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Preface to ”Advances in Molecular Genetics of Brain

Tumors”

It is our great pleasure and joy to print the Special Issue “Advances in Molecular Genetics of

Brain Tumors” in the form of a book. When planning this Special Issue, our aim was to provide

readers with studies dealing with different aspects of brain tumors. Since the Special Issue contains

manuscripts covering various features of brain tumors, we believe we have shown how they fit

together and complement each other to accelerate the design and development of more promising

diagnostic and treatment methods. The result, we hope, is a solid set of manuscripts that contribute

to filling in the gap of knowledge in the biology of brain tumors.

The work that our authors, the IJMS editorial office and ourselves conducted during the

past two years will hopefully provide valuable information for the scientific community on the

molecular characteristics of brain tumors and their prospective treatment options. This unique editing

experience during the work on the interesting papers that we received, provided us with valuable

knowledge and we learned a great deal about novel approaches and ideas behind the formidable

studies. We would like to thank and acknowledge the contributing authors for their great research

studies and literature reviews. Our heartfelt thanks to Mrs Clytie Yin and the IJMS editorial office for

encouraging us to edit the Special Issue and providing great assistance in the making of this project.

As guest editors, we are very excited about the book coming to fruition and we sincerely hope

that the readers are going to find the book useful and interesting.

Nives Pećina-Šlaus and Ivana Jovčevska

Editors
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Cancer remains one of the leading causes of mortality worldwide. In this context, brain
tumors are also characterized by poor prognosis and short survival [1,2]. Brain tumors
demonstrate the great heterogeneity and inherent molecular variability of tumor cells even
within a specific subtype. Therefore, for precise diagnosis and successful treatment it is
important to understand their biology, which, at this point, remains largely unexplained.
Understanding, preventing, and treating brain tumors are among the most important
ongoing challenges of neuro-oncology and a crucial public health issue.

The aim of the Special Issue “Advances in Molecular Genetics of Brain Tumors” was
to present a collection of selected relevant papers in the rapidly expanding field of brain
tumor genetics. The topics covered molecular genetics, signaling pathways governing the
mechanisms of tumor formation and invasion, DNA methylation, predictive biomarkers,
diagnostic improvement, potential therapeutic targets, metastasis and recurrence, as well
as the difference in the therapeutic response to specific clinical subtypes. In this issue, we
published a total of 14 papers, particularly 10 novel innovative studies on the genetics of
brain tumors, as well as 1 communication and 3 reviews providing perspectives that can
shed light on novel research directions. The contributing authors report a range of different
and versatile molecular studies, but also offer insight into the state-of-the-art progress in
several critical reviews.

The original work on the genetics of brain tumors consists of diverse studies ranging
from profiling of glial cancers pathway-related genes [3] on one end, to investigating the
migratory properties of glioblastoma cells [4] and proteins involved in the process [5], and
identification of proteins crucial for stemness and self-renewal of glioblastoma cells [6] on
another end. In more detail, in the comparative study by Majercikova et al. [3] the authors
performed transcriptomic profiling of cancer pathway-related genes by combining the
PCA method and multi-criteria decision making in the analysis of gene expression. They
observed changes in the expression of 26 genes compared to the average expression value
of three different controls belonging to various pathways including cellular senescence,
metabolism, angiogenesis, apoptosis, DNA damage and repair, epithelial to mesenchymal
transition, and telomeres and telomerase. Migratory glioma cell properties were examined
in two studies: one by Odrzywolski et al. [4] analyzed the correlation of doublecortin
(DCX) expression and glioblastoma cell migration using immunohistochemistry and single-
cell RNA-seq. Along with DCX, the analysis also included the expression patterns of
Nestin (NES) and Oligodendrocyte lineage transcription factor 2 (OLIG2). The findings
indicated that there was a set proportion of cells expressing DCX/NES/OLIG2, regardless
of treatment, guided by tumor plasticity.
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The second study on migratory properties by Toedebusch and colleagues [5] is about
the involvement of microglia-derived olfactomedin-like 3 (Olfml3) in glioma progression.
Toedebusch et al. performed CRISPR-Cas9-mediated Olfml3 gene editing in N9 cells and
clearly demonstrated that this extracellular matrix protein promoted glioma cell migration
and invasion. Other essential mechanisms examined were stemness and self-renewal, as
reported by Wu and coauthors [6]. In their study, the authors reported that the expression of
BIRC3, a member of the IAP family of proteins that inhibit apoptosis, promotes glioblastoma
stemness and tumorigenicity of glioma stem cells (GSCs) through inactivation of BMP4
signaling pathway. Elucidating the mechanisms of GBM stemness reprogramming and
adaptation, which is believed to be a primary cause of therapeutic failures, is very important
for advancing our understanding of glioblastoma resistance to therapy (Figure 1).

Figure 1. BIRC3 influences tumor initiation and progression in GBM orthotopic xenograft model.
From paper by Wu et al., [6]. (A). Horizontal axial MRI scan of mouse brain tumors 4 weeks after
implantation. Two of BIRC3-OE mice were already dead at 4 weeks. (B). Tumor size calculation
from MRI scan. n = 5. (C). Kaplan-Meier survival curve of U251 control BIRC3-OE and BIRC3-KO
intracranial injection mice. n = 5 mice/group. (D). Mice were sacrificed at different timepoints and
brain tissues of U251 control and BIRC3-OE groups were fixed in 10% neutral formalin. H&E staining
and BIRC3 immunohistochemistry was performed as described in the Material and Methods Section
4. Five mice were included in this histological study and similar results were observed in each animal.
(E). When mice were sacrificed, part of tumor tissues were isolated. mRNA from tumor tissues were
extracted. BMP4, CD133 and ABCG2 mRNA expression analyzed by real-time PCR in extracted
tumor tissues. n = 3, * p < 0.05.

Moreover, studies also reported tumorigenesis mechanisms controlled by the circadian
gene cry [7]. Circadian rhythm regulation [8] has only recently been introduced in cancer
research. However, the deregulation of circadian genes in tumors has been recognized
as important. Using an in-house Drosophila model, Jarabo et al. reported a novel role of
the light-regulated protein Cry that acts as a core component of the circadian clock. The
model uses the system of co-activation of EGFR and PI3K signaling pathways in Drosophila
glial cells.

The mechanisms affected by temozolomide in pediatric glioblastoma was investigated
by Damanskienė et al. [9]. The authors tested the differences in efficacy of temozolomide
doses between PBT24 and SF8628 cell lines of high-grade pediatric glioblastoma xenografts
in a chicken chorioallantoic membrane (CAM) model. The study stressed the importance of
personalized therapy for glioblastoma, emphasizing that it should be specifically tailored
to the pediatric population.
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The importance of metabolic dysregulation has long been recognized as a driving force
of cancer, particularly glioblastoma. In their contribution, Franceschi et al. addressed a very
important aspect of glioblastoma progression: the involvement of a metabolic pathway par-
allel to glycolysis, specifically the pentose phosphate pathway (PPP), which plays a critical
role in sustaining cancer-cell survival and growth [10]. The authors evaluated the role of
sedoheptulose kinase (SHPK), an enzyme involved in the nonoxidative arm of the PPP, by
conducting a functional enrichment analysis using microarray data on SHPK expression in
glioblastoma patients. Further, they evaluated the effects of SHPK overexpression in three
different glioblastoma cell lines. Their results showed that the increased SHPK expression
was significantly correlated with a worse glioblastoma prognosis.

Moreover, two studies tackled RNA interference in glioma. Namely, the need to iden-
tify miRNAs as specific non-invasive biomarkers for the prognosis of glioma is highlighted
in the work of Levallet et al. [11]. The authors reported that the expression level of a panel
of seven pro-angiogenic and/or pro-hypoxic miRNAs (has-miR-200b-3p, -200c-3p, -210-3p,
-126-5p, -221-3p, -424-5p, and -451-5p) was affected in patients with glioma and related to
the glioma histology grade. The results suggest that pro-angiogenic and/or pro-hypoxic
miRNAs can be used as tools for monitoring patients, specifically with IDH-mutated low-
grade tumors, since they are easily measurable in plasma. In a different study, Clausing
et al. [12] examined the effect of IDH1R132H mutation on the redox system in a CRISPR/Cas
edited glioblastoma model and compared them with IDH1 wild-type (IDH1wt) cells. This
model is suitable for portrait IDH1R132H-dependent alterations in tumor cell metabolism.
In the study, they also showed an increase in NAD+ in IDH1R132H glioblastoma cells com-
pared to IDH1wt. Their findings underline the therapeutic potential of targeting the NAD+
synthesis pathway, but authors recommend caution for small-molecule inhibitors.

In the Special Issue, we also included one study about the importance of FET PET/CT
scans [13]. With the purpose of treatment improvement, Skoblar Vidmar et al. tested the
performance of O-(2-[18F] fluoroethyl-)-L-tyrosine (18F-FET) PET for the differentiation
between glioma patients based on IDH mutational status. The enzyme isocitrate dehidro-
genase (IDH) is a biomarker that improves diagnostic accuracy, but also influences the
response and the course of treatment, and thus, overall survival [14]. This is the first
reported study that assessed the diagnostic performance of different 18F-FET PET segmen-
tation approaches for differentiation between treatment-related changes (TRC) and true
progression (TP). The neuro-oncological therapy can lead to the development of TRC that
mimic TP and distinguishing TRCs from TP in treated patients remains a challenge in
glioma cases, since both share similar clinical symptoms and imaging characteristics [14].
In their contribution, Skoblar Vidmar and co-authors stressed the importance of molecular
biomarkers that have clinicopathologic utilities.

One study focused on a different group of most common primary brain tumors i.e.,
meningiomas [15]. Bukovac and coauthors investigated the role of DVL1 that is the central
mediator of Wnt signaling pathway. The results revealed that the central PDZ region of
DVL1 gene harbored frequent mutations. The study further showed that the samples
containing mutations in the PDZ domain expressed significantly less DVL1 protein and
that the nuclear expression of DVL1 was significantly correlated with a higher expression
of active β-catenin (p = 0.029) and a higher meningioma grades (p = 0.030). Their genomic
instability, sequencing and immunohistochemistry results indicate that Wnt signaling is
activated in meningioma and that DVL1 could potentially represent a good biomarker for
meningioma progression.

To obtain a broader view of the field, we published three review papers that provided
comprehensive and thoroughly updated critical standpoints on several topics such as
targeted therapies for vestibular schwannomas [16], as well as molecular biomarkers [17]
and precision oncology for complex diseases such as glioblastoma [18]. Tamua and Toda
prepared an in-depth update of the currently available knowledge on the molecular biology
of vestibular schwannomas and its relevance to treatment. The importance of the tumor
microenvironment, inflammation, and stress reaction in the development and progression
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of vestibular schwannomas is also critically surveyed. The review discusses a range of
therapeutic approaches, from surgery and radiation therapy to gene therapy. Finally, the
authors indicate that tumor-microenvironment-targeted therapy may also be supportive
and recommend multimodal therapy for patients with refractory vestibular schwannomas.
Next, Sareen et al. [17] conducted a systematic review and performed meta-analysis of
key molecular biomarkers that have been investigated for their predictive value in recent
glioblastoma clinical trials. Analysis of the prognostic significance of IDH1 mutation
showed significantly better overall survival in patients with IDH1 mutation. Meta-analysis
including 575 glioblastoma patients presenting with either amplification or high expression
of EGFR gene did not reveal prognostic significance, which the authors contributed to
limited patient numbers; they recommended more homogeneous studies on larger patient
cohorts. Lastly, Panovska and De Smet [18] surveyed the current knowledge on therapy
approaches for complex and heterogeneous diseases such as glioblastoma that display
formidable inter- and intra-tumoral heterogeneity. The authors appeal on personalized
and distinct therapeutic approaches in order to achieve clinical benefits since the clinical
trials of the past 20 years have failed to improve the outcome for the vast majority of
glioblastoma patients. The review highlights the need for procedures that can precisely
select the appropriate patients who could benefit from the given therapy, but also to the
drug sensitivity of specific tumor cells of a particular patient. The authors discuss the
current state of the art of transforming technologies, tools and challenges for functional
precision oncology, and conclude that that the personalization of cancer medicine is the
way to tackle this disease.

In conclusion, in order to better understand the biology of brain tumors and ultimately
improve diagnostic and therapeutic approaches, this Special Issue intends to elucidate the
diversity of problems behind brain tumors and their potential solutions. This is also nicely
illustrated with the diversity of methodologies used in the papers published in our Special
Issue. As brain tumor incidence increases with age, with the growing numbers of elderly
population, the number of patients is expected to rise. Many cases of brain tumors are
characterized with discouraging prognosis. The treatment resistance and the possibility of
recurrence is the cause of poor survival, especially for the glioma branch [19].

To improve patient outcome, numerous novel ideas and alternative approaches are
constantly being explored by the research community. Molecular testing in modern cancer
diagnostics, combined with the development of personalized therapies, is the main avenue
for the successful outcomes and progress. However, there is still room for improvement,
which demands that we search for novel crucial molecular players and development of
new concepts about the initiation and progression of brain tumors. As reported in this
Special Issue, brain tumors are investigated on various cellular levels with the ultimate
goal of greater patient benefit. We hope that the themes and fields covered in this Special
Issue will attract readers from the broader scientific community, contribute to expanding
our knowledge about the biology of brain tumors, and inspire further studies that will
improve the diagnosis and clinical management of brain tumors.

Lastly, as Guest Editors, we would like to gratefully acknowledge the input of all the
authors of both original research articles and review papers, and their contribution to this
relevant and valuable research topic.

Author Contributions: Conceptualization, writing—original draft preparation, writing—review and
editing N.P.-Š. and I.J. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Deregulation of signalling pathways that regulate cell growth, survival, metabolism,
and migration can frequently lead to the progression of cancer. Brain tumours are a large group
of malignancies characterised by inter- and intratumoral heterogeneity, with glioblastoma (GBM)
being the most aggressive and fatal. The present study aimed to characterise the expression of cancer
pathway-related genes (n = 84) in glial tumour cell lines (A172, SW1088, and T98G). The transcriptomic
data obtained by the qRT-PCR method were compared to different control groups, and the most
appropriate control for subsequent interpretation of the obtained results was chosen. We analysed
three widely used control groups (non-glioma cells) in glioblastoma research: Human Dermal
Fibroblasts (HDFa), Normal Human Astrocytes (NHA), and commercially available mRNAs extracted
from healthy human brain tissues (hRNA). The gene expression profiles of individual glioblastoma
cell lines may vary due to the selection of a different control group to correlate with. Moreover, we
present the original multicriterial decision making (MCDM) for the possible characterization of gene
expression profiles. We observed deregulation of 75 genes out of 78 tested in the A172 cell line, while
T98G and SW1088 cells exhibited changes in 72 genes. By comparing the delta cycle threshold value
of the tumour groups to the mean value of the three controls, only changes in the expression of
26 genes belonging to the following pathways were identified: angiogenesis FGF2; apoptosis APAF1,
CFLAR, XIAP; cellular senescence BM1, ETS2, IGFBP5, IGFBP7, SOD1, TBX2; DNA damage and
repair ERCC5, PPP1R15A; epithelial to mesenchymal transition SNAI3, SOX10; hypoxia ADM, ARNT,
LDHA; metabolism ATP5A1, COX5A, CPT2, PFKL, UQCRFS1; telomeres and telomerase PINX1,
TINF2, TNKS, and TNKS2. We identified a human astrocyte cell line and normal human brain tissue
as the appropriate control group for an in vitro model, despite the small sample size. A different
method of assessing gene expression levels produced the same disparities, highlighting the need for
caution when interpreting the accuracy of tumorigenesis markers.

Keywords: glioblastoma; cancer pathway; mRNA; multicriterial analysis

1. Introduction

Glioblastoma (GBM) is one of the most prevalent primary malignant brain tumours in
adults, as classified by the World Health Organization (WHO). According to histopatho-
logical and molecular characteristics, glioblastoma is classified into four grades (I-IV) [1].
Despite aggressive multimodal therapy consisting of surgical resection, radiation, and
chemotherapy with the alkylating agent temozolomide, the prognosis remains dismal, with
a median overall survival of 12–15 months after diagnosis [2,3]. The intensive study of
malignant gliomas over the past three decades has determined several molecular hallmarks
that have enhanced classification and therapeutical strategies. As with all other types of
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brain tumours, glioblastomas have a heterogeneous character. The result was the introduc-
tion of the most recent WHO classification of central nervous system tumours in 2021 [4,5].
In addition to the histological approach and somatic mutations, gene expression signatures
contribute significantly to the overall classification of glioblastoma subtypes [6]. Currently,
successful treatment response and outcome predictions for patients with GBM are made
using next generation sequencing analyses that account for intratumoral heterogeneity [7].
The determination of O6-methylguanine-DNA methyltransferase (MGMT), isocitrate dehydroge-
nase (IDH), tumour protein p53 (TP53), platelet-derived growth factor receptor alpha (PDGFRA),
or epidermal growth factor receptor (EGFR) gene expression levels, as well as the presence of
their mutations and methylation status, are important prognostic factors [8–11]. One of the
most commonly used methods in the aforementioned molecular analysis is real-time PCR,
indicating a clear application with minimal errors. The all real-time PCR techniques (classi-
cal method based on dyes, TaqMan probes assay, microarray, RNA sequencing analysis,
etc.) are still highly quantitative and sensitive methods for the detection of gene expression
levels but are generally best for examining a relatively small number of transcripts in a large
set of samples. One of the few disadvantages is the necessity of involving a biostatistics
expert in the evaluation process. However, with proper optimisation, we may encounter
erroneous analysis and, subsequently, variable interpretations of results. Properly chosen
biostatistical methods also clearly contribute to successful analysis. Cell models have also
been used to characterise the mechanisms underlying glioblastoma formation [12].

In the present study, we examined the transcriptomic profiles of glial cancer cell lines:
A172, T98G, and SW1088. We focused on the detection of representative cancer genes
(Human Cancer PathwayFinderTM PCR Array), which were divided into nine pathways:
angiogenesis, apoptosis, cell cycle, cellular senescence, DNA damage and repair, epithelial-
to-mesenchymal transition, hypoxia signalling, metabolism, and telomeres and telomerase
(Table 1). This study’s primary objective is based on a different approach for selecting the
control group and, consequently, for interpreting the results. We analysed three different
control groups (non-glioma cells) widely used in glioblastoma research: Human Dermal Fi-
broblasts (HDFa), Normal Human Astrocytes (NHA), and commercially available mRNAs
acquired from healthy human brain tissues (hRNA). Using real-time PCR analysis, the gene
expression profiles of glioblastoma cell lines differ when compared to a control group based
on correlational differences. Our comprehensive approach, which incorporates numerous
statistical analyses, contributes to the most accurate interpretation of the results.

Table 1. List of analysed genes and their assignment to cellular pathways.

Pathway Symbol Gene Name

Angiogenesis

ANGPT1 Angiopoietin 1

ANGPT2 Angiopoietin 2

CCL2 Chemokine (C-C motif) ligand 2

FGF2 Fibroblast growth factor 2

FLT1 Fms-related tyrosine kinase 1

KDR Kinase insert domain receptor

PGF Placental growth factor

SERPINF1 Serpin peptidase inhibitor, clade F member 1

TEK TEK tyrosine kinase, endothelial

VEGFC Vascular endothelial growth factor C
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Table 1. Cont.

Pathway Symbol Gene Name

Apoptosis

APAF1 Apoptotic peptidase activating factor 1

BCL2L11 BCL2-like 11 (apoptosis facilitator)

BIRC3 Baculoviral IAP repeat containing 3

CASP2 Caspase 2

CASP7 Caspase 7

CASP9 Caspase 9

CFLAR CASP8 and FADD-like apoptosis regulator

FASLG Fas ligand (TNF superfamily, member 6)

NOL3 Nucleolar protein 3 (apoptosis repressor)

XIAP X-linked inhibitor of apoptosis

Cell cycle

AURKA Aurora kinase A

CCND2 Cyclin D2

CCND3 Cyclin D3

CDC20 Cell division cycle 20 homolog (S. cerevisiae)

E2F4 E2F transcription factor 4, p107/p130-binding

MCM2 Minichromosome maintenance complex component 2

MKI67 Antigen identified by monoclonal antibody Ki-67

SKP2 S-phase kinase-associated protein 2 (p45)

STMN1 Stathmin 1

WEE1 WEE1 homolog (S. pombe)

Cellular senescence

BMI1 BMI1 polycomb ring finger oncogene

ETS2 V-Ets erythroblastosis virus E26 oncogene homolog 2

IGFBP3 Insulin-like growth factor binding protein 3

IGFBP5 Insulin-like growth factor binding protein 5

IGFBP7 Insulin-like growth factor binding protein 7

MAP2K1 Mitogen-activated protein kinase kinase 1

MAP2K3 Mitogen-activated protein kinase kinase 3

MAPK14 Mitogen-activated protein kinase 14

SERPINB2 Serpin peptidase inhibitor, clade B, member 2

SOD1 Superoxide dismutase 1, soluble

TBX2 T-box 2

DNA damage
and repair

DDB2 Damage-specific DNA binding protein 2, 48kDa

DDIT3 DNA-damage-inducible transcript 3

ERCC3 Excision repair cross-complementing rodent repair
deficiency, complementation group 3

ERCC5 Excision repair cross-complementing rodent repair
deficiency, complementation group 5

GADD45G Growth arrest and DNA-damage-inducible, γ

LIG4 DNA Ligase 4, ATP-dependent

POLB DNA Polymerase beta

PPP1R15A Protein phosphatase 1, regulatory subunit 15A
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Table 1. Cont.

Pathway Symbol Gene Name

Epithelial-to-
mesenchymal

transition (EMT)

CDH2 Cadherin 2, type 1, N-cadherin (neuronal)

DSP Desmoplakin

FOXC2 Forkhead box C2

GSC Goosecoid homeobox

KRT14 Keratin 14

OCLN Occludin

SNAI1 Snail homolog 1 (Drosophila)

SNAI2 Snail homolog 2 (Drosophila)

SNAI3 Snail homolog 3 (Drosophila)

SOX10 SRY (sex determining region Y)-box 10

Hypoxiasignalling

ADM Adrenomedullin

ARNT Aryl hydrocarbon receptor nuclear translocator

CA9 Carbonic anhydrase 9

EPO Erythropoietin

HMOX1 Heme oxygenase 1

LDHA Lactate dehydrogenase A

SLC2A1 Solute carrier family 2, member 1

Metabolism

ACLY ATP citrate lyase

ACSL4 Acyl-CoA synthetase long-chain family member 4

ATP5A1 Mitochondrial ATP synthase alpha subunit 1

COX5A Cytochrome c oxidase subunit 5A

CPT2 Carnitine palmitoyltransferase 2

G6PD Glucose-6-phosphate dehydrogenase

GPD2 Glycerol-3-phosphate dehydrogenase 2
(mitochondrial)

LPL Lipoprotein lipase

PFKL Phosphofructokinase, liver

UQCRFS1 Ubiquinol-cytochrome c reductase Rieske iron-sulfur
polypeptide 1

Telomeres and
telomerase

DKC1 Dyskerin

PINX1 PIN2/TERF1 interacting, telomerase inhibitor 1

TEP1 Telomerase-associated protein 1

TERF1 Telomeric repeat binding factor (NIMA-interacting) 1

TERF2IP Telomeric repeat binding factor 2, interacting protein

TINF2 TERF1-interacting nuclear factor 2

TNKS Tankyrase

TNKS2 Tankyrase 2

2. Results

We achieved the results on human RNA isolated from cell lines (tumour and non-
tumour) and normal brain tissues. The expression of cancer pathway-related genes at
the mRNA level was compared among tumour and control group of samples by the real-
time qPCR. Out of the total number of monitored genes (n = 84) in the Human Cancer
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PathwayFinderTM PCR Array, we were able to detect all of them, and only in the control
group was there not a gene for the Fas ligand in any of the samples. In the next sections, we
describe the relationship between the groups of samples for individual genes as well as the
unique multicriteria analysis used for the correct interpretation of the results.

2.1. Relative mRNA Ratio of Control Cells

The selection of an appropriate control sample is a crucial initial step for group qRT-
PCR analyses. On three separate controls (NHA, hRNA, and HDFa) relative mRNA gene
levels associated with cancer development were detected. The Normal Human Astrocyte
cell line was characterised by a significantly higher Ct ratio in the following genes: CDH2,
MKI67, LDH2, IGFBP7, and IGFBP5 (Figure 1). The Keratin 14 gene was amplified in the
NHA line exclusively. Only Angiopoietin 1 exhibited a significantly lower mRNA ratio in
NHA compared to both control groups (hRNA and HDFa). We demonstrated that there
is no amplification of AURKA, ANGPT2, FASLG, or GSC products (Figure 1). Goosecoid
homeobox gene amplification was only detected in Human Dermal Fibroblasts among the
control samples. Compared to NHA and hRNA samples, the HDFa cell line exhibited
overexpression of a single gene, namely Adrenomedullin. In contrast to the other controls,
most genes were found to have lower levels. As undetected mRNA, AURKA, FASLG,
KRT14, and SNAI3 were considered (Figure 1a).

The total human RNA (hRNA) control sample consists of total RNAs from healthy
brain donors that are commercially available. We found only hRNA control to contain the
AURKA gene. ANGPT2, CASP9, E2F4, ETS2, FLT1, GPD2, LPL, MAP2K1, SERPINF1, SNAI3,
SOD1, SOX10, STMN1, TEP1, TERF1, TERF2IP, and TINF2 exhibited significant overex-
pression. In contrast, mRNA levels for IGFBP3, SNAI2, and WEE1 were significantly higher
compared to NHA and HDFa. In addition, the amplification of mRNA for Desmoplakin,
Fas ligand, Goosecoid homeobox, Keratin 14, and vascular endothelial growth factor C was
not detectable (Figure 1a).

2.2. Relative mRNA Ratio in Tumour Cell Lines

Results of the relative mRNA expression ratio comparison between A172, SW1088,
and T98G cell lines are shown in Figure 1b. Similar cancer-related mRNA ratios were
found in all tumour cell lines for 60 out of 84 genes (71.4%). The genes CDH2, DDB2,
DSP, EPO, FGF2, and TEK were overexpressed in an astrocytoma cell line. In addition,
the expression of Cyclin D2, kinase insert domain receptor, and Keratin 14 genes was present
exclusively in the A172 line. In contrast, we found a significantly lower mRNA ratio for
ACSL4, ADM, ANGPT1, and SNAI2. Only the mRNA for the Fas ligand was not detected.
Except for CCND2, FLT1, FOXC2, KDR, KRT14, and TEK, the mRNA expression ratio
of cancer pathway-associated genes in the astrocytoma grade III cell line (SW1088) was
comparable to that of other tumour cell lines (Figure 1b).

In the glioblastoma cell line (T98G), we detected the overexpression of the Cyclin D3
transcript. Significantly lower mRNA levels were detected for ANGPT2, DSP, KDR, KRT14,
and LPL. Four genes (CCND2, DSP, FASLG, and PGF) lacked fluorescent signals.

2.3. Data Preparation before Determination of Gene Expression Level

The selection of the appropriate control is crucial when comparing mRNA levels
between groups using the ΔCt method and qRT-PCR analysis. Therefore, with respect
to the control group, the genes of the tested group (tumour) sought may appear to be
inaccurate. Here, we used the ΔCt method by comparing the relative expression of tu-
mour genes to that of three control genes separately to identify the validity of the results.
We used a combination of several mathematical and statistical methods to prepare gene
expression data.
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Figure 1. The mean of Ct ratio of mRNA levels. (a) The mRNA expression levels in control group.
(b) The mRNA expression levels in group of tumour cell lines. Ct ratio, gene of interest/housekeeping
genes. Each mRNA level included three replicates.
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2.3.1. Principal Component Analysis

Principal component analysis (PCA) was utilised to examine the variability of gene
expression profiles among various samples (see Material and Methods). Figure 2 shows
the first two components, PC1 vs. PC2 as a scatter plot, with a variance of 41.2% for PC1
and 25.8% for PC2, respectively. As seen in the scatter plot, the gene profiles corresponding
to tumour tissues (red circles) are closer together than the gene profiles of controls. From
an overall perspective, tumour lines can be defined by a putative cluster, whereas other
data are more dispersed. Expression profiles of controls demonstrate a wide variation,
indicating their distinct and cell-line-specific expression. Regarding variability within the
same sample–experimental replicas, only small variations are visible, and all replicas can
be attributed to a given cell line.

Figure 2. Scatter plot of principal component analysis. The grey elliptical line represents data of
tumour cell lines, dots outside the line are control samples. All values of each sample were measured
in triplicates.

2.3.2. Correlations between Gene Expressions

In the previous analysis, we discovered that LDA can identify and pinpoint the
differences in individual genes and distinguish between the classes of control cell lines
and tumour samples. Subsequently, we have decided to analyse the relationships between
gene expressions in greater detail. By calculating the Pearson correlation coefficient, we
focused on the relationship between the expressions of individual genes. In control cells, a
general gene regulation network controls gene expression. Therefore, significant positive
and negative correlations between gene expressions will result from the regulation network.
Gene correlations can be lost if the regulatory network is dysregulated, such as in tumour
cells. Figure 3a depicts a correlation between the genes in the control samples and the
genes in the tumour samples. In control samples, the average correlation is low (0.33),
but there are substantial differences between the individual genes. For example, TERF1
and TERF2IPa genes had the highest correlation of 0.999, and SNAI2 and CASP9 genes
had the highest anti-correlation of −0.996. In tumour lines, the average correlation is even
lower, 0.031, indicating a significant loss of coordinated gene expressions. Given that the
overall expression profiles of individual genes in tumour cells are more similar (dots in
red elliptical line, Figure 2) than in control cells, which appeared more heterogeneously in
the PCA plot, this may be a surprising result. The difference between PCA and gene–gene
correlation is that PCA describes the variance between full profiles, whereas gene–gene
correlation provides information about possible causal relations between expression values.
In tumour cell lines, the relationship between the SNAI1 and SNAI2 genes is the highest at
0.9999, while the LPL and IGFBP5 genes have the highest anti-correlation (−0.997). The
descending arrangement of the gene correlation (Figure 3b) indicates that tumour samples
have lower overall values than control samples.
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Figure 3. Pearson correlation of individual genes expressions of control (a) and tumour (b) cell lines.
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Kernel density estimation revealed a different relationship between gene expressions
(Figure 4). The distribution of gene expression correlations deviates from the Gaussian
distribution for both control and tumour cell lines. In contrast to tumours, the peak density
of control samples is centred around the value of 0.95. Maximum density in the positive
correlation range is roughly in the same place as in control cell lines, but the amplitude is
slightly lower, indicating that some gene–gene correlations have changed. The missing
positive gene–gene correlations have become negative in tumour cell lines. The density
analysis of the control vs. tumour correlation values approaches 0, as shown in Figure 4.

Figure 4. Statistical analysis of gene expression correlations. (a) Descending order of correlations.
(b) Kernel density of correlations. The green line represents data from control, red line from tumour
and grey line is the mix of both groups.

In the next step, we calculated Pearson correlations between gene expression pro-files
of analysed cell lines (Figure 5). First, the correlation of gene expression profiles within the
control group and within the tumour group was calculated. We found that the average
Pearson correlation coefficient among the control group is 0.71, which is slightly lower
than the average correlation between tumour cells at 0.84. When we pairwise correlated
the expression profiles of control and tumour cells, we arrived at the average correlation
coefficient of 0.56. Some of the gene expression profiles of control vs. tumour cells showed
higher correlation coefficients than profiles of controls-only or tumour-only. For example,
the profiles of HDFa_3 versus the expression profile of hRNA_1 control shows a correlation
coefficient of 0.47. Conversely, the expression profile of HDFa_3 versus expression profile
of SW1088_3 from the tumour group shows the correlation coefficient of 0.72.

