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Rochelle C. J. D’Souza, Carolin Offenhäuser, Jasmin Straube, Ulrich Baumgartner, Anja
Kordowski and Yuchen Li et al.
Q-Cell Glioblastoma Resource: Proteomics Analysis Reveals Unique Cell-States Are Maintained
in 3D Culture
Reprinted from: Cells 2020, 9, 267, https://doi.org/10.3390/cells9020267 . . . . . . . . . . . . . . 280

Esperanza R. Matarredona and Angel M. Pastor
Extracellular Vesicle-Mediated Communication between the Glioblastoma and
Its Microenvironment
Reprinted from: Cells 2019, 9, 96, https://doi.org/10.3390/cells9010096 . . . . . . . . . . . . . . . 295

Sihana Ziberi, Mariachiara Zuccarini, Marzia Carluccio, Patricia Giuliani, Lucia Ricci-Vitiani
and Roberto Pallini et al.
Upregulation of Epithelial-To-Mesenchymal Transition Markers and P2X7 Receptors Is
Associated to Increased Invasiveness Caused by P2X7 Receptor Stimulation in Human
Glioblastoma Stem Cells
Reprinted from: Cells 2019, 9, 85, https://doi.org/10.3390/cells9010085 . . . . . . . . . . . . . . . 308

Paulina Vaitkiene, Ruta Urbanaviciute, Povilas Grigas, Giedrius Steponaitis, Arimantas
Tamasauskas and Daina Skiriutė
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Preface

Glioblastoma is the most malignant brain tumor. It has a survival of 12 to 15 months, despite all

the therapeutic attempts that have been made in recent years. It is important to better understand

the genetics and epigenetics of this tumor, which is highly heterogeneous at the cellular and

molecular levels, highlighting four molecular types (proneural, classic, neural, and mesenchymal).

Glioblastoma is also divided into those that have IDH mutations and those that do not, with the

former having a better prognosis and generally corresponding to what has been called secondary

glioblastomas in previous WHO classifications. Resistance to chemotherapy and radiotherapy, brain

tumor stem cells, energy metabolism, epithelial-to-mesenchymal transition, immunotherapy, and

reactive oxygen species phenotypes are discussed, referring to this deadly tumor.

Furthermore, in the near future, we must better characterize the brain tumor stem cells that

initiate and maintain the tumor since they are resistant to chemotherapy and radiotherapy. New

advances in glioblastoma can also elucidate oncolytic viruses, mesenchymal stem cells that carry

and deliver genes and molecules to tumor cells, experiments with organoids, and even artificial

intelligence that could have a great impact on clinical specialties such as pathology and radiology.

Javier S. Castresana and Bárbara Meléndez

Guest Editors
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Glioblastoma is the most malignant primary brain tumor. The therapeutic approach
consisting of temozolomide, surgery and radiotherapy has not achieved any sufficient ther-
apeutic improvement in recent years. Hence, it is urgent that we find cell therapies and/or
molecular targets that, together with improvements in radiotherapy and chemotherapy,
may benefit patients suffering from this devastating tumor. In this Special Issue of Cells,
entitled “Molecular and Cellular Mechanisms of Cancers: Glioblastoma”, 20 articles on
glioblastoma have been published (14 original articles and 6 reviews). Here, we will present
a summary of the most relevant results presented in this issue, which undoubtedly have
an impact at the level of a better understanding of the cellular and molecular biology of
glioblastoma, as well as of possible new therapeutic targets to combat it.

The six reviews touch on interesting topics, such as immunotherapy [1,2], extracellular
vesicles [3], energy metabolism [4], translational machinery [5] and the Hippo signaling
pathway [6] in glioblastoma.

Immunotherapy is a growing field for the treatment of cancer and, in particular, for
glioblastoma patients [1,2]. However, the identification of the patients that can benefit
from immunotherapy treatments, as well as the type of immunotherapeutic approach to be
used, still need to be improved for successful and effective treatments. Majc et al. [2] point
to the possible causes of resistance to immunotherapy: intracranial location, inter- and
intra-tumor heterogeneity or the immunosuppressive tumor microenvironment, among
others. Adhikaree et al. [1] also point to PD-L1 expression levels, tumor mutations and T-
cell immunosuppression as additional causes. The variety of immunotherapeutic strategies
that have been applied in glioblastoma treatment are nicely described, together with
advanced in vitro (cancer stem cells, organotypic tissue slices, organoids) and animal
tumor models [2].

Adhikaree et al. [1] focus their review on the immune checkpoint PD-1/PD-L1 path-
way. The use of PD-1/PD-L1 blockade antibodies in combination with chemotherapy and
radiotherapy, or as a monotherapy, has been shown to be inefficient in glioblastoma. A
better understanding of the barriers to immunotherapy and the mechanisms of immune
resistance may help us to design future strategies for immune-related therapies.

Matarredona et al. [3] have reviewed the influence of extracellular vesicles derived
from glioblastoma cells on the tumor microenvironment, as well as the possibility that such
vesicles may serve as diagnostic markers of glioblastoma, and may also help the stratifi-
cation of molecular subtypes of this tumor and the study of resistance to chemotherapy
and radiotherapy. The extracellular vesicles are not only produced by the tumor, but also
by the peritumoral cells that launch the vesicles at the tumor itself, possibly increasing
its tumorigenicity.

Van Noorden et al. [4] review the production of energy and reactive oxygen species
(ROS) in glioblastoma cells, making a clear difference between how the most differentiated
tumor cells and cancer stem cells obtain energy. Differentiated glioblastoma cells mainly
use aerobic glycolysis for ATP production without ROS production, whereas glioblastoma
stem cells use oxidative phosphorylation for ATP and modest ROS production, due to the

Cells 2021, 10, 1456. https://doi.org/10.3390/cells10061456 https://www.mdpi.com/journal/cells1



Cells 2021, 10, 1456

hypoxia and quiescence of cancer stem cells. However, in IDH1-mutated glioblastomas, all
cells of the tumor use oxidative phosphorylation for ATP and ROS production. Among
the possibilities to treat these tumors, we might have a systemic therapeutic inhibition of
oxidative phosphorylation, but the anti-cancer effects of ROS production in healthy cells
would be inhibited as well. The authors finally suggest removing cancer stem cells out of
their hypoxic niches to enable their differentiation and thus increase their sensitivity to
radiotherapy and chemotherapy.

Targeting the translational machinery is becoming a new field of research in cancer
biology. Digregorio et al. [5] describe cap-dependent and cap-independent translation
initiation mechanisms, and indicate some of the targets, e.g., members of the eIF3 family
or 4E-BP1, that, if knocked down, could favor the inhibition of the two forms of transla-
tion control.

Finally, Masliantsev et al. [6] review the Hippo pathway in glioblastoma. This control
pathway prevents the passage to the nucleus of some gene transcription factors that partic-
ipate in the control of cell proliferation, survival and maintenance of the stem phenotype.
Therefore, Hippo, as a whole, behaves as a tumor suppression pathway. Hippo knockdown
would make it possible for cells to dedifferentiate to pluripotent cells, and would induce
cell death inhibition, therefore creating the tumor-prone subpopulations of cells.

Among the 14 articles, different important issues related to glioblastomas are stud-
ied, such as resistance to treatment [7–10], cancer stem cells [7,8,11], metabolism [8,12],
epithelial-to-mesenchymal transition (EMT) [11,13] and ROS [9,12,14].

Cristofaro et al. [7] demonstrated the possibility of inhibiting cell cycle progression
and survival in glioma stem cells via the activation of M2 muscarinic receptors, which
leads to the inhibition of Notch1 and EGFR expression.

Glioblastoma is a heterogeneous tumor, not only at the cellular and molecular levels,
but also at the metabolic level. The possibility of treating this tumor based on phenotypic
metabolic differences is increasingly being considered [8], with the hope that by inhibit-
ing metabolic pathways, not only can tumor cells be killed, but they can also be made
vulnerable to chemotherapy clinical treatments.

Lo Dico et al. [9] investigated the possible relationship between fluctuations in mito-
chondrial ROS release to cytoplasm, chaperone-mediated autophagy (CMA) and cytotoxic
effects in temozolomide-sensitive and temozolomide-resistant glioblastoma cells.

Su et al. [10] presented the interrelation between an lncRNA (BC200) and an miRNA
(miR-218-5p) in glioblastoma, as two molecular agents linked to tumor malignancy and to
temozolomide resistance. Thus, the lncRNA is over-expressed, while the miRNA shows a
decreased expression in glioblastoma, which means that BC200 would act as an oncogenic
factor, while miR-218-5p would behave as a tumor suppressor miRNA. Additionally, BC200
would act as a sponge for miR-218-5p.

Glioblastoma stem cells express high levels of ATP/P2X7 receptors (P2X7R).
Ziberi et al. [11] reported that agonists of P2X7R would induce an oncogenic response
to cells, with the upregulation of EMT marker expression, and increased cell migration
and invasiveness.

Karatsai et al. [12] treated arginine-deprived glioblastoma cells with the arginine
analogue canavanine, and detected increased apoptotic cell death only in tumor cells,
opening the door to metabolic therapy against glioblastoma.

Hernández-Vega et al. [13] determined that 17β-estradiol, through ER-α, induces EMT
by the upregulation of vimentin and N-cadherin expression, and increases migration and
invasion in glioblastoma cells.

It is important to have glioblastoma models that allow us to perform reproducible
and high-quality studies on glioblastoma biology and treatment. The open access Q-Cell
glioblastoma claims to do so. D’Souza et al. [14] made a proteomic analysis of the QCell
model and found that the molecular status of the cell lines studied associates with the
previously determined transcriptome analysis. This makes it possible to clearly divide
cells such as mesenchymal-like or neuronal-like glioblastoma cells, which is undoubtedly
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important for choosing optimal models of glioblastoma prior to any in vitro research in
this tumor.

Vaitkiene et al. [15] made a proteomic analysis of 10 proteins in blood serum from
preoperative glioblastoma patients, revealing that the low levels of two of them, osteopontin
and IP10, were associated with increased glioblastoma patient survival.

In the present era of biomedical research, experiments using co-cultures and organoid
models are very interesting for the evaluation of nanotherapeutics at the experimental level.
By combining reconstituted 3D models of glioblastoma (tumoroids) with cerebral organoids
and by modulating the activity of microglia with dendritic polyglycerol sulfate (dPGS),
Zhang et al. [16] demonstrated that dPGS-treated microglia reduced tumoroid invasiveness.
This study proposes the evaluation of well-defined nanostructures in well-characterized
human organoids and co-cultures.

Deletions on the 5′-methylthioadenosine phosphorylase (MTAP) gene have been
detected in several tumors, although the role of this gene in carcinogenesis is not clear yet.
Menezes et al. [17] demonstrated MTAP loss of expression as a frequent genetic event in
glioblastoma, but MTAP expression was not associated with survival, which downplays
this gene as a potential tumor suppressor gene candidate.

Navarro et al. [18] showed that EGFRvIII mutation and ADD3 loss were bad prog-
nostic markers in a series of glioblastomas studied by multiplex ligation-dependent probe
amplification. From this result, we might understand the absence of effect of the inhibitors
of receptor tyrosine kinases in those glioblastomas that do not present EGFR mutations.

Alves et al. [19] demonstrated that the WNK2 gene, a known glioma suppressor gene,
negatively regulates the migration and invasion of glioblastoma cells and inhibits their
autophagic flux.

Lastly, Fellinger et al. [20] presented results on the accumulation of Hsp70 in the
membrane of glioblastoma cells after high irradiation doses. Hsp70 can be found overex-
pressed in the plasma membrane or in the cytosol of tumor cells, including glioblastoma.
Depending on its location in the cell, Hsp70 can promote cell growth (cytosolic location)
or serve as a target for NK cells (tumor cell membrane location). The localization of this
protein in tumor cell membranes and the consequent activation of NK cells suggests the
combination of high-dose radiotherapy with immunotherapy treatments.

In summary, this Special Issue presents 20 articles that help us to better understand
the biology of glioblastoma and some possible ways to improve its treatment. Resistance to
chemotherapy and radiotherapy, cancer stem cells, energy metabolism, EMT, immunother-
apy and ROS are discussed, referring to this deadly tumor.

Funding: This project was funded by a grant from the Fundación Universidad de Navarra, Pam-
plona, Spain.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Cancer is a redox disease. Low levels of reactive oxygen species (ROS) are beneficial for
cells and have anti-cancer effects. ROS are produced in the mitochondria during ATP production by
oxidative phosphorylation (OXPHOS). In the present review, we describe ATP production in primary
brain tumors, glioblastoma, in relation to ROS production. Differentiated glioblastoma cells mainly
use glycolysis for ATP production (aerobic glycolysis) without ROS production, whereas glioblastoma
stem cells (GSCs) in hypoxic periarteriolar niches use OXPHOS for ATP and ROS production, which
is modest because of the hypoxia and quiescence of GSCs. In a significant proportion of glioblastoma,
isocitrate dehydrogenase 1 (IDH1) is mutated, causing metabolic rewiring, and all cancer cells use
OXPHOS for ATP and ROS production. Systemic therapeutic inhibition of glycolysis is not an
option as clinical trials have shown ineffectiveness or unwanted side effects. We argue that systemic
therapeutic inhibition of OXPHOS is not an option either because the anti-cancer effects of ROS
production in healthy cells is inhibited as well. Therefore, we advocate to remove GSCs out of their
hypoxic niches by the inhibition of their binding to niches to enable their differentiation and thus
increase their sensitivity to radiotherapy and/or chemotherapy.

Keywords: glioblastoma stem cells; IDH1-mutation; energy metabolism

1. Introduction

James Watson postulated in 2014 that physical activity prevents diseases such as
diabetes, dementia, cardiovascular disease, and some types of cancer [1]. Generation of low
levels of reactive oxygen species (ROS) during physical activity induce redox potentials
that are needed to correctly fold proteins in the endoplasmic reticulum. Therefore, Watson
named these diseases redox diseases [1]. We took this hypothesis further with respect to
cancer by postulating that this mechanism explains the considerable evidence that physical
activity may not only reduce the risk of cancer [2,3], but also prolong the survival of cancer
patients, delay the recurrence of cancer [2,4] and improve the quality of life of cancer
patients [5].

Proliferating differentiated cancer cells predominantly use glucose in cytoplasmic
glycolysis instead of mitochondrial respiration for ATP production, independently of
the presence of oxygen (the so-called Warburg effect, Figure 1) [6]. In the past, it was
assumed that the Warburg effect occurred because of defective mitochondria in cancer
cells, but this is not the case. Proliferating cancer cells preferentially use aerobic glycolysis
because besides ATP production, glycolysis enables the synthesis of two elements that
are needed by proliferating cells: carbohydrate building blocks and a reduction in the
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power required for biosynthetic reactions, i.e., NADPH [6–8]. ROS shortages may be
caused by several mechanisms in proliferating cells. First, the Warburg effect has a negative
impact on ROS production, resulting in ROS shortages. ROS are mainly produced during
oxidative phosphorylation (OXPHOS) in mitochondria from 0.1–2% of the electrons that
escape from the electron transport chain (Figure 1) [9], whereas ATP is mainly generated
in the cytoplasmic glycolysis in proliferating cancer cells. Second, NADPH is produced
in excess and is not only used for reductive biosynthetic reactions, but also facilitates
the antioxidant activity of reduced glutathione [6,7] and detoxifying enzymes [10]. ROS
production is elevated during physical activity and that may compensate, resulting in
anti-cancer effects. The nuclear factor erythroid 2-related factor 2 (Nrf2) is an important
regulator of ROS levels in cells [11]. Nrf2 is activated by ROS and it is degraded by
proteasomes after ubiquitinization when ROS levels are low. When Nrf2 is activated, it
induces the expression of antioxidant defense systems, including those in the endoplasmic
reticulum and in stem cells, such as hematopoietic stem cells in the bone marrow [11].

Figure 1. Scheme of cellular energy metabolism (ATP production) in the cytoplasm (glycolysis, green) and in mitochondria
oxidative phosphorylation (OXPHOS) via the electron transport chain (ETC, grey) with the use of oxygen (blue). Substrate
for glycolysis is (extracellular) glucose and for OXPHOS pyruvate (from the cytoplasm, green), or (extracellular) fatty acids
(black), or (extracellular) glutamine and/or glutamate (red).

Besides the rapidly proliferating differentiated cancer cells, tumors also contain a small
fraction of undifferentiated cancer stem cells (CSCs) with tumor-initiating and self-renewal
properties. CSCs reside in specific hypoxic microenvironments, or niches, where CSCs are
maintained in a slowly dividing quiescent state. Quiescence of CSCs protects them from
the cytotoxic effects of chemotherapy and radiotherapy, as these therapeutic strategies only
target proliferating cells. CSC protection in niches results in tumor recurrence in cancer
patients [12–16].
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It has become generally accepted that more differentiated (i.e., non-CSC) proliferating
cancer cells preferentially use aerobic glycolysis for their ATP production, whereas CSCs
preferentially use OXPHOS [12–22]. Similar to healthy cells, CSCs benefit from low levels
of ROS, but not excess levels of ROS, which are toxic [23,24]. This is corroborated by the
fact that CSCs need hypoxic conditions to control their stem cell fate [15], and the low
oxygen levels in the hypoxic niches limit, but certainly do not eliminate, the production of
ATP and ROS [14,19]. A similar phenomenon occurs in hematopoietic stem cells in their
bone marrow niches [25,26].

On the basis of these facts, a ROS-related riddle becomes apparent. On the one hand,
the low levels of ROS that are generated in the context of physical exercise facilitate healthy
cells to correctly fold proteins in the endoplasmic reticulum, and thus low ROS levels
are beneficial to the human body. On the other hand, it has been postulated that CSCs
use mitochondrial respiration for ATP production because low levels of ROS aid CSCs in
maintaining their stem cell state [23,24]. How can we solve this riddle from a therapeutical
point of view and eradicate CSCs in their protective niches and at the same time allow
healthy cells in the bodies of patients to produce low levels of ROS? In the present review,
we aim to solve this riddle for glioblastoma patients.

In glioblastoma brain tumors, glioblastoma stem cells (GSCs) are protected in their
hypoxic peri-arteriolar GSC niches (Figure 2) in a similar way to how healthy HSCs and
leukemic stem cells (LSCs) are protected in hypoxic peri-arteriolar niches in the bone
marrow [25–28]. In addition, there are similarities between GSCs in hypoxic peri-arteriolar
GSC niches and neural stem cells (NSCs) in the hypoxic subventricular zone (SVZ) and
subgranular zone (SGZ) [16,29,30]. GSCs are non-dividing or slowly dividing and, in that
quiescent state, have a modest metabolism. GSCs are held responsible for the recurrence
of glioblastoma after treatment (surgery, radiotherapy, and temozolomide chemotherapy).
Survival of glioblastoma patients is on average 15 months, but recently it was reported that
survival of the fittest patient population can be prolonged to 20 months by the application of
magnetic tumor-treating fields (TTF) [31]. The canonical molecular anti-cancer mechanism
of TTF is that this novel modality disrupts mitosis by interference with heterotrimer
septin complexes and α/β-tubulin at the metaphase–anaphase transition in the cell cycle
causing mitotic catastrophe [32,33]. In addition, interference with energy metabolism seems
plausible because the production of pyruvate, the end-product of glycolysis and a critical
fuel for mitochondrial respiration, is reduced when TTF are applied [34].

Figure 2. Microscopic images of cryostat sections (8 µm thick) of patient glioblastoma tumor tissue stained with hematoxylin–
eosin (HE, (A)) and Giemsa combined with immunohistochemical detection of the stem cell biomarker CD133 (arrows, red)
showing glioblastoma stem cells (GSCs) in their protective hypoxic peri-arteriolar niche (B). Both in (A) and (B), a cross
section of an arteriole is shown with the lumen (l), the tunica media containing smooth muscle (m), the tunica adventitia
containing stroma (a) and surrounded by a thin layer of GSCs adjacent to the tunica adventitia in (B) and then differentiated
glioblastoma cells (GBM). Bars: (A), 100 µm and (B), 50 µm. Reprinted with permission [24].

In order to solve the ROS-related riddle for glioblastoma patients, we compare the
energy metabolism in differentiated glioblastoma cells versus that in GSCs, in the presence
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or absence of the canonical heterozygous isocitrate dehydrogenase 1 mutation (IDH1mt).
First, we review the present state of affairs with respect to energy metabolism in differenti-
ated glioblastoma cells that are IDH1 wild-type (IDH1wt) or IDH1mt. Second, we discuss
possibilities to differentially target therapeutically the energy metabolism of IDH1wt and
IDH1mt GSCs in primary and secondary glioblastoma, respectively.

IDH1 is a metabolic enzyme in the cytoplasm, endoplasmic reticulum, and peroxi-
somes and the mutation causes a neo-enzymatic activity [10,35,36]. The consequences of
this altered activity in differentiated glioblastoma cells are relatively well understood [10],
but the consequences of the IDH1mt for GSCs are unknown, despite the fact that GSCs are
considered to be the prime target for therapy to prevent the recurrence of glioblastoma after
therapy [10,16,25,26] and energy metabolism is considered to be an attractive therapeutic
target in cancer [37]. Therefore, it is crucial to determine whether quiescent GSCs can be
effectively and specifically treated therapeutically with metabolic stressors or inhibitors
affecting the energy metabolism in mitochondria. Inhibitors of mitochondrial metabolism
for the therapeutic targeting of CSCs have been reviewed recently [12,13,17,18,20,38,39].
It has to be stressed here that the inhibition of aerobic glycolysis, which is a hallmark
of cancer [37], in differentiated proliferating glioblastoma cells is not an option for treat-
ing glioblastoma patients because clinical trials have thus far shown that potential drugs
targeting glycolysis are either not well tolerated or had no clinical efficacy [18,38,40,41].

2. Energy Metabolism of IDH1wt versus IDH1mt Differentiated Glioblastoma Cells

A striking example of metabolic flexibility in gliomagenesis is the metabolic rewiring
in IDH1mt glioblastoma compared to IDH1wt glioblastoma [42]. The IDH1 mutation occurs
at a hot spot of the IDH1 gene and is the main driver of IDH1mt glioblastoma that make
up 5% of all glioblastoma tumors [10]. IDH1wt converts isocitrate and NADP+ into α-
ketoglutarate (α-KG) and NADPH, whereas IDH1mt converts α-KG and NADPH into the
oncometabolite D-2-hydroxyglutarate (D-2-HG) and NADP+ (Figure 3). The IDH1 enzyme
functions as a dimer of two IDH1 proteins and only one of the two proteins is mutated,
since a dimer of two mutated proteins is nearly completely inactive and may not confer a
survival advantage to the glioma cell [43]. Thus, the IDH1wt protein of the dimer produces
α-KG and NADPH which are subsequently consumed by the IDH1mt protein of the dimer
(Figure 3) [10].

Because the capacity to metabolize D-2-HG is low, mainly by D-2-HG dehydroge-
nase, D-2-HG accumulates in the cells and intracellular concentrations up to 30 mM have
been reported [10,44]. The accumulation of D-2-HG and concomitant depletion of α-KG
and NADPH cause a plethora of alterations in cells, affecting metabolism, DNA repair,
redox state, epigenetics, phospholipid composition, and epigenetics, ultimately leading
to gliomagenesis and the development of glioblastoma [10,45]. Moreover, it was reported
recently that IDH1mt increases the stiffness of the cytoskeleton which reduces the in-
vasive behavior of IDH1mt glioblastoma cells [46] which may well be associated with
their reduced glycolytic activity (see below). This finding is in line with the mechanical
regulation of glycolysis by the cytoskeleton as a response to the composition of the ex-
tracellular environment, whereas cancer cells shut down this mechanical regulation and
keep glycolytic activity high [47]. A tenascin-c-enriched extracellular matrix in IDH1mt
glioblastoma enhances its stiffness, thus reducing glioblastoma aggression [48]. However,
it should be stressed here that IDH1mt glioblastoma cells are extremely difficult to grow
in vitro, and thus cells overexpressing IDH1mt are used that do not reflect the activity
of naturally occurring IDH1mt cancer cells, especially because the 1:1 stoichiometry of
heterodimers of wild-type and mutated IDH1 enzymes cannot be reliably replicated with
overexpression systems.

For the synthesis of ATP, a thorough metabolic rewiring occurs in IDH1mt cells, lead-
ing to a vast increase in the number of mitochondria as was shown in oligodendroglioma
cells [49]. IDH1wt glioblastoma cells mainly use glycolysis as a classical Warburg pheno-
type that produces lactate [50,51], whereas IDH1mt secondary glioblastoma use OXPHOS
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for the generation of ATP using pyruvate and glutamate, which has been determined at
the gene expression, protein, and metabolite levels [42,45,52–55].

Figure 3. Cartoon of isocitrate dehydrogenase 1 (IDH1) wild-type cells (blue) and IDH1-mutated cells (pink) showing the
functional IDH1 dimer of 2 wild-type alleles and of one wild-type allele and one mutated allele. The wild-type dimer
produces α-ketoglutarate and NADPH and the heterozygous mutated dimer produces d-2-hydroxyglutarate (D-2-HG) and
NADP+. Reactive oxygen species (ROS) levels are in a steady state more or less similar in both cancer cells (A), whereas
ROS levels accumulate in the IDH1-mutated cell due to irradiation because of reduced NADPH production, unlike in the
wild-type cancer cell (B).

Metabolic rewiring as occurs in IDH1mt glioblastoma has also been described as
occurring in 3% of glioblastoma patients with fibroblast growth factor receptor 3 (FGFR3)–
transforming acidic coiled-coil-containing protein 3 (TACC3) gene fusions [56].

IDH1mt is associated with a prolonged survival of glioblastoma patients of approx.
2 years compared to primary glioblastoma [35,36,46]. This is at least partially caused by
the increased oxidation of NADPH via IDH1mt which renders the affected glioblastoma
cells more vulnerable to ROS induced by irradiation and chemotherapy (Figure 3) [46].
NADPH is the major intracellular reducing power to reduce glutathione, thioredoxin,
catalase tetramers, and cytochrome P450, all of which are involved in detoxification pro-
cesses, including those of ROS [7,10] which glioblastoma cells need to survive irradiation
and chemotherapy.

In human brain tissue and glioblastoma tumors, IDH1 is the major provider of
NADPH [36]. This is not the case in rodents (Figure 4), and IDH1mt does not increase the
survival of acute myeloid leukemia patients because glucose-6-phosphate dehydrogenase
(G6PD) is the major provider of NADPH in white blood cells rather than IDH1 [57,58].
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However, prolonged survival of IDH1mt glioblastoma patients may not only depend on the
insufficient availability of NADPH to detoxify ROS during radiotherapy and chemotherapy
because IDH1mt-transduced astrocytes and glioma cells have been found to retain stable
NADPH levels by replenishing NADP+ and NADPH levels via the synthesis of NADP+

from NAD+ by NAD kinase, thus suggesting additional mechanisms of IDH1mt-associated
vulnerability to therapy [59]. Gelman et al. reported that in IDH1mt-transduced human
fetal astrocytes, NADPH production by G6PD is increased for D-2-HG synthesis [60]. How-
ever, we did not find elevated G6PD activity in IDH1mt versus IDH1wt glioblastoma tumor
samples of patients [36].

Figure 4. Serial cryostat sections (8 µm thick) of rat brain (RB) containing a patient-derived glioblastoma tumor (GBM)
stained with hematoxylin–eosin (HE), and stained with metabolic mapping for isocitrate dehydrogenase (IDH) activity
and glucose-6-phosphate dehydrogenase (G6PDH) activity. G6PDH activity is more or less similar in rat brain and human
tumor tissue, whereas IDH activity is manifold stronger in human glioblastoma tissue than in rat brain. Bars, 100 µm.
Reprinted with permission [50].

Phase 1B/II clinical trials are ongoing at present to investigate whether the treatment
of IDH1mt glioblastoma and other cancer types with the IDH1mt gene can be optimized by
interfering with the mitochondrial ATP production. For this purpose, patients are treated
with the anti-diabetic and FDA-approved drug metformin in combination with the anti-
malaria and FDA-approved drug chloroquine [61]. Metformin and its lipophilic analogue
phenformin, which may reach higher concentrations in the mitochondria of cancer cells,
inhibit complex I of the electron transport chain of OXPHOS, whereas α-KG production
from glutamine and glutamate by glutamate dehydrogenase is inhibited by metformin,
phenformin, and chloroquine (Figure 5) [10,61].

In conclusion, differentiated IDH1wt glioblastoma cells depend on aerobic glycolysis
for ATP production, whereas differentiated IDH1mt glioblastoma cells import pyruvate
and glutamate into mitochondria [42] to fuel OXPHOS for ATP production.
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Figure 5. Scheme of cellular energy metabolism (ATP production) and the inhibitory actions of metformin and chloroquine.
Reprinted with permission [54].

3. Energy Metabolism in IDH1wt GSCs

The energy metabolism of IDH1wt GSCs has not yet been very well studied. However,
the general consensus is that GSCs are metabolically flexible but mainly use OXPHOS
for the generation of ATP, whereas differentiated IDH1wt glioblastoma cells use aerobic
glycolysis [51,62,63].

In recent years, a number of proteins has been described that regulate OXPHOS
activity in GSCs and may become alternative targets for therapy to shut down OXPHOS in
IDH1wt GSCs (Table 1). When interpreting these results, it is important to note that Duraj
et al. recently reported that GSCs cultured in the absence of serum show heterogeneous
energy metabolism and variable responses to inhibitors of cellular metabolism [64].

First, translocator protein (TSPO) is involved in OXPHOS in GSCs. TSPO is a trans-
membrane protein in the outer mitochondrial membrane and facilitates cholesterol trans-
port across the mitochondrial intermembrane space [65]. In the brain, it is mainly expressed
in glial cells [65]. It is also highly expressed in glioma [66]. In human GSCs, the loss
of TSPO resulted in a shift from OXPHOS towards glycolysis with an increased glucose
uptake and lactate production. Moreover, mitochondria were found to be fragmented
after the loss of TSPO, whereas tumor growth intracranially in mice was increased [66].
Therefore, TSPO seems essential for the maintenance of GSCs and thus a promising protein
to be targeted therapeutically.

Second, insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2 or IMP2)
is functional during embryonal development, it is linked with susceptibility to type 2
diabetes and participates in the maintenance of CSCs [67]. Janiszewska et al. [68] reported
that OXPHOS is maintained in GSCs by IGF2BP2 that delivers electron transport chain
subunit-encoding mRNAs to mitochondria and contributes to complex I and IV assembly.
Therefore, IGF2BP2 is another interesting protein to be targeted therapeutically.

Third, glycerol-3-phosphate is a substrate for glycerol synthesis. Glycerol-3-phosphate
dehydrogenase I (GPDI) is expressed upon osmotic stress. It is expressed by GSCs but not
by NSCs and may well be linked with edema formation in glioblastoma [69]. GSCs express
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GPDI in relation to their quiescence. An interesting association was made between GSC
quiescence and elevated glycerol levels in dormant insects during their development, and
in hibernating mammals [69]. It is suggested that GPDI is an attractive therapeutic target to
treat glioblastoma as GSC quiescence is inhibited, resulting in increased therapy sensitivity.

Fourth, oncostatin M is a cytokine of the interleukin-6 (IL-6) subfamily and is expressed
in the brain by various cell types (neurons, astrocytes, and microglia). It is involved in
immunosurveillance in the brain [70]. Its receptor is expressed by GSCs in mitochondria
and interacts with complex I to promote OXPHOS. Deletion of the oncostatin M receptor
reduces OXPHOS, increases ROS levels, and sensitizes GSCs to irradiation [71]. IL-6
itself induces CD133 expression via the transfer of STAT3 into the nucleus in hypoxic
conditions [72].

Table 1. Proteins that are involved in oxidative phosphorylation (OXPHOS) in glioblastoma stem cells (GSCs) as potential
selective therapeutic targets.

Protein Function Reference

Translocator protein (TSPO) Mitochondrial transmembrane cholesterol transporter [66]
Insulin-like growth factor 2 mRNA-binding protein 2

(IGF2BP2) Delivering of mRNAs to mitochondria [68]

Glycerol-3-phosphate dehydrogenase I (GPDI) Prevention of osmotic stress [69]
Oncostatin M Cytokine in immunosurveillance [71]

Various inhibitors of OXPHOS activity of GSCs have been described as well [12,13,17,
18,20,63,73] (Table 2).

First, metformin and phenformin are inhibitors of OXPHOS as described above and
in Figure 5, and metformin is being tested in clinical trials in patients with cancers with
IDH1mt [61]. Nuclear magnetic resonance-based metabolomic analysis showed anti-cancer
effects of metformin treatment [74].

Table 2. Inhibitors of oxidative phosphorylation (OXPHOS) to selectively target glioblastoma stem
cells (GSCs).

Inhibitor FDA-Approved? Indication Reference

Atovaquone Approved
Pneumocystis jiroveci

pneumonia treatment,
malaria prophylaxis

[75]

Mito-Lonidamine (Mito-LND) Not approved N/A [41]

Metformin Approved Type 2 diabetes
mellitus [61]

Phenformin Not approved N/A [61]
Verteporfin Approved Macular degeneration [76]

Second, Mudassar et al. [75] reviewed the role of hypoxia in combination with OX-
PHOS and resistance of GSCs to irradiation. Their focus was to inhibit OXPHOS to increase
the low oxygen levels in hypoxic GSC niches to sensitize GSCs to irradiation. Repurposing
of the anti-parasitic drugs atovaquone, ivermectin, proguanil, mefloquine, and quinacrine
that inhibit OXPHOS in various ways was their approach to reduce hypoxia in GSC niches
and render GSCs more vulnerable to radiotherapy and chemotherapy.

Third, lonidamine (LND) is an anti-glycolytic drug with limited clinical effects in
cancer patients [13,38,40,41]. However, LND in a mitochondria-targeting form (Mito-LND)
appears to be a selective OXPHOS inhibitor with very low toxicity in mice [41]. These
characteristics of Mito-LND makes it an attractive candidate to target CSCs in general and
GSCs and IDH1mt glioblastoma in particular, as they primarily depend on OXPHOS.

Fourth, verteporfin inhibits OXPHOS at complexes III and IV of the electron transport
chain very efficiently (IC50 = 200 nM) [76]. It is specifically cytotoxic against GSCs and not
to differentiated glioblastoma cells or normal cells.
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Fifth, the effects of a ketogenic diet on patient-derived GSCs were studied in vitro
by incubation of GSCs in media containing β-hydroxybutyrate and restricted glucose
levels that mimic the clinical effects of such a diet. It was found that ROS levels were
increased in GSCs and apoptosis was induced, whereas ROS scavengers annihilated these
effects [77]. However, an unrestricted ketogenic diet did not reduce tumor growth in vivo
in various glioblastoma mouse models, whereas the inhibition of fatty acid oxidation by
etomoxir reduced glioblastoma growth in the same mouse models [50]. It appeared that
etomoxir prolonged the survival of mice whereas the ketogenic diet did not affect survival
or even reduce the survival of the mice. IDH1wt and IDH1mt glioblastoma cells were not
differently affected by etomoxir [50]. We conclude that the long-standing conviction that a
ketogenic diet is beneficial for glioblastoma patients has no scientific grounds. It should not
be considered for glioblastoma patients because a ketogenic diet may even have adverse
effects on glioblastoma tumor growth. Kant et al. demonstrated that fatty acid oxidation
provides β-hydroxybutyrate for ketogenesis that stimulates glioblastoma cell proliferation
in vitro and that finding was recapitulated in glioblastoma tumors [51]. Furthermore, a
ketogenic diet is hard to maintain and thus has unnecessary negative effects on quality of
life of glioblastoma patients.

In conclusion, a number of proteins that are involved in OXPHOS activity have
been described recently as potential targets for anti-OXPHOS therapy as well as selective
inhibitors of OXPHOS activity in GSCs. These developments certainly deserve follow-up
studies to establish whether or not one or more can be developed into an opportunity to
therapeutically target IDH1wt GSCs in patients.

4. Energy Metabolism in IDH1mt GSCs

The energy metabolism of GSCs has not been studied in relationship with IDH1mt,
as far as we know. Therefore, we have to extrapolate from the data that are available
regarding energy metabolism in IDH1mt and IDH1wt glioblastoma tumors in combination
with our understanding of the energy metabolism in stem cells in general and in CSCs in
particular. In this way, strategies can possibly be formulated for testing in future studies
for the rational design of therapies targeting energy metabolism in IDH1mt GSCs.

The energy metabolism of IDH1mt glioblastoma is forced to be dependent on OX-
PHOS instead of aerobic glycolysis because of the drain of αKG and NADPH by the
IDH1mt enzyme that converts αKG into D-2-HG with concomitant oxidation of NADPH
into NADP+ [42,45,52–55]. This altered metabolism causes metabolic stress, and it has been
hypothesized by us and others that the increased metabolic stress induced by the thera-
peutic targeting of the mitochondrial energy metabolism prolongs the survival of IDH1mt
glioblastoma patients [10,50,61]. Candidate compounds in this respect are metformin or
phenformin, chloroquine, and epigallocatechin-3-gallate (EGCG) to inhibit the production
of αKG by glutamate dehydrogenase. As explained above, metformin and phenformin
inhibit complex I of the electron transport chain of OXPHOS and glutamate dehydrogenase,
whereas chloroquine inhibits glutamate dehydrogenase (Figure 5) [10,61]. EGCG, a major
polyphenol flavonoid in green tea [78], reduces D-2-HG production and the proliferation
of IDH1mt glioblastoma cells [79]. In glioblastoma patients, EGCG seems effective only
when used in large quantities as an adjuvant during radiotherapy and temozolomide
chemotherapy [78]. It is worthwhile to investigate whether this adjuvant effect of EGCG is
more profound in IDH1mt glioblastoma patients than in IDH1wt patients.

Glutamate is present extracellularly in high concentrations in brain tissue and can be
imported into the mitochondria by glioblastoma cells [80,81]. Moreover, glutamate has been
determined as a necessary metabolite for IDH1mt glioblastoma [42,45,52–59]. Reduced
levels of glutamate in IDH1mt-transduced cells [82] confirm the potential of glutamate
dehydrogenase inhibition to increase the metabolic stress of IDH1mt glioblastoma cells.

Inhibition of the conversion of glutamine into glutamate by glutaminase has also
been investigated to increase metabolic stress in CSCs. The small-molecular inhibitor
CB839 of glutaminase activity eradicates GSCs in neurospheres [40]. Moreover, the glu-
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tamine analogue (6-diazo-5-oxo-L-norleucine (DON))-containing prodrug JHU083 inhibits
glutamine-metabolizing glutaminase in cancer cells. The prodrug is cleaved by cathepsins
that are abundantly present in glioblastoma cells and extracellularly in the microenviron-
ment of tumors (Figure 6) [83–85] to release locally the active glutamine analogue DON to
inhibit glutamine conversion selectively in cancer cells. This is most relevant because other
glutamine-using cells such as T cells are not affected and can still perform their immune
anti-cancer function [86].

Figure 6. Intracellular activity of cathepsin B in lysosomal-like organelles (strongly green fluorescent
dots, white arrows) in cultured differentiated glioblastoma cells (U373) (A) and GSCs (B) and in GSCs
around an arteriole in a cryostat section of a patient-derived glioblastoma tumor (C). Localization of
cathepsin B activity was performed as described in [83]. Bars, 50 µm.

Moreover, D-2-HG strongly inhibits the transaminases branched-chain aminotrans-
ferase 1 (BCAT1) and BCAT2, thus lowering glutamate levels in IDH1mt glioblastoma
cells. It explains their sensitivity to glutaminase inhibitors because the inhibitors increase
metabolic stress in IDH1mt cancer cells [87].

It has also been suggested to treat patients with IDH1mt glioblastoma with inhibitors of
the mutated protein of IDH1 [88]. However, we want to emphasize that this has to be done
with caution because as a consequence of IDH1mt inhibition, metabolic stress is reduced
and NADPH production capacity is increased, and thus the more effective radiotherapy and
chemotherapy in IDH1mt glioblastoma patients is lost. Therefore, inhibitors of the IDH1mt
protein should not be administered to patients during radiotherapy and chemotherapy [89].

In conclusion, experimental data are not yet available of the identity of the energy
metabolism in IDH1mt GSCs, but it is reasonable to assume that the metabolic differences
between IDH1mt GSCs and IDH1mt differentiated glioblastoma cells are smaller than the
metabolic differences between IDH1wt GSCs and IDH1wt differentiated glioblastoma cells.
A major rationale that supports this hypothesis is the finding that the metabolic rewiring
in IDH1mt differentiated glioblastoma cells is associated with the metabolic rewiring that
is also associated with the acquisition of stemness. This assumption should be tested in
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future studies. If this is the case, there is no need for the specific targeting of the OXPHOS
metabolism of IDH1mt GSCs because both GSCs and differentiated glioblastoma cells
depend on OXPHOS. Furthermore, IDH1mt glioblastoma patients should not be treated
with inhibitors of the IDH1mt protein during radiotherapy or chemotherapy because the
inhibitors counteract the vulnerability of IDH1mt glioblastoma to therapy.

5. Concluding Remarks

Cancer is a redox disease and is closely associated with ATP production in mitochon-
dria (OXPHOS), the source of ROS in cells. In healthy cells in our body, low ROS levels
are beneficial and may have an anti-cancer effect because they reduce cancer risk, prolong
cancer patient survival, delay cancer recurrence, and improve the quality of life of cancer
patients. In glioblastoma, like in many other cancer types, the differentiated glioblastoma
cells produce ATP preferentially in cytoplasmic glycolysis, both anaerobic and aerobic.
This Warburg effect has been excellently reviewed recently by Vaupel and Multhoff [8]. In
this review, the Warburg effect is explained on the basis of current metabolic perspectives
as an essential part of a selfish metabolic reprogramming in differentiated cancer cells.
Because of the high proliferation rate and sensitivity of differentiated glioblastoma cells to
cytotoxic agents, radiotherapy and chemotherapy are effective. Inhibition of glycolysis is
not an option in glioblastoma patients because clinical trials of inhibitors of glycolysis have
been proven to be either ineffective or causing unwanted side effects.

The small amount of GSCs in glioblastoma tumors and in the SVZ, whether they are
IDH1wt or IDH1mt, preferentially use OXPHOS for ATP production and are well protected
against radiotherapy and chemotherapy in their hypoxic niches, mainly because they are
slowly proliferating. GSCs have a modest metabolism and produce low levels of ROS.
Rapidly increasing numbers of specific therapeutic targets that may cause inhibition of
OXPHOS are becoming available in order to attack ATP production in GSCs in particular
and in CSCs in general.

However, when the need for OXPHOS in healthy cells in the body of cancer patients
is taken into consideration, it must be concluded that systemic treatment of cancer patients
with OXPHOS inhibitors is not an option either. It annihilates the benefits of low levels of
ROS in healthy cells that can be stimulated by physical exercise.

Therefore, we suggest focusing on a different approach to specifically target GSCs
irrespective of their mutational status and irrespective of their energy metabolism, as has
been proposed by Hira et al. [25,26]. GSCs are kept in their hypoxic peri-arteriolar niches
in glioblastoma tumors and the SVZ [16] by stromal-derived factor-1α (SDF-1α)–C-X-C
receptor type 4 (CXCR4) interactions in a similar way as HSCs and LSCs are kept in their
hypoxic peri-arteriolar niches in bone marrow [25,26]. Inhibition of CXCR4 by the FDA-
approved drug plerixafor is used successfully to remove LSCs out of the bone marrow
niches to render them more sensitive to chemotherapy and HSCs in healthy donors to be
harvested in the peripheral blood for stem cell transplantation [26]. Removal of GSCs from
their niches in glioblastoma before radiotherapy or chemotherapy may become similarly
successful in this context.
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Abstract: Glioblastoma is the most common brain malignant tumor in the adult population, and im-
munotherapy is playing an increasingly central role in the treatment of many cancers. Nevertheless,
the search for effective immunotherapeutic approaches for glioblastoma patients continues. The goal
of immunotherapy is to promote tumor eradication, boost the patient’s innate and adaptive immune
responses, and overcome tumor immune resistance. A range of new, promising immunotherapeutic
strategies has been applied for glioblastoma, including vaccines, oncolytic viruses, immune check-
point inhibitors, and adoptive cell transfer. However, the main challenges of immunotherapy for
glioblastoma are the intracranial location and heterogeneity of the tumor as well as the unique,
immunosuppressive tumor microenvironment. Owing to the lack of appropriate tumor models,
there are discrepancies in the efficiency of various immunotherapeutic strategies between preclinical
studies (with in vitro and animal models) on the one hand and clinical studies (on humans) on the
other hand. In this review, we summarize the glioblastoma characteristics that drive tolerance to im-
munotherapy, the currently used immunotherapeutic approaches against glioblastoma, and the most
suitable tumor models to mimic conditions in glioblastoma patients. These models are improving
and can more precisely predict patients’ responses to immunotherapeutic treatments, either alone or
in combination with standard treatment.

Keywords: glioblastoma; immunotherapy; tumor model; stem cell; organoid; heterogeneity; im-
munosuppression; microenvironment

1. Introduction: Glioblastoma and Its Heterogeneity

The most aggressive and also most common primary brain tumor in adults is glioblas-
toma (Glioblastoma WHO grade IV). Glioblastoma is poorly responsive to therapy, which in-
cludes maximal surgical removal that is followed by chemotherapy and radiation therapy
and has one of the shortest survival rates amongst all cancers [1]. For example, tumor treat-
ing fields treatment together with chemotherapy improved median overall survival of
glioblastoma patients from 16 to 20.9 months [2]. Despite novel modalities in treatment,
which rely on the Stupp protocol from 2005, the 5-year survival rate of patients is less than
5% [3–5]. Glioblastoma has distinct histological characteristics, including a pleomorphic
cell composition, increased mitotic and cellular activity, and significant angiogenesis and
necrosis [6]. The poor response of glioblastoma to treatment and its poor prognosis are
associated with diffused invasion patterns within the central nervous system (CNS) [7].
Furthermore, the blood-brain barrier (BBB) presents both a physical and biochemical barrier
to the CNS for large molecules [8,9]. Lymphatic vessels have been found in the meninges of
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humans and mice [10–12], causing the notion of the CNS as an immune-privileged system
to be reconsidered. Brain-resident macrophages, i.e., microglia, are also now broadly recog-
nized as antigen-presenting cells of the CNS. Although the brain is an immunologically
distinct site, the brain microenvironment is capable of generating robust immune responses
and offers adequate opportunities for the implementation of brain tumor immunother-
apy [13]. In addition, the BBB can be disrupted in brain tumor patients, which increases
the infiltration of immune cells into the tumor area. However, most GBM patients have
variable regions of disrupted BBB, meaning that tumor regions with disrupted BBB and
tumor regions with intact BBB exist [14].

The successful treatment of glioblastoma remains one of the most difficult challenges
in brain cancer therapy. This is due to (1) the small population of therapy-resistant glioblas-
toma stem cells (GSCs) [15–18] and (2) inter- and intra-tumor heterogeneity that consists of
a variety of different subtypes of glioblastoma [19] and stromal cells in the tumor microen-
vironment (TME) [20,21]. Glioblastomas have been genetically categorized by The Cancer
Genome Atlas into three subtypes: proneural, classical, and mesenchymal. Each of these
subtypes is characterized by mutations causing platelet-derived growth factor receptor
alpha activation, epidermal growth factor receptor (EGFR) activation, and neurofibromin
1 deletions, respectively. Glioblastoma subtypes differ in their prognostic value, with mes-
enchymal and proneural subtypes exhibiting the shortest and longest overall survival rates,
respectively [19]. Moreover, the composition of the TME is linked to the molecular subtypes
of glioblastoma. Mesenchymal tumors contain abundant gene expression signatures for
macrophages, CD4+ T cells, and neutrophils [22]; this is also associated with a higher
glioma grade [19]. An increase in macrophages and microglia cells occurs upon disease
recurrence and is associated with shorter relapse time after therapy [22].

GSCs are largely responsible for glioblastoma recurrence and therapy resistance due
to their DNA repair and multi-drug resistance mechanisms as well as their ability to evade
the immune response [15,23,24]. GSCs are maintained in hypoxic and peri-arteriolar GSC
niches [25,26] and are more abundant in more aggressive, high-grade tumors with worse
prognoses [27,28]. The glioblastoma TME regulates and determines the cellular state and
drives GSC plasticity [29], which leads to the therapeutic resistance of tumors [30].

The predominant immune cells in the brain are macrophages, more specifically, tissue-
resident macrophages known as microglia [31]. In brain cancer or other brain inflammatory
conditions, additional peripheral monocytes are recruited from bone marrow and are
differentiated in the brain into macrophages that are phenotypically distinct from mi-
croglia [32,33]. Immune cells are recruited and phenotypically changed by glioblastoma
cells; this supports tumor growth and an immunosuppressive TME [34] through the re-
lease of cytokines, extracellular vesicles, and connecting nanotubes [35]. Chemoattraction
between cells is mediated by members of a large family of chemokines [36,37]. For ex-
ample, in glioblastoma, the chemokine (C-C motif) ligand 5 (CCL5) and its receptor C-C
chemokine receptor type 5 (CCR5) are involved in autocrine and paracrine cross-talk be-
tween glioblastoma cells and the TME, contributing to stromal and immune cell tumor
infiltration and glioblastoma cell invasion [38,39]. The attraction between endothelial and
glioblastoma cells in GSC niches is predominantly maintained by the binding of C-X-C
motif chemokine 12 (CXCL12, also known as stromal cell-derived factor 1α (SDF-1α)) to
the C-X-C chemokine receptor type 4 (CXCR4) in GSCs [26].

2. The Immunosuppressive Microenvironment of Glioblastoma

Multi-layered immunosuppression exists in glioblastoma, both at the systemic and
local level [40]. Systemic immunosuppression in glioblastoma patients is, to a large extent,
induced by standard treatment including radiotherapy, temozolomide, and corticosteroids,
which weakens the adaptive and innate immune responses [41]. Moreover, defects in
antitumor responses arise from defective T cell mobilization from the periphery due to T
cell entrapment in the bone marrow, which is caused by the loss of the surface sphingosine-
1-phosphate receptor 1 (S1P1) [42,43] that binds the lipid second messenger sphingosine-1-
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phosphate (S1P) [44]. The S1P-S1P1 axis plays a role in governing lymphocyte trafficking.
Naïve T cell egress from bone marrow or secondary lymphoid organs cannot occur without
functional S1P1 on the cell surface, as S1P1 is essential for lymphocyte recirculation [42,45].

The glioblastoma microenvironment is extremely immunosuppressive due to its low
immunogenicity, the immunosuppressive properties of many cells (including cancer cells,
cancer stem cells (CSCs), and tumor-infiltrating immunosuppressive immune cells, e.g.,
myeloid cells and T regulatory cells (Tregs)), and the lack of antigen-presenting potential
and costimulatory antigens, leading to tumor resistance to immunotherapy.

Glioblastoma cells and GSCs employ several mechanisms to evade the immune re-
sponse. These include their intrinsic resistance to the induction of cell death, modulation of
tumor antigens and cell surface molecules (which are important for the recognition and
destruction of immune effector and antigen-presenting cells), and secretion of extracellular
vehicles, cytokines, and growth factors. For example, glioblastoma cells express the pro-
grammed cell death receptor 1 ligand (PD-L1) that inhibits the cytotoxicity of cytotoxic T
cells and downregulates major histocompatibility complex (MHC) class I, resulting in defi-
cient T cell cytotoxicity [40]. Moreover, glioblastoma cells may increase the expression of
natural killer (NK) cell inhibitory ligands and decrease the expression of NK cell-activating
NK group 2 member D (NKG2D) ligands, leading to inhibited NK cell-mediated lysis [46].

Glioblastoma is immunologically a cold tumor with low NK and T cell infiltration
compared to other solid tumors. In glioblastoma, T and NK cells become dysfunctional.
T cells are senescent, tolerant, exhausted, and anergic due to the immunosuppressive
glioblastoma TME [40,47]. NK cells are important as immune effectors of the first line of
defense against tumor cells and have been shown to control metastasis by eliminating
circulating cancer cells [48]. The proposed mechanisms for the functional inactivation
of tumor-associated NK cells are the overexpression of Fas ligand, the loss of mRNA for
granzyme B [49], and the decrease of CD16 and its associated zeta chain [50–52]. T and NK
cell dysfunction is also caused by co-expression of multiple co-inhibitory receptors, includ-
ing programmed cell death protein 1 (PD-1), T cell immunoglobulin and mucin-domain
containing-3 (TIM3), lymphocyte activation gene 3 protein (LAG3), cytotoxic T lymphocyte-
associated protein 4 (CTLA-4), and T cell immunoreceptor with immunoglobulin and ITIM
domains (TIGIT) [53].

Glioblastoma immunosuppressive TME is driven by tumor-intrinsic factors and brain
(host) tissue responses to tumor antigens, such as overexpression of the indoleamine
2,3-dioxygenase (IDO) enzyme [54,55] and oncogene transforming growth factor-beta
(TGF-β), respectively. IDO is a tryptophan catabolic enzyme overexpressed in several
tumor types that creates an immunosuppressive microenvironment via the suppression
of cytotoxic (CD8+) T cell proliferation and effector function [56] and the promotion of
Treg generation via an aryl hydrocarbon receptor-dependent mechanism [56]. Cytokines,
such as IL-10 and TGF-β, within the glioblastoma TME cause microglia to lose MHC
expression [57,58]. TGF-β reduces NK and CD8+ T cell activation through inhibiting
NKG2D expression, which is responsible for inducing lysis of NKG2D ligand-bearing cells
that express class I MHC-related proteins, MHC Class I Polypeptide-Related Sequence A
(MICA) and B, and the UL16 binding protein (ULB) 1–4 protein family [59].

Glioblastoma cells in the TME hijack many different cells to support tumor growth
through the recruitment and suppression of many cells of the innate and adaptive im-
mune responses [20]. For example, Tregs and myeloid-derived suppressive cells that
inhibit the proliferation and activation of effector cells (i.e., T cells and NK cells) and
antigen-presenting cells are recruited. Increased numbers of forkhead box P3 (FOXP3)+

Tregs were found in glioblastoma [60,61]; however, their correlation with patient survival
was modest [60,62,63]. Microglia and tumor-infiltrating macrophages influence immuno-
suppression by secreting the cytokine IL-10, TGF-β, and extracellular vesicles [64,65].
These complex interactions open new therapeutic windows for glioblastoma treatment.
Colony-stimulating factor 1 (CSF-1) is a potent chemoattractant that regulates the differen-
tiation of monocytes into tumor-associated macrophages (TAMs), and its overexpression

22



Cells 2021, 10, 265

correlates with increased TAM infiltration and poor clinical outcomes [66]. Inhibition of the
CSF-1 receptor (CSF-1R) enhanced sensitivity to irradiation by altering both the recruitment
and the phenotype of myeloid-derived cells recruited to the irradiated glioblastoma [67].
TAMs also express high levels of PD-L1 [41]. Moreover, hypoxic conditions in the glioblas-
toma TME, through increased hypoxia-inducible factor (HIF) transcription factors and
vascular endothelial growth factor (VEGF), increase TAM tumor infiltration [40].

3. Immunotherapeutic Strategies for Glioblastoma

The goal of immunotherapy is to stimulate patient antitumor immunity and eliminate
glioblastoma cells, specifically the therapy-resistant fraction of glioblastoma cells. Sev-
eral immunotherapeutic approaches, including vaccines, oncolytic viruses, checkpoint in-
hibitors, and adoptive cellular transfer (chimeric antigen receptor (CAR) T and NK cells),
alone or in combination with standard glioblastoma therapy, have been tested against
glioblastoma in preclinical and clinical studies [13,41,68–71].

3.1. Vaccines

The main goal of the vaccine-based approach is to strengthen the adoptive immune
response in the brain against glioblastoma cells. Several vaccines with peptides, mim-
icking neoantigens in glioblastoma cells, have been developed to trigger an antitumor
immune response in patients. Vaccination of glioblastoma patients with a peptide mim-
icking the EGFR variant III (EGFRvIII) in glioblastoma cells, together with standard temo-
zolomide chemotherapy or the anti-angiogenic agent bevacizumab, showed promising
anti-glioblastoma effects in clinical trials. As only 25–30% of patients express EGFRvIII,
and its expression is heterogeneous in tumors and unstable through the course of the
disease, the efficiency of these vaccines is limited [72,73]. Moreover, a randomized, double-
blind, and international phase 3 trial, which assessed the efficacy of the vaccine, based on
EGFRvIII-specific peptide (CDX-110), with temozolomide did not show a survival benefit
for newly diagnosed glioblastoma patients with EGFRvIII mutation [74]. To overcome
glioblastoma cell heterogeneity, multi-peptide vaccines based on the administration of
a combination of tumor-associated peptides overexpressed in glioblastoma cells were
developed; however, the overall survival of glioblastoma patients was not significantly
improved [41,75]. The advantages of dendritic cell-based therapies are the induction
of antitumor T cell responses and enhancement of tumor immunogenicity due to their
antigen-presenting functions and ability to link innate immunity with adoptive immunity.
This is extremely important, especially in low immunological tumors such as glioblas-
toma. Vaccines based on autologous dendritic cells, which can be primed ex vivo using
patient-derived tumor lysates, CSCs, or glioblastoma-associated antigens, have been tested
in several clinical trials together with temozolomide as standard treatment [69,76,77].
Based on those findings, vaccination induces immune responses, even antitumor T cell
responses have been observed; however, immune stimulation seems to be insufficient
to translate into clinical benefit, and thus the efficacy of vaccine immunotherapy is lim-
ited [41,77,78]. Recent clinical studies are utilizing personalized vaccines that target a
patient’s unique tumor-associated neoantigens [41].

3.2. Oncolytic Viruses

Virus-based anticancer therapies are based on viruses that selectively infect or repli-
cate in tumor cells, leading to the lysis of infected tumor cells (direct effect) and the
activation of immunogenic tumor cell death pathways that can stimulate antigen pre-
sentation and the adaptive antitumor immune response (indirect effects). Additionally,
oncolytic viruses activate the innate immune system through pattern recognition recep-
tors and pathogen-associated molecular patterns [79]. Current oncolytic viral approaches
utilize replication-competent viruses, such as retroviruses, adenoviruses, herpes simplex
viruses, polioviruses, and measles viruses [13,41]. Such viral approaches also include
oncolytic viruses that are armed with immunoregulatory inserts, such as interleukin 12 and
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OX40 ligand, further boosting innate and adoptive antitumor immune responses [70,80].
Adenoviruses can be modified to become tumoricidal gene delivery vectors, such as the ade-
noviral vector AdV-tk. This vector contains the herpes simplex virus thymidine kinase gene,
which converts the toxic nucleotide analog, the prodrug ganciclovir or valacyclovir that
kill fast-growing tumor cells. Moreover, induced cell death of tumor cells elicits immune
effects. In phase II of clinical trials for newly diagnosed malignant gliomas, local delivery
of AdV-tk plus valacyclovir together with standard treatment improved progression-free
and overall survival by a few months [81]. A non-lytic, replicating retrovirus encoding
cytosine deaminase has been used in clinical trials in combination with the prodrug 5-
fluorocytosine, which is converted in virus-infected tumor cells into the antimetabolite
5-fluorouracil by exogenous cytosine deaminase, which is not otherwise expressed in
human cells. This combined viral treatment prolonged the survival of patients with pri-
mary and recurrent high-grade gliomas in phase I clinical trials, increased immunogenicity
within the TME, and activated the adoptive immune response [41,82]. Oncolytic viral im-
munotherapy can sensitize cancer patients to other active immunotherapeutic approaches;
however, the marginal increases in overall survival have not yet achieved clinical transla-
tion. Namely, viruses and viral vectors show low transfection rates and limited penetration
of brain tumors [83]. The combined approach with other immunotherapies, including im-
mune checkpoint inhibitors and adoptive cell therapy, is currently the main focus aiming
to prolong oncolytic virus-initiated clinical responses [79,84].

3.3. Immune Checkpoint Inhibitors

Immune checkpoint inhibitors are antibodies, which reduce the activity of endoge-
nous negative regulatory pathways that limit T cell activation. Antibodies that block the
inhibitory immune checkpoint proteins CTLA-4, PD-1, and its ligand PD-L1 have shown
major improvements in the outcome of cancer patients in the past decade and are widely
used. CTLA-4 and PD-1 are expressed on T cells, whereas PD-L1 is expressed on certain sub-
sets of immune cells, including TAMs, and is aberrantly expressed on tumor cells. PD-L1
expression has been found in glioblastoma cells; however, not all glioblastomas express
PD-L1 and its expression changes during the course of the disease [85]. Although there
were several encouraging preclinical data on the use of immune checkpoint inhibitors (anti-
PD-1 and anti-CTLA-4 antibodies, alone or in combination) for glioblastoma, clinical trials
have been disappointing, with no patient survival improvement [41,85]. Several reasons
for the poor efficacy of immune checkpoint inhibitors in glioblastoma have been identified,
including the timing of delivery (neoadjuvant or adjuvant therapy), BBB, low infiltration
of T cells into the tumor, predominant myeloid infiltrate, and multi-layered immunosup-
pression in the TME [84–88]. A subgroup of glioblastoma patients have benefited from
immune checkpoint inhibitor treatment and have exhibited prolonged survival. The tu-
mors of these patients have enriched alterations in the mitogen-activated protein kinase
(MAPK) pathway (mutationally activated protein tyrosine phosphatase non-receptor type
11 (PTP11) and B-raf murine sarcoma (BRAF)) [41]. In the same study, non-responders to
immune-checkpoint inhibitors exhibited phosphatase and tensin homolog (PTEN) muta-
tions that were associated with immunosuppressive expression signatures [41]. A recent
study by Cloughesy et al. have shown that patients with recurrent glioblastoma received
neoadjuvant treatment with pembrolizumab (anti-PD-1), with continued adjuvant therapy
following surgery, had significantly improved overall survival compared to that receiving
only adjuvant post-surgical treatment with pembrolizumab. Neoadjuvant administration
of pembrolizumab enhanced local and systemic immune responses in patients [89]. Cur-
rently, clinical trials with combinatorial therapy, in which immune checkpoint inhibition is
combined with other immunostimulatory approaches, are in progress [84–88].

3.4. Adoptive Cell Therapies: CAR T and NK Therapy

Genetically modified T cells that express CARs consist of an extracellular tumor-
specific antigen-recognition domain and a T cell activation domain. A great advantage of
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CAR T cells is that they can recognize specific antigens and trigger cell lysis independently
of major MHC I presentation. After autologous or allogeneic T cells are engineered in
the laboratory, they are adoptively transferred into the patient to activate the antitumor
immune response. In the case of brain tumors, CAR T cells can be applied intravenously,
intracranially, or into the tumor [90]. CAR T cells can target glioblastoma-specific antigens,
including interleukin-13 receptor subunit alpha-2 (IL-13Rα2), EGFR wt, and EGFRvIII,
and are thus effective against glioblastoma in preclinical models [13,91,92]. In addition,
glioblastoma patients who received IL-13Rα2- and EGFRvIII-targeting CAR T cells showed
clinical responses in early clinical studies. CAR T cells can infiltrate the glioblastoma, be-
come activated within the glioblastoma microenvironment, and activate various adoptive
cell responses in patients. However, CAR T cells must be combined with other thera-
pies or with CAR T cells targeting multiple different antigens because of glioblastoma
heterogeneity, tumor antigen loss during tumor progression, CAR T exhaustion in the
TME, activation of compensatory adoptive resistance mechanisms, and upregulation of
immunosuppressive factors and cells (e.g., IDO1, PD-L1, and Tregs) in the TME that are
triggered after CAR T cell application. Trivalent CART T cells co-targeting human epider-
mal growth factor receptor 2 (HER2), IL-13Rα2, and EPH receptor A2 (EphA2) have been
demonstrated to be more efficacious in preclinical studies than bivalent or monovalent
CAR T cells [13,90,93]. CAR T cells targeting tumor-initiating cells through the surface
receptor CD133 in glioblastoma have been developed recently. CD133 (prominin 1) has
been identified as a surface biomarker of tumor-initiating and therapy-resistant GSCs [94].
Intracranial injection of CD133-specific CAR T cells reduced tumor burden and prolonged
survival of glioblastoma-bearing mice. This treatment is considered safe in mice, as it
did not incur acute toxicity in normal hematopoietic stem and progenitor cells that also
express CD133 [95].

NK cells are the only immune effectors known to recognize and kill GSCs without
requiring approaches that generate immunogenic antigens and enable cell priming with
appropriate costimulatory signals, as are required for potential T or dendritic cell-based
immunotherapies. NK cells preferentially recognize and lyse GSCs in a non-MHC re-
stricted manner [96]. NK cells are the main mediators of antibody-dependent cellular
cytotoxicity [46,68]. The use of allogeneic NK cells is preferred because the inhibitory
killer-cell immunoglobulin-like receptors (KIR) receptors on the surface of donor NK cells
cannot recognize self-MHC class I molecules on the tumor cells of the patient. Conse-
quently, the absence of inhibitory signals allows NK cell activation [46,96]. As NK cells
have been shown to preferentially kill GSCs [97,98] and penetrate the BBB [99] in preclinical
in vitro and animal models when administered systematically, patients with glioblastoma
and high-grade gliomas are now undergoing allogeneic and autologous NK cell admin-
istration in clinical trials or are undergoing recruitment (NCT04489420, NCT04254419:
ClinicalTrials.gov). To increase natural NK cytotoxicity and attack towards tumors with a
heterogeneous expression of CAR target antigens, NK cells can be genetically engineered
to express CARs. CAR NK cells targeting the glioblastoma cell-specific antigens EGFR,
EGFRvIII, and HER2 have been generated from NK cells derived from the following:
the peripheral blood of healthy donors, umbilical cord blood, induced pluripotent stem
cells, and the NK-92 cell line, which all display features of activated primary NK cells.
CAR NK cells exhibited GSC and differentiated glioblastoma cell cytotoxicity increased
levels of interferon-gamma (IFN-γ), and prolonged survival of glioblastoma-bearing mice
in preclinical studies [68,100,101]. Currently, glioblastoma patients are being recruited for
clinical trials using HER-2-specific CAR NK cells (NCT03383978: ClinicalTrials.gov).

3.5. Resistance to Immunotherapy and Combinatorial Approaches

As single immunotherapeutic approaches have shown some promising results but
are not sufficiently successful in prolonging the survival of glioblastoma patients, com-
binatorial immunotherapeutic approaches that can synergize together are now under
investigation. The reasons for the poor response to single immunotherapeutic approaches
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are adoptive tumor resistance compensatory mechanisms due to multi-layered immuno-
suppression, local immune cell dysfunction, and glioblastoma tumor heterogeneity [91].
Specific efforts to facilitate the antitumor immune response are focused on targeting the
immunosuppressive myeloid compartment, reducing the activity of immunosuppressive
molecules (e.g., IDO and CSF-1R), and activating antitumor functions of other immune cells,
NK cells, and dendritic cells [41]. Anti-IDO in combination with anti-PD-1 and anti-CTLA-4
approaches are more potent than monotherapy and decrease the accumulation of Tregs in
a glioblastoma murine model [86]. The synergistic effects of combining adenovirus-based
therapy and anti-PD-1 result in prolonged survival in experimental models of glioblas-
toma [13,80]. Although CSF-1R inhibitors showed promising results in preclinical stud-
ies, the clinical trials with orally administered CSF-1R inhibitor PLX-3397 were negative,
with minimal clinical efficacy in patients with recurrent glioblastoma. Microenvironment-
driven resistance to CSF-1R inhibitor is mediated through phosphatidylinositol 3-kinase
(PI3K) pathway, which was elevated and driven by insulin-like growth factor–1 (IGF-1) and
tumor cell IGF-1 receptor (IGF-1R) [102,103]. The use of anti-CSF-1R agents with anti-PD-1
therapy is now in clinical trials [13]. Moreover, CAR T therapy (anti-HER2, anti-IL-13Rα2,
and anti-EGFRvIII) in combination with CTLA-4 or PD-1 inhibition has improved the
effects in preclinical models and is now in clinical trials [90].

Current standard-of-care treatment for glioblastoma includes maximal surgical tumor
resection, hyperfractionated radiotherapy, and temozolomide, which, in combination with
commonly used corticosteroids, systemically weakens the immune system, increases im-
munosuppression, and hinders the immunotherapeutic strategy [41]. It has also been
shown that a standard dose of temozolomide induces immunosuppression and abrogates
the effect of anti-PD-1 therapy [104] and oncolytic virus-based immunotherapy [105].
Conversely, localized treatment, which increases the availability of tumor antigens, syn-
ergizes with immunotherapy. It has been shown that radiation increases the mutational
burden of tumors and triggers tumor necrosis and antigen release, leading to increased
antigen presentation and immunogenicity [106]. The high mutational burden is associated
with response to immunotherapy in several types of cancer, but not in gliomas. For ex-
ample, gliomas with a high mutational burden and mismatch repair gene deficiency are
less responsive to PD-1 blockage [107]. Low mutation burden in recurrent glioblastoma
patients was recently associated with longer survival after immunotherapy, implicating
that tumor mutational burden itself may not be a causative driver of response to im-
munotherapy, but may reflect the immunological status of tumor or some other co-related
feature, among them time to recurrence, TP53 mutation and any differences in the clinical
care between patients with high vs. low mutational burden [108]. The combination of
immunotherapy with hypofractionated stereotactic radiosurgery can probably improve the
efficacy of immunotherapy as stereotactic radiosurgery does not trigger systemic immuno-
suppression [13]. Metronomic dosing of temozolomide or local chemotherapy are preferred
when combining temozolomide with immunotherapy [104]. However, additional studies
are needed to elucidate the efficiency of these combinatorial approaches.

4. Advanced In Vitro and Animal Tumor Models for Testing
Immunotherapeutic Approaches

Glioblastomas are very heterogeneous in their cellular composition, gene expression,
and phenotypic properties [109]. In addition, glioblastoma contains a unique and complex
immune TME. Based on studies on preclinical tumor models and clinical stages, we con-
clude that the currently used glioblastoma tumor models do not sufficiently reflect the con-
ditions in humans, as several immunotherapeutic strategies that were efficient in preclinical
studies failed to demonstrate sufficient clinical significance. The ability to comprehensively
understand glioblastoma phenotypes and mimic their specific therapeutic responses to
enable personalized therapy requires the creation of clinically relevant models that reliably
reflect the complexity of the tumor in humans. For example, current patient-derived tumor
models lack clinically relevant recapitulation of immune compartments [110]. To address all
these challenges, different tumor models have been developed, including CSCs, organoids,
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patient-derived xenografts, genetically engineered mice models, and humanized mice.
Comparisons of various tumor models to explore immunotherapeutic approaches and
their advantages and disadvantages are listed in Table 1.

Table 1. A comparison of different glioblastoma tumor models for studying immunotherapy.

Tumor Model Description Advantages Disadvantages References

In Vitro

Tumor cell lines

established tumor
cell lines, grown
as monolayers in
serum-containing
media

+ rapid expansion
+ low costs
+ long tradition
+ easy genetic manipulation
+ well-characterized
+ simple

- clonal selection in cell
cultures based on
media selection

- lack of clonal diversity
and heterogeneity

- lack of TME and ECM

[111]

Cancer stem cells

patient-derived
tumor cells grown
in serum-free and
growth factor-
supplemented
media as
tumorspheres

+ reflect stem-like features
and therapeutic resistance

+ preserve the tumor’s
genetic background

+ phenotypic heterogeneity
+ 3D model

- lack of TME and ECM
- clonal selection [112]

Cell co-cultures

2D or 3D
co-cultures of
tumor and
non-tumor cells,
such as immune
cells and stromal
cells

+ heterotypic cellular
interactions

+ simple
+ mechanistic studies of

cellular cross-talk in TME

- lack of complex TME and
architecture [113]

Organotypic tissue
slice cultures

precision-cut
slices of tumor
tissue, mounted
onto porous
membranes for
mechanical
support, and
cultured in a
controlled
conditions

+ recapitulate TME
+ preserve

inter-intra-tumoral
heterogeneity and
heterotypic cellular
interactions

+ clinically relevant
therapeutic response

+ platform for studying the
tumor immune cell
environment

+ tumor cell invasion model
system

- limited by the availability
of fresh patient samples

- short lifespan
- cryopreservation method is

not optimized
- not adapted for high

throughput analysis

[114,115]

Patient-derived
organoids

3D in vitro tissue
constructs
composed of
multiple cell
types,
patient-based
from
resected tumors

+ preserve
inter-intra-tumoral
heterogeneity and
heterotypic cellular
interactions

+ preserve the tumor’s
genetic background

+ recapitulate TME
+ pre-clinical applications
+ 3D model
+ high through-put
+ clinically relevant

therapeutic response
+ feasibility of co-culture

with immune cells

- variable ability to maintain
over very long periods

- limited by the availability
of fresh patient samples

- limited immune
component

- lack of model optimization
- do not recapitulate tumor

initiation

[116,117]
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Table 1. Cont.

Tumor Model Description Advantages Disadvantages References

In Vitro

Genetically-
engineered cerebral
organoids

3D in vitro tissue
constructs created
by
using genetic
manipulations to
induce
tumorigenesis in
cerebral
organoids

+ 3D model
+ good reproducibility
+ clinically relevant

therapeutic response
+ enable to study early

phases of tumorigenesis
and tumor progression

+ brain tissue architecture

- poorly recapitulate TME
- the tumor’s genetic

background is not
preserved

- lack of immune component

[118,119]

In Vivo

Syngeneic mouse
model

derived by
transplanting
mouse tumor cell
lines or CSCs into
strain-matched
mice

+ immune system and
response

+ present TME
+ simple with a long

tradition
+ allows genetic

modifications
+ tumor cell heterogeneity

and clonal diversity with
implanted CSCs

- limited tumor cell
heterogeneity and clonal
diversity with implanted
tumor cell line

- high costs
- laborious, time-consuming
- lack of human

tumor-immune cell
interactions

- TME is of rodent origin

[110,120]

Genetically
engineered mouse
tumor model

created by
introducing
genetic
modifications that
result in
spontaneous
tumor
development

+ allows genetic
modifications

+ tumor cell heterogeneity
and clonal diversity

+ tumor-immune cell
interactions if
immunocompetent mice
are used

+ present TME

- large number of animals
- laborious, time-consuming
- poor inter-animal

comparability
- high costs
- TME is of rodent origin

[121]

Patient-derived
xenografts

derived by
transplanting
human tumor
explants into
immunodeficient
mice

+ tumor cell heterogeneity
and clonal diversity

+ present TME
+ reflect tumors in human
+ little graft-versus-host

rejection for adoptive cell
therapy (CART)

+ preserve the tumor’s
genetic background

- high costs
- fail to develop a functional

immune system
- lack of human

tumor-immune cell
interactions

- laborious, time-consuming
- TME is of rodent origin

[90,122]

Humanized mouse
tumor model

generated by the
engraftment of
human cancer cell
lines or human
PDX tumors into
mice with a
reconstituted
human immune
response

+ tumor heterogeneity and
clonal diversity

+ present TME
+ human immune cells
+ mimicking human tumor

and immune system
interactions

+ realistic representation of
immunotherapy safety and
clinical response

+ preserves the tumor’s
genetic background

- long-lasting establishment
- high costs
- laborious, time-consuming
- slow tumor growth

[110,123,
124]

CSC: cancer stem cell; ECM: extracellular matrix; PDX: patient-derived xenografts; TME: tumor microenvironment.
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4.1. CSCs

Considering the importance of targeting therapy-resistant and tumorigenic CSCs,
3D models of CSCs incorporate the cellular heterogeneity of tumors, improve drug re-
sponse predictability, and represent better models for discovering new targets for anticancer
drugs compared to traditional 2D tumor cell lines [125]. GSC tumorspheres represent mod-
els generated by the symmetric and asymmetric division of patient-derived GSCs in a
defined medium supplemented with growth factors, i.e., epidermal growth factor (EGF),
fibroblast growth factor (FGF)-2, and neuronal viability supplement B27 [112]. These fac-
tors and the absence of serum are needed to maintain self-renewal and proliferation and
to preserve the genetic characteristics observed in patients’ samples. Tumorspheres are
characterized by an external proliferating zone, intermediate quiescent zone, and an inner
necrotic core [126], observed at a certain distance from the presence of nutrients, metabo-
lites, and oxygen, resembling the necrotic areas of in vivo glioblastoma [127]. Tumor cells
within tumorspheres closely interact with each other, thus reproducing the physical com-
munication and signaling pathways that affect proliferation, survival, and response to
therapy in vivo [128] and forming a physical barrier that prevents and limits the trans-
port of drugs into the tumorsphere mass [129]. Although a better model than monolayer
cultures, tumorspheres represent random aggregations of cells that do not organize into
tissue-like structures and also lack extracellular matrix [130]. The greater limitation of these
models is the lack of neighboring non-tumor cells, i.e., stromal cells, including astrocytes,
neurons, endothelial cells, mesenchymal stem cells, brain-resident microglia, and infil-
trated peripheral immune cells; this altogether prevents studying their interactions with
GSCs in vitro. Tumorspheres can be optimized by co-culturing cancer and stromal cells in
so-called heterotypic spheroids, especially for testing cancer immunotherapeutic agents.
For example, GSC tumorspheres were used to evaluate the penetration and cytotoxicity of
highly cytotoxic super-charged NK cells (Figure 1, our results), grown in the presence of
osteoclasts and probiotic bacteria to stimulate their cytotoxic potential towards CSCs [113].
In the study of Cheema et al. [131], the authors used a murine GSC model in syngeneic
immunocompetent mice to test a genetically engineered oncolytic herpes simplex virus
that is armed with the cytokine interleukin 12 (G47∆-mIL12). In addition to targeting GSCs,
oncolytic virus treatment increased IFN-γ release, inhibited angiogenesis, and reduced the
number of Tregs in the tumor.
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Figure 1. Super-charged natural killer (NK; blue) cell treatment decreased the number of glioblastoma
stem cells (GSCs; green) and increased the number of dead cells (PI, red) in 3D tumorsphere models.
NK cells were added to GSC tumorspheres at a NK:GSC ratio of 10:1, and images were acquired
using an inverted fluorescence microscope 4 h later. Propidium Iodide (PI) staining was used to
detect dead cells (red). Scale bars: 100 µm.
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4.2. Organotypic Tissue Slices

Organotypic tissue slice model of glioblastoma represents precision-cut slices of tumor
tissue, in which the original inter and intra-tumor heterogeneity and the architecture of the
tumor are maintained. Slices of the tumor are prepared with an automated vibratome and
transferred onto membrane culture inserts for mechanical support in a specific cultivation
medium [114]. This technique is relatively fast, it does not involve selective outgrowth of
tumor cells, and therefore can be used for personalized treatment. Organotypic cultures
have been used to study the invasive properties of glioblastoma and the patient-specific
effect of anti-invasive drugs [115]. Recently an organotypic slice culture technique was
developed from fresh pancreatic ductal adenocarcinoma to study the immune response
after immunotherapy treatment [132] and can be applied to a variety of solid tumors,
including glioblastoma. A disadvantage of this model is its relatively low throughput.
The technique is laborious and requires specialized analysis tools.

4.3. Organoids

Organoids are 3D constructs composed of multiple cell types with the ability to self-
organize and recapitulate the architecture and functionality of the original organ [110,133].
Different approaches for organoid generation have been applied, including using patient-
derived adult stem cells and resected tumor tissues, as first described by Sato et al. [134].
Another approach involves the use of pluripotent stem cells, i.e., pluripotent embry-
onic stem cells and induced pluripotent stem cells [135]. The term “organotypic tumor
spheroid” was initially used at the beginning of organoid development but was later
replaced by the term “tumor organoid” [110]. Compared with traditional models, differ-
ent tumor organoids, including liver [136], pancreatic [137], gastric [138,139], bladder [140],
breast [141], and ovarian [142], show a vast potential for basic cancer research, drug screen-
ing, and personalized medicine and may bridge the gap between in vitro and in vivo
cancer models. Until recently, it was unclear whether various methods for organoid prepa-
ration can be adapted for organoids from non-epithelial tumors. In 2016, Hubert et al.
generated patient-derived glioblastoma organoids to study the heterogeneity and hypoxic
gradient of tumors using a submerged culture system [116]. In this protocol, finely minced
tumor specimens are embedded in a solid gel of extracellular matrix (Matrigel) to form
3–4 mm large organoids in the tissue culture medium, supplemented with EGF, FGF,
and B27. These organoids formed in 2 months and could be cultured for over a year.
Glioblastoma organoids are characterized by rapidly proliferating cells on the edge of the
organoid and highly resistant quiescent CSCs in the hypoxic core with different molecular
profiles. Although this is a very promising model of glioblastoma that closely resem-
bles tumor sensitivity in vitro, its genetic and molecular features remain unclear. In 2018,
Ogawa et al. constructed cerebral organoids using induced pluripotent stem cells and
embryonic stem cells and induced glioma carcinogenesis by CRISPR/Cas9 technology
to disrupt the TP53 tumor suppressor and express oncogenic HRasG12V [110]. Moreover,
neoplastic cerebral organoids were established by Bian et al. [118] via recapitulating brain
tumorigenesis by introducing oncogenic mutations or amplifications in cerebral organoids
using transposon-mediated gene insertion and CRISPR/Cas9 technology. These organoids
developed CDKN2A−/−/CDKN2B−/−/EGFROE/EGFRvIIIOE, NF1−/−/PTEN−/−/TP53−/−,
and EGFRvIIIOE/CDKN2A−/−/PTEN−/− genotypes, which are commonly found in glioblas-
toma. In contrast to the aforementioned technique, induced pluripotent stem cells and
embryonic stem cell organoids represent 3D human tissues generated by directed differen-
tiation, self-morphogenesis, and intrinsically driven self-assembly of cells, recapitulating
human organogenesis in vitro [143]. This type of organoid can contain multiple tissue cell
types, including stroma and vasculature, unlike organoids developed from tissue-specific
stem cells [144]. A novel approach using hESC-derived cerebral organoids and patient-
derived GSCs to model tumor cell invasion was recently developed, i.e., a glioma cerebral
organoid model. This system was shown to recapitulate the cellular behavior of glioblas-
toma and to maintain genetic aberrations found in the original tumor [145]. In a very recent
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study, Jacob et al. [117,146] established patient-derived glioblastoma organoids that accu-
rately recapitulate the molecular, genetic, and cell-type heterogeneity of parental tumors.
Compared to other previous protocols of glioblastoma organoids [116,118,119], the authors
dissected tumor tissues into approximately 1 mm fragments without the addition of ex-
tracellular matrix or EGF and bFGF and cultured them on an orbital shaker for 1–2 weeks
to generate 3D structures. These organoids contain heterogeneous populations of cellular
subtypes and recapitulate tumor cell phenotypes, as confirmed by histopathology, single-
cell RNA sequencing, and molecular profiling analysis. Moreover, glioblastoma organoids
develop a hypoxic gradient and retain vasculature and TME composition, which mimics
the main features of glioblastoma [117].

Organoids are becoming a very useful platform for cancer research, especially in the
field of immuno-oncology; however, organoid establishment and its (pre)clinical applica-
tions are still immature. To date, co-cultures of epithelial tumor organoids and additional
cellular components have been used to include the interactions between tumor and immune
cells and have thus established a better preclinical model for immunotherapy. Immunocom-
petent organoids can be achieved by adding pre-treated autologous or allogeneic peripheral
blood mononuclear cells (PBMCs) or specific immune cell populations, such as TAMs and
tumor-infiltrating lymphocytes [110]. For example, in a recent study, Dijkstra et al. [147]
enriched tumor-reactive T cells by co-culturing PBMCs and tumor organoids from col-
orectal and non-small-cell lung cancer and demonstrated that these T cells can be used to
assess the efficiency of killing tumor organoids. In another study, gamma delta 2 (γδ2)+ T
cells were co-cultured with organoids from human breast epithelia, and these lymphocytes
effectively eliminated triple-negative breast cancer cells [148]. These and other studies
demonstrate that T cells can be obtained and activated by organoids for adoptive T cell
therapy. Using the air-liquid interface technique, Neal et al. [149] generated patient-derived
organoids from different surgically resected primary and metastatic tumors with native
embedded immune cells (CD8+ and CD4+ T cells, B cells, NK cells, and macrophages). This
demonstrated the potential of organoids as tools to predict clinical responses to immune
checkpoint therapies. For this method, tumor tissue fragments are embedded in a type I
collagen matrix on an inner Transwell insert. Culture medium with different supplements
is added to the outer dish to diffuse via the permeable membrane. The collagen layer is
exposed to air to ensure oxygen supplies for the long-term preservation of organoids [150].
The latter approach is very promising and can also be applied for future glioblastoma
research. In a recent study, the specific oncolytic activity of Zika virus against GSCs in
glioblastoma cerebral organoids was demonstrated. The authors showed that SOX2 and
integrin αvβ5 represent key markers for Zika virus infection in association with suppres-
sion of immune response genes. Thus, Zika virus infection provides the possibility for
brain tumor therapy [151]. The organoids established by Jacob et al. [117] are the first
that, besides tumor cells, also include the TME. As CAR T cells represent a powerful new
approach to treat glioblastoma, these glioblastoma organoids, which preserve the immune
microenvironment and other stromal cells, were used as a model. The authors demon-
strated that this rapid protocol for organoid generation provides a platform to test and
optimize CAR T therapies for tumors of non-epithelial origin and enables a personalized
treatment approach. We also showed that organoids established by this protocol after
4 weeks in culture included GSCs, differentiated glioblastoma cells, tumor vasculature,
and immune cells, such as macrophages, microglia, and T cells (Figure 2, our results).
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Figure 2. Glioblastoma organoids after 4 weeks in culture preserve specific elements of the tumor
microenvironment. (A) Phase-contrast image of glioblastoma organoids in culture. Scale bar: 500 µm.
(B) Immunofluorescence staining of paraffin-embedded glioblastoma organoids for glioblastoma
stem cell marker (SOX2), differentiated glioblastoma cell and astrocyte marker (GFAP), endothelial
cell marker (CD31), macrophage marker (CD68), microglia marker (Iba1), and T cell marker (CD3).
Cell nuclei were stained with DAPl (blue). Scale bars: 50 µm.

4.4. Animal Models

Syngeneic mouse models represent one of the oldest preclinical models for investigat-
ing antitumor therapies, in which spontaneous or chemically/virus-induced tumor cell lines
from inbred mice are expanded in vitro and then inoculated into the same inbred mouse
strain with an intact immune system [152]. The advantages of these models are their ease of
use, rapid and reproducible expansion, and the possibility of genetic manipulation [120], es-
pecially to evaluate the efficacy of immunotherapeutic agents. However, these models, if im-
planted with tumor cell lines, lack genomic and microenvironmental heterogeneity due to
the limited availability of CSCs that evolve genetic and epigenetic alterations that allow them
to differentiate into multiple tumor cell types [153]. The GL261 syngeneic murine model rep-
resents one of the best characterized syngeneic, immunocompetent models in glioblastoma
immunotherapy preclinical research [152]. Reardon et al. showed that blockade of CTLA-4,
PD-1, or PD-L1 alone can eradicate glioblastoma growth in GL261 syngeneic murine mod-
els [154]. CAR T cells were shown to inhibit GL261/EGFRvIII tumor growth [155], and the
potential of ErbB2-specific CAR-NK (NK-92/5.28) cells was demonstrated for adoptive
immunotherapy of glioblastoma [100]. However, further studies are needed to determine
whether these murine glioma models faithfully reflect human glioblastoma.

Several syngeneic rat glioma models are currently available for preclinical studies.
However, rat glioma models, such as C6, showed immunological instability, since im-
planted tumor cells that should be syngeneic, triggered allogeneic immune response and
lack of tumor growth because C6 glioma cells arose from an outbred strain of Winstar rat.
Thus, these models are not useful for evaluating the efficacy of immunotherapy [156].

Genetically engineered mouse tumor models are generated through the introductions
of genetic mutations specific to particular human cancers. Genetically engineered mouse
tumor models of glioblastoma require gene expression manipulation using Tet regula-
tion, Cre-inducible gene alleles [157], or the replication-competent avian leukosis virus
splice-acceptor/avian tumor virus receptor A (RCAS/TVA) system, which uses retroviral
or adenoviral vectors to deliver Cre recombinase for somatic cell gene transfers [158].
These models reflect the histology and biology of human glioblastoma; however, the dif-
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ferences in the TME and immune system between mice and humans reduce the clinical
relevance of such cancer immunotherapy studies [121].

An alternative model system, patient-derived xenografts (PDXs), is also used in
cancer research. PDX models of glioblastoma are based on subcutaneous or intracranial
transplantation of patient-derived tumor cells, organoids, or tissues into immunodeficient
NSG (NOD scid gamma) mice. This model better recapitulates the heterogeneity and
complexity of the tumor and represents a valuable tool to investigate the characteristics
of glioblastoma [110,122]. Furthermore, PDXs are commonly used to study the CAR T
immunotherapeutic response [90] due to the lower chance of graft-versus-host rejection.
One of the major limitations of these models is the need to use immunodeficient host strains
for tumor engraftment and propagation. Because of the absence of functional elements of
the immune system, such as NK cells, macrophages, and Tregs, the current PDX models
are also unable to accurately assess the effects of different immunotherapies [90].

Humanized mice tumor models are generated by the engraftment of human tumor
cell lines, CSCs, or human PDX tumors into immunodeficient NSG mice with an HLA-
matched human immune system, which is initiated by the transplantation of human
PBMCs, isolated from human adult blood, or CD34+ hematopoietic stem cells (HSCs).
Transplanted CD34+ HSCs in immunocompromised mice differentiate into human helper
T cells, cytotoxic T cells, B cells, monocytes, NK cells, and dendritic cells [123]; after tumor
implantation, these mice can survive several months with a relatively stable percent of hu-
man cells in the blood. Human microglia/macrophage-like cells have also been developed
in the brain of CD34+ HSC humanized mice [159]. This model is mostly used to evaluate
treatment with anti-PD-1 and anti-CTLA-4 antibodies [160]. For example, in the study
by Capasso et al. [161], nivolumab (anti-PD-1 antibody) inhibited MDA-MB-231 triple-
negative breast cancer cells and CRC172 colorectal cancer cells in the humanized umbilical
cord blood-derived HSC mouse models. Furthermore, the therapeutic antitumor potential
of highly cytotoxic allogeneic super-charged NK cells was confirmed using an alternative
humanized BLT (bone marrow, liver, thymus) mice model that was implanted with oral
CSCs. The BLT model improves the functionality of T and NK cells via co-transplantation
of fetal liver and thymus [113,162]. The main difficulty of HSC mouse models is their
long-term establishment, and thus PBMCs from adult donors can be used to quickly restore
the autologous human immune system [124]. However, the lifespan of PBMCs in mice
is very short, i.e., only 3 weeks. As such, the timeframe to evaluate immunotherapies is
reduced. These models are also likely to generate stable graft-versus-host reactions [163].
Moreover, the human CD45+ fraction in peripheral blood is composed mainly of T cells,
limiting the investigation of other immune cells, such as monocytes and NK cells [110].
Different studies demonstrated that humanized mice with PBMCs can be successfully used
for the evaluation of monoclonal antibodies, cytokine therapy (IL-2), immune checkpoint
inhibitors, and dendritic cell-based vaccines [124,164,165]. For example, the efficacy of
the anti-PD-1 antibody was evaluated using humanized NOG-dKO mice, in which hu-
man PBMCs and the glioblastoma cell line U87 were transplanted [166]. There are both
advantages and disadvantages to this model; however, the humanized mouse platform
is being improved in a way that the investigation of immunotherapeutics may become
more predictive. Currently, the use of humanized mice models in glioblastoma preclinical
and clinical studies is limited due to the lack of knowledge and remaining unanswered
questions, including whether humanized mice models recapitulate the clinical features of
glioblastoma patients.

5. Conclusions

We have summarized the recent findings on the progress of glioblastoma immunother-
apy, the unique properties of glioblastoma that affect immunotherapy resistance, and tumor
models that can facilitate our understanding of the fundamental immunobiology of glioblas-
toma and test potential novel immunotherapeutic approaches. Immunotherapy to fight
glioblastoma holds great promise; however, there are many challenges, including (1) inter-
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and intra-tumor heterogeneity, (2) high immunosuppression in the TME, (3) a poor un-
derstanding of the mechanisms of immune cell activation in intracranial compartments,
(4) the presence of tumor-initiating and therapy-refractory CSCs, and (5) the lack of appro-
priate tumor models to study combinatorial approaches with standard treatments and to
predict treatment responses. Recent improvements in the establishment of glioblastoma
organoids that exhibit tumor heterogeneity and include immune compartments as well as
immuno-geno(pheno)typing of patient tumors hold great promise to help us resolve the
complex immunobiology of brain tumors and to increase the efficiency of immunotherapy.
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Abstract: Glioblastoma (GBM) is the most aggressive primary brain tumor, with a median survival at
diagnosis of 16–20 months. Metabolism represents a new attractive therapeutic target; however, due
to high intratumoral heterogeneity, the application of metabolic drugs in GBM is challenging. We
characterized the basal bioenergetic metabolism and antiproliferative potential of metformin (MF),
dichloroacetate (DCA), sodium oxamate (SOD) and diazo-5-oxo-L-norleucine (DON) in three distinct
glioma stem cells (GSCs) (GBM18, GBM27, GBM38), as well as U87MG. GBM27, a highly oxidative
cell line, was the most resistant to all treatments, except DON. GBM18 and GBM38, Warburg-
like GSCs, were sensitive to MF and DCA, respectively. Resistance to DON was not correlated
with basal metabolic phenotypes. In combinatory experiments, radiomimetic bleomycin exhibited
therapeutically relevant synergistic effects with MF, DCA and DON in GBM27 and DON in all other
cell lines. MF and DCA shifted the metabolism of treated cells towards glycolysis or oxidation,
respectively. DON consistently decreased total ATP production. Our study highlights the need for
a better characterization of GBM from a metabolic perspective. Metabolic therapy should focus on
both glycolytic and oxidative subpopulations of GSCs.

Keywords: glioblastoma; energy metabolism; glycolysis; oxidative phosphorylation; therapeutics;
gene expression profiling

1. Introduction

Glioblastoma (GBM) is the most common, heterogeneous and aggressive primary
brain tumor in adults (54% of all gliomas) [1–3]. The World Health Organization (WHO,
Geneva, Switzerland) classifies GBM based on histopathological findings and molecular
features (especially IDH mutation status) [4]. At a gene-expression level, GBM can be
classified into four subtypes: mesenchymal, classical, proneural and neural [5,6].

Standard treatment of GBM consists of maximally safe surgical resection, followed
by radiotherapy and chemotherapy, usually in the form of temozolomide (TMZ). Despite
decades of extensive research and advancements in therapeutics, such as tumor treat-
ing fields (TTF), prognosis remains extremely poor, with a median overall survival of
20.9 months [7]. GBM has a low global incidence (less than 10 per 100,000 persons/year),
but cumulative survival after five years from diagnosis is less than 10%, making it a crit-
ical public health issue [8,9]. Dismal survival is partly owed to GBM’s highly invasive,
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chemo-resistant and recurrent nature [10]. As standard of care is not a curative option, new
therapies are sorely needed, with efforts to characterize GBM from multiple viewpoints,
predominantly the omics sciences.

Setting aside the uncertainty behind the origin of cancer [11,12], one of its defin-
ing characteristics, at a functional, bioenergetic level, is its ability to exploit glycolytic
metabolism even in the presence of oxygen, a phenomenon known as the “Warburg ef-
fect” [13]. Among many other solid tumors, this metabolic shift has been extensively
documented in gliomas [14,15]. In the mitochondrial theory of cancer, aerobic glycolysis
represents a universal feature of transformed cells, allowing the reduction of vast molecular
heterogeneity into a smaller number of metabolic categories [16]. Metabolic reprogram-
ming is not merely an in vitro artifact, but has wide-ranging clinical applications [11,17,18].
Nowadays, 18F-fluorodeoxyglucose PET (18F-FDG PET) is a common technique for cancer
diagnosis and staging, with novel metabolic markers, such as lactate, glutamine, oxygen
and even ketone bodies under clinical evaluation [19–21]. Within ample cell diversity,
however, the predominance of aerobic glycolysis does not necessarily abrogate ancillary
energetic sources: functional oxidative metabolism (glucose, fatty acids, glutamine) and
the “reverse Warburg” effect [22,23]. Characteristically, in vitro, GBM has shown high
variability in mitochondrial respiration, while tissue-derived cell lines revealed glucose
dependency and fatty acid oxidation (FAO) [23–26]. Intratumoral heterogeneity makes de-
velopment of targeted strategies against specific mutations very challenging [27]; therefore,
patient stratification based on metabolic pathways should be a key component of improved
therapeutic strategies.

The main challenge facing GBM management is the eradication of all malignant cells,
including those able to survive drastic changes in the tumor microenvironment and toxic
interventions. For this reason, GBM presents as a unique model to study bioenergetic
alterations, as both aerobic glycolysis and oxidative phosphorylation (OXPHOS) have been
described in high grade gliomas [28–30]. Furthermore, discouraging survival rates are a
compelling reason to explore new therapeutic opportunities, either stand-alone or, more
likely, in combination with standard of care. To this effect, metabolic inhibitors such as
metformin hydrochloride (MF), dichloroacetate (DCA), sodium oxamate (SOD) and 6-diazo-
5-oxo-L-norleucine (DON) have a longstanding history in this field, undergoing extensive
evaluation in animal models and clinical trials with a variable rate of success [31–34].

To accurately model this disease in vitro, it has been proposed that GBM stem cells
(GSCs) have a remarkable proliferative ability, sufficient to drive tumor maintenance,
recurrence and therapeutic resistance [35–38]. GSCs are a highly heterogeneous and
metabolically adaptive cell population: surviving in both perivascular aerobic and hypoxic
regions [39,40], seemingly able to shift between glycolytic and oxidative phenotypes [28,29].
Whether these parameters are permanent, stable, independent or complementary, operating
on a spectrum, remains to be elucidated [41].

To help us illuminate this question, we performed a Gene Set Variation Analysis
(GSVA) [42] for canonical glycolytic/oxidative pathways in The Cancer Genome Atlas
(TCGA) GBM datasets. A clustering of highly oxidative signatures was observed in nor-
mal tissues, whereas highly glycolytic tumors matched with the mesenchymal subtype;
interestingly, mesenchymal signatures are associated with increased inflammation and
wound healing pathways, a higher degree of necrosis and the worst survival when re-
stricting for samples with low transcriptional heterogeneity [5,43]. Between these two
categories, a high degree of heterogeneity was recognized. Clinically, 18F-FDG PET imag-
ing of GBM can exhibit high or low glucose uptake, but allocation of metabolic substrates
is not routine practice.

To verify these observations in vitro, we analyzed the basal metabolic phenotype of
three tissue-derived and molecularly distinct GSCs (GBM18, GBM27, GBM38), in addition
to traditional established cell line U87MG. As metabolic plasticity is being touted as a
distinctive feature of GSCs, we wanted to explore antiproliferative responses to metabolic
inhibitors and their correlation with basal bioenergetics. High resistance to MF (a mild
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mitochondrial inhibitor) and DCA (glycolytic modulator) was detected in GBM27, a distinc-
tively oxidative cell line. GBM38 displayed Warburg-like properties, with higher sensitivity
to DCA. Responses to DON (glutaminase inhibitor) varied between cell lines, without a
clear correlation with basal metabolic phenotypes. Subsequently, we combined promis-
ing drug candidates with bleomycin, a radiomimetic drug that causes single-strand and
double-strand DNA breaks [44,45]. Synergism at therapeutically relevant outcomes was
detected with all drugs in GBM27, and all cell lines with DON. Lastly, Seahorse XF analysis
was performed in surviving, metabolically treated cells to determine vulnerabilities in
bioenergetic phenotypes (“metabolic priming”).

Here, we propose that strategic targeting of dysregulated bioenergetic pathways,
after an initial assessment of the metabolic phenotypes coexisting within a tumor, could
become a valuable stratification and therapeutic tool, improving the efficacy of adjuvant
metabolic therapy.

2. Materials and Methods
2.1. Culture of GSCs from Human GBM Samples, U87MG and Mesenchymal Stem Cells

GSCs were originally isolated from surgical human GBM specimens, as described by
our group in [46]. The GSCs used in this study are characterized by distinct molecular
and morphological features, differential drug sensitivity profiles and in vivo dissemination
patterns that reflect the original tumors. GSCs were cultured under a humidified atmo-
sphere of 5% CO2 at 37 ◦C, in a media containing, as a base, DMEM/F-12 (catalog number
11039, Gibco, Grand Island, NY, USA), supplemented with: Non Essential Amino Acids
(1% v/v; 11140, Gibco), HEPES (38 mM; 15630, Gibco), D-Glucose (0,54% v/v or 30 mM;
G8769, Sigma-Aldrich, St. Louis, MI, USA), BSA-FV (0,01% v/v; 15260037, Invitrogen,
Carlsbad, CA, USA), Sodium Pyruvate (1 mM; Invitrogen), L-Glutamine (4 mM; 25030,
Gibco), Antibiotic-Antimycotic (0.4% v/v; Invitrogen), N1 Supplement (1% v/v; Invitro-
gen), Hydrocortisone (0.3 µg/mL; H0135, Sigma-Aldrich), Tri-iodothyronine (0.03 µg/mL;
T5516, Sigma-Aldrich), EGF (10 ng/µL; E9644, Sigma-Aldrich), bFGF (20 ng/mL; F0291,
Sigma-Aldrich) and Heparin (2 µg/mL; H3393, Sigma-Aldrich).

U87MG was purchased from ATCC, Rockville, MD, USA and cultured in DMEM/F-
12 (11039, Gibco) supplemented with 10% fetal bovine serum (FBS) and 2% penicillin-
streptomycin (PS). Cells were maintained at 37 ◦C in humidified atmosphere air, CO2 5%.

Human mesenchymal stem cells (hMSCs) (a gift from Dr. Carmen Escobedo Lucea)
were cultured in DMEM, high glucose, GlutaMAX (10566016, Gibco), supplemented with a
final concentration of 20% FBS and 1% P/S. All hMSCs experiments were performed in the
first five passages from isolation.

2.2. Reagents and Metabolic Inhibitors

1,1-Dimethylbiguanide hydrochloride (D150959), sodium oxamate (O2751), sodium
dichloroacetate (347795) and 6-Diazo-5-oxo-L-norleucine (D2141) were purchased from
Sigma-Aldrich. Bleomycin sulfate (HY-17565) was acquired from MedChemExpress, Mon-
mouth Junction, NJ, USA.

2.3. MTS Assays and Drug Combination Studies using the Chou-Talalay Method

The sensitivity to different metabolic drugs was assessed using [3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) con-
taining solution from Promega, Madison, WI, USA (CellTiter 96 AQueous One Solu-
tion, G3582). Briefly, single-cell suspensions of GSCs were plated in a 96-well plate,
3000 cells/well, and allowed to grow and form spheres for 72 h. U87MG were seeded
at 3000 cells/well and allowed to grow for 24 h. Cultures were then treated with their
respective culture media (control cells) or increasing concentrations of each drug for 0
h, 24 h, 48 h or 72 h. At each timepoint, MTS reactant was added, incubated at 37 ◦C
for 2 to 4 h and absorbance was measured at 490 nm/630 nm, using a Varioskan Flash
(5250030, Thermo Scientific, Waltham, MA, USA) or a Sunrise Absorbance Reader (Tecan
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Trading AG, Männedorf, Switzerland). For IC50 calculations, corrected absorbance was
transformed, normalized and extrapolated in GraphPad Prism version 8.0.1, using the
logarithmic variable slope equation:

Y = 100/(1 + 10ˆ((LogIC50 − X) × HillSlope)).

In specific dose experiments, hMSCs were seeded at 6000 cells/well and allowed to
grow for 72 h. Fresh cell culture media was then added to control wells and dissolved
treatments to experimental wells. Cells were treated for 72 h before MTS read-out.

Combinatory studies were performed in the same manner as single-drug assays. After
seeding and cell-specific recovery/attachment intervals, combined treatments were added
in the following final concentrations: IC50 for drug A alone; IC50 for drug B alone; full
dose IC50 for drug A + drug B; IC50(A + B)/2; IC50(A + B)/8. Experimentally, drug
“A” was one of the metabolic inhibitors (MF, DCA or DON), whereas drug “B” was the
radiomimetic bleomycin. CompuSyn software (version 1.0), based on the Chou-Talalay
method, was employed to determine the interaction between the drugs [47,48]. This
method utilizes a multiple drug-effect equation derived from enzyme kinetics, generating
a “combination index” (CI) for each drug combination, at each fraction of affected cells
(Fa) level. CompuSyn software defines synergy as a CI value lower than 1, CI = 1 equals
to additive effects and CI values > 1 indicate antagonistic effects. We have determined
CI values for each metabolic inhibitor and bleomycin across all tested cell lines using
a constant ratio experimental design, as well as other valuable parameters such as the
Dose-Reduction Index (DRI), which indicates how many folds of dose-reduction for each
drug, at any given effect, would be allowed in synergistic combination.

2.4. Real-Time Quantitative Reverse Transcription PCR (RT-qRT-PCR) Analysis

For RT-qRT-PCR, total RNA was isolated from cell pellets using NZYol (MB18501,
NZYTech, Lda.), following the manufacturer’s recommendations. For chronological parity
with other experiments, GSCs were seeded in 6-well plates at a density of 90000 cells/well,
allowed to grow for 72 h, fresh cell culture media was added (1:1) and pellets were collected
after 72 h; the same protocol was applicable to U87MG, but fresh cell culture media was
added after 24 h from seeding. Purity of RNA was assessed based on 260/280 and 260/230
ratios using a Thermo Scientific NanoDrop 2000/2000c. RNA was retrotranscribed to
cDNA (High-Capacity cDNA Reverse Transcription Kit; Applied BioSystems). Resulting
samples were amplified with specific primers (Table 1) in a CFX Connect Real-Time PCR
Detection System (Bio-Rad). β-actin and GAPDH were used as housekeeping genes. For
relativization and comparison with a non-tumoral control, we compared our samples with
a pool of retrotranscribed RNA from brain tissue obtained from epileptic patients, provided
courtesy of Hospital Universitario y Politécnico La Fe (Valencia).
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Table 1. Forward (FW) and reverse (RV) primers for real-time quantitative reverse transcription PCR
(RT-qRT-PCR).

