
vector (Promega, Milan, Italy) and the jetPEI DNA transfection method (Polyplus, Illkirch, France).
Isolated neurospheres were assayed for stemness properties in terms of clonogenic capacity and
positivity for stem cell markers.

2.2. Reagents and Enzymatic Activities

Antibodies against total Akt (Sc-377457), p-AktSer473 (sc-135651), total ERK 1/2 (H-72, sc-292838),
p-ERK 1/2 (Thr 202/Tyr 204, sc-16982), p38α (clone C-20, sc-535), p-p38 (Tyr 182, sc-101759), EphA2
(clone C-20, sc-924), EphB4 (clone H-200, sc-5536), EphB2 (clone H-80, sc-28980), OCT3/4 (C-10,
sc-5279), CA-IX (clone H11, sc-365900), anti-human CD31 (PECAM-1, clone M-20, sc-1506), nestin
(clone 10c2, sc-23927), βIII tubulin (clone 3H3091, sc-69966), NFH (clone 2D2, sc-20014), GFAP (sc-6170)
and SOX2 (clone A-5, sc-365964) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibodies against Phospho-EphA2 (Ser897, 6347) and Phospho-EphA2 (Tyr594, 3970) were
purchased from Cell Signaling Technology Europe, B.V. (Leiden, The Netherland). Antibodies against
Ki67 (Clone MIB-1, M7240) were purchased from Dako (Agilent Technologies Italia S.p.A., Cernusco
sul Naviglio, Milan, Italy). Antibodies against CD44 (ab157107), Stro-1 (ab214086), murine CD31
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(clone MEC 7.46, ab7388) and Ephrin A1 (ab199697) were purchased from Abcam (Cambridge, UK).
Antibodies against CD105, conjugated with phycoerythrin (PE; MEM226) or un-conjugated (MEM-229),
and CD90 (5E10) were purchased from Immunotools (Friesoythe, Germany). Antibodies against
CXCR4 (A00995) and VEGF-A (251575) were purchased from GenScript (Piscataway, NJ, USA) and
Abbiotec (San Diego, CA, USA), respectively. Cell-based enzyme-linked immunosorbent assays
(ELISAs) for total and phosphorylated isoforms in Ser 897 and Tyr 588 EphA2 as well as total and
p-Tyrosine779 EphA3 and total and p-Tyrosine987 EphB4 were used for detecting and quantifying
target proteins in cultured cells following the “In-Cell ELISA protocol” on the Abcam website (http:
//www.abcam.com/protocols/in-cell-elisa-ice). Recombinant Human Ephrin-A1 (EFNA1-150H)
and Recombinant Human Ephrin-B2 (EFNB2-480H) were purchased from Creative Biomart (Shirley,
NY, USA).

2.3. Immunofluorescence Studies

BT48EF and BT50EF GSC cells were used for immuno-fluorescence analyses. Spheres were seeded
at a density of 10,000 cells/cm2 on glass coverslips pretreated with 30 μg/mL poly-L lysine to promote
adherence. The slides were then washed twice with phosphate-buffered saline (PBS) and fixed with
4% paraformaldehyde for 20 min at room temperature. To stain cytoplasmic markers, slides were
permeabilized with 0.3% Triton-X-100 for 5 min at room temperature. Spheres were then incubated
overnight at 4 ◦C with the following primary antibodies accordingly to their data sheets: anti-OCT3/4,
Ki67, EphA2, nestin, βIII tubulin, NFH, GFAP, SOX2, Stro-1 and CD44. After washing with PBS, cells
were incubated for 30 min at RT with AlexaFluor 488 anti-rabbit IgG, AlexaFluor 595 anti-goat IgG or
AlexaFluor 633 anti-mouse IgG secondary antibody (1:2000; Molecular Probes, Invitrogen, Carlsbad,
CA, USA). Controls were performed by omitting the primary antibody. Cell nuclei were stained with
DAPI (0.5 μg/mL). Coverslips were mounted with Vectashield Mounting Medium and examined with
a Leica TCS SP5 confocal microscope (Leica Microsystems Inc., Mannheim, Germany).

2.4. Fluorescence-Activated Cell Sorter (FACS) Analyses

Expression of surface antigens in BT48EF and BT12M cell lines, treated or untreated with
0.5 μM GLPG 1790, was quantified by flow cytometry. BT48EF and BT12M cells were fixed with
4% paraformaldehyde for 10 min at 4 ◦C and, after washing, cells were incubated for 1 h at room
temperature with anti-CD44, anti-CD105 and anti-EphA2, followed by additional 30 min with
CY5-conjugated anti-rabbit IgG H&L or PE-conjugated anti-mouse IgG purchased from Abcam
(Cambridge, UK). Moreover, we quantified the expression of cytoplasmatic antigens by flow cytometry
in the same cell lines treated as above. The cells were fixed with 4% paraformaldehyde for 10 min
at 4 ◦C, and after washing, were permeabilized with 0.1% (v/v) Triton X-100 for 10 min at room
temperature. The cells were washed in PBS and incubated for 1 h at RT with anti-NFH, anti-Nestin
and anti-GFAP, followed by an additional 30 min with Cyanine dye 5 (CY5)-conjugated anti-rabbit
IgG H&L or Phycoerythrin PE-conjugated anti-mouse IgG. All samples were analysed using a BD
AccuriTM C6 Plus Flow cytometer (Becton Dickinson Italia SpA, Milan, Italy) equipped with a blue
laser (488 nm) and a red laser (640 nm). At least 10,000 events were acquired. Negative controls were
obtained by analysing samples treated without the primary antibody. Although Fluorescent-Activated
Cell Sorter (FACS) should be made on live cells, especially for membrane associated antigens, we
choose to use a fixation in 4% paraformaldehyde to avoid the internalisation and degradation of
membrane markers as demonstrated for different membrane targets such as EphA2 [32] or CD44 [33].

2.5. Growth Assays

Twenty-four-well plates were seeded with 2 × 104 cells/mL GBM cells. After cell adhesion and
growth in 5% fetal calf serum (FCS) DMEM for 24 h, different concentrations of GLPG1790 were
added in appropriate culture conditions. A Nikon Diaphot inverted phase-contrast photomicroscope
(Nikon Corp., Tokyo, Japan) was used before cell trypsinization and counting. Cell counts were made
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with a NucleoCounter NC-100 (Chemotec, Gydevang, Denmark) as previously described [34]. IC50
values, the concentration of drug required for a 50% reduction in growth/viability, were calculated
using the Dojindo Cell Counting Kit-8 (Dojindo EU GmbH, Munich, Germany). For neurosphere
proliferation, we used two different modalities of study: (i) a direct count and sizing of neurospheres at
1 week of culture from pre-formed spheres, and (ii) the evaluation of the clonal capacity of cancer stem
cells (CSCs) cultured as single cells after 14–30 days. For the analysis of sphere growth, pre-formed
neurospheres were treated with different doses of GLPG1790 for 72 h. After treatment, spheres
were photographed and counted at contrast phase microscopy. Spheres were recorded as either
large colonies (>50 cells) or small colonies (<50 cells). Single cells were also manually counted per
microscopic field at 100×magnification. For the clonogenic assay, glioma tumour-initiating cells (GICs)
were seeded in 96-well plates as a single cell suspension at a density of 2 cells/mL (equivalent of 1 cell
every 3 wells). Cells were maintained for 14–30 days in their culturing media and then the wells were
visually scanned using light microscopy to identify and count the clones (spheres) produced.

2.6. Cell Viability and Apoptosis Assay

Apoptosis was evaluated using the Tali® Apoptosis Kit—Annexin V Alexa Fluor® 488
& Propidium Iodide-based (Life Technologies Italia, Monza, Italy), as well as caspase-specific
chromogenic substrates at 450 nm in an ELISA plate reader. In addition, we used Ac-DEVD-pNA
(caspase-3), Ac-IETD-pNA (caspase 8) and Ac-LEHD-pNA purchased from Kaneka Eurogentec SA
(Seraing, Belgium). N-Succinyl-Leu-Tyr-7-amido-4-methylcoumarin (Sigma Aldrich, St. Louis, MO,
USA) was used to test calpain I activity in cell extracts in order to evaluate necrosis.

2.7. Western Blot

Cell extracts were obtained from treated or untreated cultures washed with cold PBS and lysed
with lysis buffer containing proteinase and phosphatase inhibitor cocktails. Proteins were subjected to
7% or 15% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to
nitrocellulose and probed with appropriate antibodies based on the recommendations of the suppliers.
Reactive bands were visualised with a chemiluminescent detection kit (Perbio Science, Tattenhall, UK)
in a Bio-Rad Gel Doc system (Bio-Rad Laboratories S.r.l., Milan, Italy). Normalization of specific bands
was performed using an anti β-actin antibody.

2.8. In Vivo Experiments: Xenograft Model

Six-week-old female CD1 nu/nu mice were purchased from Charles River Laboratories Italia,
SRL (Calco, Italy) and maintained under European Community (EC) guidelines (2010/63/UE and
DL 26/2014 for the use of laboratory animals). All mice received subcutaneous flank injections of
1 × 106 U87MG, U251 or T98G cells. Tumour growth was assessed by measuring bi-weekly tumour
diameters with Vernier calipers. Tumour volumes were calculated according to the formula: tumour
volume (mm3) = 4/3π × R1 × R2 × R3, where R1, R2 and R3 were the three rays of the ellipsoid, as
previously described [31] At about 20 days after the tumour injection, 60 mice with tumour volumes of
85–100 mm3 were randomised to receive the vehicle (methylcellulose 0.5% used to dissolve GLPG1790)
or 30 mg/kg po qd GLPG1790, and for comparison with standard therapeutic procedures, RT, 4 Gy
in a single administration), TMZ (16 mg/kg/5 consecutive days), or RT plus TMZ. The duration of
treatments was 35 days or when control/untreated tumours reached critical volumes with regard
to animal welfare laws. However, when an experiment was stopped, treated and control animals
were sacrificed via carbon dioxide inhalation, and tumours were removed for biochemical (frozen
tissue) and histological (paraffin fixed tissue) analyses. To compare different treatments, we considered
as previously described [34]: (1) tumour volume, measured at different times; (2) tumour weight,
measured at the end of experiment; (3) tumour progression (TP), defined as an increase >50% of tumour
volume with respect to baseline; and (4) time to progression (TTP) which was the time necessary for TP.
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2.9. Immunohistochemical Analyses

Indirect immunoperoxidase staining was performed on 4 μm paraffin-embedded tissue sections.
A consensus judgment as indicated in our previous report [35] was adopted for immunohistochemical
scoring of tumours based on the strength of positivity: negative (score 0), weak (score 1), moderated
(score 2), or strong staining (score 3). In each category, the percentage of positive cells was
assessed by scoring at least 1000 cells in the area with the highest density of antigen positive cells.
Cytoplasmic/membrane staining intensity was graded as follow: 0 = negative; 1 ≤ 10% positive cells;
2 = positive cells in a range of 10–50%; and 3 ≥ 50% positive cells. Overall expression was defined
by the staining index (SI) and ranged between 0 and 9, with an SI ≤ 4 indicating a low expression.
Proliferation index (labeling index) was determined though the evaluation of the percentage of Ki67
positive cells by analysing 500 cells at 100× magnification. A TACS Blue Label kit (R&D Systems,
Inc., Minneapolis, MN, USA) was used for in situ apoptosis determination and the percentage of
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) positive cells was determined
in five random fields evaluated at 400× magnification. In order to count the number of CD31+
microvessels, five arbitrarily selected fields were analysed for each group at 100× magnification
(tumour microvessels). Martius yellow-brilliant crystal scarlet blue stain was used to stain erythrocytes,
and consequently, the presence of micro-thrombi and bleeding zones.

2.10. Orthotopic Intra-Brain Model

Nude mice were inoculated intra-cerebrally as previous described [36,37]. We injected 3 μL
of cell suspension containing 3 × 103 U87MG or CSCs-5 luciferase tagged cells directly into the
brain; the injection rate was set to 1 μL/min. Therapeutic administrations were started 5 days
after cell injection when no luciferase activity was detectable intracranially. At this time, animals
were randomised to receive vehicle (methylcellulose 0.5%) or 30 mg/kg GLPG1790 (po qd), and for
comparison with standard therapeutic procedures, radiotherapy (RT, 4 Gy in a single administration),
temozolomide (TMZ, 32 mg/kg/5 consecutive days), or RT plus TMZ. Each experimental group was
formed using 10 mice. Animals were tested weekly via bioluminescence assay. The time at which a
visible bioluminescence lesion was observed defined the parameter called disease free survival (DFS).
Repeated bioluminescence assays were performed in order to also have data on tumour progression.
Bioluminescence imaging was performed using an Alliance Mini HD6 system (Uvitec Ltd., Cambridge,
UK) after intra-peritoneal (i.p.) injection with 150 μg/g D-luciferin (Synchem UG & Co. Altenburg,
Germany) in pre-anesthetized animals. Treatments were completed after 35 days when a period
without drug administration was started. A similar therapeutic approach could mimic the progression
of surgically treated tumours in which a small portion of cells remain in the surgical bed from which
the tumour occurred. DSF was the first oncological outcome analysed and defined the time during
which no bioluminescence evidence of the tumour was recorded. If progression was observed, this
might be recorded during or after the discontinuation of treatment. Mice were euthanised when they
displayed neurological signs, such as altered gait, tremors/seizures and lethargy, or weight loss of
≥20% of pre-surgical weight. A follow-up provided us with data on OS, defined as the time (days)
prior to which an animal did not show the distress signs given above, and was equal to the time of
euthanasia. Brains were collected, fixed with 4% paraformaldehyde and paraffin was embedded.

2.11. Statistical Details

Continuous variables were summarised as mean and standard deviation (SD) or as median and
95% confidence intervals (CI). For continuous variables that were not normally distributed, statistical
comparisons between control and treated groups were established by carrying out the Kruskal–Wallis
test and Dwass–Steel–Chritchlow–Fligner method. For continuous variables that were normally
distributed, statistical comparisons between control and treated groups were established by carrying
out an analysis of variance (ANOVA) test or by Student t-test for unpaired data (for two comparisons).
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When the ANOVA test revealed a statistical difference, pair-wise comparisons were made using Tukey’s
honestly significant difference (HSD) test. TTP was analysed using Kaplan–Meier curves and Gehan’s
generalized Wilcoxon test. When more than two survival curves were compared, the logrank test for
trend was used. This tested the probability that there was a trend in survival scores across the groups.
All tests were two-sided and were determined using Monte Carlo significance. Statistical significance
occurred when p-values were at least < 0.05. MedCalc (MedCalc Software, Ostend, Belgium) was used
as a complete statistical program. We analysed the Kaplan–Meyer curves [36] in terms of hazard ratios
(HR), an expression of the ratio of the chance of an event occurring in the treatment arm compared to
it occurring in the control arm. For comparisons, HRs are displayed with forest plot graphs.

3. Results

3.1. GLPG1790 Inhibits Phosphorylation of Both Tyrosine and Serine in U87MG Cells

Semi-quantitative determinations for basal expression of EphA2, EphA3 and EphB4 were obtained
using cell-based ELISAs, whereas the affinities of GLPG1790 for EphA2, EphA3 and EphB4 were
calculated by treating 80% sub-confluent GBM cultures with different doses of GLPG1790 that were
administered 5 min before the addition of 0.25 μg/mL Ephrin-A1 (ligand of EphA2), and Ephrin-b2
(ligand for both EphA3 and EphB4). IC50 determinations were calculated 1 h after GLPG1790
administration. We verified the IC50 values for p-Tyrosine588 and p-Serine897 of EphA2, p-Tyrosine779
of EphA3 and p-Tyrosine987 of EphB4 (Figure 1A). We observed that the values of OD450 nm (and then
the amount of proteins) for EphA2, EphA3 and EphB4 were higher in GICs versus GBM cells. Similarly,
the expression levels of EphA2 were higher when compared to those observed for EphA3 and EphB4 in
the same cells. The growth of GBM cells lines was markedly reduced by GLPG1790 administration with
an IC50 that ranged between 491 nM (A172) and 653 nM (U87MG; Figure 1B). IC50 values calculated for
GBM cell lines considered in our study are summarised in this panel. We also showed that GLPG1790
increased the neuron-like cell differentiation in the mixed neuron-like/glial (epithelioid cells) U251 cell
line (Figure 1C). Next, we tested the effects of GLPG1790 on seven patient-derived and proliferating
GSC lines. Figure 2A shows the growth of BT12M cells. These cells were highly sensitive to GLPG1790
administration. This compound induced cell detachment from the spheres with a reduction of both
the number and size of BT12M spheres. IC50 values were calculated for CSCs ranged between 109 nM
(BT12M) and 420 nM (BT53M), as summarized in Figure 2B for single cultures. GLPG1790 was also able
to reduce dose-dependent sphere generation from single cells in a clonogenic assay (Figure 2C). This
indicated that GLPG1790, inhibiting the spheres formation, might reduce the self-renewal potential
of CSCs, which in turn, could cause a reduction in tumour recurrence capacity, when these data are
extrapolated to an in vivo situation. In order to have further information regarding the cell proliferation
and differentiation status of GSC cultures, we performed an immuno-fluorescent analysis using a
double immunostaining with Sox2 and Ki67. In BT12M cells, GLPG1790 reduced the percentage of
Ki67 (proliferating antigen) positive cells (Figure 2D). These results were also quantified in other GSCs
(Figure 2D). Confocal analysis also showed that double positivity for Sox2 and Ki67 cells was basally
distributed to the peripheral layers of spheres, whereas lower expression of Ki67 was demonstrated
in the innermost cells of the sphere that are positive for Sox-2. The nuclear Ki67 localisation was
demonstrated to be cell cycle-dependent [38] and linked to rRNA transcription [39]. Quiescent cells
blocked in the G0/G1 phase of the cell cycle were negative or exhibited very faint Ki67 nucleoplasm
staining. Late G1 and early S-phase patterns were very similar with intense dot-like, Ki67-stained
cells (Figure 2D). In the G2 phase, the nuclear staining intensity was reduced and accompanied by
well-defined and bright nucleoli; four cells with this appearance were also observed in the control
group (Figure 2D). GLPG1790 treated spheres were smaller when compared to untreated cultures
(Figure 2D,E). The percentage of cells with an intense nuclear background (mid and late S-phase)
was significantly reduced in a dose-dependent manner, whereas the percentage of cells with no Ki67
expression (negative) or exhibiting very faint Ki-67 nucleoplasm staining was increased. Spheres were
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compacted in untreated cultures, whereas spheres derived from GLPG1790-treated cultures showed
less adhesive cells. As indicated in Figure 2A, GLPG1790 could induce cell detachment from the
outer/peripheral cell layers of spheres; therefore, the proliferating cells from spheres could be lost
after the GLPG1790 treatment. Next, we analysed the expression of Sox2/Ki67 in single cells or in very
small cell aggregates from treated and untreated cultures. As shown in Figure 2F, some cells from this
population were proliferating (Ki67 positive). GLPG1790 was also able to reduce the percentage of
Ki67 expressing cells suggesting that this compound might influence cell proliferation, also through
detached cells. Taken together, these data suggested that GLPG1790 reduced both the recruitment and
induction of cell proliferation (commitment) of CSCs.

Figure 1. Biochemical and cellular effects of different doses of GLPG1790. (A) Colorimetric
cell-based ELISA determinations for total and phosphorylated Tyr588 and Ser897 EphA2, total and
phosphorylated Tyr779 EphA3 and total and phosphorylated Tyr987 EphB4 in GLPG1790-treated
U87MG cells. Data show also the IC50 values calculated for the inhibition of phosphorylation for EphA2,
EphA3 and EphB4 isoforms. (B) Growth curves and IC50 determination for GLPG1790-treated A172,
U251, T98G and U87MG and GBM cell lines as well as in BT48EF and BT12M GICs. (B) antiproliferative
effects and IC50 values calculated for GBM cell lines. (C) Morphology of GLPG1790-treated U251 cells.
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Figure 2. Proliferation of glioma stem cells cultured with different doses of GLPG1790. (A) Growth
changes of BT12M CSCs; GLPG1790 reduced the number and size of BT12M cells. (B) IC50 values
calculated for singles GIC cultures. (C) GLPG1790 reduced the sphere generation dose-dependently
in clonogenic assays in BT12M, BT48EF and BT50EF cells. (D) Reduced Ki67 expression after the
GLPG1790 treatment, both as a protein amount and percentage of positive cells; the reduction was
dose-dependent in the BT48EF culture. Scale bar: 25 μm. (E) Dual Sox2 and Ki67 determination in
single cells or in very small cell aggregates from treated and untreated cultures. (F) Dual Sox2/ki67
determination in single cells. Scale bar: 25 μm. Data are representative of three similar results
performed in triplicate. Confocal images were collected and shown as maximal projection of about 20
analysed spheres observed with 0.29-μm size serial sections. * p < 0.05.
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3.2. GLPG1790 Reduces Mesenchymal/Stem Cell Marker Expression in GICs

Of all the cancer stem cell markers identified to date, our attention was focused on CD44, CD90,
CD105, Nestin, Sox2, Oct3/4, GFAP, βIII tubulin and neuro-filaments (NFH/Tuj1). In Figure 3A,B
the representative cyto-fluorimetric analyses (BT48EF and BT12M cells) and western blots (BT48EF
alone) are shown. Confocal immuno-fluorescence analyses (Figure 3C–I) were also performed to
verify possible changes in expression and localisation of CD44 (Figure 3C,D), Sox2 (Figure 3E,F),
NFH (Figure 3E), Oct3/4 (Figure 3H), GFAP (Figure 3I), Nestin (Figure 3F) and EphA2 (Figure 3C,D).
Figure 3H shows the co-expression of actins and integrin-linked kinase (ILK) in the semi-adherent
cultures. Notably, the CD44-positive cell percentage was reduced by approximately 40% (79.4 ± 2.5
vs. 48.0 ± 3.7 in untreated and GLPG1790 treated cultures, respectively) in BT12M cells and by
20% (68.5 ± 3.9 vs. 54.8 ± 4.2 in untreated and GLPG1790 treated cultures, respectively) in BT48EF.
GLPG1790 administration reduced the expression of the CD44 standard isoform (CD44s) as indicated
via western blot; however, as the difference observed between 0.5 and 1.0 μM treatments were minimal,
it suggested this effect was not dose-dependent. CD44 positive cells were also EphA2-positive as
suggested by the confocal data. The percentage of EphA2 positive cells was very high in both control
GSC cultures. EphA2 was immuno-detected in 83.0 ± 7.0% of BT48EF cells and 92.5 ± 2.4% of
BT12M cells.

Figure 3. Cont.
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Figure 3. Phenotypic modifications in GLPG1790-treated GICs: changes in mesenchymal/stem cell
marker expression. (A) FACS analysis performed in controls and GLPG1790-treated BT12 and BT48EF
cultures. Data are representative of three separated experiments performed in triplicate and values
are expressed as a percentage of positive cells present in the analyzed cell suspension. (B) Western
blot determinations performed in control or treated BT48EF cultures. Data are representative of
three different gels/experiments and lanes were charged with 40 μg of proteins. (C–I) Confocal
immuno-fluorescence analyses performed in BT48EF: dual CD44/EphA2 expression in cell spheres (C)
and in single or small cell aggregates (D), dual Sox2/NFH expression in cell sphere cultures (E), dual
Sox2/nestin expression in cell sphere cultures (F), dual phalloidin/FAK expression in adherent cells
(G), dual Sox2/Oct 3/4 expression in cell sphere cultures (H), and GFAP expression in BT48EF spheres
(I). Confocal images were collected and shown as a maximal projection of about 20 analysed spheres
observed with 0.29-μm size serial sections. Scale bar: 25 μm.

GLPG1790 administration induced a significant decrease in EphA2 expression in BT12M cells
(81.3 ± 3.4%, p = 0.0016, with a reduction of 12%), whereas no significant variation was observed in
BT48EF lines (92.7 ± 5.2%, p = 0 0670). However, confocal immuno-fluorescence analysis showed a
reduction of the EphA2 signal in BT48EF treated cells suggesting that GLPG1790 might reduce EphA2
expression in single cells. As GLPG1790 might induce cell detachment from outer/peripheral layers of
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cells from spheres, we also analysed EphA2 expression in this GIC population. Co-expression of CD44
and EphA2 was reduced after the GLPG1790 administration (Figure 3D), and significant changes were
observed for CD105 expression. This antigen was basally detected in 68.7 ± 2.8% and 59.3 ± 2.7%
of cells in BT48EF and BT12M cultures, respectively. The percentage of CD105 positive cells was
significantly reduced after GLPG1790 administration, being detected in 52.2 ± 3.2% (reduction of
24%, p < 0.005) in BT48EF cells and 28.6 ± 2.5 (reduction of 51.8%, p < 0.0001) in BT12M cells. The
percentage of CD90 expressing cells was not modified by GLPG1790 administration in BT48EF cells
(65.9 ± 3.5% vs. 64.8 ± 2.7%), whereas it was statistically reduced in BT12M cells (77.1 ± 4.2% vs.
61.7 ± 3.6%, p < 0.005 with a reduction of 20%). Similarly, nestin was significantly reduced in BT12M
cells (43.7 ± 2.8% vs. 13.9 ± 2.7%, p < 0.001 with a reduction of 68.2%), whereas the expression of this
antigen was not statistically modified in BT48EF cells via the GLPG1790 treatment (45.5 ± 3.8% vs.
52.2 ± 5.3%, p = 0.0947). Nevertheless, confocal immuno-fluorescence analysis showed a reduction
of the nestin signal in BT48EF-treated cells suggesting that GLPG1790 induced a reduced expression
rather than a modification in the percentage of positive cells. This reduced signal was also confirmed
by confocal immuno-fluorescence analyses performed in BT50EF cells. Next, we analysed the variation
of differentiating marker after GLPG1790 administration and found that the expression of the neuronal
marker NFH/Tuj1 was strongly increased in BT48EF cells (33.6 ± 2.4% vs. 83.4 ± 6.5%, p < 0.0001 with
an increase of 2.48-fold), and was moderately increased in BT12M cells (62.9 ± 4.2% vs. 91.3 ± 6.4%,
p < 0.0001 with an increment of 1.45-fold). These effects were particularly evident in the confocal
immunofluorescence analysis in which NFH positive cells were strongly increased, as well as the
signal that was increased after GLPG1790 administration (Figure 3C). The astrocyte marker GFAP was
increased by 1.22-fold (70.0 ± 4.3% vs. 77.5 ± 3.4%, p = 0.0345) in BT12M cells but was not modified in
BT48EF cells (74.7 ± 3.7% vs. 71.5 ± 4.3%). However, from western blots, the levels of GFAP seemed
to be increased in extracts from BT48EF cells treated with higher doses of GLPG1790. For other stem
cell markers, including Oct3/4, the signal on confocal immuno-fluorescence was dose-dependent and
significantly reduced after GLPG1790 administration (Figure 3C). Western blot analysis confirmed the
decrease in CD44, Oct3/4 and Sox2, as well as the increase of GFAP and βIII tubulin.

3.3. GLPG1790 Modifies Tumour Growth of GBM Cells Subcutaneously Injected in Female nu/nu Mice
(Xenograft Model)

The efficacy of GLPG1790 as a single therapy was verified in comparison with standard therapeutic
approaches (RT, TMZ or RT+TMZ) in Cd1 nu/nu mice with experimental brain tumours by using
subcutaneous xenograft models of U87MG, U251 and T98G cells. Luciferase transfected U87MG and
patient derived glioma stem-like CSCs-5 cells were injected in the striatum for the orthotopic models.
For the first evaluation, we verified the in vivo efficacy of single doses of 30 mg/Kg/day GLPG1790 in
mice by using three human models of high-grade glioma cells (U87MG, U251 and T98G) grown as
subcutaneous xenografts and showing different levels of EphA2. GLPG1790 efficacy was compared
with standard radio (RT, 1 doses of 4 Gy), chemo (temozolomide, TMZ, 16 mg/kg for 5 consecutive
days) and chemo and radio (4 Gy + 16 mg/Kg TMZ) therapy. Figure 4A–D shows the percentage of
mice in progression plotted with time of progression using Kaplan–Meyer analysis. In U87MG and
U251 xenografts (Figure 4A,B), the anti-tumour effect of GLPG1790 was intermediate between that of
RT and temozolomide single therapies, whereas the effects of GLPG1790 were similar to TMZ in T98G
cells (Figure 4C).

GLPG1790 effects were not significantly different to RT in U87MG (Figure 4A), whereas this
agent was more active than RT in U251 (HR = 2.87, p < 0.005; Figure 4B) and T98G (HR = 2.23,
p < 0.05; Figure 4C). GLPG1790 effects were lower in U87MG (HR = 2.10, p < 0.05; Figure 4A) and U251
(HR = 2.88, p < 0.005; Figure 4B), and similar in T98G (HR = 1.49, p > 0.05; Figure 4C). GLPG1790 effects
were significantly lower in comparison with standard chemo and radio therapy (RT+TMZ) in all cell
systems (Figure 4A–C). In Table S1, we summarised the statistical analysis of xenograft experiments.
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Figure 4. In vivo experiments: GLPG1790-modified tumour growth of GBM cells subcutaneously
injected in female nu/nu mice (xenograft model). In vivo efficacy of single dose (30 mg/Kg/day) of
GLPG1790 compared with standard RT (1 dose of 4 Gy), chemo (TMZ, 16 mg/kg for 5 consecutive
days) and chemo and radio (4 Gy + 16 mg/kg TMZ) therapy. (A) Percentage of mice in progression
plotted for the time by using Kaplan–Meyer analysis for U87MG cell model. (B) Percentage of mice in
progression plotted for the time by using Kaplan–Meyer analysis for U251 cell model. (C) Percentage
of mice in progression plotted for the time by using Kaplan–Meyer analysis for T98G cell model.
(D) Forrest plot analysis. In Table S1, we summarised the statistical analysis of xenograft experiments.

3.4. Histological Evaluation of GLPG1790 Treated Xenografts: Involvement of Tumour Microenvironment in
the GLPG1790-Mediated Anti-Tumour Effects

Previously, we observed that different experimental xenograft models including GBMs were
characterised by the presence of heterogeneous populations of tumour and inflammatory cells [40–43]. In
addition, GBM xenografts contained giant cells, multinucleated cells and polygonal or spindle-shaped
cells with abundant and intensely eosinophilic cytoplasm and hypochromatic nuclei. Tumour cells in
rapid growth were dispersed on a fibrillar collagen background that enveloped abundant vasculature.
From a morphological point of view, glioma xenografts did not undergo noticeable cellular changes
after the administration of GLPG1790. Instead, we observed deep changes in the quality of the
tumour microenvironment as modifications of: (i) angiogenesis and vasculomimicry (Figure 5A–D);
(ii) necrosis (Figure 5E) and hypoxia-inducible factor 2α (HIF2α) immunostaining (Figure 5F); as
well as (iii) tumour infiltration by leukocytes (Figure 5G). In particular, GLPG1790 administration
reduced angiogenesis and vasculomimicry as demonstrated by periodic acid-Schiff (PAS) staining
(Figure 5A), Masson’s trichrome staining (Figure 5B) and CD31 immuno-localization (Figure 5C), when
compared to controls. Next, we used PAS staining to analyse angiogenesis and vasculogenic mimicry.
We showed that vessels were equally distributed in control xenografts. By contrast, RT caused a switch
from angiogenesis to vasculogenic mimicry. This event started with single medium-sized vessels and
resulted in a significant reduction of overall vessel number (Figure 5C,D), as recently also observed
in bevacizumab treated tumours [35]. This could be associated with endothelial cell damage in
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different portions of the vessel wall producing endothelial cell discontinuity. In this case, tumour cells
oriented themselves towards the lumen of the vessel (intra-vascular mimicry, Figure 5A,B). Therefore,
tumour cells were trying to give hardness to the vascular structure, which was straightened by a
dense PAS-positive connective matrix. Small endothelial cell-free vascular lacunae were also present.
GLPG1790 administration significantly reduced the number of medium/large-sized vessels as well as
vascular lacunae distributed in PAS-positive regions. The vascular pattern was significantly reduced
after GLPG1790 administration when compared to those observed for RT or TMZ; whereas, the number
of vessels (Figure 5D) was lower with respect to tissues treated with RT+TMZ. These morphological
results were related to hemoglobin content (Figure 5D). Table S2 summarises these angiogenetic and
vasculomimicry differences. Tumour tissues from experimental GBM xenografts also showed areas of
necrosis dispersed in the tumour parenchyma (Figure 5E), both in the central and peripheral portions.
This appearance was not completely comparable to human gliomas since evident palisating necrosis
was absent in experimental gliomas. This necrosis showed elevated leukocyte infiltration (Figure 5E).
We also observed that GLPG1790 administration reduced the necrosis percentage, as indicated in Table
S3. This seemed to be due to reduced tumour masses. RT, TMZ and RT+TMZ administration, being
much more cytotoxic therapeutic procedures, showed higher necrosis due to increased tissue damage.
The anti-vascular properties of GLPG1790 were tested in vitro by evaluating the vasculomimicry (VM)
of U87MG cells and tubule formation of human brain derived endothelial cells (HBMVECs), as shown
in Figure 5F. GLPG1790 reduced both phenomena in a dose-dependent manner. It had been widely
demonstrated that necrosis was associated with increased hypoxia and here we showed high HIF2α
immunostaining in peri-necrotic areas (Figure 5G), suggesting an involvement of hypoxia. In Table S4,
we summarised immunostaining scores of both necrosis and HIF2α. Further molecular evaluations
were in progress. One area of this study was to elucidate the association of GLPG1790 administration
and the control of hypoxia in stem cell recruitment and recurrence. Temozolomide-treated tumours
showed a lower level of leukocyte infiltration but higher necrosis and fibrosis compared to those
treated with RT and GLPG1790. Infiltration of granulocytes (both neutrophils and eosinophils) and
mono-nucleated blood cells (mainly monocytes) participated in the establishment and maintenance of
local inflammation.
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Figure 5. Histological evaluation of GLPG1790-treated xenografts: involvement of tumour
microenvironment in the GLPG1790-mediated anti-tumour events. GBM xenografts contained
giant cells, multinucleated cells and polygonal or spindle-shaped cells with abundant and intensely
eosinophilic cytoplasm and hypochromatic nuclei. Areas with elevated tumour cell proliferation show
a fibrillar collagen background that envelopes abundant vasculature and tumour cells. Deep changes
in the quality of tumour microenvironment as modifications on: angiogenesis and vasculomimicry:
(A) PAS staining; (B) trichromic Masson staining; (C) CD31 immunostaining; (D) vessel counts and
hemoglobin content. (E) Necrosis, which is functionally associated to (F) increased in vitro cytotoxicity
of HBMVEC, reduced in vitro vasculomimicry of U87MG cells and tubule formation of HBMVEC cells,
as well as HIF2α-immunostaining (G). * p < 0.05.
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Leukocyte infiltration was concentrated both along the front of tumour cell growth, as well as
dispersed among the tumour cell sheets (Figure 6A,B). The grade of this infiltration is shown in Table
S4. Further molecular evaluations are in progress looking specifically at elucidating the association of
GLPG1790 administration and the control of inflammation in stem cell recruitment and recurrence.

Figure 6. Tumour infiltration of inflammatory cells. (A) Infiltration of granulocyte (neutrophils and
eosinophils) and (B) mono-nucleated blood cells (monocytes). Leukocyte infiltration was concentrated
both along the front of tumour cell growth, as well as dispersed among the tumour cell sheets. * p < 0.05
vs. CTRL. Scale bar: 1 cm = 100 μm.

3.5. GLPG1790 Increased Disease-Free and Overall Survival in Orthotopic Intra-Brain Tumours as Determined
by Using Differentiated U87MG Cells

The efficacy of GLPG1790 was investigated in mice with experimental brain tumours. We wanted
to inoculate a small number of cells (3 × 103) into the brain to simulate chemo and radio therapy
treatment made after surgery. In such a case, a few tumour cells might remain in the operating bed.
These cells would be able to re-grow and recur. We administered treatments after 5 days when no
bioluminescence could be detected intracranially. Next, we treat animals for 35 days, with a maximum
of 200 days of follow-up without drug administration (total 240 days).

In Figure 7A, we show a schedule of treatments with the animals having different amounts of
bioluminescent signal. Bioluminescence was associated with low, intermediate and large intra-brain
tumors at necroscopy. In Figure 7B, we show the signals obtained by using Alliance Mini HD6 system
(Uvitec Ltd., Cambridge, UK), issued at 42 days from intra-brain cell inoculation in 7/9 mice (one
animal had just died) of control and 3/10 of mice treated with GLPG1790. Parameters pertinent to our
analyses were recorded, including: (i) tumour growth delay (the time at which a luciferase activity
was intracranially detectable), indicating the recurrence time and equivalent to human parameter
DFS; (ii) tumour progression through the analysis of bioluminescence imaging (BLI) photon counts
and tumour volumes (calculated by magnetic resonance imaging, MRI); and (iii) the survival time
(equivalent to human parameter OS) as indicated above. In Figure 7C we analyzed the time of
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appearance of luciferase signal equivalent of the Disease Free Survival (DFS) in mice injected with
luciferase transfected U87MG. In particular control mice developed a bioluminescent lesion after
20–50 days with a mean of 29.0 ± 2.53 days and a median of 30.0 days (20.0–35.0 days, 95% CI);
whereas, in GLPG1790-treated animals, the bioluminescence appeared after 20–65 days with a mean of
46.5 ± 4.53 (p = 0.0050 vs. the control) and a median of 45.0 days (35–65 days, 95% CI). RT showed
a bioluminescent lesion from 20 to 50 days with a mean of 36.0 ± 3.15 (p = 0.1174 vs. the control
and p = 0.0877 vs. GLPG1790) and a median of 32.5 days (30–50 days, 95% CI). The animals treated
with TMZ showed recurrent tumours from 30 to 80 days with a mean of 52 ± 5.06 days (p = 0.0012
vs. control, p = 0.0202 vs. RT and p = 0.4523 vs. GLPG1790) and a median of 47.5 (45.0–70.0 days,
95% CI). Standard RT plus TMZ administration significantly delayed the insurgence of recurrent
tumours from 50 to 240 days with a mean of 128 ± 25.1 (p = 0.0016 vs. control, p = 0.0028 vs. RT,
p = 0.0114 vs. TMZ and p = 0.0072 vs. GLPG1790) and a median of 90 days (50.0–160.0 days, 95% CI).
Next, we generated Kaplan–Meier curves (Figure 7D) and calculated the HRs for each experimental
group. RT treatment showed a non-significant increase in terms of DFS with an HR = 1.67 (p = 0.1379)
compared to untreated animals, whereas GLPG1790 (HR = 2.85, p = 0.0022), TMZ (HR = 3.38, p = 0.0003)
and RT+TMZ (HR = 5.21, p < 0.0001) treatments significantly reduced the percentage of animals in
progression. Although 30% of GLPG1790-treated animals showed bioluminescence during the course
of treatment compared to 70% of RT-treated animals, Kaplan–Meyer curves indicated that the effects
of GLPG1790 and RT were not significant different (Table S5). Similarly, no statistically significant
differences were observed in the comparison between GLPG1790 and TMZ, where 10% of animals
showed progression during the cycle of pharmacological treatment. By contrast, the combination
RT+TMZ produced no animals in progression during the cycle of treatments, being statistically more
active when compared with other single treatments, including GLPG1790. These results could indicate
that: (i) the tumour growth rate in each tumour was not different between RT, TMZ or GLPG1790; and
(ii) if the administration time had been repeated with further therapy cycles, the differences between
these individual administrations could have become significant. Next, we assessed Overall Survival
(OS) values (Figure 7E). Control mice were euthanised from 40 to 80 days with a mean of 61.5 ± 3.4
days and a median of 60.0 (60–65 days, 95% CI). GLPG1790-treated animals survived from 66 to 130
days with a mean of 88.0 ± 6.1 (p = 0.0021 vs. control) and a median of 82.5 days (75–100 days, 95%
CI). RT-treated mice were euthanised from 55 to 90 days with a mean of 75.5 ± 3.1 (p = 0.0099 vs.
control and p = 0.1019 vs. GLPG1790) and a median of 75 days (70–80 days, 95% CI). TMZ showed
a significantly increased survival of animals from 60 to 140 days with a mean of 102.5 ± 8.64 days
(p = 0.0005 vs. control, p = 0.0121 vs. RT and p = 0.2105 vs. GLPG1790) and a median of 100 days
(90–140 days, 95% CI). RT plus TMZ administration showed increased survival of animals from 90
to 200 days with a mean of 170.0 ± 18.0 (p < 0.0001 vs. control and RT, p = 0.0049 vs. TMZ and
p = 0.0007 vs. GLPG1790) and a median of 180 days (100–200 days, 95% CI). The analysis performed
on Kaplan–Meier curves (Figure 7F) showed that a HR = 2.44 (p = 0.0147) for RT administration in the
comparison with controls. Similarly, the efficacy of GLPG1790 (HR = 3.38; p = 0.0010), TMZ (HR = 3.65;
p < 0.0001) and RT+TMZ (5.35; p < 0.0001) were significantly increased in term of OS versus controls.
When GLPG1790 was compared with standard therapies, we found no significant differences. The
combination therapy RT+TMZ was statistically more active when compared with the other single
treatments, including GLPG1790. Once again, this suggested an advantage in using GLPG1790 in
combination with RT or TMZ. Table S5 summarises the statistical analyses of orthotopic results with
U87MG cells.
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Figure 7. GLPG1790 increased Disease Free Survival (DFS) and Overall Survival (OS) in orthotopic
intra-brain tumours using differentiated U87MG cells: a comparison with standard therapies. A
small number of cells (3 × 103) were inoculated into the brain to simulate a chemo and radio therapy
treatment made with tumours in recurrent phase after surgery. Such a low number of cells remaining
in the operatory bed could re-grow and give rise to a recurrence. Five days after cell injection, when
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no luciferase activity was detectable intracranially, treatments were started for a maximum of 35 days
with 200 days of follow-up without drug administration (total 240 days). Ten animals per group were
considered. DFS and OS were recorded as indicated in the Materials and Methods section. (A) Graphical
methodological approach regarding protocols and type of analyses. (B) Representative images for
bioluminescence analysis performed after 42 days from tumor injection and showing the number
and different sizes of positive (bioluminescent) animals for controls (vehicle treated animals) and
GLPG1790. (C) DFS: comparison of GLPG1790 administration with standard therapies. (D) Percentage
of animals in progression analysed using Kaplan–Meyer curves. (E) OS (the time of animal’s death).
(F) Percentage of dead animals analysed using Kaplan–Meyer curves.

3.6. GLPG1790 Increased DFS and OS in Orthotopic Intra-Brain Tumours Generated from Patient Derived
Stem-Like GSCs-5 Cells

We first evaluated the DFS in GCS-5 brain tumours. Controls developed a bioluminescent lesion
from 30 to 50 days with a mean of 33.5 ± 1.9 days and a median of 30 days (30–35 days, 95% CI;
Figure 8A,B). GLPG1790-treated animals developed a visible lesion between 30 and 70 days with a
mean of 48.5 ± 4.5 days (p = 0.0324 vs. control) and a median of 45 days (35–65 days, 95% CI). RT
showed a bioluminescent lesion from 30 to 50 days with a mean of 35.5 ± 2.2 days (p = 0.5172 vs.
control and p = 0.0818 vs. GLPG1790) and a median of 32.5 days (30–40 days, 95% CI). TMZ showed
a significant increase in the insurgency of recurrent tumours from 30 and 80 days with a mean of
58.5 ± 5.1 days (p = 0.0123 vs. control, p = 0.0290 vs. RT and p = 0.5140 vs. GLPG1790) and a median of
60 days (45–75 days, 95% CI).

Figure 8. GLPG1790 increases DFS and OS in orthotopic intra-brain tumours using differentiated
patient derived GICs (GSCs-5). GICs were inoculated into the brain and treated as indicated in Figure 7.
(A) DFS: comparison of GLPG1790 administration with standard therapies. (B) Percentage of animals in
progression analysed using Kaplan–Meyer curves. (C) OS (the time of animal’s death). (D) Percentage
of dead animals analysed using Kaplan–Meyer curves.
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RT plus TMZ administration increased the insurgency of recurrent tumours from 50 and 200
days with a mean of 118 ± 17.0 (p = 0.0002 vs. control and RT, p = 0.0016 vs. TMZ and p = 0.0009 vs.
GLPG1790). Kaplan–Meier curves (Figure 8B) were generated and HR values were calculated. We
observed that the RT treatment showed a non-significant increase in terms of DFS with an HR = 1.45
(p = 0.6491) compared to untreated animals, whereas GLPG1790 (HR = 2.45, p = 0.0060), TMZ (HR = 3.11,
p = 0.0006) and RT+TMZ (HR = 4.20, p < 0.0001) significantly reduced the percentage of animals in
progression. When GLPG1790 was compared with RT, we found that 30% of GLPG1790-treated
animals showed a bioluminescence signal during the course of the treatment compared to 80% of
RT-treated animals, and Kaplan–Meyer curves indicated the GLPG1790 effects (HR = 2.27, p = 0.0192)
were significantly different to RT (Table S2). TMZ showed significantly higher effects in the comparison
with RT treated animals (HR = 3.14, p = 0.0006), but not in comparison with GLPG1790 treated animals
(HR = 1.75, p = 0.1421). The combination RT+TMZ showed no animals in progression during the
cycle of treatments and this resulted in it being statistically much more active than any other single
treatment, including GLPG1790. Figure 8C,D shows the OS of animals treated with single treatments.
Controls were euthanised from 35 and 70 days with a mean of 47.6 ± 9.2 days and a median of 46
days (45–50 days, 95% CI). GLPG1790-treated animals survived from 55 to 130 days with a mean of
85.0 ± 7.3 (p = 0.0002 vs. control) and a median of 80 days (70–100 days, 95% CI). RT-treated mice
were euthanised from 40 to 85 days with a mean of 56.8 ± 12.7 (p = 0.0802 vs. control and p = 0.0038
vs. GLPG1790) and a median of 55 days (50–65 days, 95% CI). TMZ showed a significant increase
in survival of animals from 60 and 130 days with a mean of 95.5 ± 8.5 days (p < 0.0001 vs. control,
p = 0.0004 vs. RT and p = 0.3742 vs. GLPG1790) and a median of 92.5 days, 95% CI). RT plus TMZ
administration increased survival of animals to 90–240 days with a mean of 160.0 ± 12.1 (p < 0.0001 vs.
control, RT, TMZ and GLPG1790) and a median of 180 days (130–185 days, 95% CI) Next, Kaplan–Meier
curves were generated and HR values were calculated (Figure 8D). We observed that the RT treatment
increased the OS with a HR = 2.00 (p = 0.0733) compared to untreated animals. Similarly, the efficacy
of GLPG1790 (HR = 4.15; p < 0.0001), TMZ (HR = 4.30; p < 0.0001) and RT+TMZ (5.25; p < 0.0001)
were significantly increased in term of OS. OS observed for GLPG1790 was significantly higher when
compared to RT (HR = 3.04, p = 0.0027); however, it was similar when compared to TMZ (HR = 1.40,
p = 0.4006) and lower when compared with RT plus TMZ administration (HR = 4.11, p = 0.0002).

A comparison of HRs showed that: (i) HR values for DFS were low and not significantly
different (1.67 and 1.45, respectively), both in RT-treated patient-derived glioma, stem-like cells and
differentiated U87MG cells; (ii) HR values for OS were slightly higher but not significant higher (2.44
and 2.00, respectively) in the same groups; (iii) GLPG1790 effects were higher, in terms of DFS (HR of
2.85 and 2.45, respectively) or OS (3.38 and 4.15, respectively), when compared to RT, in patient-derived
glioma stem-like cells and differentiated U87MG cells; and (iv) TMZ showed higher HR values, though
not significantly higher than GLPG1790, mainly in patient-derived, stem-like cells. Table S6 data
summarises statistical analyses of orthotopic results with CSCs-5 cells. In addition, results on the
effects of GLPG1790 obtained in combination with RT or temozolomide are collected for a further
report that is in preparation.

4. Discussion

Recent studies indicate that GBMs initiate from a small population of GSCs that are committed
to proliferate, namely GICs. This population maintains the stem cell’s ability of self-renewal, as
well as the ability to modulate, through stem cell signal transduction pathways, different aspects
of the malignancy, such as tumourigenicity, local invasion/metastasis and resistance to anticancer
drugs [26,27]. Conventional therapies mainly induce death of the differentiated cancer cells. Therefore,
a forced differentiation of GICs could increase the percentage of cells that can be targeted by these
therapies. This is an interesting and new approach for cancer treatment today. As such, the reactivation
of endogenous differentiation programs tends to eliminate stem-like cell phenotypes in a tumour mass,
reducing resistance to therapy and tumour recurrence. In addition, differentiation agents show less
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toxicity than conventional cancer treatments, though their pharmacological efficacy seems to be limited.
However, novel compounds targeting cancer stem cells are in preclinical and clinical trials. It has been
demonstrated that EphA2 [21], EphA3 [22] and EphB4 [23] are associated with GBM progression, and
modulate glial and neuronal differentiation. In addition, overexpression of EphA2 promotes glioma
cell migration and local invasion [44], and coincides with cancer stem cell renewal [28,44,45]. Small
molecule inhibitors [46,47], monoclonal antibodies [48] or antagonists [49,50] of these receptors have
been developed and they have shown encouraging results.

In a previous report, we described the anti-tumour effects of a pan Eph receptor antagonist,
UniPr1331 [35], which is able to block both the reverse and forward signaling. In this current study,
we studied GLPG1790, a novel small molecule targeting the intracellular kinase domain, as a forced
differentiation agent in GBM preclinical models. GLPG1790 shows a pan Eph receptor activity
with a range of 1 (EphB2) to 77 (EphA1) nM for affinities on isolated proteins [29] and a good oral
bio-availability, being able to cross the blood brain barrier. GLPG1790 was not previously tested for
EpHA3 inhibition, whereas it shows an affinity for EphB4 of 22 nM and for EphA2 of 11 nM [39].
Nevertheless, here we analysed the basal expression of EphA3, EphA2 and EphB4 in two different GIC
cultures corresponding to mesenchymal phenotype (BT48EF and BT12M), as well as in two glioma cell
models (U87MG and U251). Next, we also analysed the inhibition activity versus phosphotyrosines
on whole cells treated with different doses of GLPG1790 and 0.25 μg/mL of ephrin-A1 (ligand of
EphA2) and ephrin-B2 (ligand of both EphA3 and EphB4) with IC50 values ranged between 200 nM
(BT12M) and 348 nM (U87MG) while EphA2 (p-Tyr) activity was inhibited with IC50 values that
ranged between 115 nM (BT12M) and 189 nM (BT48EF) in the same assays.

Previously, this compound was shown to reduce the proliferation of human
rabdo-myosarcoma [28]. where it induces muscle cell differentiation. Here, we hypothesized
that GLPG1790 would be able to revert GICs towards a less aggressive and easier to treat
tumour phenotype. Therefore, we analysed the expression of stem and differentiation markers in
patient-derived glioma stem-like cells after the administration of GLPG1790. We observed that
GLPG1790 was able to reduce stem cell renewal and the growth of glioma spheres. GLPG1790
also induced cell detachment from sphere cultures. The number of single cells was increased in a
dose-dependent manner, and maximally between 1.0 and 5.0 μM. A cohort of stem cell markers (CD44,
Sox2, Oct3/4, Nestin, Stro-1, CD90 and CD105) was down-modulated using GLPG1790 at low doses
(0.5 and 1.0 μM). By contrast, differentiation markers (βIII Tubulin/Tuj1, neurofilaments and GFAP)
were increased. In particular, CD44 expression was reduced as assessed using western blotting and the
percentage of cells was reduced as determined by FACS. Several data present in the literature indicate
that CD44 is essential for both cell stemness and the proliferation of GICs [51,52]. CD44 signaling,
which is obtained via ligation of different substrates including osteopontin (OPN) and αvβ3 and αvβ5
integrins, has recently been implicated in the stem cell phenotype associated with a lower expression
of differentiation marker (GFAP and/or βIII tubulin/Tuj1) and a higher level of sphere formation and
expression of stem cell markers (CD133, nestin and Oct4). Therefore, CD44 might be considered a true
stem cell marker since reduction of its expression reduced self-renewal and induced cell proliferation
and differentiation of committed cells. In addition, CD44 ligation increases DNA repair and impacts
GBM radio-sensitivity [53].

A reduction of stemness is also associated with a reduction of CD90 (Thy1). This marker is
responsible for cell pluripotency and exhibits key properties of cancer initiating cells (CICs), such as
proliferation, differentiation, spheroid formation and tumourigenicity in immuno-deficient mice. CD90
expression is high in high-grade gliomas, whereas it is extremely low in low-grade gliomas or normal
brains [54]. CD90 expression is reduced during cell differentiation. In GBM, CD90 positive cells cluster
proximally to the tumour vasculature. In addition, this marker is associated with therapy-resistant,
quiescent and pluripotent cell populations. CD90 may be considered as a potential prognostic marker
mainly because it resides within an endothelial niche where it may play critical roles in vasculature
maintenance via VM or differentiation into endothelial cells. Here, we observed that the expression of
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different stem cell markers was reduced after GLPG1790 administration, including SOX-2, a marker
necessary for the maintenance of stem cell features [55], and Oct3/4, another self-renewal regulator
in stem cells in GBM [56,57], which up regulates focal adhesion kinase (FAK) and c-Src expression.
Nestin characterises immature neural stem cells and promotes tumour cell proliferation, migration,
and invasion of GBM, correlating with histological grade and poor survival [58]. We observed that after
GLPG1790 treatment, nestin expression was significantly reduced in BT12M cells, whereas the changes
were minimal in BT48EF cells. The expression of CD105 [59] (endoglin) is often associated to increased
VM. This marker is overexpressed in the endothelial niche. We observed that GLPG1790-induced
variations in CD105 expression were significantly related to reduced VM. Next, we found that
expression of β-tubulin III/Tuj1 and neuro-filaments, as well as GFAP, was significantly increased
after GLPG1790 administration. Although these markers are considered to be associated to neuronal
and astrocyte differentiation, respectively, some reports indicated that Tuj1 correlates with malignancy,
high proliferative rates and poor prognosis of GBM [60]. In addition, consistent with other reports,
GBM neurospheres express high levels of GFAP [61].

In vivo experiments indicated that GLPG1790 reduced tumour growth of three different GBM
xenografts. The comparison with standard radio-, chemo- or radio and chemo therapy shows that
GLPG1790 effectiveness was higher than that observed for RT, lower with respect to temozolomide
in U87M and U251, and higher compared to TMZ in O6-methylguanine-DNA methyltransferase
(MGMT)-positive T98G cells. In addition, GLPG1790 increased DFS and OS in orthotopic intra-brain
tumours generated from patient-derived luciferase tagged stem-like GSCs-5 cells. In comparison
with RT, GLPG1790 effectiveness in the intra-brain model was much more elevated compared
to that observed in xenografts. Compared with TMZ, GLPG1790 administration showed similar
efficacy. Nevertheless, the effectiveness of GLPG1790 was lower to that observed for the RT
plus TMZ administration. This difference between the treatments was more reduced in the
cerebral model when compared to the subcutaneous model. In addition, immunohistochemical
analyses indicated that GLPG1790 affected the quality of the tumour microenvironment, which
showed to also have a tumour-supportive character. Tumours with necrotic regions had an
inadequate blood supply, promoting a local increase in vasculogenesis. This was also associated with
impaired blood vessels that had elevated vascular blending, hemorrhage and thrombosis. Although
EphrinB2/EphB4 pathway is important in the regulation of postnatal angiogenesis showing a potential
therapeutic target for ischemic cardiovascular disease [62], vasculogenic processes including the
vascular mimicry are process in which the major role is played by EphA2. In aggressive solid
tumors including GBM, it has been demonstrated that vasculogenic mimicry is dependent on the
VE-cadherin/EphA2/MMP9/MMP2 axis [63], as well as being mediated by the activity of the
EphA2/focal adhesion kinase/paxillin signaling pathway [64].

As a result, these effects amplify GBM tissue damage contributing to inflammation and ischemia.
It is widely considered that human GBM trigger strong pro-immunogenic effects with elevated
recruitment of granulocytes. Neutrophils are the first cells recruited to inflammatory sites, constituting
an important component of the tumour stroma and where they may have both anti-tumoral and
pro-tumoral activities. The imbalance of these activities modulates the appearance of drug resistance
to anti-angiogenic therapies [40–43]. Similarly, eosinophils are able to produce neuro-mediators,
pro-inflammatory cytokines and pro-fibrotic and angiogenic factors involved in tissue remodeling and
repair. Resident macrophages and circulating monocytes may also infiltrate the surrounding necrotic
areas, continuing to release inflammatory cytokines and sustaining inflammation.

Previous reports indicate that the Eph/ephrin system is involved in the regulation of
inflammation [65,66]. Indeed, EphA2 expression is associated in atherosclerotic plaque formation [67].
Ephrin-A1 is upregulated in inflammatory vasculature and EphA2/ephrin-A1, regulates
transendothelial migration/tissue infiltration of monocytes/macrophages. Therefore, EphA2 inhibition
might reduce chronic inflammation [66]. In our experience, GLPG1790 reduced angiogenesis, necrosis
and inflammation. By contrast, RT and TMZ-based chemotherapy, being much more cytotoxic
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procedures, increased tissue damage of vascular structures, tumour mass and healthy tissue. As such,
this resulted in the establishment and maintenance of local inflammation, which in turn, sustained
further necrosis and hypoxia, recruiting GSCs glioma stem cells and may have participated in tumour
recurrence. Further molecular evaluations aim to elucidate the association of GLPG1790 administration
with the control of hypoxia in stem cell recruitment as well as with the control of inflammation in
tumour recurrence. No specific experiments to record toxicology data were performed. However,
in the experiments presented here, we found no differences in weight wasting. The animals with
intracranial tumors treated with GLPG showed a better quality of life linked to the reduced cachecsia
associated with reduced tumor growth and brain edema. However, when tumors reached critical
values, the quality of life parameters dropped and animals were euthanatised.

5. Conclusions

Our data suggested that GLPG1790 possessed satisfactory anti-tumour effects, regulating both
the differentiation status of GICs and the quality of the tumour microenvironment. Of particular
importance was its ability to reduce tissue damage that was the main cause of the maintenance of local
inflammation, recruitment of cancer stem cells and tumour recurrence. Lower local inflammation may
have also been important for the reduction of edema, which is the cause of the main symptoms of
GBM. In addition, GLPG1790 administration showed low toxic side effects. Altogether, these data
support the use of GLPG1790 for clinical trials in GBM patients. Further experimentation is needed to
study possible interactions with radio- and chemotherapy, and preliminary results from our studies
indicate that GLPG1790 showed sensitizing effects with RT and temozolomide.
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Table S5: Hazard ratios for the single therapies (subcutanous xenografts), Table S6: Hazard ratios for the single
therapies (CSCs5 cell orthotopic model).
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Abstract: Glioblastoma multiform (GBM) tumors are very heterogeneous, organized in a hierarchical
pattern, including cancer stem cells (CSC), and are responsible for development, maintenance, and
cancer relapse. Therefore, it is relevant to establish new GBM cell lines with CSC characteristics
to develop new treatments. A new human GBM cell line, named R2J, was established from the
cerebro-spinal fluid (CSF) of a patient affected by GBM with leptomeningeal metastasis. R2J cells
exhibits an abnormal karyotype and form self-renewable spheres in a serum-free medium. Original
tumor, R2J, cultured in monolayer (2D) and in spheres showed a persistence expression of CD44,
CD56 (except in monolayer), EGFR, Ki67, Nestin, and vimentin. The R2J cell line is tumorigenic and
possesses CSC properties. We tested in vitro the anticancer effects of sodium selenite (SS) compared
to temozolomide TMZ. SS was absorbed by R2J cells, was cytotoxic, induced an oxidative stress,
and arrested cell growth in G2M before inducing both necrosis and apoptosis via caspase-3. SS also
modified dimethyl-histone-3-lysine-9 (H3K9m2) levels and decreased histone deacetylase (HDAC)
activity, suggesting anti-invasiveness potential. This study highlights the value of this new GBM
cell line for preclinical modeling of clinically relevant, patient specific GBM and opens a therapeutic
window to test SS to target resistant and recurrent GBM.

Keywords: Glioblastoma; cancer stem cells; new cell line; sodium selenite; xenograft; cell
death; epigenetics
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1. Introduction

Glioblastoma represents the most common type of primary tumors of the central nervous system
(CNS) and has a poor prognosis [1]. Recent studies have clarified the common somatic genetic alterations
that occur in human GBM. The cellular signaling pathways, including phosphatidylinositol-3 kinase
(PI3K) and cell cycle deregulation, are often related to the malignant transformation [2]. Indeed,
cyclin-dependent kinase inhibitors, including p15/INK4b, p16/INK4A, p21/Waf1, p27/Kip1, and
Mouse double minute 2 homolog (MDM2), play a primordial role in this process [3]. Specific alterations
affecting these pathways that include aberrant expression of oncogenes and tumor suppressor genes
are shown to be correlated to tumor prognosis, disease progression, and cancer metastasis [4]. Among
them, amplification of several growth factor receptors, including EGFR, have been associated to a
poor prognosis in GBM [5]. Moreover, Ceccarelli et al. classified GBM in different subtypes, especially
dependent on their transcriptional signature and with a correlation with therapeutic response [6].

Recent findings have identified a subpopulation of stem-like cells within tumors, known as
cancer stem cells (CSC), exhibiting characteristics of both stem cells and cancer cells. In addition to
self-renewal and differentiation capacities, CSCs have the ability to seed tumors when transplanted
into the animal host [7,8]. Concerning the origin of CSCs, one hypothesis is that these cells arise from
normal somatic cells acquiring stem-like characteristics and malignant behavior, for example, via a
glial to mesenchymal transition (GMT) [8]. CSCs are highly resistant to current therapies and could be
responsible for repopulating the initial GBM tumor, which explain the high recurrence of tumors [7].
To date, there is no single marker for CSCs, rather a combination of different markers is used to identify
CSCs in an isolated cell line. Indeed, the expression of Nestin and Sox-2 has been associated with both
the GMT process and CSCs [8–10]. CD34 and CD133 [11] have been used to isolate CSCs from different
tumors [12]. The GMT, a crucial process in glial tumor progression, is characterized by the reduction
of glial markers (GFAP, which is also used as an astrocytic lineage-specific marker [13]) in exchange
for increased expression of mesenchymal markers, such as vimentin [14]. Moreover, the expression of
several markers, including Snail, Sox-2, EGFR, CD44, and Six-1, has been associated with the GMT
process [10,15]. It should be noted that the induction of epithelial (E)-MT also significantly led to the
expression of markers associated with breast CSCs (for a review see [16]). In GBM, the malignant
cells are thought to acquire motility by degrading or interacting with extracellular matrix (ECM)
components through matrix metalloproteases (MMPs) and specific cell surface molecules, respectively.
In this process, CD44, highly expressed during GMT [17], plays an important role in the implantation
of tumor cells, allowing the initiation of a metastatic cascade related to the modulation of several
cellular characteristics, including adhesion, motility, and matrix degradation [18]. Epithelial markers
include adherens and tight junction proteins, such as E-cadherin and ZO-1, whereas mesenchymal
markers include, for example, the extracellular matrix component, fibronectin, and the intermediate
filament protein, vimentin (for a review see [17]).

Epigenetic modifications are implied in GBM progression [19]. Histone (H) methylation is a
complex process implying several histone lysine demethylases (KDM) associated to a variety of
physiological and pathological conditions, including cancer. Histone methylation involves specific
lysine and arginine of H3 and H4 implied in the regulation of gene transcription and in the support of
gene maintenance either on activation or on a repressive dynamic process [19]. Lower global levels
of H3K9m2 predict poor prognosis in kidney and prostate cancers [20], but not in lung cancer [21].
Concerning H3K9m2 level regulation, some KDM has been studied, such as LSD1 (KDM1), associated
with demethylation of H3K9m1/m2, lysine-specific demethylase 4C (KDM4C/JMJD2C), and G9a,
which demethylase H3K9m2/m3 [22].

Temozolomide (TMZ) is the standard of care for GBM, but it still has limitations
and unsatisfactory outcomes, particularly in patients with tumor cells expressing the
O(6)-methyguanine-DNA-methyltransferase (MGMT) [1,23]. Moreover, resistance to TMZ has become
a major concern in GBM treatment, thus new therapies are urgently needed.
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In this way, we study sodium selenite’s (SS) anticancer properties. We have previously showed
that the chemical form and doses influenced its ways of actions [24,25] and we investigated SS
anticancer properties in human GBM cell lines [26,27]. We, and others, indicated that SS induces cell
death via oxidative stress. Indeed, in the T98G GBM cell line, 24h SS (5, 10 μM) treatment induced a
significant decrease of thiol groups and glutathione [27].

The susceptibility of the cultures to the effects of SS depends on the cell type. Indeed, several
authors showed that SS was preferentially toxic to malignant glioma cells over normal astrocytes.
For example, Rooprai et al. [28] found an IC50 of 28.9 μM for SS in anaplastic astrocytoma within 8 h
of treatment whereas it was not reached for 69.36 μM in normal human astrocytes. Kim et al. [29]
reported an IC50 comprised between 3 and 5 μM for the established human GBM cell lines (U87MG,
U343, A172, and U251) treated during 24 h, whereas, interestingly, no toxicity was reported with 7 μM
of SS in normal astrocytes [29]. In vivo, SS accumulates preferentially in the tumor rather than the
normal brain tissue in Wistar rats bearing C6 glioma and treated for 4 weeks with 2 ppm to 5 ppm of
SS in drinking water [30].

This last point is of great relevance for GBM therapy as crossing the blood brain barrier (BBB) is
one of the challenge of new drugs: SS crosses the BBB [31].

Anti-cancer properties of sodium selenite in vitro are so encouraging that SS deserves to be
deeply studied for chemotherapeutic responses, before being given up. The clinical trial, SECAR
(Sodium Selenite as a Cytotoxic Agent in Advanced Carcinoma, https://clinicaltrials.gov/ct2/show/
study/NCT01959438), is ongoing. The phase I has allowed determination of the maximal tolerated
dose (MTD) as 10.2 mg/m2 (phase I). The aim of the phase II, which is in progress, is to use MTD and
to study responses, if any, in malignant tumor and in treatment resistant tumors.

The aim of our study was first to characterize this new cell line, named R2J, which expresses the
MGMT transcript and exhibits CSC properties associated with in vivo tumor growth, and, second,
to evaluate in vitro SS effects.

2. Results

2.1. Immunohistochemistry of the Original Tumor

The resected tumor was positive for GFAP, Ki67, vimentin, CD56, and nestin. Only few cells
were positive for EGFR and CD44 (Figure 1, Table 1). It is worth noting that Ki67 staining can reach
30% on some focus. Neuronal markers, NF70, synaptophysin, and NeuN, were also tested and were
not detected.

Table 1. Immunohistochemical characterisation of the original tumor compared to R2J monolayer cells
and to R2J forming spheres. The expression level is expressed as followed: -: no expression, +: positive
expression, nd: Not determined.

Related Family Proteins Tumor R2J Monolayer (2D) R2J-Gliospheres

Conventional GBM
markers and

subtypes

ATRX nd + +
GFAP + − −
IDH1 nd − −
Ki67 + + +
Olig2 − − + rare cells

TP53 mutated nd − −
Vimentin + + +

Neuronal markers
CD56 + − +
neuN − − −
NF70 − − −

Growth factor
receptors EGFR + low expression + few cells + few cells

Cell cycle markers P16/INK4 nd + +
MDM2 nd − −

Cancer stem cell
markers

CD34 − − −
Nestin + + +

Mesenchymal shift CD44 + rare cells + (>90%) + few cells
E-cadherin nd − −
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Figure 1. Original tumor was labelled with different markers (see Table 1) as described in the Materials
and Methods, using a revelation DAB (peroxidase) for CD56, CD44, GFAP, EGFR, and Ki67 and a
revelation Fast Red (alcaline phosphatase) for Nestin. Only positive labellings are shown. Pictures
were captured using Leica ICC50 camera connected to a Leica DM2500 microscope (objective ×20).
Scale bar: 100 μm.

2.2. Phenotypic Characterisation of Tumor and R2J Cells

Original tumor cells were heterogeneous with a big nucleolus (Figure 2a). Numerous mitosis
was shown with a high mitotic index (MI) > 5%. More than 90% of the cells from CSF were round
and uniform (10–15 μm) (Figure 2b); the nucleus was round with numerous nucleoli. Most of mitotic
figures appeared morphologically normal (MI = 2%). Less than 5% of the cells were multinucleated.

Currently, R2J cells are maintained under passage 50 and retained cellular phenotypes’ diversity.
Indeed, more than 70% of the cells were round and small (15–20 μm), 10% of the cells were round,
giant (30–50 μm), and multinucleated (2–5 nuclei), and less than 20% of the cells exhibited fibroblastic-
or glial-like morphology (Figure 2c). Cytospin slides stained with MGG essentially showed small and
giant cells.

R2J cells were able to form colonies with a PE = 12.4% ± 3.1 (PE = (counted colonies/cells plated)
× 100).
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Figure 2. Morphological and phenotypic analysis of (a) the biopsy of the original tumor: HES staining
shows the heterogeneity of the tumor cells and mitosis. Scale bar = 100 μm (b) cerebro-spinal fluid
(CSF): May Grunwald Giemsa (MGG) staining shows mitosis and a giant cell. Scale bar = 25 μm
(c) R2J cells in 2D culture: MGG staining shows giant cells (←), fibroblastic-like cells (⇐) and glial-like
cells (<). Scale bar = 100 μm (d) R2J forming spheres in a medium without serum, 7 days (i) and 25 days
(ii: ×100 and iii: ×200) after the seeding. Pictures are representative of more than four independent
experiments. Scale bar = 100 μm.

2.3. R2J Cells are Able to Form Gliospheres

When R2J are plated in a cell repellent 10 cm-dish, small spheres containing 10–20 cells were
formed 5–6 days after the plating. The sphere diameter increased each day and tumor spheres can be
passaged every week for many generations in fresh medium without serum (Figure 2d). The percentage
of TS-ICs to examine the efficacy of clonogenesis was 1.9% ± 0.1 (n = 3 independent experiments).

2.4. Immunohistochemistry of R2J Cells Cultured in 2D and in Gliospheres

Compared to the original tumor, R2J cells in culture (2D and spheres) lost the GFAP and CD56
expressions (only 2D) whereas Ki67, vimentin and nestin expressions were conserved as well as
mesenchymal shift markers, such as CD44 (Figure 3, Table 1).

Comparing 2D vs. spheres, it appears that only olig2 and CD56 were expressed in spheres.
E-Cad transcript was tardily detected in RT-q-PCR (Ct = 37.1 ± 0.9) and the protein was not detected
(Figure 3). Concerning Sox2 transcript, it was detected early by RT-q-PCR both in 2D and spheres
cells (Ct = 21.4 ± 0.9 and 24.5 ± 2.3, respectively). Moreover, N-Cad transcript was neither detected in
adherent R2J cells nor in spheres.
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Figure 3. R2J cells cultured in monolayer or in spheres were labelled with different markers as described
in the Materials and Methods. Scale bar = 100 μM.

2.5. MGMT Status of R2J Cells

R2J cells expressed MGMT transcript (evaluated by RT-q-PCR) with a cycle threshold (Ct)
value=34.8 ± 4.1 (n = three independent experiments). U251 cell line was used as a negative control
for MGMT status (no Ct) and T98G was used as a positive control with Ct = 26.11 ± 0.04 (n = three
independent experiments).
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2.6. Chromosome Analysis

Karyotype analysis, at passages 5 and 35, showed that proliferative R2J cells possess an abnormal
karyotype (Supplementary Material, Figure S1). R2J cells are hypotriploid (modal number 64) and
showed a large number of numerical abnormalities: A recurrent loss of chromosomes (chr-) 6, 8, 9,
10, 11, 13, 21, 22, and X, a gain of chr-7 (five copies), chr-14 (four copies), and chr-19 (four copies).
The chr-Y was not observed whereas R2J was from a male patient. One recurrent structural change
(add 7q11) was always present. This was consistent with the degree of malignancy of the original tumor
(diagnosed GBM). Moreover, analysis of DNA content by flow cytometry confirmed the polyploidy of
the R2J cells.

2.7. R2J Cells are Tumorigenic and Cancer Stem Cells

All the nude mice intracranially implanted with R2J cells cultivated in monolayer (2 × 105

cells, n = 4) and in spheres (2 × 105 cells, n = 4 and 1000 cells, n = 4) were tumor bearing (Figure 4).
Two weeks after the implantations, MRI revealed the presence of tumors in mice, which was confirmed
56 days post implantation (PI) for monolayer cells (Figure 4a) and 32 days PI for spheres (Figure 4b,c).

 

 

Figure 4. Cont.
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Figure 4. In vivo tumorigenicity of R2J cells after intracranial implantation in nude mice of (a) 2 × 105

cells cultivated in the monolayer (b) 2 × 105 or (c) 1000 cells cultivated in spheres. MRI acquisitions
were performed post implantation at the times indicated. Mice were sacrificed after the last MRI.
Tumor volumes were calculated by adding each tumor x slice thickness (0.5 mm2). (a) Implantation of
2 × 105 R2J monolayer cultivated cells. (b) Implantation of 2 × 105 R2J sphere cells. (c) Implantation of
1000 R2J sphere cells.

2.8. SS Absorption

Se was measured by Inductively Coupled Plasma Mass Spectrometry ICP-MS both in lysates
and medium in R2J-2D cells treated with SS. The quantity of Se absorbed significantly increased with
the SS concentration added. Indeed, at 2.5 μM, the percentage of Se measured vs. Se added was
0.6% ± 0.2 vs. 2.8% ± 0.7 at 5 μM (p < 0.05 vs. 2.5 μM) vs. 3.7% ± 1.3 at 10 μM (p < 0.005 vs. 2.5 μM)
for n = three independent experiments.

Se recovery was 102.7% ± 1.1 at 2.5 μM vs. 83.2%±4.1 at 5 μM (p < 0.0001 vs. 2.5 μM) and vs.
79.9% ± 7.0 at 10 μM (p < 0.0001 vs. 2.5 μM) for n = three independent experiments. It means that a
loss of Se depended on the concentration added.
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2.9. SS Triggered both Apoptosis and the Necrosis Cell Death Process

For SS treatment in R2J-2D cells, IC50 values were 3.4 μM ± 0.2 and 2.6 μM ± 0.2 at 24 h and
72 h, respectively (Figure 5a), whereas IC50 was not reached after TMZ acute treatment, until 1mM
for 72 h [32] or after the long term treatment, although TMZ was significantly cytotoxic at 40 μM
(Figure 5b). Our results suggest that R2J cells are resistant to TMZ. It should be noted that upper TMZ
doses were not testable due to DMSO cytotoxicity. U251, which are MGMT negative and p53 mutant,
exhibited comparable IC50, i.e., 5.44 μM ± 0.02 and 3.50 μM ± 0.03 at 24 h and 72 h, respectively
(Figure 5c), but were more sensitive to the TMZ long term treatment with a significant cell mortality at
10 μM (Figure 5d).

Flow cytometry analysis showed that SS significantly triggered both necrosis and apoptosis at
5 μM for 24 h which was amplified at 48 h (Figure 5e). These results were confirmed by confocal
analysis with increased PI staining, a nuclear bean shape specific of apoptosis, and loss of fluorescein
diacetate (FDA) at 5 μM-24 h (Figure 5f).

The induction of apoptosis by SS was finally confirmed by a significant increase of caspase-3
activity at 5 μM-24 h (Figure 5g).

Figure 5. Cont.
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Figure 5. Sodium selenite (SS) cytotoxicity and cell death triggered. SS is more cytotoxic than TMZ
in R2J ((a) and (b)) and in U251 ((c) and (d)) cells: Cell survival was evaluated by an MTT assay
performed on cell growing without (control = 100%) or with variable doses of sodium selenite for
24 h and 72 h (a,c) or sodium selenite or TMZ for 72 h, followed by 72 h of wash-out (b,d). Results,
expressed in percentage of cell survival vs. the control, are the mean ± SD of three independent
experiments with * p < 0.05, ** p < 0.005, *** p < 0.0005, and $ p < 0.0001 vs. control. In (a), only the first
statistical significance was specified to avoid an overloading of the graph. (e) Apoptosis (Annexin-V
labelling) and necrosis (PI labelling) were evaluated by flow cytometry analysis, 24 h and 48 h after
SS treatment. Results are the mean ± SD of four independent experiments. The percentage of cells in
each quadrant was compared as a function of the SS concentration and when significant, the p value
was informed. Q3 represents viable cells, Q1: Necrotic cells, Q2: Both necrotic and apoptotic cells, and
Q4: Apoptotic cells. (f) Confocal microscopy: R2J were exposed to different concentrations of sodium
selenite for 24 h and labelling was compared to the controls. Intact cells were revealed by intracellular
green fluorescence of FDA (no loss of plasma membrane integrity) whereas the nuclei of necrotic cells
were labelled with propidium iodide (PI) (red fluorescence). The Hoechst blue fluorescence allowed
the discrimination of apoptotic nuclei with an irregular shape (informed white arrows) that exhibited
bean-like morphology or were fragmented whereas the intact nuclei displayed a regular shape. Pictures
are representative of three independent experiments. Scale Bar: 40 μm. (g) SS triggered apoptosis via
caspase-3. Caspase 3 assay was performed in R2J cells seeded at 6000 cells/cm2 and treated with SS
for 24 h. Cells and medium were then recovered, centrifuged for 3 min, 360 g, room temperature and
rinsed twice with PBS. Cells were lysed in 50 μL of the Caspase-3 lysis buffer. Results are mean ± SD
of three independent experiments with $ p < 0.0001 versus the control.

2.10. SS Induced DNA Fragmentation and Cell Cycle Arrest in G2

R2J-2D cell cycle was evaluated by flow cytometry after SS treatment. At 24 h-2.5 μM, SS
significantly moved the cells from the G0/G1 to the G2M phase. This arrest in G2 was dose-dependent
and was amplified at 48 h (Figure 6).

The subG0G1 analysis allowed evaluation of the DNA fragmentation, which was significantly
induced by SS-24 h for the 5 and 10 μM treatment. For the higher doses used at 48 h, i.e., 5 and 10 μM,
only a third and a quarter of the R2J cells remained, respectively, alive (Figure 5e), making the cell
cycle analysis difficult.
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Figure 6. SS blocked the cell cycle in G2M. SS effects on R2J cell cycle (PI staining) was evaluated
by flow cytometry analysis, 24 h and 48 h after SS treatment. Results are the mean ± SD of four
independent experiments. Percentage of cells in each cell cycle phase was compared as a function of
the SS concentration and when significant, the p value was informed. The subG1 was used to evaluate
DNA fragmentation.
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2.11. SS Acted at the Epigenetic Level

HDAC activity was determined using a fluorometric analysis, after 24 h and 48 h of SS-treatment
in R2J-2D cells. SS significantly altered the HDAC activity at 48 h-2.5 μM (Figure 7a).

H3K9m2 level was evaluated by flow cytometry after 24 h SS-treatment. SS treatment for
24 h increased H3K9m2 level in R2J cells as a tendency at 2.5 μM (p = 0.055) and significantly at
5 μM (p = 0.0318) (Figure 7b).

Figure 7. Epigenetic regulations under SS treatment. (a) SS altered HDAC activity. R2J-2D cells were
not treated (control = 100%) or treated with 2.5 and 5 μM SS for 24 h, 48 h, and 72 h, and harvested. Cell
lysates were obtained after five thaw-freeze cycles. HDAC activity (expressed in RFU) was determined
using a fluorometric kit and results were normalized by the protein concentration in each sample.
Results, expressed in percentage vs. control, are the mean ± SD of three independent experiments with
* p < 0.05 and *** p < 0.0005 vs. control. (b) SS modulated the H3K9m2 level. 1 × 106 R2J-2D cells fixed
and permabilized were incubated with a monoclonal anti-dimethyl-H3K9 antibody to determine the
methylation level of H3K9 after 24 h culture in the presence of SS at 2.5 and 5 μM versus not treated
cells. A goat anti rabbit-FITC labelled antibody allowed the flow cytometric analyses with FACSCanto
II. Results expressed in percentage vs. the control (not treated) are mean ± SD of five independent
experiments, with * p < 0.05 vs. control.
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2.12. SS Induced Oxidative Stress, Autophagy, and Reticulum Endoplasmic Stress

Oxidative stress was evaluated by quantifying thiol groups concentration in R2J and U251 cells,
grown in the monolayer, after 24 h of SS treatment. SS significantly decreased thiol groups in both cell
lines whereas TMZ did not (Figure 8a).

 

 

Figure 8. SS’s potential way of action was studied by evaluating (a) oxidative stress by thiol group
levels in R2J and U251 cell lines after being treated for 24h with SS or TMZ. Cell lysates were obtained
after five thaw-freeze cycles. Thiol groups (μM) were normalized by the protein concentration in each
sample. Results, expressed in percentage vs. control (not treated cells), are the mean ± SD of three
independent experiments with * p < 0.05, ** p < 0.005, and *** p < 0.0005 vs. control. (b) Autophagy
(p62 and LC3-II), reticulum stress (Grp78), and DNA damage (pH2AX) by Western-blots analysis, 72 h
after SS or TMZ treatments followed by 72 h of wash-out. Chloroquine (Cq) at 20 μM was used as a
positive control to block autophagy 1 h before SS or TMZ treatments.
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Western-blots showed that SS at 2 μM and TMZ at 100 μM repressed autophagy with an increase
of p62 and LC3-II both in R2J and in U251 cells and induced a reticulum stress with an increase of Grp78
only in R2J cells (Figure 8b). It should be noted that chloroquine (Cq) at 20 μM was used as a blocker
of autophagy. Interestingly, SS at 2 μM did not cause pH2AX expression (DNA damage) whereas TMZ
did (Figure 8b). All these results suggest that SS and TMZ do not have the same mechanism of action.

3. Discussion

Despite the great efforts made to fight against GBM and the advent of TMZ as the first line CT
agent available for long term application, the prognosis of patient suffering for GBM remains poor [1].
One problem is chemo-resistance, supposedly related to CSC, in which cells escape CT-induced cell
death [33]. One hypothesis is that CSC can later differentiate into proliferative progenitor-like and
more differentiated tumor cells that characterize the histological traits of the tumor entity [8]. New
therapeutic approaches are likely to generate new drugs able to destroy the CSC of the tumor to stop
the tumor progression.

In vitro tests are essential to raise these questions with the development of new cancer cell lines
with CSC characteristics. Their individual phenotypic and/or genotypic characteristics provides a
valuable means for this search [34–36]. The R2J cell line described herein was established from a
CSF from a patient with a GBM. The karyotype and cell cycle analysis revealed a mixture of diploid
(2n) and tetraploid (4n), but also 8n and 16n cells, a gain of chr-7 and -19, which may be due to an
endoreplicative process frequently occurring in malignant cells and commonly associated to GBM [37].

There is a diversity of cellular phenotypes within the R2J-2D cell population that may reflect
mixtures of progenitors, differentiated cells, and presumed cancer stem cells. Indeed, our data supports
that R2J cells are derived from a tumor containing multipotent neural stem cell-like cells where a
population of CSC persists. Indeed, R2J cells expressed Nestin and CD44, which is different from other
usual reported GBM MGMTt+ cell lines, like T98G [13]. R2J cells are able to form spheres (1.9%) in a
serum-free medium, with self-renewal capability, as reported for U87 (2.5%) [38] and U251 (1.15%) [39].

The most prevalent form of glioma is referred to as astrocytoma, based on the predominance of
GFAP+ astrocytes-like cells within the tumor mass. GFAP is then used as an astrocytic lineage-specific
marker [13]. The original tumor expressed GFAP, which was lost in adherent and R2J spheres.
Furthermore, adherent R2J did not express CD56, a neuronal lineage marker, whereas the spheres
expressed it, suggesting that R2J cells are more likely to differentiate into neurons than in astrocytes.
Moreover, in R2J spheres, the strong expression of Nestin, Sox2, and CD44 also suggests that R2J
cells are engaged in an incomplete GMT process that may induce a partial acquisition of some CSC
markers. Indeed, recent studies have established a possible link between a passage through GMT and
the acquisition of GSC properties. Thus, the expression of Nestin and Sox-2 has been associated with
both the GMT process and CSC [8–10]. In mammary cells, the induction of EMT has also significantly
led to the expression of markers associated with breast CSCs (for a review see [16]).

Proliferation may be altered by cellular signaling pathways modifications related to growth
factor receptor expressions [2,3]. EGFR, associated to a poor prognosis [40], is expressed in some
R2J cells, which are denoted with the polysomy of chr-7, but the abnormal karyotype of R2J cells
is a common feature of GBM [41]. From all our results and on the basis of the molecular profiling
established by Verhaak et al. [6,42] and on the new WHO classification [43], the R2J cell line could be
classified into the mesenchymal-like subtype into the isocitrate deshydrogenase IDH-wildtype glioma
subgroup. Additionally, the combination of a high expression of mesenchymal (CD44), progenitor cell
markers (nestin, SOX2) is evocative of an epithelial (glial)-to-mesenchymal transition that has been
linked to dedifferentiated and transdifferentiated tumors [17]. Moreover, the R2J cell line presents
some similarities with the mesenchymal described USC02 cell line [44], with SOX2, CD44, and nestin
expressions, and the capability to form spheres when cultured with growth factors, and to form tumors
after intracranial implantation into nude mice.
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The xenograft of R2J cells cultivated in 2D or in spheres resulted in the formation of a detectable
tumor within 14 days post implantation into the striatum of nude mice. These results allowed
conclusions on the tumorigenicity of this cell line and on its CSC properties [7]. Indeed, only
1000 spheres isolated from the total R2J-2D population were able to trigger a highly proliferative
tumor growth.

As a first conclusion, although numerous GBM cell lines have been published, few of them have
been established from tumor cells expressing MGMT transcript and having resistance to TMZ. Indeed,
T98G is p53 mutation, has a positive MGMT status, and is resistant to TMZ [45]. Only U251 [39]
and U87 [38] have been reported to contain a CSC population, but these are both MGMT negative.
Moreover, LN229 and U251 are different from T98G and U87 by expressing nestin, SOX2, and CD44 [13].
Then, the R2J cell line really has added value because in addition to being MGMTt+, they exhibit CSC
characteristics with in vivo tumorigenesis that are relevant to the testing of new drugs.

In this line, as we reported SS-anticancer effects in GBM cell lines cultivated in 2D [26] and in
cell-cluster spheroids [27], we in vitro tested SS on the R2J-2D cells.

SS was cytotoxic in the micromolar range and much more toxic than TMZ, for which the IC50
was not reached at a higher dose and after long term treatment. This is consistent with the fact that the
patient did not respond to TMZ that may be correlated with a MGMT transcript positive expression.
Similar results were obtained in the T98G cell line, also positive for MGMT transcript expression [46],
which exhibited a high TMZ resistance (IC50 was not reached at 1mM-72 h [27]).

R2J cells absorbed SS, and an uncomplete recovery suggest the generation of volatiles Se
metabolites, as reported in prostate, colon, and Jurkat cell lines [47]. The SS absorption triggered
DNA fragmentation and cell cycle arrest in G2, leading to both necrosis and apoptosis via caspase-3
activation, as reported in three GBM cell lines that were SS-treated [26]. These results are essential as
R2J cells expressed a high level of HDAC that plays an important role in gene expression associated to
cell proliferation (p21/Waf1, p27/kip1, p16/ink4a) and apoptosis via Bad, Trail, and FasL in glioma
cells [48].

SS metabolism generated Se intermediates, which are also responsible for SS toxicity, such as
selenide, selenocystine, and elemental Se [49]. Oxidative stress via the generation of anion superoxide
is considered an essential process by which selenite applies its cytotoxicity [47,49].

To sustain an oxidative stress way of action and subsequent pathways, we showed that SS
depleted thiol group concentration, in both R2J (p53 wild–type) and U251 (p53 mutant) cells, contrary
to TMZ. Indeed, reactive oxygen species ROS production is dependent on the reduction of selenite
to selenide through the consumption of thiols [50]. It was also shown that the changes in the redox
status induced cell death via apoptosis and via mitochondria-selective autophagy (mitophagy) in
glioma cells [29]. Western-blots experiments showed that SS repressed autophagy in both cell lines
and induced reticulum stress only in R2J cells. Interestingly, SS at 2 μM did not cause double strand
breaks whereas TMZ did. In parallel, TMZ did not deplete thiol groups, suggesting that SS and TMZ
do not have the same mechanism of action and thus could have complementary effects to target GBM
cells, if used in combination.

Epigenetic regulation of chromatin organization is a key regulator of gene expression that can
significantly impact tumor biology and tumor response to therapies. In many tumor types, mutated or
modified epigenetic regulators have been clearly associated to tumorigenesis because of their effects
on gene expression (reviewed in [19]), and this has led to the development of pharmacologic inhibitors
specific of these actors. At the epigenetic level, we focused on histone acetylation and methylation,
both modulated by SS in R2J cells. Indeed, HDAC activity was significantly reduced by SS, as already
reported in GBM cell lines [26]. In R2J cells, the inhibition of HDAC concomitant with cell proliferation
braking and apoptosis induction is consistent with the role of HDAC in these two processes. Therefore,
our results led to the intriguing question: How do both these epigenetic modifications interact and
would they be able to re-express suppressor tumor genes? Some recent data have revealed an interplay
between histone methylation, DNA methylation, the autophagy process, and apoptosis. An interesting
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study [51] showed that the histone methyltransferase, G9a, inhibits the expression of genes involved
in the autophagy process. Indeed, the pharmacologic inhibition or genetic depletion of G9a triggers
the formation of LC3B-II, the aggregation of p62, and the formation of autophagosomes. This loss of
G9a leads to a reduction of H3K9m2 levels. In addition, a recent study [52] showed that BIX01294,
an inhibitor of G9a, induced autophagy in glioma cells and stimulated differentiation of glioma stem
cells (spheres cultivated without serum), associated with lower levels of H3K9m2 as the promoter of
autophagy related genes. Taken together, our data suggest that SS could cause a regional remodeling
of chromatin that may trigger apoptosis and cell cycle arrest.

4. Materials and Methods

4.1. Clinical Data of the Patient

In October 2009, the patient (a 49-year old white male without any medical history) felt faint
and lost consciousness. Magnetic resonance imaging (MRI) showed a right tempo extensive process
compatible with a GBM. In November 2009, the tumor was resected and histological analysis confirmed
the diagnosis of GBM with a leptomeningeal extension (Figure 1). After the surgery, hydrocephalia and
an unmanageable headache appeared. The patient was unfit to receive any conventional treatment,
such as chemotherapy or/and radiotherapy.

Instead, the patient received weekly intrathecal injections of Trastuzumab because CSF glioma
cells overexpressed HER2. In May 2010, symptoms and the leptomeningeal extension decreased,
but the patient presented a local tumor progression on the MRI. So, the patient was treated
with radiotherapy plus concomitant TMZ. In August 2010, because of tumor progression and
leptomeningeal carcinomatosis progression, no more treatment was compatible with the patient’s
health condition and he received standard palliative care. The patient died in October 2010.

4.2. Origin of R2J Cells

The tumor cells were isolated from the CSF of the patient (November 2009). The analysis
of CSF showed numerous tumor cells with a high mitotic index, indicating a leptomeningeal
carcinomatosis. These cells were cultured and the derived R2J cell line was successfully cryopreserved
at different passages.

4.3. Morphological Analysis

The primary biopsy (original tumor) was processed for histopathologic study using standard
methods and sections were stained with hematoxylin and eosin safran (HES).

R2J cells from the CSF were isolated by cytocentrifugation (Cytospin, Shandon, Pittsburgh, PA,
USA) and stained using May Grunwald Giemsa (MGG) using a Zeiss microscope (Oberkochen,
Germany). Pictures were taken using a Canon Power Shot S50 digital camera (Courbevoie, France).

4.4. Cell Culture

U251 cells were purchased from the American Type Culture Collection ATCC. They were
cultured in DMEM medium containing 10% fetal calf serum (FCS) supplemented with penicillin
(100 IU/mL), streptomycin (100 μg/mL, PS) and L-Glutamine (2mM) (Life Technology, Walthma, MA),
in humidified normoxia incubator. U251 were harvested using 0.5%-Trypsin-EDTA (10×) (#15400-054,
LifeTechnologies). U251 was chosen due to its MGMT negative and p53 mutant status.

R2J were cultured in RPMI 1640 medium enriched as described for U251, in humidified hypoxia
incubator (3% O2, 5% CO2, 37 ◦C). R2J were harvested as described for U251.

For sphere formation, the R2J cells were grown in non-adherent 10-cm diameter Petri dishes
(Greiner, les Ulis, France) coated with PolyHema (#P3932, Sigma, St Louis, MO, USA,) in DMEM-F12
medium (Life Technologies,) without serum containing 20 ng/mL human EGF, FGF-2, and 1×
NeuroBrew-21 (Miltenyi Biotec, Bergirsch Gladbach, Germany), and PS (as above) in hypoxia.
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To conform with already published methods, the cells were plated at low density (10 per μL) to
allow clonal sphere formation [53,54].

PolyHema was prepared at 10 mg/mL in ethanol 95% and sterilized by filtration on a Stericup
(Millipore Express PLUS 1070, Temecula, CA, USA). To coat the 10 cm Petri-dish, 4mL of this solution
was applied. The dishes were put in a dry incubator overnight, at 60 ◦C to dry the PolyHema.

4.5. Immunohistochemistry

Embedded paraffin tumor was analyzed in 2009 for CD56, Ki67, GFAP, NeuN, NF70, and
synaptophysin, according to the current procedure of the laboratory. The Bouin’s fluid fixative
used at this time is not compatible with the current methods of the laboratory and the immuno-histo
staining obtained for some markers (IDH1 and olig2, for example) was unsatisfactory except for EGFR,
CD44, CD34, and Nestin, performed after 2009.

R2J cells cultured in 2D or in spheres were fixed in formol 4%, 30 min before being included
in HistogelTM (Microm Microtech, Francheville, France) and paraffin embedded. HES and IHC
analyses were performed from 3 μm paraffin sections using a Histostain® plus kit (Thermo Fisher
Scientific, Waltham, MA) and Vector novaRED™ substrate kit for peroxidase or Ventana Benchmark®

XT platform (Roche, Rotkreug, Switzerland). Only nestin was revealed using Fast Red Bond Polymer
Red Refine Detection (#DS93390, Leica Biosystems, Newcastle, UK).

CD-56 (#MAB24081) and Olig2 (#AF2418) antibodies are from R&D Systems (Temecula, CA, USA),
MIB1/KI67 (#M7240), p53 (#M7001) and Vimentin (#M0725) were from Dako (Glostrup, Danemark),
GFAP (#2202MGF, Eurodiagnostica, Malmö, Sweden), EGFR (#28-0005), E-Cadherin (#18-0223),
and MDM2 (#33-7100) were from Zymed Lab, (South San Francisco, CA, USA), IDH1 (#DIA-H09,
Histonova, Clinisciences, Nanterre, France), Nestin (#MAB5326), and NeuN (#MAB377) were from
Zymed Lab (South San Francisco, CA, USA), ATRX (#HPA001906) and CD44 (#144M-95) were
from Sigma Aldrich, P16 (#9511, MTM Roche, France), Neurofilament 70-200 (#Mob080, Diagnostic
BioSystems, Pleasanton, CA, USA), and CD34 (#PN IM0786, Beckman Coulter, Brea, CA, USA).

4.6. Flow Cytometry Analysis

R2J-2D cells were seeded at 6000 cell/cm2 in 10 cm Petri-dishes 48 h before treatment with SS
(Sigma) for 24 h or 48 h, after which cells and medium were recovered, centrifuged (3 min, 360 g, RT),
and cells were rinsed twice with PBS1X.

Apoptosis and the cell-cycle were evaluated with the FITC-Annexin V Apoptosis Detection kit
and the Cycle Test Plus DNA reagent kit (BD Biosciences, San Jose, CA) following the manufacturer’s
instructions. The analysis of cells in the subG1 phase was used to determine DNA fragmentation.

For dimethyl-Histone H3-Lysine-9 (H3K9m2) analysis, 106 cells were fixed 30 min in PFA 1% on
ice and then permeabilized with 0.1% Triton × 100 in PBS, 30 min on ice. R2J cells were washed in
PBS/BSA 1% twice before adding 1 μL of the rabbit monoclonal antibody, anti-H3K9m2 (#MC554,
Millipore), 45 min. The H3K9m2 level was revealed using a (FITC)-conjugated F(ab)′2 fragment goat
anti-rabbit IgG(H+L) (Beckman Coulter), 30 min, 4 ◦C.

Cell fluorescence was detected with FACSCantoII (Becton Dickinson) and analysed with FACS
Diva Software.

4.7. Chromosome Analysis

The chromosomes were analyzed according to the International System for Human Cytogenetic
Nomenclature. Culture was exposed to 10 μg/mL colchicine for 60 min. Slides were processed for
R-binding using heat and the Giemsa-RHG method [55].

4.8. Limiting Dilution/Tumor Sphere Initiation Assay (LDA)

An LDA was performed to quantify in R2J cell lines, the frequency of tumor spheres initiation cells
(TS-ICs). R2J parental cells were calibrated to 1000 cells/mL (corresponding to 200 cells/200 μL/well) and
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then diluted into gradients of cell titers at 500, 250, 125, 62, 100, 50, 25, and 12.5 /mL and transferred into
the wells of the 96-well microplate. Clonal spheres (non-adherent, tight, and spherical masses >5 cells)
were counted under an inverted microscope (Leica, Wetzlar, Germany), at the end of two weeks.
The results are expressed as the percentage of TS-ICs to examine the efficacy of clonogenesis [38].

4.9. Intracranial Cell Transplantation into Immunocompromised Mice

All animal protocols were approved by the GIN Animal Care and Use Committee (number
2017121517085709). R2J-2D cells (2× 105) or spheres (2× 105 or 1000) were implanted into the striatum
of 4–6 week male athymicNudeFoxn1nu mice (n = 4, Envigo, Gannat, France) to analyze the tumor
initiating capacity. Experimental details are available in Appendix A.

Mice were perfused; brains were removed and immediately fixed in formol 4% for subsequent
histopathological analyses.

4.10. Magnetic Resonance Imaging

MRI sessions were performed at 4.7 T (Avance III console; Bruker, Ettlingen, Germany; IRMaGe
MRI facility, Grenoble, France) using an actively decoupled cross-coil setup (volume coil for
radiofrequency transmission and surface coil for signal reception). All MR experiments were performed
under anaesthesia: 5% isoflurane for induction and 2% for maintenance in air. Mice were maintained
at 37.0 ◦C and breath rate was cared for 60 breath/min throughout the acquisition. After shimming,
MRI sequences were designed for anatomical T2-weighted (T2W) images acquisition using a spin-echo
MRI sequence (TR /TE = 2500/33 ms, NA = 14, 21 slices with field of view (FOV) 20 × 20 mm2,
matrix = 256 × 256 and voxel size = 156 × 156 × 500 μm3). Acquisition duration was 9 min 20 s.
Tumor volume was calculated by adding each tumor surface × slice thickness.

4.11. Selenium Absorption

R2J-2D cells were seeded at 6000 cell/cm2 in 10 cm Petri-dishes, 24 h before SS supplementation
(2.5, 5, and 10 μM).

Se concentration was determined both in cell lysates and medium using an ICP-MS (X series II,
Thermo Fisher Scientific, Waltham, Massachusetts, USA) equipped with Collision Cell interference
elimination Technology (CCT) after dilution in 1% nitric acid containing Gallium (Ga) as an internal
standard. The gas introduced in the CTT was a mix of He and H2. The isotope ratio 78Se/71Ga and an
external calibration curve (16, 80, 160 nmol Se/L) allowed the determination of the Se concentration.
The results (mean ± SD) were calculated in nmoles of Se per gram of protein and expressed as a
percentage of the Se measured vs. Se added. The Se recovery was calculated by adding the quantity
of Se both measured in the medium and in the lysates and compared to the Se quantity added
(referred as 100%).

4.12. MTT Assay

A MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay (Sigma) was
performed to determine R2J-2D cell survival after SS treatment at 2.5 to 12 μM for 24 h, 48 h, or 72 h.
1 × 105 cells/well were seeded in 96-wells plate 24h before the addition of SS. The results (mean ± SD)
are reported as the cell survival percentage versus the control (not treated). IC50 (concentrations
inducing 50% cell death) values were determined by curve-fitting (using Prism 5, GraphPad).

In parallel, TMZ (Temodal, MSD, France) was dissolved in dimethyl sulfoxide (DMSO) and R2J
cells were treated for 24 h, 48 h, and 72 h with 1, 10, 100, 500, and 1000 μM of TMZ. Cells were also
treated with DMSO alone at the corresponding volume. A long term treatment was also performed by
exposing R2J-2D cells to 400 μM TMZ for 72 h followed by a wash-out of 72 h. Results are expressed
as the percentage of cell survival versus control (DMSO concentrations used were not cytotoxic).
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4.13. Confocal Microscopy Analysis of Cell Viability

R2J-2D cells were set on a Lab-Tek-Chamber Slide system (Nalge Nunc International, Rochester,
NY, USA) and were incubated with 5 μM of Fluorescein Diacetate (FDA, Thermofisher Scientific,
Courtaboeuf, France), 1μM Hoechst 33342 (Interchim, Montluçon, France), and 10mg/mL Propidium
Iodide (PI) (Interchim) in a 5% CO2 incubator, 37 ◦C, 20 min. After staining, cells were installed on the
microscope incubation chamber with a controlled atmosphere at 37 ◦C and 5% CO2 (POC Chamber,
Pecom, Erbach, Germany). Images were collected with a Leica TCS SP2 AOBS (Acoustico Optical Beam
Splitter) inverted laser scanning confocal microscope equipped with an ×63 oil immersion objective
(HCX PL APO 63.0× 1.40). Laser excitation and emission (adjusted with AOBS) were, respectively,
351–364/425–485 nm for Hoechst, 488/500–540 nm for FDA, and 543/600–650 nm for PI. Confocal
pinhole (Airy units) was 1 for all channels. Each experiment was performed on a randomly chosen
field. Raw image merging was obtained by LCS Lite software (Leica LCS, version 2.61, Overlay).

4.14. Caspase-3 Activity Evaluation

The caspase-3 Fluorometric Assay (BioVision, Mountain View, CA, USA) was used. R2J-2D cells
were harvested and lysed into 50 μL of chilled Cell Lysis Buffer at 4 ◦C, 10 min, and centrifuged for
10 min, 10000 g at 4 ◦C. Protein concentration was determined (see below) and 50μL of supernatant
containing 50 μg to 200 μg of protein was mixed with 50 μL of 2× reaction buffer and 5 μL of
DEVD-AFC substrate (1 mM), in a 96-wells plate. Reaction was achieved for 1h at 37 ◦C. The plate was
read on a fluorometer (Ex/Em = 400/505 nm). Caspase-3 activity is expressed in AU/g prot.

4.15. Determination of HDAC Activity

R2J-2D cells were treated for 24 h, 48 h, and 72 h with 2.5 and 5 μM SS and harvested. Pellets were
rinsed twice in PBS and lysed in 400 μL sterile water, 10 min. HDAC activity was investigated in cell
lysates from 50 μg total protein using a Fluorometric Assay (BioVision, Mountain View, CA, USA) as
described by the manufacturer. HDAC activity is expressed in relative fluorescence units (RFU) per
μg protein.

4.16. Real Time PCR

Total RNA extraction was performed with an RNeasy Mini Kit, following the manufacturer’s
recommendations, with RNase-free DNase I treatment (Qiagen, Courtaboeuf, France). cDNA
was reverse transcribed from 1 μg of total RNA with the SuperScriptIII First-Strand Synthesis
(Life Technologies) followed by RNaseH (1 μL) treatment. Real time PCR was conducted using
the QuantiTect SYBR Green RT-PCR kit (Qiagen) and the Stratagene 3005MxPro (Santa Clara, CA,
USA). The primers (sequences in Supplementary Material Table S1) (Life Technologies) were all used
at 400 nM, Tm at 60 ◦C, with the following qPCR program: 1 cycle: 15 min-95 ◦C, 40 cycles: 15 s-94 ◦C,
30 s-60 ◦C, 30 s-72 ◦C, 1 cycle: 1 min-95 ◦C, 30 s-60 ◦C, 30 s-95 ◦C.

Gene expression was quantified using the comparative threshold cycle (Ct) method [56] with a
normalization against HPRT1, RPL27, and RPL32.

4.17. Thiol Group Determination

Thiol groups were determined by a colorimetric method using the reducing properties of the SH
groups as previously described [25]. The thiol group levels were determined as micromoles per gram
of total cell proteins and expressed in percentage versus the control.

4.18. Western Blot Analysis

U251 and R2J, after 72 h treatment followed by 72 h of wash-out with TMZ or SS or chloroquine
(Cq, used to block autophagy 1 h before SS or TMZ treatment at 20 μM, Sanofi-Aventis), were harvested
in protein extraction buffer (Tris-HCl 20 mM, pH 7.4, NaCl 137 mM, EDTA 2 mM, Triton X-100 1%,
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supplemented with proteases’ and phosphatases’ inhibitors (1/100, Sigma-Aldrich). After pipetting up
and down with a P1000, supernatants were collected after centrifugation at 10,000 g for 10 min, at 4 ◦C.
Protein concentration was measured by the BCA method. Proteins (20 μg total) were treated with
SDS-PAGE sample buffer [6× concentrated: 350 mM Tris, 10% (w/v) SDS, 30% (v/v) glycerol, 0.6 M
DTT, 0.06% (w/v) bromophenol blue], boiled for 5 min at 95 ◦C, and loaded on 15% (for LC3, p62, and
phospho-H2Ax) and 8% (for Grp78) acrylamide/bisacrylamide gels. Proteins were transferred onto
nitrocellulose membranes, blocked with 5% bovine serum albumin containing 0.5% Tween (Euromedex)
(PBST) for 1 h at room temperature, and probed overnight at 4 ◦C with the following primary antibodies
diluted in 5% bovine serum albumin-PBST: 1:1000 rabbit anti-p62 antibody (Sigma-Aldrich), 1:200 goat
anti-Grp78 antibody (Santa Cruz Biotechnology, Dallas, TX), 1:1000 anti-LC3-II antibody, 1:1000 rabbit
anti-phospho-H2Ax antibody (both from Cell Signalling Technology), and 1:5000 mouse anti-alpha
tubulin (Sigma-Aldrich). Membranes were washed with PBST, incubated for 1 h at room temperature
with horseradish peroxidase-conjugated secondary antibodies (from Jackson Immunoresearch), and
visualized using electrochemiluminescence (ECL) western blotting substrate (ThermoFisher Scientific)
on a Chemidoc imaging system (BioRad, Hercules, CA).

4.19. Protein Concentration Determination

The concentration of protein in cell lysates (obtained as mentioned above) was determined using
the BCA assay (Interchim, Montluçon, France) as previously described [24]. The absorption at 562 nm
was measured using the Varioskan Flash (Thermo Fisher Scientific) associated to the SkanIt Software
for the quantification.

4.20. Statistical Analysis

Results are expressed as means ± SD for the number of experiments indicated. All statistical
analysis of data was computed using StatView® (SAS Institute, CA, USA). The sources of variation for
multiple comparisons were assessed by analysis of variance ANOVA. The differences were considered
statistically significant at p < 0.05 versus the control.

5. Conclusions

In conclusion, we described a newly established glioblastoma cell line (R2J), from a CSF from
a patient affected by a metastatic GBM. R2J were MGMT+ and resistant to TMZ. In the presence
of FGFb and EGF, the R2J forming spheres were phenocopied on 2D cultured R2J cells except for
CD56, a neuronal marker, suggesting that R2J may differentiate into neuronal-like cells. The cell line
could form a tumor when intracranially implanted into nude mice even at 1000 spheres, providing
conclusions on their CSC properties. In vitro, SS could exert its anti-cancer properties in R2J cells, and
is thus relevant for testing in this new GBM bearing mouse model.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/1/12/s1,
Figure S1: A representative G-banded karyotype of R2J cells. The R2J cell line was identified as near-triploid
(hypotriploid) with 64 chromosomes, Table S1: primer sequences used for RT-q-PCR.
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Abbreviations

2D Monolayer
BSA Bovine Serum Albumin
CSC Cancer Stem Cell
CSF Cerebro-Spinal Fluid
Ct Cycle threshold
CT ChemoTherapy
ECM ExtraCellular Matrix
EGFR Epithelial Growth Factor-Receptor
GMT Glial to Mesenchymal Transition
FACS Fluorescence Activated Cell Sorter
FCS Foetal Calf Serum
FDA Fluorescein DiAcetate
FISH Fluorescence In Situ Hybridization
FITC Fluorescein IsoThioCyanate
G-CSF-R Granulocyte-Colony Stimulating Factor-Receptor
GFAP Glial Fibrillary Acidic Protein
H3K9m2 dimethyl-Histone-3-lysine-9
HDAC Histone Deacetylase
HES Hematoxylin Eosin Safran
ICP-MS Inductively Coupled Plasma Mass Spectrometry
IDH Isocitrate DesHydrogenase
KDM Histone Lysine Demethylase
MDM2 Mouse Double Minute 2 homolog
MGG May Grunwald Giemsa
MGMTt+ positive transcript expression of O(6)-MethyGuanine-DNA-MethylTransferase
MMPs Matrix Metallo-Proteases
MRI Magnetic Resonance Imaging
N-CAM Neural Cell Adhesion Molecule
neuN NEUronal Nuclear antigen
p15/INK4B Inhibitor of CDK4B
p16/INK4A Inhibitor of CDK4A
p21/WAF1 Cyclin-dependent kinase inhibitor 1
p27/KIP1 Cyclin-dependent kinase inhibitor 1B
PBS Phosphate Buffer Saline
PI Propidium iodide
PI3K Phosphatidylinositol-3 kinase
PBS Phosphate buffer salt
PFA ParaFormAldehyde
ROS Reactive Oxygen Species
RT Radiation Therapy
TMZ Temozolomide
SS Sodium selenite

Appendix A

Cells were harvested using Accutase (Sigma), counted, and suspended in 10 mL PBS. Cell viability
and counting were assessed before and after the procedure using Scepter® (Millipore). All surgery
was performed using sterile techniques within a tissue culture hood. Mice were anesthetized with
isoflurane 5% and maintained under 2.5% during the surgery. NaCl 0.9% was put on eyes throughout
the procedure and mice were kept on a warm pad throughout. Cells were injected into the right
striatum using a stereotaxic apparatus. Injection coordinates were 2.6 mm lateral to Bregma and a
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3.6mm depth. A small bore hole was made using a 25 g needle. The cell suspension was mixed and
loaded into the syringe just prior to injection. 3 μL of cells was delivered using a 26 g Hamilton
microsyringe (701RN, 10 μL). The syringe was stabilized for 1 min before injection and 0.5 μL of cell
suspension was injected each 30 s. The needle was kept in place for a further 4 min to prevent backflow
and was then removed slowly (1 μL/min). After cell injection, the skin incisions were closed. To avoid
suffering, Buprecare® was intracutaneously injected (0.1 mg/kg) to each mouse. The animals were
then revived under an infrared lamp and then returned with their congeners.
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Abstract: Macropinocytosis is a clathrin-independent endocytosis of extracellular fluid that may
contribute to cancer aggressiveness through nutrient supply, recycling of plasma membrane and
receptors, and exosome internalization. Macropinocytosis may be notably triggered by epidermal
growth factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR), two well-known
markers for glioblastoma aggressiveness. Therefore, we studied whether the expression of key
actors of macropinocytosis is modified in human glioma datasets. Strong deregulation has been
evidenced at the mRNA level according to the grade of the tumor, and 38 macropinocytosis-related
gene signatures allowed discrimination of the glioblastoma (GBM) samples. Honokiol-induced
vacuolization was then compared to vacquinol-1 and MOMIPP, two known macropinocytosis
inducers. Despite high phase-contrast morphological similarities, honokiol-induced vacuoles
appeared to originate from both endocytosis and ER. Also, acridine orange staining suggested
differences in the macropinosomes’ fate: their fusion with lysosomes appeared very limited
in 3-(5-methoxy -2-methyl-1H-indol-3-yl)-1-(4-pyridinyl)-2-propen-1-one (MOMIPP)-treated cells.
Nevertheless, each of the compounds markedly increased temozolomide uptake by glioma cells,
as evidenced by LC-MS. In conclusion, the observed deregulation of macropinocytosis in GBM
makes them prone to respond to various compounds affecting their formation and/or intracellular
fate. Considering that sustained macropinocytosis may also trigger cell death of both sensitive and
resistant GBM cells, we propose to envisage macropinocytosis inducers in combination approaches
to obtain dual benefits: increased drug uptake and additive/synergistic effects.

Keywords: glioma; macropinocytosis; methuosis; honokiol; vacquinol-1; MOMIPP; temozolomide

1. Introduction

Glioblastoma (GBM) remains associated with a dismal prognosis, partly due to a high level of
resistance to proapoptotic stimuli and a propensity for cell migration and invasion of normal brain
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tissue [1,2]. Although the majority of chemotherapeutic drugs operate by triggering caspase-dependent
apoptotic cell death, 17 cell death types have been described to date [3–5], including autophagy.
The latter is a programmed pathway that can either promote or hinder tumor development. It is
triggered by several anti-tumor agents, including temozolomide (TMZ), particularly in cancer cells
lacking essential apoptotic modulators, such as GBM [6]. The autophagosomes arise under the control
of the PI3K-Akt pathway—probably from diverse sources, including endoplasmic reticulum (ER),
Golgi and plasma membrane—and further fuse with lysosomes to digest their contents [5]. To date,
autophagy remains the best way to combat GBM, since it is induced by the standard-of-care drug
TMZ [7]. Other forms of non-apoptotic cell death include methuosis, paraptosis, necroptosis, oncosis
and lysosomal membrane permeabilization plus senescence. All these forms of cell death are associated
with accumulation of cytoplasmic vacuoles (vacuolization) [3,5]. Irreversible vacuolization marks
cytopathological conditions leading to cell death; however, the size, content, function and origin of the
vacuoles may differ markedly from one type of cell death to another.

One mechanism that can lead to cellular vacuolization is dysregulation of macropinocytosis.
Macropinocytosis is a clathrin-independent endocytic mechanism that was first described by Warren
Lewis in 1931 [8]. This process is characterized by the nonselective uptake of extracellular fluid [9].
Macropinosomes consist of large vesicles (0.2 μm < diameter < 5 μm), formed by actin-mediated
ruffling of the plasma membrane. The nascent macropinosomes migrate in a centripetal manner
and rapidly acquire markers of late endosomes, such as Rab7, before their fusion with the lysosomal
compartment [9]. Cancer cells generally employ macropinocytosis to internalize cell surface receptors
and certain nutrients [10]. Starving tumors by inhibiting macropinocytosis was recently suggested as a
potential therapeutic strategy to combat Ras-driven cancers [11]. Deregulation of macropinocytosis in
cancer cells seems to be correlated with oncogenic RAS [12], and more specifically K-RAS in clinical
samples [13,14], even if induction of Src may also trigger macropinocytosis [15,16]. With respect
to glioma, high levels of active wild-type Ras have been reported in high grade astrocytomas, but
oncogenic mutations in H-RAS, K-RAS or N-RAS are rare (occurring in less than 2% of the cases) [17].
Another major pathway known to stimulate macropinosome formation is under the control of the
epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR) [18].
Amplification of wild-type or mutant EGFR is relatively common (43% of GBM cases), with the most
frequent mutation being EGFRvIII. Mutation and/or overexpression of EGFR or PDGFR are very well
known markers of glioma malignancy [19,20]. Importantly, EGF-mediated macropinocytosis appeared
dependent on c-Src activity [16].

Despite the potential importance of macropinocytosis for survival of glioma cells, little information
is currently available about the possible deregulation of macropinocytosis in these tumors. The possible
relevance of macropinocytosis in gliomas is underscored when considering that it contributes, at
least partly, to the uptake of extracellular vesicles (particularly exosomes) produced by glioma
cells to enhance cancer progression and promote angiogenesis, metastasis, immunosuppression and
chemoresistance [21,22]. While active macropinocytosis may represent a survival strategy for gliomas,
it may also be exploited to increase the intracellular delivery of therapeutics (soluble as well as
vesicular-formulated ones) [22–25]. Moreover, there is strong evidence that hyperstimulation of
macropinocytosis by Ras overexpression or by treatment with small molecules can be detrimental to
glioma cells, leading to a form of cell death termed as methuosis [26]. Normally, macropinosomes are
formed from plasma membrane ruffling via Rac1-dependent rapid polymerization/depolymerisation
of branching actin filaments. The macropinosomes then undergo a maturation process wherein they are
either degraded via a late endosome/lysosome process or recycled back to the plasma membrane [23].
During abnormal macropinocytosis, as observed in methuosis, macropinosomes do not fuse with
lysosomes or recycle to the plasma membrane. Instead, they fuse with each other to form multiple
larger vacuoles that exhibit properties of non-functional late endosomes [27]. Through mechanisms
that are yet to be elucidated, the extreme vacuolization ultimately leads to death and rupture of
the cell. While Ras-induced methuosis is accompanied by caspase activation, cell death cannot be
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prevented by caspase inhibitors. Methuosis is therefore considered to be caspase-independent [28].
Although early studies demonstrated that methuosis can be induced in glioma by overexpressing
active forms of Ras or Rac1, more recent studies have identified small molecules that can trigger this
form of death in a manner that is independent from Ras or Rac1. Specifically, the indolyl chalcone
3-(5-methoxy -2-methyl-1H-indol-3-yl)-1-(4-pyridinyl)-2-propen-1-one (MOMIPP), which was used in
the present study, can induce intense macropinocytosis, leading to methuosis in cultured GBM cells at
low micromolar concentrations [28]. Similar results were obtained in TMZ-resistant glioma cells [29].

Thus, this study aims to (i) evaluate in a systematic manner whether genes implicated in
macropinocytosis are deregulated in gliomas, employing analyses of mRNA expression levels in clinical
sample datasets and (ii) evaluate whether the induction of severe vacuolization and macropinocytosis
with small molecules may represent an interesting strategy to enhance the uptake and/or efficiency of
chemotherapeutic agents by gliomas as detailed in the Discussion section.

2. Results

2.1. Evaluation of The Deregulation of Macropinocytosis in Human Gliomas

To evaluate whether macropinocytosis is deregulated in gliomas, we made use of mRNA
expression databases of human samples. Table A1 (Appendix A) summarizes the 38 selected
main proteins participating in either the initiation/regulation or the formation and recycling of
macropinosomes, with their detailed function in that process. The GDS4290 Henry Ford database
regroups the mRNA expression array data of 180 patients: 23 non-tumoral samples (from epilepsy
patients) and 157 glioma samples. We first performed a systematic, statistical comparison of the
mRNA expression of the 38 targets between normal brain samples (n = 23), grade II (n = 45), grade III
(n = 31) and grade IV (n = 81) glioma samples through non-parametric Kruskall–Wallis comparison
and two-tailed tests. Detailed results per probe, provided in Table A1, highlighted that 14/38 targets
were overexpressed in glioma while 9/38 were downregulated. This means that more than 60% (23/38)
of genes playing key roles in macropinocytosis are deregulated in glial tumors.

As expected, EGFR and PDGFR were upregulated according to the malignancy grade of the
tumor (Figure 1a,b), but other key players in macropinocytosis and methuosis were also upregulated
according to the grade of the tumor, including actin dynamic-related gene products (SWAP70, several
ARPC involved in the Arp2/3 complex), their upstream activator adenosine diphosphate ribosylation
factors 6 (ARF6), and actin-rich membrane ruffles associated protein Rab34 (Figure 1d,f,h). In contrast,
the expression level of GIT1 that mediates the deactivation of Arf6 is decreased (Figure 1c), along
with the other genes involved in the closure of the macropinosomes, such as PAK1, CTBP1 and PDL1
(Table A1, Figure 2). RAB20 and SNX5, two markers of initial macropinosome maturation, are both
upregulated (Table A1; Figure 1e,g; Figure 2). Thus, the expression of genes encoding numerous
proteins associated with macropinocytosis is deregulated in glioma in comparison to normal brain
tissues; these changes are additionally correlated with the grade of the tumor (Figure 1). Figure 2
schematically illustrates the macropinocytosis process, noting the proteins analyzed and the changes
observed in their expression in glioma tumors. According to the high number of targets whose
mRNA levels were found deregulated, we proceeded with an unsupervised hierarchical clustering
of the 180 patient samples on the basis of those 38 gene expression signatures, and we observed a
clear tendency of grouping according to the grade of the sample (Figure 3a). While normal brain
tissue samples grouped on the left, the GBM samples were distinctly clustered on the right of the
Euclidian-based tree (Figure 3a). Note that while grade II samples also appeared grouped between
non-tumoral brain samples and grade IV samples, grade III samples were spread among grade II or
grade IV samples (Figure 3a).
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Figure 1. mRNA expression level of selected targets involved in macropinocytosis in patient brain
samples. Data are expressed as mean ± SEM of mRNA intensities of each probe expressed in log 2
ratio. NB: normal brain; grade II, III and IV: glioma samples according to the histopathological grade of
the tumor. (a) epidermal growth factor receptor (EGFR), (b) platelet-derived growth factor receptor A
(PDGFRA) and PDGFRB, (c) GIT1, (d) ARF6, (e) RAB20, (f) RAB34, (g) SWAP70 and (h) SNX5. Note that
only probes with the highest intensities are presented for clarity of the figure with respect to EGFR and
SNX5. Statistical comparisons with the non-tumoral brain samples are represented by (*), statistical
comparisons between grade II and IV by ( ), between grade III and IV by (#) and between grade II and
III by (§). All statistics are based on two-tailed tests according to conventional thresholds: p < 0.05 (*, ,
# or §), p < 0.01 (**, , ## or §§) and p < 0.001 (***, , ### or §§§).
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Figure 2. Macropinocytosis process and its deregulation in glioma. Upregulated genes are framed
in red, downregulated ones in green, and those genes for which no change was observed are framed
in grey. The stimulation of EGFR and PDGFR induces the activation of K-Ras and H-Ras. These Ras
GTPases activate both Arf6 and Pak1 to initiate the actin polymerization. Arf6 recruits ARNO (Arf
guanine nucleotide exchange factor) for the activation of Arf1 to enable the WAVE regulatory complex
(WRC), composed by Wasf1 and the WAVE complex, which regroups Nckap1, Brk1, Cyfip and Abi1.
WRC activates Arp2/3, which induces actin branch formation and actin polymerization (1) for the
formation of macropinosomes with the help of Rab34, Swap70 and PI(3,4,5)P3. Both Ctbp1 (activated
by Pak1) and PLD1 (activated by Arf6 and Ctbp1) are essential for the closure of the macropinocytic
cup and the final fission from the plasma membrane (2). Rab5 is a marker of early endosome as well as
Rab21, which remains on the intermediate endosome (3). SNX1 and SNX5 play a role in macropinosome
maturation (3). Markers of intermediate endosomes are Rab21, Rab20 and Rab7 (4). Rab7 is also a
marker of late endosome as well as Lamp1 (5). Rab11 is a marker of endosome recirculating to the
plasma membrane (6).

In order to evaluate whether this deregulation has any impact on the survival of the patient, we
carried out the same analysis on the data from the GDS53733 database of 70 samples of grade IV GBM
patients (16 short term survival patients (<12 months); 23 long term survival patients (>36 months);
and 31 intermediate survival patients). We found only very limited statistically significant changes,
i.e., with respect to probes for SWAP70 and CYFIP1 and, to a lesser extent, PDGFRA, EGFR and ABI1
(Table S1). Nevertheless, the unsupervised heatmap clustering revealed a tendency of grouping of the
samples from long surviving GBM patients into a subcluster (Figure 3b). In addition, we noticed that
many targets overexpressed in GBM samples of the 180 series were downregulated in long surviving
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patients, including RAB20, RAB34, SWAP70, CYFIP1, ARPC1B, ARPC2 and ARPC4. The dataset is
certainly limited in size and further investigation integrating all clinical aspects should be conducted
to determine whether deregulated macropinocytosis could be a predictive marker for clinical outcome
of the patient.

 

Figure 3. Heatmaps of 38 macropinocytosis gene signatures. (a) Dataset GSE4290 regrouping
180 samples (columns) of non-tumoral tissues (N/A) or glial tumors of various histological origin and
grade according to the legend. For each gene, the data of the different probes have been averaged to be
presented as a single line. Clustering has been made on the basis of the Euclidian distance. (b) Similar
heatmap made on the dataset from GSE53733 regrouping 70 samples of GBM patients with different
overall survival according to the legend. Overexpressed genes are in red, and downregulated genes are
in blue (see scale next to the figures).

2.2. Morphological Comparison of Glioma Cells Treated by Honokiol, 3-(5-methoxy
-2-methyl-1H-indol-3-yl)-1-(4-pyridinyl)-2-propen-1-one (MOMIPP) and Vacquinol-1

Next, we examined the effects of three compounds that alter vesicle trafficking or autophagy in
glioma cells. Two are known for their propensity to induce macropinocytosis—i.e., vacquinol-1 [27] and
MOMIPP [29]—while the last one, honokiol, is a natural bioactive polyphenol extracted from several
parts of Magnolia genus tree [30] (Figure 4). The latter displays various well-known pharmacological
properties, such as anti-oxidant [31], neuro-protective [32] and anti-inflammatory effects in both
microglia and astrocytes [33]. These properties explain the traditional use of honokiol for the treatment
of thrombotic stroke, gastrointestinal complaints, anxiety and nervous disturbance [34]. Honokiol
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has also been shown to display interesting anti-tumoral properties against glioma cells, where it may
trigger p53-mediated cell cycle arrest and apoptosis [35] or alternative autophagic cell death [36].

Figure 4. Chemical structure of the three compounds used in this study.

Surprisingly, we observed striking cytoplasmic vacuolization in cells exposed to honokiol at
concentrations slightly lower than its IC50 in Hs683 (40 μM) and U373 (35 μM) glioma cells (Figure 5
with respect to the U373 cell line; Figure S1 for Hs683 cells). Although the vacuolization appeared
delayed with honokiol in comparison to MOMIPP and vacquinol-1, the progressive increase in the
number and size of highly refringent vacuoles and their apparent homotypic fusion resembled the
morphological features observed with the macropinocytosis inducers at equipotent concentrations
(close to their own IC50 as determined by means of MTT colorimetric assay, i.e., 3 μM for MOMIPP
and 5 μM for vacquinol-1; see Figure S2 for the MTT curves).

2.3. Characterization of the Vacuoles Induced by Honokiol, Vacquinol-1 and MOMIPP

To obtain more insight regarding these vacuolization processes, we utilized different inhibitors of
vacuolization, i.e., bafilomycin A1, ethyl-isopropyl-amiloride (EIPA), EHT1864, PP2 and filipin.

Bafilomycin A1 is an inhibitor of the vacuolar H+-ATPase that plays crucial roles in maintaining
low pHs of late endosomes and lysosomes. Bafilomycin A1 was accordingly shown to block the
endosomal and endosome-lysosomal fusion during macropinocytosis [37]. Additionally, bafilomycin
A1 has been suggested to also inhibit nascent macropinosome formation, similarly to the Na+/H+

exchanger inhibitor, by disrupting the fine tuning of submembranous pH needed for the recruitment
and activation of Rac1 and Cdc42 to membrane ruffles [38]. As illustrated in Figure 6 with respect to the
U373 cell line (Figure S3 for HS683 cells), bafilomycin A1 almost completely inhibited the vacuolization
induced by each of the three compounds. Consistently, similar results were obtained with respect
to the Na+/H+ exchanger inhibitor EIPA [9] when its concentration adapted to the cell line and the
compound under investigation in accordance with the timing of the vacuolization that they induced
(Figure 6 and Figure S3).

In contrast, the Rac1 inhibitor, EHT1864 [26], has only slight effects on honokiol and
vacquinol-1-induced vacuolizations and no effect on MOMIPP–induced vacuolization (Figure 6 and
Figure S3). Alternatively to oncogenic RAS stimulation, Src was also demonstrated to participate
in macropinosome membrane ruffling via PI3K [15,16]. We therefore made use of the Src inhibitor
PP2 [39]. This later inhibited vacuolization induced by honokiol at 25 μM (Figure S4). We tried higher
concentrations to possibly inhibit MOMIPP and vacquinol-1 vacuoles but encountered solubility
issues making us impossible to conclude at this stage whether Src may or not be involved in their
vacuolization processes.

The last inhibitor, filipin, is a cholesterol binding agent [26] known to inhibit clathrin-independent
endocytosis. Consistently, macropinocytosis occurs in cholesterol-rich membrane domains [40]. When
used at nontoxic concentrations, i.e., 1 μg/mL, filipin had no effect on the vacuole formation induced
by each of the three compounds (Figure S5). Previous studies demonstrated that filipin effectively
impaired MOMIPP-induced vacuolization in a different cell line, but it was at higher concentrations,
i.e., 12 μg/mL. However, in our cellular models, such high concentrations proved to be too toxic.
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Figure 5. Morphological illustration of the vacuoles formed after treatment of the U373 cell line with
honokiol (35 μM), 3-(5-methoxy-2-methyl-1H-indol-3-yl)-1-(4-pyridinyl)-2-propen-1-one (MOMIPP)
(3 μM), or vacquinol-1 (5 μM) over time. The accumulation of vacuoles is only visible after 24 h of
treatment with honokiol, but those induced by treatment with vacquinol-1 occurs after 3 h and after
only 1 h of treatment with MOMIPP. The experiment has been conducted two times in triplicate.

186



Cancers 2019, 11, 411

 

Figure 6. Effects of various inhibitors on vacuole formation following honokiol, vacquinol-1, and
MOMIPP treatment in U373 cells. Representative brightfield illustrations of U373 cells treated with or
without the inhibitors are as follows: (a) pre-treated 1 h with bafilomycin A1 (100 nM) before honokiol
(35 μM), MOMIPP (3 μM) or vacquinol-1 (5 μM) treatment, co-treatment with EHT1864 (25 μM) and
the compound. Bafilomycin A1 inhibits the vacuoles induced by each compound but not ER-derived
dark dense vacuoles induced by honokiol (white arrow). EHT1864 slightly inhibits vacuolization
induced by honokiol and vacquinol-1 but not for vacuolization induced by MOMIPP. (b) Cells were
co-treated with EIPA (10, 30 and 75 μM) and each compound. EIPA inhibits the vacuoles induced by
each compound except the ER-derived dark dense vacuoles induced by honokiol (white arrow; similar
than bafilomycin A1 effects). Each experiment has been conducted at least twice in triplicate.

Finally, we utilized fluorescent probes to further decipher the origin of vacuoles. Lucifer
yellow is a fluid-phase tracer that is internalized intracellularly by endocytic processes including
macropinocytosis [12]. We observed, as expected, that both MOMIPP and vacquinol-1 increased the
number of positive lucifer-yellow vacuoles—a feature that was also observed with honokiol, but to a
lesser extent, with several vacuoles remaining negative (Figure 7a and Figure S6a).
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Figure 7. Lucifer yellow and fluorescent 10 kDa dextran uptake by U373 cells treated with honokiol,
MOMIPP, or vacquinol-1. (a) Illustration of Lucifer yellow staining (100 μg/mL during the whole
treatment period). Exposure time is the same for all conditions. The experiment has been conducted
three times in duplicate. (b) Illustration of fluorescent 10 kDa dextran uptake. Again, cells were
treated with each compound in presence of 10 kDa Texas-Red labeled dextran (125 μg/mL) for 24 h.
Some vacuoles are positive with MOMIPP and vacquinol-1 but none with honokiol. Exposure time has
been adjusted for each condition (550 ms for the control, 490 ms for honokiol, 650 ms for MOMIPP and
160 ms for vacquinol-1). The experiment has been conducted twice in duplicate. (c) Quantitative dextran
10 kDa uptake by U373 and HS683 determined by flow cytometry after 24 h and 30 h, respectively.
Data are expressed as box plots: line, median; boxes, percentiles 25–75; and whiskers, non-outlier
ranges of six experiments. Statistical comparisons with untreated cells are based on Mann–Whitney
tests according to conventional thresholds: p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).
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As macropinocytosis differs from other endocytic processes by its capacity to internalize large
extracellular volumes and high molecular weight molecules, we evaluated this feature by means
of 10 kDa and 70 kDa fluorescent dextran staining. Figure 7b and Figure S6b show that each of
the three compounds seemed to trigger the uptake of 10 kDa dextrans that was observed in small
vacuoles, but rarely in the most enlarged ones. MOMIPP and vacquinol-1 seemed to uptake 70 kDa
dextrans, contrary to honokiol, which had no positive vacuole (Figure S7). A quantitative assay was
conducted with 10 kDa Texas Red-labeled dextran. Significant increased uptake under treatment
with each of the three compounds was confirmed, except in the case of U373 cells treated 24 h with
honokiol (Figure 7c), and the most marked increase was obtained with vacquinol-1. By contrast,
acridine orange labelled most of the enlarged vacuoles induced by honokiol in red, suggesting acidic
content (Figure 8 and Figure S8). Interestingly, while only few of MOMIPP-induced vacuoles were
also stained red (Figure 8 and Figure S8), vacquinol-1-induced vacuoles were positive for both red
and green fluorescence after acridine orange staining [41]. When looking for lysosomal staining, these
organelles were readily observed in cells treated either with honokiol or MOMIPP (Figure S9). Thus,
the principal difference between these was that most of the large vacuoles remained unstained by
acridine orange with MOMIPP, whereas most of them appeared acidic in honokiol-treated cells while
being lyso-Tracker negative (acidic; Figure S9). This could suggest that the large vacuoles induced by
honokiol might result from fusion of endosomes with lysosomes or autophagolysosomes at some point
during their biogenesis, while MOMIPP completely blocks vacuole fusion with lysosomes (Figure 8
and Figures S8 and S9). Finally, although vacquinol-1 appears to trigger the strongest increase in
macropinocytosis tracers (Lucifer Yellow and high molecular weight dextrans), few enlarged vacuoles
have been observed, suggesting different effects on macropinosome maturation and recycling.

Figure 8. Illustration of the fluorescent characterization of the vacuoles using different fluorescent
cell compartment trackers in U373 cells. Two kinds of vacuoles can be observed after treatment with
honokiol: red arrows show acridine orange positive vacuoles possibly derived from macropinocytosis,
and white arrows show ER-positive vacuoles. Some vacuoles induced by MOMIPP are red-positive
with acridine orange (red arrow) but none to the ER-tracker. Vacquinol-1-induced vacuoles are
red-positive (red arrow), but also green-positive stained by acridine orange. This experiment has been
conducted three times in duplicate.
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We also used probes for mitochondria and ER to assess the contributions made by these
compartments to the vacuoles induced by honokiol. We observed some ER-positive vacuoles only in the
honokiol-treated cells (Figure 8 and Figure S8). Both mitochondria and ER are thought to be a source of
vacuolization during paraptosis [42]. Thus, honokiol differed from both MOMIPP and vacquinol-1 and
could induce paraptosis features in these glioma cell lines, similar to what was previously described in
leukemia cells [43]. ER swelling does not play any role in macropinocytosis. Accordingly, ER-positive
vacuoles were still present after treatment with the inhibitors of macropinocytosis (Bafilomycin A1,
EIPA and PP2; Figure S4). Note that none of the treatments triggered mitochondrial swelling (Figure S9).
This supports the hypothesis that honokiol may induce paraptosis in addition to macropinocytosis
according to the other organelle markers detailed above (see Discussion section).

2.4. Evaluation of the Effects of Honokiol, Vacquinol-1 and MOMIPP on Intracellular Temozolomide
(TMZ) Concentration

To highlight the possibility of using these inducers of vacuolization to enhance the penetration
of chemotherapeutic agents in cancer cells, we pre-treated glioma cells with the three compounds
of interest before the addition of the treatment with TMZ. TMZ was chosen as the current first-line
chemotherapeutic agent against newly diagnosed GBM [44,45] and for its pro-autophagic effects in
glioma cells [46,47]. Honokiol was used 22 h, vacquinol-1 15 h and MOMIPP 3 h before the addition
of TMZ. These timepoints were selected according to the time required to visualize the beginning of
the vacuolization with each compound. The quantification of intracellular TMZ in Hs683 and U373
cells was achieved through HPLC-MS after two hours of subsequent exposure to TMZ at 200 μM
with or without the macropinocytosis inducers. Figure 9 shows that all three compounds significantly
increased the intracellular TMZ concentration in both Hs683 and U373 cells, except in the case of
MOMIPP-pretreated Hs683 cells. Note that we pre-treated cells only for 3 h with MOMIPP, and longer
incubation periods may be required in these cells.

Figure 9. Temozolomide (TMZ) concentrations in U373 and Hs683 cell lysates after two hours of
treatment with TMZ (200 μM). Cells were pre-treated with honokiol for 22 h (HONO + TMZ),
vacquinol-1 for 15 h (VAC + TMZ) or MOMIPP for 3 h (MOMIPP + TMZ). Data are expressed as
fold-change TMZ concentrations compared to its own control (TMZ alone) by box plots: line, median
fold change; boxes, percentiles 25–75; whiskers, non-outlier ranges of 12 replicates. TMZ concentration
of the cells treated with TMZ alone was normalized to 1. Statistical comparison has been made by the
Mann–Whitney test. p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).
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Despite apparent differences in their effect, certain considerations, including the concentration
of the compound itself, the duration of the pretreatment required, or their ability to cross the blood
brain barrier (BBB), are all crucial to be taken into account for future in vitro and in vivo combinations.
Furthermore, this experiment only highlighted that the use of those compounds could help to increase
the intracellular concentration of TMZ. Whether these effects actually related to macropinocytosis
induction and/or other mechanisms should be evaluated in more depth. Such investigations would
help decipher whether this strategy could be used with other kinds of drugs and pharmaceuticals.
Other aspects and advantages of combinations (pro-methuotic or pro-paraptotic effects, additive or
synergisctic effects) should also be considered, as discussed below.

3. Discussion

In this study, we showed for the first time that genes associated with macropinocytosis were
deregulated in human glioma brain tumors. This conclusion is based on a systematic statistical
analysis of the mRNA dataset from Henry Ford Hospital by regrouping non-tumoral human samples
in comparison to gliomas samples of grades II, III and IV. Figure 2 summarizes the genes of the
macropinocytosis process whose expression levels were evaluated in this study and whether they were
up- or downregulated. Hereafter, we discuss these results briefly in relation to the scientific knowledge
currently available regarding the main deregulated targets in glioma biology.

Consistent with existing literature, we found EGFR and PDGFR to be upregulated in gliomas [19,20,48].
These are potent inducers of macropinocytosis [18]. H-RAS, by contrast, was found to be downregulated,
but only the mRNA level was investigated in the present study. Indeed, increased active wild-type Ras
activity has been reported in high-grade glioma and may contribute to increased macropinocytosis as
well [17]. Interestingly, Src plays key roles in EGF-triggered macropinocytosis associated with enhanced
migration and further fusion of macropinosomes with lysosomes [16]. In this study we observed that
the Src inhibitor PP2 impaired acid vacuolization induced by honokiol (see below).

We also found that several other key actors of macropinocytosis, such as Rab34, Arp2/3 complex
and SWAP70, were significantly overexpressed according to the grade of the tumor (Figure 1, Table A1).
These are all implicated in the organization of the actin cytoskeleton and ruffling of the plasma
membrane during macropinocytosis [49–51]. Our results are consistent with previous data suggesting
that overexpression of these proteins contributes to glioma cell invasion [52]. In this context, expression
levels of ARP2/3 and RAB34 correlate with the grade of the tumor and/or the survival of the patient,
with both being upregulated from low-grade to high-grade gliomas [53,54]. RAB34 was additionally
associated with poor patient survival [54]. Regarding other Rab proteins, only few studies have been
published regarding their roles and/or deregulation in glial tumors. The increased expression of RAB20
found in the present study could suggest a role in macropinocytosis in glioblastoma. Downregulation
of RAB21 by siRNA significantly inhibited cell proliferation and remarkably induced cell apoptosis [55],
but its overexpression in glioblastoma was not reported, and no link to enhanced macropinocytosis
was suggested in those tumors. In addition, mRNA coding for Arf6 was also found to be overexpressed
in GBM samples (Figure 1d). During macropinocytosis, active Arf6 recruits the Arf nucleotide binding
site opener (ARNO) that activates Arf1 via its guanine exchanger activity and allows the recruitment
of the WAVE protein regulatory complex (WRC). This heteropentameric complex of WASP family
proteins composed of WAVE, Cyfip1, Nap1 (NCKAP1), Abi1 and Brk1, in turn activates Arp2/3 to
initiate actin polymerization [51,56]. Recently, a potential role for Arf1 in glioblastoma progression
was suggested [48], and over-expression of Arf6 was shown to enhance glioma cell migration both
in vitro and in vivo [48,57,58].

While we did not observe significant changes in LAMP1 expression, Jensen et al. [59] found that
LAMP1 is more highly expressed in glioblastoma than in diffuse and anaplastic astrocytomas, even
though its expression does not correlate with the overall survival of the patient [59,60]. CTBP1/BARS
and its downstream target PLD1, whose activation triggers the closure and the final fission of
macropinosomes from the plasma membrane [9,61,62], were found downregulated in high-grade
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tumors at the mRNA level herein. Those results are not consistent with previous data indicating
positive correlation of Ctbp protein antigen expression with the histopathologic grade of the glioma [63]
and worse survival of the patient [64]. The discrepancies could be related to evaluation at the mRNA
versus protein expression level. Further, the downregulation of PAK1 mRNA is not easy to integrate
when considering that both protein phosphorylation and localization (cytoplasmic versus nuclear)
appeared essential for its function and prognosis value in glioblastoma [65].

Nevertheless, as highlighted by Figure 2, the macropinocytosis process appeared obviously
deregulated in glioma, and particularly in GBM (Figure 1). Accordingly, we showed that the mRNA
expression signature of these 38 genes taken together, and covering most of the macropinosome
formation, maturation and turn-over processes, enabled discriminating GBM from non-tumoral
samples and lower grade glioma on the basis of unsupervised analysis (Figure 3). Macropinocytosis
could, thus, participate in GBM aggressiveness, notably when considering its contribution for nutrient
uptake and exosome GBM crosstalk [21,22]. Even if a systematic comparison of each target alone,
according to the survival of GBM patient, did not reveal any significant changes (Table S1), long
surviving GBM patients displayed a trend of grouping together on the basis of these 38 genes’
signatures. A study at the protein level, and with full patient characterizations and follow-ups,
should be conducted to further confirm an upregulation of macropinocytosis in GBM, and whether it
might be of prognosis value for the patient.

Recent findings have suggested that stimulation of macropinocytosis in cancer cells can lead
to increased chemotherapeutic efficiency [22–25,66]. Thus, we herein propose taking advantage
of this possible Achilles’ heel by the use of macropinocytosis-stimulating agents to combat GBM.
Hyperstimulation of macropinocytosis with small molecules may ultimately induce methuotic cell
death in glioma cells, as previously shown [26]. However, when used for short periods of time
or at sub-lethal concentrations, methuosis-inducing compounds may be useful for increasing the
intracellular concentrations of chemotherapeutic agents.

Therefore, we compared the effects of three potential compounds of interest—honokiol,
vacquinol-1 and MOMIPP. We observed high morphological similarities between the vacuolization
processes induced by those three compounds in terms of refringency, increase in number followed
by apparent fusion, and cytoplasmic accumulation (Figure 5 and Figure S1). Although they are all
inhibited by both bafilomycin A1 and EIPA, one unique inhibitor of macropinocytosis, our results
indicate that the vacuoles they induce may differ in terms of origin and capacity to fuse with lysosomes.
Vaquinol-1 actually appeared to stimulate macropinosome formation according to the marked increase
in the uptake of Lucifer Yellow and dextrans (Figure 7 and Figure S6). The fact that it induces
vacuoles of intermediate pH, as revealed by acridine orange staining (positive in both red and green
fluorescences; Figure 8 and Figure S8) and the absence of increase in lysosomal content, are two
features that differentiate vacquinol-1 from MOMIPP- and honokiol-induced effects. Indeed, these two
latter display slight increases in lysosomal content assessed by Lyso-tracker. However, the enlarged
vacuoles are not stained with that tracker. (Figure S9). Such enlarged vacuoles were not obtained with
vacquinol-1 (Figure 5 and Figure S1). Important differences were also obtained with respect to uptake
and acidity evaluated by acridine orange staining. In the case of honokiol, most of those large vacuoles
appeared acidic as revealed by their red staining with acridine orange, while MOMIPP-induced
enlarged vacuoles remained negative. We conclude that the three compounds affect macropinocytosis
process and/or endosomal traffic in high-grade glioma cells, but that the mechanisms underlying
those effects markedly differ from one compound to the other. In particular, the fusion of the vacuoles
with lysosomal compartments seems to still occur with respect to honokiol, and partly to vacquinol-1
treatments, but not with MOMIPP. In addition, honokiol is the only compound in the current study that
also induces ER-derived vacuolization (Figure 6 and Figure S8). Note that ER stress has been shown
previously to inhibit endocytic pathways, including macropinocytosis [67,68]. This effect may also be
linked to the ability of honokiol to induce paraptosis-like cell death, as previously reported in leukemia
cells [43], and autophagy in glioblastoma [36,69]. Interestingly, vacquinol-1 was also recently shown
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to trigger mitophagy in GBM cells [70]. Although both macropinocytosis and autophagy represent
two “opposite” major mechanisms to provide nutrient supply and recycling from extracellular versus
intracellular sources respectively, they seem to share upstream and downstream regulation whose
links remain to be fully deciphered [71]. In contrast, methuosis results from the accumulation of
unprocessed macropinosomes that fuse together, rather than fusing with lysosomes or recycling to the
plasma membrane [27], as described previously with respect to the MOMIPP chalcone.

Obviously, further studies are required to clarify if and how each of these compounds affect
membrane ruffling, macropinosome formation, trafficking, fusion, and recycling independently to
other effects such as ER swelling or autophagy.

Nevertheless, we observed that all three compounds were able to significantly increase
intracellular TMZ concentration, even if TMZ uptake was excellent [47]. This study provides a
proof of concept, and it encourages further investigations with drugs whose intracellular and/or BBB
penetrations are more problematic. This could be the case with respect to antibody-based therapies,
including depatuxizumab mafodotin, a new antibody-drug conjugate with promising clinical results
notably in EGFR-amplified GBM cases [72,73]. Typically, patients with EGFR amplification may benefit
from macropinocytosis-interfering drugs, such as those studied herein.

Honokiol and MOMIPP have been proven to cross the BBB [35,74,75]. Although vacquinol-1
also displays an adequate BBB penetration, its systemic toxicity requires a lowering dose or local
delivery [76]. At a tolerable dose, vacquinol-1 alone allowed a reduction in tumor size, but it did
not increase the overall survival of the GBM preclinical model [76]. Thus, toxicological issues have
to be taken into account for future development. Honokiol is widely used and freely available as
a phytotherapeutic complement in several countries for medicinal properties against anxiety, for
facilitation of sleep, support of cognitive functions, and antioxidant effects. Further, possible additional
and/or synergistic effects between macropinocytosis inducers and chemotherapeutic agents may be
expected. Accordingly, honokiol has already been shown to increase TMZ cytotoxic effects in vitro [77].
Both honokiol and MOMIPP have been shown to kill drug-sensitive and -resistant glioma cells [29,77].
Recent studies pointed JNK Kinase as an important signal for both honokiol-induced effects on stem
cells [78] and cytotoxic effects of indoylchalcones such as MOMIPP [75].

Numerous perspectives remain to be addressed, including the following: (1) evaluation of whether
macropinocytosis deregulation may be linked to patient survival and response to chemotherapy,
(2) deciphering how each compound affects macropinocytosis and other endocytosis processes, and
(3) testing the efficiency of combined treatments for the proposed molecules investigated herein with
chemotherapeutic agents, with a particular attention to new therapeutic drugs characterized by limited
intracerebral brain pharmacokinetics.

4. Materials and Methods

4.1. Cell Lines and Compounds

The Hs683 human oligodendroglioma cell line was obtained from the American Type Culture
Collection (ATCC, code HTB-138) and the human glioblastoma U373 cell line from the European
Collection of Cell Culture (ECACC, code 08061901). Cells were cultivated in RPMI 1640 (Gibco,
Thermofisher, Dilbeek, Belgium) culture medium supplemented with 10% heat-inactivated fetal
bovine serum (Gibco), 0.6 mg/mL L-glutamine (Gibco), 200 IU/mL penicillin–streptomycin (Gibco),
and 0.1 mg/mL gentamicin (Gibco) at 37 ◦C with 5% CO2. Cultures were checked twice a month
for mycoplasma.

Honokiol was purchased from Sigma-Aldrich (St. Louis, MO, USA) as well as EIPA and PP2,
Vaquinol-1 and EHT1864 from Selleckchem (Houston, TX, USA), Bafilomycin A1 from Cayman
chemicals (Selleckchem), and filipin complex from AG Scientific (San Diego, CA, USA). MOMIPP was
synthesized and characterized as previously described [29].
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4.2. MTT Colorimetric Assay

Cell viability was determined using a colorimetric assay as described previously [79]. Cells were
seeded in 96 well plates (Sarstedt AG & CO, Nümbrecht, Germany) and were grown for 24 h. They were
then treated with honokiol, vacquinol-1, or MOMIPP at concentrations ranging from 0.01 to 100 μM or
left untreated for 72 h. The viability was estimated by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT, Sigma-Aldrich) mitochondrial reduction into formazan measured at 570 nm
with a spectrophotometer (680XR, Bio-Rad Laboratories, Berkeley, CA, USA; reference wavelength
610 nm). The experiment was realized two times in sextuplicate for each cell line and each compound.

4.3. Characterization of Vacuoles

4.3.1. Phase Contrast Microscopy for Morphological Observations

In order to observe the morphological changes induced by treatments, pictures of living cells
were taken with the Imager M2 fluorescence microscope (Carl Zeiss, Zaventem, Belgium) coupled with
the AxioCam ICm1 and AxioImager software (Carl Zeiss). Cells were seeded on glass coverslips in
six-well plates (Sarstedt AG & CO) and allowed to attach and start growing for 24 h. Afterwards, cells
were either left untreated or treated with each compound as follows: 35 μM and 40 μM of honokiol
for U373 and Hs683 cell lines, respectively; and 5 μM of vacquinol-1 and 3 μM of MOMIPP for both
cell lines.

For the characterization of the vacuolization by using inhibitors, cells were either pre-treated 1 h
with bafilomycin A1 (100 nM), filipin (1 μg/mL), or co-treated with EHT1864 (25 μM), EIPA (10, 30 or
75 μM) or PP2 (25 μM). At different time points, coverslips were washed twice in PBS, transferred onto
microscope slides, and four pictures were taken per slide. Each experimental condition was tested
twice in triplicate.

4.3.2. Fluorescent Microscopy Assays

Fluorescent probes that stained different cellular compartments were used to characterize the
origin of the vacuoles. The dapoxyl ER-tracker blue-white dye, the Lyso-tracker red dye, the
Mito-tracker green dye, and 10 kDa and 70 kDa Texas-Red labeled dextran were all obtained from
Molecular Probes (Life Technologies, Merelbeke, Belgium). We also used Lucifer yellow (Lucifer
Yellow CH, lithium salt) from Biotium (Fremont, CA, USA) and acridine orange from Sigma-Aldrich.
Briefly, the cell seeding and treatment procedures were similar to the ones used for the phase contrast
microscopy (Section 4.3.1). The dye solutions were simply added to the culture medium 1 h before the
end of the treatment periods, excepted for the Lucifer yellow and both dextrans 10 kDa and 70 kDa,
which were added for the whole duration of the treatment. The concentrations of the dyes were as
follows: ER tracker, 0.5 μM; Lyso tracker, 75 nM; Mito tracker, 200 μM; Lucifer yellow, 100 μg/mL;
acridine orange, 1 μg/mL; and dextrans 10 kDa and 70 kDa, 125 μg/mL; At the end of the treatment
period, the procedure was similar to that of phase-contrast microscopy to take pictures of living
cells with the Imager M2 fluorescence microscope (Carl Zeiss) coupled with the AxioCam ICm1 and
AxioImager software (Carl Zeiss). The experiment was realized at least two times in duplicate.

4.3.3. Flow Cytometry

In order to quantify the internalization of Texas-red labeled dextran 10 kDa (Molecular Probes),
cells were treated with honokiol (35 μM for U373 and 40 μM for Hs683 cells), MOMIPP (3 μM), or
vacquinol-1 (5 μM), or left untreated in the presence of Texas-red labeled dextran 10 kDa (125 μg/mL).
After 24 h for U373 and 30 h for Hs683, cells were washed twice with PBS, detached with trypsin-EDTA
(Gibco) and centrifuged. The supernatant was removed and cells were resuspended in 250 μL of
PBS for flow cytometry analysis with the Beckmann Gallios apparatus (Beckmann Coulter, Analis,
Suarlee, Belgium). Each sample recorded 10,000 events, and the experiment was conducted once
in sextuplicate.
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4.4. Quantification of Intracellular TMZ

4.4.1. Sample Preparation

For the experiment, cells were seeded in T75 flasks (Sarstedt AG & CO). When the confluence
of the flasks was around 75%, cells were pre-treated with honokiol (35 μM for U373 and 40 μM for
Hs683), MOMIPP (3 μM), vacquinol-1 (5 μM), or left untreated for different periods of time (3, 15
and 22 h) before the addition of TMZ (200 μM) for 2 h. After the treatment, the culture medium was
removed, the cells were washed twice with cold PBS (Gibco)), scrapped in 200 μL of ice-cold methanol
(VWR International, Oud-Heverlee, Belgium), and sonicated for 30 s. As TMZ is stable at pH < 4 [80],
50 μL of cell lysate was diluted in 50 μL of an acid internal standard solution (2 μM theophyline and
0.1% formic acid in methanol).

4.4.2. LC-MS Process, Data Acquisition and Analysis

Ten microliters from the prepared sample were injected into the liquid chromatography (LC)
system. Analyses were performed with a rapid resolution LC (RRLC) 1200 series from Agilent
Technologies (Santa Clara, CA, USA). Separation was performed on a Zorbax Eclipse XDB-C18 Rapid
Resolution HT column (4.6 × 50 mm, 1.8 μm particle size) from Agilent Technologies, preceded by a
Zorbax Eclipse XDB-C18 pre-column (4.6 × 5 mm, 1.8 μm particle size) using water supplemented
with a 0.1% formic acid/acetonitrile gradient. A 6520 series electrospray ion source (ESI)–quadrupole
time-of-flight (QTOF) from Agilent Technologies was used for the MS analyses. Initial ESI–Q-TOF
parameters were as follows: positive mode; capillary voltage of 4500 V; dynamic high resolution
acquisition mode (2 Hz); gas temperature of 350 ◦C; drying gas flow of 9 L/min; nebulizer pressure
of 50 psig; fragmentor voltage of 130; and skimmer voltage of 65 V. Data was acquired using the
Mass Hunter Acquisition software (Agilent Technologies, version B.04 SP3) and analyzed by Mass
Hunter Quantitative Analysis software (Agilent Technologies, version B.07 SP1). TMZ was monitored
at an m/z value of 195.0625 and theophyline at an m/z value of 181.0720. A quantitative curve was
performed over the range 0.1 to 10 μM of TMZ.

4.5. Statistical Analyses

The mRNA expression analyses were conducted on two datasets of human samples publicly
available on the NCBI GEO repository. The GSE4290 dataset, from the Henry Ford Hospital, was
published in 2006 [81]. The GSE53733 dataset regroups the mRNA expression data sets of 70 human
glioblastoma (grade IV) primary tumors from the German Glioma Network and was published in
2014 [73]. Both expression data were generated using the same microarray platform (Affymetrix
Human Genome U133 Plus 2.0 Array).

The microarray analysis was based on the robust multi-array average (RMA) expression
values, which were obtained with affy package v1.56 of Bioconductor/R packages (http://www.
bioconductor.org). The heatmaps were made using the pheatmap R package v1.0.10. The samples
were grouped by annotation or clustered using hierarchical clustering using the average linkage on
the Euclidian distance.

In both databases, we collected the data corresponding to the probes of 38 target genes involved
in macropinocytosis (see list in Table A1). Comparison of the expression level for each probe was
conducted using the Kruskal–Wallis test (a nonparametric, one-way analysis of variance), followed by
two-tailed tests using Statistica (Statsoft, Tulsa, OK, USA).

For in vitro biological assay comparisons (flow cytometry and TMZ quantification), we conducted
non-parametric Mann–Whitney tests using Statistica.

5. Conclusions

In conclusion, we found that more than 60% of the 38 macropinocytosis-related genes studied
herein are overexpressed or down-regulated in GBM patient samples. These 38 genes may constitute

195



Cancers 2019, 11, 411

a signature discriminating GBM from non-tumoral samples and lower grade gliomas. Those results
suggest that macropinocytosis may play important roles in GBM aggressiveness.