Figure 5. Pearson correlations between gene expression profiles of analysed cell lines. (a) Correlation
of gene expression profiles within control group, (b) within tumour group and (c) between samples
of control and tumour group.
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2.4. Fold Change of Cancer Pathway-Related Genes

Figure 6 shows the fold regulation data obtained by correlating cancer cell lines (A172,
SW1088, and T98G) with three distinct control groups (HDFa, NHA, and hRNA). Fold
downregulation is represented by blue values, while fold upregulation is represented by
red values. Changes in regulation that do not reach significance are highlighted in grey.
Not available values (N/A) representing changes in expression are marked in white.

When comparing the expression of genes associated with angiogenesis, we obtained
heterogeneous results (Figure 6). The significantly higher expression of ANGPT1 was
detected in the T98G glioblastoma cell line (2.20 compared to HDFa; 2.48 compared to
hRNA; 27.98 compared to NHA; and 5.48 compared to all controls) and the SW1088 cell
line compared to the NHA control (16.96). In contrast, data analysis of Angiopoietin 1
in A172 revealed a statistically significant decrease in expression levels relative to HDFa
and hRNA controls. At the same time, the expression of the Angiopoietin 1 antagonist
coding gene, ANGPT2, was found to be opposite in comparisons between SW1088 and a
combination of controls (5.35). The fold regulation of ANGPT2 was significantly lower in
all tested cell lines compared to control RNAs isolated from the whole brain. In contrast,
A172 and SW1088 lines exhibited elevated expression levels (7.57 and 56.2) compared to
HDFa control. Compared to control samples, the expression of CCL2 appeared to be stably
increased across tested cell lines, whereas the expression of FGF2 appeared to be stably
decreased. We discovered the reduced expression of FLT1 and PGF. FLT1 expression was
statistically significantly decreased in both glioblastoma cell lines, whereas PGF was not
detected in glioblastoma cell line T98G (Figure 6).

Among the investigated apoptosis genes, lower expression of APAF1, BIRC3, CFLAR,
and XIAP was detected in all test groups, with statistical significance and fold regulation
varying according to divergent control groups (Figure 6). For instance, in the A172 group,
expression of BIRC3 was three times lower in correlation with NHA than in the hRNA
control group. The same pattern was observed when fold regulation values were correlated
with HDFa and hRNA. In the astrocytoma cell line, we found that the gene encoding
Caspase 2 was upregulated in relation to HDFa control (3.15). CASP2 deregulation was
not significant in either glioblastoma cell line, but it was constantly increasing. In contrast
to CASP2, the expression of another caspase family protease, CASP9, was inconsistently
deregulated (Figure 6). CASP9 expression was only found to be negatively regulated in
glioma cancer cell lines when compared to the hRNA control group. However, we found
that all lines correlated to NHA had relatively high positive fold changes (Figure 6).

Our results in cell cycle-related genes indicate, with a few exceptions, a significant
increase in the expression of genes involved in cell division (CDC20, E2F4, MCM2, MKI67,
and SKP2). Notable is the similarity between the expression fold changes of the CDC20
and E2F4 genes in the control group (Figure 6). Decreased expression of CCND3 was
prominently identified in SW1088 in terms of hRNA and NHA control groups (−7.52 and
−2.45). The expression of Stathmin was found to be decreased in all test groups. However,
there are differences in fold regulation relative to controls. WEE1 expression was found
to be statistically significant in all glioma cell lines, but only when compared to hRNA
controls (4.75, 2.79, 2.24).

We observed decreased expression of BMI1, ETS2, IGFBP5, IGFBP7, SOD1, and TBX2
from all investigated genes associated with cellular ageing molecular pathways, but differ-
ences in negative fold regulation with respect to control groups were remarkable (Figure 6).
For instance, among all glioma cancer cell lines, the fold change of IGFBP7 expression was
decreased approximately 16.5 times more in comparison to the NHA control group than in
comparison to the hRNA control and approximately 2.5 times more in comparison to hu-
man dermal fibroblasts. To mention the regulation of mitogen-activated kinase’s expression
in glioblastoma cell lines, MAP2K1, MAP2K3, and MAPK14 genes were only upregulated
when compared to HDFa and NHA. All three MAP kinases within the tested cell lines were
downregulated with varying statistical significance in terms of hRNA control.
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Figure 6. Heat map of fold change regulation between test and control group. Test group (TG): A172,
SW1088 and T98G; Control group (CG): HDFa, hRNA and NHA.

Among the eight investigated genes involved in the response to DNA damage in the
A172 group, DDB2, GADD45G, and POLB were significantly upregulated when compared
to the HDFa control group (Figure 6). There was downregulation of LIG4 in glioma cancer
cell lines. In A172, the expression of this gene was approximately 4.2 times lower when
compared to LIG4 expression in hRNA control. SW1088 and T98G cell lines exhibit a similar
pattern. Despite differences in fold change values due to control group selection, other
statistically significant results from Figure 6 were broadly in line with expectations. SNAI1
and SNAI2 were downregulated genes related to the EMT pathway that we discovered in
all cell lines, but only with regard to NHA control (Figure 6). When compared to HDFa and
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hRNA control groups, the expression of SNAI1 and SNAI2 in SW1088 and T98G lines was
increased. In terms of hRNA, all glioma cell lines showed a significant decrease in SOX10
expression (−4502; −26,634; −19,800), indicating that SOX10 is highly expressed in our
normal human brain control. In comparison to HDFa and NHA controls, SOX10 appeared
to be downregulated. Other detected downregulated genes were CDH2, FOXC2 and OCLN.
Downregulation of FOXC2 was present only in the glioblastoma cell line. Fold regulation
in SW1088 cell lines was not determined.

Analysis of hypoxia-signalling factors revealed a decrease in expression in the majority
of genes, including SLC2A1, the gene- encoding Glucose transporter type 1 (Figure 6). This
result is statistically significant only in SW1088 (−7.31; −32.3; −12.8) when compared to the
hRNA control in the A172 cell line (−3.89). The Erythropoietin-encoding gene EPO appears
to be exclusively downregulated in SW1088. In contrast, fold change was detected without
statistical significance in the other two cell lines (A172) or was not detected at all (T98G).

Most cellular metabolism genes investigated in glioma cell lines (ATP5A1, COX5A,
CPT2, PFKL, and UQCRFS1) were found to be statistically downregulated. ACSL4 was
found to be downregulated in only one of the glioma cell lines, A172. Although GPD2
and LPL were found to be upregulated in A172 and SW1088, with similar fold changes
and statistical significance when compared to HDFa, NHA, and a combination of controls,
we discovered that both genes were downregulated when compared to the hRNA control
group. In contrast, LPL expression in T98G was significantly reduced, with the lowest
achieved value in comparison to the hRNA control group. G6PD upregulation was revealed
to be statistically significant only in the SW1088 (5.46; 2.67; 3.34) and T98G (13.7; 6.67; 8.35)
cell lines (Figure 6). We also observed increased expression of ACLY, but none of these
differences was statistically significant.

Of the eight investigated genes involved in telomere maintenance and telomerase
regulation, three (PINX1, TNKS, and TNKS2) were found to be downregulated in all glioma
cell lines when compared to individual controls (Figure 6). No significant differences in
fold changes of PINX1 expression were found in A172 or SW1088 in comparison to all three
negative controls (Figure 6). The fold change in expression in T98G was approximately
two times lower (−2.31; −4.74; −3.98). We identified an increase in expression of TEP1,
TERF1, and TERF2IP in glioblastoma and astrocytoma cell lines compared to HDFa and
NHA control cell lines. The study found no statistically significant changes in TERF2IP
expression in the T98G cell line. In contrast, we found a statistically significant decrease in
TEP1, TERF1, and TERF2IP expression when compared to hRNA control.

2.5. Multi-Criteria Decision of Gene Expression in Sample Correlation

To determine the power of individual genes in groups, a multi-criteria decision support
system was used. As a result, we were able to identify a group of genes in the correlation
between controls and tumours.

The alternative method for assessing gene expression is based on separate, two-value
quantification of the consequences of over- or underexpression. Not only is knowledge
of the data carriers and gene expression important here, but so is the emphasis on the
form of the set ordering in sets of triplicates. The results in the plots are represented by a
normalised (dimensionless) two-factor form called R+, R−. Each R represents a proportion
of the numerator’s dissimilarity tendencies. Both measures preferentially account for when
there is either an increase (superscript +) or decrease (superscript −) in gene expression in
the test subject relative to the control. The denominators in the measures only serve for
normalisation because they track intra-group differences in expression. For a robust linear
combinatorial representation of stochastic measures, we proposed a data-driven approach
inspired by the weighting theory of measures derived from multi-criteria decision support
systems theory [11]. The details of our procedures for deriving R+, R−, as well as the
methods of calculation, are difficult to explain concisely; therefore, we provide a detailed
description of them in the Supplementary Material.
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Figure 7 depicts the resultant correlation of genes (up or down) for individual path-
ways. As mentioned above, the individual points represent triplicate measurements of
the logarithmic values of delta Ct for all samples, correlating the control and tumour
groups. Correlation 2D plots of in-plane gene expression (R+, R−) constructed for tumour
cell lines include comparison with controls. A 45-degree line separates the regions of
overexpression and underexpression; at this line, overexpression and underexpression are
therefore balanced, the scenarios when noise predominates are covered by the (0.1) × (0.1)
square. This square region is hence statistically less important. In addition to the shown
genes, it is necessary to mention points that far exceeded our proposed trend scale and
were therefore deemed irrelevant. We identified the following genes as having decreased
expression in tumour lines compared to controls: FGF2, APAF1, CFLAR, XIAP, STMN1,
WEE1, ERCC5, LIG4, PPP1R15A, OCLN, SOX10, ARNT, LDHA, ATP5A1, COX5A, CPT2,
PFKL, UQCRFS1, ETS2, IGFBP3, IGFBP5, IGFBP7, SOD1, TBX2, PINX1, TINF2, TNKS, and
TNKS2 (out of range). CCL2, CASP2, CDC20 (out of range), E2F4, MCM2, MKI67, SKP2,
ACLY, G6PD, GPD2, MAPK14, DKC1, and TERF1 were the genes with increased levels in
the tumour lines.

Figure 7. Multi-criterial correlation plots of gene expression in tumour cell lines relative to the
controls. R+ represents a negative proportion of the numerator’s dissimilarity tendencies, R− positive.
A 45-degree line separates the regions of overexpression and underexpression; at this line, overexpres-
sion and underexpression are therefore balanced. The scenarios when noise predominates are covered
by the (0.1) × (0.1) square. There are three main regions in the graph to categorize according to the
level of gene expression with three ways of marking the corresponding points: statistically significant
and overexpressed with R+ > 1 (red circles), statistically significant underexpressed with R− > 1 (blue
triangles), finally statistically less significant (black squares) bordered by 0 ≤ R+ ≤ 1, 0 ≤ R− ≤ 1.
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3. Discussion

Glial tumours are biologically aggressive neoplasms with an abnormally high pro-
liferative capacity and a diffuse invasion pattern. Glioblastoma (grade IV astrocytoma),
composed of poorly differentiated neoplastic astrocytes, is the most malignant astrocytic
tumour. Based on histopathological and molecular criteria, the WHO grading system
categorises gliomas into grades I through IV [4]. Although the majority of neurological
tumours derive from the glial lineage, it is unknown whether tumour cells arise from the
transformation of an immature precursor or the dedifferentiation of a mature glial cell.
Several genetic pathways are involved in the initiation and progression of these neoplasms,
especially in the emergence of secondary GBMs.

In our study, we focused on the transcriptomic analysis of genes associated with the
cancer pathways in glial tumour cells. As the experimental models, we chose the human
glioma cell lines A172 (glioblastoma), SW1088 (astrocytoma), and T98G (glioblastoma).
A172 and T98G cell lines are currently the most commonly used glioma cell lines for gene
expression analysis. Weller’s team performed the first large-scale analysis of 12 glioma
cell lines, estimating the profile of 5800 genes. Their cluster and gene expression corre-
lation analysis identified subsets of genes whose expression levels exhibited significant
associations with drug sensitivity profiles [13]. Kiseleva et al. identified morphological,
surface markers, and several growth factor genes or extracellular matrix genes in the char-
acterisation of both glioblastomas, A172 and T98G [14]. Among the nine tested genes, the
expression of Alpha actin 2 was notably high in both cell lines. In addition, the data revealed
a high level of activity of genes encoding major angiogenesis inducers (VEGF, FGF2, TGFb1)
and Thrombospondin-1. The transcriptomic analysis of SW1088 cells was associated with
individual genes or various inhibitory effects [15–17]. In our previous study, we determined
the effect of ABT-737 and MIM-1 inhibitors on the mRNA level of apoptosis-associated
genes in the T98G cell line [18]. As a control group, human astrocyte (HA) cells were used.
Significant changes in apoptotic gene expression were obtained in both cell lines, with
the greatest number of altered genes (n = 42) occurring in the HA line following MIM-1
treatment. Regardless of the genes involved in determining fold regulation between groups
of samples, the choice of control samples will always be decisive. In addition, based on our
final multivariate criterion, it is evident that results vary not only according to the choice of
control but also according to the evaluation method employed. Therefore, the discussion
will centre solely on the genes selected using the MCDA method.

Angiogenesis, as one of the hallmarks of cancer [19], plays a crucial role in glioblastoma
growth through oncogene activation and/or downregulation of tumour suppressor genes,
resulting in the upregulation of angiogenic pathways [20]. The initial step in the induction of
angiogenesis in GBM is the overexpression and secretion of angiogenic growth factors, such
as vascular endothelial growth factor (VEGF), followed by their binding to the receptors on
epithelial cells [21]. Fibroblast growth factor 2 encoded by the FGF2 gene is a crucial positive
regulator of glioblastoma cell proliferation and survival [22]. However, our results showed
a decrease in FGF2 expression. Although the loss of the FGF2 receptor gene is associated
with a poor prognosis in glioma patients [23], FGF2 seems to be persistently expressed
because it has been identified as an oncogenic factor in GBM [24], and its expression has
been confirmed in other gliomas and meningiomas [25].

Apoptosis refers to a programmed cell death characterised by non-inflammatory
cellular fragmentation [26]. It is an essential regulatory mechanism for cell proliferation
and death. Intrinsic or extrinsic pathways can initiate apoptosis, with both leading to
proteolytic activation of caspases and controlled cell death. Cancer cells have evolved
mechanisms to sustain proliferative signalling, thereby sustaining cell growth and avoiding
cell death. In the current study, only nine apoptotic genes were included in the array, with
caspase-2 and caspase-7 being the most expressed in tumour lines. The remaining genes
involved in apoptosis regulation were downregulated, including CFLAR, XIAP and APAF1.
X-linked inhibitor of apoptosis protein is the most potent and best-defined anti-apoptotic
IAP family member that directly counteracts apoptosis by binding to caspase-9 and the
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effector caspases-3 and -7 [27]. The X-linked inhibitor of apoptosis protein is abnormally
expressed in a variety of human cancers [28,29]. Although this is not evident in brain
tissue, Murphy et al. investigated the low levels of XIAP in GBM patients and brain
cell lines [30]. The protein encoded by the antiapoptotic gene CFLAR is a Caspase-8 and
FADD-like apoptosis regulator. By binding to the death receptor, it protects cells from cell
death signalling and inhibits receptor-mediated apoptosis [31]. Induction of hypoxia in
the A172 glioblastoma cell line results in the expression of CFLAR [32]. CFLAR expression
was detected in glioblastoma tissue samples [33]. Despite these findings, our analysis
showed a significant reduction in CFLAR expression. Apoptotic peptidase activating factor
1 (APAF1) is a proapoptotic protein that participates in the formation of apoptosomes in
response to cell death signals [34]. Overexpression of APAF1 induced apoptosis in U-373MG
human glioma cells [35]. Our previous study on apoptotic gene expression revealed a slight
decrease in the expression of APAF1 in glioblastoma patient samples [36]. In this study,
we confirmed our previous findings regarding glioma cell lines. A decrease in APAF1
expression may lead to apoptosis reduction, thereby favouring cancer cell survival [36].

The main goal of the cell cycle is to ensure accurate DNA replication in the S phase and
the final formation of two identical daughter cells in the mitotic phase. The cells use various
checkpoints to maintain the optimal progression of the cell cycle, which will slow down
or stop the event if necessary [37]. Ki-67, a prognostic and proliferative marker expressed
by the MKI67 gene in cell nuclei during the active phases of the cell cycle (G1-M) with
maximum expression at the G2/M phase interface, is used to control the malignant nature
of cells [38]. In gliomas, its elevated expression, which increases with malignancy grade,
has been well characterised [39]. The absolute highest expression of all genes was observed
in CDC20. The protein of the same name is responsible for regulating the mitotic phase
of the cell cycle. Jeremy Rich’s team identified an increased expression of CDC20 in GBM
compared to lower grade gliomas and healthy brain tissue. Their results also indicate the
importance of CDC20 proto-oncogene expression in glioblastoma stem cells, as it plays an
essential role in the regulation of proliferation, self-renewal, and survival of these cells [40].
It even contributes to glioma chemoresistance. In accordance with the aforementioned
studies, we also identified upregulation of the CDC20 gene in all monitored groups.

Stathmin is an oncoprotein “18” that is distributed throughout the cytoplasm of cells
and regulates microtubule kinetics, thereby affecting cell cycle proliferation and differen-
tiation. Many studies indicate that STMN1 expression is elevated in glioblastomas [41]
and a variety of human cancers [42,43]. Our analyses identified a significant downregula-
tion of STMN1 in all tumour lines relative to the average control, suggesting reduced cell
proliferation and tumour cell migration. The essential cell cycle regulator WEE1 kinase
was similarly underexpressed in tumour cell lines. Its primary function is to stop the
progression of the cell cycle at the transition from G2 to the mitotic phase in cells with
defectively replicated or damaged DNA [44]. In addition, glioblastoma patients whose
WEE1 expression is upregulated have a shorter survival rate [45,46]. We identified elevated
levels of the WEE1 gene in all tumour lines when compared to human RNA from healthy
brain tissues.

The main role of DNA repair mechanisms is to respond to environmental factors that
cause DNA damage [47]. These gene mutations can result in a diminished or impaired
capacity to repair DNA and an accumulation of damaged DNA, which ultimately increases
the risk of cancer. Furthermore, tumour cells overexpress the genes encoding DNA repair
mechanisms, increasing repair capacity and treatment resistance [48]. DNA ligase IV joins
single-strand breaks in a double-stranded polydeoxynucleotide in an ATP-dependent reac-
tion, and its low expression results in inefficient function of the repair system. Compared
to normal astrocytes, brain tumour lines had lower levels of the LIG4 coding gene, and
these findings correlated with transcriptomic and genomic analyses [49]. In all tumour cell
lines, decreased LIG4 expression was observed. We also observed a significant reduction
in expression of the ERCC5 gene, whose product is part of the nucleotide excision repair
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system [50]. Borderline low levels of the gene encoding Protein Phosphatase 1 Regulatory
Subunit 15A have been confirmed.

Epithelial to mesenchymal transition (EMT) is the process by which epithelial cells
lose their epithelial characteristics and acquire a mesenchymal phenotype, resulting in
increased mobility and chemoresistance [51]. Although glioma cells are not of epithe-
lial origin, an EMT-like process in GBM can be induced [52]. Overexpression of various
growth factors, such as transforming growth factor (TGF), epidermal growth factor (EGF),
fibroblast growth factor (FGF), and HIF-1, cause EMT in cancer cells [53]. As a result of
growth factor-mediated signalling, transcription factors (Snail, Slug, dEF1, SIP1, Twist1,
and FOXC2) are activated and induce an EMT-like phenotype [54]. Multiple signalling
pathways participate in these processes. The phosphatidylinositol-3-kinase (PI3K)/Akt
signalling pathway plays an important role in regulating cell growth and maintaining
cancer biology. Cooperation with other signalling pathways such as transforming growth
factor β (TGF-β), nuclear factor (NF)-κB, and Ras and Wnt signalling pathways leads to
direct or indirect induction of the EMT process, resulting in enhanced invasiveness, aggres-
sion, chemoresistance, and apoptosis resistance of the tumour mass [55]. The transcription
factor SOX10 is one of the key determinants of oligodendroglial differentiation. Therefore,
Bannykh and colleagues decided to compare the presence of SOX10 in oligodendrogliomas
and astrocytomas to determine its specificity. Although at lower levels [56], the majority of
oligodendrogliomas and a significant proportion of astrocytomas, including glioblastomas,
produced SOX10. Consistent with previous research, multivariable analysis confirmed a
decrease in the expression of SOX10 and OCLN, which belongs to the EMT group [57,58].

Cancer cells surrounding the necrotic nucleus lack nutrients and oxygen. Hypoxia
is the primary physiological trigger of angiogenesis [59], which is activated by Hypoxia-
inducible factor 1 [60]. HMOX1 is one of the many genes expressed during hypoxia induced
by HIF-1. Due to its antioxidant and antiapoptotic effects, Hemoxigenase 1 plays a crucial
role in tumour growth [61]. Because HMOX1 activity stimulates angiogenesis, this enzyme
is a suitable indicator of glioma neovascularization [62]. Only the T98G glioblastoma cell
line was found to have elevated levels of the HMOX1 gene. In contrast, only LDHA and
ARNT were downregulated relative to controls. Lactate dehydrogenase A (LDHA) is a key
enzyme in the anaerobic glycolytic pathway [63]. In addition to promoting acidification of
the microenvironment, lactate production promotes the metastatic nature of the tumour [64].
Several authors have reported on the significance of glioblastoma LDHA expression [65–67].
Chesnelong and colleagues found low expression and high methylation of LDHA in IDHmt
glioblastomas [68]. Kathagen-Buhmann et al. identified a decline in LDHA production
in non-migrated cells [67]. Since LDHA expression is promoted by hypoxia, low levels of
LDHA in gliomas that were cultivated under standard conditions in the presence of oxygen
may be attributable to an oxygenated environment.

The largest number of changes in gene expression (n = 8) between tumour and non-
malignant groups were identified in metabolic genes (PFKL, ATP5A1, UQCRFS1, CPT2,
COX5A, ACLY, GPD2, and G6PD). Even under aerobic conditions, tumour cells are known
for their high glycolytic activity [69]. Along with an increase in glucose consumption
and lactate production, this promotes rapid cell proliferation and GBM growth, which is
correlated with the elevated activity of glycolytic enzymes [70]. Phosphofructokinase-1 is a
regulatory glycolytic enzyme catalysing the phosphorylation of fructose-6-phosphate to
fructose-1,6-bisphosphate. The presence of its liver isoform (PFKL) in gliomas was anal-
ysed by Stanke et al. However, they did not observe any statistically significant changes
compared to healthy tissue [71]. In our samples, we identified a statistically significant
decrease in PFKL expression, confirming that the prevalent isoform in brain tissue is the
platelet isoform (PFKP), not PFKL [72]. A high expression of Glucose-6-phosphate dehydro-
genase was spotted. Glucose-6-phosphate dehydrogenase (G6PD) is one of the pentose
phosphate pathway (PPP) enzymes that catalyses the production of NADPH [73]. During
normoxia, glioma and non-neoplastic brain cells both produce an abundance of these
enzymes. A negative association between G6PD expression and survival in patients with
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low-grade glioma was discovered [74]. COX5A is one of the three subunits of cytochrome c
oxidase, a respiratory chain complex IV encoded by mitochondrial DNA [75]. UQCRFS1
is a respiratory chain complex III subunit. Both COX5A and the gene encoding another
subunit of complex III, UQCRB, are downregulated in glioblastoma patients compared to
healthy individuals. In contrast, when compared to expression in gliomas of lower grade
malignancy, COX5A expression is significantly increased in GBM, and UQCRB expression
is at approximately the same level. The reduced expression has also been linked to a poor
prognosis [71]. In line with previous findings, we were able to identify the downregulation
of COX5A and UQCRFS1.

Cellular senescence is an irreversible process of cell cycle arrest [76]. During this
process, senescent cells undergo morphological changes that include flattening, increased
cytoplasmic volume, or increased granularity. Only the MAPK14 gene was found to be
overexpressed in our sample cohort, while six other genes were found to be underexpressed
(IGFBP3, IGFBP5, IGFBP7, SOD1, TBX2, and ETS2). ETS2 is a transcription factor that
regulates apoptotic and angiogenic genes, as well as genes involved in proliferation and dif-
ferentiation [77]. Cam et al. identified ETS2 expression in glioblastomas and, in association
with ΔNp73, confirmed its role in tumour progression, angiogenesis, and improved tumour
cell survival [78]. On the contrary, bioinformatic analysis of transcriptomic data from
glioma patients revealed a decrease in gene expression of ETS2 regardless of the degree of
malignancy [79]. In glioma cell lines, we found a statistically significant decrease in ETS2
expression. Superoxide dismutase 1, encoded by the SOD1 gene, is an enzyme that converts
free superoxide radicals into less harmful hydrogen peroxide and oxygen [80]. A decrease
in SOD1 expression has been identified in glioblastomas and is associated with improved
response to radiotherapy and a better prognosis for patients [81,82]. SOD1 expression was
also reduced in glioma cell lines when compared to non-malignant cell controls. The only
overexpressed gene involved in the regulation of senescence is MAPK14. Mitogen-activated
protein kinase 14, a protein product of MAPK14, is an essential component of the MAP
kinase signal transduction pathway that influences the direct activation of transcription
factors in response to cell stress stimuli [83]. MAPK14 expression was found to be elevated
in glioma cells, which is in contrast to the findings of other studies, which indicated that
the expression of this gene was decreased in glioblastoma samples [84].

Human telomeres, located at the ends of chromatids, are tandem nucleotide repeats of
a short DNA sequence associated with various telomere-binding proteins with a predom-
inantly protective function [85]. The primary function of telomeres is to compensate for
incomplete DNA replication at chromosome ends, thereby maintaining intact genetic infor-
mation [86]. However, as a result of cell division, telomeres become progressively shorter,
resulting in cellular senescence and apoptosis induction [87]. PINX1 was identified as a po-
tent telomerase inhibitor that interacts directly with the catalytic activity of telomerase [88].
Our analysis revealed a decrease in PINX1 expression. Previous studies have shown a
correlation between a decrease in PINX1 expression and the metastatic nature and poor
prognosis of cancer patients [89]. In glioblastoma cell lines with induced overexpression
of PINX1, there was a reduction in cell migration and proliferation due to cell cycle arrest
at the G1 phase [90]. In contrast, there is evidence that PINX1 expression is associated
with poor survival in glioma patients because it promotes cell proliferation [75,91]. The
DKC1 gene encodes Dyskerin, an additional protein that regulates telomerase activity [92].
Glioma is one of several human cancers in which DKC1 is upregulated [93,94]. Consistent
with previous findings, elevated expression of DKC1 in glioma cell lines was also identified.
Tankyrases (TNKS, TNKS2) are proteins involved in telomere length maintenance [95],
which, together with regulation of the Wnt/β-catenin pathway, is important for cancer cell
renewal and survival [96]. Expression of TNKS and TNKS2 was decreased in glioma cells
compared to non-malignant cells and normal brain tissue. Additionally, the expression of
TINF2 was reduced. We identified an increase in TERF gene expression.

Glial tumours are biologically aggressive neoplasms with an elevated, often aberrant,
and diffusely invading proliferative capacity. Composed of poorly differentiated neoplastic
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astrocytes, glioblastoma (grade IV astrocytoma) is the most malignant astrocytic tumour.
According to histopathological and molecular criteria, the WHO grading system categorises
gliomas into grades I through IV, based on their degree of malignancy. Although the
majority of neurological tumours derive from the glial lineage, it is unclear whether tumour
cells result from the transformation of an immature precursor or the dedifferentiation of a
mature glial cell. Several genetic pathways are involved in the initiation and progression of
these neoplasms, particularly during the manifestation of secondary GBMs.

4. Materials and Methods

4.1. Cell Culturing

The glioma tumour cell panel (T98G, A172 and SW1088) was purchased from Ameri-
can Type Culture Collection (ATCC) under catalogue numbers: CRL-1690™, CRL-1620™,
HTB-12™; respectively). Cell cultures were maintained as monolayer in Dulbecco’s modi-
fied Eagle’s media with 25 mM glucose, and supplemented with foetal bovine serum (10%,
v/v), and penicillin/streptomycin (1×; PAA). Normal Human Astrocytes (NHA) were pro-
vided from ATCC and cultured in Dulbecco’s modified Eagle’s media high glucose/F12 (1:1;
Merck KGaA, Darmstadt, Germany) supplemented with foetal bovine serum (10%, v/v),
and penicillin/streptomycin (1×; PAA). The Human Dermal Fibroblasts (HDFa; Gibco—
Thermo Fisher Scientific, Waltham, MA, USA) was used as non-specific tissue control and
cultured in HAM´s Nutrient Mixture F12 (Merck KGaA, Darmstadt, Germany) supple-
mented with foetal bovine serum (10% v/v; Gibco—Thermo Fisher Scientific, Waltham,
MA, USA) and penicillin/streptomycin (1×; PAA Laboratories GmbH, Austria). Cells
were cultured at 37 ◦C in an atmosphere of 5% CO2. Before each experiment, single-cell
suspension was prepared using 0.05% trypsin/EDTA solution, and cells were counted
using CountessTM automated cell counter (Thermo Fisher Scientific, Waltham, MA, USA).

4.2. Control Brain RNA

Commercially available total RNA from human brain tissue of single healthy normal
donor was used as a control group (HR-201, Human Brain Total RNA—Amsbio, Abingdon,
UK) for quantitative PCR. For quantitative PCR analysis, we used three independent
transcripts into cDNA.

4.3. RNA Extraction and cDNA Synthesis

Total RNA was isolated using AllPrep® DNA/RNA Mini Kit (Qiagen Inc., German-
town, MD, USA). Concentration of isolated RNA was measured in Implen P300 NanoPho-
tometer (Implen GmbH, München, Germany). Two micrograms of purified cellular RNA
was converted to single-stranded cDNA using RT2 First Strand Kit (330,401; Qiagen Inc.,
Germantown, MD, USA) according to the protocol supplied by the manufacturer.

4.4. Real-Time PCR Array

Real-time PCR (quantitative PCR) was carried out using RT2 SYBR® Green RoxTM

qPCR Mastermix (330,502; Qiagen Inc., Germantown, MD, USA) in 96-well plate format of
the Human Cancer PathwayFinderTM PCR Array (PAHS-033ZC; Qiagen Inc., USA). The
PCR reaction mix (SYBR® Green RoxTM qPCR Mastermix (1340 μL), PCR water (1290 μL)
and cDNA (50 μL) was distributed into the 96-well plate to a final volume of 25 μL per
well. The sealed plate was briefly centrifuged at 1000× g for 1 min. Amplification was
performed in the ViiA7 Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA,
USA). After denaturation at 95 ◦C for 10 min, fluorescence was detected over 40 cycles
(95 ◦C for 15 s, 60 ◦C for 1 min).

4.5. Statistical Analysis

Samples of cDNA were measured in triplicate, and the levels of the genes of interest
were normalized to the three endogenous controls (β-actin, ACTB; Ribosomal protein large
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unit P0, RPLP0 and Glyceraldehyde-3-phosphate dehydrogenase, GAPDH), determined
using the ΔΔCt method. The expression data from the separate control group:

• Human Dermal Fibroblasts (HDFa);
• Normal Human Astrocytes (NHA);
• Human Brain Total RNA (hRNA).