Name 5′-Sequence-3′

β-actin FW TTCTACAATGAGCTGCGTGTG

β-actin RV GGGGTGTTGAAGGTCTCAAA

GAPDH FW TCCTCCACCTTTGACGCTG

GAPDH RV ACCACCCTGTTGCTGTAGCC

GLS1 FW GCCCGCTTTGTGTGACTAAA

GLS1 RV CAGGGGTAAATAACGGCACA

GLS2 FW GCACTAAAGGCCACTGGAC

GLS2 RV CCAAGAGGCCACCACTACTG

MTOR FW CTGACCGCTAGTAGGGAGGT

MTOR RV AACATCCCAGAACCCTGCTG

PDK1 FW ATCCTCCTGCCTGAGTCTCT

PDK1 RV CAAATGCCAAGGACTGCTGT

PDK2 FW TGCCTACGACATGGCTAAGCTC

PDK2 RV GACGTAGACCATGTGAATCGGC

PDK3 FW TGGAAGGAGTGGGTACTGATGC

PDK3 RV GGATTGCTCCAATCATCGGCTTC

PDK4 FW AACTCGGGATGTTGGGGATT

PDK4 RV AGAGAAAAGCCCTTCCTACTGA

PRKAA1 FW GTCCAGGGCTTGTTCTATTCA

PRKAA1 RV ATGCTGCACTTAGAGACCCT

PRKAA2 FW TGGAACATTGTTACAGCAGGC

PRKAA2 RV AGCTCTTCTCCCGTGTCTTC

2.5. Antibodies

All primary and secondary antibodies were purchased from commercial sources, listed
as follows: AMPKα Antibody (2532, Cell Signaling, Danvers, MA, USA), phospho-AMPKα

(Thr172) (2535, Cell Signaling), Anti-Pyruvate Dehydrogenase E1-alpha subunit antibody
(ab110334, Abcam, Cambridge, UK), Anti-PDHA1 (phospho S293) antibody (ab177461,
Abcam), β-Actin (A5441, Sigma-Aldrich), α-Tubulin (sc-8035, Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The secondary antibodies for horseradish peroxidase (HRP) detec-
tion were anti-rabbit IgG (sc-2004, Santa Cruz Biotechnology) and anti-mouse IgG (PI-2000,
Vector Laboratories, Burlingame, CA, USA).

2.6. Protein Isolation/Quantification and Western Blotting

Centrifuged and pelleted U87MG and GSCs were resuspended in 100 µL of radioim-
munoprecipitation buffer [RIPA; 100 mM Tris-HCl (pH 8.5), 200 mM NaCl, 5 mM EDTA
and 0.2% SDS, with phosphatase and a protease inhibitor cocktail and stored at −80 ◦C
for a minimum of 24 h. Samples were then centrifuged at 13,200 RPM for 20 min at 4 ◦C;
protein-containing supernatant was conserved.

Total protein concentration was determined using Bio-Rad Protein Assay according
to the manufacturer instructions; after corresponding incubation, absorbance was read at
595 nm.

In phosphorylation experiments, treatments dissolved at 1:1 concentration in serum-
free medium were added 3–4 days after seeding GSCs, and 24 h in the case of U87MG.
U87MG cells were washed twice with PBS and serum-deprived for 1 h prior to sample
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collection. Protein was subsequently recovered at the indicated timepoints (30 min, 60 min,
2 h, 6 h).

Western blotting experiments were performed adapting the protocol from Mahmood
et al. [49]. Briefly, protein extracts were separated by 8%–12% SDS-PAGE and transferred
to nitrocellulose membranes. After blocking for 1 h with 5% Bovine Serum Albumin (BSA)
in Tween-Tris Buffered Saline 1× [T-TBS; 10 mM Tris-HCl (pH 7.6), 150 mM NaCl and
0.1% Tween-20], membranes were incubated with the corresponding primary antibody
O/N at 4 ◦C. After washing three times for 10 min with T-TBS, membranes were incubated
with HRP-linked secondary antibody for 1 h at room temperature (RT). Detection was
performed using ECL reagents (GE Healthcare) according to the manufacturer’s guidelines
and revealed in a BioRad ChemiDoc chemiluminescence system. The same membranes
were then incubated with a housekeeping primary antibody O/N at 4 ◦C, washed the next
day and incubated with an HRP-linked secondary antibody for 1 h RT before ECL detection.

2.7. Seahorse XFp Protocol for Real-Time Metabolic Evaluation of U87MG Adherent Cells and
GSCs Neurospheres

Experiments were performed in an XFp 8-well microplate using the Seahorse XFp
Analyzer (Agilent, Santa Clara, CA, USA). Briefly, GSCs were seeded at a density of
10,000 cells/well and allowed to grow for 72 h, in wells previously coated with 20 µL of
Collagen Type IV at 20 µg/mL (C6745-1ML, Sigma Aldrich). U87MG cells were seeded at
6000 cells/well and allowed to grow for 24 h. Metabolic drugs were added to the treatment
wells and fresh media was added to the control wells. After 72 h, the original media was
carefully pipetted out of each well into a centrifuge tube without disturbing the attached
cells; then, Seahorse XF DMEM medium, pH 7.4 (103575-100, Agilent) was used to wash,
pipetted out and centrifuged with the original media at 1000 rpm for 5 min at 25 ◦C. After
centrifugation, supernatant was aspirated from each tube, conserving only the cell pellet,
resuspended in Seahorse medium and added back to respective wells.

We then followed the standard protocol for Standard XF Real-Time ATP Rate Assay,
as described in the Seahorse XF Real-Time ATP Rate Assay User Guide (Kit 103592-100,
Agilent). Seahorse XF technology measures two key parameters of cellular bioenergetics:
oxygen consumption rate (OCR; an estimation of mitochondrial ATP) and extracellular
acidification rate (ECAR; quantification of glycolytic activity through changes in pH by lac-
tate production) [50,51]. Results were analyzed in Seahorse Wave software (version 2.6.1),
with analysis of OCR and ECAR carried out using the Seahorse XF Real-Time ATP Rate
Assay Report Generator (version 4.0.17). For normalization, total protein was quantified
using an Invitrogen Qubit 3 Fluorometer (Q33216, Invitrogen).

2.8. TCGA Gene-Set Variation Analysis

Affymetrix (HG-U133A) normalized gene expression datasets of GBM and non-tumor
tissue samples from TCGA were downloaded from GlioVis repository (gliovis.bioinfo.cnio.
es) [52]. As IDH mutation status confers characteristic metabolic rewiring of the TCA cycle, IDH
mutant and IDH unknown samples were removed from the analysis [53]. The remaining 498
GBM IDH-wt and 10 non-tumor samples were classified in proneural, classical, mesenchymal
and those with a high content in non-tumoral tissue (low cellularity), as proposed elsewhere [54].
Four different canonical gene sets (two oxidative and two glycolytic) were obtained from the
Molecular Signatures Database (MSigDB) [55]: KEGG (oxidative phosphorylation and TCA
cycle), Hallmark (glycolysis, mTORC1 signaling). Gene set variation analysis (GSVA) was
performed on each sample to obtain an enrichment score (ES) using the GSVA R package [42].

2.9. Statistical Analysis

Statistical analysis was performed using a 2-tailed Student t test (when compar-
ing two groups) and One-Way ANOVA (three or more groups). Data are presented as
means ± standard deviation and calculated using the software package GraphPad Prism
version 8.0.1 for Windows, GraphPad Software, San Diego, California USA. RT-qRT-PCR
expression data was graphed and analyzed directly in CFX Maestro 1.1 software, version
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4.1.2433.1219 (Bio-Rad Laboratories). p values < 0.05 were considered as statistically signifi-
cant. For all figures, p values were expressed according to GraphPad 8 NEJM p-value style.:
p > 0.05 (ns); p < 0.05 (*); p < 0.01 (**); p < 0.001 (***).

3. Results
3.1. GBM can be Stratified into Glycolytic and Oxidative Phenotypes

Molecular heterogeneity is a key feature of GBM, with clinical and therapeutic reper-
cussions. To better understand if the vast molecular landscape of GBM could be reduced
into a manageable number of metabolic categories, we explored the TCGA expression
databases using a GSVA approach. Filtering for canonical gene sets of glycolytic and ox-
idative pathways, Warburg-like phenotypes were enriched in the mesenchymal subgroup,
whereas functional mitochondrial metabolism predominated in healthy tissues (Figure 1a).
Between these two extremes, however, we still encountered ample metabolic heterogene-
ity. Clinically, 18F-FDG PET is valuable for staging and detection of recurrence, but not
necessarily to guide treatments. Without further stratification, GBM can be identified as
a malignancy with high glucose uptake or low glucose uptake (Figure 1b). Nevertheless,
common standardized procedures such as 18F-FDG PET do not allow for differentiation be-
tween high glucose uptake due to increased aerobic glycolysis or OXPHOS, or low glucose
uptake due to compensatory glutaminolysis, necrosis or quiescent metabolic phenotypes.
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Figure 1. (a) Heatmap of the scaled enrichment score (ES) obtained by Gene Set Variation Analysis (GSVA) with the samples
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glycolysis. U87MG were not as metabolically active as glioma stem cells (GSCs). Data from three independent experiments,
each with n = 3, normalized to total protein concentration (µg/mL).
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Subsequently, to examine the differences in bioenergetic metabolism in phenotypically
and molecularly distinct gliomas in vitro, we determined OCR and ECAR of our set of
GSCs and U87MG (Figure 1c). We can observe that, in basal conditions, GBM27 and
U87MG are close to a 1:1 ratio of glycolytic/oxidative metabolism, whereas GBM18 and
GBM38 have a strong preference towards a glycolytic phenotype. Furthermore, U87MG, a
typically Warburg-like cell line [30], also exhibited a relative elevation in OCR-linked ATP
production rate (up to 43.57% of total ATP). As shown in Figure 1d, GBM27 demonstrated
high mitochondrial ATP production as well as lower glycolytic ATP production when
compared to GSCs GBM18 and GBM38; as much as 50% of its bioenergetic needs were met
by OCR-linked ATP production. GBM18 and, especially, GBM38, relied predominantly
on glycolytic metabolism (Warburg effect). In GBM27, OCR and ECAR fluctuated slightly
between sets of biological experiments, indicating a range of metabolic flexibility: further
investigation into metabolite allocation for energy production would be necessary to
fully characterize this adaptive capacity. Our data indicate that even under the same cell
culture conditions, distinct molecular characteristics of GSCs can in fact produce unique
metabolic phenotypes. Interestingly, the global metabolic activity of U87MG is actually
lower than GSCs.

Taken together, our data suggest that a high degree of metabolic variability is present
between our GSCs, and their ATP production rates are faster than those of U87MG. GSCs
and U87MG maintain a stable, basal, metabolic profile, and seem to be able to shift, to
some extent, between aerobic glycolysis and OXPHOS to meet their bioenergetic needs.

3.2. GSCs Display a Heterogeneous Pattern of Resistance to Metabolic Inhibitors

At the outset, in order to determine the optimal doses to be used in future experiments,
we exposed our GSCs (GBM18, GBM27, GBM38) and the U87MG cell line to escalating con-
centrations of selected metabolic drugs. Inhibitory curves for all time points are presented
in Supplementary Figure S1.

After conducting these experiments, we ascertained maximum inhibitory effects and
reliable trends in the viability data at 72 h; therefore, for every cell line, IC50 at 72 h was
considered as the optimal inhibitory concentration.

As we can appreciate in Figure 2, GBM27 had the highest resistance to all metabolic
treatments except for DON, where, in turn, GBM18 required the highest concentrations to
achieve IC50. For MF, GBM18 and GBM38 were the most sensitive cell lines (10.66± 3.162 mM
and 21.33± 7.08 mM, respectively) and GBM27 the most resistant (77.41± 34.02 mM). U87MG
revealed an intermediate resistance (42.51± 2.742 mM). For DCA, GBM38 required the lowest
concentrations (13.52 ± 5.235 mM) and GBM27 the highest (40.61 ± 7.400 mM). In this case,
GBM18 (29.20± 5.627 mM) and U87MG (27.10± 0.955 mM) showed no statistically significant
differences in IC50 concentrations. For SOD, all cell lines required relatively high in vitro
concentrations to reach 50% growth inhibition; no statistical significance was reached between
groups. Lastly, regarding glutaminolysis inhibition by DON, U87MG required the lowest
IC50 DON dose (99.70 ± 14.82 µM), followed by GBM27 (198.4 ± 44.13 µM) and GBM38
(286.9 ± 103.2 µM), whereas GBM18 was the most resistant (1505 ± 625.4 µM). It should be
noted, however, that a closer look at the growth inhibition curves for DON in GBM18 reveals a
cytostatic “threshold” around the IC50 value regardless of the dose, suggesting a non-linear
inhibitory slope (Figure S1). Therefore, the IC50 provided is a statistical approximation owed to
the resistance against the drug, but we should not always assume a linear correlation between
dose and effect; this will become especially relevant in subsequent combinatory studies.
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Figure 2. Cancer metabolism at a glance, with experimental in vitro IC50 values for selected metabolic inhibitors. Glu-
cose enters cells and undergoes glycolysis, converted into pyruvate. Cancer cells can divert up to 85% of pyruvate to
lactate, regardless of the presence of oxygen (Warburg effect, yielding two net ATP); an estimated 10% of pyruvate goes
towards biosynthesis and 5% to OXPHOS [56]. In normal, non-tumoral cells, the majority of pyruvate undergoes OXPHOS
(30–32 ATP molecules). To decrease the Warburg effect and facilitate oxidative metabolic reprogramming, PDKs can be
inhibited by dichloroacetate (DCA), supporting the entry of pyruvate in the mitochondria, and LDH can be targeted
via sodium oxamate (SOD). “Glutamine addiction” can be regulated by glutaminase inhibitors such as 6-diazo-5-oxo-L-
norleucine (DON) [57]. Lastly, metformin hydrochloride (MF) has pleiotropic effects: ETC complex I inhibition leads to
downstream signaling via AMPK and mTOR [58]. In color-matching boxes, we display concentrations required for 50%
viability inhibition (IC50) after 72 h of treatment. One-way ANOVA statistical significance of three biological experiments
was calculated with normalized raw fluorometric data; p < 0.05 *; p < 0.01 **; p < 0.001 ***. Abbreviations: ETC (electron
transport chain), mTOR (mammalian target of rapamycin), PDK (pyruvate dehydrogenase kinase), PDH (pyruvate dehy-
drogenase), GLS (glutaminase), LDH (lactate dehydrogenase), GLS (glutaminase), ECAR (extracellular acidification rate),
OCR (oxygen consumption rate).

In summary, GBM18 was the most sensitive to MF, GBM38 to DCA and U87MG to
DON; on the other hand, GBM27 was the most resistant to MF and DCA, while GBM18
required the highest doses of DON. A very high resistance towards SOD, as well as low
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variability in responses, was observed across all cell lines, so this drug was discarded from
further assays.

3.3. Differences of Target Enzymes across Cell Lines Predicts Responses to Metabolic Inhibitors

To further investigate the relative sensitivity/resistance profiles of each cell line to our
selection of metabolic drugs, we aimed to evaluate their basal genetic expression profiles
(Figure 3a).
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MF acts through inhibition of the electron transport chain (ETC) complex I, increas-
ing the ADP/ATP ratio, but its primary downstream target is the activation of AMPK
(phosphorylation of Thr172 of AMPKα1), which ultimately leads to mammalian target
of rapamycin (mTOR) inhibition. We therefore evaluated expression of PRKAA1 and
PRKAA2 (together, catalytic subunits of AMPK) and the mTOR gene. Although PRKAA2
was not expressed in our samples, PRKAA1 was significantly upregulated in GBM27
(9-fold relative to control) and, at similar levels (approximately 3 to 4-fold), in GBM18,
GBM38 and U87MG. We also found the highest relative expression levels of mTOR in
GBM27 and GBM38, but differences did not reach statistical significance. Additionally,
we analyzed the phosphorylation of AMPKα to investigate the biological effects of MF
(Figure 3b). We observed strong phosphorylation of Thr172 AMPKα relative to control
in GBM18 (60 min, 2 h, 6 h) and GBM38 (2 h). Cell lines GBM27 and U87MG did not
phosphorylate AMPKα in the first 6 h, consistent with their need for higher concentrations
of MF and slower responses against the drug.

Next, we studied DCA activity in our GBM cell lines. Altough we analyzed all PDK
subunits, PDK2 and PDK4 were not expressed, with major differences detected primarily

51



Cells 2021, 10, 202

in PDK3 expression, exceptionally upregulated in GBM27, consistent with sensitivity
profiles to DCA. At the protein level, the catalytic subunit PDH-E1α has three major
phosphorylation sites, with site 1 (Ser-293) being the most frequent and efficient target,
sufficient to fully inhibit PDH activity [59,60]. With inhibition of PDKs by DCA treatment,
we detected rapid, visually discernable, de-phosphorylation of Ser-293 in all cell lines after
6 h of treatment with 72h-IC50 concentrations (Figure 3c and Supplementary Figure S2).
The expression of PDKs in our dataset could provide a predictive biomarker to explain
differential responses to DCA.

When we evaluated GLS genes, our analysis revealed no detectable amplification of
GLS2; therefore, we focused on GLS1 as a potential predictor for DON’s antiproliferative
effects. Relativized to epilepsy control, GLS1 was significantly upregulated in GBM18, neu-
tral in GBM27/U87MG and downregulated in GBM38. Higher GLS1 expression correlated
with the relative resistance against DON in GBM18, but comparatively lower expression in
GBM38 was not associated with lower doses.

3.4. Doses of Metabolic Inhibitors and Radiomimetic Bleomycin Corresponding to Warburg-Like
Phenotypes Spare Viability of Non-Tumoral hMSCs

After completing this set of experiments, we questioned whether our cell lines would
respond favorably to bleomycin, a radiomimetic/DNA-targeting drug.

The mechanism of action and IC50-72h concentrations for bleomycin are presented
in Figure 4a. To substantiate our following combinatory studies, we first performed
exploratory MTS assays to determine optimal concentrations of bleomycin for each cell
line: we observed relative resistance in GBM18 and GBM27, whereas GBM38 and U87MG
were equally sensitive to the drug (Supplementary Figure S3).
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ited by toxicity to healthy cells. Therefore, we investigated whether all IC50 concentra-
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Figure 4. (a) IC50 values at 72 h and mechanism of action of radiomimetic drug bleomycin (BM). Bleomycin is a large
molecule (~1.5 kDa) and cannot freely diffuse cell membranes; it is transported into cells either alone or as a bleomycin-
Cu(II) complex, then reduced to bleomycin-Cu(I), which reacts with oxygen leading to DNA strand breaks. Successful
chemotherapy with bleomycin is dependent on active transport; however, there is currently no consensus about the uptake
mechanism or the transporters involved. Bleomycin-Cu(I) can also dissociate inside the cell to form bleomycin-Fe(II)
complexes, transforming into «activated bleomycin species» resulting in DNA fragmentation and chromosomal aberrations.
Complexes with zinc (II), iron (II) and cobalt (III) have also been characterized. Calculated IC50, as per inner salt (MTS) assay,
with a minimum of two biological replicates. One-way ANOVA with Tukey correction, p < 0.05 *; p < 0.01 **; p < 0.001 ***.
(b) Viability profiles relative to control mesenchymal stem cells (hMSCs) treated with all calculated 72h-IC50 doses (n = 2).
One-way ANOVA with Dunn’s correction, p < 0.05 *; p < 0.01 **; p < 0.001 ***.
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As with any other form of treatment, the success of metabolic therapies could be lim-
ited by toxicity to healthy cells. Therefore, we investigated whether all IC50 concentrations
determined thus far could be a realistic goal in vitro, exploring their effects on non-tumoral
hMSCs (Figure 4b). MF/DCA affected more than 60% of cells when using GBM27 IC50s
(oxidative-like metabolic phenotype), but all other doses were very well tolerated (toxicity
less than 20%). DCA 72h-IC50 from GBM38 actually slightly increased “cell viability”
relative to control (as per metabolic activity measured by MTS assay). DON inhibited
cell growth up to 35% at the highest dose (1505 µM), suggesting a saturation point after
which increased dosages do not linearly correlate with antiproliferative effects. Bleomycin,
in contrast, only affects up to 30% of hMSCs at the highest IC50, correlating well with
slower proliferation rates. In summary, cell lines with predominantly Warburg-like pheno-
types could be targeted with metabolic inhibitors without affecting normal stem cells, but
oxidative-like phenotypes, such as GBM27, will require individualized, unique approaches.

3.5. Synergy between Bleomycin and Metabolic Inhibitors Helps to Overcome Dose-Limitng
Toxicity in Predominantly Oxidative Metabolic Phenotypes

One way to solve the challenge of non-specific damage to healthy cells is to exploit
coexisting weaknesses of tumoral cells in combinatory strategies. Since GBM27 doses of
MF/DCA were also affecting the viability of normal cells, we explored the possibility of
dose-reduction attributable to synergistic effects with radiomimetic bleomycin. After indi-
vidually confirming the validity of each calculated 72h-IC50, we performed combinatory
studies to determine the existence of synergy, additive or antagonistic effects. Using the
Chou-Talalay theorem, the Combination Index (CI) and the Dose Reduction Index (DRI)
were calculated for each drug combination.

As shown in Table 2, drug mixtures with CI < 1 and DRI > 1 at a fraction of affected
cells (Fa) = 0.6 were considered as the optimal cutoff to identify promising therapeutic
combinations. Nevertheless, in constant ratio combinatory experiments, close attention
needs to be paid to the full range of Fa and CI/DRI to evaluate synergy for any given
combination/antiproliferative effect.

Table 2. Summary of synergy/antagonism at an optimal Fa cutoff of = 0.6. All combinatory experiments were performed in
two biological replicates (n = 2).

MF + Bleomycin DCA + Bleomycin DON + Bleomycin

Cell Line Effect at Fa = 0.6 DRI at Fa = 0.6 Effect at Fa = 0.6 DRI at Fa = 0.6 Effect at Fa = 0.6 DRI at Fa = 0.6

GBM18 Additive DRI > 1 for both Antagonism DRI > 1 for both Synergism DRI > 1 for both

GBM27 Synergism DRI > 1 for both Synergism DRI > 1 for both Synergism DRI > 1 for both

GBM38 Synergism DRI > 1 for both Antagonism DRI > 1 for
bleomycin Synergism DRI > 1 for both

U87MG Synergism DRI > 1 for both Antagonism DRI > 1 for both Synergism DRI > 1 for both

All final reports with complete datasets, including Median-Effect Plot, CI Plot, Log-
arithmic CI Plot, DRI, Isobologram and Sequential Deletion Analysis (SDA; confidence
intervals for CI values), are included in Supplementary Material File S1.

Our results describe a wide variety of combinatory effects depending on the cell
subtype and Fa level. Figure 5a describes the combined effects of MF and bleomycin.
GBM18 exhibits mostly additive effects (no synergy). GBM27, on the other hand, is a
prototypical example of synergistic effects when affecting most tumoral cells (at high
Fa values): in the CI index, Fa ≥ 0.75 has a CI < 0.4, indicative of strong synergism.
Consequently, DRI is > 1 for both MF and bleomycin, with significant dose reductions at
Fa ≥ 0.6, potentially reducing the toxicity of both agents. GBM38 is synergistic at Fa ≈ 0.5
but has a tendency towards antagonism at Fa > 0.75. GBM38 appears to have a threshold
for both MF and bleomycin, where even small doses produce significant anti-proliferative
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effects, but further increases provide no additional benefit. Finally, the CI in U87MG is
close to synergistic/additive up to Fa = 0.75, then turning antagonistic.Cells 2021, 10, x FOR PEER REVIEW 14 of 24 
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control. Second graph: Combination index (CI) is given as a function of the fraction of affected 
cells (Fa) by the drug combination with a continuous line. The central dashed line indicates a CI = 

Figure 5. (a–c) Combinatory drug studies between metabolic drugs (MF, DCA, DON) and bleomycin (BM). From top to
bottom, three graphs for each cell line comprehensively describe synergy/antagonism. First graph: Bar charts of decrease
in viability (% of affected cells) relative to control. Second graph: Combination index (CI) is given as a function of the
fraction of affected cells (Fa) by the drug combination with a continuous line. The central dashed line indicates a CI = 1.
According to the Chou-Talalay’s Combination Index Theorem, CI = 0.9 to 1.1 indicates an additive effect. CI < 1 is indicative
of synergism, whereas CI > 1 indicates antagonism. The vertical bars indicate 95% confidence intervals for CI values based
on Sequential Deletion Analysis (SDA); in some cases, SDA values cannot be graphed in CompuSyn software, but they
were always calculated and are available in Supplementary File S1. Third graph: The Dose-Reduction Index (DRI) (also
known as the Chou-Martin plot) signifies how many folds of dose-reduction for each drug at any given effect (Fa) are
allowed in synergistic combination. In blue, metabolic drug DRI index; in red, bleomycin DRI index. DRI = 1 indicates
no dose-reduction, DRI > 1 favorable dose-reduction and DRI < 1 no favorable dose-reduction. All experiments were
performed in two biological replicates (n = 2).
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Next, Figure 5b describes the combinatory effects of DCA and bleomycin. For GBM18,
the CI is > 1 (antagonistic) at any given Fa; despite this, DRI > 1 for bleomycin at high
Fa levels indicates the possibility of dose-reduction. In GBM27, therapeutic effects are
determined by Fa cutoff: close to Fa ≈ 0.75, CI is <1 (synergistic), with dose reduction
predicted at this value. GBM38, on the other hand, represents a clear example of strong
antagonism (CI values > 1.5 at any Fa level); consequently, the combination of drugs does
not surpass the effects of bleomycin by itself. Even still, DRI suggests that bleomycin
concentrations could be decreased at the expense of DCA. Lastly, up to Fa = 0.5, U87MG
displays synergistic/additive effects, with antagonism prevailing thereafter; this translates
to unfavorable dosing at Fa > 0.8 (DRI < 1 for both drugs).

To conclude, Figure 5c details the interaction between DON and bleomycin. For
GBM18, combining the compounds presents a strong synergistic relationship at Fa close
to 0.5; however, at higher Fa, this synergy is lost. Ascending DRI for DON indicates the
potential of important dose-reduction. GBM27 benefits from additive effects close to Fa
≈ 0.5, and, as we move closer to Fa = 1, the combination becomes strongly synergistic;
this too would allow for dose reduction. In GBM38, the combined treatment has a similar
threshold as in U87MG, as even one eighth of the concentrations significantly decreases
proliferation: in these two cell lines, CI is <1 and DRI > 1 at Fa levels > 0.5, making DON
and bleomycin a very promising therapeutic combination.

In summary, for GBM27, synergism with radiomimetic bleomycin was observed
for all metabolic inhibitors at therapeutically relevant Fa = 0.9. Combining metabolic
inhibitors and bleomycin could be leveraged to reduce dosing requirements of oxidative-
like GSC subtypes.

3.6. Bioenergetic Profiling after Metabolic Treatment Reveals Opportunities for Metabolic Priming
in Surviving Cell Populations

Using Seahorse XF technology, we determined total ATP production and ratios of
mitoATP/glycoATP production under metabolically treated conditions.

As shown in Figure 6a,b, normalized total ATP production was decreased in all treated
cells, with the exception of DCA-treated GBM27; in this case, rather than a significant drop
in total ATP, production shifted from glycolytic to oxidative metabolism, with total ATP
rates remaining unaltered. Furthermore, consistent with the proposed biological function
for each drug, we observed a reduction in mitoATP production and a shift toward gly-
colysis using MF. Even though IC50 values should affect all cell lines proportionately, we
noticed that the reduction in total ATP production was less pronounced with lower doses;
e.g., in GBM18 (lowest MF IC50 of 10.66 mM), mitochondrial ATP was almost completely
abolished, but total glycolytic ATP dropped only marginally, indicating a surviving popu-
lation of almost exclusively glycolytic cells. Mitochondrial ATP production was increased
after treatment with DCA, especially in GBM27, a GSC with a clear preference towards
oxidative metabolism under both basal and treated conditions. The XF Rate Index for DCA
can provide an idea of the oxidative potential of each cell line: highest in GBM27, followed
by GBM18 and lowest in GBM38/U87MG. In the case of DON, we can appreciate a notable
reduction of total ATP for each calculated IC50 value. As previously stated, DON is a glu-
tamine analog predominantly targeting GLS (inhibition of TCA cycle intermediaries from
glutamine would be expected to reduce mitoATP, unless glutamine derived α-ketoglutarate
was diverted towards biosynthesis or mitochondrial substrate-level phosphorylation rather
than oxidized). Examining the XF ATP Rate Index, GBM18 and especially GBM27 shifted
towards oxidative metabolism, whereas GBM38 and U87MG remained unaltered. In con-
clusion, DON did not consistently change the metabolic phenotype of surviving cells;
interestingly, however, in U87MG, a characteristically glutaminolytic cell line, even small
concentrations of DON (99.7 µM) were enough to drastically reduce total ATP production.
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Figure 6. (a) Changes in metabolic phenotypes after IC50 treatment for 72 h with metformin (MF), dichloroacetate
(DCA) and 6-Diazo-5-oxo-L-norleucine (DON). (b) XF ATP Rate Index for GSCs and U87MG. The ATP Rate Index is the
ratio of the mitoATP Production Rate divided by glycoATP Production Rate, indicating higher oxidative or glycolytic
bioenergetic profile.

Normalized values of OCR/Proton Efflux Rate (PER) in real-time after each drug in-
jection of the Seahorse XF protocol are provided in Supplementary Figure S4. These kinetic
graphs allow us to examine how previous metabolic treatments changed the basal metabolic
state and acute responses to mitochondrial inhibitors included in the assay: oligomycin
(complex V inhibitor, i.e., mitochondrial ATP synthesis) and rotenone/antimycin A (total
inhibition of mitochondrial respiration, complex I and complex III, respectively). Glycolytic
upregulation in response to partial and complete mitochondrial inhibition (Warburg pheno-
type) and residual non-mitochondrial OCR should be highlighted in GBM18 and GBM38.

In conclusion, pre-treatment with metabolic drugs could become a valuable tool to
characterize the bioenergetic phenotypes of surviving, resistant fraction of cells, priming
them for further treatments. To our knowledge, this is the first time chronic metabolic
treatments (>72 h) with DCA and DON have been characterized in GSCs. Despite method-
ological differences, our results also confirm the bioenergetic changes after low-dose MF in
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GSCs [61] and DCA in established glioma cell lines [62,63]. Finally, oxidative GSCs such as
GBM27, an abnormality in the predominantly glycolytic phenotypes of solid tumors, need
to be fully recognized in order to improve metabolic therapies. Based on our results, se-
quential drug strategies targeting previously weakened ATP-generating pathways warrant
further exploration.

4. Discussion

Cancer metabolism has recently regained interest as a promising therapeutic target,
coinciding with the development of standardized techniques for real-time assessment
of bioenergetics. Given high intratumoral molecular and metabolic heterogeneity, it is
necessary to target glycolytic, glutaminolytic and oxidative phenotypes; for this purpose,
primary GSCs cultured from human surgical samples are an excellent model [64].

In this paper, we describe how metabolic modulators (MF, DCA, DON) could be
leveraged to inhibit GSCs proliferation, demonstrating that distinct, stable, metabolic
phenotypes contrast in their response to these treatments. A comparison between untreated
and metabolically treated GSCs populations is presented here for the first time, leading us
to hypothesize that inhibiting metabolic pathways might not only kill malignant cells, but
also turn them vulnerable to successive targeted treatments (“metabolic priming”).

Consistent with our results, GSCs have been characterized by ample metabolic het-
erogeneity, exhibiting both glycolytic/oxidative characteristics [29,65,66]. Surprisingly,
GBM27 exhibited a highly oxidative phenotype, at odds with Warburg’s central hypothesis
of dysfunctional mitochondria; the presence of such metabolic subpopulations will need to
be addressed to prevent tumor recurrence after antiglycolytic therapy. Similarly, U87MG
had been described numerous times as highly glycolytic (high basal ECAR); however, we
and others also described simultaneous elevations in OCR [30,67–70].

Regarding our selection of metabolic inhibitors, GBM27 was the most resistant to all
drugs, with the exception of DON. One of the reasons for this might be owed to GBM27’s
characteristically oxidative metabolism (up to 50% oxidative) and slower proliferation
rates. Metabolic flexibility may grant a survival advantage even if mitochondrial en-
ergy production is targeted via MF or glycolysis via DCA. GBM18 and GBM38, on the
other hand, were significantly more sensitive to MF; this would be consistent with their
Warburg-like metabolic phenotypes. At the protein level, our results are consistent with
previous research, where 10 mM MF did not significantly increase phospho-Thr172 at
6 h in U87MG [71]. Next, we hypothesized whether upregulated or downregulated PDK
expression could be useful in predicting responses to DCA. While PDK1 was upregulated
with respect to non-tumoral controls, expression was similar across all cell lines. PDK3
expression was relatively downregulated in GBM38 and exceptionally upregulated in
GBM27. This would be consistent with previous reports where the PDK3 subunit was the
most resistant to inhibition by DCA (higher expression of PDK3 would therefore translate
into higher doses of DCA) [72,73]. In contrast, PDK2 subunits are the most sensitive to
DCA treatment, while PDK1 and PDK4 display intermediate sensitivity (Ki PDK2 < PDK1
' PDK4 < PDK3). As PDK1 was equally distributed, and PDK2/PDK4 were undetectable
in our samples, variances in dose-response profiles were likely related to differences in
PDK3. SOD treatment was equally inefficacious in all tested cell lines, but we suspect
this was partly related to poor cell membrane permeability of this compound [74–76].
Despite issues with potency, our GSCs appear as highly resistant to SOD, as evidenced
by much lower reported IC50s in nasopharyngeal carcinoma and gastric cell lines [77,78].
Concerning DON, glutamine addiction is thought to play an important role in supporting
cancer proliferation [79,80]. In our case, GBM18 was the most resistant to DON, while other
GSCs and U87MG turned more vulnerable to glutaminase inhibition. Our results confirm
the inhibition profile for U87MG/DON at 72 h recounted by Ohba et al., with a similarly
flattened inhibitory curve but higher “theoretical” IC50 [81]. With DON, rather than linear,
dose-dependent cytotoxicity, we noted a more cytostatic-like effect in GBM18, GBM38 and,
to a lesser extent, GBM27. Higher relative mRNA expression of GLS1 was evidenced in
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GBM18, accompanied with, indeed, higher doses of DON for the same inhibitory effect;
correlations between doses and GLS1 expression was not as clear in other cell lines.

The heterogeneity of cancer could also be managed by combinatorial strategies, fo-
cusing on multiple molecular pathways to achieve compounded effects. Even though
stand-alone metabolic modulation could become a possibility in the future, a more realistic
and approachable goal is to design safe and effective combinations together with well-
established chemotherapeutics and radiotherapy. Here, we show that non-tumoral hMSCs
are not affected by low/intermediate doses of MF, DCA, DON or bleomycin. Concentra-
tions of MF and DCA corresponding to GBM27, however, decreased viability by more than
half in hMSCs, revealing that oxidative cancer cells would require a different management
strategy: combinatory therapies could be such an option.

To the extent of our knowledge, ours is the first report of the combinatorial effects in
GSCs of the radiomimetic drug bleomycin together with MF, DCA and DON. Bleomycin
acts by inducing single and double strand DNA breaks, causing apoptosis and cell cycle
arrest in early G2 phase [44]; it is FDA-approved as a clinical prescription against lym-
phomas, squamous-cell carcinomas and germ-cell tumours, as well as brain cancer [45,82].
IC50 profiles for bleomycin revealed significant disparities among cell lines, with GBM38
and U87MG being more sensitive than GBM18 and GBM27. Direct comparisons with
radiotherapy are scarce, however, as we only encounter combined evaluation in traditional
glioblastoma cell lines (not GSCs) for MF [61] and DCA [69]. Discussing our results, we
want to bring attention to the fact that GBM27, identified as distinctly “oxidative”, was
potentially the most benefited by pairing bleomycin and metabolic modulators. Synergistic
opportunities in GBM27 would allow for significant dose reduction, as individual IC50 con-
centrations for MF and DCA are higher than in all other cell lines, thus reducing toxicity in
normal cells. One of the strengths of our combinatory approach is the experimental design
in a constant drug ratio: this allows for a data-driven, more accurate and comprehensive
description of synergy/antagonism using the Chou-Talalay method [83], without relying
solely on computer simulations.

As far as we know, sustained metabolic changes in GSCs after extended treatment with
DCA and DON had not been properly illustrated until now. In terms of OCR/ECAR, all
metabolic modulators exerted biologically coherent responses, especially well-defined for
MF and DCA. In the case of MF, as would be expected, surviving cells shifted to a primarily
glycolytic behavior, with a very low percentage of mitoATP generation; these results
are consistent with Seahorse XF assays in established glioma cell lines and colon cancer
CSCs [61]. The metabolic effects of MF were mainly determined by dose-response profiles.
Similarly, DCA induced bioenergetic changes consistent with the forced activation of the
PDH complex, in congruence with previous reports [69,84]. Interestingly, when comparing
total ATP production rates, DCA only reached a maximal attenuation of approximately
50% relative to control. Indeed, DCA is believed to act more as a “metabolic modulator”,
not simply reducing cell proliferation, but also “shifting” the glycolytic/OXPHOS ratio
via increased mitochondrial uptake of pyruvate [85,86]. Lastly, evaluating the effects of
DON, we detected consistent ATP inhibition but heterogeneous metabolic adaptations. In
previous reports, no response was observed to low concentrations of DON in U87MG [87].
Preclinical data shows that relatively high in vitro doses of DON are required in some cell
lines, which might explain the high variability in antiproliferative effects [88–91]. After
chronic treatment with DON, we observed either an unchanged (GBM38, U87MG) or
increased (GBM18, GBM27) ATP Rate Index. The third alternative, a decrease in ATP Rate
Index (enhanced Warburg effect), was not detected; in contrast, this shift was noted with
MF in all cell lines. Therefore, after GLS inhibition, we can hypothesize that increased
mitoATP cannot be originated from glutamine oxidation: this was apparent in GBM27,
where inhibition of glutaminolysis led to preferential oxidation of glucose (indicative of
metabolic flexibility). GBM18 displayed a similar trend, albeit less pronounced, whereas
GBM38 and U87MG saw their total ATP production diminished without compensatory
shifts in mito/glycoATP.
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From a translational medicine perspective, avoiding the risk of toxicity associated with
high concentrations of MF might be feasible, as even very low doses of this drug revealed
antiproliferative effects and radiotherapy enhancement [92,93]. Furthermore, combinatory
strategies would allow for meaningful dose reductions, as shown with improved efficacy
in radioresistant stem cells [94]. Moreover, DCA could be applied synergistically to prevent
MF-induced lactic acidosis [95–97]. Our results agree with previously published data,
showing that concentrations of DCA in the range of ≥ 10 mM are required for consistent
anti-proliferative responses [98–101]. Finally, the prospective of DON for GBM therapy is
hindered by a polar structure and reactive moiety that significantly reduces its ability to
cross the blood-brain barrier (BBB) [102,103]. Nevertheless, most GBM patients present
with a disrupted BBB [104], and, where this might not be applicable, prodrugs and novel
glutaminase inhibitors are in active development [31,105].

We believe the origin of cancer is complex, with involvement of both oncogenic
signaling and metabolic reprogramming [106,107]. Future directions in this field might
entail a more precise molecular classification of tumor biopsies, expanding the comparison
between gene expression subtypes and their metabolic milieu, and imaging of patients for
improved, tailor-made therapeutics. Stratification and metabolic analysis will be crucial to
discover malignancies that could benefit from adjuvant anti-glycolytic therapy [108,109],
specific pathway inhibition (e.g., mitochondrial, glutamine and FAO inhibitors [110–112])
and tumors where, due to molecular rewiring, glycolysis inhibition with compensatory
fuels might even be contraindicated [25,113,114].

5. Conclusions

In summary, we show that molecularly distinct GSCs show a high degree of het-
erogeneity, both in basal metabolic phenotypes and in response to metabolic inhibitors.
Subpopulations of GSCs presented both highly glycolytic and highly oxidative charac-
teristics. Stratification of patients according to coexisting metabolic phenotypes could
be advanced into clinical tools for improved metabolic therapies. In highly oxidative
GSCs (e.g., GBM27), there is potential for synergistic effects with radiomimetic bleomycin.
Inhibition of glutaminolysis (via DON) is also an attractive therapeutic target, as synergy
was described regardless of basal metabolism. Application of metabolic drugs produces
stable changes in the bioenergetic states of GSCs, which could be leveraged as a form of
metabolic priming.
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Abstract: The Hippo signaling pathway is a highly conserved pathway involved in tissue devel-
opment and regeneration that controls organ size through the regulation of cell proliferation and
apoptosis. The core Hippo pathway is composed of a block of kinases, MST1/2 (Mammalian
STE20-like protein kinase 1/2) and LATS1/2 (Large tumor suppressor 1/2), which inhibits nuclear
translocation of YAP/TAZ (Yes-Associated Protein 1/Transcriptional co-activator with PDZ-binding
motif) and its downstream association with the TEAD (TEA domain) family of transcription factors.
This pathway was recently shown to be involved in tumorigenesis and metastasis in several cancers
such as lung, breast, or colorectal cancers but is still poorly investigated in brain tumors. Gliomas are
the most common and the most lethal primary brain tumors representing about 80% of malignant
central nervous system neoplasms. Despite intensive clinical protocol, the prognosis for patients
remains very poor due to systematic relapse and treatment failure. Growing evidence demonstrating
the role of Hippo signaling in cancer biology and the lack of efficient treatments for malignant
gliomas support the idea that this pathway could represent a potential target paving the way for
alternative therapeutics. Based on recent advances in the Hippo pathway deciphering, the main goal
of this review is to highlight the role of this pathway in gliomas by a state-of-the-art synthesis.

Keywords: gliomas; glioblastomas; hippo signaling pathway; MST1/2; LATS1/2; YAP/TAZ; TEADs

1. Introduction

The Hippo pathway, initially discovered in Drosophila, is a well-conserved evolution-
ary signaling pathway involved in tissue development and regeneration that controls
organ size by regulating cell proliferation and apoptosis [1,2]. Physiologically, the Hippo
pathway acts as a tumor suppressor, and the mutations found in different pathway actors
induce hyperplasia [3]. The core kinases of the Hippo signaling pathway in mammals is
composed of MST1/2 (Mammalian STE20-like protein kinase 1/2) and LATS1/2 (Large
tumor suppressor 1/2) corresponding to Hpo (Hippo) and Wts (Warts) in Drosophila [4]
(Figure 1). The role of these kinases is to regulate negatively the transcription cofactors
YAP (Yes-Associated Protein 1) and its ortholog TAZ (Transcriptional co-activator with
PDZ-binding motif) corresponding to Yki (Yorkie) in the fly. After receiving activating
upstream signals, the pathway is initiated by the activation of MST1/2 associated with
SAV1 (Salvador). This complex stimulates by phosphorylation LATS1/2 and its cofactor
MOB1, which in turn phosphorylates the transcription cofactors YAP/TAZ, leading to
inhibition of its nuclear translocation. In fact, phosphorylated YAP/TAZ is sequestrated
in the cytoplasm by 14-3-3 protein. Furthermore, YAP/TAZ stability can be affected via
its phosphorylation by the LATS/CK1(ε/δ) (Casein kinase 1 ε/δ) complex, inducing its
ubiquitination by the recruitment of E3 ubiquitin ligase SCF-β-TrCP (Skp1-Cul1-F-box
β-transducin repeat-containing protein), leading to YAP/TAZ degradation by the protea-
some. On the other hand, when the Hippo pathway is inactivated, the unphosphorylated
YAP/TAZ complex is translocated to the nucleus, where it binds the TEAD (TEA domain)
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transcription factor family. Indeed, YAP/TAZ association with TEAD transcription factors
is essential to the control of several targeted genes such as MYC (MYC proto-oncogene
bHLH transcription factor), BIRC5 (baculoviral IAP repeat containing 5), AXL (AXL recep-
tor tyrosine kinase), CTGF (Connective Tissue Growth Factor), or CYR61 (Cysteine Rich
Angiogenic Inducer 61) involved in cell proliferation and survival [5].
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However, it has also been demonstrated that YAP/TAZ can act in association with
other transcription factors, such as RUNX1/2 (RUNT-related transcription factor 1/2) and
TBX5 (T-box transcription factor 5) [6,7]. Upstream Hippo pathway activators depend on
cellular context. The protein NF2 (Neurofibromine 2), also called MERLIN, represents the
most widely described Hippo signaling activator. This cytoskeletal protein is expressed
by cell-cell junctions in epithelial cells and stabilizes the interaction between MST1/2 and
LATS1/2 [8–10]. Other Hippo signaling modulators include DNA damages, contact in-
hibition, mechano-transduction, and cross-talks with RTKs (Receptor tyrosine kinases),
GPCR (G-coupled receptors), WNT (Wingless-type), NOTCH, and SHh (Sonic hedgehog)
signaling pathways [3,10–13].

The first studies investigating the biological role of Hippo signaling were performed
using a gain of function approach overexpressing the transcription cofactor YAP. Hippo
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pathway inactivation by mimicry approach has shown 3-time mass increasing in mice
due to uncontrolled cell proliferation [2]. Interestingly, this effect was reversible after
stopping YAP overexpression, suggesting the existence of a negative feedback loop between
proliferation and apoptosis in Hippo signaling. Other studies have shown the crucial role of
MST1/2 and SAV1 in post-natal hepatic growth restriction by maintaining hepatocytes in a
quiescent state through YAP inhibition [11,14–16]. However, the involvement of the Hippo
signaling pathway in organ size regulation is not universal. Indeed, YAP overexpression in
small intestine cells has induced tissue hyperplasia and loss of terminal cell differentiation,
yet without global organ size increasing in mice [17]. Similar results were obtained after
inducing SAV1 loss in epithelial mouse cells [18]. These studies suggested the involvement
of Hippo signaling in cell cycle regulation. In fact, Reddy et al. have shown that the Hippo
pathway could lead to cell cycle arrest and cell differentiation during the development of
the optic neuro-epithelium in Drosophila [19]. A key role of YAP has also been shown in
eye development in several animal models like zebra-fish and mice, where its inhibition
induces a strong retina differentiation defect [20]. Moreover, YAP expression is particularly
restricted in mice embryos and some adult tissues. YAP is expressed mainly in the stem or
progenitor cells in the skin and intestine, suggesting the involvement of Hippo signaling in
cell differentiation and/or stem cell pool maintenance [3]. Indeed, it has been shown that
Hippo pathway inhibition increases the pool of progenitor cells rather than differentiated
cells in epithelial tissue. In the same way, this pathway is known to modulate stem cell
proliferation in Drosophila intestine epithelium during its regeneration [21]. Cao et al. have
shown that YAP overexpression or MST1/2 inhibition in chicken embryo neuro-epithelium
increased the neuronal progenitor cell pool of a spinal cord [22]. In mice, Lian et al. have
demonstrated that YAP acts in favor of cell pluripotency by inhibiting embryonic stem
cell differentiation [23]. Taken together, these results underlined the crucial role of the
Hippo signaling pathway during embryo development and adult tissue homeostasis in
the balance between stem cells, progenitor cells and differentiated cells, particularly by
controlling cell cycle, apoptosis and cell differentiation processes.

Since MST1/2 and LATS1/2 core constitute a regulatory part of the Hippo signaling
associated with a tumor suppressor effect, the transcriptional cofactors YAP/TAZ associ-
ated with TEAD transcription factors represent the terminal effectors of this pathway and
play a pro-oncogenic role. Recent studies have suggested that YAP and TAZ are essential
to the initiation and proliferation of several solid tumors. Indeed, YAP/TAZ activation is
involved in cell proliferation, mesenchymal transition, invasion, metastasis formation, as
well as in cancer stem cell maintenance and chemoresistance. Constitutive activation of
YAP/TAZ is currently known to be associated with aberrant cell proliferation by induc-
ing the expression of several proteins involved in DNA synthesis, replication, reparation,
and cell cycle control. For example, YAP/TAZ indirectly enforces cell cycle regulation
by inducing other pro-oncogenic transcription factors such as c-MYC [24]. YAP/TAZ
likewise contributes to cancer cell survival by the induction of anti-apoptotic proteins of
the BCL-2 family, escaping not only mitochondrial apoptosis but also to alternative TNF-α
and FAS ligands-induced apoptosis [2,7]. Moreover, YAP/TAZ contributes to anoikis
resistance induced by the detachment of cells and substrate [25]. Several studies have
shown that YAP/TAZ play a functional role in cancer stem cell maintenance and prolifer-
ation [26,27]. Indeed, it was shown that TAZ is crucial for tumor initiation, self-renewal,
and metastatic capacity [28,29]. Moreover, YAP/TAZ promotes cancer cell population
regeneration by maintaining autophagy basal level to avoid senescence and opposing cell
death caused by excessive tumor autophagy [30–32]. At the microenvironmental level,
YAP/TAZ contributes largely to the interaction between cancer cells and neighboring
epithelial cells by inducing the secretion of angiogenic factors such as AREG (an EGF-like
growth factor), CYR61, and CTGF. Furthermore, the secretion of chemotaxic molecules
induced by YAP/TAZ leads to immune tolerance through suppression of myeloid cells by
T lymphocytes [33]. In cancer-associated fibroblasts, YAP and TAZ induce the production
of pro-inflammatory interleukins and deposition of a rigid extracellular matrix that is a

67



Cells 2021, 10, 184

main upstream inducer of YAP/TAZ, thereby creating positive feedback [34,35]. While all
these data support the idea of a large contribution of the Hippo pathway in cancer initiation
and progression, the role of the Hippo pathway is still relatively poorly investigated in
gliomas.

Gliomas are the most common and the most lethal primary brain tumors and represent
about 80% of malignant brain and central nervous system (CNS) tumors [36]. Initially,
gliomas were classified according to their histological features, but this classification suf-
fered from high intra/inter-observer variability, which does not sufficiently predict patient
outcomes [37,38]. During the past decade, several studies have identified genomic alter-
ations involved in glioma pathogenesis, thereby providing a more accurate stratification
than classification based solely on histopathology [39,40]. These key molecular features,
including isocitrate dehydrogenase 1 and 2 (IDH1/2) mutations and concurrent loss of
both 1p and 19q chromosome arms (1p19q codeletion), have demonstrated their signif-
icance in clinical behavior, response to treatment, and patient outcome [41,42]. Indeed,
mutations in IDH1/2 and 1p19q codeletion characterize the majority of low-grade gliomas
(LGGs) and define a subtype associated with a favorable outcome. On the other hand,
glioblastomas (GBMs) (WHO grade IV) are the most common and aggressive form of
gliomas [43]. Surgical resection followed by concomitant radiochemotherapy constitutes
the gold standard treatment for glioblastoma patients [44]. Despite this intensive clinical
protocol, the prognosis for patients remains very poor, with a median survival of 15 months
according to tumor invasiveness and radiochemoresistance [45]. Otherwise, treatment
failure may also be explained by the persistence of a subpopulation of cancerous cells
presenting stem cell capacity termed Glioma Stem Cells (GSCs) [46–48]. Since the last
decade, the number of studies focused on the role of the Hippo signaling in gliomas is
growing but remains relatively poor compared to other solid tumors. The following part
of this review is dedicated to the description of the Hippo pathway core actors and their
molecular alterations and deregulations, as well as their role reported in the glioma context.

2. MST1/2

MST1 is a serine/threonine kinase that plays an important role in organ size regulation
by regulating cell apoptosis and proliferation. In response to apoptotic stimuli, MST1 is
activated by dimerization-mediated trans-phosphorylation and caspase-mediated cleavage.
Cleaved MST1 translocates to the nucleus and induces chromatin condensation by phospho-
rylation of different targets, but MST1 apoptotic signaling has yet to be completely defined.
In 2014, Tang et al. showed that MST1 was negatively regulated by hMOB3 reported to be
upregulated in GBM [49]. Indeed, hMOB3 can physically interact with MST1 and prevent
MST1, inducing apoptotic signaling. Likewise, Chao et al. showed that MST1 downregula-
tion in U87 and U251 GBM cultures promoted cell growth and proliferation and inhibited
apoptosis [50]. Interestingly, MST1 did not affect YAP phosphorylation but was found
to bind to AKT and negatively regulate AKT and mTOR activity. MST1 downregulation
in glioma could also be induced through TGF-β signaling [51]. Indeed, TGF-β increases
DNA methyl-transferase DNMT1 expression, which induces MST1 epigenetic repression
in U87 and U251 cells, promoting proliferation, migration, and invasiveness. MST1 ex-
pression can also be directly repressed by miR-130b, which can target the MST1-adaptor
protein SAV1 [52]. Moreover, miR-130b was found to be upregulated in both GBM tissues
and cell lines, which is concordant with MST1 downregulation reported by Zhu et al. [53].
Functional MST1 overexpression has been marked by the induction of SIRT6 (Sirtuin 6),
reducing glioma cell viability and colony formation and promoting apoptosis through the
activation of FOXO3a transcription factor. Recently, Xu et al. demonstrated that CUL7 can
be physically associated with MST1, promoting ubiquitin-mediated MST1 protein degrada-
tion, leading to the activation of the NF-κB signaling, a pathway known to be involved in
glioma proliferation, migration, and invasion [54].
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3. LATS1/2

LATS1 and LATS2 are serine/threonine kinases that are direct negative regulators
of YAP, playing a pivotal role in organ size control and tumor suppression by restricting
proliferation and promoting apoptosis. The human LATS1 gene is localized in chromosome
6q24–25, and its overexpression causes G2-M arrest through the inhibition of CDC2 kinase
activity in breast cancer cell lines and significantly suppresses tumorigenicity by inducing
apoptosis [55–57]. The LATS2 gene is localized on chromosome 13q11–12 and its overex-
pression has been shown to cause G1-S arrest through the inhibition of cyclin E/CDK2
in vitro and to suppress the tumorigenicity of NIH/v-ras-transformed cells [58–60]. In
2006, Jiang et al. showed that the promoter hypermethylation frequencies of LATS1 and
LATS2 were 63.66% and 71.5%, respectively, in 88 astrocytomas compared to 10 non-
tumoral brain samples presenting an unmethylated promoter profile [61]. LATS1/2 pro-
moter hypermethylation was also found in U251 and SHS-44 GBM cell lines and was
associated with correspondingly decreased mRNA expression in astrocytoma samples.
These results were confirmed by Ji et al., who found that LATS1 mRNA and protein were
significantly downregulated in glioma compared to non-tumoral brain tissues [62]. Inter-
estingly, reduced LATS1 expression was negatively correlated with tumor grade in glioma
patients and was associated with significantly shorter overall survival time. Moreover,
forced expression of LATS1 in U251 glioma cells not only significantly suppressed cell
growth, migration, and invasion but also retarded cell cycle progression from G2/M to G1
in vitro. LATS1/2 activity can also be downregulated indirectly by reducing the protein
level of MOB1, an activator of LATS1/2 kinases. Indeed, Lignitto and Arcella et al. showed
that the E3-ubiquitin ligase PRAJA2 was able to interact directly with MOB1, inducing its
ubiquitylation and degradation by the proteasome [63]. Proteolysis of MOB1 by PRAJA2 at-
tenuates the Hippo cascade and enhances the proliferation of U87MG glioblastoma cells.
LATS1/2 degradation can be mediated by IKBKE (inhibitor of nuclear factor kappa-B ki-
nase subunit epsilon), which was shown to be upregulated in glioma [64]. Liu et al. showed
that IKBKE knockdown in U87 and U251 GBM cells dramatically elevated LATS1/2 and
YAP phosphorylation on S127, suppressing YAP protein and its downstream targets such
as AXL, c-MYC, and CYR61 [65]. Furthermore, the authors demonstrated that IKBKE did
not alter mRNA levels of LATS1/2 in glioma cells but was directly bound to LATS1/2, and
facilitated its polyubiquitin degradation. Recently, Liu et al. highlighted the mechanism by
which Ca2+ inhibits YAP/TAZ-mediated transcriptional program through the activation
of LATS1/2 in the LN229 glioblastoma cell line [66]. The authors showed that the induced
elevation of cytosolic Ca2+ provoked actin cytoskeleton remodeling mediated by INF2,
leading to new actin-filament assembly. Ca2+ also induced PKC beta II translocation to the
newly formed F-actin compartment, where activated, PKC beta II induced MST1/2 and
LATS1/2 phosphorylation, silencing YAP/TAZ transcriptional program. LATS1 can be
downregulated by miRNA in glioma. Indeed, bioinformatic analysis has predicted that
LATS1 might be a potential target for miR-4262, which has been shown to be upregu-
lated in glioma patient samples compared to normal tissue [67]. In vitro results have
suggested that miR-4262 directly and negatively regulates LATS1 expression in U251 cells.
Moreover, the authors suggested that overexpression of LATS1 could reverse the effects
of miR-4262 suppressing cell proliferation and migration, as well as the production of
MMP-2 and MMP-13. Recently, Ji et al. showed that PMEPA1a (prostate transmembrane
protein, androgen-induced 1 a isoform) is strongly expressed in human glioma samples
and that overexpression increases GBM cell lines growth. Indeed, PMEPA1 promotes
LATS1 ubiquitination and degradation by the E3 ligase NEDD4 leading to the inhibition
of Hippo pathway and activation of YAP target genes [68]. PMEPA1a was found to be
highly expressed in human gliomas, and overexpression of the protein enhanced growth
characteristics of glioma cell lines in vitro and in vivo. Although LATS1/2 are considered
as tumor suppressors, RASSF1/LATS2-coupled promoter hypermethylation was found
to be associated with better overall survival in glioma patients [69]. Hypermethylated
promoter profiles were related to IDH mutation, yet not randomly in IDH-mutated gliomas,

69



Cells 2021, 10, 184

because LATS2 promoter hypermethylation was more frequent in oligodendroglioma than
in astrocytoma.

4. YAP/TAZ

Although the role of Hippo signaling pathway in solid tumors is now well estab-
lished, few studies have investigated its involvement in glioma. It has been shown that
TAZ overexpression in GBM is associated with poorer patient prognosis [70–72]. More-
over, TAZ inhibition by shRNA in GSC lines reduces its tumorigenicity in SCID (Severe
Combined Immunodefeciency) mice. On the other hand, TAZ overexpression in normal
central nervous system stem cells and proneural GSCs was sufficient to induce its aberrant
osteoblastic and chondrocyte differentiation by inducing mesenchymal transition in as-
sociation with TEAD2 transcription factor. More recently, Yee et al. confirmed that GBM
cell lines expressing a constitutively active form of TAZ induce tumors with mesenchymal
features and extensive necrosis [73]. Moreover, the authors showed that necrosis involved
neutrophil-triggered ferroptosis in hyperactivated TAZ GBM mouse model. TAZ could
also be involved in GBM chemoresistance, as its overexpression in U87 and U251 cell lines
was shown to reduce TMZ (Temolozomide) cytotoxicity by induction of MCL-1, leading
to apoptosis resistance. Conversely, TAZ inhibition is able to potentialize TMZ effects in
GBM lines [71]. Yang et al. have shown that TAZ promotes cell proliferation and tumor
formation in U87 and LN229 cells by activating EGFR (Epidermal growth factor receptor)
and its downstream AKT and ERK pathways through c-MYC [72]. TAZ can also be in-
volved in radioresistance in GBM. Zhang et al. investigated long-term cellular responses of
human GBM cells to ionizing radiation and showed that later response was associated with
increased cellular senescence and TAZ inhibition [74]. Mechanistically, TAZ inhibition de-
pends more on increased degradation mediated by the β-catenin destruction complex in the
WNT pathway rather than on the canonical Hippo pathway. The authors also showed that
TAZ silencing promoted radiation-induced senescence and growth arrest and concluded
that TAZ inhibition is implicated in radiation-induced senescence and might improve GBM
radiotherapy. TAZ overexpression can be explained by the upregulation of Histone deacety-
lase 9 (HDAC9) in glioblatoma patients as its knockdown decreases TAZ expression [75].
On the other hand, overexpressed TAZ or TAZ overexpression in HDAC9-knockdown
cells abrogated the effects induced by HDAC9 silencing both in vitro and in vivo. Nawaz
et al. identified a member of Polycomb Repressive Complex 1 (PRC1) called Chromobox
homolog 7 (CBX7) that is downregulated in GBM due to its promoter hypermethyla-
tion [76]. Gene set enrichment analysis (GSEA) of CBX7 regulated genes identified CBX7 as
a repressor of transcription co-activators YAP/TAZ. Moreover, exogenous expression of
CBX7 repressed the YAP/TAZ-dependent transcription and downregulated CTGF, induc-
ing cell death, cell proliferation inhibition, colony formation, migration, and invasion of the
glioma cells. Recently, Escoll et al. showed that NRF2 (Nuclear factor (erythroid-derived 2)-
like 2) transcription factor related to cellular defense against oxidative stress was involved
in tumor progression by providing metabolic adaptation to tumorigenic demands and resis-
tance to chemotherapeutics and that it induces TAZ expression promoting tumorigenesis
in GBM [77]. Indeed, expression of the genes encoding NRF2 (NFE2L2) and TAZ (WWTR1)
showed a positive correlation in 721 gliomas from TCGA database, which was confirmed by
immunohistochemical tissue array analysis at the protein level. Moreover, overexpression
and chemical activation or genetic knockdown of NRF2 showed an increase or a decrease
of TAZ at both the transcript and protein level in GSC culture. In the same way, studies
concerning YAP function have highlighted its involvement in GBM cell line proliferation
in vitro and its association with tumor aggressivity [78,79]. Similarly to its ortholog TAZ,
YAP in association with TEAD2 favors mesenchymal transition in U87 cells [80]. Moreover,
YAP is able to induce WNT signaling transactivation, which plays a major role in GSC
maintenance by modulating β-catenin activity through GSK3β regulation [81]. YAP also
seems to closely interact with the PI3K/AKT/mTOR (Phosphatidylinositol 3-kinase/AKT
serine/threonine kinase/Mechanistic target of rapamycin kinase) signaling pathway in
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glioma. Liu et al. have shown a positive correlation between the phosphorylated form of
mTOR and unphosphorylated YAP protein expression [78]. Moreover, the combination
of p-mTOR and YAP expression was negatively related to the overall survival of patients
and associated with a high grade of glioma. In the same way, Artinian et al. reported that
YAP activation in glioma cell lines could be supported via mTOR through the inhibition
of AMOTL2 (angiomotin-like 2) [82]. The angiomotin family members directly interact
with YAP and the actin cytoskeleton, promoting YAP inactivation by cytoplasmic retention
and leading to YAP phosphorylation by Hippo signaling [83]. Moreover, the authors
showed the capacity of mTORC2 to inhibit AMOTL2 activity post-translationally by phos-
phorylation leading to increased YAP function. Indeed, this regulatory phosphorylation
prevents AMOTL2 binding to YAP and stimulates YAP transcriptional program associated
with enhanced growth and invasiveness in glioma cell lines. Liu et al. demonstrated
that YAP1 expression participates to intratumoral heterogeneity in GBM [84]. Indeed,
strong expression of YAP1 promotes tumorigenesis and clonal dominance accompanied
by growth enhancement. Moreover, the authors suggested that cellular interaction during
clonal dominance induces tumorigenic gene expression contributing to tumor growth.
YAP/TAZ can be stabilized by actin-like 6A (ACTL6A), which has been shown to be up-
regulated in glioma and associated with patient survival [85]. Ji et al. have shown by
co-immunoprecipitation assays that ACTL6A can physically associate with YAP/TAZ and
disrupts the interaction between YAP and SCF-β-TrCP E3 ubiquitin ligase, preventing YAP
protein degradation. Strong YAP expression was found to be associated with aggressive
glioma molecular subtypes, i.e., IDHwt gliomas, as well as overall patient survival and
progression-free survival [86]. More interestingly, YAP could be considered as an indepen-
dent prognostic factor in lower-grade gliomas. Otherwise, at a cellular level, YAP could
play a role in GSC proliferation and phenotype maintenance, notably by repressing the
OLIG2 (Oligodendrocyte transcription factor 2) proneural factor. Vigneswaran et al. also
showed that YAP/TAZ transcription cofactors regulate the expression of SOX2 (SRY-box
transcription factor 2), C-MYC, and EGFR to create a feedforward loop to maintain the
proliferation and survival of EGFR-amplified/mutant human GBM cells [87]. Another
recent study demonstrated that YAP/TAZ are required for the oncogene-dependent trans-
formation of primary neural cells, maintain GSC phenotype, prevent GSC differentiation,
and control GBM cell plasticity showing the pivotal role of these transcriptional cofactors
in glioma pathogenesis [88].

5. TEADs

Little is currently known concerning the role of the TEAD transcription factor family
in glioma. In 2011, Bhat et al. showed that TEAD2 was involved mainly in glioblastoma
mesenchymal transition [70]. Using chromatin immunoprecipitation, the authors showed
that TEAD2, associated with TAZ, binds to a majority of mesenchymal gene promoters.
In a murine model of glioma, the coexpression of TAZ, but not a mutated form of TAZ
that lacks the TEAD binding site, with platelet-derived growth factor-B (PDGF-B) induced
high-grade tumors with mesenchymal traits. The result was confirmed by Lu et al., show-
ing that TEAD2 in association with YAP favored mesenchymal transition in U87 cells [80].
TEAD1 was found to contribute to EGFR effect amplification by inducing c-MYC expres-
sion, which fixes and activates EGFR promoter in U87 cells [89]. TEAD4 was shown to
interact directly with TAZ and could be involved in cell proliferation, migration, and inva-
sion as well as in mesenchymal transition in glioma cells [90]. In 2018, Tome-Garcia et al.
performed a comparative analysis of chromatin accessibility using an assay for transposase
accessible chromatin with sequencing (ATAC-seq) to highlight the differences between neu-
ral stem/progenitors and GSCs [91]. The authors identified the transcriptionally accessible
regions that are specifically related to GSC migration and enriched for TEAD1/4 motifs.
TEAD1 knockout by the CRISPR-Cas9 gene-editing technique showed a decrease of mes-
enchymal transition genes and cell migration in vitro and in vivo. Moreover, the authors
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showed that TEAD1 directly regulates Aquaporin 4 (AQP4) and that the overexpression of
both TEAD1 and AQP4 is sufficient to restore migratory defects in TEAD1-KO cells.

6. Hippo Signaling Pathway Signatures

Recently, Wang et al. deciphered the molecular alterations and regulations of 19 Hippo
core genes in 9125 tumor samples, using multidimensional omic data from the TCGA [92].
The authors developed a YAP/TAZ transcriptional target signature of 22 genes, which
has shown strong prognostic significance through several cancer types. More particularly,
the expression of YAP and TAZ at the mRNA and protein level and the expression of
YAP/TAZ target genes showed a significant association with worse survival in lower-grade
gliomas. Futhermore, the YAP/TAZ target signature was positively correlated with tumor-
infiltrating immune cell abundance: Macrophages, CD4 T-cells, neutrophil, and dendritic
cells. Finally, the combined analyses of mutations, somatic copy number alterations, methy-
lation, and expression data in lower-grade gliomas showed that the main alterations of
Hippo core genes affected YAP/TAZ and TEAD3-4 principally at the expression level. More
recently, Kim et al. evaluated the clinical significance of Hippo signaling in glioblastoma
by generating a core gene expression signature from four different previously established
silences of Hippo pathway (SOH) signatures in the stomach, liver, ovarian, and colorectal
cancers [93]. A SOH and active Hippo pathway (AH) from the Hippo core gene expression
signature was predicted and validated in glioblastoma samples from The Cancer Genome
Atlas (TCGA) and the study of Gravendeel et al. [94]. In both GBM cohorts, the SOH
signature was associated with lower overall survival compared to the AH signature. Gene
expression and network analysis revealed that SOH subgroup is particularly enriched in
genes linked to immune response, mesenchymal transition, and YAP transcriptional targets
such as CTGF and CYR61. Interestingly, inhibitory immune checkpoint and M2-polarized
macrophages genes were increased in the SOH group suggesting GBM resistance to host
immune response. Finally, the SOH signature was strongly correlated with a bad prog-
nosis of GBM patients and may be mediated by pro-tumoral immunosuppression. Taken
together, these data show an association between the YAP/TAZ/TEADs Hippo pathway
effectors and glioma patient outcome.

7. Therapeutic Perspectives

All the data presented above indicate the involvement of Hippo signaling in glioma
pathophysiology and support the development of therapeutic avenues targeting this path-
way (Figure 2). Despite intensive clinical protocols in the management of glioblastoma,
i.e., surgery associated with concomitant radiochemotherapy, no curative treatments exist
to date. Indeed, relapse ineluctably occurs, principally due to local invasiveness, thera-
peutic failure in radiation therapy, and drug response, as well as the existence of cancer
stem cell population. In the past, several studies and clinical trials have investigated the
potential of signaling-targeted therapy against EGFR, PDGFRA (Platelet derived growth
factor receptor alpha), FGFR (Fibroblast growth factor receptor), VEGF (Vascular endothe-
lial growth factor), STAT3 (Signal transducer and activator of transcription 3), and PI3K
without significant improvement in overall patient survival. Increased evidence of Hippo
pathway involvement in tumor progression and resistance to treatment has led to the
recent development of specific inhibitors targeting YAP/TAZ-TEAD signal transduction.
Currently, more than 50 drugs have been shown to inhibit YAP/TAZ activity. However,
with the exception of verteporfin, none act directly on YAP/TAZ [95]. There are three main
approaches to target the Hippo pathway (i) stimulating the LATS1/2-dependent inhibitory
phosphorylation of YAP/TAZ (ii) directly inhibiting the TEAD transcription factors or
disrupting the formation of the YAP/TAZ-TEAD complex, and (iii) targeting oncogenic
proteins that are transcriptionally upregulated by Hippo effectors. Although stimulating
the LATS1/2 kinases by upstream signals showed YAP/TAZ inhibition, these drugs are
not specific and do not take into account existing signaling cross-talks leading to YAP/TAZ
activation independently from the canonical Hippo pathway.
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On the other hand, YAP/TAZ-TEAD downstream oncogenic proteins appear diffi-
cult to target due to the number of regulated genes and their activation by other path-
ways [24,92]. Thus, the most efficient strategy to inhibit the hippo signaling pathway effec-
tors seems to directly target YAP/TAZ-TEAD interaction. One of the first and most popular
Hippo pathway inhibitors developed is a benzoporphyrin molecule called Verteporfin. This
small inhibitor can directly bind YAP, disrupting its interaction with TEAD transcription
factors [96]. However, the exact mechanism by which Verteporfin binds to YAP remains
poorly understood, and some inhibitory effects appear to be YAP-independent [97,98].
Verteporfin induced apoptosis and suppressed expression of YAP/TAZ transcriptional
targets of patient-derived EGFR-amplified/mutant GBM cells leading to better survival in
an orthotopic xenograft model [87]. More interestingly, the administration of Visudyne, an
FDA-approved form of Verteporfin, in patients with suspected or known recurrent GBM
showed its absorption in GBM tumor cells, suggesting the use of Verteporfin as a promis-
ing therapeutic agent for EGFR-amplified/mutant GBM. Recently, a VGLL4-mimicking
peptide, also known as Super-TDU, showed disruption of YAP-TEAD interaction and may
represent a promising new therapeutic strategy against YAP-driven human cancers [99].
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The VGLL family represents another TEAD co-regulator protein, which acts as a competitor
of YAP and TAZ [5,100]. More recently, a fused tricyclic compound called CA3, and new
molecules targeting hydrophobic pocket of TEADs identified by virtual screening approach
were shown to inhibit YAP/TEADs transcriptional activity [101,102]. Growing evidence
demonstrating the role of Hippo signaling in cancer biology and the lack of efficient treat-
ments for glioblastoma support the idea that Hippo effectors YAP/TAZ-TEADs could
represent potential targets paving the way for alternative therapeutics. Thus, it seems
essential that the use of vectorized targeted drugs against the Hippo pathway alone or in
combination with conventional GBM therapies, i.e., radiotherapy and Temozolomide, to
assess their potentiation or synergistic effects should be proposed in the near future.
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Abstract: Inflammatory processes in the brain are orchestrated by microglia and astrocytes in
response to activators such as pathogen-associated molecular patterns, danger-associated molecular
patterns and some nanostructures. Microglia are the primary immune responders in the brain and
initiate responses amplified by astrocytes through intercellular signaling. Intercellular communication
between neural cells can be studied in cerebral organoids, co-cultures or in vivo. We used human
cerebral organoids and glioblastoma co-cultures to study glia modulation by dendritic polyglycerol
sulfate (dPGS). dPGS is an extensively studied nanostructure with inherent anti-inflammatory
properties. Under inflammatory conditions, lipocalin-2 levels in astrocytes are markedly increased
and indirectly enhanced by soluble factors released from hyperactive microglia. dPGS is an effective
anti-inflammatory modulator of these markers. Our results show that dPGS can enter neural cells
in cerebral organoids and glial cells in monocultures in a time-dependent manner. dPGS markedly
reduces lipocalin-2 abundance in the neural cells. Glioblastoma tumoroids of astrocytic origin respond
to activated microglia with enhanced invasiveness, whereas conditioned media from dPGS-treated
microglia reduce tumoroid invasiveness. Considering that many nanostructures have only been tested
in cancer cells and rodent models, experiments in human 3D cerebral organoids and co-cultures are
complementary in vitro models to evaluate nanotherapeutics in the pre-clinical setting. Thoroughly
characterized organoids and standardized procedures for their preparation are prerequisites to gain
information of translational value in nanomedicine. This study provides data for a well-characterized
dendrimer (dPGS) that modulates the activation state of human microglia implicated in brain
tumor invasiveness.

Keywords: cerebral organoids; nanomedicines; astrocytes; microglia; glioblastoma; lipocalin-2;
inflammation

1. Introduction

The brain is particularly challenging to model because of its complex structure and functions.
Neural cells constantly interact with each other through signaling molecules as well as cell–cell
contacts [1–3]. Monocultures are useful to answer cell type-specific questions, but processes involving
multiple cell types benefit from the use of co-cultures and organoid models [4–6].
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Although primary dissociated and organotypic slice cultures are attractive models to investigate
molecular mechanisms and functions, particularly for genetic knock-ins and knock-outs, key differences
between human and mouse brains can impact the translational potential of experimental results [7,8].
Primary human neural cells are valuable resources, but their use is often restrained by access or
methodological limitations. Advances in stem cell research have led to the development of organoids
as in vitro models resembling human tissues in structure and complexity [4–6]. Cerebral organoids
differentiated from induced pluripotent stem cells (iPSCs) show organized neurons and astrocytes in
three-dimensions (3D) [9,10].

Nanostructures have been extensively studied in different cell lines and rodents [11], but a limited
amount of data are available in human primary cells and organoids. Rodent models were valuable for
the assessment of absorption, distribution, elimination and metabolism of nanomedicines. They clearly
showed problems related to the entry of some nanostructures into the cerebral parenchyma due to the
blood–brain barrier [12,13]. Studies in rodents also provided information on how nanostructures can
be tuned in terms of size, shape and surface properties to facilitate brain entry. Similar studies are
clearly not possible in humans and are rare in non-human primate models (e.g., Onpattro, Abraxane,
BIND-014) [14–16]. Organoids therefore offer a valuable platform for the testing of organic and
metallic nanostructures.

Among the nanostructures that have been studied in rodents, which showed pronounced intrinsic
anti-inflammatory properties, is dendritic polyglycerol sulfate (dPGS) [17–21]. Their structures with
terminal sulfate groups resemble that of heparan sulfate, which exerts anti-coagulant effects [17,22–24].
In contrast to heparan sulfate, dPGS shows primarily anti-inflammatory activity with relatively weak
anti-coagulant effects that are size- and charge-dependent. Earlier studies indicated that dPGS can
effectively reduce hyperactivity of microglia stimulated by danger-associated molecular patterns and
lipopolysaccharide (LPS) in mice [18,19,25]. Microglia are the resident immune cells of the central
nervous system and constantly survey their surroundings under physiological conditions [26–28].
Their morphology is altered and their phagocytic functions are elevated under many pathological
conditions, making them attractive targets for nanotherapeutic interventions. Our previous studies
showed that dPGS can modulate microglial activation in response to pathogen-associated molecular
patterns and misfolded proteins (e.g., amyloid beta), thereby reducing losses in dendritic spine density
of excitatory hippocampal neurons in mouse organotypic slice cultures [18,19,25]. These studies also
showed that hyperactive microglia generate reactive astrocytes through the release of acute-phase
cytokines such as interleukin-6, tumor necrosis factor alpha and lipocalin-2 (LCN2). However,
the abundance and release of LCN2 in human neural cells has not yet been reported. We tested if dPGS
can modulate LCN2 in a human cerebral organoid model.

Aside from establishing human cerebral organoids, we also used glioblastoma tumoroids to
investigate the effectiveness of nanotherapeutics in the brain tumor microenvironment. Glioblastomas
are mainly astrocytomas characterized by their infiltrative nature [29]. Microglia and normal astrocytes
in the glioblastoma environment promote disease progression by secreting soluble factors (e.g., cytokines
and growth factors) [30–32]. By combining reconstituted 3D models of glioblastoma (tumoroids) with
organoids and modulating the activity of microglia with dPGS, we demonstrate that dPGS could be a
powerful therapeutic agent that can reduce inflammatory markers and glioblastoma invasiveness.

2. Materials and Methods

2.1. Generation of Cerebral Organoids from Human iPSC

Procedures for culturing human iPSCs, embedding organoids in optimal cutting temperature
(OCT) blocks, cryosectioning and immunostaining were all described previously [10]. The cell-line
used was the NCRM1 iPSC line obtained from the National Institutes of Health. The method used
to generate the 3D cerebral organoids was adapted from the protocol published by Lancaster and
Knoblich [9]. Compositions of the different media are the same and reagents used are similar,
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except for: DMEM-F12 (Gibco, Ottawa, ON, Canada), human embryonic stem cell (hESC) quality
fetal bovine serum (FBS) (Wisent, St-Bruno, QC, Canada), MEM Non-Essential Amino Acids Solution
(MEM-NEAA) (Multicell, Montreal, QC, Canada), 2-mercaptoethanol (Millipore Sigma, Oakville,
ON, Canada), Y27632 Rho-associated protein kinase (ROCK) inhibitor (Selleckchem, Burlington, ON,
Canada), N2 supplement (Gibco) and Penicillin-Streptomycin (Multicell).

For the generation and maintenance of embryoid bodies (EBs, days 0–11), we started from a
100 mm dish with iPSCs at 70% confluence with high quality (less than 10% differentiated cells).
Cells were washed with DMEM-F12 and dissociated with Accutase to generate a suspension of single
cells. Cells were gently resuspended in hESC media containing ROCK inhibitor [9], basic fibroblast
growth factor (FGF-b) and plated at a density of 10,000 cells/well in a 96-well ultra-low attachment
U-bottomed plate (Corning, Burlington, ON, Canada). Plates were centrifuged at 1200 rpm for 10 min
and incubated at 37 ◦C, 5% CO2 for 48 h. During day 2, a half media change was made, followed
by a media change every other day up to day 11. Images of EBs were recorded with Evos XL Core
Microscope (Thermo Fisher Scientific, Ottawa, ON, Canada) every 2 days during media changes to
measure their diameter using the Image J software (U. S. National Institutes of Health, Bethesda,
Maryland, USA). Once EBs had reached ≥ 350 µm in diameter, hESC media was switched to be without
ROCK inhibitor and FGF-b [9]. When EBs were about 500–600 µm in diameter with smooth and bright
edges, the media was switched to neuronal induction media (NIM). EBs were maintained in NIM for
4–5 days until the outer surface was optically translucent and ready to be embedded in Matrigel®

(Corning) containing reduced growth factor droplets.
Matrigel® was thawed on ice. After media removal from each well containing the EBs, 30 µL of

Matrigel® was added per well and incubated for 30 min at 37 ◦C. Next, 200 µL of final differentiation
media without vitamin A [9] was added per well. Using a 1000 µL cut tip, the Matrigel®-embedded
organoids were transferred into an uncoated 6-well ultra-low attachment plate (Corning) with 4 mL of
final differentiation media without vitamin A per well. A maximum of five organoids were added and
maintained per well to avoid fusion. Following transfer, plates were left for 48 h in stationary culture.
After 48 h, media was changed to fresh final differentiation media without vitamin A, followed by a
second 48 h incubation. Following the second media change, plates were transferred onto an orbital
shaker set at 70 rpm (Scientific Industries Inc., Bohemia, NY, USA) housed in a 37 ◦C incubator.
Media was changed every 3 days with fresh final differentiation media with vitamin A until the
organoids were ready for analysis.

2.2. Immunofluorescence (IF) Staining in Organoids

Cerebral organoids were fixed with 4% paraformaldehyde (overnight at 4 ◦C), washed in
phosphate-buffered saline (PBS, Multicell), dehydrated in 20% sucrose (1–3 days) and embedded
in OCT Compound (Thermo Fisher Scientific). Blocks were kept at −80 ◦C until needed. For IF,
samples were sectioned (20 µm) in a cryostat (Cryostar NX70, Thermo Fisher Scientific), air dried at
room temperature (RT) and kept at −20 ◦C before IF staining. Cryosections were rehydrated in PBS
(15 min) and permeabilized/blocked in blocking solution (1 h at room temperature, RT) containing:
0.2% Triton X-100 (Millipore Sigma), 0.05% bovine serum albumin and 5% normal donkey serum
in PBS, before incubation (overnight at 4 ◦C) with primary antibodies. Antibodies used were as
follows: mouse anti-Nestin (1:250, Developmental Studies Hybridoma Bank, Iowa City, IA, USA,
rat-401), rabbit anti-SOX2 (1:500, Millipore, Oakville, ON, Canada, AB5603), chicken anti-MAP2 (1:1000,
EnCor Biotechnology, Gainesville, FL, USA, CPCA-MAP2), rat anti-CTIP2 (1:500, Abcam, Toronto,
ON, Canada, ab18465), rabbit anti-GFAP (1:250 Millipore, MAB144P), chicken anti-Beta III Tubulin
(1:400, Millipore, AB9354), rabbit anti-Nestin (1:200, Abcam, ab92391) and rat anti-lipocalin-2 (1:500,
R&D Systems, Toronto, ON, Canada, MAB1757). Sections were then washed in PBS (45 min) and
incubated (1 h at RT) with secondary antibodies in blocking solution: goat anti-rat Dylight 488 (1:300,
Abcam, ab96887), donkey anti-rabbit Dylight 594 (1:400, Abcam, ab96877), donkey anti-chicken Alexa
647 (1:500, Invitrogen, Ottawa, ON, Canada, A21447), donkey anti-mouse Dylight 550 (1:200, Abcam,
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ab96876), goat anti-chicken Dylight 650 (1:200, Abcam, ab96950), donkey anti-rabbit Dylight 550
(1:200, Abcam, ab96892) and goat anti-rat Alexa Fluor 647 (1:500, Thermo Fisher Scientific, A21247).
Sections were washed (45 min) with PBS and incubated (10 min at RT) with Hoechst 33342 (1:5000,
Thermo Fischer Scientific) in PBS, washed in PBS (10 min) and mounted using Aqua-Poly/Mount
(Polysciences Inc., Warrington, PA, USA). Samples were imaged on a Leica TCS SP8 confocal microscope
(Leica, Richmond Hill, ON, Canada) at a 20×magnification.

2.3. Cell Culture

U251N human glioblastoma cells and HMC3 human microglia were originally obtained from the
American Type Culture Collection. Unless otherwise indicated, cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM, Thermo Fisher Scientific) supplemented with 5% fetal bovine serum
(FBS, Wisent) and 1% Penicillin-Streptomycin (Thermo Fisher Scientific). Primary human astrocytes
were obtained from Dr. Jack Antel’s lab and maintained in DMEM supplemented with 5% FBS and 1%
Penicillin-Streptomycin. Primary astrocytes were kept at passages below five. Conditioned media was
obtained from cell cultures maintained in the exponential growth phase and used fresh at 50% (v/v)
in fresh media following centrifugation (3,000 rpm, 5 min) to remove cell debris. When used for the
treatment of cerebral organoids, conditioned media was prepared using organoid media.

2.4. Time-Dependent dPG/dPGS Internalization in Organoids and Tumoroids

Human cerebral organoids were treated with dPG-Cy5 (1 µM) or dPGS-Cy5 (1 µM) for 1 h, 4 h
or 24 h, then used for IF staining or direct imaging. For direct imaging, organoids were fixed in
4% paraformaldehyde overnight and nuclei were labeled with Hoechst 33342 (10 µM, overnight).
Organoids were washed in PBS and imaged using a fluorescence microscope. Fluorescence was
analyzed in ImageJ. Glioblastoma tumoroids were treated with dPG-Cy5 (1 µM) or dPGS-Cy5 (1 µM)
for 24 h, then washed twice with PBS before imaging using a fluorescence microscope.

2.5. Western Blot

Western blot analysis followed published procedures [33]. In brief, organoids were washed twice
in cold PBS, then were cut into small pieces using a razor blade and incubated in RIPA lysis buffer
for 30 min on ice. Monolayer cells were washed twice with cold PBS, then incubated in RIPA lysis
buffer for 30 min on ice. Lysates were vortexed for 10 sec every 10 min and lastly centrifuged for
30 min at 4 ◦C and 13,000 rpm. Lysates and media samples were separated by SDS-PAGE and blotted
onto PVDF membranes (Bio-Rad, Mississauga, ON, Canada). Blocked membranes were probed with
primary antibodies: rat anti-lipocalin-2 (1:500, R&D Systems, MAB1757), rabbit anti-NFκB p65 (1:1000,
Abcam, ab16502), mouse anti-STAT3 (1:1000, Abcam, ab119352), mouse anti-β-actin (1:5000, Millipore
Sigma, A5316) or mouse anti-alpha-tubulin (1:5000, Abcam, ab7291) overnight at 4 ◦C. Membranes
were washed and incubated with secondary antibodies (goat anti-rat HRP, 1:1000, Thermo Fisher
Scientific, 31470, goat anti-rabbit HRP, 1:1000, Bio-Rad, 1706515 and horse anti-mouse HRP, 1:5000,
Cell Signaling, Burlington, ON, Canada, 7076S) for 1 h at RT. Membranes were washed and incubated
with enhanced chemiluminescence substrate (Bio-Rad) for 5 min, signals were acquired with an
Amersham 6000 imager (Amersham, Oakville, ON, Canada) or on film, and quantified in ImageJ.

2.6. Collagen Invasion Assay

U251N tumoroids and human astrocyte spheroids were prepared using the hanging drop
method [34]. Briefly, drops of 5,000 cells in 30 µL medium were pipetted onto the inner side of a
100 mm Petri dish (Thermo Fisher Scientific) lid. The lid was quickly flipped to cover the Petri dish
filled with 20 mL PBS. Hanging drops were cultured at 37 ◦C for 48 h to allow tumoroids and spheroids
to form. Tumoroids and spheroids were then gently scooped into a medium-filled Petri dish coated
with 2% agarose (dissolved in PBS) and cultured for 48 h. Tumoroids and spheroids were implanted in
collagen gel (Advanced BioMatrix, San Diego, CA, USA), in the presence or absence of primary human
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astrocytes (7,000 cells) and human HMC3 microglia (3,000 cells) dispersed in 200 µL gel. Gels were
covered with 200 µL DMEM with or without treatment. Tumoroids and spheroids were imaged using
light microscopy immediately after implantation (time = 0 day) and after 6 days. The average distance
of cell outgrowth into the surrounding collagen was measured in ImageJ. For invasion assays of
tumoroids into organoids, fluorescently-labeled tumoroids were prepared using U251N cells incubated
with CellTracker Red (Thermo Fisher Scientific) following recommendations from the manufacturer.
Tumoroids were placed in culture with organoids and observed to adhere after 24 h. Cultures were
imaged using a fluorescence microscope over 6 days.

2.7. Immunocytochemistry

Cells were seeded at 5,000 cells/coverslip on glass coverslips (Merlan Scientific, Mississauga,
ON, Canada) coated with poly-D-lysine (Millipore Sigma). Cells were cultured for 24 h (U251N and
HMC3) or 48 h (primary human astrocytes) before treatment. Following treatment, cells were fixed
in 4% paraformaldehyde (10 min), permeabilized with 0.1% Triton X-100 (10 min), blocked in 10%
goat serum in PBS (Gibco) for 1 h and incubated with primary antibodies overnight at 4 ◦C: rabbit
anti-GFAP (1:500, Abcam, ab7260), mouse anti-Lamp1 (1:500, Developmental Studies Hybridoma Bank,
H4A3-c), rat anti-lipocalin-2 (1:500, R&D Systems, MAB1757), rabbit anti-NFkB p65 (1:500, Abcam,
ab16502) or rabbit anti-phospho-STAT3 Y705 (1:500, Abcam, ab76315). Cells were washed in PBS three
times and incubated with secondary antibodies for 1 h at RT: goat anti-rabbit Alexa Fluor 488 (1:1000,
Thermo Fisher, Mississauga, ON, Canada, A27034), goat anti-rat Alexa Fluor 647 (1:500, Thermo Fisher,
A21247) or goat anti-mouse Alexa Fluor 488 (1:1000, Thermo Fisher, A28175). Cells were washed
with PBS and nuclei were labeled with Hoechst 33342 (10 µM, 10 min). After three more washings
with PBS, coverslips were mounted on microscope slides (Diamed, Mississauga, ON, Canada) using
Aqua-Poly/Mount. Samples were imaged using a fluorescence microscope (Leica DMI4000B, Leica)
and intracellular fluorescence was analyzed in ImageJ. The nuclear and/or cytoplasmic fluorescence
of NFκB, LCN2 and phosphor-STAT3 for each cell was measured and normalized to the nuclear or
cytoplasmic area. The background fluorescence was subtracted.

2.8. Immunohistochemistry

Immunohistochemistry was performed as previously published [33]. In brief, human brain
sections were dewaxed in xylene and rehydrated in ethanol. Antigen retrieval was performed in citrate
buffer. Following blocking, samples were incubated with primary antibodies: rat anti-lipocalin-2
(1:500, R&D Systems, MAB1757), mouse anti-IBA1 (1:300, Invitrogen, MA5-27726) or rabbit anti-GFAP
(1:250 Millipore, MAB144P) overnight at 4 ◦C. Samples were washed and incubated with secondary
antibodies: goat anti-rat Alexa Fluor 647 (1:500, Thermo Fisher Scientific, A21247), goat anti-mouse
Alexa Fluor 647 (1:300, Thermo Fisher Scientific, A28181) or goat anti-rabbit Alexa Fluor 488 (1:500,
Thermo Fisher, A27034) for 1 h at RT. Nuclei were labeled with DAPI (1µg/mL, 5 min, Molecular Probes,
Ottawa, ON, Canada) and samples were mounted on microscope slides using Dako mounting medium
(Dako, Burlington, ON, Canada). Samples were imaged using a fluorescence microscope. The samples
were harvested under a protocol approved by the Montreal Neurological Hospital’s research ethics
board (NEU-10-066). Consent was given by all patients and controls (aged 55–76). Tissues were from
the cerebral cortex.

2.9. Lipid Droplet Imaging

Cells seeded on glass coverslips at 5,000 cells/coverslip were cultured for 24 h before treatment.
Following treatment, cells were washed twice with PBS and fixed in 4% paraformaldehyde (10 min).
Cells were washed with PBS and incubated with BODIPY 493/503 (10 µM, Thermo Fisher) and
Hoechst 33342 (10 µM) for 10 min. Cells were washed with PBS four times, then mounted on
microscope slides using EverBrite (Biotium, Burlington, ON, Canada). Samples were imaged using a
fluorescence microscope.
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2.10. MTT Assay

Following treatment, organoids were washed in PBS twice and incubated in fresh media in
the presence of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (0.5 mg/mL,
Millipore Sigma) for 1 h at 37 ◦C. The media was removed, and cells were lysed in 500 µL dimethyl
sulfoxide (Santa Cruz, Dallas, TX, USA). Samples were measured at 595 nm in triplicate using a
microplate reader (Spark 10M, Tecan, Männedorf, Switzerland). Measurements were normalized to
the organoid weight.

2.11. Statistics

Statistical significance was determined using one-way ANOVA followed by the Student’s
t-test. p-values lesser than 0.05 were deemed significant. The Bonferroni correction was applied
for multiple comparisons.

3. Results

3.1. dPGS Are Internalized in 3D Cerebral Organoids

Human cerebral organoids were generated from human iPSCs according to an established
protocol [9]. A timeline of organoid formation and biomarkers used to delineate dynamic linage
progression is illustrated in Figure S1. We used these organoids after a 100-day maturation to test
dendritic polyglycerol sulfate (dPGS) as a model nanostructure with anti-inflammatory properties in
human neural cells, as well as other types of emerging nanostructures with biomedical applications,
such as metallic gold nanoclusters [35–39]. Gold nanoclusters have been shown to affect cellular stress
and organellar function thanks to their unique physicochemical properties, but little work has been
done in human neural cells. The nanostructures were screened for cytotoxic effects (Figure 1a and
Figure S2) and results showed that they can be studied in human neural cells without jeopardizing the
viability of the organoid cultures. This provides the basis for further investigations on nanomedical
applications in a translationally-relevant model. The first step was to show if dPGS was internalized
by neural cells within the organoids themselves. To this end, we treated organoids with fluorescently
(Cy5)-labeled dPGS (Figure 1). Time-course experiments showed that dPGS-Cy5 was internalized
within 1 h (12.8 ± 2.2 SEM fold increase over baseline fluorescence), then progressively more over 24 h
(64.5 ± 11.4 SEM fold increase) (Figure 1b,c). Compared to dPGS, internalization of the non-sulfated
dendritic polyglycerol (dPG) was low (8.7 ± 2.1 SEM fold increase after 24 h) (Figure 1b,c), underlining
the important role of the terminal sulfate groups for cell internalization. In the current study, we showed
that GFAP-labeled astrocytes within the outermost layer (200–300 µm) of the cerebral organoids contain
abundant amounts of dPGS (Figure 1d).Cells 2020, 9, x FOR PEER REVIEW 7 of 18 
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Figure 1. (a) Schematic representation of cerebral organoid usage for nanostructure screening.
(b) Human cerebral organoids were treated with dendritic polyglycerol (dPG)-Cy5 (1 µM) or dendritic
polyglycerol sulfate (dPGS)-Cy5 (1 µM) for 1 h, 4 h or 24 h. Nuclei were labeled with Hoechst 33342.
Organoids were imaged using a fluorescence microscope. (c) Cy5 fluorescence in organoids was
analyzed in ImageJ. Shown are the average fluorescence per condition ± SEM. At least 90 organoids
were analyzed from three independent experiments. *** p < 0.001 (d) Fluorescence micrographs of
human cerebral organoids treated with dPG-Cy5 (1 µM) or dPGS-Cy5 (1 µM) for 24 h and labeled for
glial fibrillary acidic protein (GFAP). Nuclei were labeled with Hoechst 33342. (e) Primary human
astrocytes and human HMC3 microglia internalization of dPGS-Cy5 (1 µM) after 24 h. dPGS-Cy5 (red)
is partially co-localized with Lamp1-labeled lysosomal compartments (green). The negative control was
prepared in the absence of dPGS-Cy5 and primary antibody to account for background fluorescence.
Nuclei were labeled with Hoechst 33342 (blue). Cells were imaged using a fluorescence microscope.
(f) Shown are the average intracellular Cy5 fluorescence per cell expressed as fold change from untreated
cells ± SD. At least 90 cells were analyzed in two independent experiments. n.s. Non-significant.

3.2. dPGS Internalization in Human Microglia and Normal Astrocytes

Given the importance of glial cells in regulating inflammatory processes in the brain, we further
studied the intracellular effects of dPGS in astrocytes and particularly microglia, which are absent from
the cerebral organoids. We established in cell monolayer cultures that human microglia and astrocytes
internalized comparable amounts of dPGS within 24 h of treatment (Figure 1e,f). Fluorescence imaging
at the single cell level showed that dPGS-Cy5 accumulated in the perinuclear area (Figure 1e), and was
partially co-localized with lysosomal compartments labeled with Lamp1 [40]. Given that microglia
activated by pro-inflammagens (e.g., LPS) are associated with increased sequestration of neutral lipids
into lipid droplets (LDs) [41,42] (Figure S3b), we investigated if dPGS could have modulatory effects
on lysosomes, which interact with LDs through lipophagy and other processes [43,44]. This was
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suggested by changes in lysosomal positioning, with an increase in perinuclear lysosomes (Figure S3a).
In turn, treatment with dPGS prevented LPS-induced lipid droplet accumulation (Figure S3b).

3.3. dPGS Reduced Microglia-Stimulated Lipocalin-2 in Cerebral Organoid Models

Considering the importance of microglia-astrocyte crosstalk in rodent [19] and human neural
cells [1,3], we measured LCN2 abundance in human neural cells in response to LPS, a prototypical
pro-inflammagen whose levels are exacerbated in endotoxemia and sepsis. The presence of microglia
is required to stimulate the synthesis of LCN2 in the neural cells, as levels in response to LPS remained
comparable to that of the untreated control in the absence of microglia from the organoids (Figure 2a,b
and Figure S4). In turn, conditioned media from LPS-stimulated microglia induced a significant increase
in intracellular and extracellular LCN2 in the cerebral organoid cultures (Figure 2c–e), confirming
that this upregulation is microglia-dependent in human neural cells. Given that astrocytes play
a significant role in inflammatory processes in the brain, we investigated if there was increased
LCN2 abundance in these cells in response to microglia activation. Similarly to the results from
cerebral organoids, direct stimulation of astrocytes with LPS did not have a significant effect (Figure 2f).
In contrast, treatment with conditioned media from LPS-activated microglia increased LCN2 abundance,
whereas the presence of dPGS returned LCN2 abundance to control levels (Figure 2f). dPGS alone and
conditioned media from resting microglia did not have significant effects (Figure 2d–f). Finally, to show
that dPGS is not cytotoxic to human neural cells, we measured mitochondrial metabolic activity using
the MTT assay. Results from these studies showed that neither dPGS nor dPG affected mitochondrial
metabolic activity in 3D organoids for up to 72 h (Figure S2). Our earlier studies indicated that
in rodent cells, concentrations of dPGS up to 100 µM did not cause any notable cytotoxicity [18].
These results encouraged us to investigate dPGS as a microglia modulator and indirect suppressor of
glioblastoma invasiveness.Cells 2020, 9, x FOR PEER REVIEW 9 of 18 
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Figure 2. Lipocalin-2 levels in human cerebral organoids. (a) Micrographs of lipocalin-2 (LCN2)
detected by immunofluorescence in organoid cryosections following treatment with LPS (10 ng/mL) for
24 h. Astrocytes were labeled with GFAP and nuclei with Hoechst 33342. The negative control was
prepared in the absence of primary antibodies to account for background fluorescence. Samples were
imaged using a fluorescence microscope. (b) LCN2 levels in organoids treated with lipopolysaccharide
(LPS) (10 ng/mL) with or without dPG (1 µM) and dPGS (1 µM) for 24 h and measured by Western
blot, with beta-actin as loading control. Quantification shown are the average intracellular LCN2 levels
±SD in organoids based on immunofluorescence images shown in (a). A total of 27 samples were
analyzed from three independent experiments. (c) Schematic representation of media conditioning
from microglia used for cerebral organoid treatment. (d) Representative fluorescence micrographs
of intracellular LCN2 levels in organoids treated with conditioned media from microglia (MCM)
treated with LPS (10 ng/mL), dPGS (1 µM) for 24 h. Quantifications show the average and single-cell
levels of LCN2 fluorescence in cryosections. A total of 1017 cells were analyzed from independent
experiments. *** p < 0.001 (e) LCN2 levels from organoids treated as in (d) and measured by Western
blot, with alpha-tubulin as loading control. Shown are the average LCN2 levels from two independent
experiments. * p < 0.05 (f) Fluorescence micrographs of LCN2 abundance in primary human astrocytes
treated as in (d) and measured using immunocytochemistry. Shown are the average intracellular LCN2
levels in astrocytes as fold increase of the untreated control. A total of 477 cells from two independent
experiments were analyzed. *** p < 0.001.

3.4. Microglia and dPGS Modulate Glioblastoma Invasiveness

Glioblastoma multiforme is an aggressive brain tumor of astrocytic origin for which complete
resection is often impossible due to its invasive nature [29,45]. To model the impact of microglia and
astrocytes on glioblastoma invasiveness, we designed a 3D invasion assay examining the propensity
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of the cancer cells to migrate into the surrounding collagen matrix. Human microglia and primary
human astrocytes were embedded into the collagen matrix, wherein a tumoroid was then implanted
(Figure 3a). Over time, the normal neural cells extend processes while cancer cells migrate radially
from the tumoroid. Glioblastoma outgrowth from the tumoroid into the surrounding collagen
was facilitated by the presence of microglia and astrocytes (Figure 3a,b), an effect replicated using
microglia-conditioned media and inhibited by dPGS (Figure 3c,d). This indicates that neural cells
secrete factors (extracellular matrix degradation enzymes, cytokines, growth factors) that can stimulate
tumor invasiveness [46–48]. In contrast, tumoroids grown in isolation or within cerebral organoids
in the absence of microglia had comparatively less outgrowth over time (Figure 3a,b and Figure S5),
and normal human astrocytes migrated in a scattered pattern without radial outgrowth (Figure S6).Cells 2020, 9, x FOR PEER REVIEW 11 of 18 

 

 

Figure 3. Cont.

88



Cells 2020, 9, 2434

Cells 2020, 9, x FOR PEER REVIEW 11 of 18 

 

 Figure 3. Glioblastoma (GBM) invasiveness in 3D co-cultures. (a) Collagen gels were seeded with
human primary astrocytes and human HMC3 microglia in the presence or absence of a glioblastoma
tumoroid. (b) Glioblastoma invasiveness in the presence or absence of microglia and astrocytes in
3D co-cultures after 6 days. Shown are the average distance of outgrowth from the tumoroid as a
fold change of the tumoroid monoculture ±SEM. A total of 32 tumoroids were tested from at least
three independent experiments. * p < 0.05 (c) Schematic representation of microglial conditioned
media (MCM) used to treat collagen-embedded tumoroids. (d) Glioblastoma tumoroid outgrowth
in the presence of conditioned media from microglia treated or not with dPGS (1 µM) after 6 days
±SEM. A total of 29 tumoroids were tested from at least four independent experiments. * p < 0.05
(e) Representative fluorescence micrographs showing intracellular LCN2 (red) in glioblastoma cells in
the presence or absence of microglia cells in direct co-culture and dPGS (1 µM) for 24 h. LCN2 was
fluorescently immunolabeled and cells were imaged using a fluorescence microscope. Quantifications
show the average intracellular LCN2 levels ± SD per cell. At least 500 cells were analyzed from five
independent experiments. *** p < 0.001; n.s. Non-significant. (f) Fluorescence micrographs of LCN2
(red) and GFAP (white) in human brain sections from non-cancerous brain or glioblastoma tumor
tissues. LCN2 and GFAP were fluorescently labeled by immunohistochemistry and imaged using a
fluorescence microscope. (g,h) Activation of transcription factors NFκB and STAT3 in microglia in
response to glioblastoma secreted factors. Human HMC3 microglia were treated with glioblastoma
conditioned media (GCM) for 24 h, after which NFκB p65 and phosphorylated STAT3 Tyr705 were
fluorescently immunolabeled (red) and cells were imaged using a fluorescence microscope. Shown are
(g) the average nuclear NFκB p65 level per cell ± SEM (237 cells from three independent experiments)
and (h) the average pSTAT3 Y705 level per cell ± SEM (317 cells from three independent experiments)
*** p < 0.001. (i) Total NFκB p65 and STAT3 protein abundance in microglia treated as in (g,h). Protein
levels were determined by measurements of immunopositive bands in Western blots. Alpha-tubulin
was used as loading control. Shown are the average protein abundance of NFκB p65 and STAT3 from
three independent experiments. n.s. Non-significant.

To characterize the effects of glioblastoma on its surrounding immune cells, glioblastoma cells
were directly co-cultured with microglia cells and showed significantly higher LCN2 levels compared
to glioblastoma cells in monoculture (Figure 3e). High LCN2 and GFAP levels were also observed in
tumor tissues from glioblastoma patients as compared to control brain tissues (Figure 3f). To investigate
the mechanism behind LCN2 upregulation, microglia were stimulated with glioblastoma-conditioned
media. This resulted in increased nuclear NFκB and STAT3 phosphorylation, two key transcription
factors for immune activation (Figure 3g,h) that are also hyperactivated in glioblastoma. The protein
levels of total NFκB and STAT3 in the cells remained comparable to the control (Figure 3i).

On the other hand, dPGS was internalized into glioblastoma tumoroids (Figure S7) and decreased
LCN2 levels in glioblastoma cells in vitro (Figure 3e). This demonstrates proof of concept for using
dPGS as a modulator of the tumor microenvironment (Figure 4).
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Figure 4. Schematic representation of the proposed modulatory effects of dPGS on microglia, astrocyte
and glioblastoma crosstalk. (a) dPGS is internalized in cerebral organoids, and (b) downregulates
LCN2 produced by microglia-induced astrocytes, thereby (c) reducing markers of inflammation
(e.g., lipid droplets) and (d) glioblastoma invasiveness.

4. Discussion

The key question addressed in this study is: can dendritic polyglycerol sulfates with intrinsic
anti-inflammatory properties reduce inflammatory markers in cerebral organoids and glioblastoma
invasiveness by modulating microglia activity? Mechanistic studies in 3D human neural cultures with
new drugs or nanostructures are sparse due to the limited availability of neural tissues. To overcome
such a problem, several protocols have been developed for the generation of 3D cerebral organoids and
other types of organoids [4,5,7,9]. Human cerebral organoids derived from iPSCs showing properties
of different neural cell types are valuable models to study the interactions and effects of nanostructures
in 3D. One of the most advanced organoids containing vasculature resembling that of the brain was
recently proposed to investigate physiology and pathological changes in neurological disorders [49].
Although our organoids are not as complex as Cakir’s, we took advantage of cerebral organoids to
reveal how microglia exposed to the pro-inflammagen LPS and the dendritic nanostructure dPGS affect
astrocyte reactivity. We show clear anti-inflammatory effects from dPGS and provide the first evidence
for this in human brain cells. There are still several limitations to overcome: (1) the integration of
resident and peripheral immune cells recruited chemotactically and (2) the contribution of endothelial
cells in vasculature as part of the blood–brain barrier.

Our results in organoid cultures showed that the presence of sulfate groups on dPGS was critical for
the internalization of nanostructures, as it allowed binding to selectin receptors [17,19,22]. Intracellular
changes associated with dPGS included an increase in perinuclear lysosomes, which typically have
lower luminal pH and increased degradation activity [44,50], functions often impaired in aging and
neurodegenerative diseases. This is interesting given the role of lysosomes in processing LDs, which are
upregulated in inflammation and cancer [41,42]. LDs are promiscuous organelles: depending on the cell
type, cellular context and their intracellular location, they can play a protective role or become damaging
to neural and other cells if peroxidized lipids are released. In aggressive tumors (e.g., glioblastoma
and breast), they provide energy for cancer cells to thrive and can sequester lipophilic anticancer
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agents, reducing the rate at which they reach their desirable targets [51–53]. Their numbers are highly
upregulated in glioblastoma compared to normal astrocytes (Figure S3c,d), and their inhibition was
shown to enhance the effectiveness of pharmacological agents [51].

As now shown in human neural cells, LCN2 can be produced by microglia-stimulated astrocytes.
Microglia themselves are not significant contributors to LCN2 upregulation due to the LCN2 gene
being suppressed by SRSF3 [54]. Instead, they secrete other cytokines (e.g., IL-6, TNFα) and alarmins
under pro-inflammatory conditions that can activate astrocytes and other neural cells [54,55]. Several of
these were shown to bind heparan sulfate [23,56], suggesting that dPGS prevented microglia-mediated
LCN2 production by blocking some soluble factors and preventing downstream signaling (Figure 2d,e).
One of the candidate cytokines is interleukin-6 released from microglia, to which dPGS was shown to
bind in our earlier studies using surface plasmon resonance [19].