We then proposed to make use of compounds that interfere with this endocytotic process to
increase anti-cancer drug uptake. The three compounds selected for this purpose, i.e., honokiol,
vacquinol-1 and MOMIPP indeed allowed significant increase in intracellular TMZ concentration
in vitro. This study provides with a first proof of concept and paves the way to use macropinocytosis
deregulators in combination with chemotherapeutic agents. Considering that EGFR is an activator
of macropinocytosis, patients with amplified or mutated EGFR may represent better candidate for
this approach.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/3/411/s1,
Table S1: Statistical comparison of mRNA expression data of macropinocytosis gene probes in the GSE53733
dataset, Figure S1: Morphological illustration of the vacuoles formed after treatment of Hs683 cell line with
honokiol (40 μM), MOMIPP (3 μM) or vacquinol-1 (5 μM) over time, Figure S2: MTT curves of the three products
used in this study, Figure S3: Effects of various inhibitors on vacuoles formation following honokiol, vacquinol-1
and MOMIPP treatment in Hs683 cells, Figure S4: Illustration of the ER-Tracker staining of U373 (a) and Hs683
(b) in presence of honokiol with or without the various vacuolization inhibitors, Figure S5: Effects of filipin on
vacuoles formation following honokiol, vacquinol-1 and MOMIPP treatment in U373 and Hs683 cells, Figure S6:
Illustration of lucifer yellow (a) and fluorescent 10 kDa dextran (b) uptake in Hs683 cells treated with honokiol,
MOMIPP or vacquinol-1, Figure S7: Illustration of fluorescent 70 kDa dextran internalization in U373 (a) and Hs683
(b) cells treated with honokiol, MOMIPP, vacquinol-1, Figure S8: Illustrations of the fluorescent characterization
of the vacuoles using different fluorescent cell compartment trackers in Hs683 cells, Figure S9: Illustration of the
fluorescent marking of the vacuoles using mitochondrial and lysosomal cell compartment trackers in U373 (a) and
Hs683 (b) cells.
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Abstract: The standard treatment for glioblastoma multiforme (GBM) is surgery followed by
chemo/radiotherapy. A major limitation on patient improvement is the high resistance of tumors to
drug treatment, likely responsible for their subsequent recurrence and rapid progression. Therefore,
alternatives to the standard therapy are necessary. The aim of the present study was to evaluate
whether mifepristone, an antihormonal agent, has a synergistic effect with temozolomide (used
in standard therapy for gliomas). Whereas the mechanism of temozolomide involves damage to
tumor DNA leading to apoptosis, tumor resistance is associated with DNA damage repair through
the O6-methylguanine-DNA-methyltransferase (MGMT) enzyme. Temozolomide/mifepristone
treatment, herein examined in Wistar rats after orthotopically implanting C6 glioma cells, markedly
reduced proliferation. This was evidenced by a decreased level of the following parameters:
a proliferation marker (Ki-67), a tumor growth marker (18F-fluorothymidine uptake, determined
by PET/CT images), and the MGMT enzyme. Increased apoptosis was detected by the relative
expression of related proteins, (e.g. Bcl-2 (B-cell lymphoma 2), Bax (bcl-2-like protein 4) and
caspase-3). Thus, greater apoptosis of tumor cells caused by their diminished capacity to repair DNA
probably contributed significantly to the enhanced activity of temozolomide. The results suggest that
mifepristone could possibly act as a chemo-sensitizing agent for temozolomide during chemotherapy
for GBM.

Keywords: glioblastoma; temozolomide; mifepristone; MGMT; drug resistance; apoptosis
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1. Introduction

Glioblastoma multiforme (GBM), the most common tumor of the central nervous system, is
a highly aggressive cancer with a prognosis of 14.6 months median survival upon diagnosis [1].
Agents for GBM therapy encounter obstacles nonexistent in the treatment of non-neurological cancers.
For instance, the blood-brain barrier restricts the passage of many chemotherapeutic agents due to
certain well-known characteristics, such as the presence of tight junctions between cells and the lack of
fenestrae [2,3].

The current treatment for GBM consists of surgery followed by radiotherapy and chemotherapy
with temozolomide. Unfortunately, the great tumor resistance to this drug limits its effectiveness
and often leads to recurrence and rapid tumor progression [4]. Subsequent to the oral administration
of temozolomide, its spontaneous breakdown at physiological pH produces monomethyltriazene
5-(3-methyltriazen-1-yl)-imidazole-4-carboxamide (MTIC), which in turn reacts with water to liberate
5-aminoimidazole-4-carboxamide (AIC) and the highly reactive methyldiazonium cation. The latter
methylates DNA purine residues, preferentially O-6 guanine (O6-MeG, 6%) in guanine-rich regions [5],
but also N-7 guanine (N7-MeG, 70%) and N-3 adenine (N3-MeA, 9%). Alkylation of the O6 site on
guanine promotes the insertion of a thymine instead of a cytosine during DNA replication, which can
result in cell death [5].

Tumor cells often show chemoresistance to temozolomide, continuing to proliferate after
treatment. Drug resistance is due in part to the overexpression of MGMT (O6-methylguanine-
DNA-methyltransferase), an enzyme involved in the repair of temozolomide-induced DNA damage.
There is an inverse relationship between the levels of MGMT expression and the cellular response
to temozolomide [6]. Hence, MGMT expression is a relevant prognostic factor for the response to
temozolomide therapy, with an elevated expression linked to drug resistance [7].

Clinical and experimental data have established the resistance of GBM to apoptosis. Defects
in apoptotic mechanisms foster tumorigenesis and contribute to the resistance to temozolomide,
since its cytotoxic activity is exerted in part through the triggering of apoptosis [8]. In recent
years, new molecules have been developed to attempt to overcome the problem of tumor resistance
to temozolomide, but with little impact on the prognosis and survival of GBM patients [9–11].
One strategy for improving GBM treatment is to seek new chemo-sensitizing agents that enhance the
effectiveness of temozolomide by increasing the apoptosis of tumor cells through a decrease in the
activity of the DNA repair enzyme.

One possibility is mifepristone, which blocks the capacity of progesterone to stimulate the growth,
migration and invasion of human astrocytoma cells lines (such as U373, U87 and D54) [12,13].
This synthetic steroid is used as an abortifacient drug because of its anti-progestational and
anti-glucocorticoid action. Our group previously demonstrated an important role of mifepristone
in chemo-radio-sensitization, describing its synergistic effect with cisplatin and radiotherapy to act
against proliferation of cervical cancer cell lines and cervix xenografts [14]. We also studied the
addition of mifepristone to temozolomide-based chemotherapy (accompanied by radiation), observing
improved antiproliferative activity on a glioma xenograft in the flank of nude mice. The tumor growth
rate was slower than that found with radiation alone or temozolomide alone, indicating a chemo- and
radio-sensitizing effect [15].

However, the flank tumor model has drawbacks, especially the absence of the environment
provided by the normal brain parenchyma and blood brain barrier. Since these factors are known to
influence drug delivery to the tumor [16], orthotopic models are preferred. The aim of the present study
was to evaluate, with an immunocompetent orthotopic model based on the intracranial implantation of
a glioma cell line in rats, whether mifepristone is able to modulate the growth of temozolomide-treated
tumors. The possible mechanism of action of mifepristone as a chemo-sensitizing agent was explored
by determining the levels of MGMT (a DNA repair enzyme) as well as the expression of proteins as Bcl-2
(B-cell lymphoma 2), Bax (bcl-2-like protein 4) and caspase that participate in the apoptotic pathway.
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2. Results

2.1. Tumor Growth Assessed by Molecular Imaging

Rats were subjected to four treatments: the vehicle only, temozolomide only, mifepristone only,
and mifepristone/temozolomide. PET/CT scans were performed at baseline (day 0 of drug treatment, 2
weeks post-implantation) and at the end of the experiment (day 21). In the resulting images (Figure 1a),
the presence of red reflects the uptake of 18F-fluorothymidine (18F-FLT), a tumor cell growth marker.
It is measured as total lesion proliferation (TLP).

Figure 1. Antitumor activity in the orthotopic rat model of a glioma. (a) PET/CT images showing
18F-FLT (18F-fluorothymidine) tumor uptake for the distinct groups. The images on the left represent
the beginning of drug treatment (baseline, two weeks after tumor cell implantation, considered as
day 0) and those on the right depict the end of the third week of treatment (day 21). Red reflects the
uptake of (18F-FLT). (b) The proliferative activity of tumors, measured as total lesion proliferation
(TLP). Data are expressed as the mean ± SEM of three animals. * A significant difference (p < 0.05)
between the Mifeprostone/Temozolomide (Mif/Tz) group and the other groups with implantation of
glioma cells (the vehicle only, Tz only and Mif only).
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After 21 days of treatment, there was an increase in TLP and consequently in the tumor
size for the control, temozolomide and mifepristone groups, and a decrease in this parameter for
the mifepristone/temozolomide group (Figure 1b). At day 21, both the increase for the vehicle
only (control) animals and the decrease for the mifepristone/temozolomide group were significant
compared to baseline. Moreover, a significantly lower rate of proliferation was found for the
combination treatment than for each of the other three groups (the control, temozolomide only and
mifepristone only).

2.2. Determination of Body Weight and Overall Survival

Tumor growth was also assessed by means of weight loss (Figure 2a). All animals continued to
gain weight during the first two weeks post-implantation of tumor cells. Subsequently, the rats treated
with the vehicle or temozolomide only rapidly lost weight, evidencing accelerated tumor proliferation.

Figure 2. The effect of tumor growth in the orthotopic rat model of a glioma, evaluated by weight loss
and overall survival. (a) Relative weight of rats in the five groups: sham surgery (without implanting
glioma cells) ( ), and the implantation of glioma cells followed by each of the treatments: vehicle only
( ), temozolomide only ( ), mifepristone only ( ), and the mifepristone/temozolomide combination
( ). Each point represents the mean ± SEM of six animals. * A significant difference (p < 0.05) between
Mif/Tz and the other groups (Sham, Control, Tz only and Mif only) on day 24. # A significant difference
(p < 0.05) between Mif/Tz and Mif only on day 31. † A significant difference (p < 0.05) between the
Mif/Tz and the Sham group on day 31. (b) Survival analysis of the same groups for up to 50 days after
implantation (day 0 = day of surgery).

The rats in the group given mifepristone only displayed a less drastic weight loss. All animals
in these three groups survived between 17 and 32 days (Figure 2b). In contrast, the rats receiving
mifepristone/temozolomide maintained their weight throughout the study (Figure 2a), and those
having no tumor cell implantation (sham operation) gained weight. The latter two groups were still
alive when all the rats of the other three groups had died, and most survived to the end of the study
(50 days post-implantation) (Figure 2b).

2.3. Histological and Immunohistochemical Analysis

At the end of the treatments, the brain tissue was processed for histological examination, applying
hematoxylin and eosin (H&E) stain to the tissue sections (Figure 3a–e). The tissue of the animals
treated with the vehicle only, temozolomide only or mifepristone only showed hypercellularity,
mitosis, pleomorphism and necrosis (Figure 3b–d). These characteristics were exhibited to a lesser
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extent in the rats administered mifepristone/temozolomide (Figure 3e), but with a hypo- versus
hypercellular lesion.

Figure 3. Haematoxylin and eosin (H&E) staining and immunohistochemical analysis of glioma tissue.
Sections of tumor tissue were stained with haematoxylin and eosin (a–e): Mitosis (black arrows),
nuclear pleomorphism (red arrows) and necrosis (yellow arrows). Immunostaining of Ki-67 (f–j),
showing few cell nuclei positive to this protein in the tumors of the Mif/Tz group compared to those
of the individual treatments (Tz or Mif). The images are representative of three animals per treatment.
Magnification 40×.

Immunohistochemical staining of brain tumor tissue was employed to detect the presence of
Ki-67 (Figure 3f–j), a protein expressed by proliferating cells. Compared to the groups receiving
the vehicle only, temozolomide alone or mifepristone alone, rats given mifepristone/temozolomide
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displayed a lower proportion of Ki-67 positive cells in tumors. Indeed, the stained sections from the
latter group were similar to those from the sham animals, indicating few cells undergoing proliferation.
For animals administered mifepristone only, there was slightly diminished proliferation compared to
those in the control and temozolomide only groups. In the mifepristone/temozolomide group, a close
correlation can be observed between a lower level of Ki-67 and the significant reduction in tumor
growth illustrated in the PET/CT images.

2.4. Expression of Apoptotic Proteins

The combination treatment also affected the expression of apoptotic proteins in tumor cells
(Figure 4). Compared to the control group, animals with temozolomide only or mifepristone only
displayed a slight increase in the Bax/Bcl-2 ratio, but no change in the expression of cleaved caspase
3. In animals given mifepristone/temozolomide, contrarily, a significant increase was found in the
Bax/Bcl-2 ratio and the expression of cleaved caspase 3, revealing a synergy between these two drugs.

Figure 4. Expression of apoptotic proteins. Representative western blot results and densitometric
analysis of Bcl-2, Bax and Cl-Caspase 3. Data are expressed as the mean± SEM from three independent
experiments. * Indicates a significant difference (p < 0.05) between Mif/Tz and the other groups with
tumor cell implantation (given Tz, Mif or the vehicle).

2.5. Expression of MGMT

MGMT, an enzyme involved in DNA repair, plays a significant role in the resistance of glioma
tumors to temozolomide. Western blot data and band intensity showed the protein expression
of MGMT to be strikingly downregulated in the mifepristone/temozolomide group and slightly
decreased in the mifepristone only group compared to the animals administered temozolomide only
(Figure 5).
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Figure 5. Expression of MGMT (O6-methylguanine-DNA-methyltransferase). Representative western
blot results and densitometric analysis of the MGMT protein. Data are expressed as the mean ± SEM
of three independent experiments. * A significant difference (p < 0.05) between Mif/Tz and the other
groups with tumor cell implantation (given Tz, Mif or the vehicle).

3. Discussion

One of the major problems in the treatment of GBM is the drug resistance of tumors and the
repopulation carried out by cells that escape chemotherapy. The standard treatment for this disease,
consisting of surgery followed by radiation therapy plus chemotherapy with temozolomide, yields a
median survival of only 1–2 years. Therefore, it is essential to find new strategies for treating GBM in
order to lengthen patient survival and avoid recurrence.

The current study evaluated whether the combination of mifepristone and temozolomide could
give a better outcome than temozolomide only applied to glioma tumors in rats. Mifepristone is known
to act as an antagonist of progestins, glucocorticoids and androgens by blocking progesterone receptor
(PR), glucocorticoid receptor (GR) and androgen receptor (AR), respectively [17,18]. However, the role
of this antihormonal agent as a chemo-sensitizer in GBM has scarcely been explored. Although we
previously suggested the potential of mifepristone as a chemo-radio-sensitizer for the standard treatment
of a glioma tumor based on a subcutaneous xenograft model of GBM [15], the present intracerebral
model more closely resembles the native niche of such a tumor in the central nervous system.

A significant difference in tumor growth was observed between the animals administered
mifepristone/temozolomide and those given the vehicle only, temozolomide only or mifepristone only.
Compared to the latter three groups, the animals submitted to the combination treatment exhibited
significantly reduced tumor growth and greater survival time.

The level of Ki-67 was herein scrutinized due to its expression by proliferating cells in all phases
of the active cell cycle and its absence in resting cells (G0). Ki-67 was abundant in the tumor cells
of the groups given temozolomide only, mifepristone only or the vehicle only, but was scarcely
detected in tumor cells of the animals receiving mifepristone/temozolomide. Hence, the mifepristone/
temozolomide combination blocked the proliferation of glioma cells.

The PET/CT scans, which measured 18F-FLT uptakes, were in agreement with the Ki-67 results,
revealing a lack of tumor cell growth with the combined treatment. 18F-FLT displays minimal uptake
in normal brain tissue because the expression level of thymidine kinase-1 is very limited in neurons
and glia. Thus, 18F-FLT/PET may be advantageous for examining tumor recurrence [19,20].
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Mifepristone is known to diminish the proliferation of cancer cells of reproductive and
non-reproductive origin [21] and to inhibit the in vitro growth of cancer cells derived from the nervous
system, breast, prostate, and ovary. It also gives rise to G1-S blockage of the cell cycle through inhibition
of cdk2 activity in human ovarian cancer cells [22].

Whereas progesterone is known to generate the proliferation of tumor cells, the progesterone/
mifepristone combination has proven to block the proliferative effect. This combination also
significantly decreases the tumor area compared to progesterone only administered to rats [23].
Experimental studies have indicated that progesterone is capable of stimulating the infiltration and
migration of astrocytes to the rat cortex, exerting its effects through two mechanisms. The first
implies an interaction with nuclear PR (nPR), while the second requires the participation of membrane
receptors (mPR) [24]. PR expression exists in several types of brain tumors, including meningiomas
and gliomas, and increases with histological malignancy [25]. Moreover, mPRs are expressed in GBM
cell lines such as U251 and U87 [26]. Upon evaluating the expression of PRs in C6 glioma cells, Su et al.
observed no expression of classical nuclear PRs but identified significant levels of mPRs [27].

Although mifepristone plus temozolomide herein diminished tumor growth, its mechanism of
action as a chemo-sensitizing agent is unknown. The promotion of apoptosis by mifepristone has been
documented in distinct tumor types. Li et al. demonstrated that this drug produces an antiproliferative
effect on human SGC-79901 gastric adenocarcinoma cells by downregulating Bcl-XL expression and
upregulating caspase 3 activity [28]. Moreover, mifepristone inhibits cell growth by arresting cell
cycle progression at the S phase, triggers apoptosis by activating caspase-3, and modulates the genes
involved in apoptosis (including BCL2/BAX and FAS/FASLG) in Ishikawa cells [29]. According to
Gonzalez-Agüero et al., progesterone significantly increases the growth of U373 and D54 human
astrocytoma cells, an outcome blocked by mifepristone in both cases. Additionally, mifepristone
administered without progesterone reduced the growth of these two cell lines [12], evidencing a
possible antiproliferative effect on gliomas.

Mifepristone/temozolomide treatment presently exerted a strong downregulation of the
expression of the antiapoptotic protein Bcl-2 and an upregulation of the expression of two apoptotic
proteins (Bax and cl-caspase-3) (Figure 4). This suggests that mifepristone/temozolomide induces
apoptosis in glioblastoma tumors in vivo, which could be relevant for improving the effectiveness of
standard therapy for GBM.

On the other hand, the epigenetic silencing of MGMT was shown to enhance the response
of GBM patients to chemotherapy based on alkylating agents, leading to longer mean survival.
The median survival of patients treated with temozolomide is greater when the promoter of MGMT is
hypermethylated [30,31]. Whereas most patients are resistant to temozolomide, epigenetic inactivation
of MGMT, occurring in approximately 40% of patients, is associated with a better response. [32].
Therefore, the depletion of MGMT is important for increasing tumor sensitivity to temozolomide.

It is still unknown whether mifepristone epigenetically inhibits MGMT. However, some previously
described mechanisms could partially account for the current results. Different nuclear transcription
factors, including SP1 (protein 1-binding), AP-1 (activator protein), NF-κB (nuclear factor for the
polypeptide gene enhancer in B cells) and HIF-1α (hypoxia inducible factor-1α), can also activate the
transcription of the MGMT gene [33]. Some of the aforementioned transcription factors may participate
in MGMT gene regulation by mifepristone. It has recently been documented that MGMT expression is
associated with SP1 expression in glioma cell lines. Since knockdown of SP1 strongly reduced MGMT
protein expression, SP1 is one of the main factors regulating MGMT [34]. MGMT expression also
depends on p53, a transcription factor that sequesters SP1 and prevents its binding to MGMT [34].
Additionally, there is evidence of mifepristone increasing apoptosis due to p53 activation in several
cancer cell lines [35,36]. Hence, the present findings could be partially explained by some of these
mechanisms. Further studies are needed to clearly define the mechanisms responsible for the inhibition
of MGMT by mifepristone.
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Glucocorticoids are frequently used in glioblastoma therapy to address edema. According to
some authors, they are involved in eliciting the expression of the MGMT gene, meaning that they
could contribute to an elevated MGMT protein level. Biswas et al. and Ueda et al. detected an
upregulation of MGMT in glioblastoma cell lines during glucocorticoid treatment [37,38]. Furthermore,
Horiguchi et al. found that dexamethasone acts as a positive regulator of hepatic MGMT expression,
an effect reversed by concomitant administration of its antagonist mifepristone [39]. The present
results are the first, to our knowledge, in relation to the influence of mifepristone on MGMT expression
when administered alone. The current mifepristone only treatment was able to decrease the levels of
MGMT compared to the group given the vehicle only and temozolomide only. This could account for
the enhancement of sensitivity of tumor cells to temozolomide, observed in the group receiving the
mifepristone/temozolomide combination (Figure 5).

A correlation existed between a higher MGMT expression and greater resistance of the tumor
to treatment (the latter reflected in the lower survival of the animals). Whereas the rats administered
temozolomide only did not survive more than 24 days, those with the mifepristone/temozolomide
combination showed a remarkable increase in mean survival. About 75% of the animals receiving the
latter treatment survived to the end of the experiment (50 days).

A possible mechanism of mifepristone for improving the efficacy of temozolomide is proposed
(Figure 6). Drug resistance to temozolomide is associated with DNA damage repair, which impedes
apoptosis. Among the numerous mechanisms utilized by glioma cells to resist temozolomide-induced
DNA damage, the avoidance of apoptosis is probably one of the most frequently studied. It has been
reported that glioma tumors have elevated levels of the anti-apoptotic proteins Bcl-2 and reduced
levels of the apoptotic protein Bax, giving rise to a predisposed anti-apoptotic state correlated with
resistance to chemotherapy.

 

Figure 6. Schematic portrayal of the possible mechanisms of treatment with mifepristone/
temozolomide. This combination decreased the level of anti-apoptotic protein Bcl-2 and increased the
levels of pro-apoptotic proteins Bax and cl-caspase-3, leading to greater cellular apoptosis. As described
elsewhere, temozolomide releases a compound, O6-guanine, that causes DNA damage and cell death.
However, there are different mechanisms of repair or avoidance employed by tumor cells. For example,
resistance to temozolomide treatment is reportedly related to the presence of the MGMT enzyme, which
removes the methyl group from O6-guanine and thus restores the cellular replication of tumor cells.
A lower expression of MGMT was herein detected when administering mifepristone/temozolomide
versus temozolomide alone. The combination treatment perhaps allows methylation to occur in
the purine bases of DNA at the O6 position of guanine without removing the methyl groups, and
consequently contributes to an increase in the effect of temozolomide.
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Consequently, the inhibition of Bcl-2 through mifepristone treatment, fostering higher levels of
Bax and Cl-Caspase, may be an effective strategy for overcoming the resistance of tumors to apoptosis
when administering temozolomide. Although new small molecules have been investigated for the
inhibition of the Bcl-2 family of proteins in numerous cancer types, their application to GBM has been
scarcely explored.

Temozolomide generates numerous DNA adducts (e.g., O6-methylguanine) that are regarded as
very cytotoxic. Contrarily, MGMT removes alkylating adducts from the O6 position of guanine and
thus protects glioma cells from this cytotoxicity. A decrease in the levels of MGMT by mifepristone
would impede the repair of temozolomide-induced damage, leading to an eventual accumulation of
adducts, a reduction of replication and the triggering of cell death.

Mifepristone has been widely studied as an abortifacient and contraceptive drug. According to
recent evidence and the current findings, this drug seems to have great potential for cancer treatment. It
offers palliative benefits for a wide variety of human cancer types, including patients with glioblastoma
(demonstrating that it successfully crosses the blood-brain barrier) [40,41]. Mifepristone has only a
mild adverse effect, even when taken daily for up to 13 years [42]. Therefore, long-term administration
of mifepristone may be feasible and clinically well-tolerated in combination with temozolomide to
treat patients suffering from a glioma. We propose a Phase I clinical trial to test this combination in the
near future.

4. Materials and Methods

4.1. Drugs and Reagents

Mifepristone and temozolomide were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
Dulbecco’s modified Eagle’s medium (DMEM), fetal calf serum (FCS), ethylenediaminetetracetic acid
(EDTA) and SDS were purchased from Gibco, BRL (Grand Island, NY, USA). High-quality water for
the solutions was processed with a Milli-Q Reagent Water System (Continental Water Systems; El Paso,
TX, USA). Temozolomide was prepared in DMSO at a final concentration of 4% and mifepristone was
reconstituted in polyethylenglycol and saline solution. All standard solutions were stored at −20 ◦C
until use.

4.2. Animals

Male Wistar rats, (200–230 g) were supplied by the Instituto Nacional de Ciencias Médicas
y Nutrición Salvador Zubiran (INCMNSZ), Mexico City, Mexico. All procedures for the care
and handling of the animals were approved by the Ethics Committee of the “Instituto Nacional
de Cancerología” (INCan, Mexico City, Mexico), and were in accordance with Mexican Federal
Regulations for Animal Experimentation and Care (NOM-062-ZOO-1999, Ministry of Agriculture,
Mexico).

4.3. Cell Culture

The glioma C6 cell line was acquired from American Type Culture Collection (Rockville, MD,
USA). It was routinely maintained as a monolayer in DMEM, supplemented with 5% fetal bovine
serum and incubated at 37 ◦C in 5% CO2 atmosphere at high humidity. Cells were harvested with
1mM EDTA.

4.4. Tumor Cell Implantation

Posterior to anaesthetization with a combination of tiletamine hydrochloride (10 mg/kg) and
acepromazine maleate (0.4 mg/kg) administered s.c., each animal was placed in a stereotactic device
for surgery. After fastening the head in the frame, a midline incision was made and bregma was
identified. The skull was then drilled at the coordinates of 2.0 mm right from bregma and 6 mm deep
(hippocampus), in accordance with the Paxinos and Watson atlas [43].
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C6 cells were harvested, washed three times and diluted in DMEM to a concentration of 7.5 × 105

in a volume of 3 μL. Employing an infusion pump and a 27-gauge needle, these cells were slowly
implanted at a depth of 6 mm from the dura mater. The injection was made over a 6-min period.
Upon closing the scalp, the rat was returned to the animal facility. The rats of the sham group were
submitted only to the surgical procedure, without the implantation of tumor cells. Animals were
subsequently weighed 3 times/week during the study.

4.5. Treatments

At two weeks post-implantation of tumor cells, the animals were divided into four groups
(n = 6–8): (A) temozolomide only (5 mg/kg/day i.p), (B) mifepristone only (10 mg/kg/day s.c.),
(C) mifepristone plus temozolomide (the same doses), and (D) control animals (vehicle only). A fifth
group consisted of sham animals (inoculated only with DMEM, in the absence of glioma cells).
The drug treatments were administered in three cycles of five consecutive days over a period
of three weeks. The antitumor activity of temozolomide is schedule-dependent, with multiple
administrations being more effective than a single treatment. In clinical practice, the recommended
dose of temozolomide is 75–200 mg/m2 given orally for 5 consecutive days every 28-day cycle
(5/28 d) [44,45].

4.6. Tumor Growth Assessed by Molecular Imaging

Brain tumor growth was measured with a microPET/CT scanner (Albira ARS, Oncovision
Valencia, Spain). PET/CT images were acquired at 2 weeks post-implantation (day 0 of drug treatment)
and subsequently on a weekly basis up to the time of euthanization. 300 μCi of 18 F-FLT was
injected into the caudal vein of rats under O2/isoflurane anesthesia (1–3% isoflurane in 100% oxygen).
The images were acquired at 40–60 min post-injection.

4.7. Determination of Body Weight and Overall Survival

Tumor growth was also evaluated by monitoring weight loss during treatments and recording
the global survival of animals throughout the study, which lasted 50 days.

4.8. Histology and Immunohistochemistry

At the end of the experiment, all rats were euthanized and perfused with saline solution followed
by 4% paraformaldehyde. Brains were removed and immersed in 4% paraformaldehyde for 2 weeks.
The brain tissue was embedded in paraffin and sliced into sections (2 mm thick) on the coronal plane.
The tissue slices were stained using the H&E method, and cell proliferation examined according to the
level of the Ki-67 protein. A section of rat spleen was employed as a positive control.

4.9. Western Blot Analysis

Tissue samples were homogenized with a lysis buffer containing protease inhibitors. Proteins were
obtained by centrifugation at 10,000 g and 4 ◦C, separated on 10% polyacrylamide gel and quantified
by bicinchoninic acid assay (BCA). Colored markers (Bio-Rad, Hercules, CA, USA) were included to
establish size. Proteins were then electrophoretically transferred from the gel onto PVDF membranes
(Amersham, Buckinghamshire, UK), which were blocked with 5% non-fat dry milk at room temperature
for 2 h. Membranes were incubated overnight at 4 ◦C with antibodies against MGMT (sc-166528, 1:500),
Bcl-2 (sc-7382, 1:1000), Bax (sc-20067, 1:1000), actin (sc-69879, 1:1000; Santa Cruz Biotechnology, Dallas,
TX, USA) and cleaved caspase 3 (9661, 1:1000; Cell Signaling Technology, MAB230, R&D Systems,
Minneapolis, MN, USA). After washing, the membranes were incubated with anti-mouse or anti-rabbit
secondary antibodies, IgG-HRP (1:1500 and 1:3000, respectively; Santa Cruz Biotechnology) for 1 h.

Blots were developed with a chemiluminescent substrate (ECL Prime). Chemiluminescent bands
were developed on Kodak autoradiography film in a darkroom and their densities were measured
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on Image Studio software (version, 5.2 Li-cor, Lincoln, NE, USA). In each figure, representative blot
images were selected from the same gel.

4.10. Statistical Analysis

Values are expressed as the mean ± SEM (standard error of the mean). Statistical analysis
was performed with one-way analysis of variance (ANOVA) on SPSS Base 20.0 software (SPSS
Inc., Chicago, IL, USA). Differences were scrutinized with multiple comparisons between groups.
When necessary, the comparison of means was Bonferroni adjusted. In all cases, a value of p < 0.05
was considered significant.

5. Conclusions

The present results indicate that mifepristone was capable of enhancing the inhibitory effect of
temozolomide on the proliferation of glioma tumors in an orthotopic rat model of glioblastoma. Hence,
this antihormonal drug could possibly be beneficial as a sensitizer for temozolomide in standard
therapy for GBM. Since standard GBM treatment is of limited effectiveness, evidenced by low patient
survival, the current findings are encouraging and suggest the importance of a Phase I clinical study to
further explore the combination of mifepristone and temozolomide.
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Abstract: Glioblastomas are the most common and lethal neoplasms of the central nervous system.
Neighbouring glioma cells maintain extreme degrees of genetic and phenotypic variation that form
intratumoural heterogeneity. This genetic diversity allows the most adaptive tumour clones to
develop treatment resistance, ultimately leading to disease recurrence. We aimed to model this
phenomenon and test the effectiveness of several targeted therapeutic interventions to overcome
therapy resistance. Heterogeneous tumour masses were first deconstructed into single tumour cells,
which were expanded independently as single-cell clones. Single nucleotide polymorphism arrays,
whole-genome and RNA sequencing, and CpG methylation analysis validated the unique molecular
profile of each tumour clone, which displayed distinct pathologic features, including cell morphology,
growth rate, and resistance to temozolomide and ionizing radiation. We also identified variable
sensitivities to AURK, CDK, and EGFR inhibitors which were consistent with the heterogeneous
molecular alterations that each clone harboured. These targeted therapies effectively eliminated the
temozolomide- and/or irradiation-resistant clones and also parental polyclonal cells. Our findings
indicate that polyclonal tumours create a dynamic environment that consists of diverse tumour
elements and treatment responses. Designing targeted therapies based on a range of molecular
profiles can be a more effective strategy to eradicate treatment resistance, recurrence, and metastasis.

Keywords: glioblastoma; intratumoural heterogeneity; tumour resistance; personalised therapy;
targeted therapy; combination therapy; drug screens
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1. Introduction

Glioblastoma remains an aggressive disease despite decades of comprehensive research.
The overall and progression-free survival has not changed since the introduction of concomitant
and adjuvant radiotherapy and chemotherapy in the form of temozolomide (TMZ) in 2005 [1,2].
This poor outcome is partially linked to its original name, “glioblastoma multiforme”, as glioblastoma
displays extreme degrees of genetic and phenotypic variation. This intertumoural heterogeneity has
been evidenced by the characterisation of numerous tumour samples that showed distinct and unique
molecular profiles, including gene mutations, chromosomal alterations, copy number variations,
epigenetic alterations, and protein or RNA expression signatures [3–7]. Thus, the classification of
glioblastoma into different subgroups based on their molecular profiles has been suggested to simplify
the complexity of the disease, and also facilitate personalised treatment strategies [8]. However, recent
studies have identified another phenomenon: intratumoural heterogeneity, which refers to individual
cells/clones within a single tumour mass that are associated with different molecular characteristics [9].
Intratumoural heterogeneity poses additional challenges, as current pathological and molecular
diagnostics are based only on a small region of the tumour, which may not be representative of the
tumour mass as a whole [9].

Initial attempts to better understand glioblastoma intratumoural heterogeneity was undertaken
on spatially distinct regions of a single tumour, and analysing these distinct tumour fragments
revealed both unique and common copy number alterations in different fragments [10]. Subsequent
studies extended these findings and reported a wide spectrum of transcriptional programs, cell states
(differentiation vs. stemness), and proliferation capacity between individual tumour cells/clones
isolated from the same tumour mass [11,12]. Clonal diversity was further demonstrated by the
discovery of a mosaic and mutually exclusive amplification of three receptor tyrosine kinase (RTK)
genes in intermingled subpopulations of glioblastoma cells. The heterogeneous but co-existing
distribution of these EGFR, MET, and PDGFRA gene amplifications suggests that glioblastoma
may undergo a dynamic evolution during tumour progression that creates diversity within a single
mass [13]. Importantly, the involvement of multiple kinases in tumour development raises the question
of whether therapies or a combination of therapies targeting multiple oncogenic signals are needed to
eradicate the whole tumour mass.

Intratumoural heterogeneity arises by the continuous acquisition of molecular alterations during
tumour progression. As tumour growth proceeds, individual cells and clones persistently compete
for nutrient, oxygen and space within the tumour microenvironment. In this selective environment,
clones evolve and acquire alterations that enable them to survive and proliferate, essentially becoming
dominant subclones while others either perish or remain quiescent [14]. Current treatment, including
chemotherapy and radiotherapy, also provides strong selective pressures which trigger clonal evolution
responses. Although treatment induces death in a significant proportion of the tumour, surviving
cells acquire new alterations, becoming resistant to therapy and enabling tumour recurrence [14,15].
In support of this notion, it has been found that the mutation rate (mutation per megabase) in
low-grade gliomas increased from (0.2–4.5) to (31.9–90.9) when they relapse as secondary glioblastomas.
Importantly, >98.7% of these alterations have been associated with TMZ treatment and did not exist in
the pre-treatment primary tumours. Thousands of de novo mutations and novel oncogenic signatures
observed in these TMZ-resistant clones suggest that tumours branch out into new molecular profiles
and evolve into even more malignant states after treatment [16].

It is therefore imperative to capture and recapitulate the ever-fluctuating intratumoural
heterogeneity in order to fully comprehend the complex biology of glioblastoma. Furthermore,
designing and testing rationalised therapeutic interventions in consideration of this phenomenon has
important clinical implications. Here, we show that individual tumour clones have a wide range of
genetic and biological features which ultimately determine their response to several clinically relevant
compounds. Our results shed further light on the complexity and heterogeneity present within
glioblastoma tumours and highlight that, despite this diversity, both treatment-resistant and sensitive
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clones can be effectively targeted. These findings may help to inform future clinical trial development
to overcome tumour heterogeneity to improve clinical outcomes for glioblastoma sufferers.

2. Results

2.1. Single-Cell Clonal Model Development to Assess Intratumoural Heterogeneity in Glioblastoma

To model intratumoural heterogeneity, we developed a three-step approach (Figure 1A). Firstly,
we prepared a polyclonal primary cell line from patient-derived tumour tissue. We then deconstructed
this polyclonal cell line into individual cells and established single-cell clones grown under serum-free
conditions. The passage number of the clones was kept to a minimum to reduce culture induced
alterations. Next, we undertook a number of genomics analyses, including Single nucleotide
polymorphism (SNP) arrays, RNA sequencing, and whole genome sequencing (WGS), allowing
us to profile each clone in great detail. Secondly, we analysed the biological response of the clones to
the clinical standards of care by treatment with TMZ and ionizing radiation (IR). This allowed us to
identify a number of treatment sensitive and resistant clones. Lastly, we used our detailed knowledge
of the clones to guide our treatment decisions to rationally target and eliminate resistant tumour cell
populations. These three steps were achieved in a structured workflow (Figure 1B).

 
Figure 1. Modelling tumour heterogeneity. (A) Schematic representation of the three main steps
used to investigate intratumoural heterogeneity in glioblastoma. Step 1, deconstructing a polyclonal
tumour into single-cells that were expanded clonally prior to comprehensive genomics analyses. Step
2, assessment of individual clones’ responses to the current standards of care, including temozolomide
(TMZ) and IR. Step 3, drug screen development and rationale target validation. (B) A schema of the
workflow used to undertake this study.

2.2. Single-Cell Clones Exhibit Unique Molecular Relationships with a Spectrum of Growth Rates

The copy number events in each sample, which were assessed by SNP array, were used to elucidate
the clonal relationships between samples. Genotype analysis confirmed a high degree of similarity
between all samples, with a concordance of ≥0.954 from pairwise comparisons of >400K polymorphic
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positions. The most variable cross sample LogR ratio values (the total normalised signal intensity
of the two alleles), which indicate the copy number status of each array probe, were analysed using
unsupervised hierarchical clustering to generate a relationship diagram (Figure 2A). The clustering
indicated two major groups with all bulk tumour and matched normal samples in the first and cell
lines in the second that contained three further identifiable subgroups of tumour clones (Figure 2A,
yellow boxes).

The proliferation rate of each tumour clone was assessed for 12 single-cell clones and the
polyclonal line to determine whether the observed molecular clonal SNP array variances correlated
with mitogenic potential (Figure 2B). Interestingly, we observed a wide spectrum of growth rates
among the tumour clones. For instance, while clone-F reached confluency in approximately 5 days,
clone-B did not reach 50% confluency even after 8 days when the assay was ended. Other clones fell
between these two extremes, which led to three main proliferation categories: high, medium, and low
(Figure 2B). Using this relatively straight-forward two-parameter approach, using the SNP array and
proliferative potential, we were able to separate tumour clones from each other.

 
Figure 2. Single-cell clones exhibit unique molecular relationships and growth rates. (A) single
nucleotide polymorphism (SNP) array-based dendrogram of 12 single-cell clones (A–L), parental
polyclonal line (Poly), normal cortex tissue (Cortex), peripheral blood (Blood), aspirated tumour tissue
(Aspirate), and surgically resected tumour tissue (Tumour). Three subgroups were found among
the tumour clones, which are indicated with yellow boxes. (B) Growth rates of the 12 single-cell
clones (A–L) and polyclonal cell line were recorded every 3 h for a period of 8 days using an IncuCyte
instrument. The cell growth was categorised as high, medium or low. Growth curves for each single-cell
clone are labelled with a different colour, except for the grey curves, which represent the clones that
were not subjected to further comprehensive genomics analyses.

2.3. Comprehensive Genomic Analyses Identify Relationships between Single-Cell Clones

Based on the SNP array clustering and growth characteristics, we selected six clones (clones
A–F) to further model intratumoural heterogeneity. These six clones were distributed within the three
main arms of the SNP array cluster and covered the spectrum of observed growth rates (Figure 2A,B).
We performed comprehensive genomic analyses for these selected clones, including whole genome
sequencing, RNA sequencing, and CpG methylation profiling (Figure 3).

Genomic analysis focusing on the somatic differences between the clones revealed heterogeneity
across all data types. Somatic DNA changes were catalogued for each sample, including copy number,
structural variants (SVs), single nucleotide variants (SNVs) and small insertions/deletions (indels).
Comparative analysis of the SNVs indicated that 3490 out of 8696 (40.14%, Supplementary Table S1
and Figure S1A–C) were shared by all tumour and clonal samples. These shared variants are likely
to have occurred early on in the development of this cancer and are present in most cells as trunk
variants. Genomic heterogeneity between the cell line clones was apparent as a further 3492 of 8696
(40.16%) SNVs were identified to be unique to one sample, with clone-A containing the most (1345)
unique SNVs (Supplementary Table S1).
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Figure 3. Comprehensive genomic analyses of single-cell clones. (A) Genomic proportion of copy
number alteration. For clonal samples B–F, >84% of their genome is between copy number 3 and 4
(ranging from 84.82% to 85.9%, shown as dark grey bars) as compared to ≤3% for the other samples.
This global whole genome duplication typically affected both alleles, preserving heterozygosity
in these samples. (B) Number of somatic structural variants identified per sample with the type
indicated by colours. (C) Hierarchical clustering of somatic substitution variant allele frequencies
across tumour and clonal samples. The absence of a variant in the normal control cortex sample
is demonstrated by a variant allele frequency of zero (dark blue). (D) Hierarchical clustering of
Log2-normalised and gene-scaled RNA seq gene expression of genes with most variable expression as
identified as contributing to the first principle component. Positive values indicate a sample with the
highest expression and negative values with the lowest expression. (E) Hierarchical clustering of 1000
most variable β-values from DNA methylation sequencing data. Β-value of 1 indicates completely
methylated and 0 unmethylated CpGs.

The copy number data indicated that five of six clonal samples (B–F) had undergone whole
genome duplication (WGD). For these samples, >84% of their genome was copy number 3 and 4 (range
84.82% to 85.9%) as compared to ≤3% for the other samples (Figure 3A and Supplementary Table S2).
The WGD event increased copies of both alleles, and therefore it is difficult to assign a functional
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consequence at a gene level to such a global event. Therefore, a WGD correction was applied for these
samples that revealed that all samples were relatively copy-number quiet, with <20% of the genome
judged to be copy-number aberrant (i.e., not diploid or polyploidy heterozygous, Figure 3A).

Large structural rearrangements (SVs) were detectable in all samples at an average of 20.11 SVs
(range 14 to 35 SVs) (Figure 3B, Supplementary Table S3 and Figure S1D–F). Of the 83 SVs detected, just
10 SVs (12.05%) were identified as early trunk events and were shared by all the samples. The majority
65 of 83 SVs (75.31%) were unique to individual samples. Clone-C harboured the highest number of
somatic structural variants (35 SVs) with more than double the number of events in the bulk tumour
sample (16 SVs). The predicted consequences for all rearrangements indicated that 43 genes were
likely to have been disrupted, resulting in loss of function for those genes, none of which affected
known cancer driver genes. There were three inter-gene fusion events identified, but none included
known cancer driver genes or targets for current therapies (Supplementary Table S3).

In order to investigate the molecular similarity and relationships between the tumour and
clonal samples, unsupervised hierarchical clustering of somatic substitution variant allele frequency
(Supplementary Table S1), gene expression analysis (Supplementary Table S4), and CpG β-value
methylation analysis (Supplementary Table S5) was carried out. All three analyses produced a
consistent overall indication of the relationships between the samples. The clustering of the variant
allele frequency of 8696 somatic substitutions grouped the bulk tumour samples with clones A and D
and the remaining clones together (Figure 3C). Gene expression profiling revealed a similar pattern
with clones A and D, which were most different from the other clones and the polyclonal cell line
sample (Figure 3D). The clustering of the CpG methylation β-values from just the cell line and tumour
sample grouped clones A and D together with the bulk tumour, separate from the other clones
(Figure 3E).

Clones A and D had a reduced growth rate as compared to the other clones (Figure 2A,B).
Therefore, we sought to identify somatic variants in genes associated with cell population proliferation
(using gene ontology term GO:0008283) that were particular to clones A and D to explain the differences
in growth rate (Supplementary Tables S3 and S6). Potentially interesting variants such as a missense
variant in the G protein-coupled receptor SMO (chr7:128850945 G>A) and an SV affecting a putative
tumour suppressor CHD5 (predicted loss of function) were identified. However, the in silico prediction
of the effect of the variants on the resulting proteins remains unclear, and further functional analysis
would be required to assess the impact of these somatic variants on the growth rate of the clonal
cell lines.

RNAseq data was used to classify samples into glioblastoma molecular subtypes [4,17,18].
Tumour and aspirate samples were more similar to the classical subtype, whereas all the tumour
cultured clones, including the parental polyclonal line, displayed a mesenchymal phenotype
(Figure S2A). This is consistent with previous observations suggesting that culture conditions
can influence subtype identification [18–20]. Clones D and F, despite being of a predominantly
mesenchymal subtype, also displayed strong elements associated with a classical subtype signature.
These data suggested that clones of multiple subtypes were isolated from the single tumour mass.

RNAseq data was also used to analyse the expression of known glioblastoma-associated stem cell
genes. Tumour clones, in general, showed higher stem cell gene expression compared to the parental
tumour, aspirate and normal cortex tissue (Figure S2B). This was most likely a cause of the serum-free
culture conditions used, which select for a more de-differentiated stem cell-like population [21]. We were
unable to find a correlation between stem cell marker expression and the proliferation of the clones
or response to TMZ and/or IR. These results imply that a more complex network between genes and
signalling pathways controls key biological parameters, including proliferation and drug resistance.

2.4. Single-Cell Clones Respond Differently to the Current Standards of Care

We next sought to determine the responses of single-cell clones to the current standards of care
used in the clinical management of glioblastoma, including TMZ and IR. To this end, we cultured
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single-cell clones and the polyclonal line in the presence of increasing TMZ concentrations. We detected
a wide spectrum of cell viability in TMZ-treated tumour clones, particularly at lower concentrations.
Interestingly, most of the clones were more resistant than the parental polyclonal line to TMZ treatment
(Figure 4A). The clones also displayed distinct responses to IR, and encouragingly the polyclonal line
seemed to respond approximately in the middle of IR response curves (Figure 4B). As expected, we
observed better responses when TMZ and IR were combined; however, these responses were still
heterogeneous (Figure 4C).

 
Figure 4. Single-cell clones respond differently to TMZ and/or IR treatments. (A) Single-cell clones
were grown in the presence of varying TMZ dosages for 10 days. (B) A total of 10 Gy IR (2 Gy every
other day) was applied to single-cell clones which were analysed at the end of the 10-day period. (C) The
combination therapy of 10 Gy IR and varying dosages of TMZ on single-cell clones. Cell viability was
measured by the MTT cell proliferation assay at day 10. Treatment and analysis protocols are shown
under each graph. The unpaired t-test was used for statistical comparisons. **** = p-value < 0.0001.

Taken together, these results highlight the level of heterogeneity present at both the molecular and
biological level, particularly with respect to response to the current standards of care. Of particular
interest were clones which appear to be the most treatment-resistant and could potentially be
responsible for tumour recurrence.

2.5. Genomic Analyses Can Be Used to Select Rationalised Therapies

To identify key oncogenic signals that could be targeted in a rationalised manner, we
further investigated the somatic mutation, copy number status, and gene expression of known
glioblastoma-associated candidate genes and related oncogenic pathways [3].

An analysis of somatic mutations revealed a homozygous transcript damaging PTEN splice
site variant (chr10-89685268-A-G, Supplementary Table S6) reported as pathogenic in ClinVar and
detectable in all tumour samples. The PTEN mutation was biallelic due to somatic loss or the
copy-neutral loss of heterozygosity (LOH) of the loci.

Chromosome 10 (chr10) was consistently copy-number aberrant, present at copy number 1 or
copy-neutral LOH across all tumour samples, indicating an early loss of the normal allele in the
development of this tumour. A similar loss was consistently identified for chr13 and chr22 (Figure S3A)
with chr16 altered in most cell line samples. Genes that were affected by copy number events included
homozygous loss of CDKN2A (chr9) and broad LOH affecting RB1 (chr13). In addition, the focal high
gain of the MYC locus (chr8) with at least 6 copies was identified in clones C and F and amplification
of EGFR (chr7) was identified at over 35 copies in the bulk tumour samples but none of the derived
clonal samples (Figures 5A and S3B).

227



Cancers 2019, 11, 190

Figure 5. Comprehensive genomics analyses identified targetable oncogenes. (A) Gene copy number
analysis of tumour clones based on whole genome sequencing. (B) Gene expression fold change across
the tumour clones along with the aspirated tumour tissue (Aspirate), and surgically resected tumour
tissue (Tumour). Log2 expression values were normalised to normal cortex tissue (Cortex). (C) Target
molecules and their inhibitors are identified based on gene copy number and expression changes.

Gene expression levels measured relative to the adjacent normal cortex sample revealed numerous
oncogenic driver genes with >2-fold higher expression in the tumour and clone samples, including
genes encoding AURKA/B, CDK4/6, FGFR1, AKT1/2, MTOR, MET, PIK3C2A, WNT5A, SFRP4, and
MYC (Figures 5B and S3C).

2.6. Drug Screens Identify Unique Sensitivities of Distinct Tumour Cells

Based on the genomic analyses, we created a drug panel which included inhibitors for AURKs,
CDK4/6, EGFR, mTOR, PDGFR, PI3K, and WNT (Figure 5C). Except for mTOR, each of these candidate
genes was targeted by two or more compounds in consideration of different drug efficacies. We started
our screen with a constant drug concentration (5 μM) across the panel (Figure 6A). Tumour clones
responded differently to each compound, and all drugs increased their effect with time (3 days versus
6 days). Overall, 8/14 compounds were effective for at least one clone and Buparlisib (BKM120),
one of the most extensively tested PI3K inhibitors, was the most effective compound in our drug
screen, as cell viability decreased dramatically with this treatment for all the clones (Figure 6A).
Similar to Buparlisib, the mTOR inhibitor Vistusertib was effective in reducing the cell viability for
most of the clones (Figure 6A). These findings are consistent with the previous studies showing that
the PI3K/AKT/mTOR axis is very critical for glioma development [22]. We also observed distinct
responses to certain drugs. For instance, the CDK4/6 inhibitor Abemaciclib was profoundly effective
on clone-B and clone-C as shown by the almost 90% toxicity in these particular clones. The PDGFR
inhibitor Crenolanib could also target these two clones specifically. We also detected unique drug
resistances evidenced by the high viability of clone-A and clone-D in the presence of AURK inhibitors
Alisertib and Barasertib. Furthermore, only clone-A showed noticeable resistance to EGFR inhibitor
Afatinib. None of the Wnt inhibitors showed anti-tumorigenic effects on the six clones. Similar but
less pronounced results were found when these drugs were used at a lower dose of 1 μM (Figure S4).
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Figure 6. Drug screens identify unique sensitivities of tumour cells. (A) Cells were treated with
14 different compounds at 5 μM concentration and cell viability was tested 3 or 6 days after the treatment
using MTT assay. Red dashed squares indicate the drugs that are most effective. (B–H) Effective
seven drugs were tested at 5 μM concentration and the cell growth was examined using an IncuCyte
instrument, which automatically took the pictures of the cells every 3 h for a period of 6 days.

To understand the real-time impact of the effective drugs on the growth of individual clones, we
used a complimentary approach with IncuCyte. Accordingly, cell images were captured every 3 h
for a period of 6 days after which growth rates were quantitated (Figure 6B–H). These results were
mostly in concordance with our previous findings and suggested that tumour clones have shared and
distinct sensitivities to specific compounds. For instance, clone-B was identified as a resistant clone to
the EGFR inhibitor Afatinib; however, this clone showed the most sensitivity to the CDK4/6 inhibitor
Abemaciclib (Figure 6E,D). Consistent with our previous findings, Vistusertib and Buparlisib were
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very effective in reducing growth rate for all tumour clones (Figure 6F,H). More importantly, we were
able to target the IR and/or TMZ-resistant clones (e.g., clones C, D, and F,) effectively with Alisertib,
Afatinib, and Vistusertib (Figure 6B,E,F).

Once effective drugs were identified, we tested whether these compounds could inhibit tumour
cell growth at lower doses either as single agents or in combination. We chose to test these agents using
a chimeric model, where all six clones were combined in equal parts prior to analysis. Interestingly,
four of the compounds, Alisertib, Barasertib, SNS-314, and Abemaciclib significantly reduced cell
growth when applied at 250 nM (Figure 7A). When the concentration was doubled to 500 nM, Afatinib
also proved effective (Figure 7B). We then asked whether there could be a synergistic or additive effect
of combining the most effective drugs. To this end, we designed combination therapies using a mixture
of two (250 nM of each drug) or four (125 nM of each drug) drugs. Compared to the single-regimen
treatment, none of the two-drug treatments showed a significant additive effect. However, the
four-drug combination was more effective than both single or two-drug regimens (Figure 7C). Overall,
these results suggested that TMZ and/or IR-resistant tumour cells can be targeted using specific
combination therapies.

 

Figure 7. Combination therapies inhibit tumour growth. The 8 most effective drugs were tested at
(A) 250 nM concentration on a mixed-tumour clone and (B) 500 nM concentration on mixed-tumour
clones. (C) Combination therapies were designed using two drugs (2-drug combo, 250 nM each) or
four drugs (4-drug combo, 125 nM each) in comparison to single drugs (single regimen) at a total of
500 nM concentration. Cell growth rates were examined using an IncuCyte instrument. Vertical dashed
lines in A and B indicates day 5.

3. Discussion

It is well established that several cancers are characterised by multiple genomic, transcriptomic,
and epigenetic alterations that accumulate during disease progression. These alterations lead to
deregulation in various genes and networks, allowing tumours to become more malignant and
resistant to therapy [23,24]. However, recent studies have also demonstrated that the reversal of
only one or a few oncogenic pathways could cease tumour progression or even eliminate the tumour
mass as a whole [25]. For instance, several clinical investigations in chronic myelogenous leukaemia,
melanoma, and non-small-cell lung cancer suggested that identifying the unique sensitivities of tumour
cells is an effective strategy in the treatment of cancer [24]. This phenomenon, described as oncogene
addiction, is a characteristic whereby tumour cells become dependent on a single oncogenic pathway
in order to survive [26,27]. Therefore, the identification of the unique ‘Achilles’ heel’ of some cancer
types is vital in determining the most beneficial therapy to improve patient outcomes [27].

Unfortunately, glioblastoma patients have benefited minimally from such targeted therapies.
For instance, targeting the PI3K/AKT pathway alone or in combination with radiotherapy led to either
varying or short-lived responses [28]. As a result, many glioblastoma patients relapse with a form of
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disease resistant to current therapies. This could in part be due to a lack of patient stratification to
identify those patients who could benefit from particular therapies and also varying drug responses as
a result of intratumoural heterogeneity [14,15].

We demonstrated intratumoural heterogeneity in glioblastoma using three genomic datasets and
by analysing biological responses, including growth and response to the current standards of care.
Although this heterogeneity between tumour clones was evident, these events were not found to affect
the coding sequences of known cancer driver genes. Therefore, the clonal variation in the expression
of the key candidate genes is likely due to genetic and/or epigenetic variants in regulatory regions.
Further exploration of the non-coding variation may reveal underlying mechanisms of expression
heterogeneity in these samples. We also detected whole genome doubling (WGD) in most of the
tumour clones. The timing of this event is not completely clear. It is possible that cells from clones B, C,
E, and F may have undergone WGD but were not detected in bulk tumours due to their low sub-clonal
proportion. It is also possible that the WGD arose in cell culturing. Nevertheless, WGD in cancer has a
suggested role in increasing tolerance to chromosome instability and genomic evolution [29], which
may accelerate intratumoral heterogeneity.

Intratumoural heterogeneity suggests that despite the common presence of well-characterised
oncogenic signals that can be targeted, some tumour cells may not necessarily show addiction to
these oncogenic pathways [9]. This phenomenon is exemplified in our study, where almost all
the clones analysed showed sensitivity to the EGFR inhibitor Afatinib; however, clone-B, which
was slow-growing, was also highly resistant to Afatinib therapy. This finding may provide some
explanation for the limited efficacy of Afatinib as a single agent in unselected patients with recurrent
glioblastoma [30]. Similarly, only a small percentage (~17%) of patients benefited from CDK4/6
inhibitor Abemaciclib in another clinical trial [31]. Interestingly, we identified tumour clones (e.g.,
clone-C and clone-F) that showed significant resistance despite the notable sensitivity of clone-B and
clone-E to Abemaciclib treatment. It is, therefore, of interest to determine whether the patients who
did not benefit from Afatinib or Abemaciclib harboured tumour cells that have similar profiles to
clone-B, or clone-C and clone-F, respectively. It is also worth noting that all tumour clones in our study
displayed sensitivities to the PI3K inhibitor Buparlisib and mTOR inhibitor Vistusertib. This could
have happened due to molecular similarities that we detected among tumour clones and also between
tumour clones and the parental polyclonal line. Given that all of these cell lines originated from a single
patient, we anticipated some degree of similarity in genetic profile and drug response. However, our
cell culture methodology could have excluded other tumour clones that have a completely different
molecular profile than the parental polyclonal line and show resistance to Buparlisib and/or mTOR
inhibitors. These results highlight the importance of the careful examination of all the molecular
profiles constituting a single mass in order to identify potentially resistant cells residing within the
tumour. To achieve durable responses, rationalised combination therapies may also be required.
Our four-drug combination therapy supported this notion, as we have detected a positive effect when
four different cell cycle inhibitors are used simultaneously at relatively lower doses. Alternatively,
during clinical progression, consecutive administration of targeted therapies that match the changing
tumour dynamics could prove effective.

Taken together, our study not only illustrates the molecular and biological diversity of
glioblastoma cells but also provides evidence that this information can be utilised to maximise
treatment outcomes. Thus, our experimental design and methodology can serve as a template for
rationalisation of clinical applications for both glioblastoma and other cancers in the future.

4. Materials and Methods

4.1. Primary Cell Culture

We have developed a characterised glioblastoma patient-derived cell line resource (Q-Cell) [32],
in which glioblastoma lines are maintained as glioma neural stem cell (GNS) cultures [21] or as
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neurosphere cultures using StemPro NSC SFM (Invitrogen, cat. A1050901, Carlsbad, CA, USA) or
KnockOut™ DMEM (Gibco cat. 10829018, Thermo Fisher Scientific, Waltham, MA, USA) as per the
manufacturer’s guidelines. Characterisation data is freely available from: https://www.qimrberghofer.
edu.au/q-cell/. Clonal populations were derived from the HW1 glioblastoma patient-derived model.
All tissue was collected following ethical approved by the Royal Brisbane Hospital and QIMR Berghofer
Human Research Ethics Committees. Ethical approval number: P3420, HREC/17/QRBW/577
Novel Therapies for Brain Cancer. In order to maintain pluripotency, KnockOut™ DMEM (Gibco
cat. 10829018) media was supplemented with GlutaMAX™ Supplement (Gibco cat. 35050061),
StemPro™ Neural Supplement (Gibco cat. A1050801), Recombinant Human EGF (Gibco cat. PHG0314),
Recombinant Human FGFb (Gibco cat. PHG0024), and Penicillin/Streptomycin (Gibco cat. 15140122).
Cells were cultured on flasks coated with Basement Membrane Matrigel®Matrix (Corning cat. 354234).
Passaging the cells was done by detaching the cells from the flask surface using Accutase®solution
(Sigma-Aldrich cat. A6964, St. Louis, MO, USA).

Single-cell clones were prepared by culturing approximately 60 cells in each 96-well plate. A total
of six 96-well plates were used, and the presence of a single cell was examined under a light microscope
every week in order to make sure that two cells did not grow simultaneously in a single well. 15
single-cell clones were established from the parental polyclonal cell line. Of these 16 cell lines in
total (15 × clones and 1 × polyclonal), 12 single-cell clones and the polyclonal line reached sufficient
confluency that allowed us to extract DNA and RNA from them. These samples were subjected to SNP
arrays in order to initially determine the genetic variance between individual clones. Furthermore,
RNA sequencing and whole genome sequencing was performed for 6 of the single-cell clones and the
polyclonal line. In all analyses, DNA and RNA extracted from the original tumour tissue, normal brain
tissue (cerebral cortex), and the patient’s peripheral blood were included.

4.2. DNA and RNA Extraction

Cell pellets of early-passage lines were frozen immediately after collection and kept at –80 ◦C
followed by DNA and RNA extraction using the AllPrep DNA/RNA Mini Kit (Qiagen cat. 80204,
Hilden, Germany). DNA and RNA samples were quantified using Qubit Fluorometric Quantification
instrument, and RNA integrity was assessed using RNA 6000 Nano Eukaryote Total RNA kit (Agilent
Technologies cat. 5067-1511, Santa Clara, CA, USA) and Bioanalyzer 2100 instrument (Thermo Fisher
Scientific, Waltham, MA, USA). RNA Integrity Number (RIN) ≥7 was set as minimum threshold.

4.3. SNP Array, DNA/RNA Sequencing, CpG Methylation Analysis

4.3.1. SNP Arrays

Tumour and matched normal DNA was assayed with the Omni 2.5-8, V1.1 Illumina BeadChips as
per the manufacturer’s instructions (Illumina, San Diego, CA, USA), scanned on an iScan instrument
(Illumina), and the data were processed using the Genotyping module (v.1.9.4) in GenomeStudio
v.2011.1 (Illumina) to produce LogR ratio and B allele frequency values. The analyses of approximately
>400K known commonly polymorphic positions were assessed for the concordance of genotype calls
across the samples. The measure of hybridization intensity represented by the LogR ratio was used to
profile copy number differences across samples. Probes that harboured difference across the samples
was selected where the magnitude of the difference between the minimum and maximum LogR ratio
vales was >0.3 and <1.5 capturing >700K probes. Euclidean distance and complete clustering methods
were used in the generation of heatmaps and dendrogram.

4.3.2. Whole Genome Sequencing

Sequence libraries were generated from 500 ng DNA using the TruSeq DNA PCR-free (350 bp
insert) kit (Illumina) from tumour and matched normal samples. Whole-genome paired-end
sequencing reads of 150 bp were generated using an X-Ten instrument (Illumina) at Macrogen
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(Geumcheon-gu, Seoul, Korea). Sequence reads were trimmed using Cutadapt (version 1.11) and
aligned to GRCh37 using BWA-MEM (Li, 2013. version 0.7.12). Duplicate alignments were marked
with Picard (version 1.129, http://picard.sourceforge.net) and BAM files were coordinate-sorted using
Samtools [33]. Mean coverage was determined using qCoverage (http://sourceforge.net/projects/
adamajava). Bulk tumour samples and the polyclonal cell line were sequenced to an average read
depth of 95.15X. The single cell clones and matched control were sequenced to an average read depth
of 67.57X. All sequencing data generated are available from the European Genome-phenome Archive
accession number EGAS00001003438.

4.3.3. Somatic Variant Calling

Single nucleotide substitution variants were detected using a dual calling strategy using qSNP [34]
and the GATK HaplotypeCaller [35]. Short insertion and deletions (1–50 bp) were called with the
GATK Haplotype caller. Somatic calls from both tools and indels underwent further filtering to
generate a high confidence call set: (1) a minimum coverage depth of 8 reads for control data and
12 reads for tumour data; (2) at least 5 variant-supporting reads with individual start positions
and for which the variant was not within the first or last 5 bases, was supported by reads in both
sequencing directions, and was more than 5 bp from a mono-nucleotide run of 7 or more bases in
length; and (3) somatic variants had <3% variant evidence identified in the control sample. Variants
were annotated with the Ensembl v75 gene feature information and transcript or protein consequences
using SnpEff (version 4.2). Variant allele frequencies of substitutions as used in the sample clustering
were generated from a pileup analysis of all high confidence SNV variants identified in at least one
sample. Allele frequencies were used with dist (Euclidean) and hclust R functions for hierarchical
clustering. Structural variants were determined using qSV as previously described [36]. Structural
variant breakpoints and potential consequence of the SV, including potential in-frame gene fusions,
was determined by annotation against Ensembl v75 known genes using in-house scripts. The copy
number was determined using sequencing data and the tool ascatNGS [37].

4.3.4. Whole Transcriptome Sequencing

Sequence libraries were generated from 1 ug intact RNA using the TruSeq stranded mRNA kit
(Illumin) from tumour and matched normal cortex samples. Transcriptome paired-end sequencing
reads of 100 bp were generated using a Hiseq 2500 instrument (Illumina) at Macrogen (Geumcheon-gu,
Seoul, Korea) to a depth of 100 million reads per sample. Adapter sequences were removed using
Cutadapt (version 1.11) and aligned using STAR (version 2.5.2a) to the GRCh37 assembly and Ensembl
gene model (release 75). Quality control metrics were computed using RNA-SeQC (version 1.1.8) and
gene expression was estimated using RSEM (version 1.2.30). Further analysis was carried out in R using
the edgeR package [38] for normalization of the expression data used a library size correction for gene
count by million reads mapped and the trimmed mean of M-values (TMM) method [39] to facilitate
cross sample comparisons. The prcomp function was used to identify genes with variable expression,
essentially those contributing to the first and second principle components and clustering performed
with Pearson correlation distance and hclust. Heatmaps were generated using a gene-wise centre
scaled Log2 values of normalised expression. Log2 fold change of gene expression as compared to the
normal cortex control samples was generated as Log2 (normalised tumour expression +1/normalised
cortex expression +1).

4.3.5. Capture Methylation Sequencing

CpG region capture and bisulphite converted 100 bp paired end sequencing was carried out on
500 ng DNA using the Illumina Tru-seq Methyl Capture Epic Library Prep kit (cat. FC-151-1003) on
the Illumina HiSeq-4000. Adaptors sequences were removed using Cutadapt (version 1.11), aligned
to GRCh37 using bwa-meth (version 0.2.0) and duplicate alignments were marked using Picard
(version 1.129). Methylation at 865,859 known CpGs from the Illumina Epic assay were counted
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using the qbasepileup tool (https://github.com/AdamaJava/adamajava), using non-duplicate reads
with MAPQ quality over 10 that passed vendor quality testing and with a minimum of 10 reads.
CpG positions reported as having poor accuracy on the epic array [40] were removed. Methylation
value was scored as a β value ratio, ranging from 0 (fully unmethylated) to 1 (fully methylated).
Quantile normalisation was carried out on beta values using the R package preprocessCore to control
for technical variation and aid comparison across different samples. Further filtering removed any
CpG position where two or more samples had low coverage and replaced a low coverage position
from a single sample with the median value of the other CpG methylation. The top 1000 most variable
probes across the clone samples were selected and used with dist (Euclidean) and hclust (complete) R
functions for hierarchical clustering.

4.4. Growth Analysis Using IncuCyte

Cells were cultured in Matrigel®Matrix-coated 96-well plates (5000 cells/well) using 200 μL stem
cell media. Plates were placed into the IncuCyte instrument approximately 24 h later. IncuCyte (Essen
BioScience, Ann Arbor, MI, USA) is an instrument that takes the images of the cells every 3 h for a
period of 6 or 8 days. Cell growth is graphed using the instrument’s software (v6.1.7601.65536, Essen
BioScience), which calculates the expansion of the cells based on the images.

4.5. Irradiation and/or Temozolomide Treatment, MTT Cell Viability Assay

Cells were cultured in Matrigel®Matrix-coated 96-well plates (5000 cells/well) using 100 μL stem
cell media. Approximately 24 h later, various concentrations of TMZ (10 μM–1000 μM) were prepared
and delivered in another 100 μL of stem cell media. Control samples or IR-only samples received
only DMSO delivered in 100 μL stem cell media. Two Gy of irradiation were applied to IR-only or
TMZ + IR samples every other day for a total of 10 Gy. Cell viability was measured used CellTiter
96®Non-Radioactive Cell Proliferation Assay (Promega cat. G4000, Madison, WI, USA) at day 10.
Each reading is normalised to DMSO-treated controls.

4.6. Drug Screens

Compounds were purchased from Selleck Chemicals: Alisertib (MLN8237) (cat. S1133), Barasertib
(AZD1152-HQPA) (cat. S1147), SNS-314 Mesylate (cat. S1154), Abemaciclib (LY2835219) (cat. S7158),
Palbociclib (PD-0332991) HCl (cat. S1116), Erlotinib HCl (OSI-744) (cat. S1023), Afatinib (BIBW2992)
(cat. S1011), Vistusertib (AZD2014), Crenolanib (CP-868596) (cat. S2730), Orantinib (TSU-68, SU6668)
(cat. S1470), Alpelisib (BYL719) (cat. S2814), Buparlisib (BKM120, NVP-BKM120) (cat. S2247), Wnt-C59
(C59) (cat. S7037), XAV-939 (cat. S1180). Cells were cultured in Matrigel®Matrix-coated 96-well
plates (5,000 cells/well) using 100 μL stem cell media. Approximately 24 h later, drugs with various
concentrations (100 nM, 250 nM, 500 nM, 1 μM, and 5 μM) were prepared in DMSO and delivered in
another 100 μL of stem cell media. Control samples received DMSO only. Cell viability was measured
used CellTiter 96®Non-Radioactive Cell Proliferation Assay (Promega cat. G4000) at day 3 and day 6.
Each reading is normalised to DMSO-treated controls. Growth rates in the presence of the drugs were
monitored and graphed using IncuCyte instrument for a period of 6 days.

5. Conclusions

Our study establishes that the molecular and biological profiling of glioblastoma tumour cells
constituting a single tumour mass has vital importance in determining the most effective treatments.
Thus, our experimental set-up and methodology can serve as a template for the rationalisation of
clinical applications for both glioblastoma and other cancers in the near future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/2/190/s1,
Figure S1: Shared and unique somatic variants across tumour samples, Figure S2: Molecular subtypes and stem
cell characteristics of tumour clones, Figure S3: Comprehensive genomics analyses of tumour samples, Figure S4:
Drug screens identify unique sensitivities of tumour cells, Table S1: Variant allele frequencies (VAF) of genome
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wide somatic single nucleotide variants (SNVs), Table S2: Genomic copy number variants by count of bases and
genomic proportion, Table S3: Somatic structural variant breakpoint pairs identified across all samples, Table S4:
Most variable, normalised RNA expression values as identified from principle component analysis, Table S5:
Beta value for top 1000 most variable positions of CpG methylation, Table S6: Somatic single nucleotide, small
insertions and deletions identified in coding regions across all samples in MAF format.
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Abstract: Glioblastoma is one of the most aggressive malignant brain tumors, with a survival time
less than 15 months and characterized by a high radioresistance and the property of infiltrating the
brain. Recent data indicate that the malignancy of glioblastomas depends on glutamatergic signaling
via ionotropic glutamate receptors. In this study we revealed functional expression of Ca2+-permeable
NMDARs in three glioblastoma cell lines. Therefore, we investigated the impact of this receptor on cell
survival, migration and DNA double-strand break (DSB) repair in the presence of both, glutamate and
NMDAR antagonists, and after clinically relevant doses of ionizing radiation. Our results indicate that
treatment with NMDAR antagonists slowed the growth and migration of glutamate-releasing LN229
cells, suggesting that activation of NMDARs facilitate tumor expansion. Furthermore, we found that
DSB-repair upon radiation was more effective in the presence of glutamate. In contrast, antagonizing
the NMDAR or the Ca2+-dependent transcription factor CREB impaired DSB-repair similarly
and resulted in a radiosensitizing effect in LN229 and U-87MG cells, indicating a common link
between NMDAR signaling and CREB activity in glioblastoma. Since the FDA-approved NMDAR
antagonists memantine and ifenprodil showed differential radiosensitizing effects, these compounds
may constitute novel optimizations for therapeutic interventions in glioblastoma.

Keywords: ionotropic glutamate receptors; DNA repair; CREB inhibitor; NMDAR subunit GluN2B;
radiotherapy; LN229; U-87MG; memantine; ifenprodil; sulfasalazine

1. Introduction

Glioblastoma (WHO grade IV) is one of the most common and aggressive malignant primary brain
tumor in humans [1]. Despite recent incremental advances in surgical approaches, radiotherapy (RT, i.e.,
subsequent irradiation with single doses of 2 Gy daily, cumulatively max. 60 Gy), and chemotherapy
(i.e., temozolomide), the median survival of patients with glioblastoma is only about 15 months [2,3].
Thus, the treatment of glioblastoma remains one of the most challenging task in clinical oncology.
The so far limited success of the current multimodal therapy is likely due to the diffuse nature of the
tumor and the prominent resistance to ionizing radiation (IR) with a high degree of recurrent invasive
growth of the glioblastoma cells after the treatment [4–7]. In view of this and the outstanding role
of RT for the prognosis of patients with glioblastoma, radiosensitizing substances addressing both,
the high inherent migratory and invasive behavior and the intrinsic DNA double-strand break (DSB)
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repair capacity upon IR of glioblastoma cells may become increasingly important to improve therapy
and patient survival.

Accordingly, with regard to a putative improvement of the efficacy of adjuvant RT, effects of the
tumor microenvironment on glioma proliferation, invasion and survival should be considered [8].
One striking feature of glioblastoma is that glioma cells release excitotoxic levels of glutamate
(Glu) into the extracellular space at the tumor margin which is a 100-fold excess as compared to
normal levels (>100 μM) [9,10]. Consequently, the prolonged high levels of Glu lead to neuronal
cell death in the surrounding nervous tissue, which offers more space for tumor growth [10] and
induce seizures within the peritumoral border in the patients [11–13]. This active Glu release by
glioma cells is mainly mediated by the system xc

− cystine/glutamate exchanger [11,14]. Interestingly,
pharmacological inhibition of this system by the FDA-approved drug sulfasalazine (SAS) was shown
to slow tumor growth and to extend survival of tumor-bearing animals [15] and has therefore been
considered for a treatment of both, gliomas and associated epilepsy [16]. In the brain, Glu is the
major excitatory neurotransmitter by activating post-synaptic neuronal glutamate receptors upon
pre-synaptic release and is crucially involved in normal brain function, including cognition, memory
formation and learning [17]. Physiological Glu concentrations have also been shown to regulate
proliferation, migration, and survival of neuronal progenitor cells and immature neurons during brain
development [18].

Glu action is mediated by metabotropic glutamate receptors (mGluRs) and ionotropic glutamate
receptors (iGluRs). The iGluRs are divided into three families: N-methyl-D-aspartate (NMDA),
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainate receptors [17]. It was
originally considered that glutamatergic signaling is limited to neuronal cells in nervous systems.
However, over the past decade, growing evidence occurred that iGluRs are also expressed in
non-neuronal tissue [19], where they also play an important role in the proliferation, apoptosis,
and migration of cells by interfering with their intracellular signaling pathways [20]. The ability of
uncontrollable propagation and migration characterizes neoplastic cells as well; therefore, Glu has
been suggested as a potential growth factor in tumor development [21]. Consistent with this notion,
experimental data have implicated an important role of iGluRs in malignant tumor invasion and
progression [22,23]. Furthermore, glioblastoma cells abundantly express AMPARs [22–25] promoting
survival, invasion and migration and enhancing their malignant phenotype [10]. However, increased
Glu concentrations can also mediate necrosis in malignant gliomas [26]. Thus, the multitude of paracrine
and autocrine effects of Glu in glioma biology have supported the rationale for a pharmacological
targeting of AMPARs in the treatment of glioblastoma [10]. Indeed, iGluR antagonists have been
shown to increase the lifespan of human xenografts in mice [27]. In contrast, the role of Ca2+-permeable
NMDARs in glioblastoma cells is enigmatic and their pathophysiological significance is largely
unknown. For example, several publications state that NMDARs are non-functional in glioblastoma
cells [25,28]. However, other reports indicate a functional role of NMDAR-signaling pathways in
glioblastoma progression [23,29,30] and in a xenograft study [31]. So far five distinct subunits are
known to generate Glu-gated NMDARs (GluN1 and GluN2A-D; overview in [17]). Four subunits
assemble to a heteromeric complex [32], which in the case of the GluN1/GluN2-NMDAR subtypes
are gated by simultaneous binding of Glu and glycine [33]. Especially the GluN2A and B subunits
have been implicated in neuronal survival and death [34]. Under physiological conditions in the brain,
NMDARs are crucial for brain development and neuronal plasticity involved in learning and memory
formation [35]. Activation of NMDARs is translated to the nucleus of neurons by signaling-cascades
leading to the phosphorylation of the cAMP-responsive element binding protein (CREB) and activation
of genes promoting survival [34]. Interestingly, a putative role of NMDARs in tumor progression has
been recently re-vitalized by several reviews highlighting the potency of targeting NMDARs in tumor
treatment [29,36–38].

In the present work, we analyzed the potency of NMDAR-mediated signaling as a promising
therapy to combat glioblastoma with a focus on two pathognomonic features of their biology, i.e.,
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cell migration/invasion and, associated with that, the apparent intrinsic resistance of glioblastoma
cells to RT. We found in the glioblastoma cell lines LN229 and U-87MG that (i) Glu improved DNA
double-strand break (DSB) repair and that (ii) blocking NMDAR-mediated glutamatergic signaling
resulted in a decreased cell migration, survival and a sensitization to IR. In addition we could
show that Glu activates the CREB pathway and that DSB repair is inhibited by a CREB antagonist.
Furthermore, NMDAR inhibitors showed a radiosensitizing effect in LN229 and U-87MG glioblastoma
cells. Thus, particularly the FDA-approved drugs memantine and the GluN2B subunit-selective
NMDAR antagonist ifenprodil seem to be promising as adjuvant therapy besides RT.

2. Results

2.1. Functional and Immunohistochemical Characterization of NMDARs in LN229 Glioblastoma Cells

To analyze whether Ca2+-permeable ionotropic glutamate receptors (iGluRs) are functionally
expressed in glioblastoma cells, we measured intracellular calcium concentrations ((Ca2+)i) in LN229
cells upon glutamate (Glu) application. In ~50% of the cells tested, a robust transient increase in the
relative intracellular fluorescence intensity in their cell bodies was obtained after application of Glu
(Figure 1A). Interestingly, a prominent (Ca2+)i rise was consistently seen in the cell nucleus (Figure 1B)
and in the extensions of the responsive cells (Figure 1C) indicating both, a Glu-mediated generation of
nuclear Ca2+-transients and a spatial expression of Ca2+-permeable iGluRs at cell extensions. To test
which iGluRs are functionally expressed, we performed patch-clamp recordings upon application
of Glu and the iGluR-subtype specific agonists AMPA, NMDA and kainate. Consistent with our
imaging results, ~40% of the cells tested showed a robust Glu-mediated inward current that recovered
after washout (Figure 1D). Application of NMDA, AMPA or kainate revealed a more differential
contribution of the Glu-mediated inward currents with the highest maximal inducible currents (Imax)
generated by NMDA and AMPA (Figure 1D). Since it has been postulated that NMDARs are not
functionally expressed in glioblastoma cell lines (see [25,28,37]), we further tested three additional
human glioblastoma cell lines (U-87MG, T98G, LN428) for their ability to respond to NMDA application.
Two cell lines (U-87MG and T98G) revealed similar NMDA-inducible currents as obtained in LN229 cells,
indicating that functional NMDARs are more commonly expressed in glioblastoma cells. To further
verify the subunit composition of the expressed NMDARs and to determine their cellular localization,
we labeled LN229 cells with antibodies targeting the GluN1, GluN2A and GluN2B NMDAR subunits.
As shown by immunohistochemistry, membrane-associated localization of all three NMDAR subunits
was evident (Figure 1E). However, the GluN2B subunit exhibited the most ubiquitous expression
with an extensive punctuate pattern at long processes which is indicative of NMDAR clustering at
the edge of lamellipodia (Figure 1E). Thus, our results demonstrate in three glioblastoma cell lines
(LN229, U-87MG and T98G) functional expression of NMDARs. In addition, NMDARs in LN229 cells
are composed of GluN1, GluN2A and GluN2B subunits with an enrichment of GluN2B-containing
NMDARs at cellular extensions.

 
Figure 1. Cont.
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Figure 1. LN229 glioblastoma cells express functional NMDARs. (A) Ca2+-imaging of LN229 cells
labeled with Fluo-4 AM displayed in ~50% of the cells a significant increase in relative fluorescence after
glutamate/glycine (100 μM Glu/10 μM Gly) treatment (20 s). As an internal control, 10 μM ionomycin
was given after 90 seconds. The integrated density of two non-responding (black) and two responding
(red) cells are displayed. (B) Representative image of nuclear Ca2+-signals in four cells responding
to Glu/Gly application (20 seconds before and after application). Scale bar 20 μm. (C) Images of
Ca2+-signal oscillations in cell extensions (white arrows) 1, 4 and 10 seconds after Glu-application. Scale
bar 10 μm. (D) Agonist-mediated traces and maximal inducible currents (Imax) of kainate (100 μM),
AMPA (100 μM) and NMDA (100 μM) analyzed by patch-clamp measurements (n = 22). Values of the
Imax represent means ± SEM. (E) Immunostaining for GluN1, GluN2A and GluN2B NMDAR subunits
with anti-GluN1, anti-GluN2A and anti-GluN2B (FITC, green) merged with DAPI (blue). GluN2B
subunit expression in cell lamellipodia is indicated by white arrow. Scale bar 20 μm.

2.2. NMDAR-Activation is Crucial for LN229 Cell Viability, Migration and Survival

Our results so far indicate that functional NMDARs are expressed in three glioblastoma cell
lines. Since it has been shown that iGluRs can induce Glu-mediated excitotoxicity in glioblastoma
cells [26,39], we tested whether high concentrations of Glu may affect viability and survival of LN229
cells. We therefore incubated these cells with high concentrations of Glu and in the presence of the
specific AMPAR antagonist Gyki-52466, the NMDAR antagonist MK801 and the GluN2B-subunit
selective NMDAR antagonist ifenprodil and analyzed the morphology of the cells. Both, application
of Glu and the AMPAR antagonist Gyki-52488 didn’t show any obvious morphological changes
compared to the untreated cells whereas antagonizing NMDARs by MK801 or ifenprodil induced
a reduction in cell number, a more rounded cell appearance and a reduced number of lamellipodia
(Figure 2A). Notably, ifenprodil resulted in the most pronounced effect with a prominent retraction
of cellular extensions (Figure 2A). Next, we measured cell viability by a colorimetric MTT assay in
the absence and presence of the antagonists. Similar to the morphological effects, both, MK801 and
ifenprodil significantly reduced cell viability compared to control with a significant higher effect
seen with ifenprodil (Figure 2B) whereas cell viability was not affected upon Glu treatment. Based
on these findings and the fact that glioblastoma cells can secrete high amounts of Glu [11], we
speculated whether Glu-release by LN229 cells may cause constitutive active NMDARs in an autocrine
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manner. Therefore we analyzed the time-course of Glu-concentrations in the supernatant of LN229
cells (Figure 2C). The Glu-assay revealed that LN229 cells release Glu concentrations sufficient to
saturate NMDARs already after 1h in culture which could be significantly blocked by the system xc

−
cystine/glutamate transporter specific antagonist SAS (Figure 2C). Thus, our results indicate that i)
LN229 cells release Glu in a high amount into the media and that ii) the changes in cell morphology
and viability after blockage of NMDARs are likely due to a high concentration of endogenously
released Glu.

Figure 2. Effects of glutamate on LN229 cell viability, cell cycle distribution and migration. (A) Light
microscope images of untreated cells (control), and in the presence of Glu (1 mM), MK801 (10 μM)
and ifenprodil (25 μM). Scale bar 100 μm. (B) Cell viability measured after 48h by the MTT assay
after Glu (1 mM), MK801 (10 μM) and ifenprodil (25 μM) treatment compared to control (untreated
cells). The experiments were repeated at least five times performed in octuplet and values represent
means ± SEM (one-way ANOVA followed by Bonferroni’s post-hoc test, ** p < 0.01, *** p < 0.001,
# p < 0.05). (C) Increase in extracellular Glu concentrations of 3.5 × 105 seeded cells at indicated time
points (white circles) and after treatment with sulfasalazine (SAS, 250 μM, black circle) revealed a
release of ~7.8 μg/mL Glu/h. Data are expressed as means ± SEM of three independent experiments
performed in triplicate. Asterisks indicate a significant difference between treated and untreated cells
as determined by Student’s t-test (*** p < 0.001). (D) Cell cycle distribution after 24h in the presence
of Glu (1mM), MK801 (10 μM) or ifenprodil (25 μM) compared to SAS-treated cells (250 μM) (n = 4;
one-way ANOVA followed by Bonferroni’s post-hoc test, * p < 0.05). (E) Cells were seeded for 48 h into
two wells of an ibidi culture-insert for wound healing assays in the presence of ifenprodil (25 μM) and
memantine (50 μM) compared to cells treated with Glu (1 mM). Data are expressed as means ± SEM
of three independent experiments performed in triplicate. Asterisks indicate a significant difference
between Glu-treated and antagonist-treated cells as determined by one-way ANOVA followed by
Bonferroni’s post-hoc test, ** p < 0.01, *** p < 0.001, # p < 0.05). (F) Colony formation of cells treated
with memantine revealed an LD50 value of 26 ± 11 μM. Data represent the means ± SEM (n = 3).

To test whether activation of NMDARs may influence the cell cycle progression of LN229 cells,
we performed a cell cycle analysis after treatment with Glu and in the presence of SAS, MK801
or ifenprodil. Neither Glu nor diminishing Glu-release or blocking NMDARs by MK801 revealed
differences in cell cycle distribution after 24h whereas treatment with ifenprodil resulted in a slightly
increased cell population in G1 (Figure 2D) which unlikely contributes to the reduced cell viability
seen in the MTT assay (see Figure 2B). However, since GluN2B-subunit containing NMDARs are
expressed in lamellipodia (see Figure 1E) and MK801 slowed the growth of gliomas in situ [31],
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we wondered whether NMDAR antagonists influence cell migration. Therefore, LN229 cells were
exposed to ifenprodil or memantine and the migration rate estimated for 48h. The antagonist-treated
cells showed a significant stagnation of cell migration (Figure 2E), especially for the ifenprodil treated
cells (Figure 2E). Based on this result we next examined the effect of memantine on cell survival by
a clonogenic survival assay. Figure 2F shows a dose-dependent decrease in clonogenic survival for
memantine normalized to untreated controls with an LD50 value of 26 ± 11 μM. A similar result was
obtained with MK801 with an LD50 value of 0.9 ± 1.1 μM. Thus, our results revealed that treatment
of the Glu-secreting LN229 cells with NMDAR antagonists can slow the growth and migration of
cells, suggesting that activation of NMDARs in glioblastomas by ambient Glu may facilitate tumor
expansion in vivo.

2.3. Antagonizing NMDARs Increases LN229 Radiosensitivity and Impairs Radiation-Induced DNA
Double-Strand Break Repair

To evaluate the impact of NMDARs on the DNA repair capacity in glioblastoma cells, we used a
well-established DSB-marker, the Ser139 phosphorylated histone H2AX (γH2AX) to stain for γH2AX
in S/G2–phase LN229 cells. As shown in Figure 3A, adding Glu resulted in a pronounced decrease in
γH2AX foci 4h after a 2 Gy exposure as compared to mock-irradiated control cells. To further elucidate
the impact of Glu on DSB repair, we analyzed the relative levels of γH2AX in control and Glu treated cells
upon IR by western blotting. Consistent with the decrease in the number of γH2AX foci, we found that
Glu induced a significant decrease in the amount of γH2AX protein at 4h post IR (Figure 3B), suggesting
that the presence of Glu results in a more effective DSB repair. In a next step we counted γH2AX foci in
a kinetic covering 8h post IR in the presence of Glu and upon adding MK801. A pronounced increase of
γH2AX foci was observed 0.5, 2, 4 and 8 h after 2 Gy radiation in MK801 treated cells, which was highly
significant at 4h (Figure 3C). We next tested the impact of the Ca2+-chelator BAPTA-AM on γH2AX
foci detection. Again, a highly significant increased number of γH2AX foci in BAPTA-AM-treated
cells became evident at 4h after radiation (Figure 3C). Encouraged by these results and to test whether
NMDAR antagonists are able to increase the sensitivity of LN229 cells to IR, we performed a clonogenic
survival assay with cells treated with ifenprodil and memantine upon IR.

 

Figure 3. Effect of glutamate on DSB repair and clonogenic survival of LN229 cells.
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(A) Immunofluorescence of γH2AX, EdU and DAPI from Glu-treated and untreated cells 4 h after
irradiation (2 Gy). Note that addition of Glu (1 mM) resulted in a significant decrease in DSB levels in
EdU-positive cells compared to mock-irradiated control cells from 29 ± 5 to 7 ± 2 foci (p < 0.01; n = 3;
Student’s t-test). Scale bar 20 μM. (B) γH2AX protein levels and their relative ratio (normalized to
GAPDH expression) in the absence and presence of Glu (1 mM) before and after IR with a dose of 2 Gy
detected by western blotting at the indicated time points (* p < 0.05; n = 3; Student’s t-test). (C) Repair
kinetics of γH2AX foci in S/G2 phase cells after IR (2 Gy) under control conditions, in the presence of
Glu (1 mM), MK801 (10 μM) and BAPTA-AM (3 μM). The difference between Glu-treated/untreated
or MK801 and BAPTA-AM treated cells at the time point of 4 h is determined by one-way ANOVA
followed by Bonferroni’s post-hoc test, ** p < 0.05, *** p < 0.001. (D) Colony formation of cells treated
with memantine (50 μM) upon IR. The calculated radiation-induced cytotoxicity enhancement factor at
2 Gy is 1.4. Data are given as means ± SD of three independent experiments. The significant difference
between treated and untreated cells is determined by Student’s t-test (** p < 0.01).

Both ifenprodil and memantine significantly reduced the 10% clonogenic survival rates in
comparison to mock-treated controls (Figure 3D), resulting in a calculated radiation-induced cytotoxicity
enhancement factor at 2 Gy of 1.81 and 1.4 for ifenprodil and memantine, respectively. Thus, our data
indicate that antagonizing NMDARs by memantine or by the GluN2B-specific compound ifenprodil
sensitize LN229 cells to radiation, likely by decreasing DSB repair capacity.

2.4. NMDARs Increase DSB Repair Capacity and Clonogenic Survival in LN229 and U-87MG Cells by
Activation of the Transcription Factor CREB

To understand mechanistically how NMDAR activation results in an altered DSB repair, we
measured relative levels of the phosphorylated form of CREB at Ser133 (pCREB) in control and
Glu-stimulated LN229 cells because CREB has been suggested to be involved in the resistance to
IR [40]. We found that Glu induced a significant increase in the amount of pCREB protein after 30 min.
(Figure 4A). To see whether activation of CREB through NMDARs can affect the expression of a
downstream marker, we analyzed the induction of the brain derived neurotrophic factor (BDNF) gene
in the absence of Glu and upon Glu treatment [34]. We found that Glu (1 mM) enhanced significantly
the release of BDNF in LN229 cells (1.9 ± 0.15-fold, p < 0.05, n = 3, Student’s t-test) compared to the
situation in the absence of Glu (SAS, 250 μM). The Glu-mediated increase in BDNF release could
be efficiently blocked by MK801 (10 μM) and by the CREB specific inhibitor KG-501 [41] (25 μM).
These data indicate that Glu can induce transcriptional-active CREB phosphorylation in LN229 cells
via the activation of NMDARs. To further analyze the impact of NMDAR-mediated CREB activation
on DSB repair, we analyzed the relative levels of γH2AX in MK801 and KG-501 treated cells upon IR in
the presence of Glu (Figure 4B). We found that both antagonists induced a significant increase in the
amount of γH2AX protein after 30 min irradiation (Figure 4B), suggesting that an effective DNA repair
of radiation-induced DSBs in LN229 cells may depend on both, the activation of NMDARs and CREB.

To further examine a possible involvement of CREB in Glu-induced radioresistance, we next
analyzed DNA repair and clonogenic survival of LN229 and U-87MG cells in the presence of Glu and
the CREB inhibitor KG-501 plus/minus memantine. We found an increased number of γH2AX foci after
single KG-501 or memantine treatment in non-S-phase LN229 and U-87MG cells at 4 h after irradiation
with 2 Gy, while 0.5 h after irradiation foci numbers were slightly decreased in LN229 and not changed
in U-87MG cells upon inhibitor treatment (Figure 4C,D). Thus, our data revealed a significant increase
of γH2AX foci in both, KG-501 and memantine treated cells after 4h compared to those treated with Glu
alone. Double treatment with KG-501 and memantine only slightly increased the number of foci at 4 h
after irradiation in comparison to single treatments, showing sub-additive effects of combined CREB
and NMDAR inhibition (Figure 4C,D). Similarly, radiation survival of Glu-treated LN229 (Figure 4E) or
U-87MG cells (Figure 4F) was only slightly further decreased upon combined treatment with KG-501
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and memantine, highlighting a direct involvement of CREB in Glu-induced radiation resistance of
glioblastoma cells and indicating that CREB is a key mediator in NMDAR-mediated DNA repair.

 

 

Figure 4. Effects of glutamate-induced pCREB on DNA repair and clonogenic survival in glioblastoma
cells. (A) Relative pCREB levels in LN229 cells detected by western blotting (normalized to β-actin)
at the indicated time points after treatment with Glu (1 mM). Note that the pCREB antibody is also
detecting pATF-1, a protein closely related in structure and function to CREB (relative ratio at 30 min:
3.7 ± 1.1, p < 0.05; n = 3; Student’s t-test). (B) γH2AX protein levels and their relative ratio (normalized
to GAPDH expression) in the presence of Glu (1 mM) and MK801 (10 μM) or KG-501 (25 μM) 4h after
IR with a dose of 2 Gy detected by western blotting. Relative ratio for MK801 treatment is 1.4 ± 0.3
(ns; n = 3; Student’s t-test) and for KG-501 1.8 ± 0.4 (p < 0.05; n = 3; Student’s t-test). (C) γH2AX foci
detection in EdU-negative non-S-phase LN229 cells at 0.5 h and 4 h following 2 Gy exposure after
treatment with Glu (1 mM) and with Glu in the presence of KG-501 (25 μM), memantine (mem, 100 μM)
and both inhibitors. Data represent means ± SEM of γH2AX foci of three independent experiments.
Data were analyzed by one-way ANOVA followed by Bonferroni´s post-hoc test. * indicates significant
difference between Glu-treated control and Glu in the presence of the antagonists, # indicates significant
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difference between the different antagonists (*/# p < 0.05, ** p < 0.01, *** p < 0.001). (D) γH2AX foci
detection in EdU-negative non-S-phase U-87MG cells at 0.5 h and 4 h following 2 Gy exposure after
treatment with Glu (1 mM) and with Glu in the presence of KG-501 (25 μM), memantine (mem, 100 μM)
and both inhibitors. Data represent means ± SEM of γH2AX foci of three independent experiments.
Data analyses see Figure legend (C) (## p < 0.01 *** p < 0.001). (E) Clonogenic survival of LN229 cells
treated with 1 mM Glu in the absence and presence of KG-501 (1 μM), memantine (25 μM) and both
inhibitors. Diagram shows fitted data. Memantine significantly reduces the survival starting at 2 Gy
compared to Glu-treated cells (n = 3, each experiment was performed as triplet; error bars show SD;
Student´s t-test, * p < 0.05, ** p < 0.01). (F) Clonogenic survival of U-87MG cells treated with 1 mM Glu
in the absence and presence of KG-501 (1 μM), memantine (25 μM) and KG-501 and memantine. Both,
memantine and KG-501 significantly reduce the survival starting at 2 Gy compared to Glu-treated cells.
Note that co-application of KG-501 and memantine shows no significant further effect (n = 2, each
experiment was performed as triplet; error bars show SD; student´s t-test, * p < 0.05, ** p < 0.01).

3. Discussion

Here, we present the first evidence that functional expression of Ca2+-permeable NMDARs in
human glioblastoma cell lines is correlated with a radiation response. Our results show that glutamate
improves upon activation of NMDARs DSB repair whereas inhibition by NMDAR antagonists impairs
this process. Furthermore, we could identify a decisive role of NMDAR activity and subsequent
downstream CREB activation in DSB repair since inhibition of CREB by KG-501 showed similar
effects compared to NMDAR antagonists. Hence, our work demonstrates that NMDAR and CREB
activation play an important role in IR-induced cellular damage in glioblastoma cells. In addition,
treatment with the GluN2B subunit-specific NMDAR antagonist ifenprodil showed a decreased
cell survival and cell migration resulting in a more pronounced radiosensitizing effect as compared
to MK801, highlighting the clinical potential of GluN2B subunit-specific NMDAR-antagonists and
CREB-mediated downstream signaling in optimizing RT in glioblastoma treatment.

It has been shown that glioblastomas with a high Glu release have a distinct growth advantage [14,31].
Our results show that LN229 glioblastoma cells release glutamate into the media in an amount sufficient
to activate NMDARs capable to induce NMDAR-mediated excitatory toxic effects [39,42]. Since we
could not detect any Glu-induced excitotoxic effects in LN229 cells, we assume that this may reflect
an increased capacity of LN229 cells to buffer intracellular Ca2+ allowing to survive prolonged Ca2+

influx. In contrast, we found a decrease in the viability of the LN229 cells when blocking glutamate
release by SAS and by NMDAR antagonists, indicating that Glu induce NMDAR-mediated cell survival
instead of cell death. Furthermore, when LN229 cells were cultured in the presence of SAS or NMDAR
antagonists, the number of lamellipodia decreased, which might be suitable for tumor cell migration and
invasion. In favor of our findings, suppression of Glu levels by SAS in orthotopic glioblastoma mice
models prolonged survival and suppressed tumor growth in vitro and in vivo [15,24,43]. The potential
of inhibiting the cystine/glutamate-mediated autocrine glutamate effect in glioblastoma treatment is also
highlighted by a phase I clinical trial in newly diagnosed glioblasoma patients [10].

Concerning the target structures of an autocrine effect of Glu in glioblastoma biology, it has
been shown that Glu stimulates the growth, migration and invasion of glioblastoma cells through
activation of the AMPAR-subtype of iGluRs [22] and that iGluR antagonists increase the lifespan of
human glioma xenografted in mice [27]. Other publications have shown a role of NMDAR-signaling
pathways in tumor progression [23,29] and that NMDAR-antagonists have antitumoral effects when
used in various xenograft tumors [44]. Here we show by Ca2+-imaging and patch-clamp recording
that three glioblastoma cell lines (LN229, U-87MG and T98G) express functional NMDARs and
that treatment of LN229 cells by blocking NMDAR-mediated glutamatergic signaling results in i)
a decreased cell migration and survival and ii) a sensitization to IR. Thus, our results show that at
least some glioblastoma cells express functional NMDARs and that stimulation with Glu elevates
intracellular Ca2+ concentrations. Deregulated Ca2+ signaling is a prominent feature of pathological
states, including those defined as “hallmark of cancer” [45]. Since NMDAR antagonists have been
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shown to inhibit migration of various types of tumor cells, including glioblastoma cells ([23,31]; this
study), memantine constitutes a promising antagonist against “oncogenic NMDARs” [31], which is
currently investigated in a phase I trial for post-radiation therapy in glioblastoma [46]. Interestingly,
we further could show by colony formation assays and viability tests that blocking GluN2B-containing
NMDARs by ifenprodil suppresses tumor cell survival more efficiently compared to the broad NMDAR
antagonists MK801 and memantine. Based on these results we assume differential effects of NMDAR
subunit-specific antagonists, indicating that subunit composition and/or membrane localization of
the NMDAR subunits contribute different to glioblastoma malignancy. Indeed, we found a specific
localization of the GluN2B-subunit in lamellipodia and a pronounced effect of the GluN2B-specific
antagonist ifenprodil on migration of LN229 cells. Due to the high invasiveness of glioblastoma cells,
our data are consistent with the idea of a specific role of GluN2B-NMDAR-signaling pathways at
the invasive front of glioblastoma progression. This assumption is supported by the finding that
grade 4 glioblastoma patients with high expression levels of GluN2B in the tumor have a worse
prognosis [29] and underpin GluN2B-specific antagonists as an interesting therapeutic approach for
treating brain tumors.

IR-induced DSBs are the primary mechanism of tumor cell death [47]. Remarkably, we found
a prominent role of the NMDAR and CREB in the modulation of the radiation response of LN229
and U-87MG cells. The effect of NMDARs and CREB on the repair of IR-induced DSBs is reflected by
our finding that both, antagonizing NMDAR-mediated activation of CREB and CREB-itself increase
the persistence of γH2AX foci after radiation in a non-additive manner. Thus, our results show
that activation of NMDARs and the subsequent phosphorylation of CREB improve the repair of
IR-induced DSBs and indicate that NMDAR-mediated downstream signaling via CREB plays a critical
role in the protection of IR-induced cell damage in glioblastomas. In line with our findings, it has
been shown that CREB is overexpressed in Acute Myeloid Leukemia (AML) cells and is associated
with a poor prognosis [48]. The authors assume that CREB overexpression leads to chemotherapy
resistance due to an increased DSB repair activity in AML cells. Expression of dominant negative
CREB has also been demonstrated to reduce resistance to UV radiation in melanoma cells [49] and
the tumorigenic potential in nude mice [50]. Remarkably, Amorino et al., 2003 described a direct
link between CREB function and DSB repair [51]. Interestingly, the mechanism of radiosensitization
included a reduction of the proliferating cell nuclear antigen (PCNA), a protein involved in the repair
of IR-induced DNA damage [51]. However, CREB-activity increases also the release of BDNF in
neoplastic cells) [34,52]. Interestingly, BDNF is thought to contribute to DNA damage repair (overview
in [52]) and promotes survival and migration in C6 glioma cells [53]. Furthermore, Yano and colleagues
(1998) have demonstrated in neuroblastoma cells that Ca2+-entry through NMDAR phosphorylates a
serine/threonine kinase Akt, which activates CREB and results in the release of a variety of anti-apoptotic
signals facilitating cell survival [54]. Thus, several data suggest an important role of CREB for cellular
response to IR and the regulation of a presumptive transcriptional program that mediates tumor
growth and invasion. However, how NMDAR-mediated activation of CREB affects tumor cell survival
and the response to IR remains elusive.

In conclusion, our work demonstrates that NMDARs and CREB play a role in the protection
of IR-induced cell damage. CREB is phosphorylated in response to NMDAR-activation and the
sensitivity of glioblastoma cells to IR is enhanced by the inhibition of both, NMDAR- and CREB-activity.
Thus, further studies are needed to investigate NMDAR and CREB antagonism for enhancing tumor
radiotherapy effects and to understand downstream effectors in glioblasoma physiology.

4. Materials and Methods

4.1. Cell Culture

Human glioblastoma cell lines LN229 (IDH1wt), U-87MG (IDH1wt; P53wt), T98G and LN428
were obtained from the American Type Culture Collection and were cultured in Dulbecco’s Modified
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Eagle’s Medium (LN229, DMEM, Sigma-Aldrich, Munich, Germany) or Minimum Essential Medium
(U-87MG, T98G and LN428, MEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS,
Sigma–Aldrich), and 1% penicillin/streptomycin (Sigma-Aldrich). The cultures were kept at 37◦C in a
humidified atmosphere of 95% air and 5% CO2.

4.2. Chemical Treatment and X-Irradiation

LN229 and U-87MG were plated in cell culture dishes or well plates 24-48h before treatment.
Chemicals were dissolved in ddH2O or DMSO (max. 0.2%). All antagonists (MK801, memantine,
ifenprodil, BAPTA-AM (Tocris, Cologne, Germany) and KG-501 (Sigma-Aldrich) were applied in
presence of the agonist Glu or NMDA (Sigma-Aldrich) and glycine (Roth, Karlsruhe, Germany) (if not
stated otherwise) and maintained during the whole assay. All chemicals were added prior to irradiation.
X-ray irradiation was performed at 90 kV and 19 mA with an aluminum filter with single doses of 2,
4 and 6 Gy using an x-ray tube equipped with a tungsten-anode (Philips, Amsterdam, Netherlands) as
described previously [55]. X-ray treatment was performed using a power of 19 mA, 90 kV voltage
and 30 cm distance to the IR source, which makes an applied dose of 1.96 Gy/min, established by
Ficke-dosimetry. To all radiated samples equal control samples were performed and placed in the
deactivated x-ray tube for the same time.

4.3. Measurement of Extracellular Glutamate and BDNF Concentrations

Extracellular Glu levels were detected using the Glu assay kit (KA1670, Abnova, Taipeh, Taiwan)
according to the manufacturer’s protocol where glutamate is converted to 2-oxoglutarate via glutamate
dehydrogenase reducing NAD+ to NADH. The subsequent oxidation of NADH drives a reaction
catalysed by diaphorase, resulting in the conversion of p-INT to a formazan product, the absorption
of which is measured spectrophotometrically. LN229 were grown to confluence in 60 mm dishes.
Conditioned culture supernatant (250 μL) was collected after 2 h, 6 h and 24 h and analysed
immediately. Collected media was transferred to a 96-well plate where glutamate dehydrogenase
NAD+, and formazan were mixed. Absorbance of OD 565 nm was measured at time 0 and time
30 min using an Infinite M200 microplate reader (Tecan, Männedorf, Switzerland). The Glu exchange
inhibitor sulfasalazine (SAS; 250 μM) was added to block release of Glu. The Glu concentration in the
experimental medium was calculated via linear regression analysis (GraphPad Prism 7.0, GraphPad
Software, San Diego, CA, USA) using defined Glu concentrations as standard. Measurement of
extracellular BDNF concentrations: 2 × 104 LN229 cells/well were seeded into 24 well plates and
treated with sulfasalazine (SAS; 250 μM), 1 mM Glu, 20μM MK801 and 25 μM KG-501 directly after.
The next day the supernatants of the cells were collected and centrifuged at 16200 g for 5 min. to
remove remaining cells and debris. The BDNF concentration was determined with a BDNF ELISA Kit
(ab99978, Abcam) following the manufacturer instructions. The absorbance at 450 nm was measured
with the Tecan Infinite M 200 microplate reader.

4.4. 3-(4,5-Methylthiazol-2-yl)-2,5-Diphenyl-Tetrazolium Bromide (MTT) Assay

LN229 cells were plated at a density of 103 cells in 96-well plates. 24 h after plating, cells
were treated with memantine or MK801 and/or irradiation and after additional 48 h DMEM was
supplemented with 10 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenletrazolium bromide (MTT) reagent
(5 mg/mL in PBS) to each well and incubated for 1 h at 37 ◦C. After discarding the MTT solution
150 μL isopropanol/0.04 N HCl was added and the plate was incubated till the formazan crystals were
dissolved. The reaction product was quantified by measuring the absorbance at 570 nm with reference
of 630 nm using the Tecan Infinite M 200 microplate reader.

4.5. Clonogenic Survival Assay

Clonogenic cell survival of LN229 and U-87MG cells treated with memantine, KG-501 or MK801
was analyzed by means of standard colony formation assay. Briefly, cells were trypsinized and plated
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at a constant cell density (500 cells per well in 6-well plate), and incubated for 7 days in the presence of
memantine, KG-501 or MK801 with different concentrations. After 7 days of colony growth, cultures
were fixed and stained with methylene-blue solution. The number of colonies formed with more
than 50 cells were then determined and the plating efficiency (PE) and survival fractions (SF) were
calculated. Calculation of SF was performed using the number of colonies of treated cells divided by
that for the control cells seeded -(PE/100), taking into consideration the individual PE. Clonogenic cell
survival of cells treated with memantine and KG-501 was analyzed after radiation (2, 4, and 6 Gy).
The number of seeded cells was increased with irradiation dose (LN229: 400 cells/well form 0 Gy and
2 Gy, 800 cells/well for 4 Gy and 1600 cells/well at 6 Gy. U-87MG: 800 cells/well for 0 Gy and 2 Gy,
1600 cells/well for 4Gy and 3000 cells/well for 6 Gy). The cells were allowed to attach for 3 h and
then irradiated in a X-ray tube as descripted above. Colonies were allowed to form for 8 (LN229)
and 11 (U-87MG) days, fixated with 70% ethanol and stained with 0.1% crystal violet in 25% ethanol.
The colonies with more than 50 cells were manually counted. The X-ray dose-survival curves were
fitted by GraphPad Prism software version 4.0, to the linear quadratic equation, surviving fraction
(SF) = exp(−αD − βD2), where D is the X-ray dose. The radiation sensitizing enhancement ratio (SER)
by treatment was used to evaluate the drug-radiation interaction and calculated at a dose of 2 Gy
using the following formula: SER = (SF2control)/(SF2antagonist). SER >1 suggests a radio-sensitizing
effect. Each point on the survival curves represents the mean surviving fraction from at least two
independent experiments performed in triplicate.

4.6. Western Blot Analysis

Samples were homogenized in 100μL of whole-cell lysis buffer (150 M NaCl, 0.5% dodecylmaltosid,
50 mMTris, pH 7.5, 0.5% Triton X-100) mixed with complete protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany), and then lysed on ice. Equal amounts of protein samples
(100 μg) were subjected to 14% SDS-PAGE and transferred to polyvinylidenedifluoride membrane
(Amersham, Freiburg, Germany). Primary antibodies for γH2AX (Ser139) (JWB 301, Millipore,
Schwalbach, Germany) and pCREB (Ser133) (Cell Signaling, Frankfurt, Germany) were used at 1:1000
dilutions. Secondary peroxidase- conjugated antibodies (Chemicon, Temecula, CA, USA and Santa
Cruz, Heidelberg, Germany) were used at 1:10000, and the ECL Western Blotting Substrate (Pierce
Thermo Fisher Scientific, Darmstadt, Germany) was used for visualizing the antibody-bound protein.
To confirm equal protein loading, membranes were subsequently re-probed with anti-GABDH or anti-
β-actin antibodies (Santa Cruz Biotechnology, Heidelberg, Germany).

4.7. Immunofluorescence Staining

LN229 cells (4 × 104 cells per channel) were grown in μ-slides VI0,4 (Ibidi) over night, fixed with
4% PFA, permeabilized with 0.1% Triton X-100, blocked with 0.5% BSA/5% goat serum and incubated
over night at 4 ◦C with following antibodies: anti-GluN1 (1:100, D65B7, Cell Signaling, Frankfurt,
Germany), anti-GluN2A (1:100, N327A/38, Abcam), anti-GluN2B (1:200, S59-20, Stress Marq, Cadboro
Bay, Victoria, Canada). After incubation with Alexa 488 labeled secondary antibodies (1:400, Abcam),
the samples were stained with Hoechst 33342 and analyzed on an inverted epifluorescence microscope
(Zeiss, Oberkochen, Germany).

4.8. γH2AX/EdU Double-Staining

LN229 and U-87MG cells grown on glass coverslips were treated with 10 μM EdU for 1 h
to discriminate between S/G2- and G1-phase cells and irradiated with a dose of 2 Gy. Cells were
fixed with 4% paraformaldehyde (PFA) for 10 minutes and permeabilized in 0.5% Triton X-100.
Staining was performed with mouse-α-γH2AX antibody at 1:1000 (JWB 301, Millipore) and Click-it
EdUAlexa Fluor 594 kit (Life Technologies, Darmstadt, Germany). Nuclei were counterstained with
4′,6-diamidino-2-phenylindole (DAPI) solution (Invitrogen, Karlsruhe, Germany) and coverslips were
mounted with Mowiol (Roth). Images were taken using an AxioImager Z1 microscope and Axiovision
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4.6. Micromanager software (Zeiss). For γH2AX foci quantification, 150–200 nuclei were evaluated for
each data point from three independent experiments.

4.9. Fluorescence-Activated Cell Cycle Analysis

LN229 cells were grown in μ-slides VI0,4 (Ibidi) over night with/without glutamate/MK801 and
treated with 10 μM EdU for 30 min. The cells were fixed with 4% PFA, permeabilized with 0.1% Triton
X-100 and labeled with Alexa 594 azide using the Click-iT EdU Imaging Kit (Invitrogen). The samples
were stained with Hoechst 33342 and imaged on an inverted epifluorescence microscope (Zeiss) and
analyzed with micro manager. For this the integrated density of the Hoechst signal of single nuclei was
plotted against the mean EdU signal and G1/S/G2 phases were gated manually. Mean ± SEM of at least
three independent experiments were calculated and graphed. Analysis was performed on a FACScan
(Becton Dickinson, Heidelberg, Germany) and data were analyzed using the ModFit LT 3.2 software
(Verity Software House, Topsham, ME, USA).

4.10. Migration Assay

For measuring the change in the cell-covered area, over time as a parameter for migration rate we
used culture inserts (Ibidi) consisting of two chambers. 2 × 104 LN229 cells were seeded into each
chamber in DMEM with 10% FBS. After 24 h the culture inserts were removed and quantification of
migration was done by taking six pictures of the gap after 6, 24 and 48 h and calculating the area of the
gap with ImageJ/FIJI software (http://fiji.sc/Fiji). Each experiment was done in triplicate.

4.11. Electrophysiology

Patch clamp recordings of ligand-gated whole cell currents were performed at −70 mV with
the Port-a-Patch System (Nanion, Munich, Germany). Cells were trypsinized before recording
and resuspended in external solution. Cells were sealed in solution containing (in mM) 80 NaCl,
3 KCl, 10 MgCl2, 35 CaCl2, 10 HEPES /NaOH, pH 7.4. For recordings a buffer with (in mM)
4 KCl, 140 NaCl, 2 CaCl2, 5 D-Glucose, 10 HEPES /NaOH, pH 7.4 was used as an external bath
solution. The intracellular solution contained (in mM) 50 KCl, 10 NaCl, 60 K-Fluoride, 10 EGTA
and 10 HEPES/KOH, pH 7.2. The sealing process and the access into the whole-cell mode were
achieved with the help of PatchControl Software (Nanion). Solution exchange was executed by a rapid
perfusion-system (Nanion). Currents were recorded with an EPC9 amplifier under the control of the
Patchmaster Software (both from Heka Electronic, Lambrecht, Germany) as described previously [56].
Data were analyzed with Patchmaster and Fitmaster software (Heka Electronic).

4.12. Calcium Imaging

LN229 cells were seeded into 8-well μ-slides (Ibidi) and treated with the calcium dye Fluo-4 AM
(Thermo Fisher) dissolved in DMSO loaded for 30 min. to a final concentration of 2 μM. The cells were
washed once with the imaging-buffer (140 mM NaCl; 2.8 mM KCl; 1.8 mM CaCl2; 10 mM HEPES;
20 mM Glucose; 10 μM EDTA; pH 7.2) and imaged in a recording chamber on a epifluorescence
microscope (Zeiss) at a rate of 1 Hz for 120 seconds. Alterations in fluorescence as a function of
time were measured at a single wavelength. Glutamate and glycine were applied to the cells to an
end-concentration of 1 mM and 100 μM respectively after 20 seconds and 10 μM ionomycin was given
after 90 seconds. The image sequences were analyzed for visual inspection and processed by using
ImageJ /FIJI software (http://fiji.sc/Fiji) by subtracting the mean background of the integrated density of
every cell and then normalize all values to the fist and the highest value of every cell. The data were
plotted as relative fluorescence intensity scale versus time.
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4.13. Data Analysis

Experimental data are presented as mean ± SEM from three or more independent experiments
(if not indicated otherwise). Levels of significance were calculated using the Student´s unpaired t-test
or one-way analyses of variance (ANOVA followed by Bonferroni´s post-hoc test) (GraphPadPrism).

5. Conclusions

In conclusion, our findings in LN229 and U-87MG cells support a new approach for the therapy of
brain tumors based on antagonizing NMDAR-mediated signaling pathways upon radiation resulting
in (i) an enhanced radiosensitivity by suppressing DSB repair capacity and (ii) a decreasing tumor cell
survival and migration.
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Abstract: The presence of an isocitrate dehydrogenase 1 (IDH1) mutation is associated with a less
aggressive phenotype, increased sensitivity to radiation, and increased overall survival in patients with
diffuse glioma. Based on in vitro experimentations in malignant glioma cell lines, the consequences
on cellular processes of IDH1R132H expression were analyzed. The results revealed that IDH1R132H

expression enhanced the radiation induced accumulation of residual γH2AX foci and decreased
the amount of glutathione (GSH) independent of the oxygen status. In addition, expression of the
mutant IDH1 caused a significant increase of cell stiffness and induced an altered organization of the
cytoskeleton, which has been shown to reinforce cell stiffness. Furthermore, IDH1R132H expression
decreased the expression of vimentin, an important component of the cytoskeleton and regulator
of the cell stiffness. The results emphasize the important role of mutant IDH1 in treatment of
patients with diffuse gliomas especially in response to radiation. Hence, detection of the genetic
status of IDH1 before therapy massively expands the utility of immunohistochemistry to accurately
distinguish patients with a less aggressive and radiosensitive IDH1-mutant diffuse glioma suitable
for radiotherapy from those with a more aggressive IDH1-wildtype diffuse glioma who might benefit
from an individually intensified therapy comprising radiotherapy and alternative medical treatments.

Keywords: isocitrate dehydrogenase 1; IDH1; IDH1R132H; glioma; glioblastoma; cell stiffness; atomic
force microscopy

1. Introduction

Gliomas, primary tumors of the central nervous system (CNS) are relatively rare and form
a heterogeneous group of neoplasms [1]. For multiple decades the histology of gliomas was
the gold standard for classification and for assessment of prognosis or therapeutic management.
Molecular characterization was mainly provided as supplementary information within these
histologically defined categories [2]. Due to the increasing knowledge of molecular alterations
in tumors of the CNS the revised fourth edition of the World Health Organization (WHO) Classification
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of CNS tumors (published in 2016) included molecular surrogates, which greatly expanded the utility
of immunohistochemistry for providing diagnostic, prognostic, and predictive aid in the workup of
gliomas [2–5]. Nowadays, classification of gliomas encompasses two principle subgroups: diffuse
gliomas, displaying an extensive infiltration in the CNS parenchyma and the nondiffuse gliomas,
showing a more circumscribed growth pattern.

Immunohistochemically gliomas are categorized according to their histologically equivalent
normal cell type. Diffuse gliomas are historically allocated to diffuse astrocytomas (with glioblastoma
as its most frequent and most malignant representative), oligodendrogliomas, or to tumors with a mixed
astrocytic and oligodendroglial phenotype (oligoastrocytomas). The group of nondiffuse gliomas
now includes pilocytic astrocytoma, subependymal giant cell astrocytoma (SEGA), pleomorphic
xanthoastrocytoma (PXA), and anaplastic PXA as distinct entities [2–5]. Diffuse gliomas are the most
common subtype of primary brain tumors, especially in adult patients [4,6]. Within the subgroups,
based on the presence/absence of marked mitotic activity, necrosis and florid microvascular proliferation
diffuse gliomas are graded as WHO grade II (low-grade), III (anaplastic), or IV (glioblastoma) [4,6].
Thereby, glioblastoma can occur as the result of progression from lower grade diffuse gliomas or can
arise de novo. Histologically, both primary (de novo) and secondary glioblastomas seem identical [7].

Over the last decade the understanding of glioma tumorigenesis was substantially increased due to
the discovery of mutations involving the genes encoding isocitrate dehydrogenase 1 and 2 (IDH1/IDH2)
enzymes. Using whole-genome sequencing and mutational analysis, Parson and colleagues identified
recurrent mutations in IDH1 and IDH2 at high frequencies in WHO grade II and III astrocytomas,
oligodendrogliomas, oligoastrocytomas, as well as in glioblastomas [8,9]. In these cases IDH mutations
seem to predispose a particular path for oncogenic progression resulting in an increased progression-free
and overall survival of affected patients, irrespective of tumor malignancy [8,10,11]. In several studies
the IDH1 mutation has proven to be a powerful prognostic factor in diffuse gliomas, irrespective of
tumor grade and histology [12–14]. Mutations in the IDH genes are generally heterozygous missense
substitutions, which remarkably occur in a mutually-exclusive manner affecting only the active sites of
the enzymes [8,15]. IDH1 mutations always appear in the arginine residue at codon 132 resulting in a
substitution of histidine for arginine (R132H) in over 90% of all IDH1 mutations [8,16].

Very early on, IDH1 mutations have successfully been linked to prognostic information.
Besides, it was evident that the clinical outcome for tumors with identical histology was different for
IDH1-wildtype and IDH1-mutant diffuse gliomas [2,8,9,15,17,18]. Furthermore, it has been shown
that many histologically identified as WHO grade II and especially WHO grade III IDH1-wildtype
diffuse gliomas in adults display molecular characteristics and behaviors of a glioblastoma [13,19–21].
These fundamental observations drive toward a molecular classification and have led to the decision to
include IDH mutation as a crucial marker for the classification of diffuse gliomas. Importantly, in this
histological–molecular classification the genetic characteristics of IDH-mutant glioma can actually
override the histological diagnosis, which also leads to an reclassification of glioblastoma [2]. Based on
the genetic status of IDH1, glioblastomas are now divided into IDH1-wildtype glioblastoma and
IDH-mutant glioblastoma, whereas the latter one largely overlaps with secondary glioblastoma in
older classifications [2].

Despite the central role of an IDH1 mutation in the current classification of diffuse gliomas,
it appears reasonable to further focus on cellular functions and therapeutic effects that are influenced
by an IDH1 mutation. The care of patients with diffuse gliomas is challenging. Especially high-grade
gliomas (grade III/IV), with glioblastoma as its most frequent and most malignant representative,
are aggressive, invasive, and exhibit intratumoral hypoxia [22–24]. Irrespective of the multimodal
therapy options available, comprising surgery, radiotherapy and chemotherapy, high-grade gliomas
remain lethal diseases with dismal prognosis [25,26]. Due to their intratumoral heterogeneity and
various mutual signatures (e.g., IDH mutation/1p19q co-deletion status, MGMT promoter methylation
status, TERT promoter mutations) the chances for establishing a universal standard treatment of diffuse
gliomas are limited [27]. In this context, the identification, but also dissection of the mechanism of
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molecular markers represents a useful tool for understanding cancer biology and based on this for the
development of tailored therapeutic options. Furthermore, such biomarkers permit a subclassification
of diffuse gliomas, making it possible to differentiate between patients with higher risk for toxicity and
those who may benefit from a particular treatment i.e. in some cases, molecular markers are able to
guide treatment decisions [28].

Hence, various studies highlighted the physiological roles of IDH enzymes as well as the
biochemical and cellular consequences of an altered genetic status of IDH genes. IDH enzymes catalyze
the decarboxylation of isocitrate to α-ketoglutarate (α-KG). Thereby, IDH1 is involved in a variety of
cellular processes, including glutamine metabolism, glucose sensing and lipid metabolism, synthesis of
N-acetylated amino acids, and regulation of the cellular redox status via GSH [29–31]. Mutations in
the active sites of the IDH1 enzyme cause a distinctly decreased enzyme activity to isocitrate and result
in a neomorphic enzyme function, which catalyzes the NADPH (nicotinamide adenine dinucleotide
phosphate hydrogen)-dependent reduction of α-KG to the 2-hydroxyglutarate (2-HG) enantiomer,
D-2-hydroxyglutarate (D-2-HG). In turn, this leads to D-2-HG accumulation and lowering α-KG as well
as NADPH levels [32–35]. However, NADPH is necessary for the regeneration of reduced GSH which
functions as the main antioxidant in mammalian cells. Low levels of cytoplasmic NADPH have been
linked to elevated oxidative stress through impaired reduction of GSH [36]. In general, oxidative stress
is increased by irradiation and chemotherapy leading to the hypothesis that IDH1 mutations induce an
enhanced response to therapy and may contribute to the prolonged survival of patients harboring
the mutation [37]. Due to the fact that almost all patients with a malignant glioma receive a single
treatment or a combined therapy it is difficult to specify whether IDH1 mutation is associated with a
less aggressive phenotype or directly linked to increased sensitivity to therapy. Thus, different studies
or clinical trials have been focused on the effect of expression of mutated IDH1 on cellular behavior
and response to therapy since the first mutations of IDH1 were discovered in 2008 [17,38–40].

In previous studies and by using transduced malignant glioma cell lines U-251MG (glioblastoma)
U-343MG (anaplastic astrocytoma) and LN-229 (glioblastoma) we showed that gene expression of
mutated IDH1 (IDH1R132H) resulted in elevated radiosensitivity [41–43]. Furthermore, gene expression
of IDH1R132H caused a reduced aggressiveness based on slightly decreased cell proliferation and
plating efficiency, altered growth properties in 3D spheroid culture and significantly reduced cell
migration in these glioma cell lines [41]. In addition, the effect of gene expression of mutated IDH1 on
the radiosensitivity and cellular behavior was independent of the oxygen concentrations [41].

Based on the complex role of an IDH1 mutation in progression, aggressive biological behavior and
response to therapy of malignant diffuse gliomas, it appears reasonable to dissect the molecular
mechanisms underlying the less aggressive phenotype and increased sensitivity to radiation
of IDH1R132H-gliomas.

2. Results

2.1. Expression of IDH1R132H Enhanced the Radiation Induced Accumulation of Residual γH2AX Foci

In eukaryotic cells, DNA double-strand breaks (DSBs) occur frequently from endogenous
cellular processes or are caused by exogenous sources such as ionizing radiation. In response
to the introduction of DNA DSBs, the minor histone H2A variant is rapidly phosphorylated on
Ser-139 to produce γH2AX [44,45]. Based on the direct correlation between the number of DSBs
and γH2AX foci, quantitation of γH2AX foci formation was applied as a marker of DNA damage
and repair [44,46]. Foci which persist for longer than 24 h, so-called residual γH2AX foci, indicate
unrepaired or misrepaired DSBs. These unsuccessfully repaired DSBs are generally assumed to
play a major role in radiation-induced cell death [47]. Previous studies have demonstrated a linear
relationship between radiation dose and the number of γ-H2AX foci over a limited dose range (between
0.001 and 2 Gy) [48–51]. Therefore, analyzing the induction of γH2AX foci allows for the indirect
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evaluation an influence of IDH1R132H gene expression on the effect of radiation in U-251MG, U-343MG,
and LN-229 cells.

For this purpose, untreated cells and cells stably transduced with empty vector pLVX, pLVX
IDH1wt, or pLVX IDH1R132H were irradiated with a single dose of 0, 2, and 4 Gy under normoxia
(21% O2) and hypoxia (< 0.1% O2), respectively.

Induction of DNA DSBs and the associated cellular repair capacity was investigated by
visualization (Figure 1, representative images of U-251MG; Figures A1 and A2, representative images
of U-343MG and LN-229) and quantitation (Figures 2 and A3) of the residual γH2AX foci 24 h after
radiation. Treatment with the empty vector or gene expression of IDH1wt did not affect the number of
γH2AX foci compared to the respective untreated U-251MG, U-343MG, and LN-229 cells in normoxia
and hypoxia, respectively.

a

 

b

 

c d

Figure 1. Effect of isocitrate dehydrogenase 1 (IDH1)R132H gene expression on the accumulation of
residual γH2AX foci after radiation in U-251MG cells. Representative immunofluorescence images of
γH2AX of U-251MG cells 24 h after irradiation with 2 (a,b) and 4 Gy (c,d) under normoxia (a,c) and
hypoxia (b,d). Green: γH2AX foci; blue: Cell nuclei (DAPI). n = 3 independent experiments; scale bar
= 25 μm. Normoxia (21% O2), hypoxia (< 0.1% O2). UT: untreated, pLVX: cells stably transduced with
empty vector, pLVX IDH1wt: IDH1wt-expressing cells, pLVX IDH1R132H: IDH1R132H-expressing cells.

After irradiation with 0, 2, and 4 Gy the average number of γH2AX foci per cell increased in a dose
dependent manner in U-251MG, U-343MG, and LN-229 cells under normoxic and hypoxic conditions
(Figure 2). Furthermore, in hypoxia γH2AX foci accumulation was decreased irrespective of the dose
level in comparison to normoxic conditions in the investigated cell lines (Figure 2). Under hypoxic
conditions, in untreated, empty vector and IDH1wt cells, the γH2AX foci formation was up to 2.5-fold
lower in U-251MG, up to 1.9-fold lower in U-343MG and up to 1.4-fold lower in LN-229 cells compared
to the respective cells under normoxic conditions (Figure 2).
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Figure 2. Effect of IDH1R132H gene expression on the number of residual γH2AX foci after radiation in
glioma cells. Mean γH2AX foci per cell nuclei of U-251MG (a,b), U-343MG (c,d), and LN-229 (e,f) cells.
DNA damage was analyzed by γH2AX staining at 24 h after irradiation with 0, 2, and 4 Gy. γH2AX
foci were counted manually in the nuclei of 300–400 untreated, empty vector, IDH1wt or IDH1R132H

cells under normoxia (21% O2) and hypoxia (< 0.1% O2), respectively. Bars represent the mean values
of three independent experiments. Error bars indicate standard deviations (±SD). UT: untreated, pLVX:
cells stably transduced with empty vector, pLVX IDH1wt: IDH1wt-expressing cells, pLVX IDH1R132H:
IDH1R132H-expressing cells; * p < 0.05 and ** p < 0.01 (compared to the respective IDH1wt cells in
normoxia or hypoxia).

In normoxia, the non-irradiated cells gene expression of IDH1R132H increased the number of
γH2AX foci by 2.1-fold (p < 0.01) from 0.28 foci/nucleus to 0.58 foci/nucleus in U-251MG, by 1.4-fold
(p < 0.05) from 0.38 foci/nucleus to 0.54 foci/nucleus in U-343MG cells and by 2.5-fold (p < 0.05) from
0.1 foci/nucleus to 0.25 foci/nucleus in LN-229 cells compared to the respective IDH1wt cells (Figure 2,
purple bar). Furthermore, in normoxia, after irradiation at 2 Gy gene expression of IDH1R132H increased
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the number of γH2AX foci by 2.3-fold (p < 0.01) from 2 foci/nucleus to 4.6 foci/nucleus in U-251MG,
by 2.0-fold (p < 0.01) from 2.2 foci/nucleus to 4.5 foci/nucleus in U-343MG cells and by 2.3-fold (p < 0.05)
from 2.3 foci/nucleus to 5.3 foci/nucleus in LN-229 cells compared to the respective IDH1wt cells
(Figure 2, orange bar). In addition, after irradiation with 4 Gy IDH1R132H cells showed an increase of
γH2AX foci formation by 2.1-fold (p < 0.01) from 6.8 foci/nucleus to 14.5 foci/nucleus in U-251MG,
by 2.1-fold (p < 0.01) from 3.1 foci/nucleus to 6.6 foci/nucleus in U-343MG cells and by 2.4-fold (p < 0.01)
from 4.0 foci/nucleus to 9.4 foci/nucleus in LN-229 cells in normoxia (Figure 2, blue bar).

Under hypoxic conditions, in the gene expression of IDH1R132H increased the number of γH2AX
foci by 1.7-fold (not significant) from 0.17 foci/nucleus to 0.29 foci/nucleus in U-251MG, by 3.2-fold
(p < 0.05) from 0.05 foci/nucleus to 0.16 foci/nucleus in U-343MG cells and by 1.4-fold (p < 0.05) from
0.38 foci/nucleus to 0.54 foci/nucleus in LN-229 cells compared to the respective IDH1wt cells (Figure 2,
purple bar). In addition, under hypoxic conditions, when cells were irradiated at 2 Gy, the gene
expression of IDH1R132H increased the number of γH2AX foci by 4.5-fold (p< 0.01) from 1.0 foci/nucleus
to 4.5 foci/nucleus in U-251MG, by 2.4-fold (p< 0.01) from 1.2 foci/nucleus to 2.9 foci/nucleus in U-343MG
cells and by 2.0-fold (p < 0.01) from 2.2 foci/nucleus to 4.5 foci/nucleus in LN-229 cells compared
to the respective IDH1wt cells (Figure 2, orange bar). Furthermore, in hypoxia after irradiation at
4 Gy gene expression of IDH1R132H increased the γH2AX foci formation about 3.0-fold (p < 0.01)
from 2.8 foci/nucleus to 8.4 foci/nucleus in U-251MG, 3.0-fold (p < 0.01) from 2.4 foci/nucleus to
7.3 foci/nucleus in U-343MG cells and 2.2-fold (p < 0.01) from 3.0 foci/nucleus to 6.6 foci/nucleus in
LN-229 cells compared to the IDH1wt cells, respectively (Figure 2, blue bar).

Further, the fraction of cells in dependence of the number of residual γH2AX foci per nucleus
was evaluated (Figure A3). In untreated, empty vector and IDH1wt cells a higher percentage of cells
with low amount of foci per nucleus was observed (Figure A3). In contrast, IDH1R132H-expressing
cells showed an increased percentage of cells with high number of residual γH2AX foci per nucleus in
normoxia and hypoxia (Figure A3).

2.2. Expression of IDH1R132H Decreased the Amount of GSH

IDH1 is involved in a variety of cellular processes, including the glutamine metabolism and
regulation of the cellular redox status via GSH [29–31]. Based on the decreased enzyme activity
of IDH1R132H and the neomorphic enzyme function, which lowers α-KG as well as NADPH levels,
the GSH/GSSG ratio was measured. Different incubation times (1 h, 6 h, 24 h, and 48 h) after irradiation
were analyzed in pilot experiments (data not shown). In accordance to pilot experiments and γH2AX
assay, GSH/GSSG ratio was measured 24 h after irradiation with 0 or 5 Gy in an untreated, empty vector,
IDH1wt and IDH1R132H cells of U-251MG, U-343MG, and LN-229 cells [41].

For evaluation of the data total GSH levels (sum of reduced GSH and oxidized GSSG) were set as
100%. Neither the treatment with the empty vector nor the gene expression of IDH1wt affected the
amount of reduced GSH compared to the untreated U-251MG, U-343MG, and LN-229 cells, respectively
(Figure 3). On the contrary, the gene expression of IDH1R132H resulted in a decreased amount of
reduced GSH by 47.7% ± 4.2 (p < 0.01) in U-251MG, by 42.0% ± 1.04 (p < 0.01) in U-343MG and by 43.5%
± 2.8 (p < 0.01) in LN-229 cells compared to the respective non-irradiated IDH1wt cells (Figure 3, blue
bars). After irradiation with 5 Gy in untreated, empty vector and IDH1wt cells, the level of reduced GSH
was up to 10% lower in U-251MG, up to 15% lower in U-343MG and up to 21% lower in LN-229 cells
compared to non-irradiated cells, respectively (Figure 3, blue vs. red bars). Furthermore, expression of
IDH1R132H and irradiation with 5 Gy show an additive inhibitory effect on the amount of reduced GSH
resulting in a decreased level of GSH by 79.5% ± 4.1 (p < 0.01) in U-251MG, by 65.8% ± 4.2 (p < 0.01) in
U-343MG and by 70.7% ± 5.2 (p < 0.01) in LN-229 cells as compared to the irradiated (5 Gy) IDH1wt

cells, respectively (Figure 3, red bars).
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a b c

Figure 3. Effect of IDH1R132H expression on the level of glutathione (GSH) in glioma cells. GSH level in
stably transduced U-251MG (a), U-343MG (b), and LN-229 (c) cells after irradiation with 0 or 5 Gy. Total
GSH levels (sum of reduced GSH and oxidized GSSG) were set as 100%. Bars represent the mean values
of four independent experiments. Error bars indicate standard deviations (±SD). UT: untreated, pLVX:
cells stably transduced with empty vector, pLVX IDH1wt: IDH1wt-expressing cells, pLVX IDH1R132H:
IDH1R132H-expressing cells. ** p < 0.01 (compared to the respective IDH1wt cells).

2.3. Expression of IDH1R132H Caused a Significant Increase of Cell Stiffness

In a previous study we showed that gene expression of mutated IDH1 causes a reduced
aggressiveness based on slightly decreased cell proliferation and plating efficiency, altered growth
properties in 3D spheroid culture and significantly reduced cell migration [41]. In order to spread
and form metastases, aggressive cancer cells with high metastatic potential might benefit from their
softness and flexibility [52–54]. Based on these analyses we used AFM technology to quantify the
relationship between several cell-specific parameters with a network analytical approach to compile
the composite parameter “stiffness” (see Supplementary Methods 5) [55].

For AFM indentation measurements, single rounded cells were indented using a tip-less AFM
cantilever (see Supplementary Methods 5). AFM measurements revealed that gene expression of
IDH1wt slightly increased the cell stiffness of glioma cell lines compared to untreated cells and empty
vector cells, respectively (Figure 4). In addition, IDH1R132H caused a considerable increase of cell
stiffness of U-251MG (p = 0.1), U-343MG (p < 0.01), and LN-229 (p < 0.01) cells compared to untreated
cells, empty vector cells (pLVX) and IDH1wt cells (Figure 4).

a b c

Figure 4. Effect of IDH1R132H gene expression on the stiffness of glioma cells. Influence of IDH1R132H

on cell stiffness of U-251MG (a), U-343MG (b), and LN-229 (c) cells was investigated using AFM
technology. Bars represent the mean values of 20 single cells per measurement. Error bars indicate
standard deviations (±SD). UT: untreated cells, pLVX: cells stably transduced with empty vector, pLVX
IDH1wt: IDH1wt-expressing cells, pLVX IDH1R132H: IDH1R132H-expressing cells. ** p < 0.01 (compared
to the respective IDH1wt cells).

2.4. Expression of IDH1R132H Induced an Altered Organization of the Cytoskeleton

The cytoskeleton is a meshwork of a variety of biopolymers (e.g., actin, microtubules, intermediate
filaments), which are essential for dynamic functions and mechanical stability. Actin filaments assemble
into diverse protrusive and contractile structures to provide force for a number of vital cellular processes
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including cell adhesion, morphogenesis and mechanotransduction [56]. Therefore, the actin stress
fibers can be divided into at least four different categories: dorsal and ventral stress fibers, transverse
arcs and the perinuclear actin cap (schematic Figure 5a) [56,57].

a

 

b

 
c

Figure 5. Organization of the cytoskeleton of transduced U-251MG glioma cells stably expressing IDH1wt

or IDH1R312H protein. (a) Schematic representation of types of actin stress fibers. Four categories of actin
stress fibers are observed: dorsal and ventral stress fibers, transverse arcs and the perinuclear actin cap.
Blue: actin fibers, and green: focal adhesion. (b) Enlarged representative image as an example of different
categories of actin stress fibers for untreated cells, empty vector cells (pLVX) and IDH1wt cells; enlarged part
of pLVX cells, scale bar = 10 μm (c) Representative immunofluorescence staining of actin stress fibers and
microtubules in U-251MG cells using phalloidin-TRITC and anti-tubulin antibody. Immunofluorescence
staining was performed 24 h after seeding. Cell nuclei were counterstained with DAPI. N = 3 independent
experiments were performed; scale bar = 50 μm. UT: untreated, pLVX: cells stably transduced with empty
vector, pLVX IDH1wt: IDH1wt-expressing cells, pLVX IDH1R132H: IDH1R132H-expressing cells.

Hence, immunofluorescence was applied to analyze the organization of actin stress fibers and
microtubules in untreated cells, empty vector cells, and IDH1wt- or IDH1R132H-positive U-251MG,
U-343MG, and LN-229 cells (Figure 5, Figure A4, Figure A5). Analysis of the stained cells showed
no effect on the organization of microtubule fibers in the investigated cell lines. In addition,
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immunofluorescence staining indicated the presence of the four different categories of actin stress
fibers in untreated cells, empty vector cells (pLVX) and IDH1wt cells (enlarged and representative,
Figure 5b). On the contrary, expression of IDH1R132H induced an altered organization of the actin
cytoskeleton of malignant glioma cells (Figure 5c, Figure A4, Figure A5). IDH1R132H-positive cells
displayed changes in spatial distribution of actin stress fibers with fibers located in the cell periphery
and thicker fibers, which have been shown to reinforce cell stiffness (Figure 5c, Figure A4, Figure A5).
Furthermore, expression of IDH1R132H seems to induce a smaller surface area compared to the untreated
cells, empty vector or IDH1wt-positive cells but of LN-229 cells only (Figures A5 and 6b).

a

 

b

c

Figure 6. Effect of IDH1wt or IDH1R132H on the expression of actin-influencing proteins in glioma
cells. (a) mRNA expression levels (qPCR) of vimentin in U-251MG, U-343MG, and LN-229 cells.
Bars represent the mean values, relative to the control (empty vector pLVX set as 100%), of three
independent experiments. Error bars indicate standard deviations (±SD). (b) Representative western
blots for actin-influencing proteins of stably transduced U-251MG, U-343MG, and LN-229 cells using
an Actin Nucleation and Polymerization Antibody Sampler Kit (cell signaling). n = 3 independent
experiments. (c) Representative immunohistochemical staining of vimentin of U-251MG, U-343MG, and
LN-229 cells. Cell nuclei were counterstained with 20% hematoxylin. n = 3 independent experiments;
scale bar = 75 μm. UT: untreated, pLVX: cells stably transduced with empty vector, pLVX IDH1wt:
IDH1wt-expressing cells, pLVX IDH1R132H: IDH1R132H-expressing cells.
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2.5. Expression of IDH1R132H Decreased the Expression of Vimentin

To determine the effect of an expression of IDH1 mutant protein on genes which are involved
in the organization of the actin cytoskeleton (actin-regulating proteins, actin-binding proteins, actin
structure proteins, and intermediate filaments) qPCR, western blot analyses and immunohistochemical
staining were carried out. Analyses by qPCR included actin-regulating proteins: RAC1 (Ras-related
C3 botulinum toxin substrate 1), RHOA (Ras homolog gene family, member A), RHOB (Ras homolog
gene family, member B), RHOC (Ras homolog gene family, member C), CDC42 (Cell division control
protein 42 homolog); actin-binding proteins: Cofilin-1, Profilin-1, Fascin, Filamin, Ezrin, Moesin,
alpha-actinin-1, alpha-actinin-4; actin-structure proteins: Myo1B (Myosin1B), Myo9B (Myosin9B),
Myo10B (Myosin10B), Myo18A (Myosin18A), and intermediate filaments: vimentin, desmin and GFAP
(glial fibrillary acidic protein).

The qPCR experiments revealed a decreased mRNA level of the intermediate filament vimentin
in IDH1R132H-positive U-251MG (by 49.5%, p < 0.05), U-343MG (by 43.0%, p < 0.05), and LN-229
(by 50.7%, p < 0.05) cells (Figure 6a), whereas the other investigated genes (i.e., actin-regulating proteins
see Figure A6; actin-binding proteins see Figures A7 and A8; actin-structure proteins see Figure A9
and intermediate filaments see Figure A10) showed no significant alteration in their mRNA expression
level in U-251MG and U-343MG cells. Furthermore, in LN-229 cells expression of IDH1R132H induced
a reduced mRNA level of actin-regulating proteins RAC1 (by 33.7%, p < 0.01), CDC42 (by 45.1%,
p < 0.05) and of the actin-binding protein Profilin-1 (by 46.3%, p < 0.01), whereas no influence on
the other investigated genes (RHOA, RHOB, RHOC, see Figure A6; Cofilin-1, Fascin, Filamin, Ezrin,
Moesin, alpha-actinin-1, alpha-actinin-4 see Figure A7, Figure A8; Myo1B, Myo9B, Myo10B, Myo18A
see Figure A9; intermediate filaments: desmin and GFAP was observed (Figure A10).

In addition, western blot analyses using an Actin Nucleation and Polymerization Antibody
Sampler Kit were applied to investigate the expression of actin-influencing proteins in stably
transduced U-251MG, U-343MG, and LN-229 cells (Figure 6b). The Antibody Sampler Kit includes the
actin-regulating protein RAC1 (GTPase) and its targets Wiskott–Aldrich syndrome protein (N-WASP)
and WASP-family verprolin-homologous protein (WAVE-2). WAVE-2, N-WASP are scaffolds that link
upstream signals to the activation of the ARP2/3 complex leading to a burst of actin polymerization [58].
When activated, the Arp2/3 complex contributes the actin branched junction and thus cross-links
the polymerizing actin filaments [59]. Moreover, a further protein, namely Profilin-1, was analyzed.
Profilin-1 has been shown to bind ATP-bound G-actin and promotes filament elongation [60].

Western blot analyses revealed a decreased protein level of the intermediate filament vimentin
in IDH1R132H-positive U-251MG, U-343MG, and LN-229 cells, whereas no influence on the other
investigated proteins WAVE-2, N-WASP, ARP2/3, RAC1, and Profilin-1 was observed in U-251MG and
U-343MG cells (Figure 6b). In accordance to the qPCR, western blot analyses confirmed the reduced
expression of RAC1 and its targets WAVE-2, N-WASP in IDH1R132H-positive LN-229 cells (Figure 6b).
Consequently, in these cells a decreased protein levels of Profilin-1 and ARP2/3, targets of WAVE-2 and
N-WASP, were detected by western blot analyses (Figure 6b).

Consistent with these findings immunohistochemical staining showed a reduction of vimentin
expression in IDH1R132H-positive U-251MG, U-343MG, and LN-229 cells (Figure 6c).

3. Discussion

Diffuse gliomas, the most common type of primary brain tumors, are often diagnosed in aged
adults [4,6]. On a molecular level, diffuse gliomas are characterized by a variety of genetic and epigenetic
alterations. Especially the molecular marker IDH1R132H has been identified as prognostic marker with
major roles in tumorigenesis and the response to therapy [18,61,62]. These observations paved the
way to a genotype-driven classification by including the IDH mutation as a decisive marker for glioma
classification. Nowadays, these tumors are classified according to the 2016 WHO system by both
histologic and molecular characteristics as IDH-mutant or IDH-wildtype astrocytomas; IDH-mutant and
1p19q-codeleted oligodendrogliomas; and IDH-mutant or IDH-wildtype glioblastomas [5]. Glioblastoma

264



Cancers 2019, 11, 889

(WHO grade IV) as the most frequent and most malignant tumor in this group, i.e., is characterized by
an aggressive invasiveness and a dismal prognosis with a median survival time ranging from 6 to 15
months under the current standard treatment regime, consisting of maximal surgical resection, whenever
possible, followed by radiation and chemotherapy [6,25,63–66]. The heterogeneity of diffuse gliomas with
respect to clinical presentation, pathology, genetic profile, and the poor response to treatment, reduces the
chances for a universal treatment, particularly due to the fact that subtypes have different responses to
therapy, which therefore may result in both over- or undertreatment of these tumors [3,4,38].

Hence, characterization of molecular tumor markers provides an opportunity to gain a deeper
understanding of progression, aggressiveness and radioresistance of diffuse gliomas. In addition
to the benefit in diagnosis, investigation of the IDH1 mutation represents a useful tool for the
understanding of tumorigenesis and resistance to therapy of malignant diffuse gliomas. Functional
studies support the development of personalized therapies as one of the main research objectives in the
next years [66–69]. Based on a previous study, where the gene expression of mutated IDH1 caused an
elevated radiosensitivity and a reduced aggressive biological behavior of different malignant glioma
cell lines, this study dissects molecular mechanisms, underlying the influence of the most frequent
IDH mutation (IDH1R132H) in the investigated transduced malignant glioma cells [41].

In clinical studies it is difficult to specifically correlate the better prognosis and prolonged overall
survival of patients with IDH-mutant gliomas to the cellular behavior itself or the improved response
to therapy treatment, since patients with gliomas receive standard therapy according to guidelines
on management of gliomas in any case. In a previous study, the effect of IDH1 mutant protein on
radiobiological behavior was carried out with U-251MG, U-343MG, and LN-229 malignant glioma cell
lines. In these cells the gene expression of IDH1R132H resulted in a decreased plating efficiency and
enhanced induction of apoptosis under normoxia (21% O2) and hypoxia (< 0.1% O2) [26].

In the present work, gene expression of the mutant IDH1 effectively enhanced the radiation
induced accumulation of γH2AX foci in U-251MG, U-343MG, and LN-229 malignant glioma cells
irrespective of the oxygen conditions. Based on the direct correlation between the number of γH2AX
foci and DSBs, quantitation of γH2AX foci formation was applied as a marker of DNA damage and
repair [44,46]. Residual γH2AX foci indicate unrepaired or misrepaired DSBs, which have been shown
to play a major role in radiation-induced cell death [47]. Therefore, analyzing the induction of γH2AX
foci allows for the indirect evaluation an influence of IDH1R132H gene expression on the effect of
radiation in U-251MG, U-343MG, and LN-229 cells. In addition, expression of IDH1R132H decreased the
level of reduced GSH, further expression of IDH1R132H and irradiation with 5 Gy showed an additive
inhibitory effect on the amount of reduced GSH. Under physiological conditions, IDH enzymes regulate
a number of cellular functions and play an essential role in cellular protection as well as response to
energetic and oxidative stress [29,31,36,70,71]. In addition, metabolic studies have shown that IDH
activity is responsible for 65% of NADPH production capacity in the human brain. [72]. The mutated
IDH1 enzyme exhibits a strongly decreased enzyme activity (loss of function) to isocitrate and NADP+
and gains an abnormal NADPH-dependent catalytic activity [33–36]. Notably, the NADPH production
capacity is reduced in glioblastoma by 38% when IDH1 is mutated [36]. NADPH is required by
glutathione reductase to recycle oxidized glutathione (GSSH) to reduced GSH, the major cellular
ROS scavenger [33,36]. Additionally, α-KG itself functions as an antioxidant [73,74]. Thereby, it has
been suggested that glioma cells expressing mutant IDH1 have a diminished antioxidant capacity
and therefore may experience a subsequent loss of cytoprotection under conditions of oxidative
stress [36,75–77]. Under these circumstances low NADPH levels might sensitize malignant gliomas for
oxidative stress, amplifying the response to radiotherapy and thereby may account for the prolonged
survival of patients harboring the mutations. Thus, it is possible that the enhanced radiosensitivity
of U-251MG, U-343MG, and LN-229 cells is caused by the IDH1R132H induced reduction of the
cytoprotection against oxidative stress. Due to the key role of NADPH in the cellular antioxidation
systems it has been supposed that IDH1/2 mutations may increase intracellular reactive oxygen species
(ROS) by the decrease of intracellular NADPH levels [75,76,78]. Insufficient control of intracellular
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ROS has been associated with cellular senescence and apoptosis [79–81]. Consistent with these
findings the gene expression of IDH1R132H decreased the level of reduced GSH and consequently
increased the number of residual γH2AX foci per nucleus in the non-irradiated glioma cell lines.
Moreover, these effects on reduced GSH and the number of residual γH2AX foci were significantly
reinforced by radiation. In accordance with these findings, IDH1 silencing of U87, A172, and U138
glioblastoma cell lines reduced levels of NADPH, deoxynucleotides and glutathione and increased
their sensitivity to radiation-induced senescence [82]. In addition, a more recent study demonstrated
that, even when NADPH is limiting, IDH1 mutants continue to synthesize 2-HG at the expense of
other NADPH-requiring pathways that are essential for cell viability [83]. In addition, it was suggested
that instead of trying to reduce 2-HG synthesis in patients, consumption of NADPH by the mutant
IDH1 can be used as a metabolic weakness to sensitize tumor cells to ionizing radiation [83].

Among IDH-mutant gliomas, the very recent WHO classification system distinguishes three
grades (II-IV) based on histopathologic features [5]. It has been widely reported in literature that with
increasing malignancy gliomas exhibit intratumoral hypoxia, which has been associated with poor
response to radio- or chemotherapy [7,84–87]. In the present work, gene expression of IDH1R132H

attenuated the hypoxia induced radioresistance of malignant glioma cells U-251MG, U-343MG and
LN-229. Based on the intratumoral hypoxia of high-grade gliomas, these observations have important
implications for the clinical consequences of an IDH1 mutation in these tumors. Since IDH1 is an
enzyme of the tricarboxylic acid (TCA) cycle and plays a major role in energy and oxygen metabolism,
it is crucial to understand how hypoxia alters the phenotype of IDH-mutant glioma cells as compared to
its wildtype counterpart [88]. As already described, IDH1 catalyzes the reductive carboxylation of α-KG
to isocitrate which is essential for citrate synthesis under hypoxic conditions. Likewise, cells grown
under hypoxia rely almost exclusively on the reductive carboxylation of glutamine-derived α-KG
for de novo lipogenesis [29,30]. The mutated IDH1 enzyme is not sufficient to catalyze the reductive
carboxylation of α-KG to isocitrate, suggesting that this metabolic alteration contributes to the reduced
aggressiveness of glioma cells expressing IDH1R132H [89].

Based on the less aggressive phenotype of IDH1R132H-expressing U-251MG, U-343MG, and
LN-229 cells, including a decreased cell viability, proliferation, an altered growth in 3D culture and
a reduced cell migration, we analyzed cell mechanics by atomic force microscopy, the organization
of the cytoskeleton as well as factors responsible for migration, stiffness and deformability of cancer
cells [41]. Investigation of cell mechanics by AFM technology revealed that IDH1R132H caused a
considerable increase of cell stiffness compared to untreated cells, empty vector cells and IDH1wt

cells in all three cell lines. Cell spreading has been shown to correlate with changes of important cell
functions including DNA synthesis, differentiation, cell migration, and cell stiffness [90,91]. Using AFM
technology living metastatic cancer cells extracted from the pleural fluids of patients with suspected
lung, breast, and pancreas cancer were more than 70% to 80% softer compared to benign mesothelial
cells taken from the body cavities [52]. This study also proved that cells of different cancer types
exhibit a common stiffness, whereas the stiffness of benign mesothelial cells showed a log-normal
distribution. In other words, the distribution of the stiffness of tumor cells was over five times narrower
than the corresponding distribution for benign mesothelial cells. In addition, nanomechanical analysis
correlated well with immunohistochemical testing generally used for detecting cancer [52]. A recent
study analyzed the glioma stiffness via magnetic resonance elastography (MRE). MRE demonstrated
that gliomas were not only softer than normal brain, but the degree of softening was directly correlated
with tumor grade and IDH1 mutation status. This means that tumors with an IDH1 mutation were
significantly stiffer than those with wild-type IDH1 [92].
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Based on these and other nanomechanical studies it has been suggested that cancer cells with high
metastatic potential might benefit from their altered mechanical properties. Increased softness and
flexibility supports spreading, as glioma cells migrate through the healthy brain tissue, mostly along
anatomical structures, such as nerve fiber tracts making it necessary for cells to effectively move along
the interface of different cellular structures [65–68]. Furthermore, it has also been shown that cellular
stiffness of ovarian cancer cell lines and primary cells derived from ascites of patients with advanced
stage ovarian cancer is inversely proportional to migration and invasion [93]. This is consistent to a
study by Watanabe and coworkers who revealed that highly motile melanoma cells (B16-F10) exhibit
low cell stiffness while low motile and metastatic melanoma cells (B16-F1) cells are characterized
by high cell stiffness [91]. Thus, the migration activity of cancer cells seems to correlate inversely
with their cellular stiffness. These findings are in accordance with own observations where gene
expression of IDH1R132H caused a reduced proliferation, an altered growth in 3D culture, a reduced cell
migration activity and an increased cellular stiffness of U-251MG, U-343MG, and LN-229 cells. Indeed,
it has already been demonstrated that gene expression of IDH1R132H decreased the proliferation and
migration of U-87MG (glioblastoma, grade IV) cells in normoxia [94]. In turn, this would suggest
a reduced invasiveness of the IDH1R132H-expressing cells and may explain the better prognosis of
patients with IDH1-mutant gliomas. Different studies support the relationship between the stiffness
and the invasiveness of cancer cells. However, the underlying mechanism which drives cancer cells to
softer mechanical characteristics and thereby to a creep deformability is not fully understood.

In the present work, immunofluorescence was applied to analyze the organization of actin stress
fibers and microtubules in untreated cells, empty vector cells, and IDH1wt- or IDH1R132H-positive cells.
Immunofluorescence staining indicated the presence of the four different categories of actin stress
fibers in untreated cells, empty vector cells (pLVX) and IDH1wt cells. On the contrary, expression of
IDH1R132H induced an altered organization of the cytoskeleton of glioma cells. IDH1R132H-positive cells
displayed changes in spatial distribution of actin stress fibers with fibers located in the cell periphery
and thicker fibers, which have been shown to reinforce cell stiffness.

Furthermore, investigation by qPCR analyses, western blot analyses and immunohistochemical
staining of genes involved in the organization (actin-regulating proteins, actin-binding proteins,
actin structure proteins, and intermediate filaments) of the actin cytoskeleton revealed a decreased
expression of the intermediate filament vimentin in IDH1R132H-positive U-251MG, U-343MG,
and LN-229 cells. In addition, expression of IDH1R132H induced a smaller surface area and a
reduced expression of RAC1 and CDC42 as well as their targets WAVE-2 and N-WASP in LN-229 cells.
Consequently, in these cells a decreased protein levels of Profilin-1 and ARP2/3, targets of WAVE-2 and
N-WASP, were detected by western blot analyses. CDC42 and RAC1, members of the Rho family of
small G proteins, have been shown to induce actin polymerization by the Arp2/3 complex through
binding to and activation of their effector proteins, N-WASP and WAVE-2, respectively [95–97]. The actin
cytoskeleton plays a major role in the formation and function of the lamellipodia. In lamellipodia and
filopodia, actin filaments are highly dynamic and directly pushes the plasma membrane forward [98].
Based on this it is likely that the reduced RAC/CDC42–WASP/WAVE–ARP2/3 signaling pathway
induce a smaller surface area of LN-229 cells. Therefore, further work is required to elucidate the
factors responsible for decreased surface area of LN-229 glioma cells.

Our results on cell stiffness are consistent with observations in several studies that have already
shown that stiffness, deformation, and cell motility are regulated by different cellular processes.
These studies have shown that actomyosin contractility, gene expression of the mesenchymal stiffness
of various tumor cells [93,99–104]. Vimentin, one of the three major groups of cytoskeletal filaments,
i.e., actin filaments, microtubules, and intermediate filaments has been shown to maintain mechanical
cellular integrity and regulate cell stiffness [63,64,102,103]. Furthermore, vimentin was observed in a
wide range of cancer types and seems to correlate with tumor aggressiveness and poor prognosis [105].
In our investigations, all three investigated cell lines showed reduced vimentin expression, an altered
actin organization and increased cell stiffness. In contrast, only the cell line LN-229 showed an additional
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reduction of the actin-regulating proteins RAC1, CDC42 and a smaller cell surface. Therefore, it is
possible that the change in vimentin expression caused the altered actin organization. Findings from
different studies suggested that vimentin is indeed capable to interact and at least partly regulate focal
adhesion formation and thus actin organization [106–108]. Jui and colleges reported a bidirectional
interplay between vimentin intermediate filaments and contractile actin stress fibers. This study
showed that specific actin stress fiber structures, transverse arcs, interacted with vimentin intermediate
filaments and promoted their retrograde flow. Consequently, these transverse (myosin-II-containing)
arcs were important for perinuclear localization of the vimentin network in cells. Further the vimentin
network reciprocally restricted retrograde movement of arcs and hence controlled the width of flat
lamellipodia at the leading edge of the cell [109]. In astrocytes it could furthermore be demonstrated
that vimentin was necessary to maintain their polarization, indicating a possible important role for
vimentin in explaining the effects of IDH1 mutations on glioma behavior [83].

In IDH mutated gliomas, elevated D-2-HG levels were induced by the gain-of-function of
the mutant IDH1 protein. It is suspected that altered chromatin modifications and associated
profound changes in the epigenetic status of these cells led to dysregulated gene expression [110–112].
The mechanism could also be a reason for the altered expression of vimentin. In the literature,
clinical observations by Qi and coworkers suggest that prolonged survival of patients with IDH
mutated gliomas is primarily linked to a less aggressive biological behavior assessed on the basis
of preferred areas for tumorigenesis and magnetic resonance imaging (MRI) characteristics [113].
Further work will be needed to investigate possible epigenetic effects of an IDH1 mutation on genes
which are involved in the organization of the actin cytoskeleton IDH1R132H-expressing glioma cells.