These were used as a reference in the ΔΔCt method calculation for each glial
cell line (T98G, A172 and SW1088) individually. The relative expression of 84 genes
in tumour cell lines and non-neoplastic samples was calculated using the RT2 Profiler
PCR Array Data Analysis Web Portal (Qiagen) based on 2−ΔΔCt method [97], where
ΔΔCt = (CtGOI − CtHKG)TESTING GROUP − (CtGOI − CtHKG)CONTROL GROUP. Fold-change
calculations were performed using Qiagen data analysis software (https://dataanalysis2
.qiagen.com/pcr, accessed on 1 January 2022). The genes with a significant difference in
expression were those with an average fold-change of ≤−2.0 or ≥2.0, and statistically
significant differences were those with a corresponding p value of <0.05.

Gene expression values were normalised to a 0–1 scale for both control and tumour
cell lines. Using the KNIME Analytics Tool, sample normalisation, principal component
analysis, and linear discriminant analysis were calculated.

For the statistical analyses mentioned above, only genes with detectable signals in all
samples were selected from the raw data set. The Euclidean distance was used to calculate
the distance between the samples. Using Pearson correlation, gene–gene expressions
of control and tumour samples were correlated, respectively. The Pearson correlation
coefficient for the two populations (X, and Y) is calculated as follows:

ρX,Y =
cov(X, Y)

σXσY

where cov(X,Y) is the covariance; σX is the standard deviation of X; and σY is the standard
deviation of Y. The analyses were calculated in Python using Anaconda Navigator and
JupyterLab. The Pandas, NumPy, and SciPy libraries were used. Kernel density and band-
width optimisation were calculated using the Shimazaki and Shinomoto web application
(https://www.neuralengine.org/res/kernel.html, accessed on 8 March 2022). We used the
Matplotlib Python library to visualise the heatmap of gene correlations.

5. Conclusions

We focused on the transcriptomic analysis of genes associated with cancer pathways
in glial tumour cells. As the experimental models, we selected the human glioblastoma cell
lines A172 and T98G and the astrocytoma cell line SW1088. Sixty genes were deregulated
in glioblastoma cell line A172 in comparison to the HDFa control group; 57 genes in
comparison to the human RNA control group; and 54 genes in comparison to the human
astrocytes control group, according to transcriptomic data. In the astrocytoma cell line
SW1088, we found differences in the expression levels of 57, 60, and 59 genes related to
HDFa, hRNA, and NHA control groups, respectively. In correlation with T98G and HDFa,
47 significantly deregulated genes were discovered. With hRNA, 57 genes, and the NHA
control group, 52 genes with varying expression levels were identified. By combining the
PCA method and multi-criteria decision in the analysis of gene expression, we were able to
identify altered genes involved in cancer pathways in heterogeneous sample groups. We
managed to reduce the selection of significant genes based on a combined mathematical
analysis. In tumour cells, we finally identified 26 genes that showed a deregulated state
compared to the average expression value of three different controls. The most changed
genes represented pathways involved in cellular senescence (BM1, ETS2, IGFBP5, IGFBP7,
SOD1 and TBX2) and then metabolism (ATP5A1, COX5A, CPT2, PFKL, UQCRFS1).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms231810883/s1. References [98–100] are cited in the supple-
mentary materials.
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Abstract: The evaluation of treatment response remains a challenge in glioma cases because the neuro
oncological therapy can lead to the development of treatment-related changes (TRC) that mimic
true progression (TP). Positron emission tomography (PET) using O-(2-[18F] fluoroethyl-)-L-tyrosine
(18F-FET) has been shown to be a useful tool for detecting TRC and TP. We assessed the diagnostic
performance of different 18F-FET PET segmentation approaches and different imaging biomarkers for
differentiation between late TRC and TP in glioma patients. Isocitrate dehydrogenase (IDH) status
was evaluated as a predictor of disease outcome. In our study, the proportion of TRC in IDH wild
type (IDHwt) and IDH mutant (IDHm) subgroups was without significant difference. We found that
the diagnostic value of static and dynamic biomarkers of 18F-FET PET for discrimination between
TRC and TP depends on the IDH mutation status of the tumor. Dynamic 18F-FET PET acquisition
proved helpful in the IDH wild type (IDHwt) subgroup, as opposed to the IDH mutant (IDHm)
subgroup, providing an early indication to discontinue dynamic imaging in the IDHm subgroup.

Keywords: glioma; treatment-related changes; true progression; pseudoprogression; radiation
necrosis; biomarkers; 18F-FET PET; IDH mutation

1. Introduction

Molecular biomarkers have fundamentally changed the understanding of glioma over
the last decade. Accordingly, the fifth edition of the World Health Organization Classifi-
cation of Tumors of the Central Nervous System (WHO CNS5) incorporates numerous
molecular biomarkers with clinicopathologic utility that are important for more accurate
classification of CNS neoplasms [1]. Molecular biomarkers also improve diagnostic accu-
racy and influence the course of treatment by changing treatment recommendations [2].
A marker of particular importance is isocitrate dehidrogenase (IDH). Mutations in genes
encoding IDH are known to play a crucial role in the classification of gliomas. IDHm
glioma generally exhibits a better disease outcome than IDHwt. The IDHm is an indepen-
dent predictor of prolonged survival and its prevalence is inversely correlated with tumor
grades [3,4]. In adults, diffuse gliomas have been divided into three types according to
the new classification: (1) astrocytoma, IDHm; (2) oligodendroglioma, IDHm and 1p/19q-
codeleted; and (3) glioblastoma, IDHwt. Prior to that, glioblastomas were diagnosed based
on the histologic findings including both IDHm and IDHwt tumors with very different
biological features and prognoses. In WHO CNS5, glioblastomas comprise only IDHwt
tumors. In addition, IDHwt diffuse astrocytic tumors in adults without the histologic fea-
tures of glioblastoma but having one or more of three genetic parameters (TERT promoter
mutation, EGFR gene amplification, combined gain of entire chromosome 7 and loss of
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entire chromosome 10) are classified as glioblastomas. In the new classification, all IDHm
diffuse astrocytic tumors are considered a single type astrocytoma, IDHm and are graded
as gradus 2, 3, or 4. Grading of gliomas also takes into account some other molecular find-
ings such as the presence of CDKN2A/B homozygous deletion, which results in a worse
prognosis and is subsequently graded as a WHO grade 4. The separation into IDH wild
type and mutant tumors is an important advancement and a key factor in the treatment,
follow-up, and understanding of glial tumors [5].

The treatment of gliomas includes maximal surgical resection, possibly followed
by radiotherapy (RT) and chemotherapy with either procarbazine/lomustine/vincristine
(PCV) or temozolomide (TMZ). Due to the proliferative, radioresistant, and chemoresistant
nature of the gliomas and high levels of intratumoral heterogeneity, the disease often recurs,
and the possibilities of additional treatment are very limited [6].

In the regular clinical work, the glioma treatment response assessment is based on
imaging diagnostics, primarily MRI. MRI is the mainstay of imaging gliomas to moni-
tor both treatment and response. T1-weighted MRI without and with contrast medium,
T2-weighted as well as fluid-attenuated inversion recovery (FLAIR) MRI sequences are
used for anatomic imaging [7–9].

Irradiation of brain tumors causes damage to the blood-brain barrier, which can lead
to extravascular leakage of the contrast medium, which may have the same appearance on
magnetic resonance imaging (MRI) images as a vital residual tumor or TP. This side effect
of oncology treatment is defined as pseudoprogression and begins to occur approximately
three months after irradiation, with the incidence of up to 50% in combined oncology
treatment. Another radiation-induced side effect is radionecrosis (RN), possibly due to
vascular injury and glial cell damage, usually occurring six months after the irradiation.
RN can have the appearance of tumour residue or tumor recurrence on postcontrast MRI.
The incidence of RN is estimated at up to 30% and increases with the length of the time
from irradiation [10,11].

TRC, such as pseudoprogression and RN, overlaps with TP. This makes the differenti-
ation challenging, and can consequently complicate the treatment course and compromise
care. Therefore, the correct differentiation between TRC and actual TP continues to be
a crucial issue [12,13]. For these reasons, additional imaging methods such as perfusion
MRI or MR spectroscopy and functional methods such as 18F-FET PET are used. 18F-
FET PET CT is based on the evaluation of transport of 18F labeled tyrosine in tissues. In
gliomas, 18F-FET uptake significantly correlates with tumor cell density and neoangiogen-
esis, all biological hallmarks of highly malignant glial tumors. [14–16]. The aim of this
study was to assess the diagnostic performance of different 18F-FET PET segmentation
approaches for differentiation between late TRC and TP in glioma patients with different
IDH mutation statuses.

Since we investigated the late effects of radiochemotherapy, TRC was associated with
radiation necrosis in our study.

2. Materials and Methods

2.1. Subjects

This retrospective study included 47 patients who were treated at the Division of
Radiotherapy, Institute of Oncology in Ljubljana and, on the recommendation of the
multidisciplinary tumor board, were referred to our Nuclear Medicine Department for
18F -FET PET imaging between April 2019 and October 2021 in order to distinguish between
TP and TRC. All patients who had undergone a standard MRI were able to understand the
reason for additional 18F-FET PET imaging. All patients had previously been diagnosed
with adult diffuse gliomas and had a prior biopsy and radiochemotherapy according to
EANO guidelines. All patients had a prior MRI suspicious of TP, as determined by the
Response Assessment in Neuro-Oncology (RANO) working group criteria.

The study was approved by the institutional review board committee (approval
number ERIDNPVO-0073/2021). All involved persons gave their written informed con-
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sent prior to study inclusion. The study conformed to the ethical norms and standards
in the Declaration of Helsinki. All biological material was administered according to
international guidelines.

2.2. Determination of IDH Genotype

The IDH mutation status was assessed by the IDH1R132H protein expression level
evaluated by immunohistochemistry until early 2017 (15 pts), and after that using Next
Generation Sequencing of a Glioma-Tailored Gene Panel (29 pts). For 18F-FET PET analysis,
patients were split into IDHm and IDHwt groups. Next-generation sequencing (NGS)
is being increasingly used in routine clinical practice, including for the diagnostics of
rare entities like gliomas because it can replace multiple single-gene genomic testing
technologies while requiring only one test. Gene-targeted NGS offers a cost-effective
approach to simultaneous detection of multiple genetic alterations with a minimal amount
of sampled DNA while achieving high sensitivity. This makes this method highly attractive
for use in gliomas. Specifically designed panels for gliomas are needed for the routine
diagnosis of these tumors. We use the isolation of DNA from FFPE tissue using the Maxwell
RSC FFPE Plus DNA Purification kit (Promega). The NGS panel assesses mutations in
specific target regions (“Hotspots”) in 9 genes: BRAF, H3F3A, HIST1H3B, HIST1H3C,
IDH1, IDH2, KRAS, NRAS, pTERT, analysis of the entire coding region of 11 genes: ACVR1,
ATRX, CIC, FUBP1, EGFR, FGFR1, PIK3CA, PIK3R1, PTEN, SETD2, TP53,12 gene copy
number (CNV) analysis: CDKN2A, CDKN2B, EGFR, FGFR1, MDM2, MDM4, MET, MYCN,
PDGFRA, PIK3CA, PIK3R1, PTEN and chromosome level analysis. Analysis of results is
performed with the IonReporter software package (Thermo Fisher Scientific) (reference
genome hg19). Border detection (default filter) is set to 5.0% (mutation rate relative to
unmutated DNA). The sensitivity of the method is 99.21% (hotspot), 96.88% (indel), 97.10%
(de novoSNV), 85.71% (de novo indel), and 95.35% (fusion). Negative results (no mutations)
do not exclude the presence of mutations, amplifications, or deletions below the limit of
detection [17].

2.3. 18F-FET PET Imaging

The synthesis of 18F-FET was performed by IASON GmbH (Graz, Austria). We used an
integrated PET/CT system (Biograph mCT 64; Siemens, Erlangen, Germany) for acquisition
of dynamic PET images over 40 min, starting immediately after injection of 3MBq of 18F-
FET per kg of body weight. All patients fasted for at least 6 h prior to PET acquisition.
Dynamic 40-min scans were acquired using 35 sequences (200 × 200 matrix; 12 × 5 s;
6 × 10 s; 6 × 30 s; 5 × 60 s; 6 × 5 min). PET images were reconstructed with ordered-
subset expectation maximization (OSEM) algorithm using 2 iterations with 21 subsets and
gauss filtering to a full width at a half maximum (FWHM) of 5mm. High-resolution static
images (400 × 400 matrix) were reconstructed from 20–40 min post-injection scans with
OSEM algorithm consisting of two iterations with 21 subsets and Gaussian filtering to a
FWHM of 3 mm.

2.4. 18F-FET PET Image Analysis

PET scans were interpreted by two experienced nuclear medicine physicians, who
were blinded to the histological and clinical data. The assessment of the tumor maximal
standardized uptake value (SUVmax) was performed for each lesion by placing a spherical
Volume-of-Interest (VOI) over the area of maximal amino acid uptake in the tumor on
summed 20–40 min post-injection PET images. The mean standardized uptake value of
the normal background brain tissue (SUVmean_bg) was determined by placing a crescent-
shaped VOI over the contralateral, unaffected hemisphere including white and grey matter.
A tumor volume segmentation using a 3-dimensional auto contouring process with a
tumor-to-background ratio (TBR) cutoff of at least 1.6 g/mL was used to determine the
mean standardized uptake value of the tumor (SUVmean_tumor). This cutoff was based
on the results of a biopsy-controlled study in which a lesion-to-brain ratio of 1.6 g/mL
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resulted in the best separation between tumor and non-tumor tissue [16]. Respective
ratios of the TBRmean and TBRmax were calculated by dividing SUVmean_tumor and SUVmax,
respectively, by the SUVmean_bg. For Time Activity Curve (TAC) evaluation, a spherical
VOI was centered over the area of the highest tumor uptake to the entire dynamic datasets.
Time-to-Peak (TTP) was determined as a time (in minutes) from the beginning of the
dynamic PET acquisition up to the peak activity in the lesion. In lesions with constantly
increasing TAC without an identifiable peak, TTP was defined as the end of the dynamic
PET acquisition. We identified a cut-off point at 22.5 min post-injection as a dip in a distinct
two-peak distribution of patients with respect to TTP with an early group reaching a
distinct maximum before the prescribed threshold and a late group reaching it later or not
exhibiting a peak at all. Using the cut-off, we identified the following curve categories, in
order of increasing shape score:

• TAC score of −1: lesions with an early peak in SUV, followed by a constant descent
of activity;

• TAC score of 0: lesions with ascending SUV reaching an early peak before 22.5 min,
followed by a plateau or small descent of less than 5%;

• TAC score of 1: lesions with constantly increasing SUV without an identifiable peak.

2.5. Diagnosis of TP

Diagnosis of TP was based on histopathologic analysis following surgery, by clinical
deterioration, and/or further radiological progression in a follow-up MRI at least four
weeks after the initial assessment. In contrast, the diagnosis of TRC was applied in cases of
negative histopathology, stable clinical conditions (with no treatment changes within the
follow-up time), or stabilization/regression of the contrast-enhancing lesions at follow-up
MRI (at least four weeks following initial assessment), respectively. The diagnosis for some
patients was confirmed by more than one modality. Thus, the classification criteria in our
study were similar to those of previous investigations [18,19].

2.6. Statistical Analysis

Descriptive statistics were used to calculate typical measures in patients’ demographic
and clinical characteristics. Data were expressed as median with a range, and categorical
data were expressed as counts and frequencies. Statistical analyses were carried out using
IBM SPSS Statistics software version 26 (Statistical package for the Social Sciences Statistical
Software; SPSS Inc, IBM Corporation, Armonk, NY, USA).

We analyzed the FET outcome data using R statistical software (R version 3.1.1 (2014-07-
10), R Foundation for Statistical Computing, Vienna, Austria, https://www.R-project.org/
(accessed on 16 June 2022). To statistically assess significant differences in ROC curves we
performed a non-parametric ROC analysis [20] We used the optimal operating point on the
ROC curve using the Youden index, and uncertainty in cut-off values was modelled using
a large number approach [21]. We compared patient groups using the Mann-Whitney-
Wilcoxon rank-sum U test [22]. We combined TAC score, IDH mutation status, and TBRmean
predictions using the logistic regression (LR) model. When used on patients grouped by
IDH mutation status, we only used TAC score and TBRmean variables in the LR model.
Results with a p-value below 0.05 were deemed statistically significant, and 95% confidence
intervals (CI95%) were used to quantify uncertainty in statistically derived values.

3. Results

We analyzed the data of 47 patients with glial tumors who underwent 18F-FET PET
for differentiation between TP and TRC. The interval between the end of radiation therapy
and subsequent PET imaging was no less than 12 weeks in all cases.

Forty-four patients were eligible for analysis, and their median age was 44 (17 to 72,
SD 14 years). Twenty-seven (61.4%) were male and 17 (38.6%) were female.

IDHm and IDHwt were present in 26 (59.1%) and 18 (40.9%) patients, respectively.
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TP and TRC were confirmed in 32 (72.7%) and 12 (17.7%), respectively. The proportion
of TRC in IDHwt 5/18 (27.8%) and IDHm 7/26 (26.9%) groups, was without significant
difference (p = 0.61).

Diagnosis of TP/TRC was confirmed through histopathological analysis following
surgery, through MRI, or based on clinical deterioration.

Regarding the verification of the diagnosis, 11 patients had surgery, 38 patients got a
confirmed diagnosis after repeated MRI and 34 patients experienced clinical deterioration.
Two out of 12 patients with TRC (2/12) had surgery, as opposed to nine patients with
true progression (9/32). The proportion of those operated on is not significantly different
between these groups.

The time from diagnosis to 18F-FET PET was 104 weeks (84 weeks in IDHwt and
130 weeks in IDHm; the difference in median time to evaluation was without significance
regarding the TRC or TP (p = 0.5), as well as IDH status (p = 0.9).

The proportion of patients with TRC according to IDH status was not significantly
different (χ2 p = 0.9).

In this group of patients, the overall survival was excellent, with median survival ex-
ceeding 500 weeks. The median survival according to IDH status was not different, though
the median survival was not reached in the TRC group, the analysis is underpowered to
detect significance.

18F-FET-PET parameters were then analyzed for the whole group and selectively
according to different IDH mutation statuses. For the whole group, the SUVmax value
had a mean of 4.04 and a median of 3.78, with the SD of 1.83 (IDHm: 4.10, 3.82, and
1.73, IDHwt: 4.02, 3.76, and 2.05, respectively). The difference between groups was not
statistically significant.

When comparing the mean values for SUV parameters according to the IDH mutation
status, we found that while in IDHwt patients there are no significant differences in
SUV values according to radio necrosis and progression, in the IDHm, the mean values
of SUVmax (TRC/TP (p): 4.7/2.49 (0.001)), TBRmax and TBRmean differed significantly
(Table 1).

Figure 1 shows a comparison of ROC curves for different FET- derived variables split
by IDH mutation status. For all patients, TBRmax and TBRmean together with logReg show
a statistically significantly better performance compared to TTP. In groups split by IDH
status, no statistically significant differences in ROC curves could be determined. Relapse
was associated with larger values of TBRmax and TBRmean, while the opposite association
to lower values was identified for TTP. In IDHm, the TTP ROC is below the diagonal,
indicating an inverse relationship between higher TTP and relapse, which is not statistically
confirmed. In IDHwt cases, TTP is the best predictor, its difference to either TBRmax or
TBRmean is, however, not significant. We found a single significant variable, TBRmean, with
a coefficient of 1.6 (p = 0.03) and equivalent odds ratio of 4.9 (CI95%: 2.1–8.5) per unit change
in TBRmean in the LR model for the full patient group. We identified no significant variables
in IDH-specific LR models.

Table 1 shows the ability of FET in predicting the tumor status. For each IDH group
we show the predictive quality of FET variables -TBRmax, TBRmean, TTP and LR. For each
variable we show its mean and range in the TRC group, mean and range in TP group,
optimum cut-off based on the Youden index, sensitivity and specificity with associated
95% confidence intervals at cut-off point and the p-value associated with the MWU test
for patients grouped by tumor outcome. The variables that can identify tumor outcome
with statistical significance are shown in bold. Two regimes can be identified: in the full
and IDHm group, TBRmax and TBRmean are significant and TTP is irrelevant. Conversely,
TTP becomes significant and TBRmean and TBRmax irrelevant in the IDHwt group. In all
cases the LR model which combines TBRmax and TAC score is a significant predictor of
the tumor outcome.
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Table 1. Analysis of sensitivities, specificities, thresholds and diagnostic accuracy of 18F-FET PET
biomarkers in differentiation between late TP and TRC in glioma patients.

All (N = 42) IDHm (N = 23) IDHwt (N = 18)
TBR TTP TBR TTP TBR TTP

Max Mean (min) LR Max Mean (min) LR Max Mean (min) LR
TP (count, mean, median, range)

N = 31 N = 17 N = 14
4.1 2.2 26 0.8 4.2 2.2 30 0.8 4.0 2.1 22 0.8
4.0 2.1 32 4.1 2.1 40 3.8 2.2 14.5

1.1–8.0 0–3.2 5–40 0.1–1 2.1–6.4 1.7–3.2 7–40 0.3–1 1.1–8.0 0–3.1 7–40 0.4–1
TRC (mean, median, range)

N = 11 N = 6 N = 4
2.6 1.5 35 0.5 2.6 1.6 30 0.5 2.7 1.4 40 0.6
2.3 1.9 40 2.2 1.8 32 2.6 1.9 40

1.6–4.2 0–2.2 12–40 0.1–0.8 1.9–4.1 0–2.2 12–40 0–0.9 1.6–4.2 0–2.0 40–40 0.4–0.6
Threshold (optimum, CI95%)

3.03 2.04 32 0.79 3.03 1.96 32 0.66 2.9 2.09 40 0.65
2.6–3.4 1.8–2.3 28–36 0.7–0.9 2.6–3.4 1.7–2.3 27–37 0.6–0.8 2.2–3.6 1.6–2.6 36–40 0.6–0.8

Sensitivity (%, value at optimum, CI95%)
77 71 48 58 94 88 83 88 64 64 79 79

60–89 53–84 32–65 41–74 73–99 66–97 54–97 66–97 39–84 39–84 52–92 52–92
Specificity (%, value at optimum, CI95%)

82 91 91 100 83 83 53 83 75 100 100 100
52–92 62–98 62–98 74–100 44–97 44–97 31–74 44–97 30–95 51–100 51–100 51–100

Accuracy (%, value at optimum, CI95%)
79 76 60 69 91 87 61 87 67 72 83 83

64–88 61–87 44–73 54–81 73–98 68–95 41–78 68–95 44–84 49–88 61–94 61–94
p-value

0.001 0.001 0.18 0.002 0.004 0.01 0.61 0.01 0.33 0.14 0.05 0.05

Figure 1. Receiver–operator characteristic (ROC) curves in classifying tumor outcome based on
FET-derived parameters for different IDH mutation status groups. All: all patients in the study.
IDH1(m): patients with mutated IDH gene. IDH1(wt): patients with IDH wild type. TBRM is TBRmax,
TBR(1.6) is TBRmean at SUV 1.6 g/mL cutoff, TTP is time to peak and log Reg is the logistic regression
model. The image shows AUC values with associated standard deviation. The asterisk associated
brackets identify variables with statistically significant ROC curves as evaluated by a non-parametric
significance test.

4. Discussion

This is the first reported study of performance of 18F -FET PET for the differentiation
between TP and TRC in glioma patients based on IDH mutation status. We evaluated
the diagnostic potential of static and dynamic 18F -FET PET parameters for differentiation
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between late TRC and TP based on different IDH mutation subgroups in mixed diffuse
glioma patients. The differentiation between TP and TRC represents one of the most fre-
quent indications for the use of amino acid PET in clinical practice. PET using radiolabeled
amino acids is gaining increasing interest for the diagnostics of brain tumors because a
conventional MRI is limited in differentiating tumor tissue from nonspecific tissue changes
following neuro-oncological treatment. Recently, the RANO working group has recom-
mended the additional use of amino acid PET imaging for brain tumor management [23].

There is a growing body of evidence that IDH mutations play a role in the formation
of brain tumors and influence the response to neuro oncological treatment and overall
survival [24,25]. IDH mutations in glioma are associated with significantly prolonged
progression-free and overall survival compared with IDHwt tumors. There is now a greater
appreciation that the biology of IDHm glioma is quite different from that of IDHwt tumors
and that tumorigenic processes most likely are different as well. While the specific mecha-
nism of IDH mutation that results in the oncogenic switch in gliomas remains unknown,
potential mechanisms have been identified, including the inhibition of hypoxia-related
proline hydroxylases, inhibition of DNA demethylases, inhibition of histone demethylases,
and alterations in glutamate metabolism. Further work is needed to elucidate the specific
role of IDH mutation and the pathological consequences that clearly affect tumor evolution
and prognosis. Given the complex role of the IDH mutation in the progression, aggressive
biological behavior, and response to the treatment of diffuse gliomas, it seems reasonable
to observe and analyze these two molecular groups separately [26–30].

In our study, the static 18F-FET PET measures TBRmax and TBRmean outperformed
the dynamic parameters in the IDH (all) group (accuracy 79 and 76% respectively, p = 0.001
both) and the IDHm group (accuracy 91 and 87%, p of 0.004 and 0.01, respectively); dynamic
measure TTP only achieved an accuracy of 60 and 61% in IDH (all) and the IDHm group,
respectively, and the p value of the MWU test was not significant. The situation was
reversed in the IDHwt group, where TTP was found to be a significant predictor (accuracy
of 83%, p = 0.05) while static measures showed a mediocre performance (accuracy of 67
and 72% respectively, non-significant p values of MWU test).

The results of our study contradict several previous reports, where authors described
improved diagnostic sensitivity when dynamic metrics were added to static 18F-FET
metrics alone.

The difference in the results reported could be due to distinctly different patient
populations: while previous studies [31–35] did not take into account the IDH mutation
status of the participants, IDH mutation was present in 59.1% of our patients, this being
a high proportion compared to usual rates in glioma patients. IDH mutation rates vary
substantially between different types of glioma, nonetheless they are not common [28,29].

Therefore, the significant diagnostic performance of dynamic PET acquisition in a
non-divided group of glioma patients, the majority of which would typically be IDHwt,
was impaired by a large IDHm subgroup included in our study.

Due to the limited availability of the radiotracer at our institution we consider per-
forming 18F-FET PET/CT investigation particularly when MRI yields inconclusive results
between TRC and TP. Important for our study is that 18F-FET PET/CT imaging was consid-
ered appropriate only if it resulted in therapeutic consequences. The patients with poor
performance status and without further treatment options, typically being IDHwt, were
therefore following the standard of care not assigned to receive 18F-FET PET imaging, thus
further reducing the number of IDHwt subjects in our study. Therefore, a higher proportion
of IDH mutations in our study is a consequence of more frequent equivocal decisions
at a multidisciplinary tumor board in IDHm cases, and represents a selection of notably
difficult cases [31]. A high rate of IDHm in our patients also enabled this IDH mutation
status-based study.

In comparison to the static acquisition, the use of dynamic acquisition of 18F-FET PET
is very time-consuming and can therefore be challenging in an otherwise busy imaging
department. Dynamic imaging incurs additional costs as a consequence of the prolonged
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decay of the tracer intended for consecutive patients, and fewer scans are performed within
normal working hours, hence shorter imaging times are preferred. In our study, the shape
of the dynamic curve, in general, has not been statistically significantly associated with the
TRC or TP, although there was a trend that associated the plateau-shaped curve with the
progressive disease. Our results suggest that the exclusion of dynamic acquisition and the
performance of only static acquisition in IDHm patients could be a cost-effective strategy
without the diagnostic potential of the investigation being hampered. Nonetheless, since
dynamic imaging metrics proved useful in the IDHwt subgroup, these patients should be
provided with the dynamic acquisition. [32,33].

While the cutoff values of TBRmean in the all, IDHm and IDHwt subgroups (2.04,
CI95%:1.8–2.3; 1.96, CI95%:1.7–2.3; and 2.09, CI95%:1.6–2.6, respectively) as determined in
our study, within CL agree with previously reported cutoff values of 1.9–2.0 for the differ-
entiation of both early and late TRC from true progression, the cutoff values of TBRmax
for both all and IDHm (3.03, CI95%:2.6–3.4), and IDHwt (2.9, CI95%: 2.2–3.6) subgroups, as
determined in our study, were above the values, reported by the majority of authors [31–34].
An optimal TBRmax cutoff value of about 1.9 with an accuracy of 85% was determined in
late TRC glioblastoma patients, while a TBRmax cutoff of 2.3 (accuracy 96%) was deter-
mined in the early glioblastoma pseudoprogression by Galldiks et al. [18,34,35]. However,
Kartels et al. estimated the optimal TBRmax cutoff value to be 3.52 in a late glioblastoma
multiforme group of patients, indicating non-uniform outcomes in different patient group
settings [36]. The reason for only moderate accuracy in differentiating TP from TRC might
be due to a non-homogeneous group of patients because we did not limit our study to
high-grade gliomas or specific treatment regimens. As reported in a meta-analysis by Cui
et al., the accuracy of FET is known to be higher in high-grade glioma than in the mixed
glioma patients group [37].

5. Conclusions

Differentiating TRC from TP is of critical importance for patient management and
prognosis and it can often be challenging. In our study, the proportion of TRC in IDHwt
and IDHm subgroups was without significant difference. We found that the diagnostic
value of static and dynamic biomarkers of 18F-FET PET for discrimination between TRC
and TP depends on the IDH mutation status of the tumor. Dynamic biomarkers play an
important role in the IDHwt subgroup, and as opposed to the case of IDHm, the dynamic
acquisition of 18F-FET PET might eventually be discontinued. Further prospective research
in large sample sizes is needed to determine the value of 18F-FET PET in different molecular
biomarker settings and to confirm our findings.
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Abstract: IDH (isocitrate dehydrogenase) mutation, hypoxia, and neo-angiogenesis, three hallmarks
of diffuse gliomas, modulate the expression of small non-coding RNAs (miRNA). In this paper, we
tested whether pro-angiogenic and/or pro-hypoxic miRNAs could be used to monitor patients with
glioma. The miRNAs were extracted from tumoral surgical specimens embedded in the paraffin
of 97 patients with diffuse gliomas and, for 7 patients, from a blood sample too. The expression of
10 pro-angiogenic and/or pro-hypoxic miRNAs was assayed by qRT-PCR and normalized to the
miRNA expression of non-tumoral brain tissues. We confirmed in vitro that IDH in hypoxia (1%
O2, 24 h) alters pro-angiogenic and/or pro-hypoxic miRNA expression in HBT-14 (U-87 MG) cells.
Then, we reported that the expression of these miRNAs is (i) strongly affected in patients with glioma
compared to that in a non-tumoral brain; (ii) correlated with the histology/grade of glioma according
to the 2016 WHO classification; and (iii) predicts the overall and/or progression-free survival of
patients with glioma in univariate but not in a multivariate analysis after adjusting for sex, age at
diagnosis, and WHO classification. Finally, the expression of miRNAs was found to be the same
between the plasma and glial tumor of the same patient. This study highlights a panel of seven
pro-angiogenic and/or pro-hypoxic miRNAs as a potential tool for monitoring patients with glioma.

Keywords: miRNA; hypoxia; angiogenesis; glioma

1. Introduction

Adult diffuse gliomas are the most common primary malignant brain tumors, ac-
counting for approximately 60% of all central nervous system tumors. These tumors are
characterized by a number of criteria, either morphological/histological (tumoral cells
mitoses, microvascular proliferation, hypoxia/necrosis as infiltration (for review: [1])) or
molecular (isocitrate dehydrogenase (IDH) mutations, 1p/19q codeletion, ATRX (alpha tha-
lassemia/mental retardation syndrome X-linked) mutations, mutations in the promoter of
TERT (telomerase reverse transcriptase), etc., [2–4]). Since the revision of the classification
of brain tumors according to the World Health Organization (WHO) in 2016 [2], which was
reviewed in 2021 [5], all these morphological/histological and molecular criteria have been
integrated by pathologists to establish a histoprognostic grade of these tumors for each
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histological diagnosis. Some molecular abnormalities (for example, trisomy 7 associated
with monosomy 10, mutation of the TERT promoter, biallelic deletion of the CDK2NA gene)
alone allow us to classify the tumor into grade 4, independently of the histomorphological
criteria [5].