Cytokines and alarmins play key roles in the tumor microenvironment [57–61]. The cancer cells
secrete factors that actively recruit microglia and peripheral macrophages to the tumor site. In turn,
these immune cells produce cytokine and growth factors that can promote cancer progression [32]. In this
context, microglia-astrocyte crosstalk forms a positive feedback loop that maintains an unfavorable
tumor microenvironment [30,62]. LCN2 is an acute-phase protein with emerging roles in the brain and
in cancer. It was shown to complex with and enhance the activity of metalloproteinase-9, a protease
secreted by cancer cells that breaks down the extracellular matrix and promotes invasiveness [63,64].
This is significant given that dPGS can downregulate LCN2 in neural cells and decrease glioblastoma
invasiveness. dPGS can bind P-selectin, which is expressed in the tumor endothelium and in
glioblastoma cells [65]. As dPGS can also serve as a nanocarrier, it has the potential to deliver
anti-cancer agents [65,66]. Nanocarriers such as functionalized dendrimers for siRNA and drug
delivery [67–69] merit testing in human organoid models to reveal how combination therapy could
affect interplay between cancer cells and the tumor microenvironment. The modulatory effect of
dPGS on organelles could impact glioblastoma cells in several ways: (1) the increase in perinuclear
lysosomes could decrease lysosomal exocytosis and the release of extracellular matrix-degrading
enzymes (e.g., cathepsins) [70,71], (2) a reduction in lipid droplet size and number [72] is an indicator of
reduced microglia hyperactivity, thus fewer cytokines and trophic factors contributing to glioblastoma
invasiveness and (3) a decrease in lipid droplets prevents the sequestration of lipophilic anti-cancer
agents, allowing them to reach their intracellular targets (e.g., curcumin) [51].

5. Conclusions

Our results show that dPGS is an attractive candidate as an anti-inflammatory polyglycerol
dendrimer able to modulate human microglia-astrocyte crosstalk. This dendrimer regulated lipocalin
2 abundance in human neural organoids. In the context of inflammation associated with glioblastoma
multiforme, dPGS limited glioblastoma invasiveness by modulating microglial activation. Overall,
these studies propose the evaluation of well-defined nanostructures in well-characterized human
organoids and co-cultures. Cerebral organoids merit further studies as complementary 3D models in
nanoscience, but they require rigorous characterization and application of standardized procedures to
be widely used [73]. Such three-dimensional systems together with co-cultures and in vivo experiments
will provide a valuable evaluation platform for the internalization, cytotoxicity and modulatory effects
of nanotherapeutics in human neural cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/11/2434/s1,
Figure S1: Maturation and characterization of cerebral organoids, Figure S2: Mitochondrial metabolic activity in
cerebral organoids following treatment with nanostructures, Figure S3: Changes in lysosomes and lipid droplets in
activated microglia, Figure S4: Absence of microglia in the cerebral organoids, Figure S5: Glioblastoma tumoroid
invasiveness in cerebral organoids, Figure S6: Movement of normal human astrocytes in 3D culture, Figure S7:
Internalization of fluorescent dPGS-Cy5 in glioblastoma tumoroids.
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Abstract: Glioblastoma multiforme (GB) is one of the most aggressive tumors. Despite continuous
efforts to improve its clinical management, there is still no strategy to avoid a rapid and fatal outcome.
EGFR amplification is the most characteristic alteration of these tumors. Although effective therapy
against it has not yet been found in GB, it may be central to classifying patients. We investigated
somatic-copy number alterations (SCNA) by multiplex ligation-dependent probe amplification in a
series of 137 GB, together with the detection of EGFRvIII and FISH analysis for EGFR amplification.
Publicly available data from 604 patients were used as a validation cohort. We found statistical
associations between EGFR amplification and/or EGFRvIII, and SCNA in CDKN2A, MSH6, MTAP and
ADD3. Interestingly, we found that both EGFRvIII and losses on ADD3 were independent markers
of bad prognosis (p = 0.028 and 0.014, respectively). Finally, we got an unsupervised hierarchical
classification that differentiated three clusters of patients based on their genetic alterations. It offered a
landscape of EGFR co-alterations that may improve the comprehension of the mechanisms underlying
GB aggressiveness. Our findings can help in defining different genetic profiles, which is necessary to
develop new and different approaches in the management of our patients.

Keywords: glioblastoma; IDH; ADD3; EGFR; survival; high throughout techniques; precision

1. Introduction

Glioblastoma multiforme, IDH wild-type (GB-IDHwt), is the most frequent malignant brain tumor
in adults and the most aggressive in nature, with an average survival of around 15–18 months [1,2].
GB displays, in addition to morphological heterogeneity, a wide genetic heterogeneity [3,4]. This fact
is, despite constant efforts, one of the main causes of the absence of effective treatment and thus,
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of the extremely poor prognosis this disease offers [5,6]. The last World Health Organization (WHO)
classification tackles GB genetic heterogeneity, putting IDH status in the spotlight and associating it to
prognosis [1,7]. The mutations that GB-IDHwt acquires during clonal evolution do not follow a linear
development [4,8]. Many efforts have been made since The Pan Cancer project of TCGA deepened on
the high frequency of alterations in the receptor tyrosine kinase/PI3K/PTEN/AKT/mTOR-signaling
pathway (present in 88% of GB cases), along with the p53/MDM2/p14ARF molecular pathway (87%)
and the CDKN2A/CDK4/6/retinoblastoma signaling pathway (78%) [1,9–12]. Those alterations seem
to be a core requirement for GB pathogenesis and they are associated with a poor prognosis [13,14].
Identifying genetic changes in shared nodes of convergence may improve our understanding of
diseases [4]. In addition, the identification of differential targets among GB IDH-wt genetic subgroups
could lead to reach better approaches to GB management. EGFR amplification is a hallmark of
glioma pathogenesis [4,15,16]. In the last decade, many molecules have shown promising results on
pre-clinical or phase 1/2 trials targeting EGFR. However, they tend to fail, as recently happened with
ABT-414 conjugated with ABBV-321 [16,17]. It is also disappointing that while TKI therapies have
been successfully expanded to multiple types of cancer, none of them have improved the lifespan
of GB patients [18]. Nevertheless, the interest of assessing EGFR copy number status [19–24] along
with variants that have been related to cell proliferation, angiogenesis and invasion, and thus, with
shortened survival, such as the EGFR variant III (EGFRvIII) [25–27], is undeniable.

Huge efforts have been made using high-throughput techniques for the genomic analysis of
GB [4,28,29]. However, the complexity of the data they provide makes it difficult to draw a targetable
GB portrait [1,28]. There is still a long way to progressively introduce objective biomarkers towards
precision medicine adapted to the molecular profile of the tumor. High-throughput user-friendly
techniques such as multiplex ligation-dependent probe amplification (MLPA) could be optimal for the
development of new personalized therapies [24,30].

The main goal of this work was to characterize the frequent alteration of EGFR via its amplification
or the presence of EGFRvIII in a series of 137 primary GBs and to assess concomitant somatic copy
number alterations (SCNA). We focused on primary, de novo, IDHwt GBs, and we delved deeper
into the potential use of MLPA to study formalin-fixed paraffin-embedded (FFPE) GB. We aimed to
define networks of genetic alterations from a simplified point of view, compared to high-throughput
techniques, using such a common kind of material as paraffin embedded tumor tissue samples are.
Our results highlight the existence of three groups of tumors according to different complex genetic
profiles, where EGFR plays a crucial role. We also present the importance of ADD3 and EGFRvIII as
genetic biomarkers that may determine a more accurate prognostic for GB patients. Taken together, our
results improve the comprehension of the mechanisms underlying GB aggressiveness and establish a
new genetic classification that could enhance the clinical management of GB patients.

2. Materials and Methods

2.1. Patients, Samples and Clinical Study

GB samples were obtained from 137 patients surgically treated at the Clinic Hospital of Valencia
between 1995 and 2010, with known follow-up. The study was reviewed and approved by Institutional
Ethics Committee of the University of Valencia and Clinic Hospital of Valencia. Tumor specimens were
fixed in neutral buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin
and eosin (H&E). Samples were categorized according to the WHO classification [1]. Glioblastoma,
IDH-mutant (n = 9), including those that progressed from lower-grade gliomas, were not included in
the different statistical analyses. All patients underwent treatment consisting of maximum safe tumor
resection and none of them received chemotherapy or radiotherapy before surgery. Similar schemes
of first-line treatment, encompassing radiotherapy (50–65 Gray) with concomitant and adjuvant
temozolomide-based chemotherapy were applied after surgery in all the cases. A retrospective
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survival analysis was performed. Overall survival (OS) was calculated as time from surgery to death.
Event times were censored if the patient was alive at the time of last follow-up.

2.2. DNA Extraction, Molecular Analysis of IDH1/2, TP53 and MLPA

Genomic DNA was extracted from FFPE tissue samples using a QIAamp DNA FFPE Tissue
Kit (Qiagen, Inc., Valencia, CA, USA) according to the manufacturer’s instructions. We analyzed
by direct sequencing the genomic regions spanning wild-type R132 of IDH1 and wild-type R172
of IDH2. Exons 5–8 of TP53 were also sequenced. PCRs were performed using standard buffer
conditions, 200 ng of DNA and an AmpliTaq Gold Master Mix (Thermo Fisher Scientific, Waltham,
MA, USA). PCR products were purified with Centricon columns (Amicon, Beverly, MA, USA) and
analyzed on an ABI 310 Sequencer (Applied Biosystems, Foster City, CA, USA). Primer sequences
forward (fw) and reverse (rv) were as follow: IDH1 fw 5′-ACCAAATGGCACCATACGAA
and rv 5′-TCACATTATTGCCAACATGACTT, IDH2 fw 5′-CCAATGGAACTATCCGGAAC and
rv 5′-CCTCTCCACCCTGGCCTAC, TP53 (exon 5) fw 5′-CAGCCCTGTCGTCTCTCCAG and rv
5′-TTCAACTCTGTCTCCTTCCT, TP53 (exon 6) fw 5′-GTCTGGCCCCTCCTC AGCAT and rv
5′-GTCTGGCCCCTCCTCAGCAT, TP53 (exon 7) fw 5′-CTCATCTTGGGCCTGTGTTA and rv,
5′-AGTGTGCAGGGTGGCAAGTG, TP53 (exon 8) fw 5′-ACCTGATTTCC TTACTGCCTCTTGC and
rv 5′-GTCCTGCTTGCTTACCTC GCTTAGT.

Multiplex Ligation-dependent Probe Amplification (MLPA) using the MLPA KIT P105 (version
C1-C2) and ME024 (version A1-B1) was performed in accordance with the manufacturer’s protocol
(MRC Holland, Amsterdam, Netherland) [30,31]. Amplification products were separated on an ABI 310
Sequencer (Applied Biosystems, Inc, Foster City, CA, USA) and data analysis was made with Coffalyser
excel-based software (MRC-Holland) [32], where relative probe values of probe-amplified products are
compared with normal controls. These kits included multiple glioma and cancer related genes that
were evaluated depending on their probes based on previous reports [30,31,33,34], as explained below.
Both kits are approved for investigational-use only.

2.3. Status of EGFR: EGFRvIII, Copy Number Alterations and Interphase Fluorescence In Situ Hybridization

EGFR was studied by MLPA using the P105 kit (MRC-Holland). It includes 11 probes for exons
1–8, 13, 18 and 24 of EGFR. This design allowed us to determine on one hand, the presence of the
variant III and on the other hand, somatic copy number alterations (SCNAs) of EGFR in the samples
analyzed. Following previously published descriptions, to identify EGFRvIII we determined the
average value for exons 2–7 probes and established the ratio with the average value of probes for
exons 1, 8, 13, 18 and 24. Patients with ratios below 0.8 were considered to harbor the EGFRvIII [31,35].
SCNAs of EGFR were determined based on the average value of exons 1, 8, 13, 18 and 24 in order to
exclude the ones that are frequently involved in EGFR variants. The thresholds applied classified
the samples as no amplified (0.7 < x <1.3) or gained (x ≥ 1.3) for downstream statistical analysis.
We also analyzed the EGFR gene status in interphase cells by dual-color FISH probes using interphase
Fluorsence in situ hybridization (iFISH). For that purpose, we used tissue microarrays (TMAs) and the
probe LSI EGFR SpectrumOrange/CEP-7 SpectrumGreen Probe from Vysis (Abbott Laboratories, IL,
USA). Hybridizations were performed according to the manufacturer’s instructions, and signals were
counted in two different regions of 200 non-overlapping nuclei. We calculated the ratio between the
average signal count of EGFR and the control probe CEP-7 (EGFR/CEP7 ratio). EGFR was considered
to be amplified when the EGFR/CEP-7 signal ratio was >2 [36]. Cases were subclassified according to
previous descriptions as GBs with high level of amplification (H-amp) when more than 20% of the cells
showed more than 20 copies of EGFR. GBs with low levels of amplification (L-amp) included cases
with 5–20% of cells with 4–12 copies of EGFR. Cases without amplification (N-amp) showed two copies
of EGFR. The exact ratio was not calculated in cases with high amplification levels [19,36]. The aim
of this validation study was to determine the concordance rates of these techniques. Concordance
between both techniques was assessed by the Cohen’s Kappa statistic. It has a range of 0–1.0 and κ
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values <0.2 means a poor agreement, 0.21 < κ < 0.4 means a weak agreement, 0.41 < κ < 0.6 means
a moderate agreement, 0.61 < κ < 0.8 means a good agreement and 0.81 < κ < 1 means a very good
agreement between techniques.

2.4. Analysis of Locus 9p21 and Other Glioma and Cancer-Related Genes

SALSA MLPA P105 and ME024 included a collection of probes to determine PTEN
status and genes located on 9p21. Many probes in order to characterize CDKN2A-CDKN2B
(p15INK4B-p14ARF-p16INK4A) were included. These kits also comprised probes for other genes
located up and downstream on 9p21.3 (KLHL9, MIR31, MLLT3 and MTAP) and for genes located
near on 9p (DOCK8 9p24.3 and GLDC on 9p24.1, and PAX5 on 9p13.2). In addition, a wide collection
of probes addressed to many different genes were assayed, including: DYSF (2p13), MSH6 (2p16),
SIX3 (2p21), SPAST (2q22.3), EDAR (2q12.3), CTNNB1 (3p22), ATR (3q23), TGFBR2 (3p24), CFI (4q25),
WDR36 (5q22.1), IL4 (5q31), CDH7 (8q12), ADD3 (10q25.2), MEN1 (11q13.1), SMPD1 (11p15.4), COL2A1
(12q13.11), HNF1A (12q24), PCCA (13q32.3), ING1 (13q34), ATL1 (14q22.1), SNRPN-HB2-85 (15q11.2),
SPG11 (15q21.1), IQGAP1 (15q26.1), MVP (16p11.2), TRAF4 (17q11.2), ERBB2 (17q12) NPC1 (18q11.2),
CACNA1A (19p13.2), SMARCA4 (19p13.2), JAG1 (20p12.2), ADAMTS5 (21q21.3), and TIMP3 (22q12.3).
The variety of loci explored offered a detailed landscape of GB SCNAs.

To categorize MLPA call to SCNA value, we established deletions as x < 0.7, normal as 0.7 < x < 1.3
and gain as x > 1.3. When probe values within the different exons of one locus were heterogeneously
distributed across some categories such as heterozygous and homozygous deletions, we defined the
category in which more than 70% of probe values belonged. For convenience, homozygous and/or
heterozygous deletions collectively were referred to as deletion, while amplification and/or gain as
gain/amp. Non-canonical SCNAs such as gain/amp in CDKN2A, PTEN or TP53 and deletion in EGFR
or CDK4 were not considered in the data analysis.

2.5. Statistical Analysis

The statistical analysis of the data was carried out according to the type of variable.
Quantitative variables were evaluated using the Kolmogorov-Smirnov and Levene tests; depending
on their results and their characteristics, Student’s t-test, ANOVA, Mann–Whitney–Wilcoxon test or
Kruskal–Wallis test were performed. For comparisons among categorical variables, Fisher’s exact,
Pearson’s chi-squared, and Kruskal–Wallis test were used depending on the number or rows/columns
and the expected frequencies. A survival analysis using the Kaplan–Meier method was also done.
The statistical significance of these curves was calculated using the log-rank (Mantel–Cox) test.
Significance was accepted at least at p < 0.050 level. Data were analyzed with SPSS (version 26) software
(IBM, Madrid, Spain). To perform the clusters, the average-linkage method was used. Therefore,
distance between clusters was obtained as the average distance between all possible pairs of cases
from both clusters, providing robust groups. Euclidean distance was used because of the binary scale
of the genetic variables. The choice of three clusters was decided from the hierarchical tree, according
to the level of heterogeneity at which the clusters were combined. Cluster combination stopped when
this level was roughly 70% of the total amount.

2.6. TCGA Analysis and Functional Protein Associations

We accessed data for GB samples from The Cancer Genome Atlas (TCGA) by using cBioPortal
for Cancer Genomics (www.cbioportal.org) [12,37,38] to validate whether the SCNAs detected in our
cohort were associated with EGFR amplification there. We studied the Genomic Profile “Putative
copy-number alterations from GISTIC” for the latest dataset available in cBioportal for GB (TCGA,
Provisional 604 samples). Copy number alteration data from 577 cases were obtained and further
analyzed. A “User-Defined List”, including EGFR, CDKN2A, MTAP, TRAF4, JAG1 and MSH6, was
entered into the “Enter Gene” box. Samples were classified for each gene according to their putative
copy number variation calculated by GISTIC with default cBioportal thresholds 33. The groups were
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Diploid (0), Shallow Deletion (−1), Deep deletion (−2), Gain (1) and Amplification (2). The associations
between EGFR amplification and the copy number profile were analyzed using the “Plots” tool and
retrieving the raw data. Outlier values (n < 10 from 577 cases) were negligible. Statistical significance
for amplification vs. diploid and deletion (shallow or deep) vs. diploid for each gene was assessed
using Fisher’s exact test.

We also used the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database
of known and predicted protein-protein interactions (https://string-db.org) to establish associations
among the proteins encoded by the genes affected by SCNAs in this series. This database contains
information from numerous sources, including KEGG, Reactome or Pubmed, among others [37].
To make a restrictive analysis, we explored both evidence and confidence meaning of network edges
and we increased the minimum required interaction score to ‘high confidence (0.700)’ to reach a
greater reliability.

3. Results

3.1. Clinical and Histopathological Data

Our study included 137 patients. Clinical data, including age, sex, tumor location, size, initial
symptom and Karnofsky performance status scale (KPS), are summarized in Table 1. Mean age at
diagnosis was 57.7 years and male/female ratio was 1.17. OS was 210 days and did not reflected
statistical differences depending on sex nor age. Histologically, all tumors showed features of GB with
pleomorphic astrocytic tumor cells, prominent microvascular proliferation and necrosis (Figure 1).
From confirmed primary GB (n = 135), the majority were IDHwt (n = 128) but a little subgroup of
tumors displayed IDH mutations (n = 7) despite being primary GB (GB-IDHmut). In agreement with
the WHO 2016 classification, these GB-IDHmut-affected patients were significantly younger (40.9 years
in IDHmut vs. 59 years in IDHwt, p < 0.001 **). OS was also significantly higher in IDHmut than in
IDHwt patients (3300 days vs. 180 days, p < 0.001 **). From the 128 cases, 63.9% of patients were
>55 years old at diagnosis, the 56.3% were male and 76.9% had a KPS ≤ 85 preoperatively. Interestingly,
tumor Pearson correlation test demonstrated an association between tumor size and OS (p = 0.020 *).

3.2. EGFR Status Assessment by iFISH and MLPA

iFISH analysis showed a distribution of cases among N-amp, L-amp and H-amp of 35.6%, 12.7%
and 51.7%, respectively (Figure 1). Similarly, MLPA analysis, which only separates two categories,
showed that 29.7% of cases had no EGFR gains, whereas 70.3% of the cases displayed gain of EGFR
copies. Comparing FISH H-amp and L-amp with MLPA “gain”, and FISH N-amp with MLPA “no gain”,
concordance between both techniques was good, with a coincident result in 83.05% of the samples
(Cohen’s kappa index: 0.610). Agreement was 93.4% for L-amp and H-amp GBs assessed by iFISH
that were detected as gains by MLPA. Regarding N-amp tumors, the concordance dropped to 64.3%
(Supplementary Table S1 shows the result from both techniques for each case). The visual determination
of EGFR made iFISH more suitable to categorizing the cases according to their amplification status.
Thus, the following analyses regarding EGFR amplification status were established according to
the iFISH data. Among the 128 GB patients, we found no significant associations between EGFR
amplification and survival (p = 0.387). Clinical data did not reveal any strong association to the
amplification status either: 50.8% of men and 49.2% of women displayed H-amp EGFR, reflecting
no differences depending on the basis of sex. We did not find significant associations between EGFR
amplification and patient age.
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Figure 1. Representative microphotographs of GB, IDH-wt. (A) High cellularity and poor 
differentiation with prominent microvascular proliferation and necrosis (Hematoxilin and Eosin, 
10×). (B) Highly anaplastic, heterogeneous cells and microvascular proliferation (Hematoxilin and 
Eosin, 20×). (C–E) iFISH microphotographs showing the status of EGFR by an orange LSI-EGFR probe 
and the centromere of chromosome 7 as a reference, stained by CEP-7 green probe in cases 
representing the tree levels of amplification. (c) No EGFR amplification (40×). (D) Low level of EGFR 
amplification (40×). (E) High EGFR amplification (40×). 
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MLPA allowed us to determine the presence of EGFRvIII. IDHwt GBs (n = 128) exhibited 
EGFRvIII in 35.2% of the cases (n = 45). Clinical data revealed no differences between both groups 
regarding age, tumor location nor size. Nevertheless, there was a significant increase in the presence 
of this variant in women (55.6% EGFRvIII vs. 37.3% EGFRwt, p = 0.047 *). Interestingly, Kaplan–Meier 
analysis revealed statistical differences in OS (Figure 2, p = 0.014 *), accounting 150 days in EGFRwt 
vs. 90 days in EGFRvIII (Student t-test p = 0.027 *). In addition, EGFRvIII was significantly more 
frequent in GBs with EGFR amplification. We found it in 10 cases of N-amp GBs (23.8%), 2 cases of 
L-amp GBs (13.3%) and 31 cases of H-amp GBs (50.8%, p = 0.003 **). 

Table 1. Clinical data and baseline molecular characteristics of 137 glioblastoma patients. 
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Temporal 36.6% 38.3% 12.5% 

Figure 1. Representative microphotographs of GB, IDH-wt. (A) High cellularity and poor differentiation
with prominent microvascular proliferation and necrosis (Hematoxilin and Eosin, 10×). (B) Highly
anaplastic, heterogeneous cells and microvascular proliferation (Hematoxilin and Eosin, 20×). (C–E)
iFISH microphotographs showing the status of EGFR by an orange LSI-EGFR probe and the centromere
of chromosome 7 as a reference, stained by CEP-7 green probe in cases representing the tree levels of
amplification. (C) No EGFR amplification (40×). (D) Low level of EGFR amplification (40×). (E) High
EGFR amplification (40×).

3.3. EGFR Variant III Is More Frequent in Women and Is Associated with Shortened Survival

MLPA allowed us to determine the presence of EGFRvIII. IDHwt GBs (n = 128) exhibited EGFRvIII
in 35.2% of the cases (n = 45). Clinical data revealed no differences between both groups regarding age,
tumor location nor size. Nevertheless, there was a significant increase in the presence of this variant
in women (55.6% EGFRvIII vs. 37.3% EGFRwt, p = 0.047 *). Interestingly, Kaplan–Meier analysis
revealed statistical differences in OS (Figure 2, p = 0.014 *), accounting 150 days in EGFRwt vs. 90 days
in EGFRvIII (Student t-test p = 0.027 *). In addition, EGFRvIII was significantly more frequent in GBs
with EGFR amplification. We found it in 10 cases of N-amp GBs (23.8%), 2 cases of L-amp GBs (13.3%)
and 31 cases of H-amp GBs (50.8%, p = 0.003 **).

Table 1. Clinical data and baseline molecular characteristics of 137 glioblastoma patients.

Parameter Specification Outcome Wild-Type IDH1/2
(n = 128)

Mutated
IDH1 (n = 9) p-Value

Age

Mean (range), in years 57.7 (24–81) 59 (24–81) 40.9 (32–52) *** <0.001 mw

≤55 40.6% 36.1% 100% *** <0.001 χ2

>55 59.4% 63.9%

Sex
Male 54.0% 56.3% 22.2%

0.080 ft
Female 46.0% 43.7% 77.8%

Tumor location

Parietal 35.0% 33.9% 50.0%

0.282 kw

Frontal 20.3% 19.1% 37.5%

Temporal 36.6% 38.3% 12.5%

Occipital 4.9% 5.2%

Intraventricular 0.8% 0.9%

Corpus Callosum 2.4% 2.6%
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Table 1. Cont.

Parameter Specification Outcome Wild-Type IDH1/2
(n = 128)

Mutated
IDH1 (n = 9) p-Value

Size (cm3) Mean (range) 5.2 cm (2–11) 5.1 cm (2–11) 6.0 cm (5–7) 0.210 mw

Initial symptom

Neurological deficit 30.0% 32.1% 0%

0.146 kwEpileptic seizure 21.7% 21.4% 25.0%

Intracranial
hypertension 48.3% 46.5% 75.0%

KPS
≤85 76.9% 77.0% 75.0%

1.000 ft
>85 23.1% 23.0% 25.0%

Overall survival Median (95 CI) 210 days 180 days 3300 days *** <0.001 lr

TP53 Mutation 20.2% 17.3% 50.0% * 0.028 χ2

EGFR FISH

Alteration 61.4% 64.4% 22.2% * 0.012 χ2

N-amp 38.6% 35.6% 77.8% * 0.011 χ2

L-amp 13.4% 12.7% 22.2%

H-amp 48.0% 51.7% 0.0%

EGFRvIII
No 65. 9%

Yes 34.1%

SCNA

EGFR
Gain 65.4% 70.1% 0.0% *** <0.001 χ2

Normal 34.6% 29.9% 100% *** <0.001 kw

CDKN2A

Alteration 63.5% 65.6% 33.3% 0.052 χ2

Loss 53.3%

Gain 10.2%

CDKN2B

Alteration 54.0% 56.3% 22.2%

0.080 ftLoss 48.9%

Gain 5.1%

PTEN

Alteration 65.9% 65.9% 66,7% 0.961 χ2

Loss 55.6%

Gain 10.4%

MTAP Alteration 52.9% 53.5% 44.4% 0.734 ft

TIMP3 Alteration 65.0% 64.1% 77.8% 0.404 χ2

ERBB2 Alteration 26.5%

MVP Alteration 59.5% 56.3% 100% * 0.020 ft

MEN1 Alteration 60.6% 57.8% 100% * 0.012 χ2

ADD3 Alteration 45.3% 46.9% 22.2% 0.183 ft

PCCA Alteration 44.1% 46.6% 12.5% 0.075 ft

Prevalence of genetic alterations and cross tabulation of IDH1 mutation status versus clinical characteristics and
genetic alterations are depicted. For genetic alteration, only significant findings are shown (* means 0.05 > p > 0.01,
** means 0.01 > p > 0.001, *** means p < 0.001). Date are mean (range), number (%), or median (95%CI). Abbreviations:
CNA, copy number alteration; ft, Fisher’s exact test; KFS, Karnofsky Performance Status; kw, Kruskal–Wallis test; lr,
long-rank test; mw, Mann–Whitney–Wilcoxon test and χ2, Pearson’s chi-squared test.
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probability: it oscillates between 0 (0% of cases) and 1 (100% of cases). The X-axis shows the survival 
period, expressed in months. The blue line represents survival on patients with wild-type ADD3 
(mean = 13.46 months). The green line represents survival in patients which tumors showed SCNA 
on ADD3 (mean = 6.98 months). Long Rank (Mantel–Cox) analysis demonstrate statistical 
significance. (C) Concomitant SCNA with the EGFR amplification status. MSH6 p = 0.007, CDKN2A 
p = 0.023, MTAP p = 0.017 and JAG1 p = 0.029. (D) Association between EGFRvIII and OS. The blue 
line represents survival on patients with EGFRwt (mean= 180 days). The green line represents 
survival in patients which tumors showed EGFRvIII (mean= 150 days). Long Rank (Mantel–Cox) 
analysis demonstrate statistical significance. (E) Concomitant SCNA with the presence of EGFRvIII. 
MSH6 p = 0.001, ATR p = 0.019, ADD3 p = 0.010, PTEN p = 0.002, CDKN2A p = 0.004, SPG11 p = 0.003, 

Figure 2. GB somatic copy number alterations (SCNA). (A) Distribution of MLPA calls from each
case on the targeted genes assayed showing the heterogeneity of GB. (B) Association between ADD3
SCNA and overall survival (OS). The Y-axis represents the cumulative survival time in terms of
probability: it oscillates between 0 (0% of cases) and 1 (100% of cases). The X-axis shows the survival
period, expressed in months. The blue line represents survival on patients with wild-type ADD3
(mean = 13.46 months). The green line represents survival in patients which tumors showed SCNA on
ADD3 (mean = 6.98 months). Long Rank (Mantel–Cox) analysis demonstrate statistical significance.
(C) Concomitant SCNA with the EGFR amplification status. MSH6 p = 0.007, CDKN2A p = 0.023, MTAP
p = 0.017 and JAG1 p = 0.029. (D) Association between EGFRvIII and OS. The blue line represents
survival on patients with EGFRwt (mean= 180 days). The green line represents survival in patients
which tumors showed EGFRvIII (mean= 150 days). Long Rank (Mantel–Cox) analysis demonstrate
statistical significance. (E) Concomitant SCNA with the presence of EGFRvIII. MSH6 p = 0.001, ATR
p = 0.019, ADD3 p = 0.010, PTEN p = 0.002, CDKN2A p = 0.004, SPG11 p = 0.003, MVP p = 0.032, ERBB2
p = 0.008, and JAG1 p = 0.013. * was used for 0.050 > p > 0.010, ** for 0.010 > p > 0.001 and *** for
p ≤ 0.001.
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3.4. MLPA Analysis Showed a Great Heterogeneity in GB

We identified that 100% of the tumor cases showed SCNA in at least two of the genes analyzed.
In addition, from all the loci explored, we found SCNA in all of them in at least seven cases.
An overview of the prevalence of genetic alterations identified in 128 GB-IDHwt patients is shown
in Table 1. A summary of all the SCNAs detected among the studied genes can be seen in Figure 2A
which offers a landscape of the high genetic heterogeneity found. We detected alterations affecting
more than 45% of the cases on EGFR (70.1% of the cases), CDKN2A (65.6%), TIMP3 (64.1%), MEN1
(57.8%), CDKN2B (56.3%), MVP (56.3%), PTEN (54.8%), MTAP (53.5%), ADD3 (46.9%) and PCCA
(46.6%). From those loci, only ADD3 tend to be more altered in women (55.4% of the cases) than in
men (40.3% of the cases). However, ADD3 demonstrated to be associated with OS, as patients with
SCNAs on ADD3 showed an OS of 6.98 ± 1.17 months while patients with no-SCNA on ADD3 showed
an OS of 13.46 ± 2.24 months (p = 0.012 *). Long Rank (Mantel–Cox) analysis demonstrate a statistic
association (p = 0.014 *, Figure 2B).

3.5. EGFR Amplified GBs Displayed Different SCNAs to Non-EGFR Amplified Cases

In this series, four genes revealed statistical differences on their affectation, depending on the
amplification status of EGFR: losses/gains of MSH6 on 2p16.3, losses of CDKN2A and MTAP, both
on 9p21 and gains of JAG1 on 20p12.2 (Figure 2C). TCGA analysis through cBioportal supported our
data, as it showed strong associations between both CDKN2A and MTAP losses and EGFR gain/amp
(p < 0.0001 ***). Of note is that both genes are located in 9p21. TCGA data also showed statistical
association between JAG1 gain/amp and EGFR gain/amp (p < 0.0001 ***). MSH6 showed alterations in
a little number of GBs and did not reach a significant result (Table 2). STRING analysis provided a PPI
enrichment p-value of 0.000987 and association to NOTCH3 activation and to a negative regulation
of cell–matrix adhesion. Based on previous reports [7], we looked for GB with triple SCNA (EGFR,
CDKN2A and PTEN); in our series, this appeared in 25.0% of the cases and they showed an OS of
7.64 ± 1.97 months, which was lower than the 11.25 ± 1.71 months in cases with no triple SCNA.

Looking for differences depending on EGFR status, we found in our series that EGFRvIII cases
displayed statistically different SCNAs than their EGFRwt counterparts: MSH6 (2p16.3), ATR (3q23),
ADD3 (10q25.1), PTEN (10q23.31), CDKN2A (9p21), SPG11 (15q21), MVP (16p11.2), ERBB2 (17q12),
JAG1 (20p12.2) (Figure 2E). STRING functional analysis of these genes revealed a PPI enrichment
p-value of 9.2 × 10−6 and a non-random association with negative regulation of cell–matrix adhesion
processes (false discovery rate –FDR- of 0.00100).

Table 2. Data from TCGA analysis performed using cBioportal.

EGFR

Shallow Deletion Diploid Gain Amplification

CDKN2A

Deep deletion 2 20 131 178

Shallow deletion 3 19 48 38

Diploid 1 22 61 35

Gain 0 2 14 3

Amplification 0 1 0 0

*** n = 577; p < 0.00001; Chi-square 461.258

JAG1

Shallow deletion 1 3 13 1

Diploid 3 52 153 126

Gain 2 9 88 125

Amplification 0 0 0 1

*** n = 576; p < 0.00001; Chi-square 41.9092
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Table 2. Cont.

EGFR

Shallow Deletion Diploid Gain Amplification

MSH6

Shallow deletion 0 8 15 14

Diploid 4 55 220 225

Gain 2 1 19 14

n = 571; p > 0.05; Chi-square 7.2998

MTAP

Deep deletion 2 18 114 169

Shallow deletion 3 21 61 46

Diploid 1 22 65 35

Gain 0 2 14 3

Amplification 0 1 0 0

*** n = 570; p < 0.00001; Chi-square 46.413

Annotated CNAs depending on EGFR amplification status. * was used for 0.050 > p > 0.010, ** for 0.010 > p > 0.001
and *** for p ≤ 0.001.

3.6. Clustering Analysis Revealed Different Genetic Glioblastoma Groups

Hierarchical cluster classification distinguished three groups (C1, C2 and C3) depending on the
frequencies of alteration within the different loci explored (Table 3). In this analysis we excluded
37 patients because some markers were not available. From the 91 patients to classify, 18 were
unclassifiable subjects due to the diversity of the SCNAs found and 73 were distributed among the
three different groups performed. The clusters showed partially overlapped changes and others
completely differentiated among them (Figure 3). The Chi-squared test was used to assess the
dependence between the normal/altered presence of a gene and the membership cluster in order to
identify which genes have a higher power of discrimination. When the expected frequency in cells
of the cross-table was too small (n < 5) in more than 33% of cells, the Kruskal–Wallis test was used
as an alternative to Chi-squared. Regarding clinical data, size was similar in the different clusters,
showing an average of 5.7 cm in C1, and 5.3 cm in C2 and 4.9 in C3. Age at diagnosis also showed
similar averages (59, 57 and 61 years, respectively). Overall survival was 7.2 months for C1, 5.9 for C2
and 10.7 months for C3. Genetically, the analysis showed that C1 was the least affected, C2 showed
alterations of near half of the loci explored in more than 50% of the cases, and C3, displayed an
intermediate situation, with near 30% of the genes included affected in more than 50% of the cases.
When we analyzed the EGFR amplification status by iFISH in relation to these clusters, we found
statistically significant differences (p = 0.007 **): most cases from C1 were N-amp (63.0%), compared to
28.0% and 19.0% in C2 and C3, respectively. Most cases from C2 and C3 where H-amp (64.0% and
61.9%, respectively), compared to 22.2% in C1. This distribution of the cases for the L-amp group was
more homogeneous, accounting 14.8%, 8.0% and 19.0% in C1, C2 and C3, respectively.
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Table 3. Clustering analysis of GBM IDHwt.

Genes Studied Cluster 1 Cluster 2 Cluster 3 p-Value

CTNNB1 11.1 8.0 28.6 0.120 (KW)

CDH7 0.0 12.0 4.8 0.166 (KW)

IQGAP1 18.5 12.0 23.8 0.581 (KW)

GLDC 7.4 12.0 23.8 0.254 (KW)

TP53 11.1 12.0 42.9 0.011 * (Chi)

TGFBR2 11.1 16.0 9.5 0.781 (KW)

ING1 18.5 24.0 33.3 0.495 (Chi)

SIX3 14.8 24.0 52.4 0.014 * (Chi)

IL4 14.8 24.0 66.7 <0.001 *** (Chi)

PCCA 44.4 24.0 85.7 <0.001 *** (Chi)

DYSF 18.5 28.0 42.9 0.180 (Chi)

HNF1A 37.0 28.0 57.1 0.124 (Chi)

DOCK8 7.4 32.0 9.5 0.036 * (KW)

ERBB2 14.8 36.0 19.0 0.169 (Chi)

ATL1 22.2 36.0 52.4 0.096 (Chi)

ATR 25.9 48.0 19.0 0.080 (Chi)

TRAF4 44.4 52.0 28.6 0.268 (Chi)

JAG1 3.7 56.0 9.5 <0.001 *** (Chi)

SPG11 14.8 56.0 9.5 <0.001 *** (Chi)

EGFRvIII 14.8 56.0 23.8 <0.001 *** (Chi)

MSH6 11.1 60.0 66.7 <0.001 *** (Chi)

ADD3 40.7 72.0 42.9 0.048 * (Chi)

SMARCA4 33.3 84.0 4.8 <0.001 *** (Chi)

MVP 51.9 84.0 14.3 <0.001 *** (Chi)

MTAP 22.2 84.0 76.2 <0.001 *** (Chi)

PTEN 44.4 88.0 38.1 <0.001 *** (Chi)

TIMP3 44.4 92.0 57.1 0.001 ** (Chi)

EGFR 40.7 92.0 85.7 <0.001 *** (Chi)

MEN1 44.4 96.0 23.8 <0.001 *** (Chi)

CDKN2A 7.4 100.0 100.0 <0.001 *** (Chi)

p-values were calculated by the (Chi), Pearson’s chi-squared test χ2 and (KW), Kruskal–Wallis test. To highlight
statistical significance * was used for 0.050 > p > 0.010, ** for 0.010 > p > 0.001 and *** for p ≤ 0.001.

3.7. Genetic Changes According to Clustering Analysis Point to Differentially Altered Pathways

EGFRvIII and losses in ADD3, associated with survival, were concentrated in cluster 2.
In concordance, C2 displayed as aforementioned, the shortest OS. In addition, it showed the highest
frequency of SCNAs in CDKN2A, MEN1, EGFR, TIMP3, PTEN, MTAP, MVP, SMARCA4, ADD3,
MSH6, JAG1, SPG11 and DOCK8. The gene function and pathway annotation analysis by the STRING
software showed a PPI enrichment p-value of 0.000522 and an association to the biological processes’
‘regulation of cell-substrate adhesion’ (FDR = 8.36 × 10−5, by JAG1, CDKN2A, PTEN and MEN1)
and ‘cell–matrix adhesion’ (FDR = 0.000522, by JAG1, CDKN2A and PTEN). Moreover, the Cellular
Component analysis showed a significant association to the presence of the proteins encoded in
different parts of the cell. They were detected both in the plasma membrane region (count in gene
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set: 5/1061), in organelle lumen (count in gene set: 10/5162) and in the nuclear part (count in gene
set: 9/4359), all with FDR = 0.0364, suggesting an intense trafficking of these proteins through the cell
(Figure 4).
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Figure 3. Clustering analysis. Heatmap from the hierarchical cluster classification. The patients included
are represented on the Y-axis and the genes that contributed to the model on the X. Green squares
show no SCNA, red squares show SCNA. C1, C2 and C3 are shown separately, and the distribution of
SCNAs among offers a landscape where C1 is the one with less genetic alterations while C2 is the most
affected one.

Cluster 3, in common with C2, showed losses in CDKN2A in 100% of the cases, a high frequency
of EGFR amplification and SCNA in MTAP and MSH6. Additionally, this C3 displayed frequent
SCNAs in TP53, IL4, PCCA and SIX3. STRING analysis showed a PPI enrichment p-value of 0.0019
and an association to the biological processes ‘regulation of cell cycle phase transition’ with an FDR of
0.0060. However, no specific cellular component was revealed. Finally, C1 was the less altered cluster.
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It showed a statistically significant lower level of CDKN2A, MSH6, MTAP and EGFR alterations
compared with its counterparts.

Overall, GB-IDHwt displayed a wide genetic heterogeneity. However, cluster analysis allowed a
separation based on the frequency of alterations detected by MLPA into three groups. From them,
the two that displayed EGFR amplification offered completely different outcomes, depending on the
presence of additional alterations, as SCNA on ADD3 and the variant III of EGFR. These two changes
were shown to be independent biomarkers for bad prognosis, and their statistical association to C2
highlights the interest of exploring the aggregation of genetic alterations in it.
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Figure 4. Pathways outlined by clustering analysis. The introduction of genes that differentially
contributed to the clusters on the STRING database analysis platform offered a variety of genetic
pathways and processes that were especially damaged in C2 and C3. Genes in blue displayed gains,
genes in orange displayed losses, EGFRvIII includes loss from exons 2–7. Genes in bold were the most
distinctive among the clusters. It needs to be mentioned that MSH6, in addition to gains, showed losses
in <10% of the cases. The main difference between C2/C3 and C1 is that on C1, EGFR alterations were
found only in half of the cases. Despite C2 and C3 share some alterations, the downstream connections
lead to a subtly quickest disease on C2 compared to the slowest situation on C3.

4. Discussion

EGFR genetic alteration is an essential component of the portrait of most GBs occurring in 57% of
tumors [4,38]. This frequency is similar to what we find for EGFR amplification and EGFR mutation
in this work. This fact, along with the devastating outcome of GB, justifies the continuous search for
associations in relation to EGFR changes and the therapeutic responses of patients. In light of the
TCGA project, RTK alterations and their downstream effectors are of potential interest as targetable
driver mutations [39]. However, it could be especially interesting to be able to classify our patients
depending on specific common changes or even better, different pathways affected, to understand
what makes them undergo a quicker or slower disease.
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The use of iFISH to precisely determine the EGFR amplification status is the current gold-standard
in GB [19,40]. Previous works of our and others groups, demonstrated that this method allows the
detection of intermediate levels of amplification [19,24]. Lassman and his colleagues deepened the
potential of different new techniques in comparison to iFISH with positive results [40]. In the present
work, we compared the potential of MLPA to that aim because it is a user-friendly and cost-effective
technique, and the Cohen agreement we got was also good. The point of iFISH remains the possibility
of separating that intermediately amplified group, for which it is not entirely clear whether it represents
a progression via the amplification status or a separate path for tumor progression in GB. In any
case, MLPA proves to be an easy and fast technique, with the additional advantage of being able to
determine mutant variants such it is EGFRvIII, in agreement with previous works [21,24,31,35].

The wide heterogeneity of cancer cells is a common challenge in terms of learning how to stop
tumor growth. The clonal evolution of GB IDHwt and the acquisition of new mutations represent a
major problem for finding effective therapies [1,4,8,23]. This heterogeneity is patent in our work; from
all the loci explored, we found SCNA in all of them in at least one case. The genetics of H-amp GB
and GB displaying EGFRvIII offers landscapes that are statistically different from their N-amp/L-amp
or EGFRwt counterparts, respectively. STRING analysis correlates the SCNA statistically associated
with amplified-EGFR GBs with NOTCH3 activation and negative regulation of cell–matrix adhesion.
Crespo et al., using high-density (500K) single-nucleotide polymorphism arrays, achieved similar
relevance for the axis established with MTAP [16]. In concordance with that work, our group of patients
that displayed EGFRvIII, which is the one with the worst outcome, also showed the impairment of
cell–matrix adhesion processes. Despite the alteration of different sets of genes, we found a higher
frequency of EGFRvIII among the EGFR amplified GBs, in concordance with previous works [9,24],
and interestingly, we found a significant association between EGFRvIII and a shortening in survival,
supporting previous descriptions [22,27,41].

An outstanding finding when analyzing the genes whose alterations were associated with
EGFRvIII is that ADD3 SCNAs is associated with bad prognosis, with a marked reduction in OS.
ADD3 codifies the γ-adducin, which build heterotetramers with its counterparts α- and β-adducin,
and has been widely studied in red-cell membranes [42]. Different works put a spotlight on adducin’s
controversial role as either oncogene or tumor suppressor in cancer [42–45]. Our findings support
a recent report of Kiang KM et al. that points to the downregulation of ADD3 in GB, but not in
less malignant gliomas, as a critical event during malignant progression [46]. While most cell-based
studies suggest an oncogenic behavior, different papers on glioma tumor specimens, in agreement
with our data, relate ADD3 downregulation to progression [43,44] and to migration [45]. Other cancer
that shows EGFR amplification, such as non-small cell lung cancer, shares this ADD3 infraexpression
associated with cell migration [47]. We suggest that the use of such easy techniques as MLPA to
assess ADD3 SCNA could be considered for diagnostic routines to better tailor clinical decisions as an
independent prognostic factor and to delve deeper into the GB classification of patients.

The frequency of ADD3 SCNAs and its co-occurrence with EGFRvIII led us to look for genetic
clustering. Thus, according to the genetic probes analyzed by MLPA, clustering analysis causes GBs to
separate into three different groups. The first cluster (C1) offers a low rate of SCNAs compared with the
rest. Cluster 2 (C2) and cluster 3 (C3) share a high rate of SCNAs in MTAP, CDKN2A, MSH6 and EGFR,
in agreement with previous descriptions [16], and suggesting that GBs from both clusters display
alterations in DNA metabolic processes (by STRING). However, the second cluster (C2) concentrates
the co-existence of EGFR alterations through EGFRvIII or EGFR amplification and the highest rate
of SCNAs. Of these, it is worth mentioning that JAG1, which is involved in angiogenesis [48], MVP,
was recently implicated in vesicle trafficking [21] or the aforementioned ADD3. Coherent with these
data, this cluster displayed the shortest OS. It is curious that MSH6, in addition to showing gains
as was previously reported in association with resistance to chemotherapy [49], displays losses in a
short set of cases in this series. These cases with losses do not show an increase on the tumor genetic
burden consequence of the defect on DNA repair, but interestingly, they show a really subtle increase in
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survival. It is not significant, but it deserves to be further studied, as it resembles the protective effect of
the promoter methylation of MGMT, which improves responsiveness to temozolomide treatment [1,50].
Regarding MTAP, its deficiency is usually seen as a collateral effect of CDKN2A deletion, because of its
location next to this gene [51,52]. Nevertheless, it is necessary to improve our understanding of the
consequences of this loss because it could offer different insights into therapy. It is known that the loss
of MTAP influences the metabolism of ATP: both adenine and adenosine are disturbed as a consequence
of the disruption of the polyamine salvage pathway [53,54]. This fact could be related to the metabolic
reprogramming strategy to actively modulate the immune landscape of GB [55]. Contrary to what was
expected, it was shown that adenosine did not significantly accumulate in GB [55]. This fact would
be in line with previous descriptions of N6-isopentenyladenosine and other modified nucleosides,
with important anti-proliferative and pro-apoptotic effects in GB cases that display amplification on
EGFR [56,57]. Interestingly, in our study, cluster 2 and 3 showed amplifications on EGFR and losses
on CDKN2A in all cases, along with a high proportion of cases displaying MTAP losses. It would be
desirable to further study whether the efficacy of those molecules could represent a therapeutic benefit
for these specific patients with adenosine metabolism disturbances.

A noteworthy fact is that ADD3 and EGFRvIII, both previously reported as alterations associated
with shortened survival in GB [27,46] and confirmed here, are a signature in this C2. On the other
hand, C3 involves TP53 alterations in addition to the shared ones. This fact completely makes sense
considering that TP53 mutations are, according to the WHO, more frequent in the group of GB with
IDH mutations, characterized by a higher survival than IDHwt GBs [1]. Moreover, EGFRvIII has been
broadly associated with a poorer outcome [22,27]. These findings reflect that, not only the amplification
status of EGFR could be decisive in the comprehension of GB progression, but also the interconnection
established with parallel genetic pathways.

A comparison between the main findings in the clusters defined here and the previously reported
TCGA expression subtypes [10,38] is worthy of some comments: the small set of GB, IDH-mutant cases
we studied may fit in the proneural TCGA group, with mutations in TP53 in half of the samples and
loss of PTEN in 2/3 of the cases. Similarly, lifespan is higher, as we expected for being IDH1-mutant [1].
Cluster 2 fits quite well in the “Classical” subtype [10,38]. EGFR amplification is the main characteristic
accompanied by losses on CDKN2A in all the cases and losses on PTEN in a high proportion (88%).
However, cluster 3 seems to be a variant of this classical subtype. It is also characterized by EGFR
amplification and losses on CDKN2A, but losses on PTEN drop down to a half. However, other
alterations define it better than PTEN status, such as gains on TP53 or losses on SIX3. It is worth
mentioning that TP53 stands out, but it does so because of SCNA, and not mutations, as would be
more characteristic of the mesenchymal TCGA subtype [10,38]. Thus, between these two clusters,
a better genetic definition of the patients is offered. It is of note that C1 seems to have little to do
with EGFR, in contrast to C2 and C3. C1 agrees with the mesenchymal subtype, being the only set
of patients that are not characterized by EGFR amplification. It displays a complex mix of genetic
changes without dominance of any specific feature, all them in lower proportions than its counterparts
cluster 2 and 3, and in a similar way as happens in the mesenchymal TCGA subtype [10,38]. On both
sides, EGFR status-dependent subgroups of GBs, genetically and clinically different, can be separated.
The identification of alterations in shared nodes of convergence downstream of RTKs hast been an
interesting approach in cancer [4,8,58].

The present work sets out MLPA as an advantageous methodology, simple and useful for
FFPE specimens. In addition, it may provide new insights into the molecular underpinnings of GB
pathogenesis in a comprehensive manner. Clustering the genetic alterations of GB highlights the
importance of EGFR in this very aggressive tumor type and could represent a strong step towards
precision medicine: the aggregation of changes depending on the presence of the amplification of EGFR,
the mutation variant III or both simultaneously, lead to different pathways to analyze. Our results
underline the importance of EGFRvIII and ADD3 SCNAs as markers of poor prognosis that need
further consideration in GB. The presence of a group of GB-IDHwt without alterations in EGFR may
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explain part of the absence of effect of RTK inhibitors in this type of tumor. Furthermore, the clear
separation of EGFR-amplified related GBs, showing sets of genes that are differentially altered, points
to the need to rethink the possibilities of personalized therapy in future clinical settings. The differential
groups that can be established could be used for a more accurate therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/11/2429/s1,
Table S1: Amplification status of EGFR determined by interphase Fluorescence in situ hybridization and
MLPA analysis.
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Abstract: Glioblastomas are the most frequent and aggressive form of primary brain tumors with
no efficient cure. However, they often exhibit specific metabolic shifts that include deficiency in the
biosynthesis of and dependence on certain exogenous amino acids. Here, we evaluated, in vitro,
a novel combinatory antiglioblastoma approach based on arginine deprivation and canavanine,
an arginine analogue of plant origin, using two human glioblastoma cell models, U251MG and
U87MG. The combinatory treatment profoundly affected cell viability, morphology, motility and
adhesion, destabilizing the cytoskeleton and mitochondrial network, and induced apoptotic cell death.
Importantly, the effects were selective toward glioblastoma cells, as they were not pronounced for
primary rat glial cells. At the molecular level, canavanine inhibited prosurvival kinases such as FAK,
Akt and AMPK. Its effects on protein synthesis and stress response pathways were more complex and
dependent on exposure time. We directly observed canavanine incorporation into nascent proteins by
using quantitative proteomics. Although canavanine in the absence of arginine readily incorporated
into polypeptides, no motif preference for such incorporation was observed. Our findings provide a
strong rationale for further developing the proposed modality based on canavanine and arginine
deprivation as a potential antiglioblastoma metabolic therapy independent of the blood–brain barrier.

Keywords: adhesion; apoptosis; arginine deprivation; canavanine; cancer; cytoskeleton; ER stress;
glioblastoma; migration; unfolded protein response

1. Introduction

It has been described in a number reports that numerous cancers are defective in arginine
biosynthesis, and some of them become hypersensitive to the deprivation of this amino acid [1].
Arginine is a semi-essential amino acid in humans, and its exogenous requirement is dependent on
the stage of the organism’s development and its health status [2,3]. Arginine plays an important role
in various molecular pathways regulating cell division, wound healing, neurological and immune
functions, and hormone synthesis [1,4,5]. It is also a key precursor in the synthesis of cancer-associated
compounds such as nitric oxide (NO) and polyamines [3,6,7].

In the normal condition, intracellular arginine homeostasis depends on dietary uptake,
the degradation of intracellular proteins, efficiency of transport through cell membranes by cationic
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amino acid transporters (CATs), and de novo synthesis from aspartate and citrulline in the urea
cycle [7–9]. There are two closely coupled enzymes, which are crucial in arginine biosynthesis:
argininosuccinate synthetase 1 (ASS1) and argininosuccinate lyase (ASL) [4]. The auxotrophy for
arginine, in vivo, of several tumors, such as melanoma, hepatocellular carcinoma, some mesotheliomas,
some renal cell cancers, and glioblastomas, is mainly related to the epigenetic silencing of ASS1 [9–11].
In contrast to cancer cells with elevated nutrient requirements, the majority of normal non-transformed
cells are able to synthesize arginine by conversion from circulating exogenous citrulline mediated by
ASS and ASL under conditions of nutrient stress [12].

Arginine deprivation with recombinant arginine-degrading enzymes is considered as nontoxic
and selective since it decreases viability and allows the control of the growth of malignant tumors that
lack ASS1 expression [4,5,13–15]. Such a strategy is now under Phase I/II clinical trials for combating
malignant melanomas, hepatocellular and pancreatic carcinomas, pleural mesotheliomas, thoracic
cancers and other malignancies, and is well tolerated by the organism [16–22].

Due to specific metabolic shifts in subsets of glioblastomas, the strategy of arginine deprivation
could also be a promising approach for the treatment of these devastating cancers [7,9,23,24]. It was
observed by several groups, including ours, that arginine deprivation affects glioblastoma cell viability,
morphology and invasiveness [1,25]. However, the effects of arginine deprivation on glioblastoma cells
were reversible after arginine resupplementation. Three-hour culture in arginine-enriched conditions
leads to the restoration of cancer cell morphology and growth [25]. In the majority of tumors, arginine
deprivation affects only cell growth and does not promote cell death, therefore bringing the danger
of cancer recurrence after stopping the treatment. To overcome this problem, we propose combining
arginine deprivation-based treatment with an arginine antimetabolite, l-canavanine.

l-canavanine, a non-proteinogenic amino acid found in certain leguminous plants, is a naturally
occurring structural analog of l-arginine. The sole structural difference between arginine and
canavanine is the replacement of carbon with oxygen in the terminal methylene group (Figure 1) [26].
There are several reports that consider canavanine as a possible proteomimetic amino acid that could
be incorporated instead of arginine into newly synthesized proteins [13,27]. Importantly, in the case of
gliomas as targets, the effect of the combination of enzymatic arginine deprivation with canavanine
does not depend on the permeability of the brain–blood barrier, as canavanine is transported by the
same carriers as arginine, thus increasing the feasibility of a potential prospective therapy [27].

Figure 1. Chemical structures of l-arginine and l-canavanine.

In the current study, we examined, in detail, the combined effects of canavanine in arginine-free
conditions on the proliferation, morphology, motility and adhesion of two human glioblastoma cell
lines. Primary rat glial cells served as control non-transformed cells. We observed that under arginine
deprivation, canavanine stimulated pleiotropic mechanisms leading to apoptotic cell death only in
cancer but not in normal cells. These data support the notion that canavanine is a good potential
candidate in the development of combination metabolic antiglioblastoma therapy.
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2. Materials and Methods

2.1. Materials

l-canavanine (Sigma-Aldrich C9758, St. Louis, MO, USA) was dissolved in water to a 50 mM
concentration and stored at 4 ◦C. The MTS reagent (CellTiter 96® AQueous Non-Radioactive Cell
Proliferation Assay, G5421) was from Promega Corporation (Madison, WI, USA). 13C6,15N4-arginine was
obtained from ThermoFisher Scientific (89990, Waltham, MA, USA). ER-Tracker™ Blue-White DPX was
obtained from ThermoFisher Scientific (E12353). Alexa Fluor 488- and 546-conjugated phalloidin were
obtained from Invitrogen (A12379 and A22283, respectively; Waltham, MA, USA). Vectashield anti-fade
reagent with or without DAPI was obtained from Vector Laboratories (H-1200 and H-1000, respectively;
Burlingame, CA, USA). The following antibodies were used: those against c-PARP (Cell Signaling
Technologies #9546, Danvers, MA, USA, and Enzo Life Sciences BML-SA249-0100, Farmingdale, NY,
USA), caspase 3 (#9662) and caspase 9 (#9502), FAK (#3285) and p-FAK (#8556), eIF2α (#2103) and
p-eIF2α (#9721), SAPK/JNK (#9252) and p-SAPK/JNK (#4668), AMPKα (#2532) and p-AMPKα (#2535),
p38 (#9212) and p-p38 (#9211), S6 (#2217) and p-S6 (#4858), 4EBP1 (#9452), ATF-4 (#11815), CHOP (#2895),
lamin A/C (#4777), tensin 2 (#11990), LC3A/B (#4108) (Cell Signaling Technologies), talin (sc-7534), HSP60
(sc-59567), HSP70 (sc-32239) (Santa Cruz Biotechnology, Heidelberg, Germany), vinculin and β-tubulin
(V4505 and T0198, respectively; Sigma-Aldrich), GRP78 BiP (ab21685), GFAP (ab7260), GRP75/MOT
(ab2799), lamin B1 (ab16048) and lamin B2 (ab151735) (Abcam, Cambridge, UK), and GAPDH (Millipore
MAB374, St. Louis, MO, USA). The following secondary antibodies were used: HRP-conjugated
anti-mouse and anti-rabbit IgG (AP308P and AP307P, respectively; Millipore), HRP-conjugated
anti-goat IgG (Santa Cruz Biotechnology sc-2020), Alexa Fluor 546-conjugated anti-mouse, Alexa Fluor
488-conjugated anti-rabbit (A11003 and A11008, respectively; Millipore) and Alexa Fluor 488-conjugated
anti-mouse (Abcam ab150113). The protein bands were visualized using ECL reagent (Millipore P90720).

2.2. Cell Lines and Culture Conditions

Human glioblastoma U251MG and U87MG cell lines were obtained from the Cell Lines Service
(Eppelheim, Germany). Cells were cultivated at 37 ◦C with 5% CO2 in Dulbecco’s Modified Eagle
Medium (DMEM; Gibco 31966021, Waltham, MA, USA) supplemented with GlutaMAX-1, 10% heat
inactivated fetal bovine serum (FBS; Gibco 10500064) and antibiotics, 1% penicillin/streptomycin
(Gibco 15140122). For all experiments, we formulated DMEM (Sigma-Aldrich D9443) with or
without 0.4 mmol/L arginine (complete medium (CM) and arginine-free medium (AFM), respectively),
supplemented with 5% dialyzed serum (Sigma-Aldrich F0392).

2.3. Primary Rat Glial Cell Culture

The primary culture of rat glial cells, used here as the control non-modified normal cells,
was isolated from one-day-old Wistar rat pups as described by [28] with the following modifications.
The forebrains were isolated, washed with ice-cold DMEM GlutaMAX-1 supplemented with 1%
penicillin/streptomycin, and transferred to 0.25% trypsin-EDTA (Gibco 25200056) for 25 min at
37 ◦C with 5% CO2. Next, DMEM, supplemented with 10% FBS and antibiotics, was added to the
tissue suspension, followed by mechanical dissociation by pipetting, and the suspension was passed
through a 70 µm cell strainer (Falcon® 352350, Glendale, AZ, USA). The single cells were plated into
poly-L-lysine-coated (100 µg/mL; Sigma-Aldrich P4707) flasks and maintained in complete DMEM.
After 3 days, 2/3 of the medium was refreshed. On Day 7, the flasks with primary glial cultures were
transferred to an orbital shaker at 100 rpm for 30 min to remove microglia. After that, the entire
medium with detached cells was removed. The homogeneity of the cell population was maintained for
at least four passages. More than 80% of the cells were astrocytes as confirmed by immunofluorescence
staining for glial fibrillary acidic protein (GFAP). Afterwards, cells were seeded and cultured under
experimental conditions.
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2.4. MTS Cell Viability Assay

The cell viability MTS assay was performed according to the manufacturer’s instructions. Briefly,
cells were seeded in a regular DMEM medium in 96-well plates (8 × 103 cells/well) and allowed to
adhere for 18 h, and then, the medium was removed. Next, the cells were washed twice with phosphate
buffered saline (PBS) and finally treated with different canavanine concentrations (10–250 µM) in
complete medium or arginine-free medium for 24, 48 and 72 h. MTS solution was added to each well,
and the cells were further incubated for 1 h. The absorbance was measured using a Tecan SUNRISE
XFluor4 plate reader at a wavelength of 490 nm. The percentage of viable cells after treatment was
calculated by assuming 100% viability for the absorbance recorded for the control conditions (i.e., in the
absence of canavanine).

2.5. Western Blot Analysis

The cells were washed three times in ice-cold PBS and lysed in RIPA Buffer (50 mM Tris-HCl pH 7.5,
150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% IGEPAL (nonionic, non-denaturing detergent),
50 mM NaF, 2 mM Na3VO4, 1 mM PMSF, and protease and phosphatase inhibitor cocktails (04693116001
and 04906837001, respectively; Roche, Mannheim, Germany) at 4 ◦C for 20 min. Cell extracts were
obtained after centrifugation at 13,500× g at 4 ◦C for 20 min, and the supernatants were used for
the study. Protein concentrations were quantified according to the Bradford method. Then, the
supernatants were incubated with the Laemmli buffer for 5 min at 98 ◦C. Equal amounts of protein were
separated in 10, 12 or 15% SDS–polyacrylamide gels (SDS-PAGE) and transferred onto nitrocellulose
membranes (Amersham 10600002, Freiburg, Germany). The membranes were blocked with 3–5%
fat-free milk or 5% BSA (Bioshop ALB001, Burlington, Canada) in TBS containing 0.2% Triton X-100
and then probed with the appropriate primary and secondary antibodies. β-Tubulin and GAPDH were
used as protein loading controls. After 2 h, one-minute-UV-irradiated Jurkat cells were lysed and were
subjected to analysis as an apoptotic cell death positive control. The protein bands were visualized
using ECL reagent. Band densitometry quantification was performed using the Fiji distribution of
the ImageJ 1.52a software (National Institutes of Health and the University of Wisconsin, Madison,
WI, USA).

2.6. Immunocytochemical Staining and Microscopy Analysis

Cells were seeded on glass coverslips (VWR 631-0153, Gdańsk, Poland), cultured in respective
conditions and then washed twice with PBS, fixed with 4% paraformaldehyde solution (PFA) for
20 min, washed twice with PBS, quenched for 30 min with 50 mM NH4Cl, permeabilized with 0.2%
Triton X-100 in PBS for 10 min and finally incubated for 1.5 h in a blocking solution (2% horse serum in
PBS/0.02% Triton X-100). To visualize actin filaments, cells were stained for 20 min with Alexa Fluor
488- or 546-conjugated phalloidin (diluted 1:40 in PBS) and then washed three times with PBS/0.02%
Triton X-100. Next, cells were incubated overnight at 4 ◦C with primary antibodies and for 1.5 h at
room temperature with Alexa Fluor 546- or 488-conjugated anti-mouse or Alexa Fluor 488-conjugated
anti-rabbit antibodies diluted to 1:1000. Coverslips were extensively washed in PBS/0.02% Triton X-100
and mounted using Vectashield anti-fade reagent supplemented with DAPI to stain nuclei. Images
were taken with the Zeiss LSM780, Inverted Axio Observer Z.1 with Plan Apochromat 40×/1.4 and
63×/1.4 Oil DIC objectives. The images were processed using the Zen Blue 2.1 software (Carl Zeiss
Microscopy, Jena, Germany).

2.7. Confocal Endoplasmic Reticulum Localization

The endoplasmic reticulum was visualized by staining with the endoplasmic reticulum
(ER)-specific dye, ER Tracker™ Blue/White DPX, which is retained within the ER lumen, thus labeling
the ER tubular network. The assay was performed according to the manufacturer’s instructions.
Briefly, cells were seeded on the glass coverslips and cultured under respective conditions. After that,
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the cells were incubated for 30 min at 37 ◦C and 5% CO2 with 1 µM ER Tracker diluted in experimental
conditions. Then, the stained cells were fixed with 4% formaldehyde for 10 min, washed and mounted
using the Vectashield anti-fade reagent. Images were taken with the Zeiss LSM780, Inverted Axio
Observer Z.1 with Plan Apochromat 63×/1.4 Oil DIC objectives. The images were processed using the
Zen Blue 2.1 software (Carl Zeiss Microscopy).

2.8. Transwell Migration Assay

Cell migration was assayed using 24-well TranswellTM chambers with 6.5 mm-diameter
polycarbonate filters with 8µm-pore-size TranswellTM migration inserts according to the manufacturer’s
instructions with the following modifications (Corning CLS3422-48EA, Glendale, AZ, USA). The assay
was based on chemotactic directional migration. Cells were treated under experimental conditions
for 48 h, as were the control cells. Then, the cells were trypsinized, washed twice with serum-free
medium and counted. The same numbers of living cells were seeded (2.5−3 × 104 cells/well depending
on the cell line) on the upper chamber and allowed to migrate through the filter to the lower chamber
containing DMEM with 10% FBS. After 8–18 h (for U251MG and U87MG cells, respectively), the cells
were fixed with 4% PFA for 15 min and stained with 0.5% crystal violet (Sigma-Aldrich) for 7–10 min.
Cells that did not migrate through the filter were removed from the upper chamber by using a cotton
swab. Migrated cells were photographed using a Nikon Eclipse Ti-U fluorescent microscope equipped
with a 20× objective and DS-Qi2 digital camera and then counted with the Fiji distribution of the
ImageJ 1.52a software (National Institutes of Health and the University of Wisconsin). The percentage
of migrated cells was calculated by assuming 100% for the control conditions.

2.9. Cell Adhesion Assay

The cell adhesion assay was performed with the CytoSelectTM 48-well cell adhesion assay
according to the instructions provided by the manufacturer (Cell Biolabs, Inc. CBA-070, San Diego,
CA, USA). Briefly, cells were cultured under the indicated experimental conditions for 48 h as were the
control cells, trypsinized, washed once with medium with serum and twice with serum-free medium,
and then seeded (105 living cells/well) onto the collagen I-coated wells. After 2.5 h, unbound cells were
washed away with PBS, and the adherent cells were stained. Finally, the stain was extracted and the
OD560 measured with a Tecan SUNRISE XFluor4 plate reader.

2.10. Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC)

Amino acid labeling was performed as described by Ong and Mann [29]. We performed the
experiments on U251MG cells, for which the effects of both arginine deprivation and canavanine
co-treatment were more visible. The cells were grown to 80–90% confluency in standard DMEM
medium formulated with heavy 13C6,15N4-arginine (0.1 mM) in culture dishes. The medium was
changed every 2–3 days in the cases when the cells were not ready for passaging.

2.11. Protein Extraction and Digestion

After SILAC labeling, cells were subjected to differential treatment: (1) complete medium
with heavy arginine; (2) complete medium with light arginine; (3) arginine-free medium with 50 µM
canavanine for 24 h; (4) AFM with 50 µM canavanine for 48 h. The treatments yielded different numbers
of cells, due to differences in cell proliferation and survival rates (1−1.7 × 106 cells). Cells were washed
with ice-cold PBS three times and scraped off the plates in RIPA Buffer (250 µL per 106 cells; see RIPA
buffer composition above). The lysate was frozen on dry ice without preclearing. After thawing,
the lysate was sonicated using a QSonica, Q125 sonicator probe homogenizer at 50% energy (1 min
cycle; 15 s on and 15 s off). Protein from 320 µL (i.e., from around 1.2 × 106 cells) was precipitated by
the addition of 1280 µL of ice-cold acetone, incubated at −20 ◦C for 2 h and pelleted by centrifugation
at 20,000× g for 30 min. The protein pellet was resuspended in 60 µL of 8 M urea and quantified with
BCA (Pierce™ BCA Protein Assay Kit, ThermoFisher Scientific 23225). All samples had concentrations
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between 1.6–2 g/L. The samples were diluted 4-fold and digested at a 1:20 ratio of protein/Wako LysC
(the protease was added at 1:40 twice with a 4 h interval). The peptides were desalted on an Oasis HLB
1 cc Vac Cartridge with 30 mg of sorbent as suggested by the manufacturer and speedvac-ed, and 1 µg
of material was injected on the column.

2.12. LC-MS/MS Analysis

Samples were analyzed using a nanoAcquity UPLC system (Waters, Milford, MA, USA) coupled
to an Orbitrap Fusion Lumos (ThermoFisher Scientific). Peptides were trapped on a Symmetry C18
5 µm, 180 µM × 20 mm precolumn (Waters, MA, USA) and desalted at 10 µL/min flow for 2 min with
0.1% TFA (trifluoracetic acid). The separation was performed on a nanoACQUITY CSH130 C18 1.7 µm,
75 µm × 250 mm at a 300 nL/min flow rate with 0.1% formic acid as Buffer A and 0.1% formic acid in
acetonitrile as Buffer B. The gradient was 6–40% B over 75 min, 40–60% over 10 min and 60–100% over
15 min.

Eluted peptides were electrosprayed through an etched emitter [30] and analyzed using the
Universal Method with a 60 s exclusion time (see the supplementary information S1 Experimental
procedures: MS/MS method settings section). MS1 was performed in an orbitrap at a 120K resolution,
and MS2, in ion trap rapid mode.

2.13. Proteomics Data Analysis

Data were analyzed in Proteome Discoverer in 2.4.035. A database search was performed
with Sequest using the human UniProt database (retrieved on 06 June 2019). Methionine
oxidation, 13C6,15N4-arginine and canavanine (user defined) were set as variable modifications;
Cys carbamidomethylation was set as a fixed modification. The precursor and fragment mass
tolerances were 3 ppm and 0.6 Da, respectively (we observed a large number of false positive
canavanine identifications in samples where no canavanine labeling was performed at higher precursor
mass tolerance). Peptides were validated with Percolator with a 0.01 posterior error probability (PEP)
threshold. Peptide intensities were calculated with the Minora Feature Detector node. Top3 quantitation
was performed only on samples with 48 h canavanine treatment in R using the dplyr package [31] as
described previously [32]; only proteins with at least 2 proteotypic peptides were considered. GO (Gene
Ontology) analysis was performed using the clusterProfiler R package [33]. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [34] partner
repository with the dataset identifier PXD019044.

2.14. Theoretical Calculation of Necessary Mass Spectrometer Resolution

Calculations were performed essentially as described in [35] using the canavanine-containing
peptides identified in this study. The atomic masses for 1H, 12C, 13C and 16O were taken as equal
to 1.0078, 12, 13.0033 and 15.9949, respectively, from the CIAAW atomic weights of the elements
(2019) [36]. The mass difference between the 3rd isotope of the unmodified peptide and 1st isotope
of the canavanine-containing peptide is (13.0033–12) × 2 − (15.9949 − 12 − 1.0078 × 2) = 0.0273 or
27.3 mDa. The theoretical full width at 10% maximum (FWTM) peak height was computed for each
identified peptide at the measured m/z and charge containing canavanine at 100 different resolutions
(starting with 1 × 104 and incrementing by 1 × 104 until 1 × 106) using Equation (1).

FWTM = 1.822× m/z

R×
√

200
m/z

(1)

The FWTM was then compared to the expected distance between the 3rd and the 1st isotope of
the unmodified peptide, which was calculated as 27.3 mDa divided by the peptide charge.

120



Cells 2020, 9, 2217

2.15. Statistical Analysis

All experiments were run in triplicate and repeated at least three times. The results are expressed
as means ± SD. Statistical analyses were performed using one way-ANOVA tests in the GraphPad
Prism 8.4.3 software (San Diego, CA, USA). Statistical significance was defined as p < 0.05.

3. Results

3.1. Canavanine Treatment Decreases the Viability and Proliferative Potential of Human Glioblastoma Cells
under Arginine Deprivation

First, we addressed the question whether the effects of canavanine on two human glioblastoma
cell lines, U251MG and U87MG, which are known to differ in their proliferation, migration and
invasiveness [37]. It was observed that canavanine strongly inhibited the viability of both cell lines in
concentration- and time-dependent manners specifically under arginine deprivation (Figure 2a).

Figure 2. Effect of canavanine on glioblastoma cell viability and ability to restore growth upon arginine
resupplementation. (a) MTS assay for U251MG and U87MG human glioblastoma cells treated for up to
72 h with increasing concentrations of canavanine (CAV) in the complete (CM) or arginine-free (AFM)
media. (b) After 48 h of treatment, the medium was changed for arginine-containing complete medium
(CM), and the cells were cultured for an additional 72 h. Then, growth restoration was assessed using
the MTS test. Graphs represent mean values ± SD from three independent experiments. ** p < 0.01,
**** p < 0.0001 relative to arginine-free medium (AFM) (control, 100%); ## p < 0.01, #### p < 0.0001
relative to control cells after resupplementation.

Although after 48 h of incubation in arginine-deficient medium, both cell lines could readily
restore their proliferation when arginine was resupplemented. It was observed that preincubation with
canavanine at concentrations above 50 µM essentially blocked such growth restoration (Figure 2b).
Furthermore, the number of dead cells was noticeably increased after 48 h of treatment with 100 µM
canavanine, which coincided with a progressive accumulation of the cleaved forms of PARP1 and
caspase 3 after 48 h of treatment in both glioblastoma cell lines (Figure 3). Additionally, under
canavanine co-treatment, a decreased level of the proapoptotic protein Bcl-2 was observed in U251MG
cells (Figure S1). No significant differences in the level of the active cleaved form of caspase 9 in either
cell line under all the examined conditions were detected (Figure S1).
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Figure 3. Assessment of the levels of the markers of apoptotic cell death in U251MG (a) and U87MG
(b) cells under 100 µM canavanine treatment in complete or arginine-free medium. GAPDH was used
as a protein loading control. UV-irradiated Jurkat cells were used as a positive control.

These observations indicate that canavanine co-treatment, contrarily to arginine deprivation alone,
induces caspase-dependent apoptotic cell death in the human U251MG and U87MG glioblastoma cell
lines. Of note, we did not detect apoptotic markers in primary cultured rat glial cells under canavanine
co-treatment (Figure S2).

3.2. Canavanine Profoundly Affects Morphology of U251MG and U87MG Cells under Arginine Deprivation

Many biological processes essential for both untransformed and cancer cells such as cell migration,
morphogenesis, cytokinesis and endocytosis rely on the dynamics of the actin cytoskeleton [38,39].
Previously, we have also shown that arginine deprivation itself selectively destabilizes the actin
cytoskeleton in glioma cells but not in primary rat glial cells [25]. Therefore, our next step was to
examine the organization of actin filaments in the presence of 50 µM canavanine, a concentration
near the IC50 for both examined cell lines. We noted that after 48 h of treatment in the absence of
arginine, canavanine significantly affected the morphology of the examined U251MG and U87MG
cells, especially the organization of the actin-rich structures of the leading edge such as lamellipodia
and filopodia (Figure 4, solid arrows). This was accompanied by a decrease in the presence of
filamentous actin as well as the appearance of bleb-like structures and actin-containing aggregates,
which are indicative of progressing cell death. Both glioblastoma cell lines exhibited similar alterations.
Importantly, there were no apparent changes either in the morphology or in the actin cytoskeleton
organization in the glioblastoma cells treated with canavanine in CM or in the control rat glial cells
subjected to combined treatment with canavanine and arginine deprivation (Figure 4).
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Figure 4. Organization of the actin cytoskeleton, probed with Alexa Fluor 488-conjugated phalloidin,
of U251MG and U87MG human glioblastoma cells as well as normal rat glial cells. Cells were cultured
for 48 h under experimental conditions with or without 50 µM canavanine. Untreated cells (CM) served
as a control. Nuclei were labeled with DAPI. Solid arrows indicate altered leading-edge morphology in
cancer cells starved for arginine, and dotted arrows indicate actin-rich aggregates and blebs elicited by
canavanine. Bars, 20 µm.

It is known that actin filaments play an essential role in the control of both cellular and nuclear
shape, and the geometry of the nucleus, in turn, affects cell proliferation, gene expression and protein
synthesis [40–42]. A/C- and B-type lamins are major components of the nuclear lamina [43] that
play an important role in the nucleo-cytoskeletal connection, and this interaction is essential for cell
polarization, cell migration and cancer progression [41].

Staining for lamin B1 revealed abnormally shaped cell nuclei after 48 h of the culturing of U251MG
cells, but not of U87MG ones, under arginine deprivation (Figure 5a, solid arrows). More pronounced
changes in both glioblastoma cell lines were observed under canavanine co-treatment (Figure 5a,
dotted arrows). Western blotting of the levels of nuclear lamins showed a decrease in lamin B1 in both
glioblastoma cell lines and lamin B2 in U251MG cells under arginine deprivation in combination with
canavanine treatment (Figure 5b).

We also observed fragmentation of lamins A/C and B1 in both U251MG and U87MG cells
under prolonged co-treatment that could be also considered as one of the hallmarks of apoptosis
(Figure 5b) [43]. Again, no substantial changes in the nuclear lamina pattern in analogously treated
normal rat glial cells were observed (Figure S3).

Thus, our data show that combined treatment with arginine deprivation and canavanine
evokes pronounced detrimental alterations in cytoskeleton and nuclear organization specifically
in glioblastoma cells.
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Figure 5. Analysis of nuclear lamina in U251MG and U87MG cells undergoing combined treatment
of arginine deprivation with 50 µM canavanine. (a) Immunofluorescence analysis of lamin B1. Solid
arrows indicate abnormal nuclei under arginine deprivation; dotted arrows point to misshaped cell
nuclei under co-treatment. Bars, 5 µm. (b) Western blots of nuclear envelope proteins lamin A/C and
lamin B1 and their cleaved forms (c-lamin A/C and c-lamin B1) and lamin B2. GAPDH was used as a
protein loading control.

3.3. Lack of Arginine in Combination with Canavanine Profoundly Impairs Migration and Adhesion of Human
Glioblastoma Cell Lines

Cell migration and invasion play a key role in cancer metastasis [44]. We previously demonstrated
that arginine deficiency specifically impaired the motility and adhesive interactions of human
glioblastoma and melanoma cells [25,45]. The above-described exacerbated alterations of cell
morphology observed under canavanine co-treatment could be associated with changes in cell adhesion
and motility. Therefore, we analyzed the cell migration of U251MG and U87MG glioblastoma cells
treated with canavanine under arginine deprivation using the Transwell™ system [46]. While arginine
deprivation itself profoundly decreased migration by ~50%, almost complete inhibition of cell
penetration through the porous membrane after 48 h of canavanine co-treatment was observed for
both glioblastoma cell lines (Figure 6).
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Figure 6. Effect of canavanine on human glioblastoma cell migration. (a) Representative images of
migrated cells after the 48 h of co-treatment with 50 µM canavanine under CM and AFM conditions.
Bars, 100 µm. (b) Quantification of migrated cells. Graphs represent mean values ± SD from three
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 relative to CM (control, 100%).

Cell adhesion to the extracellular matrix is a highly dynamic process that plays a crucial role in
the regulation of cell proliferation and growth, cell motility and gene expression [47–49]. We analyzed
the focal adhesion structures in glioblastoma cells using immunostaining for an integrin-associated
linker protein, vinculin. We observed that canavanine augmented alterations in the focal contact
morphology evoked by arginine deprivation in both studied cancer cell lines (Figure 7a). This was
more pronounced for U251MG cells, where vinculin-stained adhesive structures were smaller and
more dispersed. Additionally, changes in focal contact structures were also noticeable in a control
primary rat glial cell under canavanine co-treatment, although they were not as pronounced as in both
cancer cell lines (Figure S4a).

Next, we analyzed cell adhesion by the assessment of the cell-matrix interactions of glioblastoma
cells with a surface covered with collagen I, one of the main components of the extracellular matrix.
We observed that under arginine deprivation, canavanine caused a dramatic decrease (by ~75%) in cell
adherence to the surface of both glioblastoma cell lines (Figure 7b). Of note, arginine deprivation itself
practically did not evoke a negative effect on adhesion to collagen I.
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Figure 7. Effects of canavanine on adhesion of human glioblastoma cells. (a) Immunocytochemical
staining for vinculin. Nuclei were labeled with DAPI. Cells were treated for 48 h under indicated
experimental conditions under CM and AFM, with or without 50 µM canavanine. Bars, 10 µm. Arrows
point to altered focal adhesion contacts. (b) Cancer cell adhesion to collagen I after the 48 h of treatment
in CM and AFM with or without CAV. Graphs represent mean values ± SD from three independent
experiments. * p < 0.05, *** p < 0.001, **** p < 0.0001 relative to CM (control, 100%). (c) Immunoblotting
of proteins involved in cell adhesion and migration. GAPDH and β-tubulin were used as protein
loading controls.

Despite such evident changes in adhesive structures and cell-surface adhesion, the levels of
proteins involved in cell adhesion such as vinculin, talin and tensin 2 did not change substantially
with respect to those in control cells (Figure 7c and Figure S5). Since focal adhesion kinase (FAK) is
a key regulator of adhesive structure organization, we next assessed its levels as well as the level
of its phosphorylated (active) form (p-FAK, Tyr397) in the examined conditions. We observed a
substantial reduction of the p-FAK level under arginine deprivation in the absence of canavanine
(Figure 7c). Combined treatment with canavanine for 48 h augmented the decrease only in U251MG
cells. Interestingly, the presence of canavanine in the complete medium also led to a decrease in
FAK activity (Figure 7c). Similar, but less dramatic, effects were observed in primary rat glial cells
(Figure S4b).

It is known that actin-cytoskeleton organization, cell morphology and survival as well as cell
adhesion are under the control of Akt kinase [50–53]. Therefore, we examined the activation level
of this kinase by analysis of its phosphorylation at S473. As shown in Figure S6, 48 h of incubation
in arginine-free conditions with canavanine treatment led to a ~50% decrease in Akt activation
(phosphorylation at Ser473) in both glioblastoma cell lines. Moreover, 48 h of canavanine treatment led
to a decrease in total Akt protein in U251MG cells.

Overall, our data suggest that canavanine effectively augments the negative effects of arginine
deprivation on glioblastoma cells’ heterotypic adhesion.
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3.4. Proteomics Analysis of Canavanine Incorporation into Proteins in U251MG Glioblastoma Cells

While previous reports have suggested that canavanine gets incorporated into polypeptides
during translation [13,27], the direct observation of canavanine in proteins by mass spectrometry and
the extent of its incorporation or whether it is more likely to get incorporated as part of a motif have
not been reported. The challenge is that Arg-to-canavanine substitution would result in a 1.9793 shift
(16O–12C–1H × 2), which is very close to the mass difference of +2.0066 Da between the third and
the first isotopes of an unmodified peptide, 2 × (13C–12C). Resolving this difference of 27.3 mDa on
an Orbitrap LUMOS in MS1 would require operating at a 240K resolution for half of the peptides
and 540K for 95% of the peptides (Figure 8a, see Materials and Methods for a description of the
calculation). Such a high resolution is currently not attainable on this platform but would also be
impractical for operation, due to the very long scan times on the majority of Orbitrap platforms [54].
Moreover, even if the unmodified and canavanine-containing peptides were resolved at the MS1 level,
it would be impossible to generate their separate MS2 spectra due to quadrupole co-isolation. Hence,
we labeled arginine (Arg) with 13C6

15N4 to shift the masses of Arg-containing peptides by +10 Da to
avoid the overlap with canavanine-containing peptides. Unlabeled arginine was termed as light Arg,
and the labeled one was termed as heavy Arg. We also used endoproteinase LysC as the only protease,
since the efficiency of trypsin for canavanine is currently unclear. Treatment with LysC generates
longer and hence more hydrophobic peptides, and we also optimized the LC gradient for a higher
final concentration of ACN.

To demonstrate canavanine incorporation into the proteins, we labelled U251MG cells with heavy
Arg for seven passages and then transferred them to one of the following media: (i) AFM with 0.1 mM
light Arg, (ii) AFM with 0.1 mM heavy Arg, and (iii) AFM with 50 µM canavanine. Cells were harvested,
and their proteome was analyzed after 48 h. An additional time point at 24 h was added for the AFM
with 50 µM canavanine. Each sample was analyzed in biological triplicate, and we calculated the
incorporation of light Arg, heavy Arg and canavanine as proportions of identifications and signals
(Table 1, only Arg-containing peptides were considered). Assuming that canavanine incorporation
does not significantly affect ionization efficiency, the proportion of the signal can be interpreted as
the proportion of canavanine at all residues normally occupied by arginine. We observed that ~12.6%
of all Arg sites were occupied by canavanine after culturing cells in media with 50 µM canavanine
for 48 h. In comparison, culturing with 100 µM light Arg for the same period of time resulted in
68.3% incorporation.

In total, we identified 1589 peptide sequences containing canavanine (see Table S1a) corresponding
to 1980 canavanine sites. We investigated whether canavanine incorporation was more or less
likely in the context of other amino acids using the motif-x software [55]. We used the sequences
of canavanine-containing peptides as the foreground set and used all the identified Arg (or
canavanine)-containing sequences as the background set (i.e., we compared the sequences of
canavanine-containing peptides and all Arg/canavanine peptides). We looked at five amino acids at
both sides of each heavy Arg (or canavanine) site. We identified no enriched motifs at the p-value of
1 × 10−6 (recommended settings in the motif-x software) (Table S1a).

We also tested whether specific functional categories were enriched among the proteins labeled
with canavanine (using all the identified proteins as a background) in samples treated with canavanine
for 48 h using the clusterProfiler R package [33]. While there was a significant enrichment of many
GO terms, especially those related to cell adhesion and the unfolded protein response (see Table S2a
for the list of proteins used in the GO analysis, and Table S2b and Figure S7 for the set of enriched
categories), the implications of this enrichment are unclear. This could be interpreted as canavanine
being preferentially incorporated into these proteins or these proteins being preferentially synthesized
under canavanine treatment. At the same time, the group of canavanine-labeled proteins was also
significantly more abundant (Figure S7d), and canavanine-labeled peptides were generally less intense
than their heavy-Arg counterparts (see below). This could mean that peptides containing canavanine
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fall below the limit of detection in less-abundant proteins, resulting in the high abundance of proteins
enriched in the canavanine-labeled set.

The sequences of 1081 peptides had two variants identified within a single run: a variant with a
single incorporated canavanine and a variant with all heavy Arg (Table S1b). We used this peptide set
to investigate the effect of canavanine incorporation on the peptide charge and retention time, since a
significant change in these properties would allow the analysis of canavanine-containing peptides in
label-free proteomics data. Interestingly, we did not find a significant effect of canavanine on either of
these properties (see Figure 8b,c), validating the necessity of heavy-Arg labeling. The median ratio of
the intensities for heavy-Arg to canavanine-containing peptides was 7.5 (see Figure 8d).

As a final illustration of our strategy, we observed a small subset of peptides that had all three
variants (i.e., heavy Arg, light Arg and canavanine) present at a certain Arg position, due to the
incomplete heavy-Arg labeling prior to canavanine treatment. Figure S8 demonstrates the elution
profiles and spectra for the three variants for one such peptide. As expected, the canavanine and
light-Arg peptide variants were not resolved at the MS1 level at a 120 K resolution.

Figure 8. Proteomics of canavanine-bearing peptides. (a) Proportion of peptide variants with light
Arg and canavanine resolved at different instrument resolutions (vertical lines indicate resolution
settings available on Orbitrap Lumos). (b–d) Effect of canavanine incorporation on peptide charge
state, retention time and intensity.
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Table 1. Incorporation of arginine (Arg) and canavanine (CAV) into proteins of U251MG cells under
examined conditions.

ArgH, 48 h ArgL, 48 h CAV, 24 h CAV, 48 h

% of identifications

ArgH 97.16 ± 0.19 33.85 ± 0.86 83.59 ± 0.47 76.91 ± 0.26
ArgL 2.78 ± 0.2 65.94 ± 0.83 6.48 ± 0.44 6.3 ± 0.23
CAV 0.06 ± 0.03 0.22 ± 0.04 9.93 ± 0.28 16.79 ± 0.46

% of total intensity

ArgH 98.72 ± 0.07 31.59 ± 0.95 90.09 ± 0.39 83.48 ± 0.38
ArgL 1.24 ± 0.06 68.34 ± 0.95 4.08 ± 0.38 3.88 ± 0.63
CAV 0.04 ± 0 0.06 ± 0.01 5.83 ± 0.11 12.63 ± 0.39

Incorporation presented as proportions of identifications (top part of the table) and proportions of intensity (bottom
part of the table) ± SD. Three replicates were recorded per condition. ArgH, heavy arginine; ArgL, light arginine.

3.5. Canavanine Enhances ER Stress Evoked by Arginine Deprivation

Since arginine deficiency has been shown to induce endoplasmic reticulum (ER) stress in many
cancer cell lines [56] and our mass spec data showed a significant enrichment of GO terms related
to the unfolded protein response, our next goal was to analyze the effect of canavanine on this
process in human glioblastoma cells. We performed immunofluorescence staining for a marker of ER
stress, namely, the ER chaperone 78-kDa glucose-regulated protein (GRP78) [57,58]. We noticed an
accumulation of GRP78 within the ER of both analyzed glioblastoma cell lines after 48 h of incubation
under arginine deprivation in the presence of canavanine (Figure 9a, see arrows). These observations
were confirmed by Western Blot analysis, which showed a significant increase in the level of GRP78 in
cell lysates (Figure 9b). On the other hand, canavanine co-treatment only slightly increased the level of
GRP78 in primary rat glial cells under analogous conditions (Figure S9).

In order to visualize the ER tubular network, we performed staining with the ER-specific
dye, ER Tracker Blue/White DPX, which is retained within the ER lumen. As shown in Figure S10,
the organization of the ER was changed in both arginine-deprived glioblastoma cell lines, and numerous
ER tracker-stained vesicles (possibly autophagosomes) became visible. Additionally, 48 h of
co-treatment with canavanine caused a complete disintegration of the ER network (Figure S10).

It is known that the accumulation of unfolded or misfolded proteins within the ER lumen activates
unfolded protein response pathways implicated in protective/adaptive responses and in the promotion
of apoptosis [59,60]. We examined the activation status of several proteins involved in the regulation
of protein synthesis in our experimental conditions. As shown in Figure S11, already 4 h of culture
with 50 µM canavanine in arginine-free medium evoked pronounced changes in the phosphorylation
status of proteins involved in protein synthesis such as 4EBP1 (mTOR pathway) and eIF2α (GCN2
pathway) in both glioblastoma cell lines. Prolonged arginine deprivation or combined treatment
further promoted the hyperphosphorylation of eIF2α and dephosphorylation of ribosomal protein S6
and 4EBP1, and canavanine only partially affected the processes leading to the inhibition of global
protein translation (Figure 10a). Of note, canavanine also upregulated the dephosphorylation of 4EBP1,
even in complete medium, in U87MG cells, a cell line that is slightly more sensitive to this toxic arginine
analogue (Figure 1).
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Figure 9. Canavanine (50 µM) enhances endoplasmic reticulum (ER) stress during arginine deprivation
in U251MG and U87MG human glioblastoma cells. (a) Immunostaining for GRP78 and actin filaments
of the cells subjected to 48 h of canavanine co-treatment under arginine starvation. Nuclei were stained
with DAPI. Bars, 20 µm. Arrows point to cells with increased GRP78 fluorescence. (b) Western blot
analysis of GRP78 protein level. GAPDH was used as a protein loading control.

Additionally, the level of a cAMP-dependent transcription factor, ATF4, a marker of ER
stress-induced apoptosis, was dramatically increased under co-treatment with canavanine, in
comparison to that with single arginine deprivation as a monotreatment (Figure 10b). Interestingly,
canavanine under arginine-free conditions induced the formation of an additional ~38 kDa band,
probably ATF4 isoform CRA_a, which has been described in the literature [61].

Canavanine also evidently augmented the proapoptotic signaling pathway activated by arginine
deprivation as evidenced by the increased phosphorylation of stress-activated protein kinase SAPK/JNK
and mitogen-activated protein kinase p38 in glioblastoma cells (Figure 10b). Interestingly, the increase
in the level of the proapoptotic transcription factor CHOP observed under arginine deprivation was
not further elevated by the presence of canavanine in either glioblastoma cell line (Figure 10b).

Analysis of the rat glial cells’ response to canavanine under arginine deprivation revealed the
dephosphorylation of the S6 protein and a weak activation of proapoptotic markers such as ATF-4,
p-SAPK/JNK and p-p38 after 48 h of co-treatment (Figure S12).

These data indicate that canavanine significantly enhances ER stress and profoundly promotes
proapoptotic responses selectively in malignant U251MG and U87MG glioblastoma cells.
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Figure 10. Western blot analysis of selected molecular markers of ER stress and cells’ adaptive responses.
(a) Proteins involved in protein synthesis. (b) Proapoptotic markers. Cells were incubated for up to
48 h under experimental conditions with or without 50 µM canavanine. GAPDH was used as a protein
loading control.

3.6. Canavanine Affects Mitochondria under Arginine Deficiency

It is known that mitochondrial dynamics can be significantly disturbed under stress conditions,
and their adaptations are crucial for many cellular processes [62,63]. Additionally, the accumulation of
misfolded or damaged proteins in mitochondria under metabolic stress can lead to organelle dysfunction.
In order to examine whether canavanine in arginine-deprived conditions could also affect mitochondria,
we performed immunocytochemical staining for heat shock protein glucose-regulated protein 75
(GRP75/mortalin), essential for maintaining the ER–mitochondrial contacts (Figure 11a) [64,65].
Under arginine deprivation, we observed a long, apparently hyperfused mitochondrial network, which
was especially visible in U251MG cells (Figure 11a, solid arrows). Additionally, canavanine evoked
dramatic changes, as the mitochondrial network became disrupted and aggregate-like structures
were visible in both cell lines (Figure 11a, dotted arrows). Western blot analysis showed a decrease
in mortalin levels in both cell types treated with canavanine in the absence of arginine for 48 h,
but statistical significance was only found for U251MG cells (Figure 11b,c). Moreover, a concomitant
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significant increase in the heat shock proteins HSP70 and HSP60 involved in mitochondrial stress was
observed in glioblastoma cells under canavanine co-treatment (Figure S13).

Figure 11. Assessment of mitochondrial organization in human U251MG and U87MG glioblastoma
cells treated with 50 µM canavanine under CM and AFM conditions. (a) Immunostaining for mortalin.
Nuclei were labeled with DAPI. Cells were treated for 48 h under experimental conditions. Bars,
5 µm. Arrows indicate hyperconnected mitochondria, and dotted arrows point to aggregate-like
mitochondria. (b) Western blot analysis of mortalin levels. GAPDH was used as a protein loading
control. (c) Densitometry of mortalin protein levels. Graphs represent mean values ± SD from
three independent experiments. * p < 0.05 relative to CM (control, 100%).

It should be also emphasized that canavanine under arginine deprivation caused a decrease in the
phosphorylation of a catalytic α subunit of AMP-dependent kinase, AMPK, a known cellular energy
sensor, indicative of the inhibition of the kinase’s activity (Figure 12).
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Figure 12. Analysis of the level of 5′-AMP-activated protein kinase AMPK α subunit. (a) Western
blotting of AMPK α subunit and its phosphorylated form (p-AMPK α). GAPDH served as the
internal loading control. (b) Densitometry of AMPK level. Graphs represent mean values ± SD from
three independent experiments. * p < 0.05, ** p< 0.01, **** p < 0.0001 relative to CM (control, 100%).

These data show that the arginine analogue canavanine, under arginine deprivation, induces
the unfolded protein response in mitochondria and inhibits the activation of AMPK, responsible for
energy homeostasis.

4. Discussion

Glioblastoma is one of the most frequent and aggressive forms of primary brain tumors that
develops from glial cells such as astrocytes and oligodendrocytes [66]. Glioblastomas are difficult to
eliminate surgically and to treat in general due to their highly infiltrative and invasive nature [66].
Moreover, the blood–brain barrier prevents the delivery of many medications from the bloodstream
to glioblastoma sites. The average survival time for glioblastoma patients after diagnosis is only
15–18 months, and the 5-year survival rate is only 10% [67]. Today, clinical trials are exploring
new, potentially more efficient antiglioblastoma approaches in chemotherapy, radiation therapy,
immunotherapy or their combinations [67]. We and others proposed that anticancer therapy based on
single-amino-acid arginine deprivation that utilizes recombinant arginine-degrading enzymes could
be applied as an antiglioblastoma treatment [1,24,25]. This metabolic approach has already achieved
significant progress in cell culture and animal studies, and in clinical trials aimed at a growing number
of cancer types [68]. Although the feasibility of this approach for the treatment of various cancers,
primarily those with defects in arginine anabolism, has been demonstrated [67,68], we have found
that the strong antitumor effect of arginine starvation observed in standard in vitro monolayer cell
cultures does not fully translate into 3D cultures [69]. We and others proposed, therefore, that rationally
designed combinational modalities are needed for the approach to successfully proceed into clinical
use [1,15].

As we previously reported, arginine deprivation selectively and profoundly affected human
glioblastoma cell morphology and migration, but these effects did not lead to glioma cell death and
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were fully reversible after arginine resupplementation [25]. In this study, we aimed to examine whether
a proteomimetic plant arginine analogue, canavanine, could augment the effect of arginine deprivation
on two human glioblastoma cell lines, U251MG and U87MG. Additionally, we addressed the molecular
mechanisms behind canavanine’s effects on human glioblastoma cells.

We revealed that the combination treatment with canavanine had the strong time- and
concentration-dependent cytotoxic effects on both examined human glioblastoma cell lines. The effects
were irreversible after 48 h of co-treatment with 50 µM canavanine, in contrast to in the
arginine-deprivation-only condition, in which resupplementation with arginine fully restored cell
growth. These observations support our notion that the combination of arginine starvation with
canavanine could be considered as a promising new modality for antiglioblastoma treatment
independent of the blood–brain barrier.

It is known that tumor invasiveness and aggressiveness are highly dependent on malignant cell
motility. A negative impact of arginine deprivation as a monotreatment on the motility of glioblastoma,
melanoma and colon carcinoma cells was observed [25,45,70]. This phenomenon in glioblastoma cells
was most probably evoked by the decrease in the content of the positively charged arginylated form
of β-actin and polymerized F-actin [25]. Herein, using several independent techniques, we showed
that canavanine significantly augmented the effects of arginine deprivation on the morphology and
migration of glioblastoma cells. Dramatic changes in the actin cytoskeleton organization, as well as
changes in cell polarity and adhesion, such as the substantial loss of lamellipodia and defects in adhesive
structures, essentially abrogated cancer cell migration after 48 h of co-treatment. The co-treatment
significantly affected the FAK/Akt/Bcl-2 signaling pathway by the deactivation of FAK and Akt kinases,
the main players in the regulation of cell migration and survival [71]. At the same time, canavanine
did not evoke significant effects on the morphology and adhesion of normal rat glial cells deprived
of arginine.

Alterations in the actin cytoskeleton’s organization are also known to affect the nuclear
architecture [72]. The nuclear lamina, a key structural element of the nucleus, is a complex protein
network that provides structural support to the nuclear envelope and serves as the structural link
between the nucleo- and cytoskeleton [42,73,74]. Upon canavanine co-treatment, we observed specific
disturbances in the nuclear lamina, which could affect the mechanical stability of the nucleus, genome
organization and signal transduction. Furthermore, based on numerous reports, it is plausible that the
here-observed fragmentation of lamins A/C and B1 is associated with the initiation of apoptotic cell
death [75,76].

In order to reveal the mechanism(s) behind the observed effects, we examined whether they
could result from canavanine incorporation into polypeptide chains under arginine deprivation.
Previously, it was shown with the use of cycloheximide, an inhibitor of protein biosynthesis,
that canavanine incorporation into nascent proteins could be a cause its observed cytotoxic effects
on several cancer cell lines such as keratinocytic carcinoma A431, lung adenocarcinoma A549,
hepatocellular carcinoma HepG2, and pancreatic carcinoma MIA PaCa-2 [13]. Of note, we have
also demonstrated that canavanine is much more cytotoxic towards malignant cells of different
organ origin than towards pseudonormal cells [6,13]. Moreover, we showed that, in vitro, it is a
rather weak substrate for recombinant human arginase [13,77]. Of note, canavanine’s proteomimetic
capability has been suggested as a main contributing factor in toxicologic diseases, for which data
are already available in proteomics repositories [34]. We were first to observe and directly quantify
canavanine incorporation into polypeptide chains in the examined U251MG cells with the use of
LC-MS/MS analysis. Importantly, we observed that the analysis of label-free data from proteomics
repositories for canavanine incorporation is not feasible since the MS1 signals for unmodified and
canavanine-containing peptides would overlap. To address this challenge, we successfully employed
the method of SILAC arginine labeling [29] for our model of aggressive and chemotherapy-resistant
glioblastoma U251MG cells. Our analysis revealed that canavanine in the absence of arginine was
indeed readily incorporated into the polypeptide chains at rates of up to ~13%. Of note, we did
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not observe a motif preference for canavanine incorporation, and while certain GO categories were
enriched among the proteins labeled with canavanine, the biological implications of this are not clear
at the moment.

It is well established that amino acid starvation, in general, triggers the transcriptional
amino acid response pathway and inhibits mTOR signaling [78]. It was also demonstrated that
single-amino-acid arginine deprivation halts global protein synthesis but activates the machinery of
a stress response [56,79]. Therefore, it was interesting—knowing that in, the examined conditions,
canavanine is indeed built into the proteins—to address the effects of canavanine on these mechanisms.
We observed that canavanine co-treatment had complex activating effects on the ER stress response,
with the involvement of several signal transduction pathways. We observed both the suppression
of mTOR activity and activation of the PERK signaling cascade of the stress response, causing an
arrest of protein synthesis. Moreover, it is known that the hyperphosphorylation of eIF2α significantly
promotes the synthesis of the activating transcription factor 4 (ATF4), and this alters the pattern of gene
expression, for example, of CHOP, a protein involved in the induction of apoptosis [80]. Furthermore,
we observed that canavanine under arginine deficiency stimulated the mitogen-activated protein
kinase (MAPK) pathway by the dramatic activation of the SAPK/JNK and p38 kinases, which play
important roles in inflammatory gene expression and apoptosis [80,81].

The ER compartment is known to be associated with mitochondria, which play an essential
role in the cell’s energetic metabolism and calcium storage, and in the control of cell death [82,83].
We demonstrated that canavanine under arginine deprivation affected mitochondrial morphology and
AMPK signaling, thus pointing at possible defects in energy metabolism.

Summarizing, our data indicate that under arginine deprivation, the arginine analogue canavanine
has multifaceted effects on glioblastoma cells that, in the end, promote cell death. Moreover, these effects
predominantly concerned transformed glioblastoma cells but not normal glial cells. We are aware,
however, that this type of treatment, like many other types of anticancer therapy, could be somewhat
stressful for healthy cells/tissues. The selective cytotoxic effect of canavanine on cancer cells is due to
its more efficient uptake by these cells, which unlike normal cells, have defects in arginine metabolism.

Our findings thus provide strong mechanistic grounds for considering the co-treatment as a
possible novel strategy for the development of a specific and effective antiglioblastoma metabolic therapy
independent of the blood–brain barrier. To our knowledge, no similar approaches, in particular, against
glioblastoma, are considered in clinics. However, numerous clinical studies on arginine-degrading
enzymes, or their combination with certain chemotherapy drugs, are in progress for several tumor
entities [7,10,84].
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Abstract: The mesenchymal phenotype of glioblastoma multiforme (GBM), the most frequent and
malignant brain tumor, is associated with the worst prognosis. The epithelial–mesenchymal
transition (EMT) is a cell plasticity mechanism involved in GBM malignancy. In this study,
we determined 17β-estradiol (E2)-induced EMT by changes in cell morphology, expression of
EMT markers, and cell migration and invasion assays in human GBM-derived cell lines. E2
(10 nM) modified the shape and size of GBM cells due to a reorganization of actin filaments.
We evaluated EMT markers expression by RT-qPCR, Western blot, and immunofluorescence.We
found that E2 upregulated the expression of the mesenchymal markers, vimentin, and N-cadherin.
Scratch and transwell assays showed that E2 increased migration and invasion of GBM cells. The
estrogen receptor-α (ER-α)-selective agonist 4,4’,4”-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT,
10 nM) affected similarly to E2 in terms of the expression of EMT markers and cell migration,
and the treatment with the ER-α antagonist methyl-piperidino-pyrazole (MPP, 1 µM) blocked
E2 and PPT effects. ER-β-selective agonist diarylpropionitrile (DNP, 10 nM) and antagonist
4-[2-phenyl-5,7-bis(trifluoromethyl)pyrazole[1,5-a]pyrimidin-3-yl]phenol (PHTPP, 1 µM) showed no
effects on EMT marker expression. These data suggest that E2 induces EMT activation through ER-α
in human GBM-derived cells.

Keywords: epithelial–mesenchymal transition (EMT); glioblastoma multiforme (GBM); 17β-estradiol
(E2); estrogen receptors (ERs)

1. Introduction

Malignant tumors of the central nervous system (CNS) are among the cancers with the worst
prognosis. Glioblastoma multiforme (GBM) comprises approximately half of the malignant primary
brain tumors and causes 3–4% of cancer-related deaths [1]. The World Health Organization defines
GBM as a grade IV astrocytoma tumor characterized by uncontrolled proliferation, necrosis propensity,
angiogenesis, deep infiltration, apoptosis resistance, genomic instability, and extensive heterogeneity
at the cellular and molecular levels [2,3]. The Cancer Genome Atlas (TCGA) network identified four
molecular subtypes of GBM on the basis of the gene expression profile of neural progenitor cells
(proneural, PN), neurons (neural, N), proliferative cells with activation of the tyrosine kinase receptor
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(classical, CL), and mesenchymal tissue (mesenchymal, MES) [4]. The mesenchymal phenotype of
GBM tends to have the worst survival rates compared to the other subtypes, and it is associated with a
highly invasive behavior [5–7].

Epithelial-to-mesenchymal transition (EMT) is a mechanism of cellular plasticity that regulates a
set of transient states between the epithelial and mesenchymal phenotype. During EMT, epithelial cells
lose their junctions with other cells and the apicobasal polarity while they acquire a mesenchymal
phenotype with migratory and invasive properties [8]. EMT is a highly dynamic and transient
mechanism induced by diverse signals and orchestrated by EMT-inducing transcription factors
(EMT-TFs), which act in close association with the epigenetic machinery by repressing epithelial genes
and activating mesenchymal genes [9]. The reverse process is the mesenchymal–epithelial transition
(MET) [10]. EMT is essential in diverse physiological and pathological processes [11]. This mechanism
is associated with embryogenesis [12–14], heart regeneration [15], wound healing, fibrosis, and organ
repair [16]. In tumor cells, the activation of EMT-TFs promotes the mechanisms of migration, invasion,
metastasis, apoptosis inhibition, resistance to radio- and chemotherapy, as well as maintenance of the
plasticity of cancer stem cells [17].