In summary, the expression of IDH1R132H enhanced the radiation induced accumulation of residual
γH2AX foci, decreased the amount of reduced GSH and caused a significant increase of cell stiffness of
different high-grade glioma cell lines. Furthermore, the expression of IDH1R132H induced an altered
organization of the actin cytoskeleton, which is supposed to be an effect of the reduced expression of
the intermediate filament vimentin. The enhanced radiosensitivity and increased aggressive biological
behavior of IDH1R132H-positive malignant glioma cells are consistent with the clinical observation of a
less aggressive tumor and better clinical outcome of gliomas of all WHO grades. Hence, the improved
prognosis and the prolonged overall survival of glioma patients harboring the IDH1 mutation seem to
be an interaction between two factors, namely the increased sensitivity to therapy and the reduced
aggressiveness of these tumors. The results emphasize the important role of mutant IDH1 in treatment
of patients with gliomas especially in response to radiation.

4. Materials and Methods

4.1. Generation of Constructs and Cell Culture Conditions

Cell culture conditions of the human malignant glioma cells U-251MG or LN-229 (both derived from
glioblastomas, grade IV) and U-343MG cells (originate from an anaplastic astrocytoma, grade III) [42,43]
were performed as previously described in detail [41]. The establishment of stable cells overexpressing
IDH1wt or IDH1R132H was carried out as described in detail in the supplements (Supplementary Methods 1).
Cell line authentication was achieved by genetic profiling using polymorphic short tandem repeat (STR) loci.

4.2. Hypoxia and Irradiation

Hypoxia (< 0.1% O2) was achieved with an Anaerocult® A mini gas generation system
(Merck, Darmstadt, Germany). The gas generator system is a special incubation bag that creates
an anaerobic atmosphere through the presence of an Anaerocult® A mini-bag containing specific
components (kieselguhr, iron powder, citric acid, and sodium carbonate) that are activated by water
and rapidly bind oxygen (less than 0.1% residual oxygen in the bag after 1 h). Twenty-four hours after
the cells were seeded in cell numbers suitable for the experiments (depending on the area, cell density
approx. 50%), the flasks containing the untreated cells or cells stably transduced (with empty vector
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pLVX, IDH1wt-, or IDH1R132H-expressing cells) were transferred to the Anaerocult® A mini systems.
After activating the Anaerocult® A mini bags by wetting them with 8 mL Aqua bidest, the bags were
closed with Anaeroclips® and placed in a humidification incubator. The cells were incubated for
another 24 h under hypoxic conditions. The detection of hypoxia was controlled by Anaerotest® strips
on the covers of the flasks according to the manufacturer’s protocol.

Irradiation was carried out on logarithmically growing cultures with 6 MV photons and adequate
bolus material on a SIEMENS ONCOR (Erlangen, Germany) linear accelerator at a dose rate of 2 Gy/min.

4.3. Quantitative Real-Time PCR, Western Blot Analysis, Immunofluorescence and Immunohistochemical Staining

For real-time PCR (qPCR) analysis total RNA was extracted using TRIzol reagent (Thermo Scientific,
Schwerte, Germany) as recommended by the manufacturer. DNA digestion was included by using 30
Kunitz units of RNase-free DNase in 80μL RDD buffer (both Qiagen). RNA concentration was measured
by a NanoDrop® ND-1000 Spectrophotometer. cDNA was synthesized from 1 μg of RNA using
RevertAid H-Minus first-strand cDNA synthesis kit (Thermo Scientific) following the manufacturer’s
instructions. qPCR was performed in triplicate on a real-time PCR cycler (Rotor-Gene 6000; Qiagen,
Hilden, Germany) by using Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific). The PCR
reaction conditions and a summary of all primer sequences are depicted in Table S1 of the Supplementary
Material (Supplementary Methods 2; Table S1).

Protein expression was analyzed via western blot and immunofluorescence or immunohistochemical
staining. The steps of protein isolation, western blot analysis and immunostaining procedures are described
in detail in the Supplementary Materials (Supplementary Methods 3 and Supplementary Methods 4).
The antibodies used are listed in Table S2 of the Supplement (Supplementary Methods 4; Table S2).

4.4. Quantification of Phospho-Histone H2AX Foci Formation

For quantification of phospho-histone H2AX (γH2AX) foci formation, untreated cells, empty
vector cells and IDH1wt- or IDH1R132H-expressing cells (1 × 105) were seeded in 8-well chamber slides
(Thermo Scientific). After 24 h at 37 ◦C in normoxia, chamber slides were either kept in normoxia
or incubated in Anaerocult® A mini gas generator system (< 0.1% O2) under hypoxia. After 24 h
the cells were then irradiated with 0, 2, and 4 Gy and following further incubation in normoxia or
hypoxia at 37 ◦C for 24 h, γH2AX was analyzed via immunofluorescence staining. Details of the
immunofluorescence staining and the antibodies used are described in the supplements. Quantification
of γH2AX foci formation was carried out using an AxioVert 200M microscope (Carl Zeiss, Jena,
Germany). The foci were counted manually in the nuclei of 300–400 untreated, empty vector, IDH1wt

or IDH1R132H cells under normoxia and hypoxia, respectively.

4.5. GSH/GSSG Ratio

For measuring the GSH/GSSG ratio, cells were trypsinized, plated in 96-well plates at different
cell densities ranging from 3000–5000 cells/well depending on the cell line. After 24 h the cells were
irradiated with 0 or 5 Gy and GSH/GSSG Ratio was measured using GSH/GSSG-Glo™Assay (Promega)
via a luminescence signal by GENios™ plate reader (Tecan, Crailsheim, Germany) 1 h, 2 h, and 24 h
after irradiation following manufactures instructions.

4.6. Atomic Force Microscopy

The influence of IDH1R132H mutant protein expression on cell stiffness was investigated by atomic
force microscopy (AFM). AFM indentation is a useful tool to analyze the mechanical properties of living
cells in physiological environment at the nanoscale. For characterization of mechanical properties of
single glioma cells we used two parameters namely the indentation depth (physical deformation of the
cell) and the Young´s modulus [114]. These two parameters were combined to a cluster parameter called
“generalized stiffness”, as described previously [55]. This parameter was used as it was demonstrated
to show a strong correlation with the invasive properties of single malignant glioma cell lines [54].
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Detailed information on AFM measurements can be found in Supplementary Materials (Supplementary
Methods 5; Figure S1 and Figure S2).

4.7. Statistical Analysis

Data were analyzed by unpaired two-tailed t-tests using GraphPad Prism 6 (San Diego, CA, USA).
All tests were performed using 95% confidence intervals (a p-value < 0.05 was considered significant).
Results are presented as means ±SD of n = 3–4 independent experiments where * represents p < 0.05
and ** represents p < 0.01.

5. Conclusions

The enhanced radiosensitivity and increased cellular stiffness of IDH1R132H-positive glioma cells
are consistent with the clinical observation of a less aggressive tumor and a prolonged survival of
diffuse glioma patients harboring the IDH1 mutation. The results improve the understanding of
the molecular basis of diffuse gliomas and highlight the central role of mutant IDH1 in treatment of
patients with these tumors especially in response to radiation. In conclusion, detection of the genetic
status of IDH1 before therapy might guide treatment decisions for patients with a less aggressive and
radiosensitive IDH1-mutant diffuse glioma who should receive radiotherapy and patients with a more
aggressive IDH1-wildtype diffuse gliomas who could benefit from an individually intensified therapy
comprising radiotherapy and alternative medical treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/6/889/s1,
Supplementary Methods 1: Generation of constructs and stable overexpression of IDH1wt and IDH1R132H

in glioma cell lines, Supplementary Methods 2: Real-time PCR and generation of plasmid standards, Table
S1. Primers for qPCR, Supplementary Methods 3: Protein isolation and western blot analysis, Supplementary
Methods 4: immunofluorescence or immunohistochemical staining, Table S2: Antibodies of western blot analysis,
immunofluorescence and immunohistochemical staining, Supplementary Methods 5: Atomic force microscopy,
Figure S1: Atomic force microscopy, Figure S2: Measurement principle of atomic force microscopy.
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Appendix A
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Figure A1. Effect of IDH1R132H gene expression on the accumulation of residual γH2AX foci after
radiation in U-343MG cells. Representative immunofluorescence images of γH2AX of U-343MG cells 24
h after irradiation with 2 (a,b) and 4 Gy (c, d) under normoxia (a,c) and hypoxia (b,d). Green: γH2AX
foci; Blue: Cell nuclei (DAPI). n = 3 independent experiments; scale bar = 25 μm. Normoxia (21% O2),
hypoxia (< 0.1% O2). UT: untreated, pLVX: cells stably transduced with empty vector, pLVX IDH1wt:
IDH1wt-expressing cells, pLVX IDH1R132H: IDH1R132H-expressing cells.
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Figure A2. Effect of IDH1R132H gene expression on the accumulation of residual γH2AX foci after
radiation in LN-229 cells. Representative immunofluorescence images of γH2AX of LN-229 cells 24 h
after irradiation with 2 (a,b) and 4 Gy (c,d) under normoxia (a,c) and hypoxia (b,d). Green: γH2AX
foci; Blue: Cell nuclei (DAPI). n = 3 independent experiments; scale bar = 25 μm. Normoxia (21% O2),
hypoxia (< 0.1% O2). UT: untreated, pLVX: cells stably transduced with empty vector, pLVX IDH1wt:
IDH1wt-expressing cells, pLVX IDH1R132H: IDH1R132H-expressing cells.
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Figure A3. Effect of IDH1R132H gene expression on the distribution of residual γH2AX foci after
radiation in glioma cells. Distribution of UT, pLVX, IDH1wt-expressing and IDH1R132H-expressing cells
depending on the number of foci. In U-251MG (a,b), U-343MG (c,d), and LN-229 (e,f) cells residual
γH2AX foci were quantified manually as foci per nucleus of 300–400 untreated, empty vector, IDH1wt

or IDH1R132H cells under normoxia (21% O2) and hypoxia (< 0.1% O2). γH2AX staining was achieved
24 h after radiation with 4 Gy. Bars represent the mean values of three independent experiments. Error
bars indicate standard deviations (±SD). UT: untreated, pLVX: cells stably transduced with empty
vector, pLVX IDH1wt: IDH1wt-expressing cells, pLVX IDH1R132H: IDH1R132H-expressing cells.
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Figure A4. Immunofluorescence staining of transduced U-343MG glioma cells stably expressed
IDH1wt or IDH1R312H protein. Representative immunofluorescence staining of actin stress fibers and
microtubules in U-343MG cells using phalloidin-TRITC and anti-tubulin antibody. Immunofluorescence
staining was achieved 24 h after seeding. Cell nuclei were counterstained with DAPI. n = 3 independent
experiments; scale bar = 50 μm. UT: untreated, pLVX: cells stably transduced with empty vector, pLVX
IDH1wt: IDH1wt-expressing cells, pLVX IDH1R132H: IDH1R132H-expressing cells.
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Figure A5. Immunofluorescence staining of transduced LN-229 glioma cells stably expressed IDH1wt

or IDH1R312H protein. (a) Representative immunofluorescence staining of actin stress fibers and
microtubules in LN-229 cells using phalloidin-TRITC and anti-tubulin antibody. Immunofluorescence
staining was achieved 24 h after seeding. Cell nuclei were counterstained with DAPI. n = 3 independent
experiments; scale bar = 50 μm. (b) Enlarged representative immunofluorescence staining as a
representative example for untreated cells, empty vector cells (pLVX) and IDH1wt cells; the enlarged
part is taken from pLVX cells; scale bar = 50 μm. (c) Enlarged representative immunofluorescence
staining as a representative example for untreated cells, empty vector cells (pLVX) and IDH1R132H

cells; the enlarged part is taken from IDH1R132H cells; scale bar = 50 μm. UT: untreated, pLVX:
cells stably transduced with empty vector, pLVX IDH1wt: IDH1wt-expressing cells, pLVX IDH1R132H:
IDH1R132H-expressing cells.
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Figure A6. Effect of IDH1wt or IDH1R132H on mRNA expression of actin-regulating proteins. mRNA
expression levels (qPCR) of RAC1 (a), RHOA (b), RHOB (c), RHOC (d), and CDC42 (e) in stably
transduced U-251MG, U-343MG, and LN-229 cells. Bars represent the mean values, relative to the
control (empty vector pLVX set as 100%), of three independent experiments. Error bars indicate
standard deviations (±SD). UT: untreated cells, pLVX: cells stably transduced with empty vector,
pLVX IDH1wt: IDH1wt-expressing cells, pLVX IDH1R132H: IDH1R132H-expressing cells. * p < 0.05 and
** p < 0.01 (compared to the respective IDH1wt cells).
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Figure A7. Effect of IDH1wt or IDH1R132H on mRNA expression of actin-binding proteins. mRNA
expression levels (qPCR) of Cofilin-1 (a), Profilin-1 (b), Fascin (c), Filamin (d), Ezrin (e), and Moesin (f)
in stably transduced U-251MG, U-343MG, and LN-229 cells. Bars represent the mean values, relative to
the control (empty vector pLVX set as 100%), of three independent experiments. Error bars indicate
standard deviations (±SD). UT: untreated cells, pLVX: cells stably transduced with empty vector, pLVX
IDH1wt: IDH1wt-expressing cells, pLVX IDH1R132H: IDH1R132H-expressing cells. ** p < 0.01 (compared
to the respective IDH1wt cells).
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Figure A8. Effect of IDH1wt or IDH1R132H on mRNA expression of actin-binding proteins. mRNA
expression levels (qPCR) of alpha-actinin-1 (a) and alpha-actinin-4 (b) in stably transduced U-251MG,
U-343MG, and LN-229 cells. Bars represent the mean values, relative to the control (empty vector pLVX
set as 100%), of three independent experiments. Error bars indicate standard deviations (±SD). UT:
untreated cells, pLVX: cells stably transduced with empty vector, pLVX IDH1wt: IDH1wt-expressing
cells, pLVX IDH1R132H: IDH1R132H-expressing cells.
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Figure A9. Effect of IDH1wt or IDH1R132H on mRNA expression of actin-structure proteins. mRNA
expression levels (qPCR) of Myo1B (a), Myo9B (b), Myo10B (c), and Myo18A (d) in stably transduced
U-251MG, U-343MG, and LN-229 cells. Bars represent the mean values, relative to the control
(empty vector pLVX set as 100%), of three independent experiments. Error bars indicate standard
deviations (±SD). UT: untreated cells, pLVX: cells stably transduced with empty vector, pLVX IDH1wt:
IDH1wt-expressing cells, pLVX IDH1R132H: IDH1R132H-expressing cells.
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Figure A10. Effect of IDH1wt or IDH1R132H on mRNA expression of intermediate filaments. mRNA
expression levels (qPCR) of desmin (a) and GFAP (b) in stably transduced U-251MG, U-343MG, and
LN-229 cells. Bars represent the mean values, relative to the control (empty vector pLVX set as 100%),
of three independent experiments. Error bars indicate standard deviations (±SD). UT: untreated
cells, pLVX: cells stably transduced with empty vector, pLVX IDH1wt: IDH1wt-expressing cells, pLVX
IDH1R132H: IDH1R132H-expressing cells.
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Abstract: Glioblastoma (GBM) is the most common and aggressive primary brain tumor in
adults, and despite optimized treatment options, median survival remains dismal. Contemporary
evidence suggests disease recurrence results from expansion of a robustly radioresistant subset
of GBM progenitor cells, termed GBM stem cells (GSCs). In this study, we utilized transmission
electron microscopy to uncover ultrastructural effects on patient-derived GSC lines exposed to
supratherapeutic radiotherapy levels. Elevated autophagosome formation and increased endoplasmic
reticulum (ER) internal diameter, a surrogate for ER stress and activation of unfolded protein response
(UPR), was uncovered. These observations were confirmed via protein expression through Western
blot. Upon interrogating genomic data from an open-access GBM patient database, overexpression of
UPR-related chaperone protein genes was inversely correlated with patient survival. This indicated
controlled UPR may play a role in promoting radioresistance. To determine if potentiating UPR
further can induce apoptosis, we exposed GSCs to radiation with an ER stress-inducing drug,
2-deoxy-D-glucose (2-DG), and found dose-dependent decreases in viability and increased apoptotic
marker expression. Taken together, our results indicate GSC radioresistance is, in part, achieved by
overexpression and overactivation of ER stress-related pathways, and this effect can be overcome via
potentiation of UPR, leading to loss of GSC viability.

Keywords: cancer stem cells; ER stress; glioblastoma multiforme; radiation; unfolded protein
response; autophagy

1. Introduction

Glioblastoma (GBM) is the most common and aggressive form of primary brain cancer, and despite
optimized therapy consisting of surgery, chemotherapy, and radiation, its expected median survival
remains under two years [1]. Informed by techniques used to enrich and characterize neural stem
cells, several groups have demonstrated GBM, along with other primary brain tumors, contains
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self-renewing, tumorigenic cells referred to as tumor initiating cells, GBM stem-like cells, or GBM stem
cells (GSCs) [2–5]. GSCs are implicated in tumor recurrence through mechanisms including expression
of drug efflux pumps and ability to withstand radiotherapy, and thus, characterizing resistance
mechanisms may uncover potential therapeutic targets and augment current cancer therapy [6].

Within the tumor microenvironment, a multitude of metabolic stresses (i.e., hypoxia, nutrient
depletion, etc.) results in selective pressure on GSCs [7–9]. Activation of pro-survival pathways
designed to mitigate the effect of these stressors can inadvertently impart a survival advantage to
cells exposed to cytotoxic therapy. One such survival mechanism is stimulation of the endoplasmic
reticulum (ER) stress pathway, commonly referred to as the unfolded protein response (UPR) [10–13].
Unfolded proteins accumulate in the ER secondary to energy depletion and/or environmental stresses,
leading to the activation of PERK, IRE1, and ATF6—transducers of UPR that reestablish ER homeostasis
via ER-associated protein degradation, translation of protein folding chaperones, and attenuation of
global protein synthesis [14]. Activation of the ER stress pathway can also induce autophagy, which can
help strengthen resistance to cellular stresses [15]. Ultimately, if ER homeostasis cannot be achieved,
then UPR navigates the cell towards apoptosis.

One of the many critical downstream effects of UPR is the upregulation of glucose related proteins
78 (GRP78) and 94 (GRP94), multifunctional members of the heat shock protein family [16]. GRP78 acts
to regulate PERK, IRE1, and ATF6 activation, while both GRP78 and GRP94 are protein-folding
chaperones [17,18]. Elevated baseline GRP78 expression is also related to increased malignancy and
radiotherapy resistance in multiple cancers [19–22]. In GBM, Dadey and colleagues showed that
radiation potently activates UPR and subsequently upregulates GRP78, and antibody targeting of
GRP78 in non-stem GBM cells enhanced efficacy of radiation [23,24]. Targeting UPR using the ER-stress
potentiating drug, celecoxib, also sensitized GBM cells to radiotherapy [25].

Despite emerging evidence that ER-stress potentiation may be a viable therapeutic option
in cancer treatment, exploitation of this pathway in cancer stem cells—notable for their robust
radioresistance—remains understudied. In this present study, we exposed patient-derived GSC lines
to radiotherapy and the ER-stress inducing agent, 2-deoxy-D-glucose (2-DG), to test our hypothesis
that potentiating radiation-induced ER-stress in the GSC population leads to decreased cell viability.
Our confirmation of this hypothesis reveals a novel understanding of a pathway GSCs utilize to evade
radiation cytotoxicity and suggests a possible therapeutic target to circumvent this resistance.

2. Results

2.1. GSCs Exhibit Robust Radioresistance

To characterize GSC radioresistance, we exposed three established GSC lines—Glio9, Glio11,
and Glio14—to increasing levels of ionized radiation (one-time dose: 0 Gy, 2 Gy, 4 Gy, 8 Gy,
16 Gy, and 20 Gy) and determined the cell viability after 48 h using a trypan blue exclusion assay.
We observed a negligible decrease in cell viability despite administering supratherapeutic levels of
radiation (Figure 1A). Utilizing light microscopy, we qualitatively analyzed GSC morphology 48 h
post irradiation with 8 Gy and found no ultrastructural aberrations secondary to radiation treatment
(Figure 1B). GSCs grown in normal culture conditions maintain their phenotype as spheroid clusters
of cells, termed neurospheres, and a morphology change towards a monolayer pattern indicates loss
of stemness [2]. Therefore, we found radiation did not negatively affect either stem phenotype or
GSC viability.

To confirm that radiation induced cellular damage in our GSC lines, we examined H2AX
phosphorylation 1h post radiation exposure. As a variant member of the H2A histone family,
H2AX phosphorylation is the first step in recruiting and localizing DNA repair proteins, so it is
often used as a marker for double-stranded breaks [26]. We found radiation induced DNA damage in
treated cell lines; however, no identifiable loss of cell viability or form follows (Figure 1C). These data
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suggest that our patient-derived GSC lines are resistant to supratherapeutic levels of radiation despite
accumulation of DNA insults.

Figure 1. Glioblastoma stem cells (GSCs) exhibit robust radioresistance. (A) Viability as determined by
trypan blue exclusion assay of Glio9 (white), Glio11 (blue), and Glio14 (red) treated with increasing
doses of radiation and then analyzed 72 h after exposure. Results are representative of at least
three experiments and displayed as mean ± SEM. (B) Light microscopy images of GSC neurosphere
phenotype with and without radiation treatment. Magnification: 10×. (C) Western blot of p-H2AX,
a marker for double strand breaks, in GSCs exposed to increasing radiation.

2.2. Radiation Exposure Induces Autophagosome Formation and Activates UPR in GSCs

After observing GSCs are highly radioresistant despite accumulation of significant DNA damage,
we studied post-radiation cellular modifications using transmission electron microscopy (TEM) to
elucidate potential survival strategies GSCs employ to circumvent radiation-mediated cell death.
GSCs were treated with a single dose of 8 Gy radiation and were prepared for TEM after 48 h to allow
sufficient time to capture any morphological changes. Compared to NT, radiotherapy treated lines
exhibited increased ER luminal diameter (blue arrows) and higher number of autophagic vesicles (red
asterisk) (Figure 2A,B). Dilation of the ER has been used as a marker for ER stress in cancer [27,28],
thus our observations confirmed radiation induced ER stress. Table 1 shows ER diameter in microns
and autophagic vesicles per cell between cell lines and treatment cohorts. Of note, while all GSCs
lines exhibited increased stress responses, only Glio11 did not present with significantly higher
autophagosome formation in NT versus radiotherapy treated cells. Consistent with these findings,
inhibition of autophagy with chloroquine prior to radiotherapy decreased cell number compared to
radiotherapy alone in both Glio9 and Glio14 but not in Glio11 suggesting that autophagy does not
play a major role in mediating radioresistance in Glio11 cells (Figure S1).

After observing morphological changes using TEM, we performed western blot analysis
(Figure 2C) for markers of UPR (GRP79, GRP94, and CCAAT-enhancer-binding protein homologous
protein (CHOP)) and autophagy (LC3, Beclin1, and p62) at early (1 h) and late (48 h) timepoints after
exposure to increasing doses of radiation. By 1 h post exposure, we see a dose dependent activation
of stress factors like the GRPs; however, CHOP activation, a potent mediator of UPR-associated
apoptosis did not follow identifiable trends. For autophagy-related protein products, we observed
a dose-dependent increase in all targets probed. At 48 h, most effects seen at 1h plateaued (as in
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the case of Beclin1, p62, GRP94) or began returning to NT baseline (with LC3, GRP78, CHOP).
Taken together, our results show that radiation rapidly induces stress adaptive mechanisms, such as
UPR and autophagy, and these effects can persist 48 h after single dose.

Figure 2. Radiation induces autophagosome formation and activation of unfolded protein response
(UPR) in GSCs. (A) Transmission electron microscopy (TEM) analysis of Glio9, Glio11, and Glio14
comparing ultrastructural responses in non-treated lines and cells exposed to 8 Gy of radiation.
Endoplasmic reticulum (ER, blue arrows) and autophagosomes (red asterisks) are highlighted.
Five images from two independent studies were analyzed. Scale bar: 0.5 μm. (B) Quantitative
analysis of ER luminal diameter, as a surrogate marker for ER stress, and autophagic vesicles per cell
using TEM images. Results are representative averages of at least five images and are displayed as
mean ± SEM. ** p < 0.01, *** p < 0.001. Mann-Whitney test. (C) Western blot analysis for ER stress
markers (GRP78, GRP94, CHOP) and autophagy markers (LC3, Beclin-1, p62) in Glio9 and Glio14 at
1 h and 48 h post radiation exposure to increasing doses. See also Figure S1.

Table 1. Measurements of ER diameter (microns) and autophagic vesicles per cell in Glioblastoma stem
cell (GSCs) treated with 8 Gy radiation. Mann-Whitney test.

Parameter NT Rad (8 Gy) p-Value

ER Diameter (μm)
Glio9 0.055 ± 0.002 μm 0.075 ± 0.005 μm p < 0.001
Glio11 0.049 ± 0.002 μm 0.086 ± 0.003 μm p < 0.0001
Glio14 0.048 ± 0.001 μm 0.154 ± 0.008 μm p < 0.0001

AV per Cell
Glio9 0.65 ± 0.11 1.11 ± 0.08 p < 0.01
Glio11 0.53 ± 0.16 0.58 ± 0.17 ns
Glio14 0.25 ± 0.10 1.18 ± 0.17 p <0.01

Abbreviations: AV, autophagic vesicles; ER, endoplasmic reticulum; Gy, gray; ns, not significant; NT, non-treated;
Rad, radiation; μm, microns.
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2.3. Upregulation of UPR Genes in Human GBM Specimen Correlates with Reduced Patient Survival

Overexpression of the UPR genes that encode for GRP78 and GRP94 have been linked to
radioresistance and in multiple cancer types, including breast, gastric, and pancreatic cancers [29–31].
We interrogated the TCGA database via the open-access analysis platform, GlioVis, to determine if
upregulation of GRP78 and GRP94 is observed in GBM patients compared to non-tumor controls and
if higher expression is clinically relevant to patient survival. Genomic data from the Human Genome
U133 (HG-U133) array was deciphered. Comparisons were between the 75th percentile of expression
vs. the 25th percentile (high vs. low expression). We found that GBMs overall exhibit increased GRP78
and GRP94 expression compared to non-tumor controls (Figure 3A).

Figure 3. Upregulation of UPR genes in human GBM specimen correlates with reduced patient
survival. (A) Comparison of non-tumor (n = 10) and GBM sample (n = 528) for mRNA expression
of ER stress genes HSPA5 and HSP90B1. Pairwise t-test. (B) Western blot analysis for baseline levels
of GRP78 in Glio9, Glio11, and Glio14. (C) Kaplan-Meier plot of survival using the GlioVis portal
comparing low expression (25th percentile) and high expression (75th percentile) of HSPA5 and
HSP90B1. Results reported as hazard ratio (95% confidence interval). * p < 0.05, *** p < 0.001. Log-rank
test. Events = number of patients who died. See also Figure S2.

mRNA Log2 expression comparisons between non-tumor control and GBM specimen, respectively,
were as follows: HSPA5, 10.38 ± 0.01 vs. 11.56 ± 0.02, p < 0.001; HSP90B1, 8.36 ± 0.08 vs. 8.98 ± 0.02,
p < 0.001. From Western blots of our three patient samples, we noted heterogenous expression of
GRP78; Glio9 displayed the highest level of baseline GRP78, followed by Glio11, and then Glio14
(Figure 3B). Should GRP78 expression be related to therapy resistance, we predicted that Glio9 would
exhibit the most resistance to ER stress inducing stimuli. Interestingly, Glio9 was derived from a
patient with a recurrent tumor. Finally, we found that higher vs. lower expression is correlated with
significant differences in patient survival for both GRP78 and GRP94 (Figure 3C); Hazard ratio 0.61
(0.46–0.8) and 0.74 (0.56–0.98), respectively). Median survival time for high vs. low GRP78 and 94
expressions were 11.7 vs. 15.8 months, p < 0.0001, and 12.7 vs. 15.0 months, p = 0.0337, respectively.

We then decided to determine if differential autophagy gene expressions independently correlated
with patient survival and found that the genes encoding for LC3, Beclin1, p62, ATG5, ATG7, and ATG12
were not correlated with patient survival (Figure S2). Additionally, the differences in non-tumor vs.
GBM mRNA expression of the autophagy products were not as pronounced as those of UPR-related
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genes. These results indicate that upregulation of UPR genes, but not of autophagy genes, is clinically
relevant and related to worse patient outcome.

2.4. 2-DG Induces ER Stress in GSCs in a Dose-Dependent Manner

While UPR attempts to reestablish ER homeostasis by managing accumulation of unfolded
proteins, the outcome if homeostasis cannot be achieved is cell death [14]. We hypothesized that the
addition of a supplementary ER stress source could potentiate the effects of radiation-induced UPR
and force GSCs towards apoptosis. We, therefore, looked to the glucose analog, 2-DG, to induce ER
stress in GSCs with the intention of combining it with radiation.

2-DG induces ER stress in multiple carcinoma types and has been used in combination with
metformin to inhibit invasiveness and stem phenotype of GBM [32,33]. In a dose-escalation trial,
we treated all our GSC lines with increasing concentrations of 2-DG (0.0, 0.1, 0.25, 0.5, 1.0, 1.5,
and 2.0 mM 2-DG) and determined viability via MTS assay. A recent Phase I trial studying 2-DG
combination with docetaxel in patients with advanced solid tumors found that peak plasma levels
of 2-DG reach a median of 116 μg/mL, or 0.7 mM [34]. Therefore, utilizing concentrations from
0.0–2.0 mM is clinically relevant. Our viability assay revealed a modest, but significant, dose-dependent
decrease in GSC viability with increasing 2-DG dose (Figure 4A). IC50 were determined using the
calculated regression trendline for each cell line: Glio9, 1.38 ± 0.134 mM; Glio11, 1.77 ± 0.130 mM;
Glio14, 1.46 ± 0.366 mM.

Figure 4. 2-Deoxy-D-glucose (2-DG) induces ER stress in GSCs in a dose-dependent manner.
(A) CellTiter 96® AQueous One Solution Cell Proliferation (Promega, Madison, WI, USA) assay of
Glio9, Glio11, and Glio14 treated with increasing doses of 2-DG for 72 h. Viability is reported as mean
± SEM. Data represent average values of at least three independent experiments. (B) Western blot
analysis for ER stress markers (GRP78, GRP94, and CHOP) in GSC lines treated with 0.0, 0.25, 0.5, 1.0,
2.0, and 4.0 mM of 2-DG for 24 h. (C) Western blot analysis of GSCs treated with 2-DG and/or mannose
to determine mechanism of rescue from ER stress.

To confirm that 2-DG induced dose-dependent ER stress and activated UPR, we used western
blot analysis of GRP78, GRP94, and CHOP in GSC lines treated with 0.0, 0.25, 0.5, 1.0, 2.0, and 4.0 mM
2-DG for 24 h. Similar to the effects of radiation, we see that UPR-associated products are upregulated
in the presence of 2-DG; however, CHOP, a potent activator of UPR-mediated apoptosis, is also

290



Cancers 2019, 11, 159

upregulated—a finding not seen in radiation-induced UPR (Figure 4B). Nonetheless, the viability of
cells treated with achievable plasma 2-DG concentrations (0.7 mM) only is modest.

We next sought to elucidate the mechanism of ER stress induction via 2-DG in GSCs. While 2-DG
is a glycolytic inhibitor [35], Kovács et al. found in endothelial cells that 2-DG interferes with N-linked
glycosylation and cotreatment with 1 mM mannose can rescue cells [36]. GSC treatment using 2 mM
2-DG upregulates GRP78 and induces apoptosis via CHOP, but, similarly to the results of Kovács
and colleagues, cotreatment with 1 mM mannose reverses these effects (Figure 4C). Taken together,
we observed 2-DG induces UPR and apoptosis at clinically achievable concentrations, and that this
ER stress is, in part, mediated by N-linked glycosylation since cotreatment with mannose prevents
increased activation of UPR.

2.5. Combination Radiotherapy and 2-DG Increases ER Dilation in GSCs

Given our results that 2-DG induces ER stress in GSCs, we revisited TEM analysis to determine
if combination therapy with radiation and 2-DG can induce greater ER dilation, and therefore ER
stress, than either condition independently. Glio14 was treated with a single dose of 8 Gy radiation
and incubated with either 0.5 mM or 2.0 mM 2-DG for 24 h, after which electron micrographs were
taken and analyzed for ER dilation using ImageJ (Figure 5A). Qualitatively, we observed increased ER
diameter in the dual-treated conditions than in radiation or 2-DG alone, 0.5 mM and 2.0 mM. When we
quantitatively analyzed the data, we found statistically significant increases in ER diameter when dual
treatment was compared to single therapy (Figure 5B). Refer to Table 2 for average diameter in microns
with SEM. With this result, we see that ER stress can be potentiated by combination therapy of two ER
stress inducing stimuli, and that there is an identifiable morphological consequence in GSCs.

Figure 5. Combination radiotherapy and 2-DG increases ER dilation in GSCs. (A) Transmission
electron microscopy (TEM) analysis of GSCs (Glio14 shown) comparing ultrastructural responses in
non-treated lines and cells exposed to 8 Gy of radiation and/or increasing concentrations of 2-DG.
Endoplasmic reticulum (ER) highlighted with blue arrows. Scale bar: 0.5 μm. (B) Quantitative analysis
of ER luminal diameter, as a surrogate marker for ER stress, using TEM images (Glio14 shown). Results
are representative averages of at least five images from two independent studies and are displayed as
mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. Mann-Whitney test.
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Table 2. ER diameter measurements in Glio14 treated with increasing doses of 2-DG and 8 Gy radiation.

2-DG Dose NT Rad (8 Gy)

0.0 mM 0.045 ± 0.008 μm 0.056 ± 0.001 μm
0.5 mM 0.062 ± 0.0023 μm 0.089 ± 0.01 μm
2.0 mM 0.060 ± 0.0026 μm 0.157 ± 0.012 μm

Abbreviations: 2-DG; 2-deoxyglucose; Gy, gray; NT, non-treated; Rad, radiation; μm, micron.

2.6. Radiotherapy and 2-DG Cotreatment Potentiates UPR and Leads to Dose-Dependent Loss of Cell Viability
and Apoptosis

To confirm our TEM observations that combination of multiple ER stress inducing stimuli led
to increased ER stress, we first performed an MTS assay to determine viability of GSCs treated with
radiation (single dose 8 Gy) and increasing concentrations of 2-DG. We found a significant decrease in
viability between 2-DG treated cells versus 2-DG plus radiation for each concentration tested in all cell
lines (Figure 6A). The IC50 of 2-DG for each cell line was also lower with 2-DG plus radiation compared
to 2-DG alone: Glio9 IC50, 0.86± 0.147 mM vs. 1.38± 0.134 mM, p < 0.01; Glio11 IC50, 1.03± 0.206 mM
vs. 1.77 ± 0.130 mM, p < 0.01; Glio14 IC50, 0.57 ± 0.159 mM vs. 1.46 ± 0.366 mM, p = 0.028. We then
performed Western blot analysis (Figure 6B) to see if combination therapy upregulated UPR associated
proteins, GRP78 and CHOP, more than 2-DG (0.5 mM and 2 mM) or radiotherapy alone. A short
timepoint (8 h) and long timepoint (48 h) were chosen to determine if UPR activation persists. Not only
is GRP78 upregulation highest with 2 mM 2-DG plus 8 Gy radiation at the short timepoint, but we
see an increased CHOP upregulation as well, indicating that cells are entering apoptosis. The only
cell line that showed undiscernible CHOP activity with combination therapy compared to single
therapy was Glio9, indicating that potentiating ER stress can effectively induce apoptosis in cells
with lower baseline GRP78 levels but possibly not in cells with higher baseline GRP78 levels (refer to
Figure 3B). At 48 post radiation, GRP78 remained upregulated, but a reduction in CHOP expression
was seen in Glio11 and Glio14 when compared to 2-DG only treatment. An LDH assay performed
confirmed that Glio9 does not experience apoptosis because of ER stress therapy, but that Glio11 and
Glio14 do (Figure 6C). To further characterize activation of apoptotic pathways in 2-DG plus radiation
treated cells, we performed Western blot for cleaved PARP and upregulation of Caspase 7 (Figure 6D).
As expected, Glio9 did not experience either increased cleaved PARP or Caspase 7 (despite strong full
PARP expression (Figure 6E), indicating that PARP is present, but is not cleaved to activate apoptosis.

These results suggest that combination therapy with multiple ER stress inducing stimuli activates,
maintains activation of, and potentiates UPR in GSCs. We see an additive effect of 2-DG on radiotherapy.
While this combination strategy is effective in reducing cell viability in GSCs, cells with higher baseline
GRP78 expression like Glio9 do not respond with cell death when exposed to multiple ER stressors.
Ultimately, there is a potential role in ER stress inducing combination therapy in well-selected patients
who are found to have normal UPR-associated gene expression since conventional radiotherapy,
and some chemotherapies, induce ER stress.
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Figure 6. Radiotherapy and 2-DG cotreatment potentiates UPR and leads to dose-dependent loss
of cell viability and apoptosis. (A) Proliferation assay of Glio9, Glio11, and Glio14 treated with
increasing doses of 2-DG with or without 8 Gy radiation for 72 h. Viability is reported as mean ± SEM.
Data represent average values of at least three independent experiments. * p < 0.05, ** p < 0.01,
*** p < 0.001. Mann-Whitney Test. (B) Western blot analysis for ER stress markers GRP78 and
CCAAT-enhancer-binding-protein homologous protein (CHOP) after treatment using increasing doses
of 2-DG with or without 8 Gy radiation. Cells were analyzed at early (8 h) and late (48 h) time points.
(C) Lactate dehydrogenase assay to determine cytotoxicity of Glio9 (white), Glio11 (blue), and Glio14
(red) treated with 2-DG. Cytotoxicity is reported as mean ± SEM. Data represent average values of at
least three independent experiments. (D) Western blot analysis of apoptosis markers, cleaved-PARP
and caspase-7, after 48 h treatment of GSCs using 2-DG with or without 8 Gy radiation. (E) Western blot
of full-PARP and cleaved-PARP in Glio9 to confirm presence of full PARP and lack of PARP cleavage
despite combination therapy.

3. Discussion

Despite advances in GBM therapy, overall patient survival remains dismal. A growing body of
literature has focused on the role of GSCs in tumor formation, progression, and recurrence given their
robust resistance to conventional chemotherapy and radiotherapy; thus, understanding mechanisms
of resistance and developing cell specific therapies against GSCs are crucial in eliminating GBM [37,38].
Here, we demonstrated that radioresistance in GSCs is, in part, driven by increased expression
of UPR-associated proteins, GRP78 and GRP94. However, by pharmacologically potentiating
radiation-induced ER stress with 2-DG, GSC viability can be negatively affected through conversion of
UPR towards CHOP-mediated apoptosis (Figure 7).
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Figure 7. Graphic depiction of intracellular unfolded protein (UPR) activation induced by radiation
versus radiation plus 2-deoxy-D-glucose (2-DG) on GSCs. Left panel: (1) Radiation induces
accumulation of (2) unfolded proteins (UPs) in the endoplasmic reticulum (ER). This leads to release
of the folding chaperone protein, GRP78, from PERK, IRE1, and ATF6 found on the ER membrane
and (3) binding of GRP78 to UPs. GRP78 release activates PERK, IRE1, and ATF6 and (4) promotes
UPR. Effects of activation include increased expression of chaperone proteins, ER associated protein
degradation (ERAD), and autophagy, but limited apoptosis via CHOP upregulation. Right panel:
(1) Radiation and 2-DG induce increased levels of ER stress and (2) higher levels of UPs. GRP78 binding
to UPs and UPR activation follows (3,4); however, combination therapy induces higher ER stress
than radiation alone, which prompt GSCs towards CHOP-associated apoptosis. Abbreviations: 2-DG,
2-deoxy-d-glucose; ER, endoplasmic reticulum; ERAD, ER-associated degradation; RTx, radiation; UP,
unfolded proteins; UPR, unfolded protein response.

Adaptive mechanisms against the prolonged metabolic stresses in tumor microenvironment,
constitutive activation of UPR, and overexpression of ER chaperone proteins like GRP78, have been
studied in multiple cancer types as being linked to tumor processes such as invasion, resistance
to environmental stressors, angiogenesis, oncogenic signaling, and resistance to traditional
therapy [17,39]. However, should ER stress be too severe, the pro-survival function of UPR switches
towards a cytotoxic pathway, leading to cell death. In this regard, targeting ER stress has emerged as a
valuable mark [40].

Autophagy can be induced dependent or independent of UPR, and while we observed increased
autophagosome formation in Glio9 and Glio14, we did not find increased vesicle formation in Glio11
(Figure 2A,B). When we utilized radiation and the autophagic inhibitor, chloroquine, we only observed
loss of cell viability in Glio9 and Glio14. Recently, Ye et al., used chloroquine to radiosensitize glioma
initiating cells (GICs); however, our results suggest that this modality is not effective in GBM cells
that do not upregulate autophagy as a resistance mechanism, as is the case in Glio11 [41]. In a Phase
I/II clinical trial conducted by Rosenfeld and colleagues, patients with newly diagnosed GBM were
given hydroxychloroquine, a derivative of chloroquine, in addition to temozolomide and radiation.
They concluded that despite hydroxychloroquine doses of 600 mg/day, consistent autophagy inhibition
was not achieved and no significant improvement in overall survival was observed [42]. These findings
in combination with our own suggest that GSCs are variable in their response to radiation and
therapeutic use of autophagic inhibition may not be effective for all GBM patients.

Investigation into the feasibility of targeting ER stress as adjuvant to radiation therapy has proved
successful. Dadey et al. concluded that induction of ER stress signaling by radiation in GBM contributes
to the adaptive mechanisms encountered during radiotherapy, and that the PERK/ATF4 axis plays
a critical role in maintaining viability of irradiated GBM cells [43]. Furthermore, it was also shown
that antibody targeting of GRP78 attenuated cell proliferation, colony formation, PI3K/Akt/mTOR
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signaling, and enhanced cell death, indicating a therapeutic potential to targeting both mediators of
UPR and UPR itself [24]. Pharmacological induction of ER stress has also been linked to favorable
affects against GBM. Combination of 2-DG, also a potent activator of ER stress, and metformin
suppressed neurosphere formation, expression of stem-cell related gene products, and invasive
capacity [33]. In another study, the cyclooxygenase inhibitor, celecoxib, was utilized to enhance
radiosensitivity in GBM cells through induction of ER stress [25].

Despite the expanding literature studying ER stress as a therapeutic target in GBM, the role of
potentiating UPR in GBM stem cells to force cells towards CHOP-mediated cell death is still relatively
novel. To our knowledge, this report represents a unique investigation seeking to characterize UPR
as a radioresistance mechanism in specifically GSCs, correlate upregulation of UPR genes to overall
patient survival, and propose a treatment strategy of potentiating ER stress to combat GSCs. We found
evidence in The Cancer Genome Atlas (TCGA) that upregulation of UPR-associated genes is clinically
relevant: patients with high expression of both HSPA5 and HSP90B1 exhibit decreased survival time
when compared to lower expression levels (Figure 3). This data supplemented our microscopic analysis
after we found a robust UPR response post radiation exposure with increased ER luminal diameter
and increased autophagic vesicles—a response confirmed via Western blot. Of note, while increased
autophagic vesicles were counted, autophagy related genes did not seem to be associated with
survival differences in patients (Figure S1). Low levels of radiation did not induce higher CHOP
expression, indicating that apoptosis may not be achieved in GSCs treated with clinical doses of
radiation. We then opted to potentiate ER stress using a known ER stress inducing drug, 2-DG. In a
recent phase I dose-escalation trial of 2-DG in advanced solid tumors, 2-DG was safely implemented
at 63 mg/kg/day with plasma levels ~0.7 mM [34]. Combination therapy with 2-DG and radiation
significantly reduced the IC50 of GSCs when compared to 2-DG alone, and combination therapy was
responsible for increased CHOP-induced apoptosis in Glio11 and Glio14. However, this effect was not
seen in Glio9, as confirmed by an LDH assay (Figure 6C).

An explanation for this lies in the variable expression of UPR protein expression at baseline
(Figure 3B), with Glio9 having the highest expression, followed by Glio11, and then Glio14. While the
genetic and phenotypic heterogeneity of GBM is well characterized, this result was particularly
interesting since Glio9 was derived from a patient with recurrent GBM who had previously undergone
the Stupp protocol (combination temozolomide with fractionated radiation) [1], as opposed to Glio11
and Glio14, which came from treatment-naïve patients. This suggests that higher levels of GRP78
expression confer a higher tolerance for ER stress inducing stimuli. As comparison, Glio14 had the
lowest baseline GRP78 expression but had the highest evidence of combination therapy cytotoxicity
per LDH assay. Despite a difference in cell death between cell lines, overall, GSC viability is negatively
affected after treatment with combination therapy.

These results are relevant and novel for a few reasons. We showed that baseline levels of GRP78 are
important in conferring resistance to radiation with or without ER stress inducing concurrent therapy.
The fact that our highest GRP78 expressing cell line comes from a patient with recurrent disease also
implies that GSCs with prior radiation exposure can maintain radioresistance. As such there may
be a role for histologically examining GBM samples for UPR-associated protein expression prior to
initiation of radiotherapy in primary or recurrent tumors, though this nascent idea would benefit from
further clinically-oriented study. Our results also suggested that despite GRP78 expression, radiation
plus 2-DG reduced viability of GSCs when compared to treatment with radiation alone. These results
echo those achieved by several groups who used various ER stress-inducing stimuli to radiosensitize
tumor cells [25,44–46]. Without radiation combination, the IC50 of GSCs exposed to 2-DG alone ranged
between 1.38–1.77 mM—higher than what seems to be achievable in plasma. Combination therapy
reduced the IC50 of all GSC lines collectively by roughly half (range, 0.57–1.03 mM).

Recently, 2-DG and radiotherapy was safely used in clinical trial against GBM in India, and trial
results from over 100 patients revealed a modest survival advantage with improvement in patient
quality of life [47,48]. Given intertumor variability though, future investigation would need to identify
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ways to increase the cytotoxicity of radiation and determine which patients would benefit most from
this combination therapy. Our results suggest that examining ER-stress pathway protein expression
could eventually be used for patient selection and that exploiting UPR-related apoptosis could enhance
the degree of radiosensitization in GBM by targeting GSCs. Ultimately, further study is warranted
via larger, prospectively-designed trials looking at multimodal potentiation of ER stress in patients
selected based on UPR gene expression on histology.

4. Materials and Methods

4.1. Tissue Culture and Reagents

Collection of patient-derived GBM samples for use in biomedical research was approved by the
Institutional Review Board (6 June 2007) at the University of Miami in accordance to the Declaration of
Helsinki. Prior to harvesting of GBM specimen, informed consent was obtained from all patients by
the attending Neurosurgeon, a clinical research coordinator, or a trained pathology assistant.

With Institutional Review Board (IRB) at the University of Miami approval and patient written
informed consent, three GBM tumor samples were harvested at the time of surgical resection. Samples,
named Glio9, Glio11, and Glio14, originated from a patient with recurrent disease (Glio9) and from
treatment naïve patients (Glio11 and Glio14). Stem-like cell lines were generated as previously
described [49,50]. Briefly, tumors were mechanically and enzymatically dissociated, red blood cells
were lysed (Red Cell Lysis Buffer, Sigma-Aldrich, St. Louis, MO, USA), and then the single cell
fraction was passed through a 40 μm filter to remove undigested particulates and tumor connective
tissue. Cells were then plated in stem cell media: a 3:1 ratio of Dulbecco’s Modified Eagle Medium
(DMEM) and F12 (Gibco, Carlsbad, CA, USA) supplemented with 2% Gem21 NeuroPlex Serum
Free Supplement without Vitamin A (Gemini Bioscience, Sacramento, CA, USA), 20 ng/mL of
human epidermal growth factor and human basic fibroblast growth factor, and 1% penicillin and
streptomycin. Neurospheres were grown in a humidified incubator kept at 37 ◦C and 5% CO2.
Neurospheres were passaged once spheroid diameter reached ~100 μm using 1 mL Accutase (StemCell
Technologies, Cambridge, MA, USA) with a 5 min incubation at 37 ◦C. All cell lines were routinely
tested for mycoplasma using LookOut mycoplasma PCR detection kit (Sigma Aldrich) according to
manufacturer’s instructions. Confirmation of the stem cell phenotypes of Glio9, Glio11, and Glio14
was performed via immunofluorescence staining for various stem markers and has been previously
published [50].

The compounds used to potentiate ER stress and rescue cells, 2-deoxy-D-glucose (2-DG) and
mannose, respectively, were obtained from Sigma-Aldrich and were reconstituted in phosphate
buffered solution to generate stock concentrations. Autophagy inhibitor chloroquine was also obtained
from Sigma-Aldrich and reconstituted in water to generate stock solution.

4.2. Radiation Source

Cells were irradiated using the RS-2000 Biological Irradiator (RadSource, Buford, GA, USA) at
various dosages per equipment specifications. For dose-dependent radiation effects on GSC viability
without addition of 2-DG, 2 Gray (Gy) to 20 Gy was administered, and 48 h post treatment, trypan blue
was used to differentiate alive versus dead cells. For all transmission electron microscopy experiments,
combination-therapy viability experiments, and western blot experiments, a single-time dose of 8 Gy
was utilized.

4.3. Viability Assay

Viability was determined using the CellTiter 96® AQueous One Solution Cell Proliferation (MTS)
Assay (Promega, Madison, WI, USA). Neurospheres were dissociated, and single cells were seeded
into 96-well plates at a density of 1.0 × 104 cells per well in 100 μL of a modified neurosphere culture
media containing 5% FBS and subsequently treated [50]. Following treatment, MTS reagent (20 μL
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per 100 μL media) was added to each well and incubated for 1–4 h. Optical density was measured at
490 nm using a Synergy HT plate reader (BioTek, Winooski, VT, USA). To determine viability effects of
radiation ± 2-DG, GSCs were treated with or without 8 Gy radiation and increasing doses of 2-DG
(0–2 mM) for 72 h. Data is represented as the average of 3 separate experiments in which viability is
calculated as percent of non-treated (NT). The IC50, or the concentration of drug at which 50% of cells
was non-viable, was calculated from a composite of at least three experiments.

4.4. Lactate Dehydrogenase Assay

Cytotoxicity was determined by measuring the lactate dehydrogenase (LDH) activity released
from damaged cells using the Cytotoxicity Detection Kit obtained from Roche Applied Science
(Mannheim, Germany) as per manufacturer’s instructions. Percent cytotoxicity was calculated using
the following formula, in which the low control (minimal LDH release) was untreated cells and the
high control (maximal release) was lysed cells. GSCs were treated with or without 8 Gy radiation and
increasing doses of 2-DG (0–2 mM) and LDH release determined 48 h later:

Cytotoxicity % =
experimental value− low control

high control− low control

4.5. Transmission Electron Microscopy (TEM)

Prior to treatment, the neurospheres were first passed through a 40 μm filter (Falcon, Thermo
Fisher Scientific, Waltham, MA, USA) to remove any single cells or debris then all the neurospheres
greater than 40 μm were passed through a 100 μm to obtain a relative homogeneous population
of neuropheres (ranging from 40–100 μm). Following treatment, the neurospheres were fixed in
neutral buffered 2.5% glutaraldehyde at 25 ◦C. The specimens were post-fixed in 1% osmium tetroxide
(OsO4) for 10 min, dehydrated using a graded ethanol series, en bloc stained with 2% uranyl acetate
in 50% ethanol for 30 min, and embedded in Spurr’s epoxy resin. Semi-thin (1 μm) and ultra-thin
(<90 nm) sections were cut using a Diatome 3-millimeter diamond knife on the EM UC6 ultramicrotome
(Leica Microsystems Inc., Buffalo Groove, IL, USA). Semi-thin sections were stained with toluidine
blue and examined using a BX60 light microscope (Olympus, Waltham, MA, USA) equipped with a
digital camera (Olympus DP71). All ultra-thin sections were stained using lead citrate to be viewed
under TEM with a 1400 EM (Jeol, Peabody, MA, USA) at 80 kV.

ER luminal diameter was analyzed using ImageJ software (Version 1.52e, NIH, Bethesda, MD,
USA) on five electron micrographs taken at 10,000× magnification from two independent studies,
while autophagy was determined by manual count. Autophagic vesicle were defined as a membrane
bound vesicle containing either intact or degraded cytoplasmic material or organelles [51].

4.6. Western Blot

Protein extraction and western blot analysis were performed as previously described [52].
Anti-Beclin-1, anti-cleaved caspase 7, anti-CHOP, anti-GRP78, anti-phospho-H2AX, anti-LC3,
anti-PARP, and anti-p62 were obtained from Cell Signaling Technology (Danvers, MA, USA).
Anti-GRP94 was obtained from Enzo Life Sciences (Farmingdale, NY, USA). Anti-α-tubulin was
obtained from Abcam (Eugene, OR, USA).

4.7. The Cancer Genome Atlas (TCGA) Data Analysis

Genomic data on GBM patients from TCGA was analyzed using an open-access brain tumor
database, GlioVis (gliovis.bioinfo.cnio.es) [53]. A total of 528 GBM patient samples and 10 non-tumor
patient samples were included. Data was limited to primary tumors with any 0-6-methylguanine-DNA
methyltransferase (MGMT) status. Clinical survival data for high versus low expression—75th
percentile versus (vs.) 25th percentile—of UPR genes (HSPA5 (encodes GRP78) and HSP90B1 (encodes

297



Cancers 2019, 11, 159

GRP94)) and autophagy genes (MAP1LC3B (encodes LC3), BECN1 (encodes Beclin1), SQSTM1 (encodes
p62), ATG5 (encodes ATG5), ATG7 (encodes ATG7), and ATG12 (encodes ATG12) was reported.

4.8. Statistical Analysis

Significance was determined via Mann-Whitney test for all pairwise comparisons of different
treatments that were tested, ER luminal diameters, and autophagosomes per cell calculations using
GraphPad Prism software (Version 6.0, La Jolla, CA, USA). GlioVis data was analyzed using a pairwise
t-test. The results are presented as mean ± standard error mean (SEM). Significance was set at p < 0.05.

5. Conclusions

Our results indicate GSC radioresistance is, in part, achieved by overexpression and overactivation
of ER stress-related pathways. Additionally, high expression levels of UPR-related genes, but not
autophagy-related genes, are correlated with unfavorable patient survival. However, GSCs exhibit
variable expression of UPR-related proteins like GRP78 and GRP94, indicating heterogeneity to
UPR activation. Loss of GSC viability can be achieved via potentiation of UPR using multiple
ER-stressors—such as radiation and the glycolytic inhibitor, 2-DG—particularly when baseline GRP78
levels are low. There may be a clinical role in pathological classification of GBM based on UPR-related
proteins to determine which patients would benefit from ER stress inducing therapies; however, further
investigation would first be required.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/2/159/s1,
Figure S1: GSCs treated with increasing doses of the autophagic inhibitor, chloroquine, and exposed to 8 Gy
radiation, Figure S2: Kaplan-Meier curves displaying survival data from the GlioVis portal regarding autophagy
related genes.
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Abstract: Glioblastoma is one of the deadliest malignancies and is virtually incurable. Accumulating
evidence indicates that a small population of cells with a stem-like phenotype is the major culprit
of tumor recurrence. Enhanced DNA repair capacity and expression of stemness marker genes are
the main characteristics of these cells. Elimination of this population might delay or prevent tumor
recurrence following radiochemotherapy. The aim of this study was to analyze whether interference
with the Hedgehog signaling (Hh) pathway or combined Hh/Notch blockade using small-molecule
inhibitors can efficiently target these cancer stem cells and sensitize them to therapy. Using tumor
sphere lines and primary patient-derived glioma cultures we demonstrate that the Hh pathway
inhibitor GANT61 (GANT) and the arsenic trioxide (ATO)-mediated Hh/Notch inhibition are capable
to synergistically induce cell death in combination with the natural anticancer agent (−)-Gossypol
(Gos). Only ATO in combination with Gos also strongly decreased stemness marker expression and
prevented sphere formation and recovery. These synergistic effects were associated with distinct
proteomic changes indicating diminished DNA repair and markedly reduced stemness. Finally, using
an organotypic brain slice transplantation model, we show that combined ATO/Gos treatment elicits
strong growth inhibition or even complete elimination of tumors. Collectively, our data show for the
first time that ATO and Gos, two drugs that can be used in the clinic, represent a promising targeted
therapy approach for the synergistic elimination of glioma stem-like cells.

Keywords: cancer stem cells; glioblastoma; Hedgehog; Notch; DNA damage

1. Introduction

Glioblastoma (GBM, WHO grade IV astrocytoma) is the most common and most aggressive
primary brain tumor in adults [1]. Due to its diffuse infiltrative growth, surgical resection is
virtually impossible [2]. Thus, even with the current standard-of-care treatment consisting of
temozolomide (TMZ)-based radiochemotherapy [3], the average survival barely exceeds one year
and the 5-year-survival rate is below 5%. Another key characteristic of GBM is its high resistance to
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induction of apoptosis, which is in part mediated by overexpression of anti-apoptotic proteins and an
enhanced DNA repair (reviewed in [4]).

Many cancers including GBM exhibit a hierarchical organization of cells including a population with
a stem-like phenotype (GSCs: glioma stem cells) that can replenish the tumor after treatment and are
thought to be responsible for disease recurrence (reviewed in [5]) and initiation [6]. GSCs harbor expression
of stemness-related marker genes and phenotypical traits similar to normal stem cells (reviewed in [5])
including an unlimited regenerative potential and the ability to divide asymmetrically. It was further shown
that GSCs are highly resistant to DNA damaging agents and ionizing radiation and have an increased DNA
repair capacity, in part caused by enhanced expression of Checkpoint kinase 1 (CHK1) and CHK2 [7].

The Hh and Notch signaling pathways are developmentally important signaling pathways involved
in body patterning, brain development and maintenance of stem cells [8]. During the last decade it became
apparent that Hh signaling plays a crucial role for tumor formation and progression of many cancers
including GBM ([9] and reviewed in [10]). Notch signaling is also involved in brain development and
regulates the expression of a wide variety of target genes that increase cell proliferation and survival
(reviewed in [11]). Recent research also revealed a central role in self-renewal and therapy resistance of GSCs
([12] and reviewed in [13]), indicating that Notch represents a potential therapeutic target in these cells.

Arsenic trioxide (ATO) was initially used in Traditional Chinese Medicine to treat various diseases,
including cancer. Research based on these findings resulted in the application of ATO as a clinical
drug for treatment of acute promyelocytic leukemia (APL). Further, many studies have demonstrated
potent Notch-inhibitory and antitumoral effects of ATO in various other cancer entities [14] including
glioma [15]. In addition, ATO has been shown to effectively inhibit Hh signaling at the level of GLI in
multiple cancers including medulloblastoma [16].

Based on the findings that both pathways regulate key aspects of GSCs, we aimed at investigating
the potential therapeutic effects of Hh and Notch inhibition in regard to stem cell differentiation and
sensitivity to cell death induced by (−)-gossypol (AT-101, Gos), a natural compound that efficiently
induces cell death in apoptosis-resistant, differentiated GBM cells [17]. Recent research indicates
that Gos also targets cancer and cancer stem cells (CSCs) in colorectal [18] and prostate cancer [19],
respectively. We hypothesized that an enforced differentiation of GSCs might render them more
vulnerable to cell death induction, and that a combination of Hh and/or Notch inhibition consequently
would synergistically increase the effects of Gos. We further aimed to scrutinize whether single
pathway inhibition is sufficient in driving cell death or whether multiple intertwined (i.e., Hh and
Notch) pathways need to be targeted. To this end, we employed the well-known Hh pathway
inhibitor/GLI-antagonist 61 (GANT61, GANT; [20]) and ATO in combination with Gos.

Here, we demonstrate that ATO-mediated Hh/Notch inhibition together with the natural
anticancer agent Gos, rather than combining the Hh-inhibitor GANT and Gos efficiently blocks
GSC growth, induces cell death and diminishes the self-renewal capacity of tumor sphere lines.
These therapeutic effects are accompanied by distinct proteomic changes suggesting alterations in cell
movement and cell cycle progression. They are also associated with major alterations in the expression
of (neuronal) development genes (e.g., oligodendrocyte transcription factor 2 (OLIG2), sex determining
region Y (SRY)- box 2 (SOX2) and SOX9) and DNA damage repair genes (e.g., BRCA1 Associated ATM
Activator 1 (BRAT1), CHK1, CHK2), suggesting that this drug combination can efficiently enforce GSC
differentiation and sensitization to therapy. Finally, this treatment was applied to tumors transplanted
onto adult organotypic brain slices where ATO and ATO/Gos decreases tumor size and even lead to
the complete elimination of some tumors.

2. Results

2.1. Hh/Notch Inhibition in Combination with Gos Synergistically Induces Cell Death of GSCs

The general aim of this study was to identify novel approaches to selectively target GSCs using
established small molecule inhibitors to inhibit either the Hh signaling pathway alone or in combination
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with the Notch pathway. To this end, we applied GANT or ATO to target the Hh or Hh/Notch
signaling pathways, respectively, in combination with the cell death inducer Gos. Our hypothesis was
that the enforced differentiation mediated by either Hh or Hh/Notch inhibition would increase the
vulnerability of GSCs towards cell death stimulation with Gos, resulting in synergistic action of the
two drugs. To test this hypothesis, we initially performed MTT assays (Figure 1) and calculated the
combination indices (CIs) according to Chou et al. [21] (CI < 1: synergism; CI = 1: additive; CI > 1:
antagonism). Morphologically, a reduction of sphere size and apparent disintegration of the spheres
after single agent treatment with GANT, ATO or Gos was detectable, indicated by an increase of single
cells (black arrows) and less tight appearance of the spheres (white arrows). Combination treatment
further enhanced these effects (Figure 1a).

MTT assays with the tumor sphere line GS-5 (Figure 1b,c) showed that single agent treatment with
GANT, ATO or Gos dose-dependently reduced the viability and combination treatments synergistically
enhanced these effects (CI < 1). Similar findings were also made with the GANT/Gos and ATO/Gos
combinations in GS-1 cells (Figure S1a,b), and with the GANT/Gos, but not ATO/Gos combination in
GS-8 cells (Figure S1c,d), although GANT single agent treatment had no significant effects in these cells.

The decreases in viability were affirmed by increases in cell death as shown by FACS-based
Annexin V/Propidium iodide (PI) double stainings (Figure 1d–f). Again the combination treatments
were more effective than either single treatment. Similar findings were also made in two other GS-lines
(GS-3 and GS-8, Figure S2a–d) and a GS-line with a restricted stem-like (progenitor-like) phenotype
(GS-1, Figure S2e,f).

Next, we analyzed the expression of GLI1, PTCH1, BCL2 and CCND1(Cyclin D1) as surrogate
markers for Hh pathway activity as well as HES5 and HEY1 for Notch signaling in GS-5 (Figure 1g)
and the primary culture 17/02 (Figure 1h). Despite the fact that we applied GANT at 2.5 μM,
a concentration that exhibits robust inhibitory activity of Hh signaling in the Gli-responsive cell
line Shh light II [22] (Figure S3), it had little effect on any of the analyzed target genes, although a
small tendency towards PTCH1 and CCND1 inhibition was apparent. Gos alone strongly reduced
PTCH1 and HES5 expression. HES5 expression was also reduced after GANT + Gos treatment. ATO
and ATO + Gos reduced the expression of all markers, except HEY1 in 17/02, whereas the combination
exerted greater inhibitory effects. Similar findings were also observed for GS-8 and a second primary
culture, 17/01. Notably, 17/01 appeared to be insensitive towards Hh-inhibition and only showed
minor inhibition of the Notch-targets. Curiously, we observed that Gos increased the expression of
GLI1 in GS-5, GS-8 and 17/02, while simultaneously decreasing PTCH1-expression.

Figure 1. Cont.
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Figure 1. Synergistic inhibition of viability and induction of cell death of GS-5 and 17/02 GSCs via
inhibition of Hh and Notch signaling. (a) Morphological appearance of GS-5 24 h after treatment with
solvent (DMSO), 5 μM GANT, 5 μM ATO or 7.5 μM Gos alone or in combination. Note that after
ATO (upper right) single treatment more single cells (black arrows) and disintegrating spheres (white
arrows) can be detected which is further enhanced by ATO/Gos combination treatment and also after
GANT/Gos; scale bar: 100 μm. (b,c, left side) Box-Plots (Tukey) of MTT assay of GS-5 after treatment for
24 h with increasing concentrations of (b) ATO or (c) GANT in combination with Gos. (b,c, right side)
The CI was calculated from the data obtained according to Chou et al. [21] using the non-constant ratio
setting (CI > 1: antagonism; CI = 1: additive; CI < 1: synergism). The CI value is given as a single value
calculated from the summary of all experiments. (d) Representative Dot-Plots of GS-5 after treatment
for 24 h with solvent (DMSO), 2.5 μM GANT, 2.5 μM ATO or 7.5 μM Gos alone or in combination.
(e) Stacked bar chart of GS-5 after treatment for 24 h with the drugs and concentrations as indicated.
(f) Box-Plots (Tukey) of the percentages of dead cells (100%—An-/PI-) after treatment. The lines in the
Box-Plots represents the median, the plus-symbol the mean. (g,h) Bar graph of Taqman-based gene
expression analysis of (g) GS-5 and (h) 17/02 after treatment with 5 μM Gos, 2.5 μM GANT or ATO or
the combination of GANT or ATO with Gos (G + Gos; A + Gos). The MTT assays were performed at
least three times in 6 biological replicates. All other experiments were performed at least three times
in three biological replicates. Error bars are SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001
against solvent or as indicated; ◦ p < 0.05; ◦◦ p < 0.01; ◦◦◦ p < 0.001; ◦◦◦◦ p < 0.0001 against GANT or
ATO single treatment; # p < 0.05 against both single treatments.

2.2. Proteomic Analysis Reveals Global Changes Related to Impaired Cell Movement, DNA Repair and
Stemness Properties after ATO/Gos Treatment

To analyze the underlying processes mediating the observed synergistic antitumoral effects in
more detail, we next performed unbiased proteomic analyses using label-free quantification of GS-5
cells (Figure 2). For our proteomics approach we chose lower drug concentrations that did not result
in massive cell death (2.5 μM GANT/ATO each and 5 μM Gos). Using this approach, we obtained
reproducible quantitative data for 5008 proteins. Compared to solvent-treated cells 255, 47 and one
protein(s) differed significantly after single treatment with Gos (Figure 2a), ATO and GANT (Figure S4),
respectively. The combination treatments markedly elevated the amount of significant changes found
to 424 and 648 after GANT/Gos (Figure 2c) and ATO/Gos (Figure 2e) treatment, respectively, thereby
further providing evidence for the observed drug synergism. The five most increased and decreased
proteins for each condition are depicted in the Volcano Plots (Figure 2a,c,e) along with the known
stemness markers OLIG2, SOX2 and SOX9. The decreased proteins include proteins with known
functions for glioma stemness and migration/invasion like CD9 [23] (Gos, ATO/Gos), Ephrin receptor
A2 (EPHA2 [24]; Gos, GANT/Gos) and mesenchymal (i.e., more aggressive) differentiation like FRAS1
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related extracellular matrix protein 2 (FREM2 [25]; ATO/Gos). We validated selected genes among
the top five hits via qRT-PCR (Figure S4c–e). A list displaying all significantly changed proteins is
provided in the Supplements (Supplement File 2).

To analyze for Gene Ontology (GO) terms (Figure 2b,d,f) that are enriched among the changed
proteins we used the STRING-platform, (string-db.org; ver. 10.5; accessed Feb. 2018; [26]) with
a consecutive analysis using Revigo (revigo.irb.hr; accessed Sep. 2018; [27]). Treatment with
Gos (Figure 2b) caused a decrease in proteins related to (neuronal) development and movement,
while proteins from the translation machinery were overrepresented among the increased proteins.
The combined treatment of GANT and Gos (Figure 2d) enriched for cell cycle- and movement-related
proteins among the decreased proteins. Among the increased hits, proteins involved in the
processes “response to oxidative stress”, “cellular respiration” and “response to unfolded protein”
are overrepresented.

Combined ATO and Gos treatment (Figure 2f) caused an even stronger enrichment of (neuronal)
development proteins among the significantly decreased proteins. This group includes the known
GSC markers OLIG2, SOX2 and SOX9. In addition, movement and cell cycle proteins are found to a
large portion in decreased amounts. Similar to the single treatment with Gos the increased proteins
were often assigned to translation and again “response to oxidative stress” and “cellular respiration”.
A list displaying all enriched GO:BP terms is provided as a supplemental file (Supplement File 3).

Figure 2. Cont.
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Figure 2. GANT and ATO-treatment in combination with Gos causes global proteomic changes
affecting differentiation, cell cycle and proliferation. (a,c,e) Volcano Plots showing the protein ratios
(in log2) as a function of the –log p-values of label-free quantification proteomics data of GS-5 after
treatment for 24 h with (a) 5 μM Gos alone or in combination with (c) 2.5 μM GANT or (e) 2.5 μM
ATO. 5008 proteins were quantified, the amount of significantly changed proteins is written above the
Plot. (b,d,f) Bar Chart after bioinformatic analysis using the STRING-platform (string-db.com, [26])
and Revigo (revigo.irb.hr, [27]) for enriched Gene Ontology biological processes (GO:BP) and manual
clustering (marked with an *) after treatment with (b) Gos alone, (d) GANT + Gos or (f) ATO + Gos.
(g) Venn diagram depicting the overlap between the significantly (left side) decreased and (right side)
increased proteins. Note that the x-axis in (b,d,f) depicts the number of proteins that are significantly
decreased (negative values) and increased (positive values).

Next we analyzed the degree of overlap between the three groups (Figure 2g, Supplement
File 4). Here, 53 and 45 proteins are significantly decreased and increased following all three
treatments, respectively. 46 and 146 proteins are decreased and increased only by the combination
treatments (GANT/Gos, ATO/Gos), but not by Gos alone. Notably, proteins decreased only after
both combination treatments include proteins involved in the DNA damage response (DDR) like
BRAT1, Fanconi Anemia Complementation Group I (FANCI) and CHEK1, indicating that the cells
might be more prone to DNA damage. GO-analysis (Supplement File 5) of the proteins regulated
by both combination treatments revealed that only the GO:BP term mitotic cell cycle is significantly
enriched among the decreased proteins. Some terms were assigned to translation, cellular respiration,
and response to oxidative stress among the increased proteins.

2.3. ATO and Gos Treatment Reduces Expression of Stemness Markers

A key hallmark of GSCs is the expression of stemness-related genes like OLIG2, SOX2 or SOX9
with a concomitant lack of known differentiation genes like GFAP. Indeed, our proteomic analysis
showed that OLIG2 abundance decreases upon GANT/Gos and ATO/Gos treatment, while ATO/Gos
also significantly decreased SOX2 and SOX9 protein levels and increased GFAP.
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Western Blot (Figure 3a,b) analyses confirmed that all treatments except GANT alone reduce
OLIG2 and SOX9 expression in GS-5 cells (Figure 3a) with ATO and the ATO/Gos combination being
most effective. Additionally, SOX2 was only decreased after ATO treatment. ATO also strongly
reduced OLIG2, SOX2 and SOX9 mRNA expression which was further enhanced by Gos (Figure 3c).
In 17/02 especially ATO and ATO/Gos reduce the protein levels (Figure 3b) of the three markers,
while all treatments except GANT reduced the expression of the corresponding mRNAs (Figure 3d).
In GS-8 (Figure S5a,c) we obtained similar data compared to 17/02, although the mRNA expression
was only changed after ATO or ATO/Gos treatment and 17/01 (Figure S5b,d) was mainly reacting
to ATO/Gos treatment. In order to analyze expression changes on a single cell level we performed
immunofluorescence microscopy of GS-5 and could show that all treatments except GANT can reduce
the amount of marker positive cells with the combination treatment being the most effective.

Figure 3. Cont.

309



Cancers 2019, 11, 350

Figure 3. ATO, but not GANT in combination with Gos reduces GSC marker and Hh and Notch
pathway activity. (a,b) Western Blot analysis of (a) GS-5 and (b) 17/02 after treatment for 24 h with
solvent (DMSO), 7.5 μM Gos, 5 μM GANT, 5 μM ATO or a combination of Gos with GANT (GANT
+ Gos) or ATO (ATO + Gos). (c,d) Bar graph of Taqman-based gene expression analysis of GS-5 cells
after treatment with 5 μM Gos, 2.5 μM GANT or ATO or the combination of GANT or ATO with
Gos (G+Gos; A+Gos). (e) Representative images of immunofluorescent microscopy of GS-5 72h after
treatment as in (c) of the stemness markers SOX2 (green) and SOX9 (red) (upper row) and OLIG2
(green; lower row); scale bar: 20 μm. (f) Summarized quantification of three independent experiments;
at least 100 cells per condition and experiment were counted. All experiments were performed at least
3 times; gene expression data was further performed in 3 biological replicates. * p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001. # p < 0.05; ## p < 0.01; ### p < 0.001; #### p < 0.0001. against both single
treatments One-way ANOVA followed by Tukey Post-Hoc-Test (GraphPad Prism 7).

2.4. ATO and Gos Treatment Induces DNA Damage Via Downregulation of DDR Genes

A key hallmark of GSC is their treatment resistance towards conventional chemotherapy by
enhanced DNA repair, which is in part facilitated by overexpression of CHK1 and CHK2 [7].
Interestingly, CHK1 was significantly decreased according to our proteomic data. This finding
prompted us to analyze additional key targets involved in the DNA damage response (DDR) including
CHK1, CHK2, RAD51 and Survivin (BIRC5) (Figure 4a). Survivin is a known downstream target of both
Hh [28] and Notch signaling [29] and has been linked to DNA damage [30] and radiation resistance
of GBM [31]. Accordingly, we observed that GANT/Gos and ATO/Gos significantly decreased
CHEK1, CHEK2, RAD51 Recombinase (RAD51) and BIRC5 (Survivin) expression, while ATO/Gos
also decreased BRAT1 and Ataxia Telangiectasia Mutated (ATM) expression. Similary, CHK1, CHK2
and Survivin protein levels were also decreased upon treatment, most pronouncedly after ATO and
ATO/Gos treatment. This was also accompanied by loss of CHK1 phosphorylation (Figure 4b), while
phosphorylated CHK2 could not be detected. Since functional loss of CHK1 and CHK2, two main
effectors of the DDR might lead to accumulating DNA damage, finally resulting in cell death, we next
analyzed DNA damage induction after drug treatment by immunofluorescent microscopy of TP53BP1-
and γH2AX-positive foci (Figure 4c–e).

All single treatments significantly increased the number of TP53BP1- (Figure 4c) and γH2AFX-
positive foci (Figure 4d) in GS-5, which could even be increased using the combination treatment.
Of note, the increase in γH2AFX foci did not reach statistical significance for Gos and GANT alone.

Strikingly, the amount of TP53BP1-positive foci of the combination treatment is significantly
higher than either single treatment, indicative of synergism. As a visual control for DNA damage/foci
induction the cells were also treated with Etoposide (Figure 4e), a known inducer of DNA damage.
Similar findings were also observed in GS-3 (Figure S6a,b), while GS-8 only showed detectable
induction of DNA damage after ATO and ATO/Gos treatment.
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Figure 4. GANT or ATO in combination with Gos synergistically induces DNA damage in GSC via
downregulation of CHK1, CHK2 and Survivin. (a) Taqman-based gene expression analysis of GS-5
after treatment with 5 μM Gos, 2.5 μM GANT or ATO or the combination of GANT or ATO with Gos
(G + Gos; A + Gos). (b) Western Blot analysis of GS-5 after treatment for 24 h with solvent (DMSO),
7.5 μM Gos, 5 μM GANT, 5 μM ATO or a combination of Gos with GANT (GANT + Gos) or ATO
(ATO + Gos). (c,d) Dot-Plots of (c) TP53BP1 (green)- or (d) γH2AFX (red)-positive foci per nucleus
of GS-5 24 h after treatment with 5 μM Gos, 3 μM GANT, 2.5 μM ATO or a combination of GANT
and Gos (GANT + Gos) or ATO and Gos (ATO + Gos). Each point represents the number of foci
per nucleus. Representative pictures are presented in (e); scale bar: 20 μm. The experiments were
performed at least 3 times in triplicates. For each replicate at least 20 nuclei were counted. Statistics
in (c,d) were performed using the mean value of each replicate. * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001 against solvent; # p < 0.05 against both single treatments. One-way ANOVA followed by
Tukey Post-Hoc-Test (GraphPad Prism 7).

2.5. Effects of ATO and Gos on Sphere Forming Capacity and Stem-Cell Frequency of GSCs

Another key hallmark of GSCs is the ability to form new spheres from single cells in vitro [32].
Furthermore, our proteomic analyses clearly showed that multiple GO-terms related to neuronal
differentiation and development are enriched among the decreased proteins following ATO/Gos
treatment. In order to functionally test whether the treatment indeed reduces stemness properties,
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we performed limiting dilution assays (LDA; Figure 5a,b) and extended sphere formation assays
(SFA [33]; Figure 5c–f) (for a schematic overview see Figure 5c).

Figure 5. ATO and Gos treatment reduces stemness properties of GS-5/GS-5 GFP-Luc and 17/02
in vitro. (a,b) Extreme limiting dilution analysis [34] of (a) GS-5 GFP-Luc and (b) 17/02 7 days after
seeding and treatment with 1 μM ATO, 2.5 μM GANT61 or 0.5 μM Gos alone or in combinaton of
increasing cell numbers (4 to 500 cells for GS-5 and 8 to 1024 for 17/02). The stem cell frequency
calculated by ELDA software [34] is depicted next to the graph. (c) Scheme of the extended SFA.
(d–f) Dot-Plots displaying the (upper row) sphere volume and (lower row) total number of spheres of
GS-5 spheres after measurement of primary sphere formation, sphere recovery and secondary sphere
formation. Lines in (d–f) are the median ± 95% confidence intervals. Limiting dilution assays were
performed three times in 12 biological replicates. Sphere formation assays were performed twice in
triplicates and three vision fields were analyzed for each biological replicate. * p < 0.05; ** p < 0.01;
*** p < 0.001; **** p < 0.0001. One-way ANOVA followed by Tukey Post-Hoc-Test (GraphPad Prism 7).

The LDA revealed that treatment with ATO and ATO/Gos treatment reduced the stem-cell
fraction about 15- and 7-fold in GS-5 and 17/02, respectively, whereas GANT or GANT/Gos treatment
only reduced the stem-cell fraction 3-fold in GS-5 and only slightly in 17/02. In contrast, Gos did not
change the ratio of sphere-forming vs total cells. GS-8 reacted similar to GS-5 (Figure S7).

Next, we performed the extended SFA (Figure 5d–f). We determined primary sphere formation
(Figure 5d), sphere recovery (Figure 5e) and secondary sphere formation (Figure 5f) of GS-5 cells after
treatment with lower doses of the drugs (1 μM ATO, 2.5 μM GANT and 0.5 μM Gos). Treatment with
Gos did not change primary sphere formation or sphere recovery. GANT or GANT/Gos led to smaller
spheres, but did not reduce sphere number. In fact, we observed more primary spheres after GANT
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and GANT/Gos treatment. In comparison, ATO treatment was far more effective as it resulted in
significantly smaller and fewer spheres, even in the secondary sphere formation assay. Similar findings
(no to low effects of Gos, moderate effects of GANT, strong effects of ATO) were also observed in GS-3
(Figure S8a–c) and GS-8 (Figure S8d–f). Here we could show that ATO/Gos strongly decreases the
stem-cell frequency and disturbs sphere formation and recovery.

2.6. ATO and ATO/Gos Treatment Inhibits Tumor Growth in Adult Organotypic Slice Cultures

To finally test the proposed therapeutic approach in a more complex and pathophysiological
relevant model, we used adult organotypic brain slices (OTC), transplanted GFP-Luc-positive GS-5
(Figure 6), GS-8 (Figure S9) or CellTracker CM Dil-labeled 17/02 (Figure S9) cells onto these OTCs
and analyzed tumor growth under treatment over time. We observed that GANT or Gos single agent
treatment of GS-5 tumors partially affected the growth of the tumors, but did not cause any reduction
of tumor sizes over time. The GANT/Gos treatment resulted in a fast (within 6 days) decrease of tumor
sizes, and these effects remained stable until the end of the experiment (28 days). In contrast, treatment
with ATO, and even more profoundly with ATO/Gos, continuously decreased the tumor sizes until
only small tumor cell populations remained, while other tumors disappeared entirely (Figure 6a,
white arrows).

Figure 6. ATO, ATO/Gos and GANT/Gos decrease tumor size in adult OTC transplantation
experiments. (a) Representative images of tumors of GS-5 GFP-Luc grown on adult OTCs after
treatment with solvent (DMSO) or ATO/Gos. Within 6 days some tumors treated with ATO/Gos show
complete elimination (white arrows), while others decrease in size; scale bar: 500 μm. (b) Growth kinetic
of tumors over time after treatment with solvent (DMSO, white), 2.5 μM GANT (pink), 2.5 μM ATO
(light blue), 5 μM Gos (black), GANT/Gos (red) or ATO/Gos (blue). (c) Bar graph for selected time point
displaying the mean (+ SEM) tumor size. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 compared to
DMSO for each time-point. One-way ANOVA followed by Tukey Post-Hoc-Test (GraphPad Prism 7).
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The GS-8 tumors were more sensitive towards ATO and ATO/Gos, while only showing a growth
retardation using GANT and GANT/Gos. Finally, we observed that the patient-derived primary
culture 17/02 shows growth retardation after treatment with ATO, Gos and GANT/Gos, and tumor
sizes remained almost at baseline after ATO/Gos treatment. It should be emphasized that the primary
culture 17/02 was derived from a heavily pre-treated patient (see materials and methods), likely
associated with an aggressive phenotype and high therapy resistance of the corresponding tumor.
Taken together we can show that ATO and the ATO/Gos drug combination can effectively reduce tumor
growth or even eliminate tumors in the absence of observable detrimental effects in the surrounding
brain tissue in an organotypic environment.

3. Discussion

Cancer recurrence usually results in more aggressive and treatment-resistant disease and finally in
the death of the patient. Since diffusely infiltrating GBMs cannot be completely resected and a fraction
of residual cancer cells are thought to exhibit or obtain a stem-like [35] phenotype, disease recurrence is
virtually unavoidable. Previous research showed that when GSCs are enforced to differentiate through
cultivation in fetal calf serum (FCS) containing media, they are more susceptible to conventional
chemotherapy [36]. Hence, a proposed strategy for eliminating GSCs is to enforce their differentiation.
Thus, we inquired whether small molecule-mediated inhibition of the Hh signaling pathway, which
has been described as a major driver of GSCs in several studies [9,37], is sufficient for depleting
this cell population in combination with the natural anticancer agent AT-101/Gossypol (Gos) [17],
or if additional inhibition of other pathways implicated in therapy resistance of GBM, in particular
Notch-signaling [13,33], does so more efficiently.

Here, we show for the first time that although the Hh inhibitor GANT and cell-death inducer
Gos synergistically induce cell death, only combined Hh/Notch inhibition using ATO in combination
with Gos is able to efficiently target multiple GSC lines and two primary GBM cultures in vitro and
ex vivo. Other groups have described Hh inhibition alone to be sufficient for targeting GSCs [9,37].
However, we did not observe a robust depletion of GSC-properties by the Hh inhibitor GANT in
our lines. Nonetheless, we regularly observed minor effects of single agent treatment with GANT,
including a reduction of cell viability, induction of cell death and DNA damage, as well as depletion
of sphere forming cells, as described by other groups using genetic models of Hh inhibition [9,37,38].
How could these rather moderate effects of GANT in our experiments be explained? Notably, one
major aim of this study was to assess the synergy of combination treatments, which prompted us to use
lower concentrations of all drugs when used as single agent treatments. Although Hh/GLI-signaling
has been described to be essential for GBM [39], so far only one study reported the use of GANT [40]
using FCS-cultured GBM cells. In the study by Li et al. [40] relatively high concentrations (up to 10 μM)
and treatment periods (up to 72 h) were applied. Considering that GANT61 requires a hydrolysis step
to yield the biologically relevant form of the drug [41], it is also possible that this step is disturbed
or can even be reversed in glioma stem-like cells. This proposition should be analyzed in future
studies. However, considering that ATO alone already depleted the GSC population in this and other
studies [12] quite effectively, while reducing the expression of known Hh and Notch target genes,
we conclude that the ATO/Gos combination is superior to GANT/Gos and that ATO is the more potent,
although less specific, Hh-pathway inhibitor. In any case, our data supports our main hypothesis,
i.e., that multiple intertwined signaling events need to be targeted to effectively eliminate GSCs.

Our proteomic data suggested the disturbance of processes related to cell movement, highlighted
by decreased levels of several proteins involved in glioma migration, such as CD9 [23] and
EPHB3 [42] after treatment with Gos or ATO/Gos, as well as EPHA2 after treatment with
GANT/Gos. More prominently, we also found processes related to the cell cycle/DDR and to
neuronal development to be disturbed. These changes indicate a reduced capability of tumor
invasiveness/migration. Additionally, the proteomic analysis revealed an increase of many proteins
involved in cellular respiration (GO.0045333) and the response to oxidative stress (GO.006979) after
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GANT/Gos and ATO/Gos treatment. In line with these observations, Gos [43], ATO [44] and
GANT61 [45] have been described to impair mitochondrial function and to induce ROS-formation in
various settings.

Based on our proteomic data, we next analyzed whether the expression of key mRNAs/proteins
of the DNA damage response may be altered following drug treatment. Indeed, we could show a
pronounced reduction of CHK1/CHEK1, CHK2/CHEK2 and RAD51 expression after both GANT/Gos
and ATO/Gos, and additionally of ATM, BRAT1 and FANCI after ATO/Gos combination treatment.
The facts that (1) an enhanced DNA repair capacity is an established hallmark of GSCs [7] and
(2) we observed increased DNA damage in three GSC lines with the concurrent reduction in DDR
proteins/genes lend further support to the notion that the ATO/Gos combination efficiently depletes
stem-like cells by reversing their phenotype and increasing their susceptibility for cell death stimulation.
Notably, a central role of Hh (reviewed in [46]) and Notch signaling [47] in regulating the DDR has
been proposed. Accordingly, inhibition of Notch1 increased the radiosensitivity of TALL-1 T-cell acute
lymphoblastic leukaemia cells in vitro [47] and inhibition of Hh signaling in U87 glioma cells [48]
increased their radiosensitivity. Interestingly, Gos has been shown to induce ROS-mediated DNA
damage in cancers such as gastric cancer [49], where it also disturbed self-renewal of CD133-positive
cells. Furthermore, Gos induced DNA damage and cell death in prostate cancer cell lines, stem-like
cells and in vivo xenografts [19]. Our findings further imply that the ATO/Gos treatment sensitizes
GSCs to chemo- and/or radiation therapy. Thus, future research should also be directed towards
analyzing the combination of ATO/Gos with ionizing radiation, preferably in an in vivo setting.

Most importantly, we detected reduced expression of the stemness marker OLIG2, SOX2 or SOX9,
after ATO/Gos treatment in two GS lines and two primary patient-derived cultures. The GANT/Gos
combination did not result in such pronounced effects compared to ATO/Gos. These data suggest
that dual inhibition of Hh and Notch signaling is superior to Hh inhibition alone, indicating that
the stem-like phenotype is maintained via input from multiple signaling pathways. Our data also
support the notion that ATO enforces differentiation of GSCs, while Gos seems to be dispensable for
limiting stemness as it did not reduce stem-cell frequency or sphere formation in the phenotypic assays.
Counterintuitively, our proteomic data suggested that Gos reduced developmental processes, whereas
ATO did not. This apparent discrepancy may in part be explained by the lower concentrations of ATO
used for the proteomic screen (i.e., 2.5 μM) in comparison to the western blot analyses (i.e., 5 μM),
although the lower concentration used for the proteomic screen was also applied for the qRT-PCR
analyses, where ATO clearly reduced stem marker expression. At the applied concentration (5 μM),
Gos reduced proteins related to stemness in the proteomic dataset which could be confirmed in
our qRT-PCR and Western Blot analyses. In line with these observations Gos is capable to reduce
stem-cell markers in stem-like prostate cancer cells [19]. However, these proteomic changes appear
to be insufficient to evoke a phenotypic response, since we observed neither changes in stem-cell
frequency nor in sphere formation could be observed. From these data we conclude that ATO is the
drug primarily serving to de-differentiate GSCs following combined ATO/Gos treatment, while Gos
enhances these effects.

Aside from the effects on differentiation, ATO is also known to regulate a variety of unrelated
processes that likely contribute to the depletion of GSCs. Accordingly, Sun et al. showed that ATO
induces ROS formation in rat glioma cells thereby inducing apoptosis [50]. In line with these findings,
we observed increased DNA damage after ATO or Gos treatment, and even more pronounced after
the combination treatment, likely caused by excessive ROS formation [51]. This is also reflected in
our proteomic analysis showing increased expression of proteins of the GO-BP-term “response to
oxidative stress” (GO.0006979). Conclusively, the most increased protein after ATO and ATO+Gos
treatment is heme oxygenase 1 (HMOX-1). Of note, HMOX-1 is believed to mediate ATO-induced
mitochondrial damage in rat astrocytes [52]. In fact, we could recently show that HMOX-1 is induced
after Gos-mediated mitochondrial dysfunction in non-GSC glioma cells and that this is accompanied
by induction of BNIP3 and Nix (BNIP3L) [53], leading to an autophagic type of cell death. Strikingly,
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a similar mechanism (BNIP3/BNIP3L-mediated autophagic cell death) has also been proposed for
ATO in non-GSC glioma cells [54], indicating that Gos and ATO might target overlapping pathways to
promote cell demise of GSCs.

Following this line of thougt, we also observed an increase of proteins of the GO-BP term “response
to unfolded protein” (GO.0006986). Interestingly, these alterations may in part reflect the binding
properties of ATO to target proteins via thiol-adduction of cysteine-residues. For example, this has
been shown in acute promyelocytic leukemia (APL), where ATO is already used in the clinic, and binds
to PML and the PML-RARα fusion protein that is found in almost all APL-cells [55]. This binding
is thought to disturb the correct protein folding and function, thereby inducing target degradation
via induction of the unfolded-protein response [56,57]. ATO was additionally shown to bind to
thioredoxins and glutathione, proteins that are involved in cellular respiration and the antioxidant
defense, respectively (reviewed in [58]), which may further contribute to ROS formation and cell death.

Notch signaling was shown to enhance Hh signaling in neural stem cells by modulating the ciliary
trafficking of the canonical Hh pathway component Smoothened (Smo) by regulating the presence
of Patched [59]. Thus, the blockade of Notch through ATO might target Hh signaling by multiple
mechanisms: either directly at the level of Gli and/or more upstream by preventing ciliary entry of Smo.
Accordingly, we detected an enrichment of the GO-term “regulation of cell projection organization”
(GO.0034344) after treatment with ATO/Gos, indicative of reduced ciliary formation. In analogy
to our findings, it was shown that combined Hh and Notch inhibition using the archetypical Smo
inhibitor cyclopamine in combination with the gamma-secretase inhibitor GSI-1 induced cell death in
CD133-enriched glioma cells and increased the cytotoxicity of TMZ [60]. Strikingly, Gos has also been
shown to indirectly inhibit Notch (and Wnt) signaling via targeting of the translational activator and
repressor Musashi-1 in colon carcinoma cell lines and nude mice xenografts [18]. Similarly, it has been
shown using transgenic mice that Notch and Hedgehog signaling regulate a chemotherapy-resistant
and possibly stem-like subpopulation of cells in prostate cancer that can be re-sensitized by targeted
therapy [61]. Based on our findings, we propose that combined Hh/Notch inhibition strongly reduces
the stemlike phenotype of GS cells, which is further evidenced by the ~15-fold reduction of stem-cell
frequency in GS-5 and GS-8 and 7~-fold reduction in 17/02. Our ex vivo experiments provide further
support for the possible clinical potential of the ATO/Gos combination in limiting tumor growth in an
organotypic environment. Moreover, (1) ATO is already used in the clinic to treat APL, (2) is tested
in 5 clinical trials for glioma treatment (clinicaltrial.gov; NCT00095771; NCT00720564; NCT00045565;
NCT00185861 and NCT00275067) and (3) is known to cross the blood-brain-barrier [62,63]. Gos has
already been tested in a clinical trial with measurable, but not significant effects [64], which might be
due to its low penetration of the blood brain barrier [65]. Future research should therefore address if
the ATO/Gos combination can be applied to murine models and/or if Gos can be substituted with
other cell-death inducing drugs that can better permeate the blood-brain barrier.

In summary, it seems likely that ATO evokes a multifactorial cellular response consisting of
stemness-specific (i.e., targeting the expression of stemness marker genes and inhibition of driver
pathways like Hh and Notch) and general cell death-inducing (i.e., enhanced DNA damage through
ROS-induction) mechanisms that are further enhanced and/or complemented by Gos (e.g., induction
of mitochondrial damage), finally leading to the effective depletion of GSCs. Importantly, we could
show that ATO (± Gos) leads to an almost complete abrogation of sphere forming capacity, indicating
grossly reduced self-renewal capacity of GSCs. In conclusion, the combination of ATO and Gos has the
potential to specifically target brain tumor stem cell populations and should be further investigated,
especially in regard to the multitude of cancer hallmarks that are addressed by this treatment.
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4. Materials and Methods

4.1. Cells and Cell Culture

The glioma stem-like cells (GS) with a restricted phenotype (GSr) GS-1 and with the full stem-like
phenotype (GSf) GS-3, GS-5 and GS-8 were a kind gift from Kathrin Lamszus (UKE Hamburg,
Germany) and have been described previously [66]. GS-5 and GS-8 were transduced with a construct
for the stable expression of GFP/Luciferase as described previously [67]. The primary GS-lines
were prepared as described previously [68]. 17/01 is from a 51 year old female, 17/02 is from a
recurrent tumor of a 60 year old male. The initial tumor was treated with percutaneous radiotherapy
(60 Gy) followed by four cycles of adjuvant TMZ chemotherapy followed by further cycles of TMZ
therapy with reduced dosages. The recurrent tumor was first treated with fractionated irradiation
(36 Gy) and subtotally resected. From this resection, the line was established. Both tumors were
classified as GBM (IDH1-neg.). Tumor samples were obtained after patients gave informed consent.
The University Cancer Center (UCT; Universitäres Centrum für Tumorkrankheiten Frankfurt) of the
University Hospital Frankfurt provided the biomaterial after approval of the local ethics committee
(SNO-12-2016). An STR profile was generated for all GS-cell lines using the multiplex STR system for
human identification Power Plex 21® from Promega (Mannheim, Germany) performed by Genolytic
GmbH (Leipzig, Germany) in 2018, except GS-8 GFP-Luc. All cells display a different genotype and
were positively compared to DNA from the original tumor or from very-low passage cells (kindly
provided by K. Lamszus (Department of Neurological Surgery, UKE Hamburg, Germany) except GS-5
GFP-Luc, which is derived from GS-5 and harbors the same genotype as GS-5. All GS-cells were kept in
Neurobasal A Medium (Gibco, Darmstadt, Germany) containing B27 Supplement (Gibco), 100 U/mL
Penicillin 100 μg/mL Streptomycin (Gibco), 1× Glutamax (Gibco), 1× B27 Supplement (Gibco) and
20 ng/mL epidermal growth factor (EGF, Peprotech, Hamburg, Germany) and fibroblast growth
factor (FGF, Peprotech). HEK-293-T, HEK293-Shh and Shh light II were cultured as described [22].
The GS-cells were dissociated using Accutase (Sigma-Aldrich, Taufkirchen, Germany); all other cells
using Trypsin/EDTA (Gibco) to create a single cell suspension prior to seeding. All cells are tested
monthly for mycoplasma using the PCR Mycoplasma Test Kit II (AppliChem, Darmstadt, Germany)
according to the manufacturer’s instructions.

4.2. Compounds

Arsenic trioxide (As2O3, ATO; Sigma-Aldrich) was solved in 1 M NaOH, diluted with PBS
(Gibco) to 0.5 M and solved at 80 ◦C while stirring. The solution was than sterile filtrated and diluted
to 1 mM for long-term storage. An intermediate dilution of 15 mM was used for all consecutive
dilutions. AT-101 ((−)-Gossypol, Bio-Techne GmbH, Wiesbaden–Nordenstadt, Germany), GANT61
(Sigma-Aldrich) and etoposide (Enzo Life Sciences, Lörrach, Germany) were diluted in DMSO (Carl
Roth GmbH, Karlsruhe, Germany).

4.3. SDS-PAGE and Western Blot

Western Blotting was carried out as described previously [69]. After blocking with 5%
BSA/TBS-Tween 20 (TBS-T) or 5% Milk/TBS-T the primary antibodies were incubated overnight in 5%
BSA/TBS-T at 4 ◦C, while secondary goat anti-mouse, goat anti-rabbit or donkey anti-goat antibodies
(dilution 1:10,000, LI-COR Biosciences, Bad Homburg, Germany) were incubated at room temperature
for 1 h. Detection was achieved using a LI-COR Odyssey reader (LI-COR Biosciences).

4.4. Immunofluorescence Microscopy

For immunofluorescent microscopy of GS-5 10,000 to 12,000 cells were seeded on Laminin-coated
8-well chamber slides (Falcon, Corning, Amsterdam, NY, USA). Laminin-coating (10 μg/mL, sigma,
L2020) was performed at 4 ◦C overnight. One day after seeding the cells were treated as indicated
and fixed with 4% paraformaldehyde for 20 min at RT. The slides were washed with TBS-Tween
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(0.1%; TBS-T), blocked with 4% BSA in TBS with 0.3% Triton X-100 for 1 h at RT and primary
antibody incubation occurred at 4 ◦C overnight. Hereafter, the slides were washed at least three
times with TBS-T and secondary antibody was diluted 1:500 in TBS-T and incubated for 1 h at RT.
After an additional wash with TBS-T the slides were mounted with DAPI containing Immunoselect
antifading mounting medium (Dianova, Hamburg, Germany) or Fluoroshield with DAPI (Thermo
Fisher, Frankfurt, Germany). Images were acquired with an Eclipse TS100 inverted fluorescence
microscope (Nikon, Düsseldorf, Germany) operated by NIS Elements AR software (version 3.22,
Nikon) or an AxioImager Z1 (Carl Zeiss, Jena, Germany).

4.5. Antibodies

The following antibodies and dilutions were used: Sox9 (#ab185966, abcam, Cambridge, UK)
1:5000 for western blot (WB); 1:500 for immunofluorescence (IF); Sox2 (#MAB2016, R&D Systems,
Wiesbaden, Germany) 1:1000 (WB) and 1:250 (IF); Olig2 (#AF2418, R&D Systems) 1:10,000 (WB)
and 1:5000 (IF); GAPDH (#CB1001, Calbiochem, Darmstadt, Germany) 1:20,000; CHK1 (#2360, Cell
Signaling Technologies (CST), Frankfurt am Main, Germany) 1:1000; phosphoCHK1 (CST #2348),
1:1000; CHK2 (CST #2662S) 1:1000; Survivin (R&D #AF886) 1:1000; TP53BP1 (NB #100-304, Novus
Biologicals, Wiesbaden, Germany) 1:1000; γH2AFXSer139 (#05-636, clone JBW301, Merck Millipore,
Darmstadt, Germany) 1:1000; F(ab′)2-Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488 (A-11070, Thermo Fisher) 1:500; F(ab′)2-Goat anti-mouse IgG (H + L)
Cross-Adsorbed Secondary Antibody, Alexa Fluor 594 (A-11020, Thermo Fisher) 1:500; F(ab′)2-donkey
anti-goat IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (A-11055, Thermo Fisher)
1:500; donkey anti-goat IgG (sc2042, Santa Cruz, Dallas, TX, USA) 1:10,000.

4.6. Cell-Based Assays

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was basically
performed as described previously [70] and measured on a Tecan Genios or Spark (Tecan, Grödig,
Austria) plate reader at 560 nm. MTT (Sigma-Aldrich) was solved in sterile PBS at 5 mg/mL.
The combination index (CI) [21] was calculated as described previously [71] using CompuSyn
(combosyn.com) software [21]. Cell death was measured using Annexin-V-APC (BD Biosciences,
Heidelberg, Germany) and propidium iodide (PI, Merck) as described previously [69] on a BD Accuri
C6 (BD Biosciences). To measure the sphere forming ability an extended sphere formation assay
(SFA) based on Gilbert et al. [33] was performed. Briefly, 6000 single cells were seeded in 6 well
plates in the presence of the compound indicated and measured after 10, 20 and 30 days (for details
see Figure 5C). Limiting dilution assay (LDA) was performed as described [72] by seeding serial
dilutions of 4 to 500 cells/well for GS-5 GFP-Luc and GS-8 and 8 to 1024 cells/well for 17/02 and
analyzed using extreme limiting dilution analysis (ELDA) software [34]. For DNA damage analyses
the cells were seeded on laminin-coated (10 μg/mL, Sigma-Aldrich) 8-well-chamber-slides (Corning,
Wiesbaden, Germany) and processed as described previously [73]. For GANT-functionality tests using
Shh light II Sonic hedgehog conditioned medium (Shh-CM) or control medium (CoM) was prepared
as described [71]. For the reporter assay 10,000 Shh light II cells were seeded in lumitrac 600 96-well
plates (Greiner bio-one, Frickenhausen, Germany) in culture medium. The next day the medium
was replaced with CoM or Shh-CM and after 24 h the cells were treated as indicated in Shh-CM
for 48 h. Hereafter a dual-luciferase assay (Promega, Mannheim, Germany) was performed per the
manufacturer’s instructions.

4.7. Proteomics

For mass-spectrometry-based proteomics the cells were seeded in 6-well plates at 300,000 cells per
well in triplicates and treated for 24 h. Sample-preparation was performed as described recently [74]
with minor modifications. In brief, a cell lysate was digested in a urea buffer with LysC and Trypsin
after reduction and alkylation of disulfide bonds with DTT and iodoacedamide. Tryptic peptides were
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analysed on a QExactive HF after reversed phase separation on an easy nLC 1200. Data were analysed
with MaxQuant and differentially expressed proteins were identified by MaxLFQ quantification [75]
applying an FDR of 0.05 and an S0 of 0.2 as cut-offs. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE [76] partner repository with the
dataset identifier PXD009249.

4.8. Taqman-Based qRT-PCR

RNA-Isolation was conducted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) in
combination with the QiaShredder Kit or the ExtractMe Total RNA Kit (Blirt S.A., Gdansk, Poland)
according to the manufacturer’s instruction. cDNA-Synthesis was achieved using the SuperScript III
System (Life Technologies, Darmstadt, Germany) according to the manufacturers instruction using
100 U SuperScript per sample. The quantitative Real-Time PCR (qRT-PCR) was performed using 20×
Taqman Probes (Applied Biosystems, Darmstadt, Germany) and 2× Fast-Start Universal Probe Master
Mix (Roche, Mannheim, Germany) on a StepOne Plus System (Applied Biosystems) using the standard
setting. The target gene expression values were normalized to the reference gene TATA-box binding
protein (TBP). A list of all FAM-MGB probes is provided as a Supplemental file (Supplement File 1).

4.9. Adult Organotypic Slice Cultures and Ex Vivo Tumor Growth assay

Adult, organotypic brain slices (OTC) from 8–12 week old C56BL/6JOlaHsd mice were prepared
as recently described [77]. Briefly, the brains were embedded in 2% low-melting agarose (Carl Roth)
and cut on a Vibratome VT1000 (Leica, Wetzlar, Germany) in 250 μm thick transverse sections and
cultured on Millicell cell culture inserts (PICMORG50, Merck) in 6-well plates containing OTC-specific,
FCS-free medium (DMEM/F12, 1× B27, 1× N2-supplement, 1% P/S; all from Gibco). For the ex vivo
tumor growth assay 2000 GFP-Luc positive GS-5 or GS-8 or CellTracker CM Dil-labeled (Molecular
Probes, Thermo Fisher, dilution: 1:1000) 17/02 were grown in u-shaped 96-well plates 4–6 days prior
to OTC preparation in order to generate large spheres. One day after OTC-preparation multiple
spheres were spotted onto the OTCs by careful pipetting. Starting from the next day after spotting
(hereafter defined as Day 1) the OTCs were treated as indicated three times per week by exchanging
the medium. Tumor growth was monitored using a Nikon SMZ25 stereomicroscope equipped with a
P2-SHR Plan Apo 2× objective operated by NIS elements software (version 4.30.02). The tumor area
was measured and processed using FIJI [78]. To generate growth curves each tumor was normalized
to the size of day 1. All animal experiments comply with the ARRIVE guidelines and were performed
in accordance with the German animal protection law authorized by the regional administrative
council (Regierungspräsidium Darmstadt, Germany) to the department of medicine (University
Hospital Frankfurt).

4.10. Statistics

All statistical analyses applying One-ANOVA followed by Tukey Post-Hoc-Tests were performed
using GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA) basically as described previously [71].

5. Conclusions

Glioblastoma recurrence is in part mediated by so-called glioblastoma stem-like cells (GSCs)
that are characterized by expression of stemness marker genes, high Hedgehog and Notch pathway
activity and treatment resistance through enhanced DNA repair. Here, we show for the first time that
arsenic trioxide-mediated Hedgehog/Notch inhibition in combination with the natural anticancer
agent (−)-Gossypol synergistically targets GSCs in part by interfering with DNA double strand break
repair by reducing CHEK1 and CHEK2 expression. The combination of ATO and Gos was also
proven successful in ex vivo models where it could strongly reduce tumor growth and even eliminate
some tumors.
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Figure S1: Synergistic inhibition of viability of glioma stem-like cells with a restricted and full stem-like phenotype
via inhibition of Hh and Notch signaling, Figure S2: Synergistic induction of cell death after combined treatment
with GANT or ATO with Gos, Figure S3: Functionality test of GANT61 using Shh light II, Figure S4: Proteomic
changes after GANT61 and ATO treatment and Taqman-based validation of proteomic hits, Figure S5: ATO,
but not GANT in combination with Gos reduces GSC marker proteins and Hh and Notch pathway activity in
GS-8 and 17/01, Figure S6: GANT or ATO in combination with Gos synergistically induce DNA damage in GSC,
Figure S7: ATO treatment reduces stemness properties of GS-8 in vitro, Figure S8: ATO and Gos treatment reduces
stemness properties of GS-3 and GS-8 in vitro, Figure S9: ATO and ATO/Gos decrease tumor size in adult OTC
transplantation experiments of GS-8 GFP-Luc and 17/02, Supplemental File 1: List of all used TAQMAN-Probes,
A list displaying all used TAQMAN-probes (Applied Biosystems) including the official gene name and the Assay
ID, Supplemental File 2: Significantly changed proteins of the proteomic data set of GS-5, A list displaying the
significantly decreased and increased proteins after treatment with 2.5 μM GANT, 2.5 μM ATO, 5 μM Gos or a
combination of GANT and Gos or ATO and Gos. The list shows the protein names, the official gene name the
–log p value and the log2 difference against solvent treated cells, Supplemental File 3: Enriched GO-terms of
the significantly changed proteins of the proteomic data set, A list displaying the GO pathway ID, the pathway
description, the observed gene count, false discovery rate and the gene names of the proteins after bioinformatics
processing of the proteomic data set (Supplement File 2) using the string platform (string-db.org), Supplemental
File 4: Comparison of the protein lists of GS-5 after treatment with Gos or GANT + Gos or ATO + Gos, A list
displaying the gene names of the proteins that are only changed after treatment with Gos, GANT + Gos or ATO
+ Gos or are changed after two treatment (Gos AND GANT + Gos; Gos AND ATO/Gos; GANT/Gos AND
ATO/Gos) or after all three treatments, Supplemental File 5: Enriched GO-terms of the overlapping proteins
after Gos + GANT/Gos + ATO/Gos treatment and after GANT/Gos and ATO/Gos, A list displaying the GO
pathway ID, the pathway description, the observed gene count, false discovery rate and the gene names of the
proteins after bioinformatics processing of the proteomic data set (Supplement File 2) using the string platform
(string-db.org) of the proteins that are regulated after both GANT/Gos and ATO/Gos treatment or after Gos and
GANT/Gos and ATO/Gos treatment.
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Abstract: Glioblastoma (GBM) has a dismal prognosis and successful elimination of GBM stem
cells (GSCs) is a high-priority as these cells are responsible for tumor regrowth following therapy
and ultimately patient relapse. Natural products and their derivatives continue to be a source for
the development of effective anticancer drugs and have been shown to effectively target pathways
necessary for cancer stem cell self-renewal and proliferation. We generated a series of curcumin
inspired bis-chalcones and examined their effect in multiple patient-derived GSC lines. Of the
19 compounds synthesized, four analogs robustly induced GSC death in six separate GSC lines, with
a half maximal inhibitory concentration (IC50) ranging from 2.7–5.8 μM and significantly reduced
GSC neurosphere formation at sub-cytotoxic levels. Structural analysis indicated that the presence
of a methoxy group at position 3 of the lateral phenylic appendages was important for activity.
Pathway and drug connectivity analysis of gene expression changes in response to treatment with the
most active bis-chalcone 4j (the 3,4,5 trimethoxy substituted analog) suggested that the mechanism
of action was the induction of endoplasmic reticulum (ER) stress and unfolded protein response
(UPR) mediated cell death. This was confirmed by Western blot analysis in which 4j induced robust
increases in CHOP, p-jun and caspase 12. The UPR is believed to play a significant role in GBM
pathogenesis and resistance to therapy and as such represents a promising therapeutic target.

Keywords: cancer stem cell; endoplasmic reticulum stress; glioblastoma multiforme; unfolded
protein response; curcumin; bis-chalcones; brain tumor; glioblastoma stem cell

1. Introduction

Glioblastoma (GBM) is one of the worst diagnoses that a person can receive, with an average
survival time of approximately 12–15 months [1]. It is the most common and malignant form of primary
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brain cancer and is currently treated with surgery to remove the tumor followed by radiotherapy with
concurrent chemotherapy. It is a highly invasive cancer, invading into the normal tissue surrounding
the tumor, making a total resection virtually impossible. Despite an enormous effort to identify the
genetic and epigenetic alterations and develop molecularly targeted therapies, the outcome has not
significantly improved in over fifteen years since the introduction of the Stupp protocol, which is the
addition of the DNA alkylating agent temozolomide to the standard of care, affording patients an
additional 2–3 months of survival [2]. Ultimately however, the tumor recurs and the patient succumbs
to the disease. Treatment failure has been attributed to the highly invasive nature of these tumors as
well as the presence of treatment resistant glioblastoma stem-like cancer cell also known as tumor
initiating cells or glioblastoma stem cells (GSCs) [3].

The stem cell theory of carcinogenesis postulates that a small proportion of tumor cells are
responsible for driving tumor growth, by giving rise to additional cancer stem cells as well as more
differentiated progeny, contributing to tumor heterogeneity. The role of GSCs has been elegantly
illustrated in cell lineage studies, which demonstrated the tumor recurrence following treatment
was in fact due to GSCs in GBM mouse models [3]. Therefore, for long-term cures, treatments must
successfully target GSCs. Multiple signaling pathways have been implicated in GSC self-renewal and
therapy-resistance [4]; however, effective clinical therapies remain elusive.

It is now becoming more evident that the adaptive response known as the unfolded protein
response (UPR) plays a major role in the development and progression of several cancers including
GBM [5–8]. GBM is a fast growing tumor, often outgrowing its blood supply resulting in hypoxia,
nutrient deprivation and acidosis. In addition to these extrinsic stresses, GBM cells are subject to
intrinsic stresses including oncogene pathway activation and an increased demand for protein synthesis
and folding. The endoplasmic reticulum (ER) plays a critical role in protein folding and secretion; and
cellular stress can perturb the normal protein homeostasis leading to the accumulation of unfolded or
misfolded proteins. In response to this stress, cells initiate the unfolded protein response (UPR), an
adaptive response that aims to restore ER proteostasis. The UPR consists of three signal transduction
pathways initiated by ER resident proteins, inositol requiring enzyme 1 (IRE1), double-stranded
RNA-activated protein kinase (PKR)–like ER kinase (PERK), and activating transcription factor 6
(ATF6) and activation of these pathways is the attempt to mitigate, and reverse ER stress by promotion
of protein degradation, decrease in global protein synthesis and upregulation of the expression of
specific UPR downstream genes such as molecular chaperones and foldases to aid in protein folding.
However, if the ER stress cannot be resolved, the UPR switches from adaptation and cell survival to the
induction of apoptosis and cell death. Specifically, the convergence of the aforementioned pathways is
actuated by the multi-functional transcription factor CCAAT-enhancer-binding protein homologous
protein (CHOP), which plays a key role in ER stress induced cell death [9]. Evidence is accumulating
and suggesting that the UPR plays an important role in GBM growth and progression, and supports
tumor cell survival response to radiotherapy and chemotherapy and as such represents a promising
therapeutic target [9].

Natural products and their derivatives have long provided a diverse source of new medicinal
leads, especially in the development of anti-cancer drugs [10]. One of the most studied natural products
is curcumin, which is a bioactive component of the popular Indian spice turmeric. Curcumin has
shown anti-cancer properties for multiple cancers including GBM [11–13]. Specifically, curcumin has
been shown to downregulate many cellular pathways critical for cancer stem cell self-renewal [14].
We previously demonstrated that curcumin caused GSC death by inducing reactive oxygen species
(ROS) and downregulation of STAT3 activity [15]. However, a major obstacle to curcumin therapy is
its poor bioavailability. Even at high oral doses (8 g/day), curcumin peak plasma levels are below
2 μM [16]. Attempts to increase plasma levels resulted in the development of different formulations
including, theracurmin®, curcumin within N-trimethyl chitosan coated solid lipid nanoparticles or
nano-emulsions encapsulating curcumin which demonstrated to increase peak plasma levels up to
12.6 μM in rodent models [17–19]. An alternate approach is to design curcumin structural analogs to
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optimize specific chemotherapeutic properties. Specifically, chalcones, both synthetic and natural, have
demonstrated anti-glioma effects by multiple mechanisms. [20–22]. Recently, symmetric bis-chalcones
were demonstrated to be potent inhibitors of the breast cancer resistance protein (BCRP/ABCG2);
however, the anti-cancer effects of bis-chalcones have not been investigated in GBM [23]. Here, we
generated a series of curcumin inspired bis-chalcone derivatives and examined their effect on GBM
stem cells (GSCs). Patient derived GSCs have been shown to recapitulate the original tumor upon
transplantation into mice confirming their reliability as an in vitro model system. [24].

2. Results

2.1. Bis-Chalcone Synthesis

The synthesis of bis-chalcones 4a–4s is outlined in the following reaction scheme (Figure 1).
The bis-chalcones were prepared by a base-catalyzed Claisen–Schmidt condensation between
2,6-diacetylpyridine (1 equivalent) and the appropriate aryl aldehyde (2.1 equivalents) using either
method a or b. Bis-chalcones 4a, 4d, 4f [25], 4g [26] 4l [27] and 4p [28] were previously cited in the
literature. More detailed description of the synthesis along with the spectral data for each compound
can be found in the experimental section of the Supplemental Materials.

Figure 1. Reaction scheme for the synthesis of bis-chalconesa. aReagents and conditions: (a) 20%NaOH,
MeOH, RT; (b) cat. Piperidine, MeOH, ref lux; (c) Trifluoroacetic acid/conc. HCl, Dichloromethane.

2.2. Bis-Chalcones Reduce Viability in GSCs

We previously found curcumin induced GSC death with an approximate IC50 of 25 μM.
To determine if these bis-chalcones were more cytotoxic than curcumin, GSC lines Glio3, Glio9 and
Glio38 were treated with increasing concentrations of each analog and viability was determined 72 h
later by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- tetrazolium)
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MTS assay. The percent viable cells for concentrations of 0.1 μM, 1 μM and 10 μM are shown in Figure 2.
Interestingly, 10 μM of 4a and 4e (Figure 2a) induced robust cell death in Glio9, to approximately 6%
and 45% of non-treated cells respectively, but only slightly reduced cell viability in the remaining two
cell lines. On the other hand, 4r (Figure 2d) significantly reduced viability in all cell lines, although not
all below 50% viability (approximately 20%–62% compared to non-treated controls). Morphological
examination of Glio3 (62% viability) suggested that 4r might promote GSC differentiation as well as cell
death as indicated by the loss of neurospheres and the corresponding increase in a more differentiated
phenotype (Supplementary Figure S1). Bis-chalcone 4g (Figure 2b) reduced viability by more than
50% in Glio38 but was less effective in Glio3 and Glio9. At a concentration of 10 μM, bis-chalcones 4c
(Figure 2a: blue), 4h and 4j (Figure 2b: orange and red), 4m and 4n (Figure 2c: dark blue and green)
reduced cell viability below 50% compared to non-treated controls (100% viability) in all three GSC
lines; Glio3, Glio9 and Glio38 (arrows).

 
Figure 2. Bis-chalcones reduce GSC viability. GSC lines Glio3, Glio9 and Glio38 were treated with
0.1 μM, 1 μM, or 10 μM of each bis-chalcone analog and viability determined by MTS assay. The data
is presented as percent viability compared to non-treated controls. * p < 0.05, compared to non-treated
controls. Arrows indicate bis-chalcones that reduced viability over 50% at the 10 μM in all three GSC
lines. (a) bis-chalcones 4a–4e; (b) bis-chalcones 4f–4j; (c) bis-chalcones 4k–4o; (d) bis-chalcones 4p–4s.

2.3. Bis-Chalcones 4c, 4h, 4j and 4n Substantially Reduce Viability in Six GSC Lines

Since we are interested in finding an analog that is substantially more potent than curcumin and
demonstrates efficacy across multiple GSC lines, we chose to continue further analysis only with the
analogs in which upon treatment with 10 μM decreased the viability over 50% in all three cell lines
compared to non-treated controls (arrows, Figure 2). To confirm the GSC cytotoxicity of bis-chalcones
4c, 4h, 4j, 4m and 4n, we treated three additional GSC lines, Glio4, Glio11, and Glio14, with increasing
concentrations of each analog and determined cell viability. Similar to previous results, 4c, 4h, 4j and
4n induced robust cell death in the three additional GSC lines. The structures and IC50 for these
analogs are shown in Figure 3a,b, respectively. Previously, we determined that the IC50s for curcumin
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were as follows: Glio3 25.5 ± 2.7 μM, Glio4 39.5 ± 5.4 μM, Glio9 22.5 ± 1.7 μM, Glio11 20.3 ± 3.7 μM,
and Glio14 13.9 ± 5.0 μM [15]. Overall, on average, these analogs were approximately 5–10 fold more
cytotoxic than curcumin, with 4j, the 2,6-di-[3-(3,4,5-trimethoxyphenyl)propenoyl]pyridine, having
the lowest IC50. (Glio3 3.37 ± 0.9 μM, Glio4 2.32 ± 0.6 μM, Glio9 2.51 ± 0.4 μM, Glio11 2.73 ± 0.5 μM,
and Glio14 2.52 ± 0.8 μM, Glio38 2.58 ± 0.9). Interestingly, 4m induced robust loss of cell viability in
two additional cell lines (Glio11 and Glio14) but to a much lesser extent in Glio4. This is consistent
with our previous data demonstrating that, among the five GSC lines examined, Glio4 was the
most resistant to curcumin. Percent viability and the IC50 of 4m for Glio4, Glio11 and Glio14 are
shown in Supplementary Figure S2a,b, respectively. Taken together, these data suggest that the
genetic or epigenetic differences between the various GSC lines may regulate the susceptibility to
the bis-chalcones.

 
Figure 3. Bis-chalcones 4c, 4h, 4j, 4n induces robust cell death in 6 GSC lines. (a) structures of 4c, 4h, 4j,
and 4n; (b) IC50 of each bis-chalcone for Glio3, Glio4, Glio9, Glio11, Glio14 and Glio38.

2.4. Bis-Chalcones Reduce Neurosphere Formation at Sub Cytotoxic Levels

We previously demonstrated that 2.5 μM curcumin, a 10-fold lower dose than the average
IC50, could significantly interfere with GSC neurosphere formation, suggesting an inhibition of GSC
self-renewal properties [15]. To determine the effect of the bis-chalcones on neurosphere formation,
GSC lines, Glio3 and Glio38, were dissociated and 50–100 single cells/well were plated into 96-well
plates, treated with each analog at 100 nM, 250 nM and 500 nM concentrations and the number of
neurospheres counted 14 days later. Sub cytotoxic levels of each bis-chalcone significantly reduced
neurosphere formation in both cell lines (Figure 4). Consistent with the viability results, bis-chalcone
4j was the most effective, virtually eliminating sphere formation at concentrations as low as 250 nM.
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Figure 4. Bis-chalcones 4c, 4h, 4j, 4n significantly reduce neurosphere formation. GSCs Glio3 and
Glio38 were plated as single cells in 96-well plates and treated with increasing concentration of 4c,
4h, 4j, 4n (100 nM, 250 nM or 500 nM) and the number of neurospheres counted on day 14. Data is
presented as percent neurospheres relative to non-treated controls. (a) Glio3; (b) Glio38. * p < 0.05.

2.5. Bis-Chalcone 4j Does not Substantially Reduce p-Stat Activity

We and others have shown that curcumin induces anti-cancer effects via STAT3 inhibition [15,29].
To determine if the mechanism of the most active bis-chalcone, 4j, is similar, we investigated the levels
of STAT3 phosphorylation at tyrosine 705 (p-STAT3) and total STAT3 in Glio3 and Glio38 in response
to either 5 μM bis-chalcone 4j as well as 4c and 4n. However, unlike curcumin, the bis-chalcones did
not substantially reduce p-STAT3 levels suggesting an alternate mechanism of action. Bis-chalcones
did, however, induce caspase activity, indicating activation of an apoptotic pathway (Supplemental
Figure S3).

2.6. Bis-Chalcone 4j Induces Gene Expression Changes Consistent with ER Stress and UPR

To more extensively study the mechanism of action of 4j, we proceeded with profiling its
transcriptional impact on Glioblastoma cells. For this, the GSC lines Glio9, Glio11, Glio14 and Glio38
were treated with 2.5 μM bis-chalcone 4j or, for comparison, bis-chalcone 4n and curcumin for 24 h
and mRNA were collected for gene expression profiling using the L1000 Platform [30].

2.6.1. Bis-Chalcones 4j Induces a Greater Transcriptional Impact Compared to 4n or Curcumin

We then calculated the Transcriptional Activity Score (TAS) for each treatment and compared the
results among the different conditions. TAS is a quality metric developed for the L1000 gene expression
data that quantifies the strength and reproducibility of the transcriptional changes induced by a
perturbation [30]. As shown in Figure 5a, bis-chalcone 4j elicited the strongest transcriptional response
among the four GSC lines tested (Average TAS = 0.388). Moreover, curcumin exhibited the lowest
transcriptional response among the three compounds with an average TAS of 0.285. By comparing our
results to CLUE (https://clue.io), an external L1000 database, we observed that curcumin exhibits a
similar weak transcriptional response in non-glioblastoma cancer cell lines (TAS = 0.21).

2.6.2. Bis-Chalcone 4j Induces a Transcriptional Signature Consistent with ER Stress

To identify genes that differentially regulated across all four glioblastoma cell lines, we calculated
the Transcriptional Consensus Signature for each compound, as previously described (Table S1
in expression profiling data section of the Supplemental Materials) [31]. The upregulated and
downregulated genes of each compound were then used to perform a functional enrichment analysis
using the online annotation tool DAVID [32]. As shown in Figure 5b, the transcriptional signature of
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4j is enriched in terms related to ER stress response, including “chaperone”, “stress response” and
“response to unfolded protein”. No obvious discernable pathway was evident for bis-chalcone 4n or
curcumin at the concentration tested.

Figure 5. Bis-chalcone 4j elicits a high transcriptional response. (a) GSCs Glio9, Glio11, Glio14 and
Glio38 were treated with 2.5 μM bis-chalcone 4j, 4n or curcumin for 24 h; RNA was collected and
processed by the L1000 Platform. The Transcriptional Activity Score (TAS) for each condition was
calculated from the resulted L1000 gene expression data; (b) Bis-chalcone 4j induces a transcriptional
signature consistent with ER stress. For each compound, a Transcriptional Consensus Signature was
calculated from the L1000 gene expression profiling data and subjected to functional enrichment
analysis using DAVID.

2.6.3. Bis-Chalcone 4j Induce Similar Transcriptional Responses only in the Neurosphere Cell Lines

The Transcriptional Consensus Signature was generated by aggregating across all four GSC lines;
however, we also wanted to evaluate whether there were cell-specific transcriptional responses to the 4j,
4n, and curcumin treatments. For this, we created cell-specific gene expression signatures that would be
indicative of a cell’s transcriptional response to a treatment. This signature was created by computing
the median gene expression across all biological replicates for a particular GSC line–compound pair. We
then performed the same functional enrichment analysis as above (filtered genes with |z-score| >= 1).
As shown in Figure 6a, we observed that three (Glio11, Glio14 and Glio38) out of the four cell lines
treated with bis-chalcone 4j were enriched in stress response terms similarly to Figure 5b; however,
Glio9 followed a different transcriptional response. Interestingly, Glio11, Glio14 and Glio38 were
derived from treatment naïve tumors and grow as neurospheres, whereas Glio9 was derived from a
recurrent tumor and grows adherently. The functional enrichment analysis for bis-chalcone 4n and
curcumin can be found in the expression profiling data of Supplementary Materials.
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Figure 6. Bis-chalcone 4j induce similar transcriptional responses only in the neurosphere cell
lines. (a) The individual gene expression signatures for each condition were subjected to functional
enrichment analysis using DAVID and the significant (p-value < 0.05) enrichment terms were ranked
based on the numbers of cells that were enriched in them; (b) Drug connectivity analysis of 4j indicates
ER perturbation of neurosphere cells. Drug connectivity scores were determined by comparing the 4j,
4n and Curcumin transcriptional response to 2911 compounds, part of the CLUE Touchstone dataset.
Hierarchical clustering was performed on the 50 most connected compounds for each condition. Glio11,
Glio14 and Glio38 cluster together and are highly connected to heat shock protein HSP inhibitors
(green). Glio9 was highly connected to estrogen inhibitors (orange).

2.6.4. Drug Connectivity Analysis of 4j Supports ER Perturbation of Neurosphere Cells

We further validated the difference in the transcriptional response of Glio9, Glio11, Glio14 and
Glio38 after bis-chalcone 4j treatment by evaluating their connectivity to other compounds in the CLUE
reference dataset (Touchstone), a dataset consisting of cellular signatures representing systematic
perturbations of small-molecule and genetic perturbations. The cell-specific gene expression signatures
were used as input in the CLUE tool and for each signature we extracted the 50 most connected/similar
compounds (out of a total of 2911 reference CLUE compounds). We then plotted the corresponding
Connectivity Scores in Figure 6b. The differential response to treatments was more prominent in the
case of 4j, where we can see that the Glio14, Glio38 and Glio11 signatures are highly connected to
compounds in Cluster 2 and 3 and the Glio9 signature is highly connected to compounds in Cluster
1. Moreover, by examining the mechanisms of action of the compounds in each Cluster, we noticed
that the Glio14, Glio38 and Glio11 signatures were highly connected to heat shock protein (HSP)
inhibitors (Cluster 2), while the Glio9 signature was highly connected to estrogen inhibitors (Cluster 1).
Drug connectivity analysis for bis-chalcone 4n and curcumin can be found in the expression profiling
data of the Supplementary Materials.

2.7. Bis-Chalcone 4j Induces Robust Expression of CHOP and Promotes JNK and Caspase 12 Activity

The above analysis indicates that 4j cytotoxicity may be mediated through the ER stress induced
UPR response. The UPR is an adaptive mechanism initiated in response to ER stress. To confirm
that bis-chalcone 4j was inducing the UPR, we examined UPR markers in the GSCs that grow as
neurospheres (glio3, 14 and 38) by Western blot analysis. Consistent with the transcriptional response
and drug connectivity data, 4j induced robust increase in the protein levels of UPR markers including
CHOP, p-jun at serine 73 (indicative of the stress activated kinase c-Jun N-terminal kinase (JNK)
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activity) and caspase 12 only in the neurosphere cell lines. No obvious increase in glucose related
protein 78 (GRP78), a molecular chaperone important for mediating cell adaptation and survival in
response to ER stress, was observed (Figure 7a,b). The other analogs examined either failed to induce
protein expression or did so at a much lower level compared to 4j, indicating that 4c, 4h, 4n induce GSC
death, at least in part, by an alternate mechanism. All analogs however induced Poly (ADP-ribose)
polymerase (PARP) cleavage suggestive of apoptotic cell death. As expected, 4j treatment did not
result in an increase in CHOP or caspase 12 in Glio9. Bis-chalcone 4j did, however, induce a small
increase in p-jun compared to non-treated controls; however, this was much less than that observed in
the neurosphere cells or what was observed in response to curcumin (Figure 7c).

 

α α α

α α α

α

α

Figure 7. Western blot analysis indicates that 4j induces robust ER stress and UPR in neurosphere cells.
Glio3, Glio9, Glio14 and Glio38 were treated with 5 μM of bis-chalcones 4c, 4h, 4j, and 4n for 8 or 24 h
and subjected to Western blot analysis. Levels of GRP78, CHOP, p-jun, jun, were examined at 8 h.
Levels of caspase 12 and cleaved PARP were examined at 24 h. α-tubulin serves as a loading control.
(a) levels of ER stress/UPR markers at eight hour in the neurosphere cell lines; (b) levels of apoptosis
indicators at 24 h in the neurosphere cell lines; (c) levels of ER stress/UPR markers in the adherent
Glio9 cell line.

2.8. Bis-Chalcone 4j Demonstrates Reduced Toxicity to Non-Cancer Stem Cells

To determine the cytotoxicity of bis-chalcone 4j in a non-cancer stem cell line, we treated human
mesenchymal stem cells (MSCs) with increasing concentrations of 4j (0.1–10 μM) and examined
viability at 72 h as previously described. Compared to GSCs, the cytotoxicity induced by treatment
was substantially lower, with an estimated IC50 of 13.1 μM (Supplemental Figure S4), suggesting a
selective targeted effect of 4j towards GSCs.
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3. Discussion

Despite an aggressive treatment regimen, the prognosis for GBM patients remains dismal.
This poor outcome has in part been attributed to the presence of a small number of treatment resistant
cells that are responsible for tumor recurrence and patient relapse. Cancer stem cells and cancer
cells, in general, have an innate ability to adapt to extracellular stress (hypoxia, acidosis, nutrient and
oxygen deprivation, etc.) and intracellular stress (ROS, oncogenic signaling pathways, etc.). Cellular
stresses can result in a loss of protein homeostasis in the ER, prompting the activation of the UPR
that consists of three different parallel signaling pathways initiated by ER resident transmembrane
proteins, PERK, IRE1) and ATF6. Activation of these pathways aims to restore ER protein homeostasis
by attenuating protein synthesis, upregulating the expression of specific protein chaperones to aid in
protein folding and to stimulate ER associated protein degradation. However, if protein homeostasis
cannot be restored, the UPR initiates apoptosis via the activation of the transcription factor CHOP.
CHOP regulates the expression of both pro-survival and pro-cell death BCL-2 family members [33].
In addition, IRE1 mediated JNK activation has been shown to play an important role in ER stress
mediated cell death by promoting mitochondrial-mediated cell death [34,35]. Lastly, ER localized
Caspase 12 has been shown to mediate ER stress cell death as caspase-12-deficient mice were resistant
to ER stress-induced apoptosis [36].

Of the 19 bis-chalcones synthesized and tested, only four (4c, 4g, 4j and 4n) significantly reduced
GSC viability across a panel of six genetically distinct GBM patient-derived cancer stem cell lines with
IC50s in the very low micromolar range (2.3–5.8 μM), considerably less than the previously reported
IC50 for curcumin of approximately 25 Mm [15]. Our results indicate that a methoxy group (−OCH3)
at the 3 position of the phenylic side appendages is important for inducing GSC death. In fact, at
10 μM, bis-chalcones 4c, 4e, 4g, 4h, 4j, 4m, 4n, and 4r reduced GSC viability to below 50% of non-treated
controls in at least one cell line. Similarly, the methoxy group on the curcumin scaffold has been shown
to be important for its biological activities [37,38]. Although bis-chalcone 4o possesses a methoxy
group at the 3 position, it appears that its activity is compromised by the lipophilic benzyloxy moiety
at position 4. Furthermore, it has been shown that the introduction of additional methoxy groups
on the aromatic rings enhanced the anticancer effect on multiple cancer cell lines [39]. In analogy,
we found that bis-chalcones containing multiple methoxy groups on the phenyl rings could be very
cytotoxic. The most effective bis-chalcone was the 3,4,5 trimethoxy substituted analog (4j); however,
the 2,4,5 trimethoxy substituted analog (4s), lacking substitution at position 3 was ineffective.

Bis-chalcone 4j induced robust cell death in all GSC lines with IC50 ranging from 2.3 μM (Glio4)
to 2.7 μM (Glio11). Furthermore, 4j significantly reduced neurosphere formation at concentrations as
low as 100 nM and virtually eliminating neurosphere formation at 250 nM suggesting modulation of
GSC self-renewal properties. Pathway analysis of expression profiles generated using L1000 assay
indicated that 4j treatment induced a stress response consistent with ER stress/UPR in the GSCs that
grow as neurospheres but not in the GSC that grows adherently. Furthermore, drug connectivity
analysis using the Clue compound database indicated that the signatures were highly connected to
HSP inhibitors for the neurosphere cell lines, which is consistent with the pathway analysis, as HSP
inhibition is associated with ER stress and UPR [40]. Consistent with these findings, Western blot
analysis demonstrated that 4j induced robust induction of CHOP, p-jun (indicative of JNK activity)
and caspase 12.

A putative mechanism by which bis-chalcone 4j is inducing ER stress in the neurospheres cells
may be by directly increasing the number of misfolded proteins in the ER. Like curcumin, 4j is
electrophilic. In fact, the presence of the pyridine ring between the two carbonyls makes the dienones
more electrophilic, i.e., more reactive. Electrophiles (electron deficient) target electron rich nucleophiles
such as side chains of the amino acids cysteine, histidine and lysine. One of the major modifications
occurring in the ER is the formation of disulfide bonds, which stabilizes the newly formed protein [41].
It is possible that the reactive bis-chalcone is inducing ER stress by disrupting the formation of disulfide
bonds between the thiol groups of the cysteine residues by forming a carbon-sulfur bond (Michael
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adduct formation). This disruption leads to an accumulation of unfolded proteins and, thus, ER stress
similar to that of arylating quinones [42]. Additionally, it has been shown that GBM cells display
a higher antioxidant capacity compared to normal cells, particularly higher level of Glutathione
Reductase (GSR) and Glutathione (GSH) were detected [43]. Such elevated levels have been linked
to the well-known GBM resistance to standard treatment with Temozolomide. It is then conceivable
that the subtle chemical reactivity of our bis-chalcones could be targeting these antioxidants species
(GSR, GSH), which would, in turn, lead to an increase in reactive oxygen species and, ultimately, ER
stress [44].

However, the induction of ER stress/UPR was observed only in the neurosphere cell lines and
not the adherent cell line, Glio9. Drug connectivity analysis indicated that 4j might induce cell death in
Glio9 similar to that of estrogen inhibition. One potential connection of the UPR to estrogen signaling
is the IRE1/XBP1 signaling pathway. Activated IRE1 cleaves XBP1 mRNA leading to the translation of
a highly active transcription factor. The estrogen receptor antagonist, fulvestrant, was demonstrated to
downregulate the IRE1/XBP1 signaling pathway in prolactinoma cells [45]. Conversely, Minchenko et
al. recently demonstrated that IRE1 inhibition modulates the expression of genes encoding estrogen
related proteins in glioma cells [46]. Recent data supports a role for IRE1/XBP1 in glioblastoma
development and progression and as such a promising therapeutic target [47,48]. Glio9 was derived
from a recurrent tumor, previously treated with both chemotherapy and radiation; therefore, it is
not inconceivable that these cells would respond differently compared to cells generated from naive
tumors. Regardless, our bis-chalcones, in particular 4j, induced robust cell death in all GSC lines
examined. Moreover, our analogs obey Lipinski’s rule of 5, an important “benchmark test” in drug
development, suggesting the likely oral bioavailability of such compounds [49]. Our encouraging
results support 4j as a potential therapeutic lead for the development of a novel drug for the treatment
of this deadly disease.

4. Materials and Methods

4.1. Chemistry

All reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA) and were used directly
without further purification. 1H- and 13C-NMR spectra were recorded at 500 and 125 MHz on Bruker.
The spectra were referenced to the residual protonated solvents. Abbreviations such as s, d, t, m, br, and
dd used in the description denote singlet, doublet, triplet, multiplet, broad, and double doublet, respectively.
The chemical shifts and coupling constants were reported in parts per million (ppm) and hertz (Hz),
respectively. High-resolution mass spectra were obtained on Bruker micrOTO-Q II mass spectrometer
(Bruker, Billerica, MA, USA). The NMR and mass spectrometry data for the synthesized compounds
are provided in the supplemental document. All intermediate and final products were monitored
by thin layer chromatography (TLC) on 250 μm silica plates. Where applicable, the compounds
were recrystallized from the proper solvent or purified by flash column chromatography on silica gel
(200–300 mesh) with ethyl acetate/hexanes (1:1) as eluant.

The synthesis of bis-chalcones 4a–4s is outlined in Figure 1. The bis-chalcones were prepared by
the Claisen–Schmidt condensation between 2,6-diacetylpyridine (1 equivalent) and the appropriate aryl
aldehyde (2.1 equivalents) using either method a or b as shown. The reaction monitored by TLC. Upon
completion, the reaction mixture was diluted with water and the solid formed was collected by vacuum
filtration. The bis-chalcone was either purified by flash column chromatography or recrystallization.
All the compounds were characterized by NMR (Nuclear Magnetic Resonance) Analysis and EI-HRMS
(Electrospray Ionization-High Resolution Mass Spectrometry, Bruker, Billerica, MA, USA) Analysis.
MOM-protected derivatives of 4-hydroxybenzaldehyde and vanillin were synthesized according to
literature procedures [50]. More detailed description of the synthesis for each compound can be found
in the Supplemental Materials.
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4.2. Cell Culture

GSC lines Glio3, Glio4, Glio9, Glio11 and Glio14 have been previously described [15]. With
Institutional Review Board (IRB) approval (number 20060858), the Glio38 cell line was derived from
a patient’s resected tumor after receiving written consent. Briefly, tumor samples were physically
and enzymatically digested and single cells were plated in DMEM/F12 3:1 supplemented with
20 ng/mL each of epidermal growth factor (EGF) and fibroblast growth factor (FGF), 2% Gem21 and
1% Penicillin/Streptomycin (P/S) to promote the growth of glioblastoma stem-like cells. Similar to the
other neurosphere cell lines Glio3, Glio4, Glio11 and Glio14, Glio38 cells grew as neurospheres and
expressed the putative GBM stem cell markers; cell surface proteins CD133 and A2B5, intermediate
filament Nestin, RNA binding protein Musashi, oncogene BMi-1 and the transcriptional regulator
Sox2 (Supplemental Figure S5). Glio9 was derived from a recurrent, post therapy, tumor and grows
adherently and fails to express Sox2. [15] Human MSCs were obtained from Thermo Fisher Scientific
(Waltham, MA, USA) and maintained in MEM supplemented with 20% fetal bovine serum (FBS)
and 1% P/S. Our cell lines were routinely tested for mycoplasma using LookOut mycoplasma PCR
detection kit (Sigma Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions and
maintained at 37 ◦C in a humidified 5% CO2 incubator.

4.3. Drug Treatment

The bis-chalcones were dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 mM,
vortexed and subsequently diluted 1:10 to obtain 1 mM and 0.1 mM stock concentrations. Viability
was determined using the CellTiter 96®Aqueous One Solution Cell Proliferation Assay (MTS) assay
(Promega Madison, WI, USA) as previously described [15]. Briefly, GSCs were seeded into 96-well
plates using a modified neurosphere media containing 5% FBS at a density of 5000–10,000 cells per
well, depending on the cell line. Cells were treated with increasing concentrations (0.1–10 μM) of each
curcumin analog for 72 h. Media was aspirated and 100 μL of a 1:5 solution of MTS to cell culture
media was added to each well and incubated for 1–4 h. Optical density was measured at 490 nm
using a BoiTek Synergy HT plate reader (Biotek, Winooski, VT, USA). Viability of drug treated cells is
expressed as the percent viable cells relative to non-treated cells (100% viability). Experiments were
done in triplicate.

4.4. Neurosphere Forming Assay

To determine the effect of the curcumin analogs on stem cell activity, neurosphere assays were
performed as previously described [15]. Briefly, single cells were seeded at 50–100 cells per well in
a 96-well plate and treated with 100 nM, 250 nM or 500 nM bis-chalcones on day 0. Spheres greater
than 50 microns were manually counted under microscopy on day 14. All experiments were done
in triplicate.

4.5. RNA Analysis

To determine the molecular mechanism of bis-chalcone induced cell death, we exposed Glio11,
Glio14 and Glio38 as neurospheres as well as the adherent Glio9 to 2.5 μM of bis-chalcones 4j, 4n or
2.5 μM curcumin (for comparison) and RNA was extracted 24 h later. Neurospheres were collected,
spun down, washed with sterile PBS and RNA harvested using RNeasy Mini kit (Qiagen, Valencia, CA,
USA) as per the manufacturer’s instructions. For the adherent culture, Glio9, cells were collected using
accutase (Gemini), spun down, washed and RNA isolated as described above. RNA concentration was
determined using Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) and
subsequently aliquotted for gene expression profiling. For Glio9, Glio14 and Glio38, three biological
replicates each with four technical replicates were analyzed. For Glio11, two biological replicates each
with six technical replicates were analyzed. Transcriptional profiles were generated by the LINCS
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Project, which utilizes a novel gene expression profiling method that measures the expression of
978 representative landmark transcripts [30].

4.5.1. Transcriptional Impact

Transcriptional Consensus Signatures (TCSs) for each compound were calculated as described
previously [24] using the Level 4 population-normalized L1000 data. Briefly, the TCSs quantify the
genes that are consistently over/under expressed in multiple cell lines after a compound treatment.

4.5.2. Functional Enrichment Analysis

Functional enrichment analysis was performed using the Functional Annotation Chart tool in
David [25]. The median gene expression was calculated between biological replicates of the Level 5
L1000 data and genes with a |z-score| >= 1 were used as input in DAVID.

4.5.3. CLUE Analysis

Connectivity Scores between the CLUE Touchstone (Reference) perturbagens were calculated
using https://clue.io/. Hierarchical clustering (complete linkage, Euclidean distance) was performed
on the 50 highest connected compounds for each condition (cell line treated with drug).

4.6. Western Blot Assay

Our protocol for Western blot assays has been described previously [51]. Cells were treated
with 5 μM bis-chalcones or curcumin for 8 or 24 h cells are lysed with a RIPA buffer (1% sodium
deoxycholate, 0.1% Sodium dodecyl sulfate (SDS), 1% Triton X-100, 10 mM Tris pH 8 and 140 mM
NaCl) supplemented with 250 units per ml Benzonase, 1 mM dithiothreitol and phosSTOP phosphatase
inhibitor cocktail and a cOmplete protease inhibitor cocktail (both from Roche, Indianapolis, IN, USA).
Protein concentration determined using a bicinchoninic acid (BCA) protein assay (Thermo Scientific,
Waltham, MA, USA), and 20 μg of protein was loaded onto 8, 12 or 15% polyacrylamide gels
(BioRad Hercules, CA, USA) gels for electrophoresis and subsequently transferred onto nitrocellulose
membranes. Membranes are incubated overnight with primary antibodies, washed and incubated with
HRP conjugated secondary antibodies for 1 hour. Bands were visualized using Super-Signal™ West
Pico Chemiluminescent Substrate (Thermo Scientific Waltham, MA, USA). Anti-C/EBP homologous
protein (CHOP), anti-78 kDa glucose-regulated protein (GRP78), anti-caspase 12, anti-phospho c-jun
(Ser63), anti-c-jun, anti-signal transducer and activator of transcription 3 (STAT3), anti-phospho-STAT3
(Tyr705), anti-poly ADP ribose polymerase (PARP) and anti-cleaved caspase 3 were all obtained from
Cell Signaling Technology (Danvers, MA, USA). Anti-α-tubulin was obtained from Abcam (Eugene,
OR, USA).

4.7. Statistical Analysis

Significance was determined using Student’s t-tests for all pairwise comparisons of the different
treatments that were tested. The results are presented as the mean± standard error mean (SEM).
Significance was set at p < 0.05.

5. Conclusions

Despite advances in neuroimaging and neurosurgical techniques, and an abundance of research
aimed at understanding and targeting cell-signaling pathways driving GBM pathogenesis, GBM
remains one of the most lethal brain tumors. The UPR is an adaptive mechanism initiated to mitigate
ER stress resulting from the tumor microenvironment, oncogene activation, rapid cell proliferation
as well as anti-cancer therapies. Specifically, the UPR plays a role in temozolomide and radiotherapy
resistance in GBM [52,53]. However, if protein homeostasis cannot be restored, the UPR induces cell
death. Here, we discovered a novel bis-chalcone (4j) capable of “weaponizing” the UPR to promote
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GBM stem cell death. Targeting the UPR is a novel strategy for treating this deadly disease and 4j is a
promising lead compound for drug development.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/3/357/s1,
Figure S1: Bis-chalcone 4r promotes morphological changes consistent with cell differentiation. Glio3 cells were
treated with 10 μM bis-chalcone 4r for 3 days and examined by light microscopy. Arrows indicate neurospheres in
non-treated cells, Figure S2: Bis-chalcone 4m induced cell death in 3 additional GSC lines. (a) Percent viability of
bis-chalcone 4m treated Glio4, Glio11, and Glio14 cell lines. * p < 0.05 compared to non-treated controls; (b) IC50
of 4m for each cell line tested, Figure S3: Bis-chalcones do not substantially reduce STAT3 activity. Glio3 and
Glio38 were treated with 5 μM of 4c, 4j and 4n and harvested 8 h later. Levels of p-STAT3, STAT3, cleaved caspase
3 were examined by Western blot analysis, Figure S4: Bis-chalcone 4j is less toxic to human MSCs. MSCs were
treated with 0.1 μM–μ10 M 4j and percent viability determined at 72 h by MTS assay. * p < 0.05, compared
to non-treated controls, Figure S5: Glio3 Characterization. Bright field images indicate that Glio3 grows as
neurospheres in defined media. Expression of putative stem cell markers A2B5, CD133, Nestin, Bmi1, Musashi
and Sox2 were evaluated by immunocytochemistry, Table S1: Transcriptional Consensus Signature for each
compound, bis-chalcone 4j, 4n and curcumin. Table S1, the functional enrichment analysis for bis-chalcone 4n and
curcumin and the Drug connectivity analysis for bis-chalcone 4n and curcumin can be found in the expression
profiling data of the supplementary materials. Detailed description of bis-chalcone synthesis along with the
spectral data for each compound can be found in the experimental section of the supplemental materials.
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Abstract: Cold atmospheric plasma (CAP) is a promising technology against multiple types of cancer.
However, the current findings on the effect of CAP on two-dimensional glioblastoma cultures do not
consider the role of the tumour microenvironment. The aim of this study was to determine the ability
of CAP to reduce and control glioblastoma spheroid tumours in vitro. Three-dimensional glioblastoma
spheroid tumours (U87-Red, U251-Red) were consecutively treated directly and indirectly with a CAP
using dry He, He + 5% H2O or He + 20% H2O. The cytotoxicity and spheroid shrinkage were monitored
using live imaging. The reactive oxygen and nitrogen species produced in phosphate buffered saline
(PBS) were measured by electron paramagnetic resonance (EPR) and colourimetry. Cell migration was
also assessed. Our results demonstrate that consecutive CAP treatments (He + 20% H2O) substantially
shrank U87-Red spheroids and to a lesser degree, U251-Red spheroids. The cytotoxic effect was due to the
short- and long-lived species delivered by CAP: they inhibited spheroid growth, reduced cell migration
and decreased proliferation in CAP-treated spheroids. Direct treatments were more effective than indirect
treatments, suggesting the importance of CAP-generated, short-lived species for the growth inhibition
and cell cytotoxicity of solid glioblastoma tumours. We concluded that CAP treatment can effectively
reduce glioblastoma tumour size and restrict cell migration, thus demonstrating the potential of CAP
therapies for glioblastoma.

Keywords: cancer; cold atmospheric plasma (CAP); spheroid shrinkage; cytotoxicity;
tumour reduction; glioblastoma; short-lived reactive species; cell migration; proliferation

1. Introduction

Glioblastoma multiforme (GBM) is a highly aggressive neoplasia and the most common aggressive
tumour on the central nervous system in the adult population [1]. Current therapies against GBM
include maximal surgical resection, radiation and chemotherapy. However, tumour recurrence is
highly common, which contributes to the poor survival rates after diagnosis (median survival of
15 months; five-year survival of less than 5%) [2,3]. Despite significant improvements in cancer
treatment, GBM remains an incurable neoplasia.

Cold atmospheric plasmas (CAPs) are currently being explored due to their anti-cancer
properties [4,5]. The chemical components produced by CAPs, identified as the active agents
responsible for the biological effects, have been extensively studied [6,7]. The reactive oxygen and
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nitrogen species (RONS) generated and delivered by plasma cause functional and structural damage
to lipids in cell membranes [8], oxidize proteins [9], induce DNA breaks [10], and promote cell death
by different mechanisms [11,12]. In contrast, the physical components produced by plasma such as UV
photons and electromagnetic fields on their own have a negligible cellular impact [13]. Furthermore,
it has been suggested that CAP is selective towards cancer cells due to the increased presence of
aquaporins and the reduced amount of cholesterol in their cell membranes [14,15], which facilitates
the access of RONS into the cell. Cancer cells are also less effective in removing extracellular H2O2

compared to normal cells [16] (one of the main reactive species produced by CAP), adding to the
selectivity of CAP treatments.

The cytotoxic effect of CAPs in glioblastoma has been mainly demonstrated using the conventional
two-dimensional (2D) monolayer cell model. Previous studies on glioblastoma cells have shown that CAP
reduces the cell viability and induces apoptosis [17]. Even more, CAP treatment reduces clonogenicity and
induces cell-cycle arrest in glioblastoma cells resistant to temozolomide, a chemotherapeutic agent used to
treat glioblastoma patients [18]. The biomedical effects of CAPs are achieved not only by direct treatment,
but also by applying plasma-treated liquids, rich in long-lived species [19,20]. These studies carried out
using the 2D monolayer model, although informative, do not reproduce the biological microenvironment
of tumours. Recent findings indicate that the tumour microenvironment plays a key role in the response
to treatment, regulating tumour progression and metastatic processes [21]. Thus, it is possible that the
therapies developed using 2D systems would not meet the requirements to achieve the desired response
in three-dimensional (3D) tumours. To date, only few studies have used more complex models such as
in vitro 3D culture systems to assess the effect of CAP on different types of cancer [22–24] and one study
has tested CAP on glioblastoma tumours in mice [25].

The COST plasma jet was developed as a standard reference plasma jet [26,27]. Our group has
previously reported the anticancer capacity of this CAP on 2D glioblastoma cultures [17]. In the
present study, we used an in vitro 3D tumour spheroid model that allows cells to behave in a manner
that is closer to natural conditions. The model is more relevant than 2D cultures as it enables the
in vitro spheroid to develop biophysical properties characteristic of solid tumours (nutrients and
oxygen gradients, catabolite accumulation) and the synthesis and assembly of extracellular matrix
(ECM) proteins. In this environment, the cells in the spheroid conformation also present proliferation
gradients and gene expression profiles closer to the clinical and in vivo models [28,29]. Using this
model, we investigated the ability of CAP to reduce tumour size in glioblastoma spheroids in vitro.
Both biological and chemical assays were performed to assess the effect of CAP treatments in U87-Red
and U251-Red glioblastoma spheroids. We found that both short- and long-lived species were required
to exert an efficient inhibitory effect. Our approach thus highlights the need of plasma-generated
short-lived RONS to reduce tumour size and control tumour growth, and emphasizes the importance
of the tumour microenvironment for the development of more effective plasma therapies.

2. Results

2.1. Identifying an Effective Plasma Treatment

The purpose of our study was to determine the effect of plasma treatment on a 3D tumour spheroid
in vitro. We used red-fluorescent cells to facilitate the identification of living cells. The spheroid core
(red, proliferative and viable part of the spheroid) was monitored to determine variations in its area
relating to growth inhibition or spheroid shrinkage upon CAP treatment. The total spheroid area
was measured to assess changes in spheroid size due to cell death and destruction of the spheroid
architecture. Cell death in glioblastoma spheroids was monitored using the Cytotox Green reagent,
a DNA-binding dye that produces a fluorescent signal in cells with a damaged cell membrane.

We first assessed the cytotoxic effect of a single direct plasma treatment on glioblastoma spheroids
in phosphate buffered saline (PBS) using the COST jet with dry He, He + 5% H2O or He + 20% H2O.
No cytotoxic effect or inhibition of spheroid growth was achieved with the plasma generated using
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dry He or He + 5% H2O (not shown). However, we observed a delay in spheroid growth in U87-Red
and U251-Red, as well as cell death in U87-Red spheroids treated with the COST jet He + 20% H2O
(Supplementary Information, Figure S1). Admittedly, this effect was not enough to inhibit spheroid growth
or to decrease the spheroid core area. Thus, we administered an additional plasma treatment at 24 h.

The effective outcome was achieved after the 2× direct treatment by He + 20% H2O plasma.
Under this condition, the plasma not only inhibited spheroid growth, but also reduced the spheroid
core area. This effect was maintained seven days post-treatment in U87-Red spheroids (p ≤ 0.0001;
Figures 1a and 2). In contrast, spheroids 2×-treated with He + 5%H2O and dry He plasma reduced
their spheroid core area, but the spheroid growth resumed after 72 h in both cell lines (Figure 1a).
He + 5%H2O and dry He plasma-treated U251-Red spheroids yielded the same core area as untreated
controls (p ≤ 0.0001; Figure 1a), evidencing a lower response to plasma treatment. The analysis of the
total spheroid area evidenced similar values for all the conditions tested in both cell lines, except for
He + 20% H2O in U87-Red (Figure 1b). CAP treatment was cytotoxic only when H2O was added to the
feed gas (p ≤ 0.0001; Figure 1c), which suggests the participation of reactive oxygen species (ROS) in
the overall biological effect. The least effective treatment was with dry He, where only a reduction in
spheroid growth but no cytotoxic effect was observed (similar levels to untreated PBS control, Figure 1).
This could suggest a modulatory rather than a cytotoxic effect of dry He plasma on glioblastoma cells.
We concluded that the 2× He + 20% H2O plasma treatment effectively inhibited spheroid growth and
had a cytotoxic effect in U87-Red and U251-Red glioblastoma spheroids.

Figure 1. Consecutive plasma treatment inhibited growth in glioblastoma spheroids. (a) The area of the
spheroid core (viable cells) was reduced by 2× direct plasma treatment generated with dry He, He + 5% H2O
or He + 20% H2O vapour saturation. The most effective inhibition of growth in both U87-Red and U251-Red
was achieved using plasma generated with He + 20% H2O (p ≤ 0.0001). (b) Similar values of the total
spheroid area (comprising living spheroid core and dead cells) were obtained for all the conditions in both
cell lines, except for U87-Red, He + 20% H2O, where the total spheroid area was smaller. (c) The addition of
H2O to the gas feed resulted in increased cytotoxicity for both cell lines. Cell death is expressed as the ratio of
Cytotox Green+ cells in treated spheroids/untreated controls at each time point (a.u.). Dead cells confluence
= confluence percentage of the image area occupied by dead cells. Results corresponding to U87-Red (left)
and U251-Red spheroids (right). Data representative of two independent experiments, 4–6 spheroids per
condition. Mean± SD; ** = p≤ 0.01; **** = p≤ 0.0001.
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Figure 2. Spheroid growth/shrinkage upon the different treatments applied. Representative images of
spheroid growth/shrinkage and cytotoxic effect in U87-Red spheroids on day 1 and 7 days after exposure to
the different treatments tested. Living cells in red, Cytotox Green+ cells in green. Scale bar = 300 μm.

2.2. RONS Present in Plasma-Treated PBS (pPBS)

To determine which RONS could be responsible for the biological outcome described above,
we measured the short- and long-lived species present in pPBS by electron paramagnetic resonance
(EPR) and colourimetry. H2O2 was found in pPBS in high concentrations. The concentration was
dependent on the H2O vapour saturation of the feed gas: a higher percent of H2O saturation resulted
in more H2O2 production (Figure 3a), in agreement with our previous report for this plasma jet [27].
The short-lived species cannot be detected directly and requires the use of spin traps (which react with
radicals to form more persistent nitroxide radical adducts) [30]. We used 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) to detect •OH, and 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO)
for O2•–/•OOH radicals (Figures S2 and S3) [30–32]. DMPO-OH and DEPMPO-OOH adducts were
detected in the μM range. Their concentration increased with the increasing H2O vapour content of
the feed gas (Figure 3b), again in agreement with the previously reported data [27].

Figure 3. Short- and long-lived RONS present in plasma-treated PBS. (a) H2O2; (b) DMPO-OH and
DEPMPO-OOH adducts; (c) NO2

−, NO3
− and NO2

− + NO3
− were detected in plasma-treated PBS by

EPR and colourimetry (see Mat. and Met.). Experiments were carried out in 200 μL pPBS, using dry
He, He + 5% or 20% H2O vapour saturation. Data represent mean values (n ≥ 2).
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We note that the concentration of the spin adducts did not correspond to the total amount of the
radical induced by CAP in PBS. However, the changes in their concentration under different plasma
conditions corresponded to the changes in the radical amount [31,33]. Additionally, the nitroxide
moiety of spin adducts was prone to decay in plasma-treated liquids [34]. The direct comparison of
different conditions is possible if the concentration of a spin adduct does not decay or reach a flat
plateau within the experimental (plasma exposure) time frame [33,35]. We demonstrate here that the
DMPO-OH concentration increased near-linearly within the experimental time frame (up to 4 min),
thus confirming the applicability of the method (Figure S4).