Diffuse gliomas in adults are therefore now well characterized from a molecular
point of view; however, there is still no molecular tool for monitoring these patients
longitudinally, even though a low-grade mutated IDH tumor will invariably evolve into
a higher-grade tumor [6]. It is therefore necessary to improve the care and follow-up
of patients with diffuse gliomas by identifying such tools. It is acknowledged that the
occurrence of the IDH1/2 mutation remains the upstream genetic event in two diffuse
glioma lineages: diffuse astrocytomas and oligodendrogliomas [3,4]. It is also known that
the IDH1/2 mutation, hypoxia leading to necrosis, and microvascular proliferation are
interrelated [1,2,7,8]. IDH1/2 mutation can control these phenomena by modulating the
expression of miRNAs. Indeed, IDH1/2 mutation is related to epigenetic modification
by both DNA hypermethylation [9,10] and a change in miRNA (miRNA) expression (for
review [8]). Interestingly, in lower-grade gliomas, the IDH1/2 mutation has more of an
impact on miRNA expression than histological and other genomic features [11].

By repressing transcription or inducing the degradation of their target mRNA molecules,
miRNAs can control cell growth, proliferation, metabolism, and apoptosis [12]. Many
miRNAs are dysregulated in gliomas and are linked to their development and progres-
sion [13,14] (for review: [15]). Among these, some appear oncogenic, such as tumor
suppressor miRNAs [16] as well as miRNAs correlated with the grade and/or histology
of the glial tumor and/or with the outcome of glioma patients, as reviewed in a recent
meta-analysis based on the data of 4708 glioma patients [17]. For example, a high ex-
pression of miR-15b, 21, 148a, 196, 210, and 221 or a low expression of miR-106a and 124
predicts a poor prognosis in glioma patients, while the expression of miR-10b, 17, 20a, 155,
182, 200b, and 222 fails to predict such survival [17]. Among these miRNAs, some are
induced by hypoxia and/or neoangiogenesis, the two hallmarks of glioma history [1], such
as mir210 [18,19]. Interestingly, the detection of stable miRNA expression in cerebrospinal
fluid, blood serum, and other bodily fluids has led to the possibility of using miRNAs
as non-invasive biomarkers for clinical applications [20,21]. However, specific miRNAs
still need to be elucidated in the diagnosis of a glioma, especially in the early screening
stage [22].

As IDH genes play important roles in the mechanism of glioma, here, we tested the
diagnostic and prognostic values of miRNAs, reflecting on the features of gliomas in the
WHO 2016 classification and patients’ survival in a series of 97 grade II to IV gliomas.
We focused on ten miRNAs: has-mir-200b-3p, -200c-3p, -210-3p, -100-5p, -126-5p, -132-3p,
-221-3p, -424-5p, -128-3p, and -451-5p. These are miRNAs which could be involved in the
regulation of hypoxia/cell proliferation/differentiation of glioma cells, as described for
other cell types [23–33] (for review: [15,34]).

2. Results

2.1. Expression of the Pro-Angiogenic and/or Pro-Hypoxic miRNAs Studied Is Affected by IDH
Mutation and Hypoxia In Vitro

We first validated the influence of IDH1 mutation on proangiogenic miRNA expression
by comparing the expression of these miRNAs between two isogenic HBT-14 (U-87 MG)
cell lines only differing in their expression of either wild-type IDH1 (HBT-14 (U-87 MG)
IDH1WT) or mutated IDH1 (HBT-14 (U-87 MG) IDH1R132H) (Figures 1 and 2). We report
that four of the miRNAs studied had significantly altered expressions (has-mir-100-5p,
128-3p, -221-3p and -451-5p) when the cell line expressed the IDH1 R132H-mutant, while
the others showed an expression variation that did not reach significance, although some
looked to be substantial (for example, has-mir-210-3p and -424-5p). To note, the mir-126-5p
was undetectable in these lines.

42



Int. J. Mol. Sci. 2022, 23, 6042

Figure 1. Expression of pro-angiogenic or pro-hypoxic miRNAs according to the presence (HBT-
14 (U-87 MG) IDH1R132H cells) or absence (HBT-14 (U-87 MG) IDH1WT cells) of the IDH1 R132H
mutation. The miRNAs were extracted from cell lines using miRNAeasy (Qiagen™), then retro-
transcribed (RT) and amplified (PCR) using the TaqMan MiRNA Reverse transcription kit (Applied
Biosystem). The RT-PCR data were normalized to the small nucleolar house-keeping RNA, RNA
RNU48 (SNORD48) (assay ID 001006). Each miRNA was expressed in base 100 (100 being attributed
to the delta-CT of the miRNA measured in HBT-14 (U-87 MG) IDH1WT cells) (n = 3, ANOVA followed
by a post hoc Dunnett’s test, *: p < 0.05, **: p < 0.01). The mir-126-5p was undetectable in these lines.

Figure 2. Morphological appearance of HBT-14 (U-87 MG) IDH1WT and HBT-14 (U-87 MG) IDH1R132H

grown in normoxia or hypoxia (1% O2, 24 h). HBT-14 (U-87 MG) IDH1WT and HBT-14 (U-87 MG)
IDH1R132H cells, as validated by immunohistochemical staining carried out according to standard
procedures against IDH1R132H (left panel), reaching 60% confluence, were cultivated for an additional
24 h in physoxia or hypoxia (0.1% O2). The appearance of these cells was imaged under a phase
contrast microscope: the right panel presents representative photos of these cells according to the
culture condition (normoxia/hypoxia).

Microvascular proliferation is linked to hypoxia, a hallmark of high-grade gliomas,
which is itself counterbalanced by this microvascular proliferation, although the neo-vessels
formed are defective [1]. Thus, we next tested the influence of hypoxia by incubating HBT-
14 (U-87 MG) IDH1WT and HBT-14 (U-87 MG) IDH1R132H cells for 24 h under 1% O2.
Morphologically, we observed that the cells survived in these growing conditions, although
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they appeared less numerous than their homologues cultivated in physoxia, showed a
more star-shaped form, and featured more interconnections (Figure 2).

The quantification of miRNAs from HBT-14 (U-87 MG) IDH1WT and HBT-14 (U-87
MG) IDH1R132H grown in normoxia or hypoxia (1% O2, 24 h) revealed that hypoxia could
interfere with the IDH1 mutation and influence miRNA expression when compared to cells
grown in normoxia (Figure 3).

Figure 3. Expression of pro-angiogenic or pro-hypoxic miRNAs in HBT-14 (U-87 MG) IDH1R132H

or in HBT-14 (U-87 MG) IDH1WT cells grown in hypoxia (1% O2, 24 h). HBT-14 (U-87 MG) IDH1WT

and HBT-14 (U-87 MG) IDH1R132H cells at 60% confluence were cultivated for an additional 24 h
in normoxia or hypoxia (0.1% O2). The miRNAs from HBT-14 (U-87 MG) IDH1WT and HBT-14
(U-87 MG) IDH1R132H cells were extracted using miRNAeasy (Qiagen™), then retrotranscribed (RT)
and amplified (PCR) using the TaqMan MiRNA Reverse transcription kit (Applied Biosystem). The
RT-PCR data were normalized to the small nucleolar house-keeping RNA, RNAS RNU48 (SNORD48)
(assay ID 001006). Each miRNA ((a): mir-100-5p; (b): mir-128-3p; (c): mir-200b-3p; (d): mir-200c-3p;
(e): mir-210-3p; (f): mir-221-3p; (g): mir-424-5p; (h): mir-451-5p) was thus finally expressed in base
100 (100 being attributed to the delta-CT of the miRNA measured in HBT-14 (U-87 MG) IDH1WT

or HBT-14 (U-87 MG) IDH1R132H cells grown in normoxia) (n = 3, ANOVA followed by a post hoc
Dunnett’s test, *: p < 0.05; **: p < 0.01; ***: p < 0.001, NS: non-significant).

We measured significant increases in mir-210-3p and mir-424-5p in both HBT-14
(U-87 MG) IDH1WT and HBT-14 (U-87 MG) IDH1R132H when grown for 24h under 1%
O2 (Figure 3). We also reported significant decreases in mir-128-3p and mir-221-5p in
HBT-14 (U-87 MG) IDH1WT grown for 24h under 1% O2 (Figure 3), but not in IDH1-mutant
cells. Therefore, hypoxia modified the expression of mir-210-3p and mir-424-5p studied
here in HTB-14 (U-87 MG) cells regardless of IDH1/2 status, unlike the mir-128-3p and
mir-221-5p whose variation in expression under hypoxia seems to be linked by the presence
of a wild-type IDH.
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2.2. The Expression of Pro-Angiogenic and/or Pro-Hypoxic miRNAs Is Strongly Affected in
Patients with Glioma

The characteristics, treatment history, and pathologic data pertaining to 97 glioma
samples from the 97 patients studied are summarized in Table S1. The median age was
53.9 years [range: 22.3–79.3]. There were 37 females and 60 males. The median follow-
up period was 28.85 months [range: 0.26–304.23 months]. According to the 2016 WHO
classification [2], the 97 glioma samples were classified as follows: 11 Grade II, isocitrate
dehydrogenase 1/2 (IDH)-mutant and 1p19q-codeleted oligodendrogliomas (O); 16 Grade
III, IDH-mutant and 1p19q-codeleted anaplastic oligodendrogliomas (AO); 18 Grade II,
diffuse and IDH-mutant astrocytomas (A-IDHMUT); 7 Grade III, IDH-mutant anaplastic as-
trocytomas (AA-IDHMUT); 8 Grade IV, IDH-mutant glioblastomas (GB-IDHMUT); 37 Grade
IV, IDH-wild-type glioblastomas (GB-IDHWT) (Table S1).

We first assessed the level of expression of has-miR-200b-3p, -200c-3p, -210-3p, -100-5p,
-126-5p, -132-3p, -221-3p, -424-5p, -128-3p, and -451-5p between glial tumors regardless of
their WHO classification. We observed that the expression of each miRNA was modified
by at least >2 fold (increase or decrease) as compared with non-tumoral brain tissue in 62.8
to 84.5% of patients with glioma according to the concerned miRNA (Figure 4).

Figure 4. The expression of pro-angiogenic or pro-hypoxic miRNAs varied markedly in patients with
glioma. miRNA from the 97 FFPE surgically resected tumor specimens or the 8 healthy brain tissues
were extracted using miRNAeasy-FFPE kit (Qiagen™), then retrotranscribed (RT) and amplified
(PCR) using the TaqMan MiRNA reverse transcription kit (Applied Biosystem). The RT-PCR data
were normalized to the small nucleolar house-keeping RNA, RNAS RNU48 (SNORD48) (assay ID
001006). Results are expressed as the fold change in glioma samples ± ESM compared to healthy
brain tissue.

We report that three miRNAs (mir-221-3p, mir-132-3p, and mir-128-3p, histograms
in red in Figure 4) were decreased in glioma specimens compared to normal brain tissue,
while the seven other miRNAs studied were all increased (histograms in green in Figure 4).
We also observed that two miRNAs (mir-210-3p and mir-451-5p) varied markedly between
different subtypes of glial tumors (Figure 4). In the same patient’s tumor specimen, the
changes in miRNAs expression seen were not exclusively increases or decreases; some
miRNAs increased when the others decreased. There was also no change in miRNA
exclusive to the other miRNAs which was expected since these miRNAs reflect interrelated
features in gliomas. We even report that, as detailed in Table 1, these miRNA expressions
appeared to be strongly correlated with each other, except for mir-128-3p and mir-210-3p.
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Table 1. Inter-miRNA correlation (Spearman rank correlation coefficients).

mir-200c-3p mir-210-3p mir-100-5p mir-126-5p mir-132-3p mir-221-3p mir-424-5p mir-128-3p mir-451-5p

mir-200b-3p 0.707 0.596 0.713 0.740 0.700 0.784 0.793 0.385 0.619

mir-200c-3p 0.494 0.591 0.778 0.726 0.791 0.764 0.355 0.641

mir-210-3p 0.435 0.550 0.344 0.543 0.549 0.078 0.464

mir-100-5p 0.642 0.627 0.607 0.741 0.535 0.514

mir-126-5p 0.729 0.797 0.781 0.434 0.749

mir-132-3p 0.822 0.725 0.592 0.546

mir-221-3p 0.728 0.381 0.621

mir-424-5p 0.549 0.702

mir-128-3p 0.539

Correlations were highly significant for all miRNAs (p < 0.001), except mir-128-3p and mir-210-3p (p = 0.45).

Indeed, as seen in Table 1, the Spearman rank correlation coefficient testing the interac-
tion between each pair of miRNAs varied from 0.344 to 0.822 and was strongly significant
(p < 0.001) except for mir-128-3p and mir-210-3p (Spearman rank correlation coefficient:
0.078, p = 0.45).

2.3. The Expression of Pro-Angiogenic and/or Pro-Hypoxic miRNAs Is Correlated with the 2016
WHO Classification

Having observed that the expression of microRNAs was affected in patients with glial
tumors (Figure 4), we next investigated which feature of glioma could have influenced
the expression of the miRNAs studied here. We thus looked at the miRNA expression
according to (1) the mutational status of IDH (Table 2), (2) the microvascular proliferation
(Table 3), and (3) the histological subgroup (Table 4).

Table 2. MiRNA expression according to the IDH1/2 mutation.

IDH1/2-WT (n = 37) IDH1/2-MUT (n = 60)

pMedian
(%)

First Quartile
(%)

Third Quartile
(%)

Median
(%)

First Quartile
(%)

Third Quartile
(%)

mir-200b-3p 250.5 82.9 450.0 59.3 21.8 97.8 <0.001
mir-200c-3p 262.4 122.0 449.0 64.8 20.9 138.9 <0.001
mir-210-3p 1109.0 380.1 1891.2 126.7 67.2 201.3 <0.001
mir-100-5p 362.9 189.1 597.7 238.6 141.2 410.4 0.086
mir-126-5p 451.0 175.7 1194.3 119.6 38.0 294.6 <0.001
mir-132-3p 32.1 18.4 56.0 20.0 9.2 36.7 0.024
mir-221-3p 35.7 17.4 90.4 8.5 3.0 18.5 <0.001
mir-424-5p 699.8 257.9 1324.0 215.4 104.8 410.5 <0.001
mir-128-3p 4.3 1.2 21.9 9.9 5.4 37.8 0.027
mir-451-5p 322.7 67.4 1104.3 73.5 25.9 310.6 0.0010

The 100 value was attributed to the miRNA expression in non-tumoral tissue. IDH: isocitrate dehydrogenase.
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Table 3. MiRNA expression according to microvascular proliferation.

No Microvascular Proliferation
(n = 40)

Microvascular Proliferation
(n = 57)

p

Median (%)
First Quartile

(%)
Third Quartile

(%)
Median (%)

First Quartile
(%)

Third Quartile
(%)

mir-200b-3p 62.0 28.6 115.0 99.0 26.0 386.4 0.021
mir-200c-3p 57.7 21.0 162.4 138.7 71.3 359.7 0.010
mir-210-3p 117.4 53.3 154.0 498.0 192.7 1568.4 <0.001
mir-100-5p 251.9 176.8 420.4 267.5 124.8 579.3 0.96
mir-126-5p 120.2 43.8 334.4 275.7 117.5 688.3 0.0073
mir-132-3p 26.4 9.5 42.3 25.5 13.0 49.3 0.51
mir-221-3p 8.6 3.8 20.6 19.5 7.8 63.2 0.0063
mir-424-5p 192.2 114.6 366.2 447.5 179.9 1075.5 0.0063
mir-128-3p 10.0 5.4 42.5 5.8 2.2 26.4 0.087
mir-451-5p 59.9 25.9 261.2 256.1 51.8 879.9 0.0068

The 100 value was attributed to the miR expression in non-tumoral tissue.

Table 4. MiRNA expression according to the WHO 2016 classification.

O (n = 11) AO (n = 16) A (n = 18) AA (n = 7)
GB-IDHMUT

(n = 8)
GB-IDHWT

(n = 37) p
Median (%)

mir-200b-3p 37.9 35.0 58.9 96.6 63.5 250.5 <0.001
mir-200c-3p 45.0 88.9 66.7 166.1 53.0 262.4 <0.001
mir-210-3p 98.1 139.1 110.5 118.2 228.1 1109.0 <0.001
mir-100-5p 208.3 241.2 350.8 242.7 231.6 362.9 0.28
mir-126-5p 105.9 274.3 113.3 131.8 103.5 451.0 <0.001
mir-132-3p 15.6 18.6 23.1 47.8 15.2 32.1 0.10
mir-221-3p 4.6 8.1 8.5 13.6 8.8 35.7 <0.001
mir-424-5p 115.0 271.1 203.9 574.3 274.9 699.8 0.0012
mir-128-3p 7.1 12.9 15.2 9.7 10.6 4.3 0.28
mir-451-5p 71.9 313.9 53.9 58.2 116.3 322.7 0.0077

A value of 100 value was attributed to the miR expression in non-tumoral tissue. A: diffuse astrocytoma, IDH-
mutant; AA: anaplastic astrocytoma, IDH-mutant; AO: anaplastic oligodendroglioma, IDH-mutant, and 1p19q-
codeleted; GB-IDHMUT: glioblastoma, IDH-mutant; GB-IDHWT: glioblastoma, IDH-wild-type; IDH: isocitrate
dehydrogenase; O: oligodendroglioma, IDH-mutant, and 1p19q-codeleted; WHO: World Health Organization.

As shown in Table 2, 7/10 miRNAs studied here were more strongly expressed in
glioma IDH1/2-WT (expression > 100) than in non-tumor brain tissue, while only 2/10
miRNAs were more strongly expressed in glioma IDH1/2-MUT than in non-tumor brain
tissue. Thus, the IDH1/2 mutation significantly decreased the expression of the miRNAs
studied here by 4.2 to 8.8-fold according to the miRNA and except for mir-128-3p (increased
by IDH1/2 mutation) and mir-100-5p (decrease not significant).

As shown in Table 3, we further report that the microvascular proliferation also
significantly increased the expression of pro-angiogenic or pro-hypoxic miRNAs up to
4.3 folds (except for mir-128-3p, mir-132-3p, and mir-100-5p (not significant). Thus, the
expression of 7/10 miRNAs studied here was stronger when the glial tumor exhibited a
microvascular proliferation than when it did not.

Finally, as shown in Table 4, the histological subgroup influenced the expression of the
pro-angiogenic or pro-hypoxic miRNAs studied here. Indeed, the level of expression of the
microRNAs mir-100-5p, -126-3p, -128-3p, -132-3p, -210-5p, and -221-3p was comparable
between astrocytic tumors (A, AA) and oligodendroglial tumors (O, AO).

Conversely, the mir-200b-3p was found to be more expressed in astrocytic (A, AA)
than in oligodendroglial tumors (O, AO). Similarly, the expression of mir-451-5p increased
between O and AO, but not between A and AA. Other miRNAs could be used for compari-
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son: the expression of mir-200c-3p, -424-5p, and -451-5p increased with the tumor evolution
(A > AA, O > AO).

2.4. The Expression of Pro-Angiogenic and/or Pro-Hypoxic miRNAs Predicts Overall (OS) and
Progression-Free (PFS) Survival in Patients with Glioma in Univariate Analysis

We next tested the influence of the expression of pro-angiogenic and/or pro-hypoxic
miRNAs on the OS and PFS using univariate and multivariate Cox-proportional hazard
models. As detailed in Table 5, except for mir-128-3p, mir-132-3p, and mir-100-5p, the
expression of the miRNAs studied here predicted the OS and PFS of patients with glioma in
the univariate analysis (p < 0.001) but not in the multivariate analysis, following adjustments
for sex, age at diagnosis, and WHO 2016 classification.

Table 5. MiRNA expression and overall and progression-free survival of patients with glioma.

HR † IC95% p Adjusted
HR ‡ IC95% p

OS

mir-200b-3p 1.08 1.05 1.12 <0.001 1.03 0.98 1.08 0.30
mir-200c-3p 1.06 1.03 1.09 <0.001 1.02 0.98 1.05 0.42
mir-210-3p 1.015 1.008 1.02 <0.001 1.01 0.997 1.01 0.23
mir-100-5p 1.02 0.90 1.15 0.80 0.92 0.81 1.06 0.25
mir-126-5p 1.08 1.03 1.12 <0.001 0.99 0.94 1.05 0.83
mir-132-3p 1.04 1.00 1.08 0.055 1.02 0.98 1.07 0.38
mir-221-3p 1.07 1.04 1.11 <0.001 1.01 0.97 1.05 0.50
mir-424-5p 1.07 1.02 1.13 0.0038 1.00 0.95 1.06 0.94
mir-128-3p 1.02 0.97 1.07 0.40 1.00 0.96 1.04 0.99
mir-451-5p 1.008 1.003 1.01 0.0022 1.003 0.997 1.01 0.31

PFS

mir-200b-3p 1.07 1.03 1.11 <0.001 1.02 0.96 1.07 0.56
mir-200c-3p 1.06 1.03 1.09 <0.001 1.02 0.98 1.06 0.44
mir-210-3p 1.013 1.007 1.02 <0.001 1.01 0.997 1.01 0.23
mir-100-5p 1.01 0.90 1.12 0.92 0.97 0.86 1.09 0.62
mir-126-5p 1.06 1.02 1.11 0.007 0.99 0.93 1.04 0.63
mir-132-3p 1.04 1.00 1.08 0.053 1.02 0.98 1.06 0.41
mir-221-3p 1.06 1.03 1.09 <0.001 1.00 0.97 1.04 0.90
mir-424-5p 1.07 1.02 1.12 0.0034 1.00 0.95 1.06 0.93
mir-128-3p 1.01 0.98 1.05 0.45 0.99 0.96 1.03 0.76
mir-451-5p 1.007 1.00 1.01 0.0077 1.003 0.996 1.01 0.40

† mir-132-3p, mir-221-3p, and mir-128-3p for a 10-point increase in the level of expression; mir-200b-3p and mir-
200c-3p for a 50-point increase in the level of expression; mir-210-3p, mir-126-5p, and mir-451-5p for a 100-point
increase in the level of expression; mir-100-5p and mir-424-5p for a 150-point increase in the level of expression.
‡ Adjustments for sex, age at diagnosis, and WHO 2016 classification.

2.5. Mir-128-3p Predicts a Poorer PFS in Patients with AA-IDHMUT or AO-IDHMUT and
mir-100-5p Predicts a Poorer PFS in Patients with AA-IDHMUT

For each miRNA, we used an interaction test to compare the hazard ratios between
the WHO 2016 classes for OS and PFS. Interactions were not statistically significant for OS,
but for PFS, significant differences were found for mir-128-3p and mir-100-5p (p = 0.033
and p = 0.013, respectively; Table S4).

We thus further calculated the prognostic value of these two miRNAs for each WHO
subgroup and reported that mir-128-3p predicts a poorer PFS in patients with AA-IDHMUT

or AO-IDHMUT and that mir-100-5p predicts a poorer PFS in patients with AA-IDHMUT

(Table 6). However, the low number of patients by class (sometimes less than 10 subjects)
means that it is necessary to interpret such results with caution.
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Table 6. Value of mir-100-5p or mir-128-3p within WHO 2016 classes for PFS.

mir-100-5p mir-128-3p

HR IC95% p HR IC95% p

O 0.75 0.28 2.00 0.56 0.95 0.75 1.21 0.66
A 0.79 0.57 1.11 0.18 0.97 0.72 1.30 0.82

AO 0.99 0.776 1.26 0.94 1.33 1.046 1.68 0.020
AA 5.12 1.84 14.24 0.0018 1.31 1.06 1.60 0.010

GB-IDHMUT 0.68 0.42 1.08 0.10 0.93 0.65 1.31 0.66
GB-IDHWT 1.05 0.90 1.23 0.52 0.99 0.95 1.03 0.55

A: diffuse astrocytoma, IDH-mutant; AA: anaplastic astrocytoma, IDH-mutant; AO: anaplastic oligodendroglioma,
IDH-mutant, and 1p19q-codeleted; GB-IDHMUT: glioblastoma, IDH-mutant; GB-IDHWT: glioblastoma, IDH-
wild-type; IDH: isocitrate dehydrogenase; O: oligodendroglioma, IDH-mutant, and 1p19q-codeleted; WHO:
World Health Organization.

2.6. For the Same Patient, Expression of Plasma miRNAs Coincides with the Expression of
Tumoral miRNAs

We know that stable miRNA expression is measurable from bodily fluids such as
cerebrospinal fluid or blood serum [20,21] but that specific miRNAs in the diagnosis of
a glioma, in particular at the early stage, are still missing [22]. We thus next tested the
possibility of directly assaying the microRNAs studied in this study from the patient’s
blood sample.

A blood sample was collected from seven patients, from which we also extracted and
quantified the pro-angiogenic miRNAs. All the miRNAs could be assayed from these blood
samples (no amplification failure and the number of CTs after real-time PCR amplification
was <35), even if, for some miRNAs in the circulatory system, their expression patterns
were at a slightly lower concentration compared to the tumoral tissues. As illustrated in
Figure 5 for four miRNAs (has-miR-100-5p, -132-3p, -200b-3p, and -221-3p), the amount of
each miRNA detected in the glial tumor was correlated with that detected in the blood of
the same patient, except for the miR-100-5p in patient 3.

Figure 5. The expression levels of pro-angiogenic or pro-hypoxic miRNAs were correlated between
the tumor sample and plasma from patients with glioma. For 7 patients with glioma, the miRNAs
from the FFPE surgically resected tumor specimens or the plasma samples were extracted using,
miRNAeasy-FFPE kit (Qiagen™) and NucleoSpin miRNA Plasma (Macherey-Nagel™), respectively,
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then retrotranscribed (RT) and amplified (PCR) using the TaqMan MiRNA Reverse transcription kit
(Applied Biosystem). Results illustrated here for (a) mir-100-5p, (b) mir-132-3p, (c) mir-200b-3p, and
(d) mir-221-3p are expressed as cycle thresholds (CTs) assayed for each miRNA normalized to the
small nucleolar house-keeping RNA, RNAS RNU48 (SNORD48) (assay ID 001006).

3. Discussion

It is now well known that miRNAs are involved in tumor initiation and develop-
ment [35]. Such miRNAs thus appear to be interesting tools for use in the diagnosis and/or
monitoring of cancers, whether in gliomas or other tumors, particularly due to their non-
invasive nature since they can be measured from a patient’s blood sample. Indeed, the
expression of miRNAs in blood and tissues has tumor-related and tissue-specific features,
and their expression is remarkably stable [36]. Nevertheless, miRNAs have not yet come to
be used in daily clinical practice. To relaunch the debate on their possible clinical interest,
particularly for the diagnosis of patients with gliomas, a meta-analysis recently tested
the diagnostic performance of circulating miRNAs for gliomas [22]. After analyzing 18
articles covering 24 studies containing 2170 glioma patients and 1456 healthy participants,
the authors concluded that circulating miRNAs have the potential to serve as diagnostic
biomarkers for gliomas. Our results are in agreement with their conclusion; indeed, we
prove here that we can use miRNAs as tools for monitoring patients with gliomas by
selecting several miRNAs involved in intertwined phenomena and accounting for the
natural history of the disease. Indeed, we tested the diagnostic and prognostic values of
miRNAs reflecting the features of gliomas (IDH mutation, microvascular proliferation,
hypoxia) and patients’ survival in a series of 97 gliomas of grades II to IV to determine
whether miRNAs could be used as tools for monitoring patients with gliomas. As detailed
in the Section 1, we thus chose the miRNAs involved in the regulation of hypoxia/cell
proliferation/differentiation of glioma cells, as described for other cell types [23–33] (for
review: [15,34]). As expected, since the miRNAs studied here reflected the mechanisms
related to gliomagenesis, these miRNAs appeared to be strongly correlated with each other,
except for mir-128-3p and mir-210-3p.

First, we successively reported that the expression of some of the pro-angiogenic
and/or pro-hypoxic miRNAs studied could actually be affected by IDH mutation and hy-
poxia in vitro, and then in tumor specimens from patients with glioma that the expression
of some pro-angiogenic and/or pro-hypoxic miRNAs could be strongly affected by and
correlated with the 2016 WHO classification (IDH1/2 mutation, microvascular proliferation,
histoprognostic group according to WHO 2016 classification). Interestingly, the induced
hypoxia of IDH HTB-14 (U-87 MG) cells modified the expression of four miRNAs, for two
(mir-210-3p and mir-424-5p, which decreased under hypoxic conditions) independently
of the IDH mutation, while for the two others (128-3p and mir-221-5p, which decreased
under hypoxic conditions), only in wild-type IDH HTB-14 (U-87 MG) cells. Such results
could explain why IDHWT glioma are more aggressive tumors with a higher microvascular
proliferation than IDHMUT glioma; indeed, the mir-128-3p is a tumor suppressor [37]
and both the mir-128-3p and the mir-221-5p sometimes display anti-angiogenic behavior
by targeting, in particular, VEGFC [38] and the Hypoxia-inducible factor 1 alpha, respec-
tively [39]. Then, in a small sample of seven patients for whom both tissue and blood
were available, we then reported that the expression of pro-angiogenic and/or pro-hypoxic
miRNAs in plasma coincided with the expression of tumor miRNAs and that the tumor
expression of some miRNAs could predict OS and PFS in patients with glioma, at least
in a univariate analysis. We thus suggest the use of pro-angiogenic and/or pro-hypoxic
miRNAs as tools for monitoring patients specifically with IDH1/2-mutated gliomas. Indeed,
we also observed in this study that the variations in the expression of miRNAs within the
group of patients with GB IDH WT was specific to this group, which is consistent with the
report that miRNA profiles play a more significant prognostic role in IDH-mutant tumors
than in IDH wild-type tumors [11,40]. Moreover, the IDH1/2 mutation status had a greater
impact than the histological and other genomic features on miRNA expression patterns;
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361/487 (74%) of the miRNAs were differentially expressed according to their IDH1/2
mutation status [11].

Our results, which indicate that we could use miRNAs as tools for monitoring patients
with IDH1/2-mutated gliomas, are consistent with the study of Chen and co-workers,
based on another miRNA, mir-720, assayed on 122 patients with glioma (Stage I: 20;
Stage II: 17; Stage III: 35; and Stage IV: 50, according to the WHO 2016 classification).
Chen an al. reported that the plasma miR-720 was associated with the tumor grade and
associated with recurrence or development in patients with glioma but that the sensitivity
and specificity results indicated that the diagnostic ability of miR-720 for glioma was only
moderate [41]. This result raises the question of what methodological choices should
be made when one wants to use miRNAs as diagnostic and/or monitoring tools for
patients with tumors and more particularly gliomas. Although circulating miRNAs are
promising diagnostic biomarkers for patients with glioma, the serum miRNAs and miRNA
panels presented a superior diagnostic performance compared to the use of only one
miRNA [22]. Moreover, variations in the plasma concentrations of only one miRNA could
alternatively reflect another cancer pathology in the same patient and not be specific to
glioma, thus compromising the potential clinical utility in diagnosis and follow-up by
leading to false detection. To overcome these possible biases, it is therefore more relevant
to assay a signature of miRNAs—moreover, a signature of miRNAs reflecting the specific
characteristics of the tumor that one seeks to characterize. As an example, the use of a
four-miRNA risk classifier (miR-10b, miR-130b, miR-1304, and miR-302b), involved in the
proliferation, invasion, and survival of glioma or other tumors cells [42–45], would allow
one to independently distinguish cases as either at a high or low risk of poor prognosis in
IDH1/2-mut lower-grade glioma [11].