Although EMT is typical in epithelial tumors, evidence suggests that EMT-TFs also lead to a
gain in mesenchymal properties and the promotion of malignancy of non-epithelial tumors, including
brain tumors, hematopoietic malignancies, and sarcomas [18,19]. Currently, the classic description of
EMT as a process of change between two alternative states (epithelial and mesenchymal) has been
replaced by a new concept of cellular plasticity and transient states, which proposes that cells move
through a spectrum of various intermediate phases, which means that cells can carry out partial EMT
programs [20]. Several studies have shown the role of EMT in GBM progression. Large-scale expression
analysis of 85 highly diffuse glioma tumors revealed a set of genes associated with mesenchymal tissue
overexpressed in GBM biopsies [21]. Tso et al. showed that a subset of primary GBM tumors expresses
cellular and molecular markers associated with mesenchymal stem cells [22]. Then, the definition of the
GBM mesenchymal subtype convincingly showed the clinical importance of the EMT program in tumor
diagnosis and treatment [4,5]. Molecular profile analysis of the four GBM subtypes demonstrated
that the mesenchymal subtype, unlike the other subtypes, presents the molecular characteristics of
EMT [23].

Determination of the complete molecular network of the EMT program, as well as the fundamental
mechanisms necessary to activate it, could provide new therapeutic approaches for GBM treatment.
Autocrine and paracrine interactions within the GBM microenvironment induce EMT through
intracellular signaling pathways that activate EMT-TFs. Although different studies have described
several signaling pathways that induce EMT in GBM, the role of the different factors within the
tumor microenvironment, as well as all the interactions that coordinate this cellular program, is still
not understood.

Sex steroid hormones such as estrogens participate in a wide variety of functions throughout
the nervous system. These hormones are mainly synthesized in the gonads and the adrenal glands,
but they can also be produced de novo within the brain [24,25]. Estrogens include estrone (E1),
17β-estradiol (E2), and estriol (E3). E2 is involved in many brain functions, such as brain development
during sexual differentiation [26], differentiation of neurons and glial cells [27,28], and regulation of
neurite growth and synaptic patterns [29,30], and it interacts with the glutamatergic, dopaminergic,
and serotonergic neurotransmission pathways that influence the generation of memory, learning,
and emotional state [31–33]. Estrogens act by binding specific intracellular and membrane receptors.
There are two estrogen-specific intracellular receptor subtypes, estrogen receptors α and β (ERα and
ERβ), which are ligand-activated transcription factors that directly regulate gene expression. Moreover,
these receptors are associated with the plasma membrane, where they activate intracellular signaling
pathways [34].

E2 concentrations, as well as ERs expression and activity, are determinant in the malignant
progression of tumors growing in estrogen-sensitive tissues [35–38]. On the basis of these studies,
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ER-α promotes cell proliferation, whereas ER-β has anti-proliferative effects [39]. ER expression status
in GBM is controversial. Some studies have reported the absence of ER in GBM [40,41], while other
researchers have determined that ER expression varies according to malignancy degree, suggesting that
these receptors are involved in GBM malignant progression [42–50]. ER subtypes have shown different
effects in GBMs. E2 and 4,4’,4”-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT), a selective agonist
of ER-α, increased the number of cells derived from human GBM [45], while ER-β-specific agonists
decreased GBM cell proliferation [44]. However, the molecular mechanisms of E2 related to GBM
malignant progression are still unclear.

E2-promoted signaling is known to be related to EMT induction in estrogen-responsive tissues.
In ovarian and prostate cancer, E2 treatment induces ER-α-dependent EMT, while receptor silencing
inhibits EMT [51–53]. Nevertheless, loss of ER-α expression in breast and endometrial cancer promotes
morphological changes, motility, and improved invasion, as well as increased expression of EMT
markers [54–58]. These investigations demonstrate the importance of specific cell context in the
E2-induced EMT. However, E2 involvement in the EMT program in GBM is unknown.

To increase the knowledge regarding the EMT program of GBM, in this study, we investigated
the participation of E2 on EMT induction in human GBM-derived cells expressing both ER subtypes.
Our results showed that the treatment with E2 (10 nM) promoted: (1) changes in cell morphology and the
structure of the actin cytoskeleton, (2) increased expression of mesenchymal markers such as vimentin and
N-cadherin, and (3) increased migratory and invasive capacity of GBM cells. These effects were dependent
on ER-α, since the treatment with its agonist, PPT (10 nM), produced similar results to E2, while the
treatment with its antagonist methyl-piperidino-pyrazole (MPP, 1 µM), blocked the effects of E2 and PPT.

2. Materials and Methods

2.1. TCGA Data Analysis

Ribonucleic acid sequencing (RNA-Seq) counts were obtained from low-grade gliomas (LGG,
n = 167) and glioblastoma (GBM, n = 155) projects of The Cancer Genome Atlas (TCGA) repository
(https://portal.gdc.cancer.gov/). The data were downloaded and processed using TCGAbiolinks
package version 2.12.6 for R [59]. Additionally, expression profiles were obtained from healthy brain
cortex samples (n = 249) in the GTEx database (https://gtexportal.org/home/). Data were normalized
by DESeq2 version 1.22.2 [60] and plotted. TCGA_analyse_survival utility from the TCGAbiolinks
package for R performed survival analysis.

2.2. Cell Cultures

Human GBM-derived cell lines U87, U251, T98, and LN229 (American Type Culture Collection,
ATCC, Manassas, VA, USA) were cultivated in Dulbecco’s modified Eagle’s medium (DMEM, L0107-500)
high glucose supplemented with 10% fetal bovine serum (FBS; S1650), 1.0 mM pyruvate (L0642-100),
1.0 mM antibiotic (streptomycin 10 g/L; penicillin G 6.028 g/L; and amphotericin B 0.025 g/L, L0010),
and 0.1 mM non-essential amino acids (X0557-100, Biowest, Nuaillé, PDL, France). Cell cultures
were maintained at 37 ◦C in a humidified atmosphere with 5% CO2. At 60% confluence (24 h before
treatments), cells were culture in DMEM no phenol red (ME-019 Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% charcoal/dextran-treated FBS (SH30068.03, Thermo Fisher Scientific),
1.0 mM pyruvate, 1.0 mM antibiotics, and 0.1 mM non-essential amino acids. When indicated, cells
were treated with E2 (10 nM, E4389, Sigma-Aldrich, St. Louis, MO, USA), ER-α-selective agonist
PPT (10 nM, 1426, Tocris, Bristol, UK, England), ER-β-selective agonist diarylpropionitrile (DNP,
10 nM, 1494, Tocris), ER-α-selective antagonist MPP (1 µM, 1991, Tocris), and ER-β-selective antagonist
4-[2-phenyl-5,7-bis(trifluoromethyl)pyrazole[1,5-a]pyrimidin-3-yl]phenol (PHTPP, 1 µM, 2662, Tocris).
In combined treatments, antagonists MPP and PHTPP were added 2 h before the addition of agonist.
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2.3. Cell Morphology Analysis

The epithelial phenotype is characterized by a polygonal shape, while the mesenchymal phenotype
is spindle-shaped. Therefore, the geometric characteristics of both phenotypes differ from each other.
Geometric characteristics can be quantified using high-performance software for the analysis of cell
images [61–64]. The morphological changes of the U251, U87, T98G, and LN229 cells treated with
vehicle and E2 at 0, 48, and 72 h were determined by phase contrast microscopy (IX71, inverted
microscope Olympus, Shinjuku, TY, Japan), digitally capturing six arbitrary fields with a 400X
magnification for each of the treatments. Adobe Photoshop CS6 software (Adobe Systems Inc., San Jose,
CA, USA) was used to process the background correction and illumination of the captured images.
Subsequently, the orientation, shape, and position of each of the cells in each image was determined
to segment them with the Image-Pro software 10.0.6 (Media Cybernetics Inc., Rockville, MD, USA),
which has automated algorithms to identify, separate, and quantify each of the cells that appear in the
image. This quantification allows the extraction of various geometric characteristics that determine
morphological parameters of the cells segmented in the two-dimensional plane.

2.4. RT-qPCR

Total RNA was extracted from cells by guanidine–thiocyanate–phenol–chloroform method
with TRIzol LS Reagent (10296028, Thermo Fisher Scientific, Waltham, MA, USA), following the
supplier’s protocol, and was measured by spectrophotometry (Nanodrop 2000 spectrophotometer,
Thermo Fisher Scientific). RNA integrity was checked by electrophoresis with 1.5% agarose gel in
Tris-Borate-ethylenediaminetetraacetic acid (EDTA) buffer (TBE: 89 mM Tris, 89 mM boric acid, 2.0 mM
EDTA (pH 8.3)) detected by fluorescence with GreenSafe (MB13201, NZYTech, Lisboa, PT, Portugal).
Human astrocyte RNA was purchased from ScienCell Research Laboratories (1805, Carlsbad, CA, USA).
Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT, 28025013, Thermo Fisher Scientific)
was used to obtain the complementary DNA (cDNA) from one microgram of extracted RNA following the
protocol recommended by the provider. Gene expression relative to the 18S ribosomal RNA (rRNA) gene
was quantified through the quantitative polymerase chain reaction (qPCR) using standardized primers for
each gene: ESR1 (estrogen receptor 1/α) (FW-5′-agcaccctgaagtctctgga-3′, RV-5′-gatgtgggagaggatgagga-3′);
ESR2 (estrogen receptor 2/β) (FW-5′-aagaagattcccggctttgt-3′, RV-5′-tctacgcatttcccctcatc-3′); VIM (vimentin)
(FW-5′-ggaccagctaaccaacgaca-3′, RV-5′-aaggtcaagacgtgccagag-3′); CDH2 (cadherin-2/N-cadherin) (FW-5′-
ctggagacattggggacttc-3′, RV-5′-gagccactgccttcatagt-3′); TJP1 (tinght junction protein 1/zonula occludens 1
(ZO-1)) (FW-5′-gccattcccgaaggagttga-3′, RV-5′-atcacagtgtggtaagcg-3′); rRNA18S (FW-5′-agtgaaactgcgaa
tggctc-3′, RV-5′- ctgaccgggttggttttgat-3′). FastStart DNA Master SYBR Green I kit (12239264001, Roche,
Basel, Switzerland) was used to perform gene amplification in a LightCycler 2.0 instrument (03531414001,
Roche). Relative expression was quantified by the comparative 2∆∆Ct method [65,66].

2.5. Western Blot

U251, U87, T98G, and LN229 cells were detached from culture plates using cold phosphate-buffered
saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10.0 mM Na2HPO4, 1.8 mM KH2PO4 (pH 7.4)) and
cell scraper. The pellet obtained from the centrifuged cells at 45 × g for 3 min were lysed with
radioimmunoprecipitation assay buffer (RIPA: 50 nM Tris-HCl, 150 nM NaCl, 1% Triton X-100,
0.1% sodium dodecyl sulfate (SDS) (pH 8.0)) supplemented with protease inhibitor cocktail (P8340,
Sigma-Aldrich, St. Louis, MO, USA). Total proteins were extracted by centrifugation at 20,817× g at 4 ◦C
for 15 min and quantified by spectrophotometry (NanoDrop 2000 spectrophotometer, Thermo Fisher
Scientific, Waltham, MA, USA) using the Pierce 660 nm protein assay reagent (22660, Thermo Fisher
Scientific). Thirty µg of total protein was separated on 10% SDS-polyacrylamide gel electrophoresis
(PAGE) at 80 V for 4 h and then transferred to a polyvinylidene fluoride (PVDF) membrane (IPVH00010,
Merck, Kenilworth, NY, USA) at 20 V in semidry conditions at room temperature for 45 min. Membranes
were blocked with 5% bovine serum albumin (BSA, A9418, Sigma-Aldrich ) in Tris-buffered saline-Tween
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(TBST: 150 mM NaCl, 50 mM Tris-HCl, 0.1% Tween (pH 7.6)) with constant agitation at 37 ◦C for
2 h, and then incubated with primary antibodies: anti-ERα (2 µg/mL, rabbit polyclonal, ab3575,
Abcam, Cambridge, UK, England), anti-ERβ (0.4 µg/mL, mouse monoclonal 1531: sc-53494), anti-ZO-1
(0.6 µg/mL, rat monoclonal R40.76: sc-33725), anti-N-cadherin (0.8 µg/mL, mouse monoclonal D-4:
sc-8424), anti-vimentin (0.4 µg/mL, mouse monoclonal V9: sc-6260), and α-tubulin (0.4 µg/mL, mouse
monoclonal A-6: sc-398103) (Santa Cruz Biotechnology, Dallas, TX, USA), diluted with 5% BSA in
TBST at 4 ◦C for 48 h. Subsequently, the membranes were washed with TBST three times every 5 min
and incubated with secondary antibodies conjugated to horseradish peroxidase (HRP): anti-rabbit
(0.06 µg/mL, goat polyclonal Immunoglobulin G (IgG) containing two heavy chains (H) and two light
chains (L) (H+L), 65-6120; Thermo Fisher Scientific), anti-mouse (0.013 µg/mL, purified recombinant
mouse IgGκ light chain: sc-516102; Santa Cruz Biotechnology), and anti-rat (0.06µg/mL, goat polyclonal
IgG (H+L), ab97057, Abcam) at room temperature and constant agitation for 45 min, and again washed
with TBST three times every 5 min. Finally, Super Signal West Femto Maximum Sensitivity Substrate
reagent (34096, Thermo Fisher Scientific) was incubated in the membranes, and immunoreactive
bands were detected by chemiluminescence exposing blots to Kodak Biomax Light Film (Z370371,
Sigma-Aldrich) captured by a digital camera of 14.1 megapixels (SD1400IS, Canon Inc., Ota, TY, Japan).
ImageJ software (1.52u, National Institutes of Health, NIH, Bethesda, MD, USA) performed the
densitometric analysis of blot images.

2.6. Immunofluorescence

U251 and U87 cells were fixed with 4% paraformaldehyde (4% PFA) at room temperature
for 20 min, washed with PBS, and then incubated in permeabilizing blocking solution (1% BSA,
1% glycine, 0.2% Triton X-100, diluted in PBS) at room temperature for 90 min. Subsequently, cells were
incubated with primary antibodies: anti-Actin (4 µg/mL, goat polyclonal C-11, sc-1615), anti-ZO-1
(8 µg/mL, rat monoclonal R40.76: sc-33725), anti-N-cadherin (8 µg/mL, mouse monoclonal D-4:
sc-8424), and anti-vimentin (4 µg/mL, mouse monoclonal V9: sc-6260) (Santa Cruz Biotechnology,
Dallas, TX, USA) at 4 ◦C overnight, and then rinsed three times every 5 min with PBST (PBS with 0.05%
Tween). Later, cells were incubated with secondary antibodies: anti-mouse (4 µg/mL, goat polyclonal
IgG (H+L) Alexa Fluor 488: A11001, Thermo Fisher Scientific, Waltham, MA, USA), anti-rat (4 µg/mL,
goat polyclonal IgG (H+L) Alexa Fluor 488: ab150157, Abcam, Cambridge, UK, England), and anti-goat
(8 µg/mL, donkey IgG-FITC: sc-2024, Santa Cruz Biotechnology) at room temperature for 90 min,
and again rinsed with PBST three times every 5 min. Nuclei were stained with Hoechst 33,342 (1 mg/mL,
62249, Thermo Fisher Scientific) at room temperature for 7 min and rinsed three times every 5 min with
PBST. Finally, cells were coverslipped with mounting medium (18606-20, Polysciences, Warrington,
PA, USA) and visualized by fluorescence microscopy (Bx43, light microscope, Olympus, Shinjuku,
TY, Japan), digitally capturing six arbitrary fields with a 400×magnification. Fluorescence density was
measured as integrated density from the Analyze menu of ImageJ software.

2.7. Migration Assay

Wound healing assays were performed to determine the migratory capacity of cells. U251 and U87
cells grew in DMEM high glucose supplemented until reaching 70% confluence. Then, the medium was
changed to DMEM no phenol red supplemented 10% charcoal/dextran-treated FBS, 1.0 mM pyruvate,
1.0 mM antibiotics, and 0.1 mM non-essential amino acids, and incubated at 37 ◦C in a humidified
atmosphere with 5% CO2. Upon 90% confluence, a scratch was made using a 200 µL pipette tip.
Cells floating were rinsed with PBS and DMEM no phenol red-supplemented 10% charcoal/dextran
treated-FBS, 1.0 mM pyruvate, 1.0 mM antibiotics, and 0.1 mM non-essential amino acids were added
again. One hour before adding the experimental treatments, we incubated the cells with cytosine
β-D-arabinofuranoside hydrochloride (10 µM, Ara-C, C1768, Sigma-Aldrich, St. Louis, MO, USA),
a selective inhibitor of DNA synthesis. Images of the wound area captured at 100×magnification with
an Infinity 1-2C camera (Lumenera, Otawa, ON, Canada) connected to an inverted microscope (CKX41,
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Olympus, Shinjuku, TY, Japan) at 0, 12, and 24 h of treatment were analyzed using the MRI Wound
Healing Tool plugins of Image J software.

2.8. Invasion Assay

Transwell assay determined the invasion potential of cells. Transwell inserts with 10µm membrane
thickness and 8 µm pore size (3422, Corning, Corning, NY, USA) were placed in 24-well plates, and each
well was covered with 50 µL of ECM Gel from Engelbreth-Holm-Swarm murine sarcoma (2 mg/mL,
matrigel E1270, Sigma-Aldrich, St. Louis, MO, USA) diluted in DMEM no phenol red without
supplement, and immediately incubated at 37 ◦C for 2 hours. Then, 15,000 U87 cells or 10,000 U251
cells suspended in 150 µL DMEM no phenol red and without supplement with 10 µM Ara-C and
treatments (vehicle or E2 10 nM) were added to the upper insert, while the lower wells were filled
with 500 µL DMEM supplemented with 10% FBS as a chemoattractant were incubated in a humidified
atmosphere with 5% CO2 at 37 ◦C for 24 h. Transwell inserts were rinsed with PBS, fixed with 4% PFA
for 20 min, and stained with 0.1% crystal violet dye for an additional 20 min. Inserts were washed three
times with PBS for each 15 min in order to remove excess dye. Finally, images of invasive cells captured
at 100×magnification with an Infinity 1-2C camera (Lumenera, Otawa, ON, Canada) connected to an
inverted microscope (CKX41, Olympus, Shinjuku, TY, Japan) were analyzed using the Cell Counter
plugin in the ImageJ software.

2.9. Statistical Analysis

Data were analyzed and plotted with the GraphPad Prism 5.0 software (GraphPad, San Diego,
CA, USA). Statistical analysis between comparable groups was performed using a one-way ANOVA with
a Tukey post hoc-test. Time course analysis was performed using a two-way ANOVA test followed by
Bonferroni post-test to compare replicate means by row. Values of p < 0.05 were considered statistically
significant. Plotted data are representative of three independent experiments for each treatment.

3. Results

3.1. Differential Expression of ERα and ERβ Subtypes in Human GBM-Derived Cells

We evaluated the mRNA expression levels of ESR1 (ER-α) and ESR2 (ER-β) genes in astrocytoma
samples with different histological grades from the data obtained of the low-grade gliomas (LGG) and
glioblastoma (GBM) projects from the TCGA repository, as well as samples of healthy cerebral cortex
in the GTEx database. Low ESR1 expression levels were observed in GBM and LGG when compared
to healthy tissue. A slight but significant increase was found in ESR1 expression in GBM as compared
with LGG. These data highlight two critical points: (1) ESR1 expression was lower in gliomas compared
to healthy tissue, (2) but also was higher in GBM compared to LGG, suggesting an important oncogenic
role of ER-α in development of low- and high-grade gliomas. In contrast, ESR2 expression levels
were higher in GBM as compared with LGG and healthy tissue (Figure 1A). Next, we compared ESR1
and ESR2 expression among the four GBM subtypes defined by Verhaak et al. [4]. The mesenchymal
subtype showed higher levels of ESR1 mRNA expression compared to the classical and neural subtypes,
without significant differences when compared with the proneural subtype. ESR2 expression in the
mesenchymal subtype showed a tendency to be the highest, although it was only significantly higher
when compared with the neural subtype (p < 0.05) (Figure 1B). It is interesting to highlight that
our results showed that expression of both ER subtypes was enriched in the mesenchymal subtype.
Analysis of expression in cell lines showed a similar trend to the TCGA data: the expression of both
ESR1 and ESR2 in four cell lines derived from human GBM (U251, U87, T98G, and LN229) was found to
be lower compared to the expression of normal human astrocytes (NHA). Among GBM cells, the ESR1
gene was expressed in a higher proportion in U251 cells, while ESR2 had a higher expression in U87
cells (Figure 1C). We evaluated the expression of both ERs subtypes at the protein level in GBM cells,
and a higher content of ER-α than that of ER-β was observed in all cell lines. Moreover, we found two
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isoforms of ER-β (ER-β1 and ER-β5) expressed in GBM cells; ER-β1 was more abundant than ER-β5
(Figure 1D). An analysis of the clinical outcome of ER expression in GBM patients showed that the
higher expression of ER-α and ER-β was correlated with a poor prognosis. Therefore, patients with a
low expression of both ER subtypes live longer than those with higher levels of expression (Figure 1E).
Importantly, although lower ER-α expression was observed in GBM TCGA data compared to healthy
tissue, survival analysis showed that high ER-α expression is a poor prognostic factor for the patients,
which suggests that ER-α expression levels in GBM may not always be proportional to its oncogenic
activity. These results suggest that ER-α and ER-β expression differentially changes among healthy
tissue, LGG, and GBM, both in vivo and in vitro, and it also varies among GBM subtypes.
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Figure 1. The estrogen receptor-α (ER-α) and estrogen receptor-β (ER-β) subtype gene expressions in
human glioblastoma multiforme (GBM). (A) Ribonucleic acid sequencing (RNA-Seq) counts obtained from
low-grade gliomas (LGG, n = 167) and GBM (n = 155) projects from The Cancer Genome Atlas (TCGA) and
expression profiles obtained from healthy brain cortex samples (normal tissue, NT; n = 249) in the GTEx
database. LGG includes grade I, II, and III gliomas. * p < 0.05; ** p < 0.01; *** p < 0.001. (B) RNA-Seq counts
from GBM subtypes: classical (CL), mesenchymal (MES), neural (N), and proneural (PN) obtained from
TCGA. * p < 0.05. (C) RT-qPCR quantified gene expression of estrogen receptor 1/α (ESR1) and estrogen
receptor 2/β (ESR2) relative to the reference gene 18S ribosomal RNA (rRNA) using the comparative 2∆∆Ct

method in total RNA from normal human astrocyte (NHA) and U251, U87, T98G, and LN229 human
GBM-derived cells. Both receptor subtypes were less expressed in GBM cells than in NHAs. * p < 0.05 vs. all
other groups; mean ± standard error of the mean (SEM), n = 3. (D) ER-α and ER-β content analyzed by
Western blot using α-tubulin as load control. The two main isoforms of ER-β expressed in GBM are shown:
ER-β1 and ER-β5. Representative blot image and the corresponding densitometric analysis for ERα and
ERβ expression in human GBM-derived cells. * p < 0.05 ER-α vs. ER-β and ER-β1 vs. ER-β5; mean ± SEM,
n = 3. (E) Survival analysis for ER-α and ER-β expression in GBM using TCGA data.
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3.2. Changes in Cell Morphology During E2-Induced EMT

Morphological changes associated with EMT in U251 and U87 cells were evaluated after E2 (10 nM)
treatment. At the beginning of the treatments, U251 cells presented a typical star-like morphology, and U87
cells a polygonal shape. Interestingly, the cells treated with E2 showed a spindle-shape and the typical
features of mesenchymal cells at 48 and 72 h (Figure 2). Table 1 details the geometric parameters quantified
in this work. Values close to the unity of the circularity and box XY (width/height) measurements
are characteristic of a polygonal shape, while a high aspect (major/minor axis) and perimeter denote
a fusiform shape. Plots show that E2 decreased circularity and box XY, while increased aspect and
perimeter (Figure 2). This effect on the cellular morphology was consistent in T98G and LN229 cells
(Figures S1 and S2). These results show that E2 promotes morphological changes associated with EMT.Cells 2020, 9, x FOR PEER REVIEW 9 of 26 
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adding 17β-estradiol (E2, 10 nM) and the vehicle (V, 0.01% cyclodextrin). Magnification white bar = 100 µm.
Plots represent the quantification of the geometric parameters (circularity, box XY, aspect, perimeter) in this
study. Results are expressed as the mean ± standard error of the mean (SEM); n = 3; * p < 0.05 vs. V.
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Table 1. Geometric parameters of Image-Pro software.

Parameter Description Image

Area The area included in the polygon that defines the figure contour
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3.3. E2-Induced Reorganization of Actin Filaments

To determine whether the morphological changes observed above were related to changes in
the arrangement of actin filaments, we performed immunofluorescence assays in U251 and U87 cells.
In U251 cells treated with vehicle, the actin filaments were predominantly organized into bundles of
dense reticulated mesh, characteristic of cortical actin. In contrast, in cells treated with E2 (10 nM),
the actin filaments assembled in parallel along the ventral surface of the cell, forming long projections
towards the leading edge, which in the extreme showed focal sites with a high concentration of actin
(Figure 3). In U87 cells, we observed a higher proportion of concentrated actin focal points, both in
vehicle and E2 treated cells. However, cells incubated with E2 showed long parallel filament projections
with a high concentration of actin around the edge (Figure 3). Thereby, the morphological changes
induced by E2 in GBM cells were related to a reorganization of the actin filaments.
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Figure 3. E2 rearranged the actin cytoskeleton of human GBM-derived cells. Actin immunostaining
in U251 and U87 cells treated with 17β-estradiol (E2, 10 nM) and vehicle (V, 0.01% cyclodextrin) for
48 h. Representative images captured under a fluorescence microscope at a magnification of 400×.
Magnification white bar = 100 µm and gray bar = 30 µm.
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3.4. E2 Regulated EMT Marker Expression

We analyzed the effects of E2 on EMT marker expression and distribution in GBM cells by RT-qPCR,
Western blot, and immunofluorescence. We evaluated the peripheral membrane protein zonula occludens
1 (ZO-1, encoded by the TJP1 gene) as an epithelial marker, and the evaluated mesenchymal phenotype
markers were N-cadherin (encoded by the CDH2 gene) and vimentin (encoded by the VIM gene). In U251
cells, E2 increased TJP1 expression only at 48 h, CDH2 expression from 24 to 72 h, and VIM expression from
48 h (Figure 4A). Importantly, ZO-1 protein content showed no changes due to E2 treatment, while the
hormone increased the content of N-cadherin and vimentin proteins at 72 h (Figure 4B). E2 effects on U87
cells were like those of U251 cells. E2 upregulated TJP1 and ZO-1 expression from 48 h, CDH2 expression
from 24 h, and N-cadherin expression from 48 h; VIM expression increased at 24 h, and decreased at 72 h,
while the vimentin protein content increased at 72 h (Figure 4C,D).Cells 2020, 9, x FOR PEER REVIEW 12 of 26 
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Figure 4. E2-regulated epithelial-to-mesenchymal transition (EMT) marker expression of human
GBM-derived cells. (A,B) U251 and (C,D) U87 cells were treated with 17β-estradiol (E2, 10 nM) and
vehicle (V, 0.01% cyclodextrin) for 24, 48, and 72 h. (A,C) Epithelial gene (tight junction protein 1
(TJP1)) and mesenchymal genes (vimentin (VIM) and cadherin-2/N-cadherin (CDH2)) expression was
quantified by RT-qPCR using the comparative method 2∆∆Ct concerning the reference gene 18S rRNA.
(B,D) Zonula occludens 1 (ZO-1), N-cadherin, and vimentin content was determined by Western blot.
Densitometric analysis of EMT marker expression with their respective representative bands using
α-tubulin as a load control showed that E2 increased EMT marker expression with different temporal
dynamics. Results are expressed as the mean ± standard error of the mean (SEM); n = 3; * p < 0.05 vs. V.
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The analysis of EMT markers by immunofluorescence showed that in U251 and U87 cells
treated with the vehicle, ZO-1, and N-cadherin proteins were expressed in localized regions of the
plasmatic membrane, particularly at cell-binding sites. In contrast, in E2-treated cells, these proteins
were shown along the entire cell surface, especially in long projections at the cell ends (Figure 5A,B).
Vimentin filaments formed a network within the cytoplasm in cells without E2, whereas in E2-incubated
cells, vimentin filaments were arranged in parallel along the ventral surface of the cell, particularly at
the borders, similar to actin filaments (Figure 5A,B). Overall, the fluorescence intensity of EMT markers
significantly increased in E2-treated U251 and U87 cells (Figure 5C). These results show that E2 induces
EMT marker expression and its redistribution in GBM cells.
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Figure 5. E2 modified EMT marker distribution and immunoreactivity in human GBM-derived
cells. ZO-1, N-cadherin, and vimentin immunostaining in (A) U251 and (B) U87 cells treated with
17β-estradiol (E2, 10 nM) and vehicle (V, 0.01% cyclodextrin) for 48 h. Representative images were
captured under a fluorescence microscope at a magnification of 400×. (C) EMT marker expression
measured as a fluorescence density. Results are expressed as the mean ± standard error of the mean
(SEM); n = 3; * p < 0.05 vs. V.
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Furthermore, the increase in both epithelial and mesenchymal markers suggests that E2 promotes
the induction of a partial EMT, which expresses both phenotypes. Nevertheless, the increase in ZO-1 in
U251 cells was not as evident as in U87 cells, and thus these results are not sufficient to determine the
status of E2-induced EMT. However, these results showed that E2 significantly induced the expression
of mesenchymal markers, promoting the mesenchymal phenotype of cells derived from GBM.

3.5. E2 Promoted Migration and Invasion of Human GBM-Derived Cells

We evaluated cell migration by wound healing assay, and we observed that E2-treated U251 and
U87 cells showed a higher migratory capacity by rapidly closing the wound compared to cells without
E2 (Figure 6A,B). We also evaluated invasive capacity through transwell assay. E2 increased the number
of invading U251 and U87 cells as compared with the vehicle (Figure 6C,D). These data show that E2,
in addition to changing cell morphology and regulating EMT marker expression, also increased the
migratory and invasive capacity of GBM-derived cells.Cells 2020, 9, x FOR PEER REVIEW 14 of 26 
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Figure 6. E2 increased migration and invasion of human GBM-derived cells. (A,B) Wound healing
assays were performed in U251 and U87 cells treated with 17β-estradiol (E2, 10 nM) and vehicle (V,
cyclodextrin 0.01%). Representative images of wound closure at 0, 10, and 20 h and quantification of
the wound area are shown. (C,D) Transwell assays were carried out in both cell lines. Quantification of
cells staining with 0.1% crystal violet dye shows the number of invasive cells. Results are expressed as
the mean ± standard error of the mean (SEM); n = 3; * p < 0.05 vs. V.
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3.6. ER-αMediated E2 Effects on EMT

To determine the intracellular receptor subtype involved in E2 effects, we used specific agonists
and antagonists’ ER subtypes and assessed the expression of EMT markers. PPT, a selective ER-α
agonist, increased TJP1, CDH2, and VIM gene expression in a similar way to E2 in U251 and U87
cells, and ER-α antagonist MPP blocked E2 effects in both cell types (Figure 7A,B). Treatment with
antagonist alone did not show a significant effect on the expression of EMT markers, consistent with
characterization of the effects of MPP in vitro, which showed that the antagonist does not behave
as a partial or inverse agonist when administered in absence of an agonist. Treatments with the
ER-β-selective agonist DNP and the antagonist PHTPP did not show any significant statistical effect on
the regulation of EMT marker expression in either U251 or U87 cells (Figure 7A,B). These data suggest
that E2 regulates EMT marker expression through the ER-α subtype. To functionally assess the role of
ER-α in the EMT process, we performed wound healing assays using PPT and MPP. PPT-treated U251
cells rapidly closed the wound compared to cells treated with the vehicle, while the antagonist MPP
blocked the PPT effect. Similarly, PPT increased the wound closure rate of U87 cells, and MPP blocked
the agonist effect (Figure 8).
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Figure 7. Effect of selective ER-α and ER-β agonists and antagonists on the EMT marker expression
in GBM cells. U251 (A) and U87 (B) cells were treated with vehicle (V, 0.01% cyclodextrin
+ 0.01% DMSO), 17β-estradiol (E2, 10 nM), 4,4’,4”-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol
(PPT, 10 nM, selective ER-α agonist), methyl-piperidino-pyrazole (MPP, 1 µM, selective ER-α
antagonist), E2 + MPP, diarylpropionitrile (DPN, 10 nM, selective ER-β agonist), 4-[2-phenyl-5,7-bis
(trifluoromethyl)pyrazole[1,5-a]pyrimidin-3-yl]phenol (PHTPP, 1 µM, selective ER-β antagonist), and
E2 + PHTPP for 48 h. Epithelial gene (TJP1) and mesenchymal gene (VIM and CDH2) expression
were quantified by RT-qPCR using the comparative method 2∆∆Ct concerning the reference gene 18S
rRNA. Results are expressed as the mean ± standard error of the mean (SEM); n = 3; * p < 0.05 vs. all
other groups.
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Figure 8. Effect of the selective ER-α agonist and antagonist on the migration of GBM cells. (A) U251 and
(B) U87 cells that were treated for 20 h, with PPT (10 nM, selective ER-α agonist), MPP (1 µM, selective
ER-α antagonist), PPT + MPP, and vehicle (V, DMSO 0.01%). Wound healing assays determined the
migratory capacity of the U251 and U87 cells. Representative images show wound closure at 0, 10, and
20 h and quantification of the wound area. Results are expressed as the mean ± standard error of the
mean (SEM); n = 3; * p < 0.05 vs. all other groups.

4. Discussion

The present study provides evidence of E2 effects on EMT-related molecular and cellular processes
in human GBM-derived cells. EMT comprises a set of states between the epithelial and mesenchymal
phenotypes, and its activation could be closely related to the high degree of phenotypic heterogeneity
of GBM.

GBM is a highly heterogeneous tumor at both the molecular and cellular levels. The TCGA
determined the existence of four main subtypes with different molecular expression profiles [4],
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and some studies have shown the simultaneous presence of these subtypes within the same tumor [67,68].
GBM cells with proneural and mesenchymal expression are the most consistent subtypes in the literature.
The proneural subtype is related to a more favorable prognosis, and the mesenchymal subtype tends
to have the worst survival rate [5,69,70]. It has been shown that recurring GBM tumors that initially
showed proneural expression presented mesenchymal expression profile after radiotherapy and
chemotherapy [6,71,72], which has led to the proposal of a proneural–mesenchymal transition (PMT),
whose molecular events are equivalent to those of EMT [7,73]. The transition between the two
molecular subtypes is closely related to an enrichment of cells of the immune system within the GBM
tumor microenvironment, which activate various signaling pathways that promote PMT/EMT [74–76].
The data shown in these studies highlight the importance of the factors found within the tumor
microenvironment that promote phenotypic transitions between GBM subtypes. Immune system
cells produce chemokines, cytokines, growth and angiogenic factors, immunosuppressive molecules,
and extracellular matrix-modifying enzymes, which make the surroundings favorable for tumor
progression [77]. Among the many factors found within the GBM tumor microenvironment, in this
work, we focused on E2, which is produced by microglial cells, astrocytes, and GBM cells [78–81].
In this study, we evaluated E2 effects on the mesenchymal transition of human GBM-derived cells.

Both ER subtypes are predominantly expressed through healthy CNS; however, in human
astrocytomas, both ER-α [45,47–49] and ER-β [44] expression decreases as the grade of tumor
malignancy increases. Therefore, different researchers have proposed that ER expression may
be reduced or lost during tumor development, although it is not clear if this represents a cause or
consequence of tumor development. Much remains to be investigated on this topic, since determining
the mechanisms underlying ER decrease during the development of gliomas could better understand
the malignant tumor progression. Our results regarding the decrease of ER-α expression in gliomas
compared with healthy tissue show agreement with that observed in other investigations. Likewise,
we showed that ER-α subtype expression is higher in GBM than LGG (Figure 1A), which suggests
an important oncogenic role of such receptor in the development of low- and high-grade gliomas.
Among gliomas, a higher expression of ER-α could be involved in developing a high-grade glioma
(GBM), while lower ER-α expression is associated with LGG development. The decrease or loss
of ER expression during tumor development supposes the homeostatic imbalance of the normal
functions of ERs in cells. Although this topic is not yet well studied in GBM, in breast cancer,
it has been determined in more detail that in the most malignant tumors with multiple metastases,
the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) represses ER-α transcription
through the enhancer of zeste homolog2 (EZH2), which negatively regulates ER-α transcription [82].
However, NF-kB also improves the recruitment of ER-α to estrogen response elements (EREs) of
its target promoters and increases its transcriptional activity [83,84]. The change in ER-α functions
may also be due to other factors, such as altered structural conformations that increase interaction
with transcriptional coactivators, point mutations that promote active forms of the receptor in the
absence of an agonist, or variations by alternative splicing that change receptor transactivation
mechanisms [85–87]. These data suggest that ER-α expression levels may not always be proportional to
its activity. The positive correlation of ER-β expression concerning the GBM malignancy grade observed
in this work does not correspond to other studies that find the opposite. However, we must consider
that these studies do not specify the brain region of the used healthy tissue. We used expression data
from the cerebral cortex, but there are other regions with a higher abundance of ESR2, such as the pons,
cerebellum, thalamus, basal ganglia, and hypothalamus. Nevertheless, ESR1 and ESR2 expression on
human GBM-derived cell lines were lower compared to healthy astrocytes, reinforcing the hypothesis
of the studies above, which establish that the expression of both ER subtypes is inversely proportional
to the tumor evolution degree. Different actions have been observed between ER subtypes in GBM.
E2 (10 nM) and PPT (1 nM), the selective ER-α agonist, increased the number of cells derived from
GBM [45], while treatment with different ER-β-specific agonists decreased GBM cell proliferation [44].
Within the cancer context, a positive correlation has been determined between EMT activation and
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increased cell proliferation [88–91]. Previously, our group determined in GBM-derived cells that E2
induces cell growth and the expression of vascular endothelial growth factor (VEGF), epidermal growth
factor receptor (EGFR), and cyclin D1 genes, which are involved in cell proliferation. These effects
depended on ER-α activation [45]. This previous study represents the primary antecedent of our
work. Once we demonstrated that E2 induces cell growth in GBM cells, we decided to investigate the
relationship between E2 and canonical cellular processes of EMT activation, such as morphological
and actin cytoskeleton organization changes, EMT marker expression, as well as cellular migration and
invasion, which represent the main functional consequences of cells that undergo EMT. Additionally,
it is worth mentioning that recently Castruccio et al. demonstrated that E2 significantly increases cell
proliferation in U87 cells [92], which is consistent with our previously published results [45]. Still,
our survival analysis showed that both ER-α and ER-β expression was positively correlated with
a poor prognosis. It is interesting to highlight that our results showed that expression of both ER
subtypes was enriched in the mesenchymal subtype concerning the other subtypes since this data led
us to investigate the role of ERs on the induction of the mesenchymal phenotype.

EMT is a transition process between cellular phenotypes; therefore, it involves cellular
morphological changes. To characterize the effects of E2 on EMT-related processes, in this study, we first
evaluated changes in the morphology of cells treated with E2. Our results showed that E2 significantly
changed the morphology of the four GBM-derived cells, towards an elongated mesenchymal phenotype.
Moreover, these changes were correlated with an actin filament rearrangement. E2 regulates the
reorganization of actin filaments through phosphorylation of actin-binding proteins such as cofilin
and moesin in neurons, fibroblasts, and breast and endometrial cancer cells [93–96]. During EMT,
actin filaments progressively reorganize from thin cortical bundles to thick contractile filaments that
withstand stress fibers. The mesenchymal phenotype presents distribution of actin filaments in a
front–rear polarization, with a network of short actin filaments branched at the leading edge, and long
filaments arranged in different types of fibers behind the leading edge, which are associated with
adhesion structures. This arrangement of the mesenchymal actin network allows cells to carry out
migratory and invasive processes [97–99]. Thus, in this study, we demonstrated that E2 promotes
a morphology change in GBM cells towards a mesenchymal phenotype due to the rearrangement
of actin filaments, which were assembled in parallel along the ventral surface with long projections
toward the leading edge. These changes in cellular morphology and reorganization of actin filaments
suggest that E2 provides GBM-derived cells migratory and invasive capabilities.

All molecular events that occur during EMT are spatially and temporally coordinated during
the transition. Therefore, the reorganization of the actin filaments is coupled with the expression
changes that modify the cellular phenotype. Previously, the EMT definition described a complete
transition between two different states, the epithelial and mesenchymal phenotype. Therefore,
the primary experimental model for EMT evaluated the decrease in epithelial markers and the increase
in mesenchymal markers. However, this perspective has generated extensive debate about the
presence of EMT in certain circumstances, such as in cancer progression, which tends to create hybrid
epithelial/mesenchymal (E/M) phenotypes that exhibit both epithelial and mesenchymal characteristics
in a process known as partial EMT. Hybrid E/M phenotypes in cancer cells present better migratory
and invasive capacities, as well as higher resistance to therapy [100–102].

We showed that E2 increased the expression of the epithelial marker ZO-1 and the mesenchymal
markers N-cadherin and vimentin in U251 and U87 cells. However, the ZO-1 expression regulation
was variable between cell lines, since in U251 cells, it only was increased by E2 at the mRNA level
at 48 h, while in U87 cells, the expression increased both at the mRNA and protein levels at 48 and
72 h. ZO-1 marker is an adapter protein that binds to multiple components, such as integral proteins
of the plasma membrane [103,104], and its presence is essential for assembly of tight and adherent
junctions of epithelial cells [105,106]. Therefore, tumor cells from epithelial tissues decrease ZO-1
expression by activating EMT. The implications that ZO-1 expression may have on GBM have not yet
been studied. Furthermore, our results showed that the regulation of E2 on ZO-1 expression varies
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between different human GBM-derived cell lines, possibly due to the different expression profiles
among these cells [107,108].

N-cadherin is a transmembrane protein that belongs to the calcium-dependent cell adhesion
molecule (CAMs) family that is characteristic of mesenchymal tissue. Increased N-cadherin expression
promotes cells to form elongated multicellular chains that migrate faster and more persistently, with a
higher proportion of actin stress fibers that provide contractile forces during cell migration [109–111].
EMT activation in GBM cells leads to increased expression of N-cadherin, which is associated with
increased migratory and invasive capacities. Vimentin is a type III intermediate filament protein
that has an essential role in integrity maintaining of mesenchymal cells by providing support and
anchorage to organelles, in addition to offering flexibility to cells by stabilizing dynamic interactions
of the cytoskeleton during cell migration [112–114]. During EMT, there is an extensive change in the
composition of intermediate filaments of epithelial cells, which generally express cytokeratin and
initiates the expression of vimentin when they differentiate towards the mesenchymal phenotype.
Our results showed that E2 promotes the mesenchymal phenotype by increasing the expression of
N-cadherin and vimentin both at the mRNA and protein levels in two different human GBM cell
lines. Although it was observed that E2 increased the expression of both epithelial and mesenchymal
markers, we cannot affirm the induction of a partial EMT, since doing so requires the analysis of
more epithelial and mesenchymal markers. However, our results open new perspectives regarding
the determination of the status of E2-induced EMT in cells derived from GBM, since estradiol may
promote partial EMT. Regardless of the status of EMT induced by E2, our results convincingly showed
the acquisition of mesenchymal characteristics in GBM cells by E2 effect, since the changes in the
expression of N-cadherin and vimentin are sufficiently forceful in the two cell lines studied.

Taken together, the effects promoted by E2 on GBM cells, such as reorganization of actin filaments
as well as increased expression of N-cadherin and vimentin, are related to increased migratory and
invasive capacities of U251 and U87 cells. These effects, associated with EMT activation, were replicated
with PPT, a selective ER-α agonist that has a 410-fold relative binding affinity for ER-α over ER-β [115],
suggesting that the E2 effects on EMT are regulated through ER-α. The latter was verified when using
a highly selective ER-α antagonist (MPP, Ki = 2.7) [116], which blocked effects produced by E2 on EMT
marker expression, as well as the increase of the migratory capacity provided by PPT. Furthermore,
neither agonist DNP nor antagonist PHTPP, both selective for ER-β [117], showed significant effects on
the expression of EMT markers. Therefore, we conclude that E2 effects observed on the expression of
EMT markers are mainly produced by ER-α activation. Much remains to be known about the actions
of both ER subtypes during the GBM’s malignant progression. A more in-depth study of the molecular
mechanisms of E2 signaling on GBM and its interaction with other signaling factors in specific cellular
contexts is necessary for understanding E2 effects on this tumor, which could provide new strategies in
GBM treatment.

In this work, we characterized E2-induced EMT in human GBM-derived cells. We found that E2
induces changes in cell morphology through actin filament reorganization and by increased expression
of mesenchymal markers. These effects are related to the increased migratory and invasive capacities
of GBM cells. Furthermore, E2 effects were mediated by ER-α, since the treatment with its agonist PPT
produced similar results to E2, while the treatment with its antagonist MPP blocked these effects. Thus,
E2 induces a mesenchymal phenotype through ER-α in cells derived from human GBM.
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Figure S1: E2-induced morphological changes in human GBM-derived T98G cells. Figure S2: E2-induced
morphological changes in human GBM-derived LN229 cells.
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Abstract: Background: Glioblastoma (GB) is one of the most common (~30%) and lethal cancers of
the central nervous system. Although new therapies are emerging, chemoresistance to treatment is
one of the major challenges in cancer treatment. Brain cytoplasmic 200 (BC200) RNA, also known
as BCYRN1, is a long noncoding RNA (lncRNA) that has recently emerged as one of the crucial
members of the lncRNA family. BC200 atypical expression is observed in many human cancers.
BC200 expression is higher in invasive cancers than in benign tumors. However, the clinical
significance of BC200 and its effect on GB multiforme is still unexplored and remains unclear. Methods:
BC200 expression in GB patients and cell lines were investigated through RT-qPCR, immunoblotting,
and immunohistochemistry analysis. The biological importance of BC200 was investigated in vitro
and in vivo through knockdown and overexpression. Bioinformatic analysis was performed to
determine miRNAs associated with BC200 RNA. Results: Our findings revealed that in GB patients,
BC200 RNA expression was higher in blood and tumor tissues than in normal tissues. BC200 RNA
expression have a statistically significant difference between the IDH1 and P53 status. Moreover,
the BC200 RNA expression was higher than both p53, a prognostic marker of glioma, and Ki-67, a
reliable indicator of tumor cell proliferation activity. Overexpression and silencing of BC200 RNA
both in vitro and in vivo significantly modulated the proliferation, self-renewal, pluripotency, and
temozolomide (TMZ) chemo-resistance of GB cells. It was found that the expressions of BC200
were up-regulated and that of miR-218-5p were down-regulated in GB tissues and cells. miR-218-5p
inhibited the expression of BC200. Conclusions: This study is the first to show that the molecular
mechanism of BC200 promotes GB oncogenicity and TMZ resistance through miR-218-5p expression
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modulation. Thus, the noncoding RNA BC200/miR-218-5p signaling circuit is a potential clinical
biomarker or therapeutic target for GB.

Keywords: non-coding RNA; noncoding RNA BC200/miR-218-5p signaling circuit; glioblastoma
stem cells; temozolomide resistance

1. Background

Glioblastoma (GB) is one of the most common (~30%) and lethal cancers of the central
nervous system [1]. The World Health Organization classifies glioma into grades I to IV based
on its histopathologically determined malignancy level [2]. GB, a grade IV astrocytoma, is highly
aggressive, malignant and invasive [3]. Despite improved therapeutic interventions, the treatment of
high-grade glioma is challenging, even after combining radiation therapy with surgical resection [4].
Therefore, the molecular mechanism of GB pathogenesis and treatment resistance must be explored.
With the advances in sequencing technologies, evidence indicates a regulatory role of long noncoding
RNA (lncRNA) [5]. Recent studies have shown that lncRNAs play a role in the development,
progression, and metastasis [6] of many cancers, including GB [7]. These lncRNAs consist of
>200 nucleotides and cannot translate proteins. Furthermore, studies have reported dysregulated
lncRNA expressions, which determine the temozolomide (TMZ)-drug sensitivity or TMZ-drug
resistance of GB [8]. This lncRNA exerts its functions through lncRNA–miRNA interactions and mRNA
silencing [9].

BCYRN1, also known as brain cytoplasmic 200 (BC200) RNA, is a lncRNA highly expressed in
the brain (neuron-specific transcript) in the presence of neurodegenerative diseases [10]. Sometimes,
BC200 RNA expression is atypically elevated in the presence of various human cancers [11] and
its expression is higher in invasive cancer cells than in benign tumors [12]. BC200 RNA was also
found in blood specimens such as breast cancer and hepatocellular carcinoma [13,14]. These data
suggest the BC200 RNA has potential value as a diagnostic and prognostic marker for human cancers.
However, information regarding BC200 RNA as a clinical biomarker or therapeutic target for GB is
still lacking. The exact underlying molecular mechanism of BC200 RNA in glioma development and
progression is still under investigation.

In this study, the role of BC200 RNA in GB was evaluated to understand the molecular mechanism
of chemoresistance and disease progression. The expression level of BC200 RNA in the tissue of GB
patients and GB cell lines was evaluated. The sulforhodamine B (SRB) assay was used to determine the
effect of TMZ treatment on GB cells. Furthermore, the stem cell population was evaluated through
flow cytometric analysis of GB cell lines. Overexpression and silencing of BC200 RNA showed its
role in survival and GB tumorigenesis reduction both in vitro and in vivo. Ours is the first study to
show the molecular mechanism of BC200 RNA in the promotion of TMZ resistance in GB through
miR-218-5p expression modulation. Thus, BC200 RNA is suggested as a potential clinical biomarker or
therapeutic target for GB.

2. Materials and Methods

2.1. Patients and Tumor Samples

The study was approved by the Joint Institutional Review Board (JIRB) of the Taipei Medical
University—Shuang Ho Hospital. Written informed consents were obtained from all participants
(Approval number: N201903047). Tissue samples from patients with primary and recurrent GB were
obtained from the Taipei Medical University-Shuang Ho Hospital GB cohort. Surgically resected
tissues samples were immediately frozen in RNALater (QIAGEN, Hilden, Germany) and subsequently
stored at −80 ◦C until use.
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2.2. Cell Lines and Cell Culture

Human GB cell line T98G (ATCC® CRL-1690™) (ATCC, Manassas, VA, USA) and U87MG
(ATCC® HTB-14™) (ATCC) were cultured in DMEM; DBTRG-05MG (ATCC® CRL-2020™) (ATCC)
and GBM8901 (Bioresource Collection and Research Center, Hsinchu, Taiwan) were cultured in RPMI.
In order to demonstrate the association between BC200 and MGMT, the U87MG cells were transfected
to overexpress MGMT. The human MGMT open reading frame (ORF) plasmid was purchased from
OriGene (Cat# MGMT (RC229131, Taipei, Taiwan) and the cells transfected according to vendor’s
instructions; MGMT-overexpressing U87MG cells were then allowed to grow at 37 ◦C in 5% CO2

humidified atmosphere in Dulbecco’s modified Eagle’s medium (DMEM). Media was supplemented
with 10% fetal bovine serum, and streptomycin (100 µg/mL), penicillin (100 IU/mL), and at 80%
confluency the cells were sub-cultured every 2–3 days. The expression of MGMT was verified by
western blots.

2.3. Sulforhodamine B (SRB) Viability Assay

T98G, U87MG, DBTRG-05MG and GBM8901 cells were seeded in 96-well plates in triplicates
at a concentration of 3000 cells per well. After 24 h incubation in a 5% CO2 humidified incubator
at 37 ◦C, the cells were treated with varying concentrations of 0–1000 µM TMZ as indicated for 24
h. Thereafter, cells were washed in PBS twice, fixed in cold 10% trichloroacetic acid (TCA) for 1h,
washed with distilled water, and then incubated in 0.4 SRB (w/v) in 1% acetic acid at room temperature
for 1 h. After washing of unbound SRB dye with 1% acetic acid thrice, the plates were air-dried.
Attached dye was dissolved in 20 mM trizma base, and absorbance was read in a microplate reader at
a wavelength of 570 nm. (Molecular Devices, Sunnyvale, CA, USA).

2.4. Cell Proliferation Assay

Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Rockville, MD, USA) was applied for detecting
the cell proliferation. T98G, U87MG, DBTRG-05MG and GBM8901 cells were seeded in 96-well plates
in triplicates, incubated for 24, 48, 72 or 96 hrs. For each time point, 10 µL CCK-8 solution was added
per well and the cells were incubated at 37 ◦C for 2 h and absorbance was read in a microplate reader
at a wavelength of 450 nm. (Molecular Devices).

2.5. Vector Construction and Infection

Lentivirus containing BC200 short hairpin (shBC200) RNA and BC200 overexpression (OEBC200)
vectors were purchased from ThermoFisher Scientific (Waltham, MA, USA) and were used according
to the manufacturer’s instructions. Two clones of shRNA were used to effectively knockdown
(shBC200) and overexpress (OEBC200) BC200; the complete procedure of shRNA lentivirus infection
and construction was conducted according to the practice guidelines at a certified BSL-2 laboratory,
The Integrated Laboratories for Translational Medicine, Taipei Medical University. Human GB cells
were transfected with miR-218-5p (mimic), miR-negative control (miR-NC), and miR-218-5p (inhibitor)
were purchased from Qiagen and used as per the manufacturer’s protocol.

2.6. Immunohistochemistry

For immunohistochemical (IHC) staining, GB tissue (n = 48) and non-tumor brain tissue
(n = 15) sections (5-µm thick) were obtained from formalin-fixed and paraffin-embedded tissue blocks.
Then, the samples were incubated overnight in primary antibodies against mut-p53, Ki-67, MGMT,
SOX2, OCT4, BCRP1, MDR1, and MRP1 at 4 ◦C. The anti-human primary antibodies were shown in
Supplementary Table S1. After the primary antibodies were washed off, the sections were incubated
with goat anti-mouse biotin-conjugated secondary antibodies (1:1000 dilution; Ventana, Oro Valley,
AZ, USA) for 20 min at 37 ◦C. Then, the tissue sections were incubated with streptavidin horseradish
peroxidase for 20 min at 37 ◦C. A 3,3′-diaminobenzidine substrate was applied to the section for
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10 min before counterstaining with hematoxylin. The sections in which the primary antibodies were
eliminated were used as negative controls.

2.7. Western Blot and RT-qPCR

GB cells were washed with PBS and then lysed in RIPA lysis buffer. Cellular protein lysates
were isolated using Protein Extraction Kit (Qiagen, Germantown, MD, USA) and quantified using
Bradford Protein Assay Kit (Qiagen). In total, 20 µg of samples from different experiments were
loaded and subjected to SDS-PAGE using the Mini-Protean III system (Bio-Rad, Taipei City, Taiwan).
Separated proteins were transferred onto polyvinylidene fluoride (PVDF) membranes using Trans-Blot
Turbo Transfer System (Bio-Rad) followed by blocking with Tris-buffered saline plus skim milk.
Then, these PVDF membranes were probed with respective primary antibodies followed by a secondary
antibody. The primary antibodies for CD133, KLF4, and SOX2 are shown in Supplementary Table S1.
ECL detection kit was used for detecting proteins of interest. Images were captured and analyzed
using an UVP BioDoc-It system (Analytik Jena, Thuringia, Germany). RT-qPCR was performed using
isolated total RNA according to the TRIzol-based protocol (Life Technologies, Carlsbad, CA, USA)
provided by the manufacturer. One microgram of total RNA was reverse transcribed using a Qiagen
OneStep RT-PCR Kit (Qiagen), and the PCR reaction was performed using a Rotor-Gene SYBR Green
PCR Kit (400, Qiagen).

2.8. Colony Formation Assay

The colony-forming assay was performed through modification of a previously explained
protocol [15]. Briefly, 500 GB cells (BC200, suppressed and overexpressed) were seeded in six-well
plates. These cells were allowed to grow for a week and then harvested, fixed, and counted.

2.9. Wound Healing Migration Assay

GB cells were seeded in six-well plates (Corning, Corning, NY, USA) with RPMI 1640 medium
containing 10% FBS and cultured to 95–100% confluence. Then, a scratch was made along the
median axis with a sterile yellow pipette tip across the cells. Cell migration pictures were captured at
0 and 48 h after the medium scratch under a microscope and analyzed with NIH Image J software
(https://imagej.nih.gov/ij/download.html).

2.10. Matrigel Invasion Assay

GB cells (2 × 105) were seeded in 24-transwell chambers with an 8-µm pore membrane coated
with Matrigel in the upper chamber of the transwell system containing serum-free RPMI 1640 medium.
The lower chamber of the transwell contained a medium with 20% FBS. After incubation of the cells at
37 ◦C for 6 h, noninvaded GB cells on the upper side of the membrane were carefully removed with a cotton
swab, whereas the invaded cells were stained with crystal violet dye, air-dried, and photographed under a
microscope. Images were analyzed using NIH Image J software. (https://imagej.nih.gov/ij/download.html).

2.11. Sphere Formation Assay

GB cells (5× 103 per well) were plated in ultra-low-attachment six-well plates (Corning) containing
stem-cell medium consisting of serum-free RPMI 1640 medium supplemented with 10 ng/mL human
basic fibroblast growth factor (Invitrogen, Grand Island, NY, USA), 1× B27 supplement (Thermo Fisher
Scientific, Carlsbad, CA, USA), and 20 ng/mL epidermal growth factor (Invitrogen). The medium was
changed every 72 h. After incubation for 7–14 days, the spheres formed were counted and photographed.

2.12. Flow Cytometry

One of the characteristics of cancer stem cells (CSCs) is an increased aldehyde dehydrogenase
(ALDH) activity compared with non-CSCs counterparts. In this study, Aldefluor assay kit (StemCell
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Technologies, Kent, WA, USA) was used to determine the ALDH activity of GB cell lines following the
standard protocol. GB cells were removed from the culture dishes with Trypsin-EDTA (Invitrogen),
suspended in a buffer containing an ALDH substrate, and incubated at 37 ◦C for 1.5 h. Flow cytometry
was performed using BD LSRFortessa (BD Biosciences, East Rutherford, NJ, USA), and results
were analyzed using BD software. Annexin-V was used to detect the drug-induced apoptosis [16].
PE Annexin V and its binding buffer were purchased from Becton-Dickinson. During apoptosis,
the phospholipid phosphatidylserine (PS) is translocated from the inner to the outer leaflet of the
plasma membrane, thus exposing PS to the external cellular environment. Annexin V has a high
affinity for PS, and staining with PE Annexin V serves as a sensitive probe for flow cytometric analysis
of cells that are undergoing apoptosis.

2.13. In Vivo Studies

An animal study was conducted according to the protocols approved by the Taipei Medical
University (Laboratory Animal Center, Affidavit of Approval of Animal Use Protocol, Taipei Medical
University, protocol no. LAC-2017-0512). NOD/SCID mice (6–8 weeks old) were purchased from
Bio-LASCO Taiwan Co., Ltd. A subcutaneous GB xenograft mouse model was established using
tumor spheres grown from GBM8901 cells (1 × 106 cells/20 µL/injection). All treatments started when
the tumor became palpable. Mice were then randomly subdivided into four groups: vehicle control
(sham injection), TMZ (0.9 mg/kg, p.o., five times/week), shBC200 (where BC200-silenced GBM8901
tumor spheres were injected), and combination of shBC200 with TMZ treatment (0.9 mg/kg, p.o.,
five times/week). The tumor size was measured using a standard caliper once a week and expressed in
cubic centimeters using the formula tumor volume = (length × width2)/2, where length represents the
longest tumor diameter, and width represents the perpendicular tumor diameter. After the experimental
period, mice were sacrificed humanely and tumor samples were collected for further analysis.

2.14. Statistical Analysis

All experiments were executed in triplicates. The comparison between two groups was done
using the 2-sided Student’s t-test, while one-way analysis of variance (ANOVA) was used to compare
≥3 groups. A p-value < 0.05 was considered statistically significant. The Chi-square test were used
to evaluate the correlation between BC200 expression and clinicopathological features of primary
glioblastoma (GB) patients.

3. Results

3.1. Upregulation of BC200 RNA Expression in GB Patients

We examined the association of BC200 expression with clinicopathological features of patients
with primary GB (n = 48). All related data collected are summarized in Table 1.

Our results showed that BC200 RNA expression have a statistically significant difference between
the IDH1 and P53 status. No significant correlation was observed between age and gender. For evaluate
the role of BC200 RNA in GB, we initially detected the expression level of BC200 RNA in the blood
(whole blood and peripheral blood) of GB and normal patients. Results revealed elevated levels
(~2 folds) of BC200 RNA expression in GB patients compared with healthy participants (Figure 1A).
Furthermore, the results of IHC analysis of tissue sections obtained from GB patients showed
concordance with those of RT-qPCR. Quantitative analysis shows that BC200 RNA expression was
higher in 48 GB tissues than in 15 normal adjacent tissues (Figure 1B). The widely used markers to
determine the prognostic behavior of brain tumors and survival of GB patients are Ki-67 and p53 [17,18].
Figure 1C,D indicates that high BC200 RNA expression was positively correlated with Ki-67 (p < 0.001)
and p53-mut expression (p < 0.01), suggesting that BC200 RNA is strongly associated with unfavorable
prognoses in GB patients.
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Table 1. Analysis of the association of BC200 expression with clinicopathological features of patients
with primary GB (n = 48).

High BC200 n=25 (52%) Low BC200 n=23 (48%) p-Value

Age

<65 15 (60%) 8 (35%)
0.0806≥65 10 (40%) 15 (65%)

Gender

male 14 (56%) 13 (57%)
0.971female 11 (44%) 10 (43%)

IDH1 status

wildtype 24 (96%) 17 (74%)
0.0303mutation 1 (4%) 6 (26%)

P53 status

wildtype 9 (36%) 15 (65%)
0.0431mutation 16 (64%) 8 (35%)
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Figure 1. Expression level of full-length BC200 RNA in the blood and tissue. (A) Whole blood or PBMC
from healthy participants and GB patients were assessed using RT-qPCR. GAPDH was used as the
endogenous control. (B) The differential expression of BC200 in GB samples (n = 48) and adjacent
normal tissues (n = 15) is shown. (C, D) The differential expression of Ki-67 and p53-mut in GB patients
(n = 48) with a high or low expression of BC200 RNA. *** p < 0.001.

3.2. High BC200 RNA Expression Associated with TMZ Resistance of Stem-Cell-Like Population in GB Cells

We attempted to confirm the role of BC200 RNA expression in chemo-resistance through
upregulation of the stem-cell-like population in GB. We first evaluated the differential expression of
BC200 RNA in GB (U87MG, DBTRG-05MG, T98G, and GBM8901) and normal human astrocytes (NHA)
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cells. BC200 RNA expression was significantly higher in GB cell lines than in NHA cells (Figure 2A).
The evaluation of cell viability after TMZ treatment revealed that more invasive glioblastoma cells GB
cells (GBM8901, T98G) showed higher chemo-resistance (TMZ) than the likely GB cells DBTRG05MG
and U87MG cancer cell (Figure 2B). Previous studies have suggested that the increased expression of
ALDH+ and CD133+ cells was associated with mesenchymal phenotype and chemoresistance [19],
cancer recurrence, and poor prognosis [20]. Furthermore, the role of BC200 RNA in TMZ resistance was
assessed through flow cytometric analysis, revealing a significantly higher number of ALDH+/CD133+

cells in cancer cells than in normal human astrocytes (Figure 2C). The expression levels of key
markers associated with drug resistance [21–23], proliferation, migration, and invasion, such as BCRP1,
MDR1, MRP1 and MGMT along with BC200 RNA, were significantly highly expressed in GB cells
(Figure 2D).
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Figure 2. Differential expression of BC200 RNA in GB cell lines. (A) The differential expression of
BC200 RNA in GB cell lines and normal human astrocytes are shown. (B) The viability of GB cells was
analyzed through SRB assay 48 h after TMZ (0–1000µM) treatment. (C) Flow cytometry analysis of
the ALDH1+/CD133+ portion in GB cell lines and normal human astrocytes. (D) The level of BC200,
BCRP1, MDR1, MRP1 and MGMT in GB cell lines was analyzed using RT-qPCR. * p < 0.05, ** p < 0.01,
and *** p < 0.001.

3.3. BC200 RNA Silencing Inhibits the Proliferation, Migration, Invasion, and Self-Renewal Ability of GB Cells

To definitively understand the role of BC200 in GB, we knocked down BC200 RNA and
examined its effect on cell migration, motility, and invasion. An analysis using RT-qPCR revealed
the transfection efficiency of BC200 shRNA (shBC200 and OEBC200) in GB cells (Figure 3A). All GB
cells tested demonstrated a significant reduction in cell migration (Figure 3B), wound healing
(Figure 3B), and invasiveness (Figure 3C). Silencing the BC200 RNA significantly inhibited the
expression of EMT-associated markers, such as N-cadherin, vimentin, and Slug (Figure 3D).
Moreover, the self-renewal capacity was suppressed because of BC200 RNA inhibition, indicated
through significant reduction in colony-forming ability (Figure 3E), but no effect on cell proliferation
(Figure 3F) and neurosphere generation (Figure 3G) in comparison with mock-transfected control
groups. Furthermore, the effect of BC200 RNA inhibition was evaluated on marker expression
associated with the self-renewal and pluripotency of GB cells (Figure 3H), such as Oct4, SOX2,

170



Cells 2020, 9, 1859

and KLF4 [24], which were observed to be downregulated in BC200-suppressed cells in comparison
with control mock-transfected cells.
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Figure 3. BC200 knockdown inhibited cell migration, invasion, colony formation, and sphere formation
in GB cells in vitro. (A) The level of BC200 transfection with shBC200 was analyzed using RT-qPCR.
(B) Wound-healing assay or migration assay showed that shBC200 resulted in delayed healing of the
scratch wound. (C) Transwell invasion assay was used and results were expressed as the number of
invaded cells per field. (D) The levels of N-cadherin, vimentin, and slug following shBC200 in GB cells
were determined through western blot. (E) Colony formation assays showed that BC200 knockdown
inhibited GB cell survival. (F) CCK-8 assay showed that BC200 knockdown had no effect on GB cell
proliferation. (G) Neurosphere formation assays showed that BC200 knockdown inhibited GB cell
stemness. (H) The levels of SOX2, Oct4, and KLF4 following shBC200 transfection in GB cells were
determined through western blot analysis. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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3.4. BC200 RNA Overexpression Enhances Aggresivenesss Behevior and Self-Renewal Ability of GB Cells

To further understand the role of BC200 in GB cells, we increased BC200 expression through
transfection of a BC200 expression vector OEBC200 in GB cells and used an empty vector as a
negative control. Analysis with RT-qPCR showed the transfection efficiency of OEBC200 in GB
cells (Figure 4A). BC200 expression was higher in the OEBC200 group than in the control group.
Next, BC200 overexpression in GB cell lines demonstrated significantly increased cell wound healing
migration (Figure 4B), invasiveness (Figure 4C), and colony-forming ability (Figure 4E) but no effect on
GB cell proliferation (Figure 4F) compared with the negative control group. Because of BC200 RNA
overexpression, the expression of EMT-associated genes N-cadherin, vimentin, and Slug (Figure 4D)
was significantly upregulated. Furthermore, the self-renewal potential of overexpressed BC200 RNA
in GB cells compared with mock-transfected cells showed significantly high neurosphere generation
(Figure 4G). Moreover, the self-renewal and pluripotency properties of overexpressed BC200 RNA
in GB cells (Figure 4H) showed that markers for self-renewal and pluripotency, such as Oct4, SOX2,
and KLF4, were upregulated in OEBC200 cells compared with control mock-transfected cells.
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Figure 4. BC200 RNA overexpression promotes cell migration, invasion, colony formation, and sphere
formation on GB cells in vitro. (A) The level of BC200 transfection with OEBC200, an expression vector,
was analyzed using RT-qPCR. (B) Migration assay showed that OEBC200 resulted in fast scratch wound
healing. (C) Transwell invasion assay was performed, and the results were expressed as the number of
invaded cells per field. (D) Following OEBC200 treatment, the levels of N-cadherin, vimentin, and slug
in GB cells were determined through western blot. (E) Colony formation assays showed that BC200
RNA overexpression enhances GB cell survival. (F) CCK-8 assay showed that OEBC200 had no effect
on GB cell proliferation. (G) Neurosphere formation assays showed that a high expression of BC200
promotes GB cell stemness. (H) Following OEBC200 treatment, the levels of SOX2, Oct4, and KLF4 in
GB cells were determined through western blot. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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3.5. BC200 RNA Expression Associated with TMZ Resistance and miR-218-5p Expression

We demonstrated that BC200 RNA expression plays a crucial role in TMZ resistance. To further
understand the underlying mechanism of BC200 RNA in GB chemosensitivity, cell viability assay was
performed on GB cells with silenced and overexpressed BC200 RNA. The results revealed that the
silenced BC200 (shBC200) cells showed decreased TMZ resistance compared with the control group,
and OEBC200 cells showed increased TMZ resistance (Figure 5A). Furthermore, we evaluated the
expression level of markers associated with drug resistance, proliferation, migration, and invasion in GB
cells. Western blot analysis results showed that the levels of O-6-methylguanine-DNA methyltransferase
(MGMT), ABCG2 human, ABC transporter (BCRP1), multidrug resistance protein (MDR1), and MRP1
proteins were significantly higher in OEBC200 cells than in BC200-silenced cells (Figure 5B). To further
correlate the effect of BC200 RNA on miRNA expression, we applied bioinformatic analysis and
observed that miR expression was inversely correlated with BC200 RNA expression. As shown in
the heatmap of shBC200 and OEBC200 groups, the level of miR-218-5p was negatively associated
with BC200 RNA expression (Figure 5C). The binding prediction of these miRNAs (miR-218-5p) from
DIANA and PITA database [25] shows that BC200 RNA is targeted by miR-218-5p (Figure 5D,E).
This indicates that a key interaction exists between BC200 RNA and miR-218-5p.
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Figure 5. BC200 RNA promotes TMZ resistance in GB through sponge miR-218-5p. (A) The viability 
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treatment. (B) The levels of MGMT, BCRP1, MDR1, and MRP1 following shBC200 and OEBC200 in 
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Figure 5. BC200 RNA promotes TMZ resistance in GB through sponge miR-218-5p. (A) The viability
of shBC200 and OEBC200 GB cell lines was analyzed through SRB assay 48 h after TMZ (0–1000µM)
treatment. (B) The levels of MGMT, BCRP1, MDR1, and MRP1 following shBC200 and OEBC200 in GB
cells were determined through western blot. (C) MicroRNA profiling analyses showed that shBC200
and OEBC200 contained high and low levels of miR-218-5p, respectively. (D) LncBase Predicted v.2
predicted that a high binding score of miR-218-5p with BC200. (E) BC200 directly interacts with multiple
binding sites to hsa-miR-218-5p. *** p < 0.001.

3.6. miR-218-5p Modulates Stem Cell Characteristics and TMZ Resistance

Prediction binding of miRNAs (miR-218-5p) from DIANA and PITA database shows it targets
BC200 RNA [25]. Thus, we wanted to investigate the relevance of miR-218-5p in controlling the
self-renewal potential and TMZ resistance of GB cells. We first verified the expression of miR-218-5p
by using RT-qPCR in GB and control cells (Figure 6A). The expression of miR-218-5p was lower in
GB cells than in normal human astrocytes. Furthermore, the relative expression of miR-218-5p was
observed to be negatively correlated with BC200 RNA expression (Figure 6B) in GB tissues.
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Figure 6. miR-218-5p regulated cell sphere formation, colony formation, and TMZ resistance in GB 
cells in vitro. (A) The differential expression of miR-218-5p in GB cell lines and normal human 
astrocytes. (B) Pearson’s correlation curve identified a negative correlation between BC200 and miR-
218-5p in GB tissues. (C) Sphere formation assays showed that inhibition or mock transfection of miR-
218-5p regulated GB cell stemness. (D) Colony formation assays showed that inhibition or mock 
transfection of miR-218-5p regulated GB cell survival. (E) The viability of GB cells with inhibition or 

Figure 6. miR-218-5p regulated cell sphere formation, colony formation, and TMZ resistance in GB cells
in vitro. (A) The differential expression of miR-218-5p in GB cell lines and normal human astrocytes.
(B) Pearson’s correlation curve identified a negative correlation between BC200 and miR-218-5p in
GB tissues. (C) Sphere formation assays showed that inhibition or mock transfection of miR-218-5p
regulated GB cell stemness. (D) Colony formation assays showed that inhibition or mock transfection of
miR-218-5p regulated GB cell survival. (E) The viability of GB cells with inhibition or mock transfection
of miR-218-5p was analyzed through SRB assay 48 h after TMZ (0–1000µM) treatment. (F) CCK-8
assay showed that inhibition or mock transfection of miR-218-5p had no effect on GB cell proliferation.
(G) The protein levels of SOX2, Oct4, BRPC1, MRP1 and MDR1 with inhibition or mock transfection of
miR-218-5p. (H) The protein levels of MGMT, MLH1, MSH2, MSH6 and PMS2 following inhibition
or mock transfection of miR-218-5p in GB cells were determined through western blot. * p < 0.05,
** p < 0.01 and *** p < 0.001.
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The self-renewal and pluripotency properties of GB cells were analyzed by targeting miR-218-5p.
The inhibition of miR-218-5p showed a significantly higher tumorsphere and colony-forming abilities
(Figure 6C,D) in GB cells than in the control (NC) mock-transfected groups. Furthermore, the effect
of miR-218-5p inhibition was noted on TMZ resistance; miR-218-5p-inhibited cells show higher
TMZ resistance than the control mock-transfected groups (Figure 6E) but no significant effect
on cell proliferation (Figure 6F). Moreover, markers for self-renewal and ABC Transporters in
miR-218-5p-inhibited GB cells (Figure 6G) were evaluated. Markers such as Oct4, SOX2, KLF4,
BCRP1, MDR1, and MRP1 were observed to be upregulated in miR-218-5p-inhibited cells compared
with control NC and mock-transfected cells. Results revealed that the protein levels of genes associated
with Drug resistance, such as MGMT, MLH1, MSH2, MSH6 and PMS2, were significantly higher in the
miR-218-5p-inhibited group than in the control NC mock-transfected groups (Figure 6H).

3.7. BC200 RNA Inactivity Sensitized GB Cells to TMZ Combined Therapy In Vivo

We evaluated the potential of BC200 RNA knockdown together with TMZ combination treatment
in inhibiting the tumor-initiating ability in xenograft models. Tumor was induced in NOD/SCID
mice, which were then treated with shBC200, TMZ, control (Vehicle), and combination (shBC200/TMZ)
treatments. Tumor volume, body weight, and survival were analyzed for 28 days after cell implantation.
At 28 days, mice were sacrificed for immunohistochemistry and gene expression analysis (RT-qPCR). The
combination treatment with shBC200 and TMZ led to a significant reduction in tumor size (Figure 7A).
Mice treated with shBC200 and the shBC200/TMZ combination showed increased bodyweight but
no sign of toxicity and negative treatment effects (Figure 7B). Moreover, the overall survival time
was higher in mice treated with the shBC200/TMZ combination compared with that in mice treated
with shBC200 and TMZ individually (Figure 7C). Moreover, comparative real-time PCR analyses
showed an increased level of miR-218-5p expression in the shBC200/TMZ combination group in
comparison with vehicle, TMZ, and shBC200 groups (Figure 7D), suggesting the role of miR-218-5p in
GB progression. Furthermore, IHC analysis results of tissue sections in GB patients were consistent
with the results of RT-qPCR. IHC results showed that shBC200 and shBC200/TMZ combination groups
showed significantly suppressed tumor proliferation, oncogenicity, and tumorigenesis-associated
markers (Figure 7E) in tissue samples.
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size over time curve indicates that the most significantly delayed tumor growth was observed in the 
shBC200 and TMZ combination group, followed by shBC200 group, whereas TMZ and control groups 
did not differ significantly. (B) Bodyweight curves over time suggest no clear cytotoxic effects in all 
mice because no significant decrease in weight was observed. (C) Kaplan–Meier survival curve 
showed increased median overall survival in TMZ, shBC200, and shBC200/TMZ combination, 
whereas the combination group showed the best survival ratio. (D) Comparative real-time PCR 
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4. Discussion 

Figure 7. Combination of shBC200 and TMZ inhibits tumor growth in GB mice models. (A) Tumor
size over time curve indicates that the most significantly delayed tumor growth was observed in the
shBC200 and TMZ combination group, followed by shBC200 group, whereas TMZ and control groups
did not differ significantly. (B) Bodyweight curves over time suggest no clear cytotoxic effects in all
mice because no significant decrease in weight was observed. (C) Kaplan–Meier survival curve showed
increased median overall survival in TMZ, shBC200, and shBC200/TMZ combination, whereas the
combination group showed the best survival ratio. (D) Comparative real-time PCR analyses showed
a significantly increased mRNA level of miR-218-5p expression in both shBC200 and shBC200/TMZ
combination groups as compared with vehicle and TMZ counterparts. (E) IHC staining showed that
treatment in the shBC200 group and shBC200/TMZ combination group suppressed tumorigenesis and
TMZ resistance. ** p < 0.01 and *** p < 0.001.
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4. Discussion

Despite major developments in therapeutic interventions, GB is one of the most lethal and invasive
malignancies of the central nervous system and is the leading cause of overall cancer-associated
mortality. Patients with GB exhibit poor prognosis [26] and the current therapy mostly fails because
these patients develop multidrug resistance and do not respond to the treatment [27–29]. Studies have
shown that lncRNAs are widely accepted and play a crucial role in the development, progression,
and metastasis of cancer as well as in drug resistance of GB. The expression of BC200, a lncRNA,
is high in the neuron-specific transcript in the brain [11]. The increased expression of BC200 RNA was
atypically found in various human cancers, and its expression was higher in invasive cancers than in
benign tumors [13,14]. However, BC200 RNA as a clinical therapeutic target or biomarker for GB is
still understudied. In this study, the molecular mechanism of BC200 RNA in glioma development and
progression was explored.

In vitro results have suggested that expression of lncRNAs is involved in multiple cellular
processes of neurological tumor disease. Regulatory BC200 RNA is highly expressed in the peripheral
blood of patients with breast cancer, suggesting that it can be an important molecular tumor biomarker
for indicating human malignancies [30]. In our results, BC200 expression have a statistically significant
difference in IDH1 and P53 status of GB patients. The overexpression of IDH1 is required to tumor
growth in glioblastoma, it could catalyze the conversion of isocitrate and NADP+ to 2-oxoglutarate
and NADPH. The most of IDH1/2-mutant brain gliomas affected adults, there is evidence that IDH1/2
mutations are possibly involved with the progression of brain gliomas from grade II to grade III [31].
The different IDH1 mutational status may participate in the development of GBM, IDH1 mutations have
been identified an important prognostic marker for GB patients [32–34]. In our study, we demonstrated
that BC200, both at protein and mRNA level, was significantly upregulated in blood and tissue samples
of GB patients (Figure 1). The expression of Ki-67 and p53-mut markers are indicative of prognosis
and survival of GB patients [17,18], indicating a positive and significant correlation of BC200 RNA
expression with Ki-67and p53. Thus, BC200 RNA is strongly related to poor prognosis of GB patients.

CSCs are now increasingly being recognized as a critical target in cancer treatment because
these stem cells are often correlated with the resistance against conventional chemo- and
radiotherapy. Overcoming their treatment resistance is the key issue in cancer therapeutics [35,36].
Moreover, studies have reported that dysregulated lncRNA expression remains associated with the
TMZ drug resistance of GB. In this study, we observed that the expression of BC200 increased in
GB cells compared with normal brain cells (Figure 2). Furthermore, this study showed that GB
cells exhibited high expression of ALDH+/CD133+ cells, and key markers associated with drug
resistance, proliferation, invasions and metastasis. TMZ resistance is a main reason for treatment
fails. The causes of TMZ resistance are mainly DNA repair system, MMR is critical for inducing
appropriate cellular responses to DNA damage, previous research suggests that GB cells are TMZ
sensitive when MMR is expressed and active [37]. Much of resistance to TMZ observed clinically is
due to high expression of MGMT or loss of MMR [38,39]. TMZ treatment induces DNA lesions and the
MMR system causing apoptosis in GB [40]. The combination of BC200 inhibition and TMZ treatment
may lead to a new therapeutic strategy to improve the efficacy of TMZ in glioblastoma multiforme
patients. ABC transporter such as BCRP1, MDR1, and MRP1, were associated with chemoresistance [9].
Moreover, we found that in GB cells, the expression of these markers together with BC200 RNA
expression is significantly higher, suggesting their role in TMZ chemoresistance.

To further understand the role of BC200 RNA in GB progression, we used the gain and loss of
function of BC200 RNA through gene silencing and overexpression experiments. BC200 knockdown
significantly reduced the proliferation, migration, and invasion of GB cells and the expression of
markers associated with the self-renewal and pluripotent ability by reducing the colony-forming and
neurosphere generation (Figure 3). Meanwhile, BC200 overexpression significantly reduced the BC200
knockdown effect (Figure 4). Therefore, our result indicates that BC200 RNA plays a key role in GB.
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This result is consistent with those of previous reports indicating the role of BC200 RNA as an oncogene
in other cancers, such as breast, cervical, and colon cancers [41,42].

Additionally, to understand the underlying molecular mechanism of BC200 in GB chemosensitivity,
a cell viability assay was performed. BC200-silenced cells showed decreased resistance to TMZ
compared with the control group (Figure 5A), whereas OEBC200 showed the reverse effect (Figure 5).
Western blot analysis showed a reduction in the expression of markers associated with drug resistance in
BC200-knockdown cells, and the results were reverse in OEBC200 cells. A previous study indicated that
miR in correlation with lncRNA (BC200) expression attenuated the viability, migration, and invasiveness
of cancer cells [43]. Subsequently, bioinformatic analysis was performed to evaluate the potential
miRNA expression in BC200-inhibited and -overexpressed GB cells. Results from heatmap and
binding prediction show that the expression of miR-218-5p is negatively associated with BC200 RNA
expression, indicating that miR-218-5p targets BC200 RNA (Figure 5). Studies have shown that an
increased expression of miR-218-5p affects cell viability in GB cells [44], but the role of miR-218-5p in
conferring chemosensitivity is still not studied. Our result confirms that miR-218-5p is an effective
tumor suppressor miRNA that targets BC200 RNA, with high expression in normal cells than in GB
cells (Figure 6).

In our model, miR-2018 inhibits MGMT expression, i.e., high BC200 results in low miR-218
and this results in high MGMT and, concomitantly, low toxicity driven by O6-methylguanine
adducts that are repaired by MGMT. Additionally, the miR-218-5p plays a key role in preventing
the invasiveness of glioma cells. Zhixiao et al. noticed that miR-218-5p can specifically bind to
LHFPL3 mRNA and inhibit epithelial-mesenchymal transitions [45]. This is another possible reason to
support these results. Furthermore, the relative expression of miR-218-5p was negatively correlated
with BC200 RNA expression in GB tissues. In vitro results showed that targeted inhibition of
miR-218-5p significantly increased tumorsphere and colony-forming abilities in GB cells compared
with the control (NC) mock-transfected groups, confirming TMZ resistance. Again, we observed that
markers associated with multidrug resistance, self-renewal, and pluripotency were upregulated in the
miR-218-5p-inhibited group, (Figure 6) compared with the control mock-transfected groups, suggesting
the role of miR-218-5p in GB cell chemosensitivity, inhibit the expression of the MGMT and MMR
system induces resensitization to TMZ. Although the relative expression of ABC-transport protein
has regulated by BC200/mir-218-5p axis, but ABC-transport protein as inducers of the TMZ resistant
phenotype in GB is still controversial [46]. Finally, we demonstrated that the combination of BC200
inhibition and TMZ treatment increased GB sensitivity. It greatly inhibited the tumor growth in the
xenograft mouse model with no negative impact on body weight and survival (Figure 7). The results
of IHC analysis are concordant with those of RT-qPCR; the shBC200/TMZ combination group shows
significant suppression of tumor proliferation, oncogenicity, and tumorigenesis-associated markers.
Moreover, the miR-218-5p level expressed was significantly high in the combination treatment group.
Collectively, we provided a strong preclinical evidence in support of using shBC200/TMZ combination
for treating malignant glioma cancer. In addition, miR-218-5p could be used as a biomarker for
monitoring therapeutic responses.

5. Conclusions

TMZ resistance is one of the critical causes of treatment failure in GB patients. The molecular
mechanisms of TMZ resistance are still unclear. Hence, we used GB cell lines exposed to TMZ treatment
to analyze the relevance of MGMT and MMR system between BC200/miR-218-5p axis in the TMZ
resistance phenomenon. In summary, as shown in schema abstract of Figure 8, our results suggested that
BC200 RNA, a lncRNA, is highly expressed both in vitro and in vivo and significantly modulates GB
oncogenicity and enhances TMZ chemoresistance through concomitantly enhancing self-renewal and
pluripotency of GB cells by modulating the expression of tumor-suppressor miR-218-5p. MiR-218-5p
effectively targets and inhibits self-renewal and ABC Transporters markers such as Oct4, SOX2, BCRP1,
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MDR1, MRP1, and MGMT. Resultant in the reduction of TMZ-resistance. Our findings highlight the
therapeutic efficacy of BC200 RNA as a clinical biomarker or therapeutic target for GB.
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Abstract: The major stress-inducible protein Hsp70 (HSPA1A) is overexpressed in the cytosol of many
highly aggressive tumor cells including glioblastoma multiforme and presented on their plasma
membrane. Depending on its intracellular or membrane localization, Hsp70 either promotes tumor
growth or serves as a target for natural killer (NK) cells. The kinetics of the membrane Hsp70
(mHsp70) density on human glioma cells (U87) was studied after different irradiation doses to define
the optimal therapeutic window for Hsp70-targeting NK cells. To maintain the cells in the exponential
growth phase during a cultivation period of 7 days, different initial cell counts were seeded. Although
cytosolic Hsp70 levels remained unchanged on days 4 and 7 after a sublethal irradiation with 2, 4 and
6 Gy, a dose of 2 Gy resulted in an upregulated mHsp70 density in U87 cells which peaked on day 4
and started to decline on day 7. Higher radiation doses (4 Gy, 6 Gy) resulted in an earlier and more
rapid onset of the mHsp70 expression on days 2 and 1, respectively, followed by a decline on day 5.
Membrane Hsp70 levels were higher on cells in G2/M than in G1; however, an irradiation-induced cell
cycle arrest on days 4 and 7 was not associated with an increase in the mHsp70 density. Extracellular
Hsp70 concentrations in the supernatant of irradiated cells were significantly higher than sham (0 Gy)
irradiated cells on days 4 and 7, but not on day 1. Functionally, elevated mHsp70 densities were
associated with a significantly better lysis by Hsp70-targeting NK cells. In summary, the kinetics of
changes in the mHsp70 density upon irradiation on tumor cells is time- and dose-dependent.

Keywords: radiotherapy; glioblastoma; membrane Hsp70; dose- and time-kinetics; NK cell-based therapy

1. Introduction

The therapeutic application of ionizing radiation, either alone or in combination with surgery
and chemotherapy, plays a pivotal role in the treatment of solid tumors. Ionizing radiation elicits its
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cytotoxic activity against tumor cells by causing DNA single- and double-strand breaks, predominantly
mediated and fixed by reactive oxygen species (ROS). Although the major goal of irradiation is
to achieve local tumor control and a decreased dissemination by reducing the viable tumor mass,
also immunostimulatory effects have been assigned to ionizing radiation [1,2]. However, it remains
to be elucidated which dose and radiation regimen is optimal to induce anti-tumor immune effects.
Herein, cytosolic, extracellular and plasma membrane-bound heat shock protein 70 (Hsp70) [3,4]
was studied in highly aggressive glioblastoma cells as a radiation-inducible target for natural killer
(NK) cells.

Besides its intracellular chaperoning functions, which include assisting the correct folding of
proteins, the assembly of nascent polypeptides, the prevention of protein aggregation and thereby
controlling cellular protein homeostasis, members of the HSP70 family fulfil various cytoprotective
tasks under physiological conditions and upon environmental stress [3]. An up-regulated Hsp70
expression enhances the viability of tumor cells by fostering protein damage repair and impairing
apoptotic pathways [5]. By stimulating the overexpression of anti-apoptotic proteins (Bcl-2/Bcl-xL),
downregulating pro-apoptotic Bax, Bcl-Xs and Bak or blocking tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL)-induced apoptosis and formation of the death-inducing signaling
complex with death receptors DR4 and DR5 [5], cytosolic Hsp70 promotes tumor cell survival, protects
against apoptosis and promotes tumor progression [6].

A large variety of stress factors including hypoxia and reoxygenation, heavy metals, glucose
deprivation and cytotoxic drugs can induce the Hsp70 expression and stimulate antigen release and
danger signal expression [6,7].

In contrast to intracellular Hsp70, extracellular and mHsp70 play a pivotal role in stimulating both
adaptive and innate immune responses and thereby initiating protective anti-tumor immunity [8]. By its
exclusive expression on the plasma membrane of tumor cells [9], mHsp70 provides a tumor-specific
target for Hsp70-specific, activated NK cells [10]. Therefore, increasing the density of mHsp70 on tumor
cells by irradiation combined with a mHsp70-targeting NK cell-based immunotherapy might provide
a novel strategy to improve clinical outcome and extend overall survival of patients with advanced
tumors [11–13]. Herein, we were interested to identify the optimal radiation dose and time point for
an up-regulated mHsp70 density as a target for NK cells on highly aggressive glioblastoma cells.

2. Materials and Methods

2.1. Cell Line and Culture Conditions

The epithelial human glioblastoma cell line U87 MG (ATCC HTB-14, MGMT-) and the human
hepatocellular carcinoma cell line HepG2 (ATCC HB-8065) were grown in complete growth medium,
consisting of Dulbecco’s Eagle’s Minimum Essential Medium (DMEM) (Sigma-Aldrich, Steinheim
Germany) supplemented with 10% v/v heat inactivated fetal calf serum (FCS) (Sigma-Aldrich),
1% antibiotics (10,000 IU/mL penicillin, 10 mg/mL streptomycin, Sigma-Aldrich), l-glutamine
(Sigma-Aldrich), MEM non-essential amino acid solution 100× (Sigma-Aldrich) and sodium pyruvate
(Sigma-Aldrich).The epithelial human cervix carcinoma cell line HeLa (ATCC CCL-2) was grown in
complete growth medium, consisting of RPMI-1640 (Sigma-Aldrich, Germany) supplemented with
10% v/v heat inactivated FCS (Sigma-Aldrich), 1% antibiotics (10,000 IU/mL penicillin, 10 mg/mL
streptomycin, Sigma-Aldrich), l-glutamine (Sigma-Aldrich) and sodium pyruvate (Sigma-Aldrich).
After reaching confluency, adherent growing tumor cells were trypsinized for 2 min at 37 ◦C in trypsin
ethylene diamine-tetra-acetic acid (EDTA) (Sigma-Aldrich). Single cell suspensions with different cell
counts were seeded in 15 mL supplemented medium in T-75 ventilated culture flasks. Tumor cells
were routinely checked for mycoplasma contamination.
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2.2. Irradiation

Tumor cells were irradiated with a single dose of 0 (sham), 2, 4 and 6 Gy using the Gulmay RS225A
irradiation machine (Gulmay Medical Ltd., Camberley, UK) at a dose rate of 0.90 Gy/min (15 mA,
200 keV) or were kept untreated.

2.3. Flow Cytometry and Cell Cycle Analysis

Single cell suspensions of sham (0 Gy) irradiated and irradiated cells (0.4 × 106 cells per vial) were
collected at different time-points after radiation. After a washing step in phosphate-buffered saline
(PBS)/10% v/v fetal calf serum (FCS), cells were incubated either with fluorescein-isothiocyanate
(FITC)-conjugated mouse monoclonal antibody (mAb) specific for mHsp70 (cmHsp70.1, IgG1,
multimmune GmbH, Munich, Germany) or with an isotype-matched FITC-labeled control antibody
on ice in the dark for 30 min. Only viable cells (propidium iodide negative cells) were gated, and the
proportion of positively stained cells and mean fluorescence intensity (mfi) values were analyzed
on a FACSCalibur™ flow cytometer (BD Biosciences, Heidelberg, Germany). The mfi is a relative
value of the total fluorescence intensity of cmHsp70.1-FITC antibody stained, viable cells subtracted
by the intensity of the signal intensity obtained after staining of the cells with an isotype-matched
IgG1-FITC control antibody. Fluorescence data were analyzed and plotted by using CellQuest software
(BD Biosciences, Heidelberg, Germany).

For a concomitant analysis of the mHsp70 expression during the cell cycle, viable cells which
have been stained with cmHsp70.1 mAb were washed and fixed in 2% w/v paraformaldehyde (PFA)
and then ice-cold methanol (70% v/v). After rehydration, cells were suspended in 500 µL propidium
iodide/RNase staining solution (Sigma/Aldrich), incubated for 60 min at room temperature and
analyzed on a FACSCalibur™ flow cytometer, as described above.

2.4. Immunocytochemistry (ICC)

Cells were grown on poly-l-lysine-coated glass slides. On days 4 and 7 after irradiation with
0 (sham) and 4 Gy, cells were stained with FITC-labeled cmHsp70.1 monoclonal antibody (multimmune
GmbH, Munich) on ice for 30 min. After antibody incubation, cells were washed in ice-cold PBS and
fixed in 3.7% w/v PFA in PBS (pH 7.4). Nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI). Fluorescence images were taken with an AxioImager M2 microscope, equipped with a 100× oil
immersion objective (Carl Zeiss Microscope, Jena, Germany) at a resolution of 2048 × 2048 pixels.
To avoid potential cross-interferences of the different fluorophores, images for FITC and DAPI were
acquired using a sequential image recording mode.

2.5. Hsp70 lipELISA

Levels of extracellular Hsp70 in the supernatant of sham irradiated and irradiated U87 cells on
days 1, 4 and 7 were determined using the lipHsp70 ELISA, as described elsewhere [14]. The measured
values of extracellular Hsp70 were normalized to 1 × 106 viable tumor cells.

2.6. Europium Assay

The lytic activity of human NK cells cultured in RPMI-1640 medium supplemented with 10% v/v
heat inactivated fetal calf serum (FCS), 1% antibiotics (10,000 IU/mL penicillin, 10 mg/mL streptomycin),
l-glutamine, sodium pyruvate and Hsp70 peptide TKD (2 µg/mL) and IL-2 (100 IU/mL) at a cell density
of 5 × 106 peripheral blood lymphocytes (PBL) for 4 days against sham (0 Gy) and 4 Gy irradiated
tumor cells was determined at different effector-to-target (E:T) ratios ranging from 50:1 to 3:1 using a
standard 3.5 h Europium assay. The tumor cells were washed twice with fresh medium before the assay
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starts to exclude the presence of extracellular Hsp70 during the assay. Mean values of an experiment
in triplicates are shown. The specific lysis was calculated according to Equation (1):

Speci f ic Lysis =
Experimental Release− Spontaneous Release

Maximum Release− Spontaneous Release
(1)

2.7. Statistical Analysis

Each sample was measured in at least three independent experiments. Means and standard
deviations are presented for quantitative data. Analysis of variance (ANOVA) was used for comparisons
of group means. If the global null hypothesis of all group means being equal could be rejected on a
significance level of α = 5%, pairwise group comparisons were conducted by t-tests. For these pairwise
comparisons, standard deviations were pooled over all groups, and Bonferroni correction was applied
to account for multiple testing. A two-way ANOVA was used to assess the impact of radiation dose on
the specific lysis at different E:T ratios by fitting a model including main effects and their interaction
term to the data. A significance level of 5% was used.

3. Results

3.1. Membrane Hsp70 Expression Remains Stable During a Culture Period of 7 Days

To maintain cells in the exponential growth phase during a culture period of 7 days, different tumor
cell counts were seeded. For a culture period of 1–4 days 0.25 × 106 cells, for 5 days 0.125 × 106 cells,
for 6 days 0.06 × 106 cells and for 7 days 0.01 × 106 cells were seeded on day 0. Representative data for
mHsp70 expression on U87 cells during a period of 7 days after sham irradiation (0 Gy) are summarized
in Figure 1. No significant differences in the percentage of positively stained cells (Figure 1A; F(6,14)
= 0.526, p = 0.780) and mean fluorescence intensity (mfi) (Figure 1B; F(6,14) = 2.202, p = 0.105) were
detected over a 7 day culture period. The slightly lower mHsp70 density on day 0 could be attributed
to the very short incubation period of 5 h after trypsin treatment and seeding.

Figure 1. Cont.
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Figure 1. Percentage (A) and mean fluorescence intensity (mfi) (B) of mHsp70-positive U87 glioblastoma
cells after sham irradiation (0 Gy) on days 0, 1, 2, 4, 5, 6 and 7. Bars represent the mean value and
the corresponding standard deviation (SD) of n = 3 independent experiments. ANOVA was used to
compare data across all days.

3.2. Irradiation Induces an Increase in the Mhsp70 Density on Different Tumor Cell Lines

Although the percentage of mHsp70-positive cells remained unaltered on U87 (Figure 2A), HeLa
(Figure 2B) and HepG2 (Figure 2C) cells on day 1 after sham (0 Gy), 4 and 6 Gy irradiation, the mHsp70
density differed significantly upon radiation. A radiation dose of 6 Gy nearly doubled the mean
fluorescence intensity (mfi) in all three tumor cell lines. In U87 cells the mfi increased from 38.9 ± 15.8
(sham) to 47.1 ± 16.0 after irradiation with 4 Gy and to 83.5 ± 14.2 after irradiation with 6 Gy, on day 1
(Figure 2D; F(2,6) = 4.77, p = 0.058). In HeLa cells the mfi increased from 9.2 ± 1.9 (sham) to 15.7 ± 0.8
(p = 0.04) and 20.6 ± 6.8 (p = 0.03) after irradiation with 4 and 6 Gy, respectively (Figure 2E), and in
HepG2 the mfi increased from 13.9 ± 2.7 to 22.0 ± 2.6 (p = 0.04) after 4 Gy and to 22.3 ± 4.6 (Figure 2F)
after 6 Gy, on day 1. The mHsp70 density on sham treated and completely untreated control cells was
identical (data not shown). Cell viability of all tumor cell lines was not affected by radiation doses
ranging from 2 to 6 Gy.

Figure 2. Cont.
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Figure 2. Cont.
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Figure 2. Percentage of mHsp70-positive U87 (A), HeLa (B) and HepG2 (C) cells on day 1 after
irradiation with 0 (sham), 4 and 6 Gy. Mean fluorescence intensity (mfi) of mHsp70 expression on U87
(D), HeLa (E) and HepG2 (F) cells on day 1 after irradiation with 0 (sham), 4 and 6 Gy. Bars represent
the mean value and the corresponding standard deviation (SD) of n = 3 (U87), n = 4 (HeLa), and n = 3
(HepG2) independent experiments. For comparison of different irradiation doses, ANOVA has been
conducted followed by pairwise t-tests (with Bonferroni correction). Significance (sham vs. different
irradiation doses on day 1, after Bonferroni correction): * p ≤ 0.05.

3.3. Irradiation-Induced Upregulation of mHsp70 Is Time-Dependent

A comparison of the mHsp70 densities on days 4 and 7 after irradiation with 4 and 6 Gy revealed
that mfi values on day 4 remained significantly upregulated, but dropped on day 7 after radiation
in HeLa (Figure 3A) and U87 (Figure 3B) cells. The mfi of sham (0 Gy) treated HeLa cells was
7.9 ± 1.3 compared to 14.8 ± 3.0 and 18.6 ± 3.1 after radiation with 4 and 6 Gy on day 4 (Figure 3A;
p = 0.05). The mfi of sham (0 Gy) treated U87 cells was 41.9 ± 0.8 compared to 79.3 ± 12.8 and
75.1 ± 7.7 after radiation with 4 Gy (p = 0.02) and 6 Gy (p = 0.03) on day 4 (Figure 3B; F(2,6) = 11.24,
p = 0.009). Significant differences were observed between sham and 4 Gy and between sham and 6 Gy
irradiated cells, whereas no statistically significance was observed between 4 and 6 Gy irradiated
HeLa (Figure 3A) and U87 cells (Figure 3B). On day 7 after irradiation, the mfi of sham treated
HeLa cells remained at 9.2 ± 1.4, but that of 4 and 6 Gy irradiated cells dropped to 12.4 ± 1.0 and
17.5 ± 1.7, respectively, on day 7 (Figure 3A). In line with these results, the mfi of sham treated U87 cells
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remained at 38.73 ± 1.41, but that of 4 and 6 Gy irradiated cells dropped to 37.60 ± 7.24 and 40.02 ± 5.71,
respectively, on day 7 (Figure 3B; F(2,6) = 0.1003, p = 091). No significant differences in the mfi were
observed in the differently irradiated U87 cells on day 7 (Figure 3B). The upregulated mHsp70 density
on day 4 and the downregulation of mHsp70 on day 7 after irradiation with 4 Gy was confirmed by
immunocytochemistry (ICC) (Figure 3C). In contrast to the mHsp70 expression, the cytosolic Hsp70
content in U87 cells remained unaltered upon irradiation with 2, 4 and also 6 Gy, as determined by
Western blot (Figure 3D) and intracellular Hsp70 staining on days 4 and 7 (Figure 3E). Similar results
were observed with HeLa cells (data not shown).

Figure 3. Cont.
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Figure 3. Mean fluorescence intensity (mfi) of mHsp70 expression in HeLa (A) and U87 (B) cells
after sham (0 Gy), 4 and 6 Gy irradiation on days 4 and 7. Bars represent the mean values and the
corresponding standard deviation (SD) of n = 3 independent experiments. Significance (sham vs.
different irradiation doses on day 4): * p ≤ 0.05 (after Bonferroni correction). Comparison of different
doses (sham 0, 4, 6 Gy) were performed by pairwise t-tests with pooled SD and Bonferroni correction
for multiple testing. An upregulation of the mHsp70 expression density upon irradiation with 4 Gy
on day 4 and a downregulation of the mHsp70 expression on day 7 shown by immunocytochemistry
(ICC) in U87 cells (C). Cytosolic Hsp70 expression was determined by Western blot analysis (D) and
intracellular Hsp70 staining (E) in U87 cells after sham (0 Gy), 4 and 6 Gy irradiation on days 4 and
7. β-actin staining served as a loading control. Data show one representative experiment out of two
independent experiments with similar results.

3.4. Irradiation-Induced Effects on the mHsp70 Density Are Dose- and Time-Dependent

The previous results indicated clear differences in the mHsp70 density on U87 cells that depend
on the recovery time after irradiation. Figure 4 summarizes dose- and time-dependent effects on the
mHsp70 density. Although mfi values for sham (0 Gy) treated cells did not differ significantly over a
period of 7 days when different initial cell counts were seeded (Figure 1B), an exposure to 2 Gy induced
a progressive slow increase in mfi values form day 0 up to a maximum value of 67.4 ± 16.7 on day
5 that decreased to 39.3 ± 4.3 on day 7 (Figure 4A; F(6,14) = 3.8952, p = 0.017). Cells that have been
irradiated with a higher dose (4 Gy) reached the maximum mfi value (79.3 ± 12.8; p ≤ 0.05) by day 4
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(Figure 4B; F(6,14) = 3.916, p = 0.016); however, the drop in the mfi values thereafter occurred more
rapidly than after irradiation with 2 Gy. Following an irradiation with 6 Gy, mHsp70 expression density
was significantly increased already on day 1 compared to sham (0 Gy) irradiated cells (23.3 ± 3.7 versus
83.6 ± 14.2; p ≤ 0.05), persisted for 3 days and dropped on day 5 (Figure 4C; F(6,14) = 10.70, p = 0.0002).
In Figure 4A–C, mfi values differing significantly (p ≤ 0.05) from the value on day 0 at each individual
irradiation dose (2, 4, 6 Gy) using a pairwise comparison t-test with pooled SD marked with an asterisk.
A comparison of all time points (day 0 to day 7) and all radiation doses (0, 2, 4, 6 Gy) reflects the
different dose- and time-kinetics of the mHsp70 densities in U87 cells (Figure 4D).

Figure 4. Cont.
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Figure 4. Dose- and time-dependent radiation effects on the mean fluorescence intensity (mfi) of
mHsp70 on U87 human glioblastoma cells over 7 days with different radiation doses (2 Gy (A), 4 Gy
(B), 6 Gy (C)). Bars represent the mean values and the corresponding standard deviation (SD) of
n = 3 independent experiments. Significance (comparison of one dose on different days): * p ≤ 0.05.
For comparison of different days at a single dose ANOVA has been conducted. Comparisons to sham
(0 Gy) treated cells were performed by pairwise t-tests with pooled SD and Bonferroni correction for
multiple testing. (D) Summary of the kinetics of the mHsp70 density after sham (0 Gy), 2, 4, 6 Gy) over
a period of 7 days. For a better clarity, statistical significance was only shown in Figure 4A–C, but not
in Figure 4D.

3.5. Irradiation-Induced Cell Cycle Arrest and Its Impact on the mHsp70 Density

On day 4 (F(3,24) = 64.83, p < 0.001) and on day 7 (F(3,24) = 4.232, p = 0.016) after irradiation
with 2, 4 and 6 Gy, a dose-dependent cell cycle arrest in G2/M was observed in U87 cells (Figure 5A).
A concomitant analysis of the mHsp70 density with the cell cycle revealed higher mHsp70 densities in
G2/M compared to G1 in sham (0 Gy) and irradiated (2, 4, 6 Gy) tumor cells (Figure 5B). However,
the mHsp70 density appeared not to be associated with the irradiation-induced G2/M arrest since a
higher proportion of cells in G2/M on day 7 was not associated with a further increase in the mHsp70
density. An assessment of extracellular Hsp70 concentrations normalized to 1 × 106 viable tumor cells
showed significantly increased values on days 4 and 7 after an irradiation with 4 and 6 Gy compared
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to sham irradiated cells (p ≤ 0.05), whereas on day 1 no significant increase in extracellular Hsp70 in
the cell culture supernatant was detected (Figure 5C).

Figure 5. Cont.
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Figure 5. Comparative analysis of the cell cycle (G0, S, G2/M) in U87 cells after sham (0 Gy), 2, 4 and
6 Gy irradiation on days 4 and 7: * p ≤ 0.05; *** p ≤ 0.001 (A). For comparison of different cell cycle phases
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ANOVA has been used. Differences in the G2/M phase were analyzed by pairwise t-tests with pooled
SD and Bonferroni correction for multiple testing. Comparative analysis of the mHsp70 expression in
the different cell cycle phases (G0, S, G2/M) in U87 cells on days 4 and 7 after sham (0 Gy), 2, 4 and 6 Gy
irradiation (B). Comparative analysis of extracellular Hsp70 concentrations in the supernatant of U87
cells on days 1, 4 and 7 after sham (0 Gy), 2, 4 and 6 Gy irradiation (C). The data were normalized to a
defined number of 1 × 106 cells viable cells. Data represent the mean values and the corresponding
standard deviation (SD) of n = 3 independent experiments. Significance (sham vs. all different
irradiation doses): * p ≤ 0.05. For comparisons of extracellular Hsp70 levels, pairwise t-tests with
pooled SD and Bonferroni correction were performed.