The spin trap 2,2,6,6-tetramethylpiperidine (TEMP) was used to detect the oxygen species
produced by plasma, such as O, O2(a1Δg), and O3 [31,33]. The use of NaN3, an O2(a1Δg)
scavenger, allowed to determine the specific contribution of O2(a1Δg) to the formation of
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), a stable and EPR-detectable nitroxide radical, via
the oxidation of TEMP. However, we only detected minor amounts of the formed TEMPO (below 9 μM)
compared to the impurities in untreated samples (Figure S5), and they did not change with varied H2O
saturation of the feed gas or introduction of NaN3 (not shown). Previously, we have demonstrated
a very efficient plasma-induced degradation of TEMPO derivatives [34]. Hence, we attribute the
observed effect to two factors: (1) low concentrations of O/O2(a1Δg)/O3 produced by plasma in the
presence of water vapour [31]; and (2) rapid degradation of the formed TEMPO by •OH radicals which
are present in high concentrations (see Figure 3b).

We also attempted to detect •NO radicals using N-methyl-D-glucamine dithiocarbamate
(MGD)-iron(II) complex ((MGD)2Fe2+) and 2-phenyl-4,4,5,5-tetramethylimidazoline 1-oxyl 3-oxide
(PTIO) spin traps, as described in Section 4.8 (see Mat. and Met.). Under all plasma conditions, no
•NO was detected. These results agreed with the low concentrations of other measured (long-lived)
reactive nitrogen species (RNS) induced by CAP in pPBS (Figure 3c).

Thus, we can tentatively ascribe the biological effects of CAP to the following species: •OH,
O2•−/•OOH, H2O2, NO2

−/NO3
−. We acknowledge that other biologically-relevant, plasma-induced

species such as ClO− [36], ONOO− [37,38] and OONOO− [39] could be present in pPBS, but these
were not monitored in this study. However, the two latter species are likely to be present in low
concentrations (if any), like all other detected RNS, and ClO− is formed in large quantities, mostly in
the presence of oxygen species such as atomic oxygen [36].

2.3. Determining the Role of the Short- and Long-Lived Species in Plasma on Spheroid Viability

To determine whether the biological effect observed was due only to the long-lived species
or to the combination of short- and long-lived species produced by CAP, we assessed the effect of:
(1) 2× direct plasma treatment; (2) 2× indirect plasma treatment (2× pPBS); and (3) 2× RONS mix in
PBS (with the same concentrations of the long-lived species H2O2 and NO2

− as in the pPBS used) on
glioblastoma spheroids. NO2

− can undergo further oxidation in the liquid to yield NO3
− [40]. Thus,

we used NO2
− in the concentration that corresponded to the combined amount of NO2

− and NO3
−.

We acknowledge that the actual concentration of NO2
− induced in PBS by CAP may have been lower.

The 2× treatments with either pPBS or RONS mix were less effective than the 2× direct treatment
in inhibiting spheroid growth in both glioblastoma cell lines, especially in U87-Red (p ≤ 0.0001;
Figures 2 and 4a). The direct treatment induced spheroid shrinkage in U87-Red that was maintained
for the whole duration of the experiment, whereas spheroid growth resumed 72 h after in the spheroids
exposed to 2× pPBS and 2× RONS mix. Although the 2× direct plasma treatment was not able to
completely inhibit U251-Red spheroid growth (Figure 4a), a statistically significant difference was
observed between this treatment and the other two conditions tested here (p ≤ 0.001 at t = 168 h). Thus,
we conclude that the 2× direct plasma treatment was more efficient than the 2× pPBS and RONS mix
in inhibiting spheroid growth.

In both cell lines, spheroids exposed to 2× RONS mix showed an increased total spheroid area
compared to the untreated control (Figure 4b). In U87-Red, this was also observed in 2× pPBS-treated
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spheroids. This effect could be explained by the cell detachment of dead cells from the spheroid core
that add to the total spheroid area (Figure 4c). However, we observed that the high cytotoxicity of the
2× direct treatment (Figure 4c) did not correlate with an increase in the total spheroid area (Figure 4b).
Thus, it appears that the 2× direct treatment was able not only to inhibit spheroid growth and kill
cancer cells as shown here, but also to restrict the cell detachment of dead cells and spheroid tissue
from the spheroid core. Although we acknowledge the participation of the long-lived species present
in pPBS and in the RONS mix, our results indicate that the short-lived species delivered by plasma
during the 2× direct treatment are required to fully inhibit spheroid growth in U87-Red and to delay it
in U251-Red.

Figure 4. Short- and long-lived species delivered by plasma are needed to inhibit spheroid growth.
(a) A statistically significant difference was observed in the area of the spheroid core (viable cells)
in spheroids exposed to 2× direct plasma treatment compared to those treated with pPBS (indirect)
and the RONS mix (U87-Red, p ≤ 0.0001; U251-Red, p ≤ 0.001). (b) U87-Red spheroids treated
with pPBS and the RONS mix showed higher total spheroid area than spheroids treated 2× directly
with plasma (p ≤ 0.0001). In U251-Red spheroids, higher total spheroid area was observed only in
spheroids treated with the RONS mix. (c) The amount of cell death induced in spheroids by pPBS and
RONS mix were comparable. Cell death is expressed as the ratio of Cytotox Green+ cells in treated
spheroids/untreated controls at each time point (a.u.). Dead cells confluence = confluence percentage
of the image area occupied by dead cells. Results corresponding to U87-Red (left) and U251-Red
(right) spheroids. Data representative of two independent experiments, 4–6 spheroids per condition.
Mean ± SD; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001.

2.4. The 2× Direct Plasma Treatments Inhibited Cell Migration

Glioblastomas are characterized by their high migratory nature, which allows them to metastasize
into surrounding brain tissues [1]. We investigated the ability of our highly cytotoxic direct plasma
treatment (2× plasma treatment, He + 20% H2O) to inhibit the migration of the cells that survive
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the treatment. Our results demonstrated that the 2× direct plasma treatment reduced cell migration
(Figure 5a,b). The 2× direct treatment had a significant effect on both cell lines, with little or no
cell migration 24 h post-treatment (p ≤ 0.0001) and a hindered migration in U87-Red cells 48 h
post-treatment (p ≤ 0.0001; Figure 5a,b). This effect was maintained 72 h post-treatment only in
U251-Red spheroids (p ≤ 0.0001). Lower cell migration inhibition was observed in 2× pPBS- and
RONS mix-treated spheroids at all time points (except after 48 h for U87-Red and 72 h for both cell
lines). We observed morphological changes in the spheroids upon plasma treatment, specifically the
shrinkage of the spheroid core and presence of dead cells around it (Figure 5c). Whereas control
spheroids presented a homogeneous migration pattern with cells spreading in all directions around
the spheroid core, the pattern was asymmetrical in plasma-treated spheroids with a reduced number
of migratory cells. This could be due to the amount of dead cells in the outer layer of the spheroid.
The differences observed between the migration dynamics of both cell lines could also indicate different
survival strategies.

Figure 5. The migratory ability of U87-Red and U251-Red cells is affected by the 2× direct plasma
treatment. The 2× direct plasma treatment inhibited cell migration for (a) up to 48 h in U87-Red
and (b) up to 72 h in U251-Red. 2× pPBS and RONS mix had a significant but less inhibitory effect,
reaching similar migration areas than the untreated PBS controls after 48 h (U87-Red) and 72 h
(U251-Red). (c) Representative images of U87-Red and U251-Red cell migration (0 and 48 h after
consecutive treatments). % Migration area = 100*(area Tx-T0/area T0). Data representative of two
independent experiments, 4–6 spheroids per condition. Mean ± SD; *** = p ≤ 0.001; **** = p ≤ 0.0001.
Scale bar = 1000 μm.

Based on these results, we concluded that the 2× direct plasma treatment effectively inhibited
the migratory ability of U87-Red and U252-Red spheroids and this treatment was more efficient than
the pPBS and RONS mix. Thus, the combination of short-lived species delivered by CAP is needed to
effectively reduce cell migration in glioblastoma spheroids.

2.5. ki67 Expression Was Reduced by 2× Direct Plasma Treatment

To further characterize the inhibitory ability of our plasma treatment, the expression of the
proliferation marker ki67 in spheroids was assessed by immunohistochemistry. The percentage of ki67+

349



Cancers 2018, 10, 394

cells was reduced in U87-Red spheroids exposed to the 2× direct plasma treatment (p < 0.05; Figure 6a).
Although no statistically significant difference was found between untreated and 2× directly-treated
U251-Red, a trend to a reduced ki67 expression in 2× direct plasma-treated cells was observed
(Figure 6b). The pPBS and RONS mix treatments produced similar %ki67+ cells comparable to the
untreated controls in both cell lines. In addition to the reduced ki67 expression, the CAP-treated
spheroids presented a more fragile structure, as shown in Figure 6c. Altogether, our results suggest
that our 2× direct plasma treatment reduced ki67 expression in glioblastoma spheroids. This reduction
correlates with the inhibition of growth observed in the 2× plasma-treated spheroids, as described in
Sections 2.1 and 2.3.

Figure 6. The 2× direct plasma treatments reduced the expression of the proliferative marker ki67 in
glioblastoma spheroids. The 2× direct plasma treatment decreased the % ki67+ cells in (a) U87-Red
spheroids (p < 0.05) and was lower than in those untreated or treated with pPBS and RONS mix
(p < 0.05). (b) The same trend was observed in U251-Red spheroids (p > 0.05). The staining was scored
using IHC Profiler in ImageJ. (c) Representative images of ki67 staining of U87-Red and U251-Red
spheroids exposed to untreated PBS or He + 20% H2O direct treatment. Enlarged image demonstrates
variable ki67 staining. No ki67 staining control on the right. Data representative of two independent
experiments, 4–6 spheroids per condition. Mean ± SD; * = p < 0.05. Scale bar = 500 μm.

3. Discussion

Although significant preclinical work has been done in the field of medical plasmas for cancer,
there are still unknowns regarding the efficacy of these treatments in natural conditions. A major
concern is the use of models that do not consider the tumour microenvironment, such as the widely
used 2D cell culture model. This comes at the cost of developing therapies tailored for a 2D model
that might not be able to control tumour cell growth in natural conditions due to physiological and
structural differences [41]. To address this problem, plasma treatment in 3D glioblastoma spheroids
was explored in this study for the first time. The model resembled the nutrient and oxygen gradients
and architecture of solid tumours and provided a more accurate representation of treatment outcomes
under 3D conditions.

In this study, we demonstrate the importance of short-lived species delivered by CAP for the
reduction of 3D glioblastoma spheroids. Interestingly, a single plasma treatment that would induce
cell cytotoxicity in the 2D culture model was not sufficient to inhibit spheroid growth or to induce
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spheroid shrinkage, thus demonstrating the importance of using 3D culture models. However, the 2×
direct plasma treatment administered 24 h after the initial treatment generated with 20% vapour
saturation elicited a long-lasting cytotoxic and inhibitory effect in U87-Red spheroids and in U251-Red
spheroids, though to a lesser degree. Whereas the total spheroid area and spheroid core area of
untreated spheroids were of similar magnitude (no cell death, no spheroid damage), the increased
total spheroid area of plasma-treated spheroids could be due to other factors. It is possible that the
combination of cell death and oxidation of ECM caused by RONS damaged the spheroid architecture,
resulting in an increased total spheroid area. In turn, the high cytotoxic effect could at least partially be
explained by the high concentration of H2O2 produced in the PBS and its diffusion to the intracellular
compartment aided by aquaporins [42]. However, we observed that only the 2× direct plasma
treatment induced complete growth inhibition in U87-Red spheroids and reduced spheroid growth
in U251-Red, while 2× pPBS and RONS mix treatments failed to induce such effects. We tentatively
attribute this difference to the short-lived reactive species, most likely ROS such as •OH and O2•–

radicals (as RNS were only formed in very low concentrations), present only during the direct plasma
treatment. Both the cytotoxic effect and the concentration of ROS in our plasma treatment increased
with the increase of H2O vapour content in the feed gas, confirming this hypothesis.

As cell migration is an important feature of malignant, metastatic cancers, we assessed the ability
of glioblastoma spheroids to migrate upon plasma treatment. Cells that survived the 2× direct plasma
treatment presented reduced migratory activity compared to those exposed to the pPBS and RONS mix.
This is in agreement with the findings on human metastatic breast cancer cells, where plasma treatment
significantly inhibited migration and invasion of BrCa cells and fibroblasts [43,44]. Besides oxidation,
plasma can also reduce the expression of integrin, an important cell surface protein that participates in
cell motility and adhesion [43]. This effect is independent of the cell cycle phase, as plasma affects cells
in all stages of the cell cycle [45]. Thus, this effect could be due to the destruction of ECM components
and the oxidation of cell adhesion molecules on the cell surface [12]. Further studies on the expression
of adhesion molecules and ECM oxidation in glioblastoma spheroids upon CAP treatment are needed
to better understand the effect of plasma on cell migration.

The brain tissue is particularly susceptible to oxidative stress due to its high requirement for
oxygen and its poor defence mechanisms against oxidative stress [46]. The difference in the response
to treatment observed between both glioblastoma cell lines studied here could be due to different
sensitivities to oxidative stress as a consequence of specific mutations [17], to different proliferative
rates or metabolic activity [47]. For example, p53 (p53) and p16 (encoded by CDKN2A) are tumour
suppressor proteins that control the cell cycle and are associated with cancer development [48].
It has been reported that mutations in p53 and CDKN2A impair their corresponding protein
function, favouring the accumulation of DNA damage and making cells more sensitive to oxidative
damage [49,50]. We have previously confirmed that the p53 status of both cell lines remained the
same after cell passage (data not shown). U87-Red (p53 wild type, CDKN2Amut) was more sensitive
to plasma treatment than U251-Red (p53mut, CDKN2Amut). Although p53mut cells are reported to be
more sensitive to plasma [51], this was not observed in our study. Thus, the mechanism of action of
plasma might be independent of p53 [52]. Mutations in other genes such as CDKN2A could contribute
to the sensitivity to plasma [17]. The combination of multiple mutations present in cancer cell lines
could provide one explanation for the different responses to CAP treatment obtained here. In addition,
the difference in protein expression between both cell lines could also explain the differences in
the treatment outcome, as it has been demonstrated that the U87 and U251 cell lines differ in their
proliferation, migration, and invasion abilities [53].

Supporting the growth inhibition exhibited in the 2× direct plasma-treated spheroids, we found
a reduction in the expression of the proliferative marker ki67 in U87-Red and to a lesser extent in
U251-Red. This marker is present in cells in G1, S, G2 and mitosis and absent in quiescent cells [54].
We demonstrated that the 2× direct plasma treatment, unlike pPBS or RONS mix, decreased the
percentage of ki67+ cells in spheroids of both cell lines. Ki67+ cells were mainly located in the outer
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layer of the spheroids, corresponding to the proliferative fraction of the tumour. Our results correlated
with previous findings reporting a decreased ki67 expression in the pancreatic tumours of mice
treated with plasma-treated medium [55] and in 3D colorectal spheroids directly exposed to a plasma
jet [24]. It is worth noticing that a reduction in ki67 expression was observed in spheroids immediately
after the application of the second CAP treatment. Due to technical reasons, it was not possible
to collect the spheroids for immunohistochemistry at later stages without disturbing their overall
integrity, as plasma reduced the spheroid size and affected the structure of the spheroid (as observed in
Figures 2 and 6c). We speculate that ki67 expression in CAP-treated spheroids could further decrease
over time, correlating with the sustained inhibition of growth observed here. The anti-proliferative
effect of plasma, combined with the cytotoxic effect displayed, contributed to the reduction and control
of the glioblastoma spheroids described here. Thus, we concluded that the 2× direct plasma treatment,
rich in short- and long-lived species, can decrease ki67 expression and reduce the proliferative ability
of cancer cells.

The results obtained in the present work could explain the findings of Chen et al. in athymic
nude mice [25]. In that study, CAP treatment reduced the size of glioblastoma tumours in
immunocompromised mice. This could have been achieved by the combination of effects described
in our work: damage to the tumour microenvironment, the induction of cell death, the reduction
of cell proliferation and the inhibition of cell migration. Our findings correlate with the results
obtained by Chen et al., as the direct CAP treatments effectively reduced the glioblastoma spheroid
size. In addition, the findings support the need of CAP-generated short-lived species for more effective
therapies against glioblastoma. Our findings support the benefits of using the 3D spheroid model
for CAP research, as spheroids can provide more biological information on CAP treatment in a 3D
structures, which are closer to natural conditions. The use of this technology reduces animal testing and
allows high throughput analyses, bridging the gap between in vitro and in vivo models for anticancer
CAP treatments.

To date, the 3D spheroid model has been used only in three studies to investigate the effect of
plasma treatments on HTC116 colorectal and head and neck FaDu cancer cells [22,23]. While the most
recent article indicates that four consecutive treatments with plasma-activated medium were needed
to inhibit FaDu spheroid growth [23], our therapy was able to achieve tumour reduction with only
two applications, as it does not rely solely on the presence of long-lived species such as H2O2 for its
efficacy. In principle, liquid solutions with CAP-induced long-lived species may not require plasma
for their generation: we were able to generate a RONS mix with commercially available chemicals.
However, plasma is required to efficiently deliver short-lived species, which substantially contribute
to the effects of CAP, as we demonstrate here.

This is the first report of plasma inducing sustained tumour shrinkage and growth inhibition in
glioblastoma spheroids. Also for the first time, we demonstrated the direct correlation between the
in-liquid identified plasma RONS and the biological effect of CAP on 3D spheroid models. We showed
that the 2× plasma treatment with the COST jet caused the inhibition of both spheroid growth and cell
migration, and ultimately a reduction in ki67 expression in glioblastoma tumour spheroids. Our results
demonstrated the importance of short-lived species delivered by plasma in the overall inhibitory effect,
as both contribute to the elimination of 3D glioblastoma tumours. Furthermore, the different responses
to treatment observed between the cell lines studied here emphasize the need to use relevant models
to investigate the response to treatment under more representative conditions. Our findings regarding
glioblastoma spheroids support the potential of CAP as a tool against cancer. Further studies on 3D
spheroids or more complex 3D in vitro models using co-cultures of glioblastoma cells and astrocytes
could bring light to the effect of CAP on the ECM and the safety of CAP application on benign cells.
Likewise, the CAP treatments described here could be applied to spheroids generated from primary
cells or complex organoids that more closely resemble the architecture of solid tumours, as this is an
indispensable step towards the development of more effective CAP therapies.
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4. Materials and Methods

4.1. Cell Lines and Reagents

Human GBM cell lines U87 and U251 were obtained from the Cell Line Service GmbH and
kindly provided by Dr. Nicolas Goffart (Université de Liège, ULG), respectively. Cells were grown
in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10% foetal bovine serum
(FBS, Gibco, Fisher Scientific, Merelbeke, Belgium) with 2 mM L-Glutamine (Life Technologies,
Eggenstein, Germany) and maintained in a tissue culture incubator at 37 ◦C with 5% CO2. Cells were
transduced with the Nuclight Red Lentivirus reagent (Essen Biosciences, Ann Arbor, MI, USA) using
their standard transduction protocol. The transduced cells referred here to as U87-Red and U251-Red,
expressed nuclear mKate2 red fluorescent protein.

4.2. Generation of Spheroids

Cell suspensions were prepared at 5× 104 cells/mL density in culture medium supplemented with
0.24% methylcellulose to enhance spheroid formation. Cells were seeded in ultra-low attachment (ULA)
96-well plates (round bottom, Corning Costar, Corning, NY, USA) at a concentration of 5000 cells/well
in 100 μL of DMEM and centrifuged for 10 min at 200× g. Methylcellulose was prepared as previously
described [56]. Spheroids were formed for 3 days at 37 ◦C in a 5% CO2 humidified atmosphere.

4.3. COST Jet Plasma Setup

The COST plasma jet used in this work is described elsewhere [17,26,27]. The plasma
was sustained at 250 VRMS and an operating frequency of 13.56 MHz. It was operated with
a feed gas of He with 0%, 5% and 20% H2O vapour admixture achieved using the split He flow
by passing part of it through an H2O-filled Drechsel flask. For the detailed setup description,
see Supplementary Information (SI), Figure S6. H2O content is expressed as the percentage of the
relative saturation of the feed gas at 21–22 ◦C, room temperature (RT) during the experiments.

4.4. Treatments

Before treatment, 3-day-old spheroids were washed once with PBS to remove the culture medium.
The treatment regimen consisted of a single or two consecutive plasma treatments of 3 min each
administered 24 h apart (referred to as 2× plasma treatment). Direct (spheroids in 200 μL of PBS in
ULA plate) or indirect treatments (pPBS: 200 μL of PBS in ULA plate exposed to CAP, then transferred
to spheroids) were performed with the different feed gas admixtures described above. Spheroids in
200 μL of untreated PBS were used as negative controls. A RONS mix solution of PBS containing the
same concentrations of H2O2 and NO2

− detected in He + 20% H2O plasma-treated PBS was used to
assess the role of the long- and short-lived species. Spheroids were incubated for 90 min with the
corresponding treatment, after which it was replaced with warm, fresh medium prepared according to
the downstream experiment.

4.5. Cytotoxicity Assay

The Cytotox Green reagent (10 nM, Essen Biosciences) was used for real-time quantification of
cell death. Plates were incubated in the IncuCyte Live-Cell Analysis System (Sartorius, Ann Arbor,
MI, USA) and images were collected every 24 h for 7 days. Data were analysed with the IncuCyte
ZOOM version 2016B (Essen BioScience) to collect the following metrics: (1) spheroid core area,
corresponding to the proliferative region only (red live cells; calculated as the mean fluorescent object
area); (2) total spheroid area, corresponding to the combined viable, proliferative core and the Cytotox
Green+ region (total spheroid region measured from phase contrast images); and (3) the amount of
Cytotox Green+ in treated spheroids (confluence percentage of the image area occupied by green
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objects) normalized to the untreated control at each time point, representing the cytotoxic effect of
the treatment.

4.6. Cell Migration Assay

A 2D migration assay was done in 96-well, flat-bottomed plates coated with 0.1% (v/v) gelatin [57].
Unbound gelatin was rinsed twice with PBS and wells were blocked with 1% (w/v) BSA in PBS for 1 h
(RT). Spheroids were gently transferred to a migration plate containing 200 μL of DMEM supplemented
with 2% FBS and 2 mM L-Glutamine. Spheroids were allowed to adhere to the plate for 30 min before
imaging. Images were collected using the EVOS XL Core Cell Imaging System (Life Technologies).
Migration was scored using ImageJ. To calculate the migration, the following formula was used:
%Migration area = 100*(area Tx-T0/area T0), where T0 corresponds to the migrated area at t = 0 h and
Tx corresponds to the migrated area at each time point assessed.

4.7. Immunohistochemical Analysis

Spheroids were collected immediately after the second treatment and fixed with 4%
paraformaldehyde for 24 h at 4 ◦C. Fixed spheroids were transferred to a 4% agarose mould as described
before [58]. The agarose pads were paraffin-embedded. Sections of 5μm were cut, deparaffinised
and rehydrated prior to staining. Antigen retrieval was performed with citrate buffer (10 mM, pH 6),
at 96 ◦C for 20 min. Sections were permeabilised in 0.1% Tween-20 and blocked with 3% H2O2 in PBS
(10 min, RT). The primary antibody incubation was 40 min at RT (1/75 dilution; Mouse Anti-Human
Ki-67 Antigen, Clone MIB-1, Agilent, Santa Clara, CA, USA), followed by incubation with the secondary
antibody (30 min at RT; Envision Flex HRP). Diaminobenzidine was used to visualize positive staining
and haematoxylin to counterstain. Sections were imaged with Zeiss AxioImager Z1 microscope
(Carl Zeiss, Göttingen, Germany) equipped with an AxioCam MR ver.3.0. The number of ki67+

and haematoxylin+ cells was counted using ImageJ and the plugin IHC Profiler [59]. %ki67+ cells =
(number ki67+ cells/number haematoxylin+ cells)*100.

4.8. Electron Paramagnetic Resonance (EPR) Spectroscopy

The presence of hydroxyl radical (•OH), ozone (O3)/atomic oxygen (O), singlet oxygen
(O2(a1Δg)) and superoxide radical anions (O2•−) was assessed by EPR using spin trapping, as
described elsewhere [14,31]. PBS solutions of spin traps 2,2,6,6-tetramethylpiperidine (TEMP,
≥99%, Sigma Aldrich, Overijse, Belgium), 5,5-dimethyl-1-pyrroline N-oxide (DMPO, ≥98%,
Sigma Aldrich) and 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO, ≥99%,
Santa Cruz Biotechnology, Heidelberg, Germany) were freshly prepared at 0.1 M concentration prior
to use. The O2(a1Δg) scavenger sodium azide (NaN3, ≥99%, Sigma Aldrich) at a 0.1 M concentration
was added to a solution of TEMP to distinguish between the amount of 2,2,6,6-tertramethylpiperidine
1-oxyl (TEMPO) formed from O3/O and that from O2(a1Δg) [6,30]. In a typical experiment, 200 μL of
PBS containing spin traps were exposed to plasma for 1–4 min.

The •NO radical was monitored using spin traps 2-phenyl-4,4,5,5-tetramethylimidazoline
1-oxyl 3-oxide (PTIO; ≥98%, Enzo Life Sciences, Antwerp, Belgium) and N-methyl-D-glucamine
dithiocarbamate (MGD)-iron(II) complex (MGD)2Fe2+ [30,34,35]. In the first case, 0.2 mM solution of
PTIO was exposed to plasma, after which it was immediately analysed by EPR to assess the formation
of 2-phenyl-4,4,5,5-tetramethylimidazoline 1-oxyl (PTI). To prepare (MGD)2Fe2+, 100 μL of 4 mM
solution of FeSO4•7H2O (≥99%, Sigma Aldrich, Overijse, Belgium) were mixed with 100 μL of 20 mM
solution of MGD sodium monohydrate (≥98%, Enzo Life Sciences). To minimize the oxidation of
Fe2+ to Fe3+ and the loss of the paramagnetic nature of the complex, both solutions were prepared in
PBS that was degassed with Ar (99.998%, Praxair, Schoten, Belgium) for 2 min, and 50 μL of 20 mM
solution of Na2S2O3 (99%, Sigma Aldrich) were added after the exposure [34,60].

EPR measurements were carried out on a Magnettech MiniScope MS 200 spectrometer with the
following parameters: frequency 9.4 GHz, power 5 dBm (3.16 mW) or 15 dBm (31.6 mW), modulation
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frequency 100 kHz, modulation amplitude 0.1 mT, sweep time 40 s, time constant 0.1, sweep width
15 mT, number of scans 3. For the measurements, the analysed samples were contained in 50 μL
glass capillaries (Hirschmann, Eberstadt, Germany). The concentrations reported were obtained via
double integration (SpectrumViewer ver. 2.6.3 [61]) of the respective simulated spectra (NIH P.E.S.T.
WinSIM software ver. 0.96 [62]) of the formed nitroxide radical adducts (Figure S2). For simulations,
the hyperfine coupling constants were obtained from the available literature [63]. The calibration of
the EPR signal (double integral intensity as a function of a radical concentration) was carried out using
a stable radical 4-hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (96%, Sigma Aldrich), as previously
described [27].

4.9. Colourimetric Assays

Colourimetric assays were used to quantify H2O2, nitrite (NO2
−) and nitrate (NO3

−) in pPBS in
the absence of spheroids. The potassium titanium (IV) oxalate method was used to measure H2O2

as described elsewhere [40,64]. Immediately after plasma treatment, 50 μL of 80 mM NaN3 solution,
200 μL of pPBS and 50 μL of 0.1 M K2TiO(C2O4)2•2H2O (≥98% Ti basis, Sigma Aldrich) were mixed
and analyzed by UV-Vis absorption using a spectrophotometer (Thermo Fischer Genesys 6) at 400 nm.
The concentrations of NO2

− and NO3
− were measured using the Nitrate/Nitrite Colourimetric Assay

Kit (Cayman Chemical, Ann Arbor, Michigan, USA) [65]. For NO2
− detection, 100 μL of pPBS

were mixed with 50 μL of Griess Reagent 1 and 50 μL of Griess Reagent 2, incubated for 6 min.
Samples were measured in a 96 flat-bottom well plate using the BIO-RAD iMark microplate reader at
540 nm. For NO3

− detection, 80 μL of pPBS were mixed with 10 μL of nitrate reductase and 10 μL
of nitrate reductase cofactor and incubated for 1h at RT. This way, all NO3

− is converted into NO2
−,

which was measured. The amount of NO3
− was calculated as the difference of the two values obtained.

The calibration was performed using solutions of H2O2 (30 wt%, Fisher Scientific S.P.R.L.,
Brussels, Belgium) and NaNO2 (provided in the kit). Background absorbance and PBS evaporation
were accounted for in the final concentration values.

4.10. Statistical Analysis

One- (ki67 staining) and two-way ANOVA (cytotoxicity and migration assays) followed by
Tukey’s multiple comparison test were performed using Prism v.6.01 (GraphPad Software, La Jolla,
CA, USA). Statistical significance was set at p < 0.05.

5. Conclusions

We conclude that CAP treatment can effectively reduce 3D glioblastoma spheroid growth, cell
migration and cell proliferation. Our results indicate the importance of the CAP-generated short-lived
species for the growth inhibition and cell cytotoxicity of solid glioblastoma tumours, as they are
necessary to achieve a sustained reduction of 3D glioblastoma spheroids in vitro. These results
demonstrate the potential of CAP therapies for cancer treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/10/11/394/
s1, Figure S1: Cytotoxic effect of single plasma treatment in U87-Red and U251-Red spheroids; Figure S2:
Calculation of the concentration of spin radical adduct present in the sample using DMPO; Figure S3:
Representative experimental and simulated EPR spectra of the radical adducts of DEPMPO formed in pPBS;
Figure S4: DMPO-OH adduct formation as a function of plasma treatment time; Figure S5: Representative
experimental and simulated EPR spectra of TEMPO: impurities in an untreated PBS sample and TEMPO measured
in pPBS; Figure S6: Schematic of the COST plasma jet.
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Abstract: It is well-known that the tumor microenvironment (TME) plays an important role in
the regulation of tumor growth and the efficacy of anti-tumor therapies. Recent studies have
demonstrated the potential of combination therapies, using oncolytic viruses (OVs) in conjunction
with proteosome inhibitors for the treatment of glioblastoma, but the role of the TME in such therapies
has not been studied. In this paper, we develop a mathematical model for combination therapies based
on the proteosome inhibitor bortezomib and the oncolytic herpes simplex virus (oHSV), with the
goal of understanding their roles in bortezomib-induced endoplasmic reticulum (ER) stress, and how
the balance between apoptosis and necroptosis is affected by the treatment protocol. We show that
the TME plays a significant role in anti-tumor efficacy in OV combination therapy, and illustrate the
effect of different spatial patterns of OV injection. The results illustrate a possible phenotypic switch
within tumor populations in a given microenvironment, and suggest new anti-invasion therapies.

Keywords: glioblastoma; oncolytic virus; mathematical model; bortezomib; ER stress;
apoptosis; CSPG

1. Introduction

Glioblastoma multiforme (GBM) is one of the deadliest human cancers, with mean survival
times of <15 month because of its aggressive growth and rapid, widespread invasion of the brain [1].
Because it spreads rapidly, a significant number of cancer deaths following resection of a primary
tumor are due to secondary tumors that stem from tumor cells that have migrated to other parts of
the brain [1,2]. Thus there are two major problems involved; (i) the detection and local treatment of a
primary tumor via resection, chemo/radiotherapy, or other means, and (ii) coping with the diffuse,
dispersed tumor cells. To date, most therapies focus on the first problem, which is itself complex
because of unintended effects of therapies [3], but to increase the mean survival time significantly, the
second problem must be confronted.

Since cancer cells are usually highly stressed due to their rapid growth or conditions in the tumor
microenvironment (TME), they may contain an excess of un- or misfolded proteins in the endoplasmic
reticulum (ER), which leads to ER stress. NF-κB, a regulator of genes that control cell proliferation, is
usually sequestered in the cytoplasm and maintained in an inactive state by its inhibitor, IκB. Numerous
stimuli, including ER stress, enhance the degradation of IκB, thereby activating NFκB. Upon activation
NFκB translocates to the nucleus and activates a wide variety of genes, including Bcl-2, which in turn
down-regulates the apoptosis gene Bax (cf. Figure 1A) [4–8]. In normal tissue this leads to production
of IκB, and the feedback loop maintains homeostasis in the tissue [9]. However, a constitutively
active NF-κB pathway fosters resistance to anti-cancer therapy [10–12] in cancer cells [13,14] and in

Cancers 2019, 11, 215; doi:10.3390/cancers11020215 www.mdpi.com/journal/cancers361



Cancers 2019, 11, 215

tumor-associated macrophages [15]. Drugs that activate Bax show promise as anti-tumor treatments
by inducing apoptosis [5,16]. Necroptosis is a caspase-independent, massive cell death program
mediated by high expression levels of reactive oxygen species (ROS) induced by activity of RIP1, a
receptor-interacting-protein kinase [17]. Apart from upregulation of Bcl2L12, low levels of caspase-8
and upregulated RIP1 were associated with necroptosis in glioma cells [18]. RIP1, a serine/threonine
kinase, contains a key death domain and is a major activator of necroptosis, but is not required for
activation of NFκB and the apoptotic signaling pathway [17,19].

Proteasomes are protein complexes that regulate degradation and recycling of proteins that control
cellular functions such as signal transduction, differentiation and cell death, and their Inhibition leads
to the accumulation of various regulatory proteins, including the pro-apoptotic protein p53, in the
ER [7]. Thus one therapeutic approach is to use agents such as bortezomib (BTZ), a peptide-based
inhibitor of proteosomes, to interfere with protein turnover, and thereby to stimulate immunogenic
apoptosis (cf. Figure 1B) [20,21]. BTZ induces apoptosis by inhibiting the phosphorylation of IκB
protein, thus inhibiting NF-κB activity [22,23]. While it is used as a single agent or in combination with
other radio-/chemo-agents for many cancers, including multiple myeloma, ovarian cancer, and head
and neck cancers, different combination strategies are being developed for better efficacy [24–27] in
these and other tumor types.

Figure 1. A schematic, non-mechanistic, diagram of the role of bortezomib (BTZ) and onocolytic viruses
(OVs) in the regulation of cell death pathways and the effects of fluctuating BTZ and OVs [20,21]. OV
activities determine cell apoptosis or necroptosis in response to BTZ (yellow triangle-bar on the left).
(A) A low BTZ level promotes proteasome activities and leads to upregulation of NFκB/Bcl-2 and
downregulation of Bax, thereby suppressing apoptosis. (B) A high BTZ level in the absence of OVs
suppresses proteasome activities by activating IκB, which in turn inhibits the NFκB/Bcl-2 complex
and up-regulates Bax, leading to apoptosis. (C) In the presence of OVs, the BTZ-induced endoplasmic
reticulum (ER) stress pathway is modified: the NFκB/Bcl-2 complex is upregulated and the Bax level is
downregulated. This also results in upregulation of RIP1, leading to necroptosis. Red arrows on the
right indicate the switching behavior between an anti-apoptosis mode in (A) and the apoptosis state in
(B) in response to fluctuating BTZ. Blue arrows on the right indicate the switching behavior between a
apoptosis mode in (B) and the necroptosis state in (C) in response to fluctuating OVs.

One promising combination therapy for GBM utilizes an oncolytic virus (OV), specifically, the
herpes simplex virus HSV-1, together with BTZ. OV therapy utilizes viruses that are genetically
engineered to efficiently target, infect and replicate in cancer cells, with minimal damage to normal
cells in surrounding tissue. In the combination BTZ-oHSV approach, HSV-1 exploits the host
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proteasome [28,29], leading to modified signaling pathways. When cells are infected by viruses,
RIP1 may form a complex with RIP3 that mediates necroptosis [30], but RIP1 may have pro-tumor
effects as well under different treatment protocols [31,32]. BTZ also increases the expression of HSP60
and HSP90, which leads to expression of receptors that activate natural killer cells, and by promoting
breakdown of the cell membrane, necroptosis can induce local changes in the TME that enhance
the anti-tumor activity of natural killer cells [33]. In recent experimental studies, Yoo et al. [20,21]
demonstrated that the induction of the unfolded protein response (UPR) following BTZ treatment
not only improved oHSV replication, but synergistically increased the cancer cell death rate in vitro
and in vivo through necroptosis (cf. Figure 1C). They also found that RIP1 and Jun N-terminal kinase
(JNK) levels were up-regulated in synergistic cell death of OV-infected cells after BTZ treatment [21].
These findings demonstrated that the synergistic interaction between oHSV and BTZ increases overall
therapeutic efficacy. OV therapy is currently being evaluated for its efficacy and safety in many
pre-clinical and clinical trials for various cancers [34,35] including gliomas [36–41]. While these trials
have shown promising results [42], the overall survival data have to be evaluated, and development of
efficient, optimized OV treatment strategies remains to be done.

While the BTZ-oHSV combination shows significant positive synergistic effects for local treatment
of GBM and leads to localized changes in the TME, it does not address the problem of eliminating
the dispersed glioma cells. Chondroitin sulfate proteoglycans (CSPGs) are a major component of the
Extracellular matrix (ECM) in brain tissue, and play an important role in regulation of glioma invasion
and in the spread of OVs [43]. On the one hand, CSPGs block movement of OVs throughout the tumor
and reduce their effectiveness, but on the other hand, other ECM components such as chondroitin
sulfate-glycosaminoglycans (CS-GAGs) are reported to block glioma invasion by forming strong
adhesion between glioma cells and ECM components [44–46]. Kim et al. [47] recently developed a
mathematical model of oncolytic virus spread with Chondroitinase ATP-binding cassette (Chase-ABC),
a bacterial enzyme that can remove CS-GAGs. This and other work shows that the TME plays a
complex role in tumor treatment, and treatment for one effect may enhance other effects.

The model developed herein addresses the two issues mentioned earlier—the local treatment
of a tumor, and ways of mitigating the effect of rapid tumor cell dispersal throughout the brain.
To address the first issue we define a system of differential equations that describe the evolution of
the intracellular variables shown in Figure 1 under specified protocols of BTZ and oHSV treatment.
This local component involves the concentration of IκB, NFκB, Bax, and RIP1, and we use this to
study the regulation of anti-apoptosis, apoptosis, and necroptosis in response to injections of OVs
and BTZ, as well as the anti-tumor efficacy of a BTZ-OV combination therapy, at the tumor level.
We then incorporate the local model into a multi-scale model to describe the spatial distribution of
uninfected, infected, and dead cancer cells, the density of virus particles, and the concentration of BTZ,
This multi-scale model is used to investigate the role of a heterogeneous tumor microenvironment
in the regulation of the combination therapy. In silico experiments were performed to investigate
the effect of CSPGs on control of invasive tumor cells during the combination therapy, and possible
anti-invasion strategies in the complex tumor microenvironment.

2. Materials and Methods

2.1. The Intracellular Network

Anti-apoptosis, apoptosis, and necroptosis of tumor cels are mediated by a complex intracellular
signaling network of NFκB, its inhibitor Iκ, proteasomes, Bcl-2, and Bax, amongst others, and at
present the detailed interactions amongst these components are not known. Therefore we focused
on a minimal network of four components shown in Figure 2B that incorporated the primary known
interactions, and we described these interactions phenomenologically rather than mechanistically.
The best-characterized interactions of the components are between IκB and NFκB. As stated earlier,
IκB inhibits NFκB, but it has also been shown that the homolog of NFκB not only activates, but also
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inhibits the homolog of IκB via the action of a micro-RNA [48,49]. The levels of BTZ and the presence
or absence of OVs were treated parametrically in the model for the local dynamics, but the production
and diffusion of BTZ were incorporated in the spatially-distributed model later.

Figure 2. (A) A simplified modular model of the network of the IκB-NFκB-Bcl2-Bax-RIP system
for anti-apoptosis, apoptosis, and necroptosis [8,20,21,50,51]. The network encodes the mutual
antagonism between IκB (top box) and the NFκB-Bcl2 complex (center box), and inhibition of bax by
the NFκB-Bcl2 complex. Up- and down-regulation of these modules affects the pro- and anti-apoptosis
signaling pathways in response to low and high bortezomib levels B. Introduction of oncolytic
herpes simplex virus (oHSVs) (small box in the lower right of the center panel) leads to changes in
the expression levels of these modules, enhancing the necroptotic pathway. (B) A schematic of the
interactions amongst the primary variables.

The four primary variables in the local model are IκB, NFκB, Bax, and RIP1, which are denoted
as S, F, A and R. The governing equations of S, F, A and R are

dS
dt

= kSB
B

k12 + k13[oHSV]
+

k1k2
2

k2
2 + k5F2

− μsS, (1)

dF
dt

= c1 +
k3k2

4
k2

4 + k6S2
− μ f F, (2)

dA
dt

= c2 +
k7k2

8
k2

8 + k9F2
− μa A. (3)

dR
dt

= k10 + k11[oHSV]F− μrR. (4)

Here B encodes the level of BTZ, which serves as a surrogate for the signaling pathways from
BTZ to IκB, [oHSV] is a two-state switch for the oncolytic virus, with [oHSV] = v

k+v where v is the OV
density, as introduced below, and k is the Hill type parameter, giving [oHSV] = 0 (1) below (above)
a threshold of virus. When B = 0 the first two equations reflect the fact that IκB and NFκB repress
one another. In the first equation k2 and k5 denote the coefficients in the Hill function that models
the inhibition—here assumed to be quadratic—while k1 encodes the strength of this inhibition on
IκB. Similarly, c1, c2, k10 encode inputs to the NFκB-Bcl-2 complex, Bax, and RIP1, pathways, resp.,
k3 and k7 are the autocatalytic enhancement parameters for NFκB-Bcl-2 complex and Bax, resp., k4

and k6 (k8 and k9) denote the coefficients in the Hill function that models inhibition of the NFκB-Bcl-2
complex, (Bax), resp. Finally, μs, μ f , μa and μr represent the decay rates of the species.
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It should be noted that the equations for IκB and NFκB are decoupled from the equations for Bax
and RIP1. Since the interaction between S and F is mutual repression, the parameters could easily be
chosen to produce a region of bistability, which defines a switch, for a suitable range of parameters
in the Hill functions. However, as we show later, the parameters used here do not produce a switch,
but rather a rapid transition from a high to low value of NFκB as B is varied.

The third equation describes the evolution of Bax, which in our formulation is inhibited by NFκB
via the second term in Equation (3). This again is a simplification of the network from NFκB to Bax,
as suggested in Figure 1A, but reflects the fact that NFκB↑ leads to Bax↓. The last equation governs
RIP1, and reflects the fact that RIP1 is upregulated in response to combination treatment with BTZ
and oHSV, leading to necroptotic cell death [21]. In the absence of treatment, glioma cells maintain
upregulated Bcl-2 and develop resistance to cytotoxic and pro-apoptotic agents [17,52]. BTZ induces
apoptosis via ER stress in the absence of oHSV but, in the presence of OVs, the combination OVs+BTZ
induces increased ROS and JNK activity, which leads to the critical transition from either apoptotic or
anti-apoptotic pathways to necroptosis [21]. Therefore, the term k11[oHSV]F is activated only in the
presence of sufficient oHSV, and the strength of the effect depends on the level of NFκB.

The values of all parameters used in these equations are given in Table 1.

Table 1. Model parameters for the intracellular dynamics.

Par Description Parameter Values Ref

kSB Bortezomib signaling scaling factor 1.0 ×10−1 h−1μM Estimated
k12 Inhibition strength of bortezomib by oHSV = B∗ = 2.6× 10−2 μM Estimated
k13 Inhibition strength of bortezomib by oHSV 7.8 × 10−1 μM Estimated
c1 Signaling strength of the NFκB-Bcl2 complex 3.64 × 10−2 h−1μM Estimated
c2 Signaling strength of Bax 3.43 × 10−4 h−1μM Estimated
k10 Signaling strength of RIP1 5.2 × 10−1 h−1μM Estimated
k11 Activation rate of RIP1 in the presence of OVs 1.35 h−1 Estimated
k1 Autocatalytic enhancement rate of IκB 2.08 × 10−1 h−1μM Estimated
k3 Autocatalytic enhancement rate of the NFκB-Bcl2 complex 6.91 × 10−1 h−1μM Estimated
k7 Autocatalytic enhancement rate of Bax 1.155 × 10−2 h−1μM Estimated
k5 Inhibition strength of IκB by the NFκB-Bcl2 complex 8.8 (μM)−2 Estimated
k6 Inhibition strength of the NFκB-Bcl2 complex by IκB 400 (μM)−2 Estimated
k9 Inhibition strength of Bax by the NFκB-Bcl2 complex 4.0 (μM)−2 Estimated
k2 Hill-type parameter 1.0 Estimated
k4 Hill-type parameter 1.0 Estimated
k8 Hill-type parameter 1.0 Estimated
μs Decay rate of IκB 1.0397 h−1 [53–55]
μ f Decay rate of NFκB-Bcl2 complex 3.151 × 10−1 h−1 [53,54]
μa Decay rate of Bax 2.17 × 10−2 h−1 [53,54,56]
μr Decay rate of RIP1 1.444 × 10−1 h−1 [53,54,57]
k Hill type parameter of oHSV switching 0.01 v∗ Estimated

2.2. The Spatially-Distributed Component of the Model

In the second component of modeling we expanded the local model to describe the evolution of
various states of glioma cells and other factors in both space and time. To do this we added partial
differential equations that describe the spatial distributions of three states of glioma cells—those that
are uninfected by virus, infected, and dead. The densities of these are denoted x, y and n, resp., and
we also describe the density of virus particles (v), and the concentration of BTZ (B). The postulated
interactions of these components are shown in Figure 3. The spatial distributions are restricted to a
planar surface, and thus all variables are functions of time and two spatial variables.
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Figure 3. A regulatory network involving OV therapy (gray circles) and the tumor microenvironment
(TME) in BTZ-assisted OV therapy. Arrows indicate induction and activation. Hammerheads
indicate inhibition.

The generic form of the evolution equation for all spatially-distributed components is

∂w
∂t

= −∇ · Jw + Pw, (5)

where w is one of x, y, n, v or B, Jw is the flux of that species, Pw is the birth/death
(or production/destruction) rate of that species, and ∇ is the divergence operator in two dimensions.
We suppose that all components are restricted to a closed bounded domain in the plane and impose
the no-flux condition n · Jw = 0 on the boundary, where n is normal to the boundary.

We assume that the fluxes of mobile species (all but dead cells n) are due to Fickian diffusion, and
thus the flux of any species other than n is given by

Jw = −Dw∇w. (6)

The birth/death of the production/destruction rate of each species is the sum of all processes that
lead to creation or destruction of that species [20,47,51,58].

For the uninfected cells these processes are proliferation, which we assume follows a logistic
growth law, apoptosis, necroptosis, and viral infection. Therefore

Px = λx(1− x/x0)− βxv− β1xBIapop − β3xvINecrop, (7)

where λ is the proliferation rate of uninfected glioma cells whose carrying capacity is x0, β is the
infection rate in the absence of BTZ, β1 is the BTZ-induced apoptosis of unifected cells, β3 is the
BTZ-induced necroptotic cell death rate in the presence of OVs. Further, Iapop(·) and Inecroptosis(·)
are the indicator or characteristic functions of the apoptotic and necrotic regions in F, A, R space.
These functions are either one or zero, depending on whether F, A and R are in specified ranges
defined in the following section. Thus, the governing equation for x is

∂x
∂t

= ∇ · (D1∇x) + λx(1− x/x0)− βxv− β1xBIapop − β3xvINecrop. (8)

We assume that (i) dying cells do not move, (ii) infected tumor cells become dying cells at a rate
δ, (iii) dying cells are cleared from the system at a rate μ, and (iv) infected cells diffuse at a rate D2.
From this it follows that the governing equations for densities of uninfected (y) and dead cells (n) are
as follows:
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∂y
∂t

= ∇ · (D2∇y) + βxv− δy + β3xvINecrop (9)

∂n
∂t

= δy− μn. (10)

The oncolytic virus is replication-competent, and BTZ enhances viral replication by a factor
proportional to B [20]. We denote by b the number of viral particles released after OV-mediated lysis
of infected cancer cells. Hence, the equation for v is the following:

∂v
∂t

= ∇ · (Dv∇v) + bδy(1 + α1B)−γv. (11)

BTZ is supplied to the glioma via direct injection and diffusion through the brain tissue. We took
into account the consumption from the internalization of BTZ in tumor cells and natural decay at rate
μB . Hence, the governing equation is

∂B
∂t

= ∇ · (DB∇B) + IB − (μ1x + μ2y)
B

kB + B
− μBB, (12)

where DB is the diffusion coefficient of BTZ, IB is the effective injection rate of BTZ, μ1, μ2 are
consumption rate of BTZ by uninfected and infected tumor cells, respectively, and kB is the Hill
type coefficient.

The list of parameters and their values are given in Table 2 for the distributed variables.
In the foregoing Equations (1)–(12) are stated in terms of dimensional quantities. These are cast
into dimensionless form for computational purposes in the Supplementary Information file, and the
basis for the parameter estimations is given there. The simulations were done using the alternating
direction implicit method and the non-linear solver, nksol, for algebraic systems. The equations
were solved on a regular uniform spatial grid (hx = 0.01, hy = 0.01) using an adaptive time-stepping
method [59].

Table 2. Model parameters for the distributed variables. ‡ Dimensionless values.

Par Description Parameter Value Ref.

Diffusion coefficients/Random motility (mm2/h)

D1 random motility of uninfected glioma cells 3.6×10−6 [51]
D2 Random motility of infected glioma cells 3.6×10−9 Estimated
Dv random motility of virus (PBS) 3.89×10−2 [51,60]
DB diffusion coefficient of bortezomib 2.5×10−2 [51]

Production/remodeling rates

λ proliferation rate of tumor cells 4.2× 10−1 1/h [58], Estimated
x0 Carrying capacity of uninfected tumor cells = x∗ [47,51,58]
β Virus infection rate 2.43× 10−11 mm3/(h·virus) [51,58]

b Burst size of infected cells ‡ 1.1364 ×101 [58], Estimated
α1 bortezomib-induced viral replication rate 1011 mm3/g [51]
IB bortezomib supply rate 1.8 ×10−12 g/(mm3 · h) [51]

Inhibition/degradation/decay rates

β1 Bortezomib-induced apoptosis rate of tumor cells 8.0 ×108 mm3/(g·h) Estimated
β3 Necroptosis rate of tumor cells 1.37× 103 mm3/(g·h) Estimated
δ infected cell lysis rate 8.2× 10−2 h−1 [51,58]
μ Removal rate of dead cells 1.04 ×10−1 h−1 [51,58], Estimated
γ clearance rate of viruses 1.8× 10−3 h−1 [51,58]
μ1 consumption rate of bortezomib by uninfected tumor cells 2.075×10−9 h−1 [51]
μ2 consumption rate of bortezomib by infected tumor cells 2.075×10−9 h−1 [51]
kB Hill-type parameter = B∗ [51]
μB decay rate of bortezomib 3.47× 10−2 h−1 [61,62]
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Table 2. Cont.

Par Description Parameter Value Ref.

Reference values of main variables
S∗ IκB concentration 0.05 μM [63,64]
F∗ Concentration of the NFκB-Bcl2 complex 0.5 μM [63–66]
A∗ Bax concentration 0.1 μM [67]
R∗ RIP1 concentration 5.0 μM [68]
x∗ Uninfected cell density 106 cells/mm3 [51,58,69]
y∗ Infected cell density = x∗ [51,58,69]
n∗ Dead cell density = x∗ [51,58,69]
v∗ Virus concentration 2.2× 108 virus/mm3 [51,58,69]
B∗ Bortezomib concentration 1.0× 10−11 g/mm3 [20,21,51]

3. Results

3.1. Intracellular Dynamics

We recall that low levels of NFκB and Bcl-2 lead to up-regulated Bax and induce apoptosis, while
over-expression of NFκB and Bcl-2 leads to down-regulation of Bax and up-regulation of RIP1, which
induces necroptosis (Figure 1). As a first step toward understanding the effects of BTZ and oHSV on
cell death in the full model, we analyzed how the BTZ level (B) affects the levels of the key effectors
of cell death (F, A, R) in the intracellular model. When the core IκB-NFκB-Bax-RIP1 system (1)–(4)
is at a steady state, we can solve the algebraic equations for the steady-state values of F, A, R as a
function of the extracellular BTZ level (B), and we denoted the resulting values by Fs, As, Rs. Figure 4A
shows the graphs of F = F(B) (blue), A = A(B) (red), R = R(B) (green) in the absence (without circle
markers) and presence (with circle markers) of OVs. The response curves of NFκB and Bax show that
Bax inherits the IκB-NFκB mutual antagonism, with a crossover at B ∼ 0.5. We define thresholds for
the variables at the expression level of NFκB at crossover as thF = 1.7 for NFκB, thA = 1.7 for Bax, and
thR =1.7 for RIP1, and we use these to define the anti-apoptotic (Tt), apoptotic (Ta), and necroptotic
(Tn) regions as

Tt = {(F, A, R) ∈ R
3 : F > thF, A < thA, R < thR}, (13)

Ta = {(F, A, R) ∈ R
3 : F < thF, A > thA, R < thR}, (14)

Tn = {(F, A, R) ∈ R
3 : F > thF, A < thA, R > thR}, (15)

respectively (see Figure 4B).
In the absence of OV therapy, and under low levels of BTZ, the system of Equations (1)–(4)

exhibits low Bax levels, high F levels, and low A and R levels, and the cells are in the anti-apoptotic
state Tt. Under these conditions the cancer cells would continue to grow as B increases until it
reaches the crossover point (∼0.5). In the vicinity of this point the Bax level rises rapidly, which
leads to down-regulated NFκB, and the cells are characterized as being in the apoptotic state. For an
illustration of the dynamics, Figure 4C,D show the dynamics of the core control system in response
to low (B = 0.0; Figure 4C) and high (B = 1.0; Figure 4D) BTZ levels. Starting from various initial
conditions ((S, F, A, R)(0) = (0, 0, 2, 1), (0, 1, 5, 3), (0, 2, 5, 4), (0, 5, 5, 5), (0, 5, 3, 5), (0, 6, 0, 0).) the
dynamics lead to either the Tt, Ta or Tn state. For a low BTZ level, the system converges to the unique
steady state ((Fs, As, Rs) (∼(4.64,0.41,0.72)) in the anti-apoptotic region where Bax (A) and RIP1 (R)
expressions are low, but NFκB (F) activity is high. On the other hand, for high BTZ levels (B > 0.5),
there is only one stable steady state ((Fs, As, Rs) ∼(0.42, 4.89, 0.72)) in the apoptotic region Ta where
NFκB and RIP1 expressions are low but Bax activity is high. However, the presence of oHSV leads to
upregulation of RIP1 and NFκB and downregulation of Bax ((Fs, As, Rs) (∼(4.57, 0.42, 5.0)) in response
to the high BTZ level (Figure 4E). This dichotomous behavior of the NFκB and Bax modules via ER
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stress in response to high and low BTZ levels are well known experimentally [13,20,21,30,70], but have
not been replicated with a mathematical model heretofore.
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Figure 4. The dependence of the intracellular variables (IκB-NFκB-Bax-RIP1) on BTZ, and
characterization of the cell death program (anti-apoptosis, apoptosis, and necroptosis). (A) BTZ
levels produce an effective on-off switch for control of NFκB, Bax, and RIP1 levels, and activate
the cell death program: anti-apoptosis, apoptosis, or necroptosis. (B) Characterization of cell death
in the NFκB-RIP1-Bax state space, where the labeled domains are defined in Equations (13)–(15).
(C–E) Dynamics of the core control system in response to low (B = 0.0 in (C)) and high (G = 1.0
in (D,E)) BTZ levels in the absence (C,D) and presence (E) of OVs. The stable steady states in each
subframe lie within the red circles.

One can predict the qualitative responses of the solution components to time-varying BTZ levels
in the absence of OVs from Figure 4, and these are shown explicitly for a periodic variation in Figure 5.
The BTZ level is defined as B(t) = 0.25× cos(πt/250) + 0.45), and starting at high BTZ and Bax, the
trajectory of Bax follows the upper branch of the red loop for decreasing BTZ until BTZ drops to ∼0.2,
whereupon it follows the increasing part of the cycle. The blue solid curve and blue arrows represent
NFκB and its flow, where NFκB decreases along the upper branch as BTZ increases, while it increases
along the lower branch as BTZ decreases. Figure 5C shows the solutions (F(t), A(t), R(t)) as a function
of their position in the BTZ cycle. Fluctuating BTZ induces the up- or down-regulation of NFκB, leading
to periodic transitions between Tt (the white region) and Ta (the pink region). The corresponding
solutions are shown in the F−A−R space (Figure 5D).
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Figure 5. The effect of fluctuating BTZ on the transition between Tt and Ta in the absence of OVs.
(A) A time-dependent BTZ level (B(t) = 0.25 × cos(πt/250) + 0.45) was assigned for a periodic
injection of BTZ in tumor microenvironment. (B) Trajectories of solutions (F(t), B(t)) and (A(t), B(t))) in
response to BTZ in (A). The black curve represents the upper and lower branches of steady states (F− B
bifurcation loop in Figure 4A). Red and blue arrows = solution flow of Bax and NFκB-Bcl2, respectively.
Fluctuating BTZ levels induce transitions between anti-apoptotic and apoptotic status. (C) Time courses
of concentrations of intracellular variables (NFκB-Bcl2 (blue solid), Bax (red dashed), and RIP1 (green
dashed)) in response to periodic B injection in (A). (D) Trajectories of solutions corresponding to (C) in
the F− A− R space. Initial conditions: B(0) = 0.7, S(0) = 0, F(0) = 0.5, A(0) = 4.5, R(0) = 0.7.

3.2. Spatial Effects

Next, we compared experimental results with simulation results for various treatments, using
the full model that incorporates spatial variations of components. Figure 6 shows the time course of
the tumor volume for wild type (PBS), BTZ treatment, oHSV treatment, and BTZ+oHSV treatment
with basic parameter values of BTZ injection (Tumor volumes are calculated based on the calculated
tumor diameter (D = 2r, r = radius, volume (V)= (4π/3)× (D/2)3) in simulation (Figure 6A) [47]
and on tumor length (L) and width (W) using the formula V = 0.5 LW2 for subcutaneous studies in
the experiments (Figure 6B,C) [20]). One sees that when BTZ is combined with oHSV therapy, the
tumor size is significantly reduced compared with other treatment protocols [20]. Of course, the killing
rate of a tumor in the presence of BTZ may depend on various cell lines and tumor microenvironments
in experiments. For example, mice implanted with CAL27 head and neck cancer cells (Figure 6B) and
U251T3 glioma cells (Figure 6C) show slightly different time curves of tumor growth [20]. However,
the overall anti-tumor efficacy of the combined therapy BTZ+oHSV was evident in these experiments.
Results from the mathematical model shown in Figure 6A are in good agreement with experimental
data, in particular with the growth pattern of CAL27 head and neck cancer cell lines (Figure 6B) in [20].
Moreover, the overall synergistic effect of bortezomib on tumor growth is similar to that in U251T3
glioma cells (Figure 6C). In general, subcutaneous head and neck tumors and orthotopic glioma models
present different growth and invasion patterns, and the location of the tumor might influence the
experimental data. In the subcutaneous tumors, the tumor usually does not grow invasive as in the
brain, but is surrounded by a capsule. The details of the growth patterns can be fitted to experimental
data using different parameters in the mathematical model (cf. Figure S7 in supplementary information
Appendix in [51].) The mathematical model developed here presents the general framework of tumor
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growth in response to the combination therapy OVs+BTZ so that these results can be used to explore
the various tumor dynamics in the presence of CSPGs and other microenvironments in brain tissue.
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Figure 6. (A) Simulation results of tumor volume from simulations for PBS (blue solid), BTZ treatment
(red solid square), oHSV treatment (black dotted diamond), and combination treatment (oHSV+BTZ;
green dotted diamond). (B,C) Experimental results on tumor growth in response to the random
motility of virus (PBS), BTZ treatment, oHSV treatment and combination therapy oHSVs+BTZ [20]:
Athymic nude mice were subcutaneously implanted with CAL27 head and neck cancer cells (B) and
U251T3 glioma cells (C). PBS or BTZ (0.8 mg/kg) treatments were administered through intraperitoneal
injection twice a week. Following one week of BTZ treatment, mice were injected intratumorally with
HBSS or oHSV (1× 105 pfu in (B) and 5× 104 pfu of 34.5ENVE in (C)). Figure 6B,C and legend are
taken from [20].

In Figure 7, we show the effect on cell death of altering the BTZ dosage in the absence and presence
of OVs. In the presence of OVs, tumor volume was decreased as the BTZ level was increased compared
to the control case (B(−); IB = 0.0), leading to higher anti-tumor efficacy (blue; Figure 7A). BTZ also
enhanced virus replication (blue; Figure 7D) and infected cell population (blue; Figure 7C), leading to
higher necrosis and higher OV-enhanced cell death. The enhanced OV activities in the presence of
BTZ is in good agreement with experimental observations in previous studies [20,21]. However, the
anti-tumoral effect of the apoptotic pathways via BTZ alone was minimal. For example, ER stress and
apoptosis (signaling pathways in Figure 7E–H) were insignificant, leading to little change in anti-tumor
efficacy (yellow, Figure 7A). This relatively low response for BTZ treatment was also observed in
the experiments [20,21]. These results confirm the synergistic effect of BTZ and OV treatment on
anti-tumor efficacy.
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Figure 7. Effect of BTZ on anti-tumor efficacy in the absence (yellow bar) and presence (blue bar)
of OVs. (A) Normalized tumor volume at day 20 for various BTZ supply rates (IB = 0(B(−)),
3.3 × 10−2(B1), 7.7× 10−2(B2), 1.8× 10−1(B3∗), 3.3 × 10−1(B4)). (B–D) Relative populations of
uninfected cancer cells (B), infected cancer cells (C), and oHSV (D). (E–H) levels of intracellular
variables, IκB (E), NFκB (F), Bax (G), and RIP1 (H).

In Figure 8, we show the effects of three different strategies for killing cancer cells. When a bolus
of OVs were injected on the periphery of the growing tumor (asterisks in the lower panel of Figure 8A),
the growing tumor cells were infected and killed. However, some of the tumor cells avoided the
OV attacks and regrew outside the infected areas (upper panel in Figure 8A). When more OVs were
injected in the center of the tumor core in addition to the periphery, tumor cells were infected in the
central region of the tumor and more cells die (Figure 8B). When BTZ was added at the same injection
points, OVs were amplified (Figure 8F) and more tumor cells were infected (Figure 8E), increasing
the anti-tumor efficacy (Figure 8G). However, in all cases, there was a large growing ring of tumor
cells that survive treatment. It is known that the location of injection sites of OVs for multifocal
glioma [71–73] and anti-tumor immunity [74–77] may influence the anti-tumor efficacy and killing of
invasive glioma cells.

(A)

***
** **
***

Uninfected, t = 0 day t = 5 days t = 8 days t = 10 days

Infected

Figure 8. Cont.
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Figure 8. The dynamics of tumor growth and cell death under the combination therapy. (A) Profiles of
solutions of uninfected (x) and infected (y) tumor cells at time t = 0, 5, 8, 10 days in response to OV
injections on the periphery of the growing tumor. (B,C) Profiles of solutions in response to OV injections
on the periphery and center of the tumor with OV only (B) and combination therapy OVs+BTZ; (C) at
the times shown in the header for (A); (D–F) time courses of uninfected tumor populations (D), infected
tumor population (E), and OVs (F) in three cases of (A–C). (G) Time courses of the populations of alive
(ininfected+infected) tumor cells in three cases of (A–C).

Next we investigated how the TME influences the effect of the combination therapy. Figure 9A–C
shows the spatial profiles of uninfected and infected tumor densities in response to OV injection
on the periphery, OV injection on the periphery and center of the tumor, and the combination
therapy OVs+BTZ. In all cases the diffusion coefficients of diffusible variables were 100-fold less
in the upper half Ω+ of the computational domain Ω = [0, 1]× [0, 1] than in the lower half Ω−.
The injection sites were marked in asterisks in the lower t = 0 panel in Figure 9A. While the combination
therapy resulted in the enhanced anti-tumor efficacy compared to OV therapies, tumor growth
(Figure 9G) and OV spread (Figure 9E,F) are slower in the upper domain in all cases. A challenging
microenvironment such as gray matter or dense ECM structure in the brain has been shown to
prevent tumor invasion [78,79] and limit viral spread in the tissue [43,80]. Therefore, ECM-degrading
substances such as Relaxin/decorin [81,82] and Chase-ABC [43] have been suggested to improve the
anti-tumor efficacy [83–88]. MRI histological analysis showed the presence of preferred migratory
paths of glioma cells and different diffuse growth patterns in complex brain microenvironment [89].
This undoubtedly involves chemotaxis of glioma cells, but this has not been included in the present
model. Nonetheless, our simulation results illustrate how the tumor microenvironment can affect the
OVs+BTZ combination therapy.
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Figure 9. Dynamics of tumor growth and cell killing under combination therapy in different TMEs.
In Ω+ the diffusivities of diffusible variables are reduced 100-fold. (A) Profiles of solutions of
uninfected (x) and infected (y) tumor cells at time t = 0, 5, 8, 10 day in response to OV injections
on the periphery of the growing tumor. (B,C) Profiles of solutions in response to OV injections alone (B)
and combination therapy OVs+BTZ; (C) on the periphery and center of the tumor at the corresponding
time. (D–G) Populations of uninfected tumor cells (D), infected tumor cells (E), OVs (F), and alive
tumor cells (G) at final time. * Whole population (blue; Ω), population in the upper domain (green;
Ω+), and population in the lower domain (yellow; Ω−).

3.3. Effect of CSPGs on Glioma Invasion and Anti-Invasion Strategies

CSPGs, which are major parts of the ECM in the brain, can form heterogenous structures such as
a ring with partial openings [90] or heterogenous patches [91], and it is known that CSPGs characterize
the invasive and non-invasive phenotypes of tumors [44,92]. In the following computations the
four quadrants in the computational domain are marked Q1-Q4—see Figure 10A1—and the spatial
distributions of CSPGs surrounding the tumor are shown in Figure 10C (closed) and Figure 10D (open).
Figure 10A,B show the time courses of uninfected tumor density at t = 0 (A1, B1), 5 (A2, B2), 8 (A3, B3),
10 days (A4, B4) in response to OVs+BTZ injections in the presence of a CSPG ring surrounding the
tumor without (Figure 10A), and with (Figure 10B) an open section in the first quadrant. Both OVs
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and BTZ were injected at the six spots (black disks in Figure 10C) in the interior region. Figure 10E,F
show the time courses of tumor populations within the whole area (black solid), inside (blue dashed),
and outside (red dotted) the CSPG surrounding for the closed (Figure 10E) and open (Figure 10F)
cases, respectively.
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Figure 10. The role of the TME in the regulation of glioma invasion. (A) Profiles of uninfected tumor
cells (x) in response to OVs and BTZ in the presence of CSPG surrounding the tumor at t = 0, 5, 8,
10 days. OVs (v) and BTZ (B) were injected in the interior of CSPG bands marked in black circles in
(C,D). (B) Profiles of uninfected tumor cells (x) under the same conditions, but with a partial gap in Q1.
One sees that some of surviving tumor cells invade the brain tissue in Q1. (C,D) The spatial distribution
of CSPG in the closed (C) and open cases (D) corresponding to (A,B), respectively. Spatial locations of
injection sites for both OVs and BTZ are marked in black filled circles in the interior. (E,F) The time
courses of the tumor index (the normalized tumor cell populations); total tumor population (black
solid), tumor population inside the CSPG ring structure (blue dashed), and invasive tumor cells outside
the ring structure (red dotted). (G) Immobile tumor cells near the CSPG boundary in closed and open
cases at t = 0, 5, 8, 10 days. (H,I) Infected tumor population (H) and OV (I) population in closed and
open cases. (J) Uninfected tumor populations in the four quadrants at the final time in the closed (blue)
and open (yellow) cases.

In both cases, uninfected tumor cells initially invaded the nearby surrounding tissue after
treatment with OVs and BTZ. In the closed case, cell invasion was blocked at the CSPG barrier
in all quadrants at around t = 8 days. The blockage was incorporated in the model by setting the
diffusion coefficient of the cells to zero at the boundary of the magenta-colored region in Figure 10C,D.
In the presence of the open sector, some uninfected tumor cells in the Q1 region invade the brain tissue
through the open gap in the CSPG barrier (red arrow in Figure 10B4) (see also the increasing population
(red arrowhead) of invasive cells in Figure 10F). Figure 10G shows the normalized populations of
uninfected tumor cells that are strongly adhered to the CSPG boundary at t = 0, 5, 8, 10 days in
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the open and closed regions. Figure 10H,I show the normalized populations of infected tumor cells
and OVs at the corresponding time points for open (yellow) and closed (blue) cases, respectively.
No significant differences in OV infection activities are observed between the open and closed cases.
The relative amounts of uninfected tumor cells at 20 days in the four quadrants are shown in more
detail in the open (yellow) and closed cases (blue) in Figure 10J. In the open case, the total number of
cells was higher and more are present in Q1, while the numbers in Q1-Q4 were roughly equal in the
closed case. These results show the critical role of the CSPG distribution in the regulation of glioma
invasion, even in the presence of OV therapy. This also suggests the possibility of blocking aggressive
glioma invasion by rearrangement or manipulation of CSPG ECM through LAR-CSGAG interaction
on the periphery of a growing tumor [44,92].

In Figure 11 we investigated anti-invasion strategies in the presence of a CSPG band with a partial
gap. When OVs were injected in the invasion area (Ωi in Figure 11A1) in addition to the interior of the
CSPG band, some of the surviving invasive cells were killed by these OVs (Figure 11A). However, OVs
alone were not enough to completely block the invasion of the glioma cells. When BTZ was added at
the same invasive site, the anti-invasion efficacy is increased Figure 11B. Therefore, strategic injection
of OVs+BTZ may be effective in controlling the invasive multi-focal gliomas [93]. Figure 11C–E show
populations of uninfected tumor cells (C), infected tumor cells (D), and OVs (E), respectively, in the
invasion region (Ωi) of Q1 at t = 8, 10 days. Higher rates of OV replication and infection compared
to the control lead to increased killing of invasive tumor cells in the invasive area. Figure 11F shows
populations of invasive tumor cells in Ωi at the final time t=10 days for control (without OV injection;
blue) and various levels of OVs (left column) and OVs+BTZ (right column) on the invasion sites.
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Figure 11. Anti-invasion strategies. (A,B) The distributions of uninfected tumor cells at time t = 0, 5, 8,
10 days in response to injection of OVs (A1–A4), or OVs+BTZ (B1–B4), in the invasion area (Ωi) and
OV-BTZ treatment in the interior. (C–E) Populations of uninfected tumor cells (C), infected tumor cells
(D), and OVs (E), respectively, in the invasion region (Ωi) of the Q1 area at t = 8, 10 days in response
to no treatment (blue), OV treatment (green), and combination treatment OVs+BTZ (yellow) in the Ωi

area. (F) Populations of invasive tumor cells in Ωi at final time for control (without OV injection; blue)
and various levels of OVs (left column) and OVs+BTZ (right column) on the invasion sites.

3.4. Anti-Invasion Strategies with OV Therapy: Localization

Finally, we investigated the effect of surgical resection when there is a gap in the surrounding
CSPGs. Figure 12 shows different patterns of invasion as a function of the diffusivity of cells,
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OVs and BTZ in response to resection of the tumor at the center followed by combination therapy.
The following combinations of D1 and Dv were used: (D1/10, 10Dv) in Figure 12A, (D∗1 , 10D∗v) in
Figure 12B, (10D∗1 , 10D∗v) in Figure 12C, (D∗1 /10, D∗v) in Figure 12D, (D∗1 , D∗v) in Figure 12E, (10D∗1 , D∗v)
in Figure 12F, (D∗1 /10, D∗v /10) in Figure 12G, (D∗1 , D∗v /10) in Figure 12H, (10D∗1 , D∗v /10) in Figure 12I.
Here, (D∗1 and D∗v) are the reference diffusion coefficients. The model predicts that different TME
conditions such as tissue composition—which affect D1 and Dv—may induce different spatial invasion
patterns. When both D1 and Dv are small, the dynamics are largely controlled by localized infection of
OVs and slow migration of tumor cells, leading to limited invasion and tumor cell killing. As D1 is
increased (from the left panel to the right panel), the increasing diffusion rate of uninfected cells leads
to highly invasive phenotypes through the open gap in Q1 (Figure 12G→ Figure 12H→ Figure 12I).
On the other hand, as Dv is increased, the dynamics lead to quick spread of OVs in the area, killing
more tumor cells (Figure 12G→ Figure 12D→ Figure 12A). Interestingly, high values of D1 and Dv

lead to the effective eradication of tumor cells in the enclosed area but effective tumor invasion through
the gap in Q1, thereby increasing the potential for tumor recurrence at other sites even after surgery
and combination therapy (Figure 12C). This type of glioma recurrence in other parts of brain after
surgery and OV therapy has been observed in clinical trials by Market et al. [72].

Diffusion of uninfected cells ( )

Di
ffu

sio
n 

of
 O

vs
an

d 
BT

Z
(

,
)

Figure 12. Effect of the spreading speed of OVs and tumor cells on glioma invasion: Profiles of invasive
tumor cells after surgery followed by the combination therapy oHSVs+BTZ as a function of the random
motility of glioma cells (D1) and spreading speed of OVs and BTZ (Dv) at the final time.

4. Discussion

Cellular apoptosis is a typical target of a significant number of anti-cancer chemotherapeutic
drugs such as doxorubicin, cisplatin and BTZ. However, patients often develop resistance to such
drugs, leading to reduced clinical outcomes. Interestingly, HSV-1 can hijack the usual cellular pathways
of ER stress and apoptosis in response to BTZ to override this response [94,95] and induce necroptotic
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cell death independently of both autophagic cell death and/or apoptosis [21]. While apoptotic cell
death involves an immunologically silent death [96,97], necrotic cells release cytokines, resulting in a
robust inflammatory response and long term immune response [98–101]. Interestingly, necroptotic
cell death is in the downstream pathway of virus replication and does not affect oHSV replication
in vitro [21] but the associated inflammation can also induce a mechanism for pathogen clearance [102].
The combination treatment can induce secretion of several cytokines such as IL1a, in vitro and in
vivo [21], which may lead to a significant and long-term anti-tumor immune response. BTZ may also
sensitize tumor cells to NK cell- and/or TNF-related apoptosis-inducing ligand (TRAIL)-mediated
killing using death receptors, such as DR5 [103,104]. While NK cell treatment in addition to OV
injection increases the anti-tumor efficacy, depletion of endogenous NK cells was also shown to
enhance the anti-tumor efficacy in the OVs+BTZ combination therapy [51]. Other immune cells such
as tumor-associated macrophages (TAMs) [105,106] also play a significant role in regulation of tumor
growth and invasion by exchanging signaling molecules such as transforming growth factor-β (TGF-β)
and colony stimulating factor 1 (CSF-1), adding complexities in optimizing the OV therapy [107].
Since OV therapy may be able to skew the balance between M2 and M1 activation of TAMs toward the
M1 phenotype, thereby activating the anti-tumor immune responses, it may be worthwhile trying to
manipulate OVs so as to ‘fully educate’ the existing immune cells [107]. In recent in vitro experiments,
TAMs were reported to be able to increase the oncolysis of attenuated measles and mumps virus [108],
opening these possibilities. These results illustrate the nonlinear complex aspects of the innate immune
system in the TME in regard to regulation of OV therapy [107].

Despite the localized synergistic effects of combination therapies on cancer cell killing in
glioma [20,21], its anti-tumor efficacy is not high in the TME, where the heterogenous distribution
of extracellular matrix components such as CSPGs [43,47,109], and other structures such as white
matter, as well as the host immune system, [51,105,110] play critical roles in the regulation of cell
movement [83]. CSPGs, one of the major components of brain ECM, has been shown to inhibit
glioma invasion by forming strong tumor-ECM adhesion [44–46] and a band of surrounding astrocytes
repelled by the dense CSPGs in the tumor center [92]. In the context of OV therapy, CSPGs were
shown to inhibit OV spread within the growing glioma [43] and Chase-ABC, a degrading enzyme,
was suggested to improve OV spread throughout the tumor core [43,47,111]. Our work shows that a
heterogeneous spatial distribution of CSPGs in the brain can affect the anti-tumor efficacy, in particular
on invasive glioma cells. Localization of invasive glioma cells to the periphery of the resection site
by injecting chemoattractants on the tumor site could improve anti-cancer therapy, as suggested
in [92,112,113]. In this regard, recent advances in obtaining vector fields of GBM cell movements may
also provide a useful guide for future modeling of tumour growth prior to surgical treatment [114].

In this study we focused on developing BTZ-dependent therapeutic strategies for glioblastoma
in the context of OV therapies, but our mathematical model can be applied to other types of
cancers. For instance, therapeutic effects of BTZ were studied in colon [115,116], prostate [117,118],
breast [119,120], lung [121,122], melanoma [123,124], ovarian [20,125,126], myeloma [25,127,128],
head and neck [20] cancers, EBV-associated lymphomas [129], hepatocellular carcinoma [130], and
glioma [20,21]. Various types of OVs have been studied in combination with BTZ, including
reovirus [131], HSV-1 [20,21,132], adenovirus [133] and VSV [134]. For instance, HSV-1 and reovirus
have shown synergistic effects [135] in breast cancer [136] and pancreatic cancer [131]. A combination
BTZ+adenovirus treatment led to caspase-dependent apoptosis and suppression of the antiviral
immune responses in a hepatocellular carcinoma model [133]. Interestingly, the combination BTZ+OV
treatment was found to inhibit VSV replication, showing less than additive cell killing rates in vitro , but
additive anti-tumor activity in vivo in myeloma cells [134]. Recently, Yoo et al. [20,21] observed that
the combination BTZ+OV therapy can induce the synergistic anti-tumor effects in ovarian and head
and neck cancers, as well as in glioma cells and malignant peripheral nerve sheath tumor cells. Other
groups have also shown that BTZ therapy can sensitize multiple myeloma therapies to ReoV infection
by up-regulating the expression of the viral receptor JAM-A [137–139]. Therefore, our mathematical
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model can provide a framework of investigating the anti-tumor efficacy and developing therapeutic
strategies of these cancers by taking into account the organ-specific tumor microenvironmental factors.

In our modeling framework, we can further investigate the effect of the combination BTZ+OV
therapy on tumor growth and develop anti-invasion strategies in a complex tumor microenvironment.
For instance, the model can be used to predict the anti-tumor responses when some of components in
the BTZ-affected signaling network are either promoted or inhibited by anti-cancer drugs, or when
tumor ECM components such as CSPGs are modified or manipulated in the brain. Since the location of
OV administration is a major determinant of the fundamental characteristics of initial host responses
against these armed OVs [140], our mathematical model can be adapted to optimize the injection
location of OVs and BTZ in a given tumor location in order to maximize synergistic anti-tumor
effects and minimize the negative anti-viral effects from the host defense system. The mathematical
model can be also used to optimize the schedule and amount of BTZ and OVs, maximizing the
anti-tumor effect and minimizing the administrative costs in the clinic [141–143]. However, there
exist several disadvantages of the current mathematical approach. For example, the intracellular
signaling networks and their regulation in cancerous cells are treated at a cell population level,
not at the individual cell level. Therefore, it is quite challenging to localize and control the core
IκB-NFκB-Bcl2-Bax-RIP1 signaling network at the individual cell level, especially for highly invasive
cells in the tumor microenvironment. In addition, the heterogeneity in the cancer cell population
plays an important role in cell motility, cellular invasion, resistance to drugs, and recurrence of the
tumor cells. However, it is difficult to take such heterogeneity into account in the current modeling
framework. A multi-scale hybrid modeling framework can better represent the cellular process at the
individual cell level. For instance, in this work, we did not take into account the detailed biochemical
reactions of tumor-ECM adhesion processes. More detailed [CSPG]-[CSGAG] receptor binding kinetics
at an individual glioma cell site were modeled in [92]. A useful anti-invasion strategy may emerge
by using a hybrid mathematical model [112,113,144–149] where important cellular features of highly
invasive glioma cells such as cell-ECM adhesion, signaling networks [141,150–153], cell movement in a
dense tissue [154], and interaction with other cells in the TME [105,155,156] can be taken into account.
A review of eukaryotic cell motility detailing some of the modeling difficulties appears in [157]. Finally,
one of the major components of the core control system in our model, the RIP1-RIP3 axis, is not always
intact in all glioblastoma cells. Therefore, the current model may not be applicable in such cases, and
we plan to modify the model in order to take into account alternative RIP1-independent cell death
mechanisms in a future mathematical model.

Even though BTZ, like other agents, has a low blood-brain barrier (BBB) permeability for treating
neurological disorders and spinal muscular atrophy [158–162], recent advances in the delivery method
of BTZ improved anti-tumor efficacy by bypassing the BBB, making BTZ a more affordable, effective
treatment for GBM [163]. Pre-treatment with an ATP-binding cassette (ABC) transporter inhibitor may
also overcome the low biodistribution of BTZs in the CNS by preventing BTZ’s efflux at the BBB [159].
Efficient use of BTZ and combination therapy at different locations in the brain for multi-focal glioma
could also improve overall eradication of cancerous cells. For instance, BTZ alone may be strategically
applied to kill tumor cells via ER stress in a location with limited access to OVs and the combination
therapy OVs+BTZ can be adapted for massive cell killing in more accessible locations, such as the core
of a growing tumor.

As it was clearly shown by recent Nobel prize awards, immune therapy and normalization
of the immune system greatly enhanced understanding of the role of the immune system as well
as the potential of immune therapy. However, recent work by Kim et al. [51] illustrated the dual
role of immune systems in the regulation of tumor dynamics in response to a triple combination
therapy—OVs+BTZ+NK cells. Furthermore, many immune factors can play a role in regulating killing,
replication, and spread of OVs. For instance, IFNα/β can limit virus replication [42,140,164–166].
In addition, innate immune cells such as NK cells and macrophages can block spread of OVs throughout
the tumor [51,140]. Intravenous, intra-aterial, or intratumoral administration of various types of OVs
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(vaccinia virus [167], Newcastle disease virus [168], measles virus [169], and adenovirus [170,171]) can
be eliminated by the circulating humoral defense agents [172,173]. Intracellular defense mechanism
can also limit OV replication [174–180]. These factors would certainly influence how OV dynamics
and anti-tumor effects of therapeutic drugs in the TME are modeled, and some of these will be taken
into account in future work. A better understanding of immune-tumor interactions in the TME would
certainly lead to development of new therapeutic strategies in OV therapy.

Recurrence of tumors after surgical resection is a major contributing factor to the low survival
rate of GBM and conventional treatments such as chemotherapy and radiotherapy are not effective
in treating infiltrating glioma cells because of changes in characteristics in signaling pathways such
as the apoptotic programs, and in drug resistance [93]. A new innovative strategy in addition to
development of OVs, effectively targeting invasive glioma cells, is needed to eradicate cancerous cells
and prevent recurrence.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/2/215/s1,
Figure S1: (A) A simplied model of the network of IκB-NFκB-Bcl2-Bax-RIP system for anti-apoptosis, apoptosis,
and necroptosis of glioma cells [1–5]. (B) Schematic components of IκB, proteasome-NFκB -Bcl2 complex, BAX,
and RIP1 are represented by ‘S’, ‘F’, ‘A’, and ‘R’, respectively. Table S1: Reference value used in the model.
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Abstract: Epilepsy at presentation is an independent favorable prognostic factor in glioblastoma
(GBM). In this study, we analyze the oncologic signaling pathways that associate with epilepsy
in human GBMs, and that can underlie this prognostic effect. Following ethical approval and
patient consent, fresh frozen GBM tissue was obtained from 76 patient surgeries. Hospital records
were screened for the presence of seizures at presentation of the disease. mRNA and miRNA
expression-based and gene set enrichment analyses were performed on these tissues, to uncover
candidate oncologic pathways that associate with epilepsy. We performed qPCR experiments and
immunohistochemistry on tissue microarrays containing 286 GBMs to further explore the association
of these candidate pathways and of markers of mesenchymal transformation (NF-κB, CEBP-β, STAT3,
STAT5b, VEGFA, SRF) with epilepsy. Gene sets involved in hypoxia/HIF-1α, STAT5, CEBP-β and
epithelial-mesenchymal transformation signaling were significantly downregulated in epileptogenic
GBMs. On confirmatory protein expression analyses, epileptogenic tumors were characterized by a
significant downregulation of phospho-STAT5b, a target of HIF-1α. Epilepsy status did not associate
with molecular subclassification or miRNA expression patterns of the tumors. Epileptogenic GBMs
correlate with decreased hypoxia/ HIF-1α/STAT5b signaling compared to glioblastomas that do not
present with epilepsy.

Keywords: glioblastoma; epilepsy; translational research; GSEA; tissue microarrays; hypoxia; HIF-1α;
STAT5b; mesenchymal transformation

1. Introduction

Glioblastoma (GBM) is the most malignant primary brain tumor with a dismal prognosis. Median
patient survival in those who can undergo aggressive therapy is 15–20 months from diagnosis [1].
Genetic and epigenetic (e.g., DNA methylation, histone acetylation) events condition the deregulation
of key signaling pathways in glioblastoma and hence, its growth, invasion and therapeutic resistance [2].
Specific molecular characteristics provide distinct molecular glioblastoma subtypes, of which the
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mesenchymal subtype has been linked to a more aggressive and invasive tumor phenotype [3] and is
driven by alterations in master transcription factors such as STAT3, CEBP-β and NF-κB [4,5].

The disease presents itself with epileptic seizures in 30–40% of the cases [6,7], and we previously
showed that epilepsy at presentation is an independent favorable prognostic factor for overall survival
in glioblastoma patients [7]. This prognostic effect could not be explained by treatment with specific
anti-epileptic drugs [7,8], a smaller tumor volume at presentation, due to an earlier detection of the
tumor, or IDH1 mutations [7]. The mechanisms underlying this prognostic effect in glioblastoma thus
remain to be elucidated.

Glioma-associated epilepsy is (in part) mediated by tumor specific biological changes. Most studies
have however been performed in low grade gliomas (LGGs), since these tumors more often present with
epilepsy compared to GBMs [9].

Tumor-associated epilepsy results, at least in part, from a local neuronal excitation/inhibition
disbalance. For instance, the release of D-2-hydroxyglutarate (D2HG), a substance structurally similar to
glutamate, in the tumor microenvironment was associated with epilepsy [10]. NR2B, a predominantly
extrasynaptic NMDA glutamate receptor, is highly phosphorylated in peritumoral mouse brain
tissue, and increases Ca2+ influx in the cells, leading to a self-activating circle and overexcitation of
neurons [11,12]. Another proposed mechanism of tumor-associated seizures is mediated by the glutamate
release pathway cystine/glutamate transporter System Xc−(SXC), which expression is elevated in a
subset of glioblastoma tissues, and in peritumoral tissues. Higher glutamate concentrations and lower
glutamine synthetase expression in the tumors and peritumoral tissues were also linked to glioma-related
seizures [13–15].

Some studies have also linked glioma-associated epilepsy with IDH1 mutation [16–18].
We have shown that such mutations cannot solely explain the favorable prognosis of epileptogenic
glioblastomas [7]. A lower expression of OLIG2, linked to the proneural GBM subtype [3], was also
related to an increased risk of tumor-associated seizures [19]. How this could relate to the prognosis is
however unknown.

The mechanisms underlying the prognostic effect of epilepsy at presentation on overall survival
in glioblastoma patients have thus not yet been investigated. Therefore, in this study, we focus on the
oncogenic signaling pathways that associate with epilepsy in human glioblastomas, in search for the
mechanisms that underlie this prognostic effect.

2. Results

Fresh-frozen tissue from 76 ‘de novo’ GBM patients was included in this study. Baseline
characteristics are shown in Table S1. Of these patients, 30 presented with epilepsy and 46 had
different symptoms at presentation of the disease. mRNA expression analysis was performed for 73
patients, after quality control and removal of three outliers. miRNA expression analysis was performed
for 72 patients, as four samples were removed due to insufficient RNA quality. Molecular classification
could be assigned to 66/76 samples. TMA’s included archival fresh-frozen paraffin-embedded (FFPE)
tissue from 286 consecutive GBM patients. Details on this cohort are shown in Table S2.

2.1. Epileptogenic GBMs Show Downregulation of HIF1a/STAT5b Signaling

None of the individual mRNAs or miRNAs reached a significant association value after correction
for multiple testing (Figure 1A,B). Exploratory gene set enrichment analyses (GSEA) were performed
with use of the mRNA expression data and showed significant downregulation of 218 gene sets in
the epilepsy subgroup compared to GBMs that did not present with epilepsy, with use of the Broad
Institute MySig (MSigDB) libraries of curated gene sets C2 collection (curated gene sets, p < 0.05,
false discovery rate (FDR) < 0.25). The top results are shown in Table 1, and full table is available in the
supplementary material (Table S3). The majority of the associated gene sets are involved in hypoxia
and HIF-1α signaling. Additionally, a gene set containing STAT5 targets (p < 0.0001, FDR = 0.06)
and gene sets involved in CEBP-β, STAT3 signaling and epithelial to mesenchymal transition (EMT)
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signaling (p < 0.05, FDR < 0.25) were downregulated in the epilepsy subgroup compared to patients
without epilepsy.

GSEA with the MSigDB C3 collection containing motif gene sets showed, among others,
downregulation of a gene set involved in CEBP-β signaling (p < 0.05, FDR < 0.25, Table 1) and SRF
signaling (p < 0.05, FDR < 0.25). Analysis with the MSigDB C7 gene set showed downregulation of multiple
gene sets containing genes responsive to LPS stimulation in macrophages (p < 0.05, FDR < 0.25, Table 1).

Figure 1. Lack of correlation between GBM-associated epilepsy and gene expression data. (A) Heatmap
showing gene expression patterns of the 1000 RNA microarray probes with the highest standard
deviation. Relative downregulation is shown as green, relative upregulation is shown as red, see color
key. No differentially expressed genes were observed after correction for multiple testing (BH adjusted
p < 0.05). (B) MiRNA expression patterns of the 100 probes with the highest standard deviation.
67 samples from our institute were included in this analysis. Relative miRNA downregulation is shown
as white/yellow, and relative miRNA upregulation is shown as red, see color key. No differentially
expressed miRNAs were observed after correction for multiple testing (Benjamini Hochberg adjusted
p < 0.05).

Table 1. Gene set enrichment analysis with MSigDB collections. Gene sets are significantly
downregulated in the epilepsy group compared to the patients without epilepsy. Cutoff values
for significance were p < 0.05 and FDR < 0.25. Analyses were performed with MSigDB collections
C1–C7. A subset of significant C2 results were displayed in this table. See supplementary Table S1 for
full results with the C2 collection. NES: normalized enrichment score, FDR: false-discovery rate.

Gene Sets NES p-Value FDR

C2 collection—curated gene sets

ELVIDGE_HIF1A_TARGETS_DN −2.355 <0.0001 <0.0001
ELVIDGE_HYPOXIA_BY_DMOG_UP −2.283 <0.0001 0.0007

ELVIDGE_HIF1A_AND_HIF2A_TARGETS_DN −2.301 <0.0001 0.0007
ELVIDGE_HYPOXIA_UP −2.259 <0.0001 0.0009

LEONARD_HYPOXIA −2.285 <0.0001 0.001
FARDIN_HYPOXIA_11 −2.198 <0.0001 0.007
PID_HIF1_TFPATHWAY −2.149 <0.0001 0.02

GROSS_HIF1A_TARGETS_DN −2.136 <0.0001 0.02
GROSS_HYPOXIA_VIA_ELK3_AND_HIF1A_UP −2.116 <0.0001 0.03
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Table 1. Cont.

Gene Sets NES p-Value FDR

C3 collection—transcription factor targets

V$ROAZ_01 −1.69 0.03 0.11
V$SRF_01 −1.71 0.02 0.13

CCAWWNAAGG_V$SRF_Q4 −1.71 0.01 0.16
TTGCWCAAY_V$CEBPB_02 −1.73 0.004 0.18

GGGNRMNNYCAT_UNKNOWN −1.62 0.006 0.20
KRCTCNNNNMANAGC_UNKNOWN −1.77 0.013 0.25

C7 collection—immunologic signatures

GSE14769_UNSTIM_VS_40MIN_LPS_BMDM_DN −1.90 0.006 0.13
GSE37416_CTRL_VS_12H_F_TULARENSIS_LVS_NEUTROPHIL_DN −1.90 0.006 0.15

GSE14769_UNSTIM_VS_80MIN_LPS_BMDM_DN −1.91 0.008 0.17
GSE14769_UNSTIM_VS_60MIN_LPS_BMDM_DN −1.91 0.006 0.21

GSE37416_CTRL_VS_3H_F_TULARENSIS_LVS_NEUTROPHIL_DN −1.93 0.004 0.24

qPCR experiments in a subset of fresh-frozen GBM samples (epilepsy n = 5, no epilepsy n = 16) did
not show significant differential expression of HIF1a, VEGF or SRF (Figure 2A). However, on a protein
level, we observed a significant decrease in protein expression of nuclear phosphorylated STAT5b
in the epilepsy subgroup (Mann-Whitney U test, p = 0.004, Figure 2B). The JAK/STAT5b pathway
has been shown to closely correlate with hypoxia and HIF-1α signaling in multiple cancers [20–23].
VEGFA and SRF protein expression did not differ between the two groups (Figure 2B and Figure S1).

SRF VEGFA HIF1AA

VEGFAphospho-STAT5bB

Figure 2. Differential activation of STAT5b between epileptogenic and non-epileptogenic GBMs.
(A) qPCR experiments showing mRNA expression (ΔCT) of SRF, VEGFA and HIF1A in GBM patients
with epilepsy (n = 5) and without epilepsy (n = 16). Graphs show mean ±SD and expression values per
patient. Expression values were normalized to the average of 3 housekeeping genes (ACTB, GAPDH,
GUSB). There was no significant difference in mRNA expression between epilepsy and non-epilepsy
samples (independent samples t-test, SRF: p = 0.9, VEGFA: p = 0.76, HIF1A: p = 0.23). (B) Protein
expression of phosphorylated STAT5b and VEGFA on GBM samples included on a tissue microarray.
STAT5b expression was significantly lower in patients that presented with epilepsy compared to GBM
patients with other presenting symptoms (n = 265, Mann Whitney U test, p = 0.004). VEGFA expression
did not differ between the groups (n = 275, Mann Whitney U test, p = 0.43).
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2.2. Epilepsy Does Not Correlate with a Mesenchymal Signature in GBMs

As described above, GSEA showed downregulation of, among others, gene sets involved in
EMT, STAT3 and CEBP-β signaling in the epileptogenic GBMs. Based on these results, we further
investigated the association of epileptogenic GBMs with mesenchymal transformation.

In the subgroup of patients without epilepsy a relatively larger percentage of tumors was
classified as the mesenchymal subtype compared to the epilepsy group (40% vs. 25%), but this
difference did not reach statistical significance (Chi-square test, p = 0.48, Figure 3A). In line with these
results, no significant difference was observed in protein expression of phosphorylated NF-κB p65,
phosphorylated STAT3 and CEBP-β (Figure 3B), which are master transcriptional regulators of the
mesenchymal gene signature in GBM.

EpilepsyNo epilepsy

A

C/EBP-β phospho-STAT3 phospho-NF-κB p65B

Figure 3. Molecular subclassification and mesenchymal activation in epileptogenic GBM.
(A) Distribution of molecular GBM subtypes in subgroup of patients with epilepsy (n = 24) and
without epilepsy (n = 42), based on mRNA expression profile. There was no significant difference in
subtype distribution (Chi-square test, p = 0.48). (B) Protein expression of CEBP-β, phosphorylated
STAT3 and phosphorylated NF-κB p65 on GBM tissues included on a tissue microarray. Mann Whitney
U test did not show significant differences in protein expression between the epilepsy and non-epilepsy
subgroups (CEBP-β: n = 266, p = 0.81, phosphorylated STAT3: n = 272, p = 0.68, phosphorylated NF-κB
p65: n = 278, p = 0.56). Boxes represent median and quartiles, whiskers show data range.

3. Discussion

In our previous work, we observed that glioblastoma patients with epilepsy at the time of
diagnosis have a significantly longer overall survival compared to patients that present with other
symptoms. This prognostic effect was independent of anti-epileptic treatment and other important
clinical characteristics [7].

Others have demonstrated that specific tumor biological effects are associated with epilepsy in
glioma patients, such as neuronal excitation/inhibition disbalance and expression changes in the
glutamate pathway [10–15]. Also, IDH1 mutation was linked to the risk of tumor-associated epilepsy
and seizure prognosis [16,17]. In our previous study, however, we found no correlation between
epilepsy and IDH1 mutation in primary glioblastoma patients [7].
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NF-κB, CEBP-β and STAT proteins, including STAT3 and−5, are transcription factors that mediate
a wide range of cellular cytokine responses in physiological and disease processses [24–26]. Previous
studies have identified STAT3 and CEBP-β as principal regulators of the mesenchymal gene expression
signature in glioblastoma [4,27]. High expression of these mesenchymal markers has been associated
with worse survival of GBM patients [27]. Additionally, NF-κB has been shown to drive mesenchymal
transformation in glioma stem cells by induction of master transcription factors STAT3, CEBP-β
and TAZ, which can subsequently contribute to resistance to radiation [5] and chemotherapy [28].
In our study, GSEA showed a downregulation of gene sets involved in epithelial to mesenchymal
transformation (C2) and CEBP-β signaling (C3), suggesting a possible link between epileptogenic
GBMs and molecular subclassification or mesenchymal transformation. Subsequent analyses could
however not confirm this relationship. Although the epilepsy subgroup contained fewer tumors with
the mesenchymal subtype, this was not a statistically significant difference. We also did not observe
significant differences in protein expression of the key mesenchymal transcription factors NF-κB p65,
STAT3 and CEBP-β.

Hypoxia-inducible factors, such as HIF-1α, contribute to the cell’s response to hypoxia [29].
HIF-1α is a major player in the oncologic signaling in GBM. In hypoxic conditions, a mesenchymal
shift mediated by HIF-1α is induced in glioblastoma cells [30,31]. Several of the key regulators
of transcription involved in mesenchymal transformation (e.g., NF-κB, CEBP-β) upregulate under
hypoxic conditions in cancer cells [27,32], and hypoxia activates the JAK2/STAT5b pathway in
several types of cancer [20–23]. Also, crosstalk between HIF-1α and STAT3 was reported, in different
tumor types, including glioblastoma [33,34]. Interest in STAT5 signaling in glioblastoma is growing,
as multiple studies have shown that STAT5b drives proliferation and invasion in glioma [35–38].
This may be, in part mediated by the oncogenic EGFRvIII variant [39–41].

In our study, we observed downregulation of multiple gene sets involved in HIF-1α and hypoxia
signaling in the epileptogenic GBMs. Additionally, STAT5 target genes seemed downregulated in
this group. Interestingly, nuclear phosphorylated STAT5b protein expression was downregulated in
the epileptogenic GBMs. Activated STAT5 proteins translocate to the nucleus [26], and serine 730
phosphorylation induces its intrinsic transcriptional activity [42]. We did not observe differential RNA
or protein expression of HIF-1α and its target VEGFA between the epileptogenic GBMs and tumors
that did not cause epilepsy. These results indicate that epilepsy in GBM patients more specifically
correlates to decreased hypoxia/HIF-1α/STAT5b signaling. Interestingly, STAT5b protein expression
associated with glioblastoma patient survival in our population of patients [43].

Besides its role in tumor growth and cancerogenesis, HIF-1α/STAT5b signaling could also be
directly related to the epileptogenicity of the tumors, by altering the buffering and networking
properties of the glial network. STAT5-null mice have indeed undetectable levels of connexin 32 [44],
while connexin 43 (Cx43) mediates HIF-1α in astrocytes [45]. High expression of connexin 43 has in
turn been linked to both glioma-related [46] and epilepsy due to mesiotemporal sclerosis [47], while this
latter presents reduced levels of connexin 32. On the other hand, STAT5 is a negative regulator of xCT
Expression and System Xc-Activity [48]. The exploration of these potential correlations is beyond the
scope of the present work but represents an interesting venue for future research. With respect to tumor
epileptogenicity as well, our GSEA also showed decreased expression of gene sets involved in serum
response factor (SRF) signaling in the epileptogenic tumors. SRF depletion has been associated with
increased seizure frequency in a mouse model [49,50]. Interestingly, SRF has also been linked to tumor
invasion, proliferation, metastasis and resistance to therapy in different cancer types [51–53]. Its role in
glioblastoma remains to be explored. In a subset of patients however, we did not observe differential
SRF RNA expression between the epilepsy and non-epilepsy subgroups by qRT-PCR. Likewise,
SRF protein expression was evaluated with two different antibodies on our tissue microarrays and did
not associate with epileptogenicity. Hence, we could not confirm the association of SRF signaling with
epileptogenic GBMs.
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Our study presents some limitations. Not all results from the gene set enrichment analyses could
be confirmed by other RNA or protein expression-based experiments. This discrepancy confirms
the exploratory role of GSEA. The number of fresh-frozen tumor tissues available for confirmatory
qRT-PCR experiments was somewhat limited. On the other hand, we included a large cohort of
patients in the TMA analyses for our confirmatory protein expression analyses. Yet, we cannot rule out
that intratumoral tissue heterogeneity could alter these analyses as well. Fresh-frozen tumor specimens
were all collected by an experienced neuro-oncological neurosurgeon (P.R.) from the vital tumor tissue
during surgery. Due to ethical reasons, we were not able to include peritumoral brain tissue from the
patients. Archival FFPE tissue was used for protein expression analyses on tissue microarrays and
multiple tumor tissue regions per patient were included. To minimize this bias however, a combined
protein expression score was computed per patient.

4. Materials and Methods

4.1. Ethics Statement

This study was conducted following approval by the local ethical committee, and institutional
review board (protocols 09-420, 16-229, 16-348).

4.2. Clinical data and Tumor Tissues

Following ethical approval and written patient consent, fresh frozen glioblastoma tissue was
prospectively obtained from 76 patients at first surgery for their disease between 2010–2015. Hospital
records were screened for the presence of seizures at diagnosis.

4.3. mRNA Expression Analysis

Seventy-six fresh-frozen surgical samples of de novo GBMs were prospectively collected between
2010 and 2015. RNA was extracted with the Nucleospin® TriPrep (Macherey-Nagel, Düren, Germany)
and the QIASymphony RNA (Qiagen, Venlo, The Netherlands) kits according to the manufacturers’
instructions. Affymetrix HG U133 plus 2.0 arrays were prepared and scanned according to the
manufacturer’s protocol and as reported previously [54]. Quality control and differential gene
expression analyses were performed with R (v3.2.2). Based on principal component analysis (PCA)
plots, 3 outliers were removed. Robust Multi-array Average (RMA) normalization was applied.
Batch correction was performed with the ‘sva’ package. Differential expression was analyzed with the
‘limma’ package and heatmaps were created with the ‘heatmap3′ package (R).

Exploratory Gene Set Enrichment Analyses (GSEA) were performed after RMA-normalization [55]
and batch correction, with the Partek® Genomics suite platform (v6.6) (Partek, St. Louis, MO, USA).
Analyses were performed with the Broad Institute MySig libraries of curated gene sets C1—C7 version
5.0 [56], 1000 permutations and default additional parameters. An FDR threshold of 0.25 was applied
as recommended [55].

4.4. miRNA Expression Analysis

RNA was isolated from the 76 fresh-frozen surgical samples of GBM patients with the MiRNeasy
Micro Kit (Qiagen). Expression profiling of 800 miRNA probes was performed with the nCounter®

Human v2 miRNA Expression Assay (NanoString, Seattle, WA, USA) at The Ohio State University
Nucleic Acid Core Facility. 250 ng RNA was used per sample and conditions were set according to the
manufacturer’s instructions. RNA quality was insufficient for 4 samples. Data were processed with
the Partek® Genomics suite platform (v6.6) by geometric mean normalization, average background
subtraction and normalization to housekeeping genes. miRNA expression levels in GBMs in patients
with and without seizures were analyzed with the ‘limma’ and ‘heatmap3′ package (R).
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4.5. Class Prediction

Molecular subclassification (proneural, neural, classical, mesenchymal) was predicted by
hierarchical clustering [3]. Microarray normalization, data filtering and analysis of inter-array
homogeneity were performed as reported previously [3,57]. Affymetrix HG U133 plus 2.0 probesets
were matched to 840 genes originally published for the classification of GBMs (http://tcga-data.nci.
nih.gov/docs/publications/gbm_exp/). Relative gene expression values were calculated. Genes were
then excluded for a median absolute deviation below 0.5 [3]. After filtering, 768 genes were used for
the class prediction. The hierarchical clustering of samples was performed with cluster 3 software [58]
with the agglomerative average linkage for the structure and 1 minus the Pearson’s correlation for the
distance metric [3].

4.6. qPCR Analyses

RNA for qPCR was available from the RNA extraction for miRNA expression analysis for 5 GBM
patients with epilepsy and 16 patients without epilepsy. RNA quality was checked by measuring
of A260/280 and A260/230 values with Nanodrop. qPCR expression analyses were performed for
HIF1A, SRF, VEGFA. Expression values were normalized to the average of 3 housekeeping genes
(ACTB, GAPDH, GUSB).

4.7. Tissue Microarrays and Immunohistochemistry

Archival FFPE GBM tumor tissues from a consecutive cohort of 286 patients treated in
the UMCU between 2009 and 2013 were included on tissue microarrays (TMA’s) as described
previously [7]. Immunohistochemistry was performed, as described previously [7], with antibodies
against STAT5b (phospho S731, Rabbit polyclonal, Abcam, Cambridge, UK), VEGF (Rabbit
polyclonal, ThermoScientific, Waltham, MA USA), anti-NF-κB p65 (phospho S276, Rabbit polyclonal,
Abcam); anti-STAT3 (phospho Y705) (Rabbit monoclonal, Cell Signaling, Leiden, The Netherlands);
anti-CEBP-β (Mouse monoclonal, Abcam); anti-SRF (Rabbit polyclonal, Abcam, and rabbit polyclonal,
Sigma-Aldrich, St. Louis, MO, USA).

Protein expression evaluation was performed with blinding for the clinical data, and was
supervised by a senior neuropathologist. The percentage of nuclear and/or cytoplasmatic staining
was scored as: 0, negative; 1, 1–25% positive cells; 2, 26–50% positive cells; 3, 51–75% positive cells
and 4, 76–100% positive cells. A mean expression score was computed per patient. Due to insufficient
tissue quality on TMA, a variable number of tissues per staining could not be evaluated (n = 8–21).

4.8. Statistical Analyses

Expression analyses of individual mRNAs and miRNAs were performed with the ‘limma’ package
in R (v3.2.2). To control for inflation of type I error by multiple testing, p-values were adjusted by
default Benjamini-Hochberg procedure. Adjusted p-values < 0.05 were considered significant.

GSEA was performed with the Partek® Genomics suite platform (v6.6). A recommended cutoff of
p < 0.05 and false-discovery rate (FDR) < 0.25 was applied. All other analyses were performed with SPSS
(v25, IBM, Armonk, NY, USA). A p-value < 0.05 was considered significant. Differential distributions
of molecular subtypes across epilepsy and non-epilepsy patients were tested with a Chi-square
test. Differences in RNA expression between patients with and without epilepsy were analyzed by
independent samples t-test. Data distribution of protein expression was evaluated graphically and
with a Kolmogorov-Smirnov test and differential expression was subsequently analyzed with a Mann
Whitney U test.
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5. Conclusions

A reduced activity of the hypoxia/HIF-1α/STAT5b signaling pathway is associated with
epileptogenicity in glioblastomas. For the first time to our knowledge, these results provide biological
insight in the favorable prognosis of tumor-associated epilepsy.
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Abbreviations

ACTB Actin β

CEBP-β CCAAT/Enhancer Binding Protein β

D2HG (D)-2-hydroxyglutarate
EGFRvIII Epidermal growth factor receptor variant III
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GUSB β-glucuronidase
HIF-1α Hypoxia-inducible factor-1α
IDH1 Isocitrate dehydrogenase 1
JAK Janus kinase
LPS Lipopolysaccharide
NF-kB Nuclear Factor binding near the κ light chain gene in B cells
NMDA N-methyl-D-aspartate
NR2B N-methyl D-aspartate receptor subtype 2B
OLIG2 Oligodendrocyte transcription factor
SRF Serum response factor
STAT3 Signal transducer of activation 3
STAT5 Signal transducer of activation 5
TAZ Tafazzin
VEGF Vascular endothelial growth factor
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Abstract: A higher degree of angiogenesis is associated with shortened survival in glioblastoma.
Feasible morphometric parameters for analyzing vascular networks in brain tumors in clinical
practice are lacking. We investigated whether the macrovascular network classified by the number of
vessel-like structures (nVS) visible on three-dimensional T1-weighted contrast–enhanced (3D-T1CE)
magnetic resonance imaging (MRI) could improve survival prediction models for newly diagnosed
glioblastoma based on clinical and other imaging features. Ninety-seven consecutive patients (62 men;
mean age, 58 ± 15 years) with histologically proven glioblastoma underwent 1.5T-MRI, including
anatomical, diffusion-weighted, dynamic susceptibility contrast perfusion, and 3D-T1CE sequences
after 0.1 mmol/kg gadobutrol. We assessed nVS related to the tumor on 1-mm isovoxel 3D-T1CE
images, and relative cerebral blood volume, relative cerebral flow volume (rCBF), delay mean time,
and apparent diffusion coefficient in volumes of interest for contrast-enhancing lesion (CEL), non-CEL,
and contralateral normal-appearing white matter. We also assessed Visually Accessible Rembrandt
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Images scoring system features. We used ROC curves to determine the cutoff for nVS and univariate
and multivariate cox proportional hazards regression for overall survival. Prognostic factors were
evaluated by Kaplan-Meier survival and ROC analyses. Lesions with nVS > 5 were classified as having
highly developed macrovascular network; 58 (60.4%) tumors had highly developed macrovascular
network. Patients with highly developed macrovascular network were older, had higher volumeCEL,
increased rCBFCEL, and poor survival; nVS correlated negatively with survival (r = −0.286; p = 0.008).
On multivariate analysis, standard treatment, age at diagnosis, and macrovascular network best
predicted survival at 1 year (AUC 0.901, 83.3% sensitivity, 93.3% specificity, 96.2% PPV, 73.7%
NPV). Contrast-enhanced MRI macrovascular network improves survival prediction in newly
diagnosed glioblastoma.

Keywords: glioblastoma; magnetic resonance imaging; angiogenesis; biomarker; survival

1. Introduction

Glioblastoma is the most common angiogenic malignant astrocytic tumor. Despite therapeutic
advances, the prognosis of glioblastoma is dismal, with median overall survival of 16 months [1].
Angiogenesis, a key step in tumor progression, is among the most important prognostic factors
in glioblastoma and correlates with worse survival [2–8]. However, morphological vascular
parameters cannot easily differentiate between pre-existing brain vessels incorporated into tumors
and neoangiogenesis [8], though tumor vascularity and leakiness measured with perfusion imaging
have been shown to indirectly correlate with different stages of angiogenesis with increasing glioma
grade [9]. Thus, it is more useful to assess vascularity by considering the tumor’s “vascular network”,
which comprises of both pre-existing vessels incorporated into the tumor and microvessels arising from
neoangiogenesis [10,11]. However, no morphometric parameter has been validated as a biomarker of
vascularity. A biomarker that enabled tumor grading based on angiogenic sub-patterns could help
improve diagnosis and prognosis, and would facilitate the translation of antiangiogenic therapy from
the experimental stage into clinical practice. In addition to classic angiogenesis seen at histology
as evenly distributed capillary-like microvascular sprouting, immunohistochemistry for CD34
reveals unevenly distributed bizarre vascular formations (glomeruloid vascular formations, vascular
garlands, and vascular clusters), which are considered a histological hallmark of glioblastoma [3,5].
These formations are considered a late, secondary development that is insufficient to save tumoral
tissue from hypoxia-mediated death. Birner et al. [3] found that a predominantly bizarre vascular
pattern was associated with worse survival than a predominantly classic pattern. Moreover, histological
microvessel density is higher in the classic vascular pattern than in the predominantly bizarre pattern.

However, various factors impede the use of histopathological or molecular biomarkers to assess
glioblastoma angiogenesis in clinical practice. Continuous monitoring is difficult because sampling
is invasive, does not represent the heterogeneity within tumors, requires long processing times
as well as complex storage and testing techniques, and yields poor interobserver agreement [12].
By contrast, imaging biomarkers for patient selection and therapeutic monitoring are not limited by
invasive sampling and can assess the heterogeneity of the whole tumor. Novel magnetic resonance
imaging (MRI) biomarkers of angiogenesis of newly diagnosed glioblastomas have aroused great
interest. The degree of vascularity of glioblastomas has been evaluated directly by digital subtraction
angiography [13–16] and magnetic resonance angiography (MRA) [17], as well as indirectly by dynamic
susceptibility contrast perfusion MRI (DSC-MRI) [9,15,16,18–25] and CT perfusion [26]. DSC-MRI
shows that glioblastomas have regions of significantly elevated relative cerebral blood volume (rCBV)
or relative cerebral blood flow (rCBF) consistent with their increased vascularity [18–22]. However,
some newly diagnosed glioblastomas show low vascularity [14–17]. Wetzel et al. [16] documented the
absence of vascularity in 30% of 231 gliomas, and a recent pilot study using gadofosveset blood-pool
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contrast agent found that half of glioblastomas had decreased vascularity on high-resolution MRA [17];
both these studies found that increased vascularity predicted worse outcome [16,17].

Numerous studies suggest that pretreatment MRI features may be prognostic indicators of
survival in patients with glioblastoma [16,17,27–33]. Features included in survival models include
the degree of necrosis, the degree of enhancement, multifocality, satellite lesions, volume of contrast-
enhancing lesion (CEL), volume of non-CEL, and extent of edema. Additionally, a few studies have
suggested that including imaging features based on Visually AcceSAble Rembrandt Images (VASARI),
a controlled vocabulary system developed to standardize the grading of visual MRI features in
gliomas [34], could enhance the predictive power of survival models based on clinical features [27,31].
Other studies have suggested that the extent of resection, age at diagnosis, and Karnofsky Performance
Scale (KPS) score can determine survival in glioblastoma [32,35,36].

Using MRI biomarkers to assess baseline risk at diagnosis can help researchers stratify patients
into risk groups and help clinicians make treatment decisions. This study aimed to assess whether
including measures of the macrovascular network of newly diagnosed glioblastoma in routine clinical
contrast-enhanced MRI protocols could improve the predictive power of survival models based on
clinical and other imaging features. We counted vessel-like structures related to the CEL or non-CEL
components on three-dimensional contrast-enhanced spin-echo T1-weighted imaging (3D-T1CE) to
assess the macrovascular network. We found that the macrovascular network on 3D-T1CE, together
with age at diagnosis and standard treatment, best predicted survival with AUC = 0.901 (p < 0.001),
yielding 83.3% sensitivity, 93.3% specificity, 96.2% positive predictive value, and 73.7% negative
predictive value.

2. Results

2.1. Determination of the Cutoff for Number of Vessel-Like Structures in Glioblastoma

The best cutoff for nVS related to the CEL or non-CEL components to discriminate between
highly developed macrovascular network and less developed macrovascular network in newly
diagnosed glioblastomas on 3D-T1CE (Figure 1), was 5, yielding 100% sensitivity, 97.7% specificity,
98.1% positive predictive value, and 100% negative predictive values. Considering glioblastomas with
nVS > 5 to have highly developed macrovascular network, 53 (54.6%) tumors had highly developed
macrovascular network.

Interobserver agreement for macrovascular network was excellent (κ = 0.85).
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Figure 1. Macrovascular network on 3D-T1 contrast enhancement MRI. Panel of 2 cases illustrating MRI
characteristics for less developed and highly developed macrovascular networks. The glioblastoma
with a highly developed macrovascular network (red arrows) shows an unevenly distributed bizarre
large-vessel pattern. ADC indicates apparent diffusion coefficient; DMT, delay mean time; FLAIR,
fluid-attenuated inversion recovery; K2, microvascular permeability; MTT, mean transit time; rCBF,
relative cerebral blood flow; rCBV, relative cerebral blood volume; PC-T1WI, postcontrast T1 weighted
image; TTP, time to peak.

2.2. Patient Characteristics

Table 1 summarizes the patients’ data. All 97 patients (66 male, mean age 58 ± 15 years) died
during the observation period. The median KPS score at diagnosis was 80.0 (IQR, 70.0–80.0).

Patients with glioblastomas with highly developed macrovascular network were older, had
higher mean volumeCEL and higher rCBFCEL, and tended toward lower KPS scores (median, 85.76% vs.
90.20% in patients with glioblastomas with less developed macrovascular network, p = 0.063) (Table 1).

Standard treatment was administered in 64 (65.98%) patients, 53 with highly developed
macrovascular network and 44 with less developed macrovascular network. None of the patients
underwent antiangiogenic therapy.

406



Cancers 2019, 11, 84

T
a

b
le

1
.

Pa
ti

en
tc

ha
ra

ct
er

is
ti

cs
.

C
h

a
ra

ct
e
ri

st
ic

O
v

e
ra

ll
(n

=
9
7
)

L
e
ss

D
e
v

e
lo

p
e
d

M
a
cr

o
v

a
sc

u
la

r
N

e
tw

o
rk

(n
=

4
4
)

H
ig

h
ly

D
e
v

e
lo

p
e
d

M
a
cr

o
v

a
sc

u
la

r
N

e
tw

o
rk

(n
=

5
3
)

p-
V

a
lu

e

M
al

e
(%

)
62

(6
3.

9%
)

66
(6

8.
2%

)
58

(6
0.

4%
)

0.
42

6

A
ge

at
di

ag
no

si
s

(y
ea

rs
)

58
(1

5)
54

(1
5)

61
(1

2)
0.

02
6

K
ar

no
fs

ky
sc

or
e

87
.4

5
(1

8.
23

)
90

.2
0

(7
.6

5)
85

.7
6

(1
4.

02
)

0.
06

3

Vo
lu

m
e C

EL
(c

m
3 )

20
.4

(1
9.

12
)

13
.5

5
(1

0.
52

)
26

.2
8

(2
2.

71
)

0.
00

1

Vo
lu

m
e N

C
EL

(c
m

3 )
50

.6
7

(3
2.

64
)

44
.9

1
(2

7.
6)

55
.6

2
(3

6.
02

)
0.

26
0

Vo
lu

m
e

of
ne

cr
os

is
(c

m
3 )

20
.3

7
(2

1.
84

)
21

.5
2

(2
8.

2)
19

.4
1

(1
4.

86
)

0.
31

0

rC
BF

C
EL

16
.0

8
(4

.9
2)

14
.3

1
(4

.0
6)

18
.5

2
(5

.0
4)

0.
00

1

rC
BF

N
C

EL
16

.4
5

(4
.3

4)
15

.5
(4

.0
5)

17
.7

5
(4

.4
9)

0.
11

8

rC
BV

C
EL

1.
76

(0
.9

3)
1.

66
(1

.0
9)

1.
83

(0
.8

1)
0.

18
1

rC
BV

N
C

EL
2.

08
(1

.1
8)

1.
88

(0
.8

6)
2.

22
(1

.3
7)

0.
36

1

M
TT

C
EL

(s
)

5.
74

(1
.9

3)
5.

71
(1

.6
8)

5.
77

(2
.1

2)
0.

93
8

M
TT

N
C

EL
(s

)
6.

06
(2

.2
3)

6.
14

(2
.5

7)
6

(2
)

0.
89

8

TT
P C

EL
(s

)
25

.9
9

(8
.6

7)
25

.8
6

(9
.2

6)
26

.0
9

(8
.3

8)
0.

66
7

TT
P N

C
EL

(s
)

25
.8

5
(7

.1
2)

24
.6

7
(5

.6
7)

26
.6

4
(7

.9
6)

0.
29

6

D
M

T C
EL

(s
)

−0
.2

6
(1

.2
1)

−0
.3

8
(1

.3
5)

−0
.1

8
(1

.1
1)

0.
57

3

D
M

T N
C

EL
(s

)
−0

.1
2

(0
.5

7)
−0

.1
6

(0
.5

1)
−0

.1
(0

.6
2)

0.
72

5

M
ic

ro
va

sc
ul

ar
pe

rm
ea

bi
lit

y,
K

2C
EL

−5
6.

48
(5

7.
21

)
−5

1.
75

(6
7.

45
)

−5
9.

9
(4

9.
48

)
0.

27
4

M
ic

ro
va

sc
ul

ar
pe

rm
ea

bi
lit

y,
K

2N
C

EL
−5

3.
82

(6
1.

23
)

−4
6.

25
(8

3.
83

)
−5

9.
31

(3
8.

29
)

0.
09

9

A
D

C
C

EL
(m

m
2

s−
1
×

10
−3

)
0.

30
(0

.0
7)

0.
30

(0
.0

7)
0.

31
(0

.0
8)

0.
95

2

A
D

C
N

C
EL

(m
m

2
s−

1
×

10
−3

)
0.

44
(0

.0
3)

0.
44

(0
.0

3)
0.

44
(0

.0
3)

0.
94

4

Ve
ss

el
-l

ik
e

st
ru

ct
ur

es
(n

)
9.

56
(8

.1
1)

2.
75

(1
.9

4)
15

.2
1

(6
.8

3)
<0

.0
01

Tr
ea

tm
en

t
0.

28
0

Su
rg

er
y

+
R

T
+

TM
Z

(%
)

64
(6

5.
98

%
)

33
(3

4.
01

%
)

31
(3

1.
96

%
)

Su
rg

er
y

+
R

T
(%

)
11

(1
1.

34
%

)
5

(5
.1

4%
)

6
(6

.1
9%

)

R
T

+
TM

Z
(%

)
14

(1
4.

42
%

)
3

(3
.0

8%
)

11
(1

1.
34

%
)

TM
Z

(%
)

7
(7

.2
2%

)
3

(3
.0

8%
)

4
(4

.1
1%

)

Pa
lli

at
iv

e
(%

)
1

(1
.0

3%
)

0
(0

%
)

1
(1

.0
3%

)

N
ot

e—
U

nl
es

s
ot

he
rw

is
e

sp
ec

ifi
ed

,d
at

a
ar

e
m

ea
ns

w
ith

st
an

da
rd

de
vi

at
io

ns
in

pa
re

nt
he

se
s.

Si
gn

ifi
ca

nt
di

ff
er

en
ce

s
be

tw
ee

n
le

ss
de

ve
lo

pe
d

m
ac

ro
va

sc
ul

ar
ne

tw
or

k
an

d
hi

gh
ly

de
ve

lo
pe

d
m

ac
ro

va
sc

ul
ar

ne
tw

or
k

co
ho

rt
s

ar
e

hi
gh

lig
ht

ed
in

bo
ld

.A
D

C
in

di
ca

te
s

ap
pa

re
nt

di
ff

us
io

n
co

ef
fic

ie
nt

;C
EL

,c
on

tr
as

t-
en

ha
nc

in
g

le
si

on
;D

M
T,

de
la

y
m

ea
n

ti
m

e;
M

TT
,m

ea
n

tr
an

si
tt

im
e;

N
C

E
L

,n
on

-C
E

L
;r

C
B

F,
re

la
ti

ve
ce

re
br

al
bl

oo
d

fl
ow

;r
C

B
V,

re
la

ti
ve

ce
re

br
al

bl
oo

d
vo

lu
m

e;
R

T,
ra

d
io

th
er

ap
y;

T
M

Z
,t

em
oz

ol
am

id
e;

T
T

P,
ti

m
e

to
pe

ak
.2

.1
.S

ub
-t

yp
es

of
m

ac
ro

va
sc

ul
ar

ne
tw

or
ks

on
co

nt
ra

st
-e

nh
an

ce
d

M
R

I.

407



Cancers 2019, 11, 84

Ependymal invasion was more common in lesions with highly developed macrovascular network
(55% vs. 38%, p = 0.013). Interobserver agreement for macrovascular network was excellent (κ = 0.85).
Interobserver agreements for the 13 features from the VASARI features were good to excellent; the
highest agreement was for midline cross (κ = 0.957) and the lowest for eloquent area involvement
(κ = 0.778).

2.3. Survival Analysis According the Treatment Received and Macrovascular Network

Figure 2 shows the Kaplan-Meier survival curves according to the macrovascular network and
treatment received. In patients who received standard treatment, the survival was significantly longer
(Figure 2A). For the subgroup of patients who received standard treatment, nVS was also negatively
correlated with survival (r = −0.347; p = 0.016). Median survival rates for patients with less developed
macrovascular network and patients with highly developed macrovascular network were 11.67 months
(95% CI, 4.51–18.05) and 7.80 months (95% CI, 3.48–13.21), respectively (Figure 2B). Median survival
rates for patients with less developed macrovascular network increased and patients with highly
developed macrovascular network decreased receiving standard treatment were 15.9 months (95% CI,
11.24–20.70) and 10.26 months (95% CI, 8.03–18.26), respectively. When treatment was other, median
survival for patients with less developed macrovascular network and patients with highly developed
macrovascular network was 3.80 months (95%CI, 2.59–8.03) and 3.30 months (95% CI, 1.75–5.69),
respectively (Figure 2C). For overall tumors, nVS was negatively correlated with survival (r = −0.286;
p = 0.008) (Figure 2D).

Figure 2. Survival analysis. Kaplan-Meier survival curves comparing survival rates according to
treatment received (A) between macrovascular network subtypes on contrast-enhanced MRI (B), and 4
branches of groups combining treatment received and macrovascular network on contrast-enhanced
MRI (C). Patients with glioblastomas with less developed macrovascular networks that received
standard treatment had better survival. The number of visible vessels significantly correlates with
survival (D).
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Univariate Cox proportional hazards regression analysis showed that age at diagnosis,
macrovascular network, delay mean time at CEL (DMTCEL), DMTNCEL, apparent diffusion coefficient
at NCEL (ADCNCEL), ependymal invasion, thickness of CEL margin, and the treatment received are
the variables that significantly discriminate the survival time (Table 2).

Table 2. Associations between variables and survival time.

Variable
Overall
(n = 97)

Less than 1 Year
(n = 56)

More than 1 Year
(n = 29)

p-Value

Male (%) 62 (63.9%) 23 (79.3%) 33 (58.9%) 0.060

Age at diagnosis (years) 57.75 (14.43) 62.07 (12.66) 50 (15.11) <0.001

Karnofsky score 87.45 (18.23) 82.52 (13.15) 91.03 (12.66) 0.084

Highly/less developed
macrovascular network 44/53 16/40 18/11 0.002

CEL (cm3) 20.4 (19.12) 22.41 (21.16) 19.36 (17.04) 0.421

Non-CEL (cm3) 50.67 (32.64) 48.33 (27.55) 50.73 (40.82) 1.000

Necrosis (cm3) 20.37 (21.84) 17.99 (15.45) 23.1 (22.48) 0.647

rCBFCEL 16.08 (4.92) 15.95 (4.74) 15.59 (5.39) 0.512

rCBFNCEL 16.45 (4.34) 16.69 (3.46) 15.33 (5.94) 0.463

rCBVCEL 1.27 (0.73) 1.42 (0.88) 1.05 (0.36) 0.342

rCBVNCEL 1.54 (0.95) 1.64 (1.09) 1.42 (0.73) 0.763

MTTCEL (s) 5.74 (1.93) 5.86 (1.79) 5.59 (2.29) 0.424

MTTNCEL (s) 6.06 (2.23) 5.79 (1.91) 6.31 (2.79) 0.485

TTPCEL (s) 25.99 (8.67) 24.55 (5.91) 28.78 (13.08) 0.590

TTPNCEL (s) 25.85 (7.12) 25.15 (6.13) 27.02 (9.75) 0.808

DMTCEL (s) −0.26 (1.21) −0.58 (1.2) 0.46 (1.09) 0.006

DMTNCEL (s) −0.12 (0.57) −0.26 (0.58) 0.18 (0.47) 0.010

Microvascular permeability, K2 CEL −56.48 (57.21) −64.46 (68.17) −52.38 (26.57) 0.730

Microvascular permeability, K2 NCEL −53.82 (61.23) −58.03 (68.31) −48.27 (55.32) 0.730

ADCCEL (mm2 s−1 × 10−3) 0.3 (0.07) 0.3 (0.06) 0.31 (0.08) 0.831

ADCNCEL (mm2 s−1 × 10−3) 0.44 (0.03) 0.43 (0.03) 0.45 (0.02) 0.041

Vessel-like structures (n) 9.56 (8.11) 12.46 (8.62) 6.59 (5.48) 0.002

Treatment 0.003

Standard treatment (%) 64 (65.98%) 28 (28.87%) 27 (27.84%)

Surgery + RT (%) 11 (11.34%) 8 (8.25%) 1 (1.03%)

RT + TMZ (%) 14 (14.43%) 12 (12.36%) 1 (1.03%)

TMZ (%) 7 (7.22%) 7 (7.22%) 0 (0%)

Palliative (%) 1 (1.03%) 1 (1.03%) 0 (0%)

Note—Data are represented as means (standard deviations). Significant associations are highlighted in bold. ADC
indicates apparent diffusion coefficient; CEL, contrast-enhancing lesion; DMT, delay mean time; MTT, mean transit
time; NCEL, non-CEL; rCBF, relative cerebral blood flow; rCBV, relative cerebral blood volume; RT, radiotherapy;
TMZ, temozolamide; TTP, time to peak.

The cutoff values are reported in Table 3. Standard treatment was the best predictor of survival
(hazard ratio: 0.163, 95% CI, 0.092–0.288; p = 0.001) with a sensitivity, specificity, positive predictive
value and negative predictive value of 62.5%, 93.1%, 94.6%, 56.2%, respectively (AUC = 0.778) (Table 3).
However, in the best multivariate model selection hazard ratios, the most important combined factors
were age at diagnosis, standard treatment and macrovascular network with a sensitivity, specificity,
positive predictive value and negative predictive value of 83.3%, 93.3%, 96.2%, 73.7%, respectively
(AUC = 0.901, p < 0.001).
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3. Discussion

This study using a routine clinical MRI protocol found that the macrovascular network of newly
diagnosed glioblastoma could be classified based on nVS on standard postcontrast sequences and
that macrovascular network is a prognostic biomarker of survival. Patients with highly developed
macrovascular network had worse survival. Interestingly, the clinical and imaging characteristics
of patients with the two subtypes of macrovascular network were very similar, the only difference
being that glioblastomas with highly developed macrovascular network had higher volumeCEL and
rCBFCEL than those with less developed macrovascular network. These findings are consistent with
the well-recognized observations that glioblastomas are highly vascularized tumors with highly
heterogeneous angioarchitectures and that solid tumor growth depends on vascularity [3,4,11].
Although the vascular network initially develops by incorporating existing host vessels, solid tumors
probably cannot grow more than 1 mm3 unless they synthesize their own new vessels [37].

Our results allow us to speculate that MRI might offer two approaches to assessing glioblastomas’
vascularity in the pretreatment stage: the macrovascular network and the microvascular network.
In fact, DSC-MRI perfusion evaluates the dynamic process of the first-pass effect in the short period of
time during which the contrast agent enters the brain parenchyma, providing physiological information
regarding vascularity: rCBV indirectly reflects vascularity and is useful for grading gliomas, as well as
a predictive and prognostic tool [38–42]. In all patients, compared with contralateral normal-appearing
WM, DSC-MRI perfusion indices and permeability values were increased in both CEL and non-CEL,
supporting the idea that newly diagnosed glioblastomas have a highly developed vascular network.
Recently, Jia et al. [26] demonstrated that imaging permeability parameters correlated positively with
microvascular density in glioblastomas. However, the possible role of microvascular density as a
biomarker of survival is still controversial. Some studies have defended its value as predictor of glioma
growth and survival [2,43,44], and another found that low-grade gliomas with higher microvascular
density had a higher risk of malignant transformation and were associated with shorter survival [45].
By contrast, other studies found no significant correlation with survival [2,4]. These discrepancies may
be related to the type of angiogenesis that is predominant in the tumor. Birner et al. [3] found that a
prominent classical capillary pattern of angiogenesis with fewer bizarre glomeruloid vessels was an
independent predictor of longer survival in patients with glioblastoma. In tumors with the bizarre
pattern, cell growth seems to outpace neovascularization, so their progression seems less dependent
on adequate vascular networks. Glioblastomas with a predominantly bizarre pattern are unlikely to
benefit from antiangiogenic therapy. By contrast, in glioblastomas with a classic capillary-like pattern,
cell growth seems to parallel neovascularization; the evenly distributed pattern of delicate vessels
would make it easier for chemotherapeutic drugs to reach tumor cells, so patients are more likely to
respond better to antiangiogenic therapy.

We assessed the vascular network in two ways. The first, DSC-MRI perfusion indices, clearly
showed that all the glioblastomas in our patients had developed a microvascular network. The second,
visually counting vessel-like structures related to the CEL or non-CEL on 3D-T1CE, detected
an increased presence of large-diameter vessels (cutoff, nVS = 5) in only 60% of glioblastomas.
The multivariate analysis found that nVS had a greater impact than other quantitative or qualitative
imaging variables when added to age and standard treatment to predict survival in the multivariate
analysis. Age and standard treatment were independent prognostic factors (AUC = 0.850), and adding
macrovascular network increased the predictive power of the model (AUC = 0.901). Since glioblastomas
need the vascular network to provide nutrients and oxygen for metabolism and removal of waste
products, the nVS could reflect differences in vascular growth, remodeling related to blood flow and
metabolic demands (glioblastomas with nVS > 5 had higher rCBFCEL and higher volumeCEL). Although
ependymal invasion was more frequent in glioblastomas with highly developed macrovascular
network, adding ependymal invasion in multivariate analysis did not increase the predictive power of
the model. Nevertheless, recent studies show that glioblastomas with ependymal invasion are more
frequently associated with multifocal lesions and tumor recurrence than those without and that this
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variable can also serve as an independent prognostic factor for poor survival [35,46–48]. We focused
on variables available in the pretreatment stage because being able to predict survival at this stage can
help clinicians determine the timing, mode, and aggressiveness of treatment; by contrast, variables
related to surgery or postoperative treatments cannot be assessed until later in the course of disease
and are not useful in initial treatment planning.

Glioblastoma stem cells stimulate tumor angiogenesis by expressing elevated levels of vascular
endothelial growth factor (VEGF), and high levels of VEGF correlate with worse prognosis [49].
Bevacizumab (Avastin; Genentech, San Francisco, CA, USA), a monoclonal antibody that inhibits VEGF,
results in tumor shrinkage in 55% of patients with recurrent glioblastomas, palliating neurological
symptoms and increasing progression-free survival [50]. However, bevacizumab does not benefit all
patients. Bevacizumab combined with temozolomide and radiotherapy failed to improve survival in
some patients with newly diagnosed glioblastoma [51,52], and bevacizumab combined with lomustine
did not increase overall survival over lomustine alone in patients with recurrent glioblastoma [53].
Therefore, there is an urgent need for new biomarkers to predict the response to antiangiogenic
treatment so responders can be selected before initiating treatment. Along these lines, rCBV and rCBF
maps have been used to predict survival in patients under antiangiogenic therapy [54,55]. Our results
suggest that macrovascular network would be a helpful biomarker to identify high-risk patients who
would likely benefit from more aggressive and experimental treatments, and promises to be helpful in
predicting survival under antiangiogenic therapy and in guiding subsequent treatment.

These results are a step toward validating the results of our recent pilot study [17], where we
described these patterns of vascularity on gadofosveset trisodium high-resolution MRA in a small
sample of 35 newly diagnosed glioblastomas [17]. Gadofosveset trisodium (MS-325; in that study,
Vasovist®; Bayer Schering Pharma AG, Berlin, Germany; now commercially available as Ablavar®,
Lantheus Medical Imaging, North Bilerica, MA, USA) is a blood-pool contrast agent that binds
reversibly to albumin, resulting in much higher blood relaxivity and better contrast-to-noise ratio of
the vessels than non-protein binding extracellular contrast agents, such as gadobutrol. Gadofosveset
trisodium has a half-life about 16 h with optimal enhancement and diagnostic information at 6 h
after administration [56]. Nevertheless, gadofosveset trisodium is indicated for MRA only to evaluate
aortoiliac occlusive disease, and it is not included in clinical protocols to study brain tumors. Thus,
in the present study, we used intravenous gadobutrol (Gadovist®; Bayer Schering Pharma, Berlin,
Germany), an extracellular contrast agent whose high relaxivity and high concentration yields the
highest T1 shortening time and excellent image enhancement. Extensive routine clinical experience
has demonstrated that gadobutrol is effective and well tolerated [57].

Various limitations of this study merit comment. This was a single-center study, with a modest
sample size. Thus, further studies with larger populations are necessary to determine the usefulness of
nVS in predicting survival in patients with glioblastoma. We quantified the number of vessels without
postprocessing. This approach is easy and fast, but also subjective; nevertheless, the interobserver
agreement was excellent. Although our cutoff of nVS = 5 discriminated well between highly
vascularized and less vascularized glioblastomas well, further studies are needed to explore the
performance of other possible cutoffs. Moreover, interactions between factors such as the field strength
of equipment, type of gadolinium-based contrast agents, and MRI acquisition protocols present
challenges to establishing macrovascular network as a biomarker for predicting survival, because
differences across institutions impede the replication of single-center study results [38].

Glioblastoma’s macrovascular network phenotype may result from unusual levels or
combinations of angiogenic factors that lead to unbalanced angiogenesis. Bennett et al. [58] reported
that circulating endothelial cell counts were increased in patients with glioblastoma, and that
preoperative circulating progenitor cell counts appeared to be proportional to tumor vascularity, as they
correlated strongly with rCBVCEL. Further studies correlating with histological, molecular techniques,
and angiogenic gene expression might help validate different glioblastoma subtypes according to their
macrovascular network. Likewise, macrovascular network would be a MRI biomarker signature that
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may identify distinct GBM phenotypes associated with highly significant survival differences and
specific molecular pathways. It seems imaging could detect different angioarchitectural patterns
of glioblastoma (not included in the present analysis) (Figures 1 and 3) in a manner similar to
histopathology [3,10]. In low-grade gliomas, rounder vessel contour and microvascular branching may
reflect increased intraluminal pressure due to disorderly vasculature [59]. This qualitative approach
should be followed by quantitative morphometric analyses. Thus, future studies could also assess
other vessel-related parameters, such as size, shape, density, distribution, and branching patterns to
better express the glioblastoma’s complex angioarchitecture [60,61]. High- and ultra-high field MRI
might enable better analysis and quantification of vessel morphology [62,63]. Computer-assisted fractal
analysis is potentially useful for quantifying different vascular networks and identifying different
vascular patterns [64]. Standard pathology tests are part of clinical practice and essential criteria for
most clinical trials, so a direct comparison between the imaging vascular networks and histological
assessments (e.g., blood-vessel immunohistochemistry for blood vessels) must be performed in the
field to adopt an additional method to complement or replace the histological analysis

4. Material and Methods

4.1. Study Data

We prospectively recruited consecutive patients aged > 18 years with newly diagnosed,
histopathologically confirmed glioblastoma. We excluded patients with a history of other malignancies.
Between April 2014 and November 2016, we considered 115 patients; 18 patients were excluded
because histology ruled out glioblastoma. Therefore, 97 patients (62 men; age, 58 ± 15 years) were
included in the analysis. Our institution’s ethics committee approved the study protocol, and all
patients provided written informed consent. This Ethic Committee does not provide a code because
in that institution clinical trials have a code only. This is not a clinical trial, this an academic study.
The date when we obtained the approval was on 7 March, 2014. Patients were managed according to
published guidelines [42], recommending surgical resection followed by radiotherapy combined with
concomitant and adjuvant temozolomide chemotherapy as standard treatment. Survival was defined
as the interval between the date of initial glioblastoma diagnosis and the date of either death from any
cause or the last follow-up date on which the patient was known to be alive.

4.2. MRI Protocol

Patients received no corticosteroids before MRI. Patients underwent MRI on a standard clinical
1.5-T system (Intera, Philips Healthcare, Best, The Netherlands) with an eight-channel head coil.
The protocol included axial spin-echo T1-weighted imaging, fluid-attenuated inversion recovery
imaging (FLAIR), single-shot echo-planar diffusion-weighted imaging (DWI), and first-pass perfusion
DSC-MRI with gadobutrol (Gadovist; Bayer Schering Pharma, Berlin, Germany), and 3D-T1CE.
Parameters for axial T1-weighted spin-echo imaging were repetition time (TR) 536 ms, echo time (TE)
15 ms; flip angle, 90◦; matrix, 256 × 192; section thickness, 5 mm; intersection gap, 1 mm; field of
view (FOV), 230 × 180 mm; and brain coverage, 120 mm. Parameters for FLAIR were TR, 7569 ms; TE,
115 ms; inversion delay, 2200 ms; flip angle, 90◦; matrix, 256× 192; section thickness, 5 mm; intersection
gap, 1 mm; (FOV), 230× 180 mm; and brain coverage, 120 mm. For DWI, parameters were TR, 3758 ms;
TE, 99 ms (b = 0 and 1000 s/mm2); 20 sections; section thickness, 5 mm; intersection gap, 1 mm; FOV,
230 × 230 mm; and matrix, 192 × 128; two signals were acquired in three orthogonal directions
and combined into a trace image. Apparent diffusion coefficient (ADC) maps were calculated on a
voxel-by-voxel basis. For perfusion DSC-MRI, multislice T2* single-shot echo-planar images were
acquired before, during, and after rapid administration of a contrast bolus (sixteen 7-mm sections
without gap; matrix, 128 × 128; FOV, 230 × 230 mm; TR, 1800 ms; TE, 25 ms; flip angle, 90◦). The TR of
each multi-shot block was 17 ms, and the acquisition time for each dynamic volume was 1.8 s. TE was
17 ms and the flip angle 7◦. Each perfusion series consisted of 50 dynamic acquisitions with temporal
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resolution set to 1.8 s during the first pass of a standard dose (0.1 mmol/kg bolus of gadobutrol injected
at 5 mL/s with a power injector, followed by a 20-mL bolus of saline at the same rate). To reduce
the effect of contrast leakage on CBV calculations, a 5 mL bolus of gadobutrol was administered
5 min prior to DSC-MRI perfusion acquisition, at a rate of 1 mL/s, followed by a 15 mL saline flush.
Parameters for isovoxel 3D-T1CE images were TR/TE, 536/15 ms; flip angle, 90◦; matrix, 256 × 192;
and section thickness, 1 mm.

4.3. Quantitative Image Analysis

Digital imaging and communications in medicine files were transferred to an external computing
station for processing. Using Olea Sphere V.3.0 software (Olea Medical; La Ciotat, France), we applied
a semi-automatic region-growing segmentation algorithm on selected seeds to delimit volumes
of interest (VOI) of CEL, necrosis, and non-CEL. Non-CEL was defined as the hyperintense area
on FLAIR surrounding the CEL that was associated with mass effect and architectural distortion,
including blurring of the gray matter/white matter (WM) interface [43]. We also obtained the VOI in
normal-appearing WM of the centrum semiovale of the hemisphere contralateral to the tumor from
three contiguous slices manually. To create DSC-MRI perfusion parametric maps with contrast-leakage
correction, we applied a fully automated deconvolution analysis of the tissue concentration-versus-time
curve with arterial input function following the technique outlined by Boxerman et al. [43]. All VOIs
were co-registered onto the DSC-MRI parametric maps (Figure 3). The following parameters were
calculated: rCBF, rCBV, mean transit time (MTT), delay mean time (DMT), time when the residue
function reaches its maximum (Tmax), time to peak (TTP), and ADC.

 

Figure 3. Lesion segmentation and co-registration MRI analysis. Regions of interest for contrast-
enhancing lesion and non-contrast enhancing lesion in a mass consistent with glioblastoma involving
the left temporal and parietal lobes. DSC-MRI perfusion color maps demonstrating the areas of
increased relative cerebral blood volume (red) within the tumor. Postcontrast imaging shows an
increased macrovascular network consisting of an evenly distributed, more linear vessel pattern within
the necrotic component of the lesion (upper left).
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4.4. Qualitative Image Analysis

For each patient, two neuroradiologists (J.P. and S.P., with 13 and 25 years’ experience, respectively)
blinded to clinical data independently reviewed axial T1-weighted images, 3D-T1CE, and axial FLAIR
images on a local picture archiving and communication system (Starviewer, Gilab, University of Girona;
Girona, Spain), scoring 13 features according to VASARI (tumor location; side of lesion center; eloquent
area involvement; multifocality; satellite lesion; enhancement quality; thickness of CEL margin;
deep WM invasion; midline cross; hemorrhage; ependymal invasion; pial invasion; and mass effect).
Eloquent area involvement was defined as the presence of tumor in the cortex or immediate subcortical
WM of speech-motor or speech-receptive brain areas [45]. Multifocality was defined as the presence
of at least one region of tumor not contiguous with the dominant lesion, outside the region of signal
abnormality surrounding the dominant mass. A satellite lesion was defined as an area of enhancement
within the region of signal abnormality surrounding the dominant lesion, but not contiguous in any
part with the dominant lesion mass. Deep WM invasion was defined as the presence of CEL or non-CEL
in the internal capsule, corpus callosum, or brain stem. Ependymal involvement was defined as CEL in
contact with the lining of the ventricles. Interobserver agreement for the MRI features was assessed, and
discordant interpretations were resolved by consensus. To assess the macrovascular network, readers
counted vessel-like structures related to the CEL or non-CEL components on 3D-T1CE (Figure 1),
analyzing source images and multiplanar reconstructions together with subvolume maximum-intensity
projection slabs. To achieve optimal views of the vessels of interest, readers were free to manipulate
these images by changing subvolume position and thickness interactively in real time. Before the
final analysis, readers reached a consensus on discordant classifications. Assessing the macrovascular
network took less than four min per patient.

4.5. Statistical Analysis

Continuous variables are expressed as means and standard deviations or medians and ranges;
categorical variables are expressed as frequencies and percentages. We used Student’s t-tests to
determine differences in continuous variables when normal distribution was able to be assumed or
Wilcoxon test when normality was not able to be assumed, and chi-square tests to determine differences
in categorical variables with respect to the macrovascular network and survival. To calculate the cutoff
point for nVS to discriminate between glioblastomas with high nVS and those with low nVS (i.e.,
those with a highly developed macrovascular network vs. those with a less developed macrovascular
network), we used receiver operating characteristic (ROC) curves. To determine independent predictors
of overall survival, we used univariate Cox proportional hazards regression, selecting variables with
p-values < 0.05 to generate prognostic models and calculating hazard ratios with corresponding
95% confidence intervals. Then, we developed multivariate Cox proportional hazards models from
clinical and MRI findings including age at diagnosis, macrovascular network, DMTCEL, DMTNCEL,
nVS, ependymal invasion, thickness of CEL, and treatment (dichotomized “standard treatment” or
“others”), to adjust for the influence of these prognostic factors. We also used ROC analysis to determine
the optimal cutoff for these variables for predicting survival. We defined the optimal cutoff value as
the value that maximizes the sum of sensitivity and specificity. Survival curves were calculated by
the Kaplan-Meier method, using the variables most significant in differentiating between survival for
more than one year versus less than one year. We also combined these variables to achieve the best
predictive capability, using the log-rank test to analyze overall differences. To assess interobserver
agreement for the imaging features, we used the kappa consistency test, considering k > 0.81 excellent
agreement, 0.61 < k < 0.80 good agreement, and k < 0.60 poor agreement. Statistical analyses were
performed with R version 3.4.2 (R Foundation for Statistical Computing, Vienna, Austria) and IBM
SPSS version 23.0.0.0 (IBM Corp. Armonk, NY, USA). Significance was set at p < 0.05 for all tests.
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5. Conclusions

In conclusion, the macrovascular network of newly diagnosed glioblastoma on contrast-enhanced
MRI promises to be an easily assessable biomarker of survival. Cross-validation studies in other
populations are necessary to test the generalizability of our findings, to expand our understanding
of the pathophysiology of glioblastoma’s vascular network, and to determine whether this approach
can effectively improve subpopulation selection before treatment. Clinical trials need to clarify the
possible influence of vascular patterns on the effects of antiangiogenic therapies. In addition to helping
clinicians plan patients’ management, the macrovascular network, together with age and standard
treatment may also be useful for stratifying glioblastoma patients for enrollment in clinical trials.
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Abstract: Recent studies suggest that glioblastomas (GBMs) contacting the subventricular zone (SVZ)
as the main adult neurogenic niche confer a dismal prognosis but disregard the unique molecular and
prognostic phenotype associated with isocitrate dehydrogenase 1 (IDH1) mutations. We therefore
examined location-dependent prognostic factors, growth, and recurrence patterns in a consecutive
cohort of 285 IDH1-wildtype GBMs. Based on pre-operative contrast-enhanced MRI, patients were
allotted to four location-dependent groups with (SVZ+; groups I, II) and without (SVZ−; groups III,
IV) SVZ involvement or with (cortex+; groups I, III) and without (cortex−; groups II, IV) cortical
involvement and compared for demographic, treatment, imaging, and survival data at first diagnosis
and recurrence. SVZ involvement was associated with lower Karnofsky performance score (p < 0.001),
lower frequency of complete resections at first diagnosis (p < 0.0001), and lower non-surgical treatment
intensity at recurrence (p < 0.001). Multivariate survival analysis employing a Cox proportional
hazards model identified SVZ involvement as an independent prognosticator of inferior overall
survival (p < 0.001) and survival after relapse (p = 0.041). In contrast, multifocal growth at first
diagnosis (p = 0.031) and recurrence (p < 0.001), as well as distant recurrences (p < 0.0001), was more
frequent in cortex+ GBMs. These findings offer the prospect for location-tailored prognostication and
treatment based on factors assessable on pre-operative MRI.

Keywords: Glioblastoma; isocitrate dehydrogenase 1 (IDH1)-wildtype; subventricular zone; survival;
multifocal growth; distant recurrence
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1. Introduction

Glioblastoma (GBM) World Health Organization (WHO) grade IV, the most common and lethal
primary brain tumor, is a clinically, radiographically, and molecularly heterogeneous disease. Standard
therapy comprising maximal safe resection, irradiation, and temozolomide (TMZ)-based chemotherapy
confers a median survival of less than 15 months [1], with high inter-individual variability and only
3–5% of patients experiencing long-term survival (LTS) of more than three years [2]. Understanding
the ontogeny of GBM, and mechanisms leading to its heterogeneity, will help to tailor individualized
treatments based on personalized prognostication and improve patient outcomes.

Mounting evidence suggests that glioma ontogeny is linked to a subpopulation of neural stem
(NSC) and progenitor (NPC) cells persisting in neurogenic niches throughout adulthood, in particular
NSC-like astrocytes in the subventricular zone (SVZ) lining the walls of the lateral ventricles [3,4].
In animal models, inactivation of tumor suppressor genes (TP53, NF1, PTEN) or activation of oncogenes
(Akt, Ras) resulted in the formation of astrocytomas through malignant transformation of NSCs [5–8].
In humans, the SVZ was identified as a reservoir of malignant precursor clones by employing a
novel approach of intraoperative fluorescence-guided multiple sampling of GBMs and their adjacent
fluorescent SVZ [9]. Accordingly, targeting the ipsilateral SVZ by postoperative irradiation has
been shown to confer improved progression-free (PFS) and overall (OS) survival [10]. Ultimately,
several studies have reported that the proximity of GBM to the SVZ is associated with inferior
patient outcomes [11–16]. However, none of these studies considered isocitrate dehydrogenase 1
(IDH1) mutation status for survival analysis, although IDH1-mutant (IDH1-mut) gliomas comprise
a molecularly distinct GBM subgroup with favorable patient outcomes [17,18]. This has prompted
the 2016 WHO classification of CNS tumors to discriminate between IDH1-wildtype (IDH1-wt) and
IDH1-mut GBMs [19]. Moreover, conflicting data exist regarding the impact of SVZ involvement on
growth and recurrence patterns of GBM. Initially, Lim et al. reported a series of 53 GBMs assigned
to four groups dependent on their spatial relationship to the SVZ and the cortex [20]. Group I GBMs
(contacting SVZ and cortex) were most frequently multifocal at the first diagnosis and recurred in
a remote location, while group IV GBMs (neither contacting SVZ nor cortex) were always solitary
lesions with tumor recurrence exclusively adjacent to the resection cavity [20]. Accordingly, Adeberg
et al. reported that distant and multifocal progression was more common in GBMs contacting the
SVZ [21]. In contrast, Kappadakunnel et al. found the highest rate of multifocal disease in group III
GBMs (involving cortex but not SVZ), while the presence of distant tumor recurrence was independent
of tumor location [12]. Intriguingly, in a MRI analysis of 49 GBM patients, no location-dependent
recurrence pattern was observed [22]. Finally, computerized simulation of glioma growth provided
evidence that GBMs involving the SVZ do not necessarily originate in the periventricular region,
but also in the white matter with centrifugal growth and ultimate contact to the SVZ, dependent on
increasing tumor size [23]. To shed light into these conflicting data, possibly owing to small sample
sizes and the inherent molecular bias conferred by IDH1 mutations, we sought to analyze a large cohort
of 285 patients with newly diagnosed IDH1-wt GBM with respect to location-dependent survival,
growth, and recurrence patterns.

2. Results

2.1. Location-Dependent IDH1 Mutation Status and Treatment-Inherent Differences

Altogether, 302 consecutive newly diagnosed GBM patients were allocated to one of the four
location groups depicted in Figure 1A. Group I consisted of contrast-enhancing lesions (CEL) contacting
the SVZ and infiltrating the cortex, group II of CELs contacting the SVZ only, group III of CELs
contacting the cortex only, and group IV of CELs residing in the subcortical white matter, neither
contacting SVZ nor cortex. Location-dependent molecular and clinical aspects, growth and recurrence
patterns and patient outcome were investigated in each of the following comparisons: SVZ+ (groups I, II)
vs. SVZ− (groups III, IV); cortex+ (groups I, III) vs. cortex− (groups II, IV); and group II (“pure”
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SVZ involvement) vs. group III (“pure” cortical involvement). IDH1 mutations were identified in
17/302 patients (5.6%), leaving 285 IDH1-wt patients for further comparison. Noteworthy, IDH1-mut
tumors were more common among GBMs without SVZ involvement (SVZ+ vs. SVZ−: p = 0.04).
Demographic, radiographic, treatment-related and outcome data of the IDH1-wt GBM cohort are
summarized in Table 1. Radiographic classification assigned the majority of tumors to group III
(cortical involvement only; 37%) and group I (SVZ and cortical involvement; 34%) with a balanced
distribution between SVZ+ (52%) and SVZ− (48%) patients (Table 1, Figure 1B). No location-dependent
age difference was observed. Karnofsky performance score (KPS) was significantly lower in patients
with SVZ involvement (SVZ+ vs. SVZ−: p < 0.001; II vs. III: p = 0.002). At first diagnosis, gross total
resection (GTR) was achieved significantly more often in patients without SVZ involvement (group III:
47%; group IV: 45%; SVZ+ vs. SVZ−: p < 0.0001; II vs. III: p = 0.003), while intensified postoperative
treatment was independent of tumor location. At relapse, MRI was available in 187/285 patients (66%)
of whom 163 patients (87%) received any kind of salvage therapy. Neither the number of re-resections,
nor the extent of resection (EOR), showed location-dependent differences; however, the number of
non-surgical interventions (“non-surgical treatment intensity”) was significantly higher among SVZ−
GBM patients (p < 0.001).

Figure 1. As exemplified in (A), 285 IDH1-wt GBM patients were allocated to four different location
groups based on the CEL’s contact to the SVZ and/or the cortex on pre-operative MRI. Groups were
further pooled into GBMs with (SVZ+) and without (SVZ−) SVZ involvement or with (cortex+) and
without (cortex−) cortical involvement. (B) At 1st diagnosis, most GBMs were allocated to groups III
(37%) and I (34%). (C) SVZ involvement increased from 1st diagnosis to recurrence, as depicted for
“pure” SVZ (group II) and “pure” cortical (group III) GBMs. Group III tumors now recurred as SVZ+
GBM in 38.5% of cases while only 11% of group II tumors shed their SVZ contact and recurred as SVZ−
GBM. (D) No predilection was found for each of the four groups regarding location of recurrent tumor.
Most group I and III GBMs recurred at the same location, while recurrences of group IV GBMs were
distributed throughout all groups.
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2.2. Location-Dependent Growth and Recurrence

Next, conflicting data in the recent literature on location-dependent GBM growth and recurrence
patterns prompted us to investigate these features in our large, molecularly homogeneous dataset.
Multifocal disease noncontiguous with the primary CEL was evaluated both on contrast-enhancing
(CE) T1-weighted (T1-w) and fluid-attenuated inversion recovery (FLAIR) images. At first diagnosis,
multifocal disease was detected mainly in GBMs with cortical involvement (group III: 17% (CE), 18%
(FLAIR); group I: 15% (CE), 13% (FLAIR)) with a significant increase in multifocal FLAIR lesions
in cortex+ vs. cortex− (p = 0.031) or group III vs. II GBMs (p = 0.049), but not in SVZ+ vs. SVZ−
GBMs (Figure 2A,B). Longitudinal analysis of all patients with MRI available at tumor relapse (n = 187)
revealed an increase in patients with multifocal disease compared to the first diagnosis, again with
a significant difference in cortex+ vs. cortex− (CE: p = 0.001; FLAIR: p = 0.164) or group III vs. II
GBMs (CE: p = 0.006; FLAIR: p = 0.096), but this time particularly in CELs (group III: 34% (CE), 22%
(FLAIR); group I: 32% (CE), 12% (FLAIR)) (Figure 2C,D). Thus, multifocal disease was primarily found
in cortical GBMs and increased with tumor relapse.