Finally, the fact that the plasma dosage of miRNAs could reflect the tumor dosage is
also consistent with what other authors have been able to report in the literature, such as
during Spinal Cord Glioma Progression [46]. Indeed, the brain is among the tissues with
the strongest correlation for microRNA for both plasma and serum [47].

In our work, mir-128-3p, mir-132-3p, and mir-100-5p often behaved differently from
the other miRNAs that we chose to study; these miRNAs were not linked to the WHO
2016 classification and did not predict the OS and PFS of patients with glioma in univariate
analysis. Conversely, mir-128-3p predicted a poorer PFS in patients with AA-IDHMUT or
AO-IDHMUT, while mir-100-5p predicted a worse PFS in patients with AA-IDHMUT. This,
again, is consistent with the tumor suppressor role attributed to mir-128-3p [37], which
we confirmed by identifying a drop in its expression compared to the level quantified
in non-tumor brain tissue, and with the work of Zhang et al., 2019, who reported that
a low miR-100 expression correlated with worse clinicopathological characteristics such
as Karnofsky Performance Scale and IDH1/2 mutation status [48]. It remains difficult to
explain why these three miRNAs behave differently: it is possible that the variations in such
miRNAs are more difficult to highlight since they are constitutively highly expressed in the
brain [49,50] and that, regardless of the processes in which they participate, their variations
are masked and under-evaluated in this tissue. In any case, it would be preferable to
exclude these miRNAs from the panel of miRNAs used for characterizing angiogenesis
and for hypoxia to be analyzed to evaluate the progression of the disease in patients with
IDH-mutated gliomas.

4. Materials and Methods

4.1. Tissue Samples and Patient Characteristics

Ninety-seven patients, aged 18 years or older with a tissue diagnosis of WHO grade
II, III, and IV diffuse gliomas made between September 2001 and March 2012, were iden-
tified from the brain tumor registry of Caen University Hospital, France. Characteristics,
treatment history, and pathologic data from these patients are summarized in Table S1. For
7 patients, a blood sample was also available. The 8 non-tumoral brain tissues were from
patients without glioma who underwent brain surgery.
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All patients provided informed consent regarding the collection of tumor specimens
and their molecular evaluation, as required by French law. The study was approved by
the institutional ethics committee of Caen University Hospital, France (DC-2008-588). All
tumor specimens were reviewed by a neuropathologist (ELZ) to confirm the diagnosis and
grade according to the new classification system adopted by the World Health Organization
(WHO) in 2016, as described in [10]. Indeed, we used the classification in place at the time
of the constitution of this cohort, i.e., the WHO 2016 classification and could not update on
the classification of 2021 due to the exhaustion of numerous tumor specimens.

4.2. Cell Culture and Hypoxia Treatment

The human glioblastoma cell lines HBT-14 (U-87 MG) IDH1WT and HBT-14 (U-87 MG)
IDH1R132H cells obtained from the generous gift of Pr. Marc Sanson (Hospital Group Pitié-
Salpêtrière, Paris, France) [51], were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
Normoxic cells (21% O2) were grown in a humidified air atmosphere incubator containing
95% air/5% CO2 at 37 ◦C. Hypoxia experiments were performed in a controlled atmosphere
chamber (INVIVO2 1000, Ruskinn, Awel, France) set at 1% O2, 94% N2, and 5% CO2 at
37 ◦C for 24 h.

4.3. DNA and miRNA Extraction

DNA from HBT-14 (U-87 MG) cells was extracted using the QIAmp DNA kit (Qia-
gen™) according to the manufacturer’s recommendation.

The miRNAs from HBT-14 (U-87 MG) cells were extracted using miRNAeasy (Qi-
agen™). The miRNAs from the 97 FFPE (formalin-fixed paraffin-embedded) surgically
resected tumor specimens or the 8 non-tumoral brain tissues were extracted on 3 adjacent
15 μm cuts using the miRNAeasy-FFPE kit (Qiagen™, Hilden, Germany). For the tumoral
specimens, morphological control was systematically carried out beforehand by a neu-
ropathologist (ELZ) in order to guarantee that the percentage of tumor cells was greater
than 70% and the absence of areas of necrosis or hemorrhage. When this was not the
case, a macro-dissection of the samples was performed to determine these quality criteria.
miRNAs were extracted from the seven plasma samples using NucleoSpin miRNA Plasma
(Macherey-Nagel™, Düren, Luxembourg). For each sample, miRNA extraction was carried
out according to the respective manufacturer’s instructions.

The integrity and quality of the purified DNA were assessed by 1% agarose gel
electrophoresis, and the DNA/miRNA concentration was measured with the NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Asnières-sur-Seine, France).

4.4. Quantitative Real-Time Reverse Transcription: PCR

The miRNAs were retrotranscribed and amplified (PCR) using the TaqMan MiRNA
Reverse transcription kit (Applied Biosystem, Birchwood, United Kingdom). An amount
of 5 ng of miRNA was used for every miRNA that we tested. MiRNA expression was
analyzed using the following TaqMan MiRNA assays (Applied Biosystem Birchwood,
United Kingdom): has-miR-200b-3p (Assay ID: 002251), has-miR-200c-3p (002300), has-
miR-210-3p (000512), has-miR-100-5p (000437), has-miR-126-5p (000451), has-mir-132-3p
(000457), hsa-miR-221-3p (000524), has-miR-424-5p (000604), has-miR-128-3p (002216), and
has-miR-451-5p (001141) (targets for each miRNA are listed in Table S2).

The RT-PCR data were normalized to the small nucleolar house-keeping RNA, RNAS
RNU48 (SNORD48) (assay ID 001006). Positive standards and reaction mixtures lacking
the reverse transcriptase were used routinely as controls for each miRNA sample. Relative
quantification was conducted using the deltaCt method, where deltaCt is CtmiRX-CtRNU48.
To facilitate comparison between conditions (histology, grade), the miRNAs were further
normalized to the miRNA expression in healthy brain tissue (quantification averaged from
the normal brain tissue of 8 subjects, operated on to cure their epilepsy). As presented in
Table S3, the delta-CT averages of each miRNA of these 8 patients were calculated along
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with the SD (standard deviation) and did not vary more than one CT between the brain
tissue specimens of these patients.

Each miRNA was thus finally expressed in base 100, with the value 100 being attributed
to the delta-CT of the miRNA measured in normal brain tissue.

4.5. IDH1 and IDH2 Mutations Assay

HBT-14 (U-87 MG) cells with wild-type IDH1 (HBT-14 (U-87 MG) IDH1WT) or mutated
IDH1 (HBT-14 (U-87 MG) IDH1R132H) were certificated by IDH1R132H staining (Figure S1).
Cells were collected, washed with PBS, and fixed in neutral buffered formalin for 20 min.
After centrifugation, the pellet was embedded in 6–10 drops of melted Bio-Agar (Bio-
Optica, Milano, Italy, cod. 05-98035) and chilled in the freezer (−20 ◦C) until complete
solidification was achieved. Next, the sample pellet was putted between two pads of
a bio-cassette and then processed and paraffin-embedded according to the histologic
routine. For IDH1 (R132H) detection, 3 μm sections were cut and placed on poly-L-
lysine-coated slides. Immunohistochemical staining was performed using the Ventana
Discovery XT automated immunostainer (Ventana Medical Systems, Tucson, AZ, USA).
Slides were subjected to deparaffinization in xylene and hydration through a series of
decreasing alcohol concentrations, following standard procedures. Antigen retrieval was
performed using a high-pH Tris-based solution (CC1; VMS) for 64 min at 100 ◦C. The slides
were incubated with the anti-IDH1 R132H primary antibody (Diagomics, Blagnac, France,
IHC132-100) at a 1:100 dilution and then with the Ventana UltraView detection kit and
Ventana DAB. Counterstaining with hematoxylin was performed on the Leica ST 5020. The
slides were finally washed in running water for 10 min, dehydrated, cleared, and mounted
with resinous mounting medium.

4.6. Statistical Analyses

In vitro data are presented as means ± SEM (n ≥ 3). Statistical differences were
determined by one-way analysis of variance (ANOVA) followed by Dunnett’s Multiple
Comparison Test (GraphPad Software, Inc., San Diego, CA, USA). Statistical significance
was set at p ≤ 0.05.

Spearman’s rank correlation coefficient was used to test the correlation between
the miRNAs. Comparisons of the expression of miRNAs according to IDH1/2 mutation,
microvascular proliferation, and WHO2016 classification were made using the Mann–
Whitney and Kruskal–Wallis tests. Univariate and multivariate Cox-proportional hazard
models were used to assess the prognostic value of the miRNA expression. Hazard ratios
(HR) were estimated with 95% confidence intervals (95%CI). For each miRNA, the hazard
ratios were compared between the WHO 2016 classes by including an interaction term in
the Cox models. Statistical significance was set at p < 0.05. The data were analyzed with
the IBM SPSS software (New York, NY, USA), Version 22.

5. Conclusions

With this work, we reported that the expression of a panel of seven pro-angiogenic
and/or pro-hypoxic miRNAs (has-miR-200b-3p, -200c-3p, -210-3p, -126-5p, -221-3p, -424-5p,
and -451-5p) was affected in patients with glioma and related to the histology/grade of
glioma according to the 2016 WHO classification. We also suggested that, by predicting
glioma patients’ overall and/or progression-free survival in a univariate analysis, pro-
angiogenic and/or pro-hypoxic miRNAs can be used as tools for monitoring patients,
specifically with IDH-mutated low-grade tumors, since they are also measurable in plasma.
However, our results remain preliminary because of the small sample size, the lack of a
longitudinal follow-up for patients with plasma sampling, and the need to verify these
results in prospective dedicated studies before being used for diagnosis, to monitor response
to treatment, or to assess the risk of residual disease and relapse after surgical resection.
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Abstract: Glioblastoma (GBM) is the most common form of malignant brain cancer and is considered
the deadliest human cancer. Because of poor outcomes in this disease, there is an urgent need for
progress in understanding the molecular mechanisms of GBM therapeutic resistance, as well as novel
and innovative therapies for cancer prevention and treatment. The pentose phosphate pathway (PPP)
is a metabolic pathway complementary to glycolysis, and several PPP enzymes have already been
demonstrated as potential targets in cancer therapy. In this work, we aimed to evaluate the role of
sedoheptulose kinase (SHPK), a key regulator of carbon flux that catalyzes the phosphorylation of
sedoheptulose in the nonoxidative arm of the PPP. SHPK expression was investigated in patients with
GBM using microarray data. SHPK was also overexpressed in GBM cells, and functional studies were
conducted. SHPK expression in GBM shows a significant correlation with histology, prognosis, and
survival. In particular, its increased expression is associated with a worse prognosis. Furthermore, its
overexpression in GBM cells confirms an increase in cell proliferation. This work highlights for the
first time the importance of SHPK in GBM for tumor progression and proposes this enzyme and the
nonoxidative PPP as possible therapeutic targets.

Keywords: glioblastoma; cancer metabolism; pentose phosphate pathway; cell proliferation

1. Introduction

Glioblastoma (GBM) is one of the most aggressive and deadly types of central nervous
system tumors [1,2]. GBMs make their way into surrounding brain tissue in widespread
and unpredictable ways, making surgical resection a nearly impossible mission [3–5]. The
rapid evolution and progression of the tumor and the extreme heterogeneity of GBM,
even within the same tumor, means that most currently available cancer treatments fail
to be effective [6,7]. Survival rates from GBM enjoyed a modest bump in the 1980s when
radiation became a standard part of the treatment protocol [8,9]. Patients could expect to
live for almost another year after diagnosis, from just four to six months. The introduction
of the chemotherapy drug temozolomide in the 2000s increased survival by another few
months [10]. However, since then, patient survival rates have stalled. Because of the poor
outcomes of this disease, primarily due to its daunting resistance to almost all forms of
treatment, new and innovative therapies are urgently needed. Impairment of physiological
metabolism is one of the most striking hallmarks of GBM [11,12], and the cancer cells’
propensity to use glycolysis instead of oxidative phosphorylation (Warburg effect) [13,14]
led to a focus on glucose metabolism to stop tumor progression. In addition to glycolysis,
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which is considered the main energy source in tumors, other metabolic pathways are specif-
ically exploited in GBM [13] to meet the demand of a rapidly proliferating tumor. The pen-
tose phosphate pathway (PPP) is a metabolic pathway parallel to glycolysis and represents
the first committed step of glucose metabolism [15]. The PPP plays a critical role in sustain-
ing cancer cell survival and growth by producing ribose-5-phosphate (R5P) for nucleic acid
synthesis and providing nicotinamide adenine dinucleotide phosphate (NADPH), which
is necessary for fatty acid synthesis and cell survival under high-stress conditions [16,17].
Indeed, NADPH and R5P play critical roles in the regulation of metabolism, prolifera-
tion, and DNA damage response in cancer cells, and several PPP enzymes have already
been studied, highlighting their potential role as molecular targets for the development
of cancer therapies [18]. In GBM in particular, most studies have investigated the enzyme
glucose-6-phosphate dehydrogenase (G6PD), which is part of the oxidative arm of the PPP,
demonstrating a prognostic relevance [19]. Although the role of the nonoxidative arm of the
PPP has been little studied in GBM, its enzymes and the Sedo-heptulose-7-phosphate (S7P)
intermediate appear to play an important role in other malignancies [20,21]. In this work,
we aimed to evaluate the role of sedoheptulose kinase (SHPK), a key regulator of carbon
flux that catalyzes the phosphorylation of sedoheptulose into S7P, making it available to
cells. As S7P is the substrate of two enzymes in the nonoxidative arm, Transketolase (TKT)
and Transaldolase (TALDO1), the action of SHPK is important in regulating flux through
the PPP. SHPK expression in GBM shows a significant correlation with histology, patient
prognosis, and survival. Moreover, its overexpression in GBM cells confirms an increase in
tumor proliferation.

2. Results

2.1. Correlation between SHPK Expression and Clinical Characteristics of Glioma Patients

Clinical and gene expression data from 219 GBMs, 225 low-grade tumors, primary tu-
mors, and 28 normal specimens were used to correlate SHPK mRNA expression levels with
histopathological features through the Rembrandt dataset [22] via GlioVis, a web-based data
visualization and analysis application for exploring brain tumor expression datasets [23].

Results show a significantly positive correlation between histology and WHO grade
and SHPK expression (Figure 1A,B). Using 219 GBMs, we further investigated how SHPK
mRNA expression correlates with a specific molecular subtype (defined by Wang [24])
and patient survival. As shown in Figure 1C, SHPK was significantly upregulated in the
classical and mesenchymal subtypes compared with the proneural subtype. To evaluate
the prognostic value of SHPK in GBM samples, Kaplan–Meier (KM) survival curves were
plotted. We observed that higher SHPK mRNA expression predicted a significantly shorter
survival, as shown in Figure 1E.

Moreover, we verified the protein levels of SHPK in glioma tissues using the Human
Protein Atlas (HPA) database (available from http://www.proteinatlas.org, accessed on
10 January 2022). The immunohistochemistry data in the HPA database reveal that the
immunoreactive score (IRS) of SHPK was significantly higher in glioma tissues (both low-
and high-grade gliomas) than in the normal cerebral cortex tissues (Figure 1D).
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Figure 1. SHPK expression correlates with clinical characteristics and prognosis of GBM patients.
(A) SHPK mRNA expression within healthy cerebral tissues and different brain tumor histologies.
(B) SHPK mRNA expression of different WHO-grade brain tumors. (C) SHPK mRNA expression in
the three different molecular subtypes of brain tumors. (D) SHPK protein expression of histological
sections from normal and cancer tissues obtained by immunohistochemistry. (E) Survival analysis
with Kaplan–Meier estimator and visualization of confidence intervals of GBM samples using the
median of SHPK mRNA expression values as the cutoff. Hazard Ratio (HR) and p-values (Log-Rang
and Wilcox) are also shown. Violin plot p-values were calculated using an unpaired nonparametric
test, the two-tailed Mann–Whitney, with GraphPad Prism 9.3.1. **** p < 0.0001; *** p< 0.001; ** p < 0.01;
* p < 0.05.

2.2. SHPK-Related Biological Process

Expression data of the 219 GBMs were employed to conduct a differential expression
analysis. In total, 263 differentially expressed genes (DEGs) were identified by dividing
GBM samples according to their SHPK expression (high vs. low: split into two groups,
25% lower-expressing vs. 25% higher-expressing). To better understand the function of
the identified DEGs, GO analysis was performed in g:Profiler [25] as g:GOSt functional
profiling. Table 1 shows the results of the functional enrichment analysis of g:Profiler
exploiting the Reactome [26] database.
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GBM samples were divided into two groups according to their SHPK mRNA ex-
pression (high and low). The top table shows the biological pathways in which genes
overexpressed in samples with the lowest SHPK mRNA values (25% lower-expressing)
are involved, while the bottom shows the biological pathways of genes overexpressed
in samples with the highest SHPK mRNA values (25% higher-expressing). Reactome,
biological pathway description; ID, biological pathway identifier (REAC:R-HSA); p-value,
adjusted enrichment p-values in negative log10 scale; Black square indicates which gene
belongs to that pathway.

The biological processes most represented by genes overexpressed in GBMs with
low SHPK mRNA values are nervous system development, synaptic signaling, cell–cell
signaling, and neurogenesis. The most significant biological processes to which over-
expressed genes in GBMs with high SHPK mRNA expression belong are extracellular
matrix and structure organization, response to endogenous stimuli, and regulation of cell
population proliferation.

2.3. SHPK Correlation with Other PPP Enzymes

We then conducted a correlation analysis with the expression data from the 219 GBMs.
In particular, we conducted Pearson correlation analysis of the mRNA expression of SHPK
with the mRNA expression of the other enzymes constituting the PPP (Figure 2A,B). Specif-
ically, Figure 2A shows the correlations performed among the enzymes in the nonoxidative
arm of the PPP while Figure 2B shows the correlations performed among the enzymes
comprising the oxidative arm of the PPP. SHPK correlated significantly and positively
with Ribose 5-Phosphate Isomerase A (RPIA, nonoxidative branch of PPP) and with 6-
Phosphogluconolactonase, Phosphogluconate Dehydrogenase, and Hexose-6-Phosphate
Dehydrogenase/Glucose 1-Dehydrogenase (PGLS, PGD, and H6PD, oxidative branch
of PPP).

2.4. SHPK Expression and Mutational Status Association

The LinkFinder module of LinkedOmics [27] was used to conduct multi-omics anal-
yses within another cohort of 595 GBM patients. We conducted an association analy-
sis between mutational status (whole-exome data) and SHPK mRNA expression levels
(RNAseq data). Association analysis results are shown in Figure 2C (volcano plot). SHPK
mRNA expression levels were assessed for each gene for its mutational status (mutated
or WT) with the Wilcoxon test. The mutational status of nine genes, Isocitrate Dehydroge-
nase 1 (IDH1), Tumor Protein P53 (TP53), ATRX Chromatin Remodeler (ATRX), Sodium
Voltage-Gated Channel Alpha Subunit 9 (SCN9A), Phosphoinositide-3-Kinase Regulatory
Subunit 1 (PIK3R1), Frizzled Class Receptor 10 (FZD10), Polycystic Kidney Additionally,
Hepatic Disease 1 (Autosomal Recessive)-Like 1 (PKHD1L1), Armadillo Repeat-Containing
3 (ARMC3), and Acyl-CoA Synthetase Medium Chain Family Member 2B (ACSM2B), was
significantly associated with a lower SHPK mRNA expression (Figure 2C and Table 2). In
contrast, 13 other genes’ mutated state was significantly associated with increased SHPK
mRNA expression (Figure 2C and Table 2). These were Epidermal Growth Factor Recep-
tor (EGFR), Vacuolar protein sorting-associated protein 8 homolog (VPS8), Rho Guanine
Nucleotide Exchange Factor 16 (ARHGEF16), Striated-Muscle-Enriched Protein Kinase
(SPEG), Cadherin 9 (CDH9), Transformation/Transcription-Domain-Associated Protein
(TRRAP), Ryanodine Receptor 2 (RYR2), Solute Carrier Family 4 Member 1 (SLC4A1),
Molybdenum Cofactor Synthesis 3 (MOCS3), Dynein Axonemal Heavy Chain 2 (DNAH2),
Lysine Methyltransferase 2D (MLL2), Xin-Actin-Binding Repeat-Containing 2 (XIRP2), and
APC Membrane Recruitment Protein 3 (FAM123C).
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Table 2. Gene with mutational status significantly associated with SHPK mRNA expression level.

Gene Log2FC (Median) p-Value FDR (BH) Event_SD Event_TD

PKHD1L1 −0.8033 0.0304 0.8846 141 3
FZD10 −0.7171 0.0227 0.8846 141 3
IDH1 −0.6885 0.0005 0.2030 141 8

ARMC3 −0.6270 0.0327 0.8846 141 3
SCN9A −0.6201 0.0052 0.4584 141 5
ATRX −0.5071 0.0042 0.4584 141 8

ACSM2B −0.4953 0.0418 0.8846 141 3
PIK3R1 −0.2773 0.0201 0.8846 141 12

TP53 −0.1720 0.0026 0.4584 141 45
EGFR 0.1987 0.0053 0.4584 141 45
RYR2 0.2172 0.0296 0.8846 141 12

MOCS3 0.3278 0.0403 0.8846 141 3
FAM123C 0.3311 0.0490 0.8846 141 4
SLC4A1 0.3325 0.0332 0.8846 141 4
CDH9 0.3434 0.0277 0.8846 141 5

DNAH2 0.3726 0.0419 0.8846 141 5
SPEG 0.3916 0.0234 0.8846 141 4

TRRAP 0.4470 0.0284 0.8846 141 4
MLL2 0.4534 0.0449 0.8846 141 4
XIRP2 0.4578 0.0463 0.8846 141 3

ARHGEF16 0.4721 0.0218 0.8846 141 3
VPS8 0.6664 0.0108 0.7768 141 3

Gene, gene in given target dataset whose association with SHPK expression has been performed. Log2FC
(median), change in gene expression level expressed in log2 of mutated/WT ratio. p-value, p-value obtained
from the Wilcoxon statistical test. FDR (BH), false discovery rate calculated by BH (Benjamini–Hochberg method).
Event_SD, Number of observations in search dataset attribute without NA’s and Zero’s. Event_TD, Number of
observations in target dataset attribute without NA’s and Zero’s.

Figure 2. SHPK correlation and association analysis. Pearson correlation analysis between mRNA
expression of enzymes constituting the nonoxidative (A) and oxidative (B) arms of PPP. The figure
shows the scatter plot with regression line for each correlation (bottom diagonal), the density plot
(middle diagonal), and the Pearson correlation coefficient with significance: *** p < 0.001, * p < 0.05
(upper diagonal). (C) Volcano plot showing the log2 (fold change) vs. log10 (p-value) obtained
from the analysis. In green, with a negative Log2FC, statistically significant associations between
the absence of mutation and SHPK mRNA overexpression and between the presence of mutation
and downregulation of SHPK mRNA expression are highlighted. In red, with a positive Log2FC,
statistically significant associations between the presence of the mutation and SHPK mRNA overex-
pression and between the absence of the mutation and downregulation of SHPK mRNA expression
are highlighted.
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2.5. SHPK Overexpression and Cell Functional Studies

SHPK has been successfully cloned and overexpressed in three commercial human
GBM lines (T98G, U118, and U87) with an average transfection efficiency of 68% for the
vector and 59% for the vector containing SHPK (data not shown). Both SHPK mRNA and
protein expression were significantly higher in SHPK-overexpressed cells than in vector
cells (Figure 3A,B).

 

Figure 3. SHPK overexpression and cell functional studies. (A) SHPK mRNA expression in T98G,
U87, and U118 cells after SHPK overexpression and relative controls. (B) Immunofluorescence
staining of SHPK protein (red) in T98G, U87, and U118 cells overexpressing SHPK and relative
controls (vector alone, green). Nuclei were stained with DAPI (blue). (C) Viability of T98G, U87, and
U118 cells after SHPK overexpression and their controls at the time of seeding (T0) and after 24 h
(T1), 48 h (T2), and 72 h (T3). A450 absorbance values relative to T0 are shown in the vertical axis
(y). (D) Wound healing assay of T98G, U87, and U118 cells after SHPK overexpression and relative
controls. (E) Transwell migration assay of T98G, U87, and U118 cells after SHPK overexpression and
relative controls. Cells that crossed the membrane were counted in five visual fields as migrated cells.
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(F) differences in the metabolic phenotype of T98G, U118, and U87 cells under both basal and stress
conditions in the presence or absence of SHPK overexpression. Each measure of OCR and ECAR
was calculated by averaging the measurements made in triplicate (SD shown) for three different mea-
surements (9 total measurements) in both the baseline and stressed states. p-values were calculated
using a two-tailed, unpaired t-test with GraphPad Prism 9.3.1. **** p < 0.0001; *** p < 0.001; ** p < 0.01;
* p < 0.05.

The WST-1 cell proliferation test was used to determine the effect of SHPK overexpres-
sion in T98G, U118, and U87 cells at four different time points, T0, T1 (24 h), T2 (48 h), and
T3 (72 h). It was found that SHPK overexpression significantly enhanced cell proliferation
(Figure 3C). The effect of SHPK overexpression on cell migration was studied with the
wound healing assay. In all three cell lines (U118, U87, and T98G), four different time points
were taken, T0, T1 (24 h), T2 (48 h), and T3 (72 h). Wound healing test results showed that
SHPK overexpression did not change the wound healing ability compared to transfected
empty vector cells (Figure 3D). To determine the effect of SHPK overexpression on T98G,
U118, and U87 cell invasion, a transwell invasion assay was performed. The number of
migrating cells was unchanged in SHPK-overexpressed cells compared to control cells
(Figure 3E). Colony formation assays were performed to evaluate the SHPK overexpression
effect on clonogenic survival. SHPK overexpression did not change the T98G, U118, or U87
colony formation ability (data not shown). To gain insight into metabolic differences in cells
after SHPK overexpression, we analyzed metabolic phenotypes and the metabolic potential
of live cells with the Seahorse XFp extracellular flow analyzer. We examined the effects of
SHPK overexpression on the oxygen consumption rate (OCR), which is a measure of the
rate of mitochondrial respiration of cells, and the extracellular acidification rate (ECAR), a
measure of the rate of glycolysis of cells using the cell energy phenotype assay (Figure 3F).
Although there were differences in basal metabolic status due to SHPK overexpression, this
did not occur equally in the three cell lines (Figure 3F). In particular, the basal metabolic
status appeared to shift toward glycolysis when SHPK was overexpressed in T98G (Fig-
ure 3F). In U118 and U87, however, it shifted to lower values of glycolytic activity; even in
U87, it went toward a more quiescent metabolic state (Figure 3F). Regarding the metabolic
differences of the stressed phenotype (cells under an induced energy demand), we can
observe in Figure 3F that stress increased mitochondrial respiration in all three cell lines
(OCR) independently of SHPK overexpression, whereas cell glycolytic activity (ECAR)
appeared to increase under stress in all lines and under both SHPK expression conditions
except for U118 cells without overexpression (Figure 3F).

3. Discussion

GBM is the most common and malignant primary brain tumor, characterized by
high morbidity and poor survival [28]. Despite advances in diagnosis and treatment, life
expectancy remains at approximately 12–18 months [1,29]. Brain invasion, motility, and
rapid proliferation are characteristic of GBM cells, and this ability to invade surrounding
tissue is a major determinant for malignant tumor progression [30,31]. The dispersion of
tumor cells from the primary tumor site into adjacent brain tissue results in rapid and
almost inevitable recurrence [29,32].

GBM cells are characterized by a preference for aerobic glycolysis rather than oxidative
phosphorylation, which is more active in normal cells [33,34]. However, in addition to
elevated glycolysis, proliferating and cancer cells must also divert carbon from glycolysis
to the pentose phosphate pathway (PPP) to satisfy their anabolic demands and maintain
the redox homeostasis of cells [21]. The PPP plays a key role in the regulation of cancer cell
growth by producing ribose-5-phosphate and NADPH for detoxification of intracellular
ROS, reductive biosynthesis, and ribose biogenesis [35]. Thus, the PPP is directly related to
cell proliferation, survival, and senescence. It has been reported that in GBM cells, migrating
cells are characterized by up-regulation of many key glycolysis enzymes at the expense of
PPP enzyme expression, whereas in rapidly dividing GBM cells, the opposite occurs: PPP
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enzyme expression increases, and glycolysis enzymes decrease their expression [16,35,36].
The PPP is mainly used during proliferation, and glycolysis is used as the energy source
during migration [37]. The metabolism acts as a mutual switch between the two pathways,
glycolysis, and the PPP, and the mechanisms of cancer cell invasion and proliferation are
thought to be mutually exclusive behaviors, called the “migration–proliferation dichotomy”
or “go or grow” [16,35,38].

The PPP is composed of two functionally interrelated branches: the oxidative and the
nonoxidative. The oxidative branch consists of three irreversible reactions leading to the
generation of NADPH and ribonucleotides [15,21]. Additional glycolytic intermediates
such as fructose-6-phosphate (F6P) and glyceraldehyde-3-phosphate (G3P) are recruited
into the nonoxidative branch through a series of reversible reactions [18,21,39]. This
reversible nature of the nonoxidative branch of the PPP makes it capable of adapting to the
metabolic demands of cells, acting in a multitude of ways [21,40].

Previous studies have examined the relative gene expression of enzymes involved in the
oxidative phase of the PPP, finding an overall increase in glycolytic and PPP genes driving
ATP production and excess nucleotides resulting in uncontrolled proliferation in GBM
cells [36,41,42]. In addition, inhibitors of the oxidative branch of the PPP have been studied,
the findings of which indicate increased radiosensitivity in human gliomas [43]. Although
the oxidative branch of the PPP has already been studied in GBM by correlating enzyme
expression with tumor aggressiveness and patient survival and proposing their targeting as a
promising therapeutic target, the nonoxidative branch of the PPP has never been sufficiently
evaluated in GBM. However, there are studies on other cancer types that confer an important
role in tumor progression on the nonoxidative branch of the PPP and overexpression of its
enzymes mainly due to increased proliferation of cancer cells [15,21,34,44–46].

In this work, we focused on the sedoheptulokinase (SHPK) protein belonging to the
nonoxidative branch enzymes of the PPP. SHPK is the carbohydrate kinase that catalyzes
the phosphorylation of sedoheptulose into sedoheptulose 7-phosphate (S7P), which then
enters the PPP stream [18]. S7P represents a glycolysis-independent entry and exit point
into/out of nonoxidative PPP [40] and has been shown to play an important role in
other malignancies [20,21,47] and found in greater amounts in high-grade than low-grade
gliomas [48]. Since studies suggest that a role of SHPK might be to provide increased
PPP flow during an increased need for energy [40], we investigated the expression of
this enzyme in GBM. With this work, we want to draw attention to the importance of
the increased production of S7P by SHPK by correlating the expression of this enzyme
with progression and tumor aggressiveness in GBM. We initially evaluated how SHPK
expression correlated with the clinical characteristics of patients. SHPK mRNA expression
was significantly higher in tumor tissues than in nontumor tissues and among different
histologies. In particular, SHPK was highest in GBM, then in oligodendrogliomas, and
significantly lower in astrocytomas. Within the adult-type diffuse gliomas (WHO-grade
II-IV [49]) there was a significant difference between GBM (grade IV), in which SHPK was
overexpressed, and grade II. In addition, a significant overexpression of SHPK protein in
gliomas compared with normal tissues was found. The expression of SHPK within GBM
samples was evaluated among the three different molecular subtypes defined by Wang [24].
Proneural GBMs show a significant decrease in SHPK mRNA expression. Compared to
the other three subtypes, proneural subtypes have better survival rates [50]. This finding
was also confirmed by Kaplan–Meier survival analysis, showing a significant difference
between the survival of GBM patients characterized by high SHPK mRNA levels compared
to those with low SHPK mRNA expression.