3.6. Increased mHsp70 Expression Density Is Associated with an Increased Sensitivity to Lysis Mediated
by TKD/IL-2-Activated NK Cells

The density of mHsp70 expression plays a crucial role in the recognition of tumor cells by
Hsp70-peptide TKD/IL-2-activated NK cells, but not by cytotoxic CD8-positive T lymphocytes,
as previously demonstrated [15]. Therefore, the cytolytic activity of Hsp70-targeting NK cells against
sham (0 Gy) and irradiated (4 Gy) tumor cells was tested. The increase in the mHsp70 density of
tumor cells on day 4 after irradiation that were used in the cytotoxicity assay is illustrated in Figure 6A.
The lysis of irradiated (4 Gy) tumor cells by TKD/IL-2-activated NK cells is significantly higher than
that of sham (0 Gy) irradiated cells at E:T ratios ranging from 50:1 to 3:1 (Figure 6B; F(1,4) = 8.11,
p = 0.00004).

Figure 6. Cont.
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Figure 6. Comparative analysis of the cytolytic activity of TKD/IL-2-activated natural killer (NK) cells
targeting mHsp70-positive tumor cells. Sham (0 Gy) and 4 Gy irradiated tumor cells on day 4 were
used as target cells. (A) mHsp70 mean fluorescence intensity (mfi) on sham (0 Gy) and 4 Gy irradiated
tumor target cells. The results represent mean values and the corresponding standard deviation (SD) of
n = 2 independent experiments. The Welch two sample t-test was used. (B) Lytic activity of NK cells
against sham (0 Gy) and 4 Gy irradiated tumor target cells. The effector to target (E:T) ratios range
from 50:1 to 3:1. The results represent mean values and the corresponding standard deviation (SD) of
n = 2 independent experiments in triplicate. Significance (lysis of sham vs. 4 Gy irradiated target cells):
*** p ≤ 0.001. Two-way ANOVA were used to compare lysis at different E:T ratios against tumor cells
after different irradiation (sham (0 Gy) vs. 4 Gy).

4. Discussion

Compared to normal cells, highly aggressive tumor cells frequently exhibit higher cytosolic Hsp70
levels, which are further upregulated upon a variety of different environmental stress factors [7].
Intracellularly, Hsp70 ensures correct protein folding and transport [3] and interferes with both
intrinsic and extrinsic apoptosis pathways to avoid cell death and thereby foster tumor cell survival [5].
Apart from its cytosolic localization, Hsp70 can be actively released in lipid microvesicles, such
as exosomes [13,16–18], and Hsp70 is also expressed on the plasma membrane of tumor cells [19].
While cytosolic Hsp70 is mainly responsible for maintaining protein homeostasis and protection
against programmed cell death [3,5], mHsp70 mediates dual functions: on the one hand it stabilizes
lysosomal and plasma membranes and thereby also can prevent apoptosis [20,21], on the other
hand, it provides a tumor-specific target for NK cells that have been pre-activated with Hsp70 plus
low-dose IL-2 [8,15]. The specific membrane localization of Hsp70 on tumor cells can be explained
by an interaction of Hsp70 with tumor-specific lipid compounds such as globoyltriaosylceramide
Gb3 [22]. In vitro lipid copellation assays revealed that recombinant Hsp70 specifically interacts
with the tumor-specific lipid raft component globoyltriaosylceramid Gb3 [22] or with the non-raft
lipid compound phosphatidylserine (PS), which translocates to the outer plasma membrane leaflet
upon environmental stress [23]. Since mHsp70 has been found to serve as a target for Hsp70-peptide
TKD/IL-2-activated NK cells in vitro [24] and in vivo [25], time- and dose-dependent effects of
irradiation with respect to the mHsp70 density on different human tumor cell lines were studied.
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The relevance of mHsp70 as a target for C-type lectin receptor CD94-positive NK cells [14] has
previously been demonstrated in isogenic tumor cell systems which express differential levels of
mHsp70, but identical cytosolic Hsp70 levels, and by Hsp70 antibody blocking studies [21]. A better
understanding of the mHsp70 kinetics following irradiation might help to identify an optimal
therapeutic window for combination therapies consisting of ionizing irradiation and Hsp70-targeting
NK cell-based immune therapies.

Glioblastoma multiforme (GBM) the most common malignant neoplasia of the brain in adults
is associated with a high mortality. Despite multimodal treatment strategies consisting of surgery,
radiotherapy and systemic chemotherapy using temozolomide [26], the median survival remains
poor (15–18 months) and recurrence rates are high. Its intratumoral heterogeneity, concerning genetic
alterations and morphology, as well as the infiltrative growth and diffuse dissemination into the brain
parenchyma often limit a successful treatment of GBM. Therefore, there is a high medical need for
innovative treatment strategies for GBM. The mHsp70 density as a potential target for NK cells was
measured in the highly radiation-resistant human glioblastoma cell line U87 and two other tumor cell
lines at different time points after irradiation with doses ranging from 2 to 6 Gy. In a previous study, we
demonstrated that a high mHsp70 expression was also found on primary glioblastoma cells without
isocitrate-dehydrogenase 1 (IDH-1) mutation, whereas secondary glioblastoma with IDH-1 mutation
and low-grade anaplastic gliomas exhibited a lower mHsp70 density. The O6-methylguanine DNA
methyltransferase (MGMT) status appeared to be not associated with the mHsp70 expression [27].
Regarding these results, we hypothesize that the MGMT-negative glioblastoma cell line U87 might serve
as a model for highly aggressive, mHsp70-positive primary glioblastomas without IDH-1 mutation.

To maintain cells in the exponential growth phase, tumor cells were seeded at different cell
densities, which were adapted to the different culture periods. In sham as well as non-treated tumor
cells, the proportion of mHsp70-positive cells remained at nearly 100% with a relatively low density
over the whole culture period of 7 days. These findings are in line with previous results obtained with
other tumor types such as epithelial tumor cells of the head and neck area [28].

Environmental stress, including irradiation, can cause an up-regulation of the mHsp70 density on
tumor cells [10,20]. Herein, we have shown for the first time that the kinetics of the mHsp70 expression
is dependent on the irradiation dose, but not on the cytosolic Hsp70 levels. While the maximum
mHsp70 expression is reached only on day 5 after an irradiation with 2 Gy, the peak mHsp70 expression
is detected already on day 1 after irradiation with 6 Gy. This means that low-dose irradiation might
be associated with a later onset of the mHsp70 expression compared to high-dose irradiation. These
findings are in accordance to results of Diller et al. [29] who showed that the kinetics of the heat shock
protein synthesis are transient and proportional to the applied stress.

Synthesis and expression of Hsp70 is often dependent on dose- and time-dependent factors;
therefore, cytoprotective repair mechanisms that depend on the anti-apoptotic molecular chaperone
Hsp70 in U87 cells are also related to the applied stress [29]. Our findings indicate that a high, but yet
non-lethal, irradiation dose of 6 Gy induces an early onset of the mHsp70 expression after 1 day with a
sustained overexpression that persists for 3 days, whereas lower irradiation doses induce a slower
up-regulation in U87 cells.

In an effort to define the optimal timing for the application of ex vivo stimulated mHsp70-targeting
NK cells [24] after radiotherapy, it is important to determine the maximum density of mHsp70 on
tumor cells. In the case of U87 cells, an irradiation dose between 4 and 6 Gy might be optimal to
achieve a fast and long-lasting upregulation of the mHsp70 expression in vitro. However, future
preclinical studies using fractionated irradiation protocols are needed to define the optimal irradiation
dose that is suitable for an in vivo application of mHsp70-targeting immune cell-based therapies.
Interestingly, in highly radiation-resistant U87 cells [29], none of the applied radiation doses caused an
upregulation in intracellular Hsp70 levels. This finding might suggest that anti-apoptotic pathways
that are predominantly regulated by cytosolic Hsp70 might not be initiated in U87 cells up to a radiation
dose of 6 Gy. Furthermore, these data indicate that the radiation-induced translocation of Hsp70
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from the cytosol to the plasma membrane is not dependent on de novo Hsp70 synthesis. An ER–Golgi
pathway could also be ruled out for the translocation of Hsp70 from the cytosol to the plasma membrane,
since inhibitors of classical protein transport pathways like monensin, brefeldin A, tunicamycin and
thapsigargin neither affected mHsp70 expression nor exosomal release [30]. It is more likely that
non-classical vesicular transport pathways [29] that appear to be inducible by non-lethal irradiation
might enable mHsp70 translocation and release, since we observed an increase in extracellular Hsp70
on days 4 and 7 after irradiation with 4 and 6 Gy. Moreover, a radiation-induced cell cycle arrest
appeared to be not associated with mHsp70 transport.

There is strong evidence that lethal stress which drastically harms tumor cell survival cannot
be compensated by cytoprotective repair mechanisms that include the cytosolic overexpression of
Hsp70 [31,32]. After lethal stress, Hsp70 can be externalized by dying tumor cells as a danger-associated
molecular pattern (DAMP) with the capacity to initiate anti-tumor immune responses [1,2,33].
Hsp70-chaperoned tumor peptides can induce CD8-positive T cell mediated immune responses
after cross-presentation of immunogenic tumor antigens on MHC class I molecules [34], whereas
peptide-free Hsp70 in the context of pro-inflammatory cytokines, such as IL-2, can augment the
cytolytic and migratory capacity of NK cells that recognize and kill remaining therapy-resistant
mHsp70-positive tumor cells [16,21]. Herein, we could show that upon sub-lethal irradiation with
4 and 6 Gy, extracellular Hsp70 concentrations started to increase on days 4 and 7. As to whether
elevated extracellular Hsp70 levels are able to further stimulate NK cell mediated immunity in vivo
remains to be determined in preclinical models.

In summary, the applied radiation dose- and time-kinetics play a critical role in optimizing
radiation-induced effects by increasing the density of mHsp70 expression on the surface of surviving
residual tumor cells as a target for immune cells. Membrane-bound Hsp70 plays a crucial role in
stimulating the innate and adaptive immune system as it is selectively expressed on the cell surface of
tumor, but not normal cells [35], and therefore serves as a tumor-specific recognition structure [13].
We could show that Hsp70-targeting NK cells are capable to specifically recognize and kill tumor cells
presenting Hsp70 on their plasma membrane most likely via granzyme B mediated apoptosis [36].

5. Conclusions

In contrast to intracellular Hsp70, extracellular and mHsp70 play key roles in stimulating both
adaptive and innate immune responses and thereby might provide protective anti-tumor immunity [8].
By its exclusive expression on the surface of tumor cells, but not normal cells [9], mHsp70 serves as a
tumor-specific target for activated NK cells [10]. In this study we present evidence that the radiation
dose plays a pivotal role on the kinetics of the mHsp70 density of human glioblastoma cells. Low-dose
irradiation is associated with a later onset of the mHsp70 expression compared to higher irradiation
doses. Therefore, hypofractionated irradiation schemes with higher doses might be beneficial for
generating an extended therapeutic window for mHsp70-targeting immunotherapies.
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Abstract: Glioblastomas (GBM) are the most aggressive form of primary brain tumors in humans.
A key feature of malignant gliomas is their cellular heterogeneity. In particular, the presence of
an undifferentiated cell population of defined Glioblastoma Stem cells (GSCs) was reported. Increased
expression of anti-apoptotic and chemo-resistance genes in GCSs subpopulation favors their high
resistance to a broad spectrum of drugs. Our previous studies showed the ability of M2 muscarinic
receptors to negatively modulate the cell growth in GBM cell lines and in the GSCs. The aim of
this study was to better characterize the inhibitory effects of M2 receptors on cell proliferation
and survival in GSCs and investigate the molecular mechanisms underlying the M2-mediated cell
proliferation arrest and decreased survival. Moreover, we also evaluated the ability of M2 receptors to
interfere with Notch1 and EGFR pathways, whose activation promotes GSCs proliferation. Our data
demonstrate that M2 receptors activation impairs cell cycle progression and survival in the primary
GSC lines analyzed (GB7 and GB8). Moreover, we also demonstrated the ability of M2 receptor to
inhibit Notch1 and EGFR expression, highlighting a molecular interaction between M2 receptor and
the Notch-1/EGFR pathways also in GSCs.

Keywords: cancer stem cells; M2 muscarinic receptors; EGFR; Notch; cell cycle; apoptosis

1. Introduction

Malignant gliomas are the most common type of primary malignant brain tumor, with an annual
incidence of 5.6 per 100,000 individuals. This pathology is most common in the sixth through eighth
decades of life. The World Health organization (WHO) groups gliomas into four histological grades
based on degrees of differentiation, anaplasia and aggressiveness: (I) grade I or pilocytic astrocytoma,
(II) grade II or low-grade astrocytoma, (III) grade III or anaplastic astrocytoma, and (IV) grade IV or
glioblastoma multiforme (GBM) [1].
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Among these, GBM is the most frequent and malignant histological type, accounting for 65%
of gliomas. The median survival of patients diagnosed with GBM is 12–15 months and the 5 years
survival rate for GBM patients is less than 5%.

The standard therapeutic regimen for GBM includes chirurgic resection, followed by concurrent
radio- and chemo-therapy, including the treatment with the alkylating agent Temozolomide (TMZ) [2,3].
Unfortunately, these therapeutic treatments do not allow to eradicate completely the tumor and, as
a result, are inefficient especially in counteracting the undifferentiated tumor cells growth. In fact, in
GBM, such as in other solid tumors, the presence of an undifferentiated tumor cell subpopulation
named “Cancer Stem Cells” (CSCs) was shown [4,5]. The properties of CSCs include self-renewal;
the capability to induce oncogenesis in immunosuppressed xenografts recipients; the ability to enhance
proliferation, invasiveness, migration, metastasis, and resistance to drugs and radiation; and finally
the competence to differentiate, giving rise to heterogeneous cell populations establishing the tumor
bulk [4–6].

In the Glioblastomas Cancer Stem Cells (GSCs), Notch and Epidermal Growth Factor receptor
(EGFR) pathways are among the most frequent components involved in cell proliferation and
survival [7]. The EGF pathway is a landmark of classical GBM subtype and one of the most important
signaling pathways that regulate growth, proliferation, migration, and cell survival through various
inter-acting downstream effectors [8,9].

The Notch pathway is involved in important cellular function such as proliferation, differentiation
and maintenance of stem cell properties [10].

Muscarinic receptors belong to the class of the G-protein coupled receptors (GPCRs) [11]. These
are expressed in several tumors (e.g., colon, ovary, lung, breast cancer) and are involved in tumor
cell proliferation and migration [12–14]. Muscarinic receptors are expressed in astrocytes and low
grade astrocytomas, and their activation modulates cell proliferation and migration [15]. In our
previous studies, we demonstrated that GBM cells express different muscarinic receptor subtypes,
and that the stimulation of M2 receptor subtype by selective M2 agonist arecaidine propargyl ester
(APE), decreases cell proliferation and survival in GBM cell lines and in primary cell cultures [16,17].
Recently, we also demonstrated that the selective activation of M2 receptors by APE or dualsteric
agonist N8-Iperoxo inhibits cell growth in GSCs obtained from two different human tumor biopsies
(GB7 and GB8 cells) [18,19]. In order to better understand the mechanisms underlying the decreased
cell proliferation and survival, in the present work we described the ability of APE to differently
modulate the cell cycle progression in GB7 and GB8 cells. Moreover, the cross-interaction between M2
receptors and Notch1/EGFR pathways has also been investigated, demonstrating that the APE-induced
decreased cell proliferation is dependent on the impaired activity of these two signaling pathways.

2. Materials and Methods

2.1. Cell Cultures

The glioblastoma cancer stem cell lines (GSCs) GB7 and GB8 were obtained from human
biopsies [5,20]. The cells were cultured on a laminin-coated plastic (1 µg/mL, Sigma-Aldrich, St. Louis,
MO, USA) or as neurospheres (in uncoated plastic) and maintained in Euromed-N medium (EuroClone,
Milan, Italy) supplemented with 1% streptomycin, 50 IU/mL penicillin, (Sigma-Aldrich, St. Louis, MO,
USA), 1% glutamine (Sigma-Aldrich, St. Louis, MO, USA), 1% N2 supplement (Invitrogen, Monza,
Italy), 2% B27 (Invitrogen, Monza, Italy), 20 ng/mL EGF (Recombinant Human Epidermal growth factor,
Peprotec, London, UK), and 20 ng/mL FGF (Recombinant Human FGF-basic, Preprotech, London, UK).
The cell cultures were maintained at 37 ◦C in an atmosphere of 5% CO2/95% air.

2.2. Pharmacological Treatments

M2 agonist arecaidine propargyl ester hydrobromide (APE) was used to selectively stimulate
the M2 muscarinic receptor subtype. The ability of this agonist to bind the M2 receptor subtype was
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previously demonstrated in GBM established cell lines (U87 and U251) and in GSCs (GB7 and GB8
cells) by pharmacological binding experiments and knockdown of the receptors by siRNA transfection
pool [17,18].

Epidermal Growth Factor receptor (EGFR) tyrosine kinase inhibitor (TKI) N-(3-chlorophenyl)-6,7-
dimethoxy-4-quinazolinamine), tyrphostin AG1478 (Sigma-Aldrich, St. Louis, MO, USA) was used at
final concentration of 1 µM, to inhibit the EGFR pathway [21].

2.3. Immunocytochemistry

GB7 cells were plated onto 35-mm-diameter dishes in complete medium. Then, the cells were
rinsed with phosphate buffer saline (PBS) pH 7.4, fixed with 4% paraformaldehyde for 20 min at room
temperature (RT), washed in PBS, and permeabilized by treatment with blocking buffer (0.1% Triton
X-100, 10% NGS in PBS) for 1 h at RT. The cells were then incubated overnight at +4 ◦C with anti-Nestin
(1:200, Abcam, Cambridge, UK), anti-CD133 (1:100, Miltenyi Biotec, Teterow, Germany), anti-REST
(1:200, Abcam, Cambridge, UK) antibodies diluted in antibody incubation buffer (0.1% Triton X-100,
1% NGS, 1% BSA in PBS). The next day, after three washes with PBS, the cells were incubated for 1 h
at RT with a goat anti-mouse-Alexa 594-conjugated (1:2000, Promega, Madison, WI, USA) or goat
anti-rabbit-Alexa 488-conjugated (1:2000 Promega, Madison, WI, USA) secondary antibodies diluted
in incubation buffer. After washing in PBS, the cells were finally mounted with 30 µL of Anti Fade
Mounting Medium with DAPI (Immunological Science, Rome, Italy). Negative controls were obtained
by omitting the primary antibodies (data not shown).

2.4. RNA Extraction and RT-PCR Analysis

Total RNA was extracted by using Cultured Cell Total RNA Extraction Mini Kit (FMB, PA, USA)
following the manufacturer’s instructions. RNA samples (2 µg) were reverse transcribed for 60 min
at 37 ◦C with Random Primers (Promega, Madison, WI, USA) and M-MLV reverse transcriptase
(Promega, Madison, WI, USA). Then, PCR reagents, primers, and GoTaq Green Master Mix (Promega,
Madison, WI, USA) were added to each reaction tube. The expression of the transcripts was evaluated
by semi-quantitative RT-PCR analysis using the following primers:

M2: forward, 5′-CCAAGACCCCGTTTCTCCAAG-3′;
reverse, 5′- CCTTCTCCTCTCCCCTGAACAC-3′.

Nestin: forward, 5′-TGCGGGCTACTGAAAAGTTC-3′
reverse, 5′-TGTAGGCCCTGTTTCTCCTG-3′

Sox2: forward, 5′-ACACCAATCCCATCCACACT-3′
reverse, 5′-GCAAACTTCTTGCAAAGCTC-3′

CD133: forward 5′-GCATTGGCATCTTCTATGGTT-3′
reverse, 5′-CGCCTTGTCCTTGGTAGTGT-3′

REST: forward 5′-ACTTTGTCCTTACTCAAGTT-3′
reverse 5′-GCATGGCGGGTTACTTCAT-3′

Hes1: forward, 5′- ATGACAGTGAAGCACCTCCG- 3′;
reverse, 5′ - AGGTCATGGCATTGATCTGG- 3′

Notch1: forward, 5′ AGGCATCATGCATGTCAAAC - 3′;
reverse, 5′ - TGTGTTGCTGGAGCATCTTC - 3′

Notch2: forward, 5′ TTGTGTGAACAATGGGCAGT - 3′;
reverse, 5′ - TTCATAGCCATTCGGGTGAT - 3′

Notch3: forward, 5′- CATCTGGTTGCTGCTGACAT-3′
reverse, 5′- ATCAGGTCGGAGATGATGCT-3′

Egfr: forward, 5′- AGCATGTCAAGATCACAGAT - 3′;
reverse, 5′ - TGGATCCAAAGGTCATCAA - 3′

ErbB3: forward, 5′- GGAGTCTTGCCAGGAGTCT-3′
reverse 5′- AGGAGTCAGCAGACTGTGG-3′
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18S: forward, 5′-CCAGTAAGTGCGGGTCATAAGC -3′;
reverse, 5′-AACGATCCAATCGGTAGTAGCG -3′

PCR conditions were: initial denaturation at 95 ◦C for 3 min; 35 cycles with the following
profile: 95 ◦C for 30 s, 60 ◦C for 30 s and 72 ◦C for 30 s; and final extension at 72 ◦C for 5 min. For
each PCR reaction, 25 µL samples were run on 3% agarose gel. 18 S transcript level was used as
a housekeeping gene.

For miR-34-5p expression, 6 ng of cDNA, synthesized through the miScript II Reverse Transcription
kit (cat. n. 218161, Qiagen, Milan, Italy), were used as a template for the qRT-PCR reaction.
Amplifications were performed through the miScript-SYBR green PCR kit (cat. n. 218073, Qiagen)
on a 7500 Fast Real-Time PCR (Applied Biosystems Italia, Monza, Italy). Commercially available
DNA oligonucleotides were used as primers for the detection of miR-34-5p (Hs_miR-34a_1, cat. n.
MS00003318, Qiagen) and as a control of snRNA U6 (Hs_RNU6B_13, cat. n. MS00014000, Qiagen).
Relative quantification was performed using the comparative ∆∆CT method.

2.5. Western Blot Analysis

To detect the expression of M2 receptor, Notch1 and EGFR, protein extracts were run on 10%
SDS-polyacrilamide gel (PAGE) and transferred to PVDF membranes (Merck Millipore, Darmstadt,
Germany) and blocked for 1 h in 5% non-fat milk powder (Sigma-Aldrich, St. Louis, MO, USA) in PBS
containing 0.1% Tween-20, and then incubated with monoclonal anti-M2 (1:800 Abcam, Cambridge,
UK), anti-Notch (1:200, Santa Cruz Biotechnologies, Dallas, TX, USA), anti-PCNA (1:700, Sigma-Aldrich,
St. Louis, MO, USA), anti-p53 (1:100; Santa Cruz, Temecula, CA, USA) and anti-EGFR (1:1000, Merck
Millipore, Darmstadt, Germany) primary antibodies, overnight at 4 ◦C. Then the blots were washed and
incubated for 1 h at RT with secondary antibodies horseradish-peroxidase-conjugated (1:20000 Promega,
Madison, WI, USA). The reaction was revealed by ECL chemiluminescence reagent (Euroclone, Milan,
Italy). The immunoreactive signal was revealed by exposure to Chemidoc (Molecular Imager ChemiDoc
XRS+ System with Image Lab Software, Biorad, CA, USA), and band intensities were quantified by
optical density using ImageJ software (National Institutes of Health). GAPDH and β-actin were used
as reference proteins (loading control).

2.6. Flow Cytometry Analysis

The cells were plated onto T25 flask at a density of 4 × 104 cells/cm2. The day after plating,
the cells, excluding control samples, were treated with 10−4 M APE agonist for 72, 96 and 120 h. At
the end of the treatment, cells were incubated for 90 min with 45 µM bromodeoxyuridine (BrdUrd,
Sigma-Aldrich, St. Louis, MO, USA), collected by trypsinization, centrifuged for 3 min at 1500 RPM,
washed with PBS for tree times, and then fixed in methanol/PBS (1:1; v/v).

To identify cells in S phase, DNA content and BrdU incorporation were determined by staining
with propidium iodide (PI) and anti-BrdU antibody, respectively. DNA was denaturated by incubating
the cells in 3N HCl for 45 min at RT, followed by neutralization with 0.1 M sodium tetraborate. Samples
were then incubated with monoclonal anti-BrdU antibody (1:50 v/v; Dako, MI, Italy) for 1 h at RT,
washed twice with 0.5% Tween-20 in PBS and incubated for 45 min with goat anti-mouse Alexa fluor
488-conjugated antibody (1:1200; Invitrogen Monza, Italy). Samples were washed twice with PBS and
stained with propidium iodide (10 µg/mL) for 15 min at RT. Flow cytometry analysis was performed
with a flow cytometer Coulter Epics XL with 488 nm wavelength excitation, and 104 events were
collected for each sample. To evaluate the apoptotic cells, Annexin V kit was used following the
manufacturer’s instructions (Immunological Sciences, Rome, Italy).

To identify the cells with DNA damage, the samples were incubated with monoclonal antibody
directed against phospho-γH2AX (Millipore, MI, Italy) for 1 h at RT, washed, and incubated for
45 min with anti-mouse Alexa fluor 488-conjugated antibody (1:1200; Invitrogen Monza, Italy).
Monoparametric (DNA histograms) and biparametric (BrdU content vs. DNA content) analyses were
obtained using WinMDI 2.9 software (Scripps Research Institute, La Jolla, CA, USA).
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2.7. Cell Death Analysis

Cell death was evaluated by flow cytometry analysis using propidium iodide (PI) staining. Cells
were plated into flask T25 at density of 4 × 104 cells/cm2 and the day after treated with 10−4 M APE
for 72, 96, and 120 h for GB8 cells and 48, 72, and 96 h for GB7 cells. Then, the cells were collected,
suspended in 2 mL of PBS buffer containing 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA),
incubated for 5 min at RT, and subsequently stained with PI (10 µg/mL) and analysed by using a Coulter
Epics XL flow cytometer. For each sample, 104 events were recorded. Cells with a hypodiploid DNA
content and a higher granularity (SSC) at G0-G1 phase (sub-G1) were quantified as dead cells [22,23].

2.8. Statistical Analysis

Student’s t test and one-way ANOVA test followed by Bonferroni’s post test were used to evaluate
statistical significance within the different samples. The results were considered statistically significant
at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).

3. Results

3.1. Different GSC Lines Exhibit Different M2 Muscarinic Receptor Expression Levels

The presence of M2 muscarinic receptors was investigated in several GSC lines derived from
different patients’ biopsies. Semi-quantitative RT-PCR analysis showed that all GSCs express the M2
transcript, albeit different levels of expression were evident (Figure 1 upper panels). Western blotting
analysis was also performed in the same GSC lines, indicating that only some of these express M2
receptor at the protein level (i.e., GB6, GB7, GB8, GB10, and GB166) (Figure 1 lower panels). For
subsequent studies, we selected GB7 and GB8 cells, considering their different levels of M2 receptor
expression. In fact, the levels of M2 receptor expression appeared significantly higher in GB7 than in
GB8 cells (GB7>GB8) [18]. In particular, the expression of M2 receptor protein in GB7 cells was also
evaluated in GB7 grown in adherent or neurosphere conditions, confirming that the expression of M2
receptor was present in both culture conditions (see Supplementary Figure S1).
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Figure 1. M2 protein expression in different GSC lines. Upper panels RT-PCR analysis; Lower panels
Western blot analysis. GAPDH was used as an internal reference for transcript and protein analysis.

3.2. GB7 and GB8 Cells Express Stemness Markers and Components of Notch/EGFR Molecular Pathways

The expression of stemness markers (i.e., REST, CD133, Nestin and Sox2) in the two cell lines
selected for our subsequent experiments was evaluated by semi-quantitative RT-PCR analysis. GSCs
were cultured in adherent and as neurospheres in floating conditions (Figure 2A). In Figure 2, only the
results obtained for GB7 cells are reported, nevertheless, similar results have been obtained also for the
GB8 cell line (see Supplementary Figure S2 and [18]). The presence of REST, CD133 and NESTIN was
also investigated at protein level by immunocytochemistry (Figure 2B). The results confirmed that the
stem cell markers were expressed in GB7 cells grown both as an adherent and as neurosphere cultures.
We also investigated the expression of Notch/ Delta and EGFR family members by RT-PCR analysis.
We found that the transcripts for different members of Notch pathway (Notch1, Notch2, Notch3, Delta
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like1, Jagged 1, Jagged 2, and Hes1) were expressed both in GB7 and GB8 cells (Figure 2C). Similarly,
also EGFR and ErbB3 receptors appeared to be expressed in both GSC lines. Interestingly, the mutated
form of EGFR (Variant III), usually expressed in different GBM and breast cancers [24], did not appear
to be expressed in either of the two GSC lines considered (Figure 2C).
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Figure 2. GB7 cells grown in adherent and as neurospheres. (A) RT-PCR analysis of stemness markers
Nestin (NEST), SOX2, CD133, and REST. 18 S was used as a housekeeping gene. (B) Immunostaining
for NESTIN, REST and CD133 in GB7 cells grown as a monolayer and as neuropheres in floating
conditions (magnification × 100). (C) RT-PCR analysis for gene expression for different genes involved
in Notch and EGFR pathways in GB7 and GB8 cells. 18 S was used as a housekeeping gene.

3.3. Activation of M2 Muscarinic Receptor Differently Affects Cell Growth and Survival in GB7 and GB8 Cells

Previous data showed that APE treatment was able to significantly inhibit cell growth in GB7 cells
in a time- and dose-dependent manner, while in GB8 cells, only higher doses of APE (100 µM) were
able to affect cell growth, in a time-dependent manner [18].

To evaluate whether the APE-induced decrease in cell number was dependent on the impaired
cell proliferation or survival, we performed a cell cycle analysis on GB7 and GB8 cells treated with
100 µM APE for 72, 96 and 120 h. Before collecting the cells, BrdU incorporation was performed for
90 min to monitor the S phase progression. The flow cytometry analysis has been performed selecting
specific gates that have allowed to analyze the distribution of the cells in different cell cycle phases
(G1-S-G2/M). The bi-parametric analysis of BrdU labeling versus DNA content allowed to evaluate
both cell progression through the G1/S/G2-M phases and the identification of cells in S phase. This
analysis showed that GB7 cells exhibited a significant decrease in the BrdU labelled cell fraction after
APE treatment accompanied by a decrease in the percentage of cells in S phase and accumulation of
cells in the G2/M phase (Figure 3A,B).
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Figure 3. (A) Bivariate analysis of BrdUrd incorporation and DNA content in GB7 cells at 72, 96
and 120 h after 100 µM APE treatment. (B) Percentage of GB7 cells in G1, S, and G2/M phases after
100 µM APE treatment. (t-test; **p < 0.01; ***p < 0.001). The data are the average ±SEM of three
independent experiments.

Instead, FACS analysis after BrdU incorporation performed on GB8 cells showed that APE
treatment did not modify significantly the percentage of cells in S phase, although a faint reduction
of cells in S phase was visible after 96 h of APE treatment accompanied by a progressive increase of
cells in G2/M phase (Figure 4A,B). Western blot analysis of the cell cycle-associated protein PCNA
has demonstrated an increase of expression that was higher in GB8 cells compared to GB7 cells
(Figure 5A,B). Interestingly, the test of recovery performance by maintaining the GSC cells in the
presence of APE for 120 h and then, after M2 agonist withdrawal, for an additional 72 h, 96 and 120 h
in fresh medium without APE, demonstrated that only GB7 cells were able to rescue their proliferation
(Figure 5C,D).
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Figure 4. (A) Bivariate analysis of BrdU incorporation and DNA content in GB8 cells at 72, 96 and
120 h after 100 µM APE treatment. (B) Percentage of GB8 cells in G1, S, G2/M phases after 100 µM APE
treatment. (t-test; *p < 0.05; **p < 0.01). The data are the average±SEM of three independent experiments.
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Figure 5. Western blot analysis for PCNA expression in GB7 (A) and GB8 (B) cells in absence (ctrl)
and presence of 100 µM APE (48 h). The diagrams above report the densitometric analysis of the
PCNA immunoreactive bands normalized to those of the β-actin reference. The data are the average
±SEM of three independent experiments (t-test; *p < 0.05; *** p< 0.01). (C) and (D) Recovery of cell
proliferation after APE withdrawal. The cells were maintained for 120 h in the presence of APE 100 µM.
Then the APE was removed from the culture media and substituted by fresh medium without APE for
an additional 72, 96 and 120 h. Results are reported for GB7 (C) and GB8 (D) cells. (t-test; *p < 0.05;
** p < 0.01; ***p < 0.001).

To assess whether the decrease in cell number observed after APE treatment in GSCs was also
determined by cell death occurrence, we determined by FACS analysis the fraction of cells with
hypodiploid DNA content and higher granularity (SSC) (this fraction was assumed to represent dead
cells). This analysis showed that APE treatment is able to increase the percentage of hypodiploid cells
in GB8 (Figure 6A,B) and somewhat less in GB7 cultures. On the contrary, the analysis of cell death by
FACS analysis after propidium iodide staining in GB7 cells demonstrated a lower percentage of cell
death upon APE treatment as compared to GB8 (Figure 6C,D). In order to confirm the apoptotic cell
death, the annexin V positive cell number has been evaluated by FACS analysis after 72 h treatment.
As shown in Figure 7, APE treatment significantly increased the percentage of annexin V positive cells
both in GB7 and GB8 cells. However, the GB8 cells exhibited a higher percentage of annexin V positive
cells when compared to GB7 (Figure 7).
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3.4. Activation of M2 Muscarinic Receptor Differently Induces DNA Damage Effects in GB7 and GB8 Cells. 

Since a consistent cell death effect was observed in GB8 cells after APE treatment, we 

investigated its possible causes. Phosphorylated histone γ-H2AX is a marker of cellular response to 

Double-Strand DNA Breaks (DSB). We used this marker to identify the presence of genotoxic damage 

Figure 6. (A) Cytometric analysis of dead cells in GB8 cell cultures after 100 µM APE treatment.
(B) Percentage of apoptotic cells present in GB8 cultures after 100 µM APE treatment. (C). Cytometric
analysis of apoptosis in GB7 cells after APE treatment. (D) Percentage of apoptotic cells present in GB7
cultures after 100 µM APE treatment. (ANOVA test; * p < 0.05). The data are the average ±SEM of three
independent experiments.
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Figure 7. Distribution diagram of Annexin V expression in GB7 (A) and GB8 (B) cells. Percentage of
Annexin V positive cells in GB7 (C) and GB8 (D) cultures after 100 µM APE treatment. Doxorubicin
(100 nM) was used as a positive control. (t-test; APE 72 h vs. Crtl *** p < 0.001; **** p < 0.0001). The data
are the average ±SEM of three independent experiments.

3.4. Activation of M2 Muscarinic Receptor Differently Induces DNA Damage Effects in GB7 and GB8 Cells

Since a consistent cell death effect was observed in GB8 cells after APE treatment, we investigated
its possible causes. Phosphorylated histone γ-H2AX is a marker of cellular response to Double-Strand
DNA Breaks (DSB). We used this marker to identify the presence of genotoxic damage induced by
APE treatment. Camptothecin treatment was used as a positive control. Flow cytometry analysis
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on GB7 and GB8 cultures treated with 100 µM APE for 48 h or with 5 µM camptothecin for 24 h,
showed that the percentage of the γ-H2AX positive cells increased significantly in GB8 cells after APE
treatment, suggesting the occurrence of DNA double-strand breaks induced by M2 agonist treatment
(Figure 8A,B). GB7 cells did not exhibit γ-H2AX expression neither in untreated or in APE treated
conditions (data not shown).
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Figure 8. (A) Distribution diagram of p-γH2AX expression vs. cell number (×1000). (B) Percentage
of p-γH2AX positive cells in GB8 cells after 100 µM APE treatment. Camptothecin (5 µM) was used
as a positive control. (t-test; APE 48 h vs. Crtl ** p < 0.01). The data are the average ±SEM of three
independent experiments.

3.5. M2 Modulation Affects Notch1 and EGFR Expression in GB7 Cells

In order to clarify the mechanisms responsible for the decreased cell proliferation induced by M2
receptor activation observed in particular in GB7 cells, we evaluated Notch-1 transcript and protein
expression by RT- PCR and Western blot analyses upon APE treatment (Figure 7). Analysis of Notch
genes’ expression by RT-PCR indicated that neither Notch1 or Notch2 and Notch3 were modulated
by M2 agonist treatment, although the main Notch target gene, Hes gene, appeared to be negatively
modulated by APE at least after 24 h of treatment (Figure 9A). Interestingly, Western blot analysis
demonstrated that the expression of Notch1 protein was significantly decreased after 48 h of APE
treatment (Figure 9B). Our previous work performed in U87 cells demonstrated that Notch1 protein
levels are controlled by miR-34a [25] through p53 activity. In order to explain the decreased Notch1
protein levels after APE treatment, we evaluated the levels of miR-34a in both GSC lines. Interestingly,
we observed that both GB7 and GB8 cells express miR-34a (Figure 10), and APE treatment significantly
reduced the expression levels in GB8 cells only (Figure 10B). Interestingly, also p53 protein that play
a relevant role in miR-34a modulation, albeit expressed in both cell lines, was reduced only in GB8
cells after APE treatment (Figure 10D).
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used as an internal standard. Data are expressed as the average ±SEM. (N = 3, *p ≤ 0.05, t-test). (B) 

miR-34a-5p levels in untreated (CTRL) or APE-treated (100μM for 24 h) GB7 or GB8 cells. For each 
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Figure 9. (A) RT-PCR analysis for Notch1, Notch2, Notch3, and Hes transcripts in GB7 cells. 18 S was
used as a housekeeping gene. (B) Notch1 expression by Western blot analysis in GB7 cells. GAPDH
was used as the internal reference protein. (C) Densitometric analysis of the RT-PCR bands indicated in
Figure A normalized with the bands of housekeeping gene 18 S. The data are the average ±SEM of
three independent experiments. (D) Densitometric analysis of Notch1 immunoreactive bands; Western
blot normalized with the bands of the reference protein GAPDH. The data are the average ±SEM of
three independent experiments (* p < 0.05 t-test).
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Figure 10. qRT-PCR analysis for miR-34a-5p expression in GB7 and GB8 cells. (A) miR-34a-5p levels
in untreated GB7 or GB8 cultures. MiRNA relative expression in GB7 was set as one and snRNA
U6 used as an internal standard. Data are expressed as the average ±SEM. (N = 3, * p ≤ 0.05, t-test).
(B) miR-34a-5p levels in untreated (CTRL) or APE-treated (100 µM for 24 h) GB7 or GB8 cells. For each
cell line, miRNA relative expression in CTRL samples was set as one and snRNA U6 used as an internal
standard. Data are expressed as the average ±SEM. (N = 3, * p ≤ 0.05, t-test). Western blot analysis
of p53 expression in GB7 (C) and GB8 (D) cells in absence (ctrl) and presence of 100 µM APE (48 h).
The graphs above report the densitometric analysis of the p53 immunoreactive bands normalized
with the bands of the reference protein β-actin. The data are the average ±SEM of three independent
experiments (t-test; * p < 0.05).

Another pathway involved in GBM growth and survival is EGFR signaling [24]. In order to
understand whether this pathway was also affected by M2 receptor activation, we evaluated EGFR
and ErbB3 transcripts and protein expression levels in GB7 cells by RT-PCR and Western blot analysis,
respectively. RT-PCR analysis showed that the EGFR and ErbB3 receptor expressions were negatively
modulated following APE treatment (Figure 11A). This result was also confirmed by Western blot
analysis that showed that M2 receptor activation negatively modulated the EGFR receptor expression
(Figure 11B).
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Figure 11. (A) RT-PCR analysis of EGFR and ErbB3 receptors in GB7 cells. 18 S was used as
a housekeeping gene. The graphs below show the densitometric analysis of the bands of RT-PCR
indicated in Fig. A normalized with the bands of housekeeping gene 18 S. The data are the average
±SEM of three independent experiments (* p < 0.05 t-test). (B) EGFR expression by Western blot
analysis on GB7 cells. GAPDH was used as an internal reference protein. The graph below shows
the densitometric analysis of the bands of Western blot analysis for EGFR normalized with the bands
of the reference protein GAPDH. The data are the average ±SEM of three independent experiments
(** p < 0.01 t-test). (C) MTT assay performed on GB7 cells maintained in complete culture medium
containing EGF and FGF (ctrl) either in the absence of FGF, or of EGF, or in absence of both growth
factors. (D) MTT assay performed after 48 h of treatment with 100 µM APE or 1 µM of TKI AG1478
inhibitor (t-test; * p < 0.05; ** p < 0.01). The data are the average ±SEM of three independent experiments
performed in triplicate.

To confirm the involvement of EGFR in cell proliferation, we cultured GB7 cells in the presence
or absence of EGF. MTT assay resulted in a significant decrease of cell number when GB7 cells were
maintained without EGF (Figure 11C). The treatment with (EGFR) tyrosine kinase inhibitor (TKI)
tyrphostin AG1478 moreover demonstrated that the GB7 cell proliferation is mainly dependent on
EGFR receptor activity. Indeed, the inhibition of EGFR pathway by AG1478 induced a significant
reduction of cell growth comparable to APE treatment. Additionally, co-treatment of GB7 cells with
APE and AG1478 did not show any synergic effect of the two drugs (Figure 11D).

4. Discussion

Muscarinic receptors are classical G-protein coupled receptors involved in many physiological
functions. In the last years, several evidences have described an involvement of these receptors
in different pathological conditions, both in neuronal and non-neuronal tissues [26,27]. Moreover,
the contribution of muscarinic receptors in tumor progression has also been demonstrated and the
use of agonists or antagonists for different cholinergic receptor subtypes is emerging as therapy for
different pathologies [11,26–28]. Previously it has been demonstrated the ability of M2 receptor to
counteract tumor cell growth and survival both in GBM and in GSCs [16–19], in neuroblastoma [29]
and in urothelial bladder cells [30].

Here we have extended these studies by evaluating the mechanisms downstream of the M2
receptor activation by orthosteric agonist APE in the modulation of cell cycle progression and reduced
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survival in GSCs. For this purpose, we have selected two GSC lines derived from human biopsies
(GB7 and GB8 cells) that expressed different levels of M2 muscarinic receptor, in order to further
compare the effects mediated by APE on GSCs expressing different amounts of M2 receptor. Previous
analysis of cell viability demonstrated that APE triggered a decrease of the cell growth in a time-
and dose-dependent manner in GB7 cells. In GB8 cells, instead, the decrease on the cell number is
evident only after treatment with a high dose (100 µM) of APE [18]. In order to clarify whether the
APE-induced decrease in cell number was dependent on impaired cell proliferation, the cell cycle
progression was evaluated by FACS analysis and BrdU incorporation. The results indicated a different
behavior of the two GSC lines upon APE treatment. In fact, GB7 cells exhibited a decrease of cells
in S phase with their accumulation in G2/M and a non-substantial change in G1 phase, confirming
an APE-induced decrease in cell proliferation. Conversely, in GB8 cells, M2 stimulation produced
a significant change in percentage of cells in S phase only at longer exposure (96–120 h) of APE
treatment, and a cell accumulation in G2/M with a progressive reduction of cells in G1 phase was
evident. To better evaluate the proliferative block in the two cell lines, PCNA expression was assessed
by Western blot analysis. Unexpectedly, PCNA expression increased after APE treatment in both cell
lines. This could be explained as a consequence of the accumulation of cells in G1-G2/M phases rather
than an increased proliferation. However, to understand if the proliferative arrest was reversible, we
performed a rescue analysis of the cell proliferation after 120 h of treatment with APE. It is evident that
GB7 cells are able to recover cell proliferation after removing APE from the culture medium, while
GB8 cells are unable to resume proliferation. It is evident that the two cell lines behave differently, and
in GB7 cells the activation of the M2 receptor causes reversible arrest while in GB8, proliferative arrest
is permanent at least at the doses used. Interestingly, FACS analysis and propidium iodide staining
demonstrated that the APE treatment caused an increase of the number of hypodiploid cells overall in
GB8 cells. Conversely, in GB7 cells, APE induced a lower percentage of cell death compared with GB8
cells. The apoptotic cell death is also confirmed by the analysis of annexin V. Moreover, similarly, as
observed by propidium iodide analysis, GB8 cells present a higher percentage of annexin V positive
cells than GB7 cells. These results suggest that the decrease in cell number observed following APE
treatment was probably due to reduced cell proliferation in GB7 cells while in GB8 cells it may be
dependent on decreased cell survival. The cell death effects observed in GB8 cultures were caused
by DNA damage, in fact, we found a significant increase of the number of γH2AX-positive cell lines.
The apoptotic effects observed in GB8 cells and the presence of APE-induced genotoxic effects in
these cells may be explained by the occurrence, only in GB8 cells, of a mutation in p53 at the level of
Arg342 [18]. The presence of the mutated form of p53 protein may therefore contribute to confer higher
susceptibility of GB8 cells to an APE toxic effect. In fact, the cells presenting the genotoxic damage
may continue in the mitotic division, and in the presence of mutated p53, failing to resolve the DNA
damage, they go into cell death. On the other hand, GB7 cells presenting p53 wild type may be able to
resolve possible APE-induced genotoxic effects. However, these results are in agreement with that
previously reported for GBM cell lines U87 and U251. Indeed, similar to that observed in GSCs, U251
cells that presented p53 mutated showed APE-induced cytotoxic and genotoxic damage and increased
cell death compared to U87 cells that presented wild type p53 genotype [31].

In order to explain the significant decrease of cell proliferation occurring in GB7 cells, we also
investigated the ability of APE to impair Notch/EGFR pathways. In fact, our previous studies performed
in GBM cell lines have indicated the ability of M2 receptors to negatively regulate Notch and EGFR
pathways [25]. Similarly, in the present study we described that APE treatment caused a significant
decrease of Notch1 protein levels. This decrease appeared to be caused by post-transcriptional control
produced by M2 receptor stimulation on Notch expression, considering that the mRNA levels of
Notch did not appear significantly modified by APE treatment. However, the analysis of miR-34a-5p,
one of the main miRNA involved in the post-transcriptional regulation of Notch1 [31], revealed its
expression in both cell lines, and the activation of the M2 receptor seems to downregulate miR-34a
expression preferentially in GB8 than in GB7 cells, indicating that miR-34a-5p is not involved in the
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post-transcriptional control of Notch1 in these GSC cell line. The expression of miR-34a is regulated by
p53 [25]. For this reason, we have also analyzed the p53 expression in both GSC cell lines, observing
that p53 is expressed both in GB7 and GB8 cells and that the APE treatment caused a significant
decrease of p53 expression but only in GB8 cells. Therefore, the downregulation of miR-34a after APE
treatment may be dependent on the reduced expression of p53, at least in GB8 cells.

Notch1 positively regulates EGFR transcription [10,32]; therefore, the downregulation of EGFR
observed in GB7 cells could also be explained through APE-induced Notch-1 downregulation. The role
played by Notch and EGFR in GSCs proliferation might be relevant. In fact, the absence of EGF in the
culture media or the inhibition of EGFR activity by TKI AG1478 inhibitor, indicated that the absence of
EGF or the block of the pathway downstream EGFR, significantly impaired GB7 cell proliferation.

5. Conclusions

The reported data confirm that the M2 agonist APE is able to counteract cell proliferation and
survival in GSCs. The results indicate that the M2 receptor activation may differently act in GSCs
with wild type and mutant p53 genotypes. In GB7 cells bearing the wild type p53 genotype, the M2
receptor activation may activate a molecular circuitry based on the cross-talk between M2 receptor and
the Notch-1/EGFR pathways [25].

This circuitry is deregulated in the GB8 cells characterized by p53 mutated and negatively
modulated by APE. In these cells, M2 receptor activation may cause a genotoxic effect probably
mediated by ROS production that impair GB8 cell survival [31].

In both cases, M2 receptor appears as an interesting therapeutic tool for glioblastoma therapy.
Although the level of expression of M2 receptors in GSC obtained by different patients is heterogeneous
(see Figure 1) and the therapeutic potential of the M2 receptor may be conditioned by the genetic
background (i.e., p53 wild type or mutated) of each patient, the last advances in the treatment of these
tumors showed the development of personalized therapies to be the most efficient way to pursue
this. In this panorama, our results represent a remarkable step in the perspective of a new possible
therapeutic approach for GBM treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/3/657/s1,
Figure S1: Western blot analysis for M2 receptor expression in GB7 cells maintained in adherent and neurophere
conditions. Rat brain was used as positive control. Beta- actin was used as reference protein. Figure S2: Espression
of stemness markers in GB8 cell line. (A) Analysis by RT-PCR of Nestin and Sox2 transcripts in GB8 cell line in
adherent and sphere conditions. U87 stable cell line was used as negative control. 18s was used as housekeeping
gene. (B) Immunocytochemistry analysis of Nestin (green) and Sox2 (red) protein expression in GB8 cells. DAPI
was used to counterstain the nuclei (×100).
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Abstract: Autophagy is a cell-survival pathway with dual role in tumorigenesis, promoting either
tumor survival or tumor death. WNK2 gene, a member of the WNK (with no lysine (K)) subfamily,
acts as a tumor suppressor gene in gliomas, regulating cell migration and invasion; however, its role
in autophagy process is poorly explored. The WNK2-methylated human glioblastoma cell line A172
WT (wild type) was compared to transfected clones A172 EV (empty vector), and A172 WNK2
(WNK2 overexpression) for the evaluation of autophagy using an inhibitor (bafilomycin A1—baf A1)
and an inducer (everolimus) of autophagic flux. Western blot and immunofluorescence approaches
were used to monitor autophagic markers, LC3A/B and SQSTM1/p62. A172 WNK2 cells presented
a significant decrease in LC3B and p62 protein levels, and in LC3A/B ratio when compared with
control cells, after treatment with baf A1 + everolimus, suggesting that WNK2 overexpression inhibits
the autophagic flux in gliomas. The mTOR pathway was also evaluated under the same conditions,
and the observed results suggest that the inhibition of autophagy mediated by WNK2 occurs through
a mTOR-independent pathway. In conclusion, the evaluation of the autophagic process demonstrated
that WNK2 inhibits the autophagic flux in glioblastoma cell line.

Keywords: WNK2; glioblastoma cell line; autophagy; inhibition; autophagic flux

1. Introduction

Gliomas are the most common adult primary brain tumors [1]. Glioblastoma (GBM) is the
highest-grade form of glioma (WHO grade IV), as well as one of the most aggressive types of cancer
with rapid cellular growth, and highly invasive behavior, with a median overall survival time of
15-18 months [2]. The current therapeutic approach is surgery followed by concomitant radiotherapy
and temozolomide-based chemotherapy [3–5]; however, despite significant advances in diagnosis
and therapy in recent decades, the outcomes for high grade gliomas (WHO grade III-IV) remains
unfavorable [6]. To change this scenario, a deeper understanding of glioma cancer biology is needed.

Autophagy is a catabolic mechanism that maintains cellular homeostasis. In this cellular
process proteins or cytoplasmic organelles are sequestered by double-membrane vesicles known
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as autophagosomes [7]. Fusion of autophagosomes with lysosomes forms a structure in which
intracellular degradation occurs, leading to a state of equilibrium of cellular metabolism, as well
as apoptosis [8]. Uncontrolled autophagy is also a cell death mechanism that may occur either in
the absence or concomitantly with signs of apoptosis [9]. The autophagy process has been found
activated in many tumors and its inhibition can lead to both increased cell death and increased survival,
depending on the tissue type, tumor grade, and therapy used [10,11]. Furthermore, it is known that
prolonged and progressive autophagy stress can lead to cell death [12]. Thus, induction of autophagic
cell death has been proposed as a possible mechanism of tumor suppression [13]. Since autophagy can
be viewed as pro- or anti-tumor, depending on the context [14], the dissection of its role in gliomas, as
well as the associated molecular mechanisms is of critical importance. This is particularly relevant
because glioma cells usually respond to therapeutic agents that induce the autophagic process such as,
TMZ and rapamycin in a clinical setting [15].

The serine/threonine kinase WNK2 (with no lysine protein kinase 2) acts as a tumor suppressor
in GBM and is associated to carcinogenesis-related pathways [16–18]. WNK2 inhibits cell
proliferation, invasion, and migration [19–21]. These effects are lost following epigenetic silencing by
hypermethylation of WNK2 promoter region [16,17]. However, the role of WNK2 in cell death is still
unclear and contradictory data concerning WNK2 as an autophagic modulator has been reported [22,23].
Therefore, the present study aimed to explore the in vitro role of WNK2 in autophagic process in gliomas.

2. Materials and Methods

2.1. Cell Lines and Cell Culture

The human glioblastoma cell lines A172 WT (wild-type), A172 EV (empty-vector), and A172
WNK2 (WNK2 overexpression) (Supplementary Figure S1) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis,
MO, USA), 1% p/s (penicillin/streptomycin) (Life Technologies, Carlsbad, CA, USA) at 37 ◦C under
humidified atmosphere containing 5% CO2. A172 EV and A172 WNK2 were generated and maintained
as previously described [18]. The authentication of the cell lines was performed by a DNA short
tandem repeat (STR) profile at the Diagnostic Laboratory at Barretos Cancer Hospital (São Paulo,
Brazil), as previously described [24].

2.2. Cell Treatment

The A172 WT, A172 EV, and A172 WNK2 cell lines were plated in 6-well plates at a density of
6 × 105 cells/well, and allowed to adhere overnight. After this period, the cells were starved for 3 h
with DMEM 0.5% FBS. Next, for the control cells, the growth medium was replaced with DMEM 10%
FBS. To evaluate the autophagic process, the cells were treated with Earle’s Balanced Salt Solution
(EBSS) (Thermo Fisher Scientific, Waltham, MA, USA). To evaluate the autophagy process, 20 nM
bafilomycin A1 (baf A1) (Sigma-Aldrich) was added to the EBSS. Furthermore, 10 nM everolimus
(Sigma-Aldrich) was added, acting on the inhibition of mammalian target of rapamycin (mTOR),
resulting in the induction of autophagy. Cells were incubated with the respective treatments for 4 and
6 h.

2.3. Immunofluorescence

Cells were plated in a 24-well plate at a density of 7.5 × 105 cells/well, and allowed to adhere for
at least 24 h. Subsequently, the cells were starved for 3 h with DMEM (0.5% FBS) before treatment,
and then treated with 30 µM chloroquine (CQ) (Molecular Probes, Invitrogen, Eugene, OR, USA)
for 16 h. Next, the cells were incubated with formaldehyde 3.7% in Dulbecco’s phosphate-buffered
saline (DPBS 1X) (Sigma-Aldrich) and permeabilized with 0.2% Triton X-100 in DBPS 1X for 15 min at
room temperature. The cells were incubated for 2 h with a primary LC3 rabbit polyclonal antibody
(Molecular Probes, Invitrogen, Eugene, OR, USA) diluted in DPBS with 5% BSA (Bovine Serum
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Albumin), followed by the secondary antibody Alexa Fluor 488 (Life Technologies, Carlsbad, CA,
USA) for 1 h at room temperature. Finally, the cells were labeled with HOECHST 33342 (1:2000) (Life
Technologies) and phalloidin-rhodamine (1:200) (Molecular Probes, Invitrogen, Eugene, OR, USA).
Images were acquired by the High Content In Cell Analyzer 2200 platform (GE Healthcare Life Sciences,
Chicago, IL, USA) and quantification was performed in the Image-Pro software (Media Cybernetics,
Rockville, MD, USA).

2.4. Transient Transfection

The pDest-mCherry-EGFP-LC3B and pDest-mCherry-GFP-p62 plasmids were kindly provided
by Prof. Terje Johansen (Molecular Cancer Research group, Institute of Medical Biology, University of
Tromsø, Tromsø, Norway) for transient transfection. Cells were plated in 6-well plates at a density
of 2.5 × 105 cells/well 24 h before transfection with plasmid using the Lipofectamine 3000 reagent
(Invitrogen) according to the manufacturer’s recommendations. After 5 h, the transfection medium
was replaced by a fresh culture medium, and the cells were incubated for another 24 h. Subsequently,
the cells were starved with Hank’s Balanced Salt solution (HBSS) (Invitrogen) for 4 h prior to treatment
with 200 µM baf A1 (Sigma Aldrich) for 24 h. After this period, the cells were labeled with HOECHST
(1:2000) (Life Technologies). Images were acquired by the High Content In Cell Analyzer 2200
platform (GE Healthcare Life Sciences) and quantification was performed in the Image-Pro software
(Media Cybernetics).

2.5. Western Blotting Analysis

Total protein from cell death and autophagy assays was analyzed by western blot as previously
described [25]. The following antibodies were used: Anti-LC3A/B (1:1000), anti-SQSTM1/p62 (1:1000),
anti-p-p70S6K (Thr389) (1:1000), anti-p-4EBP1 (1:1000), anti-p-mTOR (Ser2448) (1:1000), α-tubulin
(1:2000), and β-actin (1:2000), all purchased from Cell Signaling (Danvers, MA, USA). β-actin and
α-tubulin were used as a loading control. HRP-conjugated goat anti-mouse and goat anti-rabbit (all from
Cell Signaling) were used as secondary antibodies. Chemiluminescence using ECL (GE Healthcare Life
Sciences) was detected on an Image Quant LAS4000 mini photo documentation system (GE Healthcare
Life Sciences). The subsequent quantification was performed by Image J software version 1.52s
(National Institutes of Health—https://imagej.nih.gov/ij/).

2.6. Statistical Analysis

Data from experiments were expressed as the mean± standard deviation (SD) of three independent
experiments. p-values were calculated by two-way ANOVA. Symbols indicate statistical comparisons
(* p < 0.05, ** p < 0.01, *** p < 0.001). The aforementioned analysis was performed using GraphPad
PRISM version 5 (GraphPad Software, San Diego, CA, USA).

3. Results

WNK2 Inhibits Autophagic Flux

To investigate the potential effect of WNK2 overexpression on autophagy, the A172-derived cell
lines (A172 WT, A172 EV, and A172 WNK2) were evaluated for the main markers recommended by
the guidelines for the use and interpretation of assays for autophagy monitoring (3rd edition) [26].
The cells were treated with baf A1 as an autophagy flux inhibitor, as well as with starvation (EBSS) and
everolimus as autophagy inducers. The western blot analysis demonstrated that WNK2 overexpression
significantly decreased LC3B (microtubule-associated protein 1 light chain 3 beta) protein lipidation,
and SQSTM1 (sequestosome 1)/p62 levels after 4 and 6 h of combinatorial treatments (Figure 1A,B)
indicating a clear autophagic flux inhibition.
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Figure 1. Evaluation of LC3B and p62 proteins by western blot. A172 WT, A172 EV, and A172 WNK2 
cell lines were treated with bafilomycin A1 (BAF, 20 nM), starvation (EBSS medium), everolimus 
(EVERO, 10 nM), or the combination BAF+EVERO for 4 (A) or 6 h (B). The graphs are representative 
of three independent biological experiments. β-actin protein was used as an endogenous loading 
control. Symbols mean (*) p < 0.05; (**) p < 0.01; (***) p < 0.001. 

Since everolimus, an mTOR pathway inhibitor, was used in combination with baf A1 treatment, 
proteins belonging to this pathway were evaluated. Interestingly, under these conditions, the activity 
of mTOR or the phosphorylation of its substrates EBP1 and p70S6K did not differ between the WNK2-
overexpressing cell line compared to the WT and EV controls (Figure 2A,B), suggesting that the 
observed autophagic flux inhibition in the WNK2 presence is mTOR-independent. 

To confirm the autophagy flux inhibition observed in the WNK2 overexpressing cells, we 
transfected the three A172-derived cell lines with tandem conjugated pDest.mCherry-GFP-p62 and 
pDest.mCherry-GFP-LC3B plasmids [27] and then treated for autophagy induction with HBSS and 
with the autophagy flux inhibitor baf A1. In this approach, yellow signal indicates the presence of 
LC3B or p62 in autophagosomes, whereas red signal indicates autophagolysosomes due to loss of 
green fluorescence in their acidic environment. We found a marked decrease in p62-positive puncta 
in A172 WNK2 cells in the HBSS + baf A1 treated condition (Figure 3A). On the other hand, these 
cells showed no change in autophagic flux as evidenced by the number of LC3B-positive puncta when 
compared to control cells; however, a decrease in red dots representing autophagolysosomes was 
evidenced between WT and WNK2 cell line (Figure 3B). 

Figure 1. Evaluation of LC3B and p62 proteins by western blot. A172 WT, A172 EV, and A172 WNK2
cell lines were treated with bafilomycin A1 (BAF, 20 nM), starvation (EBSS medium), everolimus
(EVERO, 10 nM), or the combination BAF+EVERO for 4 (A) or 6 h (B). The graphs are representative of
three independent biological experiments. β-actin protein was used as an endogenous loading control.
Symbols mean (*) p < 0.05; (**) p < 0.01; (***) p < 0.001.

Since everolimus, an mTOR pathway inhibitor, was used in combination with baf A1 treatment,
proteins belonging to this pathway were evaluated. Interestingly, under these conditions, the activity
of mTOR or the phosphorylation of its substrates EBP1 and p70S6K did not differ between the
WNK2-overexpressing cell line compared to the WT and EV controls (Figure 2A,B), suggesting that the
observed autophagic flux inhibition in the WNK2 presence is mTOR-independent.

To confirm the autophagy flux inhibition observed in the WNK2 overexpressing cells, we
transfected the three A172-derived cell lines with tandem conjugated pDest.mCherry-GFP-p62 and
pDest.mCherry-GFP-LC3B plasmids [27] and then treated for autophagy induction with HBSS and
with the autophagy flux inhibitor baf A1. In this approach, yellow signal indicates the presence of
LC3B or p62 in autophagosomes, whereas red signal indicates autophagolysosomes due to loss of
green fluorescence in their acidic environment. We found a marked decrease in p62-positive puncta in
A172 WNK2 cells in the HBSS + baf A1 treated condition (Figure 3A). On the other hand, these cells
showed no change in autophagic flux as evidenced by the number of LC3B-positive puncta when
compared to control cells; however, a decrease in red dots representing autophagolysosomes was
evidenced between WT and WNK2 cell line (Figure 3B).
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Figure 2. Evaluation of proteins involved in the mammalian target of rapamycin (mTOR) pathway 

by western blot. A172 WT, A172 EV, and A172 WNK2 cell lines were treated with bafilomycin A1 

(BAF, 20 nM), starvation (EBSS medium), or everolimus (EVERO, 10 nM) for 4 (A) and 6 h (B). The 
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Figure 2. Evaluation of proteins involved in the mammalian target of rapamycin (mTOR) pathway
by western blot. A172 WT, A172 EV, and A172 WNK2 cell lines were treated with bafilomycin A1
(BAF, 20 nM), starvation (EBSS medium), or everolimus (EVERO, 10 nM) for 4 (A) and 6 h (B). The
protein extract was evaluated for phosphorylation of mTOR and its substrates p-p70S6K and p-4EBP1
by western blot. Normalized densitometric band intensities of mTOR activity used α-tubulin as
an endogenous loading control. For the substrates p-p70S6K and p-4EBP1, β-actin was used as
an endogenous control. The graphs are representative of two independent biological experiments.
n.s.: Not significant.
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Figure 3. Evaluation of LC3B and p62 proteins by using transient transfection with pDest.mCherry-
GFP-LC3B and pDest.mCherry-GFP-p62 plasmids. A172 WT, A172 EV, and A172 WNK2 cell lines 
were transfected with plasmid pDest.mCherry-GFP-LC3B (A) or pDest.mCherry-GFP-p62 (B) and 
then treated for 24 h with bafilomycin A1 (baf A1). Hoechst (DAPI) treatment indicates nuclear 
staining by blue fluorescence. FITC indicates green fluorescence and Texas Red indicates red 
fluorescence wavelengths by the In Cell Analyzer platform. In the figures, yellow dots indicate the 
presence of LC3B or p62 in autophagosomes, whereas red dots indicate autophagolysosomes due to 
loss of green fluorescence in an acidic environment. In the graphics, the yellow and red bars indicate 
the quantification of autophagossomos and autophagolysosomes, respectively, observed in the 
merged. The graphs are representative of two independent biological experiments. Images were 
quantified using Image-Pro software. Symbols mean (*) p < 0.05; (**) p < 0.01; (***) p < 0.001. (+) means 
presence of baf A1; (-) means absence of baf A1.  

Additionally, another approach was used for evaluating autophagic flux in the edited cell lines. 
In these results, WNK2 overexpression changed LC3B levels after 16 h upon another autophagy 
inhibitor treatment, chloroquine at 30 µM (Figure 4A,B) when compared with WT cell line. 

Figure 3. Evaluation of LC3B and p62 proteins by using transient transfection with
pDest.mCherry-GFP-LC3B and pDest.mCherry-GFP-p62 plasmids. A172 WT, A172 EV, and A172 WNK2
cell lines were transfected with plasmid pDest.mCherry-GFP-LC3B (A) or pDest.mCherry-GFP-p62
(B) and then treated for 24 h with bafilomycin A1 (baf A1). Hoechst (DAPI) treatment indicates
nuclear staining by blue fluorescence. FITC indicates green fluorescence and Texas Red indicates red
fluorescence wavelengths by the In Cell Analyzer platform. In the figures, yellow dots indicate the
presence of LC3B or p62 in autophagosomes, whereas red dots indicate autophagolysosomes due to
loss of green fluorescence in an acidic environment. In the graphics, the yellow and red bars indicate
the quantification of autophagossomos and autophagolysosomes, respectively, observed in the merged.
The graphs are representative of two independent biological experiments. Images were quantified
using Image-Pro software. Symbols mean (*) p < 0.05; (**) p < 0.01; (***) p < 0.001. (+) means presence
of baf A1; (-) means absence of baf A1.

Additionally, another approach was used for evaluating autophagic flux in the edited cell lines.
In these results, WNK2 overexpression changed LC3B levels after 16 h upon another autophagy
inhibitor treatment, chloroquine at 30 µM (Figure 4A,B) when compared with WT cell line.
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Figure 4. Evaluation of the effect of WNK2 overexpression on the autophagic process after chloroquine
(CQ) treatment. (A) A172 WT, A172 EV, and A172 WNK2 cell lines were treated with DMEM 0.5%
FBS for control conditions and to induce autophagy with the autophagy flux inhibitor chloroquine
(CQ, 30 µM) for 16 h after a 3-h starvation period. Images were acquired at DAPI (blue, nuclei),
FITC (green, LC3 dots), and CY3 (red, cytoplasm) wavelengths by the In Cell Analyzer platform.
(B) Graph of the quantification of LC3B vesicles in merged after control condition and treatment with CQ
for 16 h. The graphs are representative of three independent biological experiments. The quantification
of images was realized in Image-Pro software. Symbols mean (*) p < 0.05; (**) p < 0.01; (***) p < 0.001.

4. Discussion

The role of WNK2 in the autophagy process is still contradictory. In this study, the assessment of
the autophagic process using different methodological approaches has suggested that the presence of
WNK2 inhibits the autophagic flux in glioma cell lines and it is independent of the mTOR pathway.

In the autophagic process, some important markers allow to estimate autophagic activity, such as
LC3 and p62. Typically, LC3A is converted to LC3B by lipidation and is present in the formation of
autophagosomes [26]. p62 protein binds to ubiquitinylated proteins, that are labeled for degradation and
direct them to the lysosome. Generally, p62 levels correlate inversely with autophagic activity. However,
it is unclear whether p62 is degraded only by autophagy or partially by the ubiquitin-proteasome
pathway [28]. Thus, p62, as well as LC3, can be transcriptionally regulated during autophagy [29].
Western blot analysis showed a significant decrease in the levels of LC3B and p62 markers after 4
and 6 h of baf A1 treatment and everolimus. In addition, immunofluorescence results demonstrated
a decrease in LC3B level after CQ treatment and p62 puncta after HBSS + baf A1 treatment and
although no statistical difference was found in the LC3B puncta, there was a decrease in red dots in the
overexpressing WNK2 cell line when compared to the WT cell line. Previous studies point to WNK2
acting in the early stages of autophagic flux, however, with contradictory functions. Szyniarowski et al.
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(2011) [23] silenced WNK2 via siRNA (small interfering RNA) in MCF-7 human breast carcinoma cells
and reported p62 accumulation, thus inhibiting autophagic flux [30]. Accumulation of this protein
indicates defective maturation of autophagosomes [23], thus WNK2 would act as a positive regulator
of the autophagic process. On the other hand, Guo et al. (2015) silenced WNK2 through shRNAs (short
hairpin RNA) that induced a significant increase in LC3B by immunofluorescence [22] demonstrating
that WNK2 could inhibit autophagy flux. It is noteworthy that according to Yoshii et al. (2017),
cells that present a low number of positive puncta in the basal condition, as we reported, and that do
not suffer alterations after treatment with baf A1 are suggestive of defects in the autophagy induction
process [31].

It is known that one of the major biological changes in glioma is the alteration of the PI3K
(phosphatidyl inositol 3 kinase)/AKT/mTOR pathway [32]. Inhibition of mTOR may be detected as
dephosphorylation of its substrates p70S6K kinase and 4EBP1 (4E binding protein 1) [33] and are
correlated with the autophagic process in gliomas [34,35]. To assess the impact of this pathway, we used
treatment with the autophagic inducer (everolimus), a rapamycin analog that inhibits mTOR signaling in
combination with an autophagic inhibitor (baf A1). The results suggest that WNK2-mediated autophagy
inhibition occurs independently of the mTOR pathway. Previous studies relating WNK2 and autophagy
have also contradicted the effect of this gene on mTOR activity. While Szyniarowski et al. (2011) did not
find any effect on mTORC1 activity in breast cancer cell lines by analyzing the phosphorylation status
its p70S6K [23], another study using chronic myeloid leukemia demonstrated suppressed autophagy
by activating mTOR [22]. Furthermore, it was recently reported that mTOR mutations have essential
implication in inducing resistance to the mTOR inhibitors preserving its activity [36], as observed in
our study. One hypothesis for our findings would be that WNK2 could promote defects in the initial
autophagy flux or autophagosome maturation [22,23]. During autophagosome formation PI3K activity,
an upstream element in the mTOR pathway, is required and when suppressed inhibits autophagic
flux. In this sense, the mechanism used by WNK2 to inhibit autophagic flux would be similar to the
3-methyladedine autophagy inhibitor (3-MA) [36].

TMZ is considered the most effective treatment drug for GBMs and its main mechanism of
action is on autophagy [37,38]. However, depending on the cellular context, it has been shown that
autophagy could lead to the development of resistance to TMZ treatment rather than cell death [39–41].
Recently, therapeutic molecules that inhibit autophagy such as CQ and hydroxychloroquine have
been used in phase I/II clinical trials concomitant with TMZ treatment and radiation and have shown
increased survival in patients diagnosed with GBM [15,42]. In this study, assessment of the autophagic
process has suggested that the presence of WNK2 inhibits the autophagic flux in glioblastoma cell line.
It will now be interesting to study the role of WNK2 in autophagic vesicular trafficking in response
to therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/2/485/s1,
Figure S1: Validation of WNK2 overexpression by RT-PCR.
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Abstract: The 5’-methylthioadenosine phosphorylase (MTAP) gene is located in the chromosomal
region 9p21. MTAP deletion is a frequent event in a wide variety of human cancers; however,
its biological role in tumorigenesis remains unclear. The purpose of this study was to characterize the
MTAP expression profile in a series of gliomas and to associate it with patients’ clinicopathological
features. Moreover, we sought to evaluate, through glioma gene-edited cell lines, the biological impact
of MTAP in gliomas. MTAP expression was evaluated in 507 glioma patients by immunohistochemistry
(IHC), and the expression levels were associated with patients’ clinicopathological features.
Furthermore, an in silico study was undertaken using genomic databases totalizing 350 samples.
In glioma cell lines, MTAP was edited, and following MTAP overexpression and knockout (KO),
a transcriptome analysis was performed by NanoString Pan-Cancer Pathways panel. Moreover,
MTAP’s role in glioma cell proliferation, migration, and invasion was evaluated. Homozygous
deletion of 9p21 locus was associated with a reduction of MTAP mRNA expression in the TCGA
(The Cancer Genome Atlas) - glioblastoma dataset (p < 0.01). In addition, the loss of MTAP expression
was markedly high in high-grade gliomas (46.6% of cases) determined by IHC and Western blotting
(40% of evaluated cell lines). Reduced MTAP expression was associated with a better prognostic in the
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adult glioblastoma dataset (p < 0.001). Nine genes associated with five pathways were differentially
expressed in MTAP-knockout (KO) cells, with six upregulated and three downregulated in MTAP.
Analysis of cell proliferation, migration, and invasion did not show any significant differences between
MTAP gene-edited and control cells. Our results integrating data from patients as well as in silico
and in vitro models provide evidence towards the lack of strong biological importance of MTAP in
gliomas. Despite the frequent loss of MTAP, it seems not to have a clinical impact in survival and
does not act as a canonic tumor suppressor gene in gliomas.

Keywords: glioma; glioblastoma; 5’-methylthioadenosine phosphorylase (MTAP); immunohistochemistry;
tumor biology; proliferation; migration; invasion

1. Introduction

Gliomas represent the most common group of primary central nervous system (CNS) tumors [1].
According to the World Health Organization (WHO), these tumors can be categorized in low-grade
gliomas (LGG, WHO grades I and II) and high-grade gliomas (HGG, WHO grades III and IV) according
to their histological and molecular features [2,3]. Pilocytic astrocytoma (PA) (WHO grade I) is
a good-prognosis childhood tumor, and conversely, glioblastoma (GBM) (WHO grade IV) occurs
mainly in adults and has the poorest prognosis [2,4]. GBM has a mean survival of ~14 months after
gold-standard therapy—surgery—followed by radiation therapy plus concomitant temozolomide [5–7].
GBM accounts for 70% of gliomas and can be subdivided in GBM IDH-wild type (the most frequent,
>90%), previously known as primary (de novo) GBM and exhibiting a short clinical history, and
GBM IDH-mutant, also called secondary GBM, which results from the malignant progression from
lower-grade gliomas of diffuse (WHO grade II) or anaplastic (WHO grade III) astrocytomas [6,8] and is
related to point mutations in IDH1/2 genes.

In fact, several efforts have been made to improve the molecular characterization of GBM. In 2014,
the International Society of Neuropathology recommended the support of molecular analysis for
determining brain tumor entities [9] and, in 2016, the World Health Organization proposed the use of
molecular features, including IDH mutation to GBM, in addition to histologic features in the tumor
entities [3]. Additionally, there are many other biomarkers studied in GBMs as subjects of special
attention. TERT promoter mutations have been found to be markedly high in primary GBMs (from
54% to 83% of the cases) [10]. Further studies have shown poorer survival of TERT-mutated patients
in comparison to TERT-wild type [11–13]. Finally, studies have found an interaction between TERT
promoter mutation and MGMT methylation. By performing pairwise comparisons, it was identified
that MGMT methylation improved the survival of TERT promoter mutated-patients [14]. On the other
hand, TERT-mutant and MGMT unmethylated patients presented the poorest prognosis, pointing
to a possible impact in the use of IDH, TERT, and MGMT in the improvement of diffuse gliomas
classification and prognostication [15].

We previously described the most frequent chromosomal alterations in a series of Brazilian
astrocytomas [11]. We identified chromosome 7 gain, EGFR amplification, and losses in chromosomes
9p, 10, and 13, in accordance with other populations [4,11,16]. We also found 9p- deletion in
approximately 50% of GBMs, affecting primarily the 9p21 locus where several tumor suppressor genes
are located, including CDKN2A/B and MTAP [11].

MTAP (5′-methyltioadenosine phosphorylase) encodes a key enzyme involved in the metabolism
of polyamines and purines [17–19]. This enzyme converts 5′-methyltioadenosine (MTA), a by-product of
polyamine biosynthesis, into adenine and MTR-1-P (methylthioribose-1-phosphate), which are recycled
into AMP (adenosine monophosphate) and methionine [19,20]. This protein is expressed virtually in
all tissues throughout the body, and its homozygous deletion is frequently associated with solid and
hematologic tumors such as mesothelioma, lung carcinoma, hepatocellular carcinoma, gastrointestinal
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stromal tumors, metastatic melanoma, leukemias, and lymphoma [18,21–25]. Therefore, MTAP has
been reported as a tumor suppressor gene [24,26–30]; however, many studies have demonstrated
the contradictory function of MTAP. For instance, the loss of MTAP expression has been associated
with inhibition of growth and progression of head and neck carcinoma and lung cancer by MTA
accumulation [31,32]. Bistulfi et al. [33] showed that knockdown of MTAP blocks prostate cancer
growth in vitro and in vivo. In addition, methionine deprivation acts by inhibiting cell migration,
invasion, and metastasis in breast cancer [34]. Metabolic changes in tumors, especially those relating to
polyamines metabolism, demonstrate that many mechanisms underlying MTAP function need to still
be clarified [35,36]. In gliomas, loss of MTAP locus is also frequently reported [37–41]. Nevertheless,
the clinical and the biological impacts of MTAP are poorly explored in gliomas [37,38,42].

Therefore, the aim of this study was to characterize the MTAP protein expression profile in a large
series of glioma and to associate it with the patients’ clinicopathological features. Moreover, by using
glioma cell lines, the biological role of MTAP was evaluated. By integrating data from patients and
in vitro models, this study showed that, despite the frequent loss of MTAP, it does not have a clinical
impact in survival and does not act as a canonic tumor suppressor gene in gliomas.

2. Materials and Methods

2.1. Cell Lines and Gene Editing

One cell line derived from normal astrocytes (NHA), seven short-term primary glioma cell lines,
and 11 established glioma cell lines were evaluated. The MTAP positive U251 cell line was transfected
with MTAP Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) (MTAP-CRISPR/Cas9 KO) or empty vector CRISPR/Cas9 Plasmid (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), leading to a U251 MTAP−/− clone. The MTAP negative SW1088
cell line was transduced with the MTAP human lentivirus or the blank control lentiviral vector in
accordance with the manufacturer’s instructions (ABM Inc.®, Richmond, BC, Canada), resulting in
SW1088 MTAP+/+ clones. Detailed information about the cell lines used and the gene editing are
described in the Appendix A material.

2.2. Patients

Adult and pediatric glioma tissues were obtained from 507 patients who underwent surgery for
glioma at Barretos Cancer Hospital (BCH), Hospital of Clinics of Faculty of Medicine of São Paulo
University (HCRP), AC Camargo Cancer Center, and The Institute of Cancer Research between 1980
and 2013. Histologic review of the slides was performed by expert neuropathologists (according to
the latest WHO histopathological criteria) [3] to confirm the diagnosis. Overall, patient age ranged
from 0.3 to 82.8 years (median: 57 years old). The stratification showed 49 (9.7%) patients in pediatric
(0–19 years) and 458 (90.3%) in the adult group (>19 years). Histological subtypes of gliomas were
distributed into diffuse astrocytoma (n = 18), anaplastic astrocytoma (n = 24), pediatric glioblastoma
(n = 42), and adult glioblastoma (n = 423). This study was approved by the Ethics Committee of
Barretos Cancer Hospital under approval number 630/2012, number 1175879 (961/2015), and AC
Camargo Cancer Center (number 1485/10).

2.3. DNA Isolation

Tissue from a patient’s tumor was manually microdissected from 4 µm unstained histological
sections. DNA was isolated from each target using the DNeasy Blood and Tissue kit (Qiagen, Valencia,
CA, USA) according to the protocols provided by the supplier. The 260/280 and the 260/230 ratios were
determined by a NanoDrop 2000C spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and
the DNA was quantified using Quant-iT PicoGreen dsDNA (Invitrogen, Eugene, OR, USA) according
to the supplier’s protocol.
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2.4. RNA Extraction and RT-qPCR

RNA from cultured cell lines was isolated using a modified TRIzol® reagent protocol (Thermo
Scientific, Waltham, MA, USA) [43]. In brief, cultured cells were washed twice with Dulbecco’s
phosphate-buffered saline (DPBS; Thermo Scientific, Waltham, MA, USA), and 1.5 mL TRIzol® was
added. Flasks were scraped, and TRizol/cell mixture was transferred to a 1.5 mL eppendorf tube.
Subsequently, 200 µL of chloroform was added, homogenized for 30 s, and centrifuged at 17,982× g
for 15 min. The supernatant was collected, and 750 µL isopropanol was added and kept overnight at
−20 ◦C. Samples were then centrifuged at 17,982× g for 10 min at 4 ◦C. The resulting RNA pellet was
washed twice with 75% ethanol after removing the supernatant. Finally, the RNA pellet was dried and
dissolved in 20 µL of ultra-pure water. The integrity of all the RNA preparations was checked by RNA
600 nano assay (Agilent Technologies, Santa Clara, CA, USA), and RNA concentrations were measured
with NanoDrop™ 2000C spectrophotometer (Thermo Scientific, Waltham, MA, USA). Complementary
DNA (cDNA) was synthesized using Superscript III reverse transcriptase (Thermo Scientific, Waltham,
MA, USA) according to the supplier protocol.

RT-qPCR reactions were carried out in a total volume of 10 µL using 2X Fast SYBR®Green Master
Mix kit (Thermo Scientific, Waltham, MA, USA) containing 100 ng (1 µL) of cDNA, 10 µM (0.8 µL) of
each primer, and 7.4µL of ultra-pure water in a final volume of 20µL. Gene amplification was performed
with the programmable cyclic reactor StepOne™ Real-Time PCR System (Applied Biosystems, Grand
Island, USA) as follows: 95 ◦C for 10 min; 40 cycles at 95 ◦C for 15 s; and 64 ◦C for 1 min. The primers
used for RT-qPCR amplification of MTAP were forward primer: 5′- TCTTGTGCCAGAGGAGTGTG-3′;
reverse primer: 5′-ACCATTGTCCCCTTTGAGTG-3′. Samples were then normalized using the
housekeeping gene HPRT1 (forward primer: 5′-GACCAGTCAACAGGGGACAT-3′; reverse primer:
5′-CTGCATTGTTTTGCCAGTGT-3′). The normalized expressions of the gene of interest were
calculated using the 2-∆Ct method. The primers used were synthesized by Sigma-Aldrich, St. Louis,
MO, USA, and all reactions were performed in three biological replicates.

2.5. IDH1 Mutation Analysis

The analysis of hotspot mutations of isocitrate dehydrogenase 1 (IDH1-exon 4) was performed
by PCR followed by direct sequencing. Briefly, the IDH1 region of interest was amplified
by PCR using the following primers: 59-CGGTCTTCAGAGAAGCCATT-39 (forward) and
59-CACATTATTGCCAACATGAC-39 (reverse) [11]. An amplification PCR reaction was performed
in a total volume of 15 µL comprising: 1 µL of DNA, 1X buffer solution, 2 mM MgCl2, 200 µM of
each dNTP, 0.3 µM of each primer set, and 0.5 U of Taq DNA polymerase (Invitrogen, Eugene, OR,
USA), and was performed in a Veriti 96-well Thermal Cycler with an initial denaturation at 95 ◦C
for 10 min, amplification for 40 cycles with denaturation at 95 ◦C for 45 s, annealing at 58 ◦C for 45 s,
extension at 72 ◦C for 45 s, and a final extension at 72 ◦C for 10 min. Amplification of PCR products
was confirmed by gel electrophoresis. PCR sequencing was performed using the Big Dye terminator
v3.1 cycle sequencing ready reaction kit (Applied Biosystems, Grand Island, NY, USA) and an ABI
PRISM 3500 xL Genetic Analyzer (Applied Biosystems, Grand Island, NY, USA).

2.6. TERT Mutation Analysis

The analysis of hotspot mutations in the promoter region of the telomerase reverse
transcriptase gene (TERT) was performed by PCR followed by direct Sanger sequencing [44].
Briefly, the TERT promoter region was amplified by PCR using the following primers:
59-AGTGGATTCGCGGGCACAGA-39 (forward) and 59-CAGCGCTGCCTGAAACTC-39 (reverse),
leading to a 235 bp PCR product containing C228T and C250T mutations. Amplification by PCR was
performed with an initial denaturation at 95 ◦C for 15 min, followed by 40 cycles of denaturation at
95 ◦C for 30 s, annealing at 64 ◦C for 90 s, elongation at 72 ◦C for 30 s, and final elongation at 72 ◦C for
7 min. Amplification of PCR products was confirmed by gel electrophoresis. PCR sequencing was
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performed using the Big Dye terminator v3.1 cycle sequencing ready reaction kit (Applied Biosystems,
Grand Island, NY, USA) and an ABI PRISM 3500 xL Genetic Analyzer (Applied Biosystems, Grand
Island, NY, USA).

2.7. MGMT Promoter Methylation

To evaluate the methylation status of the promoter region of the O6-methylguanine-DNA
methyltransferase gene (MGMT), sodium bisulfite treatment of DNA (300–1500 ng) was performed
using the Epitect Kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions.
Methylation-specific (MS) PCR for the MGMT promoter was performed as described previously [45].

2.8. Western Blotting Analysis

The Western blot analysis was performed as previously described [42]. In brief, cells were lysed
with lysis buffer (50 mM Tris; pH 7.6; 150 mM NaCl; 5 mM EDTA; 1 mM Na3VO4; 10 mM NaF; 10 mM
sodium pyrophosphate; 1% NP-40) containing protease inhibitor cocktail (0.01 M EDTA; 1 mM DTT; 1
mM Leupeptin; 1 mM PMSF; and 1 µM Aprotinin). The cell lysate was placed on ice for 60 min and
centrifuged at 17,982× g for 15 min. The total protein was quantified using the Bradford method (Quick
Start TM Bradford Protein Assay; Bio-Rad, Hercules, CA, USA). Total proteins were separated by 12%
polyacrylamide gel and transferred onto Trans-Blot Turbo Midi Nitrocellulose Transfer Packs (Bio-Rad,
Hercules, CA, USA). The membrane was incubated with primary followed by secondary antibodies
after blocking with 5% non-fat milk. Immunodetection was performed using the ECL KIT (Amersham
Biosciences, Uppsala, Uppland, Sweden) in ImageQuant LAS 4000 mini (GE Healthcare Life Sciences,
Pittsburgh, PA, USA) and quantified by the platform for scientific image analysis ImageJ (NIH) [46].
The following antibodies were used: polyclonal anti-MTAP antibody (Proteintech, Rosemont, IL,
USA) diluted 1:800 and anti-β actin antibody (Cell Signaling Technology, Danvers, MA, USA) diluted
at 1:2000.

2.9. Immunohistochemistry Analysis

For the immunohistochemistry (IHC) analysis, a tissue microarray (TMA) was constructed with
tumors areas obtained from each case and inserted in the recipient paraffin block using the tissue
arrayer MTA-1 platform (Beecher InstrumentsTM, Silver Springs, MD, USA). To represent possible
heterogeneity of tumors, two 1.0 mm cores from each case were used in TMA blocks. IHC was
performed from 4.0 µm sections of the TMA block for MTAP, as previously described [42]. Glass slides
were deparaffinized and subjected to antigen retrieval in a Pascal pressure chamber (Dako, Carpinteria,
CA, USA). The primary MTAP polyclonal antibody (Proteintech, Rosemont, IL, USA) was diluted 1:300
with the background-reducing medium and kept at 4 ◦C overnight. The Avidin–Biotin Complex (ABC)
method was performed according to the manufacturer‘s recommendations with staining with DAB (3,3’
Diaminobenzidine) and counterstaining with Harris’ hematoxylin (Leica Biosystems, Newcastle, UK).
The extension of immunoreactions was measured according to the following criteria: 0 = negative;
1 = ≤25% of positive cells; 2 = 25–50% of positive cells; 3 =≥50% of positive cells. Moreover, the intensity
of reaction was defined as: 0= negative; 1 = weak; 2= moderate; 3 = strong. Cases presenting the sum
of the scores (extension and intensity) between 0 and 3 were considered negative, and those presenting
scores between 4 and 6 were considered positive. Non-neoplastic tissue microarray (BN 961-Biomax
INC, Rockville, MD, USA) was used as a positive control for IHC reactions.

2.10. In Silico Analysis

MTAP copy number alterations (CNA) data were downloaded from comparative genomic
hybridization/single-nucleotide polymorphism (CGH_SNP) arrays (n = 350) [47]. Based on normalized
MTAP values, patients were stratified in normal (n = 150) (>−0.1) and MTAP homozygous deletion
carriers (n = 200) (≤−1.5). For expression analysis, MTAP mRNA G450 array data were downloaded
(n = 299) [47]. The median MTAP value was calculated considering all samples. Patients with MTAP

239



Cells 2020, 9, 492

values at least 20% higher than the median were considered positive (n = 138), while those with MTAP
values at least 20% lower than the median were considered negative (n = 161). Finally, for methylation
analysis, MTAP methylation beta values were downloaded from 283 samples [47]. Patients were
stratified as hypermethylated (beta > 0.5) and hypomethylated (beta ≤ 0.5). Integrated in silico analyses
of MTAP CNA expression and methylation status were performed using the TCGA2STAT package
implemented in R software downloaded from https://www.r-project.org/. Moreover, in silico analysis
was conducted to evaluate MTAP expression in glioblastoma subtypes in The Cancer Genome Atlas
(TCGA) dataset. The median MTAP value was calculated considering all samples.

2.11. mRNA NanoStringTM Data Analysis

Gene expression analysis on MTAP gene-edited U251 and SW1088 cell lines was performed
using the NanoString nCounter PanCancer Pathways panel (730 gene transcripts distributed in 13
biological pathways) according to the manufacturer’s standards (NanoString Technologies, Seattle,
WA, USA). Moreover, 24 of 730 genes associated with tumor aggressiveness were selected, and the
differential expression was evaluated to better understand the function of MTAP gene-edited on
migration and invasion ability. Briefly, 100 ng aliquots of RNA were hybridized with probe pools,
hybridization buffer, and TagSet reagents in a total volume of 30 µL and incubated at 65 ◦C for 20 h.
After codeset hybridization overnight, the samples were washed and immobilized to a cartridge using
the Nanostring nCounter Prep Station (NanoString Technologies, Seattle, WA, USA) for 4 h. Finally,
the cartridges containing immobilized and aligned reporter complexes were scanned in the nCounter
Digital Analyzer (NanoString Technologies, Seattle, WA, USA), and image data were subsequently
generated using the high-resolution setting, which takes 577 images per sample. Quality control
assessment of raw NanoString gene expression counts was performed with nSolver Analysis Software
version 2.5 and the default settings (NanoString Technologies, Seattle, WA, USA). Normalization with
internal positive controls and housekeeping genes was performed in R statistical environment using
NanostringNorm package [48]. Normalized log2 mRNA expression values were used for subsequent
data analysis. Genes with fold change (FC) ±2 and p < 0.05 were considered significant.

2.12. xCELLigence Proliferation Assay

U251 MTAP−/− and SW1088 MTAP+/+ cell proliferation was monitored with a real-time cell
analyzer using xCELLigence Technology (Roche Applied Science, Indianapolis, IN, USA). This
impedance value was measured by the Real Time Cell Analysis Dual purpose (RTCA DP) system and
is reported in the dimensionless unit of cell index. Prior to seeding of cells in the 96-well E-plate, 100 µL
Dulbecco’s modified Eagle’s medium (DMEM) was added to wells, and background was recorded.
U251 MTAP−/−; U251 EV; U251 WT and SW1088 MTAP+/+; SW1088 LB; SW1088 WT were split, and
5–10 × 103 cells in 100 µL of media supplemented with fetal bovine serum (FBS; 10%) were added to
each well. Real-time monitoring of cell proliferation measured as cell index was recorded every 5 min
for up to 72 h. Data represent changes in cell index over time.

2.13. Transwell Migration Assay

Boyden chamber type Transwell permeable supports (Corning, Chelmsford St. Lowell, MA, USA)
were used to examine the ability of cells to invade the 8 µm pore size membrane (1 × 105 pores/cm2)
and migrate through the polyethylene terephthalate (PET)-membrane surface. The CRISPR-edited cell
line (U251 MTAP−/−) and the stable expression cell line (SW1088 MTAP+/+) beside the control cell
lines were seeded into the inner chamber at 5 × 104 and 10 × 104, respectively, in 500 µL of DMEM
without serum and allowed to migrate onto the coated undersurface at 37 ◦C in a CO2 incubator
for 24 h. At the bottom, 750 µL of DMEM supplemented with 10% FBS was added to the chambers.
Migrated cells were fixed and stained with hematoxylin and eosin for three minutes followed by
phosphate-buffered saline (PBS) washing of the membranes. The migrated cells in each well were
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counted in ten different fields per experiment under the microscope. The mean values were obtained
from three replicate experiments and were subjected to t-test.

2.14. Cell Invasion Assay

U251 MTAP−/− and SW1088 MTAP+/+ beside control cells were cultured to near confluence
in DMEM+10% FBS. Cells were harvested by trypsinization and washed and suspended in DMEM
without serum at 2 × 105 and 4 × 105 cells/mL. Prior to preparing the cell suspension, the dried layer of
matrigel matrix was rehydrated with serum-free DMEM for 1 h at 37 ◦C. The rehydration solution was
carefully removed, 750 µL DMEM containing 10% FBS was added to each well as a chemoattractant,
and 500 µL (1–2 × 105 cells) of cell suspension was added into the inner chamber Corning, Chelmsford
St. Lowell, MA, USA). The plates were incubated for 24 h at 37 ◦C. The invasive cells on the bottom
surface of the membrane were fixed and stained with hematoxylin and eosin for three minutes followed
by 1X PBS washing of the membranes. The migrated cells in each well were counted in ten different
fields per experiment under the microscope. The mean values were obtained from three replicate
experiments and were subjected to t-test.

2.15. Statistical Analysis

The statistical analysis was performed using SPSS version 24 for Windows TM (IBM, Chicago, Ill,
USA) considering statistically significant values of p < 0.05. Levene and Kolmogorov–Smirnov tests
were performed to test the variance and the normality of the data. One-way ANOVA or Kruskal–Wallis
tests were performed to compare copy number, expression, and methylation of MTAP profiles. ANOVA
followed by Tukey post hoc test was performed to evaluate MTAP expression in glioblastoma subtypes.
The association between clinicopathological categorical variables and MTAP was analyzed by Pearson’s
chi-square test or Fisher exact test. The overall survival (OS) analysis was done by constructing
Kaplan–Meier curves, and the log-rank test was applied for the comparison between the obtained
curves. OS was defined as the time between the date of diagnosis and the date of the patient’s last
information or death. Cell line experiments were analyzed with Student’s t-test and are expressed as
mean values of at least three independent experiments ± standard errors. Differences were considered
significant at * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results

3.1. Loss of MTAP Expression is Associated with 9p21 Locus Deletion in Gliomas

Initially, in order to understand the molecular mechanism underlying MTAP expression,
we investigated the impact of copy number alteration (CNA) of 9p21 locus on MTAP mRNA expression
levels in a TCGA-GBM dataset (n = 350). As shown in Figure 1A, MTAP gene expression was
significantly (p < 0.01) lower in the homozygously deleted group (n = 169) than in those with normal
ploidy (n = 181). Since MTAP regulation can also occur by epigenetic mechanisms [27], we then
evaluated the association of MTAP mRNA expression and the methylation status in 283 samples from
the TCGA-GBM dataset (Figure 1B). MTAP gene promoter was methylated in 60 of 283 (21.2%) samples.
However, no association of methylation status and MTAP expression levels in glioblastomas was
observed (Figure 1B, p = 0.633). Additionally, we evaluated the MTAP expression levels in the five
molecular subtypes of TCGA-GBM (n = 291) (Table 1). We found loss of MTAP expression greater than
50% in almost all subtypes analyzed, except for the glioma CpG island methylator phenotype (G-CIMP)
(Table 1). The classical subtype presented a higher frequency of loss of MTAP gene expression with
65.2% (43/66) against only 7.4% (2/25) for the G-CIMP+ subtype (p < 0.001) (Table 1).
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Figure 1. Analysis of MTAP mRNA expression in The Cancer Genome Atlas glioblastoma (TCGA-
GBM) dataset correlates to copy number alterations (CNA) status for 9p21 locus and MTAP promoter 
methylation. (A) Box-plot analysis showing downregulation in MTAP expression in 9p21 
homozygous deleted samples compared to matched normal samples (p-value <0.01). (B) Box-plot of 
MTAP expression and promoter methylation in TGCA-GBM dataset. ns: not significant p-value. 

Table 1. MTAP differential expression in subtypes of glioblastoma. 

Subtype MTAP Positive MTAP Negative Total p-value 
Classical 23 (34.8%) 43 (65.2%) 66 (100%) <0.001 

Mesenchymal 36 (41.9%) 50 (58.1%) 86 (100%)  
Neural 19 (37.3%) 32 (62.7%) 51 (100%)  

Proneural 30 (49.2%) 31 (50.8%) 61 (100%)  
G-CIMP+ 25 (92.6%) 2 (7.4%) 27 (100%)  

G-CIMP+: glioma-CpG island methylator phenotype. 

Next, in a set of eleven established and seven short-term primary gliomas cells, we compared 
MTAP copy number with MTAP mRNA and protein expression by RT-qPCR and Western blot, 
respectively (Supplementary Table S1). Overall, we found loss of MTAP mRNA expression in 33.3% 
(6/18) of the cell lines evaluated (Figure 2), particularly in 36.3% (4/11) of established cell lines, with 
25% (1/4) for pediatric and 42.8% (3/7) for adult glioma cell lines (Figure 2A), and 29% (2/7) of patient-
derived glioma cell lines (Figure 2B). A 100% concordance was found between protein and mRNA 
levels (Figure 2C–F). Of note, 40% (6/15) of high-grade glioma (HGG; WHO grade III–IV) cell lines 
presented loss of MTAP expression, contrasting with 0% in low-grade glioma (LGG; WHO grade I–
II) cell lines (0/3) (Figure 2A,B). Considering only the GBM subtype, a lack of MTAP mRNA and 
protein expression was found in 33.3% (4/12) of samples, with 44.4% (4/9) of adult GBM cell lines 
having no detectable MTAP in the cell extracts (Figure 2C,D). These results suggest that MTAP loss 
of expression is associated with higher-grade gliomas. 

Figure 1. Analysis of MTAP mRNA expression in The Cancer Genome Atlas glioblastoma (TCGA-GBM)
dataset correlates to copy number alterations (CNA) status for 9p21 locus and MTAP promoter
methylation. (A) Box-plot analysis showing downregulation in MTAP expression in 9p21 homozygous
deleted samples compared to matched normal samples (p-value < 0.01). (B) Box-plot of MTAP
expression and promoter methylation in TGCA-GBM dataset. ns: not significant p-value.

Table 1. MTAP differential expression in subtypes of glioblastoma.

Subtype MTAP Positive MTAP Negative Total p-Value

Classical 23 (34.8%) 43 (65.2%) 66 (100%) <0.001
Mesenchymal 36 (41.9%) 50 (58.1%) 86 (100%)

Neural 19 (37.3%) 32 (62.7%) 51 (100%)
Proneural 30 (49.2%) 31 (50.8%) 61 (100%)
G-CIMP+ 25 (92.6%) 2 (7.4%) 27 (100%)

G-CIMP+: glioma-CpG island methylator phenotype.

Next, in a set of eleven established and seven short-term primary gliomas cells, we compared
MTAP copy number with MTAP mRNA and protein expression by RT-qPCR and Western blot,
respectively (Supplementary Table S1). Overall, we found loss of MTAP mRNA expression in 33.3%
(6/18) of the cell lines evaluated (Figure 2), particularly in 36.3% (4/11) of established cell lines, with 25%
(1/4) for pediatric and 42.8% (3/7) for adult glioma cell lines (Figure 2A), and 29% (2/7) of patient-derived
glioma cell lines (Figure 2B). A 100% concordance was found between protein and mRNA levels
(Figure 2C–F). Of note, 40% (6/15) of high-grade glioma (HGG; WHO grade III–IV) cell lines presented
loss of MTAP expression, contrasting with 0% in low-grade glioma (LGG; WHO grade I–II) cell lines
(0/3) (Figure 2A,B). Considering only the GBM subtype, a lack of MTAP mRNA and protein expression
was found in 33.3% (4/12) of samples, with 44.4% (4/9) of adult GBM cell lines having no detectable
MTAP in the cell extracts (Figure 2C,D). These results suggest that MTAP loss of expression is associated
with higher-grade gliomas.
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Figure 2. Loss of MTAP expression is more present in high-grade glioma (HGG) cell lines. MTAP 
protein expression analysis of established (A) and short-term primary glioma cells (B) assessed by 
Western blotting. Plot representative of MTAP protein (C,D) and gene (E,F) expression in glioma cell 
lines. Samples were normalized to HPRT-1 (mRNA) and beta-actin (ACTB) (protein) as an 
endogenous control. Abbreviations: CTRL+: positive control. 

3.2. MTAP Expression Profile and Clinicopathological Association in Gliomas 

We further evaluated MTAP protein expression by immunohistochemistry in a large set of 
diffuse gliomas (n = 507) (Table 2 and Figure 3). Overall, we found loss of MTAP expression in 45.95% 
(233/507) of cases, this being observed in 27.8% (5/18) of diffuse astrocytoma, 50.0% (12/24) of 
anaplastic astrocytoma, 45.6% (193/423) of adult glioblastoma, and 54.8% (23/42) of pediatric 
glioblastoma (Figure 3A–E). When we stratified the samples by grade, the loss of MTAP expression 
in the high-grade glioma subgroup was almost two-fold greater (46.6%, 228/489) than in the low-
grade glioma subgroup (27.8%; 5/18) (Table 2 and Figure 3E). However, we did not observe a 
significant association between MTAP expression and other patients’ clinicopathological features, 
such as gender, age, or Karnofsky Performance Status (KPS), except for tumor location (p = 0.013) 
(Table 2). 
  

Figure 2. Loss of MTAP expression is more present in high-grade glioma (HGG) cell lines. MTAP
protein expression analysis of established (A) and short-term primary glioma cells (B) assessed by
Western blotting. Plot representative of MTAP protein (C,D) and gene (E,F) expression in glioma cell
lines. Samples were normalized to HPRT-1 (mRNA) and beta-actin (ACTB) (protein) as an endogenous
control. Abbreviations: CTRL+: positive control.

3.2. MTAP Expression Profile and Clinicopathological Association in Gliomas

We further evaluated MTAP protein expression by immunohistochemistry in a large set of diffuse
gliomas (n = 507) (Table 2 and Figure 3). Overall, we found loss of MTAP expression in 45.95%
(233/507) of cases, this being observed in 27.8% (5/18) of diffuse astrocytoma, 50.0% (12/24) of anaplastic
astrocytoma, 45.6% (193/423) of adult glioblastoma, and 54.8% (23/42) of pediatric glioblastoma
(Figure 3A–E). When we stratified the samples by grade, the loss of MTAP expression in the high-grade
glioma subgroup was almost two-fold greater (46.6%, 228/489) than in the low-grade glioma subgroup
(27.8%; 5/18) (Table 2 and Figure 3E). However, we did not observe a significant association between
MTAP expression and other patients’ clinicopathological features, such as gender, age, or Karnofsky
Performance Status (KPS), except for tumor location (p = 0.013) (Table 2).
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Table 2. Clinicopathological features of glioma patients and association with MTAP expression.

MTAP Expression

Total (%) Negative (%) Positive (%) p-Value

Gender (N = 491)
Male 300 (61.1) 141 (47.0) 159 (53.0) 0.503

Female 191 (38.9) 83 (43.5) 108 (56.5)

Age group (N = 504)
0–19 49 (9.7) 26 (53.1) 23 (46.9) 0.479

20–59 256 (50.8) 112 (43.8) 144 (56.2)
>59 199 (39.5) 92 (46.2) 107 (53.8)

Location (N = 210)
Frontal Lobe 88 (41.9) 24 (27.3) 64 (72.7) 0.013
Parietal Lobe 41 (19.5) 9 (22.0) 32 (78.0)

Temporal Lobe 66 (31.4) 28 (42.4) 38 (57.6)
Occipital Lobe 10 (4.8) 5 (50.0) 5 (50.0)

Cerebellum 5 (2.4) 4 (80.0) 1 (20.0)

KPS (N = 168)
<70 75 (44.6) 11 (14.7) 64 (85.3) 0.539
>70 93 (55.4) 18 (19.4) 75 (80.6)

Grade (N = 507)
Low Grade 18 (3.6) 5 (27.8) 13 (72.2) 0.149
High Grade 489 (96.4) 228 (46.6) 261 (53.4)

Histologic Subtype (N = 507)
DA (WHO Grade II, NOS) 18 (3.6) 5 (27.8) 13 (72.2) 0.272
AA (WHO Grade III, NOS) 24 (4.7) 12 (50.0) 12 (50.0)

Ped. GBM (WHO Grade IV, NOS) 42 (8.3) 23 (54.8) 19 (45.2)
Ad. GBM (WHO Grade IV, NOS) 423 (83.4) 193 (45.6) 230 (54.4)

GBM status mutation (N = 460)
IDH1 mutation (N = 229)

No 220 (96.1) 117 (53.2) 103 (46.8) 0.185
Yes 9 (3.9) 7 (77.8) 2 (22.2)

TERT promoter mutation (N = 45)
No 11 (24.4) 3 (27.3) 8 (72.7) 0.687
Yes 34 (75.6) 7 (20.6) 27 (79.4)

MGMT promoter methylation (N = 186)
No 120 (64.5) 75 (62.5) 45 (37.5) 0.753
Yes 66 (35.5) 39 (59.1) 27 (40.9)

Abbreviation: DA: diffuse astrocytoma, AA: anaplastic astrocytoma, Ped. GBM: pediatric glioblastoma, Ad. GBM:
adult glioblastoma KPS: Karnofsky Performance Status, NOS: not otherwise specified. T-test (p < 0.05).

Following the assessment of TERT, IDH1 mutational profile, and MGMT methylation status in a
subset of cases, the association of these molecular alterations with the loss of MTAP protein expression
was evaluated. No significant association was observed (Table 2).

Importantly, we evaluated the impact of MTAP expression on overall survival (OS) of patients
diagnosed with GBMs. In total, 398 adult patients were included in the OS analysis from which 83.1%
(n = 331) died during total observation time: 76.6% (n = 138) in the MTAP-negative group and 88.5%
(n = 193) in the MTAP-positive group (Figure 4A). We found that, in adult glioblastoma, patients
exhibiting a lack of MTAP expression had better survival than those presenting MTAP expression
(median survival of 9.8±0.86 vs. 6.23±0.70 months, respectively, p = 0.00023 in log-rank test) (Figure 4A).
Two-year OS rates were 10.6% for the MTAP-negative group and 7.6% for the MTAP-positive group.
In the pediatric context, 40 pediatric glioblastoma patients included in the analysis—86.3% (n = 19)
in the MTAP-negative group and 77.7% (n = 14) in the MTAP-positive group—died during the total
observational time (Figure 4B). There was no association of MTAP loss and patients’ OS, with a median
OS of 13.0±1.71 months in the MTAP-negative group and 14.0±4.83 months for the MTAP-positive
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group (p = 0.499 in log-rank test) (Figure 4B). The two-year OS rates were 7.2% and 5.56% for
MTAP-negative and MTAP-positive groups, respectively.