Figure 2. Multifocal growth and distant recurrences were hallmarks of cortical IDH1-wt GBMs. At 1st
diagnosis (n = 285), multifocal FLAIR lesions were significantly increased in cortex+ vs. cortex− (A)
and group III vs. group II GBMs (B), but not in SVZ+ vs. SVZ− GBMs. At recurrence (n = 187),
multifocal CELs were significantly enhanced in cortex+ (C) and group III GBMs (D). Local and distant
recurrence patterns differed markedly within location-specific groups. Distant tumor growth remote
from the initial resection site was significantly more frequent in GBMs with cortical involvement
((E) cortex+ vs. cortex−; (F) group II vs. group III).
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While most GBMs were evenly allocated to groups III (37%) and I (34%) at first diagnosis, group I
GBMs represented the majority of tumors at relapse (48%; Table 1). Accordingly, SVZ involvement was
increased to 61% of all recurrent GBMs compared to 52% at first diagnosis (Table 1). When comparing
the two most unambiguous location groups II (SVZ involvement only) and III (cortical involvement
only), group III GBMs now were found to extend towards the SVZ and recur as SVZ+ GBMs in
38.5% of cases while only 11% of group II GBMs shed their SVZ contact and recurred as SVZ− GBMs
(Figure 1C). No predilection was found for each of the four groups regarding the location of recurrent
tumor, although most group I and III GBMs recurred at the same location (group I: 82% rec group I;
group III: 46% rec group III; Table 1, Figure 1D). In contrast, recurrences of group IV GBMs (neither SVZ
nor cortical involvement) were observed throughout all groups (Table 1, Figure 1D). Of 187 patients
with recurrent GBM, the vast majority (94%; n = 176) presented with local tumor recurrence adjacent
to the primary resection site, among those 38 patients (20%) with concurrent distant tumor growth.
Tumor growth exclusively remote from the primary resection site occurred in only 11 patients (6%)
(Table 1). Local and distant recurrence patterns differed markedly within location-specific groups
(p = 0.0001). Distant tumor growth was most commonly observed in group III (30%) and I (28%) GBMs
resulting in a significant increase in distant tumor recurrences in GBMs with cortical involvement
(cortex+ vs. cortex−: p < 0.0001; II vs. III: p = 0.0002) (Figure 2E,F).

In summary, tumor location had a distinct impact on tumor growth and recurrence: GBMs with
cortical involvement were prone to grow at multifocal sites and to recur distant from the primary
resection site.

2.3. Location-Dependent Patient Outcome

Previous studies reported that GBMs with SVZ involvement confer inferior survival [11–16]
but disregarded the IDH1 mutation status as a major prognostic confounder. Since we found
IDH1-mut tumors to be more frequent among SVZ− GBMs, we analyzed location-dependent survival
exclusively in IDH1-wt GBMs. To this end, we compared SVZ+ vs. SVZ− GBMs as well as group
II vs. III GBMs, the latter being the most unambiguous separation between GBMs with SVZ and
cortical involvement. In univariate analysis of the complete IDH1-wt cohort (n = 285), both OS and
survival after relapse differed significantly with longest median survival observed in group IV and
shortest median survival in group II patients (OS: p < 0.001; survival after relapse: p = 0.041 (Table 1,
Table S2, Figure 3A,B). Noteworthy, PFS was comparable between groups (p = 0.197). In general, SVZ
involvement conferred inferior OS (p < 0.0001) and survival after relapse (p = 0.023) (Figure 3C,D).
There was no location-dependent preponderance of STS or LTS (Table 1). Since cortical GBMs showed a
tendency to extend towards the SVZ upon tumor relapse, we included SVZ involvement at recurrence
(SVZ+ rec) into our prognostic model and found this also to be negatively associated with OS and
survival after relapse (OS: p < 0.001; survival after relapse: p < 0.001; Table S2). Beside tumor location,
well-known demographic and clinical parameters were identified as prognostic factors for OS (age at
1st diagnosis, pre-operative KPS, GTR and intensified treatment at the first diagnosis and recurrence),
PFS (age, GTR and intensified treatment at the first diagnosis), and survival after relapse (age at the
first diagnosis; GTR and intensified treatment at 1st diagnosis and recurrence) (Table S2). Interestingly,
multifocal disease at the first diagnosis also predicted inferior OS (CEL: p = 0.003; FLAIR lesions:
p = 0.028), PFS (CEL: p = 0.034; FLAIR lesions: p = 0.002) and survival after relapse (CEL: p = 0.005)
(Table S2). The important prognostic impact of SVZ involvement was confirmed by multivariate
analysis in which SVZ involvement at the first diagnosis was identified as an independent prognostic
factor of inferior OS (p = 0.008) and SVZ involvement at the recurrence of inferior survival after relapse
(p = 0.015) (Table 2).

Previous outcome studies analyzed group I and II tumors together. However, group I GBMs are
voluminous tumors extending from the SVZ throughout the white matter to the cortex and may as
well originate from the cortex spreading towards the SVZ. Consequently, we performed a survival
analysis, exclusively comparing group II (SVZ involvement only) and III (cortical involvement only)
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patients. In line with our previous findings, OS was significantly shorter for “pure” SVZ patients
(p = 0.028) (Figure 3E). Likewise, SVZ involvement at recurrence was associated with inferior survival
after relapse (p = 0.045; Table S3, Figure 3F). Consistent with the complete cohort, age, EOR, intensified
treatment as well as multifocal disease on CE and FLAIR images at 1st diagnosis were predictive of OS
and PFS, while EOR and intensified treatment at recurrence were predictive of survival after relapse
(Table S3). In multivariate analysis, SVZ involvement was confirmed as an independent prognostic
factor for OS (p = 0.007), while tumor location no longer impacted survival after relapse (Table 3).

Figure 3. Kaplan-Meier plots depicting the negative prognostic impact of SVZ involvement in
285 IDH1-wt GBM patients; numbers at risk are given. OS and survival after relapse, but not PFS
differed significantly when comparing all location groups (A,B), SVZ+ vs. SVZ− GBMs (C,D) and
group II vs. group III GBMs (n = 155) (E,F). Shortest median OS and survival after relapse were observed
in group I (10 and 5 months) and group II (8 and 6 months) patients. For comparison of survival after
relapse in group II vs. group III GBMs, SVZ involvement at recurrence (SVZ+/− rec) was valued.
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Table 2. Multivariate Analysis of Overall Survival (n = 253), Progression-free Survival (n = 253),
and Survival after Relapse (n = 150) for the Complete IDH1-Wildtype Cohort.

Clinical and Radiographic Factors p-Value HR 95% CI

Overall Survival

SVZ+ (1st diagnosis) 0.008 ** 1.434 1.099–1.872

Age (above median) 0.036 * 1.343 1.02–1.77

KPS pre-operative 0.110 0.993 0.985–1.002

EOR: STR (1st diagnosis) <0.0001 *** 1.923 1.423–2.599

Intensified Treatment (1st diagnosis) <0.0001 *** 0.302 0.221–0.412

Multifocal disease CE (1st diagnosis) 0.022 * 1.56 1.067–2.280

Progression-Free Survival

SVZ+ (1st diagnosis) 0.529 0.918 0.703–1.199

EOR: STR (1st diagnosis) <0.0001 *** 1.811 1.348–2.433

Intensified Treatment (1st diagnosis) <0.0001 *** 0.431 0.322–0.579

Multifocal disease FLAIR (1st diagnosis) 0.013 * 1.614 1.108–2.350

Survival after Relapse

SVZ+ (at relapse) 0.015 * 1.575 1.092–2.273

Cortex+ (at relapse) <0.001 *** 2.069 1.355–3.157

Treatment Intensity (at relapse) <0.001 *** 0.768 0.67–0.88

Multifocal disease FLAIR (at relapse) 0.097 1.538 0.925–2.558

HR: Hazard ratio; CI: confidence interval; significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001. SVZ+ (1st diagnosis)
[vs. SVZ−]; age (median splitted; 64 years); KPS pre-operative (numeric variable); EOR: STR (subtotal resection)
[vs. GTR]; intensified treatment at 1st diagnosis (Stupp protocol including > 3 cycles TMZ); multifocal disease CE;
multifocal disease FLAIR; SVZ+ (at relapse) [vs. SVZ−]; cortex+ (at relapse) [vs. cortex−]; treatment intensity at
relapse (continuous variable); and multifocal disease FLAIR (at relapse).

Table 3. Multivariate Analysis of Overall Survival (n = 140), Progression-free Survival (n = 140) and
Survival after Relapse (n = 59) for Group II versus Group III IDH1-Wildtype GBM.

Clinical and Radiographic Factors p-Value HR 95% CI

Overall Survival

Location group II (1st diagnosis) 0.007 * 1.725 1.164–2.557

Age (above median) <0.0001 *** 2.531 1.690–3.788

KPS pre-operative 0.139 1.009 0.997–1.021

EOR: STR (1st diagnosis) <0.001 *** 2.15 1.452–3.184

Intensified Treatment (1st diagnosis) <0.0001 *** 0.271 0.179–0.412

Progression-Free Survival

Location group II (1st diagnosis) 0.432 0.848 0.563–1.278

EOR: STR (1st diagnosis) 0.003 ** 1.829 1.233–2.712

Intensified Treatment (1st diagnosis) <0.0001 *** 0.406 0.270–0.611

Multifocal disease FLAIR (1stdiagnosis) 0.104 1.519 0.918–2.514

Survival after Relapse

Location group II (at relapse) 0.148 0.623 0.328–1.183

Treatment Intensity (at relapse) 0.002 ** 0.702 0.560–0.879

Multifocal disease FLAIR (at relapse) 0.005 ** 2.966 1.399–6.291

HR: Hazard ratio; CI: confidence interval; significance levels: * p < 0.05; ** p < 0.01; *** p < 0.001. Location group
II (1st diagnosis) [vs. group III]; age (median splitted; 64 years); KPS pre-operative (numeric variable); EOR: STR
(subtotal resection) [vs. GTR]; intensified treatment at 1st diagnosis (Stupp protocol including > 3 cycles TMZ);
multifocal disease FLAIR; Location group II (at relapse) [vs. group III]; treatment intensity at relapse (continuous
variable); and multifocal disease FLAIR (at relapse).
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In conclusion, SVZ involvement both at 1st diagnosis and recurrence needs to be considered as an
important prognostic factor for OS and survival after relapse in IDH1-wt GBM.

3. Discussion

GBM is characterized by high molecular heterogeneity affecting clinical and radiographic
presentation, treatment response, and survival. The underlying mechanisms are still poorly understood.
Therefore, we interrogated if tumor location, particularly proximity to the SVZ, contributes to
heterogeneous growth, recurrence patterns and patient outcome [16,20]. It has consistently been
shown that IDH1 mutations entail a molecularly and prognostically distinct GBM subtype [17,18].
Interestingly, in this study, IDH1-mut tumors were significantly enriched in SVZ− GBMs. This is in line
with an immunohistochemical study that detected IDH1 mutations more frequently among group III
GBMs, admitted that newly diagnosed and secondary GBMs were analyzed together [24]. Our finding
contributes to the hypothesis of location-specific molecular signatures, but also stresses the need to
stratify any location-dependent survival analysis for IDH1 mutation status. To eliminate this molecular
bias, we only analyzed IDH1-wt GBM patients (n = 285) and found remarkable location-specific
differences. First, growth and recurrence patterns were dependent on cortical involvement. Multifocal
growth, both at first diagnosis (FLAIR lesions) and recurrence (CEL), was significantly enhanced in
cortex+ and group III GBMs. Additionally, distant recurrences were observed more often in these
tumors. While SVZ involvement was increased from newly diagnosed to recurrent tumors, it did
not affect growth and recurrence patterns. In contrast, SVZ involvement at the first diagnosis and
recurrence was found to be an independent prognostic factor for inferior OS (SVZ+ GBMs, group II
GBMs) and survival after relapse (SVZ+ GBMs), while cortical involvement did not impact on survival.

Our finding that cortical involvement predicts tumor growth and recurrence resolves the
ambiguity of previous studies. Lim et al. reported that group I tumors were most often multifocal at
first diagnosis [20], whereas Kappadakunnel et al. found the highest rate of multifocal disease, both at
first diagnosis and recurrence, in group III tumors [12]. This might account to small sample sizes but
also to the fact that Kappadakunnel et al. [12] only analyzed CELs, while Lim et al. [20] considered,
but did not discriminate for, CE and FLAIR lesions. In our study, multifocal growth was comparably
high in group I and III GBMs (CE: 15% and 17%; FLAIR: 13% and 18%) in contrast to only 6% of
group II and IV GBMs and supports the data by Kappadakunnel et al. [12]. Indeed, although Lim et al.
concluded that multifocality is characteristic of SVZ involvement, they encountered multifocal growth
more often in tumors with (group I: 56%, group III: 29%) than without (group II: 11%, group IV: 0%)
cortical involvement. In this context, it is impossible to compare the finding by Adeberg et al. that
multifocal progression was more common in SVZ+ GBMs since this study discriminated only by SVZ
involvement, but not by location-specific groups [21]. Noteworthy, group I tumors extend from the
SVZ to the cortex and therefore can be assigned both to SVZ+ and cortex+ GBMs although their true
spatial origin remains unknown. In fact, a computerized simulation model of GBM growth suggested
that a tumor invading both cortex and SVZ more likely originates from the subcortical white matter
than from the SVZ and that SVZ involvement is rather a matter of increasing tumor size [23]. This
is in line with our own findings that group I GBMs represented the majority of tumors at relapse as
opposed to group III GBMs at first diagnosis and that SVZ involvement increased from first diagnosis
to recurrence. To overcome this potential bias for our radiographic and survival analysis, “pure”
cortical (group III) and “pure” SVZ (group II) tumors were compared separately, still analyzing a
significant number of patients (n = 158). Consistent with the complete cohort, we found a significant
increase of multifocal lesions in “pure” cortical GBMs. The incidence of multifocal lesions in GBM is
reported to range between 10–15% [25], but can be as high as 35% [26,27], and is considered exceedingly
aggressive with significantly worse outcome compared to unifocal lesions [25]. This is supported
by our multivariate survival analysis in which multifocal disease at first diagnosis independently
predicted shorter PFS and OS (complete cohort), while multifocal disease at tumor relapse predicted
shorter survival after relapse (group II vs. III). There is still uncertainty whether multifocal lesions
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arise from the same precursor cell. Two recent publications applying extensive genomic analyses
obtained conflicting results, either describing that multiple lesions are derived from different clones
with heterogeneous drug response [28] or reporting that multiple lesions are of monoclonal origin and
share an unexpected high frequency of genetic alterations in core regulatory pathways (RTK/PI3K,
p53, RB), which may account for their highly invasive phenotype [29]. In this regard, our finding that
multifocal growth is location-dependent may indicate that these tumors are derived from different
location-specific cells of origin with varying migratory potential.

GBM is characterized by its inevitable recurrence. In more than 80 %, tumors recur adjacent to
the initial resection site [30,31], as confirmed by our radiographic analysis. In 20% of all cases,
tumors recurred both locally and remote from the initial resection site while exclusive distant
tumor recurrence was infrequent (6%). However, our analysis adds a remarkable location-specific
picture since distant tumor recurrence was more frequently encountered in GBMs with cortical
involvement (cortex+ GBMs, group III GBMs). In this respect, previous location studies reported
ambiguous findings: Two small-sized studies did not observe any location-dependent recurrence
pattern [12,22], while others reported that distant recurrence was more common in GBMs
with SVZ involvement, but did not discriminate between all four location-specific groups [21].
Thus far, O6-methylguanin-DNA-methyltransferase (MGMT) promoter methylation [32], extensive
resections [33], and large tumor volumes [34] were identified as risk factors for distant tumor recurrence.
Our study identified cortical involvement (i.e., groups I (the largest tumors) and III (the highest
frequency of GTR)) as another risk factor. From a molecular point of view, distant recurrence may
reflect a highly invasive phenotype attributed to a distinct (possibly location-dependent) cell of origin,
but experimental evidence is sparse. A recent longitudinal analysis found distant GBM recurrences to
have a low rate of retention of the primary tumor’s driver mutations, indicating a divergent, rather
than a clonal, evolution [35]. This finding is critical for guiding targeted therapies at relapse and
advocates repeat surgery, particularly in distant recurrences. For prevention of tumor relapse, it is
worth elucidating molecular drivers of distant recurrences for which cortical GBMs, based on our
findings, seem to be the ideal workhorse.

Despite its impact on tumor growth and recurrence, cortical involvement was not associated
with survival. In contrast, SVZ involvement at first diagnosis and recurrence was predictive of
inferior OS and survival after relapse. The negative prognostic impact of SVZ involvement has
been described before [16], but our study provides robust survival data from a large cohort that
strictly excluded confounding IDH1 mutations [17,18]. Moreover, we applied multivariate survival
analysis in which SVZ involvement at first diagnosis was identified as an independent negative
prognosticator of OS, and for the first time, SVZ involvement at tumor relapse as an independent
negative prognosticator of survival after relapse. Moreover, to exclude a potential bias by group I GBMs
that may arise from the cortex, the subcortical white matter or the SVZ, we separately analyzed “pure”
SVZ (i.e., group II) and “pure” cortical (i.e., group III) tumors, a comparison that has been disregarded
by previous outcome studies. Importantly, SVZ involvement at the first diagnosis remained an
independent negative prognosticator of OS. Moreover, SVZ involvement at tumor recurrence conferred
significantly shorter survival after relapse (SVZ+ rec: 8 months; SVZ− rec: 13 months; p = 0.045),
but did not translate into an independent prognostic factor in multivariate analysis. The prognostic
significance of SVZ involvement can be best illustrated by comparing our survival data to the most
recent “historic control”: In the control arm of a multicenter trial on tumor-treating fields in newly
diagnosed GBM [36], patients receiving standard radio-chemotherapy experienced a median PFS and
OS of 4 and 16 months, respectively. In our study, analyzing patients with radio-chemotherapy only
(n = 79), SVZ involvement conferred comparable outcomes (PFS = 6 months; OS = 18 months), while
median PFS and OS were meaningfully prolonged to nine and 24 months in SVZ− GBM patients
(Figure 4A,B). It has been hypothesized that the poor prognosis associated with SVZ involvement
results from an impaired clinical condition and distinct therapeutic challenges encountered with this
specific tumor location. Indeed, well-known prognostic factors differed significantly between SVZ+
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and SVZ− GBMs since pre-operative KPS, the rate of GTR at the first diagnosis and non-surgical
treatment intensity at recurrence were significantly lower in SVZ+ GBMs. Noteworthy, PFS and
OS were comparable in patients undergoing GTR regardless of SVZ involvement (SVZ+ GBM:
PFS = 6.5 months; OS = 15.5 months; SVZ−GBM: PFS = 6 months; OS = 16.5 months; and Figure 4C,D),
underlining the need to strive for maximum safe tumor resection even in tumors involving the lateral
ventricles. Nevertheless, all these confounders were included into the multivariate model in which
SVZ involvement was confirmed as a robust negative prognostic factor. Admittedly, MGMT promoter
methylation status was not considered for multivariate analysis because of missing data in 41% of
patients (Table 1) but OS was comparable for patients with (15 months) and without (14 months)
methylated MGMT promoter (p = 0.255). Therefore, it is reasonable that SVZ involvement does not
merely influence survival by the accumulation of negative clinical prognostic factors, but also by its
inherent tumor biology. As preliminary evidence, we were recently able to identify molecular markers
that were differentially expressed in SVZ+ GBM and conferred a prognostic impact [37].

Figure 4. When analyzing IDH1-wt GBM patients with intensified adjuvant treatment (i.e., completion
of concomitant radio-chemotherapy and≥ 3 cycles of TMZ-based chemotherapy) only (n = 79), absence
of radiographic SVZ involvement conferred a non-significant, but meaningful prolongation of OS
(24 vs. 18 months; A) and PFS (9 vs. 6 months; B) that also compared favorable to the outcomes of
the most recent “historic control” derived from a multicenter trial on tumor-treating fields in newly
diagnosed GBM [36] (OS = 16 months; PFS = 4 months; data not shown). (C,D) Kaplan-Meier plots
depicting the prognostic significance of SVZ involvement in 285 IDH1-wt GBM patients on OS (C) and
PFS (D) when stratified for EOR. Noteworthy, the negative prognostic impact of SVZ involvement can
be, in part, resolved by GTR since OS and PFS were comparable in patients undergoing GTR regardless
of SVZ involvement (OS: SVZ+GBM 15.5 months vs. SVZ−GBM = 16.5 months; PFS: SVZ+GBM
6.5 months vs. SVZ−GBM 6 months). A tabular overview of numbers at risk is given below each
Kaplan-Meier plot.

432



Cancers 2019, 11, 122

4. Materials and Methods

4.1. Patient Cohort

Our institutional database was searched retrospectively for all patients treated for newly
diagnosed GBM at the Department of Neurosurgery (University Hospital Heidelberg, Germany)
from 2004 to 2011 for whom demographic, treatment-related and outcome data were available
and preoperative MRI was accessible on the Picture Archiving and Communication System (PACS).
In accordance with the Declaration of Helsinki and the research proposals approved by the Institutional
Review Board at Heidelberg Medical Faculty, informed consent was obtained in all cases. (Ethical
code: S-005/2003, permission date: 31 March 2003). Histological diagnosis was confirmed by
neuropathological review. IDH1 mutation and MGMT promoter methylation status was evaluated
as described [2,38,39]. 302 consecutive patients were identified, 285 of those (94.4%) lacking IDH1
mutations. Except for patients with biopsies, EOR was determined for each patient on MRI scans
taken within 72 hours post surgery and was valued “complete” (gross total resection = GTR) if
no residual contrast enhancement was detected; otherwise, EOR was classified as “subtotal” or
“unknown” if no postoperative MRI was available. Adjuvant treatments comprised radiotherapy,
concomitant and/or stand-alone TMZ-based chemotherapy as well as treatment within clinical trials.
Intensified adjuvant treatment (“Stupp regimen”) was defined as completion of ≥ 3 cycles of TMZ
after concomitant radio-chemotherapy. Definition of tumor progression/recurrence was based on
the Response Assessment in Neuro-Oncology (RANO) criteria [40] with salvage therapies based on
interdisciplinary decision. Salvage treatments comprised re-resection, re-irradiation, cytotoxic (TMZ,
nitrosoureas, carboplatin), antiangiogenic (bevacizumab), or targeted therapies. Primary outcome
measures were OS, PFS, and survival after relapse. OS was defined as the time from the first histologic
diagnosis until death or last follow-up and PFS as the time from first histologic diagnosis to radiographic
signs of progression/recurrence or death. Survival after relapse was defined as the time from radiographic
signs of progression/recurrence until death. Patients still alive in June 2016 were censored. LTS were
defined by an OS of > 36 months [2], while STS lived between six and 10 months after diagnosis.

4.2. Radiographic Analysis

For every patient, preoperative and follow-up MRI with standard sequences comprising T1-w,
FLAIR and post contrast three-dimensional MPRAGE T1-w images in at least the axial plane with
coronal and sagittal reformations were acquired on 1.5 or 3.0 Tesla scanners. As proposed [20],
radiographic classification of GBMs according to their vicinity to the SVZ was performed on
immediately preoperative CE T1-w MRI by two independent reviewers (CJ, BH). SVZ involvement
was valued if the CEL contacted the lining of the ventricle. Group I consisted of tumors contacting
the SVZ and infiltrating the cortex, group II of tumors contacting the SVZ only, group III of tumors
contacting the cortex only and group IV of tumors residing in the subcortical white matter, neither
contacting SVZ nor cortex (Figure 1A). Multifocal disease noncontiguous with the primary CEL was
evaluated both on CE T1-w and FLAIR images at 1st diagnosis and at recurrence. At recurrence,
distant tumor growth was defined as a new CEL remote from the initial resection cavity. Patients with
infratentorial tumor location were precluded from analysis. For comparison of location-dependent
outcome, growth and recurrence patterns, patients were further categorized into SVZ+ (groups I, II)
versus SVZ− (groups III, IV) GBMs and cortex+ (groups I, III) versus cortex− (groups II, IV) GBMs
(Figure 1A). Moreover, group II (involving the SVZ only) and group III (involving the cortex only)
tumors were compared separately since this discriminates best between GBMs with and without
SVZ involvement.

4.3. Statistical Analysis

GraphPad Prism version 6.0c was used for statistical analysis of clinico-pathological patient data
as well as growth and recurrence patterns. Survival was analyzed in a Cox proportional hazards model
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in the R package “survival”. Covariate inclusion was defined by stepwise forward selection conducted
by the stepAIC algorithm in the R package “MASS” (covariates listed in Table S1). Only cases with
all covariates available were considered for multivariate analysis. Significance threshold was set at
p < 0.05.

5. Conclusions

In this large-scale analysis of IDH1-wt glioblastomas, tumor location was associated with a distinct
growth and recurrence pattern and patient outcome, significantly contributing to the heterogeneous
nature of this disease. While the underlying molecular factors still need to be identified, these findings may
help to tailor location-dependent treatment strategies and allow for individualized prognostication based
on factors easily assessable on pre-operative MRI. SVZ involvement, both at the first diagnosis and tumor
relapse, proved to be a robust prognostic factor that should be incorporated in future outcome studies.
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GBM glioblastoma
WHO World Health Organization
TMZ temozolomide
LTS long-term survivor
NSC neural stem cell
NPC neural progenitor cell
SVZ subventricular zone
PFS progression-free survival
OS overall survival
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Abstract: This study aims to discover genes with prognostic potential for glioblastoma (GBM) patients’
survival in a patient group that has gone through standard of care treatments including surgeries and
chemotherapies, using tumor gene expression at initial diagnosis before treatment. The Cancer Genome
Atlas (TCGA) GBM gene expression data are used as inputs to build a deep multilayer perceptron
network to predict patient survival risk using partial likelihood as loss function. Genes that are
important to the model are identified by the input permutation method. Univariate and multivariate
Cox survival models are used to assess the predictive value of deep learned features in addition to
clinical, mutation, and methylation factors. The prediction performance of the deep learning method
was compared to other machine learning methods including the ridge, adaptive Lasso, and elastic
net Cox regression models. Twenty-seven deep-learned features are extracted through deep learning
to predict overall survival. The top 10 ranked genes with the highest impact on these features are
related to glioblastoma stem cells, stem cell niche environment, and treatment resistance mechanisms,
including POSTN, TNR, BCAN, GAD1, TMSB15B, SCG3, PLA2G2A, NNMT, CHI3L1 and ELAVL4.

Keywords: deep learning; discovery; glioblastoma; glioblastoma stem cells; survival prediction

1. Introduction

Deep learning [1–7] has been used to learn prognostic subtypes of glioblastoma using pan-cancer
gene expression data from The Cancer Genome Atlas (TCGA) [8], predict drug synergy based on
cancer cell gene expression data [9], and predict survival based on multi-omics integrated data in liver
cancer [10] etc. [11–13]. It is important to explain the model in a meaningful way to understand the
deep learning model and its limitations. A typical deep learning model involves millions of parameters,
which makes it a difficult task to understand. We propose to use feature importance ranking within the
deep learning model. While feature importance ranking is popular with machine learning [14], its use
within the deep learning model is rare, especially in cancer genomics where a model usually includes
thousands of features. In this paper, we expand the permutation feature importance techniques to
deep learning. Our goal is to study the inside of a trained deep learning model to discover prognostic
gene features in glioblastoma.

Conventional machine learning approaches have been used to determine the gene expression
that are prognostic to glioblastoma patient survival [15–17]. Glioblastoma gene expression regression
modeling using the least absolute shrinkage and selection operator (Lasso) flavor strategy performed
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better when cancer pathway genes were used as input variables compared to whole genome input [16].
However, these types of penalized regression methods often require dropping a large number
of genes in order to fit the survival outcome, hindering biological pathway interpretation and
introducing random bias toward the selected gene factors. Deep learning offers the capacity to model
a large number of differentially expressed genes, is less susceptible to multicollinearity problem, and
generalizes better. Deep learning based on transcriptome data has only recently been used to determine
the primary effects of gene features that are prognostic to survival of glioblastoma (GBM) or other
cancer types [8,18]. However, few studies work on what was learned in these deep learning models.

Using differentially expressed genes from the GBM-specific TCGA database as inputs, we tested
the hypothesis that deep learning can model the relationship between specific genes and the
corresponding protein effect to predict patient survival prognosis. Like most of the deep learning
models, our model learned a set of features at the last hidden layer, which in this case linearly
modulates the survival risk of patients. We hypothesize these features contains the key factors that
determine patients’ overall survival for those who have gone through standard of care therapy, from
surgery to chemotherapy, without undergoing targeted therapy.

2. Results

2.1. Deep Learning Model

We trained and optimized the deep learning model to generate a network architecture consisting
of an input layer feeding to two hidden layers (82 nodes then 27 nodes) and connected to one single
output node to predict patient survival prognosis.

The validation concordance index is 0.69, the corresponding training concordance index is 0.73,
and the validation concordance index of each sample partition is evaluated to be with a mean ± 1 SD
concordance index of 0.70 ± 0.07. The out-of-sample testing concordance is 0.63 and is within the
uncertainty of the validation concordance. The 95% confidence intervals of all testing, validation,
and training concordance indexes do not include 0.5.

Important genes that contribute to the overall deep learned model were identified according
to the input permutation method. A frequency analysis of genes occurring in the last hidden layer
is listed in Table 1. The top 10 ranked genes are either known to be associated with glioblastoma
survival, glioblastoma cancer cell migration, or glioblastoma cancer stem cells, or are known to be
related to other types of cancer with mechanistic significance. The top 10 genes are TNR, GAD1,
TMSB15B, POSTN, SCG3, PLA2G2A, NNMT, CHI3L1, and ELAVL4. The ranked gene importance at
each network node is available in Supplementary Table S1. The entire frequency analysis table is
available in Supplementary Table S2.

Table 1. Frequency analysis of important genes in the 27 deep-learned network nodes at the top hidden
layer. Only the top 100 frequently occurring genes are listed for brevity.

Gene Frequency Gene Frequency Gene Frequency Gene Frequency

TNR 17 DPYSL4 10 MEG3 9 GRB10 8
GAD1 16 EGFR 10 NES 9 KDELR3 8

TMSB15B 15 F13A1 10 NPTX2 9 KIF1A 8
POSTN 15 FBN2 10 NRXN1 9 LSAMP 8
SCG3 15 NEFM 10 NTSR2 9 LYPD1 8

PLA2G2A 14 PTGDS 10 PEG3 9 MMP9 8
NNMT 13 RAB6B 10 PROM1 9 MYT1L 8
CHI3L1 13 RAPGEF4 10 SH3GL3 9 NMNAT2 8
ELAVL4 13 RUNDC3A 10 SOX11 9 NNAT 8

TF 13 SERPINA3 10 SPOCK1 9 NOL4 8
UGT8 13 SH3GL2 10 TMEM35 9 NSG1 8
AQP1 12 SNAP25 10 C4B 8 PLBD1 8
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Table 1. Cont.

Gene Frequency Gene Frequency Gene Frequency Gene Frequency

COL6A3 12 TCEAL2 10 SLC16A3 8 RGS1 8
ERBB3 12 TIMP4 10 SOD2 8 RGS17 8
KCNQ2 12 LOC101060835 9 AIM1 8 RGS4 8

LTF 12 ADAM22 9 ANXA1 8 RTN1 8
MEOX2 12 BCAN 9 APOD 8 S100A2 8
PCDH9 12 C1orf61 9 ATP2B2 8 SLC17A7 8
STMN2 12 DDX25 9 ATP6V1G2 8 SRD5A1 8
FCGR2B 11 ETNPPL 9 CFI 8 STC1 8
FGFR3 11 FAM107A 9 DSP 8 STEAP3 8

SLC1A2 11 GABRB1 9 ENPP2 8 STK32B 8
CA10 10 GDF15 9 FCGBP 8 TAC1 8

CXCL14 10 GNAO1 9 FUT9 8 VSNL1 8
CXorf57 10 LGI1 9 FZD6 8 WIF1 8

In the deep-learned model, no proportional hazard assumption is used. Since the last hidden
layer network node outputs are combined linearly with a weight vector to predict patient survival
prognosis, the weight vector determines the relative risk from each of the 27 network nodes.
Putting these network nodes in a Cox proportional hazard model showed a model concordance of 0.71,
with 14 out of 27 network nodes statistically significant using Wald test at p < 0.05; only network node
10 is stratified for all network nodes to satisfy the proportional hazard assumption at p < 0.05 (Table 2).

Table 2. The prognostic value of network node outputs at the top hidden layer are evaluated using
Cox proportional hazard model. The hazard ratios (HR) and 95% confidence intervals (95% CI) are
listed with corresponding p-value. Thirteen network nodes are statistically significant in overall
survival prognosis.

Cox Model with Deep Learning Features HR (95% CI) p-Value

Network Node 0 1.26 (0.98–1.62) 0.0718
Network Node 1 1.13 (0.94–1.36) 0.1996
Network Node 2 1.03 (0.81–1.32) 0.7931
Network Node 3 1.15 (0.94–1.41) 0.1681
Network Node 4 0.73 (0.59–0.89) 0.0022
Network Node 5 0.95 (0.77–1.16) 0.5935
Network Node 6 1.13 (0.88–1.44) 0.341
Network Node 7 1.19 (0.97–1.46) 0.0929
Network Node 8 1.71 (1.40–2.08) <0.0001
Network Node 9 1.02 (0.81–1.29) 0.8505
Network Node 10

≥1.6 0.45 (0.25–0.81) 0.0076
<1.6 1

Network Node 11 0.80 (0.66–0.96) 0.0197
Network Node 12 1.36 (1.11–1.68) 0.0034
Network Node 13 0.93 (0.77–1.14) 0.4994
Network Node 14 1.12 (0.88–1.42) 0.3495
Network Node 15 0.86 (0.67–1.10) 0.2324
Network Node 16 0.57 (0.45–0.72) <0.0001
Network Node 17 1.35 (1.09–1.67) 0.0056
Network Node 18 0.80 (0.64–1.00) 0.0478
Network Node 19 0.78 (0.64–0.95) 0.0132
Network Node 20 0.91 (0.73–1.15) 0.4437
Network Node 21 1.34 (1.10–1.62) 0.0035
Network Node 22 1.16 (0.95–1.42) 0.1575
Network Node 23 0.77 (0.62–0.97) 0.0281
Network Node 24 1.87 (1.54–2.27) <0.0001
Network Node 25 1.41 (1.10–1.80) 0.0063
Network Node 26 0.80 (0.65–1.00) 0.0476

Overall Model <0.0001
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2.2. Deep Learning Model Performance Comparison with Penalized Cox Regression Models

Using the training dataset, the k-fold cross validation training resulted in the ridge, adaptive Lasso,
and elastic net Cox regression models. These models perform consistently well with concordance
indexes at 0.70, 0.69, and 0.70, respectively and are comparable to the deep learning model in
performance. In the testing dataset, however, ridge, adaptive Lasso, and elastic net Cox regression
models resulted in concordance indexes of 0.58, 0.56, and 0.56, with the 95% confidence intervals of the
model concordance index including 0.5. In another word, these models performed close to random
and failed to predict survival in the testing dataset, which could be due to the challenge of prediction
in a small dataset with 49 patients. This is in sharp contrast to the deep learning model which still
performs well in the small testing dataset.

2.3. Network Node Parameters Improved the Baseline Cox Proportional Hazard Model

A baseline Cox proportional hazard survival model constructed with clinical covariates, including
age, gender, Karnofsky Performance Status (KPS), tumor subtypes, and therapy options performed at
a concordance value of 0.68. Age, gender, KPS, chemoradiation, and proneural subtype all reached
statistical significance using Wald test at p < 0.05, with no parameters violating the proportional hazard
assumption at p < 0.05. Since most patients with the Glioma CpG island methylator phenotype
(G-CIMP) mutation also harbor the IDH1 heterozygous Arg132-to-His (R132H) point mutation,
the multicollinearity between these two variables (correlation coefficient = 0.845) led to large standard
error on the parameter estimation, affecting statistical significance.

After adding all deep-learned network nodes, the baseline Cox model (Table 3) concordance
index increased from 0.68 to 0.76 with age, KPS, chemoradiation, and proneural subtype statistically
significant (Wald test, p < 0.05); four risk-increasing network nodes (8, 17, 24, and 25) and four
risk-decreasing nodes (4, 10, 16, and 23) were also statistically significant (Wald test, p < 0.05), with all
covariates satisfying the proportional hazard assumption.

Table 3. Combined multivariate Cox proportional hazard model including clinical covariates and deep
learning network node covariates to predict overall survival (p-value < 0.0001). The hazard ratios (HR)
and 95% confidence intervals (95% CI) are listed with corresponding p-value.

Cox Model with Clinical Covariates and
Deep Learning Features

HR (95% CI) p-Value

Age
≥54 years old 1.50 (1.10–2.03) 0.0098
<54 years old 1

Gender
Male 1.25 (0.92–1.68) 0.1542
Female 1

KPS
≥60 0.35 (0.17–0.72) 0.0042
<60 1

Therapy
Chemoradiation 0.27 (0.12–0.62) 0.0018
Chemotherapy 1.06 (0.35–3.17) 0.9193
Radiation 0.51 (0.22–1.17) 0.1122

Subtype
Proneural 1.70 (1.01–2.87) 0.0464
Classical 1.26 (0.79–2.01) 0.3311
Mesenchymal 1.41 (0.89–2.25) 0.1462

MGMT Methylated 1.18 (0.85–1.62) 0.3181

G-CIMP Methylated 1.03 (0.35–3.06) 0.9553
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Table 3. Cont.

Cox Model with Clinical Covariates and
Deep Learning Features

HR (95% CI) p-Value

R132C/R132G/R132H Mutation 1.08 (0.35–3.31) 0.8986

Network Node 0 1.09 (0.80–1.48) 0.5888
Network Node 1 1.10 (0.87–1.39) 0.4348
Network Node 2 1.15 (0.86–1.55) 0.3407
Network Node 3 1.11 (0.86–1.44) 0.4264
Network Node 4 0.77 (0.60–0.99) 0.0387
Network Node 5 0.85 (0.64–1.12) 0.2558
Network Node 6 1.12 (0.80–1.55) 0.514
Network Node 7 1.12 (0.86–1.44) 0.4041
Network Node 8 1.73 (1.36–2.21) <0.0001
Network Node 9 1.07 (0.81–1.42) 0.6384
Network Node 10

≥1.6 0.44 (0.20–0.95) 0.0363
Network Node 11 0.86 (0.67–1.10) 0.2336
Network Node 12 1.27 (0.99–1.65) 0.0645
Network Node 13 1.04 (0.82–1.32) 0.7484
Network Node 14 1.10 (0.82–1.48) 0.5313
Network Node 15 0.79 (0.57–1.11) 0.1711
Network Node 16 0.64 (0.48–0.86) 0.0029
Network Node 17 1.55 (1.16–2.07) 0.0027
Network Node 18 0.79 (0.60–1.05) 0.1049
Network Node 19 0.86 (0.68–1.08) 0.2001
Network Node 20 0.74 (0.54–1.00) 0.0528
Network Node 21

≥1.6 0.96 (0.55–1.69) 0.8937
Network Node 22 1.22 (0.94–1.58) 0.1327
Network Node 23 0.75 (0.57–1.00) 0.048
Network Node 24 1.66 (1.30–2.12) <0.0001
Network Node 25 1.49 (1.10–2.01) 0.0101
Network Node 26 0.83 (0.64–1.07) 0.1555
Overall Model <0.0001

2.4. Prognostic Significance Validation of Gene Set with External Data

The chance of a gene deemed important to a small number of network nodes is much higher than
it is to a large number of nodes, as shown in Figure 1. We used a probability threshold of p < 0.01 and
selected a set of genes that are important in at least 10 out of 27 network nodes. These important genes
form a 39-gene signature and they are listed in Table 4. Using this gene signature, statistical significance
(log-rank test, p < 1.5 × 10−6) was achieved in seven glioblastoma studies and three low-grade glioma
studies in separating the low-risk and high-risk groups with mean ± 1 SD concordance index of
0.79 ± 0.09. The Kaplan–Meier survival curves of the low-risk and high-risk groups in these studies
are shown in Figure 2. There are no notable pathway enrichment in the 39-gene signature.

In the discovery process, two particular genes stand out with high hazard ratio (HR) and
concordance index (CI) in univariate Cox model, AQP1 (HR = 3.3, p < 0.05, CI = 0.711) and MEOX2
(HR=2.5, p < 0.05, CI = 0.675), both of which are lesser known to be associated with survival in gliomas.
Both genes are statistically significant and independently prognostic to survival in the multivariate Cox
model (MEOX2 HR = 2.2, AQP1 HR = 1.55, both p < 0.05, CI = 0.796) in the TCGA GBMLGG dataset.
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Figure 1. Probability distribution of important genes occurring at different network nodes. It is very
rare for an important gene to occur in many nodes that are prognostic to survival. Using a threshold of
p < 0.01, only genes that occurred at least 10 out of 27 network nodes meet the criteria and are included
in the 39-gene signature.

Table 4. Gene list of the 39-gene signature selected based on p < 0.01 occurrence at the deep-learned
network nodes at the top hidden layer.

39-Gene Signature

TNR UGT8 FGFR3 PTGDS
GAD1 AQP1 SLC1A2 RAB6B

TMSB15B COL6A3 CA10 RAPGEF4
POSTN ERBB3 CXCL14 RUNDC3A
SCG3 KCNQ2 CXorf57 SERPINA3

PLA2G2A LTF DPYSL4 SH3GL2
NNMT MEOX2 EGFR SNAP25
CHI3L1 PCDH9 F13A1 TCEAL2
ELAVL4 STMN2 FBN2 TIMP4

TF FCGR2B NEFM
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Figure 2. Kaplan–Meier survival fraction versus survival time (months) of the low-risk (green color)
and high-risk (red color) groups are well separated using top 39 genes across nine different datasets,
including data from seven glioblastoma and three low-grade glioma studies.
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3. Discussion

Prior reports of deep learning model in cancer research [8,18,19] were derived from multiple
cancer types to increase sample numbers, but fall short in identifying genes or primary mutations
of mechanistic interest. A recent deep feedforward network studies used gene expression feature
selection and outcome classification in TCGA breast cancer data as well as in TCGA kidney renal cell
carcinoma [20]. In that study, only importance features to the model output were discovered and a
number of biologically relevant features were found.

In this paper, we expand the input permutation method for feature importance ranking in deep
learning network. Input permutation method is a useful technique for feature importance ranking in
machine learning [14] and is broadly applicable to various models. It is usually used to rank feature
importance at the model output. Expanding this method to rank features at any hidden layer within
a deep learning model opened up many possibilities. It solidifies our understanding of the model
and helps in explaining the deep learning model, which is usually considered a black box. In the
proposed GBM model, we found that the last hidden layer contains important features that are far
more biologically relevant than those obtained from the output layer.

Compared with gene-signature from previously identified GBM molecular subtypes (classical,
proneural, and mesenchymal) [17,21,22], our 39-gene signature has a small overlaps with the 840-gene
signatures in classical (8 out of 210), proneural (6 out of 210), and mesenchymal (5 out of 210) subtypes,
or 12 genes overlap among all subtypes. The other 27 prognostic genes are likely due to shared
biological mechanism(s) among tumor subtypes that are crucial to patient survival. The improvement
in model concordance from 0.68 to 0.76 with the addition of deep learned network parameters
confirmed the prognostic value of these additional genes in additional to known tumor subtype.
It is also quite remarkable that the 39-gene signature learned from one GBM dataset is able to stratify
patients in several other low grade glioma datasets as well as other GBM datasets. In addition,
two lesser known genes, AQP1 and MEOX2, are discovered to be prognostic to gliomas patients
overall survival through the deep learning approach.

Our deep learning features revealed many genes of interest to glioblastoma stem cells mechanism.
For example, both glutamate decarboxylase 1 (GAD1) and Chitinase 3 Like 1 (CHI3L1/YKL-40) have
been recently identified as targets of Notch inhibitors (alpha secretase and gamma secretase inhibitors)
in treating glioblastoma stem cells. Notch inhibitors work via Notch binding to YKL-40 and leukemia
inhibitory factor (LIF) promotors and increased survival in a GBM stem cell orthotopic mouse model [23].
Epigenetic upregulation of glutamate decarboxylase 1 (GAD1) has been shown to program the
aggressive features of cancer cell metabolism in brain metastatic microenvironment [24]. Chitinase 3
Like 1 (CHI3L1/YKL-40) was also reported previously to be prognostic to glioma patient survival [25]
and involved in the angiogenesis, radioresistance, and progression of glioblastoma in vivo [26].
Periostin (POSTN) has been shown to impact GBM stem cell tumorigenicity and GBM patient
survival [27]. POSTN is secreted by glioblastoma stem cells to recruit tumor-associated macrophages in
order to promote malignant growth [28] and regulate tumor resistance to anti-angiogenic therapy [29].
Nicotinamide N-methyltransferase (NNMT) was also reported to regulate mesenchymal glioblastoma
stem cell maintenance by depletion of methionine and shift tumor towards a mesenchymal phenotype
and accelerated tumor growth [30]. NNMT was reported to be a prognostic marker for glioblastoma [31],
inhibiting tumor suppressor protein phosphatase 2 (PP2A) at the epigenome and proteome level and
concomitantly activates prosurvival serine/threonine kinases. Receptor tyrosine-protein kinase ErbB-3
(ERBB3) is known to mediate glioblastoma cancer stem-like cell resistance to EGFR inhibition [32].

Brevican (BCAN) which is known to bind to tenascin-R (TNR) with high affinity [33], is highly
expressed in gliomas, initiating cells’ extracellular niche in human GBM tumors and is expressed
by glioma initiating cells in vitro [34]. Though BCAN knockdown does not affect glioblastoma
initiating cell viability in vitro [34], it promotes glioma cell adhesion and migration in vitro [35]
and the knockdown of the gene inhibits both cell motility in vitro and tumorigenicity in vivo [35].
Tenascin-C (TNC) and tenascin-R (TNR) are two of the three members of the tenascin family of
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extracellular matrix glycoproteins. TNC (which occurred in four networks) has been shown to
promote glioblastoma invasion [36] and is heavily involved in pro-angiogenic and anti-angiogenic
signaling in glioblastoma [37], as well as having an impact on survival [38]. A strong TNR expression
is linked to non-invasive brain tumor (pilocytic astrocytomas) whereas a weak expression is detected
in glioblastoma [39]. The exact role of TNR, particularly in glioblastoma stem cells extracellular niche,
is a subject worth exploring.

On the other hand, ELAV-like RNA binding protein 4 (ELAVL4) has been shown to modulate
radiation sensitivity in vitro in non-small cell lung cancer [40]. Secretogranin III (SCG3) has been
shown to be involved in anti-angiogenesis in diabetic retinopathy [41]. Secreted phospholipase A2
group IIA (PLA2G2A) was shown to induce phosphorylation of the EGFR to induce proliferation
through a PKC-dependent pathway in human astrocytoma in vitro [42]. Interestingly, the thymosin
beta 15B (TMSB15B) is involved in epidermal growth factor-induced migration of prostate cancer
cells [43].

Deep learning models that are fully connected and have high dimensional inputs are notoriously
difficult to train due to their large number of variables. In our case, the number of variables,
about 300,000, is much larger than the number of cases (n = 492). Our model is able to generalize on
out-of-sample patient cases and has comparable performance in validation concordance index across
different data sample splits. Due to the limitation of a single gene chip platform used in this study,
its out-of-sample performance on another chip platform may need evaluation.

There are other limitations on the performance of deep learning based on differentially expressed
genes. For instance, with 2-fold change cutoff used in this study, we may be artificially removing genes
that are prognostic to survival. In addition, the relatively small number of patient samples in this study
limits the depth of the model.

Finally, deep learning without explicit biological knowledge or network architecture constraints
is not expected to learn biological structure within the data, so care must be taken with biological
interpretation. In our case, we identify the prognostic genes by identifying genes with disproportional
impact to last hidden layer and the occurrence frequency. Lastly, using deep learning to extract
prognostic differential expressed genes for survival prediction provides a flexible way to combine gene
expression data with other clinical covariates such as age, KPS, therapy options, and tumor subtypes
to enable better patient survival stratification.

4. Materials and Methods

4.1. Gene Expression Data Analysis

The Cancer Genome Atlas (TCGA) is a publicly repository with patient-derived clinical,
imaging, and genomic data that has been deidentified and contains no linkage to patient identifiers,
no institutional review board or Health Insurance Portability and Accountability Act approval was
required for our study. Microarray data from untreated glioblastoma patients (n = 492) were retrieved
from TCGA. Gene expression level 1 data from the Affymetrix Human Genome U133A platform were
used. The data were processed by software script using R (version 3.2, https://www.R-project.org/,
Vienna, Austria), affy [44] and affycoretools [45] packages, and quality control was conducted using
affyQCReport package. The probe level data were normalized by gcrma [46] package to control for
batch variations, and the probe level expressions are compared to the normal brain tissue group
(n = 10). Statistically significant gene probe changes were selected with a threshold of p < 0.01 with
at least 2-fold biological change adjusted for multiple comparisons using the beta uniform mixture
model [47]. Genes with a Pearson correlation coefficient higher than 0.8 were represented by one gene
to reduce the strong intrinsic correlation. The number of gene probes was reduced to 3581 and used as
model inputs.

Clinical data such as age, gender, MGMT methylation, G-CIMP, IDH1/2 mutation, cancer subtype,
and therapy information were retrieved from a TCGA publication [22].
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4.2. Deep Learning Model

The deep learning model was built using Tensorflow 1.3 and Python 3.6 platforms using the deep
learning survival modeling framework [48]. Gene expression dataset is randomly partitioned into ten
equal partitions, with the first as the testing set, the second as the validation set, and the remaining as
training sets. Stratified sampling was used to preserve the survival time distribution among each data
partitions to fully capture the heterogeneity from multiple sites. The testing set contained samples
from 11 sites whereas the validation set contained samples from 12 sites. The network structure
consists of an input layer, one/two hidden layers with rectifier linear unit (Relu) functions, and an
output layer with a single node corresponding to the survival prognosis of each patient. The partial
likelihood function was used as a loss function and an L2 penalty was applied on all network weights
to prevent overfitting, [49] retaining the advantage of interpretation like Cox’s proportional hazard.
Batch-normalization [50] was used in each layer to improve learning stability.

Network structures, including number of hidden layers and number of hidden nodes, are varied
to arrive at different models with a maximum of two hidden layers. Hyperparameter tuning on hidden
layer(s), nodes and learning rate used concordance index as performance criteria in both the training
and validation datasets. A maximum of 1000 epochs were allowed for computation convergence.
The optimum hidden layers and nodes were determined by the maximum concordance index in the
validation dataset; parameters were stored as a model for testing.

The gene expression dataset was randomly split to training, validation, and testing datasets
with ratios of 80%, 10%, and 10%, respectively, while preserving the distribution of survival time to
maximize the available datasets for training. The performance variability of the deep learning model
was tested by rotating each sample partition as a validation dataset while using the rest for training.
After the validation statistics were evaluated, its performance was tested on an out-of-sample data set
that was never used in the modeling process.

4.3. Deep Learning Model Performance Comparison with Penalized Cox Regression Models

A comparison was made between deep learning model and penalized Cox regression models,
including ridge, adaptive Lasso [51], and elastic net [52] using the glmnet package [53] (version 2.0.12).

Cox regression method assumes a semi-parametric hazard form of:

hi(t) = h0(t)exT
i β

where hi(t) is the hazard for patient I at time t, h0(t) is the baseline hazard, and β is a fixed length
vector of length p. In penalized Cox regression, models are fitted by maximizing the penalized partial
log-likelihood function. The penalized partial log-likelihood function is given by:

m

∏
i=1

exT
i β

∑j∈Ri
exT

i β
−

p

∑
j=1

pα,λ
(∣∣β j

∣∣)

where pα,λ(|·|) is the penalty function with tuning parameters λ and α.
For ridge regression, the penalty function takes the form:

pα,λ
(∣∣β j

∣∣) = λβ2
j

For adaptive Lasso regression, the penalty function takes the form:

pα,λ
(∣∣β j

∣∣) = λwj
∣∣β j

∣∣
where wj = 1/β j0. β j0 the initial estimated of β j, which in this case is estimated by ridge regression.
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For elastic net, the penalty function takes the form:

pα,λ
(∣∣β j

∣∣) = λ

(
α
∣∣β j

∣∣+ (1− α)
1
2

β2
j

)

where α ∈ (0, 1].
Model performances were evaluated using concordance index and the same survival time

stratified training/validation/testing datasets are used as in the deep learning model for a fair
comparison. A 9-fold cross validation was used. A minimum lambda model was chosen as the
lamda.1se models are not numerically stable. Feature importance of Lasso, adaptive Lasso, and elastic
net methods was identified by the absolute amplitude of regression coefficients.

4.4. Impact of Deep Learning Network Features on Baseline Survival Model

The hidden nodes’ outputs are Relu functions that are positive or zero, functioning like an on/off
switch that allows effects from a previous level of interacting genes to pass through. Whether these
network signatures provide distinct or complementary prognostic value to the baseline survival model
was evaluated using Cox proportional hazard model.

A baseline Cox model was constructed from clinical covariates, tumor subtypes, therapy options
and genetic mutation/methylation status known to be associated with patient survival. Clinical and
genetic mutation/methylation covariates include age, Karnofsky performance scale, gender, IDH1/2
mutation status, MGMT, G-CIMP methylation status, tumor subtypes (proneural, mesenchymal
and classical) as well as chemotherapy/radiation/chemoradiation therapy options. To evaluate the
additional prognostic value of deep learning network nodes, they were added to the baseline Cox
proportional hazard model. The contribution of these deep learning features in improving survival
prediction over the baseline model was evaluated using the concordance index.

4.5. Identifying Important Genes in Deep Learning Model

To identify the genes important to survival, we permuted the input genes one gene at a time
to break the correlation between the input gene and the output risk [54]. An important gene that
contributes significantly to the overall model when permuted across the patient group will impose a
significant change to the predicted patient survival, whereas an unimportant gene will not. The process
was repeated five times and the average change in patient risk was used. The high impact genes were
identified as those that affect predicted patient survival outside the 95% confidence interval of the
average change due to single gene permutation.

4.6. Prognostic Significance Validation of Gene Set with External Data

To compare the prognostic significance of our gene set in predicting survival in glioblastoma
patients, we evaluated it in seven glioblastoma and three low-grade glioma studies (Table 5) using
Cox proportional analysis with SurvExpress platform [55]. The samples were split by the median
of the prognostic index to designate low-risk and high-risk groups. The top ranked 39 genes,
which correspond to p < 0.01 or equivalently any gene occurring at least 10 times in the 27 network
nodes, were chosen as gene biomarkers. The gene biomarkers were evaluated for survival difference
between the low-risk and high-risk groups using log-rank test. The prognostic index is the linear
component of the exponential function in the Cox model.
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Table 5. List of glioblastoma studies used in survival prognosis validation using the gene set discovered
by deep learning.

Study Datasets Samples Source

Lee Nelson Glioblastoma GSE13041 GPL96 218 Lee [56]
Freije Nelson Glioblastoma GSE4412 GPL96 85 Freije [57]
Gravendeed French Glioblastoma GSE16011 284 Gravendeel [58]

Nutt Louis Glioblastoma BROAD 50 Nutt [59]
Murat Hegi Glioblastoma GSE7696 84 Murat [60]

Joo Kim Jin Kim Seol Nam Glioblastoma GSE42669 58 Joo [61]
Philips Aldape Astrocytoma GSE4271 GPL96 100 Phillips [62]

Brain Low Grade Glioma TCGA 2016 110 TCGA
GBM-TCGA June 2016 148 TCGA

LGG-TCGA-Low Grade Gliomas June 2016 512 TCGA

5. Conclusions

In conclusion, we discovered that deep learning survival prediction model learned genes that
are strongly related to glioblastoma stem cells and/or treatment resistant genes which may be useful
to inform patient therapy. Compared with traditional Cox proportional hazard survival models,
deep learning networks provide non-redundant prognostic covariates to patient survival even in the
presence of strong clinical predictors. Using this approach, we identified many specific genes that are
potential biomarkers or therapeutic targets.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/1/53/s1,
Table S1: Ranked gene importance in prognostic network nodes, Table S2: Frequency analysis of genes occuring in
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Abstract: In conducting medical research, a system which can objectively predict the future trends
of the given research field is awaited. This study aims to establish a novel and versatile algorithm
that predicts the latest trends in neuro-oncology. Seventy-nine neuro-oncological research fields
were selected with computational sorting methods such as text-mining analyses. Thirty journals that
represent the recent trends in neuro-oncology were also selected. As a novel concept, the annual
impact (AI) of each year was calculated for each journal and field (number of articles published in
the journal × impact factor of the journal). The AI index (AII) for the year was defined as the sum
of the AIs of the 30 journals. The AII trends of the 79 fields from 2008 to 2017 were subjected to
machine learning predicting analyses. The accuracy of the predictions was validated using actual
past data. With this algorithm, the latest trends in neuro-oncology were predicted. As a result,
the linear prediction model achieved relatively good accuracy. The predicted hottest fields in recent
neuro-oncology included some interesting emerging fields such as microenvironment and anti-mitosis.
This algorithm may be an effective and versatile tool for prediction of future trends in a particular
medical field.

Keywords: impact factor; machine learning; neuro-oncology; regression analysis; trend prediction;
text-mining

1. Introduction

In science, new research fields and methods are continuously evolving. The design and conduct of
cutting-edge research mandate a keen perception of the current trends and future directions of the field.
However, proper assessment of a large number of related literatures and information in a timely
fashion would not necessarily be easy. A systematic review would be one solution; it prioritizes
an overwhelmingly large number of research studies by their level of importance to retrieve the
key information in a specific research field [1,2]. However, it will never be free from bias, given the
nature of a study which involves manual data gathering. For that reason, a systematic review will not
always be used for the decision-making process of researchers. Computer data mining is superior in
coverage and objectivity for trend analysis in a specific research field. Attempts have already been
made in various medical fields to predict future trends by machine learning analyses. In such studies,
regression formulas are created from the obtained data to do so, but the prediction accuracy is yet to
be satisfactory [3–5].

The field of neuro-oncology has undergone rapid progress in recent years. Treatment with tumor
treating (TT) [6], glioma classification based on the tumor’s genomic abnormalities [7], and epigenetic
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dysregulation during the process of tumor initiation and progression [8] are some of the emerging
fields. For any physician and researcher, appreciation of ‘hot topics’ in neuro-oncology is key to
successful, future collaborative work.

We developed a novel algorithm, named Mining Integrated Navigation and Estimation Research
Via Articles (MINERVA), which makes use of text mining and machine learning of a large amount
of data extracted from the literature (Figure 1). In this study, the MINERVA algorithm was used to
predict 20 neuro-oncology fields that are expected to make great leaps in 2019.

Figure 1. Conceptual diagram of Mining Integrated Navigation and Estimation Research Via Articles
(MINERVA) algorithm. Based on the input data of subject fields of interest (SFI) and subject journals
of interest (SJI), MINERVA will analyze the trends using PubMed database. By switching the input
keywords, MINERVA can analyze the trends of any medical field.

2. Results

2.1. Data Collection for Analysis

2.1.1. Subject Fields of Interest

To analyze the trends of several research fields, the fields to be analyzed were first determined.
Using the PubMed database (https://www.ncbi.nlm.nih.gov/pubmed/), all brain tumor-related
articles published in 2017 were identified. Text-mining word frequency analysis was performed on
text data of these articles and abstracts of neuro-oncological conferences. As a result, 79 keywords
that seemed to represent recent trends in neuro-oncology were extracted as subject fields of interest
(SFI) (Table 1).

2.1.2. Subject Journals of Interest

Thirty subject journals of interest (SJI) (Table 1) that can be representative of trends in
neuro-oncology were determined. They included 15 highest impact factor (IF) journals among
1935 journals that published at least one neuro-oncological article in 2017 and 15 journals with
the largest number of published articles in 2017. Impact factors were obtained from the 2017 Journal
Citation Reports [9].
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Table 1. Seventy-nine keywords of SFI and 30 journals of SJI.

SFI SJI

1p/19q lymphoma Cancer cell

2-HG medulloblastoma Cancer research

acute myeloid
leukemia melanoma Cell

anaplastic astrocytoma meningioma Cell stem cell

anaplastic
oligodendroglioma metabolism Child’s nervous system

angiogenesis and
invasion metastasis Immunity

anti-mitotic methylation International journal of radiation oncology, biology, physics

ATRX methyltransferase JAMA

bevacizumab MGMT Journal of clinical neuroscience

biomarker microenvironment Journal of clinical oncology

BRAF midline Journal of neuro-oncology

castleman MRI Journal of neurosurgery

cell biology neuro-imaging Lancet

cell signal neurotoxicity Lancet oncology

chemotherapy next generation sequencing Medicine

cholangiocarcinoma oligodendroglioma Molecular neurobiology

complications p53 Nature

craniopharyngioma palliative care Nature genetics

diffuse astrocytoma PD-1 Nature medicine

diffuse midline glioma pediatric Nature methods

DIPG pilocytic astrocytoma Nature reviews cancer

drug resistance PNET Neuro-oncology

EGFR progression Neurosurgery

ependymoma quality of life Oncology letters

epidemiology radio Oncotarget

epigenetics recurrent PloS one

epithelioid schwannoma Science

genetics single cell Scientific reports

germ cell tumor spinal The New England journal of medicine

glioblastoma STAT World neurosurgery

glioneuronal stem cell 30 journals of interest

H3K9 targeted therapy Abbreviations: 2-HG = 2-hydroxyglutarate.
ATRX = alpha-thalassemia/mental retardation
syndrome, nondeletion type, x-linked. BRAF = B-Raf.
DIPG = diffuse intrinsic pontine glioma.
EGFR = epidermal growth factor receptor.
IDH = isocitrate dehydrogenase.
MGMT = O6-methylguanine DNA methyltransferase.
MRI = magnetic resonance imaging.
PD-1 = programmed death-1. PNET = primitive
neuroectodermal tumor. STAT = signal transducer and
activator of transcription. TET2 = ten-eleven
translocation 2. TT = tumor treating.
WHO = world health organization.

hemangioblastoma temozolomide

histone TET2

IDH thalamic

immunology translational

inhibitor TT

K27M tumor models

leptomeningeal WHO

low-grade glioma

79 fields of interest
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2.1.3. Annual Impact and Annual Impact Index

A system to objectively and sequentially evaluate the frequency and importance of SFI within the
SJI is necessary. Therefore, the novel concepts of annual impact (AI) and annual impact index (AII)
were employed in the current study. The AI of a certain subject field in a certain subject journal of
a certain year was calculated according to the following formula:

AI = N× IF,

where N is the number of articles related to the subject field published in the subject journal in
the year. The AII value of a certain subject field of a certain year was calculated according to the
following formula:

AII = AI1 + AI2 + AI3 + · · ·+ AI28 + AI29 + AI30,

where AI1 to AI30 are the AIs of each subject journal in that year. There were 30 journals in SJI,
so numbers from 1 to 30 were assigned. In other words, the AII value of a certain subject field of
a certain year is the sum of the AIs of each of the 30 journals for the year. Data of the number of articles
that matched each condition were collected using PubMed. For example, the number of articles on
“pilocytic astrocytoma” published in Nature in 2015 was obtained by entering the following command
in the PubMed search window, and the number was 6.

((pilocytic astrocytoma) AND “Nature” [Journal]) AND (“2015” [Date-Publication]: “2015”
[Date-Publication]).

Since the IF of Nature is 40.137, the AI of “pilocytic astrocytoma” in Nature in 2015 was calculated
as follows.

AI = N× IF = 6× 40.137 = 240.822

Besides Nature, 25 journals contained articles on “pilocytic astrocytoma” in 2015. For example,
there were two articles in the Journal of the American Medical Association (AI = 2 × 44.405 = 88.81) and
one in Science (AI = 1 × 37.205 = 37.205). Thus, the AII of “pilocytic astrocytoma” in 2015 was 4068.629,
as calculated by aggregating the 25 AIs according to the above mathematical rule.

2.2. Trend Predictions of Neuro-Oncology

2.2.1. Mathematical Analyses

A total of 79 SFI fields were analyzed using a comparison of the rate of change of AII (Δ-AII).
In other words, Δ-AII is one year’s AII change rate compared with the previous year. The Δ-AIIs of
all 79 SFI fields were tracked for 10 years from 2008 to 2017. Three types of mathematical regression
analyses based on the least-square method (linear prediction, quadratic polynomial, and cubic
polynomial) were performed to predict trends in neuro-oncology in 2019. Regarding the prediction of
the top 20 subject fields, we tried to predict the rankings for 1–3 years after collection of the data and
also examined the accuracy rate of each.

2.2.2. Accuracy of the Predictions by Multiple Regression Analyses

Regression analytic graphs are illustrated in Figure 2a, with “single cell” and “IDH” as examples.
Predictions did not necessarily match between linear prediction, quadratic polynomial and cubic
polynomial methods. Relatively accurate prediction was possible with the linear prediction method.
With an accuracy of 70.6%, we were able to predict the Δ-AII of the following year of the data
collection range within an error of 1.0-fold (Table 2). This means that the latest trends of about 56 out
of 79 fields can be predicted with high accuracy. In addition, we were able to predict the top 20 fields
with a high Δ-AII of 2 years after the data collection period with an accuracy of 38.3% (binomial
test, p = 0.018), using linear prediction. Figure 3a shows the details of prediction. This method can
constantly achieve a high-match rate of predictions. Interestingly, this method predicted a same field
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as highest expected field every year, “PD-1”. Although “PD-1” had never actually been ranked as
highest, it had ranked in top 20 fields every year. “Cholangiocarcinoma”, which seems to have little
relation to brain tumor, had been ranked sometimes. However, cholangiocarcinoma is known to have
isocitrate dehydrogenase (IDH) mutation, and it had been frequently discussed with gliomas. On the
other hand, the accuracy of quadratic polynomial with the same condition was 30.0% (binomial test,
p = 0.241) (Figure 3b). This method achieved a high match rate in particular years, but as a whole
was not such an accurate method. The results obtained with other analytical methods are shown
in Table 2. Regarding the accuracy of B, C, and D, given that the coincidence match rate was 25.3%
(20/79 = 0.253), most analytical methods tended to have higher predictive accuracy than by sheer
coincidence, and some methods had statistical significance. Accuracy D of linear prediction was not
statistically significant, but the p-value was 0.06. As a result of comprehensive judgment of these
accuracy data, we concluded that linear prediction can be the most reliable prediction method.

 

Figure 2. (a) Regression analytic graphs are exemplified. Left side shows the result of “single cell”,
and the right shows “IDH”. The vertical axis is the fold value of Δ-AII. The upper row is the result of
linear prediction, the middle is quadratic polynomial and the lower is cubic polynomial. The circles are
actual measured values and the triangles are predicted values. (b) Regression analytic predictions of
“CRISPR”, “Cas 9” and “RNA-guided”. The vertical axis is the fold value of Δ-AII. The analyzed AII is
the sum of these three keywords’ AII. Other arrangements are the same as Figure 2a.

Table 2. Accuracy of the predictions by multiple regression analyses.

Regression Analyses Accuracy A Accuracy B Accuracy C Accuracy D

Linear prediction 70.6% 25.0% * 38.3% ** 37.5% *

Quadratic polynomial 54.4% 15.0% * 30.0% * 45.0% ****

Cubic polynomial 34.8% 28.8% * 36.7% *** 20.0% *

Accuracy A: The accuracy of prediction of the Δ-AII of the following year of data collection range within an error of
1.0-fold. B: The accuracy of prediction of the top 20 high Δ-AII fields of the following year of data collection range.
C: The accuracy of prediction of the top 20 high Δ-AII fields of 2 years after data collection range. D: The accuracy of
prediction of the top 20 high Δ-AII fields of 3 years after data collection range. Binominal test: * p > 0.05, ** p = 0.018,
*** p = 0.034, **** p = 0.005.
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(a)

(b)

 
Figure 3. (a) The details of prediction with linear prediction using 5 years. The AII dataset to predict
the top 20 fields with high Δ-AII of 2 years after the data collection period. Predicted top 20 fields
with high Δ-AII are enumerated in left columns in order of expected Δ-AII scores. Right columns are
the year’s actual top 20 fields with high Δ-AII in order of actual Δ-AII scores. Fields matching the
prediction are connected by lines. The accumulated accuracy means Accuracy C of linear prediction of
Table 2. (b) The details of prediction with quadratic polynomial. Other analytical conditions are the
same as Figure 3a. Fields matching the prediction are connected by lines. The accumulated accuracy
means accuracy C of quadratic polynomial of Table 2.

2.2.3. The Top 20 Hottest Fields of Neuro-Oncology in 2019

Based on the policy above, the top 20 hottest fields of neuro-oncology in 2019 were predicted
using the linear prediction method and using the data of Δ-AII for the period of 2013–2017 (Table 3).
The predicted rank was ordered by predicted Δ-AII scores. In the predicted fields, there are many
emerging fields such as “microenvironment” and “anti-mitotic”, as well as some important fields already
widely recognized, such as “immunology” and “epigenetics”. “Epigenetics”, “microenvironment”,
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“neurotoxicity”, “palliative care”, “anti-mitotic”, “angiogenesis and invasion”, “EGFR”, “lymphoma”,
“TT” and “translational” had been repeatedly ranked in the top 20 fields in 2016–2018 with this method,
in both predicted and actual fields (Figure 3a). Those four fields at the beginning, “epigenetics”,
“microenvironment”, “neurotoxicity”, and “palliative care”, appeared a total of four times, which
was the most frequent. This may reinforce the hopeful prospectivity of those fields in another form
different from the predicted rank of 2019.

Table 3. Top 20 hottest fields of neuro-oncology in 2019.

Predicted Rank Fields

1 anti-mitotic

2 anaplastic
oligodendroglioma

3 oligodendroglioma
4 TT
5 STAT
6 neurotoxicity
7 angiogenesis and invasion
8 radio
9 translational
10 cell biology
11 quality of life
12 palliative care
13 immunology
14 low-grade glioma
15 microenvironment
16 epigenetics
17 WHO
18 lymphoma
19 EGFR
20 biomarker

2.2.4. Prediction of Milestone Discoveries in Other Fields

The current study focused on neuro-oncology, but the MINERVA algorithm can potentially be
used to predict trends in any field by changing the input keywords. Meanwhile, the discovery of the
CRISPR-Cas9 gene editing system in 2012 was a recent milestone in the field of medical biology [10].
We retrospectively assessed the ability of the MINERVA algorithm to predict its discovery in advance
with the use of only three keywords for SFI: “CRISPR” “Cas 9” and “RNA-guided”. Then the following
15 journals dealing with cell engineering and genetics, or general science with the highest IFs were
selected for SJI: Nature Reviews—Molecular Cell Biology, Nature Biotechnology, Nature Reviews—Genetics,
Nature, Science, Cell, Nature Genetics, Nature Reviews—Microbiology, Cell—Stem Cell, Nature Cell Biology,
Cell Research, Trends in Cell Biology, Cell Host & Microbe, Annual Review of Cell and Developmental Biology,
and Molecular Cell. The AII data since 2000 were collected. As a result, a marked increase in the
sum of the three keywords’ Δ-AII was predicted in 2008 by all three analytic models (Figure 2b).
This means the possibility that an important discovery in the fields related to “CRISPR”, “Cas 9” and
“RNA-guided” after 2009 could have been predicted as early as 2008. Individual keywords “CRISPR”,
“Cas 9” and “RNA-guided” had been broadly used in the fields of archaea and genetics. However,
by analyzing these three keywords together, it can be related to the trend of the CRISPR-Cas9 gene
editing system. This prediction result indicates the good versatility of the MINERVA algorithm.

3. Discussion

In clinical and basic research, it is important to grasp the current status of the research field
to predict future trends. This type of evaluation is often performed by the individual’s impression
based on notable journals, conferences, and lectures. Scientific reporters have many similar personal
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impressions and tend to have subjective bias in their evaluations. The current study suggested that the
MINERVA algorithm can be used to grasp current trends and predict at least some future trends in
a specific research field. Notably, the MINERVA algorithm is characterized by its wide applicability;
it can analyze any medical field simply by changing the selected keywords of SFI and SJI, whether it is
another central nervous system disorder such as cerebrovascular disease or basic science, exemplified
by our results regarding the CRISPR-Cas9 gene editing system.

Among the 20 fields predicted by the MINERVA algorithm, there were several fields of particular
interest. Regarding the “anti-mitotic” field, the AII value was 25.353-fold greater than the value of the
previous year in 2014. Likewise, the AII value of “TT” in 2015 also increased by 5.412-fold, so it would
be reasonable to understand that the “anti-mitotic” field was paid attention to as the mechanism of
the TT field [6]. Actually, an article about NovoTTF (Novocure, St. Heliar, Jersey) was responsible
for the rapid increase in the “anti-mitotic” field in 2014 [11]. “Immunology” and “microenvironment”
were ranked. Recently, many high-IF articles related to microenvironment and glioma have been
published [12–15]. Tumor microenvironment is a concept related to micro cellular signals, receptors,
structures, angiogenesis, molecules, etc. In particular, immunosurveillance systems are deeply
related to tumor microenvironment, and many articles have recently been published which focus
on immunology and microenvironment [13,15,16]. Considering that the word “microenvironment”
appeared 146 times in the official abstracts of the Annual Meeting of the Society for Neuro-Oncology
(SNO-2017, San Francisco, CA, USA) [17], we can see how this field has recently gained attention of
neuro-oncologists. With respect to the field “epigenetics,” the discovery of mutation to the IDH1 and
IDH2 genes in gliomas [18] has determined the prosperity of subsequent glioma and epigenetic studies.
Even now, after 10 years have passed, important articles on gliomas and methylation as well as other
epigenetic systems continue to be published [19–21]. It strongly suggests the importance of the field.
The field “lymphoma” was a relatively unexpected result because there were relatively few titles in
SNO-2017 pertaining to this subject. However, in 2015, seven articles including research on new drugs
were published in high-IF journals [22–28], which seems to have contributed to its popularity.

As regards limitations to the current study, even though multiple regression analyses were
performed, the prediction accuracy was not perfect. The prediction results of linear prediction,
quadratic polynomial, and cubic polynomial are not always concordant (Figure 2a,b). In order to
improve accuracy, advanced machine learning by artificial intelligence, such as deep learning, should
be considered in future studies. In keyword selection, SFI and SJI are selected as objectively and
extensively as possible, but it would be desirable to conduct analyses with a much larger number of
keywords in SFI and SJI. In addition, compiling similar words in the current study is a work involving
human intervention, which may have contained some degree of subjectivity. Natural language
processing may achieve more objectivity in this process.

4. Material and Methods

4.1. Choosing the Subject Fields of Interest

With all brain tumor-related articles published in 2017, the MEDLINE information of all the
articles was extracted as text data. Only Other Terms (OTs), but not medical subject headings (MeSHs),
were subjected to word frequency analysis, because MsSHs are basically broad terms, so it was difficult
to choose keywords that only appear in a specific field of brain tumors, whereas OTs include many
keywords specific to the field of neuro-oncology, such as signal transducer and activator of transcription
(STAT), IDH, and TT. For the extracted OT text data, text-mining word frequency analysis was
performed using a publicly available program (https://textmining.userlocal.jp/) to select frequently
used keywords. Next, 28 abstract categories of SNO-2017 were registered as 28 keywords [17].
Word frequency analysis of the English presentation titles of the SNO-2017 and the English symposium
presentation titles of the Annual Meeting of the Japan Society of Brain Tumor Pathology (JSBTP-2017,
Utsunomiya, Tochigi, Japan) was also performed and frequently cited keywords were extracted.
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In addition to these objectively extracted keywords, some keywords of brain tumor names were added
manually to investigate the trends. Many synonyms and similar words that appeared as keywords in
each data source were checked manually and then integrated into one keyword. We also manually
excluded relatively vague keywords (e.g., survival, malignancy, etc.) that were judged as not suitable
for tracking a specific research field of neuro-oncology. According to this method, 79 keywords that
seemed to represent recent trends in neuro-oncology were extracted as SFI.

4.2. Data Collection with PubMed

Python 3.7.0 (https://www.python.org) was used to collect a large amount of journal data
with PubMed. In addition, regarding the searching keywords, such as “genetics”, “single cell”, etc.,
which may lead to the identification of many other articles not related to neuro-oncology, the search
was conducted by adding the term “brain tumor” as a keyword. By doing so, the directionality of the
keywords was increased. About the possibility of retrieving the same article with multiple keywords,
even if one article was found to be a related article of more than one keyword, we considered that it
was not particularly problematic and did not affect the trend analysis of each subject field.

4.3. Mathematical Background of Δ-AII

The rule that Δ-AII is used for the analysis was adopted because inequality arises simply by
comparing the AII values themselves. Each keyword has a difference in the “breadth” the word
covers, and the “advantage” caused by the research scale to date. Such inequities need to be corrected.
For example, the AII value of “epigenetics” in 2012 and 2013 were 15.760 and 88.141, respectively,
and the Δ-AII for the period of 2012–2013 was calculated as 88.141/15.760 = 5.593. On the other
hand, the Δ-AII of 2012–2013 of “glioblastoma” was similarly calculated as 3972.712/3298.539 = 1.204.
Although the AII value was much higher for “glioblastoma”, “epigenetics” was judged as having
more momentum than “glioblastoma” over this two-year period. In addition, when the AII value of
a certain subject field is zero, it is not possible to calculate the rate of change. In such a case, 1.081 was
substituted for zero. This number is the same score of one article of SJI’s lowest IF journal, “Child’s
nervous system”.

4.4. Accuracy Validation of the Predictions

We validated the accuracy of the predictions by the three regression analyses using actual past
data. Specifically, the Δ-AII data over a period of 5 years (year 1–5) were analyzed to predict the Δ-AII
of the following year (year 6), which was then compared with the actual Δ-AII of year 6. We also
rearranged the SFI fields in order of the predicted Δ-AII to determine the top 20 subject fields for each
year. Similarly, the accuracy rate was calculated using the actual past data. Based on these analyses,
we determined which regression method was most reliable for prediction.

4.5. Statistical Analyses

All statistical analyses were performed using JMP Pro 13 software (SAS Institute Inc., Cary,
NC, USA) and R 3.4.1 [29]. The level of significance was set at a p-value of 0.05.

5. Conclusions

The current study highlights some evolving fields in clinical practice as well as research in
neuro-oncology. In the upcoming few years, molecular biological approaches will become far more
popular in neuro-oncological research. The fields of tumor microenvironment and epigenetics, both of
which are closely related to many research fields like tumor immunology, will be more extensively
discussed in the context of pathological mechanisms. In clinical practice, fine-grained treatments
that emphasize the patient’s quality of life would be desirable, reflecting the current social situations.
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New therapeutic drugs, devices and techniques are constantly appearing. Clinicians and researchers
are encouraged to remain keen on grasping the latest trends.

The MINERVA algorithm may provide useful data of current and future trends in the field of
neuro-oncology. Moreover, it could potentially be applied to any medical research field by changing
keywords. However, the accuracy of future prediction has room for improvement. A larger-scale system
that takes into consideration more complex factors, such as deep learning by artificial intelligence,
might be one future direction for better prediction.
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Abstract: Notch signaling is an evolutionarily conserved pathway that regulates important
biological processes, such as cell proliferation, apoptosis, migration, self-renewal, and differentiation.
In mammals, Notch signaling is composed of four receptors (Notch1–4) and five ligands (Dll1-3–4,
Jagged1–2) that mainly contribute to the development and maintenance of the central nervous system
(CNS). Neural stem cells (NSCs) are the starting point for neurogenesis and other neurological
functions, representing an essential aspect for the homeostasis of the CNS. Therefore, genetic and
functional alterations to NSCs can lead to the development of brain tumors, including glioblastoma.
Glioblastoma remains an incurable disease, and the reason for the failure of current therapies
and tumor relapse is the presence of a small subpopulation of tumor cells known as glioma
stem cells (GSCs), characterized by their stem cell-like properties and aggressive phenotype.
Growing evidence reveals that Notch signaling is highly active in GSCs, where it suppresses
differentiation and maintains stem-like properties, contributing to Glioblastoma tumorigenesis
and conventional-treatment resistance. In this review, we try to give a comprehensive view of the
contribution of Notch signaling to Glioblastoma and its possible implication as a target for new
therapeutic approaches.

Keywords: glioblastoma; GSCs; Notch signaling pathway; new therapeutic approaches

1. Introduction

Glioblastoma is the most common and fatal type of primary brain tumor [1]. It comprises 70% of
all gliomas and is classified as a Grade IV astrocytoma (World Health Organization classification) [2].
The current standard of care for Glioblastoma patients includes maximal safe resection, followed by
concurrent radiotherapy (RT) and chemotherapy with temozolomide (TMZ), followed by adjuvant
TMZ [3]. Despite these aggressive therapies, the median survival time is currently 14.6 months [4],
with a final mortality rate of close to 100% [5]. The failure of current therapies is due to the coexistence
of heterogeneous tumor cell populations with different grades of differentiation [6,7] and the presence
of a small subset of tumor cells that display stem cell-like properties, which are responsible for tumor
relapse after conventional treatments [8,9]. This population, known as glioma stem cells (GSCs),
exhibits an enhanced self-renewal capacity, compromised differentiation, and in vivo tumorigenicity,
besides being radio- and chemoresistant [10,11]. Recent studies have demonstrated that Notch
signaling is highly active in GSCs, contributing to suppressing differentiation and maintaining stem
cell-like properties. Therefore, this review aims to discuss the role of Notch signaling in Glioblastoma
pathogenesis and in the development of potential therapeutic strategies.
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2. Notch Signaling Pathway Overview

Notch signaling is an evolutionarily conserved pathway that plays a critical role in various cellular
and developmental processes, including cell proliferation, apoptosis, stem cell maintenance, cell fate
decision, and tissue homeostasis [12–14]. Notch functions as a cytoplasmic receptor and, in mammals,
there are four homologous proteins known as Notch1, Notch2, Notch3, and Notch4, which can bind
two ligands families: Delta-like (Dll1-3 and -4) and Jagged (Jagged1 and -2) [15]. Both the receptors
and ligands are single-pass transmembrane proteins (Figure 1). The interaction between Notch and its
ligands can occur in two ways: In trans, when they are present on neighboring cells, or in cis, when
the receptor and ligand are present on the same cell [16,17]. In the first case, binding leads to pathway
activation, while in cis form interaction inhibits the signaling cascade [18].

 

Figure 1. Structure of human Notch receptors and ligands.

Structurally, the Delta and Jagged ligands are very similar: They lack an intracellular domain,
while their extracellular portion is constituted by 6–16 EGF-like repeats [19] and a distal Cys-rich region
called the Delta/Serrate/Lag-2 (DSL) domain [20]. The DSL region is responsible for interaction with
Notch receptors [21]. Moreover, Jagged1 and -2 possess a Cys-rich region closer to the membrane [21].
Unlike Delta and Jagged, the extracellular domain of Notch receptors is organized in 29–36 EGF-like
repeats [19,21] and exists in a Cys-rich region called Lin-12 that noncovalently binds the extracellular
Notch with the membrane-tethered intracellular Notch [18]. The Notch intracellular domain (NICD)
is composed of an RBPJK associate molecule (RAM) region, repeated structural motifs named
ankyrin repeats (which mediate the interaction between NICD and CBF1, a transcriptional activator),
a transactivation domain (TAD), and a PEST domain (involved in Notch degradation) [21].

The life of Notch receptors begins in the endoplasmic reticulum (ER), where they are synthesized
as inactive single-peptide precursors (Figure 2).
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Figure 2. Schematic representation of the Notch signaling pathway. Once synthesized in the
endoplasmic reticulum ( 1©), the inactive single peptide precursor moves to the Golgi where it is cleaved
by a furin-like convertase (S1 cleavage) ( 2©) and translocates into the cell membrane. The binding
with a Notch ligand ( 3©) induces the second cleavage (S2) by a member of the disintegrin and
metalloproteinases (ADAM) family ( 4©), resulting in the formation of a membrane-tethered Notch
truncated (NEXT) fragment, which is further processed in two sites (S3 and S4) by a presenilin-
dependent γ-secretase complex ( 5©), generating the Notch intracellular domain (NICD), the active form
of the Notch receptor ( 6©). The NICD can now enter into the nucleus, where it exerts its transcriptional
activity ( 7©). The ubiquitination of the NICD ( 8©) leads to its proteasome degradation ( 9©).

Once in the trans-Golgi, a furin-like convertase proteolytically cleaves the inactive precursor [22].
This first cleavage site (S1) allows the mature Notch receptor to form, which is able to translocate
in the cytoplasmic membrane and interact with its ligands [22]. The in-trans activation triggers
a conformational change in the Notch receptor that exposes the second cleavage site (S2) to a member
of the disintegrin and metalloproteinases (ADAM) family (ADAM10 or ADAM17) [23,24]. The result
is a membrane-tethered Notch-truncated (NEXT) fragment [24], which is further processed into
two sites (S3 and S4) by a presenilin-dependent γ-secretase complex, constituted by presenilin 1
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(PSEN1) or PSEN2, nicastrin, presenilin enhancer 2 (PEN2), and anterior pharynx-defective 1
(APH1) [25,26]. These cleavages release the active form of the NICD into the cytoplasm. The NICD
can then translocate into the nucleus [27], where it binds several DNA-binding proteins of the
CSL family (RBPJK/CBF1/KBPF2 in mammals). The newly formed complex switches from
a transcriptional-repressor state to a transcriptional-activator one, recruiting the transcriptional
coactivator mastermind-like protein (MAML), the Ski-interacting Protein (SKIP), and histone
acetyltransferases CBP/p300 and PCAF/GCN5 [28–30]. All these events allow the transcription
of transcriptional repressors such as the Hairy Enhancer of Split (Hes) family of proteins and
HES-related proteins (Hey) [31,32], two families responsible for lineage-commitment decisions. Other
Notch target genes include p21/Waf1, cyclin D1 and -3, c-Myc, HER2, Notch-regulated ankyrin
repeat protein (NRAR), NF-κB, pre-Tα, IGF1-R, survivin, Snail homolog 2 (SLUG), SOX2, and
PAX5 [33–36]. The Notch-mediated transcriptional activation ends with the degradation of the NICD.
The mechanism consists of the phosphorylation of a degron within the PEST domain of NICD,
mediated by cyclin-dependent kinase 8 (CDK8) and targeted for proteasome-mediated degradation by
E3 ubiquitin ligases SEL10 (also known as FBW7) [18,37].

In addition to canonical signaling activation, several groups have identified a novel way to activate
the Notch pathway through a group of different, unrelated proteins that lack the DSL domain [38,39].
These proteins can be membrane-integral (for example, the Delta/Notch-like epidermal growth
factor-related receptor—DNER), a glycosylphosphatidylinositol (GPI)-linked membrane (for example
NB3/Contactin6), or secreted proteins (for example, MAGP1 and -2) [40]. Notably, Notch can
non-canonically exert its biological functions either in a ligand-dependent or -independent way [41].

3. Notch Signaling in Brain Development

The Notch signaling pathway plays a fundamental role in central nervous system (CNS)
development, from embryonic stages to the adult brain [41]. Although Notch signaling members
show differential expression patterns throughout the brain (Table 1), they are master regulators of
neurogenic niches—specialized microenvironments that are able to modulate the properties of stem
cells, such as their cell number, self-renewal, and fate decision, in order to avoid the depletion of the
NSC pool [42,43]. Being the starting point for neurogenesis, NSCs are extremely important [44]. In the
adult brain, there are two major sites for neurogenesis: The subventricular zone (SVZ) of the lateral
ventricle [43,45] and the dentate gyrus (DG) in the hippocampus [46].

Table 1. Expression pattern of Notch receptors and ligands in the adult brain.

Notch Signaling Members Expression Pattern References

Notch1
Neurons, astrocytes, precursor cells,

ependymal cells, endothelium [47–50]

Notch2 Precursor cells [47,51]

Notch3 Precursor cells [51]

Notch4 Endothelium [52]

Delta/Notch-like epidermal growth
factor-related receptor (DNER)

Neurons [53]

Dll1
Intermediate neural progenitors,

neurons [49,51,54,55]

Dll3 Intermediate neural progenitors [54]

Dll4 Endothelium [56]

Jagged1
Precursor cells, intermediate neural

progenitors, neurons [48,49,54,57–59]

Jagged2 Neurons [49,52]
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It was demonstrated that low Notch levels induce the proliferation of NSCs, followed by an exit
from the cell cycle and differentiation into neurons [60]. On the contrary, high Notch levels lead to
growth arrest, or even induce a quiescent state [61,62]. The cell-fate regulation of quiescent NSCs
results under RBPJK activity, probably through Notch2 and Notch3, but not Notch1 [63,64]. Instead,
Notch1 seems to be crucial for the active proliferation of the NSC pool, which is selectively lost during
aging [43,46]. Additionally, the ablation or loss of RBPJK function shows progenitor-cell depletion in
the postnatal SVZ and DG, and reduced neurogenesis [46,65]. Thus, it is plausible to conclude that
Notch signaling is instrumental for the regenerative capacity of a mature brain. Concerning neuronal
migration, in the cerebral cortex, reelin-DAB1 signaling avoids NICD degradation, promoting Notch
signaling in order to alter neuron morphology and, therefore, perturbing their migration [66]. This
interaction between reelin-DAB1 and NICD was also reported in a study by Sibbe et al., where they
showed that this mechanism is essential for the correct development of the radial glial scaffold [67].

To explicate their functions, neurons require glial cells which surround and insulate them,
providing physical support. Like neurons, glial cells differentiate from NSCs [68]. During neurogenesis,
Notch receptors are ubiquitously expressed, whereas Delta ligands appear transiently on the surface
of newly differentiating neurons. NSCs, when exposed to a Delta signal, tend to resist prevailing
neurogenic signals, activate Notch signaling and ultimately differentiate into glial cells. Therefore, the
resistance to neurogenic signals is dependent on the activation of Notch by Delta [69,70]. Recently,
several studies have suggested a new model in which Notch signaling prevents all types of NSC
differentiation, rather than inhibiting neural differentiation. According to this view, NSCs will choose
their fate according to whichever instructive factors prevail when they are released from the influence
of Delta [71]. Indeed, Notch signaling seems to have an instructive role in gliogenesis, promoting the
differentiation of many glial subtypes, with the exception of oligodendrocytes. The results of in vivo
studies are consistent with the notion that Notch signaling plays an instructive role in gliogenesis
through their conventional basic helix-loop-helix (bHLH) targets [72,73]. Moreover, if Notch activation
promotes glial differentiation, it would be expected that some Notch receptors downstream elements
(for example transcriptional targets [74]) would also influence gliogenesis.

Finally, although the role of Notch signaling in brain function is complicated and controversial,
all this evidence points out the essential role of Notch in several aspects of the CNS.

4. Notch Pathway Deregulation in Brain Tumors and Brain CSCs

Deregulation of the Notch pathway has been associated with the development of a wide range
of diseases through both germline and somatic mutations. Concerning the latter events, Notch
signaling mutations lead to cancer and malignancy, of which the best-known example is T-cell acute
lymphoblastic leukemia [75,76]. Over the years, aberrant Notch signaling was also found in several
solid tumors, including brain tumors, although its components are rarely mutated [76,77].

Brain tumors are a heterogeneous group of neoplasms. Among them, the most common are
gliomas and medulloblastomas [2]. Several studies have reported the abnormal expression of various
Notch components in brain tumors. For instance, a higher expression of ASCL1, Dll1, Notch1, -3, -4,
and Hey1 correlates with a higher glioma grade and a worse prognosis [78–81], indicating that more
activated Notch signaling promotes a more undifferentiated and aggressive tumor phenotype.

In the last twenty years, the cancer stem cell (CSC) theory has said that CSCs are responsible for
tumor development and growth, as well as being the reason for cancer metastasis and relapse [33,82–85].
Brain CSCs (bCSCs), or brain-tumor initiating cells (bTICs), share similarities with NSCs [86]: They
are able to grow as floating aggregates (called neurospheres) in a serum-free medium [87,88], express
stem cell markers (such as nestin, GFAP, β-III tubulin, and CD133) [87,89], and can differentiate into all
three neural lineages [87,89,90]. Since Notch signaling is a key regulator of the NSC state, it is easy to
suppose its involvement in the maintenance of the NSC tumor counterpart. For instance, intracellular
modulators such as Numb4 and Numb4Δ7 regulate the expression of stem cell markers in bCSCs,
despite functioning like an inhibitor and activator for Notch signaling, respectively. This assumes

471



Cancers 2019, 11, 292

that Notch mediators can alter bCSC differentiation independently from Notch inhibition itself [91].
Furthermore, NICD-overexpressing bCSCs induce tumor formation in nude mice [92].

bCSCs are generally more resistant to treatment under hypoxic conditions. In support of this,
the depletion of HIF-1α alters the proliferation of glioma-derived bCSCs through blocking the interaction
of HIF-1α and NICD [93]. This interaction was confirmed by another group, which showed that HIF-1α
displaced HIF-2α (a Notch inhibitor) from the NICD under hypoxic conditions [94]. From these data,
it emerges that active Notch signaling is necessary for maintaining stem cell features and the tumorigenic
potential of bCSCs, and sets the stage for promising Notch-based therapies.

5. Notch Signaling and Glioblastoma

5.1. Expression Pattern of Notch Signaling in Glioblastoma

mRNA and protein levels of Notch1, Notch4, Dll1, Dll4, Jagged1, CBF1, Hey1, Hey2, and Hes1
are higher in brain tumor cells than normal brain cells, correlating with an elevated expression of
VEGF and pAKT, and reduced levels of PTEN [79,95–98]. In particular, Notch1 expression is higher in
the survival of >1 year patients than <1 year [99], whereas Notch1 overexpression is associated with
low overall survival (OS) [100], suggesting a controversial role of Notch1 in gliomagenesis. Moreover,
Notch1 is more expressed in peritumor-tissue GSCs compared to tumor-core GSCs [101]. Notch1 and
Notch4 levels correlate with those of GFAP and vimentin, respectively. Notch4 expression increases
with higher-grade and primary tumors [102]. Notch2 expression levels in Glioblastoma tissue correlate
with stemness genes (nestin, SOX2), astrocyte fate genes (vimentin and GFAP), and anti-apoptotic
proteins (BCL6 and BCL-W), but are inversely correlated with Olig2, CNP, and PLP1 (oligodendrocyte
fate) and pro-apoptotic proteins (BAX and BCLAF1) [102,103]. The overexpression of Hey1, which is
associated with survival and tumor grade, might be due to the impairment of Notch and E2F signaling;
it was demonstrated that its overexpression in NSCs triggers neurosphere formation and contributes
to Glioblastoma proliferation [95]. On the contrary, several groups reported a weak expression of
Notch1, Notch2, MAML1, and p300 in Glioblastoma [102,104,105]. Intriguingly, the impairment of
Notch signaling in secondary Glioblastoma, in which Hes1 expression is almost absent, is associated
with the overexpression of ASCL1. On the other hand, the activation of Notch signaling in primary
Glioblastoma is associated with low levels of ASCL1, suggesting that Notch inhibition via ASCL1
upregulation might be responsible for a potential progression into secondary Glioblastomas [78].

Correlation between Glioblastoma molecular subtypes and Notch expression was also
demonstrated. Concerning the mesenchymal subtype (the most aggressive one), Notch-related genes
are the most highly enriched in high p-STAT3 patients, suggesting a synergy between Notch and
STAT3 signaling [106]. Verhaak et al. reported that Notch signaling is highly expressed in the classic
subtype [107]. The expression levels of Dll3 and Hey2 are low in proneural Glioblastomas, while the
expression level of Notch1 is high [81,105,107,108], although Cooper et al. reported reduced levels of
Dll3 and Hey2 [108]. Always concerning the proneural subtype, the majority of Glioblastomas with the
IDH mutation have a proneural gene expression pattern, even if only 30% of proneural Glioblastomas
have the mutation [109]. Spino et al. reported that IDH-mutant gliomas (mostly low grade) have high
and homogenous Dll3 expression, whereas approximately half of IDH-wild type Glioblastomas had
either no expression or only scattered cells expressing Dll3. Regardless, Dll3 expression, if present in
a IDH-wild type Glioblastoma, is generally restricted to non-mesenchymal subtypes [110]. Notably,
Jungk et al. provided a link between Notch expression and tumor location in the proneural subtype.
They observed that, in IDH-wild-type tissue near to the SVZ, the overexpression of Hes4 and Dll3
predicts inferior OS [111].

Finally, even the non-canonical Notch pathway plays a role in gliomagenesis. Huber et al. found
that Deltex1 (DTX1) levels were higher in Glioblastoma compared to the normal brain, inducing several
pathways involved in glioma aggressiveness such as RTK/PI3K/PKB and MAPK/ERK signaling, and
the anti-apoptotic protein Mcl-1 [112].
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5.2. Epigenetic Regulation of Notch Signaling in Glioblastoma

A peculiar characteristic of epigenetic alterations is their reversibility, making them a promising
therapeutic target to explore in order to reset the abnormal cancer epigenome. To date, we do not know
much about the epigenetic regulation of Notch signaling in Glioblastoma. Tsung et al. showed how
the methylation status of the transcription factor HEY1 contributes to Glioblastoma pathogenesis [113].
They found low levels of methylation on CpG islands within the HEY1 promoter across Glioblastoma
specimens when compared to a healthy brain, resulting in Hey1 overexpression [113]. In support
of this, treatment with sodium butyrate (NaB), a histone deacetylase (HDAC) inhibitor, on 4910
and 5310 xenograft cell lines induced Glioblastoma cell apoptosis, decreased Hey1 expression, and
increased DNMT1 levels. Moreover, the knockdown of HEY1 reduced cell invasion, migration,
and proliferation [113]. Sun et al. highlighted the role of the Delta/Notch-like epidermal growth
factor-related receptor (DNER), which regulates cerebellar development and neurodevelopmental
interactions between Purkinje cells and Bergmann glia which express Notch via a Deltex-dependent
mechanism [114]. HDAC inhibition is able to activate the DNER/Deltex signaling pathway
in Glioblastoma-derived neurospheres, resulting in cell differentiation and neurosphere-growth
inhibition [114]. However, due to lack of sufficient evidence relating to the epigenetic regulation
of the Notch signaling pathway in Glioblastoma, to date there are no epigenetic Notch biomarkers for
cancer diagnosis.

5.3. Role of miRNAs in Notch-Dependent Gliomagenesis

MicroRNAs (miRNAs or miRs) are small (20–22 nucleotides), non-coding RNA molecules that
can play a gene-regulatory role by pairing to the mRNAs of protein-coding genes to direct the
inhibition of their translation or induce their destabilization and degradation. By regulating gene
expression and therefore various cell processes, like proliferation and apoptosis, their alterations are
often associated with the pathogenesis of several cancers. Starting from a network topological analysis
of the Glioblastoma Notch regulatory network, Sun et al. pointed out 32 miRNAs that might be
involved in the Notch pathway, and six of them (miR-9, miR-34a, miR-92b, miR-124, miR-137, and
miR-219-5p) might play a key role [115]. Among the Notch-related miRNAs involved in gliomagenesis
(Figure 3). The miR-34 family is the most studied. It is downregulated in Glioblastoma tissue
compared to normal brain tissue and is more expressed in wild-type p53 Glioblastomas than mutant
p53 Glioblastomas [116,117].

 

Figure 3. Functional effects of Notch-regulated miRNAs in glioblastoma. Red miRNAs are
downregulated while the green ones are upregulated in Glioblastoma cells.

miR-34a and miR-34a-5p function as tumor-suppressive miRNAs, inhibiting cell proliferation,
cell-cycle progression, and cell invasion by targeting Notch1, Notch2, c-Met, CDK6, and EGFR [116,117].
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Di Bari et al. reported that miR-34a-5p expression levels are inversely correlated to Notch1 and Notch2
expression, and its function is restored by the activation of M2 acetylcholine muscarinic receptors,
which in turn downregulate Notch1 and consequently cell proliferation [117]. Wu et al. showed that
lower levels of miR-34c-3p and miR-34c-5p correlate with a higher glioma grade. The overexpression of
both miRNAs strongly inhibits glioma invasion and miR-34c-3p but not miR-34c-5p, promotes S-phase
arrest, increases cell apoptosis, and reduces Notch2 expression [118]. Notch2 is a target of another
tumor-suppressive miRNA, miR-181c, which reduces cell proliferation, cell invasion, and self-renewal
capacities through Notch2 downregulation. Unfortunately, miR-181c is commonly downregulated in
Glioblastoma, especially in the mesenchymal subtype, suggesting a potential relationship between
miR-181c and the malignant behavior of Glioblastoma [119]. Among the miRNAs associated with
shorter survival in Glioblastoma, Wong et al. discovered miR-148a and miR-31 [120]. miR-148a is
frequently upregulated in Glioblastoma and correlated with hypoxia-induced and extracellular-matrix
genes, while high levels of miR-31 are appreciated only in a small group of Glioblastomas and are
associated with proliferation and immune-response genes. A common target of both miRNAs is
factor-inhibiting HIF-1 (FIH1), which mediates their effects on tumor growth, counteracting HIF-1α
and the NICD. In particular, HIF-1α is able to stabilize the NICD in order to expand and maintain
GSCs. The inhibition of miR-148a and miR-31 in Glioblastoma mouse models prolongs animal survival,
depletes the stem cell pool, suppresses tumor growth, and normalizes tumor vasculature [120]. With
regard to GSC plasticity, miR-18a is a key player in controlling the switch between the self-renewing
and non-self-renewing states [121]. By downregulating Dll3 and strengthening Notch1 signaling,
miR-18a induces the expression of SHH and GLI-1 via ERK, maintaining the self-renewal and stemness
abilities of GSCs [121]. The last investigated Notch-related miRNA in Glioblastoma is miR-33a, which
promotes GSC growth and is responsible for their self-renewal abilities. This occurs because, among
miR-33a target genes, there is a UV-radiation resistance-associated gene (UVRAG) that negatively
regulates the Notch signaling pathway through the repression of Notch endocytosis. Moreover, an
inverse correlation between the expression levels of miR-33a and UVRAG exists in Glioblastoma,
and patients with a higher expression of miR-33a are characterized by poor prognosis and shorter
survival [122].

5.4. Tumorigenesis and Other Tumor Aspects Driven by Notch Pathway

The overexpression of Notch1 promotes AKT activation, which in turn induces the nuclear
localization of β-catenin and NF-κB, together with the Notch-mediated overexpression of Snail, Zeb1,
and vimentin, promotes cell invasion and migration (Figure 4) [98]. The crosstalk between Notch
and AKT is also mediated by collapsine response mediator protein-5 (CRMP5), preventing Notch
degradation and favoring Glioblastoma proliferation [123]. In addition, CMRP5high Glioblastoma has
elevated Hey1 expression compared to CMRP5low Glioblastoma, suggesting CMRP5 as an indicator of
poor survival [123]. Two transient receptor cation channels, TRPM7 and TRPC6, are linked to Notch
pathway-stimulating proliferation, invasion, and the migration of glioma cells [124,125]. In particular,
TRPM7 levels correlate with those of Notch1, Jagged1, Hey2, and survivin [124]. Neurosphere
cultures with high Notch1 levels show a more infiltrative phenotype when compared to Notch1low

cultures [126]; furthermore, the suppression of cell migration, tumor invasion, and angiogenesis can
be achieved by targeting the urokinase-type plasminogen activator/urokinase-type plasminogen
activator receptor (uPA/uPAR) system in order to inhibit Notch-signaling-induced AKT, NF-κB,
and ERK pathways [127]. The oncogenic role of Notch1 can also be due to the infection of human
cytomegalovirus, which upregulates Notch1, ATF5 (an anti-apoptotic protein already highly expressed
in Glioblastoma), and stem cell markers CD133, nestin, SOX2, OCT4, KLF4, and BMI-1 [128]. Finally,
Wang et al. reported that silencing Notch1 reduced GSC proliferation and oncogenicity in vitro and
in vivo [129].

Besides Notch1, even Notch2 overexpression enhances cell migration in an RBPJK-dependent
manner [130]. Notch2 deregulation might also promote NSC transformation and gliomagenesis,
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preventing neuronal lineage [103]. The stem cell phonotype is also supported and maintained by
stanniocalcin-1 (STC1) and LMO2. STC1, a secretory glycoprotein, is highly expressed in glioma
spheres; it is able to bind Notch1 and activate the Notch1-SOX2 signaling pathway, therefore supporting
the stemness and tumorigenicity of GSCs [131]. Transcription factor LMO2, besides being inversely
correlated with shorter survival, promotes the endothelial-like conversion of GSCs through the
activation of VE-cadherin [132]. Jeon et al. demonstrated that inhibitor of differentiation 4 (ID4)
increases Jagged1 expression, followed by Notch1 activation to drive astrocytes into a neural stem-like
cell state and to increase cyclin E to produce a hyperproliferative state [133]. The downregulation of
E3 ubiquitin ligase TRIM3 and the high levels of Musashi found in Glioblastoma promote the growth,
survival, and self-renewal of stem cells and differentiation through the Numb/Notch pathway [134].

 

Figure 4. Other Notch-related tumorigenic aspects in the pathogenesis of Glioblastoma.

The tumor microenvironment also contributes to tumorigenesis. Endothelial cells function as
a CSC niche by providing Notch ligands to Notch receptors on GSCs. The absence of Notch ligands
on endothelial cells can reduce the CD133+ glioma subpopulation in vitro, inhibiting neurosphere
propagation [135]. Moreover, differentiated cells within the tumor express higher levels of Dll1
compared to GSCs, contributing to Notch signaling activation in GSCs [135]. Similarly, silenced
DLL1 in GSCs decreases stem cell markers and impairs self-renewal ability [136]. On the contrary,
mesenchymal stem cells (MSCs) have a tumor-suppressor effect on GSCs. Indeed, paracrine signals
from MSCs sensitize NCH421k and NCH644 cell lines to TMZ, probably turning them toward more
differentiated cell types, downregulating Notch1 and SOX2 and upregulating vimentin and GFAP [137].

Under hypoxic conditions, GSCs increases the expression of several Notch genes (NOTCH1,
NOTCH3, DLL1, JAGGED1, JAGGED2, HES1, HEY1, and HEY2), and hypoxia-related genes (HIF-1α,
VEGF, LOX, and HIG2) [125,138,139]. The hypoxia-Notch gene subset might hold a prognostic
implication, as the overexpression of the hypoxia-Notch axis is associated with poor survival [138].
Notch1 activation under hypoxic conditions also induces the expression of transient receptor TRCP6,
which has emerged as a critical player in Glioblastoma aggressiveness, promoting NFAT activity,
a crucial factor for glioma proliferation [125]. Han et al. showed that Notch1 inhibition in
Glioblastoma xenografts reduces the hypoxic fraction and delays tumor growth, further supporting the
crosstalk between Notch signaling and hypoxia, suggesting a potential mechanism whereby Notch1
downregulation radiosensitizes Glioblastoma cells [100]. On the contrary, Bayin et al. demonstrated
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that the NICD is strongly expressed in perivascular tumor regions and not in the hypoxic zone.
However, the authors highlighted an intratumoral GSC heterogeneity with a divergent activation of
Notch signaling, which coexist in tumors, but populates distinct niches and accordingly organizes
their metabolisms [140]. Charles et al. showed that endothelial nitric oxide (eNOS) maintains the
GSC phenotype in perivascular niches, activating the Notch pathway via paracrine signaling and
promoting in vivo tumorigenicity [141]. In another report, the convergence of the PDGF-Notch-NO
axis simultaneously drove perivascular promotion of the GSC phenotype and angiogenesis [142].
Jubb et al. reported the presence of Dll4 and Jagged1 in Glioblastoma vasculature [143]. These data
define Glioblastoma subsets that might be sensitive (Dll4+/Jagged1+) or resistant (Dll4+/Jagged1-)
to bevacizumab, a humanized monoclonal antibody against VEGF [143]. It was also reported that
the Wnt signaling pathway represses Notch signaling in a Glioblastoma hypoxic microenvironment
and supports the ablation of CD133+ subpopulations [144], which can populate tumors regardless of
local vascularity and selectively utilize anaerobic glycolysis to expand in hypoxia [140]. Moreover,
Notch1-stimulated GSCs induce highly vascularized tumors in vivo, with the production of several
angiogenesis-related factors and the expression of pericyte cell markers [92].

Finally, the FOXG1/TLE1 complex cooperates with Notch signaling to promote gliomagenesis
by directly repressing CHAC1 expression, a negative regulator of Notch3. Dali et al. also identified
DNER as an additional potential transcription-repression target of FOXG1/TLE1: DNER inhibits
Glioblastoma-derived neurosphere growth and promotes their differentiation, opposite to the effect of
FOXG1 and TLE1 [145].

5.5. Therapeutic Approaches against Notch Signaling in Glioblastoma

To date, several classes of Notch inhibitors have been developed (Table 2). The most employed in
cancer are γ-secretase inhibitors (GSIs), which prevent the release of the active NICD from the receptor
by the γ-secretase complex, while α-secretase inhibitors (ASIs), which inhibit members of the ADAM
family by preventing the second cleavage (S2) of the Notch receptor, are less used. Finally, to overcome
GSI/ASI resistance, new therapeutic approaches that directly or indirectly target Notch signaling have
been developed.

5.5.1. γ-Secretase Inhibitors

DAPT (GSI-IX), the most known and used GSI, amplifies the effect of radiation, and reduces
GSC proliferation and the number of endothelial cells disrupting the perivascular niche [146].
The suppression of cell proliferation and induction of apoptosis is mediated by the decrease of
NF-κB (p65) expression through Notch inhibition [105]. Glioblastoma neurospheres with high Notch
activity are more sensitive to DAPT and DAPT-treated cultures and show a more differentiated state
and low Hes5 levels [126,146,147]. The combined treatment of DAPT with Iressa, an EGFR inhibitor,
reduces VEGF expression and secretion when compared to single treatments. Unfortunately, this
combined treatment is not sufficient to fully block endothelial cells from sprouting, probably due to
other angiogenesis factors. Moreover, by blocking EGFR signaling, Hes1 levels decreased, suggesting
that EGFR signaling stimulates Notch pathway activity [148]. Like DAPT, LLNle and L-685,458 are also
able to kill GSCs, inhibiting NICD generation and inducing proteasome inhibition, proteolytic stress,
and mitotic arrest [149]. DAPT and L-685,458 strongly reduce neurosphere formation in Glioblastoma
cell lines, although DAPT and L-685,458 work to a much lesser extent than LLNle [149,150]. GSI
RO4929097, in combination with radiation and TMZ, decreases the expression of CD133, SOX2, and
nestin (inducing neural and astrocytic differentiation), has an anti-proliferative effect (reducing 3D
spheroid growth), and increases the survival of the orthotopic Glioblastoma mouse model [151,152].
The triple combination is more effective than radio- and chemotherapy, or GSI alone [152]. Notably,
Saito et al. showed that GSCs sensitive to DAPT, RO4929097, and BMS-708163, another GSI, have
a gene signature enriched in proneural genes such as OLIG2, SOX2, ERBB3, HDAC2, TGFB3, DLL3,
CHIL3I, and NKX2-2 [151].
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MRK003 reduces cell growth in vitro and in vivo and sensitizes cell lines and neurospheres
to radiation and TMZ [153]. It was demonstrated that MRK003 has a strong therapeutic potential
in CD44high/CD133low GICs [150]. Intriguingly, Kahlert et al., through the metabolomic analysis
of MRK003-treated Glioblastoma neurospheres, found reduced levels of intracellular glutamate,
glutaminase (known to promote cancer cell proliferation), phosphocoline (which is elevated in
fast-dividing glioma cells and in malignant high-grade brain tumors), and glycine (involved in
the survival regulation of hypoxic glioma cells) [154]. However, MRK003 and GSI-XVII reduce the
expression of stemness markers, such as CD133, nestin, BMI-1, and OLIG2, concomitant with the
reduction of neurosphere formation and clonogenicity ability in vitro and in vivo. Moreover, both GSIs
increase apoptosis, reducing AKT and STAT3 phosphorylation [150,155], and GSCs pretreated with
MRK003 and GSI-XVIII show reduced tumor formation in vivo. In order to avoid GSI gastrointestinal
toxicity, Fan et al. administered inhibitors through the brain implantation of drug-impregnated polymer
beads that effectively blocked tumor growth and significantly prolonged animal survival [155].

Finally, GSI-X significantly impairs c-CSC cell growth compared with p-CSC pools, with no effects
observed in cell-cycle distribution, apoptosis, and cell-invasion assays [156].

In conclusion, GSIs, being pan-Notch inhibitors, cause intestinal toxicity through the goblet cell
metaplasia of the small intestinal epithelium. To limit toxicity, a preclinical study using antibodies for
specific Notch receptor has shown that inhibition of the Notch1 receptor alone induces mild goblet cell
metaplasia, whereas the inhibition of Notch2 receptor alone can eliminate this effect [157]

5.5.2. α-Secretase Inhibitors

In the literature, only one ASI has been used in Glioblastoma. Floyd et al. found that INCB3619
decreases cell growth and tumor size and prolongs the survival of a Glioblastoma animal model [158].
Moreover, combined treatment with DAPT represses HES1 and HEY1 expression, as well as LIF and
YKL-40 levels, two new key players in Glioblastoma pathogenesis [158,159].

5.5.3. Other Molecules

Besides ASIs and GSIs, other molecules have been employed to block Notch signaling in
Glioblastoma with the aim of overcoming side effects and resistance to GSIs.

Arsenic trioxide (ATO) is an inorganic compound that was approved by the Food and Drug
Administration (FDA) in 2000 for the treatment of acute promyelocytic leukemia (APL) because of
its strong anti-growth APL-derived stem cells [160]. With this rationale, Zhen et al. discovered
that ATO reduces colony formation and nestin expression, induces apoptosis, and enhances the
radiation-induced killing of Glioblastoma cells by decreasing Notch1 and Hes1 protein levels [161].
These data were confirmed by other studies, which further demonstrated that ATO treatment decreases
CD133 expression and induces apoptosis through the repression of phosphorylation of AKT and
STAT3 through the Notch pathway [162,163].

Tipifarnib, a farnesyltransferase inhibitor, sensitizes GSCs to GSIs, whereas the combined
treatment with RO4929097 makes tumor cells more sensitive to radiation, resulting in significantly
reduced tumor growth and improved survival in animal models. Intriguingly, non-stem GSCs are
resistant to treatment, suggesting that combined treatment selectively targets the CSC pool [164].

Honokiol, a natural extract from different Magnolia species, can readily cross the blood-brain
barrier and shows pro-apoptotic activity in Glioblastoma [165]. Combined treatment with
O6-benzylguanine (O6-BG), an MGMT inhibitor, increases TMZ sensitivity and suppresses Notch3 and
Hes1 mRNA levels with pro-apoptotic effects on GSCs [166].

Fibulin-3, an extracellular matrix glycoprotein, is highly expressed in Glioblastoma and functions
as an autocrine/paracrine activator of NF-κB and the Notch pathway, promoting tumor invasion,
angiogenesis, and drug resistance, besides being a marker of poor prognosis [167]. Nandhu et al.
developed an antibody against fibulin-3 called mAb428.2, which is able to prevent the fibulin-3-
activation of ADAM17, resulting in cell apoptosis, enhancement of inflammatory macrophage
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infiltration, reduced tumor growth and vascularization, and extended survival in Glioblastoma
mouse models [167]. Always with regard to fibulin-3, Li et al. developed ZR30, an in vitro
synthetized protein, based on the human fibulin-3 protein variant (ETSP), lacking the N-terminal signal
peptide (responsible for extracellular exportation). ZR30 prevents MMP2 activation, thus limiting
tumor invasion, blocking EGFR/Notch/AKT signaling, exerting an anti-tumor effect on different
Glioblastoma cell subpopulations in a mouse model miming intratumor heterogeneity [168].

A dominant negative MAML peptide was developed in order to inhibit Notch signaling, and it
was demonstrated that it has anti-proliferative and pro-apoptosis effects, decreasing Hes1 and Hey3
expression [153,169]. Hes and Hey family members are also downregulated by retinoic acid, which
can inhibit sphere and colony formation, promote cell-growth arrest, and induce neural differentiation,
both in vitro and in vivo [170].

Protein kinase C iota (PRKCi) is in close proximity with Notch1. In a study by Phillips et al.,
it was found that inhibiting PRKCi by aPKC-PSP results in lower Notch1 levels and increased GSC
death [171].

5.6. Therapeutic Resistance to Notch Inhibitors

The elevated heterogeneity of Glioblastoma tissue is why the therapeutic approach fails.
Concerning Notch-targeting strategies (Figure 5), it was shown that GSCs express higher levels
of RBPJK compared to non-GSCs, and RBPJK knockdown reduced tumor propagation in vitro and
in vivo [172]. Notably, RBPJK could regulate a different transcription program than Notch, binding
CDK9 and therefore affecting Pol-II transcription elongation. Targeting CDK9, or even c-Myc, an
upstream regulator of RBPJK, decreased the propagation of GSCs and prolonged survival in an
orthotopic mouse model [172]. Another possible resistance mechanism is the overactivation of the
Hedgehog pathway under Notch inhibition, which in turn increases GLI-1 expression via the inhibition
of Hes1. Indeed, targeting both Notch and Hedgehog increases apoptosis, inhibiting cell growth and
colony-forming ability more dramatically compared to monotherapy [173]. The upregulation of
Dll4-Notch signaling might have a possible role in chemoresistance and be related to a classical
vascular pattern, tumor edema, and MGMT-methylated promoter [97].

 
Figure 5. Potential mechanisms involved in Notch-mediated therapeutic resistance.

High CBF1 levels are also implicated in drug resistance. Maciaczyk et al. found that targeting
CBF1 impairs glioma invasion, suppressing Zeb1, an activator of the epithelial-mesenchymal transition
program, and sensitizes cells to drugs other than GSIs. Unfortunately, it was reported that a CBF1
blockade can activate Notch target genes [174].

It was also reported that ionizing radiation induces Notch pathway activation, resulting in
GSC expansion, whereas Notch inhibition sensitizes GSCs, but not non-GSCs, to radiotherapy [175].
Similarly, CD133high GSCs were resistant to MRK003 treatment due the high level of drug-resistance
genes, such as BCRP1 [176]. It was also demonstrated that numerous patient-derived GSCs, responding
to Notch inhibition, express high levels of ASCL1, a proneural transcription factor involved in normal
neurogenesis. ASCL1high GSCs exhibit a latent capacity for terminal neuronal differentiation in
response to Notch signaling inhibition, whereas ASCL1low GSCs do not [177].
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Finally, Nastumeda et al. found that MRK003 promotes autophagy in GSCs, as revealed by the
higher expression of LC3B-II/LC3B-I autophagy markers after treatment, resulting in chemoresistance
induction. Fortunately, this can be avoided by treating cells with autophagy inhibitors together with
GSIs [178].

5.7. Glioblastoma Clinical Studies and Notch Inhibitors

In the last decade, several clinical trials have been conducted to evaluate the dose-limiting toxicity
(DLT) and tumor-suppressive effects of Notch inhibitors in Glioblastoma patients. Despite different
clinical studies being conducted, only two molecules were tested: RO4929097, a γ-secretase inhibitor,
and CB-103, a novel first-in-class orally active small-molecule inhibitor of the Notch transcriptional
activation complex in the nucleus [179].

Targeting recurrent or progressive Glioblastoma patients with GSI RO4929097 (NCT01122901;
https://clinicaltrials.gov/ct2/show/NCT01122901) showed that the six-month and two-year
progression-free survival was 1.7 months, while OS (two years) was 6.7 months. Moreover, according
to the response assessment in the neuro-oncology (RANO) criteria, the majority of enrolled patients
presented disease progression, one complete remission, and three occasions of stable disease. The lack
of activity by RO4929097 is probably due to its auto-induction metabolism, resulting in an increased
CYP3A4 activity and a marked reduction of steady-state drug levels [180].

Since the standard of care for glioblastoma patients is radiotherapy followed by chemotherapy,
a phase 0/I was conducted to study the effect of chemo-radiotherapy in combination with
RO4929097 in newly diagnosed malignant gliomas (NCT01119599; https://clinicaltrials.gov/ct2/
show/NCT01119599). The combined regimen was well-tolerated and no dose-limiting toxicities
were observed. The study showed a significant decrease in proliferation and NICD expression by
tumor cells and blood vessels, with a concomitant reduction of the CD133+ GSC subpopulation.
Investigators also reported alterations in the angiogenesis pathways under treatment, although the
tumor was able to adapt to perturbations in the microenvironment, switching to a Notch-independent
form of angiogenesis, highlighting the necessity of concomitantly targeting multiple signaling
pathways in Glioblastoma [181]. Angiogenesis is the issue of another study (NCT01189240; https:
//clinicaltrials.gov/ct2/show/NCT01189240), in which the combined treatment of RO4929097 with
bevacizumab on patients with progressive or recurrent malignant glioma was evaluated. The drug
combination was well-tolerated, and two (both Glioblastoma) of 12 evaluable subjects showed a
radiographic response with complete or partial remission, although bevacizumab has often been
associated with an invasive phenotype [182].

Finally, a new clinical trial (phase I/IIA) began in January 2018 (NCT03422679; https://
clinicaltrials.gov/ct2/show/record/NCT03422679). In this study, CB-103 was employed to treat
several advanced or metastatic solid tumors and haematological malignancies, including Glioblastoma.
The current primary outcomes are to evaluate DLT and antitumor efficacy. The study is ongoing.

6. Conclusions

Glioblastoma is the most aggressive types of brain tumor, with a final mortality rate close to 100%.
Conventional therapies have failed to improve patient survival due to a small subpopulation of cancer
cells known as GSCs that exhibit an enhanced self-renewal capacity, compromised differentiation,
in vivo tumorigenicity, and resistance to radio- and chemotherapy. Blocking certain pathways can be
useful to induce GSC terminal differentiation and apoptosis in order to reduce their survival. Among
them, the Notch signaling pathway is one of the most important. The dysregulation of Notch signaling
can take place at different levels, involving genetic, epigenetic, miRNA, and protein regulation in
order to maintain cells in an undifferentiated state. Therefore, the Notch pathway could represent
an attractive target for treatment in order to induce cell differentiation and kill both undifferentiated
and differentiated tumor cells. The most employed and effective inhibitors in Glioblastoma are GSIs,
which inhibit the activity of the γ-secretase complex, resulting in no formation of the active Notch
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form. Even if Notch-targeted monotherapy seems to be promising, a better accomplishment is to
combine Notch inhibitors with other molecules or chemotherapeutic agents like bevacizumab and TMZ,
respectively. This is because Notch signaling is at the center of a signaling network, which also includes
pathways such as PI3K/AKT, NF-κB, STAT3, Hedgehog, and Wnt/β-catenin, which are involved
in cell differentiation, cell growth, and survival. Although effective, GSIs present many several side
effects, like acute gastrointestinal toxicity. Thus, new compounds or other administration routes should
be developed to avoid side effects. To further complicate the possibility of achieving satisfactory results
in patient treatment, no specific Notch-related biomarkers are available for Notch-targeted treatment
selection and/or treatment response. This situation suggests that patients might be exposed to an
ineffective therapeutic regimen, with consequent side effects and higher costs for health institutions.

In conclusion, the Notch pathway is definitely involved in Glioblastoma tumorigenesis, even if
its role seems to be quite controversial. However, Notch-signaling inhibition represents a potential
therapeutic approach to kill tumor cells, especially in combination with other molecules. Further
investigations are needed to better understand the molecular mechanisms of Notch signaling in
Glioblastoma pathogenesis, and how they can be overcome to develop an effective therapeutic
approach against Notch to improve patient survival.
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Abstract: As most common primary brain cancer, glioblastoma is also the most aggressive and
malignant form of cancer in the adult central nervous system. Glioblastomas are genetic and
transcriptional heterogeneous tumors, which in spite of intensive research are poorly understood.
Over the years conventional therapies failed to affect a cure, resulting in low survival rates of affected
patients. To improve the clinical outcome, an important approach is to identify the cells of origin.
One potential source for these are neural stem cells (NSCs) located in the subventricular zone, which
is one of two niches in the adult nervous system where NSCs with the capacity of self-renewal and
proliferation reside. These cells normally give rise to neuronal as well as glial progenitor cells. This
review summarizes current findings about links between NSCs and cancer stem cells in glioblastoma
and discusses current therapeutic approaches, which arise as a result of identifying the cell of origin
in glioblastoma.

Keywords: glioblastoma; subventricular zone; neural stem cells; neurogenesis; brain tumor stem
cells; therapy

1. Introduction

Glioblastoma (GB) is the most frequent form of brain tumor in adults and is associated with a poor
prognosis and a short median patient survival [1]. Limited therapeutic options, combined with a poor
response to currently used therapies, increased the pressure to discover new genetic, epigenetic and
molecular pathways involved in GB to create new therapies. One of the most significant questions in
GB research is aiming at the hierarchical organization and the cell of origin. Conventional theories state
that cancer arises from an accumulation of somatic mutations, resulting in uncontrolled proliferation
as well as selective growth advantage [2,3]. Most commonly, cancer occurs in epithelial tissues [4].
Whether a tumor originates from a differentiated cell, which regains the ability to proliferate, or whether
it originates from a stem cell, which already has the capacity to proliferate, is not fully resolved, and
depends on the tissue and the tumor itself. The existence of brain tumor propagating cells (BTPCs)
and their molecular, genetic, and epigenetic footprint could open new ways of therapeutic approaches.
In the last years, diverse tumors could be retraced to mutations in stem cells [4] and various studies
have suggested that NSCs might be the cells of origin of GB, including mutated astrocyte-like NSCs
from the SVZ [5–8]. Recent studies reported from clinics and mouse models that glioblastoma arise
from migration of mutated astrocyte-like NSCs from the SVZ [8].
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2. Glioblastoma

2.1. General Facts

Glioma is an umbrella term, compromising around 30 percent of all brain tumors that are
thought to grow from intrinsic glia cells. As an umbrella term glioma consolidates different types of
tumors including ependymoma, astrocytoma, and oligodendroglioma, which vary in their symptoms,
aggressiveness, malignancy, and treatment strategy.

Glioblastoma multiforme (GB) belongs to the category of astrocytoma, is the most common and
most aggressive of all malignant glial tumor in adults [1], and is less common in children [9]. Based
on the World Health Organization classification, GB is the most malignant form of glioma and is
classified as a grade IV tumor (ICD-O 9440/3) [10]. GB can be divided into primary (arising de novo) or
secondary (developed from a pre-existing tumor) intrinsic brain tumor, however, 90% of all GB are
primary [9]. Specific mutations in the gene of isocitrate dehydrogenase (IDH) 1/2 are characteristic for
secondary glioblastomas, which are more frequent in younger patients. High invasiveness of GB is
recorded, with tumor cells mainly spreading into distinct brain regions, whereas metastasis into other
organs is infrequent [1].

Diagnosis of GB comes with a poor prognosis with high morbidity and mortality [1]. The median
survival of patients diagnosed with GB and treated with the common medication is only 12 to 15
months [1]. GB can occur in each age group; however, most of the patients are between 45–75 years old.
Gliomas are mainly located in the cerebral cortex of adult brains, with 40% in the frontal lobe, followed
by the temporal lobe (29%), the parietal lobe (14%), the occipital lobe (3%) and 14 % of gliomas are
positioned in deeper brain structures [11].

2.2. Genetic Alterations

GB features a complex pathogenesis that involves mutations and alterations of several key cellular
pathways, associated with cell proliferation, angiogenesis, migration, and survival [9]. However, the
lack of effective therapies increases the importance to understand pathogenesis in detail. Cellular
signaling pathways involved in GB are reviewed in [9,12].

The most common mutations in GB are found in p53 (85.3–87%) [13,14], the epidermal growth factor
receptor (EGFR) (45–57%) [13–15], the platelet-derived growth factor receptor (PDGFR) (60%) [16,17]
the mouse double minute homolog 2 (10–15%) (MDM2) [18], the phosphatase and tensin homolog
(PTEN) gene (20–34%) [19,20], the RTK/Ras/PI3K signaling pathway (86–89.6%) [13,14] and in the pRB
signaling pathway (77–78.9%) [13,16].

2.3. Conventional Therapy

The current therapy of GB is limited and inefficient and focuses on surgical resection of as much of
the tumorigenic tissue as possible with subsequent radiation- and chemotherapy, hereby mostly using
oral alkylating agent temozolomide [21]. However, this therapy strategy is insufficient and no adequate
cure for GB was described, yet. One major disadvantage of GB is the tissue-distribution pattern
of the tumors resulting from dispersion of the tumors cells in the neighboring brain tissue [22,23].
This characteristic hinders complete surgical resection, increases recurrence rate and thereby reduces
healing abilities.

Despite ongoing research, survival of GB patients could not be increased in the last years. However,
there are rare case reports about long-term survival and zero recurrence of single patients with GB,
which are explained by young age, as well as aggressive and complete surgical removal [24,25]. These
cases, as rarely as they are, rise the hope that GB can be cured and show that more research effort and
innovative treatment approaches are desperately needed to better understand the tumor development
and progression.
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3. Neural Stem Cell Niches in the Adult Brain

Neural stem cells (NSCs), a subpopulation of astroglial cells, are self-renewing cells with the
capacity to differentiate into multiple neural cell types like neurons and glial cells (astrocytes and
oligodendrocytes) (reviewed in [26]). During development, NSCs are obligatory for the formation of
the nervous system. They are most active in this period; however, since 1992 it is described that NSCs
can also be found in the adult brain. Here, small populations of NSCs are located in specific stem cell
niches that divide occasionally to generate differentiated cells including neurons (neurogenesis) and
glial cells (gliogenesis) [27,28].

3.1. Adult Neurogenesis

NSCs have a relative slow division rate and generate progenitor cells, which are able to differentiate
into one of the three major cell lineages of the brain: neurons, astrocytes and oligodendrocytes [26,29,30]. The
two neurogenic niches in the adult rodent brain, which contain NSCs and produce new neural cells, are
the subventricular zone (SVZ) of the lateral ventricle and the dentate gyrus of the hippocampus [31,32].
While adult neurogenesis in the SVZ of humans is widely accepted [33,34], it is still under discussion
in the hippocampus [33,35–37]. Recently, Sorrells et al. showed that neurogenesis in the dentate gyrus
declines sharply in children and that in the adult brain they could not detect any new neurons [36].
However, shortly after this publication, Boldrini et al. published a manuscript stating that neurogenesis
still persists throughout life [37]. Thus, it is still controversial if the potential to produce new neurons
still exists in the adult brain; but many studies show that it is drastically decreased as compared
to embryonic stages [5,33,38,39]. During the last decades adult neurogenesis was also described
in other mammalian brain regions, including the hypothalamus, the cortex, the striatum, and the
amygdala [40–43]. Furthermore, an increase of neurogenesis in the adult brain was reported after
injury and in disease [44–48].

The impact and consequence of adult neurogenesis in humans is largely unknown and can only
be estimated. However, many studies suggest that the generation of new neurons in the adult brain
could be important for learning and memory, degradation as well as regeneration processes underlying
aging, injury and diseases, including dementia and cancer [49–54].

3.2. Stem Cells in the Subventricular Zone

The SVZ is the largest neurogenic niche in the adult mammalian brain. It is located at the
border of both lateral cerebral ventricles, fitting in between the ependyma and the parenchyma of the
striatum. The NSCs in the SVZ are found in an astrocytic ribbon in the sub-ependymal zone. They are
surrounded by ependymal cells, vascular endothelial cells, astrocytes, and oligodendrocytes [5], which
are important to support the stem cells and to control the proliferation rate [55,56]. Next to the SVZ,
the brain parenchyma is located, which is mostly composed of differentiated neurons and glia cells.

In adult rodents, the SVZ contains four major cell types: ependymal cells, NSCs, fast proliferation
precursors and neuroblasts. The ependymal cells form a monolayer-border to the ventricle. This layer
is followed by the other three cell types, which are not arranged in layers and keep close contact to the
ependymal layer. Astrocyte-like NSCs have an apical cilium, which extends into the ventricle lumen
and might influence cell proliferation and differentiation [57–59]. These astrocyte-like NSCs (type-B
cells) occasionally give rise to multipotent intermediate progenitors (type-C cells), which correspond
to transit-amplifying cells that further divide to generate neuroblasts (type-A cells) (reviewed in detail
in [60]). In rodents, these neuroblasts migrate in chains along the rostral migratory stream (RMS) to the
cortical layer of the olfactory bulb (OB) [61,62], where they differentiate into interneurons and integrate
into the pre-existing neural circuitry [61–64].

NSCs in the adult human SVZ were first described in 2004 by Sanai et al. [5], followed by several
groups, which identified and isolated human NSCs from the anterior SVZ (Figure 1) [65–67]. In the
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human SVZ, there are some differences in the anatomical organization and in the behavior of NSCs
compared to rodents:

(I) The human SVZ features a hypocellular gap between the ependymal layer and the neurogenic
astrocytes, which mainly contains ependymal and astrocytic expansions [5,38,68]. This layer is missing
in rodents.

(II) The SVZ in humans can be separated into four distinct layers, whereas the rodent SVZ is not
separated into layers. The first layer (ependymal layer, layer I) lines the ventricle and is composed
of ependymal cells that possess several apical microvilli and basal expansions [38]. This layer is
followed by the hypocellular gap forming the second layer (hypocellular layer, layer II) which is
characterized by the absence of cell bodies and has an unknown function. As it mainly contains
astrocytic and ependymal processes, one theory would be that these are forming connections in layer
II [60,69,70]. The third layer (astrocytic ribbon, layer III) mainly contains the astrocyte-like NSCs and
neuroblasts [5], whereas the forth layer, the transitional zone (layer IV) mainly contains myelinated
axons and oligodendrocytes [38].

(III) In the human SVZ, multipotent transit-amplifying cells (in rodents: type-C cells) are missing.
Only NSCs and neuroblasts can be found in the human SVZ.

(IV) The migration of neural progenitor cells from the SVZ along the RMS to the olfactory bulb is still
under discussion and the migration of non-neuronal progenitor cells is at least reduced [5,33,34,67,71],
whereas migration of these in rodents is verified. In the OB, mostly new oligodendrocytes from the
SVZ are needed to maintain the myelin sheath of the neurons [72,73]. The fate of newborn neurons is
unclear. It was shown by Ernst et al. in 2014 that in the adult human brain, new neurons from the SVZ
are integrated not into the OB but in form of interneurons into the striatum [74]. Thus, the SVZ is still
considered as an important pool of neuronal and glial progenitor cells in the adult mammalian brain,
which provides an opportunity for neuroregenerative repair, learning, and memory [75–79]. However,
this pool was also implicated in other conditions such as injury, neurodegeneration and cancer [80–84].

 
Figure 1. Schematic representation of the subventricular zone (SVZ) in a coronal view of the human brain
and the adult human neurogenic niche in the sub-ependymal zone showing the cellular composition.
The neurogenic niche in the SVZ can be divided into four layers (layer I–IV). The ependymal layer
(layer I) separates the SVZ form the lumen of the ventricle by a thin single layer (monolayer) of
ependymal cells (grey), which feature several apical microvilli and basal expansions. The ependyma is
followed by the hypocellular layer (layer II), mainly containing astrocytic and ependymal processes.
The astrocytic ribbon (layer III) primary contains astrocyte-like neural stem cells (NSCs) (red) and
neuroblasts (orange), closely followed by the transitional zone (layer IV) which contains myelinated
axons (black) and oligodendrocytes (violet). Thereafter the parenchyma begins, which mostly consists
of neurons (green) and glia.
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4. Cancer Stem Cells

Gradually, many studies have reported that tumor cells are not homogenous, but that a tumor
consists of a variety of cell types forming a hierarchical organization containing slowly dividing cancer
stem cells (CSCs) rapidly dividing precursor cells and non-dividing differentiated cells [85,86]. This
cellular hierarchy in tumors was identified by genetic, molecular, epigenetic as well as behavioral
variations of the cells. But what is the origin of these different tumor cells?

4.1. Cancer Stem Cell Theories

The transformation of a cell into a tumorigenic cell includes multiple mutations. There are two
prominent theories about the origin of cancer cells. One property of at least some cancer cells is
the ability to divide. However, do cancer cells acquire this ability or do they arise from a stem cell
population that already possesses this ability?

The first theory about the origin of CSCs states that any body cell can become a cancer stem
cell by mutation, meaning that already differentiated, somatic cells become tumorigenic. Therefore,
an accumulation of mutations is needed in oncogenes (gain of function) or tumor suppressor genes
(loss of function), which regulate cell growth, to transform somatic cells into CSCs [87–89]. These
mutations occur through replication errors or DNA damage, combined with a missing or incorrect
repair mechanism [90]. However, many critics on this conventional theory emerged in the last decades,
because of the unlikelihood that various mutations occur in one mature (non-dividing) cell with a
limited lifespan. These critics favor the second theory, which is called cancer stem cell theory. This
theory is based on the self-renewal ability of stem cells or progenitor cells and states that CSCs arise
through oncogenic mutation in stem cells. The remaining of this review will deal with this second
cancer stem cell theory, including the influence of CSCs on glioblastoma, their origin in the SVZ as
well as possible treatment therapies targeting CSCs.

The idea of stem cells derived CSCs was minted by studies using human leukemia cancer cells,
which were transferred into immunodeficient mice [91,92]. When characterizing these cells, the authors
found that the cells were quite heterogeneous and only a minor portion had the potential of producing
leukemia in mice. This suggests that not all cancer cells but only the slowly dividing stem cells have
the potential to reproduce the tumor itself [91,93]. Another study addressed breast cancer cells and
described the heterogeneous phenotype of the cells. Only a limited number of cells in the tumor
displayed tumorigenic potential which they identified by cell surface markers (CD44+ CD24−/low

lineage−) [94]. Thus, targeting these cells by cancer therapy would be most promising.
In addition to their tumorigenic properties and extensive proliferative potential, CSCs share

various qualities with normal stem cells: (I) The capacity of multipotency, meaning the ability to
differentiate into multiple lineages, self-renewal, and the capacity to divide into either new stem cells
or into differentiated cells [86]. (II) A low self-renewal rate and rare occurrence (only one in a million
cells) [92,93,95,96]. (III) A strict control by their microenvironment to regulate the balance between
proliferation and cell death [97,98]. (IV) The usage of similar signaling pathways [85].

4.2. Neural Brain Tumor Propagating Cells

The hypothesis of CSCs can also be extended to brain tumors, here referred to as brain tumor
propagating cells (BTPCs), however, with some minor deviations. As discussed above, stem cells are
scarce in the adult brain and can only grow in protective stem cells niches, including the hippocampus
and the SVZ [31,32]. These NSCs already possess the ability to proliferate and thus they could transform
more easily and rapidly into BTPCs than any other post-mitotic neural cell in the brain [99]. After
certain variations, neural precursor cells could become BTPCs (Figure 2). However, other than their
offspring, NSCs normally do not leave their neurogenic niches. One hypothesis would be that BTPCs
originate from a mutation or deregulation that enables the NSCs to migrate and leave the niche. This
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exit and a subsequent dysregulation of the stem cell might result in unpredictable proliferation and
thus tumorigenesis [100–103].

 

Figure 2. Schematic representation of the origin of brain tumor propagating cells (BTPCs) based on the
cancer stem cell theory. In the SVZ of the adult brain, NSCs can be found in the sub-ependymal zone.
There are two properties that NSCs need to achieve to become BTPCs. First, the cells need to become
tumorigenic, including several mutations, resulting in mutated NSCs. Second these mutated NSCs
have to be able to migrate over a long distance into other brain regions, where they form a tumor, which
consists of BTPCs and more differentiated cancer cells which originate from the BTPCs themselves.

Like other stem cells, NSCs have the ability of self-renewal and by asymmetric cell division, another
NSC and differentiated daughter cell is created. To ensure that the number of NSCs remains constant,
proliferation is strictly regulated by intrinsic and extrinsic factors from proliferative cells themselves,
neighboring cells, as well as the adjacent blood vessels (reviewed in [104]). Disruption/mutation of
these regulatory mechanisms could result in creation of a BTPC. However, brain tumors are not found
in the SVZ itself, but rather in the cerebral cortex of adult brains. Thus, besides various tumorigenic
mutations, the mutated neural precursor cells need a signal to migrate into other brain regions.

Tumorigenic mutations in migratory SVZ neural precursor cells would be of advantage, because
of their ability to migrate over long distances [61,62]. However, in the adult human brain, migration
of neuroblasts to the OB is limited, which raises the question if these cells still have the ability to
migrate [33,34,67]. Brain injuries, like ischemia, increase the number of neural precursors and some
NSCs migrate into the lesion site to increase regeneration, suggesting that the NSCs themselves are able
to migrate [105,106]. Furthermore, BTPCs could migrate along tumor microtubes, which have been
described as ultra-long membrane protrusions combining BTPC niches scattered in the brain [107,108].
Those BTPC niches are similar to NSC niches with a specific protective microenvironment composed
of specific cell types. Based on their location within the tumor and their composition, they are mostly
described as peri-vascular, necrotic and hypoxic niches [101,109]. BTPCs in peri-vascular niches are
closely located to endothelial cells and express vascular endothelial growth factor VEGF, a well-known
growth factor which regulates angiogenesis [110]. Those endothelial cells include capillaries, venules,
lymph vessels or arterioles, whereby in case of arterioles, the niche can be directly specified as
peri-arteriolar niche [111]. In hypoxic niches, the level of hypoxia-inducible factor HIF is increased,
which can increase pro-angiogenic growth factors [112,113]. Most recently, a combined concept was
presented, comprising all BTPC niches to one integral hypoxic peri-arteriolar niche model (reviewed
in [114]).

Over the years, various studies on mouse models of brain tumors suggested that the cell of origin
for brain tumors are NSCs located in the neurogenic niches [6,115–118]. These NSCs further proliferate
in other brain regions, forming a tumor, which consist of BTPCs and more differentiated cancer cells.
In the following the cancer stem cell theory is discussed in the context of glioblastoma.
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5. The Cell of Origin in Glioblastoma

Over the years of glioblastoma research, various theories emerged about the cell of origin,
including tissue-specific stem cells like NSCs or committed precursor cells, like astrocyte precursor
cells (APCs) and oligodendrocyte precursor cells (OPCs) [119,120].

5.1. NSCs as the Cells of Origin in Glioblastoma

Gradually, several groups identified that glioblastomas are organized hierarchically and contain
tumorigenic cells, which could correspond to BTPCs [121–125] with the basic BTPC and NSC
characteristics like multi-lineage potency, self-renewal capacity and the ability of tumor initiation
and migration [122,123,126–128]. Another evidence for an involvement of undifferentiated BTPCs in
GB was provided by discovering that the cells share molecular pathways with NSCs, e.g., the Notch
receptor activation. Notch 1 along with its signaling partners is important for NSC maintenance [129]
and glioma cell survival [130]. Furthermore, BTPCs and NSCs both express characteristic genes, which
can be found in human tumor tissue [125], including Nestin [131–136], CD133 [133,137], Sox [132],
Musashi1 [136,138], Olig1/2 [139,140], Ras [141], Akt [141], and GFAP [142,143]. However, these
genes are not exclusively expressed in NSCs and BTPCs, but can be found in various other cell types,
e.g., GFAP is expressed in astrocytes and radial glial cells. Also, the inactivation of certain tumor
suppression genes is similar, e.g., PTEN, which increases proliferation of NSCs as well as of tumor
cells [144].

One of the neurogenic niches, the SVZ, came into the focus of BTPC research. Already in the early
21st century, GB was linked to the NSCs of the SVZ. Ignatova et al. isolated cancer cells from human
glioblastoma, took them in culture and discovered that these tumors contain neurosphere-forming
cells [121]. Those BTPC niches Comparing the structural organization of these tumor-derived spheres
to those derived from adult human SVZ highlighted a similar hierarchy, concerning the general
organization and an outward gradient of differentiation [145]. This gradient in neurospheres is believed
to be important for maintaining the stem cell pool. However, for a long time, data from mouse models
could not provide a direct link between SVZ NSCs and GB BTPCs.

One novel factor involved in both GB and SVZ NSCs is the extracellular matrix protein epidermal
growth factor-like protein 7 (EGFL7), which was previously described to be secreted by endothelial cells
as well as NSCs in the SVZ [146–150]. Loss of EGFL7 increased proliferation of NSCs and decreased
cell differentiation in the SVZ, mainly via Notch signaling [146,148]. Additionally, the interaction of
Notch 1 and EGFR increased survival of GB cells [147] via promoting angiogenesis [15]. The influence
of EGFL7 in angiogenesis [149] also plays an important role in GB [150]. EGFL7 is secreted by glioma
blood vessels and increases angiogenesis in GB, suggesting inhibition of EGFL7 as a possible treatment
strategy [150].

Analyses of the survival of patients with GB revealed that it is crucial if the tumor has a direct
connection to the SVZ [151,152]. Patients bearing tumors which were in contact to the SVZ had
a shortened survival period [151,153–155], but the size of these tumors was not altered [156] and
thereby did not influence the survival time [152]. Potentially, a contact to the SVZ might provide the
tumor with a pool of tumorigenic stem cells, therefore increasing the growth and invasiveness of the
tumor. Proteomic analyses by Gollapalli et al. revealed significant alterations in acute phase proteins
(e.g., proteins-hemopexin, alpha-1-antichymotrypsin), lipid carrying proteins (e.g., apolipoprotein
A1), cytoskeletal proteins (e.g., brain acid soluble protein 1, thymosin beta 4), lipid binding proteins,
chaperones, and regulating proteins between tumors with SVZ contact and without [157]. However,
gene expression studies showed that there is no evidence that tumors with contact to the SVZ are more
likely to be stem-cell derived than tumors without any contact to the SVZ [153]. Following this, two
scenarios were suggested: [I] Tumors without contact are not derived from SVZ NSCs or [II] NSCs
from the SVZ migrate into other brain regions and only then start to form a tumor. Various studies are
pointing to the second scenario [8,158], although it could not be explained why the survival of the
patients is altered.
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The origin of the tumor can influence the malignance and survival of the patients. A study in
mice showed the induction of GB originating in NSCs of the SVZ increases tumor development and
resistance to cancer drugs, giving a hind to the aggressiveness and the malignance of glioblastoma [159].
Furthermore, chronic inflammation in the SVZ could facilitate and accelerate mutations in NSCs and
thus contribute to the transformation into BTPCs (reviewed in [99]). The SVZ represents a unique
inflammatory niche, which differs significantly from other brain regions, due to close contact to the
cerebrospinal fluid (CSF).

Recently, Lee et al. showed direct genetic evidence that brain BTPCs arise from cells of the
SVZ using human patients and glioblastoma mouse models [8]. The authors performed single-cell
sequencing and laser microdissection on tumor free SVZ tissue and tumor tissue and found a clonal
relationship of driver mutations between the SVZ and GB-derived tissue. This is the first proof that
SVZ NSCs indeed are the cell of origin in glioblastoma. Furthermore, the authors could show that
astrocyte-like NSCs leave the SVZ and migrate into distant brain regions to form gliomas. Restoration
of homeobox protein EMX2 expression, which is normally decreased in cancer tissue, but is also
expressed in NSCs of the SVZ, affects the cell cycle in glioblastoma, leading to a cell cycle arrest and cell
death [160]. A recent study of the tumorigenic potential in different stages of neuronal progenitor cells
showed that the tumorigenic potential decreases with an increasing lineage restriction, hinting that
mutations likely occur in early stages of neurogenesis, e.g., in NSCs [161]. Taken together, these latest
reports on the involvement of SVZ derived NSCs in GB are a huge step to discover new therapeutic
targets for the treatment of GB patients.

5.2. Committed Precursor Cells as the Cell of Origin in Glioblastoma

Another theory about the cell of origin states that glioblastoma BTPCs arise from committed
precursor cells, like APCs or OPCs. Proliferating multipotent NSCs can create committed neuronal
precursor cells that may further divide and differentiate into mature neurons and committed glial
precursor cells (GPCs) that can further differentiate into OPCs to generate mature oligodendrocytes
and into APCs to generate mature astrocytes [162,163].

For a long time, astrocytes were believed to be the only proliferating cells in the adult brain [164]
und thus, were subject in glioblastoma research, also because of high GFAP levels in glioma tissue [165].
However, these mature astrocytes would need to dedifferentiate to become tumorigenic, which is
possible but unlikely [166,167]. Furthermore, GFAP is also expressed by radial glial cells [168] and
NSCs of the adult SVZ [55].

Lindberg et al. and Hide et al. introduced OPCs as the cell of origin by specific mouse models
to study OPCs in glioblastoma development, like the MADM-based lineage tracing model to mutate
sporadically p53/Nf1 [120,169]. Hide et al. suggested that transformation of both OPCs and NSCs
could lead to formation of BTPCs with tumorigenic properties [120]. Additionally, Liu et al. noted
that it is important to analyze premalignant stages of tumors to identify the cell of origin, because the
tumor cell could acquire plasticity and veil their origin [119]. Further, they demonstrated that OPCs,
but not NSC or any other NSC-derived lineage, show aberrant growth prior to malignancy. In OPCs
are some overlapping marker expressions, like PDGFRα and NG2, which are involved in development
of OPCs and are altered in glioma [13,170,171]. OPCs might form a stem cell niche at the tumor border,
increasing chemo-radioresistance and promoting recurrence [171].

Taken together, the current data suggests that BTPCs might develop from various stem or
progenitor cells, which needs to be considered when developing treatment strategies. NSCs, ASCs,
OPCs, and GPCs might all be the cell of origin, which lead to the development of GB. However, most
recent studies using state of the art techniques clearly point to an involvement of NSCs in GB [8].

6. Brain Tumor Propagating Cells as Target for Glioblastoma Treatment

Traditional glioma treatments include chemotherapy, radiation, and surgery. However, these
approaches are limited due to multiple factors like the development of therapy resistance coming
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with a decreasing sensitivity of tumor cells towards ionizing radiation, the unspecific targeting of
both cancer and healthy brain cells, as well as the recurrence of the tumor after treatment. Recent
advances suggest that the failure of therapies might be caused by the assumption that the tumor
consists of a homogenous group of cells. In fact, the tumor is distinguishable into many subgroups
of cells varying on genetics, epigenetics and phenotype as well as their capabilities to replicate and
migrate. Thus, elimination of BTPCs is a promising alternative to specifically target the cell of origin of
the tumor, which raises the possibility to prevent tumor proliferation, tumor cell differentiation and
BTPC regeneration.

6.1. Complications in Glioblastoma Therapy

Due to specific BTPC characteristics, like slow cell division rate, self-renewal properties, high
capacity for DNA repairing and high expression of drug transporters, the identification and targeting
of this cell population represents a challenge to this day. Moreover, BTPCs are capable of developing
resistance mechanisms in multiple ways complicating conventional drug efficacies. High expression of
ATP-binding cassette drug transporters can impede cytotoxic agents to enter the cell [172], resulting
in resistance to different chemotherapeutic drugs including the commonly used alkylating agent
temozolomide [173,174] and increasing the risk of tumor recurrence after the treatment [175]. Besides
the chemo-resistance, BTPCs are capable of developing a radio-resistance by an increase in the activation
of the DNA repair machinery, which is promoted by the expression of stem cell marker CD133 [176].
This combined chemo- and radio-resistance hampers a successful treatment and therefore many
patients require combinational therapeutic strategies to improve the survival.

Another way how BTPCs escape especially surgery is by forming stem cell niches and using
ultra-long membrane protrusions, tumor microtubes, which can be found in various brain tumors and
can be used as migration routes for cells located in BTPCs niches scattered in the brain. Disconnecting
these tumor microtubes was suggested as a new target for treatment of GB [107,108].

The brain and especially brain tumors are always considered as extremely difficult for treatment,
due to the blood–brain barrier (BBB). The BBB normally hinders harmful substances and toxins to
enter the brain via different cellular and molecular components as well as divers transport systems.
However, the location of the SVZ at the border to the lateral ventricle introduces a new aspect to
the system, the CSF, which is secreted by the choroid plexus, forming the blood–cerebrospinal fluid
barrier (CSFB). This barrier is functionally distinct and is not as tight as the BBB; mostly all non-cellular
substances can enter the CSF [177]. It raises an opportunity for future drugs to enter the brain via the
CSF and thereby increase the range of possible treatment molecules. This new approach was already
successfully applied to medulloblastoma, another brain tumor type [178].

6.2. BTPCs as Target in Glioblstoma

Over the years, different approaches to target BTPCs were developed and tested (Figure 3),
mostly in combination with traditional treatments and with more or less successful outcome [179,180].
There are three major therapeutic strategies for targeting BTPCs: (I) Targeting specific cell surface
markers, signaling pathways or BTPCs microenvironment, (II) the induction of apoptosis or stem cell
differentiation, as well as inhibition of autophagy and (III) the application of vaccines or epigenetic drugs.
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Figure 3. There are three therapeutic strategies to target brain tumor propagating cells (BTPCs). (I) Most
common approaches include targeting specific cell surface markers, aberrantly up- or down-regulated
signaling pathways or the BTPCs’ microenvironment. (II) The induction of apoptosis or stem cell
differentiation as well as the inhibition of autophagy, which aims to reduce the number of BTPCs.
(III) Application of vaccines or epigenetic drugs, which are still in development.

6.2.1. Targeting Specific Cell Surface Markers of Signaling Pathways or the Microenvironment
of BTPCs

The most prominent marker to target the cell surface with antibody-drug conjugates is CD133,
which is expressed not only in brain tumors [124], but also in other cancer types like lung cancer [181]
or colorectal cancer [182]. The expression of CD133, alone or together with proliferation marker Ki67, is
correlated to a glioma patients’ prognosis with poor clinical outcome [137,183]. However, only recent
studies found a population of BTPCs that does not express CD133 and displays a lower proliferation
rate compared to the CD133-positive cell population, with equal tumorigenic characteristics [184]. Thus,
targeting CD133-positive cells alone could spare some proliferating BTPCs and thereby increase the
reoccurrence rate, but targeting CD133-positive cells could be combined with other treatment strategies.

Targeting aberrant signaling pathways is a common approach in all forms of cancer. As for
many cancer cell types, Notch signaling, the Wnt/β-catenin pathway and the PI3K/Akt cascade are
among the pathways, which are significantly up-regulated and in the focus for targeting BTPCs in
glioblastoma [185–187]. As an example, the upregulation of the Notch pathway in glioma plays a
significant role in increasing tumorigenesis by promoting proliferation and cell survival. Evidence
emerged that it also directly regulates maintenance and cell differentiation of BTPCs [130,188].
Application of γ-secretase inhibitors to impair Notch signaling led to decreased growth of glioma, but
also induced both neuronal and astrocytic differentiation in the stem cell niches and thereby decreased
the number of CD133-positive BTPCs [189,190].

Another way to target BTPCs is to inhibit or modify the signaling from their microenvironment
that sustains the growth of the cells and is necessary for fundamental processes e.g., the regulation
of hypoxia and angiogenesis. These processes are closely linked, with angiogenesis being regulated
through hypoxia. The hypoxia-inducible factor (HIF) is regulating numerous genes, including vascular
endothelial growth factor (VEGF) expression. The overexpression of HIF-1α and HIF-2α have been
linked to poor prognosis in many cancer types [191]. HIF-2α-positive cells are in close contact to BTPCs,
which indicates that BTPCs might be able to self-regulate their maintenance through communication
with surrounding cells and support of angiogenesis [113]. Different agents to target HIF proteins are
in development with some being tested in clinical trials [191] and it was also previously shown that
bevacizumab, a VEGF neutralizing antibody, could specifically inhibit the proangiogenic effects of
BTPCs [192]. A combinational therapy, targeting both hypoxic cancer cells and angiogenesis, may
therefore represent a promising strategy in depleting BTPCs.
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6.2.2. The Induction of Apoptosis, Autophagy or Stem Cell Differentiation

A further approach to diminish the number of BTPCs and to erase the tumors origin is the
induction of apoptosis. Apoptosis includes a complex signaling network and the evasion of this system
is crucial for the stem cell survival as well as tumor development. Agents to manipulate apoptotic
pathways include the inhibition of tumor necrosis factor related apoptosis inducing ligand (TRAIL)
and bortezomib, a proteasome inhibitor, which, given in combination, could trigger stem cell death
in glioblastoma [193]. Also, both EGFR inhibitors, AG1478 and gefitinib, did not only decrease cell
proliferation, but also induced apoptosis of BTPCs [194].

Autophagy, a process of degradation and recycling of cellular components, has also been studied
in glioblastoma BTPCs, especially in the context of drug-therapy resistance [195]. Modulation of
the autophagic process provides an opportunity to increase cell death and to interfere with the
cell cycle in BTPCs. Impairment of the autophagic flux decreases the cell self-renewal capacity of
BTPCs. Furthermore, it was reported that chemotherapy increases autophagy in cancer cells [196] and
that combining cytotoxic drugs and autophagy inhibitors (e.g., chloroquine or quinacrine) increase
sensitivity of BTPCs [197]. Combination of bevacizumab or temozolomide with autophagy inhibitor
chloroquine increased efficiency of the chemotherapy and affected survival of BTPCs [198,199].
Another novel and promising approach is the autophagy inhibitor quinacrine, which is able to cross
the blood-brain barrier and increases the responsiveness of BTPCs to temozolomide and thereby death
of BTPCs [200].

Stem cell differentiation also displays a promising strategy to limit the number of cells with
tumorigenic potential and to produce cells with higher sensitivity to radio- and chemotherapy. Among
the anti-cancer drugs affecting cell differentiation are bone morphogenetic proteins (BMP), retinoic acid
and histone deacetylase (HDAC) inhibitors [201]. The application of BMP has been shown to block
glioma development and to reduce CD133-positive cells, probably by manipulating symmetric cell
cycles that generate new stem cells [202].