To understand which cellular pathways were related to the different expressions of
SHPK in GBMs and what this increased flux in the PPP of the S7P intermediate led to,
we conducted a functional enrichment analysis. In agreement with that described in the
literature [16,21,35–37,41,42], increased SHPK mRNA expression and a subsequent S7P
flux in the PPP triggered a number of pathways involved in cell proliferation. In contrast,
GBMs characterized by a low level of SHPK mRNA showed active physiological cell
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signaling pathways and had no differentially expressed genes involved in extracellular
matrix remodeling and proliferation pathways. Next, we also assessed how SHPK mRNA
expression correlated with the expression of the other PPP enzymes in GBM, both the
nonoxidative and oxidative branches. Significant correlations of SHPK with other enzymes
in the PPP were all positive. In the nonoxidative branch, only one enzyme correlated
with SHPK (RPIA), while in the oxidative branch, three enzymes positively correlated
with SHPK (PGLS, PGD, and H6PD). This may suggest that the two pathways do not
operate separately but rather that they may work in synergy, or one may compensate for
the reduced work of the other. Metabolic control analyses performed on PPP regulatory
enzymes have been carried out previously, which revealed that the nonoxidative branch of
the PPP is more important for tumor growth than the oxidative one [51]. On the other hand,
the results obtained in other studies [52,53] demonstrate the importance of a forced balance
of the activity of the two branches in the direction of the oxidative one to sustain high tumor
cell proliferation. When dividing the GBM population into high and low SHPK expression,
we could observe differences in the mutational status of some important genes in GBM. For
example, the most significant genes in each group were IDH1, which associates its mutated
state with lower SHPK expression, and EGFR, which instead associates its mutated state
with higher SHPK expression. This agrees perfectly with what we found in the literature,
where strong evidence shows that IDH1 mutation is associated with a better prognosis for
GBM patients [54–56], and on the other hand, EGFR mutation with a worse one [57].

Finally, we evaluated the effects of SHPK overexpression in three different GBM cell
lines (T98G, U87, and U118) to try to associate a particular cell behavior with increased
SHPK and the respective intermediate of the S7P PPP. In all three cell lines, the increase in
SHPK alone was able to enhance their viability/proliferation. On the other hand, no other
cellular capacity (invasion, migration, and clonogenicity) was altered by increasing SHPK.
This finding further confirms the key role of the nonoxidative PPP in tumor proliferation
but especially highlights and proposes a possible leading role of SHPK in the activation
of the nonoxidative branch. To conclude the functional studies, we evaluated metabolic
phenotypes and the metabolic potential of GBM lines after SHPK overexpression. With this
type of assay, we were able to observe whether SHPK expression can affect the metabolic
state of GBM cells both before (basal) and after an induced energy demand. Although there
were differences, we could not find one that was reflected in all three cell lines. This is most
likely because SHPK alone is unable to trigger specific metabolic switches. However, it
should be kept in mind that these assays were conducted within 48 days of transfection
with one day of settling. Surely real-time studies would be helpful to better understand
if there are indeed metabolic differences following SHPK overexpression, and permanent
transfection studies could be more informative.

In conclusion, we can state that expression and therefore the activity of SHPK to
produce S7P that enters the PPP stream could trigger the activity of the nonoxidative branch.
This results in an increase in cell proliferation that, through functional studies, has been
attributed to the activity of SHPK alone. Moreover, SHPK expression is also significantly
correlated with multiple clinical data proposing the correlation of its expression with a
worse prognosis. This work highlights for the first time in GBM the importance of the
SHPK enzyme, although the mechanisms and flow direction by which the PPP is activated
and which enzymes are primarily involved are still unclear. Further studies are needed to
better understand the flux of metabolites through the nonoxidative PPP and in particular
to understand how we can exploit the SHPK enzyme as a therapeutic target.

4. Materials and Methods

4.1. Glioma Samples and Normal Controls

Clinical and gene expression data from 219 GBMs, 225 low-grade tumors, primary
tumors, and 28 normal samples were analyzed using microarray data from the Rembrandt
cohort through the data visualization and analysis tool GLIOVIS [23] (http://GLIOVIS.
bioinfo.cnio.es/, accessed on 11 January 2021) to correlate SHPK expression with histopatho-
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logical characteristics. Correlation of SHPK with molecular subtype (classic, mesenchymal,
and proneural), and survival was conducted considering only the 219 GBMs. Multiomics
analysis to associate gene mutation states with SHPK mRNA expression in GBM was
conducted on the TCGA (The Cancer Genome Atlas) cohort of 595 samples, using the
LinkFinder module of LinkedOmics [27]. We selected RNAseq data as the select search
(query) dataset (Illumina HiSeq 2000 RNA Sequencing) and SHPK as the gene of interest.
Mutation datatype (Illumina GA IIx) was chosen as the target dataset. T-test was chosen as
the statistical analysis method.

4.2. Immunohistochemistry of Histological Sections

Information used for immunohistochemistry and annotation data was provided by
Human Protein Atlas (proteinatlas.org, accessed on 10 January 2022). Basic annotation
parameters included an assessment of staining intensity (negative, weak, moderate, or
strong) and a fraction of stained cells (<25%, 25–75%, or >75%). As shown in Table 3, each
tumor was assigned a score based on staining intensity (no staining = 0; weak staining = 1;
moderate staining = 2; strong staining = 3) and extent of stained cells (0% = 0; <25% = 1;
25–75% = 2; >75% = 3). The final immunoreactivity score (IRS) was determined by multi-
plying the intensity and extent of stained-cell positivity scores, with a minimum score of
0 and a maximum score of 9. In gliomas, tumor cell staining was considered, whereas in
healthy tissues, glial cell staining was considered.

Table 3. The immunoreactive score (IRS).

A (Percentage of Positive Cells) B (Intensity of Staining) IRS Score (A × B)

0 = no positive cells 0 = no color reaction 0 = negative
1 = <25% of positive cells 1 = weak reaction 1–2 = mild

2 = 25–75% of positve cells 2 = moderate reaction 3–6 = moderate
3 = >75% of positive cells 3 = intense reaction 7–9 = strong

IRS is calculated as the product of multiplication between the score of the proportion of positive cells (0–4) and
the score of the staining intensity (0–3). IRS value ranges between 0 and 9.

4.3. Cell Lines and Transfection

T98G, U87, and U118 GBM cell lines were obtained from American Type Culture
Collection (ATCC, Rockville, MD, USA). To ensure the quality and integrity of the human
cell lines, STR analysis was conducted using the GenePrint 10 system (Promega, Madison,
WI, USA). Cells were grown as monolayers in high-glucose Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS and 1% penicillin–streptomycin. Cells were
tested for the presence of mycoplasma (EZ-PCR Mycoplasma Test Kit; Biological Industries,
Kibbutz Beit-Haemek, Israel) with negative results. SHPK was overexpressed using the
pCMV6-AC-GFP vector with the molecular sequence of its clone (NM_013276) (OriGene
Technologies, Rockville, MD, USA) cloned within, as a control. The SHPK sequence was
confirmed by Sanger sequencing. Transfection of the plasmid was performed with Lipofec-
tamine 3000 reagent, following the manufacturer’s instructions. Cells were incubated for
48 h after SHPK overexpression before characterization and functional experiments.

4.4. SHPK mRNA Expression of Cell Lines

Total cellular RNA was extracted from GBM cells using the Maxwell 16 LEV sim-
plyRNA kit (Madison, WI, USA) according to the manufacturer’s instructions, and quanti-
fied using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Total
RNA was inversely transcribed into cDNA using the RT-NanoScript kit (PrimerDesign,
Southampton, UK). Real-time PCR was performed following the manufacturer’s instruc-
tions for the SsoAdvanced SYBR Green Supermix kit (Bio-Rad, Hercules, CA, USA) on
the CFX96 instrument (Bio-Rad). TBP expression values were used for normalization.
Real-time PCR primer assays (Bio-Rad) for SHPK (Assay ID: qHsaCID0016666) and TBP
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(Assay ID: qHsaCID0007122) were used. Gene expression analysis was performed using
CFX Manager software (Bio-Rad). All expression experiments were performed in triplicate.

4.5. Immunofluorescence

Cells were grown on cell culture chamber slides and fixed in 1.5% paraformaldehyde
for 15 min. Cells were permeabilized with 0.1% Triton X-100 for 15 min and blocked with 2%
BSA for 45 min. Primary SHPK antibody (HPA024361, Sigma Aldrich, St. Louis, MO, USA)
was diluted at 1:50 and incubated for 60 min at RT. Phycoerythrin-conjugated secondary
antibody (P9287, Sigma Aldrich) was diluted at 1:20 and incubated for 30 min. Cells were
counterstained with DAPI (Thermo Fisher Scientific) and visualized using the CARL ZEISS
Axio Observer 3 Z1FLMot inverted microscope (Zeiss, Gina, Germany).

4.6. Cell Viability Assay

Cell viability was determined using the WST1 assay (Clontech Laboratories, Mountain
View, CA, USA). A total of 5000 cells per well were seeded in a 96-well plate. At the time of
seeding (T0) and after 24 h (T1), 48 h (T2), and 72 h (T3), the WST1 reagent was added and
incubated for an additional 60 min before reading the plate. Each assay was conducted in
triplicate. The amount of formazan dye was directly related to the number of metabolically
active cells and was quantified by measuring absorbance at 450 nm in a multiwell plate
reader (Tecan, Mannedorf, Switzerland). OD values at 24 h (T1), 48 h (T2), and 72 h (T3)
were normalized to T0.

4.7. Wound Healing Assay

Cells were plated in Culture-Insert 2 Well in 35 mm μ-Dish (IBIDI, Martinsried, Ger-
many) until cells were confluent or nearly confluent (>90%). After removal of the insert, cell
migration in the wound area was observed and digitally photographed. Wound healing
was measured on the images using the free and open-source ImageJ software [58], and %
closure was calculated at each time (T0–T3, 0–72 h) as the area to be healed divided by the
area of the original wound × 100. Experiments were performed in triplicate.

4.8. Transwell Assay

Cell invasion was assessed using 24-well inserts (Sarstedt, Nuembrecht, Germany)
with 5 μm pores according to the manufacturer’s instructions. Briefly, 1 × 105 cells were
seeded in the upper chamber with 1% FBS medium and were allowed to invade the lower
reservoir, containing 10% FBS, at 37 ◦C for 24 h. Noninvasive cells in the upper surface of
the filters were removed with a cotton swab. The remaining cells were fixed in 70% ethanol
and stained with 0.01% crystal violet for 30 min. Cells that crossed the membrane were
counted in five visual fields as migrated cells. The experiment was performed in triplicate.

4.9. Clonogenic Survival Assay

Cells were seeded at 500 cells/well in 6-well plates and incubated for 2 weeks. Cells
were fixed with 70% ethanol and stained with 0.01% crystal violet for 30 min. The
mean ± SD number of colonies >50 μm in diameter was counted microscopically in five
nonoverlapping fields in three independent experiments.

4.10. Cell Energy Phenotype Test

Cell mitochondrial function was evaluated by using the Seahorse XFp Cell Energy
Phenotype Test Kit on the Seahorse XFp Analyzer (Agilent Technologies, Santa Clara,
CA, USA). Cells were seeded at 20,000 cells per well into XFp well cell culture plates and
incubated overnight at 37 ◦C in a 5% CO2-humidified atmosphere in Seahorse XF Base
Medium (Agilent Technologies) with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose.
Cartridge compounds were loaded to obtain a final concentration of 1 μM Oligomycin
and 1 μM FCCP. Data were analyzed and visualized using Wave 2.3.0 software (Agilent
Technologies), and values of OCR and ECAR were normalized to the total protein levels
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(Bradford Reagent assay, Sigma-Aldrich) in each well. The experiment was performed with
three replicates.
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Abstract: The IDH1R132H mutation in glioma results in the neoenzymatic function of IDH1, leading
to the production of the oncometabolite 2-hydroxyglutarate (2-HG), alterations in energy metabolism
and changes in the cellular redox household. Although shifts in the redox ratio NADPH/NADP+

were described, the consequences for the NAD+ synthesis pathways and potential therapeutic
interventions were largely unexplored. Here, we describe the effects of heterozygous IDH1R132H

on the redox system in a CRISPR/Cas edited glioblastoma model and compare them with IDH1
wild-type (IDH1wt) cells. Besides an increase in 2-HG and decrease in NADPH, we observed an
increase in NAD+ in IDH1R132H glioblastoma cells. RT-qPCR analysis revealed the upregulation of
the expression of the NAD+ synthesis enzyme nicotinamide phosphoribosyltransferase (NAMPT).
Knockdown of NAMPT resulted in significantly reduced viability in IDH1R132H glioblastoma cells.
Given this dependence of IDH1R132H cells on NAMPT expression, we explored the effects of the
NAMPT inhibitors FK866, GMX1778 and GNE-617. Surprisingly, these agents were equally cytotoxic
to IDH1R132H and IDH1wt cells. Altogether, our results indicate that targeting the NAD+ synthesis
pathway is a promising therapeutic strategy in IDH mutant gliomas; however, the agent should be
carefully considered since three small-molecule inhibitors of NAMPT tested in this study were not
suitable for this purpose.

Keywords: IDH1 mutation; glioma; redox household; nicotinamide phosphoribosyltransferase;
NAD+ synthesis

1. Introduction

Gliomas are the most prevalent histological type of primary malignant central nervous
system tumors and one of the most malignant types of cancer according to their aggressive
invasive potential [1,2]. Current therapies using combinations of surgery, radiotherapy
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and chemotherapy have limited success with 10-year overall survival rates of less than 1%
for glioblastoma [3,4]. The non-specific nature of current treatments might be one factor.
Therefore, the identification of new therapeutic strategies more specifically targeting tumor
cells is of great interest.

Mutations of the key Krebs cycle enzyme isocitrate dehydrogenase (IDH) are con-
sidered to be vital for the genesis of low-grade gliomas and secondary glioblastomas [5],
prompting the World Health Organization (WHO) to separate gliomas according to IDH
mutation status into IDH mutant and IDH wild-type (IDH1wt) entities in the “2016 WHO
Classification of Tumors of the Central Nervous System” [6]. The most frequent of these
mutations is IDH1R132H—the point mutation of arginine to histidine at residue 132, account-
ing for more than 80% of IDH mutations [7]. It results in a neoenzymatic function of IDH1,
leading to the near-complete elimination of the oxidation of isocitrate to α-ketoglutarate
(α-KG) catalyzed by IDH1wt. Instead, IDH1R132H leads to the NADPH-consuming produc-
tion of 2-hydroxyglutarate (2-HG) via the reduction of α-KG [8,9]. 2-HG is accepted as an
oncometabolite, with many studies having been focused on oncogenic effects through the
inhibition of α-KG dependent dioxygenases [10,11], such as hypoxia-inducible factor (HIF)
hydroxylases and methylcytosine dioxygenase TET2, resulting in altered HIF activity and
CpG island-methylator phenotype (G-CIMP) [12,13].

Besides these 2-HG-mediated oncogenic effects, other metabolic changes were de-
scribed in IDH1 mutated gliomas. These alterations include decreases in glutathione
metabolites [14], activation of glutaminolysis [15], aberrations in lipid metabolism and
reduced glucose turnover [16]. Moreover, IDH1 mutations were shown to alter redox
metabolism in glioma cells. Reported drops in NADPH levels may be a direct result of the
NADPH-consuming reaction catalyzed by mutated IDH1, whereas wild-type IDH1 was
identified as the main source of cytosolic NADPH in glia cells and glioblastoma [17,18]. We
and others recently also described a significant decrease in NAD+ levels in glioma cells
with IDH1R132H, leading to the hypothesis of NAPDH restoration via the phosphorylation
of NAD+ and the identification of NAD+ synthesis inhibition as a possible treatment [17,19].
Intriguingly, we found that NAD+ levels are not altered in IDH1 mutated astrocytes [17],
indicating successful compensatory mechanisms in those cells and, therefore, potentially
limiting the vulnerability of cancer cells to NAD+ synthesis inhibition.

Nicotinamide phosphoribosyltransferase (NAMPT) catalyzes the rate-limiting conver-
sion of nicotinamide to nicotinamide mononucleotide (NMN) as part of the NAD+ salvage
pathway [20]. Of the various NAD+ synthesis enzymes, we found NAMPT to be the only
one ubiquitously expressed among different patient-derived glioma cell lines, making it a
natural target in those cells [17]. NAMPT was identified as a promising anticancer target
due to the absence of other NAD+ synthesis enzymes in several tumors (e.g., prostate
carcinoma, sarcomas, neuroblastomas and glioblastomas) [21–23], its association with
worse prognosis in glioblastomas [24] and its overexpression in several types of tumor
cells including gliomas [25]. NAMPT small-molecule inhibitors were shown to induce
cytotoxicity through NAD+ depletion in a wide range of tumor models in vitro and in vivo
(e.g., colorectal carcinoma, acute myeloid leukemia and glioblastoma) [26].

This study focused on redox metabolism as a treatment option in IDH1 mutated
gliomas. We created a novel cell model by inducing the heterozygous IDH1R132H point
mutation at the target genomic sequence into a primary patient-derived glioblastoma cell
line using CRISPR/Cas9. In light of the difficulties of culturing IDH1 mutated patient-
derived glioma cells in vitro [27,28] and the lack of patient-derived IDH mutant in vitro
and in vivo models [29,30], our approach provides a suitable alternative to investigate
IDH1R132H-dependent alterations in tumor cell metabolism. Our endogenous IDH1R132H

cell model showed 100-fold elevated 2-HG levels, confirming the functionality of the
mutated IDH1 enzyme and making it comparable to patient samples [8]. In this work, we
explored the effects of IDH1R132H on NAD+ metabolism and the therapeutic potential of
NAMPT knockdown and NAMPT small-molecule inhibitors in IDH1wt and IDH1R132H

glioma cells.
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2. Results

2.1. Alterations in NAD+ and NADP+ Metabolism in IDH1R132H Cells Could Be Directly
Attributed to the Neoenzymatic Function of IDH1R132H

We successfully introduced the IDH1 c.395G > A point mutation heterozygously in a
primary patient-derived glioblastoma cell line (HT7606 [31]) using CRISPR/Cas9. Three
IDH1R132H clones, as well as three IDH1wt clones as controls, were created. The mutation
was stable in all three IDH1R132H clones in a long-time culture for at least 50 passages
(Supplementary Figure S1a). We confirmed the IDH1 and IDH1R132H protein expression
(Supplementary Figure S1b) and the functionality of the IDH1R132H enzyme. The 2-HG
level was approximately 100-fold elevated in IDH1R132H mutated cells compared with
the IDH1wt cells. Treatment with the mutant IDH1 inhibitor AGI-5198 normalized 2-HG
levels in IDH1R132H cells, confirming the functionality of the inhibitor and suitability of
our cell line model (Supplementary Figure S1c). The results for the CRISPR/Cas-edited
cell lines are comparable with patient samples [8] and verified the functionality of the
mutated enzyme.

Intracellular NAD+ and NADPH+ levels were previously reported to differ in gliomas
in a manner that was dependent on the IDH1 status [16,17,19,32]. To investigate alter-
ations in the NADP+/H and NAD+/H metabolism in our isogenic IDH1R132H cell models,
we measured the NADPH/NADP+ and NADH/NAD+ ratios, as well as the NADP+,
NADPH, NAD+ and NADH levels. The NADPH/NADP+ ratios were significantly lower
in IDH1R132H cells compared with IDH1wt cells due to a significant decrease in NADPH
levels (Figure 1A). Furthermore, the NADH/NAD+ ratios were also significantly lower in
IDH1R132H cells (Figure 1B). This effect was caused by increases in the NAD+ levels in the
mutated cells, indicating an upregulation of NAD+ synthesis in IDH1R132H cells. To confirm
that the observed changes in redox metabolism were directly linked to the neo-enzymatic ac-
tivity of IDH1R132H, the cells were treated with the specific mutant IDH1 inhibitor AGI-5198.
Rescue of the NADPH level and NADPH/NADP+ ratio upon treatment with AGI-5198 in
IDH1 mutant cells confirmed this to be a direct effect due to the increased consumption of
NADPH by the IDH1R132H enzyme (Figure 1C). Notably, treatment with AGI-5198 also nor-
malized the NAD+ levels in IDH1R132H mutated cells (Figure 1D). Therefore, the observed
changes in redox metabolism could be directly attributed to the functionality of IDH1R132H.
We hypothesize that IDH1R132H leads to upregulation of NAD+ synthesis via NAMPT to
restore consumed NADPH via the phosphorylation of NAD+.

2.2. IDH1R132H Altered NAMPT Expression

We previously identified NAMPT as the only NAD+ synthesis enzyme that is ubiq-
uitously expressed in IDH mutant and IDH wild-type gliomas and that NAMPT protein
expression is lower in IDH mutant gliomas [17]. We, therefore, analyzed the expression
of NAMPT on mRNA and protein levels in our IDH1wt and IDH1R132H cells. NAMPT
mRNA levels of IDH1wt cells were comparable to those in normal brain tissue (Figure 2A).
IDH1R132H cells exhibited approximately three-fold higher NAMPT mRNA expression, sup-
porting our hypothesis of upregulated NAD+ synthesis. However, analysis of the NAMPT
protein levels revealed similar expressions in IDH1R132H and IDH1wt cells (Figure 2B).
The discrepancy between changes in NAMPT mRNA and protein expression suggests
that posttranslational regulation of NAMPT expression differs between IDH1R132H and
IDH1wt cells.
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Figure 1. Alterations in NAD+ and NADP+ metabolism can be directly attributed to the neoenzymatic
function of IDH1R132H. (A,C) Intracellular NADPH/NADP+ ratios, as well as NADPH and NADP+

levels, in untreated IDH1wt and IDH1R132H cells before (A) and after treatment with the selective
mutant IDH1 inhibitor AGI-5198 for 48 h (C). (B,D) Intracellular NADH/NAD+ ratios, as well as
NADH and NAD+ levels, in untreated IDH1wt and IDH1R132H cells before (B) and after treatment
with the selective mutant IDH1 inhibitor AGI-5198 for 48 h (D) (nb = 3 per group; nt = 3; * p ≤ 0.05,
** p ≤ 0.01).
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Figure 2. IDH1R132H altered NAMPT expression. (A) Relative NAMPT mRNA levels in compar-
ison to reference genes GAPDH and ARF1 (E-ΔCT). Relative NAMPT mRNA levels in IDH1wt

(nb = 2) and IDH1R132H cells (nb = 3) were compared with the relative NAMPT mRNA levels in a
normal brain (E-ΔΔCT) (nt = 3). (B) Western blot analyses of NAMPT in IDH1wt cell lines (HT7606-
IDH1wt/wt−40, HT7606-IDH1wt/wt−141, HT7606) and IDH1R132H cell lines (HT7606-IDH1R132H/wt−1,
HT7606-IDH1R132H/wt−16, HT7606-IDH1R132H/wt−88). Data are presented as the ratio of NAMPT to
the reference protein GAPDH (nb = 3; nt = 2) (** p ≤ 0.01).

2.3. Knockdown of NAMPT and other NAD+ Synthesis Enzymes Selectively Reduced the Viability
of IDH1R132H Cells

To investigate the effects of NAMPT gene knockdown as a potential target for the
treatment of IDH mutant glioma, IDH1wt and IDH1R132H cells were transfected using two
different esiRNAs targeting different sequences of NAMPT mRNA (esiNAMPT-A and
esiNAMPT-B) to confirm the esiRNA specificity. The RT-qPCR results revealed knock-
down efficiencies of approximately 95% for esiNAMPT-A and 75% for esiNAMPT-B 72 h
post-transfection (Figure 3A,C). NAMPT protein levels were considerably lower 48 h
post-transfection of esiNAMPT-A in IDH1wt and IDH1R132H compared with the mock
control treatment cells and no longer detectable 72 h after transfection (Figure 3B). Like-
wise, NAMPT protein levels were not detectable 72 h post-transfection of esiNAMPT-B
(Figure 3D).

Forty-eight hours after the NAMPT knockdown, the NAD(P)H-dependent WST-1-
reducing capability was significantly diminished in both the IDH1wt and IDH1R132H cells
(Figure 4A), indicating a decrease in the reducing agents due to a lack of functional NAMPT.
NAD+ levels were higher in untreated IDH1R132H cells compared with IDH1wt but reached
similar levels after NAMPT knockdown (Figure 4B). NADP+ levels were unaltered by
NAMPT knockdown. NADPH levels, on the other hand, dropped in both cell lines,
reducing the NADPH levels in IDH1R132H cells even further to about one-third of that of
IDH1wt. NADH levels dropped in IDH1R132H cells after NAMPT knockdown by nearly
80%, but not in IDH1wt. NAMPT knockdown resulted in a decrease in cell viability of
45% for esiNAMPT-A and 59% for esiNAMPT-B in IDH1R132H cells, as determined by
fluorescent-based quantification of DNA content (Figure 4C). Despite the observed change
in WST-1-reducing capacity, cell viability was not affected in IDH1wt cells. These results
indicated an enhanced dependence of IDH1R132H cells on NAD+ synthesis compared with
IDH1wt cells.
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Figure 3. Successful knockdown of NAMPT. (A,C) Relative NAMPT mRNA levels compared with
the reference genes GAPDH and ARF1 (E-ΔCT) in IDH1wt and IDH1R132H cells after treatment with
esiNAMPT-A (A) or esiNAMPT-B (C) were compared with the relative NAMPT mRNA levels in the
respective cells after treatment with the mock control (E-ΔΔCT). Data are presented as the ratio to
treatment with the mock control. (nt = 3; *** p ≤ 0.001 compared with the mock control). (B,D) Western
blot analyses of NAMPT in IDH1wt (HT7606) and IDH1R132H (HT7606-IDH1R132H/wt−1) cells after
treatment with the mock control, esiNAMPT-A (B) or esiNAMPT-B (D) for 48 or 72 h; black lines
indicate where bands from the same gel were ordered differently for improved clarity. Data are
presented as the ratio of NAMPT to GAPDH.

To confirm the selective dependence of IDH1R132H cells on NAD+ synthesis, we
analyzed the effects of NAMPT knockdown using live cell counting and extended our
study to other enzymes involved in NAD+ synthesis pathways (Figure 4D). We previously
analyzed the expression levels of the rate-limiting enzymes of the four NAD+ synthesis
pathways in glioma cells and astrocytes and found the two salvage pathways via NMRK1
and NAMPT to be the sole contributors to NAD+ synthesis [17]. Thus, we performed a
knockdown of NMRK1, the rate-limiting enzyme of the second salvage pathway, as well
as a knockdown of NMNAT1, which is the last step in NAD synthesis in all four NAD+

synthesis pathways, in our cell models. We confirmed the successful knockdown after
esiRNA treatment using Western blotting (Supplementary Materials Figure S2). Live cell
counting with the Operetta High-Content Imaging System confirmed the selective reduction
in cell viability in IDH1R132H cells after the knockdown of NAMPT with esiNAMPT-A and
esiNAMPT-B (Figure 4E). The knockdown of NMRK1 or NMNAT1 resulted in a similar
selective effect on IDH1R132H cells.

To investigate whether NAD+ synthesis might be upregulated in IDH1R132H cells
to restore consumed NADPH via phosphorylation of NAD+, we performed an esiRNA-
mediated knockdown of NADK, which is the enzyme catalyzing the ATP-dependent
phosphorylation of NAD+ to NADP+. In line with our hypothesis, NADK knockdown
reproduced the effects of NAMPT and NMRK1 knockdowns (Figure 4E). Taken together,
these data showed an increased dependence of IDH1R132H glioma cells on NAD+ synthesis
and phosphorylation, suggesting that the investigated pathways might be promising
therapeutic targets for gliomas with an IDH1R132H mutation.
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Figure 4. Knockdown of NAMPT and other NAD+ synthesis enzymes selectively reduced the
viability of IDH1R132H cells. (A) Metabolic activity in IDH1wt and IDH1R132H cells after treatment
with esiNAMPT-A for 48 h (nb = 3). (B) NADPH, NADP+, NADH and NAD+ levels after 48 h of
treatment with DMSO (control) or esiNAMPT-A. Each condition was normalized to the cell count of
each sample (nb = 2 per group). (C) Cell viability after treatment with esiNAMPT-A or esiNAMPT-B
for 72 h (nb = 2 for IDH1wt; nb = 3 for IDH1R132H). (D) NAD+ synthesis and salvage pathways. NAD+

is synthesized de novo from tryptophan (Try) or salvaged from nicotinamide (NAM), nicotinamide
riboside (NAMR) or nicotinic acid (NA). NAD+ kinase (NADK) generates NADP+ from NAD+ and
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ATP. NAMPT: nicotinaminde phosphoribosyltransferase, NMRK: nicotinamide riboside kinase,
NAPRT: nicotinic acid phosphoribosyltransferase, 3-HAO: quinolinic acid-synthesis-enzyme 3-
hydroxyanthranilate 3,4-dioxygenase, QPRT: quinolinic acid phosphoribosyltransferase, NMNAT:
nicotinamide mononucleotide adenylyltransferase, NAMMN: nicotinamide mononucleotide, NAMN:
nicotinic acid mononucleotide. (E) Cell count after treatment of IDH1wt and IDH1R132H cells with
esiNAMPT-A, esiNAMPT B, esiNMRK1, esiNMNAT or esiNADK for 72 h (nb = 3 per group). All
data are presented as a ratio to treatment with the mock control/control (nt = 3; * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001 compared with the mock control/control unless indicated otherwise).

2.4. Effects of NAMPT Small-Molecule Inhibitors on Cell Viability Were Independent of
IDH1 Status

Several NAMPT small-molecule inhibitors were recently described as potential anti-
cancer agents [26]. To test whether pharmacological NAMPT inhibition resulted in similar
cytotoxicity in IDH1R132H cells to the esiRNA-mediated NAMPT knockdown, we exposed
our cells to the chemically distinct, specific NAMPT inhibitors FK866, GMX1778 and
GNE-617. Each inhibitor reduced the metabolic activity—quantified via the NAD(P)H-
dependent WST-1-reduction rate—after 48 h of treatment in a concentration-dependent
manner (Figure 5A). The IC50 values were determined to be 36.8 nM, 19.9 nM and 27.9 nM
for FK866, GMX1778 and GNE-617, respectively. The viability of our cell models was
unaffected after 48 h treatment with NAMPT inhibitors at concentrations of 100 nM, which
corresponded to the maximal inhibitory concentrations measured using a WST-1 assay
(Figure 5B). After 72 h, cytotoxic effects were observed in both IDH1wt and IDH1R132H

cells, with an additional decrease in viability after 96 h of incubation. These effects were
confirmed in another cell viability assay based on fluorescence quantification (Figure 5C).
After 96 h of NAMPT inhibitor treatment, all investigated cells showed significantly re-
duced cell viability. In fact, the cytotoxicity of NAMPT inhibitors was even more severe in
IDH1wt cells, contrasting with the higher sensitivity of IDH1R132H cells to esiRNA-mediated
NAMPT knockdown. Lower inhibitor concentrations of 25 nM, approximately correspond-
ing to the IC50, resulted in similar effects; the cell viability was more reduced in IDH1wt

compared to IDH1R132H cells. NAMPT inhibitor concentrations of 1 nM were not sufficient
to impair the cell viability, whereas cytotoxicity at very high concentrations (10 μM) did
not substantially differ from the described results at 100 nM (Supplementary Figure S3).
In summary, the IDH1R132H selective effect of NAMPT-knockdown was not reproducible
using the NAMPT small-molecule inhibitors FK866, GMX1778 and GNE-617.