In order to extend these findings, we performed in silico survival analysis considering CNA status
in TCGA-GBM datasets (n = 246). The analysis did not demonstrate a significant difference between
MTAP CNA and overall survival (Figure 4C; p = 0.942). We further evaluated disease-free survival
(DFS) considering relapse and death as endpoints. Similarly, the five-year DFS was not different
between MTAP groups (Figure 4D; p = 0.230).Cells 2020, 9, 492 11 of 27 
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Figure 3. Immunohistochemistry staining for MTAP in human brain tumor tissues. The human brain
tissue slide used for this study contained 507 cases of patients with different grades of gliomas in
duplicates. Representative images from (A) normal cerebellum tissue (positive control); (400×) (B)
diffuse astrocytoma (grade II); (400×) (C) anaplastic astrocytoma (grade III); 400× (D) glioblastoma
(grade IV); 400×. Arrows indicate vessels with endothelial staining for MTAP protein (positive
internal control). (E) Frequency of loss of MTAP protein expression in the glioma dataset according to
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Figure 4. Kaplan–Meier analysis for MTAP expression associated with patient survival. Overall
survival for a series of patients with glioma diagnosis according to histopathological grade. Shown for
(A) adult glioblastoma, (B) pediatric glioblastoma, and (C) TCGA-GBM dataset status and (D) five-year
disease-free survival (DFS) for TCGA-GBM dataset.

3.3. MTAP Cell Line Editing and Differential Gene Expression

To further underpin the MTAP biological role in gliomas, the U251 cell line, which expressed MTAP,
was transfected with MTAP CRISPR/Cas9 KO to create the stable knockout clones (U251MTAP−/−).
On the other hand, SW1088 cells that normally do not express MTAP were transduced by the MTAP
human lentivirus to establish MTAP expression clones (SW1088MTAP+/+). Stable cell lines were
confirmed by Western blotting post puromycin selection (Supplementary Figure S1).

After MTAP gene editing, the transcriptomic profiles of U251MTAP−/− and SW1088MTAP+/+

cells as well as control cells (U251EV and SW1088LB) and parental cells (U251WT and SW1088WT) were
evaluated for the expression of specific genes using the NanoString PanCancer Pathways Panel, which
assessed thirteen canonical pathways (Notch, Wnt, Hedgehog, chromatin modification, transcriptional
regulation, DNA damage control, transforming growth factor-beta (TGF-beta), mitogen-activated
protein kinase (MAPK), The Janus kinase/signal transducers and activators of transcription (JAK/STAT),
Phosphoinositide 3-kinase (PI3K), RAS, cell cycle, and apoptosis). In the U251 cells, we found that
the U251MTAP−/− clone showed 17 differentially expressed genes in comparison with controls, with
seven (ANGPT1, NGFR, FN1, COL11A1, SPP1, RASGRF1, and MAPK10) being associated with the
PI3K/RAS/MAPK pathways, three (TGFBR2, THBS1, and BMP5) with the TGF-β pathway, two (IDH2
and ERBB2) belonging to the Driver pathway, and five genes (TNFSF10, SFRP1, PLAT, NOTCH1, and
BRIP1) associated with other pathways (Figure 5A, Supplementary Table S2). When analyzing only
differentially expressed genes (p. adjusted <0.05; log2FC≥±2), we found six upregulated (ANGPT1,
FN1, NGFR, RASGRF1, THBS1, and TNFSF10) and three downregulated genes (BMP5, COL11A1, and
MAPK10) in the MTAP KO cells (Figure 5B).

We further performed the same approach in the SW1088 gene-edited cells. In the SW1088MTAP+/+

clone, we observed significant alterations in six genes (IL6R, GPC4, IL13RA2, MAP2K6, E2F5, and
ETV1) belonging to JAK-STAT, PI3K, WNT, MAPK, transcriptional regulation, and apoptosis pathways
(Figure 5C, Supplementary Table S3). Following adjustment (p-adjusted <0.05; Log2FC>≥2), only
GPC4 and IL13RA2 were differentially expressed when compared with control cells (Figure 5D,
Supplementary Table S3). Subsequently, an analysis of the functional connections among the proteins
encoded by the 17 and the six genes differently expressed by U251MTAP−/− and SW1088MTAP+/+

was performed using STRING software. For U251MTAP−/− cell, 11 of 17 genes had at least two
connections, as shown in Figure 5E. Notably, these 11 genes were centered on five genes (NOTCH1,
ANGPT1, ERBB2, THBS1, and FN1). On the other hand, for SW1088MTAP+/+, only IL6R and MAP2K6
showed the signal connection (Figure 5F).
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Figure 5. Detection of differentially expressed genes affected by MTAP gene-edited in glioma cell
lines. (A) Heatmap representing the expression profile of the most differentially expressed genes for
U251MTAP−/− cell compared to U251EV and U251WT cells. (B) Bar plots showing gene expression as
the mean SD of log changes of U251MTAP−/− relative to U251EV and U251WT cells. (C) Heatmap
representing the expression profile of the most differentially expressed genes for SW1088MTAP+/+

cell compared to SW1088LB and SW1088WT cells. (D) Bar plots showing the gene expression as the
mean SD of log changes of SW1088MTAP+/+ relative to SW1088LB and SW1088WT cells. (E,F) Isolated
networks of protein−protein interaction using STRING (http://www.string-db.org). The weight of these
lines represents the confidence within which a predicted interaction occurs. Interactions networks for
17 and six proteins differentially regulated in U251MTAP−/− and SW1088MTAP+/+ cells compared to
controls U251EV and SW1088LB, respectively. Rows represent genes and columns represent cell lines.
Red pixels: upregulated genes; blue pixels: downregulated genes. The intensity of each color denotes
the standardized ratio between each value and the average expression of each gene across all samples.
Each sphere represents an individual protein, and edges represent protein–protein associations. A red
line indicates the presence of fusion evidence; a green line indicates neighborhood evidence; a blue
line indicates co-occurrence evidence; a purple line indicates experimental evidence; a yellow line
indicates text-mining evidence; a light blue line indicates database evidence; and a black line indicates
co-expression evidence. Asterisks (*) labeling the bar indicates a significant difference (p-value < 0.05
and log2FC≥±2) between the gene expression of respective groups and the control. The network nodes
represent proteins. Edges represent protein–protein associations. Student t-test: * p < 0.05, ** p < 0.01,
*** p < 0.001, ns: not significant
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3.4. MTAP Deletion Does Not Modulate Glioma Cell Proliferation

To address the functional impact on cell proliferation, U251MTAP−/−, U251EV, and U251WT
(1x105 cells) as well as SW1088MTAP+/+, SW1088LB, and SW1088WT (5 × 103 cells) were seeded in
E-plates, and then the cell index and the doubling time were evaluated (Figure 6). We observed that
U251MTAP−/− showed analogous kinetic trace characteristics when compared to U251EV after 72 h
(Figure 6A). When we analyzed the cell doubling time, within 24 h (cell doubling time 2.36 ± 1.51
vs. 3.32 ± 0.88; p = 0.400) and persisting up to 72 h (cell doubling time; 10.36 ± 1.64 vs. 11.64 ± 1.40,
p = 0.800), the U251MTAP−/− cell showed increased proliferation rates in relation to U251EV, although
it did not show a significant difference (Figure 6B, 24 h: p > 0.999; 48 h: p > 0.999; 72 h: p = 0.547).
Likewise, the SW1088MTAP+/+ cells did not exhibit distinct proliferation rates (Figure 6C, p > 0.05)
and doubling time (Figure 6D, 24 h: p = 0.700; 48 h: p = 0.885; 72 h: p = 0.885) when compared with the
control clone (SW1088LB). Together, these results suggest that the MTAP gene alone does not modulate
cell proliferation.
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representative for U251MTAP−/− vs. U251EV (A) and SW1088MTAP+/+ vs. SW1088LB (C) measured 
by the Real Time Cell Analysis (RTCA) assay for 90 h. Plot representative of cell index and doubling 

Figure 6. Dynamic monitoring of cell proliferation using impedance technology. Cell index values
representative for U251MTAP−/− vs. U251EV (A) and SW1088MTAP+/+ vs. SW1088LB (C) measured
by the Real Time Cell Analysis (RTCA) assay for 90 h. Plot representative of cell index and doubling
time at 24, 48, and 72 h for U251MTAP−/− vs. U251EV (B) and SW1088MTAP+/+ vs. SW1088LB (D).
Plot representative of three independent experiments. Student t-test: * p < 0.05, ** p < 0.01, *** p < 0.001,
ns: not significant.

3.5. Loss of MTAP Gene is Not Associated with Cell Migration and Invasion

To investigate whether the loss of MTAP could affect glioma cell motility and invasiveness, we
used the transwell cell migration assay (Figure 7A,B). U251MTAP−/− cells promoted decreased ability
of migration compared with U251EV by 10% (U251MTAP−/− 552.5 ± 205.3 vs. U251EV: 614.2 ± 223)
(Figure 7A, p > 0.999), while the overexpressed clone SW1088MTAP+/+ showed an increase in migration
ability about of 19% (SW1088LB: 557.8±40.8 vs. SW1088MTAP+/+: 687.6 ± 138.1) (Figure 7B, p = 0.400).
Regarding the invasive properties of edited cells, as shown in Figure 7C, U251EV cells (601.7 ± 201.6)
exhibited an 8% greater invasion compared to U251MTAP−/− (553.5 ± 92.1), yet it was not statistically
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significant (p = 0.857). Likewise, an increase of SW1088MTAP+/+ invasion was observed in ~12%
(SW1088MTAP+/+: 264.3 ± 50.7 vs. SW1088LB: 230.7 ± 31.9) compared to SW1088LB cell, also not
statistically significant (Figure 7D, p = 0.628). Moreover, we obtained similar results when comparing
U251MTAP−/− and SW1088MTAP+/+ with U251WT and SW1088WT parental controls, respectively
(data not shown).
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Next, to support in vitro results, we evaluated the differential expression of 24 genes associated 
with invasion and migration processes. Only two of these genes were differently expressed in the 
U251 MTAP gene-edited cell line compared to U251EV cells (Supplementary Figure S2A). The FN1 
gene was found to be upregulated (log2FC = 2.26; p = 0.0006) and, inversely, MAPK10 was found 

Figure 7. MTAP gene does not modulate migration and invasion abilities. Migration potential in
both clone cell lines U251MTAP−/− (A) and SW1088MTAP+/+ (B) compared to controls (U251EV and
SW1088LB) measured by Transwell assays and expressed as relative cell population. Transmembrane
invasion assay of U251MTAP−/− (C) and SW1088MTAP+/+ (D) compared to controls (U251EV and
SW1088LB). Quantification of migrated and invaded cells numbers per field. A minimum of 10 fields
of two separate wells within each experiment were analyzed. The graphs represent data from three
separate experiments. Student t-test: * p < 0.05, ** p < 0.01, *** p < 0.001, ns: not significant.
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Next, to support in vitro results, we evaluated the differential expression of 24 genes associated
with invasion and migration processes. Only two of these genes were differently expressed in the
U251 MTAP gene-edited cell line compared to U251EV cells (Supplementary Figure S2A). The FN1
gene was found to be upregulated (log2FC = 2.26; p = 0.0006) and, inversely, MAPK10 was found
downregulated (log2FC = −3.28; p < 0.0001) in U251MTAP−/− compared to U251EV (Supplementary
Figure S2C). Furthermore, no differential expression was found between SW1088MTAP+/+ and control
(Supplementary Figure S2C).

4. Discussion

In the present study, we evaluated MTAP expression in a large series of gliomas. Moreover, by
using a genome edition gain- or loss-of MTAP-function approach in glioma cell lines, we explored
MTAP biological impact on gliomas. We observed that, despite the frequent loss of MTAP expression in
high-grade gliomas, MTAP was not associated with a worse outcome, and the in vitro models showed
that MTAP does not affect cell line proliferation, invasion, and migration.

Initially, using an in silico approach, we showed that 48% (168/350) of gliomas had 9p21 locus
deleted, and this deletion was directly associated with reduced MTAP expression. In fact, Zhao and
Zhao in a tumor suppressor pan-cancer study reported the association between copy number loss
(9p21) and reduced MTAP mRNA expression [49]. In addition, the homozygous deletion of 9p21
locus was identified to be significantly associated with a decrease of MTAP (mRNA and protein)
expression levels [50]. This region of the human genome is especially interesting because MTAP is
located close to a fragile site [51]. The deletion of this region usually causes co-deletion of MTAP and
some classic and well-known tumor suppressor genes such as CDKN2A/B [52]. The cyclin-dependent
kinase inhibitor 2A (CDKN2A) and the cyclin-dependent kinase inhibitor 2B (CDKN2B) genes both
encode putative regulators of cyclin-dependent kinases on chromosome 9p21 that could lead to
uncontrolled cell proliferation and have been associated with poor prognosis in many cancer types
included gliomas [23,53–55]. The 9p21 chromosomal region deletion is rare in grade I but frequent
in grade IV glioma [39]. Our findings, in combination with the detection of other biomarkers, show
CDKN2A/B could be used to predict 9p21 deletion and to stratify patients for stricter surveillance.
By analyzing the TCGA-GBM dataset, we also observed that deletion, rather than MTAP promoter
methylation, is associated with MTAP mRNA expression. Our results contrast with a recent study that
found a significant association of MTAP methylation with gene expression [40]. However, Hansen
et al. observed a very low coefficient of determination (R2) (0.19) with a low correlation coefficient
(R) value (0.44) clearly below the values considered as strong correlation (>0.6); therefore, caution
should be taken in interpreting the reported correlation between DNA promoter methylation and
MTAP expression described [40].

We then evaluated MTAP expression profile in accordance with the molecular subtype of
glioblastomas described by Verhaak et al. [56] and Noushmehr et al. [16]. When using the TCGA-GBM
dataset, we observed that MTAP loss of expression was more pronounced within the classical subtype
(65.2%), corroborating previous reports that patients with classical subtype are characterized by
CDKN2A gene deletion that is contiguous with the MTAP gene [26]. On the other hand, only 7.4% of
the G-CIMP glioblastomas showed loss of MTAP, which is associated with secondary glioblastoma,
tumor-harboring mutation of the IDH1 gene, and lesions that progressed from LGG [16,57,58].

In glioma cell lines, we observed loss of MTAP in high-grade glioma cells, contrasting with
low-grade glioma (40% vs. 0%). Interestingly, there was no loss of MTAP expression in pediatric GBM
cell lines, whereas 50% (4/8) of adult GBM cell lines presented the loss of expression. These findings
are in line with the less frequent (10–19%) 9p21 locus deletion event in pediatric HGG cases [8,59].

We further characterized MTAP expression by IHC, and we sought to associate it with its prognostic
value. We previously reported that MTAP loss occurs in less than 15% of pilocytic astrocytomas
(WHO grade I) [42]. Herein, we extended the immunohistochemistry analysis to a large set of diffuse
infiltrative astrocytomas and observed association between loss of MTAP expression and malignancy
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grade of gliomas. This result is in line with the report by Suzuki et al. [60] that identified the high
frequency of MTAP deletion (60%) in glioblastoma series but rare presence in low-grade glioma [39,42].
Differently, in glioma cell lines, the loss of MTAP for pediatric glioblastoma (54.8%) was higher than in
adult glioblastoma (45.6%) series. This finding was unexpected and may suggest that our series of
pediatric GBM harbored histological characteristics such as those described in the receptor tyrosine
kinases (RTK) II classic subgroup. These tumors exhibit features of copy number alterations of adult
glioblastomas [8,61]. In a recent study, Frazão et al. [39] identified, in a series of pediatric gliomas, rare
episodes of deletion in grade I glioma (12.2%) but frequent 9p21 deletion in high-grade glioma (62.5%).
These results point to the correlation of MTAP deficiency with increased malignancy and histological
subtype of gliomas [11,38,42,50,60].

Despite the frequent loss of expression associated with higher-grade lesions, when evaluating
its clinical impact in our HGG and adult GBM cases, the loss of MTAP was surprisingly correlated
with a better prognosis. One hypothesis that may explain this fact is that patients diagnosed with
the classical subtype (frequent chromosome 9p deletion) presented better survival after intensive
therapy (chemotherapy/radiotherapy) [56]. Our dataset is composed of patients with primary GBM
characteristics (median age of 59 years, IDH1-mutated in 3.9%) with 79% (287/363) having undergone
chemo or radiotherapy treatment, corroborating this result. In addition, through the bioinformatics
approach, we did not observe any association of MTAP expression/deletion with overall survival
(p = 0.942) and disease-free survival (p = 0.230) from the TCGA-GBM dataset. These results are not in
accordance with Hansen et al. [40], which also analyzed the TCGA-GBM dataset and reported that
MTAP-deleted cases presented worse disease-free survival (DFS) when compared to MTAP-normal
patients. The lack of accuracy of DFS in GBM prognostic evolution, particularly outside a clinical
trial assessment, is already known; therefore, overall survival (OS) is the most used criterion. When
analyzing the same TCGA GBM dataset, we observed that MTAP-deleted patients did not show a
worse OS when compared with MTAP-normal patients. Additionally, in agreement with Hansen et
al. [40], we performed the DFS analysis of the same GBM dataset, considering the gold standard DFS
endpoints (7), namely relapse and death events, different to the study by Hansen that only considered
relapse and censured the events of death. The results also showed a lack of association between MTAP
deletion and GBM patients’ prognosis.

Our NanoString Pan-Cancer Panel analysis of MTAP gene-edited cell lines showed a significantly
altered expression of genes associated with RAS/MAPK/PI3K-AKT and apoptosis pathways after
MTAP gene knockout. Signaling by these pathways governs fundamental physiological processes,
such as cell proliferation, differentiation, metabolism, cell death, and survival [62–64]. Out of
nine genes differentially expressed in our study, five are included in the PI3K-AKT pathway, with
three of them—FN1, NGFR, and THBS1—being associated with tumor progression [65–68]. Besides,
upregulated ANGPT1 and downregulated COl11A1 are related to a better prognosis in lung cancer
metastasis and proliferation in colorectal cancer [68,69]. Another gene, TNFSF10, was identified as
upregulated in U251MTAP−/−. This gene is frequently associated with the pro-apoptotic process by
caspase 8 activation [70,71]. Curiously, only two genes, GPC4 and IL13RA2, showed altered expression
for SW1088MTAP+/+ cell line when compared to the control. These two genes exhibit differential
expression and controversial function in various tumors acting as tumor promoters and inhibitors in a
cancer type-specific manner [72–75].

Importantly, in U251MTAP−/− and SW1088MTAP+/+ edited glioma cells, we showed that
MTAP does not regulate glioma cell proliferation, migration, and invasion mechanisms, major cancer
biological features of classic tumor suppressor genes. The results are consistent with the ones observed
in our mRNA expression analysis obtained by the Pan-Cancer Pathway Panel assay. For these genes,
significant differences were observed only for FN1 and MAPK10 between U251MTAP−/− and U251EV
without difference for other genes evaluated. A recent study with prostate cancer cells silenced for
MTAP also showed similar growth rates to controls [33]. Furthermore, it was observed in hepatocellular
carcinoma that the re-expression of MTAP did not change the proliferation rates when compared to
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mock controls [28]. In gliomas, a recent study showed compelling data that MTAP loss is responsible
for epigenetic remodeling and stemness properties [40]. The comparison of the present study with
Hansen et al. [40] shows an important limitation related to culture systems. Our findings were obtained
from 2D monolayer cultures, a high-serum adherent culture system that failed to maintain glioma
stem-like subpopulation of cells and overrepresented only neoplastic cells [76]. We highlight that
the process of in vitro culturing of GBM cells is fraught with challenges [77]. Although Hansen and
colleagues provided the first evidence for relevance of MTAP loss in stemness-induction in GBM, their
study also failed to account for a wide range of factors known to influence tumor growth, migration,
invasion, and resistance to therapy. Therefore, for now, despite efforts, there is a lack of satisfactory
methods for detailed monitoring of molecular and cellular determinants of tumor growth in patients
as well as ideal in vitro systems for modeling of these processes [77]. Thus, additional studies with
implementation of new culture models that better recapitulate the complex reality of glioma growing
in situ are warranted to address this topic.

MTAP has been reported as an important therapeutic regulator. It may contribute to selective
therapy with thiopurines in combination with MTA in MTAP-deleted tumors as a strategy to induce
selective cell death [19,40,78]. However, in the context of treatment strategy, MTAP status as a factor of
molecular vulnerability to increase the efficacy of treatment in patients with glioma should be further
studied with caution. Our data provide arguments towards the lack of strong biological importance of
MTAP in gliomagenesis. Clearly, a better understanding of the molecular changes of MTAP-depleted
cells is needed to exploit this direct and indirect molecular vulnerability, increasing the efficacy of
treatment in patients with glioma.

In summary, the present work showed that loss of MTAP expression is a frequent event in
high-grade gliomas. In silico and in vitro models provided evidences towards the lack of strong
biological importance of MTAP in gliomas. This study also showed that, despite the frequent loss of
MTAP, it does not have a clinical impact in survival and does not act as a canonic tumor suppressor
gene in gliomas.
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Appendix A

Appendix A.1. Cell Lines

One cell line derived from normal astrocytes (NHA), seven primary glioma cell lines, and 11 human
glioma cell lines were evaluated. Human glioma cell lines were as follows: U251 (obtained from
Costello Laboratory), GAMG (obtained from DSMZ, German Collection of Microorganisms and Cell
Cultures), RES259, SF188, UW479, and KNS42 (obtained from Bax et al. [79] ), A172, U87MG, SW1088,
SW1783, and T98G (obtained from ATCC, American Type Culture Collection), NHA (obtained from The
European Collection of Authenticated Cell Cultures (ECACC). NHA, pediatric, and adult glioma cell
lines (RES259, SF188, UW479, KNS42, U251, GAMG, A172, U87MG, SW1088, SW1783, and T98G) were
grown in Dulbecco’s modified Eagle’s medium (DMEM) (GIBCO®, Paisley, Scotland, UK). Cell culture
media were supplemented with 10% fetal bovine serum (FBS) (GIBCO®, Paisley, Scotland, UK) and 1%
penicillin-streptomycin (P/S) (GIBCO®, Paisley, Scotland, UK). Primary short-term and immortalized
glioma cell lines (HCB27, HCB28, HCB18, HCB149, HCB29, HCB2, and HCB151) established at Hospital
de Cancer de Barretos, Brazil [80,81] were cultured in DMEM medium supplemented with 10% FBS
and 1% P/S. All cell lines were checked for the absence of mycoplasma infection. Authentication of
cell lines was performed and confirmed by short tandem repeat (STR) DNA typing according to the
International Reference Standard for Authentication of Human Cell Lines.

Appendix A.2. Gene Editing

Appendix A.2.1. CRISPR/Cas9-Mediated MTAP Gene Editing

The U251 cell line was transfected with CRISPR/Cas9 KO (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) according to the modified supplier’s protocol. Briefly, in a six-well tissue culture plate, 2.5 x
105 cells were seeded in 1 mL of DMEM medium supplemented with FBS at 10% per well, at 37 ◦C and
supplemented with 5% CO2 per 24 h until reaching 70–90% of confluence. Next, DMEM medium was
removed, and 200 µL of opti-MEM was added into wells and cultivated at 37 ◦C and 5% of CO2 until
the transfection solutions were ready. For solution A, 1.5 µg of MTAP CRISPR/Cas9 KO plasmid (h)
(sc-406223) and 1.5 µg of MTAP HDR Plasmid (h) (sc-406223-HDR) or 3.0 µg of Control CRISPR/Cas9
Plasmid (sc-418922) were added into opti-MEM medium to bring the final volume to 150 uL. For
solution B, 15 uL of UltraCruz Transfection Reagent (sc-395739) was added into the opti-MEM medium
to a total of 150 µL. The Plasmid DNA solution (Solution A) was then added dropwise directly to the
UltraCruz Transfection Reagent (Solution B), vortexed, and incubated for 20 min at room temperature
(Solution C). Then, 300 µL of solution C was added into each well and incubated for 72 h under
conditions normally used to culture the cells. At 72 h post-transfection, the medium was aspirated,
and DMEM medium containing 10% of FSB and 5 µg/mL of puromycin antibiotic was added (Santa
Cruz, Dallas, USA #CAS 58-58-2) for 7 days. Every 3 days, the medium was aspirated, and new freshly
selective media were added into well. The success of MTAP CRISPR/Cas9 KO Plasmid and HDR
Plasmid was confirmed by the detection of the red fluorescent protein (RFP) via fluorescent microscopy
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and Western blotting assay. The stably deleted cell line was designated as U251 MTAP−/− and U251
EV for empty vector control as well as the wild type parental control (U251 WT).

Appendix A.2.2. Cell Transduction and Generation of MTAP Overexpressing Cell Line

The lentivirus for MTAP overexpression (MTAP Lentivirus Human, No. #LVP712487) and the
control lentivirus (pLenti-III-CMV-GFP-2A-Puro-Blank Control Lentiviral Vector, No. #LV590) were
obtained commercially from Applied Biological Materials (ABM Inc.®, Richmond, BC, Canada). Stable
cell lines were generated by transducing the MTAP or the Blank control (without insert) and were
selected with 25 µg/mL puromycin according to the supplier’s protocol. First, to select the multiplicity
of infection (MOI), the green fluorescent protein (GFP) control (LV006) was transfected into the SW1088
cell line cultured in a 96-well tissue culture plate (TPP®, Lausanne, Vaud, Switzerland) at a MOI of 2,
4, 6, 8, or 10. The success of GFP expression was observed under a fluorescence microscope (Leica,
Wetzlar, Hesse, Germany) after 48 h. An MOI=10 was selected for subsequent experiments, which
was adequate for sufficient genetic overexpression in the infected cells with minimum damage. After
that, 1 × 104 cells (SW1088) were seeded in a 96-well tissue culture plate in 100 µL of DMEM medium
supplemented with FBS at 10% per well at 37 ◦C and supplemented with 5% CO2 overnight until
reaching 70–80% of confluence. Next, the DMEM medium was removed from wells and replaced with
150 µL of transduction mixture [Viral Plus transduction enhancer (G968) diluted 1:100 into MTAP
Lentiviral vector, #LVP712487 or Puro-Blank Lentivirus; #LV590; ABM Inc.®, Richmond, BC, Canada]
following incubation of the 96-plate at 37 ◦C with 5% CO2 overnight. After 72 h, the DMEM medium
was removed and replaced with 100 µL of complete medium. Stably transfected cells were selected by
the addition of 25 µg/mL puromycin to the medium, which was changed every 3 days. The selection
was terminated after 7 days when the uninfected control cells were completely dead. The stably
expressing cell lines were designated as SW1088 MTAP+/+ and SW1088 LB for lentivirus blank control,
beyond the wild type cell line (SW1088 WT). The infected cells were selected using puromycin antibiotic
(25 µg/mL) for 10 days, and stable expression was confirmed by Western blot.
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Abstract: Glioblastoma (GBM) is inevitably refractory to surgery and chemoradiation. The hope
for immunotherapy has yet to be realised in the treatment of GBM. Immune checkpoint blockade
antibodies, particularly those targeting the Programme death 1 (PD-1)/PD-1 ligand (PD-L1) pathway,
have improved the prognosis in a range of cancers. However, its use in combination with
chemoradiation or as monotherapy has proved unsuccessful in treating GBM. This review focuses on
our current knowledge of barriers to immunotherapy success in treating GBM, such as diminished
pre-existing anti-tumour immunity represented by low levels of PD-L1 expression, low tumour
mutational burden and a severely exhausted T-cell tumour infiltrate. Likewise, systemic T-cell
immunosuppression is seen driven by tumoural factors and corticosteroid use. Furthermore, unique
anatomical differences with primary intracranial tumours such as the blood-brain barrier, the type
of antigen-presenting cells and lymphatic drainage contribute to differences in treatment success
compared to extracranial tumours. There are, however, shared characteristics with those known
in other tumours such as the immunosuppressive tumour microenvironment. We conclude with
a summary of ongoing and future immune combination strategies in GBM, which are representative
of the next wave in immuno-oncology therapeutics.

Keywords: glioblastoma; immunotherapy; resistance mechanisms; programme death-1; immune
checkpoint blockade

1. Introduction

There is a high clinical need for new approaches to combat glioblastoma (GBM) outside of the
traditional approaches such as surgery, radiation and chemotherapy. Immunotherapy, and particularly,
the inhibition of the programme death 1 (PD-1)/PD-1 ligand (PD-L1) pathway, has arisen as a successful
strategy to treat several cancers types [1–7]. Since the first Food and Drug Agency (FDA) approval
in 2014 of Pembrolizumab, a PD-1 inhibitor, to treat metastatic melanoma, there have been a further
five drugs developed in this class with almost fifty FDA approvals within the last five years between
them. In conjunction with the rapid growth in clinical utility of immune checkpoint inhibitors, there
is now increasing knowledge of mechanisms of action, biomarkers, disease response patterns and
toxicity in relation to cancer immunotherapy treatment. This has led to a renewed hope that this class
of immunotherapies will provide the long-anticipated immunotherapy breakthrough to treat GBM.

Unfortunately in 2019, two-phase III first-line trials recruiting patients with either methylated or
unmethylated O6-methylguanine methyltransferase (MGMT) GBM using Nivolumab (a PD-1 inhibitor)
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concurrently with standard of care radiotherapy or chemoradiotherapy, failed to meet its primary
end-point of improved progression-free or overall survival. Likewise, a completed randomised phase
III trial using Nivolumab in relapsed patients with GBM, failed to meet its primary outcome of improved
overall survival versus Bevacizumab [8]. A disappointing response rate of 8% was seen in this trial,
however, those few who responded had a durable response (median 11.1 months with Nivolumab vs.
5.3 months with Bevacizumab) suggesting a subgroup of patients who could derive benefit from such
approaches. However, this highlights the current priority area in the immuno-oncology field of how to
treat checkpoint blockade unresponsive tumours. This review aims to evaluate the unique challenges
of using PD-1/PD-L1 axis inhibiting drugs and other immunotherapies to treat GBM, and barriers that
may restrict their success. It also considers what can be learnt from other tumour types and whether
this is the beginning or end of PD-1 targeted immunotherapies in GBM.

2. Why is the PD-1/PD-L1 Pathway a Relevant Therapeutic Target to Treat Cancer?

Cytotoxic T-lymphocytes (CTL) can selectively kill cancer and viruses while sparing healthy
tissue. However, these tumour-specific T-cells are suppressed in the tumour microenvironment [9].
PD-1 is an inhibitory transmembrane receptor dynamically expressed upon T-cell receptor (TCR)
engagement on activated T-lymphocytes. It favours immune evasion in cancer by down-regulating
T-cell activation and effector function [10]. Although absent in naïve T-cells, higher levels of PD-1
are found on infiltrating T-lymphocytes, which are thought to be exhausted due to chronic antigen
stimulation [11,12]. On binding to its ligand, PD-L1 and PD-L2, SHP-2 phosphatase is recruited to
the cytoplasmic immunoreceptor tyrosine-based switch motif (ITSM) domain of PD-1. This and other
phosphatases attenuate the co-stimulatory signal predominately through CD28 [13]. Furthermore,
signalling through the co-stimulation B7/CD28 complex is required for PD-1 inhibitors to be effective,
illustrating the importance of this signal [13,14].

The ligation of PD-1 on T-cells, by tumour or tumour-infiltrating immune cells expressing
PD-L1, results in T-cell dysfunction. This includes, but is not limited to, attenuation of activation,
decreased cytokine secretion and impaired production of cytotoxic molecules. There is also reduced
anti-apoptotic and increased pro-apoptotic gene expression, thereby decreasing T-cell survival.
In addition, metabolic reprogramming within T-cells further contributes to T-cell exhaustion and
inhibition [10]. Therefore, immune evasion mediated by PD-1/PD-L1 signalling may explain why
endogenous or strong vaccine-induced T-cell responses against tumour antigens fail to translate to
tumour regression [15]. The relevance of this axis is further supported by the recent explosion of FDA
approvals for drugs that target this axis.

It transpires that there are many such receptors that modulate the T-cell response and, therefore,
it is somewhat surprising that a single checkpoint has translated to such clinical success [16].

3. Clinical Efficacy of Immune Checkpoint in GBM

The remarkable responses to PD-1 inhibitors seen in lymphoma subtypes, where response rates
are high (87% in Hodgkin’s lymphoma), are not recapitulated by solid organ cancers where response
rates range from 15 to 40% [17]. This means that, despite significant and durable responses in patients
that respond, the majority will progress and, furthermore, be at risk of immunotherapy associated
side effects.

Recently, phase III, randomised, multicentre trial, checkmate-143, compared Nivolumab to
Bevacizumab in 369 relapsed GBM patients, showed no overall survival advantage for the PD-1
inhibitor above Bevacizumab [8]. In both treatment arms, 40% of patients were on steroids at baseline
including approximately 15% in both arms taking ≥4 mg/day. The median overall survival (OS) was
9.8 months with Nivolumab compared to 10.0 months with bevacizumab and the 12-month OS rate
was 42% in both treatment arms. The progression-free survival was shorter in the Nivolumab group at
1.5 months, compared to 3.5 months in Bevacizumab group. Likewise, the objective response rate was
lower in the Nivolumab group −8% vs. 23%, despite the majority of patients having measurable disease
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at baseline (83%). The duration of response was, however, longer with Nivolumab −11.1 months
compared to 5.3 months and less grade 3–4 treatment-related adverse events (13% vs. 18%). However,
on the basis of this phase III trial Nivolumab could not be recommended in the relapsed setting
for GBM.

In May 2019, a Bristol Squibb Myers press release stated that the eagerly awaited front line phase
III trial, Checkmate-498, had failed to meet its primary endpoint of overall survival (OS) and both
secondary endpoints of progression-free survival (PFS), and OS rate at two years. This trial recruited
over 500 treatment-naïve patients to receive either Nivolumab plus radiation or Temozolomide plus
radiation. After surgery, patients in the experimental arm received Nivolumab every two weeks
concurrent with radiation, followed by maintenance with Nivolumab every four weeks until disease
progression or unacceptable toxicity. Eligible patients had centrally confirmed mgMT-unmethylated
disease and a Karnofsky performance status ≥70. Likewise, the randomised, multicentred phase III
frontline trial, Checkmate-548, which recruited mgMT-methylated GBM, had a similar press release
in September, stating a failure to meet the primary endpoint of PFS, although OS data is not mature.
This trial compared the addition of Nivolumab with Temozolomide and radiation compared to
Temozolomide and radiation alone.

There has also been published case series and early phase trials investigating combination therapy
approaches. Part of the checkmate-143 trial comprised multiple phase I safety cohorts of Nivolumab or
Nivolumab in combination with Ipilimumab. In the former, the monotherapy arm (n = 10) produced
one partial response and no grade 3–4 toxicities. This contrasts to Nivolumab 1 mg and Ipilimumab
3mg, where 9 of the 10 patients experienced grade 3–4 toxicities and 5 discontinued the drug due
to adverse events. This is not unexpected, as the combination of Nivolumab with Ipilimumab is
known to have a maximum tolerated dose in both melanoma and non-small cell lung cancer (NSCLC),
and in combination is too toxic to use at full monotherapy doses [18,19]. However, in contrast to
melanoma, increased toxicity was not accompanied by increased objective response rates. In this
cohort, 0/10 patients achieved a partial response [20]. Nivolumab at 3 mg and Ipilimumab at 1 mg
produced one partial response (n = 20) [21]. The first reports of clinical efficacy using Pembrolizumab
in relapsed GBM patients found 1 partial response in the first cohort of 6. The study also extended to
combination use with bevacizumab, which was reported as safe [22].

There are also initial reports on multimodal combination strategies. For example, Pembrolizumab
at two doses (100 mg and 200 mg every three weeks), combined with hypo-fractionated radiotherapy
and bevacizumab was again shown to be safe. The responses of the first three patients treated with
100 mg dose is known and included two stable disease and one complete response at the time of
abstract publication [23].

Overall, however, the available data on PD-1 inhibitors in GBM are mainly from published
abstracts and case studies, as summarised in Table 1. We can infer that there is a similar safety profile
to that known in other solid cancers, but initial response rates are lower (Table 1). More mature trial
information will guide objective response rates and, more importantly, survival data. Nevertheless,
numerous combination trials are already underway with the aim of improving efficacy.

Table 1. Clinical efficacy of programme death 1 (PD-1) therapy in Glioblastoma.

Drug Patient Cohort Study Type Toxicity Efficacy Reference

Pembrolizumab

Recurrent GBM (n = 9),
AA (n = 2),
BSG (n = 1),

Paeds (n = 5)

Retrospective Safe No responses Blumenthal
et al. 2015 [24]

Pembrolizumab
+ Bevacizumab

Recurrent GBM
N = 6 Phase I Safe

1 PD
2 SD
3 PD

Reardon et al.
2016 [22]

Pembrolizumab +
hypo-fractionated RT

+ Bevacizumab

Recurrent GBM or AA
N = 3 Phase I Safe 1 CR

2 SD
Sahebjam et al.

2016 [23]
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Table 1. Cont.

Drug Patient Cohort Study Type Toxicity Efficacy Reference

Pembrolizumab Recurrent solid tumours,
Glioma (n = 3) Case series Safe 1 MR Leibowitz-amit

et al. 2015 [25]

Pembrolizumab
Hypermutated GBM

(POLE germline
deficiency)

Case study Safe 1 PR Johanns et al.
2016 [26]

Nivolumab +/−
Ipilimumab

Recurrent GBM
Monotherapy (3 mg/kg)

(n = 10)
Phase I

0 grade 3–4 AE
1 discontinued

due to AE

1 PR
5 SD
3 PD

Reardon et al.
2016 [20]

Nivolumab
1 mg/Ipilimumab 3 mg

(n = 10)
Phase I

9/10 grade 3–4
AE

5 discontinued

0 PR
4 SD
6 PD

Nivolumab
3 mg/Ipilimumab 1 mg

(n = 20)
Phase I

5/20 grade 3–4
AE

2 discontinued

0 PR
10 SD
9 PD

Nivolumab
Paediatric GBM with

biallelic mismatch repair
deficiency (n = 2)

Case study 1 seizure at
initiation 2 PR Bouffet et al.

2016 [27]

Pembrolizumab +
Bevacizumab +

GMCSF
Recurrent GBM (n = 4) Case series Safe 1 PR

3 SD
Brown et al.

2016 [28]

Durvalumab Recurrent GBM (n = 31) Phase II, cohort
B

Safe
9.7% Grade 3–4

AE

4 PR
14 SD

12mOS −44.4%

Reardon et al.
2017 [29]

PD-1 inhibitors + RT Recurrent HGG (n = 20) Case series Safe
7 PR
5 SD
8PD

Iwamoto et al.
2017 [30]

Nivolumab Recurrent GBM Case report Safe PR Roth et al. 2017
[31]

Nivolumab vs.
Bevacizumab Recurrent GBM (n = 369) Phase III

13% grade 3–4
toxicity

Nivolumab

RR 8% vs. 23%
(Nivolumab vs.
Bevacizumab

Reardon et al.
2017 [8]

Nivolumab + RT vs.
TMZ + RT

1st line (n = 550)
unmethylated-MGMT Phase III not published failed to extend

OS and PFS
BMS Press

release

Nivolumab+TMZ +
RT vs. TMZ + RT

1st line (n = 693)
methylated mgMT Phase III not published failed to extend

PFS
BMS Press

release

RT = radiotherapy; TMZ = Temozolomide; PR = partial response; SD = stable disease; MR = mixed response;
PD = progressive disease; HGG = high grade glioma; AA = anaplastic astrocytoma; BSG = brain stem glioma;
Paeds = paediatric; POLE = DNA polymerase epsilon deficiency; OS = overall survival; PFS = progression-free
survival; GMCSF = granulocyte-macrophage colony-stimulating factor.

4. Brain Tumour Immunity and Barrier to Immunotherapy

The brain has historically been seen as an immuno-privileged site, however, it is now clear that
this is highly contextual. The lack of traditional lymphatics and known antigen-presenting cells
have supported this theory [32]. The challenge of immunotherapy to treat GBM are numerous and
includes a limited understanding of basic cellular mechanisms governing anti-tumour responses in the
brain, mechanical barriers such as the blood–brain barrier (BBB), in addition to a suppressive tumour
microenvironment (TME).

4.1. Antigen Presentation Cell (APC)

Microglia cells are tissue resident macrophages that have entered the CNS in early embryonic life.
When activated, microglia express MHC class I and II molecules, as well as adhesion and co-stimulatory
molecules, acquiring the ability to act as APCs [33–35]. Microglia express toll-like receptors 1–9 and
nucleotide-binding oligomerisation domain-like receptors which contributes to their activation and
recognition of a range of pathogen-associated molecular patterns [36]. Macrophage and microglial cells
have functional plasticity and polarise their phenotype depending on the cytokine milieu and microbial
environment. The M1 phenotype is activated by IFN-γ and lipopolysaccharide (LPS) to polarise

262



Cells 2020, 9, 263

a macrophage towards a pro-inflammatory IL-12 secreting cell capable of supporting a Th1 response.
The M2 or alternatively activated phenotypes are induced by IL-10, glucocorticoids or IL-4 to induce
a Th2 or immunoregulatory response [37]. However, in the context of high-grade gliomas, current data
suggest that microglia lose their capacity to present antigens due to the highly immunosuppressive
TME and resemble alternatively activated macrophages [36,38]. For example, TGF-β inhibits microglial
proliferation and when microglial cells are co-cultured with glioma stem cells, they phenotypically revert
to an M2 status. These microglial cells have reduced phagocytosis and secrete high levels of IL-10 [39].
The M2 phenotype microglial cells also have lower MHC-class II and surface co-stimulatory molecule
expression, reducing antigen-presenting capacity [40,41]. Indeed, microglia have a large regulatory role
in the central nervous system (CNS) immunity and plasticity which is utilized by glioma to promote
growth. Upwards of 30% of a GBM tumour mass can include these immune cells and higher numbers
are seen at higher grades [42]. Microglia release chemoattractants (monocyte chemoattractant protein-1
(MCP-1) and macrophage inflammatory protein-1) when associated with glioma cells promoting
further microglial/monocyte recruitment from the peripheral blood and, in combination with the
cytokine milieu (IL-10, TGF-β and IL-6), promote further immunosuppression [36,41]. Furthermore,
glioma-associated microglia can release matrix metalloproteinase-14, which degrades normal brain
parenchyma and promotes tumour invasion [43].

Distinct from the role of microglia, T-cell reactivation can occur in several anatomical niches
including the choroid plexus, the meninges and the perivascular space within the CNS parenchyma,
where co-localisation with distinct antigen-presenting cells and T-cells are seen [44]. For example,
classical myeloid dendritic (cDC) type 1 cells have been identified in the CSF space adjacent to
subarachnoid vessels and choroid plexus stroma. cDC type 2 have been identified in post-capillary
venules of parenchymal tissue in mouse models [44]. These cells are potent antigen-presenting cells
capable of re-stimulating a T-cell response. There are also distinct macrophage populations at these
sites, with perivascular macrophages sharing embryonic origins with microglia, while choroid plexus
macrophages are replenished by blood-derived monocytes [44]. There is also a consensus that lymphatic
drainage of the outer lining and subarachnoid space is via dural sinuses and into deep cervical lymph
nodes, where MHC class II-expressing cells localize and can present antigen [45,46]. Hence, this route
may indeed prove the pivotal source of antigen presentation within the CNS. Interestingly, recent
single-cell mass and fluorescence cytometry in parallel with genetic fate mapping systems, have
shown key differences in the dendritic cell, microglia and macrophage distribution and abundance
in disease and ageing [47]. It is known that microglial cells appear to be the only leukocyte in the
brain parenchyma in the steady-state. However, outside the parenchyma, in the choroid plexus,
perivascular space and lining the meninges they found 4 distinct subsets of macrophages which they
named border associated macrophages (BAM). These subsets may have different roles in disease, for
example the CCR2+ subset was predominately found near the choroid plexus and have a high turnover
from bone-marrow. This has implications for disease, for example, in an experimental autoimmune
encephalitis (EAE) mouse model, the BAM decreased in frequency, replaced by peripheral monocytes
and a homogenous BAM MHCII+CD38+ population was seen [47]. They also found that during EAE,
microglia skewed to an inflammatory phenotype, which was also seen in ageing and Alzheimer disease
mouse models, suggesting a common activation programme [47]. Additionally, they confirmed that
the cDC2, cDC1 and plasmacytoid DC exist intracranially and, consistent with recent descriptions in
the periphery, cDC2 are a heterogenous cell group as defined by surface marker expression. Such
studies identifying the heterogeneity of innate cells and dynamic infiltration into the brain and will
guide future immunotherapy combinations for targeting GBM.

Clinical support of antigen detection in the CNS and extracranial de-novo T-cell responses are
seen from reports of the abscopal effect following CNS radiotherapy [48,49]. In a series of 13 patients
whom received CNS radiotherapy for metastatic melanoma and had disease progression in the brain
following Ipilimumab, 7 experienced a partial response at extracranial sites including liver, lung, pelvic
and cutaneous [49]. This provides support to the theory that the presentation of glioma antigens can
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trigger a peripheral immune response, likely via priming and activation in the deep cervical lymph
nodes [46].

4.2. Lymphatics

The lack of traditional lymphatics has led to controversies in regard to the CNS communication
with peripheral lymph nodes and therefore the site of antigen presentation and T cell priming. However,
the cervical lymph nodes seem to be important with in-vivo tracers following CNS antigens draining
through CSF, across the cribriform plate and into the nasal mucosa. This subsequently drains into
the cervical lymph nodes [50]. Recently, dissection of mouse meninges and immunohistochemistry
staining has co-localised endothelial cells, T-cells and MHC-II expressing cells with high concentration
of immune cells near the dural sinuses. Indeed, intravenous and intracerebral injection of lectin
dyes and anti-CD45 fluorescent antibodies have revealed alignment of T-cells and antigen-presenting
cells along perisinusal vessels [46]. Alternatively, soluble antigens have been shown to travel down
a separate pathway in the perivascular spaces within the wall of the cerebral arteries and into the
cervical lymph nodes [51].

Further support to the importance of the cervical lymph nodes in T-cell priming comes from
a mouse model of MS, EAE. This condition occurs in mice after intracranial injection of purified myelin
antigen and is exacerbated by an intracranial cryo-lesion. The removal of the cervical lymph nodes,
prior to inflicting the cryo-lesion ameliorates this phenotype [50].

Furthermore, in the perivascular space, circulates T-cells which display a memory phenotype,
rather than naive [35]. In support of this, homing of CD8+ T-cells towards the brain has been found
to occur after the presentation of tumour-specific antigens at the cervical lymph nodes [52]. Under
physiological circumstances, activated memory CD4+ T-cells enter the CSF from the bloodstream and
monitor perivascular spaces as part of the immunosurveillance machinery in the CNS. Upon encounter
of antigen-loaded APCs, CD4+ T-cells differentiate into effector cells and acquire the competence to
invade the parenchyma, thereby triggering local immune responses in the brain [53]. In a similar
fashion, many CD8+ T-cells that are found in the CNS during neuroinflammation display an effector
memory phenotype and are thought to be selectively recruited by α4-integrin-expressing endothelial
cells at the BBB [54]. This data supports the notion that there is a constant interaction between the
extracranial and intracranial immune responses and suggests that the priming and expansion of T-cells
occurs outside the CNS in the cervical lymph nodes.

4.3. Blood–Brain Barrier (BBB) and Immune Privilege

The blood–brain barrier is not a static barrier, but dynamic. The integrity of the BBB across CNS
microvessels relies on endothelial cells and intact tight junctions between them. This close association
reduces permeability and prevents solute exchange to occur paracellularly [55–57]. Nevertheless, the
endothelial BBB is a dynamic entity that responds to environmental cues. Inflammation and brain
pathologies can compromise the integrity of the BBB, thereby increasing its permeability, and thus
allowing the infiltration of circulating monocytes and lymphocytes from the periphery [57,58]. As in
other tissues, the extravasation of T-cells across the BBB involves the interaction between specific
adhesion molecules and chemokines expressed on immune and endothelial cells. However, trafficking
into the brain is known to be less efficient than in other organs and may involve transcellular instead
of paracellular extravasation, to preserve endothelial tight junctions [57,59]. For example, there is also
evidence that inducible metalloproteinases facilitate penetrance of leukocytes migration following
perivascular cuffing across the glia limitans and basement membrane, particularly in inflammation
such as a diseased pathology of the brain [60]. In the inflamed blood–brain barrier, monocytes, Th1
and Th17 cells migration across the blood–brain barrier is a multistep process involving E- and P-
selectin mediated rolling along the surface of the endothelium, followed by chemokine mediated
activation and adhesion to the endothelium. This is proceeded by intracellular adhesion molecule-1
(ICAM-1) and vascular adhesion molecule-1 (VCAM-1) and activated leukocyte adhesion molecule
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(ALCAM) upregulation by pro-inflammatory cytokines. These bind to affiliated T-cell receptors
leukocyte function-associated antigen-1 (LFA-1), very late antigen-4 (VLA-4) and CD6. BBB endothelial
cells and glial cells are an important source of the pro-inflammatory chemokines such as CCL2/MCP-1,
RANTES and CXCL10/IP-10 and thus facilitate immune cell recruitment. CD8+ T-cells seem to be
dependent on α4 integrin, distinct to the aforementioned mechanisms [54,57,61,62]. Immunoglobulins
can also cross the BBB via the immunoglobulin receptor, FcRn, by carrier-mediated transportation via
the cerebral blood vessel and into the brain parenchyma [63–65].

Clinical support of the effective penetration of T-cells into the CNS comes from a phase II trial
which included 52 patients with untreated or progressive brain metastases diagnosed with metastatic
melanoma or NSCLC. These patients had similar responses intracranially, as to their extracranial disease
following treatment with Pembrolizumab, a T-cell immune checkpoint inhibitor, targeting PD-1 [66].
Thus, suggesting that these drugs are effective intracranially if the relevant immune signatures against
the tumour are present. This has also been observed in GBM, where a recent case report of two patients
with recurrent GBM on a background of paediatric biallelic mismatch deficiency, had a deep and
durable response to Nivolumab [27]. These tumours have a high mutational burden, which predicts
response to immune checkpoint blockade and is discussed later. Although a rare subtype of GBM,
in certain countries, where consanguineous rates are higher, biallelic mismatch repair deficiency is
estimated to account for 40% of paediatric GBM cases [67].

4.4. T-cell Dysfunction

GBM patients have been recognised to have severe deficits in cell-mediated immunity, particularly
within the lymphocyte population [68,69]. This has been narrowed down to the CD4 compartment.
T-regulatory cells (Tregs) are highly diverse and plastic subset of CD4 T-cells and have a universal
role in immune tolerance [70]. The thymic derived, natural Tregs (nTregs), characterised by high
constitutive expression of FoxP3, cause contact-dependent cytokine independent immunosuppression
through CTLA-4, PD-L1, granzyme/perforin and Fas/FasL pathways [32]. Inducible Tregs, have
transient or absent FoxP3 expression and induce immunosuppression through IL-10 and TGF-β [71].
Fecci et al. described suppressed absolute CD4 counts in 20 patients with GBM, however, they noted
the fraction containing CD4+CD25+FoxP3+CD45RO+ T cells was increased compared to healthy
controls [72]. Overall these patients’ T-cells showed anergy or secreted Th2 polarising cytokines on
stimulation. Removal of the Treg population reversed this cytokine signature. Furthermore, in the
murine immunocompetent model using the mouse strain VM/Dk injected with SMA-560 (mouse
glioma cell tumour) intracranially, anti-CD25 was shown to deplete Tregs and increase survival [72].
Similarly, the presence of tumour infiltrating lymphocytes has been described as improving prognosis,
although the rate of infiltration is low [73]. In support of an important role of Tregs in glioma is
an immunohistochemistry study comprising 62 patients, whose tumours were stained for FoxP3
and CD8 and found Treg accumulation at the tumour site was associated with poorer prognosis,
while CD8+ tumour infiltrating lymphocytes (TILs) were not associated with increased survival [74].
Indeed, the nTreg population may predominate in glioma, with high FoxP3 expression also seen by
another group in glioma samples and linked with higher grade and high levels of Helios transcription
factor, another nTreg marker [75,76]. This group expanded this theory to a mouse orthotopic model
with intracranially injected (i.c.) GL261 mouse cell line of GBM and found thymectomy, prior to i.c.,
significantly decreased Treg levels [76]. This may be through high expression of CCL-2 chemokine by
glioma. In 19 GBM patients where CD4/CD25bright cells were isolated, Tregs migrated preferentially to
glioma conditioned media and was reversed by using a CCL-2 blocking antibody [77].

A more recent study has quantified the CD4 compartment compromise in newly diagnosed GBM
as equivalent to that in HIV patients. They found GBM patients had CD4+ counts of ≤200/µL compared
to a healthy adult numbers of >1000 [78]. They proposed a mechanism of sequestration of T-cells in
the bone marrow of patients causing a relative lymphopenia through loss of sphingosine-1-phosphate
(S1P) receptor on the T-cell surface. In health, a S1P ligand gradient directs T-cell chemotaxis to blood
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and lymph node areas and maintains circulating lymphocyte frequency [78]. They showed in mice
which are S1P1-deficient, T cells accumulated in the bone marrow of glioma-bearing mice. However,
S1P1-knockin, glioma-bearing mice did not have T-cell sequestration [78].

It is now clear that evidence of pre-existing anti-tumour immunity predicts response to PD-1
therapy [79]. Immunologically ‘hot’ tumours, which includes those with high PD-L1 expression,
adjacent CD8 TILs, enriched interferon gene signature and upregulation of other checkpoints have
shown stronger predictive value [79]. This is in contrast to ‘cold’ tumours that have no immune
infiltrate. A number of studies have shown that PD-L1 is expressed on GBM tissue albeit at variable
levels. A range between 50–90% positive cells was described in a cohort of 10 primary GBM samples,
which was later backed by a larger cohort of 135 samples, of which 86% expressed the marker [80,81].
Contrary to this, another study of 92 IHC samples showed that a median of 2.7% of tumour cells
expressed PD-L1, despite 61% defined as positive using a threshold of ≥1%. The same study also
performed flow cytometry on five primary samples, which was supportive of their IHC analysis [82].
Hence, although a reasonable proportion of samples are positive by the 1% cut-off, these are of low
intensity. PD-L1 is often viewed as a signature of pre-existing immunity, where this is a fingerprint
of previous IFN-γ release by an antigen-specific cytotoxic T-lymphocyte (CTL). However, oncogenic
pathways can also lead to constitutive PD-L1 expression. Mutated/loss of PTEN leads to increased
PI3K pathway activation and subsequent PD-L1 up-regulation [83]. Mutations/inactivation of the
PTEN gene ranges from 5–40% in GBM [84]. Others have shown that in pre-clinical melanoma
models, loss of PTEN in tumour cells inhibits T-cell mediated killing and decreases T-cell trafficking.
In patients with melanoma, loss of PTEN correlated with decreased T-cell infiltrate and poorer
response to PD-1 therapy [85]. However, in this study loss of PTEN was not associated with increased
PD-L1 expression and hence, at least in melanoma, PTEN causes immunosuppression independent
of PD-L1 [85]. Oncogene activation, such as MYC and EGFR, also up-regulate PD-L1 expression and
attenuates the anti-tumour response [86–88]. Therefore, whether the mechanism of PD-L1 expression is
oncogene-driven intrinsic constitutive expression, or adaptive upregulation via the STAT pathways in
response to IFN, is of unknown importance. Ultimately, the clinical response to PD-1 antibody, in the
phase III trial of relapsed GBM, had been disappointing [8].

Another important element that differentiates immunologically ‘hot’ tumours, likely to respond
to immunotherapy, from ‘cold’ inert tumours, is mutational burden [79]. With higher mutational
burden, greater neoantigens are created, which leads to a greater potential for T-cell repertoire against
tumour specific antigens [89]. This is supported by estimates of neoantigens using exome sequencing
of tumours, where melanoma and NSCLC have the greatest numbers of somatic mutations and
neoantigens predicted. This is clinically validated, as these tumours are known to be particularly
sensitive to checkpoint inhibitors. In contrast, GBM sits in the lower third of neoantigens burden in the
30 tumours reported in this study [90].

One subgroup of patients, that have a high mutational load regardless of cancer site of origin are
mismatch repair (MMR) tumours. A phase II study showed that in 41 patients with mainly colorectal
cancer, those whom were MMR proficient were unresponsive to PD-1 inhibitor; however, those MMR
deficient tumours had objective response rates >70% to PD-1 inhibitor [91]. This was also seen in
the non-colorectal MMR deficient cancers (n = 7) in this study. On average, the MMR tumour had
100-fold greater somatic mutations than the proficient tumours [91]. This has also been observed in
GBM, where a recent case report of two patients with recurrent GBM on a background of paediatric
biallelic MMR deficiency, had a deep and durable response to Nivolumab [27].

It has also been well described that recurrent GBM has a high frequency of mutations in the
MSH6 MMR gene, which is seen as a consequence to previous Temozolomide treatment and induces
a hypermutated phenotype [92].

Interestingly, two recent phase I trials in GBM have shown that it is possible to turn cold tumours
hot. Kerstin et al. used a vaccine designed to target neoantigens, personalised to 8 patients, 5 of which
had surgical resection following disease progression while on the vaccine treatment. In the two patients,

266



Cells 2020, 9, 263

not taking corticosteroids, TIL infiltrate targeting the neoantigens was seen and had upregulated
a number of immune checkpoints, potentially accounting for the disease progression [93]. Likewise,
using a similar protocol another group used personalised vaccines based on mutation analyses of the
transcriptomes and immunopeptidomes of the individual tumours. Two vaccines were administered
in 15 patients against both unmutated and neo-antigens. They were able to elicit CD8+ T-cell expansion
in the unmutated antigen vaccine and CD4 responses against neoantigens. In a patient who had
a response, tumour resection showed a favourable CD8+:regulatory T (Treg) cell ratio and CD4+ T-cell
reactivity against one immunised peptide [94].

It may be that a particular subtype of GBM is more immunogenic. Using The Cancer Genome Atlas
data, the mesenchymal subtype upregulated both proinflammatory and immunosuppressive gene
profiles. For example, there was mRNA rich signature suggesting immune checkpoint activation such
as PD-L1, CTLA-4 and galectin-3 (ligand to TIM-3), immunosuppressive monocyte and macrophage
recruiters (CCL2, CD163 and CD204) and Treg markers [95]. This mixed immune signature suggests
combination immune strategies may be successful for this subtype.

A recent publication has revealed that the poor response rates seen to PD-1 inhibitor monotherapy
may be due to the upregulation of multiple checkpoints and a more severely exhausted T-cell
phenotype [96]. Woroniecka et al. have studied T-cell exhaustion in GBM in more depth. They isolated
TIL and peripheral blood lymphocytes (PBL) from 21 GBM patients and assessed for the presence of
multiple immune checkpoint markers including PD-1, CTLA-4, TIM-3, LAG-3, CD160, 2B4, TIGIT,
CD39, and BTLA [96]. Interestingly, they found PD-1+CD8+ were present in 96% of patient TIL samples.
The CD8+ T-cells were of an effector memory phenotype (CD45RA−CD62L−), however, noted LAG-3,
TIGIT, TIM-3 and CD39 were all upregulated, in addition to PD-1. They also measured post-stimulation
levels of intracellular IFN-γ, TNF-α and IL-2 by flow cytometry and found cytokines levels were
severely suppressed in TIL expressing PD-1, TIM-3 and LAG-3 (triple positive), but not PD-1 single
positive. Indeed, the CD8+PD-1+ produced more IL-2 than CD8+PD-1− which the authors reflected
demonstrates that PD-1 alone is an activation marker rather than purely a marker of exhaustion. They
modelled T-cell exhaustion in two mouse models of GBM and found the TIL population mirrored those
found in mouse models of chronic lymphocytic choriomeningitis virus, with the loss of TbethiPD-1int

T cells, and the accumulation EomeshiPD-1hi exhausted T cells [97]. Furthermore, the GBM mouse
model TILs had more CD8+PD-1+TIM-3+LAG-3+ than equivalent models in melanoma, breast and
lung cancer [96]. Simultaneously, a second group published supportive findings to these showing
that CD8+ TILs isolated from GBM showed a severe exhausted phenotype [98]. This group also
compared relapsed and primary GBM patients’ TILs and tumour transcriptomic immune signature
which they found were similar. However, the relapsed patients had a restricted TCR repertoire clonality
and thereby supports the role of boasting antigen presentation and priming through DC targeted
immunotherapies [98].

4.5. Immunosuppressive Tumour Microenvironment

GBM has a wide variety of mechanisms of immunosuppression, most of which are also common in
non-CNS tumours [32]. Over 4 decades ago impaired cell-mediated immunity was described in brain
cancer patients driven by a sera-mediated factor likely to be a cytokine [69]. Indeed, this was likely to
be TGF-β isoform 2, originally described as glioblastoma-derived T cell suppressor factor, given its
discovery in GBM cell lines and patient serum, where it was noted to be immunosuppressive to T-cell
proliferation through IL-2 dependent and independent pathways [99,100]. TGF-β is pleiotropic and
plays a role in both glioma tumorgenicity and immunosuppression. Its receptor is highly expressed on
glioma cells and RNA silencing of TGF-β reduces glioma proliferation, migration and invasiveness.
TGF-β also inhibits the transcription factors for the activating immunoreceptor NKG2D and its
ligand MHC class I polypeptide-related sequence A (MICA), thus suppressing CD8 T-cell and NK
function [101]. MHC class II expression on glioma cells, microglia and macrophages is also reduced
following TGF-β exposure [102]. Interestingly, TGF-β2 has been measured pre- and post-operatively
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in GBM patients, with a favourable prognosis seen in those with a greater reduction in the cytokine,
implying an important role of the cytokine in progression [103].

IL-10 is a potent anti-inflammatory cytokine. IL-10 induces immature and tolerogenic DC
and hinders cytotoxic T cell effector function through sustaining the FoxP3 transcription factor on
Treg [104,105]. IL-10 messenger RNA has been seen in gliomas, with higher levels associated with
higher grades [106]. IL-10 production by gliomas seems to polarise the tumour associated macrophages
and microglia in the tumour microenvironment [107]. IL-10 also promotes expression of the negative
checkpoint molecule PD-L1 on glioma-associated macrophages and peripheral monocytes [80].

Another important immunomodulatory mechanism of DCs and other immune cells is through
indolamine 2,3-dioxygenase 1 (IDO) [32]. This orchestrates response to the cytokine environment,
for example, it is upregulated in response to interferons [108]. IDO is a cytosolic enzyme which
controls tryptophan degradation particularly kynurenine and in addition to the above, facilitates Treg
expansions and inhibits T effector function. Furthermore, it can also attract and activate circulating
Tregs in the TME to mediate immunosuppression [77]. Overall it, therefore, downregulates the
immune response [109,110]. It is highly expressed by GBM (but not normal brain tissue) and levels
of IDO expressions by malignant tumours has been correlated to poorer prognosis. Supportive of
the above, mice implanted with IDO producing glioma cells (GL261), had increased intra-tumoral
Treg accumulation and reduced survival [109]. Furthermore, administration of 1-methyl-tryptophan
(an IDO inhibitor) in combination with PD-L1 and CTLA-4 inhibitors resulted in 100% glioma mice
survival, improved over PD-L1 and CTLA-4 dual inhibitor therapy [111].

Overall the TME in glioma is profoundly immunosuppressive through a number of cell populations
and cytokine factors.

4.6. Corticosteroids

Corticosteroids are universally used to alleviate symptoms of vasogenic oedema in GBM patients.
Vasogenic oedema is a major consequence of BBB disruption and increased vascular permeability in
GBM, resulting in accumulation of fluid entering the brain extracellular space [112]. Administration
of glucocorticoids effectively reduces BBB permeability by reinforcing endothelial tight junctions.
In addition, dexamethasone (Dex) can inhibit the effects of tumour-derived VEGF and suppress
vascular permeability [113].

This type of oedema is characteristic of brain malignancies that are progressing, but it can also
appear after treatment with chemotherapy and radiotherapy due to uncontrolled inflammation of the
CNS [114]. Owing to tumour location and volume limitation, cerebral oedema increases intracranial
pressure and can compromise neurologic function, causing significant morbidity and mortality [112,115].

Unfortunately, treatment with glucocorticoids also has several negative effects. Of particular
relevance is the anti-inflammatory and immunosuppressive action of steroids [116]. Several studies have
shown that the use of Dex can lower CD4+ T lymphocytes, as well as exert global immunosuppression by
inhibiting the activity of NF-κβ in T-cells [116–118]. More recently, studies in GBM animal models and
patients indicate that Dex lowers the efficacy of chemotherapy and radiotherapy, resulting in a decreased
overall survival [119,120]. Steroids are known to be immunosuppressive and characteristically exert
this effect by directing T-cell apoptosis, both at thymic development and in the periphery during
activation-induced cell death [121,122]. Indeed clinically, steroids have direct cytotoxic effects on
lymphoid origin cancers such as lymphoma and acute lymphoblastic leukaemia whereas have minimal
cytotoxic effect on myeloid leukaemias [123]. A group studied the systemic immune suppression in
glioma patients (n = 37) including T-cells, myeloid-derived suppressor cells (MDSC) and monocytes and
compared patients on and off Dex, to elicit tumour versus corticosteroid-induced immune changes [124].
They found Dex exacerbated lymphopenia in patients compared to healthy controls particularly to
the T-cell compartment. In the patients on steroids, although they had similar numbers of monocytes,
there was an increase in CD14+HLA-DR−/lo monocytes, which inhibited T cell proliferation and
failed to differentiate into MoDC. These cells were also negative for CD80 and had reduced CD86
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co-stimulatory molecule expression. Furthermore, these immature cells made up to a third of the
monocyte population and were distinct from other CD14+ immune cells such as MDSC [124]. Serum
from GBM patients could induce the same changes to healthy monocytes from healthy controls and
the authors proposed this to be CCL2 driven. Dex could not induce the loss of HLA-DR+ expression
on healthy monocytes, but reduced CCL2 expression in a series of GBM cell lines and, furthermore,
inversely correlated with serum CCL2 levels in a dose-dependent manner. Therefore, the authors
concluded that tumour induced factors led to the low HLA-DR expression in the monocyte phenotype,
however, Dex reduced CCL2 secretion by the tumour, reducing tumour recruitment of monocytes and
resulting in increased peripheral CD14+HLA-DR−/lo monocytes [124]. Therefore, these groups suggest
the immunosuppressive effects of Dex and tumour-derived factors are additive. Dex is also known to
interfere with monocyte differentiation into monocyte-derived DC and production of pro-inflammatory
cytokines on maturation [125]. Indeed, measurement of in-vivo circulating DC showed both classical
DC and plasmacytoid DC numbers were profoundly suppressed in GBM patients and the numbers
were inversely correlated with dexamethasone dose. Furthermore, isolated CD1c+ DC exposed to Dex
both in-vivo and in-vitro, showed impaired cytokine secretion and T-cell stimulatory ability [126]. The
effect of Dex was recognised as a limiting factor in the success of monocyte-derived DC vaccine trials
to treat GBM, particularly with the production of good-quality DCs and hence restricted inclusion
criteria to the absence of Dex [127,128]. The Checkmate trial investigating the use of Nivolumab also
limited patients to less than 4mg of Dex for trial inclusion.

5. Resistance Mechanisms

Primary resistance to PD-1/PD-L1 blockade has been linked to a transcriptomic signature that
was found to be over-represented among non-responding melanoma tumours. This signature was
enriched in genes involved in epithelial-to-mesenchymal transition (EMT), angiogenesis, hypoxia
and wound healing [129]. These gene signatures were collectively described as signatures of innate
anti-PD-1 resistance (IPRES) [129]. There are also higher differentially expressed genes related to
immunosuppression (IL-10, VEGFA/C), monocyte and macrophage chemotaxis in non-responders [129].
In a similar fashion, a strong association between EMT and an inflammatory TME was found in
lung cancer, where tumours displaying an EMT-like phenotype showed up-regulation of multiple
checkpoint molecules (PD-L1/2, Tim-3, CTLA-4) as well as increased Treg infiltration. This suggested
that tumours bearing an EMT-like phenotype could trigger immunosuppression through several
mechanisms and promote tumour progression [130].

Despite an initial response to therapy, some patients develop secondary resistance and disease
progression. In melanoma, 25% of the patients that had responded to PD-1 blockade relapsed and
progressed within the first two years of treatment [131]. Genomic analysis of pre-treatment melanoma
biopsies and their respective relapsed counterparts identified that alterations in the β-2 microglobulin
and JAK1/2 genes were the drivers of the adaptive resistance to PD-1 blockade. Because of their
role in the interferon receptor pathway, homozygous loss-of-function mutations in JAK1/2 kinases
desensitised cancer cells to IFN signalling, leading to escape from IFN-induced growth inhibition,
upregulation of PD-L1 and reduced antigen presentation. On the other hand, the deletion found on the
β-2 microglobulin gene prevented the localisation of MHC class I molecules at the cell surface, hence
decreasing immunorecognition of cancer cells [132]. Mutations in the JAK1/2 pathway conferring IFN
insensitivity and absence of PD-L1 expression has been recently confirmed as a mechanism of primary
resistance to PD-1 directed therapies in other studies [133]. Alternate means of adaptive resistance
to PD-1 blockade include the expression of alternative checkpoint molecules, such as TIM-3, which
appeared to be up-regulated upon tumour progression following an initial response to PD-1 blockade
in human and murine samples of lung adenocarcinoma [134]. Indeed, chronic IFN exposure regulates
several IFN stimulated genes and T-cell inhibitory receptors, independent of PD-L1 which confers
resistance to PD-1 inhibitory agents [135]. For example, epigenetic changes to STAT1 following chronic
IFN-γ leads to elevated expression of these genes on resistant tumours [135]. The nature and balance

269



Cells 2020, 9, 263

of IFN exposure may regulate when PD-L1-independent adaptive resistance dominates over PD-L1
alone and thus susceptibility to PD-1 therapy (Table 2).

Table 2. Restriction to PD-1 inhibitor response.

GBM Specific Barriers Primary Resistance * Secondary Resistance *

Low-intermediate PD-L1
expression

Enriched genes epithelial-mesenchymal
transition Alterations β2 microglobulin

Low-Intermediate mutational
burden

Angiogenesis, wound healing, hypoxia,
IL-10, VEGF-A/C gene signature Alteration JAK1/2 genes

Low-intermediate CD8 TIL
infiltrate

High monocyte, macrophage
chemotaxis genes

Upregulation of alternate
checkpoints e.g., TIM-3

Blood–brain barrier

High corticosteroid use

Low dendritic cell populations

High IL-10, TGF-β, CCL2 and IDO
suppressive humoral factors

* in all tumours.

6. Future Immune Strategies and Challenges

Despite the disappointing overall results of the phase III Nivolumab trials in GBM, the information
derived from these trials should provide important insights such as favourable subgroups to PD-1
inhibitor treatment. Indeed, the limited success of PD-1 inhibitor monotherapy is not unexpected
due to the immunosuppressive barriers in GBM. Furthermore, the cancer immunity cycle reveals the
complexity and the multiple steps that are vital for the successful eradication of the tumour [136].
These steps include antigen release and detection, successful priming and activation of the T-cell,
followed by successful migration to the tumour site. At the tumour site, the T-cells then must recognise
and infiltrate the tumour and subsequently initiate cytotoxicity [136]. Blockade of the PD-1/PD-L1
axis, which predominately dampens cancer immunity in the final steps at the tumour site, is, therefore,
targeting one arm of this cycle. This cycle also assumes a T-cell focus for effective immunity against
cancer, however natural killer cells, MDSC, macrophages, B-cells may be more than just attenuators in
the local TME. Figure 1 summarises some of the approaches already undergoing in clinical trials for
GBM, matching them with the process of the cancer immunity cycle that they target.

In C57BL/6 mice implanted with murine glioma cell line GL261-luc2, the use of combination
treatment such as radiotherapy, anti-PD-1 and anti-TIM3 has been shown to be synergistic and improve
survival above dual therapy [137]. Likewise, in GBM mouse model, the use of toll-like receptor
agonist PolyI:C to mature DC combined with anti-PD-1 improved survival than either treatment alone.
The combination treatment increased rates of T-effector cells and decreased Treg which reinforces the
rationale of targeting two components of the cancer immunity cycle [138].

These approaches only represent a few of over a thousand trial combinations involving a checkpoint
blockade backbone that is being tested in oncology trials. Although this is the treatment avenue
most likely to achieve success in the management of GBM, it also raises economic challenges for
pharmaceutical companies and healthcare systems. Furthermore, the optimum combination may be
unique to a tumour type depending on the predominant barrier to immunity. For example, in pancreatic
cancer, dense in stromal tissue, a mouse model has shown depletion of carcinoma-associated fibroblast
expressing fibroblast activation protein (FAP), restores sensitivity to checkpoint blockade [139]. Whereas,
in other cancers, such as renal cell carcinoma, Treg may predominate to attenuate the effect of PD-1/L1
axis inhibition, as supported by higher Treg fraction been a biomarker of poor response in an early
clinical trial of Atezolizumab in the treatment of this cancer [140].
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Figure 1. Schematic of combination therapies with PD-1/L1 inhibitors (outer circle) targeting different
aspects of the cancer-immunity cycle (inner circle).

7. Concluding Remarks

PD-1 inhibitors have revolutionised the treatment of cancers such as NSCLC, bladder cancer
and metastatic melanoma. These tumours have a high mutational burden and have pre-existing
immunity signature on biopsy as represented by high CD8 TILs, PD-L1 expression and IFN-γ enriched
signature. In the tumour immunity continuum spanning from pro-inflammatory to immunologically
ignorant tumours, GBM would be in the mid-lower end of this spectrum. In addition to targeting
immunosuppressive barriers in the TME, the success in the treatment of GBM will likely depend
on developing a rational combination therapy able to induce a long-lasting anti-tumour immunity.
These combination strategies are not unique to GBM and are now the forefront of questions for the
immuno-oncology field to address, particularly in the PD-1/L1 axis inhibition non-responsive and
secondary resistant tumours.
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Abstract: Glioblastoma (GBM) is a treatment-refractory central nervous system (CNS) tumour,
and better therapies to treat this aggressive disease are urgently needed. Primary GBM models that
represent the true disease state are essential to better understand disease biology and for accurate
preclinical therapy assessment. We have previously presented a comprehensive transcriptome
characterisation of a panel (n = 12) of primary GBM models (Q-Cell). We have now generated a
systematic, quantitative, and deep proteome abundance atlas of the Q-Cell models grown in 3D
culture, representing 6167 human proteins. A recent study has highlighted the degree of functional
heterogeneity that coexists within individual GBM tumours, describing four cellular states (MES-like,
NPC-like, OPC-like and AC-like). We performed comparative proteomic analysis, confirming a good
representation of each of the four cell-states across the 13 models examined. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis identified upregulation of a number of GBM-associated
cancer pathway proteins. Bioinformatics analysis, using the OncoKB database, identified a number of
functional actionable targets that were either uniquely or ubiquitously expressed across the panel.
This study provides an in-depth proteomic analysis of the GBM Q-Cell resource, which should prove
a valuable functional dataset for future biological and preclinical investigations.

Keywords: glioblastoma (GBM); proteomics; GBM cell-states; recurrence; tumour heterogeneity;
therapeutic targets
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1. Introduction

Glioblastoma (GBM) is the most common and aggressive form of adult brain cancer, and patients
have not experienced significant increases in overall survival for several decades [1–3]. This lack of
progress is, in part, attributable to the significant heterogeneity that exists within these tumours [4–8].
Recent seminal studies by Suva and colleagues have discovered that multiple dynamic cell-states
(MES-like, NPC-like, OPC-like and AC-like) can reside within a single tumour entity, highlighting the
degree of heterogeneity and plasticity present within GBM [9]. Therefore, therapeutic strategies with
the ability to target each functional state have the potential to produce more durable clinical responses.
Another significant factor preventing successful disease translation has been the lack of faithful models
to drive meaningful neuro-oncology discoveries. To address this problem, we embarked upon the
generation and characterisation of a panel of clinically relevant primary in vitro and in vivo GBM
models (termed Q-Cell) [10,11]. Our previous Q-Cell characterisation studies have primarily focused
on transcriptome expression analysis using microarray and RNA Sequencing (RNA-Seq) approaches.
This study sought to expand upon our previous transcriptome findings by better understanding
the proteomic profile of these models. Relative protein abundances of 6167 human proteins were
quantitated using mass spectrometry (MS) and their expression patterns analysed bioinformatically.
Principal component analysis, conducted on independent Q-Cell replicates, revealed consistent protein
expression within a given model. These data indicated a high degree of fidelity at the protein
level. All Q-Cell GBM models have been generated from IDH1 WT (wild-type) disease specimens.
Not surprisingly, given this IDH1 wild-type (WT) status, we observed a high degree of correlation
when comparing total protein expression between each model. Correlation at the protein level was
most pronounced in a pair-matched pre- and post-treatment GBM specimen (SB2/SB2b). We also
sought to analyse the relevance of the recently described GBM cell-states in our Q-Cell resource.
Proteomics analysis revealed a good representation of each of the four cell-states across the 13 models
examined. We also characterised a number of hybrids (n = 5) that displayed significant heterogeneity
with elevated protein expression of multiple cell-state markers within a given model. This finding
was consistent with the Suva study, where the single-cell RNA-Seq data showed a significant number
of tumour cells in transition states [9]. Despite a small sample size, detailed analysis of the single
pair-matched model SB2/SB2b highlighted a transition at recurrence to a more MES-like state. This is
consistent with the findings of others, indicating an increase in mesenchymal disease when GBM
tumours recur post-therapy [4,12]. Furthermore, of the 257 cell-state-characterisation genes assessed,
we detected 153 (57%) at the protein level. This finding indicated reasonably high levels of mRNA
translation, providing significant scope for future biological and preclinical therapy studies aimed at
targeting multiple GBM cell-states.

Unsupervised hierarchical clustering identified that eight of the models tended to express
structural proteins associated with a broad mesenchymal-like signature, while the remaining five
models expressed proteins associated with a more neuronal-like GBM signature. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis identified upregulation of a number of GBM-associated
cancer pathway proteins across the 13 models, as expected. We also undertook bioinformatics analysis,
using the OncoKB database, to identify functional actionable targets that were either uniquely or
ubiquitously expressed across the models.

The present effort has sought to provide a detailed proteomics analysis and build upon our
previously described transcriptomic analysis of the Q-Cell GBM resource. Findings of this study
have increased our understanding of GBM tumour heterogeneity and cell-states at the protein
level and further validated our previous mRNA datasets. Given the highly functional nature of
proteomics analysis, we hope this freely available GBM resource and combined datasets will provide a
highly relevant functional platform to drive meaningful biological and translational neuro-oncology
discoveries into the future.

281



Cells 2020, 9, 267

2. Materials and Methods

2.1. Cell Culture

We have developed a characterised GBM patient-derived cell line resource (Q-Cell) [10–13],
in which lines are maintained as glioma neural stem cell (GNS) cultures [14] or as 3D neurosphere
cultures [15] using StemPro NSC SFM (Invitrogen, Carlsbad, CA, USA) or KnockOut™ DMEM (Gibco,
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/. All tissues were collected
following ethical approval from the Royal Brisbane Women’s 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) media were
supplemented with GlutaMAX™ Supplement (Gibco), StemPro™ Neural Supplement (Gibco),
Recombinant Human EGF (Gibco), Recombinant Human FGFb (Gibco), and Penicillin/Streptomycin
(Gibco). Cells were cultured on flasks coated with Basement Membrane Matrigel®Matrix (Corning,
New York, NY, USA). Passaging the cells was done by detaching the cells from the flask surface using
Accutase®solution (Sigma-Aldrich, St. Louis, MO, USA). Glioma cells were cultured as glioma neural
stem (GNS) cultures as outlined in detail in [14] or as tumourspheres using StemPro® NSC SFM.

2.2. Proteome Sample Preparation

GBM cells (5 × 106) were seeded in T75 flasks with StemPro® NSC SFM (Thermo Fisher Scientific,
Waltham, MA, USA). Cell lysates were collected in biological triplicates 72 hours postseeding. Cells
were lysed in buffer containing 2% SDS (Sigma-Aldrich), EDTA-free protease inhibitor (Roche, Basel,
Switzerland) and 100 mM tris-HCl (pH 7.6) [16]. The lysates were sonicated and incubated for
5 min at 95 ◦C, protein concentration was quantified, and samples were processed by an in-solution
digest protocol. Briefly, 100 µg of cell lysate was precipitated overnight with 5 volumes of ice-cold
acetone. The precipitate was collected by centrifugation and resuspended in 8 M urea (Sigma-Aldrich).
The samples were reduced with dithiothreitol (Sigma-Aldrich) for 1 h at room temperature, alkylated
with iodoacetamide (Sigma-Aldrich) in the dark, diluted to a final concentration of 2 M urea,
10% acetonitrile (Merck, Kenilworth, NJ, USA) and 1 µg of trypsin (Promega, Madison, WI, USA) and
digested to peptides overnight at 37 ◦C. The peptides were desalted on C18 stage tips as described [17]
and resuspended in 0.1% formic acid.

2.3. Liquid Chromatography (LC) and Mass Spectrometry (MS) Analysis

Peptides were injected under trapping conditions using a Waters (Milford, MA, USA) NanoAcquity
system interfaced to a linear triple quadrupole (LTQ)-Orbitrap elite mass spectrometer (Thermo Fisher
Scientific). Acidified digested samples were loaded onto a Waters 2G-V/M C18 Symmetry trap (5 µm
particle size, 180 µm × 20 mm) at 5 µL/min in 99% solvent A (0.1% (v/v) aqueous formic acid) and 1%
solvent B (100% (v/v) acetonitrile containing 0.1% (v/v) formic acid) for 3 minutes, and the peptides
were subsequently separated inline using a pre-equilibrated analytical column (Waters C18 BEH 130 Å,
1.7 µm particle size, 75 µm× 200 µm) at a flow rate of 0.3 µL/min and temperature of 35 ◦C. The gradient
ran at 300 nL/min from 2% B (0.1% formic acid in acetonitrile) to 40% B over 190 min, rose to 95% B to
wash the column, then re-equilibrated at 2% B for the next injection. Eluate was delivered into the mass
spectrometer via a Nanospray Flex Ion Source (Thermo Fisher Scientific) containing a 10 µm P200P
coated silica emitter (New Objective, Woburn, MA, USA). Typical spray voltage was 1.8 kV with no
sheath, sweep, or auxiliary gases; the heated capillary temperature was set to 285 ◦C. The LTQ-Orbitrap
Elite mass spectrometer (Thermo Fisher Scientific) was controlled using Xcalibur 2.2 SP1.48 software
(Thermo Fisher Scientific) and operated in a data-dependent acquisition mode to automatically switch
between Orbitrap-MS and collision induced dissociation (CID)- based ion trap-MS/MS. The survey
full scan mass spectra (from m/z 380 to 1700) were acquired in the Orbitrap with a resolving power of
120,000 after accumulating ions to an automatic gain control (AGC) target value of 1.0 × 106 charges in
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the LTQ. MS/MS spectra were concurrently acquired in the LTQ on the 20 most intense ions from the
survey scan, using an AGC target value of 1.0 × 104. Charge state filtering ( unassigned precursors
and singly charged ions were not selected for fragmentation) and dynamic exclusion (repeat count 1,
repeat duration 30 s, exclusion list size 500, exclusion duration 90 s) were used. CID fragmentation
conditions in the LTQ were 35% normalized collision energy, activation q of 0.25, 10 ms activation time,
and minimum ion selection intensity of 5000 counts. Maximum ion injection times were 200 ms and
50 ms for survey full scans and MS/MS scans, respectively.

2.4. Data Processing and Analysis

Spectra were analyzed using MaxQuant [18] version 1.5.3.30, and Andromeda [19]. The MS2
spectra were searched against the UniProt FASTA database version 31/01/2013. Enzyme specificity
was set to trypsin, allowing for cleavage N-terminal to proline and between aspartic acid and proline.
The search included carbamidomethylation of cysteine as a fixed modification and N-acetylation and
oxidation of methionine as variable modifications. Up to two missed cleavages were allowed for
protease digestion, and enzyme specificity was set to trypsin, defined as C-terminal to arginine and
lysine excluding proline. The identify module in MaxQuant was used to filter (1% false identification
rate (FDR)) identifications at the peptide and protein level. The identity of precursor peptides present
in MS1, but not selected for fragmentation and identification by MS2 in a given run, was obtained
by transferring peptide identifications based on accurate mass and retention times across liquid
chromatography–mass spectrometry (LC–MS) runs where possible using MaxQuant [20]. Protein
identifications were collapsed to the minimal number that contained the set of identified peptides.
Proteome quantification was performed in MaxQuant using the extracted ion chromatography
(XIC)-based label-free quantification (LFQ) algorithm [21]. In MaxQuant, a quantification event was
reported only when isotope pattern could be detected and was consistent in terms of charge state of
peptide. For quantification, intensities were determined as the intensity maximum over the retention
time profile. Intensities of different isotopic peaks in an isotope pattern were summed up for further
analysis. All RAW files and protein-based quantification results are available for download from the
Q-Cell website at https://www.qimrberghofer.edu.au/q-cell/.

2.5. Bioinformatics and Statistical Analysis

Bioinformatics analyses were performed using Perseus in MaxQuant [22]. Proteins identified
on the basis of at least one unique peptide were used for all subsequent analyses. We selected the
normalized abundances of proteins that were quantified in duplicates from at least one cell line.
For comparing differences between all cell lines, biological triplicates were grouped by cell line, and the
analysis of variance (ANOVA) was performed. We used the ANOVA method with largest power,
permutation-based FDR of 0.05, and at least 250 repetitions for truncation. A two-sided student’s t-test
was used to perform the comparison between two cell lines SB2 and SB2b employing a p-value cutoff

of 0.05.
Unsupervised hierarchical clustering was performed on the z-score-transformed protein intensities

or the z-scored log2 normalised mRNA read counts. Proteins were annotated with GO (Gene Ontology)
biological process terms [23] and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
terms [24]. Statistical analysis of the enrichment of proteins with functional annotations was evaluated
using a Fisher’s exact test (p-value <0.05). An enrichment score of greater than 1 indicates enrichment,
and a score from 0 to 1 indicates negative enrichment. For comparison of mRNA and protein expression
of the GBM-associated genes, the normalized protein intensities and normalized mRNA read counts
were matched by gene name, and Pearson’s coefficient of correlation was calculated.

2.6. Cell-State ssGSEA

NPC1, NPC2, MES1, MES2, APC, and OPC marker genes were extracted from [9]. NPC1 and
NPC2 were combined into a single gene set called NP, and MES1 and MES2 were combined into
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MES. z-score-scaled protein intensities of the models were assessed for NPC, MES, APC, and OPC
enrichment using the R GSVA library (v1.32) with the ssGSEA algorithm as developed by Barbie et al.
(2009) [25]. Principal component analysis was performed on scaled and centered ssGSEA enrichment
scores. Replicates were summarised using an ellipse with the Euclidean distance from the centre and
radius of 1. Heat maps were generated on the average ssGSEA enrichment scores of the cell line
replicates. Hierarchical clustering of models and marker gene sets was performed on the 1-Spearman
correlation dissimilarity matrix using the ward.D2 algorithm. A similar analysis was performed on the
log2-normalised mRNA read counts from the previous transcriptomics study.

2.7. Cytoscape-Based Data Visualisation

Proteins identified from the list of metamodule genes describing the six different cell-states
(MES1-, MES2-, NPC1-, NPC2-, OPC-, and AC-like) were visualised as nodes and grouped by the
respective cell-states. z-score-scaled protein intensity values were plotted using continuous colour
mapping of the nodes in Cytoscape version 3.7.2 [26]. For enrichment analysis, the top 100 significantly
regulated proteins with the highest fold change absolute value were analysed for enrichment of gene
ontology (GO) molecular functions, GO biological processes, and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways using the ClueGO App version 2.5.5 [27] in Cytoscape version 3.7.2 [26].
Analysis parameters were set to include GO terms (level 3 to 8), and KEGG pathways for which at
least 5 proteins and 4% of associated proteins per term/pathway were present in the list of regulated
proteins. A two-sided hypergeometric test with Benjamini–Hochberg correction was performed to
identify significantly enriched/depleted terms (p-value <0.05) against a custom reference set consisting
of all proteins identified in the SB2 and SB2b MS datasets. The kappa score threshold for clustering of
related terms was set to 0.4.

3. Results

3.1. Q-Cell Proteomics Analysis

To accurately quantify proteome expression in the Q-Cell GBM panel, we performed label-free
quantitative MS analysis of protein lysates from GBM cells grown in 3D neurosphere suspension
cultures [15]. Primary models were initially grown as adherent GNS cultures on matrigel under
serum-free conditions [14]. In order to avoid confounding our results with high abundance proteins
present in the basement membrane of matrigel, cells were grown in 3D suspension cultures as
neurospheres for 72 hours before lysis. We have previously shown that GBM cells either grown as
neurospheres or on a substrate of matrigel tend to display equivalent characteristics [28]. Cell lysates
were subjected to a defined proteomics workflow (Figure 1A). Peptides were analysed with 4 hour
gradients on an LTQ-Orbitrap Elite mass spectrometer with CID fragmentation. Combined analysis of
the spectra from all samples resulted in the identification of 6180 proteins at FDR of 1%. Using the
label-free quantification algorithm in MaxQuant [21], we measured the abundance of 6167 proteins in at
least one pairwise comparison (Table S1). Analysis of triplicate samples showed excellent reproducibility
when compared using principal component analysis of all quantified proteins (Figure 1B). Next,
we compared the expression of the proteome by calculating the Pearson correlation coefficient (r)
between each model. As expected, the highest correlation (r = 0.97) was observed between the
pair-matched primary and recurrent model (SB2 and SB2b), while the least similar model identified
was PB1 (r = 0.82) (Figure 1C).

We next measured the number of proteins identified in each of the triplicate runs from each
Q-Cell model. Proteomics analysis identified an average of 2200 common proteins between each
model. PB1 and SJH1 expressed the largest number of unique proteins (145 and 85 respectively)
and therefore correlated the least to the remaining 11 models (Figure 1D and Table S1). Some of the
uniquely expressed genes include CD44 (quantified in FPW1), ERBB2 (quantified in RN1), and OLIG2
(quantified in PB1) and are genes with key roles in brain cancer. CDKN1A and CDKN2A were highly
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expressed in RKI1 and detected in JK2 and MMK1; these cell lines are the only ones in our panel which
do not have deletion of the coding gene at the genome level.
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Figure 1. Proteome mapping of 13 Q-cell cell lines. (A) Graphical illustration of the workflow for 
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Elite. (B) 3D-PCA plot. The proteome of thirteen cell lines measured in triplicates segregated into 
major cell types showing well-correlated triplicates within a cell line. (C) The matrix of 78 correlation 
plots revealed very high correlations between protein intensities in triplicates (Pearson correlation 
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cell lines with false identification rate (FDR) of 1%. 

3.2. GBM Cell-state Analysis 

As outlined above, four dynamic cell-states which functionally drive intratumoural 
heterogeneity within GBM have recently been described [9]. To better understand the contribution of 
these GBM cell-states within our Q-Cell resource, we firstly analysed 257 unique genes, separating 
tumours into six metamodules (MES1-, MES2-, NPC1-, NPC2-, OPC-, and AC-like) as per Suva and 
colleagues [9] encompassing each of the identified four cell-states. We next matched gene expression 
to the 6172 identified proteins from our MS analysis. Identified proteins corresponded to 38/50 and 

Figure 1. Proteome mapping of 13 Q-cell cell lines. (A) Graphical illustration of the workflow for
glioblastoma (GBM) cell line proteome analysis. GBM primary cell lines were cultured as neurospheres,
lysed in SDS-based buffer, trypsin digested by in-solution digestion in biological triplicate. LC–MS/MS
with 4 hour runs and CID fragmentation were performed in the LTQ-Orbitrap Elite. (B) 3D-PCA plot.
The proteome of thirteen cell lines measured in triplicates segregated into major cell types showing
well-correlated triplicates within a cell line. (C) The matrix of 78 correlation plots revealed very high
correlations between protein intensities in triplicates (Pearson correlation coefficient 0.82–0.97 between
cell types). The colour code follows the indicated values of the correlation coefficient. (D) A bar chart
showing the number of total proteins identified in each of the cell lines with false identification rate
(FDR) of 1%.

3.2. GBM Cell-State Analysis

As outlined above, four dynamic cell-states which functionally drive intratumoural heterogeneity
within GBM have recently been described [9]. To better understand the contribution of these GBM
cell-states within our Q-Cell resource, we firstly analysed 257 unique genes, separating tumours into
six metamodules (MES1-, MES2-, NPC1-, NPC2-, OPC-, and AC-like) as per Suva and colleagues [9]
encompassing each of the identified four cell-states. We next matched gene expression to the
6172 identified proteins from our MS analysis. Identified proteins corresponded to 38/50 and
29/50 genes from MES1 and MES2, 24/50 and 28/50 genes from NPC1 and NPC2, 26/39 genes from
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OPC and 30/50 genes from AC-like metamodules respectively (Table S1). A total of 153 proteins were
identified from the corresponding 257 unique cell-state genes outlined by Suva and colleagues.

To identify the contribution of each cell-state in the Q-Cell panel, z-score-scaled protein intensities
were assessed for enrichment of the four states using an ssGSEA algorithm [25]. We thus obtained
a cell-state score, which was used to predict the predominant cell-state of each model (Figure 2A
and Figure S1). Four of the models showed an MES-like state, while two of each model showed an
NPC-like and AC-like profile. Four models showed an enrichment of more than one cell-state, termed
hybrids. This finding was consistent with Suva and colleagues, highlighting a significant number of
GBM cells present in transition states [9]. Principal component analysis showed an enrichment of the
predominant cell-state when compared to the rest (Figure 2B and Figure S2). JK2 and MN1 displayed a
clear MES-like phenotype matching a total of 39 proteins from the Suva study, with 25 of these proteins
showing very high expression (Figure 3 and Table S1). Similarly, HW1 and FPW1 showed a strong
AC-like phenotype with high expression of 15 matched proteins, and RKI1 and WK1 displayed the
strongest NPC-like phenotype, while BAH1 showed an OPC-like phenotype (Figure 3). Our analysis
identified four of the Q-cell lines, PB1, SHJ1, RN1, and MMK1, to be intermediate hybrids, showing
a strong ssGSEA score of more than one cell-state, which is concordant with the results from Suva
and colleagues (Figure 3). In addition, we similarly generated cell-state scores for 12 of these cell
lines previously analysed by transcriptomics using 252 genes that were identified (Figure 2C and
Table S2) [11]. The proteomics-based and transcriptomics-based cell-state phenotypes for our cell lines
were remarkably similar, except for FPW1, which switched from being AC-like to OPC-like.

Our panel of 13 primary GBM cell lines consisted of one pair-matched primary and one recurrent
tumour, designated SB2 and SB2b; respectively. SB2 showed an OPC-like state, while SB2b was
enriched for the MES-like cell-state with increased expression of marker proteins SERPINE1, GSN,
NNMT, SOD2, PLP2, and PRDX6 (Figure 4A,B) with an overall increase of the ssGSEA MES score.
We performed a student’s t-test (two-sided, p-value cut off >0.05) to identify the significantly regulated
subset of proteins between the two cell lines (Table S3) and then performed enrichment analysis to
look for GO molecular functions and KEGG pathways that are among the top 100 most regulated
genes in the recurrent SB2b model. The analysis revealed an enrichment of DNA recombination and
replication, ECM organisation and cell–substrate junctions, antigen presentation, morphogenesis and
organ development, and calcium homeostasis (Figure 3C and Table S4).
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Figure 2. ssGSEA based cell-state scores (A) Heatmap of the z-scored ssGSEA scores of the thirteen
cell line proteomes with predicted cell-states on the right. (B) PCA plot showing the distribution of
the cell lines across the four cell-states. (C) Heatmap of the z-scored ssGSEA scores of the twelve
cell line transcriptomes with predicted cell-states on the right. (Note: SB2 was not analysed by
transcriptomics). Abbreviations: MES-like, mesenchymal-like; AC-like, astrocyte-like; OPC-like,
oligodendrocyte progenitor cell-like; NPC-like, neural progenitor cell-like.
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Figure 3. Depiction of cell-states in 11 GBM cell lines. z-scored expression values of genes that contribute
to MES1-like, MES2-like, NPC1-like, NPC2-like, and AC-like metamodules (gene list from [9]). Brown
boxes indicate predominant cell-state(s) in each cell line. Colour key: red, high expression; blue,
low expression; grey, not detected.
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2-like genes with >2-fold increase in expression in the recurrent model (SB2b) when compared with 
the primary model (SB2). (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and gene 
ontology (GO) molecular function terms enriched in the top 100 most regulated proteins in the 
recurrent SB2b model when compared to the primary SB2B model. Node size reflects the number of 
regulated proteins associated with a particular term/pathway. Node colour intensity increases with 
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3.3. Bioinformatics and Gene-Ontology-Based Protein Analysis 

To gain a broader understanding of the differences in biological processes and signalling 
pathways between Q-Cell models, we performed an analysis of variance (ANOVA) at a 1% 
permutation-based FDR cut-off (Table S1). Amongst the top ten regulated proteins were GBM-
associated structural and signalling members, including glial fibrillary acidic protein (GFAP), 
fibronectin (FN1), and Notch1 [29–31]. PB1 protein expression correlated the least with the rest of the 
Q-Cell models (Figure 1) and displays a number of unique morphological characteristics, including 

Figure 4. Changing cell-states in a pair-matched recurrent model. (A) z-scored expression values
of genes that contribute to MES1-like and MES2-like metamodules (gene list from [9]). Colour key:
red, high expression; blue, low expression; grey, no expression. (B) A bar graph of MES-1-like and
MES-2-like genes with >2-fold increase in expression in the recurrent model (SB2b) when compared
with the primary model (SB2). (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and
gene ontology (GO) molecular function terms enriched in the top 100 most regulated proteins in the
recurrent SB2b model when compared to the primary SB2B model. Node size reflects the number of
regulated proteins associated with a particular term/pathway. Node colour intensity increases with
increasing significance of term enrichment.

3.3. Bioinformatics and Gene-Ontology-Based Protein Analysis

To gain a broader understanding of the differences in biological processes and signalling pathways
between Q-Cell models, we performed an analysis of variance (ANOVA) at a 1% permutation-based FDR
cut-off (Table S1). Amongst the top ten regulated proteins were GBM-associated structural and signalling
members, including glial fibrillary acidic protein (GFAP), fibronectin (FN1), and Notch1 [29–31].
PB1 protein expression correlated the least with the rest of the Q-Cell models (Figure 1) and displays a
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number of unique morphological characteristics, including high growth and small cell morphology
in culture (data not shown). The highest exclusively expressed proteins, identified in PB1, were
ubiquitin-conjugating enzyme-2 (UBE2) and SKI. Interestingly, the SKI protein has been associated with
high cellular tumours and functions to negatively regulate transforming growth factor beta (TGF-beta)
by direct interaction with Smads [32,33].

We next performed a Fisher’s exact test to evaluate the enrichment of KEGG pathways in the
ANOVA-positive subset of proteins. Analysis revealed an enrichment of the KEGG term “Pathways
in Cancer”, that consists of proteins mediating extracellular matrix (ECM), focal adhesion, and other
associated pathways (Table S5). We extracted all identified member proteins belonging to this pathway
and performed unsupervised hierarchical clustering. Results showed a segregation of eight models
with higher expression of EMT/-mesenchymal-related proteins BAH1, MMK1, MN1, RN1, SB2b, SB2,
WK1, and JK2, termed mesenchymal protein cluster 1 and cluster 2 (Figure 5).
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Figure 5. Functional analysis of the expressed proteome. Heatmap of proteins (z-scored intensities)
belonging to the KEGG cancer pathway. The proteins segregate into three clusters: mesenchymal
cluster 1, mesenchymal cluster 2, and neuronal cluster listing the pathways that proteins represent.
Dendrogram depicts the similarity in protein profiles among the 13 cell lines. Colour legend: blue, low
expression; and yellow, high expression.

Mesenchymal cluster 1 and cluster 2 consist of structural proteins known to be over-expressed
in predominantly mesenchymal-like disease, including laminins, integrins, and collagens, as well as
proteins involved in GAP junctions and cell cycle [34]. The remaining Q-Cell panel displayed strong
expression of proteins correlated with genes identified from the TCGA GBM neuronal signature and
was therefore termed neuronal protein cluster. Models in this cluster showed higher expression of
proteins associated with PI3K and mTOR signalling pathways, TCA cycle, NFKB, and MAPK signalling.
CDKN2A was found expressed only in MMK1 and RKI1, in concordance with the observation that these
were the only lines that did not have a homozygous deletion on the gene level in our characterisation
data [10,11]. All individual proteins and their z-scored expression values are provided in Table S6. We
compared the proteome-based expression of proteins shown in Figure 6 to the transcriptomics-based
RNA-Seq expression values from our previous study [11]. The Pearson’s coefficient of correlation was
low to moderate between mRNA and protein levels for most cell lines and ranged between 0.18 and
0.56, with the exception of PB1, which showed a high correlation of 0.78 (Figure S3). While genes
such as EGFR, CDKN2A, PRKCA, and HSP90B1 showed good correlation between mRNA and protein;
others such as lamininB1, NRAS, and tenascin showed a poor correlation. A caveat to our data was that
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some key GBM-associated genes such as PTEN, MYC and MET were not identified in our proteomics
analysis. In addition, we also performed hierarchical clustering of mRNA expression values and found
that the Q-Cell panel segregated into two major clusters similar to our proteomics data (Figure S4).

To identify potentially actionable targets that could be either uniquely or ubiquitously expressed in
the Q-Cell panel, we matched the OncoKB annotated genes to our dataset. OncoKB is a comprehensive
precision oncology database that offers evidence-based drug information on FDA-approved therapies
and other investigational agents. We identified 298/642 OncoKB annotated genes in our dataset
and extracted the list of proteins identified that corresponded to genes that could be targeted with
FDA-approved drugs (Figure 6). Previous therapy studies using the Q-Cell resource have validated
our proteomic findings. Johns and colleagues showed that BAH1, which expresses high-level EGFR,
effectively responded to gefitinib and panitumumab [35].
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the OncoKB knowledgebase.

4. Discussion

Here, we built upon our existing body of work to develop a well-described and characterised
open-access collection of relevant GBM models for the neuro-oncology research community. Despite
significant effort, there is yet to be meaningful increases in survival for GBM sufferers. Our previous
Q-Cell resource characterisation study primarily focused on transcriptome-based mRNA expression
analysis [11]. mRNA translation is tightly regulated by numerous processes, and gene expression
is not always an accurate predictor of protein abundance [36]. We performed MS-based proteomics
analysis of the thirteen Q-Cell models, generating a quantitative and deep proteome abundance atlas
representing 6167 human proteins. In our analysis, we observed a number of key GBM-associated
genes that were not detected at the protein level and may reflect either a lack of translation or limitations
of the MS-based approach used. MS-based proteomics has been used effectively by others to measure
the proteome, secretome, and glycoproteins in immortalised GBM cell lines [37,38].
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Our objective was to further increase the translational significance of the Q-Cell datasets and to
provide a platform for researchers to undertake faithful preclinical neuro-oncology studies.

Principal component analysis of Q-Cell replicates grown as 3D neurospheres, showed a high
degree of fidelity of protein expression within a given model. All samples in the Q-Cell resource
have been generated from IDH1 WT GBM specimens. We found a high degree of common protein
expression across the panel, which was expected given the IDH status of the models. Despite this
commonality, there were also a number of unique proteins highly expressed in each model.

Elevated expression of common GBM-associated proteins was identified with a trend toward
either a broad mesenchymal or neuronal-like signature. An MES-like signature was identified in eight
models, while the remaining five models displayed a neuronal-like signature. Given that all models
were cultured under the same conditions, this result likely reflects the population of cells captured
during the initial cell line generation process. It is worth noting that the majority of Q-Cell models were
generated from surgical waste tissue aspirates taken from multiple tumour regions [10]. This was a
deliberate attempt to better capture the spectrum of heterogeneous elements within any given tumour,
though subclonal elements were likely enriched during the culture generation process.

A major contributing factor to the poor clinical responses observed in GBM patients can be
attributed to the significant tumour heterogeneity present within these tumours [8]. Numerous
attempts have been made to classify GBM subtypes underlying this heterogeneity [4–6,39]. Suva and
colleagues have recently extended current thinking and shown that four functional and dynamic GBM
cell-states can exist within a single tumour entity [9]. Given this recent finding, we sought to determine
the distribution of these cell-states within the Q-Cell resource. Our initial findings highlighted a
good representation of each cell-state across the panel, with a number of models expressing multiple
cell–state markers at high levels. These models, termed hybrids, likely contain multiple initiating
clones arising from different cell-states or might have arisen from a single clone that has two/more
major cell-states. Interestingly, of the 257 cell-state genes described in the Suva study, we detected
153 (57%) at the protein level. MS-based proteomics is not exhaustive, and some key proteins may not
have been detected in our analysis. Alternatively, some of the cell-state marker genes may not have
been translated to protein. Hence, using gene expression data alone may not be the best approach for
accurate biological assessment or translational studies. The NPC-like RKI1 model was derived from a
patient with the longest survival from the Q-Cell panel. The NPC-like markers in RKI1 were high,
resembling a proneural subtype which is associated with a better prognosis. We also analysed a single
pair-matched pre- and post-treatment model (SB2/SB2b). Proteomic results generated from this paired
model were intriguing and indicated a number of uniquely overexpressed proteins in the recurrent
setting. We also noted a shift to a more mesenchymal phenotype post-treatment, a phenomenon
previously reported by others [4,12].

To guide potential future translational studies, we identified a number of unique and common
targetable proteins using the OncoKB database. These proteins were targeted with either FDA-approved
therapies or other investigational agents and could be used to validate precision oncology or cell-state
targeting strategies in the future.

In summary, here we present our detailed proteomics findings of the open-access Q-Cell GBM
resource and hope this will accurately guide and inform future studies to improve outcomes for
GBM sufferers.
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identified, Table S2: mRNA expression of Neftel genes, Table S3: t-test SB2b vs SB2, Table S4: ClueGO enrichment,
Table S5: ANOVA KEGG terms, Table S6: Heatmap proteins.
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Abstract: The glioblastoma is the most malignant form of brain cancer. Glioblastoma cells use
multiple ways of communication with the tumor microenvironment in order to tune it for their own
benefit. Among these, extracellular vesicles have emerged as a focus of study in the last few years.
Extracellular vesicles contain soluble proteins, DNA, mRNA and non-coding RNAs with which they
can modulate the phenotypes of recipient cells. In this review we summarize recent findings on the
extracellular vesicles-mediated bilateral communication established between glioblastoma cells and
their tumor microenvironment, and the impact of this dialogue for tumor progression and recurrence.

Keywords: tumor microenvironment; exosomes; microvesicles; glioma stem cells

1. Introduction

The glioblastoma is the most aggressive primary adult brain cancer. In accordance with the
World Health Organization, this tumor is classified as a grade IV glioblastoma multiforme (GBM),
and is associated with very poor prognosis. Despite surgery, radiotherapy and chemotherapy, the
median survival is less than 15 months [1]. Considerable research has been carried out to deepen in
the understanding of the GBM biology, but still, this cancer remains incurable and lethal.

GBMs are characterized by a strong invasive nature and a high level of cellular heterogeneity,
with genetic and epigenetic differences among tumor cells of the same GBM, which makes challenging
the characterization and treatment of this disease [2–4]. Among the tumor’s cellular heterogeneity,
it contains a small population of self-renewing and highly proliferative tumor-initiating cells, called
GBM stem cells (GSCs), which are resistant to treatments and are thought to be responsible for tumor
progression and tumor recurrence [5–7].