6.2.3. The Application of Vaccines or Epigenetic Drugs

HDAC inhibitors are belonging to the category of epigenetic drugs and target reversible histone
acetylation and methylation. HDAC inhibitor vorinostat is approved by the Food and Drug
Administration [203] and is blocking HDAC SirT1 (silencing information regulator), which both
increased apoptosis and cell differentiation of CD133-positive glioma cells [204].

Immune cell therapy has a lot of potential and receives increasing attention in the field of
cancer treatments. The dendritic cell vaccine ICT-107 consists of six synthetic peptides derived from
tumor-associated and on glioma BTPCs overexpressed antigens (AIM-2, MAGE1, TRP-2, gp100,
HER2/neu, and IL-13Rα2). It is currently tested in phase III studies and it was already reported that
ICT-107 treatment decreased CD133-positive cells and prolonged survival of the patients [205].

6.2.4. Radiation of the SVZ

Mutated tumor cells might reside in the SVZ and other BTPCs niches, forming a reservoir of
BTPCs leading to increased tumor recurrence and decreased outcome of GB patients. An approach to
overcome distribution of tumor cells as well as radio resistance would be to decrease the number of
BTPCs in the SVZ by radiation. Studies in this field however report conflicting results, depending on
the dose of radiation and the size of the resected area [128,206–215].

Besides controversy of the benefit of this treatment, side effects are difficult to estimate. Delivering
high doses of radiation to healthy SVZ tissue could decrease quality of life by loss of memory. One
recent study on a large group of patients could not find any improvement in survival [216]. This might
indicate that BTPCs either do not reside in the SVZ or that there are other reservoirs of BTPCs (BTPC
niches) outside the SVZ which lead to a regrow of the tumors.

503



Cancers 2019, 11, 448

All these therapeutical approaches are only a small selection of the broad range of agents under
development and examination to target BTPCs in GB and how this, especially in combination with
classical therapies, may bring benefits in erasing cancer stem cells for a successful treatment of
GB patients.

7. Conclusions

Each year, 240,000 cases of glioma are recorded worldwide, with GB accounting for most of these
cases. As the most aggressive and malignant form of primary brain cancer, GB leads to thousands of
deaths per year. The current standard care of therapy consists of a combination of surgery, radiation,
and chemotherapy but the therapeutical success remains poor. This may be due to invasive tumor cells
infiltrating neighboring brain regions, intra-tumoral heterogeneity and the capacity of distinct tumor
cell populations to develop therapy resistance mechanisms. In this review we summarized various
studies, which show that major reasons for the almost inevitable tumor recurrence are BTPCs, which
are often spared by conventional therapy. It is suggested that these cells originate from astrocytic-like
NSCs in the SVZ with the ability to leave the niche and to migrate over long distances. Through
division into either differentiated cells or new BTPCs, they can provide an infinite pool of tumor cells
and, additionally, the cells’ chemo- and radio-resistance in turn leads to resistance of recurrent GB to
standard therapy. The identification of BTPCs and their origin raises hope to identify new molecular,
epigenetic and genetic characteristics for the development of combination therapies to erase tumor
cells as well as BTPCs. Current research focuses on multiple ways to target BTPCs including targeting
specific cell surface markers, signaling pathways or the microenvironment, inducing either apoptosis
or cell differentiation, inhibiting autophagy or applying vaccines or epigenetic drugs. Some of the
agents are already investigated in clinical trials, showing promising outcomes. Further research is still
needed to verify the latest results and technical advantages will help to discover specific GB BTPC
treatment to terminate tumor stem cell proliferation and thereby increase the survival of GB patients.
Taken together, this leads towards the development of a cure for this dreadful disease.
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Abstract: The niche concept was originally developed to describe the location of normal neural stem
cells (NSCs) in the subependymal layer of the sub-ventricular zone. In this paper, its significance has
been extended to the location of tumor stem cells in glioblastoma (GB) to discuss the relationship
between GB stem cells (GSCs) and endothelial cells (ECs). Their interaction is basically conceived as
responsible for tumor growth, invasion and recurrence. Niches are described as the points of utmost
expression of the tumor microenvironment (TME), therefore including everything in the tumor
except for tumor cells: NSCs, reactive astrocytes, ECs, glioma-associated microglia/macrophages
(GAMs), myeloid cells, pericytes, fibroblasts, etc. and all intrinsic and extrinsic signaling pathways.
Perivascular (PVNs), perinecrotic (PNNs) and invasive niches were described from the pathological
point of view, highlighting the basic significance of the EC/tumor stem cell couple. PNN development
was reinterpreted based on the concept that hyperproliferative areas of GB are composed of
GSCs/progenitors. TME was depicted in its function as the main regulator of everything that
happens in the tumor. A particular emphasis was given to GAMs, pericytes and reactive astrocytes as
important elements affecting proliferation, growth, invasion and resistance to therapies of tumor cells.

Keywords: glioblastoma; microenvironment; niche; pericytes; reactive astrocytes

1. Introduction

Glioblastoma (GB) is the most aggressive primary brain tumor in adults accounting for >50% of
the tumors of the brain. After surgery, radio- and chemotherapy, survival remains dismal and less than
15 months [1].

Three main properties of the tumor hampers its successful treatment: (i) The occurrence of GB
stem cells (GSCs); (ii) the tumor heterogeneity; (iii) the microenvironment and the niches. All these
features represent crucial points in the tumor therapy.

The hypothesis of a GSC origin of the tumor is based on the assumption that they represent
a rare subset of cells within GB with significant expansion capacity and the ability to generate
new tumors [2]. The rest of the tumor is composed of variously differentiated cells with limited
progenitor capacity or terminally differentiated non-tumorigenic cells [3]. Therefore, cell heterogeneity
and hierarchical organization of GB largely depends on its origin from stem cells or progenitors.
Other possible origins of GB are: (i) From mature astrocytes that may acquire stemness properties
through a dedifferentiation process [4,5]; (ii) from neuron glial antigen 2 (NG2) or chondroitin
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sulphate proteoglyacan 4 (CSPG4)-positive cells, mostly in tumors arising far from the ventricles
or with (secondary) Isocitrate Dehydrogenase (IDH)-mutant GB [6]. Reactive astrocytes may contribute
to glioma development, too [7,8]. In fact, they are derived from precursors with a stem-like
phenotype [9]. Alternatively, GSCs may represent a sheer functional status [10], depending on the
microenvironment regulation [11–14]. The location and generation of GSCs inside the tumor have long
been discussed [3]. They may occur either throughout the tumor [15] or, most probably, in proximity
of the central necrosis [16–18]. They can be found in the highly proliferative areas of GB close to
central necrosis [12,19]. These areas are characterized by high cell and vessel density, high values of
proliferation markers, high expression of hypoxia and by the occurrence of circumscribed necrosis;
they are in contiguity with the infiltration edges of the tumor.

There is a general agreement that GSCs in the tumor reside in niches that are similar to those
hosting normal neural stem cells (NSCs) in the subventricular zone (SVZ) [20]. In these niches,
neuroblasts, quiescent NSCs and transit-amplifying cells (A, B and C cells, respectively) occur [21].
They are surrounded by ependymal cells projecting an apical process toward the ventricle. They also
develop close to vessels, essential for the stemness maintenance [22]. The main function of the niche in
the SVZ is thus to preserve stemness of NSCs [22,23].

The niche concept in malignant gliomas was originally developed to describe the sites where
GSCs reside in the tumor and where the tumor microenvironment (TME) exerts its maximum influence.
Therefore, for the definition of niche, two conditions must be respected: (i) That GSCs do occur and
(ii) that they have direct contact with endothelial cells (ECs). These conditions are fully realized only in
perivascular niches (PVNs) that develop in exchange vessels and not in larger transport vessels with a
well-defined layer wall. However, in a broader sense, the term niche also includes perinecrotic niches
(PNNs) that do contain GSCs, but not ECs, the occurrence of which precedes necrosis development,
being not a reactive phenomenon. On the other hand, GSCs/progenitors in different differentiation
stages populate solid proliferative areas of GB, apparently not associated with necrosis or vessels; their
differentiation stage is regulated by the TME.

2. Pathology of Niches

2.1. Perivascular Niches

A census of the possible cell components, besides tumor cells, would include normal and reactive
astrocytes, pericytes, glioma-associated microglia/macrophages (GAMs), myeloid cells, fibroblasts,
and, obviously, GSCs and normal NSCs [24–27]. In their simplest form, PVNs are represented by
capillaries or arterioles where ECs are in direct contact with stem cells [28] (Figure 1a). Larger vessels
with defined layers, such as transport vessels, cannot function as niches, because they do not allow
direct contact between GSCs and ECs. Therefore, not all areas containing vessels and tumor cells would
deserve the name niche and are crucial for tumor growth, diffusion, and resistance to therapies [27–30].
The non-cellular component is given by intrinsic and extrinsic signaling pathways [25].

Niches are mainly found in infiltration and invasion areas of the tumor, where they are called
invasive niches [29,31]. In invasion areas, tumor cells infiltrate normal tissue as single cells and grow
along the basal lamina of vessels to form the so-called vessel co-option (Figure 1b,c), slipping between
vessels and reactive astrocytes [32]; the detachment of their end-feet from vessels contributes to the
brain-blood-barrier (BBB) disruption (Figure 1d–f) [33].
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Figure 1. Glioblastoma, IDH wild type. (a) CD34+ endothelial cells of arterioles and capillaries in direct
contact with Nestin+ tumor cells; double immunostaining with CD34 (DAB) and Nestin (Fast Red),
original magnification (OM) ×400. (b) Vessel co-option. Sleeve of tumor cells around capillaries;
CD34, DAB, OM ×400. (c) Id., with several Nestin+ tumor cells; DAB, OM ×200. (d) Mild infiltration.
Reactive astrocytes on small vessels; GFAP, DAB, OM ×200; (e) More intense infiltration. Reactive
astrocytes on vessels; GFAP, DAB, OM ×200; (f) High infiltration. Reactive astrocytes with end-feet on
small vessels; GFAP, DAB, OM ×400. IDH, isocitrate dehydrogenase; DAB, 3,3′-Diaminobenzidine.

Reactive astrocytes produce angiopoietins 1 (Ang-1) and 2 (Ang-2) and vascular endothelial
growth factor (VEGF) [34–36]. Nestin+ and Sox2+ tumor cells representing the neoplastic counterpart
of normal progenitor cells. They trigger pericyte dissociation, matrix and basal lamina degradation,
vessel dilation, leakiness and extracellular deposition of fibrin, to form the so-called “mother vessels”
or chronic hyperplasia [37]. In the absence of inhibition from pericytes, ECs proliferate (Figure 2a,b); a
switch from an avascular to a vascular state follows and sprouts are formed through EC proliferation
(Figure 2c,d). BBB undergoes disruption with leak of macrophages from the vessels (Figure 2e–g).
Pericytes, recruited by platelet-derived growth factor receptor β (PDGFRβ) [38], dissociate and ECs
proliferate to form new channels that cover with an increased number of pericytes (Figure 2h,i).
Whether they are venules or arterioles or neo-formed tumor vessels that do not correspond to any
type of normal vessels is difficult to demonstrate. Hypoxia obviously occurs, as everywhere in GB.
Glomeruli appear later, surrounded by macrophages and reactive astrocytes. In gliomas, glomeruli
formation during angiogenesis takes place as in normal embryos, with the difference that, in the tumor,
it is dysregulated and bumpy structures are built that do not contribute to the supply of nutrients and
oxygen to the tumor [39].

Angiogenesis is not the only possibility the vasculature has to expand, since vasculogenesis and
trans-differentiation of tumor cells into ECs may occur as well [35,40,41].
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Figure 2. Glioblastoma, IDH wild type. (a) Mild infiltration with inital vessel increase; H&E, original
magnification (OM) ×200. (b) Id., CD34+ endothelial cells; DAB, OM ×200. (c) More advanced
tumor infiltration, small vessel with endothelial proliferation and sprouts; H&E, OM ×400. (d) Id.,
CD34+ endothelial cells; DAB, OM ×400. (e) Mild infiltration with perivascular macrophages; CD163,
DAB, OM ×200. (f) Infiltration area with leaked perivascular macrophages; CD163, DAB, OM
×200. (g) Ramified microglia in tumor parenchyma and perivascular macrophages; Iba-1, DAB,
OM ×200. (h) Proliferated tumor vessels with NG2/CSPG4+ endothelial cells and pericytes; DAB,
OM ×200. (i) Glomeruli with α-SMA pericytes; DAB, OM ×200. IDH, isocitrate dehydrogenase; H&E,
hematoxylin and eosin; DAB, DAB, 3,3′-Diaminobenzidine.

2.2. Perinecrotic Niches

Classically, circumscribed necrosis has been interpreted as due to a vessel occlusion or an
intravascular thrombosis [42]. Perinecrotic pseudopalisades have been considered as due to tumor
cells fleeing necrosis [43]. GSCs would be induced by hypoxia and hypoxia-inducible factor 1 (HIF-1)
and 2 (HIF-2) [35]. Alternatively, or additionally, GSCs/progenitors are believed to regularly populate
hyperproliferative areas of GB near central necrosis with high cell and small vessel density, several
mitoses and a high Ki-67/MIB-1 labeling index [3]. These areas are regulated by the microenvironment
and are recognizable because of their Nestin, Sox2 and CD133 positivity (Figure 3a–k). In these areas,
circumscribed necrosis develops as the result of the imbalance between the high proliferation rate
of tumor cells and the low one of ECs [44,45]. Indeed, circumscribed necroses are always found in
avascular areas of hyperproliferative districts (Figure 3a), close to central necrosis of GB. The cell
population expressing Nestin, Sox2 and other stemness markers, including CD133, remains to border
the necrosis as remnants of GSCs/progenitors that populated the area and escaped necrosis [12,13]
(Figure 3d,e,h–k).

A recent paper took into consideration all niche types described in the literature (perivascular,
hypoxic, immune, extracellular matrix niches, etc.) concluding that they are not distinct from one
another but they are parts of a single GSC niche, according to the hypoxic periarteriolar niche
model [46,47] in which cathepsin K would play a functional role [48]. Roughly, they correspond
to the one described as prototype of the PVN.
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Figure 3. Glioblastoma, IDH wild type. (a) Circumscribed necrosis in a hyperproliferative area;
H&E, original magnification (OM) ×200. The hyperproliferative zone bordering necrosis is almost
GFAP-negative; DAB, OM ×200 (b) and ×400 (c). The same area is highly Nestin-positive; DAB, OM
×200 (d) and ×400 (e). The same area shows a high Ki-67/MIB-1 labeling index; DAB, OM ×200 (f)
and ×400 (g). The same area is highly Sox2-positive; DAB, OM ×200 (h) and ×400 (i). The same area
is positive for Musashi-1, cryostat section, immunofluorescence (green) (j) and highly CD133-positive,
cryostat sections, immunofluorescence (red), both OM ×400 (k). IDH, isocitrate dehydrogenase; H&E,
hematoxylin and eosin; DAB, DAB, 3,3′-Diaminobenzidine [49].
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3. Tumor Microenvironment (TME)

TME represents the non-cancerous cells inside the tumor, including normal and reactive astrocytes,
GSCs, fibroblasts, immune cells, microglia/macrophages, ECs and vascular pericytes. It also includes
proteins and non-protein biomolecules (polysaccharides, hormones, nitric oxide (NO), etc.) produced
by all cell types within the TME to support the tumor growth. TME can be mainly detected and
demonstrated in niches, but is supposed to regulate everything in the tumor and in the tissue around
the tumor or in the brain adjacent to the tumor. GSCs, for instance, mainly occur in niches, but they
can also be found in proliferative areas of GB as well [13,50,51], even conceived as being of hypoxic
origin. As a matter of fact, hypoxia occurs in the whole tumor, distributed with variable intensity.
In necrotic foci, it assumes the typical phenotype of necrosis [52,53], but it may occur in a spot-like
manner, with minor intensity and with a not yet modified phenotype. Therefore, besides central and
circumscribed necrosis, isolated tumor cells may undergo death as phenotypic hypoxia translation
because of individual tumor cell responses to a range of oxygen tension [29]. Other examples are
available in the brain tumor pathology. Single apoptotic cells may occur in proliferative areas, due
to both the intrinsic, transcriptional pathway of apoptosis associated with duplication, and to the
extrinsic pathway associated with a phenotypically subliminal necrosis [3].

In PVNs, the most important signaling is supposed to occur between GSCs/progenitors and
ECs [3] (Figure 4).

Figure 4. Relationship between a stem cell/progenitor and an endothelial cell [13].

The stemness status of GSCs/progenitors is maintained by ECs via pathways such as NO, cyclic
guanosine monophosphate (cGMP) [46] and Notch activation [13,25,54]. Notch-1 and Notch-2 are
expressed on GSCs whereas their ligands, Delta-like ligand 4 (DLL4) and Jagged 1 (JAG1), are expressed
on the ECs [55]. GSCs/progenitors would promote EC proliferation, eliciting angiogenesis through
VEGF, and hosting the bone marrow-derived endothelial precursor cells (EPCs) at the tumor. After
activation through its ligands Notch also leads to the final activation of target genes such as HES1
and HEY1 [51,56]. This has been confirmed by the blockade of Notch by γ-secretase inhibition that
reduces the expression of stemness antigens such as Nestin, CD133 and Bmi-1. It also inhibits in vitro
human GB-derived neurosphere formation and xenografts [57] promoting their differentiation into
blood vessels inserted into the pre-existing vasculature [27].

Another efficient factor is hypoxia, considered to be a hallmark of GB [53,58–61] that activates
pro-angiogenic factors, such as Ang-1/2, transforming growth factor β (TGF-β), PDGF-BB/PDGFR
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and VEGF/VEGFR through HIF-1/2 [62]. Therefore, hypoxia triggers multiple signaling pathways
that affect GSCs self-renewal, proliferation, cell invasion and survival [63]. In addition, it also
influences therapeutic resistance of GB and enhances genetic instability of tumor cells. The low
oxygen content in the tumor tissue attenuates the expression of DNA Mismatch Repair (MMR) genes
and inhibits free radicals generated from radiation treatment thus impeding therapeutic efficacy.
The Multi-Drug Resistance Gene 1 (MDR1/ABCB1) encoding for P-glycoprotein (P-gp) is activated
in response to hypoxia [64]. A complicated series of spatially heterogeneous tissue events follows
hypoxia in GB [including energetic metabolism (29)] promoting the malignant phenotype and tumor
heterogeneity [65].

Finally, TME may control the regulation of the equilibrium between tumor stem and non-stem
cells (Figure 5).

Figure 5. (a) Development of circumscribed necrosis. (b) Equilibrium between tumor non-stem cells
and tumor stem cells [66].

4. Glioma-Associated Microglia/Macrophages (GAMs)—Inflammatory Microenvironment

GAMs cannot be interpreted using the same criteria as for macrophages in other pathological
conditions. A fundamental distinction is made between: (i) Resident microglia-derived cells (i.e., the
so-called reactive microglia with a typical histological appearance) and (ii) blood-borne macrophages.
The described dichotomy is given with a certain degree of approximation as, often, the distinction
between the two cell types is not so sharp. However, different types of myeloid cells occur. It is
worth considering that both resident microglia and blood-borne monocytes derive from the yolk sac in
different times during embryonic development, the former earlier and directly, and the latter later and
through the bone marrow.

The great amount of GAMs, almost equal to the number of tumor cells, raises many still
unanswered questions. For instance, GAMs are mainly identified as reactive ramified microglia in
low-grade gliomas (LGGs) and as blood-borne monocytes in high-grade gliomas (HGGs) (Figure 2e–g).
Since microglia/macrophages and other myeloid cells are strictly connected with the immunological
features of gliomas, there is wide literature on the subject suggesting various therapeutic strategies.
Basically, there is compelling evidence that GAMs favor tumor progression [67–79], but uncertainties
concerning the M1/M2 polarization and the extent of phagocytosis still exist. Very likely, the dilemma
whether they are “friends or foes” [80] has not been completely solved because of some demonstrations
on the “good” role of GAMs. Scavenger receptors and phagocytosis seem to be completely lacking;
however, Fc-γ receptor expression occurs in the solid tumor and, at a lesser extent, in the peritumoral
tissue [81,82].
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Monocytes [83], tumor-associated neutrophils (TANs) [84] and myeloid-derived suppressor cells
(MDSCs) [85] are commonly found within the TME [70,86–88]. An intense signaling exchange takes
place among MDSCs, ECs, macrophages, tumor cells and reactive cells [29]. In addition, the influence
of chemokines and their receptors must be considered. The most studied signal axes include CXCL12
(SDF-1)-CXCR4, CXCL2-CXCR2, CCL2-CCR2, CX3CL1-CX3CR1, but the problem is far from being
completely clarified. The first interaction occurs between macrophages and GSCs [83,89] with the
latter activating M2 anti-inflammatory macrophages and, conversely, being maintained in stemness
through CXCL12 (SDF-1)-CXCR4 axis. GSCs secrete periostin that recruits M2 tumor-associated
macrophages (TAMs) and promotes glioma growth through intergin αvβ3 [90]. Moreover, TGF-β,
released from TAMs, induces matrix metalloproteinase 2 (MMP-2) and 9 (MMP-9) expression from the
tumor to enhance GSC invasion [91–94]. On the other hand, TGF-β, shed from GSCs, promotes the
polarization of microglia/macrophages into the M2 immunosuppressive phenotype enhancing the
capacity of TAMs to inhibit T cell proliferation, thereby promoting tumor progression [25,95]. MDSCs
mediate immune suppression and support glioma growth, also interacting with GSCs [96], mainly by
immunosuppressing monocytes and other T cell populations [29].

GB can be classified into Proneural (PN), Neural (N), Mesenchymal (MES) and Classical (CL)
subtypes, each with its own GSC content [97]. MES GSCs show a preferential activation of the Notch
signaling pathway and PDGF receptor, whereas activation of the nuclear factor-κB (NF-κB) pathway
and glycolysis-mediated metabolism pathway prevail in PN GSCs. Radiation therapy may induce
in GSCs a cellular transformation resembling the epithelial-mesenchymal transition (EMT), called
proneural-mesenchymal-transition (PMT) [98]. Triggering PMT GSCs are maintained, and in this step
crucial is osteopontin (OPN) that, secreted by immune cells, promotes GSCs phenotype by activating
CD44 [99]. A complicated mechanism involves PN and MES GB expression subtypes, PMT, CD44,
tumor necrosis factor α (TNF-α), but how GSCs, ECs and TAMs interact has not yet been completely
understood. Several studies on microglia/macrophages in gliomas focused on improving patient
survival [70,100,101]; some of them, mainly in recent times, concerned the use of dendritic cells (DCs).
DCs are granular lymphocytes with cell surface markers: major histocompatibility complex (MHC)
class I molecules, MHC class II molecules and CD86, all of which can help to identify DCs from
other myeloid lineage cells [102]. They recognize and bind antigens in their immature state and
then migrate to lymphoid organs where they present processed peptides to T cells in the context of
MHC I or II molecules [103,104] inducing tumor antigen-specific immune responses. Additionally, DCs
display various features in the immune system that balance the complex system of inflammatory and
inhibitory immune reactions in the TME [105]. Several studies have been designed with a therapeutic
task [106–109].

5. Pericytes

There is a cross-talk among vascular pericytes and the other components of the TME, mainly ECs
and GSCs. Their interactions during tumor angiogenesis have been widely discussed. Basically,
aberrations in pericyte-EC signaling networks have been regarded as contributing to tumor
angiogenesis [110]. Pericytes promote vascular maturation, express PDGFRβ, α-smooth muscle
Actin (α-SMA), Desmin and NG2/CSPG4 (Figure 2h,i). Pericytes originate from mesoderm-derived
mesenchymal stem cells (MSCs) or from neuroectoderm-derived neural crest cells. They are an essential
element of the neurovascular unit and participate in the function of BBB. Their reciprocal signaling
with ECs, mainly through PDGFRβ and CXCL12 (SDF-1)-CXCR4, TGF-β and Ang-1 has been widely
discussed [111]. Pericytes may derive from GSCs undergoing mesenchymal differentiation and support
vessel function and tumor growth. GSCs are recruited toward ECs via the CXCL12 (SDF-1)-CXCR4
axis and induced to become pericytes predominantly by TGF-β. Thus, GSCs contribute to vascular
pericytes that may actively remodel PVNs [112].

NG2/CSPG4 promotes tumor growth as a component of both tumor and stromal cells; it is
expressed by other cell types, mainly oligodendrocyte precursor cells (OPCs). In myeloid-specific and
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pericyte-specific NG2/CSPG4 null mice, a reduced growth of the tumor was observed. The loss of
pericyte-EC interactions reduces the formation of endothelial junctions, assembly of the basal lamina
and reduces macrophage recruitment [113]. MSCs injected into brain tumors in mouse models resulted
in close associations with the tumor vasculature, also with up-regulation of the expression of pericyte
markers [25]. Through the NG2/CSPG4 knockdown in pericytes by small interfering RNA (siRNA)
transfection, 60% reduction of β1 integrin activation and 40% of FAK phosphorylation occur with a
concomitant decrease of pericyte proliferation and migration [114]. The NG2/CSPG4 ectodomain,
shed from pericytes due to a proteolytic cleavage, may recruit at a distance ECs to sites of angiogenesis
and may activate β1 integrin on ECs.

In the neo-angiogenesis of GB, pericytes start increasing together with the disruption of BBB
becoming a good marker of neo-vascularization [31].

6. Reactive Astrocytes

Reactive astrocytes are a constant phenomenon associated with gliomas [115]. They can surround
the tumor or can be located inside. Outside the tumor, they can be found in early or in mature stages.
In the first case, they are GFAP+ and Nestin+, regularly distributed with round cytoplasms and short
processes, often in mitosis. In the second case, they are more regularly distributed, mainly GFAP+
and with several and long processes. Inside the tumor, they can be observed in continuity with the
peritumoral gliosis or entrapped in the advancing tumor with a large, gemistocytic type cytoplasm.
They are often distributed around vessels, or they may form areas with a dense GFAP+ fibrillary net.
Reactive astrocytes can also be located in highly proliferative areas, around circumscribed necrosis.
This means that they may persist for a long time inside the tumor, often in the form of round, GFAP+
cells. The tumor growth speed plays an important role in the reactive astrocyte morphology; in fact,
slow growing tumors may include mature astrocytes. The distinction between reactive astrocytes and
tumor cells is not easy [116]: the finding of a GFAP+ cell in mitosis does not rule out the possibility that
it could be a reactive astrocyte. However, their histological aspect and distribution has been known
for a long time and most GFAP positivity of cells in (primary) IDH-wild type GB, must be ascribed to
entrapped reactive astrocytes [39]. From the functional point of view, peritumoral gliosis cannot be
compared with gliosis in other pathological conditions and, for this reason, it must deserve a different
interpretation. Notably, reactive astrocytes from tumor infiltration areas send end-feet to arterioles
and capillaries, from which they are detached by infiltrating tumor cells, thus contributing to BBB
disruption. In addition, reactive astrocytes play a major role in the TME.

There are recent and exhaustive reviews on the subject [117]. Currently, the general opinion is
that reactive astrocytes favor invasion and progression of gliomas exerting a chemoprotection and
an immune protection of tumor cells. Reactive astrocytes interact with glioma cells and facilitate the
progression, aggression and survival of tumors by releasing different cytokines. This interaction is
further promoted through ion channels and ion transporters that enhance the migratory capability and
invasiveness of tumor cells by modifying H+ and Ca2+ concentrations and stimulating cell volume
changes [115].

Several mechanisms involved in the cross-talk between reactive astrocytes and gliomas favor
their proliferation, invasion and resistance to radio- and chemotherapy:

(i) Expression of MMP-2, which favors infiltration and secretes CXCL12 (SDF-1) for proliferation
and migration [118];

(ii) synergistic relationship with tumor cells concerning the p53 function between apoptosis and
proliferation [119];

(iii) regulation through NF-κB activated by receptor activator of NF-κB ligand (RANKL) and
lipopolysaccharides (LPS) that decreases IkBα [120,121];

(iv) the gap junction channel protein 43 (Cx43) that confers resistance to glioma cells and prevents
apoptosis [122];
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(v) indirect cross-talk via chemokines (interleukin 6, IL-6), TGF-β, insulin-like growth factor 1
(IGF-1), monocyte chemotactic protein 4 (MCP-4), interleukin 19 (IL-19), VEGF and leukemia inhibitory
factor (LIF), promoting tumor cell invasion [123,124];

(vi) microRNAs [125,126], oncogene astrocyte elevated gene-1 (AEG-1), which is associated with
poor survival of gliomas [127] and acts modulating PI3K/Akt, NF-kB, MMP-2 and MMP-9 [128,129]
the inhibition of which induces apoptosis [130];

(vii) L-Glutamin [117].
In a murine glioma resection and recurrence model, surgical resection has been showed to alter the

reactive astrocyte component of the peritumoral microenvironment and injured astrocytes to induce
in vitro alterations of transcriptome and secretome that significantly influence tumor biology. This
may be important for therapies [131].

All available speculations on the significance of reactive astrocytes are based on in vitro
experiments or on the demonstration that certain pathways play a role in tumor progression. It is
possible that these pathways belong to the tumor cells themselves. Moreover, there is no direct
demonstration of a negative influence of reactive astrocytes on survival in human gliomas. The
possibility that reactive astrogliosis opposes tumor invasion, without success, cannot be completely
ruled out. Another unanswered question is whether entrapped reactive astrocytes in the advancing
tumor may transform into tumor cells.

7. Conclusions

The great amount of contributions on radio- and chemotherapy did not substantially modify
survival of GB patients. Studies on cell death-based treatments continue [132] and new approaches are
suggested [133], but more recently, studies on immunity of GB have appeared in the literature and
special attention is being paid to vaccines, cytokines, DCs, gene therapy and viruses [134–136]. This
seems to be a possible path to advantageous novelties.
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Abstract: Radiotherapy is a mainstay in glioblastoma therapy as it not only directly targets tumor
cells but also depletes the tumor microvasculature. The resulting intra-tumoral hypoxia initiates
a chain of events that ultimately leads to re-vascularization, immunosuppression and, ultimately,
tumor-regrowth. The key component of this cascade is overexpression of the CXC-motive chemokine
ligand 12 (CXCL12), formerly known as stromal-cell derived factor 1 (SDF-1). We here review the role
of CXCL12 in recruitment of pro-vasculogenic and immunosuppressive cells and give an overview
on future and current drugs that target this axis.

Keywords: glioblastoma; radiotherapy; CXCL12

1. Introduction

Glioblastoma (GB, WHO Grade IV astrocytoma) is the most common malignant and most
aggressive primary brain tumor. The incidence generally increases with age, and the median age of
diagnosis is 64 years [1]. The age-adjusted incidence in the U.S. is approximately 3 per 100,000 persons,
and survival time of patients diagnosed with GB is usually between 12 and 24 months, with less
than 5% living up to 5 years [2]. Focal neurological deficits, symptoms of increased intracranial
pressure, epilepsy, and cognitive dysfunction are prominent symptoms which may arise in any stage
of the disease [3,4]. Key prognostic factors for survival include general factors such as age, clinical
performance status and the extent of resection.

The presence or absence of a promoter methylation of the O6-methylguanine DNA
methyltransferase (MGMT) has been shown to be of specific relevance for outcome as it may predict
the response to chemotherapy and overall prognosis as a confirmed prognostic biomarker [5,6].
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Treatment of GBM requires a multidisciplinary approach and, for more than a decade, patients with
adequate performance scores and tumors amenable to resection undergo surgery and then combined
external-beam radiotherapy (EBRT) and chemotherapy with the alkylating agent temozolomide
followed by maintenance temozolomide, the ‘Stupp protocol’ [7]. Elderly or frail patients
may, depending on molecular markers (MGMT), alternatively receive either radiotherapy alone,
temozolomide alone, or short-course radiotherapy with or without temozolomide [8–10].

A recent randomized clinical phase III trial has shown survival benefits after treatment with
a portable, non-invasive device that delivers low-intensity, intermediate-frequency, alternating
electric fields to the brain and acts by reversing tumor growth by inhibiting cell division [11].
This therapy, commonly referred to as Tumor-Treating Fields (TTF), has evolved as an additional
treatment modality on top of maintenance temozolomide chemotherapy, which is usually initiated
after radiochemotherapy.

Despite their effectiveness in GB, all modalities exhibit characteristic adverse effects.
Common complications from surgical resection are focal neurological deficits; radiotherapy induces
vascular injury, radiation necrosis and gliosis and in patients with longer survival there is also a risk of
long-term neurocognitive impairment [12]. Common adverse reactions to temozolomide are mostly
limited to the many features of myelotoxicity (anemia, leukopenia, thrombocytopenia) but may also
include more unspecific side effects such as nausea, skin rashes and liver toxicity [13–16].

The benefit of the current standard of care, surgical resection followed by radiotherapy and
adjuvant chemotherapy, is modest. The Stupp regimen demonstrated a median survival of 14.6 months
for treatment with radiotherapy plus temozolomide vs. 12.1 months with radiotherapy alone [7], which
is still higher than an expected survival of approximately 7 months with best supportive care only [17].
Although the success of other ‘classical’ chemotherapies has been limited, the German CeTeG trial
demonstrated that the addition of lomustine (CCNU) is beneficial in terms of overall survival in MGMT
methylated patients [18]. Other approaches addressing classical cellular signaling pathways (epidermal
growth factor receptor: EGFR; fibroblast growth factor receptor: FGFR; tyrosine-protein kinase c-Met:
MET; platelet-derived growth factor receptor: PDGFR; phosphoinositide-3-kinase/protein kinase
B/mammalian target of rapamycin: PI3K/AKT/mTOR; mitogen-activated protein kinase: MAPK)
have failed for various reasons such as weak penetration of the blood brain barrier [19] or bypasses
(e.g., resistance to EGFR therapy via insulin-like growth factor receptor (IGFR)-I signaling) and
downregulation of pathways [20,21].

Almost all GB recur (mostly local) after first line treatment and, to date, no standard of care
has been established for treating recurrent GB. Commonly applied treatment options are re-surgery
(if applicable), re-irradiation, chemotherapy with CCNU or therapy with the angiogenesis inhibitor
bevacizumab [22]. Almost all salvage options may be considered as palliative: (i) surgery may
not tackle the complete extent of the (mostly dispersed) tumor, (ii) EBRT cannot be applied in the
same intensity as in the first line due to the limited tolerance of brain tissue towards radiation and
(iii) chemotherapy with temozolomide or CCNU is rendered ineffective by the repair enzyme MGMT.

2. Tumor Environment and Immunosuppression in the Brain

It has been controversially discussed for decades if and how the central nervous system (CNS)
could be a subject of active immunosurveillance and vigorous immune responses [23]. However,
the recent finding that T cells primed by antigen presenting cells in cervical lymph nodes could
reach the brain via connecting lymphatic vessels [24] suggests that although the CNS is clearly
an immunologically distinct site, its immune microenvironment offers opportunities to implement
immunotherapy for brain tumors [25]. Nevertheless, GB is considered as a poorly immunogenic [26],
“cold” tumor with only few tumor-infiltrating lymphocytes (TILs) that frequently express markers of
exhaustion [27,28]. Furthermore, GB could suppress TIL functions through increased concentrations of
extracellular potassium typical for hypoxic tumor areas [29]. In contrast, brain tumors were found to
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be infiltrated by large numbers of myeloid cells such as microglia, macrophages, and myeloid-derived
suppressor cells (MDSCs) [30].

It has been demonstrated that MDSCs play a critical role in the development of an
immunosuppressive tumor microenvironment [31–33] (Figure 1). This extremely heterogeneous
population of myeloid cells was found to efficiently inhibit T-cell mediated anti-tumor reactivity
through various mechanisms [31,32,34]. In mice, MDSCs express Gr1 and CD11b surface molecules
and consist of two major subsets: polymorphonuclear CD11b+Ly6G+Ly6Clo/− (PMN-MDSCs)
and monocytic CD11b+Ly6G−Ly6Chi (M-MDSCs) [31,32,35]. In humans, M-MDSCs are
defined as CD11b+CD14+CD15−HLA-DRlow/− cells. Human PMN-MDSCs are characterized as
CD11b+CD14−CD15+HLA−DR− or CD11b+CD14−CD66b+ [36,37]. In addition, a subset of more
immature human MDSCs characterized as Lin− (including CD3, CD14, CD15, CD19, CD56)
HLA-DR-CD33+ cells were defined as early-stage MDSCs (eMDSCs) [35]. Recently, a lectin-type
oxidized LDL receptor-1 (LOX-1) has been proposed as a new marker for human PMN-MDSCs to
distinguish them from neutrophils [38].

Figure 1. Components of the glioblastoma tumor microenvironment. APC: antigen-presenting
cells; MDSC: myeloid-derived suppressor cells; TIL: tumor-infiltrating lymphocytes; CXCL12: C-X-C
chemokine ligand 12; CXCR4: C-X-C chemokine receptor 4.

MDSCs derive from bone marrow hematopoietic precursors due to the altering of myelopoiesis
induced by chronic inflammatory mediators such as granulocyte-macrophage colony-stimulating
factor (GM-CSF), granulocyte colony-stimulating factor (G-CSF), macrophage colony-stimulating
factor (M-CSF), stem cell factor (SCF), Vascular Endothelial Growth Factor (VEGF), Interleukin
(IL) 6 and 1β [31,32,37,39]. The signaling mainly involves the signal transducer and activator of
transcription 3 (STAT3), preventing MDSC differentiation and promoting their proliferation [40,41].
However, the induction of MDSC activity in tumor lesions is provided by pro-inflammatory molecules
such as interferon (IFN)-γ, IL-1β, IL-4, Tumor necrosis factor (TNF)-α, toll-like receptor (TLR) ligands,
prostaglandin (PGE) E2 and is mediated by STAT1, STAT6 and nuclear factor (NF)-κB transcription
factors [31,40,42].

The migration of MDSCs into the tumor microenvironment is mediated by chemokines produced
by tumor and host cells. It has been reported that the trafficking of M-MDSCs occurred via an
interaction between chemokine (C-C motif) ligand CCL2 and its receptors CCR2, CCR4, and CCR5 [43].
Moreover, the targeting of CCL2/CCR2 axis with antibodies carlumab showed a modest activity
as a single-agent therapeutic in patients with metastatic, castration-resistant prostate cancer [44].
On the other hand, the enhanced production of C-X-C motif receptor (CXCR) 2 ligands supported
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the migration of PMN-MDSCs to the tumor site [45]. Previous publications have indicated that CCL5
supported the tumor growth, invasion, and angiogenesis, as well as immune cell recruitment to the
tumor microenvironment via the interaction with CCR5 [46].

In patients with glioblastoma, the frequency of circulating M-MDSCs and PMN-MDSCs was
increased as compared to healthy donors [47]. In addition, most of tumor infiltrating MDSC
represented PMN-MDSC characterized as CD15+HLA−DR− cells [47]. Another study revealed that
that glioblastoma patients displayed higher frequencies of circulating MDSC than age-matched healthy
donors and patients with other tumor entities [48]. Interestingly, the majority of these cells were
CD15+ CD14− PMN-MDSCs. Analyzing a cohort of 52 glioblastoma patients, it was reported a
strong accumulation of both PMN- and M-MDSC as compared healthy donors [49]. Importantly,
reduced MDSC frequency in the peripheral blood of newly diagnosed glioblastoma was found to be
associated with their extended survival, providing a basis for developing strategies to target MDSC in
glioblastoma [50].

3. The Glioblastoma Microenvironment Switches from “Angiogenesis” to “Vasculogenesis”

A hallmark of glioblastoma is an abnormal and dysfunctional vasculature which in combination
with the glycolytic environment leads to hypoxia [51]. It is now considered that severely hypoxic
zones contribute to invasion by causing so called ‘pseudopalisades’ of cells to migrate away from
the central hypoxia [52,53]. Radiotherapy (RT) is one of the key treatment modalities of glioblastoma
and has been reported to cause blood vessel damage that may lead to additional tumor cell kill
with sufficiently high radiation doses per fraction [54]. Although radiation-induced loss of blood
vessels is widely considered a positive effect of RT, it initiates a chain of events that counteract tumor
cell killing [55]. Depletion of microvasculature results in weakly perfused or non-perfused areas in
which hypoxia-surviving cells respond with overexpression of the otherwise constitutively but only
moderately expressed transcription factor hypoxia induced factor 1 alpha (HIF-1α). HIF-1α then
induces expression of a wide variety of genes such as VEGF and angiopoietin 2 (ANGPT2), which
in turn counteract hypoxia by promoting angiogenesis [56,57]. Besides these rather “directly” acting
factors, HIF-1α also induces overexpression of CXC-motive chemokine ligand 12 (CXCL12), formerly
known as stromal-cell derived factor 1 (SDF-1). CXCL12 in turn attracts hematopoietic progenitor cells
that carry the chemokine (C-X-C motif) receptor 4 (CXCR4; also known as CD184 or fusin).

4. The CXCL12/CXCR4/ACKR3 Axis in Inflammation and Vasculogenesis

Overexpression of CXCL12 and CXCR4 is associated with higher grade and poor prognosis of
GBM [58,59]. A potentially important aspect of targeting CXCL12 is its ability to form a heterodimer
with high mobility group B1 (HMGB1), a non-histone nuclear protein which acts as a damage associated
molecular pattern (DAMP) molecule [60]. Thus, HMGB1 and other DAMP molecules (calreticulin,
ATP, dsDNA) are released by damaged cells after irradiation with doses high enough to initiate an
inflammatory response [61]. Heterodimerization of CXCL12 with HMGB1 is necessary for attracting
monocytes to injured tissue, and migration of mouse embryo fibroblasts and leukocytes towards
HMGB1 could be blocked by the CXCR4 inhibitor plerixafor (formerly known as AMD 3100) [62,63].
The redox state of HMGB1 determines which signal pathways are activated; thus, the reduced all-thiol
form binds to CXCL12 in a heterocomplex which is more efficient in attracting lymphocytes than
CXCL12 alone [60,64]. In relation to tumors, CXCR4 is present on a number of immune suppressor
cells, including regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSCs) [65].

The production of CXCL12 can be induced by prostaglandin E2 resulting in a strong enrichment
of MDSCs in ovarian and gastric cancer microenvironment [66]. Furthermore, CXCL12–CXCR4
signaling pathways are also reported to be involved in MDSC trafficking in a breast tumor mouse
model [67]. Moreover, CXCL12 produced by cancer associated fibroblasts can recruit MDSCs to the
tumor microenvironment to exert tumor-promoting effects in mouse model of hepatic carcinoma [68]
and estrogen receptor-negative breast cancer [69]. Therefore, CXCL12/CXCR4 interaction could be
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considered as an important driving force of MDSC recruitment into the tumor microenvironment.
Thus, future immune-based strategies may be focused on combinations of different immune checkpoint
inhibitors with substances targeting CXCL12/CXCR4 and reversal of local immunosuppression in the
microenvironment, converting a ‘cold’ tumor into a ‘hot’ tumor [25,70].

Significantly, expression of CXCL12 and CXCR4 was observed in hypoxic regions but not in
regions with proliferating cells [71–73]. Hypoxia induces expression of HIF-1α which activates
transcription of VEGF and upregulates CXCL12, leading to recruitment of CXCR4+ bone marrow
cells and neovasculogenesis [74,75]. A major component of these bone marrow-derived cells for
neovasculogenesis is monocytes, which in the tumors differentiate into tumor-associated macrophages
(TAMs). These TAMs promote tumor invasiveness, immune suppression and formation of new blood
vessels [76,77].

Irradiation of GBM leads to loss of vasculature and increasing hypoxia [78,79] (Figure 2).
Doses of 5–15 Gy stimulate vasculogenesis by upregulating CXCL12, in part via stimulation of
HIF-1α [74,75]. Since recurrence of glioblastoma after radiotherapy relies on vasculogenesis, targeting
CXCL12/CXCR4 was suggested as a novel therapeutic rationale in combination with radiotherapy in
these tumors [79,80]. In a mouse GBM model, inhibition of CXCR4 with plerixafor (formerly known as
AMD3100) prevented recruitment of bone marrow-derived cells (mainly CD11b+ cells), which together
with irradiation (5x2Gy or 1x15Gy) prevented tumor recurrence [78], suggesting that these CD11b+

monocytes or their differentiated progeny, TAMs, supply signals for the formation of new vessels.
This was corroborated by the ability of the CXCL12 antagonist NOX-A12, to control autochthonous
brain tumors in rats. NOX-A12 is a so-called ‘Spiegelmer’, a class of synthetic L-ribonucleic acids that
are designed to bind to specific targets conceptually similar to antibodies [81]. In this rat brain tumor
model, which is extremely resistant to anticancer therapy, and which results in tumors with a genetic
diversity and aggressiveness comparable to human brain tumors [82], NOX-A12 in combination with
20 Gy single dose irradiation significantly reduced tumor burden and prolonged rat survival even if
the rats were irradiated when the tumors were already established [83]. In another model, NOX-A12
also enhanced the effect of the anti-VEGF antibody bevacizumab [84].

Figure 2. Radiotherapy increases hypoxia in glioblastoma by damaging the tumor vasculature.
This leads to upregulation of CXCL12 via HIF-1α (hypoxia-induced factor-1α). Plerixafor (AMD3100)
is representative of a number of different types of CXCR4 inhibitors. NOX-A12 binds to and inhibits
CXCL12 directly.
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CXCL12 was also shown to recruit endothelial progenitor cells from the bone marrow to the
tumor microenvironment where they form a new, functional vessel architecture that re-nourishes the
tumor and propagates its regrowth [55]. Although some studies have reported that such ACKR3+
endothelial progenitor cells are supplied by the bone marrow, evidence from other studies point
towards recruitment of circulating progenitor cells [79]. In fact, it could be shown experimentally
that all components of the CXCL12/CXCR4/ACKR3 axis are relevant for recurrence of glioblastoma
after radiotherapy, as inhibition of ACKR3 alone in combination with irradiation was also effective in
preclinical models [85]. Furthermore, CXCL12-dependent vascularization turned out to be the most
prominent bypass mechanism of VEGF-targeted therapy [86].

5. Function of the CXCL12-CXCR4 Axis in Brain and Glioblastoma

CXCL12 belongs to the evolutionary conserved CXC chemokine family expressed especially in
the immune system, central nervous systems, and vasculature, of higher vertebrates [87]. CXCL12 has
multiple functions that are essential during development and is perinatally lethal in knockout mice.
Embryos show defective B-cell lymphopoiesis and myelopoiesis, abnormal neuron migration, and
lacking or defective vasculature in kidneys, heart, and skin [88–93]. CXCL12 is expressed by different
cell types including stromal cells in the bone marrow, glial and neuronal cells in the nervous system,
and endothelial cells in various organs (reviewed in reference [87]). Six different splice variants in
humans (CXCL12α to φ) are transcriptionally regulated in different cell types. The functions of their
products are further regulated by posttranslational modification, including proteolytic truncation,
citrullination of Arg residues, and nitration of Tyr residues (reviewed in reference [94]).

CXCL12 is the only chemokine ligand binding to CXCR4, a heptahelical G-protein coupled
receptor (GPCR) that is expressed on circulating leukocytes, hematopoietic progenitor and stem
cells, as well as on endothelial, stromal and epithelial cells in various tissues [95]. Dissociation of
G-protein subunits leads to intracellular signal transduction through MAP Kinase, PI3K/AKT, and
phospholipase C pathways, inhibits cAMP signaling, and activates Ca2+ and K+ ion channels [75,87].
A further receptor for CXCL12 is atypical chemokine receptor (ACKR) 3 (formerly known as CXCR7).
ACKRs are heptahelical membrane receptors that do not activate G-protein and are expressed mainly
on non-leukocyte cell types, including vascular endothelial cells [96]. ACKR3 has a higher affinity
for CXCL12 than CXCR4 and can act as a scavenger by internalization. However, it is also able to
signal to MAP Kinase and p38 via β-arrestin [87,94] and has been reported to activate MAP Kinase via
G protein in astrocytes and glioma cells [97]. In addition to membrane receptors, CXCL12 can bind
to glycosaminoglycans (GAG) such as heparin sulfate found in the extracellular matrix and heparin
secreted by mast cells, which is important for setting up chemokine gradients required for directed cell
migration [94,98]. A schematic overview of the CXCL12/CXCR4/ACKR3 signaling cascade is shown
in Figure 3.

Homo-dimerization of CXCR4 and hetero-dimerization of CXCR4 with ACKR3 or other
chemokine receptors determines the choice between multiple pathways leading to proliferation,
migration, cell adhesion, or survival [75]. Thus, CXCL12 signaling via CXCR4 versus ACKR3 was
shown to activate different transcriptional profiles, including two miRNAs [99].

An important function of the CXCL12/CXCR4/ACKR3 axis is regulation of migration and homing
of stem and progenitor cells to their niches [75,100,101]. Thus, it regulates stem cells in the bone marrow
as well as in the peripheral and central nervous system, and attracts lymphocytes and monocytes
expressing the CXCR4 receptor [75]. In the brain, adult neural stem cells are found in vascular niches,
and mesenchymal stem cells with potential for differentiating into astrocytes have been found in the
perivascular niche [102]. Similarly, glioblastoma stem cells are found in perivascular niches [103]
which have recently been reported to be hypoxic periarteriolar rather than pericapillary, and in which
endothelial cells and smooth muscle cells provide signals required for maintenance [104]. CXCL12 is
expressed by microvascular endothelial cells and stimulated proliferation of GBM progenitor cells but
not differentiated tumor cells via CXCR4, whereas ACKR3 was not involved [105,106]. Furthermore,
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a CXCL12 gradient stimulates migration of GBM cells [107] by Ca2+-dependent activation of BK
(Big-Potassium) K+ channels [108]. Notably, CXCL12-CXCR4 interactions target GBM stem cells to
endothelial cells in the perivascular niche where they may be induced to differentiate into pericytes by
transforming growth factor (TGF)-β1 [109].

Recent evidence supports the hypothesis human glioblastoma arises from neural stem cells in
the subventricular zone (SVZ) [110] though, in a xenograft model, GBM cells have been found to
migrate from the tumor to SVZ which was reported to constitute a CXCL12-dependent radioresistant
niche [111]. However, the evidence for radioresistance is open to alternative interpretations and
no direct evidence for an effect on cell survival was presented. Nevertheless, GBM stem cells are
generally considered to show radioresistance mediated by intracellular cell signaling pathways and
microenvironmental factors [112].

Figure 3. Schematic overview of the CXCL12-CXCR4-ACKR3 signaling cascade. Intermediate kinases
have been omitted (for a detailed description, see reviews by Würth et al. [75] and Janssen et al. [94]).
cAMP: cyclic adenosine-3’,5’-monophosphate; ERK1/2: extracellular signal-regulated kinase 1/2; GAG:
glycosaminoglycans (heparin, heparan sulfate); G-prot: G-proteins; JAK/STAT: Janus kinase/signal
transducers and activators of transcription; JNK: c-Jun N-terminal kinase; MAPK: mitogen-activated
protein kinase; PI3K/AKT: phosphoinositide-3-kinase/Protein kinase B; PLC: phospholipase C.

6. CXCL12 in Extracranial Tumors

The CXCL12/CXCR4/ACKR3 axis is not only implicated in GB, but also in extracranial
tumors and is involved in tumor progression, angiogenesis, metastasis, and survival as well
as contributing to immunosuppressive networks within the tumor microenvironment [113].
In hematological malignancies, the cross-talk among lymphoma, myeloma and leukemia cells and
their microenvironments is mediated via CXCL12 and its receptors [114] and interference with CXCL12
signaling not only directly inhibits leukemic cell proliferation, but also mobilizes leukemic-lymphoma
cells from their niches improving the efficacy of conventional treatments [115].

In solid malignancies, CXCL12 was shown to synergize with vascular endothelial growth factor
(VEGF) to promote tumor angiogenesis [116]. CXCL12 also promotes tumor cell proliferation and
survival [117] as well as invasion and metastasis via CXCR4 [118,119]. Interestingly, CXCR4+
tumor cells may have stem-like properties, a high metastatic potential, and show radiation
resistance [120,121]. Some tumors also express ACKR3, which can promote adhesion, invasion,
survival and growth [122,123].

Targeting the CXCL12/CXCR4 axis attenuated non-small cell lung cancer growth and augmented
the effects of chemotherapy and radiotherapy [124]. In pancreatic cancer, inhibition of the
CXCL12/CXCR4 axis arrested cell growth and abrogated gemcitabine resistance [125] as well as
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reduced tumor growth in animal models by blocking CXCR4-dependent mast cell migration [126].
CXCL12/CXCR4 axis blockade in combination with sorafenib treatment was reported to inhibit
hepatocellular cancer growth [127]. Blocking the CXCR4/CXCL12 axis also inhibited tumor growth
and metastasis formation in breast cancer models [128,129]. In models of prostate cancer, inhibition
of CXCR4-dependent vascularization delayed tumor growth [130]. In addition, inhibition of
CXCL12/CXCR4 signaling by antibodies, peptide analogues, or small molecules has been found
to reduce metastatic burden in various orthotopic and metastatic mouse xenograft models [131–133].

Recently, it was reported that T cells may be excluded from cancer cell nests by high CXCL12
levels. Consequently, blocking the CXCL12/CXCR4 axis improved immuno-oncological approaches
such as checkpoint inhibition in models of pancreatic cancer [134] and hepatocellular cancer [135].
Clinically, patients with cervical cancer treated with standard-of-care radio-chemotherapy and the
CXCR4 inhibitor plerixafor showed improved primary tumor response and reduced metastases [136].

7. Current CXCL12/CXCR4/ACKR3 Inhibitors

A number of antagonists and inhibitors targeting the CXCL12/CXCR4/ACKR3 axis are being
developed in cancer indications, mostly in non-brain tumor related cancers and not in combination
with radiotherapy (Table 1). Whereas three agents—plerixafor, NOX-A12 and USL311—have
been or are reported to be tested in glioblastoma, only the first two are currently explored in
combination with radiotherapy, thus targeting the angiogenic-vasculogenic ‘switch’ induced by
radiotherapy. Plerixafor is a bicyclam molecule that antagonizes the CXCR4 receptor. It rapidly and
reversibly mobilizes hematopoietic stem cells into the peripheral circulation and was first approved
in combination with granulocyte-colony stimulating factor (G-CSF) to mobilize hematopoietic stem
cells to the peripheral blood for collection and subsequent autologous transplantation in patients with
hematological malignancies.

This approach is currently being tested in a Phase 1/2 study in adult patients with newly
diagnosed glioblastoma assessing the impact of CXCR4 blockade with plerixafor combined with
radiotherapy and temozolomide (NCT01977677). Interim data presented at ASCO 2018, with
29 patients enrolled, validate the concept of targeting the axis. This study showed that inhibition of
the CXCL12/CXCR4 axis (i) is safe in brain tumor patients, (ii) leads to improved local control, (iii)
may improve overall survival with an estimated median OS of 20.7 months, and (iv) shifts the pattern
of recurrence towards an out-of-field pattern (58.8% out-of-field recurrences vs. 10% in a control
group) [137]. This study therefore validates preclinical data by demonstrating that inhibition of the
CXCL12/CXCR4 pathway improves local control of GBM following radiotherapy [78,83]. Another
study with plerixafor was performed in recurrent high-grade glioma (HGG) patients in combination
with VEGF inhibition but without concomitant radiotherapy. This approach tested whether blocking
CXCR4 could break the resistance of the tumor to anti-angiogenic therapy. However, while confirming
good safety and tolerability of the combination in these patients, the effect on the clinical outcome of
these particularly hard-to-treat patients was limited [138].

Targeting the ligand, CXCL12, rather than its receptor, CXCR4, NOX-A12 is another inhibitor of
the axis that is to be tested in brain tumors in combination with radiotherapy. The compound was
previously tested in two phase I studies in healthy volunteers and two phase IIa studies, one in multiple
myeloma patients [139], and one in patients with chronic lymphocytic leukemia. Another phase I/II
study in patients with pancreatic and colorectal cancer in combination with PD-1 checkpoint inhibition
is ongoing (Keynote-559; NCT03168139). The translational relevance of the preclinical data generated
with NOX-A12 described earlier [83] is supported by clinical correlative studies showing that elevated
expression of CXCL12 and its receptors, CXCR4 and ACKR3, is associated with higher tumor grade
and invasion as well as decreased apoptosis in glioblastoma [140,141].
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Table 1. Antagonists of the CXCL12/CXCR4/ACKR3 axis currently in clinical development for cancer.

Compound Company
Type of

Molecule
Target Indications and Study Pase

Mozobil®

(plerixafor,
AMD3100)

Sanofi-Genzyme Small
molecule CXCR4

Stem cell mobilization: approved
Multiple myeloma: Phase 1/2

Glioblastoma: Phase 1/2
Advanced solid tumors (pancreas, ovarian, colorectal): Phase 1

AML/ALL: Phase 1

BL-8040 BioLineRx Peptide CXCR4

Stem cell mobilization: Phase 3
AML*: Phase 2

Metastatic pancreatic cancer*: Phase 2
T-ALL: Phase 2

Advanced gastric cancer*: Phase 1/2
Metastatic non-small cell lung cancer*: Phase 1/2

NOX-A12
Olaptesed pegol

NOXXON
Pharma

L-RNA,
PEGylated CXCL12 Metastatic colorectal and pancreatic cancer: Phase 1/2*

Glioblastoma: Phase 1/2

Burixafor
TG-0054

TaiGen Small
molecule CXCR4 Metastatic prostate cancer: Phase 1

LY-2510924 Eli Lilly Peptide CXCR4

AML: Phase 1
Discontinued:

Metastatic clear cell renal cell carcinoma combined with sunitinib
(Phase 2)

Extensive-disease small-cell lung cancer combined with
carboplatin/etoposide (Phase 2)

Balixafortide
POL6326

Polyphor Peptide CXCR4 Metastatic breast cancer: Phase 1

Ulocuplumab
BMS 936564

BMS Monoclonal
antibody CXCR4

Waldenström’s macroglobulinemia: Phase 1/2
AML: Phase 1/2

Discontinued:
Advanced solid tumors (pancreatic and lung cancer patients)

combined with nivolumab (Phase 1/2)

X4P-001
X4

Pharmaceuticals
Small

molecule CXCR4 Metastatic clear cell renal cell carcinoma*, **: Phase 1/2
Resectable melanoma*: Phase 1

USL311 Proximagen Small
molecule CXCR4 Recurrent glioblastoma: Phase 2

*plus PD-1/PD-L1 inhibitor; **plus axitinib. ALL—acute lymphoblastic leukemia; AML—acute myeloid leukemia;
CLL—chronic lymphocytic leukemia; MM—multiple myeloma.

8. Conclusions

The CXCL12/CXCR4 axis is a key regulator of the post-radiotherapy microenvironment in
glioblastoma. Blocking of CXCL12 or CXCR4 could prevent the influx of tumor associated macrophages
and myeloid suppressor cells which mediate re-vascularization and immunosuppression respectively.
Initial results from an early clinical trial warrant further investigation of this therapeutic approach
in glioblastoma.
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Abstract: Epithelial-to-mesenchymal transition (EMT) and its reverse process MET naturally occur
during development and in tissue repair in vertebrates. EMT is also recognized as the crucial event
by which cancer cells acquire an invasive phenotype through the activation of specific transcription
factors and signalling pathways. Even though glial cells have a mesenchymal phenotype, an EMT-like
process tends to exacerbate it during gliomagenesis and progression to more aggressive stages of
the disease. Autophagy is an evolutionary conserved degradative process that cells use in order to
maintain a proper homeostasis, and defects in autophagy have been associated to several pathologies
including cancer. Besides modulating cell resistance or sensitivity to therapy, autophagy also affects
the migration and invasion capabilities of tumor cells. Despite this evidence, few papers are present
in literature about the involvement of autophagy in EMT-like processes in glioblastoma (GBM) so
far. This review summarizes the current understanding of the interplay between autophagy and
EMT in cancer, with special regard to GBM model. As the invasive behaviour is a hallmark of GBM
aggressiveness, defining a new link between autophagy and EMT can open a novel scenario for
targeting these processes in future therapeutical approaches.

Keywords: autophagy; epithelial-to-mesenchymal transition (EMT); glioblastoma (GBM); cadherins;
Wnt/β-catenin signalling

1. Introduction

Glioblastoma (GBM) is the most malignant and frequent form of glioma. This brain tumor is
derived from glial cells and is characterized by high proliferation rate and local dissemination. Despite
the improvement of chemo- and radio-therapies obtained in last decades, GBM prognosis is very poor
with a median survival time that rarely exceed 18 months. Notably, GBM is characterized by resistance
to apoptosis and high invasiveness, driving the search for novel targets useful to design effective
therapeutical strategies.

The Epithelial-to-Mesenchymal Transition (EMT) programme is considered to be crucial for the
acquisition of an invasive phenotype in epithelial cancer cells. Although some differences have been
outlined, glioma cells also undergo an EMT-like process, through the activation of specific transcription
factors and signalling pathways. Considering the critical role played by EMT on GBM dissemination,
resistance to apoptosis and maintenance of cancer stem cells staminality, a number of preclinical
studies have been launched to target the process as therapeutic approach.

In addition, the role of autophagy in tumor onset, progression is acquiring increasing clinical
inerest. For instance, it has been recently shown that, besides modulating cell resistance or sensitivity
to therapy, autophagy can also modulate GBM invasion.

In this review, we examined the current understanding of the role of autophagy in regulating
the EMT and EMT-like programmes and in directing GBM cells to a more or less invasive phenotype.
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Moreover, we provided some clues to argue that blocking autophagy for therapeutic purposes requires
careful consideration.

2. Epithelial-to-Mesenchymal Transition

EMT is a biological process by which epithelial polarized cells undergo various biochemical
modifications that convert them in mesenchymal, isolated, and not-polarized cells. A lot of evidence
suggests that EMT and its reverse process (mesenchymal-to-epithelial transition, MET) are crucial for
tissue remodeling during development, wound repair and the initiation of cancer metastasis. In the
early 1980s, Elizabeth Hay described epithelial-to-mesenchymal phenotype changes in the primitive
streak of chick embryos [1]. Initially named as “epithelial to mesenchymal transformation”, this
process is now known as “epithelial-to-mesenchymal transition” to emphasize its transient nature and
to distinguish it from the neoplastic transformation. To acquire a mesenchymal phenotype, epithelial
cells undergo morphological and biochemical changes, reorganize their cytoskeleton, and activate
a specific transcriptional programme. Indeed, epithelial cells are characterized by an apical-basal
polarity, a polygonal shape and various kind of junctions. The latter tightly holds epithelial cells
against each other and anchors them to the basement membrane, thus ensuring the structural integrity
of epithelial sheets within the body tissues [2]. Conversely, mesenchymal cells exhibit a spindle-like
morphology, do not have any polarity or connection with other and they are loosely anchored to the
extracellular matrix (ECM) by focal adhesions.

Transcription factors (TFs) belonging to the SNAI family, named Snail and Slug, the zinc-finger
E-box-binding homeobox (ZEB)1/2, and Twist1/2 are recognized to be the master regulators of EMT
execution, since they promote the transcription of genes normally expressed in mesenchymal cells, such
as N-cadherin, vimentin, and fibronectin. On the contrary, they suppress the expression of the epithelial
markers E-cadherin, claudins, occludins, and cytokeratins. Loss of E-cadherin, in turn, promotes
Wnt signaling and β-catenin accumulation in the nucleus, where it activates Tcf/LEF-dependent
transcription of genes promoting proliferation and migration [3].

Cells undergoing EMT lose their apical–basolateral polarization and acquire a fibroblast-like
morphology that allow them to degrade the underlying basement membrane and to migrate from the
epithelial layer in which they originated [4]. Metalloproteases are also activated during EMT, and favor
cell migration by degrading the membrane basement and the extracellular matrix components [2].

Furthermore, it has been shown that noncoding microRNAs play a role in EMT, by regulating the
translation of EMT players, as extensively addressed in Abba et al. [5].

EMT can be classified in three different subtypes according to EMT meetings discussion: the
so-called “type 1” EMT occurs during implantation, embryogenesis and organogenesis, the “type 2”
EMT is associated to wound healing, tissue regeneration and organ fibrosis, and the “type 3” EMT
characterizes neoplastic cells during metastatization. For a comprehensive overview of type 1 and
type 2, refer to Kalluri et al., 2009 [4]. The activation of a “type 3” EMT programme (hereafter referred
to as EMT) has been proposed to be pivotal for the acquisition of a malignant phenotype by cancer
cells [6], as discussed below in detail.

2.1. Signals Stimulating Epithelial-to-Mesenchymal Transition in Cancer

Epithelial carcinoma cells, and typically those present at the external part of the tumoral mass,
can acquire a mesenchymal phenotype upon specific stimuli. The microenvironment surrounding the
primary tumor (TME) is characterized by inflammation, hypoxia, ECM components and tissue-specific
soluble factors [7]. Notably, tumor cells recruit activated fibroblasts and immune cells that secrete
cytokines, that, in turn, can activate the EMT programme. TGF-β is secreted by stromal fibroblasts,
platelets and tumor cells themselves, and is considered the main EMT activator as it induces the
expression of specific TFs in different cancer models [8–10].

Among cytokines, Tumor Necrosis Factor-α (TNFα) is crucial for EMT induction, and its effects
are mediated through NFκB signaling pathway activation [11–13]. It has been also described
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that interleukins, particularly IL6, released by TME cells, can contribute to EMT stimulation.
Other EMT-inducing signals originated from the tumor stroma are represented by growth factors such
as HGF, EGF, PDGF that are able to activate EMT-specific TFs [14–17].

Furthermore, tumor microenvironment is characterized by hypoxia that promotes EMT via
hypoxia-inducible-factor-1α (HIF1α) activation [18,19]. HIF1α stimulates inflammatory cytokines [20]
and cooperates with Wnt/β-catenin signaling to enforce the EMT induction [21]. Moreover, during
hypoxia, mitochondria increase the production of reactive oxygen species (ROS) that further contribute
to EMT activation via both stimulating NFκB signaling [22], ECM regulation and cytoskeleton
remodeling [23].

Once they have acquired a mesenchymal phenotype, cancer cells can dissociate from the primary
mass, migrate and eventually enter the blood vessels by intravasation to initiate the metastatic process.
Following extravasation and micrometastases formation, invading cells activate a MET programme
and form macroscopic metastases resembling the epithelial features of the originating primary tumor,
although the molecular mechanisms of MET have been less investigated if compared to those regulating
EMT. However, both EMT and MET activation seem to be highly tissue-specific and strictly dependent
on the local microenvironment encountered [2,6,24,25].

2.2. Epithelial-to-Mesenchymal Transition in Glioblastoma Dissemination

EMT has been mainly characterized in carcinoma models, and the role of EMT in glioma has
only recently been investigated [26–28]. Candidate cells for originating gliomas (cells of origin)
are mostly neural stem cells (NSCs), normally present in the adult brain, and oligodendrocyte
precursor cells (OPCs) [29–32]. However, the involvement of more differentiated cells cannot be
completely excluded [33]. As a consequence of the neurodevelopmental process, neural cells assume a
mesenchymal phenotype, different from the epithelial one typical of the ectodermal cells they derive
from. Therefore, gliomas do not undergo the classical EMT programme during tumorigenesis, and
the terms “EMT-like” or “glial-to-mesenchymal transition (GMT)” have been proposed to indicate
this peculiar process [34]. Although it is not clear whether cells of origin undergo or not significant
modifications toward more mesenchymal features, glioma cells show a high plasticity in terms of
EMT-like/MET-like conversion, likely mediated by epigenetic alterations induced by the tumor
microenvironment [35,36]. Based on The Cancer Genome Atlas (TCGA) classification, GBMs can
be differentiated into four genetic subtypes: Mesenchymal, Classical, Neural and Proneural [37].
Verhaak results suggest that Proneural GBM patients do not have a survival advantage from aggressive
therapeutical treatments, unlike Classical and Mesenchymal GBM patients [37]. Role of EMT in each
GBM genetic subtype has been investigated by Zarkoob et al. in 2013 [38]. A significant overlap
between the genes that are up-regulated in the EMT signature and those that are up-regulated in
each of the GBM subtypes exists, although, among all, the mesenchymal subtype has the highest
number and expression levels of up-regulated genes [38]. Indeed, GBMs belonging to the mesenchymal
subtype are characterized by an elevated invasive potential, poor clinical prognosis, and significantly
shortened time to recurrence following initial treatment, compared to the other subtypes. The most
commonly used glioma cell lines also present a predominant mesenchymal signature.

GBM cells in the invasive front, differently from those of the inner mass, commonly execute an
invasion programme characterized by detachment from the mass, direct adhesion and degradation
of ECM (lack of basement membrane) and widespread dissemination in the surrounding brain
tissue. Remarkably, unlike other tumors, GBMs only rarely form metastases outside CNS,
even though a hallmark of their aggressiveness is the infiltration and the diffuse growth in the
surrounding parenchyma.

Large-scale genetic analyses have suggested that signaling networks activated during the
physiological neural development are also employed by GBM cells to promote tumor growth and
invasion [39–41]. In detail, pathways mediated by Wnt/β-catenin, TGF-/β, Tyrosine kinase receptors
and SDF/CXCR4 have been involved in the activation of EMT-like related genes to promote GBM
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dissemination [26,27]. Kahlert et al. found that the Wnt/β-catenin pathway is predominantly
activated within cells located at the invasive peritumoral front of patient specimens belonging to
the mesenchymal subtype. Chiefly, it induces the expression of Zeb1, Twist1 and Slug, thus promoting
the migratory capability of GBM cells in vitro [42].

Regarding TGF-β pathway, a number of evidence demonstrated its critical role for the promotion
of invasive properties of glioma cells [43–45], although the molecular mechanisms involved need to
be further investigated. Interestingly, TGF-β signaling is known to be crucial in the maintenance of
the mesenchymal stem-like population in GBM [45,46]. ZEB1 seems to be the pivotal mesenchymal
transcription factor activated by TGF-β signaling since, differently from Snail, Slug and Twist, it
accumulates in the nucleus of GBM cells [47].

The Hepatocyte growth factor (HGF) binding to the tyrosine kinase receptor c-MET is another
crucial event highly activated. c-MET is overexpressed within GSC populations [48] and in
patient-derived GSCs belonging to the mesenchymal subtype [49]. Accordingly, elevated c-MET
signaling enhances GSC migration by activating EMT TFs [49,50] and is associated with poor survival
and increased tumor invasiveness in patients [51–53].

The majority of molecules involved in the classical EMT have also been shown to play also a role
in the EMT-like process. An increased activity of the TFs that mainly orchestrate the typical EMT, such
as SNAI proteins, ZEB1/2, and Twist, promotes the invasion of GBM cells [54–57]. For instance, SNAIL
silencing reduces invasion, migration and proliferation in GBM cell lines [58,59] and overexpression
of Slug correlates with GBM grade [56]. ZEB1 and ZEB2 expression is also correlated with invasive
features and with survival of GBM patients; ZEB1 knock-down cells formed less invasive and more
drug-sensitive masses than wild type cells when inoculated in mouse brain [54,60]. Moreover,
Twist1 and Twist 2 expression, besides affecting stemness properties, has been associated to the
invasive properties of GBM cells as it mediates the expression of crucial EMT-related genes such as
metalloproteinase 2 (MMP2), Slug and HGF among others [57].

It is worth mentioning that the classical cadherin switch, which is widely accepted as an EMT
hallmark in carcinomas, is a controversial matter in GBM. Differently from carcinomas, E-cadherin
expression is almost absent in neural tissues, where its expression appears limited to GCSs cells and to
a subset of highly aggressive GBM cells. Otherwise, N-cadherin is absent in epithelial tumors before
the EMT execution, whereas is highly expressed in astrocytes, where it contributes to regulate cell
polarity and migration and in GBM cells, that show a faster and less-directed movement to respect to
astrocytes [54,61]. It was found that N-cadherin expression is inversely correlated with the invasive
behaviour of GBM, and its ectopical expression reduces cell migration and restores polarity in GBM
cells [62,63]. Notably, it has also been shown that differences in N-cadherin distribution rather than in
its expression levels are responsible for different motility behaviours [64,65].

In addition, several studies showed that the treatment of primary GBMs with radiation therapy or
with the anti-angiogenic agents Bevacizumab promotes the acquisition of a mesenchymal phenotype
in recurrent tumors [34,66–68]. Indeed, glioma cells that have acquired radioresistant properties
following treatment exhibit a gene expression profile enriched for genes involved in EMT-related
processes [34,69,70], and the pathways promoting EMT result strongly upregulated in these cells,
thereby resulting in an increased invasion capability [71,72]. An in vivo study by Halliday et al.
demonstrated that proneural GBM cells rapidly shifted their gene expression pattern towards a
mesenchymal phenotype in response to radiation therapy in a tumor-bearing mouse model [66].
As radiation is a universal component in the treatment of GBMs, this subtype shift poses an important
clinical challenge, especially considering that cells shifted to a mesenchymal subtype display an
increased radioresistance [73]. If this shift is due to changes in the microenvironment or to clonal
selection of mutant therapy-resistant cells is controversial, but both the hypotheses seem to be possible.
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3. Autophagy

The term “autophagy” was coined by the discoverer of lysosomes Christian de Duve and it means,
in Greek language, “self-eating” [74–76]. From the first description of the process in 1960s, many
studies described the process of self-degradation by a morphological point of view, until in 1993 a
genetic screen led to isolation of some yeast autophagy-defective mutants and to identification of the
so-called AuTophaGy-related (ATG) genes [77]. This seminal work allowed Yoshinori Oshumi to be
awarded the Nobel Prize in Physiology and Medicine in 2016. Oshumi’s screen identified 15 genes
involved in autophagy regulation in yeast undergoing nutrient deprivation, but today, more than 40
genes have been described in yeast, many of them having orthologues in vertebrates [76]. Three main
types of autophagy have been described: macroautophagy, microautophagy and Chaperone-Mediated
Autophagy (CMA).

3.1. Mechanisms and Molecules

During macroautophagy (hereafter referred to as autophagy), double-membrane vesicles named
autophagosomes form and engulf cytoplasmic material, including long-lived proteins and old or
damaged organelles which are then delivered to lysosomes for degradation and recycling [78].
Always activated at basal level within the cell, autophagy can be modulated by several signals,
mainly by nutrient signaling, growth factors, energy status, oxidative or ER stress and pathogen
infection. The input from these upstream signals is integrated by the serine/threonine protein
kinase mTOR (mechanistic or mammalian target of Rapamycin), which acts upstream of the ATG
genes, thus controlling autophagy activation [79]. mTOR belongs to the phosphoinositide 3-kinase
(PI3K)-related kinase family, and, in mammalian cells, works as the catalytic subunit of two
multi-protein complexes known as mTORC1 and mTORC2 [80]. Under nutrient deprivation, mTOR is
inhibited and Ulk1/Atg13-FIP200 complex initates and drives a massive autophagy activation [81].
Autophagosome formation requires the formation of a multi-protein complex, composed by class
III PI3K, Beclin1 and p150, although other proteins such as UVRAG, Ambra1 and Atg14L are able
to bind and regulate the complex [82–86]. Elongation and maturation of autophagosomes involve
two ubiquitin-like conjugation systems, both requiring Atg7, which catalyze the covalent linkage of
ATG5 to ATG12 and ATG16-like 1, and the attachment of phosphatidylethanolamine to proteins of the
microtubule-associated protein 1 light chain 3 (MAP1LC3 or LC3) family [87].

Lipidated LC3 protein is then recruited to the autophagosome membrane that docks and fuse
with lysosome, resulting in the formation of a single membrane vesicle named autophagolysosome or
autolysosome. Lysosomal hydrolases, ultimately, degrade and recycle the content of autolysosomes.

Although originally suggested to be just a nonspecific and bulk degradation mechanism,
autophagy is now recognized as a highly regulated process, enabling cells to sense and promptly
respond to a plethora of stimuli, thereby conferring adaptation to the ever-changing environment.
Nevertheless, even though a basal level of autophagy contributes to maintain the proper cell
homeostasis both during embryogenesis and adulthood in physiological conditions, it is now
ascertained that autophagy is deregulated in various human pathologies, including cancer [88–90].

3.2. Autophagy Role in Tumorigenesis

The observation in 1999 that the gene encoding Beclin1 is monoallelically deleted in a high
percentage of human breast, ovarian and prostate cancers provided the first evidence of the
involvement of the autophagic process in tumorigenesis [91]. Disruption of Beclin1 in mice results in
an increased proliferation and in the spontaneous development of various malignancies, confirming
Beclin1 as an haploinsufficient tumor suppressor gene [92,93]. In a similar way, mice lacking one copy
of the Beclin1 interactor Ambra1 exhibit a higher incidence of spontaneous tumors than their wild type
littermates, and cells depleted of the gene are characterized by a hyperproliferative phenotype [94].
Notably, Ambra1 homozygous disruption in mouse leads to a strong hyperproliferation and lethal
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defects in the developing nervous system during embryogenesis [82]. Mice bearing systemic or
tissue-specific deletion of Atg5 and Atg7 also develop tumoral masses a higher frequency than the wild
type counterparts [95] and are more prone to develop cancers upon carcinogen-induced stimuli [96–98].

Several mechanisms have been proposed to explain the oncosuppressive functions of
autophagy [90]. First of all, the autophagy-mediated clearance of proteins and organelles ensures
the proper cellular homeostasis, avoiding the accumulation of genotoxic molecules, such as reactive
oxygen species (ROS) produced by dysfunctional mitochondria, as well as aggregates of ubiquitinated
proteins [99,100]. An intact autophagic machinery is also required to deal with cytotoxic stress
and to maintain genome stabilization, although further investigation is required to underlie the
mechanisms involved [101,102]. Moreover, autophagy counteracts the metabolic switch accompanying
malignant transformation by eliminating old and damaged mitochondria, thus preserving the optimal
bioenergetic needs and maintaining the physiological metabolic homeostasis [103,104].

Other potential mechanisms through which autophagy acts as an oncosuppressive process are
linked to its role in the regulation of immune response [105], maintenance of the staminal niches [106],
defens of the organism against pathogen infections and degradation of oncogenic proteins, like mutant
(but not wild-type) TP53 [107].

On the other hand, it is well accepted that, in an established tumor, cancer cells use autophagy
as a strategy to overcome microenvironmental stresses, including nutrient deprivation, hypoxia and
drugs. Advanced tumors sometimes exhibit an increased autophagic flux and ex-vivo cell lines in
which BECN1 or ATG5 have been down-regulated are virtually unable to survive within the metastatic
niche [108]. Analogously, autophagy-defective tumoral cells appear more sensitive to pro-apoptotic
stimuli than autophagy-proficient cells [109–112].

Due to this dual function, autophagy has been defined a ‘Janus-faced’ player in cancer
progression [113]: in the early stages of tumorigenesis it plays onco-suppressive functions by
limiting cell proliferation, DNA damage and tumor progression; on the contrary, when the
tumor mass is established, it helps cells to counteract the stressful conditions characterizing the
tumor microenvironment.

3.3. Autophagy and Glioblastoma: Friends or Foes?

It was demonstrated that high-grade gliomas exhibit lower expression of some autophagy related
proteins with respect to low-grade ones, and that the progression of astrocytomas toward higher
grades is accompanied by a decrease in autophagic proficiency. Pirtoli et al. observed that both
BECN1 mRNA (encoding for Beclin1) and protein levels are lower in GBM tissue than in low-grade
and healthy brain tissue [114]. Accordingly, following Karnofski classification, high Beclin1 levels
have been positively correlated with patient survival and performance status, whereas low Beclin1
expression correlates with an increase of proliferation [114]. Similarly to Beclin1 expression, also LC3B
II expression (index of autophagy activation) is low in high-grade astrocytomas, thus suggesting an
impairment of the autophagic process in these tumors [115]. On the other hand, in 2012, through a
proteomic screening, Galavotti et al. found that some genes involved in autophagy regulation are
highly expressed in the GBM mesenchymal subtype [116]. Among these, the autophagy associated
genes DRAM1 and SQSTM1 encoding for the key regulator p62 are highly expressed in Glioma stem
cells (GSCs), and modulate their migration and invasion capabilities [116]. Although these studies
suggest that autophagy may regulate gliomagenesis, a systematic and comprehensive investigation of
autophagy role among the GBM subtypes is missing, but needed. Indeed, a different expression of
autophagy regulators across GBM genetic groups could be responsible for a different susceptibility to
autophagy modulation.

In addition to the growing evidences showing a direct involvement of autophagy-regulating
genes in GBM progression, several autophagy-associated molecules are frequently altered in brain
tumors. As an example, the tyrosine kinase EGF receptor is often amplified in gliomas, and suppresses
autophagy through both kinase-dependent and -independent mechanisms [117]. PTEN, is commonly
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mutated in gliomas, and positively regulates autophagy by inhibiting the PI3K/Akt pathway, although
PTEN and NF1 co-mutation determines an autophagy suppression through the hyperactivation of the
PI3K/Akt signalling [118].Furthermore, the oncosuppressor p53, frequently mutated in gliomas, may
have a dual role in autophagy regulation, as the nuclear protein is able to promote autophagy through
the transcriptionally regulation of autophagy-related genes, whereas cytoplasmic p53 suppresses
autophagy [119]. Further investigation are needed to define whether autophagy machinery may be
considered as a novel useful prognostic and/or therapeutic marker of glial tumors.

4. Autophagy and Epithelial-to-Mesenchymal Transition

Autophagy was only recently connected to EMT. In the last years, some observations indicated that
an intricate relationship exists between these two important processes in cancer [120]. According to
its dual role in tumorigenesis, the effect of autophagy on EMT appears controversial and strictly
dependent on the cellular type and on the stimulus employed for activating or inhibiting autophagy,
as summarized in Table 2 and in Figure 1.

Literature data highlights that an autophagy stimulation of metastatization could be merely
the consequence of its pro-survival activity against the apoptotic signals coming from changes in
adhesion and cytoskeleton reorganization [108]. A number of compounds or microenvironmental
conditions that are able to activate the EMT programme, can also induce an autophagic response
in different types of cultured cancer and non-cancerous cells; autophagy inhibition in these models
impairs EMT (Table 2).

However, emerging evidence also indicates that autophagy activation can induce a reversion of
the EMT phenotype in different healthy and cancer models and that several anticancer compounds that
induce autophagy also inhibit EMT [121–123] (Table 2). Selective degradation of EMT players seems
to be a general mechanism by which autophagy can modulate EMT process [124]. Notably, in ATG3,
ATG5, ATG9 and ATG12 KO mice, p62 accumulation accumulation determines stabilization of Twist1,
which is normally degraded by both proteasome and autophagosomes [125]. This regulation can be
crucial in those tumors characterized by p62 up-regulation, as observed so far in human squamous
cell carcinoma and in melanoma (Table 2). Autophagy deficiency reduces the expression of epithelial
markers and increases that of mesenchymal ones also in ATG7 KO hepatocytes [126] (Table 2).

Table 1. Autophagy and EMT.

Cell/Tissue Autophagy Modulation Effect on EMT on EMT Mechanism References

HCC cells

Induction by starvation

Inhibition by ATG KD or
CQ

Induction

Inhibition

activation of
TGFβ/Smad3-dependent and
cAMP/PKA/CREB signalling

[108,127–129]

Colorectal cancer cells

Induction by mTOR
inhibition or by ALS

treatment

Inhibition by BECN1
knockdown

Inhibition

Inhibition

decreased activation of RhoA
and Rac1

unknown

[122,130,131]

Ovarian cancer cells Induction by Danu
treatment Inhibition unknown [123]

Non tumorigenic
hepatocytes

Induction by starvation +
TGF β1

Inhibition by BECN1 or
ATG7 KD

Inhibition

Induction

Snail degradation

unknown

[126]

NPC cells Induction by Cisplatin Induction unknown [132]

NSCL cells Induction by TGFβ1
treatment Induction unknown [133]
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Table 2. Autophagy and EMT.

Cell/Tissue Autophagy Modulation Effect on EMT on EMT Mechanism References

Lung adenocarcinoma
cells

Induction by MSCs
co-colture Induction Snail up-regulation [134]

Endometrial cells Induction by Hypoxia Induction unknown [135]

Uroepithelial cells Induction by DBP
exposure or starvation Induction

E-cadherin degradation or
TGFβ1/Smad3 pathway

activation
[136,137]

Kidney podocytes Inhibition by V-ATPase Inhibition Reduction of p62
phosphorylation [138]

MEFs, keratinocytes,
melanoma cells Inhibition by ATG KD Induction p62-mediated Twist

stabilization [139]

Breast Activation by DEDD
overexpression Inhibition Snail and Twist degradation [140]

Gastric cancer cells
and tissue Inhibition by BECN1 KD Inhibition ROS-NFκB-HIF-1α pathway

activation [141]

3-MA, 3-methyladenine; ALS, Alisertib (Aurora kinase A inhibitor); ATG, autophagy related gene; Baf, bafilomycin;
BECN1, Beclin1; cAMP, cyclic adenosine monophosphate; CQ, chloroquine; CREB, cAMP responsive element
binding; Danu, Danusertib; DBP, n-butyl phthalate; DEDD, death effector domain containing; DRAM1, DNA
damage-regulated autophagy modulator 1; EMT, epithelial to mesenchymal transition; HCC, hepatocarcinoma
cells; HIF-1α, hypoxia-inducible factor 1; KD, knockdown; MEFs, mouse embryonic fibroblasts; MSC, mesenchymal
stem cell; NF- κB, nuclear factor kappa beta; NPC, nasopharyngeal carcinoma; NSCL, Non-small cell lung;
PI3KC3, phosphatidylinositol 3-kinase; PKA, protein kinase A; Rac1, Ras-related C3 botulinum toxin substrate
1; RhoA, Ras homolog gene family, member A; ROS, reactive oxygen species; Smad3, small mother against
decapentaplegic3; SQSTM1, sequestosome 1; TGFβ, Transforming growth factor beta; V-H-ATPase, vacuolar-type
H+-adenosine triphosphatase.

Taken together, these observations show a complex crosstalk between autophagy and EMT processes.
It is conceivable that, at the early stages of metastatization, autophagy acts as oncosuppressive signal,
tending to inhibit the EMT programme mainly by destabilizing EMT crucial players. Later on, metastatic
cells could require a sustained autophagy to survive to environmental and metabolic stressful
conditions encountered [113].

4.1. Autophagy Role on Glioblastoma Dissemination

To date, only a few studies correlate autophagy to GBM cells capability to migrate and spread
toward surrounding tissues, and, similarly to what observed in other tumor models, they highlight
two opposite point of views, as detailed below, in Section 4.1.1, and as illustrated in Figure 1.

4.1.1. Autophagy Promotes Glioblastoma Dissemination

In 2012, Galavotti et al. showed that some autophagy players are up-regulated in GBM
mesenchymal subtype, and that their modulation modifies the migration properties of GBM cells.
They observed that GSCs require autophagy activation to migrate, and down-regulation of the
autophagy-associated factors DRAM1, p62 and ATG7 limit their invasion capabilities potentially
through the regulation of energy metabolism [116] (Figure 1A). In line with these observations, a study
conducted by using an 3D organotypic model of GBM showed that ATG12 RNA silencing reduced
cellular invasion, although no modifications of cellular migration capabilities was observed [142]
(Figure 1A). More recently, another couple of studies have correlated autophagy activation induced by
a combination of different stimuli with an enhanced mesenchymal phenotype in GBM cells through
various mechanisms [143,144]. Lastly, inhibiting the late stages of autophagy by using Chloroquine,
Liu et al. showed a potentiation of the effect of the multi kinase inhibitor Sorafenib in reducing cell
proliferation and migration, through a further stimulation of apoptosis [145] (Figure 1A).

4.1.2. Autophagy Impairs Glioblastoma Dissemination

In spite of the previous mentioned evidence, we and other groups have recently demonstrated a
direct effect of autophagy modulation on migration and invasion capabilities of GBM cells, as illustrated
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in Figure 1B. Autophagy induction by nutrient deprivation or by mTOR inhibition determines a
reversion of EMT phenotype in immortalized and primary GBM cells [146–149]. In 2014, Palumbo
et al. observed that ATG7 RNA silencing restored clonogenic ability of irradiated GBM cells with
inactive EGFR and, conversely, that rapamycin-mediated autophagy further impaired their clonogenic
and migration capabilities [148]. Later on, we demonstrated that autophagy induction in GBM
immortalized and primary cells, obtained by nutrient starvation or by mTOR pharmacological
inhibition, induced a drastic impairment of both migration and invasiveness. On the contrary,
autophagy deficiency, obtained by silencing the autophagy master genes ATG5, ATG7 or BECN1,
stimulated cell motility [146], similarly to what observed in highly metastatic breast, colon and
hepatocellular cancer models [122,124,130]. We correlated the migration properties of the cells
analyzed with a molecular shift from a mesenchymal to an epithelial-like phenotype (Figure 1B).
Upon autophagy induction, in fact, we found a down-regulation of the EMT players Snail and
Slug, likely due to a general impairment of protein synthesis mediated by mTOR inhibition, rather
than to the autophagosome-mediated degradation [146]. As an outcome of SNAI down-regulation,
the up-regulation of N- and R-cadherin mRNA and protein expression was observed, whereas no
significant differences in other cadherin family members were found (Figure 1B). Remarkably, as
above discussed, although a “cadherin shift” from the E- to the N- isoform is actually believed a
hallmark of carcinoma cells undergoing EMT, the role of cadherins in non-epithelial tumors is much
less documented and elucidated. N-cadherin overexpression or re-distribution has been associated
with the recovery of the cell polarity and the inhibition of migration of GBM cells [62–65]. Notably, we
have recently found that, upon autophagy induction, the Wnt signaling effector β-catenin relocalises
within the cell and associates to N-cadherin in sub-membrane compartments to form epithelial-like
cell-cell adhesion structures [147], thus contributing to a mesenchymal-to-epithelial-like transition of
GBM cells (Figure 1B). Similarly to other tumors, Wnt pathway is constitutively active in GBM and its
deregulation is likely responsible for initiation and/or progression of the disease [150–153]. β-catenin
translocation to the nucleus characterizes the mesenchymal and invasive phenotype of tumoral cells as
it promotes SNAIL and ZEB1 transcription and mediates EGFR pathway-induced EMT [154–156].

In summary, a complicated interplay between autophagy process and EMT/MET activation in
GBM is recently emerging. Contradictory results could be explained by the different stimuli and
different models employed. Notably, autophagy induction obtained through mTOR inhibition or
nutrient deprivation always results in migration/invasion reduction in independent experiments and
different GBM cell lines. Conversely, autophagy activation resulting by the employment of drugs like
TMZ plus low glucose, or by TGF-β, or by AEG overexpression is associated to promotion of migration
capabilities of GBM cells, maybe suggesting that different and complex mechanisms contribute to the
migratory phenotype in those contexes.

Figure 1. Cont.
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Figure 1. Effects of autophagy modulation on GBM migration/invasion capabilities from opposite point
of views. (A) Autophagy induction promotes GBM cells invasiveness and viceversa. Upon different
stimuli, autophagy is activated and a more invasive phenotype is observed in some models of GBM cells
(right). Conversely, when autophagy is impaired by genetic knockdown of some autophagy-related
genes, a less invasive phenotype is obtained (left). TGFβ, Tumor necrosis factor β; TMZ, Temozolomide.
(B) Autophagy modulation promotes EMT/MET-like shifts in GBM cells. In nutrient-rich conditions,
hyperactivation of the mTORC1/2 complexes impairs autophagy and Wnt pathway is active thus
allowing β-catenin translocation to the nucleus where it promotes the transcription of pro-invasive
molecules. In this condition, EMT players of the SNAI family express and repress cadherins expression.
The genetic knockdown of autophagy related genes exacerbates the mesenchymal phenotype and
enhances the cell migration capability. Upon autophagy induction, shown on the right, Dishvelled
(DVL) is degraded and Wnt pathway inactivated leading to β-catenin accumulation into the cytosol.
In autophagic cells, SNAI factors are down-regulated and, consequently, N-cadherin accumulates and
binds β-catenin, thus promoting cell-cell adhesion.

Effects observed following autophagy inhibition also require attention, although Chloroquine
effects on cells often depend on autophagy-independent mechanisms, as better illustrated in the
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next section. More controversial, although conducted in different model systems, are the results on
GBM invasiveness obtained by inactivating ATG genes. In light of such contradictory results, further
in-depth investigation is, for sure, required to better unravel the question.

4.2. Targeting Autophagy in Glioblastoma Therapy

In the last decade, the standard therapeutic regimen for GBM has been surgical resection, if
feasible, followed by radiation therapy (IR) and temozolomide (TMZ)-based chemotherapy. Both
TMZ and IR are able to induce an autophagic response in GBM cell lines, likely through DNA
damage induction, but the outcome of the autophagic response is so far inconclusive (Figure 2).
In 2004, Kanzawa et al. reported that TMZ treatment induced autophagy instead of apoptosis in
GBM cells and that the co-treatment with a pharmacological inhibitor of the late stages of autophagy
restored TMZ-induced cytotoxicity, although the opposite effect was obtained by blocking autophagy
initiation [157]. In line with this observation, the combination between standard therapies and
autophagy flux inhibitors Chloroquine (CQ) or its analog hydroxychloroquine (HCQ) is a promising
therapeutic approach in GBM treatment, and combined therapies including these molecules are
currently employed in ongoing phase III clinical trials (Figure 2). Indeed, CQ and its derivatives are, in
fact, the only autophagy inhibitors already approved by the USA Food and Drug Administration due
to their anti-inflammatory and anti-malarial properties. Similar to other tumoral settings, CQ-treated
GBM patients exhibit a better median survival if compared to placebo-treated individuals [158].
However, despite the potential promising beneficial effect, a trial combining HCQ with TMZ and IR
showed that the maximum tolerated HCQ dose was ineffective in inhibiting autophagy, suggesting
that CQ effect could be due to autophagy-independent mechanisms [159]. Notably, it has been recently
shown that, in addition to DNA intercalation properties and ROS production, CQ also induces a strong
autophagy-independent disorganization of the Golgi apparatus and of the endo-lysosomal system in
mice tissues, thus suggesting caution in interpreting results obtained with this drug [160,161].

In an apparently contradictory way, other therapeutic approaches and clinical trials aimed
at inhibiting mTOR pathway, inducing in turn an autophagic response, have been launched.
PI3K/Akt/mTOR pathway is often deregulated in human cancers including GBM, and is involved in
cancer stem cell maintenance, thus inducing an uncontrolled proliferation [162,163]. It was observed
that the co-treatment of TMZ and the mTOR inhibitor RAD001 (also known as everolimus) induced cell
death [164] (Figure 2). RAD001 was shown to enhance the cytotoxic effect of an oncolytic adenovirus
in a viral-mediated therapy by inducing an autophagy-dependent cell death [165,166].

mTOR inhibition also promotes TMZ-induced senescence in in vitro and in vivo models [167,168].
However, the link between autophagy and senescence needs to be further clarified in order to be
exploited a potential therapeutic tool.

Very recently, it has been suggested that the failure of some clinical trials targeting PI3K and mTOR,
could be due to the employment of Rapalogs (rapamycin and its analogs) which are known to inhibit
mTORC1, but not mTORC2 [149]. In fact, a feedback mechanism activated by mTORC1 inhibition
stimulates mitogenic pathways, thus compromising the rapalog efficacy on cell proliferation [169].
In order to overcome the emerged limitations, a second generation of mTOR inhibitors, (named
ATP-competitive mTOR kinase inhibitors or TORKIs) have been developed and are revealing more
efficacious than rapalogs in GBM treatment [170–172]. As an example, the novel TORKI PP242, able to
target both mTORC1 and mTORC2, impairs cell proliferation and reduces stemness and invasiveness
properties in a group of GBM cell lines carrying different genetic alterations [149] (Figure 2). In this
respect, a putative difference in the “autophagy signature” among GBM subtypes, if found, could
affect the response to the treatments.

Notably, in our model, we have obtained β-catenin relocalisation and migration impairment by
both nutrient deprivation and by inhibiting mTOR complexes by means of Torin 1, an ATP-competitive
mTOR inhibitor able to target both the mTOR complexes [147].
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Finally, a number of compounds, such as arsenic trioxide, sodium selenite and cannabinoids
(THC), used in combination with traditional therapy showed beneficial effects through the induction
of an autophagic response, in some cases potentiating drug-induced cell death, some other inducing
mitochondrial damage or ER stress [173–176] (Figure 2). In addition, autophagy-induced cell death
seems also to be the mechanism by which some compounds overcome the apoptosis-resistance
typical of the anoxic cells inside tumors. For instance, the class of small molecules able to bind the
BH3 domain of the anti-apoptotic protein Bcl-2, known as BH3 mimetics, were found to induce an
autophagy-dependent cell death in GBM [177,178]. If these compounds are also able to trigger a
beneficial or detrimental effect on GBM invasiveness remains to be investigated.

Figure 2. Targeting autophagy in GBM therapy. The effects of different therapeutic combinations
on autophagy and the outcome on GBM progression in patients are shown. Chloroquine or
hydroxy-chloroquine (CQ/HCQ) addition to standard protocols (TMZ/IR, temozolomide/radiation
therapy) impairs the autophagy flux and sensitizes GBM to the treatment (pink box). Otherwise,
several chemical compounds and mTOR inhibitors, that are able to stimulate autophagy, also increase
the efficacy of the standard treatments (green boxes). THC, tetrahydrocannabinol.

5. Concluding Remarks

GBM is the most common and aggressive brain malignancy, and is characterized by a highly
invasive behaviour, although the role of EMT in GBM dissemination has only been recently investigated.
Although several molecules and signalling pathways mediating EMT in carcinomas play a role also in
glioma invasion, further investigation will be necessary to better characterize EMT-like and its reverse
MET-like processes occurring in GBM.

Targeting autophagy in GBM therapy is still a matter of debate; autophagy induction has been
observed in GBM in response to radio- and temozolomide-based therapy and even though a number
of clinical trials aimed at inhibiting autophagy execution, mainly by CQ, have been launched, others
directed to inhibiting mTOR pathway, and thus activating autophagy, are ongoing.

Intriguingly, we observed that autophagy induction by nutrient starvation or by mTOR inhibition
impairs migration and invasion of GBM cells, in line with other studies conducted on other cancer
models. Further in-depth studies will be crucial to clearly dissect the autophagy role in GBM biology
and to carefully evaluate autophagy modulation as therapeutic strategy to contrast GBM progression.
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Abstract: Many studies have shown that low flux nitric oxide (NO) produced by inducible NO
synthase (iNOS/NOS2) in various tumors, including glioblastomas, can promote angiogenesis, cell
proliferation, and migration/invasion. Minimally invasive, site-specific photodynamic therapy
(PDT) is a highly promising anti-glioblastoma modality. Recent research in the authors’ laboratory
has revealed that iNOS-derived NO in glioblastoma cells elicits resistance to 5-aminolevulinic
acid (ALA)-based PDT, and moreover endows PDT-surviving cells with greater proliferation and
migration/invasion aggressiveness. In this contribution, we discuss iNOS/NO antagonism to
glioblastoma PDT and how this can be overcome by judicious use of pharmacologic inhibitors of
iNOS activity or transcription.

Keywords: nitric oxide (NO); inducible nitric oxide synthase (iNOS); photodynamic therapy (PDT);
glioblastoma PDT; NO-mediated PDT resistance

1. Introduction

Malignant gliomas are the most prevalent primary brain tumors, and among these malignancies,
glioblastoma multiforme (GBM), a grade-4 astrocytoma, is the most aggressive and resistant to a
variety of therapeutic interventions [1–3]. Average patient survival even after the most advanced
surgical treatments, or surgery combined with radiation or chemotherapy, remains dismal at only
12-18 months after initial diagnosis [3]. Cisplatin (CDDP), which intercalates into and cross-links DNA,
has been widely used as a chemotherapeutic for GBM and other brain tumors [4,5]. Temozolimide
(TMZ), a highly effective imidazotetrazine that was introduced more recently, alkylates DNA at
guanine bases after hydrolysis, leading to single and double strand breaks [6,7]. Unfortunately,
many tumors exhibit an inherent or acquired resistance to these chemotherapeutic agents, often
necessitating doses that become cytotoxic to normal brain tissue [3]. Similar responses to radiotherapy
may occur. Photodynamic therapy (PDT), which involves non-ionizing radiation, is less susceptible
to pre-existing resistance and has emerged as one of the most attractive alternatives for treating
brain malignancies [8–11]. An added advantage of PDT is that synergistic effects with chemotherapy
(e.g., low-level cisplatin) are often possible, some of which are based on different subcellular sites of
action. Whereas cisplatin and TMZ damage DNA in the nucleus, PDT typically causes cytoplasmic
(mitochondrial, lysosomal, or ER) damage [12].

PDT was introduced about 45 years ago as a novel means of selectively eradicating a variety of
solid tumors [13–15], many of which are refractory to conventional radiotherapy or chemotherapy.
PDT is a minimally invasive modality, the classic version involving a pre-existing photosensitizing
agent (PS), PS-exciting light in the visible-to-near infrared range, and molecular oxygen. All three
of these factors must be engaged concurrently to produce cytotoxic reactive oxygen species (ROS).
The most prominent of these ROS is singlet molecular oxygen (1O2), which can damage proteins,
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unsaturated lipids, and nucleic acids in target cancer cells [16]. A major advantage of PDT over
chemotherapy or radiotherapy is that cytotoxic photodamage is typically limited to the tumor site
itself and does not occur until PS, exciting light, and O2 are all engaged. Thus, light alone or PS alone
is usually ineffective on a tumor, nor does it have any significant effect on normal tissue. Precise light
delivery to a tumor via fiber optic transmitters provides an additional element of site-specificity during
PDT [13–15]. Photofrin®, an oligomeric hematoporphyrin derivative, was the first administrable
photosensitizer to receive FDA approval for PDT about 20 years ago and is now used for a variety of
solid tumors, including brain tumors [14,15,17].

In more recently developed 5-aminolevulinic acid (ALA)-based PDT, ALA itself or an ALA
ester is taken up by cancer cells and metabolized to protoporphyin IX (PpIX), the active PS, via the
heme biosynthetic pathway [18,19]. In order to provide heme for rapid growth and progression, this
pathway is more active in tumor cells than normal counterparts, although iron typically becomes
limiting, allowing relatively large levels of PpIX to accumulate [19]. In cancer cells, PpIX accumulates
initially in mitochondria, making these organelles primary targets of ALA-PDT damage that can kill
cells via intrinsic apoptosis [18,19]. In addition to sensitizing cytotoxic reactions, ALA-induced PpIX
produces a striking red fluorescence under relatively low-intensity exciting light. Many oncologists
have exploited this aspect for image-guided resection (IGR), i.e., to clearly define the extremities
of a tumor prior to its surgical removal, thereby greatly improving procedural accuracy [19]. Thus,
ALA-induced PpIX, which is largely localized in tumor cells, has the advantage over most other
anti-tumor agents of serving as a surgical guide on the one hand and a cytotoxic PDT sensitizer on
the other.

2. Nitric Oxide and Its Multifaceted Roles in Cancer

Nitric oxide (NO) is a short-lived bioactive free radical (<2 s in H2O) that diffuses freely on its
own and, like O2, tends to partition into hydrophobic regions of cells, e.g., cell membranes [20]. NO is
generated naturally by three different enzymes of the nitric oxide synthase (NOS) family: nNOS/NOS1
(neuronal), iNOS/NOS2 (inducible), and eNOS/NOS3 (endothelial). nNOS and eNOS usually function
at relatively low constitutive levels, require Ca2+ for activation, and produce NO at nanomolar levels
for short intervals. In contrast, iNOS can be induced by various stressors, does not require Ca2+

for activation, and can generate NO in the micromolar range for much longer periods [21,22]. All
three NOS enzymes catalyze the conversion of L-arginine to citrulline and NO at the expense of
NADPH and O2 [22]. It well established that eNOS-derived NO at low steady-state levels (1–10 nM)
stimulates cyclic-GMP formation in vascular smooth muscle cells, leading to blood vessel relaxation.
On the other hand, in activated macrophages during an immune response, iNOS-derived NO at
much higher levels (1 μM or greater) is cytotoxic and potentially oncogenic [23–25]. Such effects
typically occur after NO reacts with superoxide radical (O2

−) to give peroxynitrite (ONOO−), a
strong oxidant that can oxidatively damage DNA and membrane lipids. At intermediate levels
(e.g., 50–300 nM), iNOS-derived NO can play a key role in cancer persistence and progression by
activating oncogenic signaling pathways or inhibiting suppression pathways [26]. Thus, whether NO
exhibits pro- or anti-tumor properties (Figure 1) depends largely on its steady-state levels, which are
usually quite low (10–300 nM) in proliferating transformed cells. There is an increasing awareness
that besides nNOS, most gliomas express iNOS and that iNOS-derived NO plays a major role in
tumor cell survival, persistence, and progression [27–29]. For many malignancies, including gliomas, a
direct correlation has been found between relatively high iNOS expression in tumor tissue and poor
prognosis [29]. Proteins such as Survivin (which inhibits apoptosis [30]) and S100A4 (which stimulates
invasion/metastasis [31]) can also serve as prognostic markers. It is important to note that in many
cases, elevated expression of these markers might be a secondary effect of upregulated iNOS/NO, as
demonstrated in a PDT challenge, for example (see below) [32].
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Figure 1. Concentration-dependent effects of NO in cancer: pro-tumor versus anti-tumor. Reproduced
from Reference [24], with permission.

As already pointed out, sub-micromolar nitric oxide (NO) in tumors plays a key role in tumor cell
survival, persistence, and progression [23–29]. Such NO can also signal for resistance to radiotherapy,
chemotherapy, or PDT [33–37]. The NO-mediated PDT resistance was first observed by Henderson
et al. [36] and Korbelik et al. [37], using various syngeneic mouse tumors (breast, cutaneous, RIF
carcinomas) sensitized with Photofrin®. It was found that tumor regression could be greatly improved
by administering an iNOS activity inhibitor (e.g., L-NAME) immediately after PDT [37]. The extent
of improvement correlated with constitutive NO production, tumors with a high output responding
much better than those with a low output. The resistance was attributed mainly to NO-mediated
relaxation of tumor blood vessels acting in opposition to PDT-induced vasoconstriction, i.e., a vascular
effect of NO as opposed to a pro-survival effect on tumor cells per se [37]. A similar mechanism was
deduced in subsequent studies by Reeves et al. [38], using ALA-based PDT on mouse tumor models.
However, until relatively recently, many other questions pertaining to NO’s anti-PDT effects have
remained unanswered, e.g., (i) the major cellular source of NO in any given tumor, e.g., cancer cells
vs. stromal cells; (ii) the nitric oxide synthase (NOS) isoform that produces most of this NO, and (iii)
the NO-mediated signaling events that lead to PDT resistance. Over the past eight years, these open
questions have been addressed by the authors and colleagues using various cancer cell lines. Key
findings from these studies will be discussed below, along with more recent findings dealing with
NO’s negative effects on glioblastoma PDT.

3. iNOS/NO-Mediated Antagonism to PDT

As indicated in Section 1, one of the advantages of PDT is that it can often overcome any resistance
that a tumor may have to chemotherapy or radiotherapy. Like these other modalities, however, PDT
may elicit a resistance response (an acquired resistance) in many cancer cell types. One type of
resistance, which involves iNOS-generated NO, was discovered in the authors’ laboratory. When
subjected to an ALA-based photodynamic challenge in mitochondria, several human breast cancer
lines (COH-BR1, MCF-7, MDA-MB-231) and prostate cancer lines (PC3, DU145) underwent intrinsic
apoptosis that could be substantially enhanced by inhibitors of iNOS enzymatic activity (e.g., 1400W,
GW274150) or by a selective NO scavenger (cPTIO) [39–41]. Seeing these enhancements implied that
iNOS-derived NO was playing a key role in a hyper-resistance response. Moreover, this response was
greatly attenuated when iNOS was depleted via shRNA-mediated knock down prior to ALA/light
treatment [41]. More often than not, only iNOS (rather than other NOS isoforms) was upregulated
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by the challenge and this appeared to be more important in the hyper-resistance than any effect
of the pre-existing enzyme [40–44]. As surviving cells continued to proliferate, a gradual decline
in over-expressed iNOS was often observed, suggesting that elevated resistance was a transient
phenomenon rather than selection for a relatively stable population of high iNOS expressing cells. Of
added importance was our observation that breast and prostate cells surviving ALA/light treatment
typically exhibited a more aggressive phenotype in terms of accelerated proliferation, migration, and
invasion [43,44].

We recently extended the above in vitro findings to the in vivo level using immunodeficient
female mice engrafted with breast MDA-MB-231 tumors [45]. After ALA administration, tumors
were irradiated with red (633 nm) light, using an LED source. Treated animals exhibited a significant
reduction in tumor growth compared with light-only controls over a two-day post-PDT period.
However, 1400W in multiple post-PDT doses spaced one day apart reduced tumor growth much
further, whereas it had no significant effect on control animals that were not ALA-treated before
irradiation [45]. This suggested that pre-existing iNOS/NO had little, if any, effect on tumor resistance.
Western blot analysis of tumor samples after PDT revealed a striking upregulation of iNOS and also a
1400W-inhibitable increase in the level of NO-derived nitrite [45]. This was the first reported evidence
for iNOS upregulation by PDT in vivo using a human tumor model and for iNOS/NO-imposed
resistance to tumor regression.

3.1. Post-PDT Upregulation of iNOS/NO in Glioma Cells: Increased Resistance to Photokilling

Like breast and prostate cancer cells [40–44], human glioblastoma U87MG cells (a.k.a. U87) that
had been sensitized with ALA-induced PpIX underwent a progressive loss of MTT-assessed viability
with increasing light fluence (Figure 2A). ALA alone or light alone without prior ALA treatment
had no effect of viability. When sensitized cells were irradiated in the presence of 1400W or cPTIO,
there was a striking increase in cytotoxicity with increasing light fluence, suggesting that endogenous
iNOS/NO was signaling for resistance (Figure 2A). The extent of apoptosis after ALA/light treatment
was also significantly greater when 1400W or L-NAME (a general NOS inhibitor) was present
(Figure 2B), confirming iNOS/NO-elicited resistance [32]. As shown in Figure 2C(a), the level of iNOS
protein in ALA/light (1 J/cm2)-challenged U87 cells increased progressively during post-irradiation
incubation, reaching ~3-times the control level after 5 h. Not-surprisingly, nNOS was also expressed
in U87 cells; however, it remained at the same starting level after cells were photodynamically
stressed (Figure 2C(b)). This suggests that unlike iNOS, nNOS made no significant contribution
to cytoprotection in these cells. Another established glioblastoma line (U251) responded similarly
to ALA/light, exhibiting 4–5-fold iNOS overexpression over 20 h of post-irradiation incubation
(Figure 2D), and a dramatic iNOS/NO-mediated hyper-resistance [32]. Thus, stress-induced iNOS/NO
appeared to play a crucial role in the photostress-enhanced resistance of both glioblastoma cell types,
U87 and U251.

A fluorogenic probe for NO (DAF-2DA) was used to establish whether photostress-induced
iNOS and associated hyper-resistance was in fact due to iNOS-derived NO. After DAF-2DA’s cellular
internalization and hydrolysis to DAF-2, the latter detects NO after its conversion to a nitrosating
species such as N2O3 [46,47]. Within 4 h after an ALA/light challenge, U87 cells exhibited a strong
NO-based fluorescence signal (>3-fold over an ALA-only background), which persisted for at least
20 h [32]. This signal was nearly abolished when 1400W or L-NAME was introduced immediately after
irradiation, confirming that NO had been upregulated in photostressed U87 cells along with iNOS.
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Figure 2. Upregulation of iNOS/NO in photodynamically-stressed glioblastoma cells confers resistance
to photokilling. U87 or U251 cells at ~60% confluency were dark-incubated with 1 mM ALA for 30 min
in serum-free medium, irradiated with broad-band visible light, then switched to serum-containing
medium and dark-incubated for various periods. Where indicated, 25 μM 1400W (W) or cPTIO
(cP) was introduced immediately after irradiation and kept at the same concentration throughout.
(A) MTT-assessed U87 viability 20 h after ALA/hν exposure in absence vs. presence of W or cP; n = 3.
(B) Annexin V-FITC-assessed U87 apoptosis 4 h after indicated treatments (CPT: camptothecin); n =
3, * p < 0.05 vs. ALA/hν. (C) Immunoblot of U87 iNOS (a) and nNOS (b) at indicated post-hν times.
Numbers below NOS bands indicate intensity relative to actin and normalized to dark (ALA-alone)
control (DC). (D) Immunoblot of iNOS in U251 cells at indicated post-hν times. Adapted from
Reference [32].

3.2. Accelerated Proliferation of PDT-Surviving Glioma Cells: Role of iNOS/NO

Cancer cells often adapt to stressful conditions by acquiring a more aggressive proliferative and
migratory phenotype [1–3]. This proved to be the case for photodynamically stressed glioblastoma
cells and iNOS/NO played a key driving role. As shown in Figure 3A, U87 cells that survived an
ALA/light challenge 24 h after it was delivered exhibited a striking 2-fold growth spurt over the next
24 h relative to non-irradiated controls. This spurt was strongly attenuated by 1400W and also by
cPTIO, clearly indicating iNOS/NO involvement, particularly that upregulated by the photostress
(Figure 2C). The growth of non-irradiated control cells was slowed somewhat by 1400W (Figure 3A),
suggesting a constitutive stimulatory effect of pre-existing iNOS/NO in U87 cells. This confirms
the findings of others using non-stressed glioblastoma cells [48,49]. However, observing a robust
iNOS/NO-dependent growth stimulation in response to therapy-based oxidative stress, in this case
PDT [32], had not been described previously.

3.3. Role of iNOS/NO in Accelerated Migration of PDT-Surviving Glioma Cells

One other manifestation of hyper-aggressiveness in photostressed glioblastoma cells is more
rapid migration into a cell-depleted space. Two other manifestations of hyper-aggressiveness were
also observed in photostressed glioblastoma cells: (i) accelerated migration into a cell-depleted space,
and (ii) accelerated invasion through an extracellular matrix (ECM)-like membrane. A gap-closure or
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“wound-healing” assay is typically used to examine forward migration into a voided zone generated
by a straight-line scratch on a culture dish [50]. In a recent study, we photographed ALA-treated
U87 cells in a scratch zone before irradiation and at various times after irradiation up to 24 h, during
which cells were kept in the incubator. 1400W or cPTIO was included in the medium of certain
dishes to test for iNOS/NO involvement in any altered migration. As shown by the gap-closure
data in Figure 3B, ALA/light-stressed cells migrated more rapidly than ALA-only control cells over
a 24 h post-irradiation period. This response was substantially blunted by 1400W, signifying major
iNOS/NO dependency. 1400W also slowed control cell migration, but to a much smaller extent than
in photodynamically-stressed cells, demonstrating the greater importance of stress-upregulated iNOS
over basal iNOS in stimulating migration.

Figure 3. Enhanced aggressiveness of glioblastoma cells that survive a photodynamic challenge. U87
cells at ~40% confluence were sensitized with ALA-induced PpIX and irradiated (ALA/hν: light
dose/fluence ~1 J/cm2). Where indicated, 25 μM 1400W (W) or 1 mM L-NAME (N) was introduced
immediately after irradiation and maintained as such thereafter. Dark controls (ALA or ALA/W)
were run alongside. After 24 h of post-hν incubation, any detached/dead cells were washed off and
aggressive properties of remaining live cells were determined. (A) MTT-assessed proliferation rate;
means ± SEM, n = 3, * p < 0.01 vs. ALA/hν. (B) Gap-closure-assessed migration rate; means ± SEM,
n = 3.(C) Trans well chamber-assessed invasion rate; means ± SEM, n = 4, * p < 0.05 vs. ALA; ** p <
0.0001 vs. ALA/hν. (D) Gel zymography-assessed MMP-9 activity; means ± SEM, n = 3, * p < 0.01 vs.
ALA/hν. Adapted from Reference [32].

3.4. Role of iNOS/NO in Accelerated Invasion of PDT-Surviving Glioma Cells

A 96-place trans-well device was used to assess the invasiveness of U87 cells, i.e., ability to
traverse a Matrigel-infused filter, moving from a serum-free upper well toward a serum-containing
lower well [50]. Measurements commenced at 24 h after cell exposure to ALA alone (controls) or
ALA plus irradiation. As shown in Figure 3C, 1400W inhibited the invasiveness of control cells
by a small (barely significant) extent, suggesting iNOS/NO promotion of this basal activity. After
irradiation, however, ALA-treated cells exhibited a striking 50% increase in invasion relative to control
cells and 1400W abrogated this increase, demonstrating that iNOS/NO played a dominant role in the
photostress-enhanced invasiveness.
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Matrix metalloproteinases (MMPs) catalyze the degradation of ECM components such as collagen,
laminin and fibronectin, and thus play a key role in cancer cell invasiveness and metastasis [51].
Type-9 MMP (MMP-9) is known to be actively involved in glioma cell migration/invasion [52]
and this proved to be the case for U87 cells after an ALA/light challenge. Western blot analysis
showed that there was no significant change in overall MMP-9 expression over a 24 h post-irradiation
incubation period [32]. However, when in-gel zymography was used to monitor the activity status
of externalized enzyme 24 h after irradiation, a dramatic 80% increase in activity was observed
relative to a non-irradiated (ALA-only) control (Figure 3D). This activation was strongly depressed
by L-NAME (>90%) and by 1400W (~70%), indicating that iNOS-derived NO played a prominent
role in MMP-9 hyper-activation from its zymogen, pro-MMP-9 [32]. A fascinating sidelight to the
MMP-9 response is that tissue inhibitor of metalloproteinase-1 (TIMP-1), which is known to be highly
specific for MMP-9 [53], was progressively down-regulated in U87 cells after ALA/light treatment, as
revealed by immunoblotting [32]. This response was strongly blunted by 1400W, pointing again to
iNOS/NO dependency—in this case to prevent MMP-9 de-activation by TIMP-1. Of added interest
is the fact that Survivin and S100A4, both known to play key roles in tumor cell growth, migration
and invasion [30,31], were markedly upregulated in photostressed U87 cells, and in 1400W-inhibitable
fashion [32]. Pro-metastatic S100A4 is particularly interesting because it was barely detectable in
control cells, but reached a very high level 24 h after ALA/light, almost all of which was ablated
by 1400W.

If occurring at the clinical PDT level, each of these negative responses to photostress-enhanced
migration/invasion supported by MMP-9 activation and Survivin and S100A4 overexpression—would
be problematic unless pharmacologically counteracted, e.g., by an inhibitor of iNOS expression
or activity.

4. iNOS/NO-Induced Bystander Effects in PDT Models

Another dimension of post-PDT cancer cell aggressiveness was discovered recently: enhanced
growth and migration of non-stressed bystander cells. In a tumor setting, bystander cells may lie
in the general vicinity of cells targeted by a PDT or chemotherapeutic agent, but may not receive
any (or enough) of it to elicit a therapeutic response, possibly due to insufficient vascular delivery.
In the case of PDT, insufficient light delivery due to constraints of the light source and structural
irregularities of the tumor can pose additional limitations. Most of the research relating to bystander
effects has involved cancer-initiating vs. cancer-suppressing ionizing radiation (e.g., gamma rays,
X-rays), which can produce effects ranging from DNA damage, mutations, and apoptosis to accelerated
growth and migration of targeted cells [53]. Radiation-induced bystander effects can be transmitted
via inter-cell gap junctions or via the medium, i.e., without physical contact between targeted and
bystander cells [53]. Various signaling mediators have been proposed for ionizing radiation, including
cytokines, H2O2, and NO, the latter receiving the greatest attention for bystander effects that occur
independently of cell contact. NO produced specifically by radiation-targeted cells has been reported
to elicit bystander effects ranging from DNA strand breaks and micronuclei formation to defective
homologous recombination repair, leading to greater genetic instability, cell transformation, and
accelerated proliferation [54]. Of special relevance here are early studies showing that X-ray-targeted
glioblastoma cells overexpressed iNOS continuously over a 24 h post-radiation period, the resulting
NO signaling for radioresistance in non-targeted bystander cells [55,56].

The possibility of bystander effects during non-ionizing PDT was first recognized about twenty
years ago [57,58], but far less is known about this in mechanistic terms than its ionizing radiation
counterpart. Hypothesizing that cells experiencing the greatest photodynamic (e.g., ALA/light) stress
might send signals to non- or weakly-stressed bystanders, Bazak et al. [59,60] developed a novel
approach for testing this. Two populations of sub-confluent cancer cells (initially prostate PC3 cells)
were separated from one another on a large culture dish by two-to-four impermeable silicone-rimmed
rings. The larger population (target cells, outside rings) was treated with ALA while the smaller
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population (bystander cells, inside rings) was not, after which the entire dish was irradiated. At
some interval after irradiation, the rings were carefully removed, leaving a gap between the cell
groups, and then both populations were analyzed for iNOS status, growth rate, and migration rate
during dark incubation compared with non-irradiated (ALA-only) controls. Like surviving targeted
cells, bystanders exhibited significant iNOS upregulation and accelerated growth and migration,
each response being attributed to initial NO diffusing from the target compartment, based on the
inhibitory effects of 1400W, cPTIO, or target cell iNOS knockdown [59]. Incubation of bystander
cells with conditioned medium from ALA/light-targeted cells failed to induce the above responses,
ruling out any involvement of relatively long-lived effectors such as cytokines, lipid peroxides, or
NO-derived nitrite/nitrate. NO itself would not have survived in conditioned media because of
its short lifetime (<2 s) [20]. Thus, it had to be continuously generated by targeted cells to elicit
bystander effects. Screening for possible effector proteins associated with enhanced PC3 bystander
aggressiveness revealed a strong transient activation of the Akt and ERK1/2 kinases and an induction
of cyclooxygenase-2 (COX-2), each response being cPTIO-inhibitable [59]. Although NO-mediated
bystander effects for glioblastoma cells have not yet been assessed in a PDT format, they would
most likely occur, based on evidence obtained with ionizing radiation [55,56]. PDT is becoming
an increasingly attractive treatment option for glioblastoma and other brain malignancies [8–11].
Therefore, the negative implications of NO-mediated bystander effects (e.g., promotion of tumor
growth and metastatic expansion) deserve serious attention aimed at mitigating these effects and
improving treatment outcomes. One can view NO-mediated bystander effects as a type of relay or
“feed-forward” phenomenon in which NO produced by targeted cells induces iNOS/NO in bystanders,
and that this is propagated through the population. Thus, cells that escape being targeted in any given
tumor are not necessarily unaffected by NO diffusing from neighboring targeted cells, a possibility
that has not been well recognized up to now.

5. Mechanism of Glioblastoma iNOS Induction by Photostress: Preventative Approaches

In examining the underlying mechanism of iNOS upregulation in glioblastoma U87 cells after
ALA/light exposure, Fahey et al. [61] found that transcription factor NF-κB played a crucial role.
Accordingly, the active p65/RelA subunit of NF-κB translocated from cytosol to nucleus after
photostress, and Bay11, an inhibitor of IKK which phosphorylates and releases restraining subunit IκB
on NF-κB, prevented p65 translocation. Importantly, Bay11 nearly abolished all iNOS expression (basal
as well as photostress-induced), clearly linking this with p65-mediated iNOS gene transcription [61].
Similar findings were reported earlier for a breast cancer cell line [42]. Based on the non-glioblastoma
work of others [62,63], we postulated that acetylation (ac) of specific lysine (K) residue(s) on p65
played a key driving role in iNOS transcription. Such acK modifications can be recognized by one or
more proteins of the bromodomain and extra-terminal domain (BET) family, also known as epigenetic
“readers” [64,65]. BET proteins are known to interact with histones and transcription factors at acK
sites, thereby co-activating transcriptional processes [64–66]. In testing our hypothesis using pull-down
assays, we found that BET-4 protein (Brd4), but not its BET-2 (Brd2) analogue, interacted strongly with
NF-κB p65 in U87 cells that had been ALA/light-stressed [61]. Of added importance were our findings
that the levels of Brd4 and acK310 on p65 each increased ~3-fold in photostressed cells, whereas the
Brd2 and p65 levels were unaffected. Thus, stress-elevation of Brd4 and p65-ack310 would have
promoted interaction of these proteins for augmented translational activity at the iNOS promoter.

Several BET protein inhibitors have recently emerged as highly potent and specific pharmacologic
suppressors of cancer cell proliferation and invasive/metastatic expansion [67,68]. These inhibitors
function by binding to acK recognition domains on BET proteins and preventing their interaction
with histones or transcription factors. Several of these agents have advanced to clinical trials for
various malignancies, including lymphomas, myelomas and triple negative breast cancers [67]. The
thienodiazepine JQ1 is a prototypical BET inhibitor that has repressed cancer cell progression in many
in vitro and in vivo models, including glioblastoma models [69]. It was recently reported that JQ1
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blocks the TNF-α-stimulated expression of several pro-survival genes in lung cancer cells by binding
and inactivating Brd4 [63]. However, iNOS was not included among the gene products described,
prompting us to investigate this in our PDT studies on glioblastoma cells. At a very low concentration
(0.3 μM), JQ1 by itself had little effect on U87 cell viability, but it enhanced ALA/light-induced
apoptosis in synergistic fashion [61]. At the same time, JQ1 nearly abolished Brd4-p65 interaction
after ALA/light treatment along with total iNOS expression - basal as well as stress-upregulated.
However, it had no effect on the extent of Brd4 or p65-acK310 elevation, implying that these responses
were not under JQ1-iinhibitable transcriptional control. A striking loss of photostress-enhanced U87
cell aggressiveness was also observed when JQ1 was present. For example, JQ1 slowed surviving
cell proliferation rate by >80% compared with ~50% for 1400W, but more impressively, it did so at
only ~1% the 1400W concentration in bulk cell suspension [61]. The BET inhibitor also suppressed
the greater invasiveness of glioblastoma cells that survived an ALA/light challenge. Results for
U87 and U251 cells were similar; the latter is represented in Figure 4. Active JQ1 reduced invasion
rate of vehicle control (DMSO) by ~10% [61], whereas the inactive enantiomer [JQ1(-)] had no effect.
PDT-surviving cells invaded ~40% faster than controls (Figure 4) and JQ1 (but not JQ1(-)) not only
abolished this acceleration but reduced the rate to ~35% that of the control. Bay 11 at ~20-fold higher
concentration than JQ1 also had a large inhibitory effect, but specificity could be an issue because
Bay11 can inhibit other pro-survival effectors besides Iκκ [70]. Like JQ1, 1400W also eliminated
stress-enhanced invasion but left residual activity closer to the control value (Figure 4). Consequently,
the effects of an iNOS transcriptional inhibitor (JQ1) were clearly much more impressive than those of
an iNOS activity inhibitor (1400W), the former operating at ~100-times lower concentration than the
latter. Of added interest is the observation that photostress-upregulation of other NF-κB-regulated
proteins besides iNOS (e.g., Survivin, Bcl-xL, MMP-9) was also blocked by JQ1, but whether this
occurred directly or secondarily in some cases as a result of iNOS/NO suppression [61] is not yet clear,
at least for glioblastoma cells. A scheme depicting Brd4-p65ac-dependent transcriptional upregulation
of iNOS/NO by ALA-PpIX/light-induced stress and its suppression by JQ1 is shown in Figure 5.

Figure 4. JQ1 abrogation of photostress-enhanced glioblastoma cell invasiveness. U251 cells at ~60%
confluency were pre-incubated with 1 mM ALA. After PDT irradiation (1 J/cm2), these cells, along
with dark controls, were harvested and assessed for invasiveness in the absence vs. presence of 0.3 μM
JQ1, 0.3 μM JQ1(−), 5 μM Bay11, or 25 μM 1400W. DMSO served as a vehicle control for JQ1 and
JQ1(−). Cells crossing Matrigel-infused filters after an incubation period of 24 h were pelleted and
quantified by CCK-8 assay. Plotted invasion values are means ± SEM (n = 3); * p < 0.001 vs. PDT; ** p <
0.01 vs. PDT. Reproduced from Reference [61], with permission.
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Figure 5. Scheme showing (i) photosensitized generation of ROS (1O2) by ALA-induced PpIX,
(ii) activation of NF-κB, (iii) nuclear translocation and acetylation of p65, and (iv) JQ1-inhibitable
transcription of iNOS as mediated by co-activator Brd4. Reproduced from Reference [61],
with permission.

More recent studies have focused on events upstream of NF-κB activation and iNOS/NO
upregulation in photodynamically-targeted glioblastoma cells. Some key findings were that (i) 1O2

generated by photoactivation of ALA-induced PpIX in mitochondria was indirectly involved in
activation of the cytosolic pro-survival PI3K/Akt kinase system in U87 cells; (ii) Tumor suppressor
PTEN was rapidly inactivated by intramolecular disulfide bond formation during ALA/light treatment,
thereby fostering PI3K activation; (iii) transacetylase p300 was phosphorylation-activated by Akt,
leading to greater acK310 formation on NF-κB/p65; (iv) the latter was facilitated by greater p300-p65
interaction as demonstrated by pull-down assay; (v) the deacetylase Sirt1 was down-regulated in
ALA/light-treated U87 cells, consistent with elevated p65-acK310 levels; and (vi) chemical inhibitors
of upstream PI3K and p300 activity also inhibited iNOS upregulation under photodynamic stress [71].

6. Anti-Cancer Potential of NO at Relatively High Levels

Recent studies by Rapozzi et al. [72,73], using melanoma cells photosensitized with
pheophorbide-a, have supported our findings regarding the cytoprotective effects of iNOS/NO
on ALA/light-stressed glioma cells. Thus, low-level NO from low PDT light doses was found
to be cytoprotective through anti-apoptotic activation of the NF-κB/Snail/RKIP pathway [72]. In
contrast, higher NO levels from relatively high light doses proved to be cytotoxic due to pro-apoptotic
activation of this pathway [72,73]. Whether a significant elevation of iNOS/NO via greater PDT
pressure might produce a similar NO-enhanced proapoptotic response in glioblastoma cells has not
yet been determined.

The anti-tumor potential of exogenous high-level NO, either alone or in combination with other
treatments, is being explored by various investigators. NO donors such as glyceryl trinitrate, sodium
nitroprusside, S-nitrosoglutathione (GSNO), diazeniumdiolates (NONOates), and Lopinavir-NO have
been tested in this way with varying degrees of success, a key question being whether undesirable
(off-target) effects occur [74–76]. The latter question has been addressed by the development of donors
such as JS-K, which releases NO upon activation by glutathione S-transferases [77]. These enzymes
are expressed at relatively high levels in many malignant cells, thus increasing the specificity of
NO delivery. Cytotoxic NO donors have not yet been tested on gliomas. However, based on our
own studies [32,39–45], some concerns arise, e.g., that any long-lasting release of NO in relatively
low fluxes might actually enhance tumor aggressiveness rather than suppress it. Such concerns
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could be mitigated with the development of rapid NO release photosensitizing agents [78,79]. For
example, the nitrosyl phthalocyanine ruthenium complex (Ru-NO) generates both 1O2 and NO upon
photoexcitation [78]. This complex was found to be more cytotoxic than a 1O2-only control, suggesting
that rapid photorelease of NO in high fluxes with little or no persistent low-flux release could provide
major advantages for PDT [78,79]. Production of high dose NO by light-activated donors has also
been shown to promote the chemotherapeutic effects of doxorubicin by inhibiting its export via ATP
binding cassette (ABC) transporters [80]. A similar approach might benefit ALA-PDT for brain tumors,
given the recent evidence that the ABCG2 transporter promotes efflux of ALA-induced PpIX from
brain cancer cells [81].

7. Summary and Conclusions

Like two other gasotransmitters, carbon monoxide (CO) and hydrogen sulfide (H2S), NO is
known to have normo-physiologic as well as patho-physiologic roles, depending in large part on its
generation rate and local concentration [82]. Many malignant tumors, including highly aggressive
and lethal glioblastomas, exploit low flux NO to promote survival, stimulate proliferation and
migration/invasion, and to resist eradication by PDT and other therapeutic interventions. PDT
is now considered one of the most promising of the new anti-glioma therapies [8–11]. ALA-based
PDT is attracting particular attention because tumor cells are hyperactive in heme biosynthesis and
generate higher levels of ALA-derived PpIX than normal cells, thereby increasing tumor vulnerability
to photodynamic action. Of added importance, PpIX fluorescence at low light intensities can be
exploited for image-guided resection, i.e., to better define tumor boundaries during surgery [83].
In this review, we have discussed various aspects of iNOS/NO antagonism to ALA-PDT ranging
from tumor cell resistance to photokilling to accelerated proliferation, migration and invasion of cells
that withstand the challenge. Although these negative effects can be observed in directly targeted
cells, they may also develop in non-targeted bystander cells as NO from the former diffuses to the
latter and iNOS/NO is upregulated there as well [59]. Although we have emphasized glioblastoma
PDT here, various human breast and prostate cancers respond similarly to this type of challenge,
employing endogenous iNOS as the major source of signaling NO [84]. Based on substantial evidence,
this NO typically derives from stress-upregulated iNOS rather than the pre-existing or basal enzyme.
Other oxidative therapeutics may also give rise to iNOS/NO-dependent hyper-resistance and/or
hyper-aggressive phenotypes, one example being cis-platin-treated prostate PC3 cells, which also
exhibit bystander effects (Fahey and Girotti, unpublished observations).

How endogenous NO exerts anti-PDT effects is still not clear in chemical mechanistic terms.
S-nitrosation of select cysteine residues on key effector proteins might initiate resistance signaling [23–
26,85], but this modification can be transient and difficult to define in PDT systems such as we describe.
Thus, much remains to be learned in terms of underlying chemical biology. Another key issue relates
to how iNOS/NO’s anti-therapeutic effects might be overcome by pharmacologic intervention. As
discussed in the context of glioblastoma PDT, the BET inhibitor JQ1 suppressed iNOS transcription
(Figure 5) and reduced acquired hyper-aggressiveness much more powerfully than an inhibitor of iNOS
activity. Thus, JQ1, which has tested positively against glioblastoma on its own [61], might significantly
improve therapeutic outcomes for this malignancy when combined with PDT or possibly some other
modality that stimulates iNOS/NO. Transcriptional upregulation of pro-survival/expansion iNOS
under therapeutic stress like PDT may occur more often than currently recognized, thus emphasizing
the need for powerful inhibitors like JQ1 as therapeutic adjuvants.
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Abstract: Glioblastoma (GBM) is the most common malignant tumor arising from brain parenchyma.
Although many efforts have been made to develop therapies for GBM, the prognosis still remains
poor, mainly because of the difficulty in total resection of the tumor mass from brain tissue
and the resistance of the residual tumor against standard chemoradiotherapy. Therefore, novel
adjuvant therapies are urgently needed. Recent genome-wide analyses of GBM cases have clarified
molecular signaling mechanisms underlying GBM biology. However, results of clinical trials targeting
phosphorylation-mediated signaling have been unsatisfactory to date. Protein phosphatases are
enzymes that antagonize phosphorylation signaling by dephosphorylating phosphorylated signaling
molecules. Recently, the critical roles of phosphatases in the regulation of oncogenic signaling in
malignant tumor cells have been reported, and tumorigenic roles of deregulated phosphatases have
been demonstrated in GBM. However, a detailed mechanism underlying phosphatase-mediated
signaling transduction in the regulation of GBM has not been elucidated, and such information
is necessary to apply phosphatases as a therapeutic target for GBM. This review highlights and
summarizes the phosphatases that have crucial roles in the regulation of oncogenic signaling in
GBM cells.

Keywords: protein phosphatase; glioblastoma; signaling; therapy

1. Introduction

Malignant gliomas are the most common primary intracranial malignant neoplasm arising
from brain parenchyma. And, Glioblastoma (GBM) is the most malignant and aggressive form
of gliomas (WHO grade IV) with the highly infiltrative phenotype, refractoriness, and genetical
complexity [1,2]. Despite the efforts made over the past decades, therapeutic outcomes of GBM
still remain poor [3,4], mainly because complete tumor mass resection is difficult because of its
strong invasiveness into adjacent normal brain tissue and resistance by the residual tumor to
standard chemoradiotherapy. Therefore, novel adjuvant therapies for GBM are urgently needed.
The developments in high-throughput methods have allowed genome-wide analyses of malignant
tumors, and landscapes of genetic mutations in GBMs have been reported [5–14]. In addition,
molecular signaling networks involved in the regulation of GBM biology have been elucidated [5,6,15].
Concomitantly, clinical trials targeting signaling molecules identified in these studies have been started.
However, most clinical trials have yielded unsatisfactory results [16,17].

Regulation of molecular signaling, including signaling related to tumor biology, generally involves
post-translational modification of the signaling molecules. One of the most common modifications
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is phosphorylation. As a result of upstream signaling activation, kinases are activated and attach
phosphate groups to certain amino-acid residues of their specific substrate molecules, resulting in
downstream signaling activation. In GBM, kinases are often hyperactivated as a result of genetic
alteration or enhanced upstream signaling activation, and, therefore, kinase hyperactivation has been
focused on as a therapeutic target [5,6,18–20].

Protein phosphatases (PPPs), as negative regulators of phosphorylation-dependent signaling,
remove phosphate groups of certain phosphorylated amino-acid residues of specific substrate
molecules [21–28]. In tumor cells, most PPPs have been suggested to act as negative regulators
of oncogenic signaling and, thus, to function as tumor suppressors, as oncogene-induced signal
transduction is largely mediated by phosphorylation [22,23,29,30]. However, recent studies have
demonstrated suppressed expression or activity of tumor-suppressive PPPs in certain tumors,
including GBMs, and as such, PPPs might negatively regulate oncogene inhibition. However,
our knowledge of the roles of PPPs in tumor signaling and oncogenic activity is still limited. In this
review, we discuss the current knowledge on the roles of PPPs intertwined with kinase signaling in
the regulation of GBM biology.

2. Protein Phosphatases

PPPs are classified as classical or atypical PPPs (Figure 1) [21,23,27]. Based on the amino-acid
residue they dephosphorylate, classical and atypical PPPs are further grouped into protein
serine/threonine phosphatases (PSPs), protein tyrosine phosphatases (PTPs), and dual-specificity
phosphatases (DUSPs) (Figure 1) [21,27]. In classical PPPs, these groups are even more divided
into subfamilies based on their chemical structures (Figure 1). Most of PPPs can suppress
oncogenic signaling by dephosphorylating phosphorylated (activated) signaling molecules, such as
mitogen-activated protein kinases (MAPKs), and are known to act as tumor suppressors in various
tumors [21,31,32]. On the other hand, certain kinds of PPPs are known to be overexpressed in tumor
cells and rather act as oncogenes [31,33–37]. Because both oncogenic signaling and tumor-suppressive
signaling are simultaneously regulated by the same phosphatase, it is suggested that the oncogenic
or tumor-suppressive function of PPPs in tumors probably depends on the balance between the two
signaling effects of the PPPs.

To develop clinical GBM therapies targeting PPPs, it is important to understand the detailed
molecular mechanisms underlying both tumor-suppressive and oncogenic PPPs in GBM cells. In what
follows, we discuss PPPs that are suggested to have major roles in GBM biology in detail.
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Figure 1. Protein phosphatases in human. Human phosphoprotein phosphatases (PPPs) are classified
into two large classes as classical or atypical PPPs. And, these classes of PPPs are further grouped
into families or subfamilies based on the amino-acid residue they dephosphorylate or their chemical
structure. The PPPs focused in the text are written in red characters. Ser, Serine; Thr, Threonine; Tyr,
Tyrosine; PPP, phosphoprotein phosphatase; PP2A, protein phosphatase 2A; PP2B protein phosphatase
2B; PP2C, protein phosphatase 2C; PPM, metal-dependent protein phosphatase; FCP, TFIIF-associating
component of RNA polymerase II carboxy-terminal domain phosphatase; PTP, protein Tyr phosphatase;
LMPTP, low molecular weight PTP; VH1-like DSP [38], Vaccinia virus gene H1-like dual specificity
phosphatase; PGAM5, phosphoglycerate mutase family member 5; Sts, suppressor of T-cell receptor
signaling; EYA, eyes absent.

2.1. Classical Protein Phosphatases

2.1.1. Protein Serine/Threonine Phosphatases

Protein Phosphatase 2A

As mentioned above, protein phosphatase 2A (PP2A) is one of the most major PSPs. PP2A
is a heterotrimeric protein phosphatase complex which consists of the alpha (PPP2R1A) or beta
(PPP2R1B) isoform of the structural A subunit, the alpha (PPP2CA) or beta (PPP2CB) isoform
of the catalytic C subunit, and the regulatory B subunit. The A subunit and C subunit forms
core heterodimer, and association of one of the multiple B subunits with the core dimer directs
various substrate specificity (more than 60 combinations) of PP2A [39]. PP2A regulates various
cellular signaling pathways, such as receptor tyrosine kinase (RTK) signaling, by dephosphorylating
multiple substrates under physiological conditions, and ablation of PP2A expression or activity causes
cardiovascular disorder, diabetes, and neurodegenerative disorder [26]. In cancer systems, involvement
of genetic, epigenetic, or post-translational modification-mediated dysregulation of PP2A expression
or activity in tumorigenesis are suggested, and dysregulated PP2A tumor cells cause an increase in
cellular proliferation, formation of resistance against drug or irradiation, or impairment of tumor
immunity [26,40–43]. However, the genetic alteration of PP2A subunits-encoding genes in GBMs are
rare (about less than 1%) in The Cancer Genome Atlas (TCGA) datasets [5,43]. One of the mechanisms

593



Cancers 2019, 11, 241

which is suggested to induce non-genetic dysregulation of PP2A in GBM is hyperactivation of
RTKs, such as epidermal growth factor receptor (EGFR), by genetic alteration frequently observed in
GBMs [5,6]. In a certain series of malignant tumors with RTK hyperactivation, downregulation of PP2A
expression or activity has been reported, which would possibly relieve PP2A-mediated suppression of
downstream signaling of RTK, resulting in further activation of RTK-mediated signaling [26,44–46].
In line herewith, downregulated expression of PP2A subunits—without genetic alteration—has been
observed in glioma tissue [47,48]. And direct or indirect inhibition of PP2A resulted in enhanced
oncogenic property of glioma cells [43,49–51], suggesting a role of PP2A as a tumor suppressor in GBMs.
As the other non-genetic regulatory mechanisms of PP2A activity, the molecules which negatively
regulate PP2A activity are also crucial. Among this group of proteins, cancerous inhibitor of PP2A
(CIP2A), protein phosphatase methylesterase-1 (PME-1), and SE translocation (SET) oncoprotein, are
well-characterized and known to downregulate PP2A activity by different biological processes [26].
CIP2A directly associates with and blocks the B56 regulatory subunits of PP2A complex [52],
and importantly, high expression of CIP2A is correlated with overexpression of EGFR in the certain
cancer systems [44–46]. PME-1 suppresses PP2Ac activity by the removal of metal ions from PP2Ac
catalytic core and demethylation of the C-terminal lesion of PP2Ac, whereas SET directly associates
and blocks the catalytic core of PP2Ac [53,54]. In GBMs, in vitro experiments revealed the possible role
of PME-1 in the formation of GBM cell resistance against Ca2+/calmodulin-dependent protein kinase
inhibitor (H7), PI3K inhibitor (LY29644), and multi-RTKs inhibitor (sunitinib). These knowledges
suggest not only expressional but also enzymatic inhibition of PP2A in GBM cells would be important
for the maintenance of GBM malignancy, and the possible role of PP2A reactivation as the therapeutic
strategy of GBM would also be considered (see below chapter 3.1. On the contrary, PP2A has also been
suggested as a potent therapeutic target for GBMs. Treatment with PP2A inhibitor okadaic acid alone,
without concomitant use of genotoxins, triggered mitotic cell death of GBM cells [55]. Treatment of
GBM stem cells with a PP2A inhibitor LB100 resulted in induction of differentiation or cell death via
dysregulation of nuclear receptor corepressor [56]. Treatment of GBM cells with the c-Jun N-terminal
kinase (JNK) activator anisomycin induced cell death via suppression of PP2A subunit expression [57].
Pharmacological inhibition of PP2A activity by LB-1.2, LB-100, or Microcystin-LR under irradiation or
genotoxin treatment resulted in enhanced cell death induction in GBM cells [58–60]. As mentioned
above, these pro-survival effects of PP2A in GBM cell death might be due to the alteration of the
balance between cell death-inducing and cell survival-inducing signaling under PP2A inhibition.
In fact, PP2A regulates both cell death-inducing and cell survival-inducing signaling simultaneously in
multiple sites of programmed cell death cascades (Figure 2) [26,38,61–63]. Collectively, these evidences
suggest the potential of PP2A as a therapeutic target for GBMs not only through suppression but also
through upregulation of its activity or expression.

Protein Phosphatase 4

Protein phosphatase 4 (PP4) is a member of the type 2A PSP family, which includes PP2A, PP4,
and protein phosphatase 6 (PP6) [64,65]. These PSPs have approximately 60% sequence similarity,
but they have different biological functions. In normal conditions, PP4 is reported to regulate the
DNA-damage response as well as NF-kappaB and mTOR functions [66]. In several cancers, enhanced
expression of PP4 subunits is observed in the cancer tissue and is suggested as a marker of poor
prognosis in these cases [67–70]. Although alteration of PPP4C gene, which encodes the catalytic
subunit of PP4 (PP4C), in the TCGA GBM dataset was not confirmed [5], high expression of PP4C
was observed in a series of GBM cases, and the PP4C expression level was negatively correlated with
prognosis [67]. In addition, knockdown of PP4C in cultured GBM cells resulted in a reduction in their
oncogenic property [67]. Although the positive evidence of PP4 in GBM biology as noted above has
been reported, the exact role of PP4 in GBM biology has not yet been elucidated, and more evidence of
its potential as a novel therapeutic is needed.
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Figure 2. Multiple roles of protein phosphatase 2A (PP2A) in the regulation of cell death signaling.
PP2A regulates both cell death-inducing and cell survival-inducing signaling simultaneously in not
only mitochondria- but p53-dependent cell death cascade. In mitochondria-dependent cell death
cascade, PP2A activates both pro-apopototic (Bax and Bad) and anti-apoptotic (Bcl-2 and Bcl-xl) Bcl-2
family proteins simultaneously by dephosphorylation. On the other hand, in p53-dependent cell
death cascade, PP2A suppresses p53 inhibitor MDM2 and MDM2 activator Akt as well as p53 and p53
activator Chk1/2. Bcl-2, B cell lymphoma 2; Bcl-xl, B-cell lymphoma extra large; p53, tumor protein
p53; Chk1/2, Serine/threonine-protein kinase Chk1/2; MDM2, Mouse double minute 2 homolog; Akt,
protein kinase B.

Protein Phosphatase 5

Protein phosphatase 5 (PP5) is one of the classical PSPs encoded by PPP5C and highly expressed
in central nervous system and neurons [71,72]. Physiologically, PP5 regulates cellular survival,
differentiation, DNA damage repair, migration, and proliferation [73]. On the other hand, high
expression of PP5 in the breast cancer or osteosarcoma tissue is observed [74,75]. However, no
direct evidence about linking between aberrant expression of PP5 with tumorigenesis is reported yet.
In GBMs, in vitro experiments revealed positive contribution of PP5 in regulation of GBM cell growth
and migration [76]. Therefore, to investigate further about expression level of PP5 in GBM tissue and
the detailed regulatory roles of PP5 in GBM oncogenicity would be suggested as meaningful.

Protein Phosphatase 6

Like PP4, Protein phosphatase 6 (PP6) is a member of the type 2A PSP family. It regulates
various physiological processes, such as anti-inflammation, cell-cycle regulation, DNA-damage
repair, and lymphocyte development. Furthermore, it is reportedly involved in the regulation of
tumorigenesis. In melanomas, PP6 has been shown to act as a tumor suppressor [65]. On the other
hand, anti-tumor activity of PP6 is reported in cervical cell carcinoma cell [77,78]. In GBMs, the PP6
catalytic subunit (PP6c) is overexpressed in around 0.5% of the TCGA GBM dataset [5], and siRNA
knockdown of PP6c suppressed DNA-dependent protein kinase activity, resulting in an enhanced
response of GBM cells to irradiation treatment in vitro and in vivo [64]. The representative PP2A
inhibitor, okadaic acid, also inhibits PP6 activity [65], and okadaic acid has a tumor-suppressive effect
in GBM cells [55,56], which is likely through suppression of not only PP2A but also PP6 activity. These
evidences suggest PP6 rather contributes as an oncogene in GBMs, but the accumulation of further
evidences is necessary for clarifying the exact roles of PP6 in GBM biology as well as PP4.
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2.1.2. Protein Tyrosine Phosphatases

Tyrosine-Protein Phosphatase Non-Receptor Type 6

Tyrosine-protein phosphatase non-receptor type 6 (PTPN6; also known as SHP1) is a PTP primarily
expressed in hematopoietic cells in normal tissue and regulates hematopoietic signaling, such as
tyrosine-protein kinase Lyn-mediated pathway. In a series of glioma cases, high expression of SHP1 in
glioma tissue was associated with poor prognosis [79]. Furthermore, in vitro study revealed expression
of SHP1 in GBM cells resulted in an increase of chemoresistance, and it was also demonstrated that the
expression level of SHP1 in glioma tissue was regulated by SHP1 promoter methylation status [79].
These results suggest SHP1 would have rather oncogenic roles in GBM cells, and epigenetic machinery
is a key mechanism for regulation of SHP1 expression in GBMs.

Tyrosine-Protein Phosphatase Non-Receptor Type 11

Tyrosine-protein phosphatase non-receptor type 11 (PTPN11; also known as PTP-1D, PTP-2C,
or SHP2) is a PTP activated mainly by RTKs and is one of the representative PTPs that have oncogenic
roles in various cancers [24,33,80–85]. Dysregulation of SHP2 function because of germline mutations
is involved in the pathogenesis of hereditary diseases, such as Noonan syndrome and Leopard
syndrome, as well as in oncogenesis and malignancy of neoplasms [24,33,80–87]. The major signaling
pathway regulated by SHP2 is the Ras-Raf-ERK (MAPK) cascade [33,80–84]. Both the hereditary
diseases and oncogenic signaling triggered by dysregulation of SHP2 are known to be mediated
by alterations of MAPK cascade activity [33,81,82,85–87]. Although SHP2 is reported to negatively
regulate proto-oncogenes, such as STAT3, by dephosphorylation [88,89], SHP2 as a positive regulator
of the MAPK cascade is reported to contribute as a proto-oncogene. There is evidence that SHP2
activates the MAPK cascade via adapter molecules, such as growth factor receptor-bound protein
2—although the detailed regulatory mechanism remains unknown—and through dephosphorylation
of Ras [33,80,83]. In glioma cells, although MAPK cascade activation by oncogenic activation of
other molecules is frequently reported, genetic alteration or enhanced activation of SHP2 is not
common [5,6,13]. This is probably because SHP2 induces downregulation of other signaling factors,
such as signal transducer and activator of transcription 3 (STAT3), which is also essential for glioma
maintenance, and overactivation of SHP2 rather leads to repression of tumor growth, even when the
MAPK pathway is activated. On the other hand, SHP2 has been reported to play an essential role in
oncogenic signal transduction of EGFRviii, an activation mutation of EGFR frequently observed in
GBMs [90]. In addition, reduced expression of SHP2 resulted in augmented radiosensitivity in glioma
cells [91], suggesting that SHP2 has potential as a therapeutic target for GBM, even without oncogenic
activation or overexpression. In line with this, the efficacy of SHP2 inhibitors in GBM treatment has
been exhibited (see below chapter 3.2.).

Tyrosine-Protein Phosphatase Non-Receptor Type 13

Tyrosine-protein phosphatase non-receptor type 13 (PTPN13 or PTPL1) is a PTP that regulates
various cellular functions, such as proliferation and differentiation, via the Ras-ERK cascade
or the Rho-associated protein kinase (ROCK) pathway [24,92–95]. PTPN13 has shown both
tumor-suppressive and oncogenic effects in several cancers [22,93,95–99]. As for GBMs, PTPTN13
is overexpressed in GBM cells compared with normal cells in GBM tissue [22,37]. An in vitro
study revealed PTPN13 directly interacts with and dephosphorylates tyrosine-phosphorylated FAS,
a cell membrane-localizing death receptor activated by interaction with FASL ligand, and blocks
FASL-dependent cell death in GBM cells [37]. Because FAS and FASL-mediated cell death machinery
are involved in irradiation- or genotoxin-induced cell death of GBM cells [37,100,101], these findings
suggest that PTPN13 acts as an oncogene in GBM cells by inhibiting therapy-induced GBM cell death.
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Receptor-Type Tyrosine-Protein Phosphatase Delta

Receptor-type tyrosine-protein phosphatase delta (PTPRD) is one of the receptor-type tyrosine
kinases (RTPTPs). PTPRD is encoded by the PTPRD gene and is inactivated in about 2 to 3% of GBM
cases in the TCGA dataset [5]. Physiologically, PTPRD regulates hippocampal memory by promoting
neurite outgrowth or axon guidance in the central nervous system [102], and mutation of PTPRD
triggers craniosynostosis, hearing loss, or intellectual disability [103,104]. In GBMs, suppression of
PTPRD expression by missense or nonsense mutation or promoter hypermethylation of PTPRD is
frequently observed [105,106]. Forced expression of PTPRD in cultured GBM cells resulted in growth
arrest or cell death that might be because of inhibition of activation of STAT3, one of the substrates
of PTPRD [105,107]. These findings suggest that PTPRD is a tumor suppressor in GBM, but when
genetically or epigenetically inactivated, might contribute to tumorigenesis in GBM.

Receptor-Type Tyrosine-Protein Phosphatase Mu

Receptor-type tyrosine-protein phosphatase mu (PTPRM or RTPTPμ) is RPTPT expressed in
endothelial, glial, and neuronal cells. PTPRM regulates various biological process, such as cell growth,
differentiation, and mitosis. And importantly, PTPRM positively regulates cell–cell adhesion by
association with another PTPRM expressed at adjacent cells via homophilic binding [108]. The role
as the negative regulator of cancer biology is indicated [109,110]. In GBMs, decreased expression of
PTPRM is reported in GBM tissue [111], and suppression of PTPRM expression in GBM cells resulted
in enhancement of migration in vitro [111], suggesting decreased PTPRM expression contributes to
tumorigenicity of GBM by augmentation of GBM cell migration. However, inhibition of PTPRM
phosphatase activity by antagonizing peptide demonstrated inhibition of GBM cell migration [112].
Therefore, the therapeutic roles of PTPRM in GBM treatment should be further confirmed carefully.

Receptor-Type Tyrosine-Protein Phosphatase Zeta

Receptor-type tyrosine-protein phosphatase zeta (PTPRZ) is an RTPTP encoded by
PTPRZ1 [113,114]. In the central nervous system, PTPRZ regulates neurotransmission, endocytic
transportation, and synapse motility, thereby controlling hippocampal memory under the physiological
condition. Through alternative splicing, three variants of PTPRZ are generated: a long form, a short
form, and phosphacan, which is the extracellular domain of PTPRZ and is secreted to the extracellular
space [115,116]. Phosphacan is expressed mainly in matured glia in the adult human brain, whereas
the other two variants are expressed mainly in glial precursors [115]. In GBM tissue, all variants are
expressed, and high-level expression of PTPRZ is reported [117,118]. Importantly, single-cell RNA
sequencing analysis of primary GBM cases revealed that PTPRZ positively regulates stemness of
GBM cells [119]. In addition, PTPRZ knockdown resulted in a suppression of migration and tumor
growth of GBM cells [117,120,121]. Although the exact role of the intrinsic phosphatase activity of
PTPRZ in the regulation of GBM biology remains unclear, recent evidence revealed that re-expression
of the extracellular domain in GBM cell lines after knockdown of PTPRZ resultthe ed in rescue of
the migration, but not proliferation, in these cells [120]. Enhanced secretion of pleiotrophin, one of
the extracellular ligands of PTPRZ abundantly expressed in GBM tissue, from tumor-associated
macrophages in GBM tissue promotes tumor growth of GBM stem cells [122]. The biological and
therapeutic roles of the extracellular domain, as well as the intracellular PTP domain of PTPRZ. should
be further investigated to elucidate the oncogenic role of PTPRZ in GBM. Recently, the inhibitors
against PTPRZ, SCB4380 and NAZ2329, have been developed, and efficacy of these inhibitors in
tumorigenicity of GBM cells was demonstrated (see below chapter 3.3).
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2.1.3. Dual-Specificity Phosphatases

Phosphatase and Tensin Homolog

Phosphatase and tensin homolog (PTEN) is one of the best known DUSPs in gliomas,
because inactivation of PTEN by deletion or mutation was discovered in 41% of the TCGA
GBM dataset [5]. In physiological conditions, PTEN catalyzes the dephosphorylation of
phosphatidylinositol (3,4,5)-trisphosphate to phosphatidylinositol (4,5)-bisphosphate, which inhibits
phosphatidylinositol-4,5-bisphosphate 3-kinase signaling [29,123,124]. This reaction consequently
blocks RTK-mediated survival signaling, resulting in tumor suppression. In gliomas, PTEN has been
highlighted for its tumorigenic role induced by genetic inactivation through chromosome 10 deletion.
In addition to genetic inactivation of PTEN, recent evidence demonstrates that miR-26a, which is highly
expressed in GBM tissues, targets PTEN and suppresses PTEN expression in GBMs with monoallelic
PTEN deletion, resulting in further inhibition of PTEN [125]. PTEN promoter methylation-mediated
PTEN silencing has also been detected in GBMs [126]. Because overactivation of RTKs, such as EGFR,
by chromosomal mutations also frequently occurs in gliomas [5,6,15,127,128], it is suggested that PTEN
inactivation results in enhanced RTK-mediated oncogenic signaling and. thus, to oncogenicity in
glioma cells. This also implies that the phosphatidylinositol-4,5-bisphosphate 3-kinase pathway might
be an effective therapeutic target for gliomas, although direct targeting of PTEN would be difficult.
Interestingly, a recent finding demonstrated PTEN is exocytically secreted by exosomes from GBM
cells and suppresses Akt activity of its recipient cells in vitro [129], and exosomal microRNA (miR)-21
and miR-26a enriched in GBM patients as the circulating microRNA suppress PTEN expression [130],
suggesting the profound roles of exosomes in regulation of GBMs biology via modulation of PTEN
expression. Therefore, understanding these epigenetical or exosomal regulations of PTEN are also
suggested to be important for targeting PTEN-mediated signaling pathway in GBMs treatment.