2.5. Combinatorial esiNAMPT and GMX1778 Treatment Indicated Unspecific Effects of Small
Molecule NAMPT Inhibitors

To further investigate the effects of NAMPT small-molecule inhibitors in our cell
models, we determined the NAD(H) and NADP(H) levels after 48 h of treatment with
25 nM (near IC50) GMX1778 (Figure 6A). Independently of the IDH1 status, the GMX1778
treatment reduced NAD+ and NADH to unmeasurable levels, explaining the unselective
cytotoxicity in our cell models. Accordingly, the NADPH levels were significantly and
strongly reduced in both the IDH mutant and wild-type cells. Since different NAD+

and NADP+ synthesis pathways exist, complete loss of NAD(H) after treatment with
GMX1778 indicated that inhibition of NAD+ synthesis might be non-selective and not
NAMPT specific.

We, therefore, explored the effects of treatment with GMX1778 on cell viability after
the knockdown of NAMPT using esiNAMPT-A. Silencing with esiNAMPT-A led to a
95% effective NAMPT knockdown at 48 h and 72 h after the treatment (Figure 3B). For
combinatory esiNAMPT-A and GMX1778 treatment, we applied GMX1778 48 h after the
esiRNA transfection (Figure 6B). If GMX1778 specifically inhibited NAMPT, we would
not expect an additional effect of GMX1778 in NAMPT knockdown cells. The GMX1778
treatment reduced viability in IDH1wt and IDH1R132H cells after 96 h (Figure 6B). In this
experimental setup, IDH1R132H cells showed a higher reduction in cell viability than
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IDH1wt. Intriguingly, the GMX1778 treatment caused the same non-selective effect after
the knockdown of NAMPT in both wild-type and IDH mutant cells (Figure 6B). The
observation that GMX1778 treatment also affected NAMPT knockdown cells strongly
indicated nonspecific effects besides NAMPT inhibition.

 

Figure 5. Effects of NAMPT inhibitors on cell viability were independent of IDH1 status.
(A) Metabolic activity of IDH1wt cells (HT7606) after treatment with different concentrations of
the NAMPT inhibitors FK866, GMX1778 and GNE-617 for 48 h. Data are presented as a ratio to
treatment with DMSO (nb = 3). (B) Cell count after treatment with 100 nM of FK866, GMX1778
and GNE-617 for 48, 72 or 96 h. Data are presented as a ratio to treatment with DMSO (nb = 3 per
group). (C) Cell viability after treatment with 25 nM or 100 nM of GMX1778 or GNE-617 for 48 or
96 h. Data are presented as a ratio to treatment with DMSO (nb = 2 per group). Each condition
was normalized to the cell count of each sample (nb = 2 per group) (nt = 3; * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001 compared with DMSO unless indicated otherwise).
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Figure 6. Combinational esiNAMPT knockdown and GMX1778 treatment. (A) NADH and NADPH
levels after 48 h of treatment with DMSO or 25 nM GMX1778. Each condition was normalized to
the cell count of each sample (nb = 2 per group) (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 compared with
DMSO unless indicated otherwise). (B) The cells were treated for 96 h with a mock control, DMSO,
mock control and DMSO, esiNAMPT-A or 25 nM GMX1778. The esiNAMPT-A + GMX1778 treatment
was executed by treating cells for 48 h with 25 nM GMX1778 after 48 h of esiNAMPT-A pretreatment
(nb = 2 per group). All data present the ratio to control cells in a medium without any treatment (not
shown) (nt = 3; * p ≤ 0.05, *** p ≤ 0.001 compared with the mock control).

3. Discussion

IDH1 mutations were previously shown to alter redox metabolism in glioma cells.
Besides differences in NADPH levels that may be directly attributed to the neoenzymatic
function of mutated IDH1, changes in NAD+ levels were also described [17,19]. Here, we
confirmed the alteration of NADPH and NADH levels in a newly created IDH1R132H mu-
tated glioma cell model. The silencing of various enzymes involved in NAD+ synthesis and
phosphorylation revealed a striking susceptibility of IDH1R132H cells to those treatments
compared with IDH1wt cells, confirming increased dependence on NADPH synthesis. In
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contrast, small-molecule inhibitors of NAMPT—a central NAD+ synthesis enzyme—could
not reproduce the distinction between IDH1R132H cells and IDH1wt cells, indicating differ-
ent responses of the cells to NAMPT depletion on mRNA and pharmacological inhibition.

We found that the NADPH/NADP+ ratios were significantly decreased in IDH1R132H

cells compared with IDH1wt cells, which was attributable to lower NADPH levels in
those cells. This observation was in line with previous findings of decreased NADP+-
dependent IDH activity [18,33] and confirmed observations from us and others of decreased
NADPH/NADP+ ratios in stably transduced IDH1R132H glioma cells [7,16,17]. As NADP+-
dependent wild-type IDH is the main generator of NADPH in glioblastoma [18], the loss of
NADPH was most likely a direct consequence of the NADPH-consuming neoenzymatic
activity of mutated IDH1 [8]. Intriguingly, the NADH/NAD+ ratios were also decreased
in our IDH1R132H cells due to increased NAD+ levels. We hypothesize that the higher
NAD+ levels are the result of the compensatory upregulation of NAD+ synthesis as a
reaction to the above described NADPH loss. The NADPH pool, which is instrumental as
an antioxidant for ROS scavenging, can be replenished via phosphorylation of NAD+ via
NADK to NADP+ and a subsequent reduction to NADPH.

Treatment with AGI-5198 [34], a selective inhibitor of mutant IDH1, normalized
both the NADPH/NADP+ and NADH/NAD+ ratios in IDH1R132H to the level of IDH1wt

cells. Previous studies showed increased NADPH levels in IDH1R132H cells after AGI-5198
treatment [35]; however, NADH and NAD+ levels were not investigated. The normalization
of the NADPH/NADP+ ratio could be explained by the restoration of NADPH production
capacity of IDH1R132H cells after inhibition of IDH1R132H [33]. Consequently, the proposed
compensatory maintenance of high NAD+ levels would be expendable. Here, we show
for the first time that IDH1R132H inhibition indeed also normalized NADH/NAD+ ratios,
which underlined the linkage of NAD+ and NADP+ homeostasis, hence supporting our
hypothesis of compensatory upregulation of NAD+ synthesis in IDH1R132H cells.

There are four known NAD+ synthesis pathways in mammalian cells starting from
the substrates nicotinamide, nicotinamide riboside, nicotinic acid and tryptophan [36].
Previous analysis of key enzymes of those pathways identified NAMPT as the only one
expressed in all investigated glioma cell lines and patient-derived glioma cell models [17].
Along with the reported overexpression of NAMPT in glioma cells, as well as its proposed
association with oncogenic effects and poor prognosis in glioma [37,38], this made NAMPT
an intriguing target. We found that IDH1R132H leads to the upregulation of NAMPT expres-
sion on mRNA level in our glioma cell model, in line with NAD+ synthesis upregulation
in those cells. However, the NAMPT protein levels were similar in the IDH1R132H and
IDH1wt cells. These results confirmed our previous findings of lower NAMPT protein
levels in IDH1R132H cells compared with IDH1wt cells in vitro and in vivo, as well as a
discrepancy between the NAMPT mRNA and protein levels [17]. This indicated distinct
post-transcriptional regulation of NAMPT expression in IDH1R132H and IDHwt cells. Apart
from the well-described effects of IDH1R132H-produced 2-HG on DNA methylation, the
oncometabolite also seems to impact the regulation of mRNA translation [39]. However,
those mechanisms and their clinical implications remain to be investigated.

The knockdown of NAMPT expression led to reduced metabolic activity (shown by
the WST1 level) independently of the IDH1 status, but only in IDH1R132H cells it also re-
sulted in reduced viability. The reduced metabolic activity in both IDH1R132H and IDH1wt

cells could be explained as a direct consequence of the deficiency of NAD+ and its deriva-
tives following the loss of the NAD+ salvage pathway from nicotinamide. The observed
IDH1R132H cell-specific reduction in cell viability after the NAMPT knockdown therefore
indicated an enhanced dependence on NAD+ synthesis in IDH1R132H cells compared with
IDH1wt. This phenomenon might be explained by lower basal NADPH levels in IDH1R132H

cells, rendering them more vulnerable to the depletion of NAD+, which, according to our
hypothesis, is used for NADPH replenishment. Unexpectedly, NAMPT knockdown only
slightly reduced the NAD+ level in IDH1R132H cells directly but instead reduced the NADH
level in IDH1R132H cells significantly. According to our observations, the IDH1R132H cells

83



Int. J. Mol. Sci. 2022, 23, 5787

might unavoidably replenish the NADPH level via phosphorylation of NADH by NADK2.
Therefore, a lack in NAD+ regeneration could result in diminished NADH level marking
NADK2 as another therapy target.

NADPH synthesis from NAD+ requires the enzyme NADK for phosphorylation
of NAD+ to NADP+. If NAD+ is indeed the precursor for the regeneration of scarce
NADPH in IDH1R132H cells, one would expect an increased dependence of those cells,
not only on NAMPT but also on NADK, as well as other NAD+ synthesis enzymes. We
previously found that NAD+ restoration in glioblastoma cells utilizes the salvage pathways
via NAMPT and NMRK1, while nicotinic acid phosphoribosyltransferase (NAPRT) and
de novo synthesis from tryptophan via quinolinic acid phosphoribosyltransferase (QPRT)
are not involved [17]. Therefore, to examine the dependence on NAD+ synthesis and
phosphorylation, we expanded our investigation to NADK, NMRK1 and NMNAT1—the
enzyme downstream of NAMPT, NMRK1, NAPRT and QPRT—in addition to NAMPT.
The selective vulnerability of IDH1R132H cells to knockdown of NAMPT and NMRK1
indicated that these cells used both pathways to synthesize NAD+, making both enzymes
possible targets for the selective treatment of IDH1 mutated tumor cells. However, NMRK1
expression varied substantially between different glioma cells [17], thus limiting the clinical
practicality of NMRK1-inhibiting approaches. The cytotoxicity of NMNAT1 knockdown
was not only seen in IDH1R132H cells but also, to a smaller extent, in IDH1wt cells. This
observation, as well as the greater effect of NMNAT1 knockdown on IDH1R132H cells
compared to NAMPT or NMRK1 knockdown, seems plausible considering the involvement
of NMNAT1 in all available NAD+ synthesis pathways. IDH1wt cells seem to be able to
compensate for the loss of only one pathway, making NMNAT1 a less attractive target
for selective therapeutic approaches. Furthermore, we found a selective susceptibility of
IDH1R132H cells to NADK knockdown, confirming the increased dependence of those cells
on NADPH regeneration via NAD+ phosphorylation.

As a possible clinical approach to make use of the increased dependence of IDH1R132H

cells on NAD+ synthesis and regeneration, we examined small molecular NAMPT in-
hibitors FK866, GMX1778 and GNE-617, which were shown to induce cell death in a variety
of tumor cells and have, in part, completed phase I trials [40]. The decrease in metabolic
activity we found after treatment with these agents complies with our data after esiRNA-
mediated NAMPT inhibition, as well as reports of decreased levels of NAD+, NADH,
NADP+ and NADPH in glioma cells with and without IDH1 mutation [19,41–44]. Other
studies revealed that the reduction in metabolic activity preceded the cytotoxic effects of
NAMPT inhibitors by a few hours [22,45,46]. Accordingly, we found that cytotoxic effects
did not arise until 24 h after metabolic impairment in our cells. Contrary to the NAMPT
esiRNA treatment, those effects were not limited to IDH1R132H cells but occurred to a
similar extent in IDH1wt cells. A possible explanation could be the off-target effects of the
NAMPT inhibitors, yet several studies demonstrated their specific activity toward NAMPT
inhibition [22,45]. Using a combinatorial treatment of NAMPT knockdown and subsequent
GMX1778 addition, we confirmed the cytotoxic effect of this inhibitor in the absence of
NAMPT expression, confirming that GMX1778 induced off-target mediated cytotoxicity.
Hasmann et al. concluded that FK866 has very low nonspecific cytotoxicity by revealing
a lack of acceleration of apoptosis induction when using 100-fold IC50 concentrations of
FK866. Furthermore, they ascribed the NAD+ depleting effect of FK866 to the inhibition
of NAMPT by showing that NAD+ synthesis from nicotinic acid was not impaired by
FK866. Subsequently, a reduction in NAMPT activity resulting from FK866 treatment was
confirmed via measurement of the radioactive nicotinamide mononucleotide formed from
the 14C-labeled substrate nicotinamide [45]. Watson et al. found NAD+ to be the metabolite
that was most profoundly changed in cells exposed to GMX1778. They also showed that
GMX1778 had no effect on the NAD+ synthesis from nicotinic acid and identified GMX1778
as an inhibitor of NAMPT by measuring NAMPT enzyme activity and the binding affinity
of NAMPT for GMX1778 [22]. In conclusion, both studies demonstrated the specificity of
FK866 or GMX17 toward NAMPT inhibition regarding the NAD+-depleting effects of those
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inhibitors. However, possible off-target effects concerning other metabolic pathways have
not been investigated thoroughly.

The described discrepancy between NAMPT mRNA and protein expression might
also contribute to the different responses to NAMPT knockdown on the mRNA level and
NAMPT protein inhibition. Glioma cells overexpressing NAMPT were shown to be more
sensitive to its inhibition [38]. Our NAMPT mRNA expression and esiRNA knockdown
data revealed a similar correlation. However, NAMPT protein levels affected by possible
post-transcriptional regulation of NAMPT expression in IDH1R132H cells could result in low
on-target effects of the tested inhibitors. This observation might prevent selective cellular
impact and a call for concentrations of NAMPT inhibitors at which systemic cellular
cytotoxicity predominates and the survival advantage of IDH1wt cells is lost. Accordingly,
low concentrations of NAMPT inhibitors did not induce cytotoxicity in any of the cells.

Contrasting with our results, Tateishi et al. described the selective cytotoxicity of the
NAMPT inhibitors FK866 and GMX1778 in IDH1 mutant cancer cells [19]. They found that
the downregulation of NAPRT, which is the rate-limiting enzyme of another NAD+ salvage
pathway [36], causes a drop in NAD+ levels in IDH1R132H cells and, thus, a susceptibility
of those cells to NAMPT inhibition. Since we previously showed that the cell model we
used lacked NAPRT, independent of the IDH1 status [17], this did not explain the observed
effects in this study. Our data suggest that the cytotoxic effects of NAMPT inhibitors are,
in part, independent of IDH1 status, thus possibly limiting their suitability as a selective
treatment option for IDH1 mutated glioma. However, we note that this finding was based
on NAMPT inhibitor treatment of different clones of one patient-derived glioblastoma
cell line. Glioma arising from different cellular backgrounds may respond differently to
NAMPT inhibition according to varying metabolic properties, such as variations in the
expression of NAD+ synthesis enzymes [17]. Therefore, future studies are required to
validate our findings regarding pharmacological NAMPT inhibition, ideally in patient-
derived IDH mutant glioma models.

In conclusion, our data underline that targeting the NAMPT NAD+ regeneration
pathway as a promising therapeutic option for gliomas with IDH1R132H mutation. However,
the method of treatment should be carefully considered since NAMPT inhibition with small
molecules might not be effective, depending on the individual molecular background of a
tumor. New efforts in therapeutic methods, such as the targeted delivery of siRNA [47,48]
or the use of extracellular vesicles as drug delivery systems [49], may allow us to selectively
reduce NAMPT expression in IDH1R132H glioma and might be worth investigating in
future studies.

4. Materials and Methods

4.1. Cell Culture and Reagents

HT7606 is a previously established primary glioblastoma cell line obtained from a
patient who underwent surgery at the Klinik und Poliklinik für Neurochirurgie, University
Hospital Carl Gustav Carus, TU Dresden, after informed written consent and with approval
of the local ethics committee [31]. The cells and all derived cell lines were cultured in
Dulbecco’s Modified Eagle Medium containing 4.5 g/L glucose, GlutaMAX™ and pyruvate,
which was supplemented with a 10 mM Hepes Buffer, 4× Non-Essential Amino Acids,
100 U/mL penicillin/streptomycin (all from Gibco, Waltham, MA, USA) and 20% fetal
bovine serum (Biochrom AG, Berlin, Germany). The cells were cultured in a humidified
incubator at 37 ◦C containing 5% CO2.

4.2. Genome Editing Using CRISPR/Cas9

The IDH1 c.395G > A point mutation was introduced in the HT7606 cell line using
CRISPR/Cas9. Two different protocols were applied in three independent experiments
using either the Cas9-plasmid pX458 (#48138 Addgene, Watertown, MA, USA) according
to the protocol of Ran et al. 2013 [50] or the Cas9-NLS-tagRFP (Eupheria Biotech, Dresden,
Germany) following the manufacturer’s protocol. The cells were transfected using Lipo-
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fectamine 3000 (Thermo Fisher Scientific, Waltham, MA, USA). The target-specific gRNA
5′-GGGGATCAAGTAAGTCATGT-3′ was designed on the crispr.mit.edu platform. It was
used for all experiments and either transfected after ligation into the pX458 plasmid or
as RNA molecules. Additionally, a single-strand oligodeoxynucleotide was transfected
as a DNA-repair template. Successfully transfected clones were selected using FACS and
seeded as single cells. Edited clones were screened with allele-specific PCR using two
different sets of primers. In the three experiments, 142, 243 and 88 clones were analyzed.
In each of the experiments, the IDH1R132H mutation was found in one clone, resulting in
editing efficiencies of 0.4% to 1.1%. IDH1 c.395G > A point mutation validation and gRNA
off-target screening were accomplished using Sanger sequencing (primers are listed in Sup-
plementary Table S1, off-target regions are listed in Supplementary Table S2). IDH1R132H

expression was confirmed with cDNA Sanger sequencing and Western blotting.

4.3. Quantification of NAD+/NADH and NADP+/NADPH

NAD+, NADH, NADP+ and NADPH levels were quantified using the bioluminescent
NAD/NADH-Glo™ Assay and the NADP/NADPH-Glo™ Assay (both Promega, Madison,
WI, USA) following the manufacturer’s protocol for measuring NAD(P)+ and NAD(P)H
individually. Per well, 8.000 cells were seeded in a 96-well plate. After 24 h, either the
IDH1R132H small molecule inhibitor AGI-5198 (1 μM; Merck Millipore GmbH, Darmstadt,
Germany) or DMSO (0.001%) was added. After 48 h, cells were treated with 0.2 N NaOH
with 1% dodecyltrimethylammonium bromide for lysis. Half of the lysed cell sample
was then incubated for 15 min at 60 ◦C for the NAD(P)H measurement. The other half
was treated with 0.4 N HCl and then incubated for 15 min at 60 ◦C for the NAD(P)+

measurement. The samples were again split and incubated with either the NAD/NADH-
Glo Detection reagent or the NADP/NADPH-Glo Detection reagent at room temperature
in the dark for 35 min. Luminescence was measured with a Mithras LB940 microplate
reader. Calculation of the NAD+, NADH, NADP+ and NADPH concentrations was done
with a standard curve using the corresponding metabolites.

4.4. RNA Extraction, Protein Extraction and Western Blotting

GeneMATRIX Universal DNA/RNA/Protein Purification Kit (Roboklon, Berlin, Ger-
many) was used to extract RNA and proteins from the same samples following the man-
ufacturer’s instructions. The concentration of RNA was determined with a Qubit® RNA
HS Assay Kit and a Qubit® 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). The
extracted proteins were quantified using a Pierce™ BCA Protein Assay Kit (Pierce Biotech-
nology, Pittsburgh, PA, USA) and an Infinite M200 with Magellan™ Data Analysis Software
(TECAN Group AG, Mannedorf, Switzerland). Proteins were separated on NuPAGE 4–12%
Bis-Tris gels (Invitrogen, Waltham, MA USA) for 45 min at 200 V (15–30 μg protein per lane)
and transferred onto Hybond ECL Membranes (GE Healthcare, Chicago, IL, USA) for 1 h
at 30 V using a NuPAGE® Transfer Buffer (Thermo Fisher Scientific, Waltham, MA, USA).

The membranes were washed twice with phosphate-buffered saline with 0.05% Tween
20 and blocked in 5% (w/v) nonfat milk for 60 min at room temperature before overnight
(4 ◦C) incubation with primary antibodies against NAMPT (P4D5AT, Enzo Life Science,
Inc., Farmingdale, NY, USA; 1:1500), IDH1 (ab117976, Abcam, Cambridge, UK; 1:1000),
IDH1R132H (DIA-H09, Dianova, Hamburg, Germany; 1:250), nicotinamide riboside ki-
nase (NMRK1; PA5-26654, Thermo Fisher Scientific, Waltham, MA, USA; 1:1000), nicoti-
namide mononucleotide adenylyltransferase (NMNAT1; HPA059447, Sigma-Aldrich Corp.,
Burlington, MA, USA; 1:1000) and NAD+ kinase (NADK; HPA048909, Sigma-Aldrich Corp.,
Burlington, MA, USA; 1:500). Antibodies against glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; H86045M, Meridian Life Science, Memphis, TN, USA; 1:2,000,000) and
Actin (A2228, Sigma-Aldrich Corp., Burlington, MA, USA; 1:1000) were used as a loading
control. All antibodies were diluted in 5% (w/v) nonfat milk. Human recombinant NAMPT
protein (Abnova, Taipei, Taiwan) served as a positive control. Subsequently, the membranes
were probed with an anti-mouse secondary antibody (AP127P, Merck Millipore GmbH,
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Darmstadt, Germany; 1:10,000) for 1 h at room temperature. The Lumi-LightPLUS Western
Blotting Substrate (Roche, Basel, Switzerland) was used for band detection with a Gel iX20
Imager (INTAS Science Imaging Instruments GmbH, Göttingen, Germany). The intensity
of the Western blot bands was adjusted to the GAPDH control bands and quantified using
the ImageJ freeware (http://rsb.info.nih.gov/ij/index.html, accessed on 25 March 2020).

4.5. Real-Time Quantitative PCR (RT-qPCR)

cDNA was synthesized from RNA extracts using the SuperScript™ VILO cDNA
Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). RNA from normal brain
tissue (Human adult normal tissue: Brain and Human Adult Normal Tissue 5 Donor
Pool: Brain, both from Biochain Institute Inc., Newark, CA, USA) was used as the control.
Quantitative analysis was performed with the SYBR™ Green PCR Master Mix (Applied
Biosystems, Bedford, MA, USA) and a CFX96 Touch™ Real-Time PCR Detection System
(Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer’s instructions.
Primers are listed in Supplementary Table S1. The relative gene expression was calculated
via normalization to the reference genes GAPDH and ARF1 according to the comparative
Ct method [51].

4.6. esiRNA Knockdown

Endoribonuclease-prepared small interfering RNA (esiRNA) targeting NAMPT
(esiNAMPT-A Catalog No. HU-05878-1, esiNAMPT-B Catalog No. esiSEC), nicotinamide
mononucleotide adenylyltransferase (esiNMNAT1, Catalog No. HU-01617-1), NMRK1
(esiNMRK1 Catalog No. HU-09786-1) and NAD+ kinase (esiNADK Catalog No. HU-08503-
1) were purchased from Eupheria Biotech GmbH (Dresden, Germany). esiRNA targeting
the sea pansy enzyme Renilla luciferase (mock control, Catalog No. RLUC) was used
as a non-targeting control. Cells were transfected with esiRNA using Lipofectamine™
3000 (Thermo Fisher Scientific, Waltham, MA, USA). The components were diluted in
Opti-MEM™ Reduced Serum Medium (Gibco, Waltham, MA, USA). Proper concentrations
were confirmed in standard transfection efficiency experiments. Knockdown efficiencies
were determined by RT-qPCR and Western blot analysis.

4.7. NAMPT Inhibition Using Small-Molecule Inhibitors

For the NAMPT small-molecule inhibitor treatment, cells were seeded in 96-well
plates. After 48 h, the cell culture medium was replaced with a medium containing
different concentrations of one of the NAMPT small-molecule inhibitors FK866, GMX1778
(both from Sigma-Aldrich Corp., Burlington, MA, USA) and GNE-617 (ApexBio, Houston,
TX, USA) which were previously diluted in DMSO (final concentration 0.001%).

4.8. WST-1 Assay

Cells were seeded with 2000 cells per well in transparent 96-well plates and 10 μL
of WST-1 reagent (Sigma-Aldrich Corp., Burlington, MA, USA) were added to each well.
After incubation for 4 h at 37 ◦C in 5% CO2, absorption was measured at 440 nm with
690 nm as a reference wavelength using an Infinite M200 with Magellan™ Data Analysis
Software v.7.2 (TECAN Group AG, Mannedorf, Switzerland).

4.9. Combinatorial esiNAMPT and GMX1778 Treatment

Cells were seeded in Corning® 384 well black/clear bottom plates with 500 cells per
well. esiNAMPT-A was applied in reverse transfection with Lipofectamine™ RNAiMAX
(Thermo Fisher Scientific, Waltham, MA, USA) on the day of cell seeding. GMX1778 was
applied 48 h after the esiRNA treatment or 24 h after cell seeding for a GMX1778 single
treatment. Cell viability was measured with automated picture analysis as described below.
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4.10. Measurement of Cell Viability with CyQUANT® Direct Cell Proliferation Assay

Cell viability was analyzed with the CyQUANT® Direct Cell Proliferation Assay
(Molecular Probes Inc., Thermo Fisher Scientific, Waltham, MA, USA) following the manu-
facturer’s instructions. Fluorescence was measured at an excitation wavelength of 480 nm
and emission wavelength of 535 nm using an Infinite M200 with Magellan™ Data Analysis
Software (TECAN Group AG, Mannedorf, Switzerland).

4.11. Measurement of Cell Viability with Automated Picture Analysis

A viability assay after the described treatments was performed in black 384-well plates
(Greiner, Frickenhausen, Germany). Cells were stained with Hoechst 33,342 and propidium
iodide (Invitrogen™, Waltham, MA, USA). Plates were incubated at 37 ◦C for 10 min and
then analyzed on an Operetta High-Content Imaging System (PerkinElmer, Waltham, MA,
USA). Pictures were evaluated using Harmony™ software (PerkinElmer, Waltham, MA,
USA). Living cells were calculated by subtracting the number of propidium iodide stained
cells from the number of Hoechst-33,342-stained cells in each well.

4.12. Statistics

Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software, Inc.,
San Diego, CA, USA). All data are presented as mean ± SEM. The number of cell lines
(biological replicates, nb) and technical replicates (nt) for specific experiments are indicated
in the figure captions. Single groups were compared using an unpaired t-test. Multiple
groups were analyzed with one-way analysis of variance (ANOVA) followed by Dunnett’s
post hoc test. Any p-values < 0.05 were considered statistically significant.
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Abstract: Glioblastoma (GB) is the most frequent malignant brain tumor among adults and currently
there is no effective treatment. This aggressive tumor grows fast and spreads through the brain
causing death in 15 months. GB cells display a high mutation rate and generate a heterogeneous
population of tumoral cells that are genetically distinct. Thus, the contribution of genes and signaling
pathways relevant for GB progression is of great relevance. We used a Drosophila model of GB that
reproduces the features of human GB and describe the upregulation of the circadian gene cry in
GB patients and in a Drosophila GB model. We studied the contribution of cry to the expansion of
GB cells and the neurodegeneration and premature death caused by GB, and we determined that
cry is required for GB progression. Moreover, we determined that the PI3K pathway regulates cry
expression in GB cells, and in turn, cry is necessary and sufficient to promote Myc accumulation
in GB. These results contribute to understanding the mechanisms underlying GB malignancy and
lethality, and describe a novel role of Cry in GB cells.

Keywords: cancer; neurodegeneration; glioma; Drosophila; disease model; PI3K; EGFR; genetics

1. Introduction

Glioblastoma (GB) is the most common and aggressive type of glioma among all brain
tumors, and it accounts for 57.3% of all gliomas [1]. It was classified in 2016 as a WHO grade
IV diffuse oligodendroglial and astrocytic brain tumor, but the most recent classification
(2021) includes these type of tumors in the “Gliomas, glioneuronal tumors, and neuronal
tumors” group, termed as Glioblastoma, IDH-wildtype [2]. Despite current treatments,
the median survival of GB patients is 15 months [3], and it is estimated that only 6.8% of
patients survive five years after diagnosis [1]. To understand the genetic, molecular and
cellular bases of gliomagenesis is fundamental for the development of effective therapies.
In terms of histopathology and genetic expression, GB is a very heterogeneous type of
tumor, even within the same patient [4]. However, there are common mutations in GB
affecting different pathways that show mutual exclusion: the p53 pathway, the Rb pathway
and components of the PI3K pathway [5].

Previous studies from our lab used a GB model in Drosophila, developed by Read
and collaborators in 2009, that recapitulates key aspects of the disease both genetically
and phenotypically [6–13]. This model is based on the expression of constitutively active
forms of the epidermal growth factor receptor (EGFRλ) and phosphatidyl inositol 3 kinase (PI3K)
catalytic subunit (dp110CAAX) (orthologues of EGFR and PI3K catalytic subunit in Drosophila,
respectively). We used the binary expression system Gal4/UAS [14] to express EGFRλ

and PI3K dp110CAAX specifically in glial cells under the control of repo-Gal4 driver [6]. The
co-activation of EGFR and PI3K signaling pathways in Drosophila glial cells reproduces
the cascade of signaling events that occurs in GB patients [6]. In consequence, GB cells
upregulate myc expression, which is essential for tumoral transformation, and the glial
tumor cell numbers increase along with the expansion of the glial membrane. As a result,
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GB progression causes a reduction in the number of synapses in neighboring neurons and
premature death [6,9,15]. Furthermore, EGFR and PI3K pathway co-activation regulates
processes such as progression and entry into the cell cycle and protein synthesis [6,7].

c-myc is one of the oncogenes most amplified in human cancer, including GB. About
60%–80% of human GB cases show elevated Myc levels [16]. Myc regulates cell proliferation,
transcription, differentiation, apoptosis and cell migration. It is the point where EGFR and
PI3K pathways converge; thus, Myc is considered essential for GB transformation [6,16–18].
Furthermore, in vitro and in vivo studies have shown that myc inhibition prevents glioma
formation, inhibits cell proliferation and survival and even induces disease regression [16,19].
These features are conserved in Drosophila [6].

In the recent years, the study of alterations in circadian rhythm genes has emerged
in different types of cancer, including GB [20]. Previous reports suggested that circadian
rhythm genes play essential roles in different aspects of tumor progression. The central clock
organizes the oscillations and rhythmicity of the physiological processes and modulates
the expression of genes related to cell proliferation or differentiation, such as cell cycle
components [21], proto-oncogenes and tumor suppressors [22].

In mammals, the structure responsible for coordinating circadian behavior through-
out the body is the suprachiasmatic nucleus (SCN), located in the anterior region of the
hypothalamus and made up of about 50,000 neurons in humans [23]. All the neurons that
compose the central clock express the core circadian genes that control the oscillations that
organize the cycles of the whole organism in absence of environmental cues. Furthermore,
synchronization of the internal clock with light/dark cycles relies on cryptochrome protein
(Cry), a blue light photopigment expressed in certain subsets of clock neurons. Cry is a
receptor of near-UV/blue light and a regulator of gene expression that belongs to the group
of DNA photolyases. It was suggested that the last universal common ancestor (LUCA)
had one or several photolyases, supporting the evolutionary conservation of cryptochrome
genes [24]. However, the mammalian gene that plays the role of Drosophila cry remains
unknown. Interestingly, Drosophila Cry also acts as the mammalian Cry when expressed
in peripheral clocks [25]. Besides, cry1 expression is androgen responsive, Cry1 regulates
DNA repair and the G2/M transition and it is associated with poor outcome in prostate
cancer and colorectal cancer.