GBMs recruit normal brain cells to promote their growth, invasion and nourishment in the
brain. For this purpose, GBMs make use of different communication routes with the environs, which
include secreted molecules, gap junctions, tunneling nanotubes and extracellular vesicles (EVs) [8].
EV-mediated communication has unique features compared to the other communication pathways
mentioned, since it allows the delivery of the vesicle cargo not only in the tumor environs but also
at distant sites [9,10]. In addition, the cargo includes nucleic acids that can alter gene expression in
recipient cells [11]. Recent findings have demonstrated that EVs released by GBMs are able to create a
tumor-supportive microenvironment through their actions on immune cells, vasculature and glial cells.
In turn, cells from the tumor microenvironment also secrete EVs that can modulate GBM behavior.
In this article we review recent literature showing EV-mediated bilateral communication between
GBM cells and the tumor microenvironment, and we discuss its relevance for tumor progression
and recurrence.

Cells 2020, 9, 96; doi:10.3390/cells9010096 www.mdpi.com/journal/cells
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2. Extracellular Vesicles: Structure, Biogenesis, Secretion and Uptake

EVs are phospholipid-bilayer-enclosed extracellular spherical structures, with a size range between
30 nm and 10 µm, which contain a wide variety of proteins, fragments of double-stranded DNA,
mRNAs and non-coding RNAs, such as microRNAs (miRNAs), transfer RNAs and long non-coding
RNAs [11–13]. EVs are secreted by multiple cell types and have been involved in intercellular
communication between neighboring or distant cells through the transfer of genetic, protein or
lipid-based messages from the host cell to recipient ones [10,11]. While in some cases, EV release is
constitutive by nature, in others it is influenced by pathological situations, such as cancer, immune
responses or cardiovascular diseases [14–16]. EVs can be formed at the plasma membrane by direct
budding towards the extracellular space [17]. The plasma membrane-derived EVs have been classically
called “microvesicles” (100–1000 nm in diameter) (Figure 1); they are released by many cell types during
biological events of considerable diversity although the nature, and significance of the underlying
process is still not completely understood [18,19]. In addition to “microvesicles,” there are additional
plasma membrane-derived EVs, such as apoptotic bodies (50–2000 nm), oncosomes (100–400 nm)
and large oncosomes (1–10 µm) (Figure 1) [18,20–22]. Apoptotic bodies are released from dying cells
by blebbing and fragmentation of cell membranes in a controlled manner. Oncosomes and large
oncosomes are secreted by cancer cells and contain abnormal and transforming macromolecules,
such as oncogenic proteins than can promote malignant transformation in recipient cells [23,24].
Alternatively, EVs can form by an intracellular endocytic trafficking pathway, involving the fusion of
multivesicular endosomes or bodies (MVEs/MVBs) with the plasma membrane. This event leads to
the extracellular release of the intraluminal vesicles (ILVs) contained in the MVEs generating a subtype
of small EVs (30–100 nm) usually referred to as “exosomes” (Figure 1). The microvesicle/exosome
nomenclature has been lately considered controversial, since there are not specific markers to clearly
distinguish each EV biogenesis pathway. Therefore, following the recommendations stated by the
positional paper of the International Society for Extracellular Vesicles (ISEV) in 2018, EVs should rather
be named according for instance to their size: small EVs (<100 nm or <200 nm) and medium/large EVs
(>200 nm) [25].

Irrespective of their origin, all EVs are circular membrane vesicles that contain cytosolic components
and express surface adhesion molecules characteristic of their cells of origin. Specific differences
in EV size and/or in surface molecules may influence their recognition and capture by target cells.
EVs can be taken up nonspecifically by two endocytic means, phagocytosis and macropinocytosis
(Figure 1). Alternatively, EVs can be captured by other canonical forms of endocytosis through specific
receptor-ligand interaction (clathrin or caveolin-mediated) [26]. EV may also deliver their cargo by
fusion with the plasma membrane [26]. Once the vesicle is internalized, its content can be degraded
or released into the cytoplasm and transported into the nucleus or cellular membranes, leading to
functional consequences. Additionally, interaction of EV membrane proteins with receptors of the
recipient cell plasma membrane may lead to stimulation of intracellular signaling cascades (Figure 1).
All these specific and nonspecific mechanisms of EV capture and interaction open a wide spectrum of
possibilities for EV-mediated intercellular communication, such as the transfer of enzymes, receptors,
transcription factors, oncogene products, infectious particles, mRNAs and miRNAs (which can induce
epigenetic modifications in the recipient cells), and the stimulation of the target cells through interaction
with cell surface-expressed receptors [27].
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Figure 1. Extracellular vesicles: types, sizes, content, biogenesis and uptake. Cartoon depicting
the origin and sizes of different types of extracellular vesicles (EVs). Microvesicles are released by
outward budding of the plasma membrane, and exosomes from the endosomal system via fusion of
multivesicular bodies (MVBs) with the cytoplasmic membrane which releases the intraluminal vesicles
(ILVs) (see “DONOR CELL”). Apoptotic bodies are EVs released by membrane budding of cells dying
by apoptosis (see “APOPTOTIC CELL”). Some tumor cells release oncosomes and/or large oncosomes
(see “CANCER CELL”). EVs can be taken up through different mechanisms: macropinocytosis,
phagocytosis, endocytosis or fusion. They can also interact with receptors in the recipient cell
membrane (see RECIPIENT CELL). EVs contain cytosolic components (soluble proteins, DNA, mRNA
and non-coding RNAs (ncRNAs)) and express surface molecules of their cell of origins.

The fact that EVs are molecularly reflective of their tissue of origin is particularly important in the
context of cancer, since cancer cells are known to produce greater numbers of EVs compared to healthy
cells and they contain molecules specific of their neoplastic origin. This is relevant in order to use EVs
as cancer biomarkers but also to design potential therapeutics to target tumor-derived EVs in order to
avoid cancer dissemination or to convert EVs into vehicles for the delivery of therapeutic molecules.

3. Extracellular Vesicles Released by Glioblastoma Modulate the Tumor Microenvironment

The GBM microenvironment consists of diverse cellular populations, including tumor cells,
endothelial cells and pericytes of blood vessels; innate immune cells (microglia, monocytes,
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macrophages, neutrophils and mast cells), T cells, neurons, astrocytes, oligodendrocytes and GSCs;
and extracellular matrix components [8].

It is well known that GBMs interact with surrounding non-cancer cells to maintain a
microenvironment that favors tumor proliferation, invasion of the brain, angiogenesis and
immunosuppression. Multiple modes of communication are involved in this phenomenon, such as
soluble factors, gap-junctional communication, connecting nanotubes and EVs (reviewed in [8]). EVs
constitute an outstanding communication system in the sense that they can deliver not only soluble
proteins, but a wide variety of coding and non-coding RNAs that can alter gene expression in recipient
cells [28–30]. EVs have been involved in the mechanisms of tumor progression and invasion in
different types of cancers [16]. Their relevance in GBMs is being object of study in the last years, as
they might be partially responsible for the high degree of recurrence of this cancer type, as well as for
their interest as GBM biomarker.

We will describe below relevant findings showing effects of EVs released by GBMs on different
component of the tumor microenvironment, specifically on immune cells, vasculature, astrocytes
and GSCs.

3.1. Effects on Monocytes, Macrophages and Microglia

Infiltrating monocytes, macrophages and microglia are the most prevalent cell types within the
GBM microenvironment [31]. They used to be termed together as tumor-associated macrophages
(TAMs), although they represent different cell populations [32]. Microglia are the resident innate
immune cells in the brain and are important in the defense against pathogens and noxious stimuli [33].
Disruption of the blood brain barrier induced by the GBM leads to infiltration of monocytes that
can subsequently differentiate to macrophages [32]. Macrophages can acquire different phenotypes
according to cytokines and signaling molecules of the microenvironment [34,35]. Macrophages with
the classical M1 phenotype are capable of phagocytosis, cytotoxicity, antigen presentation and the
promotion of inflammation. In contrast, in response to GBM-derived soluble factors, macrophages
can acquire a so-called M2 phenotype in which they produce chemokines, cytokines, growth factors,
angiogenic factors, extracellular matrix-modifying enzymes and immunosuppressive molecules, which
make the environment favorable to the tumor progression [36]. Evidence from the last few years show
that EVs released by GBM cells intervene in the induction of such tumor-supportive TAMs’ phenotype
modulation. In an article published in 2015, de Vrij et al. [37] reported that EVs derived from GBMs
(U87MG GBM cell line and GBM primary cultures) were able to modify the phenotype of TAMs
in vitro, changing it to a M2-like anti-inflammatory phenotype that resembles the tumor-supportive
phenotype observed in patients. Phenotypic changes included modified expression of a wide variety
of cell surface molecules (e.g., increased CD14 and reduced HLA-DR), and increased secretion of
cytokines such as interleukin-6 (IL-6) and vascular endothelial growth factor (VEGF). In addition, GBM
EVs induced and increased phagocytic activity of macrophages, which may enhance degradation of
extracellular matrix and facilitate the migration of tumor cells.

One year later, van der Vos et al. [38] demonstrated efficient uptake of EVs released by GBM cells
(GL261 GBM cell line and primary human GBM cells) by TAMs, both in vitro and in vivo. In addition,
they showed that miRNAs contained in these vesicles were transferred to the recipient TAMs, resulting
in downregulation of target mRNAs. The same group recently demonstrated functional delivery
of miRNA-21 (mi-R21) contained in EVs from the GBM cell line GL261 to surrounding microglia,
subsequently leading to downregulation of specific miR-21 mRNA targets [39]. One of these targets
is the Btg2 gene, which exerts antiproliferative effects. Consequently, microglial cells might increase
their proliferation and their influence on shaping the tumor microenvironment. Related experiments
performed by Gabrusiewicz and colleagues [40] showed that exosomes, isolated among the EVs
released by the GBM cell line U87 and by GSCs, mainly target monocytes to induce reorganization of
the actin cytoskeleton and the immune suppressive M2 phenotype, with the secretion of cytokines
such as monocyte-chemotactic protein 3 (MCP-3) and chemokine (C-X-C motif) ligand 1 (CXCL1), and
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the expression of the programmed death-ligand 1 (PD-L1). The expression of PD-L1 by monocytes
may be responsible for cancer-induced immune evasion, since PD-L1 can bind to programmed cell
death protein 1 (PD1) of activated T cells to inhibit T cell function [41] (Figure 2).

In this regard, researchers have tried to modify the tumor-supportive phenotype of TAMs by
means of exogenous EVs. This has been performed with EVs released from microglia in inflammatory
conditions. The injection of these vesicles in glioma-bearing mice reduced the anti-inflammatory
phenotype of TAMs and significantly reduced tumor size and tumor induced neurotoxicity [42]. These
results are important in terms of achieving valuable approaches to transfer signals to TAMs to restore
the homeostatic microglial phenotype.

Figure 2. Effects of glioblastoma-derived extracellular vesicles on cells from the tumor
microenvironment. Extracellular vesicles (EVs) released by glioblastoma (GBM) cells (in pale yellow)
can be taken up by tumor-associated macrophages (in flesh color) to induce the M2 phenotype and
the expression of PD-L1. By interacting with the ligand PD1 expressed on activated T cells (in green),
they inhibit the T cell-associated immune response. Additionally, EVs can target T cells and suppress
their activation through PD-L1/PD1 interaction. Endothelial cells (in orange) are also targets for
GBM-derived EVs; they activate angiogenic mechanisms. The uptake of GBM EVs by astrocytes
(in blue) leads to astrocytic responses favoring tumor invasion and progression. The malignant
transformation of astrocytes might also be produced by EVs delivering oncogenic cargo. GBM-derived
EVs can also deliver their cargo in glioma stem cells (in dark yellow) producing an increase in their
tumorigenicity. Tumor microenvironment components might also release EVs to induce effects on the
GBM cell population (see dashed arrows).

3.2. Effects on T Cells

T cells can also be the targets of EVs released by primary human GBM cells, and their activation
can be blocked as a result of such interaction [42]. This interaction is probably achieved through
PD-L1/PD1, since PD-L1 is found in GBM EVs and the EV-induced inhibition of T cell activation is
partially reversed by PD1 blockade [43]. These results indicate that PD-L1 expression on EVs may be
an additional mechanism for GBM to suppress antitumor immunity (Figure 2).
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3.3. Effects on Endothelial Cells

GBMs are among the most vascularized tumors, characterized by microvascular proliferation and
endothelial hyperplasia. Indeed, these features are used as histological markers to define high-grade
gliomas [44]. These regions of angiogenesis are critical for tumor progression and are key locations for
GSCs [45,46]. Glioma cells release soluble factors that contribute to the shape of tumor vasculature,
such as VEGF-A [47], stromal-derived factor-1 [48] and hepatoma-derived growth factor [49].

The laboratory of Xandra O. Breakfield was the first one to demonstrate that human patient GBMs
produce EVs containing mRNA, miRNA and angiogenic proteins that can be taken up and translated
by cultured endothelial cells to stimulate angiogenesis [28] (Figure 2). This work pioneered with the
assumption of EVs acting as vehicles to deliver genetic information and proteins to recipient cells
in the GBM microenvironment. They identified several mRNAs and miRNAs in GBM-derived EVs,
among which the epidermal growth factor receptor (EGFR) mRNA is of particular interest since the
expression of the EGFR mutant/variant III (EGFRvIII) is characteristic of a clinical subtype of GBM [50].
This raised expectations for the use of EVs as diagnostic markers for GBM.

The ability of GBM-derived EVs to modify the phenotype of endothelial cells has been reported
thereafter by other groups. For instance, Li et al. described changes in gene expression in cultured
vascular endothelial cells exposed to EVs released from U251 glioma cells [29]. EVs produced by
primary GBM cells grown at hypoxic conditions are potent inducers of angiogenesis ex vivo and in vitro,
and through mechanisms derived of EV-induced phenotypic modulation of endothelial cells [51].
Moreover, endothelial cells programmed by GBM-derived hypoxic EVs secrete cytokines and growth
factors that stimulate pericyte migration and PI3K/AKT signaling [51]. These findings indicate that EVs
are mediators of hypoxia-dependent intercellular communication between GBM and vascular cells.

Molecules delivered by EVs that have been involved in the promotion of angiogenesis are:
VEGF-A [47]; miR-21, which in turn upregulates VEGF expression [52]; transforming growth factor β
(TGFβ); and proteolytic enzymes [53] or long non-coding RNA CCAT2 [54], which induces upregulation
of VEGF-A and TGFβ in cultured endothelial cells. EVs from patient-derived GBM cells can exert
additional effects on vasculature, such as an increase in vascular permeability associated to the
expression of the pro-permeability factor Semaphorin3A in EV surface [55].

3.4. Effects on Astrocytes

Among all the cell types surrounding GBMs, astrocytes are the phenotypically most similar to the
bulk of this tumor. Although it is well known that peritumoral astrocytes may contribute to glioma
progression, not much has been reported on the effects induced by GBM cells on the modulation of
astrocyte function to contribute to tumor support [56,57]. Chen et al. showed that brain metastatic
cells can assemble to astrocytes through gap junctions composed of connexin 43. Once engaged with
the astrocytic gap-junctional network, cancer cells transfer the second messenger cGAMP to astrocytes.
This messenger activates the astrocytic production of inflammatory cytokines such as interferon-α and
tumor necrosis factor, which in turn induce the activation of STAT-1 and NF-κβ pathways in the brain’s
metastatic cells, thereby supporting tumor cell invasion and resistance to chemotherapy [58]. More
recently, two articles have reported tumor-supportive effects of astrocytes driven by EVs released by
GBMs [59,60]. Oushy et al. demonstrated that astrocytes cultured with EVs from patient-derived GBMs
display profound modifications of the secretome that results in positive effects on tumor growth [59].
These include increased production of growth factors (EGF, VEGF, colony stimulating factors (CSFs),
fibroblast growth factors and hepatocyte growth factor), chemokines (CXCL1, 9, 10 and 11; chemokine
C-C motif ligand 3, 5, 7 and 20), matrix metalloproteinase-9; and some cytokines that could induce
immune suppression, such as CSF2 and 3, and ILs 4, 10 and 13.

In a later study, Hallal et al. [60] reported increased podosome formation and extracellular matrix
degradation in astrocytes cultured with GBM-derived EVs. In addition, they showed that the proteome
of astrocytes exposed to GBM-derived EVs presented significant modifications in signaling pathways
involved in tumorigenesis, such as decreased TP53 and increased MYC. TP53 is a tumor suppressor
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gene that encodes for the sequence-specific DNA-binding protein p53. This protein, p53, is important
in the cell response to genotoxic stress, since it induces apoptosis or cell cycle arrest, thereby blocking
the transmission of DNA mutations to progeny cells [61]. TP53 mutations leading to p53 loss are
frequent in GBM [62]. Results from previous studies suggest that the p53 status of GBM cells may
affect the microenvironment to promote tumor progression. For instance, astrocytes grown with GBM
cell conditioned media show decreased p53 levels which correlates with a modulation in extracellular
matrix composition to favor tumor malignancy [63]. MYC is a proto-oncogene that codes for Myc
proteins, which act as transcription factors involved in cell cycle regulation, apoptosis, proliferation and
differentiation, with important roles in acquisition and maintenance of stem cell properties, including
in GSCs [64,65]. Interestingly, transduction of p53(–/–) astrocytes with Myc induces tumorigenic
abilities [66], an effect also observed in astrocytes transformed with a combined transduction of Myc, a
dominant negative form of p53, Oct-4 and H-ras [67]. All these findings reported in in vitro experiments
suggest that GBM-derived EVs may stimulate astrocytes to promote the invasion and expansion of
GBMs also in vivo (Figure 2).

The relevance of these findings is not only that GBM EVs could modify neighboring astrocytes
to induce tumor-supportive functions, but, importantly enough, GBM EVs may drive astrocytes to
become tumorigenic themselves. GBM EVs’ contents include oncogenic proteins and regulators, such
as EGFRvIII (mRNA and protein), miR-10b or miR-21 [23,38,68], which could induce the malignant
transformation of astrocytes. Indeed, in the above mentioned study by Oushy and colleagues [59], GBM
EVs drove significant molecular changes in astrocytes that resemble cancer signaling pathways, and
reduced astrocyte dependence on anchorage to a solid matrix, an indicator of cellular transformation.
In line with this, it is important to highlight that astrocyte-like stem cells of the neurogenic niche of
the subventricular zone have been considered a putative origin of human GBMs [69]. It is therefore
feasible that astrocyte-like stem cells of the subventricular zone may acquire GSC features as a result of
receiving instructive signals from EVs of variable origin. It is worth mentioning the recent study by
Wang and colleagues [70] in which they demonstrate that GBM-derived EVs induce the transformation
of human embryonic neural stem cells into tumor-promoting cells.

3.5. Effects on Glioma Stem Cells

GBMs harbor stromal cells resembling mesenchymal stem cells [71] that have been involved in
GSC tumorigenicity by mechanisms depending on the secretion of IL-6 [72]. A subsequent study
revealed that GBM mesenchymal stem cells from surgical specimens also release EVs that increase
the proliferation and clonogenicity of GSCs [73] by transfer of miR-1587, which in turn induces a
decrease in the expression of the tumor suppressor NCOR1 (nuclear hormone receptor corepressor-1).
Therefore, it is important to take into account that GSCs are targets for EVs released within the GBM
microenvironment, and, at the same time, GSCs release EVs which can induce protumorigenic effects
on GBM cells (Figure 2). For instance, Palumbo et al. [74] have shown that EVs released by GSCs exert
a stimulatory effect on cell growth and migration of the adherent GBM cell line U87MG. GSC-derived
EVs decorated with the cell adhesion molecule L1CAM are also able to induce motility, proliferation
and invasiveness of different types of GBM cell lines [75].

Interestingly, these GSC-GBM exchange of EVs might be involved in the well known intratumoral
heterogeneity characteristic of GBMs. Ricklefs et al. demonstrated that EVs released by GSCs retain
tumor subtype characteristics and that their transfer between GSC subtypes leads to protumorigenic
changes in the target GSC [76].

3.6. Effects on Other Cell Populations of the Tumor Microenvironment

To date, no evidence has been published on the effects mediated by EVs released by GBM on
neighboring oligodendrocytes or neurons, although such effects can not be discarded.
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3.7. Technical Considerations

Isolation of EVs from conditioned media or biological fluids can be achieved to various
degrees through different techniques such as ultracentrifugation, ultrafiltration, chromatography,
polymer-based precipitation, affinity capture on antibody-coupled magnetic beads and microfluidic
devices [77]. They all have advantages and disadvantages, and still, an ideal and universal method for
EV isolation is lacking. The studies mentioned in this section have used ultracentrifugation-based
methods such as differential ultracentrifugation [28,29,40,43,51,52,59,60,73] or density gradient
ultracentrifugation [37–39]. These are the most used technical procedures (at least in 2018 [77]),
and have been validated by the ISEV2018 position paper [25].

To characterize isolated EVs (size distribution and concentration), most reports showing effects
of GBM EVs on tumor microenvironment used nanoparticle tracking analysis, with the exception of
de Vrij and colleagues [37] that performed the EV quantification by tunable resistive pulse sensing.
Some of these studies also performed transmission electron microscopy to further characterize the EV
structure, morphology and size [60,73].

4. Extracellular Vesicles Released by Tumor Microenvironment Cells Might Also Modulate
Glioblastoma Cells

Although most work has been carried out on the effects of GBM-derived EVs on the tumor
microenvironment, the reverse phenomenon is slowly gaining importance. That is, tumor environ cells
might in turn release EVs that could be taken up by GBM cells to mediate effects such as proliferation,
migration or immunosuppression. Some recent papers support this hypothesis. The close proximity in
the perivascular niche of endothelial cells with GSCs suggests that endothelial cell-derived EVs may
target GSCs. It has been previously reported that endothelial cells can transfer miRNA to breast cancer
cells via exosomes with induced modifications in their proliferative and invasive capacities [78]. Based
on this background, Li et al. [79] analyzed the effects of EVs secreted by human endothelial cells on GSC
proliferation and self-renewal. They demonstrated that treatment with endothelial cell EVs promotes
GSC tumorigenicity through mechanisms derived of the transfer of CD9, a transmembrane protein
involved in the regulation of cell fusion, adhesion and motility that is relevant for the maintenance of
GSCs [80].

EVs released by reactive astrocytes could also enter GBM cells. In favor of this idea Zhang et al. [81]
reported astrocyte-derived EV transfer of microRNAs targeting the tumor suppressor protein PTEN
to brain metastatic breast cancer and melanoma cells. The epigenetic PTEN loss induced by this
intercellular transfer to brain metastatic cells led to enhanced tumor proliferation and reduced apoptosis.
TAMs might also release EVs and target GBM cells. For instance, in gastric cancer cells, there is an
EV-mediated transfer of miR-21 from TAMs to tumor cells, which also downregulates PTEN and
suppresses apoptosis [82].

Future work will reveal whether EVs released by GBM microenvironment cells, such as endothelial
cells, TAMs or astrocytes, have an impact on GBM growth, progression and resistance to therapy, and
will evaluate the relevance of these positive feedback loops of cellular communication.

5. New Perspectives

The facts that EVs can be released into biological fluids and that their contents are reflective of
the cellular origin have enabled their use as cancer biomarkers. Thus, the analysis of the cargo of
EVs purified from serum or cerebrospinal fluid is emerging as a powerful tool for GBM diagnosis,
subtype identification and assessment of tumor resistance to therapies [83,84]. However, EVs’
therapeutic importance in GBMs extends beyond their use as biomarkers, and currently they are
beginning to be considered for antitumoral therapy. The therapeutic application takes advantage
of the EV ability to cross the blood brain barrier and consists of encapsulating therapeutic cargo in
EVs to deliver messages aimed at suppressing oncogenicity of GSCs or inhibiting tumor-supportive
actions of microenvironment cells [85]. In addition, knowing the important roles played by EVs in
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the maintenance of a tumor-supportive environment, in the tumorigenicity of GSCs or even in the
induction of malignant transformation, it is logically sound to think that future strategies will be
focused in trying to suppress EV biogenesis or EV release by GBM cells.

6. Conclusions

EVs constitute one of the multiple ways through which GBM cells communicate with the tumor
microenvironment for their own benefit. GBM-derived EVs can be taken up by different components
of the tumor environment, such as TAMs, endothelial cells, astrocytes and GSCs. EV cargo delivery in
these cells leads to effects involved in tumor growth, tumor invasion, neo-angiogenesis, oncogenic
transformation and modulation of the immune response. In turn, cells from the tumor environs also
release EVs that may target GBM cells to increase tumorigenicity.

Future therapeutic strategies for GBM could aim at interrupting this EV-mediated cooperative
crosstalk established between GBM cells and their stromal counterparts.
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Abstract: Glioblastoma (GBM) stem cells (GSCs), which contribute to GBM unfavorable prognosis,
show high expression levels of ATP/P2X7 receptors (P2X7R). Here, we reported that cells exposure to
2’(3’)-O-(4-benzoylbenzoyl)-ATP (BzATP), a P2X7R agonist, up-regulated the expression of markers
associated to epithelial-to-mesenchymal transition (EMT), a process likely contributing to GSC
malignancy, and increased GSC migration/invasiveness like the known EMT inducer, Transforming
Growth Factor β1 (TGFβ1). These effects were coupled to phosphorylation of SMAD2, a downstream
effector in the TGFβ pathway, suggesting its involvement in P2X7R-mediated activity in GSCs.
All BzATP effects, including a decrease in the caspase 3/7 activity in GSC medium, were mostly
counteracted by the P2X7R antagonist A438079. Finally, BzATP increased the subunit expression
of two main human P2X7R splice variants, the full-length P2X7A and the truncated P2X7B, lacking
the carboxylic tail, which have different functional properties depending on their arrangement.
Since up-regulation of A/B subunits might favor their assembly into a heterotrimeric P2X7R with
great sensitivity towards agonists and cell energy support, this is in line with increased EMT markers
expression, cell migration/invasion and GSC survival observed following P2X7R stimulation. As in
GBM microenvironment extracellular ATP levels may activate P2X7R, our data suggest a P2X7R role
in GBM recurrence/invasiveness.

Keywords: glioblastoma stem cells (GSCs); epithelial-to-mesenchymal transition (EMT) markers;
GSC invasiveness; transforming growth factor beta; BzATP; P2X7 receptor splice variants A and B

1. Introduction

Glioblastoma (GBM) is the most common malignant primary brain tumor in adults, characterized
by high invasiveness and recurrence [1]. Unfortunately, the current therapy including maximal safe
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surgical resection followed by radio- and chemo-therapy is largely ineffective so that the prognosis
is poor and most patients die within the first two years. As in other malignant tumors, GBM
aggressiveness seems due to the presence of a restrict population of stem-like cells inside the tumor
mass, called GBM stem cells (GSCs), which are characterized by high proliferative potential, long
life-span and resistance to antitumor agents [2]. GSCs can be isolated from tumor specimens and
cultured in vitro in conditions favoring the growth of neural stem cells, which allow them to mimic
the phenotype and genotype of primary tumors more closely than serum-cultured cell lines [3,4].
Moreover, upon injection into immunodeficient mice, they are able to recapitulate human tumor [5],
thus representing a useful model to study the efficacy of old and new anti-tumor therapies.

GSC aggressiveness seems to also rely on epithelial-to-mesenchymal transition (EMT), an important
biological process usually involved in embryogenesis, tissue repair and wound healing [6]. Although
still debated in a neuro-epithelial context like GBM, in primary epithelial tumors EMT favors a
more aggressive phenotype in cancer cells, with enhanced migration and invasiveness ability [6,7].
These cells also express a number of mesenchymal features including molecules such as Snails, Twist,
Zinc finger E-box-binding homeobox (ZEB), vimentin and N-cadherin, which are considered specific
EMT markers. More in detail, Snails, comprising Snail1 and Slug, also called Snail2, are transcriptional
factors able to inhibit epithelial-related genes by binding to E-box DNA sequences through their
carboxy-terminal zinc-finger domains [8]. Other EMT transcriptional factors are represented by ZEB,
i.e., ZEB1 and ZEB2, whose molecular structure contains two zinc-finger domains that bind to E-boxes
in DNA regulatory regions, contributing to inhibit epithelial genes while activating mesenchymal
genes, including vimentin [9]. ZEB proteins may play a crucial role in tumor development, invasiveness
and drug resistance [10]. Further EMT transcription factors are Twist1 and Twist2, which promote
or repress several EMT related genes, thus inducing the expression of a mesenchymal phenotype in
epithelial cells [11]. Another feature of EMT is the so-called “cadherin switch” in epithelial carcinomas,
accounting for a loss in the expression of E-cadherin, a key protein in the formation of cell–cell junctions,
and increased N-cadherin expression [7]. Finally, vimentin is a major constituent of the intermediate
filament family of proteins, ubiquitously expressed in normal mesenchymal cells, being responsible
of the maintenance of cell integrity and resistance against stress. An increased vimentin expression
has been reported in various epithelial cancers [12]. The occurrence and activity of EMT markers
have been also reported in GBM [7]. Thus, in human GBM cell lines, Snail1 silencing decreases cell
proliferation, invasion and migration [13,14]. As well, ZEB1 contributes to GBM progression, acting as
a pro-tumor factor, and its expression inversely correlates with survival of GBM patients [15]. Moreover,
in GBM cell lines the overexpression of Twist1 enhances their migratory capacity and the cytoskeleton
reorganization, two features supporting cell invasiveness once transplanted in mice brain [16]. As for
cadherin, some data [17] showed that its switch from E- to N-cadherin is not essential to prove EMT in
gliomas. Similarly, it has become a controversial issue also in epithelial tumors. In GBM, the role of
N-cadherin is probably not associated with its increased expression, but with its differential distribution
in cell membrane, which can alter the tumor cell capacity of adhesion and motility [7]. Finally, an
increase in the vimentin expression has been observed also in GBM [18]. Altogether, findings from
GBM and related cell lines support the involvement of EMT in GBM malignancy.

Among the factors contributing to the EMT onset and progression, a crucial role might be played
by purines. [19]. ATP, adenosine and related compounds are ubiquitous substances present inside
and released from virtually all types of cells, including tumor cells, and are involved in multiple
physiological and pathological processes [20]. In particular, both ATP and adenosine are implicated in
tumor growth and recurrence [21,22]. Noteworthy, in most tumors including GBM, the extracellular
concentrations of ATP and adenosine are very high as compared to the microenvironment of normal
cells [23]. In line with this evidence, we previously reported [24] that all four metabotropic receptors
for adenosine were expressed in GSCs derived from GBM surgical specimens of three different patients,
with a prevalence of the subtypes A3 for adenosine, and, among P2 receptors (P2R) for ATP, the
ionotropic P2X7 receptor (P2X7R) showed the highest levels. Nine different P2X7R splice variants
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(P2X7A–J) of this receptor have been individuated so far, being the human main functional isoforms
the canonical full-length monomer A and the truncated isoform B with a shorter amino acid sequence.
The receptor resulting from P2X7A subunit assembly (P2X7AR) is equipped with a pore, while that
formed by a P2X7B trimer (P2X7BR) is provided only with a functional cationic channel. ATP, the
natural agonist of P2R, interacting at millimolar concentrations with the P2X7R, opens the pore—where
present—that is permeable to molecules up to 900 Da, inducing plasma membrane permeabilization as
well as apoptotic and necrotic events [25]. Accordingly, in the aforementioned paper [24], we observed
a dose-dependent growth inhibition of GSCs when they were stimulated for two consecutive days
by elevated concentrations of ATP or 2’[3’]-O-[4-benzoylbenzoyl]-ATP (BzATP), a rather selective
P2X7R agonist. The same drugs, at the concentration of 500 µM, also potentiated the cytotoxicity of
temozolomide, an agent currently used in GBM therapy. In contrast, lower ATP concentrations, likely
closer to the extracellular ones found in GBM microenvironment, open only P2X7R cationic channels.
Indeed, the P2X7BR variant, lacking the pore, is today regarded as a pro-cancerous receptor, able to
increase tumor growth and invasiveness [26,27].

Based on these premises, we aimed our study at investigating, in GSCs, the influence of P2X7R
activation on: i) EMT process, ii) cell migration/invasion, iii) expression of P2X7R, with a particular
interest towards the two main splice variants A and B. To these purposes, we administered BzATP
only once to the cultures at concentrations ranging from 50 up to 200 µM, which did not result to be
cytotoxic to the cells (see the Results section). Of note, we compared BzATP effects with those caused
by cell exposure to Transforming Growth Factor β1 (TGFβ1), known EMT inducer. Our findings
showed that P2X7R activation upregulated EMT marker expression and increased cell invasiveness
in the examined cells, also protecting them from apoptotic events. Interestingly, these effects were
coupled to increased expression of the two P2X7R splice variants, the co-assembly of which into a
hetero-trimeric receptor would likely support the pro-tumor effect consequent to GSC exposure to
relatively low concentrations of the P2X7R agonist, BzATP.

2. Materials and Methods

2.1. Chemicals

Disposables for tissue culture were from Falcon (Steroglass, Perugia, Italy). Dulbecco’s Modified
Eagle’s Medium/Nutrient Mixture F-12 Ham (DMEM/F-12) was purchased from Sigma-Aldrich
S.p.A. (Milan, Italy) as well as penicillin/streptomycin, amphotericin B, 2′[3′]-O-[4-benzoyl
benzoyl]adenosine-5′triphosphate tri[triethylammonium] salt (BzATP) and all the other chemicals,
unless differently indicated. 3-[[5-[2,3-Dichlorophenyl]-1H-tetrazol-1-yl]methyl]pyridine hydro-
chloride (A438079) and 3-[6-methyl-2-pyridinyl]-N-phenyl-4-[4-quinolinyl]-1H-pyrazole-1-carbo-
thioamide (A8301) were ordered from Tocris Bioscience (Space Import, Milan, Italy); Transforming
Growth Factor β (TGFβ) and human Epidermal (EGF) and Fibroblast (FGF) growth factors were
purchased from PeproTech (SIAL, Rome, Italy).

2.2. Cell Cultures

We used GSCs obtained from three different patients (who provided written informed consent to
the study according to research proposals approved by the Institutional Ethics Committee of Fondazione
Policlinico Gemelli, UCSC (Prot. 4720/17) with a primary GBM, the molecular profile of which has
previously been reported [24]. Here, cells maintained the same numeration used in the aforementioned
paper [24], even though they are now officially registered with a number corresponding to the patient
from whom the primary GBM was isolated and the GSCs derived. Thus, the nomenclature of GSCs
#1 is invariant (deriving from the patient #1), whereas GSCs #2 and #3 correspond to cells #28 and
#83 in the new nomenclature [28,29]. It has also to mention that these cells have been previously
characterized for some important characteristics. They indeed showed high self-renewal, stemness
marker expression and resistance to chemotherapy drugs when cultured in vitro, whereas, when
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injected in the brain of immune-compromised mice, they were able to reproduce a tumor identical
to the human one as for antigen expression and histological tissue organization [30–32]. In this
study, GSCs were grown using a standard protocol previously reported [30]. Briefly, cells isolated
from tumor were cultured and expanded in DMEM/F12 medium without serum but supplemented
with some mitogens (20 ng/mL of human recombinant EGF and 10 ng/mL of human recombinant
FGF-basic). Under these conditions, cells formed classical neurospheres and were expanded. However,
the pharmacological treatments were performed on cells grown as monolayer obtained pre-coating
culture plates with Matrigel (Corning, SIAL) dissolved in culture medium and then seeding the cells
that were fed with the usual culture medium containing also the growth factors above mentioned
(dilution 1:200). In this condition, GSCs maintained spherogenic properties [30,31], but their use
allowed a more precise quantification of cell survival in vitro. GSCs were used from passage 5 to 10
throughout the study. During this period, we found no significant modification in cell morphology or
response to applied drugs.

2.3. Experimental Protocol

We exposed GSCs to different concentrations of BzATP ranging from 50 to 200 µM. We compared
BzATP effects with those induced by 5–10 ng/mL TGFβ1, a known inducer of the EMT process. Both
TGFβ1 and BzATP were administered only once to the GSC cultures, whereas the evaluation of different
functional/biochemical parameters was carried out at different time points as indicated in the Results
section. In some experiments, cells were pre-treated with the antagonist of P2X7R (A438079, 10 µM) or
TGFβ type I receptors (A8301, 0.5 µM), which were added to the cells 1 or 2h, respectively, prior to
BzATP or TGFβ.

2.4. Real Time PCR

RNA was extracted from cells by TRIZOL (Invitrogen, Thermo Fisher Scientific, Milan, Italy). and
its amount was measured by spectrophotometry (Nanodrop 2000 spectrophotometer, Thermo Fisher
Scientific). Additionally, RNA integrity was tested by 1.5% agarose gel electrophoresis in Tris Borate
EDTA (TBE) (89 mM Tris, 89 mM boric acid, 20 mM EDTA, pH 8.0) and subsequent gel analysis by RED
analyzer (Cell Biosciences, Santa Clara, CA, USA). All samples were amplified by Turbo DNA-free
kit (Invitrogen, Thermo Fisher Scientific). Reverse transcription was performed using 1 µg of total
RNA/sample and high Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA,
USA), following the manufacturer’s instructions. The reaction mixture was loaded to the Gene Amp
PCR system 9700 (Applied Biosystem) undergoing the cycle at 37 ◦C for 120 min.

Real-Time PCR was carried out with the ABI Prism 7900 Sequence Detection System (Applied
Biosystems). Expression of ZEB1, N-cadherin and Snail1 as well as of P2X7 A and B variants was
evaluated at 0, 12, 24, and 48 h in GSCs untreated or exposed to drugs. Some forward and reverse primers
were purchased from Integrated DNA Technologies (IDT, Leuven, Belgium) and are the following: ZEB1,
forward 5′-CAAGGTGGCCATTCTGTTAT-3′ and reverse 5′-CTAGGCTGCTCAAGACTGTAG-3′;
N-cadherin, forward 5′-CAACTTGCCAGAAAACTCC

AGG-3′ and reverse 5′-ATGAAACCGGGCTATCAGCTC-3′; Snail1, forward
5′-CGTTTTCCAGACCCTGGTTA-3′ and reverse 5′-TGACCTGTCTGCAAATGCTC-3′; GAPDH
(glyceraldehyde 3-phosphate dehydrogenase), forward 5′-CATCACTGCCACCCAGAAG-3′ and
reverse 5′-CAGTGAGCTTCCCGTTCAG-3′. The SYBR™ Green PCR Master Mix (Applied Biosystems)
was used to perform the assay. The custom TaqMan Gene Expression Assays for P2X7A (forward
5′ AGATGCTGGAGAATGGAGTG 3′, reverse 5′ TTCTCGTGGTGTAGTTGTGG 3′) and P2X7B
(forward 5′-CCCATCGAGGCAGTGGA-3′, reverse 5′-TTCTCGTGGTGTAGTTGTGG-3′) were
designed according to [33], and the TaqMan Universal PCR Master Mix (Applied Biosystems) was
used according to standard protocols. Gene expression levels were normalized (∆Ct) by using as
endogenous control the house keeping GAPDH for EMT markers and the β2-microglobulin (B2M,
Hs99999907_m1, Applied Biosystems, Foster City, CA, USA) for P2X7A and P2X7B splice variants.
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The results were analyzed for relative quantitation among groups using the comparative 2 ∆∆Ct

method [34].

2.5. Western Blot Analysis

Cells, harvested at 4 ◦C in lysis buffer containing a protease inhibitor cocktail (Sigma-Aldrich),
were centrifuged at 14,000 rpm (10 min, 4 ◦C). Protein amount was measured by BioRad protein assay
(Bio-Rad Laboratories, Milan, Italy). Samples (usually 60 µg), diluted in sodium dodecyl sulphate
(SDS)-bromophenol blue buffer, were boiled (5 min) and separated on 10% SDS polyacrylamide
gels. Proteins, once transferred on polyvinylidene fluoride membrane, were blocked with PBS/0.1
% Tween20/5 % nonfat milk (Bio-Rad Laboratories) for 2 h at 4 ◦C and then overnight incubated at
4 ◦C with primary antibodies [polyclonal rabbit anti-P2X7R (extracellular), dilution 1:200 (Alomone
Labs, Jerusalem, Israel)]; [polyclonal rabbit anti-P2X7R (intracellular, C-terminus) dilution 1:300
(Sigma-Aldrich)], (monoclonal rabbit anti-vimentin (Cell Signaling, Euroclone, Pero, Italy), dilution
1:1000), (polyclonal rabbit anti-N-cadherin (Cell Signaling), dilution 1:1000), (monoclonal rabbit
anti-ZEB1 (Cell Signaling), dilution 1:1000), (polyclonal rabbit anti-Twist1 (Cell Signaling), dilution
1:1000), (monoclonal anti-phosphoSMAD2, (Cell Signaling), dilution 1:1000). Subsequently, the
membranes were exposed to goat anti-rabbit HPR-conjugated secondary antibody (final dilution 1:5000,
incubation for 1h at, room temperature; Bethyl Laboratories Inc., Montgomery, TX, USA). Sample
equal loading was determined by stripping and re-probing the blots with an anti-ß-actin antibody
(dilution 1:1000, incubation overnight at 4 ◦C; Santa Cruz Biotechnologies, Heidelberg, Germany).
Immunocomplexes were visualized by chemiluminescence (ECL) detection system (GE Healthcare
Life Sciences, Milan, Italy) and quantified by densitometric analysis (ImageJ software; U.S. National
Institutes of Health, Bethesda, MD, USA).

2.6. Lactate Dehydrogenase Activity

Lactate dehydrogenase (LDH) levels were assayed in GSC medium as an index of necrotic cell
death since LDH is a cytoplasm enzyme that can be released following cell membrane injury. To this
aim, cells were seeded (3× 103 cells/well) in 96-well plates and incubated with drugs following the usual
protocol. At the indicated time points, cells were incubated (45 min, 37 ◦C, 5% CO2) with a specific lysis
buffer, then the plates were centrifuged (250 g, 4 min). Subsequently, 50 µL of supernatant from each
well were transferred to a new 96-well plate, to which 50 µL of substrate buffer (composition: 0.7 mM
p-iodonitrotetrazolium violet, 50 mM L-lactic acid, 0.3 mM phenazine methoxysulfate, 0.4 mM NAD,
and 0.2 M Tris-HCl pH 8.0) were added. The plate suitably blanket was incubated in the dark (30 min,
room temperature). The reaction was blocked adding 50 µL/well of stop solution. The absorbance
was spectrophotometrically measured at 490 nm. The results, expressed as a percentage of the total
LDH released from positive controls, consisting of cells exposed to 25 µL of 10% Nonidet P-40 (NP-40),
were calculated as follows: (supernatant absorbance value—white absorbance value)/(supernatant
absorbance + lysate absorbance) × 100. All reagents were purchased from Promega Italia (Milan, Italy).

2.7. Caspase 3/7 Activity Assay

Apoptosis of GSCs, exposed or not to P2X7R agonist/antagonist, was evaluated by the Caspase-Glo
Assay (Promega Italia), which contains a pro-luminescent peptide DEVD-aminoluciferin that can
be cleaved by caspases 3/7 liberating aminoluciferin. A thermostable luciferase, included in the kit,
generates a luminescent signal that is proportional to caspase-3/7 activity. Briefly, caspase-3/7 detection
reagent was added at 1:1 ratio to the culture medium and cells were incubated at 25 ◦C for 1 h.
The luminescent signal was revealed by a luminometer (Veritas™Microplate Luminometer Turner
Biosystems, Sunnyvale, CA, USA). The background value, measured in a sample containing growth
medium and caspase-3/7 detection reagent but no cells, was subtracted from each measurement.
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2.8. MTS Assay

Cell proliferation was assayed by 3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxy
phenyl]-2-[4-sulfophenyl]-2H-tetrazolium (MTS), using the CellTiter 96® AQueous OneSolution Cell
Proliferation Assay (Promega Italia). The absorbance was evaluated by a microtiter plate reader
(Spectracount™, PerkinElmer Life, Waltham, MS, USA) at 490 nm.

2.9. Scratch Assay

Drug effects on GSC migration were evaluated by scratch assay. Briefly, cells were seeded in 6-well
plates at 3× 105 cells/well and once they reached 80% confluence were pretreated with 5 µg/mL mitomycin-C
(Sigma-Aldrich) at 37 ◦C with 5% CO2 for 3 h to arrest cell proliferation. Cell monolayer was scratched
by a sterile 200-µL pipette tip and then washed, being the edge of the scratch smoothed with PBS. After
pharmacological treatments performed according to the experimental protocol, GSCs were observed at a
phase contrast microscope (Nikon Eclipse TS100) and images were acquired, using the Zoom Browser EX
software for Windows 10 (Canon Italia), prior to (0 h) and at 6 and 24 h after the monolayers were scratched.
The migration area was quantified by densitometric analysis (ImageJ software, 64-bit Java 1.8.0_112) and
expressed as percentage of closing =/[A0 −An]/A0 × 100, A0 and An representing the initial wound area (t =

0 h) and the residual wound area at the time of measurement (t = n h), respectively.

2.10. Transwell Migration Assay

This assay measures cell chemotaxis and invasion through the extracellular matrix. We used filter
membranes (EMD Millipore Corporation, Billerica, MA, USA) with 8 µm size pore suitable to test cell
migration. Thirty/fifty microliters of Matrigel were plated on the top of the transwell membrane inserts
placed in a 24well-plate, which were then transferred into a 37 ◦C incubator for 15–30 min allowing
Matrigel to form a thin gel layer. Approximately 5 × 104 cells were plated in the upper chamber and
700 µL of the desired attractant was added into the bottom of the lower chamber. More in detail, in
a set of plates GSCs were incubated in the usual culture medium; in another set a high percentage of
serum (10%), used as an attractant for cells, was added to the usual medium; further two sets of plates
were incubated in the usual culture medium in the presence of TGFβ1 or BzATP. When present, the
P2X7R antagonist A438079 or the antagonist of TGFβ receptors, A8301, were added 1 or 2 h prior to the
other pharmacological treatments, respectively. After 24 h the inserts were removed from the plate and a
cotton-tipped was used to eliminate cells that have not migrated trough the membrane. The membranes
were fixed using cold methanol, stained with crystal violet 0.2% and then washed as many times as
needed to remove dye excess. Subsequently, the cells on the membrane undersurface were counted under
a light microscope (at an average of five semirandom non-overlapping fields at 200×magnification).

2.11. Statistical Analysis

The results are expressed as means ± standard error of mean (SEM) of at least three replicates.
The significance has been calculated using one-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test (GraphPad Prism 6.0, San Diego, CA, USA). Difference was considered to be
statistically significant at a value of p < 0.05.

3. Results

The experiments in this study, like in a previous one [24], were performed on GSCs isolated from
GBM of three different patients obtaining comparable results.

3.1. Influence of P2X7R Activation and TGFβ1 on the Expression of Selected EMT Markers in GSCs

We started our study performing pivotal experiments in which we exposed GSC cultures to ATP,
the natural ligand for most subtypes of the purinergic P2R family. The selected ATP concentrations
(100, 200, and 300 µM) were administered only once to the cultures and were lower than that (500

313



Cells 2020, 9, 85

µM) able to cause a definite cytotoxicity to the cells [24]. In this condition, only the highest ATP
concentration was able to increase the expression of some EMT markers, as evaluated by real time
PCR (N-cadherin and ZEB1) at 12 and 24 h or by western blot analysis (N-cadherin, ZEB1 and also
vimentin and Twist1) within 72 h. In particular, ATP enhanced the protein content of vimentin and
N-cadherin up to 72 h, whereas the increase of Twist1 or ZEB1 proteins lasted 48 h or 24h, respectively
(Figure 1A,B). Cell pretreatment with the P2X7R antagonist A438079 reduced ATP-induced effects,
except that on N-cadherin at 72 h.
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Figure 1. Effect of ATP on epithelial-to-mesenchymal transition (EMT) markers evaluated at different
times after drug administration to cultured glioblastoma stem cells (GSCs). GSCs, cultured up to their
confluence in vitro were exposed to different concentrations (A) or 300 µM of ATP (B), in the presence
or not of the P2X7R antagonist, A438079, added to the cultures 1 h prior to ATP. (A) At the indicated
time periods cells were collected and mRNA was extracted and analyzed for the gene expression of
N-cadherin and ZEB1. mRNA levels were normalized (∆Ct) by using the house keeping GAPDH
as endogenous control and the results were obtained by relative quantitation among groups using
the comparative 2 ∆∆Ct method. Values, calculated as fold of increase vs. untreated cells assumed as
control (CTR) are the mean ± S.E.M. of three independent experiments where each sample was tested
in duplicate. (B) cells, harvested at the indicated time periods, were lysed and the protein levels of EMT
markers such as vimentin, N-cadherin, Twist1, and ZEB1 were determined by western blot analysis.
Immunoblots were re-probed with an antibody against β actin, quantified by densitometric analysis,
normalized to β actin used as an internal control, and reported in the histograms assuming the value of
control/β-actin = 1. Immunobands in the figure are representative of independent experiments carried
out in GSCs #1 and tested in triplicate. Of note, the band of β-actin is the same for all blots reported in
the figures, which were obtained by cutting the same membrane at different heights corresponding to
the molecular weights of the selected markers. *p < 0.05, **p < 0.01: statistical significance vs. untreated
GSCs assumed as control (CTR); #p < 0.05, ##p < 0.01: statistical significance vs. cells exposed to ATP
(one-way ANOVA plus Dunnett’s test).
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Next, we compared the activity of TGFβ1, a known EMT inducer, with that of BzATP, a rather
selective P2X7R agonist, on the expression of EMT markers. As for ATP, both drugs were administered
only once to the cultures. In GSCs #1 and #3, we observed that TGFβ1, yet at the dose of 5 ng/mL,
enhanced mRNA levels of the selected EMT markers after 12–48 h of treatment. Similarly, cell exposure
to BzATP caused an increase of all marker expression, although with some differences each other,
related to the effect onset/duration (Figures 2 and 3). Indeed, in GSCs #1 BzATP significantly enhanced
mRNA levels of N-cadherin at 12 h, of ZEB1 at 12 and 24 h and of Snail1 mainly at 24 h, whereas GSCs
#3 showed a greater responsiveness to BzATP, the effect of which was evident at 24 h for N-cadherin
and up to 48 h for ZEB1 and Snail1.
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Figure 2. Effect of Transforming Growth Factor β1 (TGFβ1) or 2’(3’)-O-(4-benzoylbenzoyl)-ATP (BzATP)
on EMT markers evaluated by qRT-PCR at different times after drug administration to cultured GSCs
#1. GSCs, grown up to their confluence in vitro, were exposed to different concentrations of TGFβ1
or BzATP. At the indicated time points cells were collected to obtain their mRNA to analyze the gene
expression of the indicated EMT markers. mRNA levels were normalized (∆Ct) by using the house
keeping GAPDH as endogenous control and the results were analyzed for relative quantitation among
groups using the comparative 2 ∆∆Ct method. Values, calculated as fold of increase vs. untreated
cells assumed as control (CTR) are the mean ± S.E.M. of three independent experiments, in which
each sample was tested in duplicate. *p < 0.05, **p < 0.01, ***p < 0.001: statistical significance vs. CTR
(one-way ANOVA plus Dunnett’s test).
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Figure 3. Effect of TGFβ1 or BzATP on EMT markers evaluated by qRT-PCR at different times after
drug administration to cultured GSCs #3. Similar to what is reported in the legend of the Figure 2,
confluent GSCs were exposed to TGFβ1 or BzATP for the indicated times, at the end of which cells
were collected and their mRNA was analyzed for the gene expression of EMT markers. mRNA levels
were normalized (∆Ct) by using the house keeping GAPDH as endogenous control and the results
were analyzed for relative quantitation among groups using the comparative 2 ∆∆Ct method. Values,
calculated as fold of increase vs. untreated cells assumed as control (CTR) are the mean ± S.E.M. of
three independent experiments in which each sample was tested in duplicate. *p < 0.05, **p < 0.01,
***p < 0.001: statistical significance vs. CTR (one-way ANOVA plus Dunnett’s test).

These findings were corroborated by those obtained performing western blot analysis to evaluate
N-cadherin, ZEB1, vimentin and Twist1 expression at different time periods. As shown in the Figures 4
and 5, related to GSCs #1 and #2, both pharmacological agents were effective. In particular, in GSCs
#1, BzATP caused a greater effect on N-cadherin and ZEB1 at 24 and 48 h after drug administration,
thus reflecting the timeline of events observed by mRNA analysis. Moreover, the increase of vimentin
was evident up to 72 h following cell exposure to TGFβ1 or BzATP whereas that of Twist was limited
to the first 24 h. GSCs #2, like GSCs #3 (see data from real time PCR in Figure 3), showed a high
responsiveness to BzATP, being the protein content of all EMT markers under investigation significantly
increased throughout the 72 h observation period.
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Figure 4. Effect of TGFβ1 or BzATP on EMT markers evaluated by western blot analysis at different
times after drug administration to cultured GSCs. GSCs #1 were exposed to different concentrations
of TGFβ1 or BzATP and harvested at the indicated times. The protein levels of EMT markers were
determined by western blot analysis. Over the arrows close to the immune-bands the molecular
weight (MW) of each EMT marker is reported according to the MW indicated in the data sheet of the
used antibody. To note that for vimentin, which showed a double immune-band, as also reported
in literature [35], the molecular weight is equal to about (~) 57 KDa to indicate an average of the
weights of the two bands. Immunoblots were re-probed with an antibody against β actin, quantified by
densitometric analysis, normalized to β actin used as an internal control, and reported in the histograms
assuming the value of control/β-actin = 1. Immunobands in the figure are representative of three
independent experiments. Of note, β-actin bands are the same for some blots reported in the figure,
since they were obtained by cutting the same membrane at different heights corresponding to the
molecular weights of the selected markers. *p < 0.05, **p < 0.01, ***p < 0.001: statistical significance vs.
untreated GSCs assumed as control (CTR) (one-way ANOVA plus Dunnett’s test).
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Figure 5. Effect of TGFβ1 or BzATP on EMT markers evaluated by western blot analysis at different times
after drug administration to cultured GSCs #2. After exposure of the cells to different concentrations of
TGFβ1 or BzATP, they were harvested at the indicated time periods. The protein levels of selected
EMT markers were determined by western blot analysis. Immunoblots were obtained by exposing
membranes to appropriate antibodies, recognizing proteins with different molecular weights (indicated
close to the immunobands, over the arrows). Immunoblots were then re-probed with an antibody
against β actin and quantified by densitometric analysis, the values of which, normalized to β actin
used as an internal control, are reported in the histograms, assuming the value of control/β-actin=1.
Immunobands reported in the figure are representative of three independent experiments using the
same cells. Also in this case, the bands of β-actin are the same for the blots related to the same time
point, as they were obtained by cutting the same membrane at different heights corresponding to the
molecular weights of the selected markers. *p < 0.05, **p < 0.01, ***p < 0.001: statistical significance vs.
untreated GSCs assumed as control (CTR) (one-way ANOVA plus Dunnett’s test).

Cell pre-treatment with the selective P2X7R antagonist A438079 substantially counteracted the
effects of BzATP, mainly when this drug was administered at the concentration of 200 µM (Figure 6).

3.2. Effect of the Exposure of GSCs to the P2X 7R Agonist, BzATP, or TGFβ1 on Cell Migration and Invasion

We then evaluated the effect of the treatments with TGFβ1 or BzATP on GSC migration and
invasion. The scratch assay showed that both TGFβ1 and BzATP shortened wound healing at 6 and 24
h of treatment (Figure 7).
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Figure 6. Blockade of the BzATP effect on EMT markers by the P2X7R selective antagonist A438079.
Confluent GSCs were exposed to different concentrations of BzATP, alone or in the presence of the P2X7R
antagonist, A438079 added 1 h before BzATP administration. Immunoblots were re-probed with an
antibody against β actin, quantified by densitometric analysis, normalized to β actin used as an internal
control, and reported in the histograms assuming the value of control/β-actin=1. β-actin bands are the
same for some blots reported in the figure, since they were obtained by cutting the same membrane
at different heights corresponding to the molecular weights of the selected markers. Immuno-bands
reported in the figure are representative of three independent experiments carried out in GSCs #3. *p < 0.05,
**p < 0.01, ***p < 0.001: statistical significance vs. untreated GSCs assumed as control (CTR); #p < 0.05,
##p < 0.01: statistical significance vs. GSCs treated with BzATP (one-way ANOVA plus Dunnett’s test).Cells 2019, 8, x FOR PEER REVIEW 13 of 25 
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Figure 7. Effect of TGFβ1 and BzATP on GSC migration evaluated by scratch assay. Nearly confluent
GSCs (80%) were incubated in the presence or absence of TGFβ1 or BzATP and when present, the P2X7R
antagonist A438079 (A43), was added 1 h prior to the agonist. Cell were then scratch wounded and
imaged at indicated times after injury. (A) Images of control and treated cells (GSCs #1) prior to (0 h) and 6
and 24 h after injury are representative of four independent experiments (scale bar = 100 µm for all panels)
carried out for each cell type, giving similar results. (B) Quantification of the wound size was performed
using ImageJ and graphed as percentage of wound closure. The values in the histograms are given as
means± SEM and analyzed by one-way ANOVA and Dunnett’s post hoc test **p < 0.01; ***p < 0.001 vs.
control (CTR); #p < 0.05, ###p < 0.001 vs. BzATP. Similar data were obtained using GSCs #2 and #3.
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Also, the transwell migration assay used to assess tumor cell invasiveness, demonstrated that
both drugs enhanced cell migration through the membranes (Figure 8).Cells 2019, 8, x FOR PEER REVIEW 14 of 25 
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Figure 8. Effect of TGFβ1 and BzATP on GSC invasiveness evaluated by transwell migration assay.
(A) GSCs, plated in the upper surface of a membrane inserted into a suitable plate, were incubated in
the usual culture medium alone (CTR-) or in the presence of TGFβ1 or BzATP. In some experiments
cells were pretreated with A438079 (A43), a P2X7R antagonist, or A8301 (A83), inhibitor of TGFβ type
I receptors, which were added alone and 1 or 2 h, respectively, prior to the further pharmacological
treatments. In another set of cells, a high percentage of serum (10%), usually acting as an attractant
for cells, was added to the medium and cells were indicated as CTR+. The cells were allowed to
migrate to the lower chamber for 24 h. The membranes were then removed and the cells, fixed and
stained using crystal violet, were counted under a light microscope (at an average of five semirandom
non-overlapping fields at 10x magnification). The images reported in the figure (scale bar = 100 µm)
are related to GSCs #2 and are representative of three independent experiments carried out for each cell
type, giving similar results. (B) Accordingly, values in the histograms are the mean ± SEM of these
independent experiments and have been analyzed by one-way ANOVA and Dunnett’s post hoc test *p
< 0.05, ***p < 0.001 vs. control (CTR+); ##p < 0.01; ###p < 0.001 vs. cells treated with TGFβ1 or BzATP.

In both types of experiments, the P2X7R antagonist A438079 abolished the BzATP-induced effect
(Figures 7 and 8).

3.3. The Activity of BzATP on EMT Markers and GSC Migration is Linked to the Phosphorylation of SMAD2,
A Downstream Effector of TGFβ Signaling

As reported in glioma cell lines, TGFβ is an inducer of ZEB1-dependent mesenchymal
trans-differentiation coupled to enhancement of their invasion capability. Interestingly, this effect
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was mediated by phosphorylation of SMAD2 [36], a protein involved in direct signaling of TGFβ
type I receptors [37]. Since in our GSCs derived from patients’ tumor TGFβ had a behavior similar
to that shown in GBM cell lines, i.e., as for ZEB1 and invasion increase, we wondered whether
the effects caused by TGFβ and also by BzATP in our GSCs could be mediated by the same signal
transduction pathway. Figure 9 shows that not only TGFβ but also BzATP, although to a lesser extent,
increased SMAD2 phosphorylation. These effects were evident already after 24 h (data not shown),
becoming maximal at 48 h. Accordingly, cell pretreatment with A8301, a potent blocker of the TGFβ
type I receptors [36] was effective in inhibiting the TGFβ- and BzATP-induced increase in SMAD2
phosphorylation as well as the activity of both drugs on ZEB1 and vimentin expression (Figure 9) and
GSC invasiveness (Figure 8).
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Figure 9. Increase in SMAD2 phosphorylation is involved in the effects promoted by either TGFβ or
BzATP on EMT markers. GSCs were exposed to TGFβ1 or BzATP at the indicated concentrations.
In some experiments, cells were pretreated with A8301, inhibitor of TGFβ type I receptors, which
was added alone or 2 h prior to the other two drugs. After 48 h, cells were harvested and the protein
levels of phosphorylated SMAD2 (pSMAD2) and some EMT markers were determined by western blot
analysis. As for pSMAD2, different aliquots of proteins, derived from TGFβ or BzATP treated cells
(60 or 80 µg, respectively), were used for the electrophoretic run, to make more evident the BzATP
effect. Immunoblots were obtained by exposing membranes to the appropriate antibodies. Then, they
were reprobed with an antibody against β actin and quantified by densitometric analysis, the values of
which, normalized to β actin used as an internal control, are reported in the histograms, assuming the
value of control/β-actin =1. Immunobands in the figure are related to GSCs #2 and are representative of
three independent experiments carried out for each cell type giving similar results. *p < 0.05, **p < 0.01,
***p < 0.001: statistical significance vs. untreated GSCs assumed as control (CTR) (one-way ANOVA
plus Dunnett’s test); #p < 0.05; ##p < 0.01; ###p < 0.001 vs. cells treated with TGFβ1 or BzATP.
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3.4. Influence of BzATP on GSC Viability

Finally, by MTS assay we found that cell exposure to BzATP at the chosen concentrations did
not affect cell viability after 48 h, while modestly reducing it at 96 h, but only when used at 200 µM
(Figure 10A). However, the evaluation of LDH and caspase 3/7 activity in the GSC culture medium,
assumed as signals of necrotic and apoptotic death, respectively, showed that BzATP reduced the
activity of the caspases without influencing that of LDH (Figure 10B,C). The effect of BzATP was once
again counteracted by cell pre-treatment with the P2X7R antagonist that, when administered alone,
increased LDH and caspases activity 96 h after its addition to the cells.
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Figure 10. Evaluation of cell viability and of necrotic or apoptotic death induced by GSC exposure
to BzATP. GSCs were treated with BzATP and in some experiments they were pretreated with the
P2X7 receptor (P2X7R) antagonist A438079, administered 1 h prior to the agonist. After different times
from the beginning of the pharmacological treatments cell viability (A), cell necrosis or apoptosis
(B,C) respectively were assayed. (A) Cell medium was removed at the end of each time period and
3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxy phenyl]-2-[4-sulfophenyl]-2H-tetrazolium (MTS)
assay was performed. The values obtained by optical density at 490 nm for each sample are reported in
the histograms, assuming the value of control = 1. (B) LDH release from cells, assumed as an index
of necrotic death, was measured as reported in the Methods section. Values are expressed as the
percentage of the total amount of the enzyme released in the medium from the cells after their lysis. (C)
Apoptic death was assessed by the evaluation of the release of caspase 3 and 7, the most involved in
this process, by luminescence using a commercial kit and following the manufacturer’s instruction. All
values in the histograms are related to GSCs #3, but similar findings were obtained using cells #1 or #2.
They are expressed as the mean ± S.E.M. of four independent experiments in which each sample was
tested in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001: statistical significance vs. untreated cells; #p < 0.05,
##p < 0.01: statistical significance vs. cells treated with BzATP (one-way ANOVA plus Dunnett’s test).
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3.5. Expression of the Splice Variants P2X7A and P2X7B in GSCs in Basal Conditions and after Exposure
to BzATP

Based on the evidence previously reported about the high expression levels of P2X7R in GSCs [24],
we wanted to better define the role played by this receptor in GSCs by examining the expression of the
P2X7AR and P2X7BR splice variants, which could influence GSC aggressiveness in different ways. By
real time PCR and western blot analysis, we observed that both P2X7R isoforms are present in GSCs
(Figure 11) and that the expression of the subunits of the full length P2X7AR and of the shorter P2X7BR
was nearly constant during 48 h (Figure 11A). Similar results were obtained by western blot analysis
(Figure 11B).
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Figure 11. Expression of the two main human splice variants P2X7R A and B in GSCs. Confluent
GSCs were harvested at different time periods to obtain their mRNA or proteins. (A) by qRT-PCR the
evaluation of the mRNA levels was performed in relation to the principal P2X7R splice variants in
humans that are the full-length form P2X7A and the truncated form (lacking the carboxy-terminal
tail) P2X7B in GSCs #1 and #3 (panels on left or right, respectively). mRNA levels were normalized
by using the house keeping β2-microglobulin as endogenous control. Values, calculated as fold of
increase vs. those measured in cells at the beginning of the experiments (time 0) are the mean ± S.E.M.
of 3 independent experiments performed using the cells above mentioned. Each sample was tested in
duplicate. (B) protein levels of P2X7A and P2X7B monomers were determined by western blot analysis.
Immunoblots were obtained by exposing membranes to two polyclonal antibodies, one recognizing
among the others proteins at about 70 KDa and the second one recognizing proteins at about 70 and
50 KDa, respectively. Subsequently, immunoblots were re-probed with an antibody against β actin,
to verify equal sample loading, and quantified by densitometric analysis. These values were then
normalized to β actin and reported as such as for the histograms related to blots in which both P2X7R
A and B subunits were recognized, whereas for the blots related to the only P2X7AR subunit the value
were calculated assuming the ratio (cells at T0)/β-actin = 1. All values are the mean ± SEM of three
independent experiments for each cell type.
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In order to assess this aspect, we used two different antibodies, one directed against an extracellular
loop common to both subunits forming the splice variants P2X7AR or P2X7BR, and another one
directed towards the C-terminal tail, present only in the P2X7AR variant. This second antibody, more
specific towards the P2X7AR subunit, was used to confirm data obtained with the first one. However,
both antibodies are polyclonal; therefore, they identified more than one immune-band. Among them,
both antibodies recognized a band at about 70 KDa, likely corresponding to the calculated molecular
weight of the P2X7AR subunit, whereas the antibody against the extracellular loop also recognized,
among the others, a protein at about 50 KDa, compatible with the molecular weight of the shorter
splice variant P2X7BR (Figure 11B). Thus, western blot analysis would confirm the presence of proteins
related to the two splice variants A and B of the P2X7R in the examined cells.

Interestingly, cell exposure to BzATP induced an increased expression of mRNA for both splice
variants, despite some differences. In GSCs #1, the expression of both isoforms was significantly
increased even though that of the splice variant P2X7B was mainly evident at 24 h from drug treatment
(Figure 12).
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Figure 12. Modulation of the expression of the P2X7R splice variants A and B in GSCs exposed to
BzATP. GSCs #1 and #3 were exposed to BzATP. At the indicated time points cells were collected to
obtain their mRNA that was analyzed for the gene expression of the two splice variants P2X7R A and B.
mRNA levels were normalized by using the house keeping β2-microglobulin as endogenous control.
Values, calculated as fold of increase vs. untreated cells (CTR assumed as = 1), are the mean ± S.E.M. of
three independent experiments in which each sample was tested in duplicate. *p < 0.05, **p < 0.01:
statistical significance vs. untreated cells (one-way ANOVA plus Dunnett’s test).

In GSCs #3, the BzATP-induced up-regulation was similar for both P2X7R subunits along the
entire observation period. However, these differences were nullified when the expression of the two
splice variants was evaluated in terms of protein content. Indeed, BzATP showed a similar effect in
GSCs #1 and # 3 up to 72 h (Figures 13 and 14).
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Figure 13. Modulation of the protein levels related to the P2X7R splice variants A and B in GSCs #1
exposed to BzATP. GSCs #1, cultured up to their confluence in vitro, were harvested at different time
points after their exposure to BzATP and/or A438079. Protein levels of P2X7A and P2X7B isoforms
were determined by western blot analysis. Immunoblots were obtained by exposing membranes to two
antibodies, one recognizing only proteins at about 70 KDa and the second one recognizing proteins
at about 70 and 50 KDa, respectively. Immunoblots were then re-probed with an antibody against β
actin and quantified by densitometric analysis, the values of which, normalized to β actin used as an
internal control, are reported in the histograms. The band of β-actin is the same for the blots at each
time period, as the same membrane was first incubated with one antibody and then, after stripping,
with the other antibody against the P2X7RA or B subunits. Densitometric values are the mean ± SEM
of three independent experiments with very similar results. *p < 0.05, **p < 0.01, ***p < 0.001: statistical
significance vs. untreated cells (CTR); #p < 0.05, ##p < 0.01, ###p < 0.001: statistical significance vs. cells
treated with BzATP (one-way ANOVA plus Dunnett’s test).

Cell pretreatment with the P2X7R antagonist, A438079, counteracted the effects induced by BzATP
on the two receptor subunits, especially when it was administered at 200 µM (Figures 13 and 14).
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Figure 14. Modulation of the protein levels related to the P2X7R splice variants A and B in GSCs
#3 exposed to BzATP. GSCs #3, cultured up to their confluence in vitro, were harvested at different
time points following their exposure to BzATP and/or A438079. Protein levels of P2X7A and P2X7B
splice variants were determined by western blot analysis as reported in the legend of the Figure 13.
Immunoblots were re-probed with an antibody against β actin, quantified by densitometric analysis,
normalized to β actin used as an internal control, and reported in the histograms. Densitometric values
are the mean ± SEM of three independent experiments with very similar results. *p < 0.05, **p <

0.01, ***p < 0.001: statistical significance vs. untreated cells (CTR); #p < 0.05, ##p < 0.01, ###p < 0.001:
statistical significance vs. cells treated with BzATP (one-way ANOVA plus Dunnett’s test).

4. Discussion

EMT is a complex process that, besides playing a crucial role during normal embryogenesis [38],
has also been associated with the progression of many types of cancer [39]. As for GBM, it is also
called epithelial-to-mesenchymal(-like) transition or glial-to-mesenchymal transition (GMT) [40,41], to
underline that GBM is a non-epithelial derived tumor. However, a number of reports reported GMT
as equivalent to EMT and showed its appearance as linked to GBM recurrence [7,42]. Since GSCs
are regarded as cells triggering/supporting GBM malignancy, in this study we examined whether the
modulation of EMT process in these cells might modify their aggressiveness. To note, we performed our
experiments in the same cells used in a previous paper [24], derived from GBM of three different patients.
Since these cells are not “cell lines”, we observed some differences in the onset and extent of drug
effects, which, however, did not affect the overall validity of the results obtained, as discussed below.

EMT may be activated by different stimuli and, among them, we focused on purines, in particular
ATP, being the environment around tumor cells, and in particular GBM, highly rich in ATP (few hundreds
µmol/L) (reviewed by [23,24]). This is partially due to the low activity of enzymes metabolizing adenine
nucleotides triphosphates in tumors compared to healthy tissues, as well as to the increased release of
intracellular purines following cell death. Therefore, such high ATP concentration coupled to a longer
permanence of the nucleotide at extracellular level is sufficient to activate P2X7R in glioma and, more in
general, in brain tumors [43]. Thereby, it is not surprising that, using exogenous ATP at a relatively high
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concentration (300 µM) to stimulate GSC cultures, the expression levels of some key EMT markers related
to GBM malignancy were enhanced, whereas cell pretreatment with a P2X7R antagonist reduced them.

Based on these findings, we better investigated the effect of the activation of these receptors
on the same EMT markers. Indeed, their expression increased from 12–24 up to 48–72 h following
GSCs exposure to the P2X7R agonist, BzATP, as well as to TGFβ1, a well-known inducer of EMT
in GBM [7,36]. However, mRNA analysis of the EMT markers showed some differences among the
examined cells, which probably correlates with a different cell efficiency/rate of DNA transcription
into mRNA in response to pharmacological stimulation. In contrast, the mRNA translation into the
corresponding proteins resulted in a more constant response of the cells to the investigated drugs
(TGFβ1 and BzATP). Thus, our data confirm the need to look also to the proteins codified by the
corresponding mRNAs, which may more reliably account for drug effects.

We also observed that both BzATP and TGFβ1 increased the GSC migration and invasion ability
in vitro, which were tested after 24 h upon drug administration. Since mRNA or protein levels for
most EMT markers analyzed were increased by the two drugs starting from the first 12–24 h, it is
conceivable that also cell migration and invasion were significantly enhanced during the same period,
even though data here not reported (personal observation) showed that the effect of the two drugs on
cells invasion was evident even after 48 h following their administration.

All these findings are consistent with literature, except data related to N-cadherin, which should
not increase in GBM or, if increased, could restrain cell migration [17]. However, based on the
controversy existing on the importance in the N-cadherin level change in GBM, the observed increase
of this protein could be irrelevant for GSC invasiveness, which paralleled the general raise of other
EMT markers induced by the pharmacological treatments reported here.

Collectively, our data demonstrate an involvement of P2X7R in directing GSCs towards EMT and
enhancing/potentiating their aggressiveness, even though we cannot rule out the participation of other
P2R. Indeed, GSC pre-treatment with A438079, a drug considered as one of the most selective P2X7R
antagonists, completely counteracted or partially reduced the effect induced by 200 or 100 µM BzATP,
respectively. These findings may be explained by the “partial” selectivity of BzATP towards P2X7R,
being this agent able to stimulate also other ATP P2R at lower concentrations than those stimulating
P2X7R [44]. Consequently, we cannot exclude that other members of the P2R family could contribute
to increase EMT markers expression and GSC invasiveness. Given the growing roles potentially
played by P2X7R not only in tumor development/growth, but also in many other physiological and
pathological conditions, we believe as extremely important that selective agonists for P2X7R have to be
delivered in commerce as soon as possible.

We also explored a putative signaling pathway, which can be activated following P2X7R stimulation
by BzATP. Based on the analogy of BzATP and TGFβ behavior in relation to EMT markers and GSC
mobility/invasiveness, we checked whether they shared a common signal transduction pathway. Our
results demonstrated that both agents, although to a different extent, increased the SMAD2 phosphorylation.
Additionally, this effect was inhibited by cell pretreatment with an inhibitor of TGFβ type I receptors [36].
The same inhibitor also abrogated BzATP-induced increase in EMT markers and GSC invasion. Noteworthy,
our results suggest that BzATP might favor the release of TGFβ from GSCs, which in turn would concur to
increase their aggressiveness. Clearly, we cannot exclude the involvement of other molecular mechanisms
more directly promoted by P2X7R activation, which need further investigation.

Here, we demonstrated that, in GSCs, high expression of P2X7R is coupled to the presence of
the two main splice variants in humans, which are the full length P2X7AR and the truncated isoform
named P2X7BR, lacking the C-terminal 249 amino acids but provided with 18 extra amino acids after the
residue 346. More importantly, the expression of both splice variants was increased in GSCs following
their treatment with BzATP. While the receptor assembled with P2X7A monomers shows both ion
channel and pore activity, the one deriving from P2X7B monomer assembly lacks pore function [27].
However, this may represent an over-simplification of the P2X7R molecular structure. Indeed, it
has also been reported that the co-expression of P2X7A with P2X7B splice variants may result in the
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formation of a functional P2X7A-B heterotrimeric receptor that exhibits: i) An enhanced pore activity
or ii) a higher affinity for ATP than a homotrimeric P2X7R and an increased support to cell energy and
metabolism [25]. These conflicting results can be reconciled by a unifying explanation about the effects
consequent to homo- or hetero-trimeric P2X7R activation, according to which the overstimulation
of these receptors by high micromolar or millimolar ATP concentrations causes cell death, whereas
tonic P2X7R stimulation at lower ATP concentrations favors cell survival/growth [21,23]. Consistently
with this explanation, we previously found that ATP or BzATP administered at high concentrations
and for two consecutive days caused GSC death. In contrast, in this paper we revealed that BzATP,
administered only once at lower concentrations (100 and 200 µM), protected GSCs from apoptosis and
did not induce necrosis. Thereby, it is not surprising that the P2X7R antagonist, when administered
alone to the cells, increased LDH and caspase activity whereas, when co-administered with BzATP,
reduced the protective effects of this agent against necrotic or apoptotic GSC death. On the other hand,
the decrease in cell viability reported at 96 h after cell exposure to the highest BzATP concentration
(200 µM) should not be due to cell death, but rather to an arrest in S phase of the cell cycle, as we
previously demonstrated for the same cells following exposure with higher BzATP concentration (500
µM). Finally, the up-regulated expression of both P2X7R A and B variants induced by BzATP might
also favor the increase in EMT marker expression and GSC invasiveness, provided that relatively low
P2X7R agonist concentrations are used.

In conclusion, the effects induced in human GSCs by a “moderate” P2X7R stimulation could
enhance GBM aggressiveness, even though the occurrence of these effects needs to be verified in vivo. If
ascertained, it would follow that the GBM growth could be restrained by inhibiting P2X7R, as observed
in other tumors [45]. Clearly, we are aware that GBM progression depends on multiple factors and
that the expression of P2X7R might be different in tumor core or periphery, as observed for pancreatic
tumor [46], or present also in peri-tumor cells, such as resident microglia or infiltrating macrophages,
which may support tumor growth by releasing P2X7R-dependent factors [47]. Thus, further research
needs to define this complex scenario and the role of P2X7R therein, in order to advantageously apply
the pharmacological modulation of P2X7R expression/activity in GBM therapeutic management.
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Abstract: High-grade astrocytomas are some of the most common and aggressive brain cancers,
whose signs and symptoms are initially non-specific. Up to the present date, there are no diagnostic
tools to observe the early onset of the disease. Here, we analyzed the combination of blood serum
proteins, which may play key roles in the tumorigenesis and the progression of glial tumors. Fifty-nine
astrocytoma patients and 43 control serums were analyzed using Custom Human Protein Antibody
Arrays, including ten targets: ANGPT1, AREG, IGF1, IP10, MMP2, NCAM1, OPN, PAI1, TGFβ1,
and TIMP1. The decision tree analysis indicates that serums ANGPT1, TIMP1, IP10, and TGFβ1 are
promising combinations of targets for glioma diagnostic applications. The accuracy of the decision
tree algorithm was 73.5% (75/102), which correctly classified 79.7% (47/59) astrocytomas and 65.1%
(28/43) healthy controls. The analysis revealed that the relative value of osteopontin (OPN) protein
level alone predicted the 12-month survival of glioblastoma (GBM) patients with the specificity of
84%, while the inclusion of the IP10 protein increased model predictability to 92.3%. In conclusion,
the serum protein profiles of ANGPT1, TIMP1, IP10, and TGFβ1 were associated with the presence of
astrocytoma independent of its malignancy grade, while OPN and IP10 were associated with GBM
patient survival.

Keywords: astrocytoma; glioblastoma; serum proteins; Protein Antibody Array; decision tree; survival

1. Introduction

High-grade astrocytomas, especially glioblastomas (GBMs), are one of the most aggressive brain
tumors, with a poor prognosis. Generally, brain astrocytomas are diagnosed only after the occurrence of
clinical symptoms, and a diagnosis is determined only after the histological examination of the tissue [1].
However, histological data and clinical symptoms fail to explain variation in astrocytoma progression
and the response to treatment. There is an increasing interest in identifying molecular markers that
better capture the status of a tumor to improve the existing predictions. Especially, there is a need of
biomarkers that can indicate a change in protein expression which are related to the risk or progression
of astrocytoma or with the response to a given treatment, survival, or recurrence [2,3]. Recently,
gliomas could be subtyped based on several molecular markers like IDH1, 1p/19q co-deletion, EGFR
amplification, loss of PTEN, MGMT methylation, etc., to predict patient prognosis while considering
parameters like patient age and complete tumor histopathological profile [4]. Minimally invasive and
early diagnostic techniques could play an important role in adapting the best treatment for astrocytoma
patients [5]. A great effort is currently being made to achieve methods for early tumor detection,
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especially including methods based on the detection of proteomic profiles in serum/plasma. A good
alternative astrocytoma screening test should be as minimally invasive as possible, achieve excellent
analytical outcomes regarding sensitivity and specificity, and still be fast and cost-effective. An optimal
test could help to monitor if changes in the composition of serum proteins could indicate astrocytoma
occurrence or recurrence and also help to optimize a treatment strategy. Therefore, the field of
intensive research is moving toward extensive serum proteome profiling for tumor-specific markers [2].
Furthermore, the determination of a tumor-specific panel of markers could outperform the evaluation
of individual markers regarding specificity and sensitivity. Moreover, multiple-protein profiling
could provide a more detailed image of molecular networks and pathophysiological conditions of the
disease. The determination of multiple proteins from a single sample could be done by using biochip
array technology [6]. Biochip array technology is also practicable when volumes of clinical samples
are limited.

Astrocytic glioma screening for the application of serological testing has not been established so
far, even though very promising candidate markers have been reported based on proteomic [7–9] and
individual target screenings [1–3]. Our study aimed to characterize preoperative protein levels in the
blood serum of patients with different malignancy grade astrocytoma compared with healthy subjects.
We focused on already-known cancer-related proteins based on a thorough literature review [1,3,6,10–22]
and our earlier laboratory findings [23,24]. The ten proteins which were compatible to be analyzed in
a protein multiplex array manner selected for the analysis were: ANGPT1 (angiopoietin-1), AREG
(amphiregulin), IGF1 (insulin like growth factor I), IP10 (CXCL10, C-X-C motif chemokine 10), MMP2
(matrix metallopeptidase 2), NCAM1 (neural cell adhesion molecule 1), OPN (osteopontin), PAI1
(plasminogen activator inhibitor 1), TGFβ1 (transforming growth factor beta 1), and TIMP1 (TIMP
metallopeptidase inhibitor 1). The novelty of the study was the simultaneous assessment of ten serum
proteins using a multiplex biochip array to identify a clinically applicable combination of serum
markers for glioma screening. This study revealed the possibility of using a multiplex immunoassay to
screen for novel and valuable blood-based protein biomarkers for malignant astrocytomas.

2. Materials and Methods

2.1. Study Group

This study was comprised of 102 serum samples that were collected at the Hospital of Lithuanian
University of Health Sciences neurosurgery clinics (Kaunas, Lithuania) from 2015 to 2017. The study was
carried out under the Ethical Principles for Medical Research Involving Human Subjects (Declaration
of Helsinki) and the research methodologies were approved by the Kaunas Regional Biomedical
Research Ethics Committee (No. P2-9/2003). All subjects gave their informed consent for inclusion
before they participated in the study. We investigated 39 patients with histopathologically confirmed
glioblastoma (grade IV), 3 patients with anaplastic astrocytoma (grade III), 17 patients with diffuse
astrocytoma (grade II), and 43 healthy controls. The control group was age-adjusted to the case group
(median/mean age for patient group 49.82/49.59 years; median/mean age for control group 44.21/45.01
years) (t-test, p > 0.05). For astrocytoma patients, blood was taken before the operation and any kind
of treatment (e.g., chemotherapy or radiotherapy). Serum samples were prepared as follows: blood
samples were allowed to clot for 30 min at room temperature before centrifuging for 15 min at 1000× g.
Serum was removed, aliquoted, and samples were stored at −70 ◦C. Data on patient age at the time of
the operation and gender were collected. None of the patients had received chemotherapy or radiation
before surgery, while after surgery they had received the standard treatment. Patients’ overall survival
was computed from the date of the operation to the date of the death or the date of the survey database
closure (censored). The database closure was in January 2018. The date and cause of death were
obtained from The Lithuanian State Register of Death Cases.

333



Cells 2020, 9, 16

2.2. Evaluation of Serum Proteins Level

For simultaneous quantitative detection of multiple proteins from a single patient sample we
used Custom Human Antibody Array Membranes (ten targets) (Ab211921, Abcam, Cambridge,
UK). The biochip comprised printed capture antibodies against ANGPT1, AREG, IGF1, IP10, MMP2,
NCAM1, OPN, PAI1, TGFβ1, and TIMP1. The protein array is an antibody-pair-based assay which
performs analogously to ELISA but using a membrane as a substrate rather than a plate, as capture
antibodies are spotted on a membrane. The assay was performed following the manufacturer’s
instructions with some modifications. A total of 1 mL of 5× diluted blood serum was used for each
reaction. After incubation, a Biotinylated 10 Antibody Cocktail (horseradish peroxidase (HRP)-labeled
secondary antibodies) was added to the membranes. After following washes to remove unbound
material, protein levels were quantified by chemiluminescence using the BioSpectrum Imaging System
(UVP, Analytik Jena Company, Cambridge, UK). The signal intensity of each antigen-specific antibody
spot represents a relative proportion of the antigen amount in the sample. Three control spots on every
array were used: positive, negative, and blank control spots. The Positive Control (PC) spots (six
spots per array), which contained biotin-conjugated IgG, were used for signal normalization. Negative
Control (NC) (four spots per array) printed with buffer and blank spots (two spots per array) were used
to determine nonspecific binding and for background subtraction. For the signal evaluation, the image
processing program ImageJ was applied. After obtaining raw densitometry values, the intensity for
every duplicated spot was averaged and normalized, subtracting mean intensity of the background
(NC). Averaged PC spots were used for intra-array normalization. For inter-array normalization,
all the membranes were adjusted to the reference array. The signal intensity of every spot representing
different analyte was calculated as follows: X(Ny) = X(y) ∗ P1/P(y), where: P1—averaged signal
density of PC spots on reference array; P(y)—averaged signal density of PC spots on membrane y;
X(y)—averaged signal intensity of analyte X on membrane y; X(Ny)—normalized signal intensity for
spot X on membrane y. For the reduction of technical variation and more accurate appreciation of
biological differences, the relative protein level was calculated and used for further statistical analysis.

2.3. Statistical Analysis

For statistical analysis, the software package SPSS Statistics 19 (SPSS Inc., Chicago, IL, USA)
and GraphPad Prism (GraphPad Software, La Jolla, CA, USA) were used. Chi-square test, linear
regression analysis, Spearman’s correlation coefficient, Kruskal–Wallis (comparison of >2 groups) and
Mann–Whitney tests were used to analyze data. Decision tree classification was performed using R
Software version 3.3.3, rpart package. The classification was carried out applying binary classification
where RSS (ANOVA) selected as a split criterion. In total 100 random tree models were created at
learning stage to ensemble method for classification. The random tree models test divided the dataset
randomly into learning (approximately 60% of the data set) and test (approximately 40% of the data
set) subsets. When we generated 100 tree models, the dominant model was chosen and used further.
At the end of the process, the errors were counted from this dominant model. The Kaplan–Meier
method was used to estimate survival functions. A significance level of 0.05 was selected to test the
statistical hypothesis.
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3. Results

3.1. Serum Analysis of Single Candidate Proteins

The expressions of ten proteins in peripheral blood serum specimens were analyzed in our study
using an ELISA-based multiplex protein array. Serum samples were collected prior to brain surgery
from 59 patients with different-grade astrocytoma and 43 controls. The expression level of ten serum
proteins was quantified and compared among groups (Figure 1). Comparisons of box-and-whiskers
plots for every analyte measurement in the serum of astrocytoma patients and control samples revealed
consistent distribution and median levels. No significant differences in the levels of single proteins
were observed between the normal group and astrocytoma patients.
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73.5% (75/102), which correctly classified 47 of 59 astrocytomas (79.7%) and 28 of 43 healthy controls 
(65.1%).  

Figure 1. Proteomic analysis of ten proteins in preoperative blood serum in astrocytoma patients and
controls. Box plots of relative expression measurements of proteins ANGPT1, AREG, IGF1, IP10, MMP2,
NCAM1, OPN, PAI1, TGFβ1, and TIMP1 obtained by protein array analysis of different malignancy
grade astrocytoma patients’ serum and normal controls. The line inside each box represents the median;
the lower and upper edges of the boxes represent the 25th (first quartile) and 75th (third quartile)
percentiles, respectively; the upper and lower edges of the boxes represent the Tukey’s whiskers.

3.2. Combined Analysis of Protein Levels in Astrocytoma Serum

The results of ten differentially expressed proteins on the array were used to construct a decision
tree classification algorithm, in an attempt to identify potential serum biomarkers for astrocytoma.

In a decision tree analysis, relative expression level values of ten candidate proteins in 59 different
grade astrocytoma patients’ serum was compared with protein relative expression values in 43 healthy
controls. Of ten analyzed proteins, statistically different values of four proteins were chosen as the
predictor to build up the decision classification tree shown in Figure 2. The classification algorithm
used values of four proteins, and five terminal nodes were determined with the relative cost of 0.27.
ANGPT1, TIMP1, IP10, and TGFβ1 together in the complex were identified as the most promising
potentially diagnostic serum profile. The accuracy of the decision tree algorithm was 73.5% (75/102),
which correctly classified 47 of 59 astrocytomas (79.7%) and 28 of 43 healthy controls (65.1%).
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Figure 2. Decision tree classification diagram of protein relative values from astrocytoma patients
and controls, using protein microarrays. Potential diagnostic serum protein profile composed of
ANGPT1, TIMP1, IP10, and TGFβ1. The numbers in the root node (top), descendant nodes (hexagons),
and terminal nodes (rectangles) represent the classes (astrocytoma patients and controls, n represents
the sum of astrocytoma patients and controls). The number below the root and descendant nodes
indicate the relative values of protein.

3.3. Survival Analysis

The GBM group was subdivided into two groups comprising patients who survived post surgery
for more than one year (n = 26) and those who survived for less than one year (n = 13). For the
clinical feature of post-surgery one-year survival, an association was achieved with serum profiles
based on relative concentrations of OPN and IP10 (Figure 3A). Analysis of OPN protein relative value
alone predicts the survival of more than one year with a specificity of 84% in GBM patients, while
the inclusion of the other factor (IP10 protein relative value) increased specificity to 92.3%. The two
survival groups were not distinguished by different treatment schemes because standard therapy,
including surgery, radio, and chemotherapy, were used for both groups. The Kaplan–Meier analysis
using the log-rank test showed an association between GBM patient overall survival and relative OPN
expression groups (log-rank test, χ2 = 3.95, df = 1, p = 0.047) (see Figure 3C). Glioblastoma patients
with low serum OPN expression had a significantly higher chance for longer survival when compared
to patients having high serum OPN expression. Kaplan–Meier analysis showed that there was no
significant difference in overall survival comparing all glioblastoma patients with relatively high or
low IP10 expression (log-rank test, χ2 = 0.03, df = 1, p = 0.869) (see Figure 3D). Further, we aimed to
identify the combination of protein expression values that could help to prognosticate patient survival
after surgery.
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Figure 3. Potential prognostic serum protein profile for glioblastoma patients composed of OPN
and IP10. (A) Glioblastoma patient decision tree with the clinical feature of one-year post-surgery
survival. The numbers in the root node (top), descendant nodes (hexagons), and terminal nodes
(rectangles) represent the classes (glioblastoma patients who survived less than one year after surgery
and glioblastoma patients who survived more than one year after surgery); n = sum of glioblastoma
patients in a class. The numbers below the root and descendant nodes indicate the relative values of
protein. (B–D) Kaplan–Meier survival curves. (B) Kaplan–Meier analysis of glioblastoma patient overall
survival differences between combined OPN and IP10 protein expression groups. Low- vs. high-level
protein patient group median survival 16 months versus 7.56 months (log-rank test, p = 0.0275).
(C) Kaplan–Meier analysis of glioblastoma patient overall survival between OPN protein relative
expression groups, were OPN low level means that relative OPN protein value is <0.01277, and OPN
high level means that relative OPN protein value is ≥0.01277. Low- vs. high-level protein patient group
median survival 20 months versus 7.71 months (log-rank test, p = 0.0104). (D) Kaplan–Meier analysis
of glioblastoma patient overall survival in different IP10 protein relative expression groups, where IP10
low level means that relative IP10 protein value is <0.01897, and IP10 high level means the value is
≥0.01897. Low- vs. high-level protein patient group median survival 13 months versus 8.84 months
(log-rank test, p = 0.735).

Therefore, to analyze glioblastoma patient survival, patients were divided into two groups.
One group included glioblastoma patients who had the following relative expression value of protein
OPN < 0.01277 and OPN ≥ 0.01277, but IP10 < 0.01897. The other group consisted of glioblastoma
patients with relative values of OPN ≥ 0.01277 and IP10 ≥ 0.01897. The Kaplan–Meier analysis using
the log-rank test showed a significant association between glioblastoma patient overall survival and

337



Cells 2020, 9, 16

combined OPN and IP10 protein expression groups (log-rank test, χ2 = 4.04 df = 1, p = 0.044) (see
Figure 3B).

4. Discussion

This study revealed the possibility of using multiplex immunoassays to screen for novel and
valuable blood-based protein biomarkers for malignant astrocytoma. Both unique and prominent
protein candidates associated with malignant astrocytoma were studied using multiplex protein
immunoassays with serum samples.

In addition, protein biomarker candidates associated with malignant astrocytoma prognosis were
included in this analysis. The aim was to characterize the preoperative levels of ten proteins in the
blood serum of patients with different malignancy grades of astrocytoma and to compare them with
healthy controls. The novelty of the study was the simultaneous assessment of ten serum proteins using
multiplex biochip arrays to identify a clinically applicable combination of serum markers for glioma
screening. Our decision was to focus on already-known cancer related proteins due to numerous
published data. Based on a thorough literature review [1,3,6,10–22] and our laboratory findings [23,24],
the ten proteins which were compatible to be analyzed in a protein multiplex array manner selected
for the analysis were: ANGPT1, AREG, IGF1, IP10, MMP2, NCAM1, OPN, PAI1, TGFβ1, and TIMP1.
Many markers included in our multiplex biochip array have been thoroughly investigated individually
in other researchers’ previous studies. In our study, no significant differences in single protein levels
between gliomas and healthy controls’ serum were established. This could be related to the relatively
small sample size in our study or the differences in the methodologies compared to other studies.
Additionally, the variability in blood serum protein levels could be related to the size of the tumor and
might prevent the establishment of precise protein level cutoff values for cancer diagnosis, considering
large personal variations among patients—at least when using single protein biomarkers. Single
protein markers in serum are mostly inadequate to follow the dynamics of glioma. This could be
improved by using multiple marker profiles. In this study, we tried to search for a diagnostic serum
profile in astrocytoma patients, using a multiplex protein array and target combination approach. When
tested in serum, none of our chosen single proteins was sufficiently specific to serve as a diagnostic
marker. Data showed that in contrast to single biomarkers, in a complex diagnostic profile of multiple
proteins it may not be necessary for the concentrations of each protein to be significantly different
between two groups [1]. Our results support these findings. Using the multiplex ten protein array
and decision tree analysis, we found combinations of serum proteins with significant differences in
protein levels between astrocytomas and healthy controls’ serum. A profile with a relatively small
number of proteins (ANGPT1, TIMP1, IP10, TGFβ1) was sufficient to correctly assign 79.7% (47/59) of
the astrocytoma and 65.1% (28/43) of the control subjects. Astrocytoma progression is related to rapid
tumor growth and invasiveness. Astrocytomas express growth factors and receptors that are typically
induced during angiogenesis; one of them is angiopoietin-1 (ANGPT1) [16]. During the development
of the immature vasculature, ANGPT1 is critically involved in angiogenesis, and influences processes
such as remodeling, maturation, and maintenance of the vascular plexus [16]. Depending on its
function, ANGPT1 could be a molecular marker of glioma malignancy. Hands and colleagues, using a
BioPlex immunoassay to provide cytokine and angiogenesis factor levels that differ between serum
from glioma and non-cancer patients, found angiopoietin as the one important molecular marker [17].
In our study, ANGPT1 was one of the main serum proteins that helped to distinguish healthy subjects
from glioma patients. TIMP1, a natural inhibitor of matrix metalloproteinase (MMP) enzymes, inhibits
in vitro and in vivo tumor cell invasion and binds several members of the metalloproteinase family [18].
Crocker and colleagues’ data suggest that, in glioblastoma patients, a higher serum TIMP1 level at
tumor presentation predicted shorter survival and that TIMP1 levels in the glioblastoma patients are
significantly higher than in normal controls [6]. We found TIMP1 as one of the proteins which help to
distinguish healthy from gliomas, but in our study, its significance for survival was not confirmed.
Schneider et al. analyzed plasma from 21 patients with glioblastoma before and after resection using
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the ELISA method and found that concentrations of latent TGFβ1 of patients with glioblastoma before
surgery were significantly higher in comparison to healthy control probands [19]. They also found a
weak relation between long survival and a low concentration of the latent form of TGF-β1 prior to
surgery [19]. We identified that relative TGFβ1 protein levels in astrocytoma patient serum samples
before surgery may help in evaluating protein profiles. Our proposed algorithm includes IP10 protein
values. It should be noted that these are in line with the data of Elstner and colleagues, where using
conventional ELISA, reduced serum concentrations of IP10 were found in GBM patients compared to
controls [1]. In our proposed algorithm, low IP10 protein values helped to identify astrocytoma patients.
Sreekanthreddy et al. found that OPN expression in tissue was upregulated in GBM, and elevated
serum OPN levels in GBM patients were also shown [13]. GBM patients with high serum OPN levels
had poorer survival rates than those with low serum OPN levels [13]. Our study has shown that
individually protein OPN was statistically and reliably associated with GBM survival, but after decision
tree analysis, the specificity of the study could be improved by entering in the model protein IP10
relative value. On the other hand, single IP10 protein value was not significantly related to patient
survival. This reaffirms the claim that in contrast to single biomarkers, in a complex prognostic protein
profile it may not be necessary that each protein value be significantly different between two groups.

5. Conclusions

Our data suggest an algorithm for the indication of the presence of astrocytoma-specific serum
profiles. Prospective and retrospective validation of the data on a larger sample would be necessary to
evaluate the algorithm and perhaps adjust any other proteins, which would improve the accuracy
of the method. Glioblastoma detection, applying the analysis of blood serum, could yield multiple
benefits, including the early intervention of therapy, reduction in mortality and morbidity, as well as
monitoring the effect of therapy.
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Abstract: Cancer cells are continually exposed to environmental stressors forcing them to adapt
their protein production to survive. The translational machinery can be recruited by malignant cells
to synthesize proteins required to promote their survival, even in times of high physiological and
pathological stress. This phenomenon has been described in several cancers including in gliomas.
Abnormal regulation of translation has encouraged the development of new therapeutics targeting
the protein synthesis pathway. This approach could be meaningful for glioma given the fact that the
median survival following diagnosis of the highest grade of glioma remains short despite current
therapy. The identification of new targets for the development of novel therapeutics is therefore
needed in order to improve this devastating overall survival rate. This review discusses current
literature on translation in gliomas with a focus on the initiation step covering both the cap-dependent
and cap-independent modes of initiation. The different translation initiation protagonists will be
described in normal conditions and then in gliomas. In addition, their gene expression in gliomas
will systematically be examined using two freely available datasets. Finally, we will discuss different
pathways regulating translation initiation and current drugs targeting the translational machinery
and their potential for the treatment of gliomas.

Keywords: gliomas; protein synthesis; translation; cap-dependent; IRES

1. Introduction

Gliomas are the most frequent tumors of the central nervous system and include diffuse and
circumscribed gliomas [1]. Diffuse gliomas are the most frequent cancer of the central nervous system
in adults and will therefore be the focus of this review. In the latest classification for diffuse gliomas,
the World Health Organization (WHO) has taken molecular characteristics into account as it becomes
evident that histology on its own is not sufficient to characterize these brain tumors. For example, the
presence of mutations in the isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) and the association
of complete 1p/19q co-deletion is now included in the classification of diffuse gliomas [1]. Grade II
gliomas are low grade gliomas and include diffuse astrocytomas and oligodendrogliomas. Grade III
gliomas include anaplastic astrocytomas and anaplastic oligodendrogliomas. Grade IV is the highest
grade and includes glioblastomas also known as glioblastoma multiforme (GBM). GBM is the most
aggressive glioma subtype and accounts for 60% of total gliomas [2–4]. Based on single-cell gene
expression, GBM tumor cells can be further sorted into four states: oligodendrocyte-precursor-like,
neural-progenitor-like, astrocyte-like, or mesenchymal-like [5]. Interestingly, these four states

Cells 2019, 8, 1542; doi:10.3390/cells8121542 www.mdpi.com/journal/cells

341



Cells 2019, 8, 1542

correspond to the four subtypes previously established by Verhaak et al. from The Cancer Genome
Atlas Research (TCGA) whole-genome RNA sequencing study: Proneural, Neural, Classical, and
Mesenchymal, respectively [6,7]. Unfortunately, so far, the Verhaak’s classification remains unhelpful
for the choice of a specific treatment for a particular GBM subtype. Indeed, the median survival following
GBM diagnosis remains short (ranging from 9 to 14 months) independently of the genetic subtype and
despite standard therapy which combines surgical resection of the tumor followed by radiotherapy
and chemotherapy using temozolomide (TMZ), the most commonly used chemotherapeutic agent [8].
The identification of new targets for the development of novel therapeutics are therefore needed in
order to improve this devastating overall survival rate.

Cancer cells are highly proliferative, migratory and invasive. In addition, they are continually
exposed to stressors such as hypoxia and nutrient deprivation, forcing them to constantly and rapidly
adapt their protein production to survive. To do so, cancer cells can exploit their translational machinery
to maintain cellular activity even in times of high physiological stress and can continue to synthesize
proteins promoting their survival and necessary for their biology [9]. This phenomenon has been
described in several cancers including human lung, breast, and prostate cancers and has been recently
reviewed [10]. Thus, targeting the protein synthesis pathway has been postulated as an interesting
new therapeutic avenue for several types of cancer [10,11]. However, the specific oncogenic role of
translation in gliomas and in GBM, in particular, remains to be clarified. Translation is composed
of four main phases, namely initiation, elongation, termination, and ribosome recycling. In this
review, we will focus on translation initiation in gliomas, as this is the most critical and rate-limiting
step of protein synthesis [12]. The different translation initiation protagonists will be described
then their expression and roles in gliomas will be discussed. In addition, their gene expression in
gliomas will systematically be examined using two freely available datasets: the REpository for
Molecular BRAin Neoplasia DaTa (REMBRANDT; Affymetrix HG U133 v2.0 Plus; Control: n = 21,
oligodendroglioma: n = 66, astrocytomas: n = 145, and GBM: n = 214) and data generated by The
Cancer Genome Atlas Research Network (TCGA, https://www.cancer.gov/tcga, Affy Human Exon 1.0
ST; Control: n = 11, Classical: n = 54, Mesenchymal n = 58, Neural = 33, and Proneural n = 57 based
on Verhaak’s classification) (Tables 1 and 2) [6,13]. These two datasets were obtained through the
independent Betastasis genomics analysis and visualization platform, and GraphPad Prism (version
5.03 for Windows, GraphPad Software, San Diego California USA, www.graphpad.com) was used for
statistical analysis. Finally, we will discuss different pathways regulating translation initiation as well
as current drugs targeting the translational machinery and their potential for the treatment of gliomas.

2. Overview on Translation Initiation

Two distinct initiation processes exist in eukaryotic cells: cap-dependent and cap-independent
initiation [14]. Cap-dependent translation can be divided into two major steps (Figure 1). During the
first step, the eukaryotic translation initiation factor (eIF) 4F (eIF4F) complex comprised of eIF4E, eIF4G,
and eIF4A, assembles on the 7-methylguanosine 5′-triphosphate (m7GTP) cap structure present on the 5’
end of the mRNA (Figure 1a). During the second step of cap-dependent translation, the small ribosomal
subunit (40S) associated with eIF1, eIF1A, eIF3, and eIF5 interacts with the ternary complex constituted
of eIF2, a switch-protein bound to GTP and the initiator methionyl-transfer RNA (Met-tRNAi). Together
they form the 43S preinitiation complex (43S PIC) (Figure 1b). The 43S PIC then recognizes and binds
the eIF4F complex near the cap to create the 48S PIC (Figure 1c). The 40S ribosomal subunit associated
with eIFs uses ATP hydrolysis as energy supply to scan mRNA from the 5’ untranslated region (UTR)
until it reaches the initiation codon (AUG), allowing the localization of the Met-tRNAi in the future
peptidyl site, or P site, of the ribosome. The 60S ribosomal subunit is then recruited and joins the 40S
ribosomal subunit which triggers eIF2-GTP hydrolysis, leading to eIFs release and the formation of the
80S initiation complex (Figure 1d) [15]. At this stage, the initiation complex is fastened on the mRNA
and the elongation begins by accepting a second tRNA with its amino acid in the aminoacyl site (A site)
of the ribosome [16].
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Whereas translation of most eukaryotic mRNAs depends on the presence of a m7GTP cap on the
5’ UTR end, there is now evidence that it is not the only mode of initiation. Indeed, in the absence
of cap-binding machinery or when cap-dependent initiation has been inhibited following cellular
stress, alternative mechanisms can be initiated to ensure that proteins required for cell survival remain
expressed. Several modes of translation have been proposed to explain cap-independent translation
of mammalian mRNA with internal ribosomal entry site (IRES) being the most studied so far [17,18].
IRES-dependent initiation and current research in gliomas will be discussed hereafter.
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Figure 1. Schematic representation of cap-dependent translation initiation. (a) During the first step of
translation, the eukaryotic translation initiation factor (eIF) 4F (eIF4F) complex is formed and associates
with mRNAs. eIF4F is composed of three subunits (represented in green): eIF4E which binds the
7-methylguanosine 5′-triphosphate (m7GTP) cap structure present on the 5’ end of the mRNA; eIF4G
which is a scaffold protein and eIF4A which is an RNA helicase ATP-dependent protein unwinding
mRNA during translation. The formation of eIF4F complex can be inhibited by programmed cell death
4 (PDCD4) and eIF4E-binding proteins (4E-BPs) which bind eIF4A and eIF4E, respectively. (b) During
the second step of cap-dependent translation, the small ribosomal subunit (40S, red) associated with
eIF1, eIF1A, eIF3 and eIF5 interacts with the ternary complex constituted of eIF2, a switch-protein bound
to guanosine triphosphate (GTP) and the initiator methionyl-transfer RNA (Met-tRNAi). Together
they form the 43S preinitiation complex (43S PIC). eIF2 is a heterotrimeric structure composed of
three subunits (α, β and γ). At this stage, poly(A) binding protein (PABP, an RNA-binding protein)
binds eIF4G and the 3’ poly(A) tail to induce mRNA circularization. eIF4B also interacts with eIF4A
to stabilize unwounded mRNA and stimulate eIF4A RNase and helicase activities. (c) The 43S PIC
associates with the eIF4F complex to form the 48S PIC before scanning the mRNA until it reaches
and recognizes the start codon (AUG), and Met-tRNAi binds the peptidyl (P) site of the ribosome.
The 60S ribosomal subunit associated with eIF6 will then be recruited. (d) The 60S binds the 40S which
triggers eIF2-GTP hydrolysis into guanosine diphosphate bound (GDP), leading to eIFs release and the
formation of the 80S initiation complex. At this stage, the initiation complex is fastened on the mRNA
and the elongation begins. The aminoacyl (A) and the exit (E) sites present in the ribosome correspond
to the sites where a second tRNA with its amino acid enters the ribosome and the amino acid depleted
tRNA exits the ribosome, respectively. Finally, once the ternary complex has been released, eIF2B frees
up eIF5 and restores eIF2-GDP into eIF2-GTP.
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3. Cap-Dependent Initiation

Translation initiation includes several steps and involves multiple players. We will attempt to
facilitate the comprehension of this rather complex biological process by describing and discussing
intermediary steps as depicted in Figure 1. We therefore encourage readers to use Figure 1 as a
visual support.

3.1. The eIF4F Initiation Complex

The eIF4F complex includes three subunits, each with their specific role in the initiation process:
(i) eIF4E binds m7GTP at the 5′ UTRs of mRNAs and is the less abundant eIF making it a limiting
factor of translation, (ii) eIF4G is a scaffold protein whose role is to coordinate binding of ribosomal
subunits with other eIFs and (iii) eIF4A is a RNA helicase ATP-dependent protein which unwinds
mRNA during translation [10].