Dual-Specificity Phosphatase 1/Mitogen-Activated Protein Kinase Phosphatase 1

Most DUSP family members regulate the phosphorylation (activation) status and subcellular
localization of MAPKs [22,25,28,131]. Dephosphorylation of MAPKs by DUSPs usually results in the
suppression of MAPK signaling induced by, e.g., RTKs [22,25,28,131]. Dual-specificity phosphatase 1
(DUSP1)/mitogen-activated protein kinase phosphatase 1 (MKP-1) is encoded by DUSP1, and DUSP1
expression is transcriptionally regulated by tumor suppressor p53 [132], which is frequently inactivated
by genetic alteration in GBMs [5,6]. Thus, suppression of DUSP1 expression by p53 mutation would
contribute to GBM tumorigenicity via upregulated MAPK signaling activation. Interestingly, one report
demonstrated that DUSP1 expression is higher in GBM than in normal cells in glioma tissue [133].
Knockdown of DUSP1 in GBM cells resulted in enhanced induction of cell death by genotoxins, which
was probably induced by JNK hyperactivation [134]. These findings suggest the potential of DUSP1
as a potent therapeutic target for GBMs, and that DUSP1 has both tumor-suppressive and oncogenic
roles in GBMs, likely dependent on its expression level.

Dual-Specificity Phosphatase 4/Mitogen-Activated Protein Kinase Phosphatase 2

Dual-specificity phosphatase 4 (DUSP4)/mitogen-activated protein kinase phosphatase 2 (MKP-2)
is encoded by DUSP4 and is widely expressed in the nucleus in various tissues. Like other DUSPs,
DUSP4 dephosphorylates MAPKs, such as ERK1, ERK2, and JNK, and regulates proliferation and
differentiation [22,131]. In cancers, DUSP4 expression is either up- or downregulated [135–139],
and in GBM tissues, DUSP4 is generally downregulated [140]. This downregulation of DUSP4
expression is often associated with and, thus, likely caused by DUSP4 promoter methylation [140,141].
Importantly, in GBMs, DUSP4 promoter methylation is reported to be associated with alteration
of the IDH1 gene encoding isocitrate dehydrogenase 1 (IDH1) [140], which catalyzes the oxidative
decarboxylation of isocitrate to 2-oxoglutarate [142]. IDH1 mutation is one of the most important
genetic alteration in gliomas, which is not only necessary for molecular diagnosis of glioma cases,
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but is also essential for understanding glioma biology [143]. IDH1 mutations in gliomas are
gain-of-function mutations that lead to the generation of the oncometabolite 2-hydroxyglutarate
instead of 2-oxoglutarate from isocitrate, which induces a wide range of epigenetic dysregulation
collectively termed “glioma CpG island methylator phenotype” [144]. The presence of IDH1 mutation
is one of the most important determining factors for molecular diagnosis in the WHO 2016 classification
of gliomas [145,146]. Therefore, downregulation of DUSP4 expression in gliomas is suggested to be
caused by epigenetic regulation triggered by IDH1 mutation and to contribute to glioma tumorigenesis
through enhancement of MAPK signaling. Accordingly, the DUSP4 expression level might serve as a
predictor of IDH1 mutation, which currently is crucial for the molecular diagnosis of gliomas.

Dual-Specificity Phosphatase 26/Mitogen-Activated Protein Kinase Phosphatase 8

Dual-specificity phosphatase 26 (DUSP26) is encoded by DUSP26 and dephosphorylates MAPKs,
including ERK, JNK, and p38; however, its physiological function remains unclear. In tumor cells,
DUSP26 is known to act as both oncogene and tumor suppressor. A recent study revealed that the
oncogenic activity of DUSP26 depends on dephosphorylation and inactivation of tumor suppressor
p53 [147]. In GBMs, DUSP26 expression is downregulated, and lower expression of DUSP26 predicts
poor prognosis in GBM patients [148]. Another study reported downregulation of DUSP26 expression
GBM tissues and DUSP26-mediated enhancement of cell–cell adhesion, which suppressed the invasive
phenotype of GBM cells [149]. Collectively, these findings indicate that DUSP26 might act as a
tumor suppressor in GBMs, and suppression of activity or expression of DUSP26 might contribute to
tumorigenesis of GBMs.

Phosphatase of Regenerating Liver 3

Phosphatase of regenerating liver 3 (PRL-3) is a DUSP that positively regulates various cellular
signaling factors, such as PI3K, Src, and Rho [35,150–152]. The C’-terminal region of PRL-3 is known to
be prenylated, which might contribute to the intracellular membrane localization of PRL-3. The exact
PRL-3-dependent regulatory molecular signaling and substrates of PRL-3 in normal cells are yet to be
elucidated. It has been reported that PRL-3 contributes to growth induction, invasion, and metastasis
of tumor cells [152–155]. In glioma cells, PRL-3 induces matrix metalloprotease expression via ERK,
JNK, or other machinery, and this has been suggested to trigger invasion and metastasis [22,156–158].
More importantly, the PRL-3 expression level is elevated according to historical malignancy grade,
and evidence demonstrates that PRL-3 expression is inversely correlated with the prognosis of GBM
patients [22,156,157]. Based on these findings, it is suggested PRL-3 might be involved in the regulation
of GBM malignancy; however, details on the molecular machinery behind PRL-3-mediated GBM
oncogenesis required further investigation.

Cyclin-Dependent Kinase Inhibitor 3

Cyclin-dependent kinase inhibitor 3 (CDKN3, or KAP) is a DUSP that physiologically
dephosphorylates cyclin-dependent kinase 2 (CDK2) and induces mitotic G1-S arrest [159,160].
In several cancers, KAP is reported to contribute as either a tumor suppressor or oncogene by
de-phosphorylation of other targets. Although alteration of CDKN3 gene, which encodes KAP,
in the TCGA GBM dataset was not confirmed [5], KAP expression was increased, and a high KAP
expression was associated with poor prognosis in a series of GBM cases [161]; however, KAP proteins
expressed in GBMs were aberrantly spliced and acted dominant-negatively against wild-type KAP
in the same cases [161]. An in vitro study revealed that wild-type KAP inhibits GBM cell migration
in a CDC2-dependent manner [161]. In addition, a recent study revealed that KAP-ROCK2 pathway
inhibition through overexpression of miR-26a which directly targets KAP and is often amplified in
GBMs augments CDK2 activation in GBMs, resulting in disease progression [162]. Therefore, it is
suggested downregulation of KAP activity by aberrant splicing or overexpression of microRNA
facilitates GBM cell oncogenicity at least in part by promoting migration in a CDC2-dependent manner.
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CDC25 Family

The cell division cycle 25 (CDC25) family of DUSPs is commonly involved in mitotic entry
in the cell cycle through dephosphorylation and activation of cyclin-dependent kinases (CDKs).
In many cancers, the upregulated expression of CDC25s and its role in tumor progression by
accelerating proliferation has been confirmed. All three CDC25 variants (CDC25A, B, and C) are
involved in the regulation of GBM biology. Although genetic alterations of the genes encoding
CDC25s are not observed in the TCGA GBM dataset, in a certain series of human glioma samples,
expression of the cell-cycle marker Ki67 is increased in parallel with increased CDC25A expression,
and dephosphorylation of PKM2 by CDC25A induces glycolytic metabolism, resulting in the Warburg
effect and tumorigenicity of GBM cells [163,164]. On the other hand, suppression of CDC25A
expression during ionizing radiation in GBM cells resulted in enhanced invasion, and upregulation of
CDC25A expression upon irradiation augmented ionizing radiation-induced GBM cell death [165,166].
These findings suggest that CDC25A is involved in positive regulation of GBM biology. However,
CDC25A might also conversely contribute to radioresistance of GBMs. In the case of CDC25B, increased
CDC25B expression in GBM cases is reported to associate with worsening of histological malignancy
and poor prognosis [22,167,168]. Inhibition of the expression and activity of forkhead box protein
M1 (FOXM1), an upstream regulator of CDC25B, by a natural compound plumbagin resulted in
suppression of GBM cell growth [169,170]. Although one report indicated that protein expression
of CDC25B in GBM tissue is not upregulated in cases with chemo- or ratio-resistance [171], these
evidences suggest and an oncogenic rather than a tumor-suppressive role of CDC25B. In the case
of CDC25C, genetic alteration of CDC25C and correlation of expression or activation of CDC25C
with malignancy or prognosis is not common in GBMs; however, indirect pharmacological inhibition
of CDC25C expression by demethocurcumin or ansamycins has been suggested to be effective in
GBMs [172,173]. Collectively, the data suggest that all CDC variants act as proto-oncogenes. Although
direct inhibition of CDCs is under development for clinical use, CDCs are strong candidates as a novel
therapeutic target for GBMs.

2.2. Atypical Protein Phosphatases

Eyes Absent Transcriptional Coactivator and Phosphatase Homolog 2

The eyes absent (EYA) family (EYA1–4) is a group of atypical PPPs that function as transcriptional
cofactors as well as phosphatases. As for the physiological functions of the EYA family, they are
known to be involved in organ development by regulating RTK, transforming growth factor (TGF) and
Hedgehog-mediated signaling [23,174–176]. In addition, EYAs contribute to DNA repair [23,177–179]
and regulate cancer proliferation and metastasis in various cancers [23,180,181]. EYA2 has a notable
function in the regulation of cancer biology and serves as a prognostic marker in cancer [181,182].
In gliomas, including GBMs, EYA2 is overexpressed in glioma cells in glioma tissues compared with
normal cells and is associated with histological grading. In the TCGA GBM dataset, amplification of
EYA2-encoding gene EYA2 is observed in around 0.7% of the total cases [5]. An in vitro study revealed
that EYA2 positively regulates GBM cell invasion by enhancing matrix metalloprotease 9 expression
and proliferation [183]. Thus, although the knowledge on EYA2 in the context of GBM is still limited,
EYA2 might serve as a therapeutic target for GBM, as has been suggested for other tumors.

3. Phosphatase Targeting in GBM

Recently, to establish the therapy targeting phosphatases based on the biological features of each
phosphatase upon neoplasms, the small molecule inhibitors and activators against some phosphatases
have been developed as the antitumor agents. The summary of these agents is shown in Table 1.
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Table 1. Summary of pharmacological inhibitors and activators of protein phosphatases highlighted
in the text. The number of relevant references (Ref), molecular targets or mechanisms, and other
information, such as clinical trial of each agent, are also shown. The agents with anti-glioblastoma
(GBM) effects (and the number of relevant references) and clinical trial in GBM cases are emphasized
in red characters.

PPP Agent (Reference) Target / Mechanism Notes 
PP2A (Inhibitor) 

LB-100 [59,184] PP2A (Binding partner: unknown) Clinical trial in 
recurrent GBM is 
ongoing (Phase 2, 
NCT03027388) 

LB-102 [56,58] 
Microcystin-LR [60] Catalytic subunit of PP2A 
Okadaic acid [55] 
Anisomycin [57]  Suppression of PP2A expression (JNK activator) 

(Activator) 
FTY720 [185,186] SET (PP2A inhibitor protein) 
OP440 
DT-061 (SMAP) [41,187,188] Binding to the PP2A Aα scaffold subunit  

(Driving conformational changes in PP2A) 
PP4 
PP5 
PP6 
PTPN6 
SHP2 (Inhibitor) 

Catalytic domain of SHP2 

Allosteric inhibition of SHP2 

Cryptotanshinone 
[189,190,191,192,193] 

NSC-87877 [192,193,194  
PHPS1 [185,192,193] 
RMC-4550 [195] SHP099 
[196] 
TNO155 [197] 

 

Clinical trial in 
advanced solid 
tumors is ongoing 
(Phase 1, 
NCT03114319) 

(Activator) 
Geranylnaringenin (CG902) 

Binding to N-SH2 domain of SHP2 
(Suppression of autoinhibition) 

PTPN13 
PTPRD 
PTPRM 
PTTPRZ (Inhibitor) 

SCB4380 [198] Catalytic domain of PTPRZ/G Cell permeability (-) 
NAZ2329 [199] Allosteric inhibition of PTPRZ/G 

PTEN 
DUSP1 (Inhibitor) 

Triptolide [200] Unknown (Inhibition of DUSP1 expression) 
BCI [201–203] Allosteric inhibition of DUSP1/6 

DUSP4 
DUSP26 
PRL-3 (Inhibitor) 

Thienopyridone [204] Catalytic domain of PRL-3 
Cmpd-43 [205] Inhibition of trimerization of PRL-3 
Monoclonal anti-PRL-3 antibody [206] 

CDKN3 
CDC25A 
CDC25B (Inhibitor) 

Plumbagin [169,170] FOXM1 (Inhibition of CDC25B expression) 
FDI-6 [207] 

CDC25C (Inhibitor) 
Demethocurcumin [172] Unknown (Acceleration of CDC25C degradation) 
Ansamycins [173] Hsp90 (Acceleration of CDC25C degradation) 

EYA2 (Inhibitor) 
MLS000544460 [21] Allosteric inhibition of EYA2 

3.1. PP2A Inhibitors and Activators

As noted above, PP2A works as either oncogenic protein or tumor suppressor which is dependent
on the type harboring tumor, and the inhibitor and activator have been the focused as novel anticancer
drug against various malignancies previously. LB-100, a water-soluble small molecule inhibitor of
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PP2A, and its lipid-soluble derivative LB-102 have been shown antitumor effects against various
tumors [184]. And importantly, LB-102 potentiated the effect of genotoxins without increase of side
effects in the mouse xenograft model of human GBM cell lines [58]. Based on these evidences, phase
2 study of LB-100 against relapsed GBMs has already been started (https://clinicaltrials.gov/ct2/
show/NCT03027388). However, okadaic acid-induced dormancy of GBM stem-like cells was also
reported [208]. This means PP2A inhibitor might also have the potency to induce resistance against
treatment-induced GBM cell death. On the other hand, the usefulness of PP2A activators has also
been validated in tumor treatment. Phenothiazine, a tricyclic neuroleptic, induces PP2A-mediated
apoptosis in leukemia cells via targeting A subunit of PP2A [209]. OP440, a peptidyl inhibitor of PP2A
targeting SET, also demonstrated antitumor activity against leukemia cells [194]. Anticancer activity
of FTY720, a sphingosine-based classical PP2A reactivator which targets SET, against various cancer
systems has been demonstrated [185]. In GBMs, in vitro study demonstrated apoptosis-inducing
activity of FTY720 against human glioma cell lines [186]. In addition, ceramides are also known to
inhibit SET, and anti-inflammatory drug indomethacin is reported to induce upregulation of PP2A
activity and PP2A-mediated GBM cell death by an increase of intracellular ceramides [210]. Currently,
a series of orally bioavailable small molecule activators of PP2A (SMAP), which have been obtained by
reengineering of tricyclic neuroleptics and targets structural A subunit of PP2A, are highlighted as the
potent PP2A activators [187]. Efficacy of DT-061, a lead molecule of SMAP, in treatment of rat sarcoma
proto-oncogene (RAS)- or MAPK-driven tumors, such as lung cancers or prostate cancers, has been
confirmed [41,188]; however, the evidences about the effectiveness of SMAP in the treatment of GBMs
is not reported yet. Taken together, the potencies of both PP2A inhibitors and PP2A activators as the
antitumor agents against GBMs have been shown especially in association with recent progress in
drug development, and it is also suggested a further continuation of investigation and improvement
about these PP2A-targeted drugs is still necessary for clinical application.

3.2. SHP2 Inhibitors and Activators

As mentioned above, not only tumor-suppressive roles but tumorigenic functions of SHP2 have
been suggested in various cancer systems. Therefore, SHP2 inhibitors, as well as SHP2 activators, have
been developed as the anticancer drugs. The classical SHP2 inhibitors, such as NSC-87877 or PHPS1
which targets the catalytic domain of SHP2 [211,212], demonstrated antitumor effect against GBM cells
in the cell-based studies. Cryptotanshinone, another SHP2 inhibitor extracted from natural plants [189],
has also been reported to show tumor-suppressive effects upon GBM cells via suppression of STAT3
activation [190,191]. However, these active site-targeted SHP2 inhibitors or cryptotanshinone are
also revealed to have the potency to act on multiple molecular targets [192,193]. Recently, RMC-4550,
SHP099, and TNO155, the allosteric inhibitors of SHP2, have been developed, and these allosteric
SHP2 inhibitors block SHP2 activity by lower concentration and higher specificity [195–197]. Notably,
phase I clinical trial of TNO155 as the therapeutic agent against solid tumors has already started
(https://clinicaltrials.gov/ct2/show/NCT03114319); however, the efficacy of these allosteric inhibitors
of SHP2 in GBM treatment has not yet been well-proven. On the other hand, the activator of
SHP2, geranylnaringenin (CG902), is reported to inhibit proliferation of the prostate cell line via
SHP2-dependent STAT3 suppression [213]. Although the efficacy of geranylnaringenin in GBM
therapy is not validated yet, the possible role of geranylnaringenin in GBM treatment would be
suggested because STAT3 is known to play a crucial role in the maintenance of GBM biology [214].

3.3. PTPRZ Inhibitor

As mentioned above, suppression of PTPRZ expression resulted in inhibition of GBM cell
oncogenicity. SCB4380, a cell-impermeable small molecule PTPRZ inhibitor which also potentially
blocks PTPRG activity, suppressed migration, proliferation, and tumorigenicity of the Rat GBM cell
line by liposome-mediated intracellular loading [198]. NAZ2329, another cell-permeable allosteric
inhibitor of both PTPRZ and PTPRG, demonstrated suppression of stem cell-like properties and
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tumorigenicity in GBM cells [199]. These results suggest the potency of PTPRZ inhibitors as the
effective GBM-treating agents; however, especially from the viewpoint of target selectivity and drug
delivery, further development of PTPRZ inhibitors would be necessary for actual clinical use.

3.4. DUSP1 Inhibitors

The various inhibitors targeting certain DUSPs (DUSP1, DUSP6, and DUSP26) have been
developed for cancer therapy [25]. Among them, triptolide, a plant-derived DUSP1 inhibitor which
suppresses DUSP1 expression, suppressed proliferation and invasion of GBM cells in vitro [200].
(E)-2-benzylidene-5-bromo-3-(cyclohexylamino)-2,3-dihydro-1H-inden-1-one (BCI), an allosteric
inhibitor of DUSP1/6 was recently developed [201] and demonstrated anticancer effect against breast
cancer and gastric cancer cells via modulation of ERK1/2 activity [202,203]. Although the efficacy of
BCI in GBM treatment is also prospected, accumulation of further evidences would be necessary for
therapeutic application.

3.5. PRL-3 Inhibitors

Inhibitors targeting PRL-3 have been developed as anti-cancer agents for years. Thienopyridone,
a classical PRL-3 inhibitor targeting active site of PRL-3, blocks PRLs activity and has demonstrated
anticancer effects [204]. In addition, Cmpd-43, a PRZ-3 inhibitor which interferes with PRL
trimerization and possesses more specificity to PRZs, demonstrates anticancer activity against
melanomas in vitro and in the xenograft model [205], and recently-developed monoclonal anti-PRL-3
antibody also exhibited anticancer activity in vitro and in vivo [206]; however, the effectiveness of
these PRL-3 inhibitors in GBM treatment is not confirmed yet.

3.6. CDC25s Inhibitors

CDC25s play fundamental roles in regulation of GBM biology, and pharmacological inhibition
of CDC25B or CDC25C expression resulted in growth arrest of GBM cells [170,172,173]. In addition,
FDI-6, a recent developed small molecule inhibitor of FOXM1 which transcriptionally upregulates
CDC25B expression, suppressed CDC25B expression in breast and ovarian cancer cells [207]. Although
these CD25B or CDC25C inhibitors do not directly affect these phosphatases, the possibility of CDC25B
or CDC25C as the pharmacological therapeutic target of GBM is suggested. Further development of
direct specific inhibitors of these CDC25s would be necessary for GBM treatment.

3.7. EYA2 Inhibitor

As noted above, EYA2 is overexpressed and regulates growth and invasion of high-grade
gliomas including GBMs [183]. MLS000544460, an allosteric Eya2 inhibitor, has been developed and
inhibited migration of human epithelial cell line [215], and further investigation about effectiveness of
MLS000544460 in GBM treatment is awaited.

Given current knowledge, it still remains difficult to determine which PPPs might be appropriate
as a therapeutic target for GBM. Therefore, it is necessary to verify the effect and usefulness of PPP
inactivation or activation in vitro before the efficacy of targeting PPPs which can be studies in in vivo
models or clinical studies. As for inhibitors or activator of PPPs, substrate specificity and blood–brain
barrier (BBB) permeability might pose issues, especially in the case of GBMs [216]. Now, as noted
above, phase 2 clinical trial of PP2A inhibitor LB-100 against recurrent GBM cases has been already
ongoing (https://clinicaltrials.gov/ct2/show/NCT03027388), and the drugs targeting PPPs with
greater permeability of the BBB, such as SMAPs, have been developed recently [41,187,188]; clinical
application of these agents in GBM therapy in the near future would be anticipated.
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4. Conclusions

Recent studies on glioma biology have indicated the roles of PPPs in the regulation of GBM
oncogenicity, and the modulation of PPP expression or activity for clinical GBM treatment is gradually
getting closer. However, further in-depth studies are needed before the application of PPP modulation
in clinical GBM treatment can be contemplated, as PPPs are more difficult as therapeutic targets than
certain other molecules because a single PPP regulates multiple and complex signaling pathways.
However, from another angle, PPP modulation might avoid relapse and the development of therapeutic
insensitivity in GBM exactly because PPPs modulate diverse intracellular signaling pathways. In
any case, targeting of PPPs in GBM therapy would be challenging but is worth further development.
In future, highly specific and blood–brain barrier-permeable PPP inhibitors might have potential as
novel therapeutic agents against refractory GBMs.
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Abstract: Glioblastoma (GBM) has the worst prognosis among brain tumors, hence basic biology,
preclinical, and clinical studies are necessary to design effective strategies to defeat this disease.
Gene transfer vectors derived from the most-studied lentivirus—the Human Immunodeficiency Virus
type 1—have wide application in dissecting GBM specific features to identify potential therapeutic
targets. Last-generation lentiviruses (LV), highly improved in safety profile and gene transfer capacity,
are also largely employed as delivery systems of therapeutic molecules to be employed in gene
therapy (GT) approaches. LV were initially used in GT protocols aimed at the expression of suicide
factors to induce GBM cell death. Subsequently, LV were adopted to either express small noncoding
RNAs to affect different aspects of GBM biology or to overcome the resistance to both chemo- and
radiotherapy that easily develop in this tumor after initial therapy. Newer frontiers include adoption
of LV for engineering T cells to express chimeric antigen receptors recognizing specific GBM antigens,
or for transducing specific cell types that, due to their biological properties, can function as carriers
of therapeutic molecules to the cancer mass. Finally, LV allow the setting up of improved animal
models crucial for the validation of GBM specific therapies.

Keywords: glioblastoma; lentiviral vectors; gene therapy; animal models

1. Introduction

Glioblastoma (GBM) is the most aggressive brain tumor, with poor prognosis and scarce
progression-free survival time, usually leading to death within 20 months after initial diagnosis [1].
Currently, GBM classification by the World Health Organization couples clinical features to molecular
phenotype, distinguishing isocitrate dehydrogenase (IDH) wildtype GBMs, mostly primary developed
tumors accounting for nearly 90% of cases, from IDH mutant GBMs, usually arising as secondary
tumors from lower grade gliomas and otherwise not specified GBMs [2]. However, additional
molecular markers maybe found in specific subsets of patients. The blood–brain barrier (BBB) further
complicates GBM treatment, limiting the access to the tumor mass when anticancer molecules are
systemically administered. Moreover, targeting GBM growth is complicated by the presence, within
the tumor mass, of at least two populations of cancer cells, self-renewing tumor stem cells as well as
more differentiated ones that respond differently to the various chemo- and radiotherapies, and whose
biology is still not completely unraveled. Hence, both basic and clinical research need new tools for
wrecking GBM conundrum.

Due to the peculiar biology of the parental viruses, retroviral-based vectors (gamma-retroviral
and lentiviral vectors) display some interesting features, including persistent gene expression due to
integration of their genome into the host DNA. In the last three decades, lentiviral vectors (LV) have
been widely used in the field of GBM research, because of their advantages over gammaretroviral
vectors, which were initially developed [3]. In particular, LV are more stable and less prone to
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insertional mutagenesis with respect to gammaretroviral vectors. Twenty-five years have passed
since the earlier studies demonstrated that the Human Immunodeficiency Virus type 1 (HIV-1),
the best-known lentivirus, could be modified for efficient gene delivery to lymphocytes [4,5] and
to nondividing cells [6]. Currently, third-generation HIV-based vectors, which are highly improved
in their transduction efficiency and safety, are adopted in several clinical trials [7]. LV offer several
advantages over different viral and nonviral gene delivery vehicles: (i) the ability of transducing
both dividing and resting cells; (ii) high efficiency in delivering transgenes to primary and stem cells;
(iii) the capability of integrating their genome into the host DNA, leading to a sustained transgene
expression; in addition, as mentioned above, LV show a potentially safer integration site profile when
compared to gammaretroviral vectors [8]; (iv) a tissue tropism that can be modified by providing the
viral core particles with an heterologous glycoprotein envelope. This process, known as pseudotyping,
can be exploited to extend the natural tropism of the parental virus, which otherwise would be
restricted to CD4 positive T cells and/or to allow an efficient and possibly specific targeting of cell
types of interest. Relevant to GBM, LV have been successfully pseudotyped with the envelope of
the lymphocytic choriomeningitis virus, resulting in a preferential transduction of tumor cells over
the normal surrounding tissue [9]; (v) a low immunogenicity due to the virtual lack of viral protein
expression after transduction; (vi) the ability to efficiently deliver not only transgenes, but also non
coding (nc)-RNAs, such as small interfering RNAs (siRNAs) and microRNAs (miRNAs); and (vii)
effective standardized and relatively easy to adopt methods for vector manipulation and production.
These features, all together, led to the adoption of LV in different basic and translational studies. Indeed,
LV are currently employed for (i) gene silencing by RNA interference (RNAi) with the aim of both
analyzing the biological role of a certain transcript or for its knock-out in therapeutic approaches; (ii)
transgene overexpression in several cell types, including primary and stem cells, as well cell marking
and tracing, in vitro and in vivo; (iii) strategies aimed at vaccine development; (iv) the generation of
transgenic animal models; (v) the induction of pluripotent stem cells starting from adult cells (iPSCs);
and (vi) genome editing purposes.

In the field of GBM research, LV were originally designed for gene and cell therapy, yet their
use falls well beyond this initial application. Indeed, LV have been valuable tools for exploring the
tumor biology and for dissecting functions of various cellular pathways and proteins, including their
possible role as therapeutic targets. Furthermore, LV were adopted to create and develop GBM animal
models that closely mimic the clinical proteiform manifestations of this tumor (Figure 1). In this review,
we aim at summarizing how LV contributed to gain further insights in our understanding of GBM
biology and to design new therapeutic strategies, by mainly focusing on studies performed in the
animal model.

618



Cancers 2019, 11, 417

Figure 1. Overview of the main applications of lentiviruses LV in glioblastoma (GBM) research. Once
transfected in appropriate cell lines, the packaging and envelope plasmids express the viral structural
and enzymatic proteins (packaging vector(s)) along with the envelope glycoprotein (envelope vector)
leading to the formation of viral particles that will incorporate the transgene encoding vector (transfer
vector). The vesicular stomatitis virus glycoprotein G (VSV-G) is a widely employed envelope which
confers to the recombinant particles the ability to infect a large range of target cells, including primary
and stem cells. Additional envelopes can be adopted with the aim of restricting vector entry to cell types
of interest, as explained in the text. In the context of GBM research, recombinant lentiviral particles
were used in basic studies focused on tumor biology/new therapeutic target discovery, in gene and
cell therapy approaches and to generate suitable animal models.
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2. LV as Tools for Studying Tumor Biology and the Identification of Therapeutic Targets

Given the above described features, LV have been extensively used to explore basic biology
of GBM. Indeed, LV have been mainly adopted to achieve effective gene silencing with the aim of
exploring the role of different proteins and/or cellular pathways in crucial aspects of GBM development
and progression, as well as resistance to chemotherapy and radiation.

RNAi is a natural process through which expression of a targeted gene can be knocked down
with high specificity and selectivity. The silencing mechanisms either rely on the degradation of the
target mRNA, as in the case of siRNAs and short hairpin RNAs (shRNAs), or on the suppression of
mRNA translation, as induced by miRNAs. RNAi can be also accomplished by artificially delivering
these small nc-RNA species to the target cells, through the adoption of viral as well as nonviral vectors.
LV represent one of the most adopted transfer tools in the field of RNAi, being extremely efficient in
transducing small nc-RNAs into different cell types, including primary and stem cells.

In the context of GBM research, LV versatility combined to RNAi potency have been widely
exploited. For instance, LV have been valuable tools for the generation of shRNA libraries that allowed
a genome-wide, high-throughput genetic screening for the identification of genes involved in tumor
initiation, maintenance, and in cell growth inhibition (e.g., see the work by Thaker and colleagues [10]).

By adopting LV designed to transduce specific shRNAs (shRNA-LV), Li and coworkers showed
the importance of the dopamine receptor D2 (DRD2) signaling pathway in GBM. Validating this result,
DRD2 transcript and protein expression were found increased in clinical glioblastoma specimens
when compared to matched non-neoplastic tissues [11]. On the other hand, Wanka and coworkers
demonstrated, through LV-mediated shRNA suppression of p53 and of its downstream effector SCO2,
that this pathway is involved in tumor resistance to hypoxia [12].

With the same strategy it was shown that the SNARE proteins, which are crucial for the functioning
of the cellular machinery involved in the cell interaction with extracellular environment, and more
specifically syntaxin1, are crucial for GBM proliferation [13].

LV-mediated expression of shRNAs has been also adopted to investigate the molecular
mechanisms contributing to the invasive nature of GBM within the central nervous system (CNS), a
feature that highly contributes to the poor prognosis of this tumor. By adopting this strategy, the role of
the A Disintegrin And Metalloproteinase (ADAM) family of proteins in invasiveness of GBM cells has
been unraveled. Specifically, ADAM-9 was identified as a mediator of tenascin-C-stimulated migration
of a specific class of cancer cells, the so-called tumor initiating cells [14]. Tumor initiating cells (TIC), or
glioblastoma stem cells (GSC), are defined as cells with self-renewal ability, tumor-initiating capacity,
and ability to give rise to a more differentiated progeny. A fraction of these cells seems to be responsible
not only for the onset and recurrence of GBM, but also for its characteristic resistance to currently
employed treatment [15]. Auvergne and coworkers by LV silencing were able to show a role for the
Protease Activated Receptor 1 (PAR1) in self-renewal of human TICs. Indeed, the knock-out of PAR1
expression led to a robust decrease in the tumorigenicity activity of these cells [15]. A similar role was
found for the transcriptional modulator High Mobility Group AT-Hook 2 (HMGA2), which is involved
in motility and self-renewal of normal and cancer cells. When this factor was targeted by shRNA-LV
in a GBM neurosphere cell line (HSR-GBM1), a reduction in cell stemness, invasion capacity, and
ability to induce tumors was observed [16]. Furthermore, shRNA-LV allowed the identification of
the protooncogene protein tyrosine phosphatase SHP2 as a positive factor for GSC proliferation and
tumorigenicity [17].

Different proteins have been connected to GBM cell proliferation by LV-mediated silencing,
among these, the fatty acid regulator hydroxysteroid dehydrogenase-like 2 (HSDL2) [18], as well as
the ribosomal protein s15a [19].

The tumor microenvironment is greatly involved in driving tumor growth through
proinflammatory and tumorigenic molecules that enable communication between tumor and nontumor
cells, as a result of NF-κB- and/or AP-1-induced genes. Upstream of these molecules is TRAF3
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Interacting Protein 2, which was silenced via LV-mediated shRNA, resulting in a reduced growth of
GBM [20].

The cytoskeletal dynamics and angiogenesis are two factors playing a significant role in tumor
formation/progression. In the first case, there is a great interest towards the identification of proteins
involved in the microtubule formation. Indeed, these cell factors would represent suitable therapeutic
targets, given that most of the already approved and in use antitumoral drugs interfere with this process.
Stathmin, a 17 kDa regulator of microtubule dynamics, was recently targeted via LV-shRNA in GBM
cells, resulting in a reduction of tumor formation and growth in nude mice [21]. Importantly, a recent
study employing a new murine model of platelet-derived growth factor receptor-α (PDGFRα)-driven
GBM, demonstrated that PDGFRα activity synergizes with the microtubule stabilizer drug vinblastine
via stathmin dephosphorylation. This work reveals a connection between vinblastine cytotoxic effect on
GBM cells and stathmin, prompting additional investigations on this protein as therapeutic target [22].
As far as angiogenesis is concerned, the role of the endothelium and its interaction with GBM cells
have been explored by LV-shRNA, disclosing the role of programmed cell death protein 10 (PDCD10)
dysregulation in tumor angiogenesis and in GBM progression [23]. Furthermore, downmodulation
by LV-mediated silencing of the vascular endothelial growth factor (VEGF)/VEGF receptor (VEGFR)
signaling pathway allowed its association to decreased tumor size coupled to an increased tumor
necrosis in orthotopic glioma xenograft models [24]. In a recent study, the methionine aminopeptidase
MetAP2 was LV knocked down in tumor cells resulting in reduced angiogenesis and tumor growth,
positively affecting survival of mice [25].

Finally, LV transduction of shRNAs were used in the identification of intracellular
targets positively correlated with longer patient survival, like phosphodiesterase 5 [26] and
thioredoxin-interacting protein [27].

Currently, LV are also adopted as platforms to deliver the novel genome editing machinery,
such as CRISPR/Cas9, for the knock-out of specific genes with potential roles in GBM formation
and development. In this context, LV have been mainly adopted for the development of therapeutic
strategies, an aspect that will be further discussed in the next paragraph of this review.

Even though gene silencing represents one of the main applications of LV in the study of GBM
biology, these vectors have been also exploited for their ability to lead to a stable and sustained
overexpression of factors potentially involved in peculiar features of this tumor. Interestingly,
in dissecting the role of HMGA2 in promoting GBM tumorigenicity, Kaur and colleagues not only
silenced its transcript by shRNA-LV, as described above, by they also overexpressed HMGA2 in the
HSR-GBM1 neurosphere cell line, further validating RNAi results [16]. Data from patients show
that mutated isocitrate dehydrogenase 1 is associated with better prognosis. By overexpressing
this protein in glioma stem cells by mean of an ad hoc designed LV, it was proven that GBM cell
proliferation, migration and invasiveness were reduced. Identified mechanisms giving reason of this
result were the induction of apoptosis and cell differentiation accompanied by a down-regulation of
the Wnt/beta-catenin signaling pathway [28]. Furthermore, LV-mediated overexpression led to the
identification of the SERCA Ca2+-ATPase ATP2A2 as a beneficial factor for survival [29].

Finally, LV ability to efficiently transduce a wide range of cell types, including primary cells
and cells in live organisms, has been exploited with the aim of dissecting the complex landscape of
GBM protein expression patterns. In particular, Manricque and coworker adopted LV to optimize
the methodology known as massively parallel reporter assay (MPRA) that facilitates the systematic
analysis of transcriptional regulatory elements [30]. Thanks to the developed platform, those authors
were able to demonstrate that local DNA sequence and regional chromatin affect regulatory activity,
further advancing our vision of noncoding genome in GBM development [31].

3. LV as Tools for Gene and Cell Therapy of GBM

Due to its characteristics of aggressiveness, recurrence and resistance to traditional therapies (both
chemo- and radiotherapy), GBM is considered among solid cancers one of the most suitable targets
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for innovative therapeutic approaches as gene and cell therapy. Indeed, GBM gene therapy history
parallels gene therapy history itself, starting with approaches aimed at the delivery of either suicide
or tumor-suppressor genes to the cancer mass, followed by more innovative strategies driven by the
increased knowledge of the tumor biology. First of all, as already discussed in the previous paragraph,
several proteins and cellular pathways were discovered to play crucial role in different aspects of GBM
pathogenesis, and were targeted by gene silencing and, more recently, by genome editing approaches.
In 2013, the journal Science selected as the breakthrough of the year cancer immunotherapy [32],
a therapeutic strategy made possible by improved understanding of mechanisms accounting for the
already well-known ability of cancer cells to evade the immune system control [33]. Viral vectors
are employed also in immunotherapy approaches. Indeed, the idea of overcoming the immune
suppression typical of the tumor microenvironment to increase the chance of therapeutic success was
already exploited in earlier cancer gene therapy protocols, by combining immunomodulatory factors, as
certain cytokines, to suicide proteins. In the case of GBM, for instance, Palù and coworkers generated a
bicistronic retroviral vector expressing one of the most exploited suicide proteins, the thymidine kinase
of herpes simplex virus type 1 (HSV1-tk), along with interleukin 2 (IL-2), which is widely adopted
in cancer immunotherapy approaches. The developed vector was tested also in patients [34,35].
Currently, one of the most promising approaches of cancer immunotherapy is represented by viral
vector mediated genetic modification of T cells to express chimeric antigen receptors (CAR) directed
against specific cancer antigens [36].

Based on their features, LV have been widely used in gene and cell therapy approaches of GBM.
In this context, LV were initially adopted mainly to deliver suicide genes, such as HSV1-tk. This viral
protein works by activating through phosphorylation the prodrug ganciclovir, which, once activated,
can block DNA replication leading to cell death. In the case of GBM, such a strategy resulted in
significant tumor reduction (e.g., see [37,38]). Interestingly, the success of this approach was linked to
a consistent bystander effect due to the presence of gap junctions among GBM cells [39].

Next, several preclinical and clinical studies adopted RNA interference as a strategy to treat GBM,
especially by means of LV delivered shRNAs [40,41], targeting genes and pathways crucial for GBM
biology, as previously described.

In addition to shRNAs, in the last years miRNAs have gained particular attention. Normally, these
nc-RNAs are endogenously expressed and induce translational silencing/degradation by binding to
target transcripts [42]. In this way, miRNAs play important regulatory roles both in physiological and
in pathological conditions, cancer included. Indeed, almost all tumors are characterized by a peculiar
pattern of miRNA expression that differs from the one found in the corresponding healthy tissue. This
feature is the results of several complex mechanisms, such as an altered functioning in the cancer
cell of the cellular machinery involved in the miRNA biogenesis [43]. Consequently, upregulation of
oncogenes and/or downregulation of tumor suppressors occur that contribute to the development
of tumors. GBM is not an exception, and different studies in the past years have clearly shown how
miRNAs contribute to the phenotypic diversity of GBM subtypes and can be used as diagnostic and
prognostic biomarkers, as well as therapeutic targets [44]. Specific miRNAs have been associated to
the increase in GBM cell proliferation, resistance to apoptosis and cell death in general, invasiveness,
induction of angiogenesis, and resistance to traditional treatments [45]. Not surprisingly, LV were used
to investigate the involvement of specific miRNAs in different aspects of GBM biology. For instance,
both overexpression and downregulation were obtained with an ad hoc designed LV, leading to the
identification of miR-100 as a protective factor via interactions with the Fibroblast Growth Factor
Receptor 3 (FGFR3) signaling pathway [46]. On the other hand, miR-297 was unraveled as a factor
promoting survival of GBM cells, by targeting diacylglycerol kinase alpha [47].

Considering their crucial roles in tumor biology and their peculiar transcriptional signature
in cancer cells, miRNAs have been considered a suitable target for developing novel therapeutic
strategies to fight GBM. Antisense oligonucleotides and the so-called “miRNA sponges” [48] were
used in strategies aimed at downregulating miRNAs playing a role in carcinogenesis [49]. In this
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context, LV have been adopted as a delivery system to achieve an affective and sustained expression of
the anti-miRNA molecules also in vivo. For instance, Chen and coworkers adopted a LV to express
a miRNA sponge able to block miR-23b function as an oncogene in GBM. Those authors showed
that both in a glioma cell line and in an orthotopic mouse model miR-23b inhibition resulted in a
significant reduction in tumor malignancy and angiogenesis, as well as in the invasiveness capacity
of the tumor cells. As a consequence, cancer progression was affected [50]. On the other hand, the
differential expression of specific miRNA in GBM cells with respect to healthy cells was exploited to
achieve a targeted expression of suicide genes delivered by LV only within the cancer. Skalsky and
coworkers generated an LV expressing HSV1-tk under the transcriptional control of miR-128, which is
downregulated in GBM, obtaining a selective killing of cancer cells upon transduction and ganciclovir
administration [51].

More recently, gene therapy approaches aimed at interfering with GBM biology have shifted on
the use of the novel genome editing technologies. In particular, the Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) and CRISPR-associated (Cas) 9 system is currently one of the
most exploited tools [52] and, as mentioned above, LV are among the most suitable viral vectors for
its efficient delivery to several target cells in vitro and in vivo. Under this respect, Tome-Garcia and
coworkers have achieved a strong impairment of cancer cell migration by LV-mediated transduction
of an ad hoc-designed CRISPR-Cas9 system [53]. On the other hand, in a very recent study, Sun and
coworkers demonstrated that GBM growth can be impaired increasing mice survival, by editing the
sequence encoding the vascular laminin-411 that is overexpressed in higher grade GBM [54].

Finally, gene therapy approaches for the treatment of GBM based on LV vectors have also
exploited their ability to lead to a sustained expression of heterologous genes in vitro and in vivo and
their versatility to allocate expression cassettes. As an example, Sanchez-Hernandez and colleagues
have recently designed and developed a LV to obtain equimolar expression of the Growth Arrest
Specific 1 (GAS1) and of the tumor suppressor phosphatase and tensin homolog (PTEN). Indeed,
the aim of the study was to investigate the potential additive effect of these proteins on cancer cell
proliferation, considering that GAS1 is known to induce apoptosis in GBM cells, while PTEN blocks
the phosphatidylinositol 3-Kinase (PI3K)/protein kinase B or the Akt pathway. To achieve a similar
expression level of both proteins, the authors exploited the p2A peptide–base expression system, which
has been demonstrated to work well in the context of LV, to allow the expression of both proteins
under the transcriptional control of the same promoter. In this way, proliferation of GBM cells was
significantly affected in vitro and upon LV inoculation into immunosuppressed mice [55].

An interesting application of LV as tool to overexpress proteins that might help in treating GBM
was set up by Lamb and coworkers. The GBM standard therapy in clinical application is based on a
combination of temozolomide with radiation therapy. Temozolomide (TMZ) is an alkylating agent that
binds to DNA and interferes with replication, leading to breaks within the DNA and, as a consequence,
cell death. However, TMZ has a limited activity mainly due to the overexpression in cancer cells
of the DNA repair protein O6-methylguanine-DNA methyltransferase (MGMT). On the other hand,
it is known that γδ T cells, a subset of T cells, that are able to recognize stress-associated Natural
Killer Group 2D (NKG2D) receptor ligands expressed by GBM and efficiently reduce tumor expansion.
Noteworthy, TMZ induces the expression of these ligands on TMZ-resistant GBM cells making them
more vulnerable to γδ T cells. However, TMZ is also toxic to γδ T cells. To overcome this issue, γδ T
cells were transduced with LV expressing MGMT, thus conferring them resistance to TMZ. Transduced
γδ T cells maintained their biological characteristics and displayed cytotoxicity toward TMZ resistant
GBM cell lines, upon administration of TMZ, thus fostering their use to treat GBM [56].

3.1. LV-Based Gene Therapy Approaches Aimed at Overcoming GMB Resistance to Therapy

One of the peculiar features of GBM is the onset of resistance to both radiation and chemotherapy
which leads to rapid recurrence after treatment.
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By generating LV expressing an anti-MGMT shRNA, Viel and coworkers observed a specific
inhibition of the MGMT expression in GBM cell lines as well as in the animal model. Furthermore,
combining the developed LV with TMZ treatment those Authors were able to show a significant
reduction in tumor formation [57].

In addition to MGMT, p53 is known to be involved in GBM resistance to TMZ [58]. Furthermore,
protein phosphatase 1D magnesium-dependent PPM1D, a member of the protein phosphatase 2C
(PP2C) family, seems to play a role as well by modulating p53 function [59]. Wang and colleagues
showed that silencing of PPMD1 by LV-mediated expression of a specific shRNA improved the effect
of TMZ by inducing apoptosis of GBM cells mainly through the PIK3R1/AKT pathway [59]. More
recently, starting from the observation that SRY-Box 9 (SOX9) protein expression is linked to poor
prognosis in GBM patients, its encoding transcript was targeted via shRNA-LV, demonstrating that
this protein along with carbonic anhydrase 9 (CA9) are part of an oncogenic pathway. Furthermore,
this study clearly showed that the inhibition of such a pathway leads to an increased sensitivity of
GBM to TMZ [60].

On the other hand, not only resistance to TMZ is a major problem in GBM therapy, but also
radioresistance contributes to scarce efficacy of therapy. The interaction of various proteins with
radiation therapy has been exploited using LV. Shi and coworkers investigated the effect of K5,
a kringle domain of plasminogen known to induce apoptosis of dermal microvessel endothelial
cells, combined with the positive feedback effect of the Early growth response-1 (Egr1) promoter on
sodium/iodide symporter (NIS) gene upon 131I radiation. To this end, they generated a LV expressing
K5 under the transcriptional control of the cytomegalovirus promoter and NIS under the control of
the Egr1 promoter. The GBM cell line U87 was transduced with the developed LV and employed to
induce tumor formation in nude mice. In this model, K5 and irradiation showed an addictive effect
on glioma growth, cell proliferation and capillary density [61]. Oxidative stress may interact with
cell survival: when Nox4 NADPH oxidase, which contributes to generate reactive oxygen species
in GBM cells, was knocked-down via LV, tumor proliferation, invasion and radioresistance were
diminished [62]. Stably expressing low-represented miRNA MiR-224 by means of LV was also shown
to increase sensitivity of GBM cells to radiations [63]. Finally, the transcript encoding ATM protein,
which is mutated in ataxia-telangiectasia development conferring radiosensitivity to the patients, was
silenced by LV-mediated RNAi increasing tumor response to radiotherapy [64].

Interestingly, GSCs seem to play a crucial role in GBM resistance to both radio and chemotherapy
due to cellular and microenviromental mechanisms [65–67]. Interestingly, the possibility to pseudotype
LV offers the opportunity of specifically targeting a subset of GSCs that express on their surface the
glycosylated pentaspan transmembrane protein CD133. Specifically, Bayin and coworkers were able
to generate a LV displaying a single chain antibody against CD133 on its envelope. Those authors
showed that such a LV selectively transduced CD133-expressing cells in GBM xenografts in NOD SCID
mice, while sparing normal brain tissue [68]. This LV represents a valuable tool to dissect the role of
CD133 positive GCSs in tumor biology in general and in its resistance to chemotherapy in particular.
Furthermore, it can have an application in gene therapy approaches aimed at targeting this subset of
cells in particular.

3.2. Immunotherapy of GBM via LV Expressing CAR Specific to GBM Antigens

As mentioned above, immunotherapy of cancer is emerging as one of the most promising
strategies to fight cancer in general and GBM in particular. Among immunotherapy approaches,
one of the most efficient is represented by the injection of genetically modification of autologous T
cells to express chimeric antigen receptors (CARs) with defined specificities for tumor-associated
antigens independent of MHC restriction. Typically, CARs are composed of domains of synthetic
antibodies recognizing the selected antigen along with intracellular activation/stimulatory domains
that transduce signals from the surface receptor inside the cell. Different generations of CARs do exist
that differ in the number of intracellular stimulatory domains. First-generation CARs contain a single
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activation domain (i.e., the T cell receptor ζ chain CD3ζ). Second- and third-generation CARs consist
of one or two additional costimulatory signaling domains, such as CD27, CD28, CD134 and CD137,
leading to an increase in activated T cell overall survival, proliferation and persistence [69]. This
innovative cell therapy approach has been shown to be particularly active in the case of hematological
malignancies, while the results for solid tumors have not been as encouraging, likely due to their
specific immunobiological features [70]. Interestingly, clinical studies have shown the safety and
feasibility of this type of cell therapy in the treatment of GBM and signs of success at least in a subset
of patients [71]. Different CARs directed against antigens expressed on the GBM cell surface have
been generated and tested. In particular, major exploited targets include so far, the epidermal growth
factor receptor variant III (EGFRvIII), the human epidermal growth factor receptor 2 (HER2), the IL13
receptor alpha 2 (IL13Rα2) and ephrin type A receptor 2 (EphA2). CAR T cell therapy against GBM
targeting EGFRvIII and HER2 are already in clinical trials [72].

Even though retroviral vectors have been traditionally used in approaches of CAR therapy of
GBM, LV were also used in this context. For instance, Kuramitsu and colleagues constructed a LV
expressing a CAR directed against the EGFRvIII, to transduce CD3 positive (+) T cells, rendering them
able to specifically lyse EGFRvIII positive GBM cells. Importantly CAR-expressing CD3(+) T cells
reached intracranial xenografts of GBM in mice [73]. These results were further expanded by targeting
both the mutated and the wild type (wt) form of EGFR. Specifically, natural killer (NK) lymphocytes
were transduced with a LV expressing a second generation CAR targeting both wild type EGFR and
EGFRvIII. In detail, the human NK cell line NK-92 was transduced and adopted to intracranially
inject two orthotopic xenograft mice models, achieving efficient suppression of tumor growth and
prolonged animal survival [74]. More recently Murakami and coworkers generated a novel type of
NK cell line (KHYG-1) transduced with a LV to express a CAR targeting ECGRvIII. The authors were
able to establish the transformed cell line and to show that it inhibited GBM cell growth via apoptosis
depending on EGFRvIII expression [75].

On the other hand, LV have been also used to express CAR directed towards novel GBM specific
antigens. In this context, Shiina and coworkers generated a LV expressing a third-generation CAR
specifically recognizing podoplanin, a transmembrane mucin-like glycoprotein, expressed in the
mesenchymal GBM subtype. The developed LV was used to obtain CAR-T cells that were active against
podoplanin-positive GBM cells in vitro. Furthermore, upon injection of transduced T lymphocytes in
immunodeficient mice, a significant growth inhibition of GBM xenograft was observed [76].

3.3. LV Transduced Cells as Carriers of Therapeutic Molecules for the Treatment of GBM

A different approach to cell therapy takes advantage of specific cell types that can be used as
carriers for delivering therapeutic genes directly to the cancer mass. Different studies have clearly
demonstrated that stem cells, in particular neural stem cells (NSCs) and mesenchymal stem cells
(MSCs), have a tropism for brain tumors [77,78]. This feature has prompted the adoption of stem cells
as vehicles for targeted therapeutic molecule delivery [79]. One of the main obstacles to the delivery of
both viral vectors and stem cells to a tumor mass located within the CNS is represented by the BBB.
Even though the direct injection into the brain works, the associated risks and the procedure complexity
might render this method difficult to apply in clinical trials and eventually in a clinical setting. Much
work has been carried on finding the best route of modified stem cells administration to overcome the
blood–brain barrier [80,81]. In the case of GBM, intranasal delivery of cell carriers appears to be an
efficient method [82]. Furthermore, LV, for their capacity of transducing stem cells, have been widely
adopted as viral vectors to transform both MSCs and NSCs, also in the context of GBM cell therapy. In
2011, Balyasnikova and colleagues published a paper focused on the adoption LV-engineered NSCs to
express membrane-bound tumor necrosis factor-α-related apoptosis-inducing ligand (NSCs-mTRAIL).
Indeed, while it is well known that TRAIL can selectively induce apoptosis in GBM cells, some
tumors were found resistant to the soluble form of this proapoptotic agent. The authors showed
that NSCs-mTRAIL, improved the survival of mice bearing intracranial glial tumor xenografts [83].
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A very interesting study, fully exploiting LV versatility, was carried on by Bagò and coworkers [84].
In their work these authors adopted LV both to set up a novel strategy to rapidly converting human
skin fibroblasts into tumor-homing early-stage induced NSCs, named h-iNSCTE. Next, they further
adopted LV to engineer h-iNSCTE to express reporter proteins and different therapeutic molecules.
Finally, they showed the tumor-homing migration and therapeutic efficacy of transformed h-iNSCTE

in two different mouse models of GBM, one based on orthotopic established GBMs and the other
on implantation of patient-derived cancer lines [84]. Specifically, stem cells transformed with LV
expressing either TRAIL or HSV1-tk significantly affected the size of GBM xenografts and displayed
a positive effect on animal survival. Furthermore, the authors were able to show that delivery of
HSV1-tk expressing h-iNSCTE into the postoperative surgical resection cavity delayed the regrowth
of residual GMB in mice. Altogether these data demonstrate that h-iNSCTE might represent a valid
platform to generate tumor-homing cytotoxic cells to be applied for the treatment of GBM.

LV have been used to efficiently transduce also MSCs leading to a sustained expression of the
transgene of interest. In the context of GBM, Bak and coworkers employed MSCs derived from human
embryonic stem cells to deliver HSV1-tk to the tumor, showing that the transduced cells were able
to migrate from the site of inoculum in one cerebral hemisphere towards the cancer located in the
opposite side of the mouse brain, delivering the suicide gene [85].

LV-expressing cytosine deaminase (CD) or enhanced green fluorescent protein (eGFP) was
constructed and transduced into rat MSCs (MSC-CD/eGFP). In addition to HSV1-tk, CD is another
widely exploited suicide protein that activates the prodrug 5-fluocytosine into a cytotoxic agent,
the 5-fluorouracyl (5-FU), which is phosphorylated inside the cells. The active metabolites can be
incorporated into DNA and RNA resulting in the inhibition of their synthesis and cell death. As for
HSV1-tk based strategy, also in this case, gap junctions mediate the bystander killing of tumor cells.
The LV-mediated expression of the reporter protein allowed the tracing of the transduced MSCs
in vivo, upon their intracranial injection in a GBM rat model. The cells were found to localize mainly
at the interface between cancer and normal tissue. After administration of 5-FU, MSC-CD/eGFP
determined a significant decrease in the tumor mass with increased cancer cell apoptosis and mice
survival [86]. Balyasnikova and colleagues adopted LV engineered human bone marrow derived
MSCs to express m-TRAIL. The authors were able to show that MSCs can migrate into the brain after
nasal instillation and infiltrate intracranial glioma xenografts in a mouse model. Furthermore, MSCs
expressing m-TRAIL increased the survival of mice treated with a combination of m-TRAIL expressing
MSCs and irradiation [82]. An abundant and accessible source for MSCs is the adipose tissue. De
Melo and colleagues succeeded in purifying MSCs from this source and transduced them with an LV
expressing HSV1-tk. The Authors demonstrated that GBM cells died when co-cultured with these cells
and upon GCV treatment. More importantly, they showed that when injected into the brains of nude
mice bearing GBM, LV-transduced MSCs were chemoattracted to the tumor and killed cancer cells in
situ, via a bystander effect, without significantly affecting normal brain tissue [87].

In an interesting approach, instead of NSCs or MSCs, patient-derived olfactory ensheathing cells
(OECs) were modified by LV transduction to carry HSV1-tk to primary cultured human GBM, taking
advantage of OECs natural tropism to the brain. Furthermore, these cells should reduce technical
and ethical problems, being obtained from the olfactory mucosa, a source easily accessible from the
patients themselves. The study showed that transduced cells affected survival of tumor cells after
ganciclovir administration. This finding opened up the possibility to exploit OECs as vehicle to transfer
anticancer molecules to brain tumors [88]. Indeed, more recently, Carvalho and coworkers studied
OEC application in a cytotoxic therapeutic approach of GBM in vivo. Specifically, they transduced
OECs with an LV-expressing CD fused in frame to the uracil phosphoribosyltransferase (CU) that
should enhance the overall antitumor effect [89]. By injecting patient-derived GSCs in the striatum
of nude mice brains, the authors were able to show that OECs migrated from the nasal cavity to the
tumors, reached infiltrative GBM cells, and delivered the fusion protein, affecting tumor growth and
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mice survival. This work represents the first demonstration that OECs can efficiently target GBM
in vivo and deliver therapeutic transgenes upon intranasal delivery [90].

Finally, a very interesting recent study demonstrated that it is possible to use genetically
engineered macrophages to drive the expression of secreted proteins that can influence the GBM
microenvironment, enhancing the immune system recognition of cancer cells. Importantly, to
this end, a novel LV expression system was designed and tested that allowed the modification of
macrophages [91]. This study clearly demonstrates the versatility of LV and their feasibility in
approaches that require vectors easy to manipulate and efficient in the transduction of primary cells.

4. LV to Create Animal Models

One of the major challenges in studying GBM is the difficulty of reproducing in the laboratory
all the features of this tumor, that has no clear molecular signature and whose effects may vary also
according to the site of origin within the brain.

Different experimental GBM models are available in both invertebrates and vertebrates, from
chemically induced to xeno- and allograft as well as viral mediated or genetically engineered
animals [92], for the study of tumor biology and the development of new treatments. Despite
easy manipulation and low-cost, few models have been created in Drosophila by manipulating
glial progenitor cells [93]. More options are available for the zebrafish Danio rerio, which allows
an easy tracing of single cells within the tumor mass induced via xenograft in animals [94], or in
tumors originated by CRISPR/Cas9 genetic tailoring [95]. A model closer to human is the dog, which
can develop spontaneous brain tumors with histological features similar to human counterpart, but
ethical reasons and long timeframe for tumor development hamper its wide use as a model for GBM
studies [96]. The most widely used animal models for the study of GBM are generated in rodents,
which allow flexible and fast manipulations in a complex brain system. Initially, GBM-like tumors were
induced in rodents by ethylnitrosurea injection or methylnitrosurea administration, but the complexity
and low reproducibility of the procedure lead to its discontinuation [97]. Next, allograft and xenograft
models were established, with the limits that the initial stages of tumor development are different from
naturally occurring disease. Moreover, in the case of xenograft, immunodeficient mice are required so
that tumors escape the immune destruction step, a phase taking place in naturally occurring cancers.
Recently, however, an interesting approach was designed for mice orthotopic tumors, in which primary
cells from patients or GBM cell lines were transduced with LV expressing green fluorescent protein
(GFP)/firefly luciferase fusion proteins before implantation in the frontal lobe of mice. These proteins
were detected in vivo via bioluminescence imaging [98], to allow the monitoring of GBM development
also during chemotherapy administration.

LV were used in immunocompetent mice to overexpress oncogenes under Cre-loxP control,
inducing tumors in some brain regions of the adult mouse: the expression in specific cell types or
regions (subventricular zone or hippocampus) of the activated forms of different oncoproteins such
as H-Ras and AKT successfully induced GBM growth [99,100], pointing at LV overexpressing these
factors under the control of Cre-loxP as a powerful tool for GBM generation. Similarly, LV have
been adopted to express Cre recombinase in mice carrying conditional alleles for different oncogenes
and oncosuppressors successfully generating high-grade gliomas (e.g., see the work by de Vries and
colleagues [101]). In a very elegant work, Niola and colleagues combined LV-mediated overexpression
of oncogenic H-Ras, silencing of the oncosuppressor p53 and Cre-loxP technology to generate a mouse
model of high-grade GBM and to study the role of Inhibitor of Differentiation (ID) proteins in TIC
biology and tumor maintenance [102].

More recently, recombinant LV expressing a shRNA targeted to the Cyclin-dependent kinase
Inhibitor 2A (Cdkn2a) and expressing the Platelet-Derived Growth Factor subunit B (PDGFB) were
generated to induce proneural-type GBM growth in the dentate gyrus of immunocompetent mice,
setting up an easy procedure for preclinical testing which does not require genetically engineered
mice [103]. This model is powerful since it uses different version of the vector, for the deletion
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of floxed genes in transduced cells or for eGFP visualization, by direct injection into the dentate
gyrus of immunocompetent adult mice, inducing specific gene expression signature reminiscent
of proneural GBM. The rapid development of the tumor allows preclinical testing of drugs in
immunocompetent animals.

Lynes and coworkers performed intracranial injection of LV expressing different factors involved
in the receptor tyrosine kinase (RTK)/RAS/PI3K pathway to induce high-grade gliomas in rats, not
only obtaining useful animal models, but also elucidating the role of the selected proteins in GBM
development [104].

Lastly, a GBM model was obtained in the tree shrew Tupaia belangeri, which is phylogenetically
closer to primates than rodents: a LV was used to transduce mutant H-Ras and a shRNA to silence p53,
resulting in the fast development of tumors with histological features reminiscent of GBM, including
aggressiveness and GBM histological features [105]. The genetic analysis suggested similarity to the
mesenchymal subgroup of human GBM, with a better match with respect to comparable mouse models.

5. Conclusions

Currently, LV represent a valid tool to explore GBM biology, via the creation of improved animal
models and the selective targeting of cellular specific pathways, and also in the complex tumor
microenvironment. They can also support the design of innovative therapies, at the preclinical and
clinical level (Table 1). Challenges and drawbacks still have to be faced in the development of safe
and effective molecular approaches for GBM treatment. One of the main issues is represented by the
difficulty for the treatments to gain access to the tumor mass due, for example, to the presence of the
BBB. Furthermore, the need of highly specific therapeutic approaches combined with the biological
characteristics of the CNS cell repertoire, complicate GBM therapy. Thus, the availability of versatile
gene delivery systems, allowing, for instance, the targeting of selected cell types (pseudotyping) and
highly efficient in transducing primary and stem cells, is extremely useful. In this context, LV, due to
their peculiar features, are among the best vectors to be adopted in gene and cell therapy protocols
based on the expression of small noncoding RNAs and on the engineering of primary cells to express
CARs or to become carriers of therapeutic molecules to the tumor mass.

Table 1. Summary of the studies discussed in the text.

LV Main Applications in GBM Research References

Basic Studies

Dissecting the tumor biology [10–14,18,19,23,26–31]

Identification of novel therapeutic targets [15–17,20–22,24,25]

LV as Tools for Gene and Cell Therapy of GBM

Gene Therapy

Gene therapy approaches based on transgene expression [37–39,55,56]

Gene therapy approaches based on silencing/gene editing [46,47,50,51,53,54]

Gene Therapy approaches aimed at overcoming GMB
resistance to therapy [57–64,68]

Immunotherapy of GBM via LV expressing CARs [72–76]

Cell Therapy

LV transduced cells as carriers of therapeutic molecules [82–88,90,91]

LV to Create Animal Models

Murine models [97–104]

Non-murine models [93–96,105]

LV: Last-generation lentiviruses; GBM: Glioblastoma; CAR: chimeric antigen receptors.
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Abstract: Glioblastoma is a highly lethal adult brain tumor with no effective treatments. In this review,
we discuss the potential to target cholesterol metabolism as a new strategy for treating glioblastomas.
Twenty percent of cholesterol in the body is in the brain, yet the brain is unique among organs in that
it has no access to dietary cholesterol and must synthesize it de novo. This suggests that therapies
targeting cholesterol synthesis in brain tumors might render their effects without compromising cell
viability in other organs. We will describe cholesterol synthesis and homeostatic feedback pathways
in normal brain and brain tumors, as well as various strategies for targeting these pathways for
therapeutic intervention.
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1. Pathological and Genetic Features of Glioblastoma

Glioblastoma (also called GBM) is the most common malignant primary brain tumor originating
from glial cells [1]. Of the three types of gliomas (ependymomas, oligodendrogliomas, and
astrocytomas), glioblastomas are WHO grade IV astrocytomas and have the worst prognosis. GBMs
cause 225,000 deaths per year worldwide, and are diagnosed at an average age of 64 [2]. The median
survival rate for GBM is 15 months from initial diagnosis even with the most current standard-of-care
therapy, which consists of maximal surgical resection, radiation therapy, and adjuvant chemotherapy
with temozolomide [3]. There are several obstacles to the development of efficient treatments against
glioblastoma. Surgical resection of GBM is virtually impossible as these tumors are highly invasive
and penetrate the normal brain. Full resection would require very fine tuned and precise imaging
tools, which would enable the removal of invading tumor cells. GBM is highly resistant to cytotoxic
drug regimens, including temozolomide, which only improves overall survival 2.5 months beyond
radiation and surgery alone [4]. Therefore, new strategies are necessary to develop treatments that
elicit durable responses in GBM patients.

Various rodent models have been developed for the accurate representation of preclinical
GBM models, but those systems have multiple drawbacks such as immune system deficiency and
incompatible stroma and microenvironment that might interfere with the testing new drugs [5].
Existing animal models fall under three categories. The first involves genetically engineered mouse
models: for example, mice expressing v-src kinase driven by an astrocyte-specific Glial Fibrillary
Acidic Protein (GFAP) promoter or tp53-null mice with astrocyte-specific loss of NF1 both develop
high-grade astrocytomas [6,7]. Mouse models of glioblastoma have also been generated using viruses
expressing oncogenes injected into the mouse brain. For example, Pax3-Tv-a; Trp53 fl/fl mice injected
with RCAS-PDGFB and RCAS-Cre virus, with or without RCAS-H3.3K27M, develop a tumor similar to
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diffuse pontine glioma [8]. A more recent technical development is the injection of patient-derived
glioblastoma stem-like cells in immunocompromised mice. While many laboratories have adopted this
technique for studying glioblastoma in vivo, two recent examples include injecting cells derived from
isocitrate dehydrogenase 1 (IDH1)-mutant tumors into SCID (Severe Combined Immunodeficiency)
mice to study vulnerability of this tumor genotype to 2-hydroxyglutarate depletion [9], and
injecting cells from recurrent glioblastoma into NOD-SCID (Non-Obese Diabetic SCID) and NOG
(NOD/Shi-scid/IL-2Rγnull) mice then treating them with a STAT3 (Signal Transducer and Activator of
Transcription 3) inhibitor [10]. These animal models have led to many novel discoveries in glioma cell
biology and metabolism, but thus far have not led to any new clinical advances.

Our most promising avenues for developing robust strategies to target GBM are likely to lie within
recent efforts to genomically and proteomically catalog this disease. Indeed, a study published by The
Cancer Genome Atlas (TCGA) Research Network in 2014 showed that the most frequently altered
pathways in GBM are the RTK/PI3K/MAPK (90% of tumors), p53 (86%), and Rb pathways (79%) [11].
Because nearly all glioblastomas have at least one genomic alteration in the RTK/PI3K/MAPK axis,
and because there are numerous small molecule inhibitors targeting this pathway that are already
FDA-approved or at least in early-stage clinical trials, it appears inhibition of RTKs, PI3Ks, or MAPKs
should be highly effective. Unfortunately, no RTK, PI3K, or MAPK pathway inhibitor thus far has
improved patient survival beyond that of the current standard-of-care [4,12,13]. That said, the TCGA
datasets have provided a trove of mutations, gene expression and proteomic profiles, and copy
number variations that can be explored for novel therapeutic targets. A recent review published by
Alphandery et al. has covered all the most recent glioblastoma treatments that are commercialized or
under industrial development for glioblastoma treatment [2].

2. Dysregulated Metabolic Pathways in Glioblastoma

One strategy lacking from conventional GBM therapies is metabolic pathway targeting. Significant
pre-clinical research has been done in this field to understand how tumor cells differ from their
counterparts. For example, work from Calvert et al. using in silico and wet-bench analyses shows
that non-mutated isocitrate dehydrogenase 1 (IDH1) is commonly overexpressed in the primary
GBM and genetic and pharmacological inactivation leads to attenuation of GBM tumor growth [14].
Large-scale genomics studies have also revealed that IDH1 mutations occur in gliomas even before
other mutations such as TP53 [15,16]. Glutamate and alpha-ketoglutarate are fundamental metabolites
that are necessary for growth and proliferation of GBM cells. A study published by Franceschi et al.,
showed that glutamate dehydrogenase 2 (GLUD2, an enzyme responsible for glutamate oxidative
deamination), inhibits GBM cell growth and could be a target to control tumor progression [17].
In contrast with previous work showing the importance of the tricarboxylic acid (TCA) cycle and
amino acid metabolism in GBM, in this review we will discuss the role of cholesterol metabolism in
influencing tumor cell growth and proliferation and as a potential therapeutic target.

3. Feedback Pathways in Cholesterol Biosynthesis

Cholesterol is critical for cell growth and function. It is important not only as a component of
the plasma membrane and lipid rafts, it also serves as a precursor for steroid hormones, bile acids,
and vitamin D [18–20]. In the last few years, researchers have explored the impact of cholesterol
metabolism on immune response. For example, Yang et al. demonstrated that by modulating
cholesterol metabolism in CD8 + T cells, higher antitumor activity could be achieved [21]. Another
study published by Wang et al. showed that an analog of cholesterol can act as a negative regulator
for TCR signaling [22]. Cells usually obtain cholesterol via different mechanisms. One is through
direct synthesis via the transcriptional activity of sterol regulatory element binding proteins (SREBPs),
which promote the transcription of enzymes involved in cholesterol and fatty acid biosynthesis
pathways, including HMG-CoA reductase (HMGCR) [23]. Ground-breaking work by Brown and
Goldstein, who later won the Nobel prize for the discovery, defined cholesterol as a key molecule
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regulating its own synthesis via the activation of a negative feedback mechanism (Figure 1) [24].
In the presence of cholesterol, SREBP is sequestered in the endoplasmic reticulum (ER) by the SREBP
cleavage-activating protein (SCAP), whose function is inhibited by the ER-resident insulin-induced
gene (INSIG1, INSIG2) [25]. When cholesterol levels drop below homeostatic levels, SCAP is separated
from INSIGs via a conformational change [26] and carries SREBPs into the Golgi where their active
sites are cleaved and activated as transcription factors [27]. SREBPs include three members: SREBP1a,
SREBP1c, and SREBP2 [28]. SREBP2 is encoded by the srebf2 gene and SREBP1a and SREBP1c are
encoded by the srebf1 gene. SREBP1c regulates the transcription of the genes that are associated with
biosynthesis of fatty acids; SREBP2 mainly regulates genes involved with cholesterol biosynthesis.
Activity of SREBP1a partially overlaps between SREBP1c and SREBP2.

Figure 1. Cholesterol homeostasis in normal cells. Cells obtain cholesterol primarily through one of
two mechanisms: (1) by synthesizing it de novo from acetyl CoA generated from glycolysis and (2)
through exogenous uptake by low density lipoprotein receptors (LDLR). Cholesterol can negatively
regulate its own levels through (3) the inhibition of proteolytic processing and nuclear import of sterol
regulatory element binding proteins (SREBP2), leading to a decrease in activity in the mevalonate
pathway or (4) through its conversion to oxysterols that activate liver X receptors (LXRs). LXRs lower
cellular cholesterol levels by (5) inducing the transcription of the E3 ubiquitin ligase, IDOL, which
ubiquitinates LDLR, and (6) by upregulating expression of the cholesterol efflux pump, ABCA1. SCAP:
SREBP cleavage-activating protein; ER: endoplasmic reticulum.

Cholesterol can be enzymatically modified to form metabolites such as oxysterols. One species of
oxysterol, 25-hydroxycholesterol (25-OHC), has been shown to be associated with suppression of
proliferation [29]. The suppression in proliferation can be rescued by the addition of exogeneous
cholesterol, indicating that the presence of 25-OHC inhibits SREBP activation and suppresses
cholesterol biosynthesis [26]. 25-OHC also has anti-inflammatory effects: animal models have
demonstrated that it inhibits transcription and inflammasome-mediated activation of interleukin-1β
(IL1B) by inhibiting the activation of SREBPs [30]. Of interest for this review, recent studies have shown
that 25-OHC also suppresses the immune response in the human glioblastoma cell line, U87-MG, and
thus might increase tumor growth by modulating the immune system [31].
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Oxysterols also regulate the activity of liver X receptors (LXRs), which are nuclear receptors that
are activated by oxysterols. LXRα is expressed highly in liver, adrenal glands, intestine, adipose tissues,
macrophages, lungs, and kidney, while LXRβ is ubiquitously expressed [32]. The LXRs maintain
cholesterol homeostasis by maintaining the balance between biosynthesis, uptake via low density
lipoprotein receptors (LDLRs), and efflux via the ATP-binding cassette transporters, ABCA1 and
ABCG1 (Figure 1). LXRs inhibit LDLR protein expression through induction of an E3 ligase that
ubiquitinates LDLRs called IDOL (inducible degrader of LDLR, which is encoded by the MYLIP
gene [33]. The importance of LXRs in the central nervous system and in brain development was
recently reviewed by Courtney et al. [34].

4. Cholesterol in the Normal Brain

The brain contains about 20% of the cholesterol of the whole body, rendering it the most
cholesterol-rich organ [35]. Previous studies have shown the possibility of circulating cholesterol,
in some manner, affecting the function of the central nervous system (CNS): for instance, low
circulating cholesterol levels might be linked with violent behavior [36–38]. It is also postulated
that brain development and intelligence is related to the levels of circulating cholesterol of a newborn
infant [39,40]. However, a series of experiments conducted later provide no direct evidence for
lipoprotein cholesterol crossing the blood–brain barrier (BBB) [41–44]. Thus, it is believed that the BBB
prevents the entry of lipoproteins into the brain, and the accumulation of brain cholesterol is mainly
achieved through de novo synthesis. In addition, several proteins related to cholesterol metabolism
have been found in the brain, such as the apolipoproteins ApoE and ApoAI, LDLRs, scavenger receptor
class B type I (SRB1, encoded by the SCARB1 gene), and ABC transporters. Whether they play the
same role in the brain as in other organs is still under investigation.

Cholesterol metabolism in the brain is well-regulated through the coordinating work of a
series of proteins. The mechanisms of acquiring cholesterol include de novo synthesis and uptake
of cholesterol from the external environment by LDLR, SRB1, and Niemann–Pick C1-like protein
(NPC1L1) [45]. The synthesis of cholesterol in brain, as in other organs, starts from the conversion
of acetyl-CoA to 3-hydroxy-3-methylglutaryl-CoA with HMG-CoA as the rate-limiting enzyme.
SREBPs in the endoplasmic reticulum sense the levels of cholesterol and regulate the activity of
HMG-CoA [46]. Meanwhile, the uptake of cholesterol can be achieved through taking up lipoproteins
from the extracellular environment. One example is the binding of particles that contain ApoE
to LDLR, which are then processed through the clathrin-coated pit pathway to endosomes and
lysosomes [47]. Moreover, Niemann–Pick type C1 and C2 are also required to move cholesterol
to the plasma membrane [48]. The excretion of cholesterol out of the cell may be driven by the
chemical gradient between leaflet and lipoprotein receptors in the plasma membrane. Cholesterol
can also be exported from the cells by ABC transporters. Hundreds of ABC transporters have been
found in both prokaryotes and eukaryotes. Of the 48 ABC transporters in human genome, 13 ABC
transporters (ABCA1, ABCA2, ABCA3, ABCA4, ABCA7, ABCA8, ABCB1, ABCB4, ABCD1, ABCD2,
ABCG1, ABCG2, and ABCG4) have been studied in human brain [49]. As mentioned previously,
LXRα and LXRβ can regulate the expression of ABCA1 and ABCG1 to control the efflux of cholesterol
and phospholipids. It was found that LXR agonists enhance cholesterol efflux in astrocytes [50]. In
addition, cholesterol in the brain and other organs can be hydroxylated by various enzymes to form
hydroxylated sterol molecules and excreted from cells by diffusion [36]. Sterols in the brain, especially
in the adult, are essentially non-esterified cholesterol. The presence of cholesteryl esters in the brain
correlates with the occurrence of disease, such as multiple sclerosis [51].

5. Cholesterol Metabolism in Embryonic vs. Adult Brain

About 70–80% of the cholesterol in the brain is found in myelin sheaths, and the rest exists in the
membranes of cell organelles. The total cholesterol levels in the brain are low during the perinatal
period and at the time of birth, which is thought to limit the development of the CNS to allow the
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baby’s head to pass through the pelvis and birth canal. The cholesterol concentration of the whole brain
increases from about 6 mg/g at birth to 23 mg/g in young adults [47]. Animal experiments demonstrate
that the rate of cholesterol synthesis in the brain correlates with the rate of cholesterol accumulation and
the final concentration of cholesterol found in those regions [44,52–54]. Therefore, de novo synthesis,
not exogenous lipoprotein cholesterol import, is the major pathway for the accumulation of cholesterol
in the brain during early development. Furthermore, studies also show that cholesterol synthesis
during early development is accompanied by the synthesis of myelin basic protein and cerebroside [54].
These findings indicate that the accumulation of cholesterol in the brain associates with myelination.
The synthesis of brain cholesterol slows down when neuron myelination is complete in adulthood,
and the half-life of cholesterol lengthens to between 6 months and 5 years [55]. In contrast with early
development when cholesterol is synthesized de novo, in adulthood nerve cell bodies can take up
cholesterol using LDLR-related protein. Cell culture studies have shown that media from glial cells
which contains cholesterol and ApoE stimulates the extension of axons, and LDLR inhibitors prevent
the extension [56]. Furthermore, the formation of synapses of retinal ganglion cells requires glial cells
to produce cholesterol and ApoE [57,58]. Therefore, cholesterol is probably mainly synthesized in both
neurons and glial cells in the adult brain.

6. Cholesterol Excretion from the Brain

To maintain cholesterol homeostasis in the brain, especially during adulthood, the excretion of
cholesterol is important. 24(S)-hydroxycholesterol is the major hydroxylated sterol excreted from
brain [59]. In addition, the enzyme that synthesizes this oxysterol, cholesterol 24-hydroxylase (encoded
by the gene CYP46A1), is primarily expressed in brain compared to other organs. The hydroxylated
cholesterol can cross the BBB and go to the liver to be converted to bile acids and excreted from
the body.

7. Cholesterol Metabolism in the Liver vs. Brain

The liver plays an important role in cholesterol metabolism. In contrast with brain, hepatic
cholesterol can be obtained from the diet. Dietary cholesterol is obtained by intestinal epithelial cells
via endocytosis. Cholesterol can then be esterified and loaded into nascent chylomicrons together
with triacylglycerol. The chylomicrons are released from intestinal cells into the circulation by the
lymphatics [60]. Triacylglycerol in the chylomicrons is hydrolyzed by lipoprotein lipase in blood
vessels, and the cholesterol left behind in the chylomicron remnants are taken up and utilized by
the liver [60,61]. The cholesterol from liver and dietary origins can be packed into particles of very
low-density lipoproteins (VLDLs), which leave the liver and transport cholesterol to other tissues [62].
Another difference between liver and brain cholesterol metabolism is that cholesterol can be recycled
through enterohepatic circulation, which does not exist in the brain (Figure 2). Cholesterol can be
oxidized in the liver to form bile acids which along with cholesterol is excreted from the liver into the
bile [63,64]. The excretion of bile acid involves ABCB11 [65]. Only about 5% of bile acids are lost in
the feces, and the rest are reabsorbed into enterocytes. Bile acid is important for the digestion and
absorption of dietary fats.

In summary, cholesterol is involved in cell membrane formation and signaling, and is the
precursor of many steroid molecules such as steroid hormones, vitamins, and bile salts. Thus,
the metabolism of cholesterol is tightly regulated throughout the body. Although the liver is the
primary organ regulating cholesterol homeostasis, the brain cannot uptake cholesterol from peripheral
blood and diet due to the BBB (Figure 2). Brain cholesterol is primarily derived from de novo synthesis,
and cholesterol levels start to accumulate after birth. Upon reaching adulthood, brain cholesterol levels
are maintained at constant levels. Therefore, the excretion of cholesterol from the brain becomes more
active in adulthood. Brain cholesterol can be hydroxylated and pass through the BBB to form bile
acids in the liver. Moreover, for some types of nerve cells cholesterol must be acquired through the
binding of low-density lipoproteins LDLs and LDLRs since cholesterol is mainly synthesized in glial
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cells and neurons in the adult brain. Disturbed homeostasis of brain cholesterol can lead to diseases
such as dementia.

Figure 2. Cholesterol metabolism in liver vs. brain. The brain obtains cholesterol exclusively from de
novo synthesis. On the contrary, hepatic cholesterol can be obtained by de novo synthesis and through
dietary intake. Dietary cholesterol can be esterified and loaded into chylomicrons in the intestine.
The chylomicrons are released into circulation and hydrolyzed by lipoprotein lipase (LPL) to form
chylomicron remnants. Cholesterol left behind in the chylomicron remnants are taken up and utilized
in the liver. The cholesterol synthesized in liver and from dietary origins can be packed into very
low-density lipoprotein (VLDL) and exported from liver. Cholesterol can also be oxidized in the liver
to form bile acids which excreted from liver into the bile via the ABCB11 transporter. Cholesterol in
the brain can be hydrolyzed to form hydroxycholesterol which crosses the blood–brain barrier (BBB)
and goes to the liver to be converted to bile acid. Cholesterol in the liver can be recycled through
enterohepatic circulation, which does not exist in the brain. About 5% of the bile acids are lost in the
feces, and the rest are reabsorbed into enterocytes.

8. Cholesterol Metabolism Pathways Are Altered in Brain Tumors

The brain has different ways to satisfy the requirements of cholesterol compared to peripheral
organs. An epidemiological study investigated the relationship between dietary intake of cholesterol
and the incidence of cancer, and found that high dietary cholesterol levels increase the risk of several
cancers including stomach, colon, rectum, pancreas, lung, breast, kidney, bladder, and non-Hodgkin’s
lymphomas, but not brain tumors [66]. This result is not surprising: since cholesterol cannot pass the
BBB, high plasma cholesterol levels are unlikely to affect cholesterol metabolism in the brain [66].

The brain obtains cholesterol primarily through de novo synthesis, which involves the mevalonate
and Bloch and Kandutsch-Russell pathways [67–69]. Taking advantage of the Glioblastoma Bio
Discovery Portal [70], our group found a correlation between upregulation of mevalonate and
cholesterol pathway and poor survival of GBM patients [71]. Mechanistic studies demonstrated that
densely-plated glioma cells increase the synthesis of cholesterol by enhancing oxygen consumption,
glycolysis and the pentose phosphate pathway, and pharmacological inhibitors acting downstream of
the mevalonate pathway induce glioma cell death [71]. Moreover, the study from our group also
found that densely plated normal astrocytes but not tumor sphere glioma cells downregulate genes in
the cholesterol biosynthetic pathway including farnesyl diphosphate synthase, farnesyl-diphosphate
farnesyltransferase 1, and squalene epoxidase, (FDPS, FDFT1, and SQLE, Figure 3) [71]. A study
conducted later by Kim et al. showed that inhibition of FDPS by pharmacological inhibitors and
siRNA (small interfering RNA) prevents the formation of secondary spheres of glioma stem cells, and
FDPS mRNA was associated with malignancy in glioblastoma patients [72]. In addition to mRNA and
protein levels, Abate et al. demonstrate that the activity of FDPS is also upregulated in GBM tumor
tissue [73].

640



Cancers 2019, 11, 146

Figure 3. Cholesterol homeostasis in glioblastoma cells. Glioblastoma cells maintain cholesterol under
conditions in which normal cells turn it off through multiple mechanisms of dysregulation (highlighted
in red). They keep cholesterol biosynthesis on by constitutive activation of the mevalonate pathway
(1), and by upregulating SREBPs under hypoxia (2). They are also highly dependent on appropriate
levels of LXR activity—hyperactivating LXR with synthetic agonists overstimulates ABCA1 expression
and cholesterol efflux, killing glioblastoma (GBM cells) (3). In sum, this provides them with cholesterol
in an organ that is blocked from obtaining it from the circulation due to the blood-brain barrier.

Another study demonstrates that GBM is dependent proper cholesterol homeostasis for survival:
instead of inhibiting the synthesis of cholesterol, Villa et al. tested the effect of LXRs on treating
GBM [74]. LXR is a transcription factor that facilitates the efflux of cholesterol by increasing ABCA1
expression. Villa et al. showed that limiting cholesterol levels by treating cells with LXR agonists
induced glioma cell death. In vivo experiments showed that LXR agonists inhibited GBM growth
and prolonged the survival of mice [74]. As a key transcription factor in the regulation of sterol
homeostasis, other groups have evaluated the effects of SREBPs on GBM development [75,76].
Lewis et al. showed that under hypoxia and serum-deprivation conditions, SREBP is upregulated to
maintain the expression of fatty acid and cholesterol biosynthetic genes in GBM cells, and inhibiting
SREBP activity under hypoxia led to GBM cell death [75]. These studies demonstrate that cholesterol
metabolism pathways are upregulated in GBM patients and targeting cholesterol metabolism and/or
homeostasis may be a promising strategy in treating GBM.

9. Targeting Cholesterol Metabolism as a Glioblastoma Therapy

Cancer cells have an increased demand for cholesterol and cholesterol precursors. Therefore,
a reasonable assumption is that prevention of tumor-cell growth can be achieved by restricting
either cholesterol availability or cholesterol synthesis [77]. Loss of cholesterol feedback inhibition
mechanisms that regulate cholesterol synthesis is an important feature of malignant transformation.
The cholesterol synthesis pathway has numerous proteins that are potential targets to disrupt
cancer progression [78]. The therapeutic potential of targeting these cholesterol synthesis genes
is under preclinical investigation [79,80]. The unique metabolic requirements of the brain might make
glioblastoma particularly suitable for cholesterol pathway targeting [71].

Liver X-receptors (LXRs) act as transcriptional master switches that coordinate the regulation of
genes such as ABCA1 and ABCG1, which are involved in cellular cholesterol homeostasis [81,82]
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LXR-623 is a synthetic ligand for LXRα and β that upregulates ABCA1 and ABCG1 expression in blood
cells [83]. In a study published by the Mischel lab, LXR-623 killed GBM cell lines in an LXR β- and
cholesterol-dependent fashion but not healthy brain cells. Upon further investigation of LXR-623,
the group found that the drug penetrated the blood–brain barrier and retained its anticancer activity.
In addition, mice harboring GBM tumors derived from human patients and treated with LXR-623 had
substantially reduced tumor size and improved survival [74].

Statins are HMG-CoA reductase inhibitors that have anti-tumor effects and synergize with certain
chemotherapeutic agents to decrease tumor development [80,84]. Several clinical trials have examined
the potential chemo-preventive and therapeutic efficacy of different formulations of statins, including
simvastatin, pitavastatin, and lovastatin [85–89]. For example, a short-term biomarker study showed
lowered breast cancer recurrence in simvastatin-treated patients through the reduction of serum
estrone sulfate levels [90]. Moreover, pitavastatin reduces GBM tumor burden in xenografts [86].
Bisphosphonates and tocotrienols are another class of drugs which act as downstream inhibitors of the
cholesterol synthesis pathway. Early investigations have shown that they can slow down cancer cell
and tumor growth similar to statins [91].

Protein geranylgeranylation, a branch of the cholesterol synthesis pathway, was also found to
be essential for maintaining stemness of basal breast cancer cells and to promote human glioma cell
growth. GGTI-288, an inhibitor of the geranylgeranyl transferase I (GGTI) reduced the cancer stem cell
subpopulation in primary breast cancer xenografts [79,92]. Moreover, high dependency of malignant
glioma cells on the isoprenoid pathway for post translational modification of intracellular signaling
molecules make this pathway a potential candidate for drug targeting. Recent work published by
Ciaglia et al. shows antitumor activity of N6-isopentenyladenosine (iPA) on glioma cells. Its mechanism
of action is primarily driven through AMPK-dependent epidermal growth factor receptor (EGFR)
degradation, which further adds value to its candidacy as a potent antitumor drug [93,94]. Thus,
multiple preclinical studies demonstrate that targeting the cholesterol synthesis pathway could be
useful for modulating cancer growth, either through directly inhibiting cholesterol synthesis, or though
inhibiting the production of mevalonate pathway-derived moieties used in protein post-translational
modifications of oncogenes.

10. Cholesterol and its Derivatives as Anti-Glioblastoma Agents

Steroids and their derivatives or triterpene precursors such as betulinic, oleanolic, and ursolic
acids and stigmasterol have shown strong anti-cancerous properties [95–97]. Cholesterol derivatives,
for example, sodium cholesteryl sulfate, cholesteryl chloride, cholesteryl bromide, and cholesteryl
hemi-succinate, have been reported to possess inhibitory activities against DNA polymerase and DNA
topoisomerase and to inhibit human cancer cell growth [98].

Another promising approach in use is a cholesterol-based anticancer agent containing
carborane as the anticancer unit for boron neutron capture therapy (BNCT). The cholesteryl
1,12-dicarba-closo-dodecaborane 1-carboxylate (BCH) mimics the native cholesteryl ester in structure
and was found to be effectively taken up by brain glioma cells in vitro. BNCT delivers boron-10
packed in liposomes. To increase the delivery with an enhanced specificity to tumor tissue, these
boron-10 were packed inside cholesterol-anchored folate in EGFR-folate receptor targeted liposomes or
consist of cholesterol-anchored anti EGFR antibodies. Once the boron-10 is delivered to its designated
location, low energy radiation is passed in the form of a thermal neutron that triggers fission reactions,
resulting in the production of high linear energy transfer (LET) α-particles which are highly lethal to
the cells [99].

11. Cholesterol-Based Intracerebral Delivery of Chemotherapeutics in Brain Tumors

The absence of compelling treatment alternatives results in poor prognosis of glioblastoma. It is
vital to deliver adequate amounts of therapeutic agents to the brain tumor site. However, delivery of
therapeutic agents to the tumor site is technically very challenging due to the presence of the BBB [100].
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Many attempts have been made to overcome this. It is well established that LDL receptors are present
on the BBB capillary endothelial cells and, therefore, could be utilized for transporting cholesteryl-based
or other compounds to the brain.

Conjugation of a cholesterol moiety to an active medicinal compound for either cancer diagnosis
or treatment is an attractive approach for targeted drug delivery. Approaches to intracerebrally
administer agents within the brain parenchyma through local delivery to tumor tissue are on the
rise [101]. The advantage of this approach is it results in high drug concentrations at the tumor site
with restricted exposure to non-neoplastic tissues and organs.

12. Conclusions

The unique metabolic demands and dysregulated metabolism of GBM makes it particularly
suitable for cholesterol pathway targeting [71,97,102]. Genomic analyses performed by the TCGA
provide correlative evidence suggesting an involvement of the cholesterol homeostasis pathways
in cancer development, especially in glioblastoma [103]. A vast number of genetic and phenotypic
alterations in cholesterol homeostasis pathways have been identified in cancer cells [104]. These
include increases in gene copy numbers and upregulation of cholesterol synthesis gene expression,
enhanced cholesterol import by LDL receptors, and decreased transport of cholesterol, all of which
promote increased cellular cholesterol levels to aid cancer cell proliferation [104–107].

First and the foremost, the genetic alterations influencing the cholesterol pathways in cancer
development need further investigation. Many cholesterol synthesis genes or mitochondrial cholesterol
importers are upregulated, however their effects on cancer development remain unknown. Out of
these, several genetic alterations were associated with known chromosomal amplification sites that
harbor well-characterized oncogenes. For example, HMGCS2 and NOTCH2, and SQLE and MYC,
were co-localized to the same amplicons. Possibly, oncogenes and cholesterol synthesis genes act in
tandem to promote disease progression. However, limited success has been achieved in restricting
tumor growth by targeting these critical genes with their pharmacological inhibitors (Table 1). Due to
a lack of evidence to support their efficacy in treating different forms of tumors, this needs further
exploration. A second question needing attention is whether tumors could be classified into subclasses
based on genetic abnormalities occurring in cholesterol homeostasis genes. This might facilitate
development of precision medicine-based approaches for treating subgroups of cancer. For examples,
the efficacy of statins, squalene synthesis inhibitors, farnesyl or geranylgeranyl transferase inhibitors
might be more effective for certain patients with characteristic genetic signatures.

Table 1. Commercial drugs targeting cholesterol pathways.

Drug Mechanism

Ciprofibrate PPARα agonist
Clofibrates PPARα agonist
Fenofibrate PPARα agonist

Gemifibrozil PPARα agonist
Anacetrapib CETP inhibitor
Avasimibe ACAT inhibitor
Berberine Increases LDLR expression

Lapaquistat acetate FDFT1 inhibitor
Ezetimibe NPC1L1 inhibitor

Atorvastatin HMGCR inhibitor
Fluvastatin HMGCR inhibitor
Pitavastatin HMGCR inhibitor

Rosuvastatin HMGCR inhibitor
Simvastatin HMGCR inhibitor
Pitavastatin HMGCR inhibitor

PPARα = peroxisome proliferator activated receptor alpha; CETP = cholesteryl ester transfer protein; ACAT = sterol
O-acyltransferase 1; LDLR = low density lipoprotein receptor; FDFT1 farnesyl-diphosphate farnesyltransferase 1;
NPC1L1 = NPC1 like intracellular cholesterol transporter 1; HMGCR = 3-hydroxy-3-methylglutaryl-CoA reductase.
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Conjugation of the cholesterol moiety to an active medicinal compound for cancer disease
diagnosis and treatment is an attractive approach for targeted drug delivery. Several anticancer
agents have also shown promise in cholesterol formulation for brain delivery. However, a greater
understanding of the biodistribution and pharmacokinetics of these cholesteryl drug conjugates is
essential for their practical use. For example, once active drug molecules are conjugated to cholesterol
moieties, their chemical properties such as hydrophilicity/lipophilicity and molecular weight are
significantly altered, which can change their biodistribution, pharmacokinetics, and efficacy. Hence,
a thorough analysis of the interactions of these cholesteryl conjugates with cells, receptors, and
membranes is necessary prior to their use in a clinical setting. Nevertheless, the use of cholesteryl
drug conjugates for targeted delivery provides a novel approach for treating a variety of cancers,
including glioblastoma.

In summary, it appears that deregulation of cholesterol homeostasis is an important contributing
factor to cancer development and particularly to brain tumors. Studies are needed to link
population-based epidemiological data, results from the TCGA database, and preclinical mechanistic
evidence to more thoroughly dissect the involvement of cholesterol in cancer development, which
would be helpful in devising new strategy for therapeutic intervention.
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Abstract: The link between thrombocytosis and malignancy has been well known for many years
and its associations with worse outcomes have been reported mainly for solid tumors. Besides
measuring platelet count, it has become popular to assess platelet function in the context of malignant
diseases during the last decade. Malignant gliomas differ tremendously from malignancies outside
the central nervous system because they virtually never form distant metastases. This review
summarizes the current understanding of the platelet–immune cell communication and its potential
role in glioma resistance and progression. Particularly, we focus on platelet-derived proinflammatory
modulators, such as sphingosine-1-phosphate (S1P). The multifaceted interaction with immune cells
puts the platelet into an interesting perspective regarding the recent advances in immunotherapeutic
approaches in malignant glioma.

Keywords: glioblastoma multiforme; platelet; immune cell interaction; sphingosine-1-phosphate

1. Introduction

The glioblastoma multiforme (GBM) is the most common malignant brain tumor in adults.
The mean overall survival is hardly beyond one year, despite standard treatment consisting of
gross total resection of the contrast enhanced tumor segments followed by radiochemotherapy
with temozolomide [1,2]. New treatment modalities such as tumor-treating fields (TTF) [3,4] may
ultimately result in a survival benefit, and innovative immunotherapeutic approaches might bear
the opportunity of curative interventions in the future [5–10]. One major problem for a successful
systemic immunotherapy in GBM is the highly immunosuppressive tumor microenvironment which
prevents the immune system from effectively attacking the tumor [11–13]. The predominant immune
cell constituent in GBM tissue are tumor-associated macrophages (TAMs) [14,15], which can be
derived from both microglia, the resident type of macrophages in the brain, as well as from bone
marrow (BM)-derived peripheral monocytes/macrophages [16,17]. Comprehensive investigations from
Pyonteck et al. have shown that about 40% of TAMs are of peripheral origin and invade the brain in a
platelet-derived growth factor (PDGF)- and hypoxia-inducible factor-1α (HIF-1α)/stromal-cell-derived
factor-1 (SDF-1)-dependent manner [18]. Strikingly, platelets are not only a major source of PDGF and
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of SDF-1α (CXCL12) [19,20], but also play a central role in both tumor angiogenesis [21,22] and in
concerting the tumor microenvironment in solid tumors [23]. Platelets release a plethora of growth
factors, inflammatory mediators, and chemokines into the microenvironment, and overwhelming
evidence reveals platelets as key components in cancer biology and the challenges in targeting platelets
for cancer treatment are currently discussed [21]. In comparison, the putative role of platelets in GBM
pathophysiology and specifically in affecting immune cell functions such as conversion of macrophages
into immunosuppressive TAMs in GBM is less clear to date.

The GBM is not only characterized by its highly infiltrative growth pattern and immunosuppressive
properties but it is also a highly prothrombotic tumor entity. Typically, the balance between the
procoagulant and anticoagulant system as well as the fibrinolytic system is severely impaired in favor
of hypercoagulability in GBM patients [24]. High-grade gliomas, for instance, histologically exhibit
areas of necrosis due to anoxia and microthrombosis despite diffuse microvascular proliferation
and represent a significant risk factor for thromboembolism. As a consequence, this tumor
is associated with a high risk for venous thromboembolism (VTE) and also cardiovascular
events [25–27]. The heterogeneous morphology of GBM is characterized by its infiltrative growth,
intense neoangiogenesis, and pseudopalisading necrosis [28]. In addition, striking endothelial cell
proliferation and occlusive intravascular thrombosis can be observed in GBM tissue [29]. VTE is a
common complication of cancer and it has been estimated that patients with cancer have a 4-fold to
20-fold increased risk of VTE, which is further accentuated by chemotherapy. The cumulative incidence
of symptomatic VTE among patients with glioma has been estimated to be as high as 32.2% during
their course of therapy [24,29,30]. Furthermore, inside the GBM a multitude of thrombosed vessels
can be seen reflecting the state of hypercoagulability in these patients. However, the survival did not
differ between GBM patients with and without VTE and was 53% after 12 months in both groups [31].
Interestingly, recent studies support the assumption that the plasma hypercoagulable profile seen in
GBM patients is related to adverse outcomes [24]. Therefore, the significance and prognostic value
of characterizing the coagulation profile in GBM patients as a novel approach to an individualized
therapy of GBM is under discussion [24]. In addition, platelets release mediators which can directly
or indirectly, i.e. by modulating immune responses, modify tumor cell activity, tumor growth and
tumor angiogenesis (see Figure 1). The precise contribution of platelet-derived mediators in GBM in
this context is not well studied to date.

2. Platelets and Solid Tumors

Platelets are well known for their classical function as a key player of the primary hemostasis,
but platelets have a much broader range of other functions as well [32]. The relevance of platelets
in oncological processes was first described in the 19th century by Leopold Riess and Theodor
Billroth [33–35]. Malignant tumors have an impact on the platelet number and the functional
state of platelets [32]. Platelets can be activated by tumor cells [36]. The daily use of aspirin
can diminish the risk of dying due to a visceral malignancy [37–39]. Buergy et al. excellently
reviewed the role of platelets in malignant diseases, which include platelet enhanced formation of
metastasis, platelet-induced angiogenesis, and malignancy-induced thrombocytosis [33]. In recent
years, a correlation of thrombocytosis and decreased overall survival could be shown for a magnitude of
solid cancers such as lung, colon, breast, esophageal, gastric, renal, ovarian, and melanoma. However,
since different tumor types induce thrombopoiesis, this may be an epiphenomenon rather than a causal
relation. At least, the possible causality between thrombocytosis and malignancy is not fully understood
to date [33]. Interestingly, decreased platelet reactivity in patients with cancer has been associated
with a high risk of venous thromboembolism and poor prognosis, presumably as a consequence of
continuous activation [40]. Thus, the status of platelets reactivity, which is modulated by solid tumors,
appears to be of key relevance [40]. Platelets induce tumor angiogenesis by secreting proangiogenetic
cytokines such as vascular endothelial growth factor (VEGF), PDGF, transforming growth factor
(TGF), endothelial cell growth factor (ECGF), insulin-like growth factor (ILGF), basic fibroblast growth
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factor (bFGF, FGF-2), angiopoietin-1 as well as the lipid mediator sphingosine-1-phosphate [33].
Platelets cover circulating tumor cells in a P-selectin-dependent mechanism and thereby support their
extravasation and prevent natural killer (NK) cell-mediated tumor cell lysis. Thus, platelets are a key
player in the formation of distant metastasis in malignant diseases [41,42]. The inhibition of platelet
binding to tumor cells by heparin can reduce the formation of metastasis [43]. Although it is well
known that circulating GBM cells are present in patients suffering from GBM and tumor RNA can even
be found in circulating platelets of these patients [44], GBM patients virtually never form metastases
outside the central nervous system (CNS). This is a fundamental difference to malignancies outside the
CNS, where distant metastases are a main determinant for disease progression and patient prognosis.
As the CNS provides a unique microenvironment, i.e. determined by the blood–brain barrier and a
distinct microglia, the contribution of platelets to GBM pathogenesis may vary from non-CNS tumors
and is not well studied in this context. Thus, the functional interactions between platelets and the GBM
may differ substantially from the role of platelets in tumors outside the CNS. Figure 1 summarizes
the different mutual levels of interaction between tumor cells and platelets, and the role of platelets
in concerting immune cell functions. The precise molecular levels of interaction of platelets with
glioblastoma cells have to be clarified in future studies.

 

Figure 1. A scheme of the multiple and mutual interactions between tumor and immune cells and
platelets. Platelets and tumor cells interact at various levels. Platelet-derived paracrine mediators
such as adenosine diphosphate (ADP) as well as lipid signaling mediators like thromboxane (TX)
and sphingosine-1-phosphate (S1P) are secreted upon platelet activation and can modulate tumor
cell activity [39]. Tumor cells can in turn enhance platelet reactivity and educate platelets to release
tumorigenic and angiogenic mediators and stimulate thrombopoiesis [45,46]. While the platelet itself
can be seen as an immune cell, it can also interact in multiple ways with the different nucleated immune
cells [47,48]. For example, platelet derived mediators such as S1P enhance monocyte activity levels
via upregulation of the protease-activated thrombin receptors (PARs)-1 and -4 resulting in enhanced
chemotactic capacity and amplifying cyclooxygenase-2 (COX-2) expression [49,50]. In turn, immune
cells, such as monocytes, can also release tissue factor-rich microparticles to enhance fibrin formation,
enhance clot stability, and ultimately thrombosis [51]. Activated immune cells such as microglia and also
peripheral monocytes enter the tumor tissue [15]. In the case of the GBM, this results in the conversion of
the infiltrating immune cells into immunosuppressive tumor-associated macrophage (TAMs), which are
modulated to protect the tumor. Therapeutic approaches to target these immunosuppressive defense
mechanisms are currently under discussion [14,15].

653



Cancers 2019, 11, 569

3. Platelets and Glioblastoma

More than 10 years ago, Brockmann et al. showed an association between thrombocytosis and a
decreased overall survival in a group of 158 GBM patients [52]. They observed a significantly shorter
median survival time in patients with preoperative thrombocytosis of 4 months (95% confidence interval
(95% CI), 3–6 months) compared to 11 months survival time (95% CI, 8–13 months; p= 0.0006) in patients
with normal platelet count [52]. The results suggested that a condition of preoperative thrombocytosis
may represent a prognostic factor associated with shorter survival time in patients with glioblastoma.
However, in a consecutive investigation involving 140 GBM patients, Lopes at al. could not
confirm this observation [53]. Here, the authors found no correlation of neutrophil–lymphocyte
ratio, platelets–lymphocyte ratio, or the absolute counts of neutrophils, lymphocytes, and platelets
with overall survival in multivariate analyses [53]. Strikingly, the mean overall survival time in this
study was 19.4± 14.3 months and the mean progression-free survival was 9.4± 8.7 months. Different
adjuvant treatment regimens, which have changed over time, may have contributed to this difference
in survival time. In agreement with this estimation, the rate of combined radiochemotherapy in the
earlier study from Brockmann et al. [52] was below 40% in total, while in the more recent study from
Lopes at al. [53] a large majority of patients of about 84% were treated according to the combined
radiochemotherapy protocol established by Stupp et al. [1]. Besides this, different GBM subtypes
exist, which were not further characterized in both of these studies, but should be distinguished.
These diverse GBM variants have been described to exhibit substantial heterogeneity, including
molecular, histopathological, and genomic features [54,55]. The understanding of the precise molecular
pattern of these diverse tumor variants should be improved in the future. Both studies addressing
the possible role of platelet count in GBM prognosis did not define the clinical features of molecular
variants. Furthermore, the number of included patients—owing to the rare nature of the disease—was
rather limited, making these controversial observations rather difficult to interpret.

Another aspect, which may be of relevance for the pathophysiological impact of platelet functions
in GBM development is the extent of platelet reactivity. In a recent study from our group, we could
show, for the first time in a homogenous cohort of primary diagnosed GBM patients, that the activation
status of circulating platelets is increased [56]. However, in comparison to visceral malignancies,
such as colon cancer, the available data on the clinical effects of platelet function inhibitors in GBM,
e.g., with aspirin, appear sparse and inhomogeneous. A large epidemiological study with over
300,000 participants did not find any correlation between the intake of aspirin or other NSAID and
the development of glioma and/or GBM [57]. However, the assessment of aspirin use was only
according to self-questionnaire and there was no monitoring of treatment efficacy, i.e., by measuring
thromboxane levels [57]. In addition, the definition of regular aspirin use as intake of more than two
doses per week in this study [57] makes it highly unlikely, that aspirin treatment was efficacious in this
study. Furthermore, the duration of aspirin treatment in the study was only one year. In comparison,
the well documented effects of aspirin in colorectal cancer occur after a treatment time of at least 5
to 10 years [38,39]. To date, the precise underlying mode of action of the long-term effect of aspirin
is neither in colorectal cancer nor in other tumor entities fully understood. Especially in colorectal
cancer, the antitumor effects of aspirin occur at antiplatelet doses implicating a role of platelets in
tumor pathogenesis. However, since many cancer cell types express both isoforms of cyclooxygenase,
COX-1 and COX-2, the effects of aspirin may in part also be directly related to the inhibition of COX in
cancer cells [37–39]. In comparison to the study from Daugherty et al. [57], where aspirin efficacy may
be questionable (see above), another more recent study ascertained drug use in glioma patients more
thoroughly through the evaluation of drug registries [58]. In their study, Gaist et al. observed that
long-term continuous use of low-dose aspirin was associated with an OR (odds ratio) of 0.88 (95%
CI: 0.54–1.42) and non-aspirin-NSAID (non-steroidal anti-inflammatory drugs) with an OR of 1.56
(95% CI: 0.71–3.46). According to the authors, their findings may be consistent with a small reduction
in glioma risk associated with the long-term use of low-dose aspirin. However, they also point out
that their findings should be interpreted cautiously due to limited statistical precision, notably in the
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duration and dose–response analyses [58]. Taken together, the clinical evidence of the role of platelets
both concerning platelet numbers and the use of antiplatelet agents in GBM are limited. Therefore,
future and ideally perspective studies are needed to clarify the possible direct role of platelets in GBM.

4. The Immunomodulatory Potential of Platelets in GBM

Besides their role in hemostasis and the above described mechanisms in tumor biology, platelets are
well known to interact with the immune system [47,48]. Platelets express Toll-like receptors and, thereby,
are sentinel cells for infection [59]. Furthermore, platelets interact in an activity-boosting manner
with the complement system [60]. Platelet activation is accompanied with an increased formation of
heterotypic platelet–leukocyte conjugates, which is well known as the surrogate of a proinflammatory
function and described in inflammatory diseases as sepsis or atherosclerosis [61,62]. In agreement
with these (patho)physiological functions, platelet inhibition is known to be anti-inflammatory and,
for example, reduces the risk of pulmonary as well as other infections [59,63].

Since recently, immunotherapeutical approaches became of interest in GBM patients,
the immunomodulatory functions of platelets might be of great interest as well. However, little is
known about the role of platelets to modulate immune responses in GBM, yet. For the first time,
we could recently show that the formation of heterotypic platelet–monocyte conjugates in the circulation
of GBM patients is not increased, although the platelets had an increased activation status in these
patients (including an increased P-selectin expression) [56]. This, at first sight a paradoxical finding,
may be explained by a reduced expression of PSGL-1 on circulating monocytes in GBM patients [56],
since the interaction between platelet P-selectin and monocyte PSGL-1 is the initial and key step in
this conjugate formation [61]. In further experiments, we could show that the PSGL-1 expression
is tremendously reduced on intratumoral macrophages in GBM as well (unpublished data). Thus,
the PSGL-1 phenotype might be a yet unnoted biomarker for the GBM-induced immunosuppression.

Platelets contain and secrete a multitude of mediators that are known to participate in
both hemostasis and inflammation [64]. These mediators predominantly originate from platelet
α-granules [65]. Every platelet contains about 50–80 alpha granules. Inside these granules mediators
and chemokines, such as P-selectin, CXCL1, platelet factor 4 (PF4) CXCL5, CXCL7, IL-8, and CXCL12,
macrophage inflammatory protein-1 (CCL3) and RANTES (CCL5) are stored and can be released
upon activation [65]. These mediators play a major role in the regulation of leukocyte migration into
tissues and in other proinflammatory functions like phagocytosis, monocyte differentiation, and the
generation of reactive oxygen species [66]. Activated platelets release IL-1, which plays a major role
in the inflammatory cytokine cascade [67], and TGFβ, which is well known as key mediator of the
GBM-induced immunosuppression [68–70]. Furthermore, soluble CD40 released from platelets was
shown to inhibit regulatory T-cells in a glioma model [71]. As a note, in our own previous studies,
we could show a tendency of an increased CD40 expression on platelets in GBM patients [56].

The role of platelets in the pathophysiology of GBM appears, however, to be two-edged. On the
one hand, platelet activation may be beneficial to support immune responses, as activated platelets and
their secretome can modulate immune responses. Recently, it was shown that an activated platelet-rich
plasma clot can inhibit regulatory T-cell migration and prolong overall survival in a GBM model
in mice [71]. On the other hand, platelet activation needs to be avoided, since GBM patients have
an increased risk for systemic cardiovascular events and the intratumoral occlusion of numerous
vessels leads to a hypoxia-induced tumor progression. A further key molecule, which is released
from platelets and has been described as a modulator of inflammatory and oncological processes,
is sphingosine-1-phosphate (S1P).

5. Sphingosine-1-Phosphate in Glioblastoma

The versatile lipid signaling mediator S1P has emerged as a regulator of a variety of cellular
processes including proliferation, metastasis, inflammation, stem cell behavior, and the formation
of microvascular networks, which provide nourishment to cancerous cells [72–74]. S1P has been
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recognized in numerous studies over the recent years as an important oncogenic factor involved
in multiple cancer entities including breast, colorectal, kidney, lung, melanoma, and GBM [72,75].
Our group could show that the relative amount of S1P secreted from stimulated peripheral platelets
of GBM patients is significantly elevated compared to healthy controls [56]. However, the absolute
concentration of S1P in platelet-rich plasma of these patients was significantly lower than in the
controls (Figure 2C) [56]. Furthermore, a significantly elevated S1P concentration was found in GBM
tissue in comparison to the control brain specimens [76], and glioma cells, as well as GBM stem cells,
are able to produce and release S1P [77,78]. Since S1P directs immune cell migration via concentration
gradient-dependent mechanisms, a reduced peripheral, and in turn, elevated central S1P level in GBM
tissue might foster monocyte migration from the peripheral blood into the brain. In addition, S1P has
been reported as a key player in the transformation of intratumoral macrophages into ultimately
immunosuppressive TAMs via S1P receptor-1 [79]. Thus, reduced peripheral blood S1P levels may
drive monocyte invasion into the tumor tissue, and elevated S1P concentrations within the GBM
consecutively could support intratumoral conversion of macrophage/microglia into TAMs (see also
Figure 1). In addition, S1P is known as mediator between blood coagulation, platelets, and vascular
inflammatory responses [49]. Not only the secretion of platelet-derived S1P can be stimulated by
coagulation factors such as thrombin [80], but also enzymes which generate S1P in the vasculature can
be upregulated by coagulation factors such as the activated factor-X (FXa) [81].

In general, the synthesis of sphingolipid and S1P in particular is tightly controlled by the
metabolism of ceramide. Biosynthesis of cellular ceramide derives either de novo from serine,
palmitoyl-CoA, and fatty acid, or from the breakdown of membrane-resident sphingomyelin [72,82,83].
S1P is ultimately generated by phosphorylation of sphingosine by the two isoenzymes sphingosine
kinase-1 and -2 (SphK1 and SphK2) [49,82,83]. S1P degradation is achieved via dephosphorylation
by two S1P-specific phosphatases (SGPP1 and SGPP2) or an irreversible hydrolysis by S1P lyase
(SGPL) [84,85]. The formation of concentration gradients is essential in regulating the physiological
effects of S1P in vivo [84]. The balance between S1P generation and degradation is also critical for the
regulation of cell growth and plays a key role in pathological processes such as carcinogenesis [72,85].
Thus, the inhibition of S1P synthesis results in a sensitization of glioma stem cells against temozolomide
as the standard chemotherapeutic in GBM treatment [78]. Interestingly, fingolimod (FTY720)—a
sphingosine analogue approved for the treatment of multiple sclerosis—reduced the intracranial
growth of brain tumors in a mouse model of GBM [86].

Besides elevated basal platelet activation and altered circulating peripheral S1P levels (see Figure 1),
a severe dysregulation of the S1P signaling system was also found in tumor tissue samples of GBM
patients in previous investigations [75]. Specifically, the S1P receptors S1P1 and S1P2 (Figure 2) and
the S1P-generating enzyme, SPHK1, were significantly upregulated in GBM samples. Intriguingly,
the expression levels of both S1P1 and S1P2 correlated significantly with patient survival time but in
divergent ways. In GBM patients with high S1P1 mRNA levels, a prolonged survival was observed,
while patients with a high S1P2 mRNA expression exhibited a shorter survival time [75]. In agreement
with the literature, our results from this study implicated a complex interplay between S1P receptors,
S1P signaling, and other tumor-promoting signaling cascades in GBM, i.e., opposing functions of S1P1

and S1P2 in the regulation of cell migration and proliferation. Going forward, a better understanding
of the pathological basis of GBM tumors could lead to better diagnostic and treatment protocols,
so that a tailored monitoring of platelet-derived proinflammatory modulators such as S1P could
be easily incorporated into multiplex biomarker panels and guide clinicians in developing novel
immunotherapeutic approaches to gliomas. Prospectively, a pharmacological modulation of S1P levels
and/or its receptors may also represent a potential future therapeutic concept in GBM therapy.
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Figure 2. Expression of S1P receptors and circulating peripheral S1P levels are altered in GBM patients.
In previous studies, we observed highly upregulated levels of mRNA for the S1P receptors S1P1 (a)
andS1P2 (b) in GBM tissue [75]. The expression levels of both S1P receptors significantly correlated
with the survival time of the respective GBM patients (d,e). In a later study, our data indicated reduced
levels of S1P in platelet-rich plasma of GBM patients (c) [56]. These observations point towards a key
role of S1P signaling system in the pathophysiology of GBM and are in agreement with studies from
other groups [87,88]. Data are adapted from Bien-Möller et al. [75] and Marx et al. [56] and are shown
as box plots representing the median as horizontal bars as well as the 5th and 95th percentile. * p < 0.05,
Mann Whitney U test.

6. Summary and Conclusions

In summary, the contribution of platelets in tumor development, invasiveness, malignancy,
and metastasis is widely acknowledged in the literature. However, the specific contribution of platelets
to tumor pathophysiology in GBM is less clear. The preoperative platelet count has been suggested as a
potential outcome predictor. However, the currently available data are inconclusive and future studies
are needed to gain further insights into the role of platelet number as a possible biomarker. Studies on
the reactivity level of platelets in GBM are also sparse to date. Our own data indicate elevated levels
of P-selectin and impaired relative responsiveness to platelet stimulation ex vitro, possibly pointing
towards an altered immunoregulatory function of platelets during GBM growth and progression.
Since thrombosis is a hallmark of GBM, suitable antithrombotic and antiplatelet concepts may be a
valuable addition to future individualized targeted therapeutic concepts.
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Abstract: Glioblastoma (GBM) is the most common type of primary brain tumor in adults. Despite
recent advances in cancer therapy, including the breakthrough of immunotherapy, the prognosis
of GBM patients remains dismal. One of the new promising ways to therapeutically tackle the
immunosuppressive GBM microenvironment is the use of engineered viruses that kill tumor cells
via direct oncolysis and via stimulation of antitumor immune responses. In this review, we focus
on recently published results of phase I/II clinical trials with different oncolytic viruses and the
new interesting findings in preclinical models. From syngeneic preclinical GBM models, it seems
evident that oncolytic virus-mediated destruction of GBM tissue coupled with strong adjuvant effect,
provided by the robust stimulation of innate antiviral immune responses and adaptive anti-tumor T
cell responses, can be harnessed as potent immunotherapy against GBM. Although clinical testing of
oncolytic viruses against GBM is at an early stage, the promising results from these trials give hope
for the effective treatment of GBM in the near future.

Keywords: oncolytic virotherapy; cancer immunotherapy; glioblastoma

1. Current Status of Glioblastoma (GBM) Immunotherapy

Glioblastoma (GBM) is the most common and most aggressive primary malignant brain tumor in
humans [1]. GBM can arise and be diagnosed either “de novo” or by evolving from less malignant
astrocytomas or oligodendrogliomas [2]. The current standard care for GBM consists of radiotherapy,
chemotherapy (temozolomide), and surgery when possible [3]. However, none of these interventions
are curative, and GBM recurrence is virtually 100% certain. Consequently, the prognosis for GBM
patients is dismal, with a median survival of only 14–15 months after diagnosis [3,4].

The recent success of cancer immunotherapy using immune checkpoint inhibitors (CPIs) against
many otherwise untreatable cancers has raised expectations that such approaches could also be
successfully used against GBM. For example, combination of anti-PD-1, anti-TIM-3, and targeted
radiation showed impressive results in the preclinical mouse GL261 glioma model [5]. The drawback of
using carcinogen-induced mouse models such as GL261 [6] is their relatively high immunogenicity and
mutational load as compared with the clinical GBMs [7]. The results obtained in such preclinical models
might thus overestimate the efficacy of immunotherapy against GBM. A recent study by Genoud et al.
indicates that CPIs are not effective against the novel and significantly less immunogenic (and highly
tumorigenic) SB28 model [8], which may better mimic the immune landscape of GBM. In line with this,
experiences in the clinics show that GBM presents a particularly difficult target for immunotherapy, and
the currently ongoing clinical trials utilizing CPIs, chimeric antigen receptor (CAR) T cells, or different
vaccination strategies have resulted in mostly disappointing results [9–15]. Through whole-exome and
RNA sequencing of a patient’s tumor and normal cells, neoantigens (derived from genetic mutations in
tumor cells) can be predicted and evaluated as personalized vaccines. Two clinical trials have recently
evaluated this approach for GBM and found that neoantigen-specific T cells can be generated and
found inside GBM, showing that immunotherapy may be a fruitful way forward [16,17]. It is worth
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noting that PD-1 blockade has shown impressive results against hypermutated GBM [18,19], indicating
that CPIs can be effective in a certain subset of patients. These cases can be associated with somatic
mutations in the DNA mismatch-repair machinery [18,19]. Another glimmer of hope for effective
GBM immunotherapy can be seen in the results of recent phase I/II clinical trials using cancer cell
selectively replicating oncolytic viruses [20–22].

Oncolytic virotherapy is based on utilizing replicating viruses that can selectively kill the infected
cancer cells. The virus-induced cell death can occur through a variety of different mechanisms, most
(if not all) of which can be immunogenic (reviewed by [23]). During this process of immunogenic cell
death (ICD), damage-associated molecular patterns (DAMPs) and tumor-associated antigens (TAAs),
including patient-specific neoantigens caused by genomic mutations in cancer cells, are released
from the disrupted cancer cells [24]. This in turn acts as a potent stimulus for the immune system
and can, in the optimal case, lead into activation of effective antitumor immunity. In addition, the
virus-induced antiviral innate immune response mediated by pathogen-associated molecular patterns
(PAMPs) can act as a potent adjuvant to further boost antigen cross-presentation and consequent
adaptive immune responses. Oncolytic viruses can thus be considered to function not only as directly
cancer killing agents, but also as active anticancer vaccines [25,26]. Because of the recent appreciation
of the immunostimulatory effects of oncolytic viruses, the focus of the field has clearly shifted from
direct oncolysis to immunostimulatory properties of the viruses used. It is easy to hypothesize
that virus-induced inflammation and ICD would be especially beneficial when treating heavily
immunosuppressed (discussed later) tumors such as GBM. Importantly, use of oncolytic viruses
together with radiation therapy or temozolomide has been shown to have synergistic activity [27–29],
indicating that oncolytic virotherapy in combination with traditional forms of GBM therapy can
be feasible.

Oncolytic viruses can also be used to transfer therapeutic payloads to the tumor. Viruses armed
with immunoregulatory inserts such as interleukin 12 (IL-12) and OX40 ligand are currently being
tested in clinical trials (Table 1). Other examples of clinically tested viruses with therapeutic payloads
are gammaretrovirus “Toca 511” and vaccinia virus “TG6002”, which carry the cytosine deaminase
(CD) gene (Table 1). When active in infected tumor cells, CD can convert the subsequently given
5-fluorocytosine drug into chemotherapeutic fluorouracil [30].

The oncolytic viruses used against GBM in current trials are listed in Table 1. Of these, perhaps
the most promising viruses are DNX-2401, PVS-RIPO, and Toca 511, all of which have shown complete
durable responses in approximately 20% of GBM patients who received virus intratumorally [20–22].
Virus-related severe adverse events in these trials have been rare. In Toca 511 and DNX-2401 trials, no
dose-limiting toxicities were observed [21,22]. In the PVSRIPO trial, one (possibly virus-related) death
and one dose-limiting toxic effect were reported [20]. Despite the early status of these trials, it is clear
that oncolytic virotherapy is among the most compelling new therapies for GBM. The encouraging
results obtained with PVS-RIPO, Toca511, and DNX-2401 have granted them a fast track designation
by the U.S. Food and Drug Administration (FDA) for expedited drug review process.
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Table 1. Currently active or completed clinical trials utilizing replication-competent viruses against
malignant gliomas. Search results from clinicaltrials.gov.

Currently Active or Recruiting

Adenovirus Virus Construct Phase Therapy Regimen Trial No. Results

DNX-2401 + pembrolizumab Deletion in E1A. RGD-4C
fiber modification II

IT injection followed by
Pembrolizumab (IV) every

3 weeks
NCT02798406 -

DNX-2440 DNX-2401 (above) armed
with OX40L I IT injection NCT03714334 -

CRad-S-pk7 (loaded into
neural stem cells)

E1A under survivin
promoter, pK7 fiber

modification
I injection into resection cavity NCT03072134 -

HSV Virus Construct Phase Therapy Regimen Trial No. Results

C134 γ34.5 deletion
IRS1 under HCMV promoter I IT injection NCT03657576 -

M032 γ34.5 deletion
Armed with human IL-12 I single IT infusion NCT02062827

NSC733972 -

rQNestin 34.5
One copy of γ34.5 under

nestin promoter
With UL39 deletion

I IT with/without preceding IV
cyclophosphamide NCT03152318 -

G207
γ34.5 deletion Inactivating
insertion of lacZ in UL39

gene
I IT infusion NCT02457845 -

Other Virus Construct Phase Therapy Regimen Trial No. Results

Vaccinia virus TG6002 +
5-FC

TK and RR deletion
Expresses cytosine

deaminase
I/II 3 weekly IV infusions, followed

by oral 5-FC NCT03294486 -

Measles Virus (MV-CEA) expresses CEA I injection into resection cavity
and/or IT NCT00390299 -

Poliovirus (PVSRIPO)
attenuated (Sabin)

poliovirus with IRES from
HRV2

I/Ib IT via convection- enhanced
delivery

NCT01491893
NCT03043391 [20]

Reovirus (REOLYSIN) +
sargramostim (rGM-CSF) unmodified reovirus I repeated cycles of sargamostim

followed by IV virus NCT02444546 -

Toca 511 + Toca FC described above II/III
injection into resection cavity

followed by oral
Toca FC

NCT02414165 -

Completed

Adenovirus Virus Construct Phase Therapy Regimen Trial No. Results

DNX-2401 + Temozolomide described above I
injection in the brain

parenchyma followed by
temozolomide

NCT01956734 -

DNX-2401 + IFNγ described above I IT injection followed by IFNγ NCT02197169 -
DNX-2401 described above I/II intracerebral infusion NCT01582516 [21]

Other Virus Construct Phase Therapy Regimen Trial No. Results

HSV G207 described above I/II IT injection NCT00028158 [31]

Parvovirus H-1PV unmodified rat parvovirus I/II combinations of IV, IT, and
resection cavity injections NCT01301430 [32]

Reovirus (REOLYSIN) unmodified human reovirus I IT infusion NCT00528684 [33]

Toca 511 + Toca FC described above I injection in resection cavity
followed by oral Toca FC NCT01470794 [22,34]

Abbreviations: IT: intratumoral, IV: intravenous, HSV: herpes simplex virus, HCMV: human cytomegalovirus,
IL-12: interleukin 12, TK: thymidine kinase gene, RR: ribonucleotide reductase gene, 5-FC: 5-fluorocytosine, CEA:
carcinoembryonic antigen, IRES: internal ribosomal entry site, HRV2: human rhinovirus 2, rGM-CSF: recombinant
granulocyte-macrophage colony-stimulating factor, IFN-γ: interferon gamma.

2. Heating the Suppressive Tumor Microenvironment with Viruses

The GBM microenvironment has proven to be a particularly challenging target for
immunotherapeutic approaches. This can be largely attributed to the naturally isolated and
tightly controlled brain microenvironment, which GBM thrives upon and skews even more
immunosuppressive. The overall T cell infiltration in GBM is relatively poor and has a low CD8+/CD4+

T cell ratio [35]. Although cytotoxic CD8+ T cells can be found in patient GBM samples, they often
display a PD-1+, LAG-3+, TIGIT+, CD39+, KLRG1−, and CD57− profile, which is indicative of an
exhausted phenotype of these cells [36]. GBM cells also attract microglia and macrophages that have
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been shown to promote immunosuppression and enhance tumor growth [37]. In fact, monocytes and
macrophages can contribute to as much as 30% of the total amount of cells in gliomas [38], making
them (in addition to the GBM cells themselves) a compelling target for therapy. In addition to the
local immunosuppression, there is also evidence of GBM-mediated inhibition of peripheral immune
responses. This is indicated by increased circulating regulatory T cells (Tregs) [39] and impaired
cytokine response by peripheral blood lymphocytes [40]. It must also be noted that corticosteroids,
which are used with standard GBM radiotherapy, chemotherapy (to alleviate swelling in the brain),
also have notable immunosuppressive properties [41]. In preclinical studies, the corticosteroid
dexamethasone has been shown to reduce serum neutralizing antibodies against oncolytic herpes
simplex virus (HSV) G207 [42]. While having no effect on the direct oncolytic activity of the virus, the
use of dexamethasone completely abolished virus-induced antitumor immunity against subcutaneous
N18 neuroblastomas in A/J mice [42]. This indicates that temporal immunosuppression with
corticosteroids could possibly be used early during oncolytic virotherapy to increase the efficacy
of systemic virus delivery. The use of corticosteroids can, however, be clearly detrimental for the
long-term antitumor immunotherapeutic effect.

Together with a low mutational burden and high heterogeneity, the immune evasive factors
present in GBM (reviewed by [43]) are likely to render most immunotherapeutic approaches ineffective.
There is, however, an increasing amount of evidence that oncolytic viruses can be used to disrupt
a immunologically “cold” GBM microenvironment through induction of inflammation and ICD.
One good example of ICD-driven oncolytic immunotherapy in an experimental mouse model is
reported by Koks et al., using oncolytic Newcastle disease virus (NDV) in the syngeneic and fully
immunocompetent GL261 model of orthotopic glioma [44]. Here, NDV was shown to induce ICD
in GL261 cells, as detected by ectopic calreticulin surface expression, HMGB1 release, and increased
cancer antigen expression. In line with the immunostimulatory potential seen in vitro, intratumoral
administration of NDV was shown to lead to long-term survival, associated with elevated infiltration
of cytotoxic T cells and reduced accumulation of myeloid-derived suppressor cells (MDSCs), in
50% of the treated mice. Similar evidence of an immunostimulatory therapeutic effect has been
observed in the orthotopic GL261 model with adenovirus DNX-2401 (currently used in clinical trials).
Here, intratumoral administration of DNX-2401 into GL261-OVA glioma-bearing mice enhanced the
presentation of OVA epitopes to CD8+ T cells and had the potency to induce anti-glioma immunity [45].
Of note in the case of NDV, the long-term antitumor effect was reported to be lost in immunodeficient
Rag2 knockout and in CD8-depleted mice, stressing the important role of functional immune system
in the observed therapeutic effect [44]. Adding to the list of viruses that have shown survival benefit
in mouse immunocompetent glioma models are the modified Semliki forest virus (SFV), VSV Δ51, and
mouse-adapted Zika virus [46–49]. Interestingly, Zika virus has been reported to efficiently target and
replicate in glioma stem cells [46], while viruses such as γ34.5-deleted HSV show restricted replication
in this cell type [50]. Glioma stem cells, characterized as a highly self-renewing capable population of
cells in the GBM tissue, have been proposed to be one of the main contributors to the high therapeutic
resistance of GBM [51]. These cells, therefore, present a highly relevant therapeutic target, and the use
of oncolytic viruses that are capable of efficiently infecting and killing these cells would be favorable.

The ability of oncolytic viruses to induce therapeutically relevant immune responses against
GBM (at least in subsets of patients) has been demonstrated in clinical trials [20,21,52]. In fact, the
immunostimulatory effect of oncolytic viruses used in the clinics can be speculated to be more relevant
than the direct oncolytic power of the virus. Therapy with adenovirus DNX-2401 was shown to
increase CD8+, T-bet+ T cell infiltration together with a reduction of TIM-3 expression [21]. Parvovirus
H-1 therapy was noted to activate GBM-associated microglia (Cathepsin B expression) and, similar to
DNX-2401 therapy, increase cytotoxic T cell infiltration [52]. In addition, PVS-RIPO therapy has been
reported to induce notable GBM tissue inflammation, as evidenced by the “soap bubble” appearance
in magnetic resonance imaging [20]. One classic sign of immunotherapy-induced inflammation is
also an apparent initial growth of the tumor. This so-called pseudoprogression is caused by increased
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immune cell infiltration to the tumor, not by the growth of tumor cells [53]. Pseudoprogression has
been observed, for example, after PVS-RIPO infusions as increased cerebral edema. Although this
type of tumor swelling is therapeutically favorable, it proposes challenges for the interpretation of
radiologic images and patient care.

Dendritic cells (DCs) are professional antigen presenting cells that are essential in the induction
of adaptive immunity. Owing to their capability to activate T cells, DCs function in the interface
between the innate and adaptive immune system. DC activation has been shown to have an especially
potent adjuvant effect in the promotion and development of antitumor immunity against GBM. For
example, DC stimulation with Toll-like receptor 3 (TLR3) agonists enhances the anti-tumor immune
response to anti-PD-1 therapy in the orthotopic GL261 glioma model [54]. A potent adjuvant effect
has also been observed in the subcutaneous B16 melanoma model using heat-inactivated vaccinia
virus, which can activate the cytosolic DNA-sensing cGAS-STING-pathway in DCs [55]. It is likely that
the improved therapeutic activity of inactivated virus in this case can be explained by the profound
immunosuppressive effect of fully replicative vaccinia. This study also points out that Batf3-dependent
CD103+/CD8α+ DCs, also known as type-1 conventional DCs, which excel at cross presentation of
TAAs to CD8+ T cells [56], are crucial for the observed therapeutic effect.

Interestingly, PVS-RIPO was also recently reported to be able to directly infect dendritic cells
and macrophages [57]. Although PVS-RIPO propagation in these cells was shown to be non-lethal
and only marginally productive, it resulted in a robust IFN-I response (shown by STAT1 Y701
phosphorylation and expression of interferon-stimulated genes IFIT1, ISG15, and PD-L1), accompanied
by the expression of costimulatory molecules and cytokines [57]. It is, however, not clear how big a
role this effect has in the therapeutic effects seen in patients treated with PVS-RIPO.

Taken together, the increasing amount of evidence suggests that oncolytic viruses can be used as
potent immunotherapy against GBM. Given the immunologically cold GBM microenvironment, it is
likely that potent “de novo” induction of antitumor T cell immunity is needed for effective therapy. In
the context, oncolytic virotherapy can be seen to have an especially favorable effect, both disrupting
the system by destruction of cancer cells and re-stimulating both the innate and adaptive immunity
against the infected cancer cells.

3. The Prospect of Combining Oncolytic Viruses with Checkpoint Inhibitors in GBM Therapy

During recent years, the use of immune checkpoint inhibitors (CPIs) has shown great success in
inducing long-term complete remissions in patients with otherwise refractory cancers [58]. Since 2011,
when the first immune CPI was approved by the FDA for treatment of melanoma, these novel drugs
have been rapidly approved for many different types of cancers including melanoma, head and neck
squamous cell carcinoma, non-small cell lung cancer, renal cell carcinoma, Hodgkin’s lymphoma, and
urothelial carcinoma [58]. The use of CPIs can also result in therapeutic response against primary or
metastatic brain tumors [18,19,59]. It is unclear to what extent the observed responses are the result of
CPIs’ ability to get across the blood–brain barrier, as peripheral immune activation might be effective
enough to induce antitumor immunity. There are currently several ongoing clinical trials of CPIs in
glioblastoma, including phase III trials with Ipilimumab (blocking CTLA-4) and Nivolumab (blocking
PD-1) (NCT02017717, NCT02617589).

CPIs work by blocking the negative regulators of T cell function, thereby sustaining T cell activity.
Consequently, tumors with low T cell infiltration (such as GBM) are unlikely to get significant benefit
from CPI therapy. In these cases, it would be important to induce T cell infiltration into the tumor
prior to CPI therapy. As oncolytic viruses have a potent ability to induce CD8+ T cell responses against
tumor cells, it can be expected that precursory oncolytic virotherapy would enhance the effectiveness
of CPIs. The combination of checkpoint blockade with oncolytic virotherapy is also an attractive
option because virus-induced inflammatory response in the tumor can lead to upregulation of PD1
on T cells and PD-L1 on tumor cells [60]. Taken together, there is a clear rationale for combining
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CPIs with precursory therapy with oncolytic viruses for synergistic and effective immunotherapy of
immunologically cold tumors, such as GBM.

Many different viruses have been tested together with CPIs in different preclinical tumor models
with encouraging results [61]. For example, intratumoral injection of Newcastle disease virus (NDV)
into B16 melanomas has been shown to induce CD4+ and CD8+ T cell infiltration in both infected and
distant (non-infected) tumors, rendering them vulnerable to anti-CTLA-4 blockade [62]. As another
good example of synergy between oncolytic viruses and CPIs, recombinant adenovirus (hTertAd)
infection/oncolysis combined with anti PD-1 therapy was shown to broaden the spectrum of tumor
neoantigen-specific T cell response in the subcutaneous CMT64 lung adenocarcinoma model [63].
A notable added benefit of combining oncolytic virotherapy and checkpoint blockade has also been
observed in immunocompetent mouse glioma models. For example, measles virus together with
anti-PD-1 [64], VSV (expressing TAAs HIF-2α, Sox-10, and c-Myc) together with anti-PD-1 [65],
adenovirus Delta-24-RGDOX (expressing the immune costimulatory OX40 ligand) combined with
anti-PD-L1 [66], and reovirus combined with anti-PD-1 antibodies [60] have shown therapeutic benefits
against the GL261 glioma model. In addition, HSV (G47Δ-mIL12) together with anti-PD-1 and
anti-CTLA-4 has shown therapeutic benefits in the mouse 005 glioma stem cell model [67]. These two
immunotherapies have also been combined by engineering oncolytic herpes simplex virus, which
expresses single-chain antibody fragments (scFv) against PD-1 [68]. According to the results by Passaro
et al., GBM cells infected with this virus express and secrete scFvPD-1, which can bind to mouse PD-1
without affecting the oncolysis. It remains to be seen whether this design of oncolytic viral constructs
can also be functional under clinical settings.

Because of the success of checkpoint inhibitors against other types of tumors and the evident
synergy with oncolytic viruses, it is not a big surprise that many virus/antibody combinations are
currently investigated in clinical trials [61,69]. Of note, a phase 2 clinical trial with DNX-2401
+ pembrolizumab (anti-PD-1 antibody) is currently recruiting patients with recurrent GBM or
gliosarcoma (NCT02798406, Table 1).

4. Feasibility of Systemic Virus Delivery into the GBM

Because of the blood–brain barrier, the brain is a notoriously difficult target for efficient drug
delivery. GBM are characterized by highly abnormal tumor vessels, but although GBM vasculature
can be considered leaky, regions with an intact blood–brain barrier are also present (reviewed by [70])
and can limit effective systemic delivery of drugs into the tumor. In most of the clinical trials, the
virus is administered intratumorally or into the resection cavity. The clear rationale for this strategy
is to ensure efficient direct tumor cell infection. Systemic delivery of oncolytic virus, if done safely,
could, however, present a less technically challenging option. Systemic delivery would also be more
broadly applicable in disseminated cases or if the tumor cannot be reached directly. A peripheral
administration route could be used to stimulate therapeutically beneficial systemic immune responses.

Some viruses (such as SFV) have natural tropism to the central nervous system (CNS), which
can be harnessed to achieve potent delivery of virus into the brain. At least, SFV [47,48,71], vaccinia
virus [72,73], chimeric vesicular stomatitis virus (VSV) [74], parvovirus H-1 [75], and picornavirus
SVV-001 [76] have shown the ability to infect intracranial tumors in animal models when administered
systemically. Notably, parvovirus H-1 and reovirus have been shown to be able to reach GBM tumors
following intravenous injection in clinical trials [32,52,60], indicating that effective systemic delivery of
the virus can also be achieved in human patients.

Classically, induction of virus neutralizing antibodies (NAbs) is considered to limit repeated virus
injections or the use of virus strains that the patients’ immune system has previously encountered.
Interestingly, studies by Berkeley et al. challenge this paradigm by showing that monocytes can
uptake and internalize reovirus–NAb complexes (mediated by FcγRIII) and release functional
replication competent reovirus to tumor [77]. As GBM is naturally heavily infiltrated by peripheral
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monocytoid cells, this “trojan horse” strategy might present an interesting (if possibly limited to certain
viruses/strains) new way of efficient systemic virus delivery.

5. Innate Antiviral Response as a Challenge and Opportunity for Virus-Based Therapy of GBM

The first line of defense against viral infections is innate antiviral response, which is largely
orchestrated by type-I interferons (IFN-I). IFN-Is are secreted by infected cells in response to PAMPs
(e.g., viral nucleic acids) detected by host cell pattern recognition receptors (PRRs). Generally speaking,
the IFN-I response plays a major role in inducing an antiviral state (via signaling through the
IFNAR–JAK–STAT pathway) in the surrounding cells, thereby limiting viral spread. In addition,
IFN-Is promote antigen presentation, natural killer (NK) cell function, and the development of
antigen-specific adaptive immune responses [78]. In the GBM context, however, the effect of IFN-Is
seems to be more contradictory or unclear. On the one hand, studies in mouse models show that
IFNAR1-deficiency accelerates gliomagenesis by impairing immunosurveillance (seen as increased
infiltration of CD11b+/Ly6G+ and CD4+/FoxP3+ cells, but decreased Tc1 effector cells and CD11c+

DCs) [79]. Also supporting the antitumor effect of IFN-I signaling, high expression of negative IFN-I
regulatory factor ATM (ataxia-telangiectasia mutated kinase) in GBM has been shown to correlate with
poor patient survival [80]. On the other hand, the constitutively activated IFN-I signaling pathway [81]
and constitutive activation of STAT proteins have been observed in GBM [82]. Autocrine IFN-I
signaling has also been suggested to contribute to the immune evasion of glioma cells [81], probably
by negatively regulating the antigen-presenting capacity of glial cells [83]. Interestingly, chronically
elevated levels of IFN-I in the brain have been shown to be related to ageing [83]. As GBM mostly
affects people at an older age (median age of diagnosis is 64) [4], it would then also be possible that
these tumors are evolved to tolerate or even to employ active IFN-I signaling to their benefit.

Many of the currently used oncolytic viruses are either natural or the result of genetic engineering
sensitive to the antiviral effect of IFN-Is. The rationale for use of such viruses is that cancer cells
in many cases have dysfunctional IFN-I signaling [84]. Notably, human GBM samples have been
reported to both respond to and produce IFN-I [85–87]. This, together with possibly abnormal effects
of IFN-Is on GBM immunosurveillance (described above), would indicate that, although considered an
“Achilles heel” of cancer cells, a defective IFN-I system cannot be taken for granted in GBM. Thereby,
viruses that have at least some resistance to innate antiviral signaling would be favorable. Indeed,
viruses such as myxomavirus, certain versions of SFV, and clinically tested poliovirus PVS-RIPO
show resistance/insensitivity to IFN-I mediated antiviral signaling [48,88,89]. Importantly, SFV and
PVS-RIPO do, however, activate IFN-I response in the infected cells. The use of IFN-I-tolerant viruses
raises safety issues by possibly enhancing the risk of an uncontrolled spread of the virus in healthy
cells. In the case of PVS-RIPO, unwanted replication in neurons is inhibited by replacing the poliovirus
internal ribosomal entry site (IRES) with the IRES from human rhinovirus type 2, which is not functional
in normal neuronal cells [90]. Neuronal replication of SFV (another (+)ssRNA virus, studied for its
oncolytic properties by us and others) can be controlled by microRNA-mediated detargeting [47,48,91].

The virus infection-induced release of IFN-I and other DAMPs attracts innate immune cells to
eat and destroy the infected cells. While this is an important step in priming adaptive antitumor (and
antiviral) immunity, the premature killing of infected cells can also lead to suboptimal virus spread
in the tumor. For example, HSV therapy has been shown to increase infiltration of macrophages
and microglia in the mouse GBM model [92]. Although shown to be polarized toward favorable
proinflammatory M1 phenotype (with high levels of CD86, MHCII, and Ly6C), increased tumor
necrosis factor alpha (TNFα) produced by these cells induced apoptosis in infected tumor cells
and ultimately inhibited viral spread. A negative effect of the innate immune system attacking the
HSV-infected GBM cell in terms of replication has been shown in another study, in which temporal
NK-cell depletion by administration of transforming growth factor beta (TGF-β) improved therapeutic
effect of the virus [93]. NK cells and infiltrating monocytes/macrophages have also been implicated to
play an important role in the early clearance of oncolytic Myxoma virus and HSV in syngeneic glioma
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models [94,95]. Notably, tumor-associated microglia (and astrocytes) have been shown to attenuate the
replication of the oncolytic vaccinia virus LIVP 1.1.1 in murine GL261 gliomas by acting as vaccinia
virus traps [96].

On the basis of the findings in preclinical GBM models, temporal inhibition of innate responses in
the early stage of viral therapy could lead to increased viral spread in the GBM microenvironment. This
would in turn lead to more potent oncolysis and subsequent immunotherapeutic effect. Alternatively,
viruses that can tolerate and escape the innate antiviral effect could be used (if safety can be
assured). It is likely that preclinical GBM models do not perfectly recapitulate the innate immune
microenvironment of human GBM, making direct translation of results difficult. In addition, human
GBMs show high heterogeneity both within the same tumors and between different patients [97].
Because of these limitations, it is reasonable to hypothesize that viruses that potently activate the
innate immune system (inducing robust IFN-I response) and resist the following antiviral response
(without risk of unwanted spread in healthy tissues) would have the best chance of replicating in GBM
and, consequently, the best chance of inducing curative therapeutic response.

6. Conclusions

The use of viruses as oncolytic agents is not a particularly new idea. While the focus used to
be on the direct oncolytic effect, the current working model of oncolytic virotherapy rather relies
on utilizing viruses as immunotherapeutic agents. As oncolytic viruses can replicate in the target
cells, they provide an intriguing possibility for one shot self-amplifying cancer therapy. On the other
hand, it is also likely that repeated dosing could be beneficial (if not crucial) for the therapeutic effect
through immunostimulatory effect as therapeutic vaccines. Intratumoral administration clearly has
the benefit of delivering the virus directly to the tumor, thereby mostly evading virus neutralization by
systemic antiviral antibodies, while the systemically delivered virus has the potential to break through
the blood–brain barrier and reach tumor cells and sites not reachable by intratumoral injections.
The effect on antitumor immune response from stimulating systemic antiviral immune response must
be further studied before conclusions can be made. It is possible that combinations of intratumoral and
intravenous doses of oncolytic viruses would produce synergistic therapeutic benefits by inducing
both local and systemic immune responses. Direct side-by-side comparison of immune-related
characteristics of the different viruses being developed and used in preclinical and clinical settings
would also be valuable in order to evaluate the best candidates for GBM therapy. Nevertheless, recent
phase I/II clinical trials demonstrate that the use of oncolytic viruses can significantly improve the
survival of some GBM patients [20–22]. Most of the therapeutic benefits so far in the trials can be
associated with the potent stimulation of antitumor immune responses, thereby warming the naturally
cold GBM immune microenvironment (Figure 1A). Later phase clinical trials will demonstrate whether
therapy with oncolytic viruses such as PVS-RIPO, DNX-2401, and Toca511 (currently on fast track
status by the FDA) can lead to truly curative GBM therapy.
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Figure 1. Schematic picture summarizing the events and factors related to successful oncolytic
immunotherapy (A), and to limited effectiveness of oncolytic viruses (B) in GBM. Abbreviations:
BBB: blood–brain barrier, GBM: glioblastoma, TAA: tumor-associated antigen, NAb: neutralizing
antibody, APC: antigen-presenting cell, CNS: central nervous system, GSC: glioma stem cell, NK:
natural killer cell.

The addition of therapeutic payloads to oncolytic viruses to boost antitumor potency is an
attractive option. The increased therapeutic effect of such an armed virus construct is naturally
dependent on the efficient replication of the virus in the target cells. Robust replication-induced cell
death can, however, lower the amount of transgene produced by the infected cell. However, adding
genes or replacing viral genes with therapeutic ones can hamper viral replication potency. Therefore,
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any oncolytic virus construct that depends on delivery and expression of therapeutic genes must
be carefully optimized. It must also be considered that excessive expression of immunoregulatory
transgenes might have unwanted toxic side-effects [98].

The GBM microenvironment presents a challenge for oncolytic virus delivery into the tumor, as
well as effective viral replication and spread within the tumor (Figure 1B). Although the functionality
and exact role of the innate immune system in GBM is still elusive, it is reasonable to speculate that at
least some replicative power, despite antiviral signaling, would be beneficial for viral spread in the
tumor. In addition, the heavy infiltration of innate immune cells (in both human and mouse models)
and the presence glioma stem cells can render the GBM tissue resistant to effective viral spread, pointing
out the need for robustly replicating viruses in order to disrupt the suppressive GBM microenvironment.
In optimal cases, oncolytic viruses can serve as versatile innate adjuvants for boosting adaptive
anti-tumor immunity. Notable overlap between virotherapy and other forms of immunotherapy,
together with the possibility of turning an immunosuppressive tumor microenvironment into an
immune-vulnerable one, opens interesting possibilities for combination therapies. It is likely that
synergistic combination therapy with, for example, immune checkpoint inhibitors will ultimately be
needed for a curative GBM therapy.

More work is needed to fully unlock the potential of viruses as effective anticancer agents.
However, virus-based immunotherapy clearly shows promise in leading to curative treatment of
currently incurable tumors such as GBM in the near future.
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Abstract: To date, no targeted drugs, antibodies or combinations of chemotherapeutics have been
demonstrated to be more efficient than temozolomide, or to increase efficacy of standard therapy
(surgery, radiotherapy, temozolomide, steroid dexamethasone). According to recent phase III trials,
standard therapy may ensure a median overall survival of up to 18–20 months for adult patients with
newly diagnosed glioblastoma. These data explain a failure of positive non-controlled phase II trials to
predict positive phase III trials and should result in revision of the landmark Stupp trial as a historical
control for median overall survival in non-controlled trials. A high rate of failures in clinical trials and
a lack of effective chemotherapy on the horizon fostered the development of conceptually distinct
therapeutic approaches: dendritic cell/peptide immunotherapy, chimeric antigen receptor (CAR)
T-cell therapy and oncolytic virotherapy. Recent early phase trials with the recombinant adenovirus
DNX-2401 (Ad5-delta24-RGD), polio-rhinovirus chimera (PVSRIPO), parvovirus H-1 (ParvOryx),
Toca 511 retroviral vector with 5-fluorocytosine, heat shock protein-peptide complex-96 (HSPPC-96)
and dendritic cell vaccines, including DCVax-L vaccine, demonstrated that subsets of patients with
glioblastoma/glioma may benefit from oncolytic virotherapy/immunotherapy (>3 years of survival
after treatment). However, large controlled trials are required to prove efficacy of next-generation
immunotherapeutics and oncolytic vectors.

Keywords: immunotherapy; oncolytic virotherapy; temozolomide; targeted drugs; glioma; dendritic
cell vaccine; radiotherapy; TTFields; PD-L1; bevacizumab

1. Introduction

Despite aggressive multimodal therapy (surgery, radiation, a genotoxic drug temozolomide,
steroid dexamethasone, TTFields, lomustine, bevacizumab, re-irradiation, etc.), survival of adult
patients with newly diagnosed and recurrent glioblastoma (grade IV malignant glioma) is usually less
than 18–20 months [1–3] and 8–12 months [4–7], respectively. Over the last decade, high expectations
were placed on targeted drug therapy, which was hoped to provide tumor growth control and
further improvement in survival rates. However, to date, no molecularly targeted drug/antibody
or combinations of small molecule inhibitors have been demonstrated to be more efficient than
temozolomide (TMZ) or to increase efficacy of standard therapy in patients with primary/recurrent
glioblastoma. A high rate of failures in clinical trials (Figure 1) and a lack of effective targeted therapy
on the horizon have fostered the development of conceptually distinct therapeutic approaches such as
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cellular/peptide immunotherapy and oncolytic virotherapy. Next-generation immunotherapeutics
and replication-competent genetically engineered oncolytic viruses demonstrated high efficacy in
preclinical models (e.g., [8–12]). Recent early phase trials with the recombinant adenovirus DNX-2401
(Ad5-delta24-RGD) [13], polio-rhinovirus chimera (PVSRIPO) [14], parvovirus H-1 (ParvOryx) [15],
Toca 511 retroviral vector with 5-fluorocytosine [16], heat shock protein-peptide complex-96 (HSPPC-96)
vaccine [17,18], cytomegalovirus pp65 RNA-pulsed dendritic cells [8,19], and a large phase III trial
of an autologous tumor lysate-pulsed dendritic cell vaccine (DCVax-L) [20], have demonstrated that
subsets of recurrent glioblastoma/glioma patients may significantly benefit from oncolytic virotherapy
or dendritic cell-/peptide-based vaccines and survive >3 years after treatment. These encouraging
clinical data raise a glimmer of hope in fighting glioblastoma after many years of intensive search for
a cure.

 

Figure 1. Timeline of phase III clinical trials in patients with newly diagnosed or recurrent glioblastoma.
Almost all trials have been negative and failed to predict positive outcomes of the preceding phase II
trials. α-IFN: interferon-alpha; Bevacizumab: anti-vascular endothelial growth factor (VEGF) antibody;
Cediranib: an inhibitor of VEGF receptor; CIK: autologous cytokine-induced killer cells; Enzastaurin:
an inhibitor of protein kinase Cβ (PKCβ, as well as PKCα, PKCγ, and PKCε at higher concentrations);
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IL13-PE38QQR, also known as Cintredekin besudotox: a recombinant chimeric cytotoxin composed
of human interleukin 13 (IL-13) fused to a truncated, mutated form of Pseudomonas aeruginosa
exotoxin A (PE38QQR); Marizomib: an irreversible proteasome inhibitor; mOS: median overall
survival; Nimotuzumab: an anti-epidermal growth factor receptor (EGFR) antibody; Nivolumab:
an anti-programmed cell death protein 1 (PD-1) antibody; NovoTTF-100A System™, or Optune™
generates Tumor Treating Fields (TTFields); PCV: procarbazine, lomustine, and vincristine; Rapamycin:
an inhibitor of the mechanistic target of rapamycin (mTOR) protein kinase; RT: radiotherapy;
Siroquine: sirolimus (rapamycin) plus hydroxychloroquine sulfate; ST: standard therapy; TMZ/ddTMZ:
temozolomide/dose dense temozolomide; Toca 511: a gammaretroviral replicating vector encoding
cytosine deaminase that converts the antifungal drug 5-fluorocytosine (FC) into the antineoplastic
drug 5-fluorouracil (FU); VB-111: a non-replicating adenovirus 5 carrying a proapoptotic Fas-chimera
transgene under the control of an endothelial cell-specific promoter; Veliparib: a poly(ADP-ribose)
polymerase (PARP) 1 and 2 inhibitor. Cited literature: [1–4,21–33].

2. Standard Therapy for Adult Glioblastoma: 15 Years of Experience and TTFields

Since 2003, only two chemotherapeutic agents were approved as first-line drugs for the treatment
of newly diagnosed glioblastoma: BCNU/carmustine (Gliadel® wafers intracranially implanted local
chemotherapy composed of a biodegradable copolymer prolifeprospan 20 impregnated with the
alkylating agent carmustine) in 2003 and the alkylating agent temozolomide/TMZ (Temodal®, oral
systemic chemotherapy) in 2005 [34,35]. However, the widespread use of Gliadel wafers was limited
for different reasons including contradictory survival benefit and a high complication rate [35–39].
The current standard first-line treatment for adult patients (<65 years of age) with newly diagnosed
glioblastoma is maximum safe tumor resection, followed by concurrent radiotherapy (RT, 60 Gy
delivered in 30 fractions, five times a week for 6 weeks, fractions of 2 Gy each) and daily oral TMZ
(75 mg/m2 per day, given 7 days per week), and then, after 4 treatment-free weeks, adjuvant TMZ
up to 6 cycles (150–200 mg/m2 per day, for five consecutive days, 28-day cycle) [40]. In a landmark
phase III trial, this treatment regimen (the Stupp protocol) resulted in a median overall survival
of 14.6 months in the RT-TMZ group (n = 287) versus 12.1 months in the RT only group (n = 286),
12.6 months versus 11.8 months in the MGMT-unmethylated subgroup, and 23.4 versus 15.3 months in
the MGMT-methylated subgroup [40]. Since then, it has been established that, in addition to patient age
and Karnofsky Performance Status, an extent of tumor resection is an independent prognostic factor for
survival [41–43]; the use of anesthetic isoflurane, desflurane or a propofol infusion during glioblastoma
surgery was not associated with overall survival [44]; irradiation doses above 60 Gy did not result in
any survival prolongation regardless of exploited RT technique [45], and more than six cycles of TMZ
also did not increase overall survival, including the MGMT-methylated subgroup [46–48], although
no conclusive evidence exists [49], highlighting the need of a prospective randomized controlled trial
to reconcile contradictory conclusions. A randomized, multicenter phase IIB trial of TMZ 12 cycles
versus 6 cycles in patients with glioblastoma is ongoing (NCT02209948).

In addition to standard RT-TMZ, many patients routinely receive the standard corticosteroid
dexamethasone to control peritumoral vasogenic cerebral edema and ameliorate neurological
symptoms [50,51]. In clinical practice, steroids are administered more often to patients with aggressive
tumor growth. Dexamethasone use (steroid dependency) was associated with shorter survival in
primary and recurrent glioblastoma patients [52–62]. Corticosteroids are known to cause many adverse
systemic effects, including immunosuppression and lymphopenia, which was also independently
associated with shorter survival [63–69]. Thus, the negative association between dexamethasone use
(steroid dependency) and survival may be due to more aggressive tumor growth in patients (such
patients receive dexamethasone more likely), or due to dexamethasone-induced immunosuppression,
or both, or due to another unknown reason. Since there are no randomized trials prospectively
evaluating an association between dexamethasone use (its total daily dose, duration of application)
and survival, no definitive answer can exist.
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Patients with glioblastoma also take anticonvulsants/anti-epileptic drugs (40–60% of patients in
different studies) to reduce tumor-associated seizures [70–72]. Levetiracetam is now the most frequently
prescribed drug for brain tumor-related epilepsy, followed by valproic acid [70,71]. Although multiple
retrospective clinical studies stated improved outcome of patients with newly diagnosed glioblastoma
after the addition of valproic acid [73–81] or levetiracetam [82] to standard therapy, while others did
not reveal a significant effect on overall survival [70,75,83–87], the analysis of the prospective phase
III clinical trials with a pooled cohort of 1869 patients demonstrated that levetiracetam or valproic
acid did not influence median overall survival on multivariate analysis [88]. No significant impact on
overall survival of patients with glioblastoma was also documented for other anti-epileptic drug [70].

Venous thromboembolism, including deep vein thrombosis and pulmonary embolism, is a
common complication in patients with newly diagnosed glioblastoma, particularly in the first
six months after diagnosis/during the course of treatment, associated with significant morbidity
and shorter survival [89,90]. About 20–25% of patients require post-operative long-term curative
treatment to manage symptomatic venous thromboembolism [91–93]. Low-molecular-weight heparin
is preferred to other anticoagulants due to its excellent therapeutic index [89,90,92]. The application
of low-molecular-weight heparin in glioblastoma patients did not affect overall survival in clinical
trials [94].

Finally, prophylaxis against Pneumocystis jiroveci pneumonia is recommended for newly
diagnosed glioblastoma patients receiving RT-TMZ, especially in combination with the chronic use of
corticosteroids [95]. Interestingly, a retrospective analysis of 127 glioblastoma patients treated with
standard therapy who did not receive prophylaxis against Pneumocystis jiroveci pneumonia revealed
that only one patient suffered from pneumonia [96]. It was proposed to reconsider the administration
of prophylactic drugs against pneumonia in every glioblastoma patient treated with RT-TMZ in favor
of avoiding potentially unnecessary toxic prophylaxis [95].

Altogether, an extent of tumor resection, RT and TMZ are the main well-established modulators of
patients’ survival. In 2015, following a phase III trial (EF-14) [1], a new electric-physical cancer
treatment modality (low-intensity, intermediate-frequency, alternating electric fields (TTFields)
generated by the NovoTTF-100A device/Optune®) was approved by the FDA for the treatment
of newly diagnosed glioblastoma patients [97,98]. In this trial, patients (median age 56 years) were
randomized 2:1 to the TTFields plus adjuvant TMZ group (n = 466) or the TMZ only group (n = 229).
Median overall survival was 20.9 months in the TTFields-TMZ group versus 16.0 months in the TMZ
only group from randomization (plus median time from diagnosis to randomization 3.8 months). In
exploratory analyses, the percentage of patients alive at 2 years (from randomization) was 43%, 26%
at 3 years, and 13% at 5 years in the TTFields-TMZ group versus 31%, 16%, and 5%, respectively,
in the TMZ only group. No significant differences in the incidence, distribution, and severity of
systemic adverse effects were observed between groups [1]. The meta-analysis data of primary and
recurrent glioblastoma patients (n = 1769) also indicated that the addition of TTFields to standard
therapy was associated with a better median overall survival after 1 and 2 years [99]. However, due to
relatively small numbers of 3-year survivors, a 3-year survival rate could not be estimated reliably
for TTFields-treated patients [99]. Integrating EF-14 trial data with glioblastoma epidemiology data,
Guzauskas et al. estimated the conditional survival rates at 3, 5, 10, and 15 years for the EF-14 trial
patients alive at year 2 [100]. The authors concluded that patients alive at year 2 after starting TTFields
with adjuvant TMZ had 59.6%, 29.4%, 20.7%, and 17.4% probability of surviving to year 3, 5, 10, and 15
versus 53.1%, 14.7%, 10.3%, and 8.7% probability of surviving for patients alive at year 2 after starting
maintenance TMZ only [100]. These estimations of conditional survival should be confirmed by further
monitoring survival of the EF-14 trial patients and in additional large randomized controlled TTFields
trials with long follow-up.
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3. Revision of the Landmark Stupp Trial as a Historical Control for Median Overall Survival in
Non-Controlled Clinical Trials

Over the last decade, the results of Stupp’s EORTC/NCIC study [40] have been considered a
historical control in non-controlled phase II trials assessing the efficacy of investigational drugs and
for making phase III go/no-go decision. However, the follow-up phase III trials in adult patients with
newly diagnosed glioblastoma demonstrated a trending increase in median overall survival in the
control cohorts/arms receiving standard therapy (from ≈14 to ≈20.0) (Table 1). In addition, a Korean
single-institution retrospective report on outcomes of 252 patients with newly diagnosed glioblastoma
who received standard therapy between 2005 and 2013 indicated that median overall survival was
20.8 months [101]. It has been suggested that a general trend in increase of median overall survival (at
least >2–4 months) is a result of more aggressive glioma management, improvement in surgery, RT,
and toxicity management rather than a selection bias [3,45]. However, a trend of increasing median
overall survival has not translated into an increase in the 3- or 5-year survival rates so far (Table 2).
Importantly, an increase in median overall survival in the control cohorts/arms is one of the reasons
why all positive non-controlled (compared with a historical control) phase II trials of investigational
treatments in glioblastoma failed to predict positive phase III trials [2,102–105]. To the point, about
85% of glioblastoma trials registered in ClinicalTrials.gov and conducted from 2005 to 2016 were
non-controlled [106]. Altogether, the landmark Stupp’s trial as a historical control for median overall
survival in non-controlled trials should be revisited. The available data highlight the importance of
designing controlled randomized phase II clinical trials due to the failure to an adequate estimate of
therapeutic efficacy based on a historical control even after matching for patients eligibility [104,105].

Table 1. A trending increase in median overall survival in the control cohorts/arms receiving standard
therapy in phase III clinical trials.

Trial

Number of
Patients in
the Control

Arm

Median Overall Survival in the Landmark
Stupp Study and in the Control Standard
Therapy Arms/Cohorts of the Follow-Up

Phase III Trials

Year of
Publication

References

TMZ + RT versus RT 287
14.6 months; 12.6 months

(MGMT-unmethylated subgroup), 23.4 months
(MGMT-methylated subgroup)

2009 [40]

Dose-dense TMZ
versus standard TMZ 411

16.6 months; 14.6 months
(MGMT-unmethylated subgroup); 21.4 months

(MGMT-methylated subgroup)
2013 [21]

Cilengitide + ST versus
ST 273 26.3 months (MGMT methylated cohort) 2014 [22]

Bevacizumab + ST
versus ST + placebo 463 16.7 months 2014 [23]

Bevacizumab + ST
versus ST + placebo 317

16.1 months; in the pooled analysis of both
arms (n = 621): 14.3 months

(MGMT-unmethylated cohort); 23.2 months
(MGMT-methylated cohort)

2014 [24]

Nimotuzumab + ST
versus ST 71

19.6 months; 15.5 months
(MGMT-unmethylated subgroup); 33.8 months

(MGMT-methylated subgroup)
2015 [3]

Rindopepimut/GM-CSF
+ TMZ versus KLH +

TMZ
374 20.0 months 2017 [2]

TTFields + TMZ versus
TMZ 229

19.8 months (16.0 months from randomization
plus median time from diagnosis to

randomization 3.8 months)
2017 [1]

* Bevacizumab: anti-VEGF antibody; cilengitide: αVβ3/αVβ5 integrin inhibitor; KLH: the keyhole limpet
hemocyanin, a large copper-containing immunogenic carrier glycoprotein; nimotuzumab: anti-EGFR antibody;
rindopepimut: anti-EGFRvIII vaccine; ST: standard therapy; TMZ: temozolomide; TTFields: tumor-treating
alternating electric fields.
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Table 2. The 2-, 3-, 5-, and 10-year overall survival (OS) rates for glioblastoma patients in clinical trials,
registries and systematic reviews.

Patient Groups/Registries 2-Year OS Rate 3-Year OS Rate 5-Year OS Rate
10-Year
OS Rate

References

RT-TMZ group versus RT
only group 27.2% vs. 10.9% 16.0% vs. 4.4% 9.8% vs. 1.9%

[40]RT-TMZ group versus RT
only group in

MGMT-unmethylated
subgroup

14.8% vs. 1.8% 11.1% vs. 0% 8.3% vs. 0%

RT-TMZ group versus RT
only group in

MGMT-methylated
subgroup

48.9% vs. 23.9% 27.6% vs. 7.8% 13.8% vs. 5.2%

RT-TMZ
MGMT-methylated group 56% [22]

RT-TMZ group (exploratory
analysis) 31% 16% 5% [1]

RT-TMZ plus placebo group 30.1% [23]
The National Cancer

Institute’s SEER Program
(1985–2005, n = 5991)

9.5% 5.4% 3.6% 2.9% [107]

The National Cancer
Institute’s SEER Program

(2005–2007)
24% [108]

The Central Brain Tumor
Registry of the United

States (CBTRUS)
(1995–2011, n = 30611)

14.8% 8.7% 5% 2.6% [109]

Systematic reviews 2-5% <1% [110]

4. No Molecularly Targeted Drug(s) for Glioblastoma on the Horizon

About 190 phase II and 25 phase III glioblastoma clinical trials were launched between 2005
and 2015. In total, 100 different agents (43 clinically approved and 57 with investigational status:
67 small molecules, 32 biologicals, and one unclassified substance) were tested in those trials [111].
The systematic reviews and meta-analyses studies evaluating efficacy of the addition of molecularly
targeted drugs to RT or standard therapy for newly diagnosed or recurrent glioblastoma showed no
improvement in overall survival but increased risks of severe adverse events [112–115]. An overview
of 100 ongoing Phase I/II glioma chemotherapy trials is given in [116]. Comparing ongoing trials
with 29 phase I/II trials published in 2011, it was found that there is an increase in the number of
trials using two drugs (from 24.1% to 44.9%) and an increase in the number of drugs able to pass the
blood–brain barrier (7.14% versus 64.29%) [116].

It is worth mentioning a currently ongoing individualized screening trial of innovative
glioblastoma therapy (INSIGhT) designed as a randomized, multi-arm phase II trial for patients
with newly diagnosed glioblastoma and unmethylated MGMT promoter (NCT02977780) [117]. In
this trial, patients are assigned to experimental arms according to their specific genetic aberrations.
INSIGhT compares experimental arms to standard therapy. Three experimental arms consist of
neratinib (EGFR, HER2, and HER4 inhibitor), abemaciclib (CDK4/6 inhibitor) or CC-115 (TORC1/2 and
DNA-PK inhibitor) added to radio- or radiochemotherapy [117]. In addition, a randomized controlled
phase III trial in patients with recurrent glioblastoma comparing standard chemotherapy versus
chemotherapy chosen by cancer stem cell chemosensitivity testing by the ChemoID drug response
assay (NCT03632135) has been launched. However, the inspiring concept of personalized medicine
based on a patient-specific combination of targeted drugs has been challenged recently [118–120]. In
the preliminary proof-of-concept trials, efficacy of targeted therapy matched to genomic alterations
has not been proved in advanced carcinomas [121,122]. Thus, targeted drugs matched to specific
mutant kinases might also not result in any benefit in personalized precision medicine trials in
glioblastoma patients.
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Glioblastoma is highly vascularized, critically dependent on angiogenesis brain neoplasm that
provides a rationale for targeting a formation of blood vessels. However, in two phase III trials
(RTOG 0825 and AVAglio), the addition of bevacizumab, a humanized monoclonal antibody targeting
vascular endothelial growth factor (VEGF), to standard therapy for newly diagnosed glioblastoma
failed to demonstrate improvement in overall survival [23,24]. Further, in a randomized phase II trial of
hypofractionated RT (40 Gy in 15 fractions) with bevacizumab (n = 50) or without bevacizumab (n = 25)
in elderly patients (≥65 years) with newly diagnosed glioblastoma, overall survival in two arms
was similar (12.1 versus 12.2 months, ARTE trial, NCT01443676) [123]. In general, a meta-analysis of
fourteen randomized clinical trials demonstrated that seven tested drugs with antiangiogenic potential
did not improve overall survival in glioblastoma patients, either as first or second-line treatment, and
either as single agent or in combination with conventional chemotherapy [124].

Beyond its costly purpose for brain edema reduction, the role of bevacizumab as a therapeutic
anti-tumor agent remains uncertain even for recurrent glioblastoma [125,126]. Bevacizumab was
approved by the FDA for the treatment of recurrent glioblastoma relying upon the results of two
non-controlled phase II trials without the completion of a controlled randomized phase III trial [127].
In contrast, the European Medicines Agency has not approved bevacizumab, since a phase III trial
comparing lomustine plus bevacizumab versus lomustine in progressive glioblastoma revealed no
significant difference between groups (9.1 versus 8.6 months, respectively) [4]. The systematic review
and meta-analysis of randomized controlled studies combining bevacizumab with chemotherapy
versus single-agent therapy in recurrent glioblastoma indicated no overall survival benefit from
combination [5,128]. In a randomized controlled phase II trial (n = 155, TAVAREC trial), the addition of
bevacizumab to TMZ in patients with first recurrence of grade II/III glioma without 1p/19q co-deletion
did not also improve overall survival [129]. In different randomized trials, patients with recurrent
glioblastoma receiving bevacizumab alone had a median overall survival of about 7–10 months from
recurrence, and this efficacy was comparable to lomustine monotherapy [5–7]. Moreover, in the
retrospective studies, hypofractionated stereotactic re-irradiation therapy alone also demonstrated
comparable survival benefit (a median survival time of about 9–11 months from recurrence) [130–133].
These observations are corroborated by data from a randomized phase II trial of APG101 (a CD95
ligand-binding fusion protein) plus reirradiation versus reirradiation only in progressive glioblastoma
(a median overall survival of 11.5 months in each group) [134]. A recent retrospective study suggests
that a combination of bevacizumab and re-irradiation (fractionated stereotactic RT) for progressive
or recurrent high-grade gliomas may moderately increase median overall survival (>13 months
from recurrence) [135]. A randomized phase II trial of concurrent bevacizumab and re-irradiation
versus bevacizumab only for recurrent glioblastoma patients is ongoing (NCT01730950). In addition,
several trials including NovoTTF-100A with bevacizumab (NCT01894061) and NovoTTF-100A
with bevacizumab and hypofractionated stereotactic irradiation (NCT01925573) for patients with
recurrent glioblastoma have been launched. The results of a phase II study of pembrolizumab
(anti-programmed cell death protein 1 antibody, PD-1) with and without bevacizumab for recurrent
glioblastoma (NCT02337491) are awaited. Finally, a phase II non-randomized trial of pembrolizumab
and reirradiation in bevacizumab-naïve and bevacizumab-resistant recurrent glioblastoma has been
announced (NCT03661723). It should be noted that after tumor progression on bevacizumab, there is
no effective therapeutic option, and an estimated median overall survival on bevacizumab progression
and in post-bevacizumab salvage studies is 3.36 months and 4.46 months, respectively [7].

There are many ongoing clinical trials with immune checkpoint inhibitors in patients with
primary and recurrent glioma/glioblastoma [136,137]. In a large randomized clinical trial for recurrent
glioblastoma (CheckMate 143, NCT02017717), the anti-PD-1 antibody, nivolumab, did not demonstrate
better efficacy in comparison to bevacizumab [6,136]. Two phase III trials comparing nivolumab
versus TMZ, each in combination with RT, in patients with newly diagnosed MGMT-unmethylated
glioblastoma (CheckMate-498, NCT02617589) and TMZ plus RT combined with nivolumab or placebo
in patients with newly diagnosed MGMT-methylated glioblastoma (CheckMate-548, NCT02667587)

685



Cancers 2018, 10, 492

are ongoing. There is emerging evidence that cancer patients with high tumor mutational load (a
total number of nonsynonymous point mutations) or the total number of mutations per coding area
and associated neoantigen burden show a much better response to immune checkpoint inhibitors. To
evaluate the correlation between tumor mutational load and objective response rate, Yarchoan et al.
plotted the objective response rate for PD-1 or anti-PD-L1 (PD ligand 1) therapy against median tumor
mutational load across 27 tumor types/subtypes. The authors observed a strong correlation between
them, with glioma/glioblastoma predicted to be among tumor types with the lowest chances to
respond [138]. Although the tumor mutational load is correlated with response to immune checkpoint
inhibitors, it is neither necessary nor sufficient to drive it [139–141]. In case studies, glioblastoma
patients with DNA repair deficiency, which results in increased tumor mutational load, demonstrated
significant clinical and immunological responses to immune checkpoint inhibition [142,143]. However,
the analysis of the tumor mutational load, mismatch repair (MMR) and immune checkpoint expression
in glioblastoma (n = 198) revealed that only 3.5% of glioblastoma samples (seven of 198) had high
tumor mutational load (DNA MMR mutations) associated with the loss of MLH1, MSH2, MSH6,
and/or PMS2 expression [144]. Neither glioblastomas with high and moderate tumor mutational load
nor IDH1 mutant gliomas exhibited increased PD-1+ T cell infiltrate or PD-L1 expression by tumor
cells in comparison to samples with low tumor mutational load [144]. This analysis suggests that
only some glioblastoma patients (mainly with DNA repair deficiency) might benefit from immune
checkpoint inhibitors.

Altogether, an extremely high rate of failures in clinical trials and a lack of effective molecularly
targeted drug(s) on the horizon have encouraged the development of conceptually distinct therapeutic
approaches such as cellular immunotherapy and oncolytic virotherapy.

5. Dendritic Cell/Peptide Vaccines and CAR T-cells for Glioblastoma Treatment: A Need for
Large Controlled Trials to Prove Efficacy

Systematic reviews and meta-analysis studies of phase I-II clinical trials demonstrated that the
addition of dendritic cell vaccines to standard therapy improved the median overall survival and 2-
and 3-year survival rates of patients with newly diagnosed or recurrent high-grade gliomas [145–149].
Recent early phase clinical trials largely supported these conclusions (Table 3). However, until now,
encouraging results derived from small controlled or non-controlled and/or non-randomized early
phase clinical trials of vaccines have not been confirmed in multicenter, controlled, randomized phase
II/III trials (Table 3). Only minor subgroups of patients benefit from dendritic cell/peptide vaccines.
Recently, Liau et al. reported the interim results of a large randomized controlled phase III trial of
DCVax-L vaccine for newly diagnosed glioblastoma (NCT00045968) [20]. Patients were randomized
2:1 to standard therapy plus DCVax-L (n = 232) or standard therapy plus placebo (n = 99). However,
86.4% of patients received dendritic cell vaccine at some point during the trial because of the cross-over
study design. DCVax-L was administered by intra-dermal injection in the arm, six times in year one
and twice per year thereafter. Among the patients (n = 223) who have lived ≥30 months past their
surgery, 67 (30.0%) have a median overall survival of 46.5 months. Among the patients (n = 182) who
have lived≥36 months past their surgery, 24.2% (n = 44) have a median overall survival of 88.2 months.
For patients with methylated MGMT (n = 131), median overall survival was 34.7 months from surgery,
with a 3-year survival rate of 46.4% [20]. Altogether, these preliminary results seem very encouraging.
However, the presentation of these interim immature data derived from a highly selected patient
population as well as the trial design have been criticized [150]. The currently ongoing or recently
announced phase II/III trials of dendritic cell/peptide vaccines are presented in Table 4.
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Table 3. Completed phase I–III clinical trials of vaccines for glioblastoma with primary outcomes.

Investigational Treatment
versus Comparator

Treatment

N of
Patients

Newly
Diagnosed/
Recurrent

Results for Primary
Outcome

ClinicalTrials.
gov Identifier

References

Phase III trials

Rindopepimut * plus GM-CSF
and TMZ versus KLH plus

TMZ
745 Newly

diagnosed

mOS: 20.1 versus
20.0 months (HR 1.01, 95%

CI 0.79–1.30; p = 0.93)
NCT01480479 [2]

Autologous cytokine-induced
killer cells plus ST versus ST 180 Newly

diagnosed

mOS: 22.5 versus
16.9 months (p = 0.5237)

mPFS: 8.1 versus 5.4
months (HR 0.693, 90% CI

0.512–0.937, p = 0.0218)

NA [25]

Autologous DC * vaccine
versus autologous PBMC 331 Newly

diagnosed Pending NCT00045968 [20]

Phase II trials

Rindopepimut plus GM-CSF
and standard or

dose-intensified TMZ versus a
historical control

22 Newly
diagnosed

mOS: 23.6 versus
15.0 months (HR = 0.23; 95%

CI 0.07–0.79; p = 0.019);
mPFS: 15.2 versus

6.3 months (HR = 0.35, 95%
CI 0.14–0.87; p = 0.024)

NCT00643097 [151]

Rindopepimut plus GM-CSF
and adjuvant TMZ 65 Newly

diagnosed
mOS: 21.8 months;
mPFS: 9.2 months NCT00458601 [152]

Rindopepimut and GM-CSF
plus bevacizumab versus
KLH plus bevacizumab

73 Recurrent
mOS: 11.6 versus

9.3 months (HR = 0.57, 95%
CI 0.33–0.98, p = 0.039)

NCT01498328 [153]

ICT-107 * versus unpulsed
autologous DC vaccine 124 Newly

diagnosed

mOS: 18.3 versus
16.7 months (p > 0.05);

PFS: 11.2 versus 9.0 months
(p = 0.010)

NCT01280552 [154]

Autologous DC vaccine plus
ST versus ST 76 Newly

diagnosed

mOS: 564 versus 568 days
(p = 0.99);

PFS: 204 versus 210 days
(p = 0.83)

EudraCT
number

2009-015979-27
[155]

Autologous DC vaccine plus
ST versus ST 34 Newly

diagnosed

mOS: 31.9 versus
15.0 months (p < 0.002);

mPFS: 8.5 versus
8.0 months (p = 0.075)

NA [156]

Autologous DC vaccine plus
ST 27 Newly

diagnosed
mOS: 23.4 months;
mPFS: 12.7 months NCT01006044 [157]

Autologous DC vaccine plus
ST versus ST plus placebo 43

Newly
diagnosed

or
recurrent

mOS: 13.7 versus
10.7 months (p = 0.05);

mPFS: 7.7 versus
6.9 months (p = 0.75)

NA [158]

HSPPC-96 * plus TMZ 46 Newly
diagnosed

mOS: 23.8 months;
mPFS: 18.0 months NCT00905060 [17]

ERC1671
*/GM-CSF/cyclophosphamide

plus bevacizumab versus
placebo plus bevacizumab

9 Recurrent Interim mOS: 12.0 versus
7.5 months NCT01903330 [159]

LAK cells * 33 Newly
diagnosed mOS: 20.5 months NCT00331526 [160]

Phase I and I/II trials

IMA950 * vaccine with poly
ICLC plus ST 16 Newly

diagnosed mOS: 21.2 months NCT01920191 [161]

Autologous DC vaccine plus
ST 23 Newly

diagnosed mOS: 31.4 months NA [162]

Autologous DC vaccine plus
ST versus ST 25 Newly

diagnosed
mOS: 17.0 versus

10.5 months (p < 0.05) NA [163]

Autologous DC vaccine plus
ST versus a historical control 11 Newly

diagnosed
mOS: 759 days versus

585 days NCT00846456 [164]

Autologous DC vaccine plus
ST 77 Newly

diagnosed

mOS: 18.3 months in
ITT analysis;

mPFS: 10.4 months in the
ITT group versus 20.4

months in the PP group

NA [165]
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Table 3. Cont.

Investigational Treatment
versus Comparator

Treatment

N of
Patients

Newly
Diagnosed/
Recurrent

Results for Primary
Outcome

ClinicalTrials.
gov Identifier

References

Phase I and I/II trials

Autologous DC vaccine
versus RT plus nitrosourea 45 Recurrent mOS: 480 versus 400 days

(p = 0.010) NA [166]

Autologous DC vaccine 56 Recurrent mOS: 9.6 months;
mPFS: 3 months NA [167]

Autologous DC vaccine
pulsed with pp65 RNA plus

tetanus/diphtheria (Td)
toxoid or unpulsed

autologous DCs

12 Newly
diagnosed

mOS: 18.5 months;
mPFS: 10.8 months NA [8]

Autologous DC vaccine
pulsed with pp65 RNA plus

GM-CSF and dose-intensified
TMZ

11 Newly
diagnosed

mOS: 41.1 months;
mPFS: 25.3 months NA [19]

HSPPC-96 vaccine plus ST 20 Newly
diagnosed mOS: 31.4 months NA [18]

* DC: dendritic cells; ERC1671 vaccine is composed of primary irradiated/inactivated whole tumor cells and
lysates from the patient to be treated and from three other allogeneic and autologous glioblastoma patients;
GM-CSF: granulocyte-macrophage colony-stimulating factor; Rindopepimut, or CDX-110-KLH peptide vaccine,
presents a 14-amino acid peptide corresponding to the fusion junction of EGFRvIII, which is linked to the keyhole
limpet hemocyanin (KLH), a large copper-containing immunogenic carrier glycoprotein; HSPPC-96 peptide
vaccine is comprised of autologous antigenic peptides chaperoned by heat shock glycoprotein-96; ICLC: an
immunostimulating adjuvant consisting of double-stranded RNAs of polyinosinic-polycytidylic acid stabilized
with poly L-lysine in carboxymethylcellulose; ICT-107 vaccine presents an autologous dendritic cell vaccine pulsed
with peptides from six glioma-associated antigens (HER2, TRP-2, gp100, MAGE-1, IL13Rα2, and AIM-2); IMA950
peptide vaccine consists of 11 glioma-associated peptides; ITT: intention-to-treat; LAK cells: lymphokine-activated
killer cells; mOS: median overall survival; mPFS: median progression-free survival; PP: per protocol; ST: standard
therapy; TMZ: temozolomide.

Table 4. Ongoing phase II/III clinical trials of dendritic cell/peptide vaccines in newly diagnosed or
recurrent glioblastoma patients.

ClinicalTrials.gov
Identifier

Trial Title
Estimated

Sample Size
Satus

NCT03395587
Phase II multicenter open label, randomized trial of vaccination with
lysate-loaded, mature dendritic cells integrated into standard therapy in
newly diagnosed glioblastoma (GlioVax)

136 Recruiting

NCT02465268
A phase II randomized, blinded, and placebo-controlled trial of CMV
RNA-pulsed dendritic cells with tetanus-diphtheria toxoid vaccine in
patients with newly diagnosed glioblastoma (ATTAC-II)

150 Recruiting

NCT02366728

A randomized phase II study of evaluation of overcoming limited migration
and enhancing cytomegalovirus (CMV)-specific dendritic cell vaccines with
adjuvant tetanus pre-conditioning in patients with newly
diagnosed glioblastoma

100 Active,
not recruiting

NCT03548571
Open label randomized phase II/III trial of dendritic cell immunotherapy
against cancer stem cells in glioblastoma patients receiving standard
therapy (DEN-STEM)

60 Recruiting

NCT03018288
A randomized, double blind phase II trial of surgery, RT plus TMZ and
pembrolizumab with and without heat shock protein-peptide complex-96
(HSPPC-96) in newly diagnosed glioblastoma

108 Recruiting

NCT01814813

A phase II randomized trial comparing the efficacy of heat shock
protein–peptide complex-96 (HSPPC-96) vaccine given with bevacizumab
versus bevacizumab alone in the treatment of surgically resectable
recurrent glioblastoma

90 Active, not
recruiting

NCT02455557
A phase II Study of the safety and efficacy of SVN53-67/M57-KLH
(SurVaxM) peptide vaccine in survinin-positive newly
diagnosed glioblastoma

64 Active, not
recruiting

NCT01204684
A phase II clinical trial evaluating autologous dendritic cells pulsed with
tumor lysate antigen +/− toll-like receptor agonists for the treatment of
malignant glioma

60 Active, not
recruiting

NCT02799238

An open label, randomized, phase II study to investigate the efficacy and
safety of autologous lymphoid effector cells specific against tumor
(ALECSAT) treatment as an add-on therapy to RT-TMZ in patients with
newly diagnosed glioblastoma

87 Recruiting

NCT03650257 A large-scale research for immunotherapy of glioblastoma with autologous
heat shock protein gp96 150 Not yet

recruiting
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Genetically engineered chimeric antigen receptor-expressing T-cells (CAR T-cells) present
recently advanced immunotherapy technology, which showed significant antiglioma activity in
preclinical models. Initial experience with CAR T-cells targeting EGFRvIII, epidermal growth
factor receptor 2 (HER2), and interleukin 13 receptor α2 (IL13Rα2) has demonstrated their safety
and antitumor activity in some glioblastoma patients [168–170]. However, it is too early to judge
about the efficacy of CAR T-cell immune-therapeutics for which heterogeneous antigen expression
and the immunosuppressive tumor microenvironment are considered the major barriers [171,172].
Glioblastoma antigens that are targeted by CAR T-cell therapy in ongoing clinical trials include
EGFRvIII (NCT01454596, NCT02209376, NCT02844062, and NCT03283631), HER2 (NCT02442297,
NCT01109095, and NCT03389230), IL-13Rα2 (NCT02208362), ephrin type-A receptor 2 (EphA2)
(NCT02575261), and programmed death-ligand 1 (PD-L1) (NCT02937844).

6. Oncolytic Virotherapy for Glioma/Glioblastoma Treatment at Recurrence: Feasibility and
Safety in Phase I Trials with Promising Efficacy in Subsets of Patients

Different oncolytic viruses have been tested in progressive/recurrent glioblastoma/glioma and
proved feasibility and safety, but not efficacy, in terms of median overall survival in randomized trials
until now [173]. Here, we discuss the oncolytic viruses that have been recently advanced to phase I/II
trials in recurrent glioma patients and demonstrated remarkable efficacy in subsets of patients.

DNX-2401 (Ad5-Delta-24-RGD; tasadenoturev) is an infectivity-enhanced, replication-competent,
tumor-selective oncolytic adenovirus 5 (Ad5)-based vector [174]. In a phase I dose-escalation trial
of DNX-2401 in 37 patients with recurrent malignant glioma [13], 25 patients received a single
intratumoral injection (eight dose levels: 1× 107–3× 1010 vp in 1 mL) of DNX-2401 through the biopsy
needle into recurrent tumor, while 12 patients underwent intratumoral injection (1 × 107–3 × 108 vp)
through a permanently implanted catheter to mark the injection site. Two weeks later, the tumor
and catheter were resected. In a first cohort, 20% of patients survived >3 years from treatment
and three patients showed >3 years of progression-free survival from treatment. The analysis of
post-treatment surgical specimens from a second cohort revealed that DNX-2401 replicated and
spread within the tumor and induced CD8+ and T-bet+ cells infiltration. However, some patients
did not demonstrate evidence of infection and therapeutic response. No dose-limiting toxicities were
observed and no maximum tolerated dose was identified in this trial [13]. In a randomized phase
Ib trial of DNX-2401 versus DNX-2401 plus interferon gamma (IFN-γ) for recurrent glioblastoma
(first or second recurrence, n = 27; TARGET-I trial, NCT02197169), the 1- and 1.5-year overall
survival rates for all patients enrolled (regardless of treatment assignment) was 33% and 22%,
respectively, and the addition of IFN-γ did not improve survival upon a preliminary intent-to-treat
analysis [175]. The combination of DNX-2401 delivered directly into the tumor with anti-PD-1
antibodies (pembrolizumab) administered intravenously is under evaluation in a phase II trial for
recurrent glioblastoma/gliosarcoma (CAPTIVE/KEYNOTE-192, NCT02798406). Further, a phase I
trial (NCT03330197) of intratumoral Ad-RTS-hIL-12, an inducible adenoviral vector engineered to
express human interleukin 12 (hIL-12) in the presence of the activator ligand veledimex in pediatric
patients with recurrent or progressive grade III/IV glioma (n = 25) demonstrated good tolerability of
controlled local IL-12 expression [176]. A similar phase I trial in adults with glioblastoma/glioma is
ongoing (NCT02026271).

The polio–rhinovirus chimera (PVSRIPO) targeting the poliovirus receptor CD155 represents
a replication-competent attenuated poliovirus type 1 (Sabin) with its internal ribosome entry site
substituted for that of human rhinovirus type 2. This internal ribosome entry site replacement
ablates neurovirulence of PVSRIPO preventing from propagation in neurons. In a phase I trial
(NCT01491893) with a dose-escalation phase (ranging between 107–1010 50% tissue-culture infectious
doses (TCID50) and then a dose-expansion phase (5.0 × 107 TCID50), a total of 61 recurrent
supratentorial grade IV malignant glioma patients were treated with intratumoral infusion of PVSRIPO
by convection-enhanced delivery via a catheter [14]. Sixty nine percent of the patients had grade 1
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or 2 PVSRIPO infusion-related adverse events. In the dose-expansion phase, 19% of the patients
had grade 3 or higher PVSRIPO-related adverse events. No neuropathogenicity or virus shedding
was observed. Median overall survival among all 61 patients was 12.5 months. Overall survival
reached a plateau at 24 months, with overall survival rate being 21% at 24 and 36 months. A few
patients remained alive >57–70 months after the PVSRIPO infusion. It should be noted that some
patients received additional treatments after the administration of PVSRIPO: 37 patients were treated
with TMZ, lomustine, or other agents and 34 patients received bevacizumab to mitigate peritumoral
inflammation [14]. A randomized phase II trial of PVSRIPO only or in combination with single-cycle
lomustine in patients with recurrent grade IV malignant glioma (NCT02986178) is ongoing.

Oncolytic H-1 parvovirus (ParvOryx) whose natural host is the rat was tested in a phase I/IIa
dose-escalating trial with different routes of administration in patients with recurrent glioblastoma [15].
Eighteen patients were enrolled. ParvOryx was administered via intratumoral or intravenous injection,
then tumors were resected 9 days after treatment, and parvovirus was re-administered around the
resection cavity. Median overall survival was 464 days (≈15.5 months) after first ParvOryx treatment.
Eight patients survived >12 months and three patients >24 months after first administration of
ParvOryx. Clinical response did not depend on the dose or route of ParvOryx administration. A
maximum tolerated dose was not identified. Tumors from six ParvOryx-treated patients displayed
strong CD8+ and CD4+ T lymphocytes infiltration [15].

Toca 511 is a retroviral replication-competent vector based on murine leukemia virus encoding the
yeast cytosine deaminase that converts the antifungal drug 5-fluorocytosine into the antineoplastic drug
5-fluorouracil. In a phase I trial (NCT01470794) of Toca 511 injected into resection cavity of patients
with recurrent high-grade gliomas (n = 56), followed by cycles of oral 5-fluorocytosine, 23 patients
matched the recommended phase III Toca 511 dose [16]. In this patient subgroup (the phase III-eligible
subgroup), which included both IDH1-mutant and wild type tumors, median overall survival was
14.4 months, the 1- and 2-year survival rates were 65.2% (15/23) and 34.8% (8/23). The estimated
probability of a 3-year survival rate was 26.1% (6/23). Five patients demonstrated complete response
and have been alive 33.9–52.2 months after Toca 511 administration [16]. A randomized phase II/III
trial of Toca 511 combined with 5-fluorocytosine versus standard of care in patients undergoing planned
resection for recurrent glioblastoma or anaplastic astrocytoma is ongoing (NCT02414165). Several
other ongoing clinical trials in adult patients with recurrent glioblastoma/glioma include: a phase I/II
trial of oncolytic vaccinia virus TG6002 combined with flucytosine (ONCOVIRAC, NCT03294486); a
phase I trial of a measles virus derivative producing carcinoembryonic antigen (NCT00390299); a phase
I trial of M032, a genetically engineered herpes simplex virus (HSV-1) expressing IL-12 (NCT02062827);
and a phase I trial of a genetically engineered HSV-1, rQNestin34.5v.2, with cyclophosphamide
(NCT03152318).

In general, early-phase clinical trials discussed above demonstrated that oncolytic virotherapy
might markedly improve survival in subsets of patients. However, a pooled analysis of recent
virotherapy trials for recurrent glioblastoma revealed that the 2- and 3-year survival rates were
comparable to non-virotherapy clinical trials (2-year survival: 15% versus 12%; 3-year survival rate: 9%
versus 6%) [177]. Thus, a benefit of oncolytic virotherapy has yet to be proven in the large randomized
controlled phase II/III trials.

7. Is a Benefit Derived from Immunotherapy/Oncolytic Virotherapy Correlated with a Degree of
Immunosuppression?

Only subsets of patients benefit from vaccination/oncolytic virotherapy. In clinical trials,
immunotherapies/oncolytic viruses are assessed concurrently with or after standard therapy.
Importantly, arguing against its putative positive immunomodulatory role, standard therapy induces
systemic immunosuppression and long-lasting severe lymphopenia [178–187], and may interfere with
the immunotherapy/oncolytic virotherapy efficacy, which is critically dependent on the activity of the
host’s own immune cells [10,159,188–197]. In support of this, recent studies have reported that high
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blood CD3+/CD4+ T cells counts [159] and tumor-infiltrating lymphocyte density [188] were correlated
with better overall survival in glioblastoma patients receiving dendritic cell vaccination, while
adjuvant TMZ hampered a CD8+ T cell count increase and the generation of CD8+ T cell-associated
antitumor memory promoted by dendritic cell vaccination [198]. Standard therapy differentially
affects the immune system of each patient [198–200], and patients with less severe standard
therapy-induced immune suppression might derive more benefit from immunotherapy/oncolytic
virotherapy than severely immunosuppressed patients. Detailed blood/tumor immunophenotyping
should be incorporated in immunotherapy/oncolytic virotherapy trials to correlate immune cell subsets
(counts, phenotype), immune responses to therapy and survival of patients to find immune-related
predictive/prognostic markers.

8. Conclusions

Since 2003, only two chemotherapeutic agents have been approved for the treatment of newly
diagnosed glioblastoma: BCNU/carmustine and temozolomide. In 2015, tumor-treating alternating
electric fields (TTFields) generated by the NovoTTF-100A device was approved by the FDA as a new
glioblastoma treatment modality concurrently with standard therapy. However, more randomized
controlled studies with long follow-up are required to assess the real clinical efficiency of the addition
of TTFields to standard therapy in terms of overall survival and the 2-, 3- and 5-year survival rates.
To date, no cytotoxic chemotherapeutic agent, antibody, molecularly targeted drug or combinations
of small molecule inhibitors have been demonstrated to be more efficient than TMZ or to increase
survival when combined with standard therapy. The addition of vaccines or oncolytic virotherapy to
standard therapy has markedly improved the survival of subsets of patients in early-phase clinical
trials. Large controlled trials are required to prove the efficacy of next-generation immunotherapeutics
and oncolytic vectors. Since immunotherapy efficacy critically depends on the activity of the host’s own
immune cells, blood cell counts and immunophenotyping may potentially help find immune-related
predictive/prognostic markers in immunotherapy/oncolytic virotherapy trials.
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Abstract: The incidence of glioblastoma (GBM) in the elderly population is slowly increasing in
Western countries. Current management includes surgery, radiation therapy (RT) and chemotherapy;
however, survival is significantly worse than that observed in younger patients and the optimal
treatment in terms of efficacy and safety remains a matter of debate. Surgical resection is often
employed as initial treatment for elderly patients with GBM, although the survival benefit is
modest. Better survival has been reported in elderly patients treated with RT compared with those
receiving supportive care alone, with similar survival outcome for patients undergoing standard RT
(60 Gy over 6 weeks) and hypofractionated RT (25–40 Gy in 5–15 daily fractions). Temozolomide,
an alkylating agent, may represent an effective and safe therapy in patients with promoter methylation
of O6-methylguanine-DNA-methyltransferase (MGMT) gene which is predictor of responsiveness
to alkylating agents. An abbreviated course of RT, 40 Gy in 15 daily fractions in combination
with adjuvant and concomitant temozolomide has emerged as an effective treatment for patients
aged 65 years old or over with GBM. Results of the National Cancer Institute of Canada Clinical
Trials Group (NCIC CTG CE6) and European Organization for Research and Treatment of Cancer
(EORTC 26062/22061) randomized study of short-course RT with or without concurrent and adjuvant
temozolomide have demonstrated a significant improvement in progression-free survival and overall
survival for patients receiving RT and temozolomide over RT alone, without impairing either quality
of life or functional status. Although combined chemoradiation has become the recommended
treatment in fit elderly patients with GBM, several questions remain unanswered, including the
survival impact of chemoradiation in patients with impaired neurological status, advanced age
(>75–80 years old), or for those with severe comorbidities. In addition, the efficacy and safety of
alternative therapeutic approaches according to the methylation status of the O6-methylguanine-DNA
methyl-transferase (MGMT) gene promoter need to be explored in future trials.

Keywords: glioblastoma; elderly; surgery; radiotherapy; chemotherapy; temozolomide

1. Introduction

Gliomas account for almost 80% of all primary malignant brain tumors. Glioblastoma (GBM) is the
most frequent histology and accounts for more than 50% of gliomas in all age groups, with an incidence
rate among elderly patients of 70 years and older of 17.5 per 100,000 person-years, and a relative
risk of 3–4 times compared with young adults [1–3]. Considering that the population of 65 years or
older is expected to increase in the next two decades in USA, Canada, Australia, and Europe, this age
group will account for the majority of GBM cases in these nations, representing an important aspect of
public health.
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Based on the results of the EORTC-NCIC CTG phase III study showing a significant improvement
in the median survival for patients aged 18–70 years who received chemoradiation over radiation
therapy (RT) alone from 12.1 to 14.6 months, and an improvement in 2-year survival from 10% to
26%, respectively, the standard of care for adult patients with GBM is represented by post-operative
standard RT (60 Gy in 30 fractions) with concurrent and adjuvant temozolomide [4,5]. However,
the majority of elderly patients with GBM are less likely to receive standard chemoradiation because
aggressive combined approaches are associated with lower survival benefit and increased toxicity.

Elderly patients with GBM have historically been treated with standard or hypofractionated
RT, with a reported median survival in the range of 5 to 9 months [6–17]. For elderly patients with
O6-methylguanine-DNA methyl-transferase (MGMT) gene promoter methylation, the alkylating agent
temozolomide has emerged as an effective treatment option associated with a survival benefit [18–20].
Published results from the EORTC (26981-22981)/NCIC CTG (CE.3) randomized study of short-course
RT with or without concurrent and adjuvant temozolomide have made a significant contribution to the
management of GBM [21] showing that the addition of temozolomide to short-course RT in patients
65 years of age or older with newly diagnosed GBM resulted in significantly longer survival compared
to short-course RT alone. Although this regimen is likely to become the new standard of care in the
elderly population with GBM, questions if all older patients may receive combined chemoradiation
regardless of advanced age (>75–80 years old), impaired neurological status, presence of comorbidities,
or molecular profiling of the tumor remain open.

The purpose of this review is to summarize the published literature on the efficacy of RT and
chemotherapy given alone or in combination in elderly patients with GBM, and to address important
issues such as the importance of molecular profiling in predicting response to treatments, the impact
of treatments on quality of life and neurocognitive outcomes, and future research priorities for
this population.

2. Methods

There is no generally agreed criterion for definition of “older people”. A cut-off of over
60 or 65 years is often used (http://www.who.int/healthinfo/survey/ageingdefnolder/en/).
Most developed world countries have accepted the chronological age of 65 years as a definition of
“elderly” or older person; however, in the developed countries, the most relevant geriatric syndromes
(e.g., insomnia, urinary incontinence, severe hearing/vision problem, functional decline, fall and
depressive disorder) are most common over 70–75 years. In order to include all published studies
reporting on older patients with GBM, we have used an age cutoff of 60 years old for defining older
patients in the current research.

A literature search was conducted in MEDLINE PubMed evaluating older people with GBM.
The search focused on randomized, prospective and retrospective studies published in English.
The literature search was performed using a combination of medical subject headings (MeSH)
“glioblastoma” and free text terms (“radiation therapy” or “hypofractionated radiotherapy” or
“chemotherapy” or “chemoradiation” or “elderly”). We included relevant studies published from
1990 to 2017. Studies published in languages other than English or not involving human subjects
were not reviewed. A total of 178 potentially relevant studies were identified, including 19
prospective/randomized studies and 159 retrospective studies. The results of the literature research
were used and included if appropriate.

3. Overview of Treatments

3.1. Surgery

Surgical resection is the first step in treating patients with GBM. The goals of the surgical procedure
include histologic diagnosis, relief of the tumor mass effect, safe tumor cytoreduction, and possibly
prolong patient survival. Although several reports have found that extensive surgical resection is
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associated with longer survival [22–32], aggressive surgery is still a controversial issue in neurosurgery.
Simpson et al. [22] reviewed the impact of the extent of surgery on the survival outcome in 645 patients
with GBM who were enrolled in three consecutive randomized Radiation Therapy Oncology Group
(RTOG) trials. Patients undergoing gross total resection had a significant longer median survival
than those receiving a biopsy only (11.3 vs. 6.6 months; p < 0.001); notably, a significant difference
in median survival times was also found for partial resection compared with biopsy only treatment
(10.4 vs. 6.6 months; p < 0.01). In a series of 788 patients who underwent surgery for a malignant
glioma between 1997 and 2001 in North America, Laws et al. [23] showed that total/subtotal surgical
resection was an independent favorable prognostic factor compared with biopsy only (p < 0.0001),
with no difference between older and younger patients. In another series of 1229 patients aged less than
80 years with histologically verified GBM undergoing surgery at the University of Texas MD Anderson
Cancer Center, Li et al. [32] reported a median survival time of 15.2 months after complete resection
and 9.8 months after incomplete resection (p < 0.001). This survival advantage was achieved without
an increased risk of overall or neurological postoperative deficits even after correcting for prognostic
factors including age, Karnofsky Performance Scale (KPS) score, and preoperative contrast-enhancing
tumor volume. The favorable impact of complete resection on survival has been confirmed in published
series reporting the use of modern surgical techniques, such as intraoperative magnetic resonance
imaging, intraoperative ultrasonography, and fluorescence-guided surgery [28,29,33]. In a series of
243 patients enrolled in a phase III trial assessing the efficacy of fluorescence-guided surgery with
5-aminolevulinic acid for resection of malignant gliomas, Stummer et al. [29] showed that patients
who underwent complete resection survived longer than those who had incomplete resection (16.7 vs.
11.8 months, p < 0.0001), even in elderly patients older than 60 years of age with GBM.

A few studies have evaluated the efficacy of surgery in elderly patients with GBM [34–40].
In a systematic review and meta-analysis of biopsy versus partial versus gross total resection in
patients older than 60 years of age with high-grade glioma, Almenawer et al. [37] have compared
overall survival, KPS, progression-free survival, mortality, and morbidity amongst 12607 patients
who were included in 34 studies. The overall survival was 5.71 months (95% CI 5.04–6.36) in patients
undergoing biopsy, 8.68 months (95% CI 7.87–9.48) in those having subtotal resection, and 14.04
months (95% CI 12.8–15.2) in those subjected to gross total resection. For the entire population,
patients undergoing overall resection (of any extent) had a significant benefit compared with those
having biopsy, with mean difference in overall survival of 3.88 months (95% CI 2.14–5.62, p < 0.001).
Mean difference in postoperative KPS was 10.4 (95% CI 6.58–14.22, p < 0.001) and mean difference
in progression-free survival was 2.44 months (95% CI 1.45–3.43, p < 0.001). Overall, the analysis
showed longer survival time, delayed tumor progression rate, and improved functional recovery
with decreasing trends of mortality and morbidity rates in the order of biopsy, sub-total resection,
and complete resection, suggesting a progressive improvement in clinical outcomes with greater
degrees of resection. In a small randomized study of 30 patients older than 65 years with malignant
glioma who received stereotactic biopsy or surgical resection, Vuorinen et al. [35] reported median
survival times of 171 and 85 days after surgical resection or biopsy, respectively (p = 0.035). Similar
results have been reported in other retrospective series showing significantly improved survival in
patients with GBM receiving subtotal/complete resection compared with those undergoing stereotactic
biopsy [36–40].

Biopsy, which has limited mortality and serious morbidity in the range of 1–5%, is usually
performed to assess histological and molecular characteristics of the tumor when surgical resection
carries high risks [41–44]. Tumor tissue is in fact fundamental to assess the molecular profile of GBMs
and consequently to tailor the appropriate treatment. In this contest biopsy can be avoided only
when clinical and radiological data provide an accurate diagnosis of GBM and results will not affect
treatment choices.

Overall, findings from these studies support the general principle of considering maximal degrees
of tumor removal when the operative option is indicated, regardless of age. The main limitation of these
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studies is a lack of detail about surgical complications, functional recovery time, and neurocognitive
outcome following variable levels of resections. Preventing new permanent neurological deficits
and maintaining good quality of life are essential factors for guiding surgical management of these
patients. In absence of randomized studies, in current clinical practice the optimal surgical approach in
elderly patients should be individually based on the carefully evaluation of known established safety
measures, as those included in the neurologic assessment in neuro-oncology (NANO) scale [45] and in
geriatric assessment models [46].

3.2. Radiotherapy

Postoperative RT, either standard RT or abbreviated courses of RT, has been historically employed
for elderly patients with GBM [6–17]. A summary of randomized controlled trials addressing the
efficacy and safety of RT in the elderly population with GBM is shown in Table 1 [14,15,17,19,20,40].

The superiority of RT (50 Gy in 28 daily fractions) over best supportive care has been demonstrated
in a French multi-institutional randomized trial of 85 elderly patients with GBM aged 70 years or older
with a KPS score of 70 or higher [47]. Median overall survival and progression-free survival times were
29.1 and 14.9 weeks for patients receiving RT plus supportive care and 16.9 and 5.4 weeks for those
receiving supportive care alone, respectively. Notably, RT did not cause further deterioration in the
KPS, health-related quality of life and cognitive functions compared with supportive care. The efficacy
of RT versus supportive care alone has been demonstrated in other few studies [6,8,10–12,14,16,48].
Using the Surveillance, Epidemiology, and End Results (SEER) registry (1988–2004) as data source of
10987 patients with GBM aged 70 years or older, Scott and colleagues [41] showed that the overall
survival time was significantly improved by RT after adjusting for surgery, tumor size, gender, ethnicity,
and age at diagnosis. In another retrospective series of 202 patients with GBM treated between 1990
and 2000 at Leiden University, Marijnen et al. [16] reported a significant longer survival of 10.6 months
in patients treated with RT compared with 1.9 months in non-irradiated patients (p < 0.0001), with no
significant survival difference between elderly and young patients.

Few randomized studies have addressed the efficacy and safety of either radical RT or abbreviated
courses of RT in elderly patients with GBM [15,17,19] (Table 1). In a randomized trial of 100 patients
with GBM aged 60 years or older who received postoperative standard RT or short-course RT (40 Gy
in 15 fractions over 3 weeks), Roa et al. [15] showed no survival differences between the two groups.
Median survival times and 6-month survival rates were 5.1 months and 44.7% for patients treated with
standard RT and 5.6 months and 41.7% for those receiving short-course RT, respectively.

The Nordic randomized, phase III trial enrolled 291 patients older than 60 years of age with newly
diagnosed GBM who were assigned to receive three different treatments: temozolomide (200 mg/m2

on days 1–5 of every 28 days for up to six cycles), hypofractionated RT (34 Gy given in 3.4 Gy fractions
over two weeks), or standard RT (60 Gy given in 2 Gy fractions over 6 weeks) [19]. The efficacy of
radiation treatments was similar between the two radiation groups. The median survival time was 7.5
months for patients treated with hypofractionated RT and 6.0 months for those receiving standard RT;
however, in patients older than 70 years hypofractionated RT resulted in significantly longer survival
than standard RT (7.0 months vs. 5.2 months, p = 0.02).

Roa et al. [17] conducted a randomized trial of 98 frail and/or elderly patients aged 65 years and
older with GBM who were randomized to receive two different hypofractionated radiation schedules.
Median overall survival and progression-free survival times were 7.9 and 4.2 months in patients who
received 25 Gy in five daily fractions and 6.4 and 4.2 months in those subjected to 40 Gy in 15 daily
fractions over three weeks, respectively (p = 0.9). Neurological outcome and quality of life were similar
between the two groups at 4 weeks and 8 weeks after treatment.

The assessment of neurocognitive status and quality of life is of particular relevance in elderly
patients with GBM (Table 1). In Roa et al. [15] trial comparing standard RT versus short-course RT,
KPS scores varied markedly over time but were not significantly different between groups; notably,
20% of elderly patients receiving standard RT interrupted the treatment because of acute toxicity. In the
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Nordic study, global health status and several functioning scales, including physical, role, emotional,
social, functioning and cognitive (assessed by the European Organisation for Research and Treatment
of Cancer (EORTC)) quality of life questionnaire Core 30 (QLQ-C30) did not change significantly
between patients receiving standard or hypofractionated RT [19]. However, data need be interpreted
with caution due to the low number of patients who completed questionnaires. A similar improvement
of quality of life and performance status have been reported using hypofractionated schedules of
25–40 Gy in 5–15 daily fractions [6,8,9,14,17].

In summary, RT is associated with an improved survival in elderly patients with GBM
with no significant detrimental effects on neurocognitive function and quality of life. Although
standard RT may represent a feasible treatment option for elderly patients of 60–70 years old
with a good performance status, results of randomized controlled studies comparing standard and
hypofractionated radiation schedules clearly indicate that short-course RT should be recommended
in elderly patients because it offers similar survival benefit and shortens the time of treatment.
In addition, advanced radiation techniques, including intensity-modulated radiotherapy (IMRT),
volumetric-modulated arc therapy (VMAT), and image-guided RT (IGRT), which allow the delivery of
more precise radiation doses to the target while minimizing exposure of the surrounding normal brain
tissues, should be routinely used in clinical practice to treat these patients with the objective to reduce
the risk of neurocognitive deficits.

3.3. Chemotherapy

Historically, the role of chemotherapy as initial treatment for elderly patients with GBM has been
poorly investigated in the past, mainly because of the concern about the limited efficacy [49,50] and
the severity of side effects of nitrosurea-based regimens [51,52]. Recently, the use of temozolomide as
an alternative to RT in older patients with malignant gliomas has been addressed in prospective and
randomized studies (Table 1) [18–20,53,54].

The German Neuro-oncology Working Group (NOA) phase 3 trial (NOA-08) has compared the
efficacy and safety of RT to temozolomide in elderly patients with anaplastic astrocytoma or GBM;
373 patients aged 65 years and older with histologically confirmed tumors, and a KPS score ≥ 60,
were randomly assigned to receive dose-dense temozolomide (one week on, one week off cycles) or
standard RT [20]. Median survival times and one-year overall survival rates were 8.6 months and
34.4% for patients receiving temozolomide, and 9.6 months and 37.4% for those treated with standard
RT, respectively, indicating that chemotherapy was non-inferior to standard RT. Similarly, median
event-free survival times (progression or death as event) were not different: 3.3 months for patients
treated with temozolomide and 4.7 months for those treated with standard RT. The major novelty of
the study was the strong predictive role of MGMT promoter methylation status on event-free survival
outcome. Event-free survival rates were significantly better in patients with MGMT methylated
promoter than in those with MGMT unmethylated promoter, although this favorable impact was
seen only in patients receiving temozolomide. For patients with a methylated MGMT promoter,
event-free survival rates were better with temozolomide than RT, while the opposite was true for
patients with an unmethylated MGMT promoter. Analysis of health-related quality of life scales
showed no significant differences between the two groups; however, grade 2–4 adverse events were
more frequent in patients receiving temozolomide.
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In the Nordic trial, elderly patients receiving temozolomide had better survival outcome than
those having RT. The median survival time was 8.3 months after temozolomide and 6.0 months after
standard RT (HR 0.7, 95% CI 0.52–0.93, p = 0.01); however, with no significant differences between
patients receiving standard RT and hypofractionated RT (6.0 months vs. 7.5 months, HR 0.82, 95% CI
0.63–1.06, p = 0.12) [19]. As for the NOA-8, a striking finding of the study was the predictive value of
MGMT promoter methylation status. For patients receiving temozolomide, the median survival was
9.7 months in patients with MGMT promoter methylation and 6.8 months in those without methylation
(p = 0.02). In contrast, MGMT methylation status did not affect the survival in patients having RT
(methylated tumors, 8.2 months; unmethylated tumors, 6.8 months; p = 0.81). EORTC QLQ-C30 data
evaluating global health status and cognitive functioning were generally better in patients receiving
temozolomide than those having standard RT.

A French phase II trial including 70 patients aged 70 years and older with newly diagnosed
GBM and a postoperative KPS score < 70, showed that temozolomide alone, given at doses of 150 to
200 mg/m2/die for 5 days every 4 weeks until disease progression, resulted in improved functional
status and quality of life, with a substantial proportion of patients who became capable of self-care,
especially those with an MGMT methylated tumor [18]. The median and 6-month survival rates were
31 weeks and 69.2% in patients with MGMT promoter methylation and 18.7 weeks and 28% in those
without methylation (p = 0.03), respectively. The same ANOCEF French group has recently published
the results of another phase II trial exploring the combination of temozolomide and bevacizumab
in 66 patients aged 70 years and older with a KPS < 70 and histologically confirmed GBM [54].
With a median overall survival (OS) of 23.9 weeks, cognition and quality of life significantly improved
over time during treatment, and 33% of patients became transiently capable of self-care. Grade 3 or 4
hematologic toxicity and high blood pressure occurred in 20% of patients. Other toxicities, including
venous thromboembolism, cerebral hemorrhage, and intestinal perforation were less common (<5%).

In summary, temozolomide is an effective and tolerated treatment for elderly patients with
GBM associated with a significant improvement of functional status and quality of life. Response
to treatment is significantly associated with MGMT promoter methylation status. For patients with
MGMT methylated tumors, temozolomide results in longer compared with standard RT; in contrast,
there is no evidence of a survival benefit in patients with MGMT unmethylated tumor. In clinical
practice, this means that postoperative temozolomide should be considered only in patients with
MGMT promoter methylated tumors, whereas its use is not recommended in those with MGMT
unmethylated tumors.

3.4. Combined Chemoradiation

The use of standard or hypofractionated RT in combination with concomitant and/or adjuvant
TMZ has been evaluated in several studies [55–69]. Results from published prospective series are
shown in Table 2 [21,56,57,60,64].
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In a small prospective series of 32 patients aged 70 years and older with a good KPS receiving
standard RT with adjuvant and concomitant temozolomide at Sant’Andrea Hospital (University of
Rome Sapienza, Rome, Italy) the median survival time and one-year survival rates were 10.6 months
and 37%, respectively [56]; grade 3 or 4 hematologic toxic effects occurred in 24% of patients. In another
prospective study of 58 patients aged 65 years and older with GBM treated with standard RT and
concomitant and adjuvant temozolomide, Brandes et al. [57] observed a median survival of 13.7
months. MGMT methylation status was an independent prognostic factor for survival; the two-year
survival rates were 83% for patients with methylated tumors and 56% for those with unmethylated
tumors. Grade 3 or 4 hematological toxicity occurred in 10% of patients and grade 3 neurocognitive
deterioration in 25% of patients. A similar incidence of neurological toxicity up to one third of elderly
patients with GBM treated standard chemoradiation has been reported in few series [58,59].

The efficacy and safety of hypofractionated RT with or without temozolomide has been recently
evaluated by the intergroup EORTC 26062-22061/NCIC CTG (CE.3) randomized trial comparing
an abbreviated course of RT (40 Gy in 15 fractions) plus concomitant and adjuvant temozolomide
versus abbreviated RT alone in 562 patients older than 65 years old with newly diagnosed GBM [21].
The median survival time (9.3 vs. 7.6 months, p < 0.0001) and progression-free survival time (5.3
vs. 3.9 months, p < 0.0001) were significantly better in patients receiving combined chemoradiation
over RT alone. MGMT promoter methylation status was a strong predictor for survival. Amongst
165 patients with MGMT methylated promoter, the overall survival was 13.5 months in patients
receiving RT and temozolomide and 7.7 months in those receiving RT alone (p = 0.0001); in patients
with MGMT unmethylated promoter, the respective overall survival times were 10.0 months and
7.9 months (p = 0.055). Quality of life analysis assessed by the EORTC QLQ-C30 questionnaire and
the EORTC brain module (QLQ-BN20) showed that changes in global health status, functioning and
symptom scales were similar in the two groups, although nausea and constipation were worse in
patients receiving temozolomide.

A similar survival benefit has been reported in a phase 2 trial of 70 patients aged 70 years and
older with newly diagnosed GBM treated with the same regimen at the University of Rome [64].
For the whole population, the median overall survival time and 1-year survival rates were 12.4 months
and 58%, respectively. According to the MGMT promoter methylation status, the 1-year and 2-year
survival rates were 81% and 20% in patients with MGMT methylated tumors, and 32% and 0% in those
with MGMT unmethylated tumors, respectively (p = 0.0001). The treatment was well tolerated and
resulted in a significant improvement or stability in global health, social functioning, and cognitive
functioning scores between baseline and 6-month follow-up.

In summary, combined chemoradiation represents an effective therapeutic strategy for elderly
patients with GBM. Standard RT and concomitant and adjuvant temozolomide remain a feasible
treatment in patients aged less than 70 years with good KPS, although treatment-related neurotoxicity
leading to serious disability and worsening of the quality of life represents a major concern. Based on
the results of the EORTC 26062-22061/NCIC CTG (CE.3) randomized trial, elderly patients aged 70
year and older with MGMT promoter methylation who are considered eligible for combined modality
treatment should be offered a short-course RT, 40 Gy in 15 fractions, in combination with concomitant
and adjuvant temozolomide. Elderly patients not considered candidates for combined chemoradiation
should be treated with short-course RT or temozolomide based on MGMT promoter methylation
status [70].

4. Future Perspectives

Combined chemoradiation remains a matter of concern in frail patients presenting with functional
deficits, multiple comorbidities and geriatric syndromes, like gait imbalance, malnutrition, delirium,
and incontinence that make them more vulnerable to treatment-related toxicities [71–73]. Identification
of frail, vulnerable, or fit patients is essential for making more appropriate treatment decisions for
elderly patients. A comprehensive geriatric assessment which includes the evaluation of functional
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status, cognitive function, nutritional status, comorbidities, polipharmacy, and socioeconomic status
needs to be incorporated in future clinical trials with the aim of improving treatment outcome
and reducing the risk of adverse events [74,75]. Several instruments may be used to assess the
different domains of geriatric assessment, including performance status scales, daily activities,
cognitive function, presence of comorbidities, psycological status, health and nutritional status,
and socioeconomic status [46,74,76]. For daily clinical practice, several screening tests have been
developed, including the abbreviated comprehensive geriatric assessment (aCGA) [77], the Groningen
frailty indicator (GFI), as the G8 [78], and the vulnerable elders survey-13 (VES-13) [79] to help
neurooncologists to guide cancer treatment decision-making and improve quality of life and functional
independence of elderly patients with GBM. Based on geriatric assessment, patients with a higher
frailty index score would receive less aggressive treatments; e.g., temozolomide or RT alone according
to MGMT methylation promoter status.

Recently, experts from United States, Canada, and Europe have developed the Neurologic
Assessment in Neuro-Oncology (NANO) scale which is an objective and simple tool for an accurate
assessment of neurological function [45]. The NANO scale evaluates nine major domains of neurologic
function that are most relevant to patients with supratentorial, infratentorial, and brainstem tumors,
including gait, strength, upper extremity ataxia, sensation, visual fields, facial strength, language,
level of consciousness, and behavior. It will provide an accurate neurological evaluation of elderly
patients with GBM in both clinical trials and daily practice.

A novel treatment modality for patients with GBM is represented by the tumor-treating fields
(TTFields) device (Optune®, Novocure Ltd., Novocure Inc, Israel) which is a portable, battery-operated
device that generates TTFields. Results from a prospective phase 3 trial, EF-14, comparing TTFields
plus temozolomide versus temozolomide alone after standard chemoradiation in patients with GBM
has shown significant longer survival and clinical improvement in those having TTFields plus
temozolomide [80]. Based on these results, Optune® has received FDA approval for adult patients with
newly diagnosed supratentorial glioblastoma, in addition to standard postoperative chemotherapy,
or as monotherapy for the treatment of recurrent GBM.

For patient of all ages, surgery, radiation and systemic therapies have been employed for recurrent
tumors, although standards of care are not well defined. Currently, there are no prospective studies
evaluating the management of older patients with recurrent GBM. Outside of the context of clinical
trials, systemic therapy with either lomustine or bevacizumab may represent a feasible treatment
option for fit patients with recurrent tumors. Randomized studies evaluating the efficacy of lomustine
given alone or in combination with other agents have observed a median survival in the range of 8–10
months [81–83]. In a phase III trial of 437 patients assigned to receive lomustine plus bevacizumab or
lomustine alone, Wick et al. [83] showed a similar survival between the two groups (9.1 months versus
8.6 months; p = 0.65). Grade 3 to 5 adverse events occurred in 63.6% of the patients in the combination
group and 38.1% of the patients in the monotherapy group; this means that the use of lomustine should
be carefully considered in older and frail patients at increased risk of toxicity. The antiangiogenic
agent bevacizumab has been approved at recurrence in various countries, but not in the European
Union. Although bevacizumab did not have superior efficacy compared with lomustine [82,83],
it produces evident symptom relief and steroid-sparing effects. Future clinical trials need to evaluate
the efficacy and safety of different treatment approaches in elderly patients with recurrent GBM and
good functional status.

Although data from EORTC 26062-22061/NCIC CTG (CE.3) randomized trial support the
combination of hypofractionated RT with temozolomide in patients older than 65 years of age,
the survival benefit in patients with unmethylated tumors remains questionable. In addition, no trials
have compared the survival and neurocognitive outcomes of combined chemoradiation versus
temozolomide alone in patients with MGMT promoter methylation. Thus, future trials are needed
to explore these important issues. Finally, molecular profiling contributes to identify prognostic
subgroups of elderly patients with GBM who may benefit from new therapies. Although recent trials
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have failed to demonstrate the efficacy of new agents in patients with GBM, including bevacizumab
and cilengitide, the discovery of targeted agents and immunotherapy strategies which can translate to
a survival benefit in patients with GBM remain an area of continued research.

5. Conclusions

For elderly patients with newly diagnosed GBM, current management includes surgery, RT and
chemotherapy; however, survival is significantly worse than that observed in younger patients.
Standard RT with concomitant and adjuvant temozolomide, which represent the standard of care
for newly diagnosed adult patients with GBM in good general and neurological condition, may be
considered in selected fit patients aged between 65 and 70 years. Elderly patients aged 70 years and
older who are considered eligible for combined modality treatment should receive a short-course
RT with concomitant and adjuvant temozolomide up to 12 cycles. In the absence of comparative
data between temozolomide alone and chemoradiation, elderly patients with MGMT promoter
methylation may be considered for temozolomide alone, especially those presenting with functional
impairment and geriatric syndromes. Temozolomide alone is not associated with survival advantages
in elderly patients with unmethylated tumors; patients who are not considered eligible for combined
chemoradiation should receive hypofractionated RT. Supportive and palliative care may represent
an appropriate approach for frail patients with large or multifocal tumors and low KPS at an increased
of treatment-related toxicity.
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Abstract: Historically restrained to immune defense against parasite infections, allergic inflammation
has been recently rediscovered to protect from a wide array of environmental triggers, such
as xenobiotics and carcinogens, which can induce DNA damage and ultimately lead to cancer
development. Moreover, cells and mediators typical of allergic responses can importantly modulate
the tissue inflammatory milieu, which represents a crucial gatekeeper towards the acquisition of
malignancy by cancer cells through immune escape. Numerous studies have described an inverse
association between allergies and glioma development. Mast cells, key players of allergic reactions,
have been recently found at increased numbers in glioblastoma multiforme (GBM), the most common
and lethal primary brain tumor, and they have been implicated in GBM pathogenesis. In this review,
we summarize epidemiological studies and discuss the main evidence highlighting a potential
interplay between allergic responses, and glioma formation and progression. Last, we draw future
lines of research for better clarification whether and through which mechanisms allergic inflammation
might impact on gliomagenesis. The comprehension of the immune mechanisms favoring or
counteracting tumor growth might open the path to novel immunotherapy approaches.

Keywords: allergy; glioma; GBM; IgE; IL-4; mast cells

1. Introduction

Gliomas are the most common primary brain tumors of adults and are classified into different
types and grades, based on histologic and molecular patterns [1]. Glioblastoma multiforme (GBM)
accounts for approximately 70% of malignant gliomas and it is characterized by severe morbidity and
high mortality [2]. Recent data suggest that GBMs arise from driver mutations of neural stem cells
in the subventricular zone of the adult human brain [3]. Divergent genetic evolution may then be
one factor underlying GBM progression [4]. The best-established risk factor for malignant gliomas
is the exposure to ionizing radiation, however, a large body of literature has suggested that subjects
with atopy have a diminished probability of developing gliomas [2]. The reason for this inverse
association is still unknown. Type 2 immune reactions have long been ascribed to host defense
against parasite infections, with allergic inflammation considered as an off-targeted side-effect of
these protective responses [5]. Interestingly, recent lines of evidence have clearly shown that type 2
immunity exerts crucial functions in a complex array of responses, including venom detoxification as
well as protection from hematophagous fluids, toxic xenobiotics and carcinogens [5]. These responses
are driven by T helper (Th)2 cells, which produce mainly interleukin (IL)-4 and IL-13, that in turn
promote immunoglobulin (Ig)E production by B cells, and IL-5, important mediator for eosinophil
activation [6]. Allergic inflammation includes also IgG1 and components of innate immunity, such as
mast cells, basophils, eosinophils, alternatively-activated macrophages and innate lymphoid cells [5].

The relationship between allergic inflammation and cancer has been the subject of several
investigations, leading to opposite views regarding the impact of these responses on tumor growth.
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According to one current of thought, allergic reactions might foster tumor development by impairing
Th1 and cytotoxic T cell functions, and by supporting myeloid cells with a suppressive phenotype [7].
Indeed, in a model of breast cancer, IL-4-producing Th2 cells have been shown to sustain metastasis
by promoting effector functions of tumor-associated macrophages [8]. Conversely, according to an
alternative viewpoint, allergic responses might be important for tumor-surveillance [5]. In a model
of skin cancer induced by exposure to the carcinogen dimethylbenz[a]anthracene (DMBA), it was
demonstrated that IL-4-deficient mice develop tumors of increased size and greater incidence compared
to wild-type mice [9]. Moreover, sensitization to DMBA was associated with the establishment of
a strong autoreactive IgE response that was protective against carcinogenesis [9]. A similarly puzzling
scenario emerges from studies analyzing the contribution of mast cells to cancer, as they have been
suggested as either protective or detrimental [10]. Most probably, depending on the specific neoplastic
condition and the experimental model utilized, allergic inflammation can promote or counteract
tumor development [10]. Very recently, the long controversy regarding the activity of eosinophils in
tumor development has gained new insight from the study of Holland and colleagues [11,12]. In this
work, it has been shown that in several solid tumors such as hepatocellular carcinoma, breast cancer
and prostatic carcinoma, eosinophils can dampen tumor growth by inducing tumor cell-cytotoxicity.
In particular, tumor-derived IL-33 was shown to promote chemokine CCL11-mediated eosinophil
infiltration and degranulation [11,12].

In recent years, numerous studies have investigated the contribution of allergic components
in the pathogenesis of gliomas and GBM. In this review, we summarize main epidemiological,
histopathological and genetic studies that have suggested the involvement of allergic inflammation
in glioma pathology and we discuss experimental approaches to further characterize in future the
relationship between this specific arm of the immune system and brain tumorigenesis.

2. Epidemiology of Gliomas and GBM in Allergic Subjects

Most of the research on glioma and allergy has relied on epidemiological investigations, which
have shown an inverse association between allergies and the risk of developing gliomas since the
early 1990s [13]. In an international population-based case-control study performed in six different
countries and including 1178 cases, it was reported that there is a reduced risk of 30–40% of developing
gliomas among subjects with asthma, eczema and other allergic conditions [14]. In two subsequent
case-control studies performed by Wiemels and colleagues on subjects enrolled in the San Francisco
Bay Area, a significant inverse association for both self- and proxy-reported histories of allergic
conditions with a diagnosis of adult glioma was shown [15,16]. A particularly decreased risk was
found among subjects with allergies to pollen, dairy products and nuts [15]. Additionally, a strong
association with diminished risk of developing gliomas has been detected in cases with late-onset
(>12 years) respiratory allergies [16]. Another case-control study enrolling 489 cases of gliomas among
three different hospitals in the United States (US), confirmed an inverse association between the risk
of glioma and history of any allergy (e.g., eczema, allergy to insects, chemicals, etc.) [17]. Of note,
in this work, people affected by both allergies and autoimmune diseases were at particularly low risk
of developing glioma (odds ratio (OR) = 0.24, 95% CI, 0.14–0.42) [17]. In addition, a retrospective
study has shown in two independent cohorts selected from Swedish twin registries that high-grade
gliomas (grades III and IV) are inversely associated with allergic conditions that comprised of eczema,
asthma, hay fever, and allergic rhinitis (hazard ratio, HR = 0.45 and 0.46, 95% CI) [18]. In a large,
population-based case-control study in the UK, history of asthma, eczema, hay fever or other types of
allergy was inversely correlated to the risk of developing glioma (OR = 0.63, 95% CI, 0.53–0.76) [19].
Association with allergies was not increased or decreased in grade I/II compared with grade III/IV
tumors in this work [19]. Moreover, there was no evidence for a gradient of risk with the age of onset,
time since onset or with the number of conditions presented [19]. A meta-analysis of both case-control
and cohort studies published between 1979 and 2007 and including 3450 cases, has shown that the risk
of glioma was decreased by 40% among subjects with a history of allergy, 30% diminished among those
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with a history of eczema, and 30% reduced among those with a history of asthma [20]. Similar findings
have been obtained in a large population-based case-control study published in 2007 and comprising
1527 cases of gliomas recruited in Denmark, Norway, Finland, Sweden and Southeast England [21].
This epidemiological trend has been confirmed also in another case-control study involving 366 cases
of glioma recruited among the German population [22]. In an alternative approach, Il’yasova and
colleagues have compared 388 glioma cases with three different groups of control—siblings, friends and
clinic-based controls—to better evaluate the contribution of genotypic (for siblings) or environmental
(for friends) effects on the relationship with allergic inflammation [23]. Allergies were always found
significantly inversely associated with gliomas: ORs were 0.53 (95% CI, 0.15–1.84), 0.54 (95% CI,
0.28–1.07) and 0.34 (95% CI, 0.23–0.50) with siblings, friends and clinic-based controls, respectively [23].
A case-control study recruited 855 high-grade glioma patients from four different geographic regions
of the US and belonging to five inherited glioma risk variants: 5p15.3 (TERT), 8q24.21 (CCDC26/MLZE),
9p21.3 (CDKN2B), 11q23.3 (PHLDB1/DDX6) and 20q13.3 (RTEL1) [24]. A significantly stronger inverse
association of allergy history with glioma was detected among subjects who do not carry the glioma
risk allele in the 9p21.3 region, while it was suggestively higher among those carrying the glioma risk
allele in the 20q13.3 region [24]. In 2014, Cahoon and co-workers analyzed a cohort of 4.5 million male
US veterans comprising 4383 cases of patients with a discharge diagnosis of malignant neoplasm of the
brain, which included mainly gliomas, expected to cover 95% of cases, and some rare childhood tumors
such as medulloblastoma. In this study, allergy/atopy of long latency (≥10 years) was associated
with a reduced risk of developing brain cancer (rate ratio = 0.60, 95% CI, 0.43–0.83) [25]. Last, a recent
multicenter case-control study carried out in four areas in France in 2004–2010 has explored the
relationship between allergy (e.g., asthma, eczema, rhinitis/hay fever and other allergic conditions)
and the risk of glioma in 273 glioma cases and 982 matched controls [26]. In addition to confirming
previous findings, this work highlighted a dose-effect relationship between the number of allergic
conditions and the inverse association with glioma risk and a stronger relationship in women [26].
To avoid the possibility that allergic inflammation might be somehow influenced by (or be the effect
of) brain tumor itself, Schwartzbaum and colleagues have investigated germline polymorphisms as
potential biomarkers of GBM susceptibility, selecting five single nucleotide polymorphisms (SNPs)
strongly associated with asthma and allergic conditions [27]. Authors found that in subjects carrying
three of these polymorphisms, located on the IL-4 receptor α (IL4RA) and IL13 genes, the odds ratios for
GBM were in the opposite direction with those for asthma [27]. Interestingly, pre-diagnostic serum
levels of IL-4 and soluble IL-4RA have been later found inversely associated with gliomas and GBM in
a nested case-control study including 487 glioma cases and 487 matched controls [28]. Of note, this
association was present >20 years before glioma diagnosis [28]. Epidemiological data are summarized
in Table 1.
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Table 1. Epidemiological studies of allergy and risk of glioma.

Study Type
Number of Glioma

Cases
Number of Control

Subjects
Association with Allergy

(95% CI)
Year [Ref.]

Case-control 115 418 RR = 0.71 (0.5–1.0) 1992 [13]

Case-control 1178 2493 RR = 0.59 (0.49–0.71) 1999 [14]

Case-control 405 402 OR = 0.5 (0.3–0.7) 2002 [15]

Case-control 489 799 OR = 0.67 (0.52–0.86) 2002 [17]

Cohort study

Cohort I (14535 subjects/33 glioma cases) HR = 0.38 (0.05–3.13) 1

HR = 0.46 (0.18–1.21) 2

2003 [18]
Cohort II (29573 subjects/42 glioma cases) HR = 2.60 (0.86–7.81) 1

HR = 0.45 (0.11–1.92) 2

Case-control 965 1716 OR = 0.63 (0.53–0.76) 2006 [19]

Meta-Analysis Participants (53223 subjects/3450 glioma cases) RR = 0.61 (0.55–0.67) 2007 [20]

Case-control 1527 3309 OR = 0.70 (0.61–0.80) 2007 [21]

Case-control 366 1494 OR = 0.92 (0.70–1.22) 2009 [22]

Case-control
388

80 (siblings) OR = 0.53 (0.15–1.84)

2009 [23]191 (friends) OR = 0.54 (0.28–1.07)

177 (clinic-based controls) OR = 0.34 (0.23–0.50)

Case-control 855 1160 OR = 0.62 (0.51–0.76) 2011 [24]

Cohort study 4.5 million subjects/4383 malignant neoplasm brain 3 Rate ratio = 0.60 (0.43–0.83) 2014 [25]

Case-control 273 982 OR = 0.52 (0.36–0.75) 2018 [26]

Confidence interval (CI); relative risk (RR); odds ratio (OR); hazard ratio (HR). 1 Association of low-grade (I and II)
glioma cases. 2 Association of high-grade (III and IV) glioma cases. 3 Brain tumors included rare childhood tumors,
but mainly gliomas, expected to cover 95% of cases. Ref., reference.

3. Allergic Mediators in Glioma and GBM

Much effort has been made to correlate the above described epidemiological observations with the
prototypical biomarker of allergic inflammation, that is IgE. In 2004, Wiemels et al. found significantly
lower IgE levels in glioma patients compared to controls (OR = 0.37, 95% CI, 0.22–0.64), with a more
striking inverse association for IgE specific to food allergens (OR = 0.12, 95% CI, 0.04–0.41) [16].
However, a follow-up of this work by the same group has suggested that this inverse relationship is
detectable only among cases receiving temozolomide [29]. Conversely, two later works have actually
confirmed a relationship between serum IgE levels and gliomas. Indeed, a nested case-control study
combining data from four prospective cohort studies have found a statistically significant inverse
association between “borderline-elevated” total IgE levels (25–100 kU/L) and glioma (with 169 cases)
(OR = 0.63, 95% CI, 0.42–0.93), even though no association was detected between high IgE (>100
kU/L) and glioma (OR = 0.98, 95% CI, 0.61–1.56) [30]. A prospective case-control study with a nested
design including a higher number of cases (n = 275) has also demonstrated that the risk of glioma
is inversely correlated to IgE response to inhalant allergens (OR = 0.73, 95% CI, 0.51–1.06) [31]. This
relationship is particularly pronounced in women (OR = 0.53, 95% CI, 0.30–0.95) and the lowest OR was
found in samples with the highest serum IgE levels [31]. Last, a nested case-control study with serum
samples from 594 glioma and 374 GBM cases has shown that high levels of total IgE are associated with
a significantly reduced risk of glioma, while allergen-specific IgE levels are correlated with a decreased
risk of GBM specifically in women, but not in men [32]. Of note, this inverse association is present at
least 20 years before tumor diagnosis [32].

A few studies have addressed the interplay between allergic inflammation and gliomagenesis
with strategies different from the epidemiological approach. First experimental evidence can be found
in initial attempts of immunotherapy. In a mouse model of glioma elicited in nude mice by the injection
of U87 human glioma cells, the co-transplantation of an IL-4-secreting cell line promoted a significantly
increased survival and a massive infiltration by eosinophils [33]. In line with these data, a phase I/II
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clinical trial has shown that the intracavitary injection of IL-2 and lymphokine-activated killer (LAK)
cells in GBM patients leads to improved survival, associated with eosinophilic infiltration of the central
nervous system (CNS) [34]. Several gene therapy approaches by our group and others have shown that
IL-4 delivery in immunocompetent hosts with malignant gliomas results in a significant impairment
of tumor growth and prolonged survival [35–37]. In particular, we found that local production of IL-4
at the tumor site is associated with increased infiltration of CD8+ T and CD4+ T cells, B lymphocytes
and macrophages [37]. Later, we have shown that transplantation of neural stem/progenitor cells
retrovirally engineered to produce IL-4 in C57BL/6 mice with established GBM leads to the survival of
most tumor-bearing mice [38]. These data, obtained in both experimental models and human disease,
suggest that the induction of an IL-4 and/or eosinophil-mediated immune response might be beneficial
to counteract tumor development.

In addition, mast cells (MCs) have been implicated in the pathogenesis of glioma. MCs
constitutively express the high affinity receptor for IgE (FcεRI) and represent the key effector players
in allergic reactions, when the re-exposure to a previously encountered antigen induces IgE-mediated
anaphylactic degranulation and the consequent release of massive amounts of pre-formed mediators,
such as histamine, cytokines (e.g., tumor necrosis factor (TNF), IL-4), chemokines, leukotrienes and
growth factors (e.g., vascular endothelial growth factor, VEGF) [39]. Furthermore, monomeric IgE
in the absence of antigen, can be even more effective than IgE plus antigen to induce MC-mediated
release of inflammatory cytokines such as IL-4, IL-6 and TNF [40]. Together with microglia, MCs
represent a key immune subset resident within the CNS, where they are mainly localized in the
thalamus, hypothalamus and leptomeninges [41]. Significantly increased numbers of MCs have
been detected in GBM tissue specimens in comparison to low-grade glioma (grade II), displaying
often a perivascular localization and staining for CXCL12 and CXCR4 [42]. Similar findings have
been obtained in an immunocompetent mouse model of glioma, elicited with the retroviral system
RCAS/TV-a of gene delivery. In detail, the RCAS retrovirus encoding for two oncogenes (KRas and
Akt) has been administered postnatally in Ntv-a and Gtv-a transgenic mice, which express the TV-a
receptor for RCAS retrovirus under the control of Nestin or GFAP promoters, respectively, to obtain
retroviral infection (and consequent oncogene expression) specifically in neural/glial progenitor cells
or astrocytes. These Ntv-a and Gtv-a mouse lines carried at the same time deficiencies in tumor
suppressor genes Ink4a or Arf, which are often deleted in human gliomas and developed gliomas
of various grades and types [42]. The mouse strain with high-grade glioma (Arf−/−) displayed
a significantly higher infiltration of MCs than Ink4a−/− mice developing low-grade gliomas and
exhibited also a strong expression of stem cell factor (SCF), the main growth factor for MCs, around
tumor blood vessels [42]. Interestingly, primary human gliomas have been shown to express SCF
in a grade-dependent manner [43]. The same research group has later extended these findings to
a larger cohort of patients (n = 188), confirming an accumulation of MCs in high-grade (i.e., grade
III and IV) vs. low-grade (grade II) gliomas [44]. By taking advantage of a transwell migration assay,
human glioma cell lines were shown to potently attract MCs by a mechanism partially dependent on
the chemoattractant macrophage migration inhibitory factor (MIF), plasminogen activator inhibitor
1 (PAI-1) and the phosphorylation of STAT5 [44,45]. Of note, a significantly positive correlation was
observed between the number of MCs and the cytoplasmic intensity of MIF staining in glioma tissue
samples [44].

Notably, a recent analysis from lower grade gliomas showed that allergy is a robust, prognostic
factor independent from other major prognostic molecular markers [46].

4. Conclusions and Future Perspectives

Type 2 immunity is recently emerging as a specific arm of the immune system physiologically
deputed to defense against toxic and carcinogenic agents [5]. Data so far have suggested that at least
some components of allergic inflammation might counteract the development of gliomas and GBM
(Figure 1).

723



Cancers 2019, 11, 404

 
Figure 1. Schematic representation of the components of allergic inflammation with potentially
anti-glioma activity. The establishment of a Th2-driven immune response against the tumor might
support resistance to glioma growth through several modalities. The overexpression of the prototypical
Th2-cytokine interleukin (IL)-4 within tumor microenvironment has been shown to counteract
gliomagenesis [33,35–38,47]. This anti-tumor effect is associated with enhanced infiltration of immune
cells such as CD8+ T lymphocytes, CD4+ T cells, B cells and monocytes at the tumor site (1) [37]. Th2
cells also secrete IL-5, a key cytokine for the recruitment and activation of eosinophils. Eosinophilic
infiltrates within glioma tissue have been detected in early attempts of immunotherapy displaying
a positive outcome [33,34] (2). IL-4 and IL-13 derived from Th2 cells can promote IgE isotype class
switch recombination in B cells and their maturation to plasma cells. Theoretically, antigen-specific IgE
might promote direct tumor killing through ADCC (3), similar to what was observed in a mouse model
of ovarian cancer [48]. Alternatively, the engagement of FcεRI on mast cells (MCs) by monomeric IgE is
known to induce the release of selective inflammatory cytokines [40], such as IL-4 and tumor necrosis
factor (TNF), both endowed with anti-glioma activity [38,49] (4).

Epidemiological investigations have provided a huge amount of data showing an inverse
association between allergy and gliomas, even though they do not provide any information on
the causative relationship between these two conditions. In principle, it is possible that the tumor itself
promotes immune-suppression of type 1 immunity and indirectly favors an imbalance of systemic
immunity toward a Th2/allergic profile. However, the timing of most epidemiological observations,
anticipating the clinical emergence of gliomas of many years, is in some contradiction with this
hypothesis, at least in cases of primary GBM that are known to be formed in months rather than years.
Moreover, some genetic variants in IL13 and IL4RA genes confer opposite odds ratios for asthma
and GBM development [27]. Given that germline polymorphisms were utilized as biomarkers of
susceptibility to asthma in this study, these results cannot be ascribed to an effect of GBM on the
immune system [27]. According to the cancer immunoediting hypothesis, the interaction between the
immune system and tumor cells undergoes three different stages termed respectively “elimination”,
“equilibrium” and “escape” [50]. The elimination phase is characterized by the interplay of innate and
adaptive immune mechanisms, which drives the destruction of tumor cells from the host. However,
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if this process is not complete, rare cancer cell variants might enter an equilibrium stage, in which
tumor growth is still prevented by adaptive immunity and the tumor is subject to constant editing of
its immunogenicity. During this stage, immune pressure on genetically-unstable tumor cells might
result in the selection of tumor variants endowed with the ability to escape immune surveillance and
form clinically visible tumors [50]. In the context of brain tumors, it’s possible to speculate that the
genetic background favoring the development of allergic inflammation might support the elimination
phase and reduce the probability of developing glioma over the course of time.

Immunotherapeutic approaches have shown that IL-4 can counteract glioma growth and
eosinophilic infiltration of tumor tissue correlates with a positive outcome of immunotherapy.
Nonetheless, the mechanisms through which these typical components of allergic inflammation
might exert an anti-tumoral effect are not clearly understood.

Higher levels of IgE are associated with a reduced risk of glioma. IgE is endowed with tumor-
killing properties by mediating antibody-dependent cell-mediated cytotoxicity. Its effect has been
shown in a mouse model of ovarian cancer [48], but no study has investigated whether IgE is reactive
against tumor antigens in glioma patients. Furthermore, IgE alone or in combination with an antigen
can stimulate MC functions.

Studies describing the accumulation of MCs in GBM have offered important evidence of
the potential involvement of these crucial effector cells of allergy in gliomagenesis, however,
whether MCs promote or counteract tumor growth is not known and should be subject to further
investigation. According to the modality of activation, MCs have been shown to promote or
break immune tolerance. This concept is illustrated in models of allotransplantation and CD8+

T cell-mediated graft rejection. Indeed, IL-9 secreted by regulatory T (Treg) cells has been shown to
recruit and activate MCs to promote regional immune suppression and acceptance of allograft skin
transplants [51]. Conversely, in the same model when MCs undergo anaphylactic degranulation, they
break Treg-mediated suppression and induce allograft rejection [52]. To understand the contribution of
MCs to gliomagenesis, it might be worthwhile to evaluate the development of gliomas in mouse models
of MC-deficiency [53]. Interestingly, recent work has shown that Hdc−/− mice, that genetically lack
histamine, exhibit increased glioma growth and reduced survival, associated with the accumulation
of immunosuppressive immature myeloid cells [54]. Of note, MC granules represent the main
immunological source of histamine and Hdc−/− mice display several deficits in MC numbers,
morphology and granular contents [55]. In addition, there are data supporting the contribution
of MCs to tumor formation in the context of neurofibromatosis type 1 [56].
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Abstract: Imaging techniques such as positron emission tomography (PET) and magnetic resonance
imaging (MRI) provide valuable information about brain tumor patients. Particularly amino acid PET,
advanced MRI techniques, and combinations thereof are of great interest for the non-invasive assessment
of biological characteristics in patients with primary or secondary brain cancer. A methodological
innovation that potentially advances research in patients with brain tumors is the increasing availability
of hybrid PET/MRI systems, which enables the simultaneous acquisition of both imaging modalities.
Furthermore, the advent of ultra-high field MRI scanners operating at magnetic field strengths of 7 T
or more will allow further development of metabolic MR imaging at higher resolution. This review
focuses on the combination of amino acid PET with MR spectroscopic imaging, perfusion- and
diffusion-weighted imaging, as well as chemical exchange saturation transfer in patients with high-grade
gliomas, especially glioblastomas.

Keywords: [11C]-methyl-L-methionine (MET); O-(2-[18F]-fluoroethyl)-L-tyrosine (FET); 3,4-dihydroxy-
6-[18F]-fluoro-L-phenylalanine (FDOPA); magnetic resonance spectroscopy; perfusion-weighted
imaging; diffusion-weighted imaging; chemical exchange saturation transfer; brain tumors; high-grade
glioma; hybrid PET/MRI scanner

1. Introduction

At present, contrast-enhanced magnetic resonance imaging (MRI) is the method of choice for brain
tumor diagnostics since MRI provides excellent soft tissue contrast, comparatively high resolution,
and is widely available. On the downside, its specificity for neoplastic tissue is low, hampering the
evaluation of tumor extent in both enhancing and non-enhancing gliomas as well as the differentiation
of tumor progression from non-specific treatment-related changes [1–3].

[18F]-2-Fluoro-2-deoxy-D-glucose (FDG) is the most extensively used positron emission
tomography (PET) tracer to date and has hence gained exceptional importance in general oncology.
In stark contrast, its applicability in brain tumor diagnostics is hindered by high levels of physiological
glucose uptake in the cerebral cortex resulting in diminished contrast between tumor and background.
On the contrary, the cerebral uptake of radiolabeled amino acids is low while it is typically increased
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in brain tumors, resulting in an enhanced tumor-to-background contrast [4,5]. Importantly, the uptake
of amino acid tracers is independent of the blood-brain barrier integrity, allowing the evaluation of
amino acid uptake in non-enhancing gliomas [1,6]. Additionally, amino acid PET has demonstrated its
usefulness for the differentiation of tumor progression from treatment-related changes [7–12] and for
various other indications, e.g., treatment monitoring, prognostication or tumor grading [4–6,13–17].
Among amino acid tracers labelled with carbon-11 used for PET imaging in neuro-oncology,
[11C]-methyl-L-methionine (MET) is currently best evaluated [18,19]. However, the short half-life of
carbon-11 (20 min) limits its use to centers with an on-site cyclotron. To overcome such logistical
limitations, amino acid tracers have been labeled with fluorine-18, which has a longer half-life of
110 min [4,6]. For that reason, O-(2-[18F]-fluoroethyl)-L-tyrosine (FET) has replaced MET in many
neuro-oncological centers. Subsequently, FET has become the most widely used radiotracer for brain
tumor diagnostics, especially in Western Europe. Another fluorine-18 labeled amino acid tracer is
3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine (FDOPA), originally developed to evaluate the dopamine
synthesis in the basal ganglia, which also shows increased uptake in brain tumors [20,21]. Although
brain tumors distant to the striatum are depicted with high contrast, the high striatal uptake of FDOPA
limits its usefulness for tumor delineation especially near the basal ganglia [22,23]. The Response
Assessment in Neuro-Oncology (RANO) working group considers the additional value of amino acid
PET for brain tumor diagnostics as highly relevant and recommends its use at every stage of brain
tumor management [24].

The combination of MRI and PET, especially if hybrid PET/MR scanners are used, offers great
potential for brain tumor diagnostics. This technology is particularly attractive when ultra-high field
MRI scanners operating at magnetic field strengths of 7 T or more are widely available, allowing
comparative anatomical and metabolic imaging at high resolution. Currently, amino acid PET tracers
are the best evaluated and most frequently used PET tracers for brain tumor diagnostics. Therefore,
this review focuses on the combination of amino acid PET with MR spectroscopy (MRS), perfusion-
and diffusion-weighted imaging (PWI, DWI), and chemical exchange saturation transfer (CEST) in
patients with glioblastoma (GBM).

2. Search Strategy

A PubMed search of the published literature with the combination of the search
terms “glioblastoma”, “brain tumors”, “high-grade glioma”, “positron emission tomography”,
“magnetic resonance imaging”, “magnetic resonance spectroscopy”, “perfusion-weighted imaging”,
“diffusion-weighted imaging”, “chemical exchange saturation transfer”, “PET”, “amino acid PET”,
“MRI”, “advanced MRI”, “MRS”, “PWI”, “DWI”, “CEST”, and “hybrid PET/MR” before and inclusive
of December 2018 was performed. Additional literature was retrieved from the reference lists of all
identified articles. Furthermore, articles identified through searches of the authors’ files were included.
Only papers in English were considered.

3. Amino Acid PET and MRS

MR spectroscopy (MRS) is a non-invasive method to detect selected water-soluble metabolites
in vivo. In magnetic resonance, an externally applied magnetic field experienced by the nucleus
is modulated by the distribution of surrounding electrons. Given that every molecule presents
with a slightly different distribution of electrons, every nucleus experiences a slightly different
magnetic field.

Consequently, every molecule has its characteristic magnetic field ‘signature’ that, combined
with interactions amongst the nuclei, results in slightly different resonance frequencies leading to
differential signals. These signal differences are used in MRS to identify the metabolites of interest.
Every nucleus possessing a non-zero spin can be theoretically used for MRS, e.g., protons, carbon-13
and phosphorous-31. However, due to the low abundance of the latter and limited resolution of
metabolite profiles in vivo, mainly proton spectra are used in clinical practice.
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Metabolites that are frequently assessed by MRS are lactate, lipids, alanine, N-acetylaspartate
(NAA), glutamine, glutamate, 2-hydroxyglutarate (2-HG), citrate, creatine, choline, and myo-inositol.
In gliomas, with increasing grade of malignancy, NAA and creatine are usually decreased, whereas
choline, lipids and lactate are increased [25–27]. Furthermore, the accumulation of 2-HG caused by
gene mutations encoding for the enzyme isocitrate dehydrogenase (IDH) can be detected by 2-HG
spectroscopy at 3 T [28]. Although several studies demonstrated the feasibility of 2-HG spectroscopy
in a clinical setting [29–32], 2-HG spectroscopy remains challenging due to a small and complex signal
and it is therefore not yet established in clinical routine [33].

Two different MRS methods exist using either data from a single voxel or multiple voxels
in a single slice or multiple slices of the investigated organ. Single-voxel spectroscopy is the
most widely used method due to simple data acquisition and relatively short scanning time.
Moreover, the comparatively high signal-to-noise ratio achieved by single-voxel spectroscopy
results in high-quality spectra enabling a quantitative analysis and straightforward interpretation.
However, the manually preselected region of interest (ROI) based on information from T2-weighted
or contrast-enhanced MRI may represent only a fraction of the tumor, potentially resulting in an
incomplete evaluation of tumor biology.

Multi-voxel spectroscopy techniques may overcome these limitations by covering a more extended
two- or three-dimensional ROI at higher spatial resolution. Especially in heterogenous lesions,
this allows detection of subtle intratumoral signal alterations [34]. Another advantage of smaller
voxels used in multi-voxel spectroscopy is the reduction of partial volume effects as structures such
as cerebrospinal fluid or fat may diminish the quality of spectra and can be excluded from ROI
definition. However, because of the difficulty of achieving good enough shimming over a large enough
region, multi-voxel spectroscopy can have a lower signal-to-noise ratio, a reduced spectral quality for
individual voxels, requires longer scanning times, and is technically more demanding than single-voxel
spectroscopy [35].

In a few studies, MRS combined with amino acid PET in glioma patients was used. D´Souza and
colleagues [36] evaluated in 29 high-grade glioma patients the diagnostic performance of MET PET and
single-voxel MRS at 3 T for the correct diagnosis of tumor recurrence after neurooncological treatment
including radiotherapy and chemotherapy. Metrics derived from both MET PET (i.e., tumor/brain
ratios) and single-voxel MRS (i.e., choline/creatine ratios) suggested a high diagnostic accuracy of
85–90% for the detection of high-grade glioma recurrence. Floeth and co-workers [37] explored
the use of combined FET PET and single-voxel MRS at 1.5 T in 50 patients with newly diagnosed
lesions suspicious for gliomas on contrast-enhanced MRI. Based on the neuropathological assessment,
gliomas could be identified with an accuracy of 68% using conventional MRI alone. Accuracy could
be increased to 97% when conventional MR imaging was used in combination with FET PET and
single-voxel MRS. In that study, FET lesion/brain ratios and NAA/choline ratios were identified as
significant independent predictors for the identification of glioma tissue.

Stadlbauer et al. [38] used two-dimensional multi-voxel spectroscopy at 1.5 T in combination
with FET PET to spatially correlate concentrations of choline, creatine, and NAA with FET uptake
in 15 glioma patients. The authors found significant correlations between increased FET uptake and
parameters derived from MRS. More precisely, increased FET uptake was significantly correlated with
the extent of neuronal loss (NAA) and partially with membrane proliferation (choline), indicating
that both PET and MRS provide complementary information. Yet, the number of patients included
in that study was relatively small and two-dimensional MRS allowed only limited coverage of the
tumor, especially in comparison with amino acid PET, which provided three-dimensional information
concerning tracer distribution.

To overcome these limitations, Mauler and colleagues [39] investigated the spatial correlation
between FET PET and three-dimensional MRS covering the whole brain. Forty-one glioma patients
were investigated using a 3 T hybrid PET/MR scanner. Importantly, the authors reported that the
FET uptake and increased choline/NAA ratios were not consistently spatially congruent (Figure 1).
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Unfortunately, however, no spatial correlation with neuropathological information obtained via
stereotactic biopsy was performed to further explore the differences between amino acid uptake and
the metabolites detected by MRS in gliomas.

 

Figure 1. Simultaneously acquired contrast-enhanced (CE) T1-weighted MRI, FET PET and whole-brain
MRS shows elevated choline/N-acetylaspartate (Cho/NAA) ratios in a patient with neuropathologically
confirmed glioblastoma. Areas of contrast enhancement, FET uptake and increased Cho/NAA are spatially
incongruent. Image courtesy of Joerg Mauler, Institute of Neuroscience and Medicine, Forschungszentrum
Juelich, Germany, and Andrew Maudsley, Department of Radiology, University of Miami Medical School,
Miami, FL, USA.

4. Amino Acid PET and PWI

PWI is a non-invasive MRI technique to measure blood flow quantitatively. In Neuro-Oncology,
the parameters relative cerebral blood volume (rCBV) and cerebral blood flow (rCBF) are frequently
assessed. Most commonly, a gadolinium-based contrast agent is used to assess tissue perfusion.
After i.v. injection, the passage of the contrast agent leads to i) a local magnetic field distortion
(susceptibility effect) in the vicinity of the vessels causing a signal drop in T2- or T2*-weighted
MRI, also called dynamic susceptibility contrast (DSC), or ii) a shortening of T1-relaxation time
causing a signal increase in T1-weighted MRI, also called dynamic contrast-enhanced (DCE) MRI.
While DSC data requires only the first pass of intravascular contrast agent for assessing tissue perfusion,
DCE additionally evaluates information about the continuous accumulation of the contrast agent in
the extracellular space. Consequently, the acquisition times for DCE are longer than for DSC.

Another PWI method called arterial spin labelling (ASL) does not require a contrast agent.
Here, endogenous water molecules in blood vessels are magnetically labeled by applying a specific
radiofrequency pulse. Passage of these labeled molecules through the tissue of interest leads to
a reduction of signal intensity in proportion to the perfusion. However, by dispensing with the
administration of a contrast agent, the signal-to-noise ratio of ASL is inherently low, so that repetitive
signal averaging is mandatory resulting in prolonged acquisition times. ASL significantly benefits
from higher magnetic field strengths. Thus, ultra-high field MRI scanners operating at magnetic field
strengths of up to 7 T may boost its clinical utility in the future.

Several studies combined PWI and amino acid PET in patients with high-grade gliomas for the
delineation of the glioma extent. Filss and colleagues [40] compared DSC PWI and FET PET acquired
concurrently using a 3 T hybrid PET/MR scanner in 56 glioma patients (24 patients with GBM).
One main finding was that FET PET tumor volumes were significantly larger than tumor volumes
delineated by rCBV maps. Furthermore, the spatial congruence of the two methods was poor, and the
localization of tumor hotspots identified by PWI and FET PET yielded inconsistent results indicating
that the delineation of glioma extent is not appropriately reflected by PWI and hence cannot replace
amino acid PET (Figure 2). These findings were confirmed subsequently [41,42]. Besides, similar
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results were reported by Cicone and co-workers for the comparison of DSC PWI at 1.5 T and FDOPA
PET [22].

 

Figure 2. Simultaneously acquired contrast-enhanced (CE) T1-weighted MRI, FET PET and relative
cerebral blood volume (rCBV) obtained from PWI in a patient with neuropathologically confirmed
glioblastoma. FET PET identifies metabolically active tumor areas without an increased rCBV. Image
courtesy of Christian Filss, Institute of Neuroscience and Medicine, Forschungszentrum Juelich,
Juelich, Germany.

Verger et al. [43] investigated the usefulness of FET PET and DSC PWI at 3 T for the grading of
gliomas in 72 patients with newly diagnosed glioma. The diagnostic accuracy for glioma grading
was comparable for both FET PET and rCBV with an area under the receiver-operating characteristic
curve of about 0.80. However, neuropathological diagnoses were not based on the revised WHO
classification from 2016 [44], which limits the applicability of the results. The authors also found in
78% of patients a considerable spatial disparity between the local hotspots delineated using the two
methods, consistent with previous studies [22,40,41].

Dandois and co-workers [45] compared the diagnostic accuracy of DSC PWI at 1.5 T and amino
acid PET using MET for the differentiation of recurrent glioma from radiation necrosis in 28 high-grade
glioma patients. The diagnostic performance was comparable between rCBV maps and MET PET for
this clinically relevant question. These findings were reinforced by other studies [36,46,47]. However,
in the majority of the cases, the diagnosis of either recurrent glioma or radiation necrosis was based on
clinical observation and radiological follow-up rather than neuropathology. In stark contrast, Verger
and colleagues [48] reported that FET PET seems to be superior to PWI at 3 T to diagnose recurrent
glioma. Importantly, and in contrast to the latter studies mentioned above, the definite diagnosis
was based on neuropathology in about 80% of the cases. These findings were confirmed by another
study [49]. Subsequently, Roodakker et al. [50] compared regional MET PET and PWI at 3 T with local
neuropathology in patients with en bloc-resected oligodendrogliomas. They showed that MET uptake
correlated with tumor cell density throughout the entire tumor volume in all patients. Interestingly,
tumor perfusion (rCBV) did not correlate with MET uptake or with any other histological marker.

Morana and colleagues [51] compared FDOPA PET and ASL at 1.5 T for the grading and prediction
of tumor progression in 26 pediatric gliomas. Authors reported a better diagnostic performance for
FDOPA PET with an area under the receiver-operating characteristic curve of 0.95 compared to 0.88
for rCBF derived from ASL.

The reported differences across the studies highlight the need for prospective studies with
larger cohorts and neuropathological validation to further evaluate the differences between perfusion
MRI and amino acid PET. Furthermore, a more recent meta-analysis regarding PWI in high-grade
gliomas by Patel and co-workers [52] revealed a considerable heterogeneity of applied MR sequences,
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acquisition and post-processing parameters utilized in PWI studies of brain tumors thereby hampering
comparability and reproducibility of results.

5. Amino Acid PET and DWI

Diffusion-weighted imaging (DWI) is an MRI technique based on the measurement of Brownian
motion of water molecules to generate image contrast. DWI contrast uses two opposing gradient pulses;
the first one induces a phase shift in water molecules, leading to a signal reduction. Subsequently,
a second opposed gradient pulse is applied, which rephases the water molecules in the region of
interest, leading to a recovery of the water signal. If water molecules moved out of the region of
interest within the time between the two pulses, the number of water molecules contributing to the
water signal is reduced. Therefore, the signal intensity is decreased. By variation of the amplitude,
pulse duration, and time between the pulses, the degree of diffusion-weighting, represented by the
b-value, can be altered. The apparent diffusion coefficient (ADC) is calculated from different b-values
(typical range of b-values, 0–1000 s/mm2), and represents a quantitative measure of diffusivity [53].
In brain tumors, hypointense signals in ADC maps (indicating lower ADC values) are suspicious for
neoplastic tissue due to high tumor cellularity leading to a restriction of diffusivity [6].

Several studies addressed the spatial congruency of DWI and amino acid PET in glioma patients
with mixed results. Karavaeva and colleagues [54] demonstrated a significant spatial relationship
of FDOPA uptake and ADC signal alterations at 1.5 T in patients with recurrent high-grade glioma.
Furthermore, a significant spatial correlation of both ADC values and FDOPA uptake with the cellular
proliferation rate was reported. However, it remains unclear whether the cellular proliferation rate
was associated with tumor progression or treatment-related tissue reactions such as inflammatory
processes. On the other hand, several other studies reported contradictory results concerning the spatial
congruency of amino acid uptake and ADC abnormalities [55–57]. Recently, Popp and co-workers [57]
showed that tumor volumes in patients with recurrent glioblastoma delineated using ADC maps
acquired at 1.5 T were frequently localized outside of areas with increased FET uptake. Another study
by Kinoshita [58] and colleagues reported that MET PET demonstrated a more robust and reliable
estimation of cell density in gliomas compared to ADC maps acquired at 3 T. These controversial study
results concerning the spatial congruency are most likely related to the fact that amino acid PET and
DWI encode different biological properties [57,59] (Figure 3).

 

Figure 3. Contrast-enhanced (CE) T1-weighted MRI, FET PET and the apparent diffusion coefficient
(ADC) map obtained from DWI in a patient with neuropathologically confirmed glioblastoma.
In contrast to the ADC map, FET PET shows the metabolically active tumor tissue with high contrast.
Furthermore, the ADC map shows slightly increased diffusivity in various subregions, erroneously
indicating treatment-related changes.

Pyka and colleagues [49] compared FET PET and DWI at 3 T for the differentiation of tumor
progression from treatment-related changes in 47 high-grade glioma patients. The authors reported
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a superior performance for FET PET compared to ADC (AUC, 0.86 vs. 0.69). The combination of FET
PET and ADC with other MRI metrics such as rCBV resulted in an AUC improvement to 0.89.

It should be pointed out that DWI has a low spatial resolution and a poor signal-to-noise ratio.
Although stronger gradients and higher magnetic field strengths can increase signal-to-noise ratios,
susceptibility artifacts would become concurrently more pronounced. Another limitation of DWI is
the compromised reproducibility and comparability of ADC values, even when the same MR scanner
is used [60]. Moreover, diffusivity can also be altered by ischemia, infection, inflammation, gliosis,
necrosis, or vascular proliferation, suggesting non-specificity of DWI changes [6,61,62].

6. Amino Acid PET and CEST

Chemical exchange saturation transfer (CEST) is an MRI technique for the indirect detection of
different metabolites using the MR free water signal [63]. CEST contrasts are based on the spontaneous
exchange of free water protons and protons bound to metabolites (solute-bound protons). After saturation
of solute-bound protons by the application of a radio-frequency pulse with a specific frequency
depending on the metabolite of interest, these protons exchange with free water protons and cause
a signal reduction of free water. Thus, the CEST signal depends upon the exchange rate between free
water and solute-bound protons and the concentration of the metabolite of interest [64,65].

CEST has already been applied for the measurement of glycogen (GlycoCEST) [66], glucose
(GlucoCEST) [67], glutamate (GluCEST) [68], amide proton transfer (APT) [69], and intracellular
pH [69–71]. The signal used to generate CEST contrasts is complex and small. Therefore, CEST
imaging may benefit from higher magnetic field strengths (> 3 T) due to an increased signal-to-noise
ratio and spectral dispersion. However, complex data processing steps are required to evaluate
metabolite concentrations from CEST contrasts [72–75].

Although several studies evaluated CEST in patients with GBM [75–77], only few studies directly
compared amino acid PET and CEST in more than 5 patients. Da Silva et al. [78] compared FET
PET and APT CEST MRI in 8 high-grade gliomas patients using a 3 T hybrid PET/MR scanner.
The authors showed that FET PET and APT CEST are spatially incongruent and reflect different
biological information. However, although CEST and amino acid PET were acquired simultaneously,
the number of patients was low, and no correlation with local neuropathology was obtained.

7. Conclusions and Outlook

The combination of amino acid PET and advanced MRI methods offers a variety of new vistas
for the assessment of brain tumors with the potential to overcome the limitations of conventional
MRI. Amino acid PET and advanced MRI methods already provided promising results for the clinical
management of patients with GBM. Both the complementary and additive value of these methods
as well as their incongruent findings, suggesting differential biological information, warrant further
investigation including neuropathological validation. The increasing advent of hybrid PET/MR
scanners offers the great potential of comparative studies using both amino acid PET and advanced
MRI in a single session. Furthermore, the clinical benefits of simultaneous PET/MR imaging need to
be balanced against the relatively high cost of such an approach. Of note, the increasing availability of
ultra-high field MRI scanners with magnetic field strengths of 7 T will help to develop novel techniques
thereby promoting advanced MRI in neuro-oncology as almost all contrasts benefit from the higher
spatial resolution related to the increased signal-to-noise ratio.

Amino acid PET is a robust and attractive approach for clinicians for many reasons including
easy scan reading. Furthermore, most studies using amino acid PET in neuro-oncology provide
comparable results across different scanners, which is also a consequence of national and international
efforts concerning the standardization of amino acid PET acquisition and evaluation in brain tumor
imaging [24,79]. Recently, joint practice guidelines were developed by the European Association
of Nuclear Medicine (EANM), the Society of Nuclear Medicine and Molecular Imaging (SNMMI),
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the European Association of Neuro-Oncology (EANO), and the working group for Response
Assessment in Neuro-Oncology with PET (PET-RANO) [80].

In contrast, the yet missing standardization of advanced MRI methods is—at least in part—likely
to account for conflicting data. In a significant number of advanced MRI studies, self-developed or
self-optimized MR sequence protocols and acquisition parameters, as well as post-processing tools,
were used, thereby impeding comparability and reproducibility of the results. Besides, vendors of MRI
and PET scanners should strive for further standardization of imaging protocols and data processing
since better comparability and easier reproducibility of the data is likely to boost their clinical value.
Finally, further implementation of various advanced MRI methods as well as amino acid PET in clinical
routine requires the validation of neuroimaging findings through neuropathology.

To conclude, advanced MRI in combination with amino acid PET has the potential to become
an essential diagnostic tool for improving the clinical management of patients with high-grade gliomas,
as well as in light of emerging high-throughput analysis methods of large-scale data sets such as
radiomics and machine learning [16,81,82].
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Abstract: Glioblastoma (GBM) is the most common primary brain tumor. Despite aggressive
treatment, GBM almost always recurs. The current standard-of-care for treatment of newly
diagnosed GBM has remained relatively unchanged since 2005: maximal safe resection followed
by concomitant chemoradiation (CRT) with temozolomide (TMZ), and subsequent adjuvant
TMZ. In 2011, the first-generation tumor treating fields (TTF) device, known at the time as the
NovoTTF-100A System (renamed Optune), was approved by the Food and Drug Administration
(FDA) for treatment of recurrent GBM. The TTF device was subsequently approved as an adjuvant
therapy for newly-diagnosed GBM in 2015. The following is a review of the TTF device, including
evidence supporting its use and limitations.

Keywords: glioblastoma; GBM; tumor treating fields; TTF

1. Background

Glioblastoma (GBM) is the most aggressive and common primary brain tumor. Treatment remains
challenging, as GBM inevitably recurs despite surgical debulking, radiation and chemotherapy.
The current standard-of-care is comprised of maximal safe resection—gross total resection if
feasible—followed by chemoradiation (CRT). Radiation therapy consists of 60 Gray (Gy) in 30 fractions
over a period of 6 weeks with concomitant daily temozolomide (TMZ), followed by adjuvant TMZ
(days 1–5 every 28 days). Median survival ranges from twelve to fifteen months following diagnosis
and treatment [1]. The current five-year survival rate is about five percent in the United States [2].

Since 2005, several clinical trials have been conducted attempting to improve outcomes for GBM
patients. For example, the Radiation Therapy Oncology Group (RTOG, Philadelphia, PA, USA) 0525
was a phase III trial that compared conventional adjuvant TMZ with dose-dense (dd) TMZ. Despite
confirming the prognostic significance of MGMT promotor methylation, survival did not improve with
dd TMZ [3]. The addition of Bevacizumab in RTOG 0825 demonstrated improvement in progression
free survival (PFS), however, it did not yield changes on overall survival (OS) [4,5]. The addition of
Everolimus, an oral mammialian target of rapamycin (mTOR) inhibitor, to chemoradiation, increased
treatment-related toxicities, and did not have any impact on progression-free survival (PFS) and it even
shortened the OS [4]. Additional trials are being conducted to look into the use of checkpoint inhibitors,
such as Ipilimumab and Nivolumab (NRG-BN002) and radiation dose-escalation with photon Intensity
modulated radiotherapy (IMRT) or Proton Beam Therapy (NRG-BN001) NRG Oncology is a National
Clinical Trials Network group created through the efforts of the National Surgical Adjuvant Breast and
Bowel Project (NSABP), the RTOG, and the Gynecologic Oncology Group (GOG). Recently, a Phase
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II Trial of Neoadjuvant TMZ followed by accelerated hypofractionated radiation therapy (60 Gy in
20 fractions) demonstrated a median OS of twenty-two months with a PFS of 13.2 months, comparing
favorably to OS previously reported in other clinical trials [6].

In 2011, the United States Food and Drug Administration (FDA) approved a tumor treating fields
(TTF) device for treatment of recurrent or refractory GBM. More recently, the FDA approved the TTF
device as adjuvant treatment for newly-diagnosed patients after completing standard-of-care surgery
and chemoradiation. The National Comprehensive Cancer Network (NCCN) added the TTF device
as an option for treatment of newly-diagnosed GBM. Despite FDA approval, skepticism remains
regarding this therapy. In this review we discuss the current evidence supporting treatment with the
TTF device and its limitations.

2. Materials and Methods

We conducted a comprehensive literary investigation utilizing PubMed and Google search engines.
Approximately 50 journal articles, newspaper articles, and abstracts were reviewed. Ultimately,
43 sources were selected for relevance and impact. Relevance of topics was selected based on talking
points at the 2018 American Society for Radiation Oncology (ASTRO) conference and common
questions proposed by the patients and practicing clinicians at our institution.

2.1. Tumor Treating Fields Device Proposed Mechanism

The TTF device includes four transducer arrays, each consisting of nine insulated electrodes
which are applied to the patient’s scalp to deliver low-intensity, intermediate-frequency (100–300 kHz)
alternating electric fields [7,8]. In 2004, a preclinical model demonstrated the inhibitory effect of the TTF
device on proliferating cells whereas nonproliferating cells remained unaffected. Treatment with the
TTF device is thought to interfere with normal polymerization and depolymerization of microtubules
of the mitotic spindle by positioning tubulin dimers further away from the growing end of the
microtubules [8]. This leads to mitotic disruption, which leads to mitotic catastrophe and ultimately to
mitotic cell death. The investigators demonstrated this by setting up melanoma cell cultures in vitro
with TTFs generated by pairs of insulated wires. In cells exposed to TTF, significant inhibition of
growth was seen after 24 h exposure. This effect was also seen beyond the exposure time [8]. To explore
the effects of TTF on molecular processes, the investigators used time-lapse microphotography. In cells
treated with TTF, mitosis began normally, but was prolonged [8]. Additionally, a quarter of cells in
the TTF cultures were destroyed during the formation of the mitotic cleavage furrow [8]. Finally,
nuclear rotation was seen in the TTF cultures [8]. The investigators explain that microtubules in
dividing cells have electric dipole moments, which may be altered by the forces exerted by TTF [8].
They showed this by comparing the movement of cellular microtubules by fixing the cells after 24 h of
TTF vs. no treatment; when the fixed cells were viewed under fluorescence microscopy, more than
50% of the TTF treated cells had abnormal mitosis compared to less than 5% of the control cells [8].
The investigators defined two mechanisms of action: (1) disruption of the polar tubulin molecule
orientation, pushing tubulin dimers further than 14 nm away from the growing end of the microtubule
and thereby interfering with proper microtubule assembly; and (2) cell destruction by pulling of
all intracellular and polar particles towards the mitotic cleavage furrow, resulting in a pile-up that
interferes with cytokinesis [8].

Further laboratory studies demonstrated similar cancer growth inhibition in multiple in vitro
cell lines and animal tumor models. A single-arm pilot clinical trial was performed in ten patients
shortly thereafter [9]. Novocure Ltd. (St. Helier, NJ, USA) manufactured a clinical TTF device, named
Optune (formally Novo TTF-100A, St. Helierl, NJ, USA). It utilizes electrodes configured as a cap that is
placed on the patient’s shaved scalp and powered by a battery package [10]. At present, the proposed
mechanism also includes interference with Septin fibers of proliferating cells as well as endoplasmic
reticulum stress leading to cellular stress and autophagy [11,12]. This demonstrates that the effect of
TTF on interactions of intercellular may be more complex than originally thought; similarly, the effects
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on many other intracellular proteins are unknown. Further studies are warranted in both cancer and
normal cell lines.

2.2. Treatment of Glioblastoma with Tumor Treating Fields

The first phase III clinical trial testing the TTF device (EF-11) was published in 2012 and
included 237 patients with recurrent GBM [13]. This study compared the first generation of the TFF
device alone—worn 18–24 h a day—to chemotherapy of the treating physician’s choice. The median
survival was 6.6 vs. 6.0 months (p = 0.27) for patients subject to treatment utilizing the TTF device
or chemotherapy, respectively. Although the trial did not demonstrate its primary endpoint of
improved overall survival, efficacy was similar to commonly used chemotherapy regimens. Given the
localized nature of the treatment, a lower toxicity profile and better quality of life—including improved
cognition and emotional well-being—were reported in the TTF arm. These patients also experienced
less chemotherapy-related side effects, such as hematologic toxicity, gastrointestinal adverse events,
and infections. Further analysis found that compliance with therapy was linked to outcomes;
more specifically device compliance above 75% correlated with improved OS [14]. It is important to
note that the trials were not powered to look into these subgroup analyses. The limitations of the study
included absence of a placebo control arm and a heterogeneous patient population who had received
various chemotherapy treatments prior to the trial. The results from this trial lead to the 2011 FDA
approval of the first generation of the TFF device for treatment of patients with recurrent GBM or
GBM that has not responded to traditional therapy [15]. Approval of this device was contingent on
Novocure conducting additional studies and clinical trials to demonstrate device efficacy [16].

Following the trial, the Patient Registry Data set (PRiDe)—a registry of all patients with recurrent
GBM who received therapy with the TTF device—was used to analyze the clinical outcomes of TTF
device use in 91 cancer centers across the United States [17]. Compared to patients in the EF-11 trial,
the 457 recurrent GBM patients in the PRiDe data set were more likely to use the TTF device for their
first recurrence (33% vs. 9%). Median OS was improved in clinical practice when compared to the
EF-11 trial (9.6 months vs. 6.6 months, hazard ratio (HR) 0.66, p = 0.003). As seen previously, device
compliance rate of 75% or greater was associated with a significantly improved overall survival when
compared to device compliance rate of less than 75% (7.7 vs. 4.5 months, p = 0.042). There were no
significant adverse events, and the most common side effect was skin reaction [17].

In 2009, a multi-center phase III clinical trial lead by Dr. Roger Stupp was initiated for newly diagnosed
GBM, studying the addition of TTF device treatment to maintenance TMZ (EF-14 trial) [7]. This study
randomized 695 GBM patients in a 2:1 format to receive TTF device treatment plus maintenance TMZ
or TMZ alone, following standard-of-care surgery and concurrent chemoradiotherapy. Patients with a
Karnofsky performance score (KPS) of less than seventy, evidence of progressive disease following
chemoradiotherapy, infratentorial tumor location or severe comorbidities were excluded from the
study. An interim analysis presented in 2015 demonstrated improved PFS (7.1 months in the TTF
device plus TMZ group and 4.0 in the TMZ alone group (p = 0.001) [7]. The final study was published in
2017, which reported an improved median overall survival of 20.9 months in the TTF device plus TMZ
group vs. 16.0 months in the TMZ only group (p < 0.001). Of note, the reported survival times were
measured from time of randomization, which was done after completion of chemoradiation, and which
was about 3.8 months from original diagnosis. About half of patients who received treatment with the
TFF device experienced mild to moderate skin toxicity [7]. Accordingly, the FDA approved the use of
the TTF device for use in newly diagnosed GBM on 5 October 2015 [15]. Both Phase III clinical trials
using TTF for GBM are summarized in Table 1.

This publication lead to the National Comprehensive Cancer Network (NCCN) adaptation of
TTF treatment to the Clinical Practice Guidelines in Oncology for Central Nervous System. Additional
analysis of the EF-14 trial has shown that the overall survival (OS) is improved at five years, regardless
of other prognostic factors, such as age, performance status, extent of resection, and neurologic status.
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An abstract presented at ASTRO 2018 showed that that use of the TTF device and TMZ improved
overall survival out to five years in all three recursive partitioning analysis (RPA) classes [18].

As expected, further clinical investigations using TFF are well underway (Table 2). In November
2018, a phase II trial opened comparing a combination treatment with the TTF and nivolumab with
or without ipilimumab in patients with bevacizumab-naive recurrent GBM [19]. The trial is expected
to close in 2021 and has an accrual goal of sixty (60) patients. Table 2 is a summary of ongoing trials
using TTF in GBM. Research on utilization of TTF in cancer care is also not limited to GBM. A phase 2
pilot study on the safety and efficacy of the TTF device concomitant with pemetrexed and cisplatin or
carboplatin in malignant pleural mesothelioma (STELLER) recently closed in April 2018. In this study,
150 kHz electrode arrays were placed on the thorax of patients with previously treated malignant
pleural mesothelioma in addition to chemotherapy. The preliminary efficacy will be compared to
historical cohorts [20]. TFF devices are being explored in disease sites such brain metastasis secondary
to non-small cell lung carcinoma, ovarian carcinoma, pancreatic carcinoma, meningioma and even as
an alternative to prophylactic cranial irradiation in small cell lung cancer [21,22].
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2.3. Existing Skepticism

The TFF device has been described as “polarizing” amongst neuro-oncology experts. To date,
the TTF device is not covered by Medicare or many other insurance companies, on the grounds that
the therapy is still experimental. More recently, Novocure has applied for a reconsideration request,
which has been accepted for local coverage determination [15].

Despite FDA-approval in the United States (US), existing skepticism regarding the use of the TTF
device persists. Primary criticism includes the unblinded nature of the TTF clinical trials. A “sham”
device—to better discern a potential placebo-effect of wearing the device—wasn’t used. The lack
of blinding becomes more of an issue when the primary outcome is PFS. Other concerns arise from
the lack of understanding of the TTF device’s manner of operation, specifically across a variety of
tissues and in combination with other treatments [23]. Furthermore, the fact that randomization in the
EF-14 trial occurred over two months after diagnosis suggests a selection bias of patients who did not
have progression after the initial treatment and would therefore likely have better survival regardless.
Hence, it is difficult to consider the device as “standard-of-care” for future patients who may either:
(1) be receiving a shorter course of radiotherapy; or (2) experience an interruption chemotherapy
during initial treatment [23].

Several of these points were addressed during a round table discussion of the EF-14 trial at
ASCO 2015. This meeting included 5 neuro-oncology experts who did not participate in the trial [21].
In response to the time of randomization question, the EF-14 trial compared favorably in efficacy to
other GBM trials when adjustments were made for this difference. Specifically, the improvement in
the 2-year survival rate, which was 43% with TTF vs. 29% without TTF, along with median overall
survival, (19.6 months with TTF device treatment vs. 16.6 months without TTF device treatment,
HR = 0.744, p = 0.0038) were considered clinically meaningful [21]. Omission of a placebo-control
device in the trial was also a topic of consideration. Several arguments were made in support of this
decision, including that: (1) the panel thought it was unlikely that an objective endpoint like OS would
be a result of placebo effect; (2) the magnitude of benefit was beyond what would be expected for a
placebo effect (HR of 0.75 for OS); and (3) previous trials that lacked a placebo, such as RTOG 0525,
did not show improved survival [21]. Ultimately, the group decided that that the TTF device should
be considered a treatment option for patients with GBM who were willing to undergo therapy and did
not have contraindications. Furthermore, future studies were recommended to identify which subset
of patients benefits most from TTF therapy [21].

Despite criticism, most medical device evaluations traditionally lack randomized control
groups [24]. Although this may be attributed to the lesser sophistication of clinical trial design by
device manufacturers, it’s also likely secondary to properties of the device. In this case, patients sense
heat from the TTF device, which would be impractical for a sham device. Furthermore, ethical issues
arise. For example, it would be difficult and unethical to observe a placebo heart valve replacement [24].
Similarly, it is argued that having a patient shave their head and wear a sham cap for greater than
eighteen hours a day would also be unethical. Nevertheless, long-term observational studies will be
necessary to observe device efficacy.

2.4. Safety

Use of a TFF device was not associated with systemic toxicity in either the EF-11 or EF-14 trials.
In the EF-11 trial, typical systemic side effects were not seen; whereas in the EF-14 trial, systemic side
effect rates did not show a significant difference from the TMZ-alone cohort (48% vs. 44%) [7,13].
Some events in EF-14 had a slightly higher incidence in the TTF group, which was attributed to longer
use of TMZ in this group due to delayed progression [7]. A common toxicity was a moderate skin
reaction on the scalp below the transducers; dermatitis was observed in 16% of patients wearing the TFF
device on EF-11 and 52% of patients in EF-14 [7,13]. Severe skin toxicity was seen in 2% of patients on
EF-14 [7]. TFF therapy did not increase the incidence of seizures in either study. The mild to moderate
skin reaction patients may experience is reversible and does not require treatment discontinuation [25].
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Recently, a phase I clinical trial of 10 patients exploring TTF device treatment with concomitant
radiation therapy reported preliminary results of similar rate of TTF-related skin toxicity (40%) to that
of the EF-14 trial [26].

2.5. Compliance and Quality of Life

The efficacy of the TFF device has been correlated with patient compliance, and a compliance rate
of over 75% has been linked to higher OS [14]. A recently published subgroup analysis showed that a
threshold value of 50% compliance, defined as percent usage per month, improved PFS (HR = 0.70)
and OS (HR 0.67) [27]. This was seen independent of gender, extent of resection, MGMT status, age or
performance status [27]. Interestingly, patients with a compliance rate of >90% showed a prolonged
median survival of 24.9 months and a five-year survival rate of 29.3% [27].

Consequently, patients need to wear the TFF device continuously with minimal interruption.
This inevitably requires lifestyle modifications. Enrollment in the trial was self-selecting and the
cohort was not representative of the entire GBM population. Some patients may find the device
confining, as it potentially interferes with daily activities. Despite improved survival in the EF-14 trial,
patients in clinic may be reluctant to use the TFF device for social or cultural reasons [22]. Others may
be averse to shaving their heads. Studies on chemotherapy-induced alopecia have shown that the
psychosocial impact of hair loss can be devastating [28]. Quality of life is certainly a priority for this
patient population.

A planned interim analysis of the EF-14 trial analyzing health-related quality of life (HRQoL) was
performed on 315 patients. HRQoL was slightly improved for patients in the TTF group at six months;
physical and social functioning showed no difference at nine and twelve month time points. Patients
in the TTF group complained of itchy skin. There was no preliminary evidence that HRQoL, functional
status, or cognitive functioning was altered by use of TTF [29]. A final analysis, published in 2018,
found that HRQoL did not differ significantly between the two arms of the trial with the exception
of itchy skin in the TTF arm [29]. The analysis found that deterioration-free survival was longer in
patients receiving TTF therapy for global health, physical and emotional functioning [29]. However, it is
important to note that adherence to the HRQoL survey questionnaire decreased significantly over time;
survey completion-rate was 91.9% at baseline, 65.8% at three months, and 41.7% at twelve months [29].
Remaining HRQoL scales not previously reported were subjected to an exploratory analysis, which was
presented at ASTRO 2018. This study reported a larger proportion of patients having stable/improved
bladder control and diarrhea when compared to baseline. The deterioration-free survival for diarrhea,
future uncertainty, and headaches was delayed in patients receiving TTF and TMZ treatment when
compared to treatment consisting of TMZ alone (HR 0.68, p < 0.001). No negative impact on HRQoL
was seen in this study [30].

Efforts are underway to improve convenience of utilizing the TTF device. The first-generation
Optune TTF device weighed 6 pounds and consisted of a field generator, transducers, lithium batteries
and a carry bag. In 2016, a second-generation TFF device weighing only 2.7 pounds was approved [31].
The goal of the second-generation TFF device was to improve patient convenience and compliance.
Additionally, the newer device contains an objective log that records treatments compliance [31].
There is hope that the growing popularity of wearable devices, such activity trackers and other smart
devices, may encourage patients to be more open about wearing the TTF device [22].

2.6. Cost of the Device

As mentioned previously, the specific payments for this device have not yet been established by
Medicare and other insurance providers. Medicare’s Ambulatory Payment Classification covers the
technical component of the device; Medicare’s Physician Fee reimburses the professional component
of therapy [29]. The total monthly therapy cost is about $21,000, which translates to about $86,000 for
the average patient using the device for 4.1 months [30]. Novocure’s executive chairman William F.
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Doyle reported that the company had been providing the device for free for to patients without health
insurance in a 2015 New York Times Article [32].

There have been few studies evaluating the cost-effectiveness of TTF. A French group measured
the cost-effectiveness of the device and measured it to be “far beyond conventional thresholds due
to the prohibitive announced cost of the device.” [33]. This report suggested that there is 0% chance
of achieving the cost-effectiveness threshold, which was chosen arbitrarily, of €100,000 ($114,213 in
US dollars) per year life gained [33]. Total cost for TTF therapy and conventional therapy strategies
were €243,141 and €57,665, respectively. After applying a 4% annual discount according to French
national guidelines, the analysis resulted in a total incremental-cost effectiveness ratio of €596 411
per year life gained [33]. A US group presented an abstract at the America Association for Cancer
Research (AACR) meeting in 2018 projected that TFF plus TMZ compared to TMZ alone resulted
in an undiscounted mean survival of 1.8 life years based on 5 survival results of EF-14 trial [34].
The incremental cost effectiveness ratio based on this survival was $150,638 per life year gained and
$198,032 per quality life year gained. This abstract reported a high probability of cost-effectiveness at
a threshold of $200,000 [34]. Regardless, the device is certainly expensive and the cost-effectiveness
threshold will likely vary considerably between, and even within, countries [35].

How does TTF therapy compare to other novel cancer therapies available in the US?
The CheckMate 067 trial evaluating dual checkpoint inhibitors nivolumab and ipilimumab in patients
with advanced melanoma showed an increase in PFS from 6.9 months with nivolumab alone to
11.5 months with combination therapy [36]. In 2015, the estimated cost per patient per year for
nivolumab was $103,220 and ipilimumab was $158,252. The combination therapy was estimated to
run $295,566 [37]. The cost-effectiveness of nivolumab in patients with advanced renal cell carcinoma
treated in the US found this treatment to have a 91.7% probability of being cost-effective at a $150,000
threshold per quality adjusted life year. Other treatments like chimeric antigen receptor (CAR) T-cell
therapy are costly with a price tag of $475,000 for Tisagenlecleucel and $373,000 for Axicabtagene
ciloleucel [38].

Currently, the average direct cost of therapy for GBM patients in the US is about $8500 per month,
and there is regional variability [39]. Mayo clinic reported a median total direct cost of $91,000 from
1987 to 1992, before the routine use of TMZ: radiotherapy and imaging cost contributed the most to
this number [39,40]. It has since been reported that the addition of TMZ, in both the concomitant
and adjuvant settings, has led to an eightfold increase to the direct cost of GBM therapy [39,41].
Nevertheless, administration of TTF therapy significantly increases the overall cost of GBM treatment.

3. Discussion

Since the publication of the Stupp trial in 2005, there have been minimal advancements in GBM
therapy. Trials that studied targeted molecular inhibitors, immunotherapy agents, vascular growth
factor inhibitors, and radiotherapy dose escalation have fallen short. The EF-11 and EF-14 trials have
demonstrated that TTF therapy is a promising alternative to chemotherapy in patients with recurrent
GBM and adjuvant therapy for patients with newly diagnosed GBM. Most interestingly, the EF-14
trial reported an improved median overall survival of 20.9 months in the TTF plus TMZ group vs.
16.0 months in the TMZ only group. This led to the NCCN endorsement of routine adaptation of
TTF as an upfront therapy for patients with newly diagnosed GBM. Since clinical implementation,
there have been several reviews on TTF therapy for GBM [21,42]. Given the amount of newer studies
done within the last year on this topic, especially in the realm of quality-of-life and cost-effectiveness,
we conducted an updated review.

The implementation of the device has polarized many neuro-oncology experts. Some are
enthusiastic about this development while others remain skeptical, perhaps understandably. There is a
general lack of understanding of the TTF device’s mechanism of action beyond what is proposed at the
cellular level. Of note, most of the pre-clinical data used to drive the trials was pioneered by Novocure
scientists, like Dr. Eilon Kirson. Additionally, the absence of a placebo-control “sham” device in the
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trials makes some experts less eager to recommend the therapy to their patients. However, it has
been discussed that the inclusion of such a device in the trial would have created an ethical dilemma.
Moreover, for better or worse, a more lenient precedence for medical devices exists: these devices
become approved without randomized, placebo-controlled studies. Again, it is noted that both the
EF-11 and EF-14 trials were sponsored by Novocure. Despite these considerations, the EF-14 trial
certainly produced compelling results and clinicians echo the phrase “it is difficult to argue with
overall survival.”

One of the attractive properties of TTF therapy is the minimally-invasive nature and lack of
systemic side-effects. This is especially important in the realm of recurrent disease, where patients
undergo a variety of treatments from chemotherapy to additional surgery and/or re-irradiation.
There are lifestyle drawbacks, as the device needs to be worn as continuously as possible, especially
given the recent analyses showing correlation between device compliance and OS. Device compliance
of >90% notably correlated with a 5-year OS reaching 30%. It is reassuring that most of the quality of
life studies have reported similar results between patients who received TTF and those who did not.
Neither health-related quality of life, functional status, nor cognitive functioning have been shown to
be altered by TTF use.

The cost of therapy continues to be high, which may be prohibitive for certain patients.
Willingness-to-pay for the device varies significantly between countries and even between regions.
However, it is important to consider that other novel cancer therapies—such as dual checkpoint
blockade with nivolumab and ipilimumab and CAR T-cell therapy—also carry a very high price
tag. Hopefully prices will become more manageable as these therapies mature and become more
widespread. It’s important to make prices manageable for patients while also maintaining incentive
for product innovation.

An additional obstacle is that the device is not routinely available in many centers. An electronic
survey sent to an international group of radiation oncologists, neurosurgeons, and neuro-oncologists
between January 2015 and July 2015 found that only 41% of surveyed practitioners had TTF available
to offer their patients [43].

4. Conclusions

Ultimately, long-term, real-world results are necessary to make clinicians more comfortable with
the device. Furthermore, positive clinical trial results in disease sites other than GBM may make the
device more acceptable and familiar. It remains important to define which subset of patients benefit
the most from TTF therapy, through identifying markers that predict improved outcome with TTF
therapy. Reluctant patients may be more willing to try the device if it is more convenient and less
intrusive to daily life. Further industry efforts to improve the device will help with patient compliance,
such as the lower weight in second generation devices. Finally, it is important to define the benefits
and potential toxicities of TFF therapy in combination with radiation therapy and chemoradiation
therapy via larger, randomized clinical trials. Should we expect to hear much more about TTF therapy
in oncology? We’ll bet our best hat.
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Abstract: The EGFR gene is one of the most frequently mutated and/or amplified gene both in lung
adenocarcinomas (LUAD) and in glioblastomas (GBMs). Although both tumor types depend on
the mutation for growth, clinical benefit of EGFR tyrosine kinase inhibitors (TKIs) has only been
observed in LUAD patients and, thus-far, not in GBM patients. Also in LUAD patients however,
responses are restricted to specific EGFR mutations only and these ‘TKI-sensitive’ mutations hardly
occur in GBMs. This argues for mutation-specific (as opposed to tumor-type specific) responses to
EGFR-TKIs. We here discuss potential reasons for the differences in mutation spectrum and highlight
recent evidence for specific functions of different EGFR mutations. These mutation-specific effects
likely underlie the differential treatment response between LUAD and GBMs and provide new
insights into how to target EGFR in GBM patients.

Keywords: EGFR; glioblastoma; glioma; pulmonary adenocarcinoma; lung cancer; erlotinib;
gefitinib; lapatinib

1. Introduction

More than fifty years ago, Stanley Cohen reported on the isolation of a heat-stable protein from
mouse salivary glands that was able to induce the eruption of incisors and separation of the eyelids [1].
Later studies showed that the eyelid separation was actually a consequence of enhanced keratinization
and growth of the epidermis and, based on this function, the protein was coined epidermal growth
factor (EGF) [2,3]. Around a decade later, the same group found evidence for a receptor for the growth
factor on human fibroblasts and another decade later, the receptor was cloned and sequenced [4,5].

The EGF receptor (EGFR) gene encodes for a protein of 1210 amino acids which is built up of
an extracellular ligand binding domain, a single transmembrane domain, a juxtamembrane region,
an intracellular tyrosine kinase domain and a C-terminal regulatory domain. The extracellular region
can be divided into four subdomains, domains I–IV, that contain two leucine rich regions (I and III,
also known as L1 and L2) and two cysteine rich domains (II and IV, also known as CR1 and CR2).
Proteins with a similar domain structure include ERBB2, ERBB3 and ERBB4 (which are also known as
HER2-4), and are collectively known as the ERBB protein family, which are all members of the receptor
tyrosine kinase superfamily.

In the absence of ligand, EGFR exists as a monomer (or as an inactive dimer) on the plasma
membrane. When ligands are available, they bind to the extracellular leucine rich domains I and III,
and this association results in the exposure of the cysteine rich domain II, which allows for receptor
dimerization. The dimerization then induces phosphorylation of tyrosine residues on the C-terminal
intracellular domain of the dimerization partner (trans-phosphorylation) [6]. Phosphorylation occurs
on multiple sites: the intracellular domain contains twenty tyrosine residues, twelve of which can
be phosphorylated following ligand binding [7]. This phosphorylation results in the recruitment of
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specific adaptor proteins and subsequent activation of signal transduction cascades. These cascades
include the RAS-RAF-MEK-ERK, PI3kinase-AKT-mTOR, SRC, JNK, PLC-γ-PKC and STAT pathways
and ultimately result in cellular proliferation, migration and survival [8,9].

Although the EGF receptor (EGFR) was identified based on its affinity for EGF, later studies
showed it can be also activated by six other, related- ligands: heparin-binding EGF-like growth
factor (HB-EGF), amphiregulin, epiregulin, epigen, betacellulin and transforming growth factor-alpha
(TGF-α) [10]. EGF, TGF-α, HB-EGF and betacellulin are the ligands that bind with high affinity to
EGFR; amphiregulin, epiregulin and epigen bind with 10–100 fold less affinity. Each ligand can induce
quantitative differences in responses, but can also elicit ligand-specific responses [10,11].

2. EGFR Mutations in LUAD and Gliomas

Cancer is caused by the accumulation of acquired genetic changes in oncogenes and tumor
suppressor genes. The epidermal growth factor receptor (EGFR) gene is a key oncogene that is mutated
in many tumors including lung adenocarcinomas (LUAD) and glioblastomas (GBM). In LUAD,
around 90% of all EGFR mutations comprise of either short in-frame deletions in exon 19 (in particular
around residues 747–750) or the L858R missense mutation in exon 21 [12,13]. Other, less common
mutations in LUAD include G719X missense mutations (~3%) and in-frame insertions in exon 20
(~3%) [14]. All these mutations result in increased and continuous EGFR phosphorylation and
activation [15,16].

In GBMs, the initial driving event is thought to be high copy number amplification of the EGFR
gene, present in tumor cells as double minutes (extrachromosomal circular DNA fragments) with
levels ranging from >5 to more than 100 copies per cell [17]. These double minutes likely increase
the copy number (and RNA expression) of the oncogene more effectively compared to chromosomal
amplification. Double minutes are unevenly distributed across the two daughter cells during cell
division which enhances tumor heterogeneity and plasticity [17]. Amplification of the EGFR gene is
followed by the acquisition of a plethora of mutations that include intragenic deletions, point mutations
and gene-fusions [18]. Multiple EGFR mutations may be present within the same tumor which also
contributes to tumor heterogeneity [19]. The most common EGFR mutation in GBM is the in-frame
deletion of exon 2–7, coined EGFRvIII and occurs in ~50% of all EGFR-amplified GBM cases. EGFRvIII
has impaired ligand binding and is constitutively active, though its activity is only ~10% of endogenous
EGFR signaling [20]. Missense mutations that are commonly found in GBM are often located on the
extracellular domain and include A289X, G598X and R108K mutations. These mutations also result in
a constitutively active protein and increase the tumorigenic potential of cells [19].

Both in lung cancer and in GBMs, EGFR mutations are driver mutations and the tumors remain
dependent on this oncogene for growth [21–24]. Despite the similarities in activity, the most prominent
mutations in LUAD, exon-19 deletions and L858R, have, to date, never been identified in GBMs and
the most common mutation in GBMs, EGFRvIII, has never been identified in LUAD. This indicates
that each tumor type has an almost (see below), unique mutation spectrum [14,20].

3. Clinical Activity of EGFR-TKIs in LUAD, But Not GBM Patients

It is well known that EGFR-TKIs provide remarkable survival benefit to patients with
EGFR-mutated LUAD. These benefits were initially discovered by research on clinical trials that
examined the efficacy of EGFR-TKIs in LUAD patients, in which antitumor activity and an increase in
survival was observed in patients who failed on prior chemotherapy [25,26]: translational research
showed that the clinical responses were correlated to mutations in EGFR [27,28]. Landmark studies
such as the IPASS study showed that gefitinib improved the 12 months progression free survival
in advanced, previously untreated pulmonary adenocarcinoma patients, but only in those patients
where activating mutations in the EGFR gene were identified. Similar improvements were observed in
EGFR-mutated, metastatic non-small cell lung cancer patients [29,30]. A phase III study that included
only EGFR-mutated lung cancer patients confirmed these observations [29].
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Because of the clinical responses observed in EGFR-mutated LUAD patients, and because of the
high frequency of EGFR mutations in GBMs, it was logical to test the clinical efficacy of EGFR-TKIs
in GBM patients. Although several such trials have been conducted (Table 1), thus-far none of these
demonstrated a clear clinical benefit of the inhibitors, despite inhibitors showing target inhibition
on the various EGFR mutations in preclinical models [19]. For example, two studies conducted in
primary gliomas showed no additional clinical benefit of adding gefitinib after radiotherapy [31,32].
Similar disappointing data were obtained in two studies on recurrent gliomas where single agent
erlotinib did not improve the 6 months progression-free survival [33,34].

Table 1. clinical trials of EGFR-TKIs in gliomas.

Drug Phase Clinical Trial ID Comparator Histology n Ref.

Erl + TMZ/RT I/II NCT00039494 single arm GBM 97 [35]

Erl + Bev II NCT00671970 single arm GBM, AG 57 [36]

Erl + Soraf II NCT00445588 single arm rGBM 56 [37]

Erl + Bev + TMZ II NCT00525525 single arm GBM, GSC 74 [38]

Erl + TMZ II NCT00187486 single arm GBM, GLS 65 [39]

Erl I/II NCT00301418 single arm GBM, AA 11 [40]

Erl + Sirol II NCT00672243 single arm rGBM 32 [41]

Erl + Sirol I/II NCT00112736 single arm rGlioma 69 [42]

Erl II NCT00250887 TMZ/BCNU rGBM 110 [34]

Gef II NCT00250887 single arm rGBM 22 [43]

Gef + Cedir II NCT01310855 Cedir rGBM 38 [44]

Gef II NCT00016991 Single arm rGBM 57 [45]

Lap I/II NCT00099060 single arm rGBM 17 [46]

Afa I/II NCT00727506 TMZ/afa, TMZ rGBM 119 [47]

Dac II NCT01520870 single arm rGBM 49 [48]

Sun II NCT00923117 Bev naïve/resistant GBM 72 [49]

rGBM: recurrent or progressive GBM; AG: anaplastic glioma, rGlioma: recurrent glioma; GLS: gliosarcoma; AA:
anaplastic astrocytoma. Erl: erlotinib; TMZ: temozolomide; RT: radiotherapy; soraf: sorafenib; sirol: temsirolimus;
cedir: cediranib; bev: bevacizumab; lap: lapatinib; afa: afatinib; Dac: dacomitinib; Sun: sunitinib.

There are several possibilities why those trials failed to improve on their primary endpoint. First of
all, the trials may not have included the right patient population. While this seems trivial, trials testing
EGFR-TKIs selected patients based on histological criteria and did not select for EGFR-mutated
tumors [31,33,43,45,50]. However, the frequency of EGFR amplification and mutations are sufficiently
high in GBM patients (estimated to be ~50% of all GBMs) to show some signal of efficacy. Moreover,
translational research on the material from these trials also failed to show clinical improvement in
the samples that had EGFR-mutations [31,34,51,52]. A second possibility for trial failure is that the
concentration of drug does not reach sufficiently high concentrations in the tumor, for example by lack
of penetration through the blood brain barrier. Indeed, intratumoral drug concentrations for erlotinib
were much lower of that in plasma and erlotinib did not affect intratumoral EGFR signaling [33].
In contrast, a phase II trial in which the intratumoral levels of gefitinib was measured in 22 patients
showed concentrations sufficiently high to inhibit the phosphorylation of EGFR [43].

A third option for therapy refractoriness of GBMs to EGFR-TKIs is that these tumors no longer
depend on the oncogene for growth. However, biological experiments conducted in mice and using
primary patient cell lines showed that these tumors do remain dependent on EGFR and therefore
do not explain why GBMs do not respond to EGFR-TKIs [21,22]. It is possible that GBMs have an
innate resistance to EGFR-TKIs, such as the upregulation (or coactivation) of PDGFRA and cMET [53].
Such an innate resistance has been identified in colon carcinomas where inhibition of one tyrosine
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kinase (BRAF) is bypassed by the activation of another (EGFR) [54]. Alternatively, perturbation of
downstream pathways such as PTEN deletion may also confer resistance to EGFR TKIs [40]. It remains
however to be determined if, and if so which-, changes (genetic or epi-genetic) underlie the therapy
refractoriness of GBMs.

The dynamics of EGFR mutations can also play a role in treatment resistance of GBMs. Since EGFR
is present as double minutes, cell division can result in the asymmetric distribution of EGFR
copynumber and variants, and thus in rapid selection of potentially resistant clones [17]. An example
of dynamics is the expression of EGFRvIII which can be restricted to certain regions of the tumor only
and can change over time [55–57]. Our unpublished observations show that temporal dynamics is
not restricted to EGFRvIII but also true for other EGFR mutations. If only one of those mutations is
resistant to the TKI, the dynamics of double minutes likely results in a rapidly acquired resistance
to EGFR-TKIs.

4. Different Mutations Activate Different Pathways and May Explain Refractoriness to
EGFR-TKIs

On the functional level, several lines of evidence suggest that different mutations in EGFR
activate unique signal transduction pathways. For example, EGFRvIII and EGFRwt have differential
activation of the JNK, STAT and MAPK signaling pathways and induce the expression of a unique set
of genes [58–62]. We have also demonstrated that EGFRwt, EGFRL858R and EGFRvIII each bind to a
unique set of proteins and activate different molecular pathways [63]. If mutation-specific pathways
active in GBMs are independent of EGFR phosphorylation, they explain why GBMs do not respond
to EGFR-TKIs. For example, EGFR contains a functional nuclear localization signal and has been
found present at high levels in the nucleus where it associates with the promoter of cell proliferation
genes [64,65]. However, the nuclear accumulation is mutation dependent: mutations found in GBMs
(e.g., EGFRvIII) accumulate in the nucleus whereas LUAD-specific mutations such as EGFR L858R
do not [66–68]. Other studies have shown that the nuclear accumulation is independent of EGFR
inhibitors [65,69]. It is therefore possible that activation of mutation-specific and TKI-independent
pathways contribute to the lack of response to EGFR-TKIs. Which pathways are differentially
activated and whether (co-) targeting these pathways will ultimately benefit GBM patients remains to
be determined.

However, one argument against activation of mutation-specific pathway activation is the
observation that some mutations have been found in both tumor types. Yes, the type of mutations
vastly differs between LUAD and GBMs: exon 19 deletions or the EGFR L858R point mutations have
never been found in GBMs and EGFRvIII is not present in LUAD [18,20]. Sporadically however,
exon 20 mutations, though rare in LUAD, have also been found in GBM patients [18]. Indeed, in a
recent sequencing effort of ~200 GBM samples performed by our group, we identified two patients
with mutations near identical to those found in LUAD (p.H773_V774insAH and p.H773dup) (Figure 1).
Conversely, sporadic R108K, A289A/T and G598V mutations that are common in GBMs have been
identified in LUAD (Figure 1) [70–72]. This overlap in mutational spectrum, though rare, may suggest
that LUAD and GBMs are unlikely to activate mutation-specific pathways. However, since multiple
mutations accumulate in the EGFR gene in GBMs, other activating mutations may confer potential
mutation-specific effects.
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Figure 1. Mutations common to LUAD are sporadically identified in GBMs and vice versa. Each dot
reflects a single sample identified with the specific mutation. Domains of EGFR are highlighted in color.
PK: protein kinase; GF: growth factor; rec: receptor. The transmembrane is localized around amino
acids 622–644.

5. Lessons from LUAD: Not all LUAD Respond to EGFR-TKIs and Not All TKIs are Effective
in LUAD

Mutations that show response to EGFR-TKIs in LUAD have sporadically been identified in other
tumor types. In various tumors harboring ‘classical’ exon 19 deletions or the L858R point mutation,
EGFR-TKIs have shown clinical responses [73–75]. Such responses have also been documented for the
less common, but responsive, G719X mutations, also in different tumor types [76,77]. The fact that
sensitive mutations in LUAD appear also sensitive to TKIs in other tumor types indicates that response
to EGFR-TKIs is not specific to the type of tumor, but is specific for the mutation present. This can
have important consequences for GBM patients, as sporadic G719X mutations have been identified
(Figure 1) [72,78].

This mutation-specific response is also conversely observed in LUAD patients: while the most
common mutations in LUAD are sensitive to EGFR-TKIs, LUAD patients harboring exon 20 mutations
are largely insensitive [79,80]. This lack of responsiveness was also observed with these mutations in
various preclinical model systems [81,82]. Although rare, they comprise of ~3% of all EGFR mutations
in LUAD and are considered to be activating mutations. Interestingly, and despite the lack of a clinical
response, addition of TKIs does result in EGFR dephosphorylation in preclinical model systems [83,84].
The observation that not all EGFR-mutated LUAD respond to EGFR-TKIs indicate that response is
limited to a defined set of mutations only.

Apart from the mutation-specificity of the response, there also is evidence for drug-specificity:
although several EGFR-TKIs (erlotinib, gefitinib, afatinib, dacomitinib and osimertinib) have provided
clinical benefit to EGFR-mutated LUAD patients, a phase II study on lapatinib did not show any signs
of clinical activity [85]. This lack of clinical activity is surprising as lapatinib, similar to the other
listed TKIs, is a highly potent inhibitor of EGFR phosphorylation. Erlotinib and gefitinib were the first
to be developed and are both reversible inhibitors. Afatinib and dacomitinib are second generation
irreversible inhibitors and osimertinib is a third generation inhibitor that also inhibits EGFR containing
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the T790M resistance mutation. Although all inhibitors inhibit EGFR phosphorylation, each drug has
its own unique binding pocket, kinetics and properties (see e.g., [86]). Of note in this is that drugs
like erlotinib associate with the active conformation while lapatinib traps the protein in an inactive
conformation [87–89]. Perhaps this drug-specific conformational association underlies the marked
difference in treatment response.

Nevertheless, the lack of clinical activity to lapatinib indicates that response to EGFR-TKIs is
specific to the drug that was used. If so, response to inhibitors is a highly specific event, in which
only specific mutations (exon 19 deletions, L858R and G719X missense mutations), and in the context
of specific drugs only provide clinical benefit. The absence of either will result in clinical inactivity.
Importantly, this would mean a shift in research paradigms from understanding why certain tumors
do not respond to research into why only specific mutations do respond. Understanding why tumors
respond will then lead to better design of novel targeted treatments.

6. Conclusions

Only specific mutations in EGFR respond to treatment, and this response seems independent
of the type of tumor. Conversely, activating mutations with lack of clinical response to EGFR-TKIs,
such as those found in GBMs, also do not respond to treatment in LUAD patients. Treatment response
therefore is not tumor-type dependent, but mutation dependent. Moreover, only specific drugs seem
to provide clinical benefit, despite showing similar target inhibition. Response to inhibitors therefore
appears to be a highly specific event: only specific mutations in the context of specific drugs provide
clinical benefit. The absence of either will result in clinical inactivity. The specificity of response
warrants further investigation into its mechanisms as understanding why tumors respond will lead to
better design of novel targeted treatments.
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Abstract: In this perspective, we congratulate the international efforts to highlight critical challenges
in brain tumor research through a recent Consensus Statement. We also illustrate the importance of
developing more accurate and clinically relevant early translational in vitro brain tumor models—a
perspective given limited emphasis in the Consensus Statement, despite in vitro models being widely
used to prioritize candidate therapeutic strategies prior to in vivo studies and subsequent clinical
trials. We argue that successful translation of effective novel treatments into the clinic will require
investment into the development of more predictive early pre-clinical models. It is in the interest of
researchers, clinicians, and ultimately, patients that the most promising therapeutic candidates are
identified and translated toward use in the clinic. Highlighting the value of early pre-clinical brain
tumor models and debating how such models can be improved is of the utmost importance to the
neuro-oncology research community and cancer research more broadly.

Keywords: pre-clinical; research models; 3D models; brain tumors; cancer stem cells; glioblastoma;
DNA damage response (DDR)

1. Introduction

The recent Consensus Statement ‘Challenges to curing primary brain tumors [1]’, produced by a
Cancer Research UK convened panel of international experts, represents an important ‘call-to-arms’ to
the neuro-oncology research community and should be congratulated for highlighting areas worthy
of investment to improve patient outcomes. Agreement exists within the cancer research community
that more accurate genetically engineered mouse models (GEMMs) and orthotopic patient-derived
xenografts (PDXs), along with greater sharing of these resources, will help translate new treatments
into the clinic. However, it is important to consider that, in some contexts, these in vivo models may
only be as successful as the therapeutic strategies they are used to evaluate. Consequently, greater
emphasis should also be directed toward enhancing and validating early pre-clinical in vitro culture
systems used to model brain tumors.

2. The Value of Early Pre-Clinical Models in Brain Tumor Research

Using the example of targeting the DNA damage response (DDR) [2], effective future treatment
strategies may need to incorporate novel therapeutic combinations (such as combined PARP and
ATR inhibition with Olaparib and AZD6738, respectively) to overcome the extensive intra-tumoral
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heterogeneity brain tumors can exhibit, and functional redundancy governed by the interconnectedness
of many biological processes [3]. At least 19 novel drugs that target the DDR in cancer are currently
approved or in clinical trials [2]. Conservative estimates provide at least 147 potential two-drug or 939
three-drug DDR inhibitor combinations (excluding strategies that combine drugs of the same class).
In the quest to improve patient outcomes, all of these combinations may warrant evaluation, however,
testing every combination using rodent models would be impractical and potentially unethical.
Therefore, robust validation of biologically relevant in vitro models that are able to recapitulate
key disease features and predict clinical response may represent one of the most urgent and important
challenges facing our community.

3. A Need to Validate and Contrast In Vitro Models

Whilst organoids represent a promising 3D culture system highlighted in the Consensus Statement,
other clinically relevant 3D co-culture systems do exist [4,5], and the relative value of each to
prospectively determine which therapies extend survival for brain tumor patients in Phase III clinical
trials remains unclear. Furthermore, the Consensus Statement alludes to the blood–brain barrier (BBB)
representing a key obstacle to the efficient delivery of chemotherapy and novel therapeutics to brain
tumors [1]. In recent years, numerous advances in modeling the BBB have been made including
microfluidic ‘BBB on a chip’ systems [6] and multi-cellular BBB spheroids, based on non-adherent
co-culture of human astrocytes, pericytes, and brain endothelial cells [7]. Refining the ability of
in vitro models such as these to reproduce in vivo selectivity of both the BBB and blood-tumor barrier
remains critically important to accurately predict the ability of novel therapeutics to reach brain tumors.
Increasingly, the ‘gold-standard’ assessment of each should perhaps be based on the ability to predict
tumoral or peri-tumoral drug concentrations and intended target effects in Phase 0 clinical trials, rather
than animal studies. To prioritize novel therapies for the future, many researchers would benefit
from the clear validation of which in vitro BBB models best predict drug delivery in human subjects.
Greater investment in these areas is crucial to avoid the loss of talent within the research community
and ensure candidate therapies with the greatest likelihood of success are selected for in vivo studies
and subsequent clinical trials.

4. Toward Early Translational Models of Post-Surgical Disease

Additionally, worthy of consideration are the neurosurgical features of deriving human brain
tumor cells used in the majority of pre-clinical models, whether in vitro (2D, 3D, and organoid culture
systems) or in vivo (PDXs). Generally, these cells come from the resected tumor taken out at surgery,
even though the infiltrative residual cells left inside patients after surgery are responsible for disease
progression. For example, considering glioblastoma, which is characterized by extensive spatial and
temporal heterogeneity [8,9], it should not be assumed that the more invasive cells left behind after
surgery respond to treatment in an identical fashion to those cells that are removed. Consequently,
greater emphasis should be placed on the incorporation of typical residual cells into patient-derived
pre-clinical models. Our group and others are currently working on such models of clinically relevant
post-surgical residual disease, which we envisage will be valuable to the research community and help
prioritize the most promising novel therapies in the context of current multi-modal treatment.

5. Conclusions

Highlighting the value of early pre-clinical brain tumor models and debating how such models
can be improved is essential to enable the identification and translation of novel treatment strategies
that are most likely to be successful in clinical trials for patients with brain tumors. In cancer research,
developing more clinically relevant in vitro models to better prioritize novel therapies worthy of
further investigation is critical. The translational ‘pipeline’ may only ever be as successful as those
treatments which enter it.
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