3.1.1. eIF4E

eIF4E is a limiting factor and thus a key element during protein synthesis due to its low abundance
and its regulation through phosphorylation and its interaction with other proteins [19–21]. The eIF4E
family comprises three members; eIF4E1, eIF4E2 also called 4EHP, and eIF4E3, all of which have the
capacity to bind mRNA caps but with different affinity [22]. eIF4E1 is considered as the canonical
eIF4E and binds m7GTP with the highest affinity [22]. In the literature, eIF4E1 is the most studied.
However, the distinction between these three members is often unclear. Hereby, we will clarify which
member has been studied, when possible, or use eIF4E for investigations which did not specify which
isoform was considered.

In 2005, Gu et al. reported that eIF4E protein was overexpressed in astrocytes, proliferative
endothelial cells, and in vascular endothelial cells present in human GBM tissue samples [23].
This conclusion was based on immunohistochemistry performed on paraffin embedded tissue from
five human GBM cases. Their protocol included a primary antibody incubation step of 25 minutes
which is rather short to allow sufficient time for a typical antibody-antigen interaction. Furthermore,
no co-labelling was performed and haematoxylin-eosin counterstaining alone does not permit clear
conclusion on the cell types expressing eIF4E [23]. Nevertheless, higher expression of EIF4E in GBM
was later confirmed by another team. They used a tissue microarray including cores of GBM (n = 25)
and control brains (n = 50) combined with assisted quantitative scoring of the immunostaining [20].
Levels of eIF4E and its phosphorylated form (p-eIF4E) increase with glioma tumor grade and are
predictive of poor survival [24]. Phosphorylation of eIF4E on Ser209 is regulated by mitogen-activated
protein kinase (MAPK) interacting protein kinases (MNKs) and occurs once eIF4E is bound to the
m7GTP cap structure and has been stabilized by eIF4G (Figure 2). Phosphorylation of eIF4E modifies
the repertoire of translated mRNA with increased translation of mRNAs encoding pro-tumorigenic
factors such as matrix metalloproteinases or vascular endothelial growth factor C [21]. Interestingly,
expression of p-eIF4E is highly sensitive for the diagnosis of GBM (94.3%) and to a lesser extent for the
differentiation between high-grade and low-grade astrocytomas (81.4%). Furthermore, the combination
of elevated levels of p-eIF4E and eIF4E-binding protein 1 (4E-BP1, an inhibitor of eIF4E discussed
below) has a positive predictive value of 100% for GBM diagnosis and was therefore suggested as a
diagnostic tool for GBM in small biopsy materials [24]. In line with this finding, it was shown that
lower levels of eIF4E phosphorylation, together with alteration of other proteins including p-Akt,
could act as anti-angiogenic factors in glioma cells [25].
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Figure 2. Regulation of eIF4F complex formation by PI3K/Akt/mTOR, MAPK/MNK, and AMPK
pathways and drugs targeting these pathways. mTOR, a downstream effector of PI3K/Akt pathway, is a
serine/threonine kinase which is the core of two protein complexes: mTORC1 and mTORC2. mTORC1
phosphorylates 4E-BP and the S6K1 kinase. 4E-BP phosphorylation leads to 4E-BP1/eIF4E dissociation
and consequently formation of the eIF4F complex. S6K1 phosphorylation leads to its activation which
in turn phosphorylates eIF4G, eIF4B, and PDCD4. Once phosphorylated, PDCD4 is degraded thus
freeingeIF4A which can then join the eIF4F complex. Phosphorylated eIF4B stabilizes unwounded
mRNA and stimulates eIF4A RNase and helicase activities. Phosphorylated S6K1 also inhibits the
PI3K/Akt pathway by a feedback loop (dotted red line). mTORC2 can phosphorylate and activate
Akt which inhibits IRES-dependent translation. MNKs are downstream effectors of the MAPK/MNK
pathway able to phosphorylate eIF4E which then promotes mRNA translation initiation. Finally,
the AMPK pathway modulates protein synthesis by inhibiting mTORC1 and consequently blocking
4E-BP/eIF4E dissociation and eIF4F complex formation. Drugs acting as activators or inhibitors of
these different pathways are represented in green or in red, respectively. mTOR—mechanistic target of
rapamycin; PI3K—phosphoinositide 3-kinase; Akt—protein kinase B; mTORC—mechanistic target
of rapamycin complex; 4E-BP—eukaryotic translation initiation factor 4E-binding protein; S6K1—S6
kinase 1; eIF—eukaryotic initiation factor; PDCD4—programmed cell death 4; IRES—internal ribosome
entry site; MAPK—Mitogen-activated protein kinase (MAPK); MNK—MAPK interacting protein
kinases; AMPK—AMP-activated protein kinase. Phosphorylation is represented by a yellow sphere
containing the letter P.

Analysis of data available on REMBRANDT and TCGA databases revealed that EIF4E1 and
EIF4E3 mRNA levels are downregulated whereas EIF4E2 is overexpressed in gliomas (Table 1).
Interestingly, contrary to eIF4E1, eIF4E2 has lower affinity for the m7GTP cap and more importantly,
might be a repressor of translation [22]. Thus, decreased expression of eIF4E1 and eIF4E3 together
with increased eIF4E2 expression suggests a global repression of cap-dependent translation in gliomas.
Although data obtained from REMBRANDT and TCGA databases need to be validated at protein
levels, this observation illustrates the importance of distinguishing members of the eIF4E protein
family when studying them in gliomas.
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Table 1. Expression of factors involved in the cap-dependent initiation step in gliomas. mRNA
expression levels of eukaryotic initiation factors (eIFs) and other players of the cap-independent
initiation detected in control brain tissues (n = 21) were compared with their expression in the three
glioma subtypes (oligodendroglioma, n = 66; astrocytoma, n = 145; glioblastoma multiform (GBM),
n = 214) using the REMBRANDT database. Levels of these mRNAs from control tissues (n = 11) were
then compared to expression found in the four GBM subtypes defined by the Verhaak’s classification
(classical, n = 54; menchymal, n =58; neural, n =33; proneural, n = 57) using the TCGA dataset. These
two datasets were obtained through the independent Betastasis genomics analysis and visualization
platform. GraphPad Prism (version 5.03 for Windows, GraphPad Software, San Diego California USA,
www.graphpad.com) was used for statistical analysis. D’Agostino & Pearson omnibus normality test
was used to control for normal distribution. One-way analysis of variance (ANOVA) followed by
Bonferroni’s Multiple Comparison Test was used for parametric analysis and if required Kruskal-Wallis
test followed by Dunn’s Multiple Comparison Test was performed for non-parametric analysis. ns—not
significant, +/− p < 0.05, ++/− − p < 0.01, and +++/− − − p < 0.001 where “+” and “−“ indicate an
increase and a decrease in expression, respectively. REMBRANDT—REpository for Molecular BRAin
Neoplasia DaTa; TCGA—The Cancer Genome Atlas.

eIFs and
Modulators Gene

REMBRANDT TCGA

Oligodendroglioma Astrocytoma GBM Classical Mesenchymal Neural Proneural

eIF1 EIF1 ns ns ns ns ns ns ns
eIF1A EIF1A ns ns ns ns ns ns ns

eIF1AD EIF1AD + + ns + + + ns ns ns ns

eIF2 alpha EIF2S1 ns ns ns ns ns ns ns
eIF2 beta EIF2S2 + + + + + + ns ns ns ns

eIF2 gamma EIF2S3 + + + + + + + + ns + ns ns

HRI EIF2AK1 + + + + + ns ns ns ns
PKR EIF2AK2 + + + + ns ns ns ns

PERK EIF2AK3 ns ns + + + ns ns ns ns
GCN2 EIF2AK4 ns ns + + ns ns ns ns

eIF2B1 EIF2B1 + + + + + + + + + ns ns ns + +
eIF2B2 EIF2B2 + + + + + + + + + ns ns ns ns
eIF2B3 EIF2B3 − − − − − − ns − ns ns ns
eIF2B4 EIF2B4 + + + + + + + + + ns ns + ns
eIF2B5 EIF2B5 + + + + + ns ns ns ns
eIF3A EIF3A + + + + + + ns ns ns ns ns
eIF3B EIF3B + + + + + + + + + + + + + + + ns + +
eIF3D EIF3D + + + + + + + + + + + + ns + +
eIF3E EIF3E + + + + + + + + + ns ns ns ns
eIF3F EIF3F + + + + + + + + + ns ns ns ns
eIF3G EIF3G + + + + + + + + + + + + + + + + + +
eIF3H EIF3H + + + + + + + + + ns ns ns ns
eIF3I EIF3I ns ns + + + + + + + + ns
eIF3J EIF3J + ns ns ns ns ns ns
eIF3K EIF3K ns ns ns ns ns + ns
eIF3L EIF3L + + + + + + ns ns ns ns ns
eIF3M EIF3M + + + + + + + + ns ns ns ns

eIF4A1 EIF4A1 + + + + + + + + + + + + + + + + + +
eIF4A2 EIF4A2 − − − − − − − − − − − − − − − ns − − −
eIF4A3 EIF4A3 + + + + + + + + + + + + + + + + +

eIF4B EIF4B + + ns ns ns ns ns ns
eIF4E1 EIF4E1 − − − − − − − − − − − − − − − ns − − −
eIF4E2 EIF4E2 + + + + + + + + + + + + + + + +
eIF4E3 EIF4E3 − − − − − − − − − − − − − − − ns − − −
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Table 1. Cont.

eIFs and
Modulators Gene

REMBRANDT TCGA

Oligodendroglioma Astrocytoma GBM Classical Mesenchymal Neural Proneural

4E-BP1 EIF4EBP1 + + + + + + + + + + + + + + + + + +
4E-BP2 EIF4EBP2 + + + + + + ns + + + ns
4E-BP3 ANKHD1 + + + + + + + + + ns ns ns ns

4E-T EIF4ENIF1 ns − − − − − − − − − − − − − − −
eIF4G1 EIF4G1 + + + + + + + + + ns ns ns ns
eIF4G2 EIF4G2 + + + ns + + + ns ns ns ns
eIF4G3 EIF4G3 − − − − − − − − − − − − − − − − − − − −
eIF4H EIF4H ns ns ns ns ns − ns

PDCD4 PDCD4 ns ns ns − − ns ns ns

eIF5 EIF5 ns − − ns ns − ns − −
eIF5B EIF5B + + + + + + + + + ns ns ns ns

eIF6 EIF6 + + + + + + + + + + + + + + ns

The importance of making the distinction between eIF4E family members is also illustrated by
a potential role for eIF4E2 in GBM. Indeed, eIF4E2 is required for tumor progression and controls 3’
UTR hypoxia response element-containing mRNA translation. Inhibition of eIF4E2 under hypoxic
condition decreases wound healing, cell migration, and sphere formation in the U87MG human glioma
cell line [26]. These interesting findings should be confirmed in primary GBM cells. Additional
in vitro and in vivo studies support a role for eIF4E in gliomas. For example, eIF4E is involved in the
regulation of genes coding for proto-oncogene proteins like c-myc and cyclin D1 which are involved in
cell proliferation and promote tumor growth [27–31]. This potential role of eIF4E proteins in tumor
biology is also supported by studies confirming that eIF4E is involved in cell proliferation and tumor
growth [32,33]. Ribavirin, an anti-viral drug that disrupts the interaction between eIF4E and the 5’ UTR
end of mRNA (Figure 2), inhibits GBM cell growth and migration, and increases radio-/chemo-therapy
efficacy in vivo [33,34]. In agreement with this observation, the overexpression of eIF4E in U373 cells,
a human GBM astrocytoma cell line, increases cell proliferation under normoxic conditions and overall
tumor size in a xenograft model. Contrary to the study showing that inhibition of eIF4E increases
radiosensitivity, Rouschop et al. showed that eIF4E overexpression induces a decrease in the number of
hypoxic cells and increases radiosensitivity [32]. Furthermore, a research group investigated the effect
of hypoxia and serum deprivation, two conditions often present in the tumor microenvironment [9],
on the proteome of U87MG cells and found that eIF4E was overexpressed under these conditions [35].
Finally, eIF4E was suggested to play a role in the maintenance and self-renewal capacity of GBM
initiating cells (GICs) through Sox2 regulation [36]. GICs infiltrate the parenchyma surrounding the
tumor mass and consequently escape surgical resection. In addition, GICs are resistant to radio- and
chemo-therapy, making them strong suspect in GBM recurrence and therefore, an ideal target to
prevent those relapses [37,38].

As eIF4E expression is low under basal conditions and is a limiting factor of cap-dependent
translation initiation, it is important to consider factors regulating its availability. One of the two known
mechanisms involved in the regulation of eIF4E availability is the eukaryotic translation initiation
factor 4E nuclear import factor 1 (EIF4ENIF1 also known as 4E-T), which regulates eIF4E trafficking to
the nucleus [39]. Depletion of eIF4E from the cytoplasm would ultimately result in the suppression of
cap-dependent translation. The presence of eIF4E in the nucleus suggests additional functions beside
its role in translation. One potential role for eIF4E in the nucleus is the regulation of mRNA trafficking
outside the nucleus [39]. Interestingly, whereas eIF4E is present in the cytoplasm and in the nucleus in
normal cells, the majority of eIF4E is nuclear in cancer cells [39]. In addition to its role in the processes
responsible for the subcellular localization of eIF4E, 4E-T also participates in mRNA turnover through
its direct interaction with eIF4E and components of the mRNA decay machinery [40]. According to our
analysis shown in Table 1, the expression of EIF4ENIF1 is significantly decreased in astrocytomas and
all GBM subtypes suggesting a potential decrease in mRNA recycling in gliomas and/or an alteration
in eIF4E subcellular localization. This, of course, requires further investigation and validation. Other
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major inhibitors of eIF4E include 4E-BPs which are small proteins competing for eIF4G, the direct
partner of eIF4E in the eIF4F initiation complex. Therefore, 4E-BPs will be discussed in the next section.

3.1.2. eIF4G

Among the eIF4G family members, only eIF4G1 and eIF4G3 (also known as eIF4GI and eIF4GII,
respectively) are directly involved in the cap-dependent translation, while eIF4G2 (also known as Dap5)
has been found to play a role in cap-independent translation and will be discussed in the corresponding
section [41,42]. eIF4Gs are scaffold proteins which means that they interact with RNA as well as
many other proteins including eIF4E, poly(A) binding proteins (PABPs), eIF3, eIF4A, and MNK1 (the
kinase able to phosphorylate eIF4E, see above) [41,43]. Thus, they participate in the eIF4F complex
formation during cap-dependent translation (Figure 1). PABP is an RNA-binding protein which links
eIF4G with the 3’ poly(A) tail of eukaryotic mRNAs, thus circularizing mRNAs. PABP contributes
to translation initiation potentially by several mechanisms including enhancing eIF4F affinity for
the cap structure, increasing eIF4F activity or promoting ribosome recycling [44]. The expression of
eIF4G proteins is altered in different types of human cancer including in gliomas as shown in our
REMBRANDT and TCGA data analysis (Table 1) [45]. These analyses reveal indeed that the expression
of EIF4G1 and EIF4G2 is significantly increased in gliomas whereas EIF4G3 is decreased in gliomas
and all GBM subtypes.

Direct interaction between eIF4G and eIF4E seems to be a critical step in the initiation of
protein synthesis. Members of the 4E-BP family, namely 4E-BP1, 4E-BP2, and 4E-BP3, bind and thus
sequester eIF4E which prevents its interaction with eIF4G and in turn blocks translation (Figure 1a).
Phosphorylation of 4E-BPs triggers eIF4E release and consequently permits eIF4E-eIF4G interaction
and translation initiation [46]. Pathways involved in the regulation of 4E-BP phosphorylation will
be discussed below in the corresponding section. Whereas EIF4EBP1 and EIF4EBP3 seem to be
overexpressed in gliomas, this is less clear for EIF4EBP2 as data from REMBRANDT show an increase
in mRNA levels in oligodendrogliomas and astrocytomas, but not in GBM, whereas, according to
the TCGA analysis, there is a decrease in EIF4EBP2 in most GBM subtypes (Table 1). In agreement,
Martínez-Sáez et al. used immunohistochemistry to investigate 4E-BP1 in 104 diffuse infiltrating
astrocytomas including diffuse astrocytomas (grade II, n = 19), anaplastic astrocytomas (grade III,
n = 25), and GBM (grade IV, n = 60). They found that levels of 4E-BP1 and p-4E-BP1 correlate with
tumor grades, with the highest level detected in GBM. However, no significant difference in survival
was observed between the different groups [24]. Disruption of eIF4F complex using a 4E-BP mimetic
molecule (4EG-1) triggers apoptosis in GBM cells and reduces tumor growth in a xenograft model
(Figure 2) [47,48]. In line with this, Dubois et al. demonstrated that 4E-BP1 silencing accelerates the
growth of xenografted U87MG cells in mice [49]. Results obtained from these studies are surprising
since 4E-BP1 is increased in gliomas, which suggests that higher expression of 4E-BP1 facilitates the
development of the disease [24].

3.1.3. eIF4A

The last subunit belonging to the eIF4F initiation complex is the RNA helicase eIF4A, which
unwinds mRNA secondary structures and permits the recruitment of the 43S PIC (Figure 1). In addition,
eIF4A is also required to untwist mRNA during scanning, leading to recognition of the initiation
codon then assembly of the 60S subunit and the beginning of the elongation step. Three eIF4A
isoforms, eIF4A1-A3, have been identified in mammals and their structures and functions have been
reviewed [50,51]. eIF4A1 and eIF4A2 take part in the eIF4F complex while eIF4A3 is involved in the
nonsense-mediated decay machinery, a mechanism used by eukaryotes to eliminate mRNA transcripts
which contain premature stop codons or nonsense mutations. eIF4A1 is highly expressed in actively
dividing cells and is upregulated in various cancers. Conversely, eIF4A2 is present at high levels in
resting cells and low levels of eIF4A2 has been associated with poor outcome for patients with breast
and non-small-cell lung cancers [52,53]. In agreement with this finding, our analysis shows that EIF4A1
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and EIF4A3 are significantly increased in gliomas including GBM for the four subtypes compared to
non-cancerous brain tissue whereas EIF4A2 expression is significantly downregulated (Table 1). To the
best of our knowledge, eIF4A proteins have not yet been investigated in human GBM samples by other
teams and further studies should thus aim at confirming these data.

The RNA helicase activity of eIF4A1 and eIF4A2 as well as their interaction with eIF4G can
be inhibited by programmed cell death 4 (PDCD4). PDCD4 prevents eIF4F complex assembly and
consequently inhibits cap-dependent translation by binding eIF4A (Figure 1a). PDCD4 phosphorylation
triggers its degradation which frees up eIF4A thus allowing eIF4F complex formation [54]. PDCD4
acts as tumor suppressor and is often decreased in cancer [55,56]. In 2007, Gao et al. studied PDCD4 at
mRNA and protein levels in 30 glioma samples from grade I-II to grade IV. Using RT-PCR, western
blot and immunocytochemistry, they found that PDCD4 was decreased in gliomas [57]. These findings
were confirmed by our analysis of TCGA dataset but only for the classical GBM subtype. PDCD4
expression can be regulated at various levels including by miRNAs [58], some of which have been
reported to be upregulated in GBM [59,60]. Inhibition of PDCD4, and consequently release of eIF4A
and activation of translation, decreases apoptosis, promotes cell cycle arrest at G0/G1, and stimulates
glioma stem cell proliferation as well as GBM cell invasiveness. Furthermore, enhanced expression
of PDCD4 decreases tumorigenic capacity of glioma stem cells in vivo as demonstrated in a GBM
xenograft mouse model [60].

Natural compounds including pateamine have also been shown to interfere with eIF4G and
eIF4A interaction leading to a lower number of mRNA-associated ribosomes and subsequently to
inhibition of translation initiation. However, pateamine has not yet been investigated in glioma cells
and subsequent biological impacts on gliomas as well as other cancer types remain to be studied [61,62].

3.2. The 43S Preinitiation Complex (PIC): eIF1, eIF1A, eIF3, and eIF5

Following eIF4F complex formation on the m7GTP cap structure at the 5′ UTR end of an mRNA,
the 43S PIC is put into place. During this second step of translation initiation, eIF3 together with eIF1,
a key factor in the initiation codon recognition [63], eIF1A and eIF5 associate with the 40S ribosomal
subunit and the ternary complex to form the 43S PIC (Figure 1b) [64–68].

3.2.1. eIF3

eIF3 is composed of 13 subunits in human and among these, five of them have been shown
to be overexpressed in different cancer types, namely eIF3A, B, C, D, and E [69–73]. According to
our REMBRANDT data analysis, all EIF3 subunits, except subunit K, are upregulated in gliomas
(however not always in all glioma subtypes) relative to non-tumoral brain tissue. When considering
the different GBM subtypes separately using the TCGA dataset, it appears that specific eIF3 subunits
are preferentially overexpressed in different genetic subtypes. For example, EIF3B, D, G, and I subunits
are significantly overexpressed in classical and mesenchymal subtypes, the later having the worst
prognosis. Unfortunately, REMBRANDT and TCGA databases on Betastasis do not encompass the
expression of EIF3C (Table 1). Nevertheless, eIF3C together with other eIF3 subunits have been studied
in glioma tissues, in vitro and in vivo by other research teams [74–78].

In 2012, Liang et al. were the first to find evidence that eIF3 subunits could play a role in glioma.
They investigated EIF3B expression by RT-PCR in gliomas (n = 10) ranging from grade I to grade IV
and found no significant difference between tumor grades. However, they found that reduction of
eIF3B expression decreases cell proliferation, induces cell cycle arrest and triggers apoptosis in U87MG
cells [76]. In a later study, the same group found that eIF3D is increased in gliomas (n = 35) and that
its inhibition in U87MG cells induces similar effects as what they obtained for eIF3B [77]. Sesen et al.
(2014) studied eIF3E in human GBM cell lines and demonstrated that blocking its expression decreases
GBM cell proliferation, blocks cell cycle and increases apoptosis [78].

In addition, eIF3C (which expression data are lacking in REMBRANDT and TCGA as evoked
above) was investigated by immunohistochemistry in glioma samples (n = 83). This study showed a
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significant increase in eIF3C staining in glioma samples compared to staining detected in brain tissues
from traumatic brain injury patients used as control (n = 25). Increased levels of eIF3C positively
correlated with tumor grades. Furthermore, it was demonstrated that inhibition of eIF3C in vitro using
siRNA reduces cell proliferation, decreases colony formation, increases apoptosis and promotes cell
cycle arrest in U87MG cells. Finally, these authors showed that lower eIF3C expression reduces tumor
growth in vivo using a glioma xenograft mouse model [75].

Altogether, these studies corroborate our REMBRANDT and TCGA analyses and all support a
role for eIF3 subunits in major biological processes and their potential involvement in gliomas. A study
published during the preparation of this manuscript investigated all EIF3 subunits expression in glioma
using the Chinese Glioma Genome Atlas (CGGA, n = 272) together with data from TCGA (n = 595).
Contrary to our findings showing that only specific EIF3 subunits were overexpressed in all glioma
subtypes, Chai et al. reported a significant increase for all subunits in glioma. The reason for this
discrepancy is unclear but might be explained by the type of analysis used or the higher number of
cases they analyzed [74]. Nevertheless, it can be concluded that eIF3 subunits are altered in gliomas
and are involved in GBM cell proliferation. This conclusion is not surprising since eIF3 directly binds
mRNA coding for proteins involved in the regulation of cancer cell growth including cell cycle arrest
and apoptosis [79].

3.2.2. eIF1, eIF1A, eIF5, and eIF5B

eIF1 and eIF1A are two small peptides which act synergistically to induce and maintain a
conformational change in the 40S ribosomal subunit and promote an open conformation permitting
efficient mRNA scanning. Once the 43S PIC scanning complex recognizes the start codon and the
Met-tRNAi anticodon associates with it, eIF1 is released and eIF2-GTP is converted to eIF2-GDP with
the help of eIF5, the eIF2 GTPase activating protein (Figure 1). Ejection of eIF1 from 40S induces a
switch from an open to closed conformation thus probably ending the scanning step [80]. Finally,
eIF5B together with eIF1A triggers the dissociation of most remaining eIFs and facilitates the assembly
of the 60S ribosomal subunit to form the 80S complex [80,81].

The expression of eIF1 and eIF1A have not yet been studied in gliomas. Here, we found no change
in mRNA levels between control brain tissue and any of the three gliomas subtypes (Table 1). However,
as shown in the analysis of the REMBRANDT dataset, eIF1A domain-containing protein (EIF1AD) was
significantly overexpressed in oligodendrogliomas and GBM. eIF1AD is an analogue of eIF1A. The role
of eIF1AD is still unclear but its analogy with eIF1A suggests its involvement in ribosome biogenesis or
protein synthesis [81]. The fact that eIF1AD but not eIF1 or eIF1A, is abnormally expressed in gliomas
should encourage studies aiming at elucidating its function, in particular in gliomas.

Finally, we have analyzed EIF5 and EIF5B expression in gliomas and found that EIF5 is
downregulated in astrocytomas and in GBM, only for the mesenchymal and proneural subtypes
(Table 1). In addition to its role in the cap-dependent translation, eIF5B can act as ITAFs and is thus
involved in the IRES-dependent initiation. So far, the involvement of eIF5B in gliomas has only
been studied in the context of IRES-dependent translation and will therefore be discussed in the
cap-independent section [82].

3.3. Additional eIFs: eIF4B, eIF4H, and eIF6

In addition to eIFs taking part in the eIF4F and 43S PIC complexes, crucial adjunct eIFs including
eIF4B, eIF4H, and eIF6 also coordinate translation initiation.

3.3.1. eIF4B/eIF4H

eIF4B and its paralogue eIF4H are chaperone proteins able to bind mRNA and eIF4A to stabilize
unwound mRNA and stimulate eIF4A RNase and helicase activities [83,84]. Current literature on the
role of eIF4B and eIF4H suggests a role in cell survival, cell proliferation, resistance to chemotherapy,
and cell migration [85–87]. The expression and the role of eIF4B or eIF4H in gliomas have not yet
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been studied in details; however, the REMBRANDT data analysis shows a significant increase in
EIF4B expression in oligodendrogliomas whereas no alteration was observed for neither of the two
paralogues in GBM and astrocytomas compared to non-tumoral tissues. Though when GBM subtypes
are considered separately using the TCGA database, EIF4H is downregulated in GBM but only in
the proneural subtype (Table 1). As eIF4B activity is regulated at least partially by phosphorylation
including on Ser422 by the S6-kinase 1 (S6K1) (Figure 2) [87,88], phosphorylation state of eIF4B and
eIF4H should also be considered when studying gliomas.

3.3.2. eIF6

Thanks to its double localization in the nucleus and in the cytoplasm, eIF6 takes part in ribosome
biogenesis and maturation, respectively [89]. eIF6, also known as p27(BBP) or β4 integrin interactor,
binds the 60S ribosomal subunit in the nucleus and, once in the cytoplasm, dissociates from 60S
which leads to formation of the 80S complex and subsequent protein synthesis (Figure 1c,d) [90].
Its implication in human cancers has recently been reviewed by Zhu W. and colleagues [89]; however,
its function and expression in gliomas remain unknown, with a single study published in 2014 by Saito
K. et al. which demonstrated an indirect role for eIF6 in ribosomal biogenesis using U87MG cells.
In fact, impaired expression of elongation factor Tu-GTP binding domain containing protein 1 (EFTUD1)
involved in ribosome biogenesis, delocalizes eIF6 from the nucleus to the cytoplasm in U87MG cells.
EFTUD1 being overexpressed in gliomas might alter eIF6 subcellular localization and consequently
prevent eIF6 from performing its functions [91]. Supporting a role for eIF6 in gliomas, we found that
EIF6 is overexpressed in gliomas including in GBM for all subtypes except the proneural (Table 1).

3.4. Ternary Complex (eIF2-GTP and the Initiator Methionyl-Transfer RNA)

eIF2 is a switch protein that associates with GTP and Met-RNAi to form the Ternary complex.
This complex then binds the 40S ribosomal subunit together with several eIFs to give rise to the 43S
PIC which will first associate with the eIF4F complex then scan the 5′ end of mRNA until it reaches the
initiation codon (Figure 1b,c). Upon association of the 40S with the 60S ribosomal subunit, eIF2 latent
GTPase enzymatic activity is released and eIF2-bound GTP is converted to GDP. This is the signal for
eIFs to dissociate from the complex, ending the translation initiation step, and for protein synthesis to
start with the elongation phase (Figure 1d) [15]. Once in its eIF2-GDP form, eIF2 is bound to eIF5 and
is no longer active. eIF2B is then required to induce the dissociation of eIF2-GDP from eIF5 and for the
catalytic exchange of GDP to GTP (Figure 1d) [92,93]. eIF2B comprises five subunits annotated α–ε
and coded by EIF2B1-5 genes respectively. The α, β, and δ subunits recognize phosphorylated eIF2α
and modulate eIF2B activity by regulating the catalytic subunits γ and ε [94–96]. The catalytic subunit
ε is overexpressed in different human cancers and is involved in tumorigenicity [97]. The non-catalytic
subunits have been less studied in cancers and none of the eIF2B subunits were investigated in gliomas.
In our analysis of gene expression, all EIF2B subunits except EIF2B3 (encoding the γ subunit) are
overexpressed in gliomas compared to non-tumoral brain tissue. On the contrary, the EIF2B3 subunit
is down-regulated in gliomas including in GBM, but only in the classical subtype (Table 1).

eIF2 is a heterotrimeric structure composed of three subunits (α, β, and γ) coded by three distinct
genes EIF2S1–S3, respectively [98]. EIF2S1 is not significantly differentially expressed in gliomas
compared to non-tumoral brain tissues nor in GBM when the different subtypes are considered
individually. EIF2S2 and EIF2S3, on the other hand, are both upregulated in gliomas with the γ
isoform being the only subunit to be overexpressed in the mesenchymal GBM subtype compared to
non-tumoral tissue (Table 1).

Phosphorylation of the eIF2α subunit plays a major role in the regulation of mRNA translation
as it blocks the catalytic exchange of GDP to GTP catalyzed by eIF2B and, as a result, triggers the
arrest of translation initiation [99]. It is therefore crucial to also consider eIF2α phosphorylation status.
Accordingly, some of the pathways involved in the regulation of eIF2α phosphorylation and known to
be disturbed in gliomas will be discussed below.
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Four kinases are able to phosphorylate eIF2α: HRI, PKR, PERK, and GCN2 encoded by EIF2AK1,
EIF2AK2, EIF2AK3, and EIF2AK4, respectively. During cellular stress, these kinases phosphorylate
eIF2α on Ser51 to decrease global mRNA translation and allow cell adaptation to environmental
conditions. These kinases are not activated by the same stress. HRI is activated by heme deficiency,
PKR by viral infection, PERK by endoplasmic reticulum (ER) stress and GCN2 by decreased essential
amino acids [100]. According to the REMBRANDT database, EIF2AK1 is significantly overexpressed in
gliomas compared to non-tumoral brain tissues (Table 1) which is in agreement with a TCGA analysis
from Haapa-Pananen S. et al. in 2013. However, the latter considered all GBM subtypes together and
performed a student t-test. In our TCGA analysis, the four GBM subtypes were considered separately
and analyzed by a one-way analysis of variance (ANOVA) test which revealed no significant change in
EIF2AK1 expression. Nevertheless, blocking HRI expression using miRNA decreased proliferation
and increased apoptosis in GBM cells [101]. PKR, the second eIF2α kinase, is generally activated by
dsRNA from virus infecting cells. Once PKR is activated, it inhibits cell growth and protein synthesis
to allow cell adaptation to environmental conditions [100]. This activation could therefore be used
to inhibit protein synthesis and subsequently cell growth in glioma cells. Shir A. et al. have indeed
demonstrated that, when complementary RNA specific to RNA from GBM cells is injected in these
cells, dsRNA can be reconstituted to activate PKR. This activation induces GBM cell apoptosis in vitro
and in vivo [102,103]. As activated PKR inhibits cell growth, it is surprising to note that EIF2AK2
expression is significantly higher in gliomas compared to non-tumoral brain tissues (Table 1). However,
as PKR activation is necessary for eIF2α phosphorylation, it is possible that assessing the expression
of its gene EIF2AK2 is not sufficient to assess its function in gliomas. EIF2AK3, the gene coding for
PERK, is overexpressed in GBM compared to non-tumoral brain tissue but not in the other two gliomas
subtypes. Also, surprisingly, when GBM subtypes are considered separately using the TCGA dataset,
this significance is lost (Table 1). The implication of PERK in glioma cell biology will be described in the
ER stress section. Finally, decrease in levels of essential amino acids activates GCN2, leading to eIF2α
phosphorylation and activation of activating transcription factor 4 (ATF4). ATF4 is a transcription
factor able to modulate amino acid response elements (AAREs)-containing genes [104]. In LN229 GBM
cells, tryptophan (Trp) depletion activates the GCN2-p-eIF2α-ATF4 pathway but does not decrease
protein synthesis. This pathway activation leads to tryptophanyl-tRNA synthetase overexpression.
This last enzyme increases Trp incorporation in cancer cell proteins despite a lack of this amino acid in
the environment. GCN2-p-eIF2α-ATF4 pathway could therefore maintain protein synthesis despite
a decrease in essential amino acids in the environment [105]. Interestingly, we found that EIF2AK4
(coding for GCN2) is increased only in GBM compared to non-tumoral brain tissues (Table 1). As for
the other three kinases involved in eIF2α phosphorylation, our analysis of the TCGA database shows
that EIF2AK4 is not differentially expressed in GBM when the four subtypes are considered separately
(Table 1).

The ER stress response is a good illustration of the role of eIF2α phosphorylation in the regulation
of protein synthesis. Environmental stressors are prompt to trigger ER stress during which unfolded
or misfolded proteins accumulate in the ER lumen thereby triggering an adaptive response called the
“unfolded protein response” (UPR) [9,106]. During the UPR, cells under stress stop protein synthesis,
attempt to refold proteins, and eventually trigger apoptosis if ER stress is too intense or persistent.
Cancer cells, however, manage to survive in challenging environmental conditions particularly thanks
to the UPR pathway in which eIF2α is implicated. The role of the UPR in cancer and in GBM has
recently been reviewed [9,106]. We encourage readers to refer to Figure 1 published in the review
from Obacz et al. (2017) to obtain a good illustration of the players involved in the UPR pathway [9].
During the UPR, the glucose regulated protein 78KDa (GRP78 or BIP) expressed in the ER lumen,
binds to misfolded or unfolded proteins and dissociates from transmembrane ER stress sensors such
as activating transcriptional factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1) and protein kinase-like
ER kinase (PERK). Only the role of PERK will be described in this review as it is the only UPR
actor controlling mRNA translation. After GRP78 dissociation from PERK and its activation upon
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phosphorylation, eIF2α gets phosphorylated on Ser51 leading to repression of protein synthesis [107].
PERK also controls translation of the transcription factor ATF4 in order to modulate the expression
of foldase/chaperon and autophagy genes but also cytidine-cytidineadenosine-adenosine-thymidine
(CCAAT)/enhancer binding homologous protein (CHOP) expression to control cell apoptosis [9,108].

In glioma cells, ER stress triggered by different drug treatments increases p-eIF2α in conjunction
with elevated expression of other ER stress transducers (i.e. p-ERK, ATF6, p-IRE-1, GRP78, CHOP,
XBP-1) enhancing glioma cell death [109–111]. Interestingly, ER stress can also induce glioma cell
autophagy through eIF2α and decrease tumor cell survival [112–115]. However, inhibition of autophagy
with various drug treatments decreases p-4E-BP1, p-70S6K1, and the ribosomal S6 protein and increases
expression of CHOP and p-eIF2α levels leading to glioma cell death. These last observations therefore
suggest that autophagy could have a cytoprotective or cytotoxic effect in glioma cells through various
ER stress transducers [112,116,117].

As already and briefly mentioned, another challenge in the therapeutic strategy for GBM is constitutively
variable resistance to TMZ, which can develop after or during treatment. DNA alkylation damage induced
by TMZ can be repaired by the DNA repair enzyme O6-methylguanine methyltransferase (MGMT)
which can be overexpressed in GBM and cause TMZ resistance. MGMT inhibitors have therefore been
studied in order to overcome TMZ chemoresistance. Bortezomib, a Food and Drug Administration
(FDA), and European Medicines Agency (EMA) approved proteasome inhibitor used for the treatment
of multiple myeloma, stabilizes poly-ubiquitinylated proteins, and triggers cell cycle arrest and
cell death [118]. Interestingly, Bortezomib decreases NFκB and MGMT mRNA amounts, but can
also induce eIF2α phosphorylation to decrease protein synthesis of MGMT and therefore acts as
translational repressor of MGMT. These two effects of Bortezomib lead to inhibition of DNA repair
in T98G GBM cells and is therefore expected to sensitize cells to TMZ [119]. However, through
eIF2α phosphorylation, Bortezomib also induces stress granules formation and increases GBM cell
resistance to death signals [120]. Despite promising effects in cultured GBM cells, Bortezomib did
not show sufficient efficacy in GBM patients during phase II clinical trials [121]. This was further
supported by others using in vitro experiments showing that Bortezomib also increases Akt and
4E-BP1 phosphorylation in GBM cell lines leading to cell division [122]. TMZ also acts as an ER
stress inducer leading to dissociation of PERK from prolyl 4-hydroxylase beta polypeptide (P4HB),
a chaperone protein implicated in ER stress. PERK thereby phosphorylates eIF2α and triggers GBM
cell apoptosis due to protein synthesis arrest. One explanation for GBM cell resistance to TMZ is
P4HB overexpression found in recurrent and TMZ-resistant GBM tumors. P4HB suppression with
siRNA or bacitracin therefore bypasses TMZ resistance and sensitizes GBM cells to TMZ-induced ER
stress [123]. Finally, TMZ resistance has also been linked with cap-independent translation and this
will be discussed in the appropriate section below [28,124,125].

3.4.1. PI3K/Akt/mTOR, MAPK/MNK, and AMPK Regulating Pathways

A number of studies have demonstrated that key pathways which regulate major metabolic
functions, such as PI3K/Akt/mTOR, MAPK/MNK, and AMPK pathways, are deregulated in cancers
including in gliomas. These pathways are also known to be involved in the regulation of protein
synthesis [126–132]. The involvement of these pathways on the regulation of eIFs and their effect on
translation in gliomas will successively be described in the following parts (Figure 2).

3.4.2. PI3K/Akt/mTOR pathway

mTOR, a downstream effector of PI3K/Akt pathway, controls cell growth, survival, and motility
through protein, lipid, and nucleotide synthesis regulation in response to environmental conditions.
mTOR is a serine/threonine (Ser/Thr) protein kinase which is the core of two protein complexes:
mTORC1 and mTORC2 [133–136]. mTORC1 and mTORC2 activities are high in different types of
cancer including malignant gliomas. mTORC1 modulates the activity of 4E-BP1 and S6K to control
protein synthesis and cell growth. 4E-BP1 phosphorylation through mTORC1 leads to 4E-BP1/eIF4E
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dissociation. As previously described, free eIF4E can thereby bind the cap structure and eIF4G,
and promote eIF4F complex formation leading to protein synthesis. mTORC1-mediated S6K activation
modulates the phosphorylation status of several substrates involved in protein synthesis including
eIF4G, eIF4B, and PDCD4 leading to protein synthesis activation. In contradiction with data obtained
for p-70S6K1, levels of p-4E-BP1 correlate with glioma grade and with patient overall survival, making
it a potential prognosis factor to select patients who might benefit from mTOR inhibitor therapies [137].
mTORC2 associates with ribosomes to regulate cell cytoskeleton reshuffle and metabolism [138].
In addition to its well-known function, mTORC2 activates Akt, a kinase also largely implicated in
cancers and protein synthesis.

eIF4E/4E-BP1 association controlled by PI3K/Akt/mTOR pathway is a critical step in the translation
initiation making this pathway an interesting target for gliomas treatment. For example, Enzastaurin
blocks Akt phosphorylation and thus represses Pi3K/Akt pathway, decreases 4E-BP1 phosphorylation,
and consequently the formation of the eIF4F complex, leading to apoptosis in GBM cells [139].
In addition, N1,N11-diethylnorspermine (DENSP) which targets the polyamine pathway, has been
shown to decrease the expression of mediators of mTOR pathway (i.e., Akt, p-Akt, mTOR, p-mTOR,
p-70S6K1, p-p70S6K1, 4E-BP, and p-4E-BP) in GBM cells and to reduce mTOR dependent protein
synthesis [140]. mTORC1 is the direct target of rapamycin, an antifungal, immunosuppressive,
and antitumor agent. However, rapamycin treatment presumably also inhibits the negative feedback
from S6K1 to insulin receptor substrate 1 (IRS1) leading to Akt activation [141]. mTORC1 inhibition
with rapamycin analogues (i.e., rapalogs) monotherapy therefore increases Akt-eIF4E pathway and
generates therapeutic resistance which has already been widely studied [129,142]. That is why scientists
have combined rapamycin analogues with drugs targeting alternative pathways of protein synthesis.
For example, Genistein and Biochanin A, two isoflavones used as chemopreventive drugs, block
tyrosine kinase receptor (TKR)-Akt pathway and eIF4E phosphorylation in order to sensitize U87MG
cells to rapamycin [142]. The association of eEKi-785, a TKR inhibitor, with rapamycin also increases
eIF4E-4E-BP1 binding and therefore decreases growth capacity of GBM cells in vitro [143]. Drug
combinations targeting the PI3K/Akt/mTOR pathway alter cell growth capacity in vitro and in vivo
through eIF4E-4E-BP1 regulation. However, direct consequences of drug combinations on global
protein synthesis remain to be demonstrated.

3.4.3. MAPK/MNK Pathway

MNKs (see above), downstream effectors of MAPK pathway, are Ser/Thr kinases able to
phosphorylate eIF4E to promote mRNA translation initiation [22]. Interestingly, the two members of
the MNK family, MNK1, and MNK2, are overexpressed in GBM [126,144]. MNK1 and 2 share a lot of
similarities. They are both able to phosphorylate eIF4E even if they are not equally sensitive to the
recruitment by the MAPK pathway [126,145]. Once activated, MNKs associate with the C-terminal
domain of eIF4G in order to phosphorylate eIF4E on Ser209 [43,146]. This eIF4E phosphorylation
increases its affinity for the m7GTP cap of mRNA. As a consequence, eIF4E deregulation by MNKs
promotes cancer cell proliferation, malignant transformation and metastasis [19,41,147]. Interestingly,
the constitutive activation of MAPK pathway in GBM induces the phosphorylation of MNK1 and its
activation [146,148]. p-eIF4E and p-MNK1 overexpression was also associated with a decreased overall
survival of patients with astrocytoma [19].

In line with these observations, MNKs could thus be relevant targets for glioma treatments.
Recently developed selective MNKs inhibitors can now be used as potential anticancer therapy.
For example, Merestinib inhibits several protein kinases including MNKs, leading to decreased p-eIF4E
and increased overall survival of GBM xenograft mice [144]. Other inhibitors of MNKs activity,
like CGP57380 and Cercosporamid, have also been correlated with decreased eIF4E phosphorylation,
cell cycle arrest, and increased sensitivity of GBM cells to TMZ [149,150]. Silencing of MNK1 with
shRNA in U87MG cells decreases their tumorigenicity in a glioma xenograft mouse model [126]. It has
also been demonstrated that rapamycin, an mTORC1 inhibitor, can upregulate MNKs pathway and
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confers resistance to this therapy [129]. The combination of MNKs and mTORC1 inhibitors further
inhibits 4E-BP1 phosphorylation at Ser65, increases eIF4E/4E-BP1 association and inhibits glioma cell
protein synthesis and proliferation [129]. To illustrate the importance of MNKs pathway in gliomas,
a drug called Arsenc trioxide (ATO) (used and approved by the FDA for the treatment of acute
promyelocytic leukaemia (APL) with t(15;17) translocation) demonstrated resistance in patient-derived
xenograft model of GBM. ATO resistance correlates with higher MNK1 kinase activity and mRNA
translation through the MNK/eIF4E pathway. GBM stem cells belonging to the mesenchymal subtype
are resistant to ATO and the use of MNK1 inhibitor in combination with ATO could potentially sensitize
them to the treatment [127].

3.4.4. AMPK Pathway

AMP-activated protein kinase (AMPK), a highly conserved Ser/Thr kinase, is a sensor of
cellular energy allosterically regulated by intracytoplasmic AMP concentration. In conditions of
nutrient deprivation, intracellular AMP/ATP ratio increases and activated AMPK is then able to
inhibit mTORC1. AMPK is implicated in tumor development and in the regulation of protein
synthesis through modulation of mTOR pathway [130,151,152]. AMPK activation by flavones such as
Hispidulin and Wogonin as well as other drugs already under clinical investigation like Metformin
and 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) suppresses the mTOR pathway and
decreases p-4E-BP1 causing apoptosis and cell cycle arrest in GBM cell lines [153–160]. Wogonin also
induces GBM cell apoptosis by inducing ER stress during which protein synthesis is impaired and this
implication will be discussed in the next section [109]. Regarding Metformin and AICAR, their modes
of action are however not totally dependent on AMPK inhibition [160,161]. They can indeed block
cell cycle through direct inhibition of mTOR and by increasing cdc25c phosphatase degradation,
respectively [161]. The role of cdc25 phosphatase is to dephosphorylate various cyclin-dependent
kinases during cell cycle, allowing its progression. GBM cell apoptosis mediated by AMPK activation
is nevertheless in conflict with the observation of the constitutively active status of AMPK in GBM
and with the anti-glioma effect of Compound C, also known as dorsomorphin, through its capacity to
inhibit AMPK activity [162]. Inhibition of AMPK caused by Compound C is nonetheless not the only
event responsible for GBM cell death [161,163]. This discrepancy in the effect of activation or inhibition
of AMPK on GBM cells may be the consequence of multiple roles for AMPK in tumors. Indeed, active
AMPK inhibits protein synthesis and lipogenesis thereby interfering with tumor growth [157]. AMPK
also promotes metabolic reprogramming of cancer cells undergoing metabolic stresses, leading to
cancer survival and progression despite an unfavorable environment [164].

4. IRES-Dependent Initiation

In addition to the canonical cap-dependent mode of translation (reviewed above), the IRES-
dependent mode of initiation has gained interest in the recent years, in the research field of cancer
in particular. IRES, first discovered in viruses, consists of RNA secondary structures present in the
5’ UTR end of mRNAs, upstream of the AUG start codon. IRES allows the association of the 40S
small ribosomal subunit with mRNA through interaction with trans-activator factors (ITAFs), thus
triggering the initiation of translation in a cap-independent manner [17]. ITAFs can be classified
into three categories: class I includes ITAFs localized in the nucleus which are able to translocate to
the cytoplasm, class II ITAFs are present only in the cytoplasm and class III are non-coding RNA
(Table 2) [17]. IRES structures were later discovered in cellular mRNAs and have since been postulated
to play a role in cancer development [14]. The first eukaryotic cellular IRES was discovered in the
mRNA coding for GRP78 or BiP, a key player in the UPR pathway [165]. Additional cellular IRES have
since been identified in mRNA encoding proteins involved in major biological processes such as c-myc,
cyclin D1, EGFR, and c-jun [28,124,125,166,167]. Furthermore, a role for IRES in cancer development
and resistance has been demonstrated and there is evidence that targeting the IRES machinery could
be used as a therapeutic approach for the treatment of cancers, including gliomas [168].
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Table 2. Expression of IRES trans-acting factors in gliomas. Internal ribosomal entry site (IRES)
trans-acting factors (ITAFs) can act as activator (A) or inhibitor (I) of cap-independent translation. Class
I ITAFs are localized in the nucleus and can translocate to the cytoplasm; class II ITAFs are only present
in the cytoplasm [17]. The expression of ITAFs reviewed by Godet AC et al. (2019) was compared
between control brain tissue (n = 21) and gliomas (oligodendrogliomas, n = 66; astrocytomas, n = 145;
glioblastoma multiform (GBM), n = 214) using the REMBRANDT database. ITAF expression from
control tissue (n = 11) was then compared to expression found in the four GBM subtypes defined by the
Verhaak’s classification (classical, n = 54; menchymal, n = 58; neural, n = 33; proneural, n = 57) using the
TCGA dataset. These two datasets were obtained through the independent Betastasis genomics analysis
and visualization platform. GraphPad Prism (version 5.03 for Windows, GraphPad Software, San Diego
California USA, www.graphpad.com) was used for statistical analysis. D’Agostino & Pearson omnibus
normality test was used to control for normal distribution. One-way analysis of variance (ANOVA)
followed by Bonferroni’s Multiple Comparison Test was used for parametric analysis and if required,
Kruskal-Wallis test followed by Dunn’s Multiple Comparison Test was performed for non-parametric
analysis. ns: not significant, +/− p < 0.05, ++/− − p < 0.01, and +++/− − − p < 0.001 where “+” and “−”
indicate an increase and a decrease in expression, respectively. # indicates ITAFs also acting as eIFs,
REMBRANDT: REpository for Molecular BRAin Neoplasia DaTa; TCGA: The Cancer Genome Atlas.

ITAFs Gene
REMBRANDT TCGA

Oligodendroglioma Astrocytoma GBM Classical Mesenchymal Neural Proneural Activity

Class I

Annexin A2 ANXA2 ns + + + + + + + + + + + + ns A
CUGBP1 CUGBP1 ns ns ns ns − − − − − ns A/I
DAP5 # EIF4G2 + + + ns + + + ns ns ns ns A

FBP3 FUBP3 + + + + + + + + + + + + + + + + + + + A
FUS FUS + + + + + + + + + + + ns ns + + + A

GRSF1 GRSF1 − − − − − − − − − − − − − − ns − A
H-ferritin FTH1 ns ns ns ns ns ns ns A

HDMX MDM4 + + + + + + + + + ns ns ns + + A
hnRNPA1 HNRNPA1 + + + + + ns + + ns ns + + + A/I
hnRNPC HNRNPC + + + + + + + + + ns ns ns ns A
hnRNPD HNRNPD + + + + + + + ns ns ns ns A
hnRNPE1 PCBP1 ns ns + + ns ns ns ns A
hnRNPE2 PCBP2 + + + + + + + + + + ns ns + + + A
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Table 2. Cont.

ITAFs Gene
REMBRANDT TCGA

Oligodendroglioma Astrocytoma GBM Classical Mesenchymal Neural Proneural Activity

hnRNPE3 PCBP3 ns ns − − − − − − − − − − − − − A
hnRNPE4 PCBP4 + + ns ns ns ns ns + + + A
hnRNPH2 HNRNPH2 ns ns − − − − − − − − − − − − A
hnRNPK HNRNPK + + + + + + + + + + + ns ns + + + A
hnRNPL HNRNPL ns ns ns ns ns ns + + + A
hnRNPM HNRNPM + + + + + + + + + + + ns ns ns A
hnRNPQ SYNCRIP + + + + + + + + + + ns ns + + A
hnRNPR HNRNPR + + + + + + + + ns ns ns + A

HuR ELAV1 + + + + + − − − − − − − − ns A/I
La auto
antigen SSB + + + + ns ns ns ns A/I

Mdm2 MDM2 + + + + + + + + + ns + + ns A
NF45 ILF2 + + + + + + + + + + + ns + + + + + + A
nPTB PTBP2 − − − − − − − − − − − − − − ns ns A

nucleolin NCL Not available ns ns ns ns A/I
p54nrb NONO + + + + + + + + + + + + + + ns + + + A

PDCD4 # PDCD4 ns ns ns − − ns ns ns A/I
PSF SFPQ + + ns ns ns ns ns + A/I
PTB PTBP1 + + + + + + + + + + + + + + + ns + + + A/I
RHA DHX9 + + + + + + + + + ns ns ns + A

SMAR 1 BANP + + + + + + + + + + + + + + + + + A/I
YB1 YBX1 + + + + + + + + + + + + + + + + + + A

Class II

4E-BP1 # EIF4EBP1 + + + + + + + + + + + + + + + + + + A
APP (AICD) APP − − − − − − − − − − − − − − − − − − − A

eeF1A2 EEF1A2 − − − − − − − − − − − − − − − − − A
eIF3A # EIF3A + + + + + + ns ns ns ns ns A
eIF3B # EIF3B + + + + + + + + + + + + + + + ns + + A
eIF3D # EIF3D + + + + + + + + + + + + ns + + A
eIF3E # EIF3E + + + + + + + + + ns ns ns ns A
eIF3F # EIF3F + + + + + + + + + ns ns ns ns A
eIF3G # EIF3G + + + + + + + + + + + + + + + + + + A
eIF3H # EIF3H + + + + + + + + + ns ns ns ns A
eIF3I # EIF3I ns ns + + + + + + + + ns A
eIF3J # EIF3J + ns ns ns ns ns ns A
eIF3K # EIF3K ns ns ns ns ns + ns A
eIF3L # EIF3L + + + + + + ns ns ns ns ns A
eIF3M # EIF3M + + + + + + + + ns ns ns ns A
eIF4A1 # EIF4A1 + + + + + + + + + + + + + + + + + + A
eIF4A2 # EIF4A2 − − − − − − − − − − − − − − − ns − − − A
eIF4A3 # EIF4A3 + + + + + + + + + + + + + + + + + A
eIF4G1 # EIF4G1 + + + + + + + + + ns ns ns ns A
eIF5B # EIF5B + + + + + + + + + ns ns ns ns A

eL38 RPL38 + + + + + + + + − ns ns ns A

Table 2. Cont.

ITAFs Gene
REMBRANDT TCGA

Oligodendroglioma Astrocytoma GBM Classical Mesenchymal Neural Proneural Activity

eS19 RPS19 + + + + + + + + + + + + + + + + + + + + A
eS25 RPS25 + + + + + + + + + ns ns + + ns A

Gemin5 GEMIN5 + + + + + + + + + + + ns + + A/I
Hepsin HPN − − − − − − − ns ns ns ns I
PINK1 PINK1 − − − − − − − − − − − − − − − − − − − − A
Rack1 GNB2L1 + + + + + + + + + + + + + + + + + + + A/I
TCP80 ILF3 + + + + + + + + + + + + ns ns + + + A

uL1 RPL10A + + + + + + + + + ns ns + + ns A
uL24 RPL26 Not available ns ns ns ns A
uL5 RPL11 + + + + + + + + + ns + + + + + + + A

VASH1 VASH1 + + + + + + ns ns + + A

As already discussed above, the mTOR pathway is often altered in gliomas and has led to the
development of mTOR inhibitors as a therapeutic approach. Resistance to mTOR inhibitors used
as monotherapy is related to the degree of Akt activity. Cancer cells with high Akt activity are
sensitive to the mTORC1 inhibitor rapamycin, whereas cancer cells with low Akt activity are resistant.
Unfortunately, the majority of GBM cases have low Akt activity and are thus likely to be resistant
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to mTORC1 inhibition [169]. One of the mechanisms used by GBM cells to resist mTOR inhibitors
involves an increase in IRES-dependent translation and thus an upregulation of proteins coded by
IRES-containing mRNAs such as c-myc and cyclin D1, two well-known proto-oncogenes [28,124,125].
The treatment of GBM cells presenting low Akt activity with rapamycin activates p38 which in turn
triggers IRES mediated translation of c-myc and cyclin D1. Inhibition of p38 genetically, using siRNA,
or chemically, prevents rapamycin induced c-myc and cyclin D1 expression. Furthermore, combining
mTORC1 and p38 inhibitors significantly enhances G1 cell cycle arrest, increases apoptosis, decreases
proliferation in GBM cells in vitro, and inhibits tumor growth in vivo [28]. In addition, Akt activation
leads to phosphorylation of hnRNPA1, an ITAF belonging to Class I, which subsequently leads to
the inhibition of IRES-dependent translation. Using immunohistochemical and western blot analyses
on GBM samples (n = 22), they found that elevated Akt activity correlated with increased hnRNPA1
phosphorylation levels [125]. Furthermore, they identified a novel compound able to block the
association between hnRNPA1 and its IRES structure localized on c-myc and cyclin D1 which therefore
blocks c-myc and cyclin D1 translation and consequently sensitizes GBM cells to mTOR inhibitors.
Combining IRES and mTOR therapies significantly decreases GBM cell proliferation in vitro, reduces
tumor size in vivo, and increases overall survival in mice grafted with GBM cells [124]. Together, these
findings therefore suggest that combined therapy targeting mTORC1 and IRES dependent translation
might be a suitable approach for the treatment of GBM [28,124]. Another example highlighting the
importance of IRES-dependent translation in gliomas was published by Blau et al. in 2012. They found
that c-Jun, a transcription factor often increased in cancer, was overexpressed in GBM at protein levels
but not at the level of transcription. They excluded that higher levels of c-jun resulted from accumulation
of the protein and more importantly, they demonstrated that this change in c-jun expression was
due to an increase in translation in an IRES-dependent manner [166]. Furthermore, the epidermal
growth factor receptor (EGFR) is often mutated and overexpressed in cancers including in GBM
where increased wild type EGFR can often be observed. Hypoxia, present in GBM microenvironment,
is an inhibitor of cap-dependent translation through phosphorylation of eIF2α and an activator of
IRES-dependent translation. EGFR protein expression is increased under hypoxic conditions without
changes in mRNA levels. This can be explained by the presence of an IRES structure in the 5′ UTR
region of EGFR mRNA which allows its translation in the presence of eIF4A acting as an ITAF (see
Table 2) [167].

In addition to hnRNPA1 studied by Holmes et al., other ITAFs have been identified in recent
years and have been reviewed [17]. ITAFs have several roles aside from regulating IRES-dependent
translation. Interestingly, some ITAFs are known to also act as eIFs (Table 2). Moreover, several ITAFs
can act as RNA binding proteins (RBP) thereby modulating mRNA stability and translation of different
transcripts depending on cell needs. This additional step in the control of mRNA translation will not
be described in this review as our focus is the initiation step of translation. We therefore encourage
readers to refer to review from Wurth L. and Gebauer F. (2015) for more information about the roles of
RBPs in cancers [170]. As part of our work, we have investigated the expression of ITAFs reviewed by
Godet et al. (2019) in gliomas using REMBRANDT and TCGA datasets and found that the expression
of the majority of ITAFs are altered in gliomas with both increases and decreases being observed
(Table 2). According to the REMBRANDT dataset, 78% of investigated ITAFs are overexpressed,
14% are downregulated, and 7.8% are unchanged in gliomas relative to controls. When focusing
on GBM subtypes using TCGA database, we found that only 54.5% of ITAFs are increased in GBM
tissue whereas 18.2% are significantly decreased and 27.3% of ITAFs are not altered. Altogether, these
results suggest an overall overexpression of ITAFs in gliomas which is in agreement with current
literature supporting a role for cap-independent translation in cancer including gliomas [168,171].
Additional ITAFs are likely to be identified in the future. In addition, most ITAFs discovered so far
have been identified as activators of IRES-dependent translation; however, further work is still required
to better understand the role of each ITAF and their potential interaction to unravel their possible
implication in glioma development and progression. This is particularly true and important for ITAFs
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which are also involved in the cap-dependent translation. For example, eIF5B, mostly studied for
its role in assembling the small and large ribosomal subunits during cap-dependent translation, has
been found to be necessary for the translation of IRES containing mRNAs during cellular stress [172].
eIF5B therefore plays an activating role in cap-dependent and IRES-dependent translation. eIF5B is
often overexpressed in cancer which is in agreement with our REMBRANDT data analysis showing
that EIF5B is overexpressed in gliomas (Table 2) [172]. Interestingly, silencing EIF5B in GBM cells
stimulates the expression of XIAP, a protein involved in apoptosis which includes an IRES motif in
its mRNA. Consequently, suppression of EIF5B in GBM cells increased their sensitivity to apoptosis
through caspase activation [172]. Other examples of eIFs which have been found to be involved in
IRES-dependent translation are eIF4G1 and eIF4G2 where the latter is also known as DAP5. During
apoptosis, caspases cleave eIF4G1 into fragments which blocks cap-dependent translation. eIF4G1
cleavage releases a smaller fragment containing the eIF3-eIF4A-binding domain (m4G) which is able to
drive IRES-dependent translation. The N-terminal extremity of DAP5 is similar to the m4G domain and
can therefore also activate IRES-dependent translation [42]. Indeed, using a cell-free in vitro system,
Hundsdoerfer et al. demonstrated that recombinant DAP5 could strongly induce the expression of
proteins in an IRES-dependent manner [42]. Interestingly, our REMBRANDT analysis showed that
both EIF4G1 and EIFG2 are overexpressed in gliomas (Table 2).

IRES are also found in circular RNAs (circRNAs). CircRNAs were first thought to be evolutionary
conserved non-coding RNAs; however, it has recently been proven that circRNAs have coding capacity
in vitro and in vivo [173,174]. Interestingly, Zhang and colleagues have identified a new circRNA
coding for SHPRH146aa, a shorter form of the tumor suppressor SHPRH (a SNF2, histone linker,
PHD-finger, RING-finger, and helicase domain-containing protein), a protein containing domains
characteristic of DNA repair proteins and transcription factors. Their findings support a role for
SHPRH146aa in protecting full length SHPRH from degradation. Interestingly, SHPRH146aa was
found to be downregulated in 81% of GBM cases studied [175]. This therefore suggests that expression
of IRES-containing mRNA can also be downregulated in GBM. Consequently, developing specific
inhibitors targeting particular ITAFs rather than developing global IRES inhibitors might be more
suitable for the establishment of novel polytherapy for gliomas. Current strategies developed to target
IRES include, among others, antisense oligonucleotides, short hairpin RNAs, small interfering RNAs,
and small molecule inhibitors. Their therapeutic potential as well as their respective advantages and
disadvantages have been previously reviewed [168].

5. Conclusions

This review describes translation initiation occurring in cap-dependent and IRES-dependent
manners and assembles the current knowledge on these two initiation mechanisms in gliomas. While
it is clear that key players involved in both types of translation initiation are abnormally regulated in
gliomas, the majority of existing studies are performed in vitro and in vivo, with research in human
glioma samples being limited. Using two freely available datasets, we investigated the gene expression
of proteins involved in the regulation of cap-dependent and IRES-dependent machineries and identified
new proteins altered in gliomas, indicating possible novel targets for the treatment of gliomas with the
potential to ultimately improve survival of GBM patients. Future studies should aim at elucidating
whether and how global protein synthesis is affected in human gliomas and at identifying which
proteins are actively synthesized by cancerous cells. Indeed, mouse models developed to study
translation in vivo permitted to identify mRNAs actively translated in transformed cells compared
to non-tumoral surrounding cells [176,177]. This RiboTag technique highlighted genes specifically
up-translated or down-translated in cancerous compared to non-tumoral cells. It also showed that
changes in translation occurring in gliomas affect specific mRNA rather than being an on/off switch
in translation. Drugs currently used to modulate protein synthesis target major indirect pathways
instead of specific eIFs or ITAFs, thus increasing the risk of therapeutic escape via compensatory
mechanisms. Moreover, current therapies have been shown to modulate translation. For example,
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GIC irradiation induces an increase in eIF4G translation suggesting an induction of cap-dependent
translation upon treatment [178]. As GICs are resistant to radio-therapy and are suspected to play
a key role in GBM recurrences, targeting specific actors in protein synthesis could help overcome
GBM relapses. Furthermore, targeting key players involved in both the cap-dependent and the
cap-independent mechanisms of translation such as 4E-BP1 or members of the eIF3 family would
therefore present the advantage of inhibiting both modes of translation.
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Abstract: Glioblastoma (GBM) is the most common astrocytic-derived brain tumor in adults,
characterized by a poor prognosis mainly due to the resistance to the available therapy. The study of
mitochondria-derived oxidative stress, and of the biological events that orbit around it, might help in
the comprehension of the molecular mechanisms at the base of GBM responsiveness to Temozolomide
(TMZ). Sensitive and resistant GBM cells were used to test the role of mitochondrial ROS release in
TMZ-resistance. Chaperone-Mediated Autophagy (CMA) activation in relation to reactive oxygen
species (ROS) release has been measured by monitoring the expression of specific genes. Treatments
with H2O2 were used to test their potential in reverting resistance. Fluctuations of cytoplasmic ROS
levels were accountable for CMA induction and cytotoxic effects observed in TMZ sensitive cells after
treatment. On the other hand, in resistant cells, TMZ failed in producing an increase in cytoplasmic
ROS levels and CMA activation, preventing GBM cell toxicity. By increasing oxidative stress, CMA
activation was recovered, as also cell cytotoxicity, especially in combination with TMZ treatment.
Herein, for the first time, it is shown the relation between mitochondrial ROS release, CMA activation
and TMZ-responsiveness in GBM.

Keywords: oxidative stress; chaperone mediated autophagy (CMA); mitochondrial scavenger; drug
resistance; reactive oxygen species (ROS), cell motility

1. Introduction

Malignant Glioblastomas (GBMs) are the most common primary brain tumors and are characterized
by a dismal prognosis mainly due to the resistance to conventional therapies. The current therapeutic
regimen is based on chemotherapy with Temozolomide (TMZ) combined with radiotherapy [1].
The O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation status is the main
biomarker to foresee GBM responsiveness to TMZ, but its predictive value is limited and additional
functions of TMZ unrelated to MGMT activity are likely to underlie a further distinction between
responders and non-responders due to specific features. For example, TMZ might influence cell viability
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by increasing reactive oxygen species (ROS) [2,3], or by modulating autophagy [4], apoptosis [5],
hypoxia inducible factor (HIF)-1α activity [6–8] and epithelial-mesenchymal transition (EMT) [9].

Autophagy plays a critical role in cellular homeostasis: in fact, it is involved both in pro-survival [10]
and pro-apoptotic mechanisms [11]. Autophagy also affects the migration and invasion capabilities
of tumor cells [12]. Taking into account all these evidences, there are several clues suggesting
that autophagy could be involved in the onset and modulation of cell resistance or sensitivity to
treatment [13]. Furthermore, different autophagic mechanisms have been described presenting specific
drivers, effectors and functional consequences [14].

It is known that TMZ might induce autophagy and that the activation of this pathway is crucial
for the susceptibility to the treatment [15,16]. In particular, it has been recently demonstrated that
chaperone mediated autophagy (CMA) is the main mechanism by which TMZ treatment decreases
HIF-1α activity in sensitive cells, thus improving responsiveness by promoting cell apoptosis [7].
Moreover, the depletion of CMA related genes [17,18] is sufficient to annul the sensitivity to TMZ,
demonstrating its important role in the response to this drug.

CMA activity is induced by a transitory release of ROS into the cytoplasm by mitochondria
following the endoplasmic reticulum stress. ROS have been described to be regulators of multiple
redox-dependent pathways related to growth, differentiation, survival and others [19–21]. However,
since radicals can impair cell integrity, a redox-homeostasis system exists in cells to detoxify ROS.
This enzymatic repertoire includes: Super Oxide Dismutase (SOD), Glutathione Reductase (GR), and
Catalase [22]. Irreversible ROS mediated damage might enhance both proteasomal and lysosomal
(autophagic) degradation of oxidized proteins. The impairment or overload of these compensatory
mechanisms results in compromised cell viability [23]. Cancer cells usually show an elevated basal
intracellular level of ROS without harmful consequences due to adaptation mechanisms sustaining
tumorigenesis. Further oxidative stress could overcome these mechanisms restoring the vulnerability
of cancer cells to ROS-mediated damage, improving therapeutic response [2,24,25].

In this study we investigate the possibility to use ROS-mediated damage to restore CMA
inducibility and GBM cell sensitivity to TMZ.

2. Materials and Methods

2.1. Cell Lines and Reagents

U251 cell line was obtained from Dr. G. Melillo, and T98 cell line was obtained from Dr. V. Vaira
and were routinely maintained as adherent cells in RPMI 1640 medium, supplemented with 10%
heat-inactivated fetal bovine serum, penicillin and streptomycin (50 IU/mL), and 2 mM glutamine (all
Euroclone, Pero, MI, Italy). Cells were maintained in a humidified atmosphere of 5% CO2 at 37 ◦C in
normoxia. Cells were plated at 15,000 cells/cm2 and after 24 h, in vitro treatments were performed as
follow: 100 µM Temozolomide, TMZ, for 24 h (h); 200 µM or 1 mM of Hydrogen Peroxide, H2O2, for
24 h; 25 µM MitoTEMPO, MitoT, for 1 h of pre-treatment (all Sigma-Aldrich, St. Louis, MO, USA).
After treatments samples were analyzed for cell viability through Trypan Blue exclusion test. Glioma
cells were transfected for 24 h with 10 nM of HSC70 or PHLPP1 siRNA or a scrambled negative control
(Eurofins, Italy) in presence of a T-Pro-P-Fect reagent (T-Pro Biotechnology, New Taipei, Taiwan), and
then cells were treated with TMZ.

2.2. Biochemical Assays

The ROS content after different treatments was tested by using ROS-Glo™ H2O2 Assay kit
(Promega, Milan, Italy). HIF-1α activity was measured on lysates through Luciferase Biochemical
assay, using GloMax-Multi Detection System (Promega, Milan, Italy), and normalized for protein
content [26]. The cytotoxicity of treatments was tested utilizing Cell Tox™ Green Cytotoxicity
Assay kit (Promega, Milan, Italy) and Cell Titer-Glo® Luminescent Cell Viability Assay (Promega).
Detection and quantification of Glutathione (GSH) was performed after treatment by the commercially
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available GSH-Glo™ Glutathione Assay (Promega). Data were expressed as Glutathione concentration.
All the assays performed by using commercially available kits were carried out according to the
manufacturer’s instructions.

2.3. RNA Extraction and Real-Time PCR

RNA was extracted by using a commercially available Illustra RNA spin Mini Isolation Kit
(GE Healthcare, Milan, Italy) in accordance with the manufacturer’s instructions. Total RNA was
reverse-transcribed to cDNA by using a High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Monza, Italy). The real-time PCRs were performed in triplicate for each data point by
using the Sybr Green technique; the oligonucleotides used are shown in Table 1. Target mRNA content
changes in relation to the β-ACTIN housekeeping gene were determined using the ∆∆Ct Method (and
represented as FOI, fold of induction, compared to control level).

Table 1. Primer sequences.

Gene Forward Reverse

BAX ATGGACGGGTCCGGGGAG ATCCAGCCCAACAGCCGC
BAD CCCAGAGTTTGAGCCGAGTG CCCATCCCTTCGTCGTCCT

BCL-2 GATTGTGGCCTTCTTTGAG CAAACTGAGCAGAGTCTTC
PHLPP1 CCTACCTTCTCCAGTGCACT CCAGCAGTTCCAAGTTTCCT
LAMP2A TGCTGGCTACCATGGGGCTG GCAGCTGCCTGTGGAGTGAGT

HSC70 ATTGATCTTGGCACCACCTA GGGTGCAGGAGGTATGCCTGTGA
HIF-1α TGATTGCATCTCCATCTCCTAC GACTCAAAGCGACAGATAACACG
VEGF CGAGGGCCTGGAGTGTGT CGCATAATCTGCATGGTGATG
SNAIL GCGAGCTGCAGGACTCTAAT CCCGCAATGGTCCACAAAAC
SLUG CATGCCTGTCATACCACAAC GGTGTCAGATGGAGGAGG
E-CAD GATCAAGTCAAGCGTGAGTCG AGCCTCT CAATGGCGAACAC
SOD-2 TTAACGCGCAGATCATGCA GGTGGCGTTGAGATTGTTCA

CATALASE TAAGACTGACCAGGGCA CAAACCTTGGTGAGATCGAA
GR AACATCCCAACTGTGGTCTTCAGC TTGGTAACTGCGTGATACATCGGG

GPX CGCAACGATGTTGCCTGGAACTTT AGGCTCGATGTCAATGGTCTGGAA
GSS ATGCTGTGCAGATGGACTTCAACC TGGATGTCAAACAGACGAGCGGTA

β-ACTIN TCAAGATCATTGCTCCTCCTG CCAGAGGCGTACAGGGATAG

2.4. Wounding Assay

For the wound healing assay, at the end of the treatment, a wound was created by manually
scraping the confluent glioma monolayer with a p200 pipette tip. Images at time zero (t = 0 h) were
acquired to record the initial area of the wounds, and the recovery of the wounded monolayers due to
cell migration toward the free area was evaluated at 24 h (t = 24 h). The area of wound was quantified
by Java’s Image J software (http://rsb.info.nih.gov) and the migration of cells toward the wounds was
expressed as percentage of wound closure: % of wound closure = [(A(t = 0 h)−A(t = 24h))/A(t = 0 h)] × 100,
where, A(t = 0 h) is the area of wound measured immediately after scratching, and A(t=24h) is the area of
wound measured 24 h after scratching.

2.5. Protein Studies

Samples were prepared in Novex Bolt LDS sample buffer and Novex Bolt Reducing Agent and
were boiled for 3 min. Lowry method was used for protein quantification. Proteins (10–30 µg) were
loaded in Precast Bolt® Bis-Tris Plus Gels 4–12% and run for 30 min at 200 V in Novex Bolt 1X MES/SDS
Running buffer. Transfer to nitrocellulose membrane was performed by a Trans-Blot® Turbo™ system
(BioRad, Hercules, CA, USA). Membranes were blocked in Odyssey® Blocking Buffer (LICOR, Lincoln,
NE, USA) and incubated with secondary fluorescent antibodies (IRDye®, LICOR, Lincoln, NE, USA).
Protein bands were visualized by an Odyssey Fc device, model 2800 (LICOR Biosciences). Bands
intensity was quantified by Image Studio Lite Ver 5.2 software. Subcellular fractions of cells were
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obtained using Protein Fractionation Kit (ThermoScientific, Waltham, MA, USA) [27], according
to manufacturer’s instruction. Protein signals were normalized for the respective fraction marker:
TUBULIN for cytosol and LAMP1 for lysosomes.

Samples were probed with the following antibodies: LAMP2A (51-2200 1:1000, Invitrogen,
Carlsbad, CA, USA), HSC70 (MA1-26078 1:000, Invitrogen), GAPDH (sc4772 1:1200, Santa Cruz, Santa
Cruz, CA, USA), NDUFB8 (ab110242 1:1000, Abcam, Cambridge, UK), SDHB (ab14714 1:1000, Abcam),
UQCRC2 (ab14745 1:1000, Abcam), MTCO2 (ab110258 1:1000, Abcam), ATP5A (ab14748 1:1000, Abcam),
SDHA (459200 1:10000, Invitrogen), COXIV (A21347 1:2000, Invitrogen), SOD1 and CATALASE (Abcam,
ab179843 1:500), LAMP1 (ab25630 1:900, Abcam), ACTIN (A2066 1:200, Sigma-Aldrich, St. Louis, MO,
USA), α-TUBULIN (3873S 1:800, Cell signaling, Danvers, MA, USA).

2.6. Mitochondrial Complex Activity Studies

Protein extraction was performed by sonication (50 W for 10 s, 3 times) after suspending cell
pellets in the proper buffer (pH 7.2). Lysates were centrifuged at 750× g for 10 min and supernatant
was recovered. Lowry method was used for protein quantification. A Lambda 2 spectrophotometer
(Perkin Elmer, Waltham, MA, USA) was used to assess enzymatic activities. Analyses were performed
at specific wavelengths for each enzymatic activity after preparing proper solutions as previously
described [27] with minor changes. Experiments were performed at 30 ◦C. Analyses were performed
through the Perkin Elmer software. Measurements were normalized for the activity level of citrate
synthase, a stable matrix mitochondrial enzyme; this latter step was performed in order to normalize
respiratory chain activity for mitochondrial mass.

2.7. Statistical Analyses

The in vitro experiments were repeated at least three times and led to reproducible results.
The data are presented as the mean values ± SD of the independent experiments and were statistically
analyzed using a t-test or one- or two-way analysis of variance, followed by Dunnett’s or Bonferroni’s
multiple comparison and Prism 4 software (GraphPad Software Inc., San Diego, CA, USA).

3. Results

3.1. Mitochondrial ROS are Crucial for TMZ Responsiveness in U251 Cells

Aiming to characterize ROS involvement in TMZ-sensitivity, first we measured ROS levels in
TMZ-sensitive (U251) and TMZ-resistant (T98) GBM cell lines before and after exposure to TMZ. ROS
basal levels were 8-fold higher in T98 compared to U251 cells. After 24 h of treatment, TMZ induced a
significant increase in ROS levels in U251 sensitive cells but not in T98 resistant cells (Figure 1A).
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cells. (D) Viability of U251 and (G) T98 cells, assessed by means of Trypan blue exclusion test, and 
expressed as the percentage of viable cells after treatment with 100 μM TMZ ± 25 μM MitoT. ** p < 
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Figure 1. Crucial role of mitochondrial reactive oxygen species (ROS) in Temozolomide-responsiveness
in U251 and T98 cells. (A) Luminescent assay applied to measure H2O2 levels in cell culture medium of
U251 and T98 cells in untreated cells and after 24 h treatment with 100 µM Temozolomide (TMZ). Data
were expressed as relative luminescence units (RLU) obtained by luciferase counts normalized for the
amount of proteins quantified by Bradford assay. ** p < 0.01 vs. control cells. (B) ROS levels measured
in U251 and (C) T98 cells after 1h of treatment with MitoTempo (MitoT) 25 µM ± TMZ for 24 h. Data
were expressed as RLU. # p < 0.05, ## p < 0.01 vs. TMZ-treated cells. (D) Viability of U251 and (G) T98
cells, assessed by means of Trypan blue exclusion test, and expressed as the percentage of viable cells
after treatment with 100 µM TMZ ± 25 µM MitoT. ** p < 0.01 vs. control cells; # p < 0.05, ## p < 0.01 vs.
TMZ-treated cells. (E) Cell toxicity in U251 and (H) T98 cells analyzed by Cell Tox Green normalized
on Cell Titer Glo and expressed as percentage compared to control cells. *** p < 0.001 vs. control cells.
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(F) Gene expression analysis for BAX, BAD and BCL-2 analyzed by means of Real-time PCR in U251
and (I) T98 cells after treatment with 100 µM TMZ ± 25 µM MitoT. Data were normalized to β-ACTIN,
and the ∆∆Ct values were expressed as fold of induction (FOI) of the ratio between treated and control
cells and then as the ratio BAX/BCL-2 and BAD/BCL-2. * p < 0.05; ** p < 0.01; *** p < 0.001 treated vs.
control cells. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. TMZ-treated cells. (L) Scratch test performed after
treatments in U251 and (N) in T98 cells. Wound closure percentage compared to controls was analyzed
with Image J software. ** p < 0.01 treated vs. control cells. ## p < 0.01 vs. TMZ-treated cells. (M) Gene
expression analysis for EMT-related genes (SLUG, SNAIL, E-CADHERIN -E-CAD-) analyzed by means
of Real-time PCR in U251 and (O) in T98 cells. Data were normalized and expressed as mentioned
above. ** p < 0.01; *** p < 0.001 treated vs. control cells. ## p < 0.01, ### p < 0.001 vs. TMZ-treated cells.
Mean values ± SD of three independent experiments.

We replicated the experiment by treating cells with the selective mitochondrial ROS scavenger
Mitotempo (MitoT). MitoT was able to reduce ROS levels in both cell lines, confirming their
mitochondrial origin, however, residual ROS levels were still higher in TMZ-resistant cells (Figure 1B,C).
Interestingly, the inhibition of mitochondrial ROS release by MitoT impaired the cytotoxic effect of
TMZ in U251 cells, as assessed by the count of viable cells (Figure 1D) and the evaluation of cellular
toxicity (Figure 1E). Global U251 cellular viability was unaffected by MitoT in absence of TMZ.
At molecular level, MitoT engaged a pro-survival response in TMZ-treated U251 cells and counteracted
the pro-apoptotic gene expression signature induced by TMZ (Figure 1F).

A different behavior was observed in T98 cells: TMZ-resistance was unchanged after TMZ
treatment and/or MitoT. Indeed, MitoT was ineffective in modifying cellular viability and toxicity in
TMZ-treated T98 cells (Figure 1G,H). Similarly, the “resistant-like” gene expression signature observed
in T98 cells after TMZ treatment was preserved after the combined administration of MitoT (Figure 1I).

The functional consequences of the combined TMZ and MitoT treatment were also investigated
by monitoring GBM cell motility. The scratch test, performed in U251 TMZ-sensitive cells, suggested
that MitoT favored the scratch closure, annulling the anti-proliferative effect of TMZ in these cells
(Figure 1L). This conclusion was supported by gene expression profile analysis performed on EMT
genes: the reduction of SLUG and the increase of E-CADHERIN (E-CAD) expression in TMZ-treated
U251 sensitive cells was partially or almost totally counteracted by MitoT when administered alone or
in combination with TMZ, respectively (Figure 1M). Once again, this effect was restricted to sensitive
U251 cells (Figure 1N,O).

3.2. Involvement of Chaperone Mediated Autophagy in GBM Responsiveness to TMZ

We have previously associated the activation of the CMA and HIF-1α activity reduction with GBM
cell responsiveness to TMZ [6,7]. These findings prompted to investigate how MitoT could affect CMA,
an intracellular pathway engaged by ROS release [28] and known to modulate HIF-1α-activity [7].

To extend the evaluation of consequences of ROS scavenging on CMA activity and
TMZ-responsiveness, we assessed CMA activity before and after MitoT delivery in our experimental
conditions by checking the expression levels of three genes involved in the positive regulation of CMA:
lysosome-associated membrane protein (LAMP2A), heat shock cognate 70 kDa protein (HSC70) and
pleckstrin homology domain and leucine rich repeat protein phosphatase (PHLPP1). Transcript levels
were found higher in TMZ-treated versus untreated U251 cells supporting the activation of CMA
program in relation to TMZ-responsiveness. This effect was not observed with MitoT co-administration.
Notably, CMA-related gene expression profile was significantly reduced by MitoT itself (Figure 2A).
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2B). 

As regards the reduction of HIF-1α activity in relation to TMZ-responsiveness in sensitive cells 
[6,7], MitoT prevented this effect in TMZ-treated U251 sensitive cells. Conversely, MitoT produced 
no modification in cell responsiveness when administered to T98 resistant cells (Figure 2C,D). 
Quantitative RT-PCR studies, evaluating the expression levels of HIF-1α gene (HIF-1α) and its 
established target gene vascular endothelial growth factor (VEGF), supported this conclusion (Figure 
2E,F), even showing an increase in HIF-1α and VEGF transcripts in MitoT and TMZ-containing 
treatments in U251 cells. 

3.3. Chaperone Mediated Autophagy Activity is Dependent Upon Different Proteins 

Figure 2. Involvement of chaperone-mediated-autophagy (CMA) after Temozolomide and MitoTempo
(MitoT) treatment. (A) Gene expression analysis for CMA-related genes (LAMP2A, HSC70, PHLPP1)
analyzed by means of Real-time PCR in U251 and (B) T98 cells after treatment with 100µM Temozolomide
(TMZ) ± 25 µM MitoT. Data were normalized for β-ACTIN, and the ∆∆Ct values were expressed as FOI
of the ratio between treated and control cells. * p < 0.05; ** p < 0.01; *** p < 0.001 treated vs. control cells.
# p < 0.05, ## p < 0.01, ### p < 0.001 vs. TMZ-treated cells. (C) Biochemical assay for HIF-1α activity in
U251 and (D) T98 cell lines. Data were expressed as RLU, obtained normalizing luciferase counts for
the amount of proteins quantified by Bradford assay. ** p < 0.01 vs. control cells. (E) Gene expression
analysis for HIF-1α and vascular endothelial growth factor (VEGF) expression in U251 and (F) T98 cells.
* p < 0.05; ** p < 0.01 vs. control cells; # p < 0.05, ## p < 0.01 vs. TMZ-treated cells. Mean values ± SD of
three independent experiments.

In T98 resistant cells, with or without TMZ, gene expression levels were unaltered by MitoT
with the only exception of LAMP2A expression, which was found decreased in MitoT-treated cells
(Figure 2B).

As regards the reduction of HIF-1α activity in relation to TMZ-responsiveness in sensitive cells [6,7],
MitoT prevented this effect in TMZ-treated U251 sensitive cells. Conversely, MitoT produced no
modification in cell responsiveness when administered to T98 resistant cells (Figure 2C,D). Quantitative
RT-PCR studies, evaluating the expression levels of HIF-1α gene (HIF-1α) and its established target
gene vascular endothelial growth factor (VEGF), supported this conclusion (Figure 2E,F), even showing
an increase in HIF-1α and VEGF transcripts in MitoT and TMZ-containing treatments in U251 cells.
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3.3. Chaperone Mediated Autophagy Activity is Dependent Upon Different Proteins

To check LAMP2A and HSC-70 intracellular localization, we performed cell fractionation in U251
and T98 cells with or without TMZ (Figure 3A,B; Figure S1).
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Figure 3. Essential chaperone-mediated-autophagy related gene involvement in Temozolomide
response in U251 and T98 cells. (A) Western blot analysis of LAMP2A, HSC70 and GAPDH protein
levels in subcellular fractions (Cyto = cytosolic fraction; Lyso = Lysosomal fraction) obtained from
untreated (−) and Temozolomide (TMZ) treated (+) U251 and T98 cell lines. (B) Protein signals were
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normalized for the respective fraction marker: TUBULIN (cytosol) and LAMP1 (lysosomes). Histograms
show the distribution of target proteins in the fractions compared to untreated control levels. ** p < 0.01
treated vs. control cells. Lysosomal content of the three considered proteins are significantly different
in U251 compared to T98 cells (LAMP2A p = 0.003; HSC70 p = 0.04; Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) p = 0.03). (C) Viability analysis and (D) assessment of HIF-1α activity in
U251 and in (E,F) T98 cells after PHLPP1 or HSC70 silencing ± 100 µM TMZ treatment. Data were
expressed as percentage of viable cells and as RLU, as previously described. ** p < 0.01 treated vs.
control cells; ### p < 0.001 vs. TMZ-treated cells. (G) Gene expression profile for CMA-related genes
(LAMP2A, HSC70, PHLPP1) in U251 and (H) T98 cells. (I) Gene expression profile for EMT-related
genes (SLUG, SNAIL, E-CAD) in U251 and (L) T98 cells. Gene expression was analyzed by means of
Real-time PCR. All data were normalized for β-ACTIN, and the ∆∆Ct values were expressed as FOI of
the ratio between treated and control cells. * p < 0.05; ** p < 0.01; *** p < 0.001 treated vs. control cells;
## p < 0.01, ### p < 0.001, vs. TMZ-treated cells. Mean values ± SD of three independent experiments.

After the normalization for the relative fraction markers, we observed a statistically
significant increase in lysosomal recruitment of the CMA receptor LAMP2A and an increase in
cytosolic-to-lysosomal translocation of the CMA chaperone HSC70 in TMZ-treated U251 cells (p = 0.065)
but not in TMZ-treated T98 cells (compared to untreated control level). The lysosomal level of the CMA
substrate Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was also increased in TMZ-treated
U251 cells (p = 0,059). Overall, these findings support the selective engagement of CMA pathway in
TMZ-sensitive cells.

We have previously demonstrated that blocking CMA by LAMP2A silencing provoked
TMZ-resistance in U251 cells [7]. To expand these observations to other key players of CMA,
we evaluated TMZ-responsiveness after transient downregulation of HSC70 and PHLPP1 in both TMZ
sensitive and resistant cells. In the sensitive U251 cells, siRNA against HSC70 or PHLPP1 abolished
TMZ-dependent cell death and HIF-1α activity reduction (Figure 3C,D). TMZ-responsiveness and
HIF-1α activity in T98 cells was not changed under the same experimental conditions (Figure 3E,F).
Transcriptional changes underlining the acquisition of TMZ-resistance were observed in TMZ-treated
U251 cells after HSC70 or PHLPP1 silencing (Figure 3G), paralleling previous achievements in
LAMP2A-silenced cells [7]. T98 cells were not affected by CMA downregulation and maintained their
resistant-like behavior for CMA-related (Figure 3H) and HIF-1α/VEGF gene expression (Figure S2).

The investigation of EMT-related gene expression profile showed that, in U251 cells, HSC70 and
PHLPP1 silencing per se did not produce any change in SNAIL, SLUG and E-CAD expression. However,
TMZ treatment in silenced cells induced a mesenchymal-like expression profile, with an increase in
SNAIL and SLUG expression and a downregulation of E-CAD mRNA level, typical of TMZ-resistant
cells (Figure 3I). T98 cells did not show any difference in EMT modulation after TMZ treatment even
after HSC70 and PHLPP1 silencing (Figure 3L).

3.4. Deregulation of Redox-Homeostasis is Involved in GBM Responsiveness to TMZ

To better understand the mechanisms involved in cytoplasmic ROS increase after TMZ treatment
in sensitive cells, mitochondrial and cytosolic detox mechanisms were assessed.

Since ROS production and thus redox-homeostasis is dependent by the induction of the respiratory
chain, we measured the activities of mitochondrial respiratory chain complexes I, II, I+III and IV in
U251 and T98 cells at basal levels and after 24 h treatment with TMZ. We observed that basal activities
of complexes I, III and IV were consistently higher in T98 compared to U251 cells and this difference
was maintained after treatment (Figure 4A,B).
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Figure 4. Deregulation of redox-homeostasis after Temozolomide treatment in U251 and T98 cells. (A)
Spectrophotometric analysis of mitochondrial respiratory chain complex activities measured before
and after 24 h of treatment with Temozolomide (TMZ) in U251 and (B) T98 cells. Values are expressed
as mean values of complex I, II, I+III and IV normalized for citrate synthase activities (pmol/min/mg of
proteins). (C) Descriptive image of Western Blot analysis of representative subunits of the mitochondrial
respiratory chain assessed before and after 24 h of treatment with TMZ and their quantification
in (D) U251 and (E) T98 cells. Values are expressed as mean values of protein content (arbitrary
units) normalized for the signal of PORIN (VDAC). (F) Gene expression profile for detox enzymes
(SOD-2, CATALASE, GLUTATHIONE PEROXIDASE -GPX-, GLUTATHIONE SYNTHETASE -GPS-, and
REDUCTASE -GR-) after treatment with 100 µM TMZ in U251 and T98 cells. Data were normalized for
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β-ACTIN, and the ∆∆Ct values were expressed as FOI of the ratio between treated and control cells. *
p < 0.05; ** p < 0.01 vs. control cells. (G) Glutathione concentration assessed after TMZ treatment in
both cells by means of a commercially available kit. Data were expressed as glutathione concentration
(µM). * p < 0.05 treated vs. control cells. (H) Western blot analysis of CATALASE and SOD in protein
lysates from untreated (−) and TMZ-treated (+) U251 and T98 cell lines at 24 h of treatment, and (i)
their quantification. Protein signals were normalized to ACTIN levels. * p < 0.05; ** p < 0.01 treated vs.
control. Mean values ± SD of three independent experiments.

No differences were observed in citrate synthase levels, ruling out the chance of altered global
mitochondrial content (data not shown). A slight reduction of Complex I activity was observed in
TMZ-treated U251 cells after 24 h (18%). In T98 cells treatment with TMZ did not produce any reduction
of complex activities (Figure 4B).

To check whether these differences are the consequence of altered stability of mitochondrial
respiratory chain complexes, we performed SDS-PAGE analysis of representative oxidative
phosphorylation system (OXPHOS) subunits in the same samples used for biochemical studies.
Despite the detection of heterogeneous signals, we failed to disclose any difference between U251 and
T98 cells in basal conditions as well as after TMZ treatment (Figure 4C–E). These findings suggest that
increased OXPHOS activities observed in TMZ-resistant cells and the decrease observed after TMZ
delivery might originate from deregulated OXPHOS homeostasis and/or altered ROS management
while steady state levels of mitochondrial proteins are conserved.

To assess the role of the redox-homeostasis in TMZ-responsiveness, we assessed also the gene
expression profile of the main modulators of the detox machinery. In detail we observed that, despite
the different basal levels of SOD and CATALASE expression (Figure S3), in U251 TMZ-responsive
cells glutathione peroxidase (GPX), glutathione synthetase (GSS), SOD-2 and CATALASE, were
downregulated by TMZ treatment (Figure 4F). On the contrary, in T98 cells, with the exception of
SOD-2 and GPX, all other genes resulted up-regulated by the treatment (Figure 4F). Moreover, GSH
amount was analyzed in both cell lines, showing, in addition to the high levels measured in T98
TMZ-resistant cells, that TMZ treatment was able to reduce the GSH concentration only in U251
TMZ-sensitive cells (Figure 4G). Diminished residual levels of CATALASE and SOD-1 after TMZ
treatment were also observed at protein level in U251, but not in T98 cells where SOD-1 was even
statistically increased after 48h treatment with TMZ (Figure 4H,I).

3.5. Chemical-Induced Oxidative Stress Weakens the Resistance of T98 Cells to TMZ

Data so far presented suggest that mitochondrial ROS scavenging drives the transition from
TMZ-sensitive to TMZ-resistant phenotype in U251 cells. In the last set of experiments, we aimed to
verify whether chemically-induced ROS build-up might influence TMZ-responsiveness in U251 and,
more importantly, in T98 cells. For this purpose, CMA-mediated GBM cytotoxicity was assessed in
TMZ-sensitive and -resistant cells after treatment with both TMZ and H2O2. Oxidative stress promoted
by low concentrations of H2O2 (200 µM, “mild” dose) was ineffective in reducing U251 viability while
H2O2 and TMZ co-treatment displayed the same effect observed for single TMZ delivery (Figure 5A).
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and (M,N) T98 cells. Wound closure percentage compared to control was analyzed with Image J 
software. ** p < 0.01 treated vs. control cells. ## p < 0.01 vs. TMZ-treated cells. Data of gene expression 
were normalized and expressed as mentioned above. * p < 0.05; ** p < 0.01; *** p < 0.001 treated vs. 
control cells. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. TMZ-treated cells. 

However, an increase of H2O2 dose (1 mM, “high” dose) was sufficient to mimic the effect of 
single TMZ treatment although, even in this case, we did not observe synergy between H2O2 and 
TMZ (Figure 5A). The induction of apoptotic gene expression pattern fitted with viability data (Figure 
5B). In T98 cells, “mild” oxidative stress failed to perturb cellular survival. On the other hand, the 
“high” H2O2 dose produced a significant decrease in cell viability, both alone and in combination 
with TMZ (Figure 5C). Gene expression studies showed that only the combination of the “high” H2O2 
dose and TMZ was able to redirect the molecular profile towards apoptosis (Figure 5D). 

The cytotoxic effect induced by the “high” H2O2 dose in U251 cells was matched by increased 
expression of LAMP2A and HSC70 and reduced expression of HIF-1α and VEGF. Upregulation of all 
CMA-related genes was obtained only after concurrent TMZ treatment (Figure 5E,F). The same 

Figure 5. Role of oxidative stress in overcoming Temozolomide resistance. (A) Viability analysis and
(B) gene expression profile for apoptotic-related genes (BAX, BAD and BCL-2) in U251 and (C,D) in T98
cells. Viability was assessed by means of Trypan blue exclusion test after treatment with 200µM or
1mM H2O2 ± 100 µM Temozolomide (TMZ). Data of viability were expressed as percentage of viable
cells; ** p < 0.01; *** p < 0.001 treated vs. control cells. (E) Gene expression profile for CMA-related
genes (LAMP2A, HSC70, PHLPP1), and for (F) HIF-1α and VEGF in U251 and in (G,H) T98 cell after
treatment with 200 µM or 1 mM H2O2 ± 100 µM TMZ. * p < 0.05; ** p < 0.01; *** p < 0.001 treated vs.
control cells. All data of gene expression were normalized for β-ACTIN, and the ∆∆Ct values were
expressed as FOI of the ratio between treated and control cells. * p < 0.05; ** p < 0.01; *** p < 0.001
treated vs. control cells. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. TMZ-treated cells. (I) Scratch test
and (L) gene expression for EMT-related genes (SLUG, SNAIL, E-CAD) performed after treatments in
U251 and (M,N) T98 cells. Wound closure percentage compared to control was analyzed with Image J
software. ** p < 0.01 treated vs. control cells. ## p < 0.01 vs. TMZ-treated cells. Data of gene expression
were normalized and expressed as mentioned above. * p < 0.05; ** p < 0.01; *** p < 0.001 treated vs.
control cells. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. TMZ-treated cells.

However, an increase of H2O2 dose (1 mM, “high” dose) was sufficient to mimic the effect of
single TMZ treatment although, even in this case, we did not observe synergy between H2O2 and TMZ
(Figure 5A). The induction of apoptotic gene expression pattern fitted with viability data (Figure 5B).
In T98 cells, “mild” oxidative stress failed to perturb cellular survival. On the other hand, the “high”
H2O2 dose produced a significant decrease in cell viability, both alone and in combination with TMZ
(Figure 5C). Gene expression studies showed that only the combination of the “high” H2O2 dose and
TMZ was able to redirect the molecular profile towards apoptosis (Figure 5D).

The cytotoxic effect induced by the “high” H2O2 dose in U251 cells was matched by increased
expression of LAMP2A and HSC70 and reduced expression of HIF-1α and VEGF. Upregulation of all
CMA-related genes was obtained only after concurrent TMZ treatment (Figure 5E,F). The same results
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were described for TMZ-resistant T98 cells (Figure 5G,H), where only the “high” H2O2 dose produced
an upregulation of all CMA genes. These data confirm that induced oxidative stress exerts a cytotoxic
effect through CMA activation. Importantly, oxidative stress seems to overcome TMZ-resistance in
T98 cells.

Mild oxidative stress was not able to induce any delay in wound closure in absence of TMZ
in U251 cells (Figure 5I). However, the “high” H2O2 concentration promoted the acquisition of an
epithelial expression profile overlapping the one obtained after TMZ treatment (Figure 5L). In T98 cells,
the efficacy of the combined treatment with the “high” H2O2 dose and TMZ was also demonstrated
by scratch test (Figure 5M). Once again, at the molecular level, only the combined use of TMZ and
H2O2 allowed to achieve a sensitive-like profile as demonstrated by the upregulation of E-CAD and
the downregulation of SNAIL and SLUG (Figure 5N).

4. Discussion

Results shown herein give emphasis to the importance of ROS in inducing CMA and its
fundamental role in determining responsiveness to TMZ. CMA has been described as a sensor
of the oxidative stress, being involved in the removal of proteins altered by ROS intracellular activity
and concurring in cell homeostasis regulation by selectively degrading specific proteins. It is known
that oxidative stress allows the upregulation of CMA key players such as LAMP2A and HSC70 [28].

Despite their oxidizing action, ROS levels are important to maintain cellular homeostasis, also
mediating some key transduction pathways [29,30] and promoting apoptotic switch [3] and CMA
activation [28], also in hypoxic microenvironment [30].

Here, we described that different ROS levels detected in sensitive and resistant cells after treatment
might play an essential role in cell responsivity to TMZ, and in modulating CMA activity.

Starting from ROS analysis, U251 TMZ-responsive cells are characterized by a lower basal level of
cytoplasmic ROS compared to T98 TMZ-resistant ones, and only in sensitive cells, TMZ can induce an
increase of cytoplasmic ROS. TMZ-induced ROS are fundamental for GBM cell responsiveness driving
CMA activation, the expression of pro-apoptotic genes and the re-programming of an epithelial-like
expression pattern. On the other hand, the lack in transitory increase of cytoplasmic ROS after TMZ
treatment in T98 resistant cell line, avoid CMA activation, pro-apoptotic and pro-epithelial gene
expression, confirming the crucial role played by the increase of ROS level in leading the onset of the
cytotoxic effect driven by CMA. In this work, we showed that ROS increase is due to their mitochondrial
release. Indeed, the use of MitoT, a mitochondrial ROS scavenger, highlighted that mitochondria
play a fundamental role in response to TMZ. In fact, the combined use of TMZ with MitoT in U251
sensitive cells, impairs the cytotoxic effect mediated by TMZ treatment by inhibiting mitochondrial
ROS release. Future studies will be aimed at elucidating the mechanisms underlying this phenomenon
since mitochondria not only are the main ROS producer within the cell, but they are also key regulator
of oxidative metabolism, involved also in the apoptotic switch [31].

Treatment with MitoT in U251 cells not only prevented TMZ-dependent decrease in cell viability,
the induction of cytotoxicity, the expression of a pro-apoptotic and pro-epithelial gene expression
pattern and the decrease in cell motility, but the abrogation of mitochondrial ROS reverted also the TMZ
induced pattern of expression of CMA-related genes (LAMP2A, HSC70). The same effect was observed
also for PHLPP1 expression, which was altered even by MitoT treatment itself. PHLPP1 has been
proposed as a negative modulator of tumorigenesis, being associated to the promotion of apoptosis [32]
and, in U251 cell line, it was demonstrated to be involved in the suppression of tumor malignancy
and in the modulation of inflammatory cytokines [33]. PHLPP1 activity is of great importance also for
its role in the positive regulation of CMA activity and in the AKT dephosphorylation [34]. Results
described herein propose an important role for PHLPP-1, whose activity could be directly regulated by
cytoplasmic ROS levels and switching on CMA.

Supporting the molecular data, CMA activity and inhibition is always in line with HIF-1α
expression and activity, and VEGF transcript level. HIF-1α is in fact a CMA target and VEGF is one of
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its main direct target genes. For this reason, here we reaffirm the use of HIF-1α activity and VEGF
expression as biomarkers for CMA activity assessment.

Classically speaking, HIF-1α activity is strictly regulated by oxygen availability whose decrease
is able to reduce HIF-1α proteasome degradation by inhibiting Prolyl Hydroxylase (PHD) activity,
and consequently, is able to induce an increase of the activity of this important transcription factor.
However, many other mechanisms have been described to be able to modulate HIF-1α activity
independently from oxygen availability. This is the reason why to clarify the direct relation between
GBM responsiveness to TMZ, CMA and HIF-1α activity, we performed all the experiments in normoxia,
to prevent a disguise of modulations due to hypoxia. We have previously analyzed the relation
between GBM responsiveness to TMZ and hypoxia, reporting that low oxygen condition is able to
increase resistance even in previously sensitive cells. Further analyses to elucidate the influence of an
increase in HIF-1α activity due to different causes including hypoxia upon resistance and in relation to
CMA activity will be carried out as a future development of the project. Major aims will include trying
to identify the molecular mechanisms mainly involved, but nowadays, they are beyond the aims of
this paper. Indeed, independently from oxygen availability, the regulation played by CMA on HIF-1α
activity is a fundamental issue to be investigated in relation to the modulation of cell metabolism
and of several processes involved in proliferation, stemness and invasiveness, as we have already
demonstrated [7].

To clarify molecular results, it is important to note that CMA is a complex mechanism characterized
by the synergic functions of different proteins. The whole CMA mechanism can be influenced at three
different levels. A first control level is related to the expression and function of carrier proteins that bind
a KFERQ-like motif in specific proteins (HSC70, STUB/CHIP and related proteins) and drive them to
the lysosome. The second control level includes the expression and activity of the transporter LAMP2A,
whose function is determined by post-translational modifications modulating its multimerization and
function. Third level is the real check-point driving activation of CMA activity and is related to the
activity of specific modulators such as PHLPP1 and the expression of proteins acting as bridge between
CMA players and the lysosome (RAC-1).

Now, it is easy to understand the complexity in CMA activity regulation and our results
demonstrate the crucial role of each component of the machinery. As a matter of fact, the silencing
of just one player results in the abrogation of the whole mechanism. We had already demonstrated
that LAMP2A silencing is sufficient to block CMA activity, driving U251 cells toward a resistant
profile [7]. Here we show that even the silencing of other CMA players such as HSC70 or PHLPP1 is
sufficient to block CMA activation reverting TMZ-responsiveness in U251 cells to a resistant phenotype.
What is most interesting is that while HSC70 silencing impaired CMA activity without influencing
other CMA-related genes, PHLPP1 silencing, albeit inducing the same functional effects upon CMA
activity, was also able to negatively modulate the other CMA related genes (LAMP2A and HSC70), after
treatment with TMZ, exactly reproducing TMZ effects occurring in naturally resistant cells. All these
data suggested an essential role for CMA and in particular for PHLPP1-regulated pathways in relation
to TMZ responsiveness. In T98 cells, the silencing of CMA-related genes did not produce differences in
responsiveness to TMZ but at the molecular level, PHLPP1 silencing statistically induced the expression
of HSC70. This phenomenon could be due to the modulation of a phosphorylation-dependent pathway
involved in HSC70 modulation, but the exact explanation of this mechanism is beyond the aim of this
study and will be investigated in the future.

Another aim of this study was the elucidation of the mechanisms involved in the increase of
cytoplasmic ROS after treatment with TMZ. ROS are mainly produced by mitochondria respiratory
chain, but cells have developed several mechanisms to avoid their detrimental effect within the cells.
Our results demonstrated that basal differences in ROS levels between sensitive and resistant cells are
mainly due to a different activity of the respiratory chain, but that this mechanism is not involved in
the transitory increase of ROS level measured after TMZ treatment in sensitive U251 cells.
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Similarly, the stability of respiratory chain complexes is not modified by treatment and cannot
account for ROS release after treatment. Resistance to therapy has recently been associated to the
activation of anti-oxidant cell species, also in GBM [35]. For instance, the activation of GR [35],
CATALASE [36] and SOD-2 [37] was higher in TMZ-resistant cells, providing evidences of their
involvement in mediating resistance. Results described herein confirm these data showing differential
expression and activity of genes involved in detoxification from ROS (GSH, GSS, GPX, CATALASE,
SOD-2).

Several therapeutic approaches aimed at reducing cell detoxifying agents in tumor cells have
already been described [38,39], as well as several treatments inducing an increase in oxidative stress (e.g.,
the Stupp protocol itself [1]). Here we have demonstrated that an exogenous increase in intracellular
ROS level induces the same mechanisms activated by TMZ-dependent ROS release in sensitive cells
and is able to overcome detox systems in resistant ones. In detail, 1 mM H2O2 treatment in U251
cells was able to induce a pro-apoptotic pattern of expression, to activate CMA and to determine an
epithelial-like expression profile, similarly to what happens after treatment with TMZ. On the other
hand, in T98 TMZ-resistant cells, even if 1 mM H2O2 treatment produced a reduction in cell viability
and CMA activation, a completely responsive-like gene expression pattern for both apoptosis, CMA,
and EMT was obtained only after concurrent TMZ treatment. These results highlight the importance
of the coexistence of TMZ molecular effects with an increase in intracellular oxidative stress and the
fundamental role played by CMA in mediating its cytotoxicity.

5. Conclusions

This work demonstrates that CMA activity is induced by a transitory increase in intracellular ROS
level, and that GBM cell sensitivity to TMZ is strictly related to this ROS temporary increment. Sensitive
and resistant cells show differences in detox system that could explain the phenotypic differences
between TMZ-sensitive and -resistant cells. Starting from these considerations, two main conclusions
can be drawn. First, TMZ drives the burst of mitochondrial ROS in sensitive cells leading to cell
death and the presence of ROS is crucial for TMZ-responsiveness since ROS abrogation blocks its
effects. Second, mitochondrial ROS release drives CMA activation and this phenomenon is essential
for inducing cell toxicity by treatment. Overall these findings provide evidences for improving the
design of innovative GBM therapies aimed at overcoming resistance by inducing CMA activity.

Supplementary Materials: The following are available online Figure S1. LAMP2A and HSC70 quantification;
Figure S2. HIF-1a and VEGF expression after CMA-related gene silencing; Figure S3. SOD and CATALASE
basal level.
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