Regarding GB, studies in patients with primary gliomas show an association between
a specific per1 variant with overall glioma risk. Several circadian genes, including cry1,
exhibited differential expression in GB samples compared to control brains as described in the
literature [26,27], and in human cancer gene expression databases (https://www.proteinatlas.
org, accessed on 1 February 2022; https://cancer.sanger.ac.uk/, accessed on 10 January 2022).
Besides, the expression of the circadian gene clk is significantly enhanced in high-grade gliomas
and correlates with tumor progression [28]. Moreover, per1 and per2 expression increases the
efficacy of radiotherapy also in GB cells [29].

Furthermore, high levels of cry1 inversely correlate with median survival in GB
patients, acting as signal of poor prognosis (http://gepia.cancer-pku.cn/detail.php?gene=
CRY1, accessed on 1 February 2022). Still, the functional mechanism of Cry in cancer
susceptibility and carcinogenesis remains unsolved.

Different studies show a relationship between Cry and Myc [30]; c-Myc levels decrease
in cry1/cry2 null mutant mice [31]. Besides, cry1 expression is induced by Myc in GB cells
in culture [32].

Taking into account the deregulation in the expression of circadian genes in tumor
tissues and the pre-established relationship between Cry and myc, which is a key player
in GB, here we show that cry is regulated by PI3K pathway, cry expression enhances Myc
accumulation in GB cells and it is necessary for GB progression.
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2. Results

2.1. Cry Expression in Glioblastoma

To determine if cry expression was affected in glioma samples, we extracted RNA
from the heads of 7-day-old adult control and glioma flies. Quantitative RT-PCR results
(see Table 1 in Materials and Methods) indicate that cry mRNA levels are 50 times higher
in glioma samples as compared to controls (Figure 1A). This result goes in line with the
data retrieved from TCGA-GBM dataset (at http://gliovis.bioinfo.cnio.es/, accessed on 1
February 2022) that indicate a significant increase of cry1 mRNA levels (RNA-seq) in GB
samples, as compared to non-tumor tissue.

Next, to determine if cry upregulation occurs in GB cells, we used a specific
reporter line that generates a green fluorescent protein (GFP) tagged form of Cry
(GFP-Cry) and visualized adult brains in confocal microscopy. The images show
the GFP signal (Cry) and glial membrane marked in red with myristoylated red
fluorescent protein (mRFP) (Figure 1B–E,B’–E’). The quantification of GFP-Cry and
mRFP co-localization is higher in glioma samples than in controls (Figure 1B,C,F)
suggesting an accumulation of Cry in glioma cells. This signal is restored to control
levels upon cry knockdown by means of RNAi expression in glial or glioma cells
(Figure 1D–F).

Next, we analyzed human mRNA expression databases for Glioblastoma multiforme
(http://gliovis.bioinfo.cnio.es/, accessed on 10 January 2022). The results indicate that
cry in GB patients is transcriptionally upregulated in primary tumors (Figure 1G) and
cry1 upregulation correlates with worse prognosis (Figure 1H). Moreover, cry1 is also
upregulated in secondary GB (Figure 1I) and correlates with poor prognosis in secondary
GB patients (Figure 1J). All together, these results indicate that cry is transcriptionally
upregulated in GB cells in Drosophila and patients and suggest a role in GB malignancy
and aggressiveness.

2.2. Cry Mediates GB Progression and Neurodegeneration

To determine the contribution of cry to GB progression, we used a previously
validated protocol to quantify tumor progression and the associated neurodegeneration
in Drosophila [7,9,11]. We stained adult control brains and compared them with GB,
GB + cryRNAi and wt brains expressing cryRNAi in glial cells. We used a specific
antibody against repo to visualize the nuclei of all glial cells and quantified the number
of glial cells in the confocal images (Figure 2A–E). The results indicate that GB samples
have a significant increase in the number of glial cells compared to control samples,
but this increase depends on cry expression (Figure 2A–C,E). Besides, knockdown of
cry in normal glia does not alter the number of glial cells (Figure 2D,E). In addition,
we quantified the volume of glial membrane. We used Imaris software to measure
the volume of the red signal that corresponds to a myristoilated form of RFP (mRFP)
expressed in glial cells under the control of repo-Gal4. The quantification of the volume
show a significant expansion of glial membrane in GB compared to control samples,
but this increase depends on cry expression (Figure 2A’–C’,F). Again, knockdown of
cry in normal glia does not alter the volume of glial membrane (Figure 2D’,F). These
results suggest that cry expression is required for GB progression, but not for normal
glia development.
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Figure 1. Circadian gene cry is upregulated in both human GB samples and GB Drosophila model.
(A) RT-qPCR analysis of complete brains of 7-day-old adult flies from repo-Gal4 > UAS-LacZ (Control)
and repo-Gal4 > UAS-dEGFRλ, UAS-dp110 CAAX (Glioma) genotypes in LD conditions at ZT6 for
the circadian gene cry (t-test) in n = 90. (B–E) Confocal microscopy images of brains of 7-day-old
adult flies from (B) repo-Gal4 > UAS-LacZ (Control), (C) repo-Gal4 > UAS-dEGFRλ, UAS-dp110 CAAX

(Glioma), (D) repo-Gal4 > UAS-dEGFRλ, UAS-dp110 CAAX, UAS-cryRNAi (Glioma CryRNAi) and
(E) repo-Gal4 > UAS-cryRNAi (Glia CryRNAi) after using (B’–E”) magnifications of the brain lobe
central region, the reporter GFP-Cry in green and the glial membrane are marked in red. (F) Co-
localization between GFP-Cry signal and the glial membrane (mRFP). Statistical analysis in at least n =
16 (ANOVA, post-hoc Bonferroni). (G) Data on overexpression of cry1 in human primary gliomas and
GB against normal tissue. (H) Graph showing a lower life expectancy in those patients with primary
GB and cry1 overexpressed compared to patients with primary GB with low expression of cry1.
(I) Data on cry1 expression in human secondary GB compared to normal tissue. (J) Graph showing
a lower life expectancy in those patients with secondary GB and cry1 overexpressed compared to
patients with secondary GB with low expression of cry1. Images obtained from gliovis.bioinfo.cnio.es
based on the 2016 classification of brain tumors (scale bar, 100 μm in (B–E) and 20 μm in (B’–E’) (n.s.
not significant, ** p-value < 0.01, *** p-value < 0.001).
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Figure 2. Ectopic downregulation of cry prevents GB tumorigenesis and effects. (A–D) Confocal
microscopy images of brains from 7-day-old adult flies with the following genotypes: (A) repo-Gal4
> UAS-LacZ (Control), (B) repo-Gal4 > UAS-dEGFRλ, UAS-dp110 CAAX (Glioma), (C) repo-Gal4 >
UAS-dEGFRλ, UAS-dp110 CAAX, UAS-cryRNAi (Glioma CryRNAi) and (D) repo-Gal4 > UAS-cryRNAi
(Glia CryRNAi) with glial nuclei marked in green with anti-repo (scale bar, 100 μm). (A’–D’) Glial
membrane is shown in red by the expression of mRFP. (E) Quantification of glial cells number and
(F) quantification of glial membrane volume. Statistical analysis for at least n = 11 per genotype
(ANOVA, post-hoc Bonferroni). (G–J) Confocal images of adult NMJ of 7-day-old flies from (G)
repo-Gal4 > UAS-LacZ (Control) (H) repo-Gal4 > UAS-dEGFRλ, UAS-dp110CAAX (Glioma), (I) repo-Gal4
> UAS-dEGFRλ, UAS-dp110 CAAX, UAS-cryRNAi (Glioma CryRNAi) and (J) repo-Gal4 > UAS-cryRNAi
(Glia CryRNAi) genotypes. Active zones are visualized by nc82 (anti-Brp) antibody and marked in
green (scale bar, 25 μm). (K) Quantification and statistical analysis of active zones in at least n = 17 per
genotype (ANOVA, post-hoc Bonferroni). (L) Graph shows a survival assay of repo-Gal4 > UAS-LacZ
(Control, grey), repo-Gal4 > UAS-dEGFRλ, UAS-dp110CAAX (Glioma, black), repo-Gal4 > UAS-dEGFRλ,
UAS-cryRNAi, (Glioma CryRNAi, dark green) and repo-Gal4 > UAS-cryRNAi, (Glia CryRNAi, light
green) flies and statistical analysis in n = 90 (Mantel-Cox test) (n.s. not significant, *** p-value < 0.001,
**** p-value < 0.0001).
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Next, we studied the impact of GB progression and cry expression in neighboring
neurons. We counted the number of synapses in motor neurons of adult neuromuscular
junction (NMJ), a standardized tissue to study neurodegeneration [9,11,33]. To visualize
synapses, we used an anti-Brp antibody (nc82) to detect active zones in the neurons, and
counted the number of synapses in control samples, GB, GB + cryRNAi and normal glia
+ cryRNAi (Figure 2G–J). The quantification of synapse number (Figure 2K) shows that
GB induction provokes a significant reduction in the number of synapses as compared to
control samples, compatible with a neurodegenerative process. This effect was previously
described [7,9,11] as a consequence of GB progression. Moreover, cry knockdown in GB
prevents the reduction in the number of synapses, and cryRNAi expression in normal glial
cells does not cause any detectable change in the number of synapses. Finally, we aimed
to determine the systemic effect of cry. We expressed cryRNAi in glia or GB cells, and we
analyzed the life span of adult flies. The results show that GB causes a significant reduction
of life span and a premature death, which is prevented by cryRNAi expression in GB cells.
Moreover, cryRNAi expression in normal glial cells does not reduce lifespan but causes a
significant increase in the average lifespan (Figure 2L).

2.3. Signaling Pathway to Control Cry Upregulation

To decipher the specific signaling pathway responsible for cry transcriptional activation
in GB cells, we analyzed the contribution of the two main pathways activated in this model
of GB, EGFR and PI3K. Both pathways converge in the expression of the gene myc (see
Figure 3A for detailed genetic epistasis in GB). Thus, we analyzed the contribution of PI3K,
EGFR and myc to cry upregulation. We measured the fluorescent signal of GFP-cry reporter
in control adult brains (Figure 3B–B”) and compared it with adult brains upon expression
of the constitutively active forms of PI3K (Figure 3C–C”) or EGFR (Figure 3D–D”) in glial
cells (under the control of repo-Gal4). In addition, we analyzed the GFP-cry signal in glial
cells upon myc upregulation (Figure 3E–E”). We quantified in the confocal images the signal
of GFP that co-localizes with glial membranes (mRFP) (Figure 3F). The results indicate that
PI3K expression is sufficient to increase GFP-cry signal but not EGFR or myc overexpression.
These results suggest that PI3K upregulation induces cry transcription, and EGFR or myc
expression do not induce cry expression in glial cells.

2.4. Cry Regulates Myc Expression in Glial Cells

Next, to determine the epistatic relation between cry and myc, we analyzed Myc protein
accumulation in glial cells upon cry expression. First, to analyze if Cry is sufficient to cause
an increase in Myc protein levels, we used a specific antibody against Myc and analyzed
Myc signal levels upon cry overexpression, myc overexpression or cry + myc overexpression
in glial cells (Figure 4A–D’). The quantification of Myc surface signal that coincides with
glial cells (anti-repo) showed that cry expression in glia is sufficient to increase Myc protein
signal in glial cells, comparable to myc upregulation. In addition, cry + myc upregulation
show a summation effect on the increase of Myc protein levels (Figure 4E). To conclude if
cry is required for myc expression in GB, we quantified glial Myc signal in the control, cry
RNAi, GB, GB + cryRNAi and cry upregulation (Figure 4F–J’). The quantifications indicate
that cryRNAi in glial cells does not reduce the amount of Myc in glial cells (Figure 4K).
In addition, GB condition triggers the number of Myc positive glial cells, as well as cry
upregulation in glial cells (Figure 4K). Finally, cryRNAi expression in GB cells prevents the
accumulation of Myc in GB cells. Taking all these results together, we conclude that cry is
sufficient to trigger Myc accumulation in glial cells, and cry expression is necessary for Myc
accumulation in GB condition.
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Figure 3. PI3K upregulates the levels of cry. (A) Scheme of EGFR (blue) and PI3K (yellow) signaling
pathways involved in GB tumoral transformation with Myc as convergence point (green) (modified
from [6]). (B–E) Confocal microscopy images of brains from 7-day-old adult flies with the following
genotypes: (B) repo-Gal4 > UAS-LacZ (Control), (C) repo-Gal4 > UAS-dp110CAAX (PI3K), (C) repo-Gal4
> UAS-dEGFRλ (EGFR) and (D) repo-Gal4 > UAS-dmyc (Myc) using the reporter GFP-cry visualized in
green (scale bar, 100 μm) and B’–E’) the glial membrane is marked in red by the expression of mRFP.
Green and red signal merge produces the yellow signal. (F) Co-localization between GFP-cry and the
glial membrane (mRFP) and statistical analysis in at least n = 16 (ANOVA, post-hoc Bonferroni) ( n.s.
not significant, * p-value < 0.05, *** p-value < 0.001).

2.5. Cry Contribution to GB Progression

To investigate the contribution of Cry to glioma progression, we determined the
number of glial cells and volume of glial membrane network in control adult brain, GB
(PI3K + EGFR), PI3K + cry, EGFR + cry or myc + cry expressed in glial cells (Figure 5A–E’).
The quantification showed that all these genetic combinations cause an increase in the
number of glial cells as compared to control brains (Figure 5F). However, only the GB
condition provoked an expansion of the glial membrane volume, and the combination of
PI3K + cry, EGFR + cry or myc + cry showed a volume of glial membrane comparable to
control brains (Figure 5G). To further determine the contribution of cry to GB expansion,
we analyzed the contribution of single gene upregulation in glial cells for cry or myc, and
the combination of cry + myc expression (Figure 5H–K’). The quantification of glial cell
number showed that cry or myc expression alone, or in combination, is sufficient to increase
the number of glial cells with respect to control samples (Figure 5L). Nevertheless, none
of these genetic modifications is sufficient to expand glial membrane volume (Figure 5M).
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These results suggest that cry or myc are sufficient to trigger glial cell number increase in
adult brains, but not to expand the volume of glial membrane network.

Figure 4. Cry increases glial Myc protein levels in physiological and GB conditions. (A–D) Confocal
microscopy images of brains from 7-day-old adult flies with the following genotypes: (A) repo-Gal4
> UAS-LacZ (Control), (B) repo-Gal4 > UAS-cry (Cry), (C) repo-Gal4 > UAS-dmyc (Myc) and (D) repo-
Gal4 > UAS-dmyc, UAS-cry (MycCry) with Myc marked in magenta (anti-Myc). (A’–D’) Glial nuclei
marked in green (anti-Repo) (scale bar, 25 μm). (E) Glial Myc quantification and statistical analysis
for at least n = 9 per genotype (ANOVA, post-hoc Bonferroni). (F–J) Confocal microscopy images of
brains 7-day-old adult flies from (F) repo-Gal4 > UAS-LacZ (Control), (G) repo-Gal4 > UAS-cryRNAi
(CryRNAi), (H) repo-Gal4 > UAS-dEGFRλ, UAS-dp110 CAAX, UAS-cryRNAi (Glioma CryRNAi), (I)
repo-Gal4 > UAS-dEGFRλ, UAS-dp110 CAAX (Glioma) and (J) repo-Gal4 > UAS-cry (Cry); Myc is marked
in magenta (anti-Myc) (F’–J’) and glial nuclei are marked in green (anti-Repo) (scale bar, 25 μm). (K)
Glial Myc quantification and statistical analysis for at least n = 12 per genotype (ANOVA, post-hoc
Bonferroni) ( n.s. not significant, ** p-value < 0.01, *** p-value <0.001).

2.6. Cry Upregulation in Glial Cells Causes Synapse Loss and Premature Death

It was previously described that GB progression induces synapse loss, an early symp-
tom of neurodegeneration. To determine the contribution of cry to synapse loss, we counted
the number of active zones in motor neurons of adult neuromuscular junction in the con-
trol, GB (PI3K + EGFR), PI3K + cry, EGFR + cry or myc + cry samples (Figure 5N–R). The
quantification of the number of active zones showed that the expression in glial cells of GB
(PI3K + EGFR), PI3K + cry, EGFR + cry or myc + cry is sufficient to reduce the number of
synapses in NMJ neurons (Figure 5S).

Finally, to evaluate the systemic effect of GB and glial expression of PI3K + cry, EGFR +
cry or my c + cry, we analyzed the lifespan of adult individuals. The results show that GB
causes a premature death, as previously described in Drosophila and mice Xenografts [8,9,11],
glial upregulation of EGFR + cry or myc + cry causes a significant reduction of lifespan but less
aggressive than GB, and PI3K + cry upregulation in glial cells does not reduce lifespan (Figure 5T).
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Figure 5. EGFR-cry co-expression induces glial cells number increase, synapse number and survival
reduction. (A–E) Confocal microscopy images of brains from 7-day-old adult flies with the following
genotypes: (A) repo-Gal4 > UAS-LacZ (Control), (B) repo-Gal4 > UAS-dEGFRλ, UAS-dp110 CAAX (Glioma),
(C) repo-Gal4 > UAS-dp110 CAAX, UAS-cry (PI3KCry), (D) repo-Gal4 > UAS-dEGFRλ, UAS-cry (EGFRCry) and
(E) repo-Gal4 > UAS-dmyc, UAS-cry (MycCry) with glial nuclei marked in green (anti-Repo) (scale bar, 100μm).
(A’–E’) Glial membrane is visualized in red by the expression. (F) Glial cells number and (G) glial membrane
volume quantification and statistical analysis for at least n = 12 per genotype (ANOVA, post-hoc Bonferroni).
(H–K) Confocal images of adult brains of 7-day-old flies from (H) repo-Gal4 > UAS-LacZ (Control) (I) repo-Gal4
> UAS-cry (Cry), (J) repo-Gal4 > UAS-dmyc (Myc) and (K) repo-Gal4 > UAS-cry, UAS-dmyc (MycCry) genotypes
with glial nuclei marked in green (anti-Repo) (scale bar, 100 μm) (H’–K’) and glial membrane shown in red
(mRFP). (L) Glial cells number and (M) glial membrane volume quantification and statistical analysis for
at least n = 9 per genotype (ANOVA, post-hoc Bonferroni). (N–R) Confocal microscopy images of NMJ of
7-day-old adult flies from (N) repo-Gal4 > UAS-LacZ (Control), (O) repo-Gal4 > UAS-dEGFRλ, UAS-dp110
CAAX (Glioma), (P) repo-Gal4 > UAS-dp110 CAAX, UAS-cry (PI3KCry), (Q) repo-Gal4 > UAS-dEGFRλ, UAS-cry
(EGFRCry) and (R) repo-Gal4 > UAS-dmyc, UAS-cry (MycCry). Active zones are marked with anti-Brp (nc-82)
visualized in green (nc82, anti-Brp) (scale bar, 25μm). (S) Quantification and statistical analysis of active
zones in at least n = 13 per genotype (ANOVA, post-hoc Bonferroni). (T) Graph shows a survival assay of
repo-Gal4 > UAS-LacZ (Control, grey), repo-Gal4 > UAS-dEGFRλ, UAS-dp110CAAX (Glioma, black), repo-Gal4 >
UAS-dp110CAAX, UAS-cry (PI3KCry, blue), repo-Gal4 > UAS-dEGFRλ, UAS-cry, (EGFRCry, red) and repo-Gal4
> UAS-cry, UAS-dmyc (MycCry, green) flies and statistical analysis in n = 90 (Mantel-Cox test) ( n.s. not
significant, ** p-value < 0.01, *** p-value < 0.001, p-value < 0.0001).
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3. Discussion

Different studies have established a relation between alterations in circadian rhythm
genes and cancer [32,34]. Specifically, one of the genes associated with different types of
cancer is cry [35–37]. Thus, this study aims to investigate the role of cry in a Drosophila GB
model.

The previous work of Luo et al. 2012 [38] describes a reduction of the number of glial
cells positive for cry1/2 expression in glioma tissue compared to normal tissue. However, the
authors show that glioma cells that are positive for Cry1/2 show an increase in the amount
of Cry1/2 with respect to non-tumoral tissue. Moreover, both Madden et al. 2014 [26]
(with a sample 10 times larger than that of Luo et al. 2012) and Wang et al. 2021 [27]
(using data from three different databases) analyzed the expression of circadian genes in
glioma tissue compared to healthy tissue and conclude that cry1 is overexpressed in glioma
tissue. We also found this result in other databases such as https://www.proteinatlas.org/
and http://gliovis.bioinfo.cnio.es/, accessed on 10 January 2022, [39], which in turn is
compatible with the observations in the Drosophila model of GB.

Nonetheless, Fan et al. [40] investigated the role of Cry2 in rat glioma cells and
observed that cry2 mRNA and protein levels showed aberrant rhythmic periodicity of 8 h,
compared to 24 h in normal tissue. Thus, futures studies on the contribution of circadian
rhythms genes should take into consideration the variations of expression.

On the contrary, Dong et al. [41] state that glioblastoma stem cells (GSCs) displayed
robust circadian rhythms dependent on core clock transcription factors. The use of Cry1/2
agonists induced anti-tumor effects suggesting that GSCs are sensitive to cry1/2 activity.
Taken the different conclusions into consideration, most of the literature and our data sug-
gest that cry is upregulated in glioma cells and promotes glioma progression; however, the
role of cry expression in Drosophila, or cry1/2 expression in mammals, may differ according
to the glioma subtype, the specific mutations in glioma cells and the cell population of
study within the glioma and the hour of the day.

We described an increase in cry1 mRNA levels in human GB samples and in a well-studied
Drosophila model of GB. However, we cannot conclude that GB cells show an increase in cry
transcription, or an enhancement of cry mRNA stability. The Drosophila GB model is based on
the activation of the two most frequently mutated pathways in GB, PI3K and EGFR, which
converge in Myc as a coincidence point. These pathways are of great relevance to promote GB
cells expansion, GB progression and, in consequence, the deterioration of neighboring neurons
and a premature death. The results indicate that cry upregulation in Drosophila GB cells
depends on PI3K expression, and it is required for GB cells number increase and synapse loss
(Figure 6). In addition, cry expression in glial cells is sufficient to increase the number of glial
cells. However, cry expression is expendable for normal wt glial growth during development.
Taking into consideration that cry is upregulated in GB cells and promotes glia cells number
increase, we did not observe any contribution to normal glia development, which makes Cry
a potential target for GB treatment.

Besides, we show that Cry is necessary and sufficient to induce myc expression in
GB cells. This agrees with in vitro studies that revealed an increase in Myc levels as a
result of cry upregulation [32]. Therefore, we propose that cry is part of the PI3K-Myc
signaling pathway in GB, where cry upregulation would be associated with glial cells
number increase. However, PI3K is a highly promiscuous enzyme that participates in
numerous signaling pathways, and the results suggest that Cry contribution is restricted
to the malignant features of GB dependent on myc, such as GB cell number increase and
neurodegeneration. However, cry expression is independent of glial membrane expansion
characteristic of GB progression. Besides, cry expression in glial cells partially reduces
lifespan, but is less aggressive than GB. This result suggests that Cry plays a central
role in GB and is required for GB formation, and cry mutations might be responsible for
several features of GB. The human gene expression databases indicate that cry1 expression
levels correlate negatively with lifespan, and it is associated with a poor prognosis. In
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conclusion, these results suggest that further studies on the contribution of Cry1 to human
GB progression could lead to novel strategies to treat GB patients.

Figure 6. Schematic representation of Cry contribution to GB progression. (A) Glia cells are transformed
to glioma by the co-activation of PI3K and EGFR pathways. These signals take to the accumulation of
Myc in glioma cells mediated by cry expression. In consequence, glioma cells number increases, expand
glial membrane and cause a reduction in synapse number of neurons (neurodegeneration). This process
triggers premature death and reduced lifespan of the fly. (B) Glioma cells are transformed by PI3K and
EGFR pathways activation, but upon cry knockdown (cry RNAi), they do not accumulate Myc, do not
display cellular features of glioma and prevent lifespan reduction.

Recent publications describe the communication between GB cells and neurons in
human GB cells and mice xenografts based on the establishment of electrical and chemical
synapses, which are essential for tumor progression [42,43]. A possible explanation for
GB prevention by cry downregulation arises from the non-circadian function of Cry as a
regulator of synapse number through the genetic and physical association with the key
presynaptic protein Bruchpilot (Brp) [44,45]. In Drosophila, cry mutants show reduced brp
expression levels. Actually, Cry interacts physically with Brp to modulate its stability, and
triggers its degradation activated by light. Therefore, it is possible that cry overexpression
in glial cells promotes the establishment of synapses with neurons. Moreover, the absence
of light input impairs Brp degradation in glial cells, thus promoting tumoral progression.
In conclusion, further experiments are required to unveil the molecular interactions of Cry
and Brp proteins, including the putative formation of abnormal synapses between glial
and neurons under the GB condition.

The studies of other groups describe the beneficial effects of haloperidol on cry1 expres-
sion in GB cells, but these results obtained in cell culture suggest that the doses required to
treat patients might be toxic; in consequence, specific delivery strategies combined with
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haloperidol are worth of study. In addition, we observed significant effects of cry knock-
down in normal glial cells, in line with Bolukbasiet al., who recently described the extension
of lifespan by foxo upregulation in glial cells [46]. We observed an effect of cry upregulation
in the number of glial cells (Figure 5L). Given that cry and foxo respond to PI3K pathway,
it is tempting to speculate that cry expression is relevant for lifespan extension by PI3K
pathway, and associated behaviors such as diet restriction.

The classical definition of Cry as a regulator of circadian rhythms can now be expanded
to the biology of glial cells, GB progression and the expansion of lifespan in Drosophila. This
plethora of different phenotypes associated with one gene is now a common feature previously
described for Troponin I [47–49], Caspases [50–52] or even other circadian genes as per1 [53,54]
and contributes to the explanation of the multiple phenotypes observed in patients.

This study describes the epistatic relationship between PI3K, cry and myc and the
relevance for GB progression. The strengths of this study rely on the importance of
understanding the mechanisms underlying the progression of a fatal tumor as GB, and the
reliability of Drosophila as an animal model useful to study human disease. However, it is
important to take into consideration the limitations of the results to put them in perspective.
We used a model based on the activation of PI3K and EGFR pathways that reproduces the
key features of human disease progression, but the contribution of additional mutations
such as IDH or TP53 in GB require further studies; thus, new models in flies or other animal
models of study will contribute to validate and narrow down our findings.

4. Materials and Methods

4.1. Fly Stocks and Genetics

All fly stocks were maintained at 25 ◦C (unless otherwise specified) on a 12/12 h
light/dark cycles at constant humidity in a standard medium. The stocks used from
Bloomington Stock Center were tub-Gal80TS (BL-7019), Repo-Gal4 (BL-7415) and UAS-LacZ
(BL-8529). Other fly stocks used were UAS-dEGFRλ, UAS-dp110CAAX (gift from R. Read [6]),
UAS-cry (gift from F. Royer [55]), GFP-cry (BDSC_76317, gift from P.E. Hardin), UAS-PI3K
(gift from J. Botas [56]), UAS-cryRNAi (gift from F. Royer [57]) and UAS-dMyc (gift from E.
Moreno [58]).

The stock containing UAS-cryRNAi was previously generated and validated [57]; this con-
struct produces a double-stranded RNA that corresponds to the 300–799 region of cryRA mRNA.

The glioma-inducing line contains the UAS-dEGFRλ and UAS-dp110CAAX transgenes
that encode for the constitutively active forms of the human orthologues PI3K and EGFR,
respectively [6]. The Repo-Gal4 line drives the Gal4 expression to glial cells and precur-
sors [59,60] combined with the UAS-dEGFRλ and UAS-dp110CAAX line allow us to generate
a glioma thanks to the Gal4 system [14]. To visualize glial or GB cells membrane, we
induced the expression of a myristoylated form of red fluorescent protein (UAS-mRFP,
described in [9]) under the control of the specific glial promoter repo-Gal4.

Gal80TS is a repressor of the Gal4 activity at 18 ◦C, although at 29 ◦C is inactivated [61].
The tub-Gal80TS construct was used in all the crosses to avoid the lethality caused by the
glioma development during the larval stage. The crosses were kept at 17 ◦C until the adult
flies emerged. To inactivate the Gal80TS protein and activate the Gal4/UAS system to allow
for the expression of our genes of interest; the adult flies were maintained at 29 ◦C for
7 days except in the survival assay (flies were at 29 ◦C until death).

4.2. Immunostaining and Image Acquisition

All tissues were treated in simultaneously for each experiment. Adult brains were
dissected and fixed with 4% formaldehyde in phosphate-buffered saline for 20 min, whereas
adult NMJ were fixed for 10 min; in both cases, samples were washed 3 × 15 min with
PBS + 0.4% triton, blocked for 1 h with PBS + 0.4% triton + BSA 5%, incubated overnight
with primary antibodies, washed 3 × 15 min, incubated with secondary antibodies for
2 h and mounted in Vectashield mounting medium with DAPI in the case of the brains.
The primary antibodies used were anti-Repo mouse (1/200; DSHB, Iowa City, IA, USA)
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to recognize glial nuclei, anti-Bruchpilot-nc82-mouse (1/50; DSHB, Iowa City, IA, USA)
to recognize the presynaptic protein Bruchpilot, anti-HRP rabbit (1/400; Cell Signaling,
Danvers, MA, USA) to recognize neuronal membranes, anti-GFP rabbit (1:500; DSHB, Iowa
City, IA, USA) and anti-Myc guinea pig (1/100; DSHB, Iowa City, IA, USA) to recognize the
nuclear protein Myc. The secondary antibodies used were anti-mouse, -rabbit or -guinea
pig Alexa 488 or 647 (1/500; Life Technologies, Carlsbad, CA, USA). Images were taken by
a Leica SP5 confocal microscopy applying same conditions for each experiment.

4.3. qRT-PCR

The mRNA for all samples was extracted from adult brains and processed in parallel.
For this, 1- to 4-day-old male adult mice were maintained at 29 ◦C for 7 days and collected
on dry ice at ZT6. Total RNA was extracted by triplicate from 30 heads. RNA was extracted
with TRIzol and phenol chloroform. cDNA was synthetized from 1 μg of RNA and cDNA
samples from 1:5 dilutions were used for real-time PCR reactions. Transcription levels
were determined in a 14 μL volume in duplicate using SYBR Green (Applied Biosystems,
Waltham, MA, USA) and 7500 qPCR (Thermo Fisher Scientific, Waltham, MA, USA). We
analyzed transcription levels of cry using Rp49 as a housekeeping gene reference.

Sequences of primers were as follows.

Table 1. Sequences of primers used to detect cry expression. Rp49 is used as housekeeping gene.

Primer Name 5′-3′ Sequence

Rp49 F GCATACAGGCCCAAGATCGT
Rp49 R AACCGATGTTGGGCATCAGA

cry F TTCTTCCCATCAAAACTGG
cry R AAACGCATCCGATTGTAACC

After completing each real-time PCR run, with cycling conditions of 95 ◦C for 10 min,
40 cycles of 95 ◦C for 15 s and 55 ◦C for 1 min, and outlier data were analyzed using
7500 software (Applied Biosystems, Waltham, MA, USA). Ct values by triplicate of dupli-
cates from three biological samples were analyzed calculating 2DDCt.

4.4. Survival Assays

Lifespan was determined under 12:12 h LD cycles at 29 ◦C conditions. Three replicates
of 30 1- to 4-day-old male adults were collected in vials containing standard Drosophila
media and transferred every 2–3 days to fresh Drosophila media.

4.5. Quantification

Fluorescent reporter-relative cry signals within brains were determined from images
taken at the same confocal settings avoiding saturation. For the analysis of co-localization
rates, “co-localization” tool from LAS AF Lite software (Leica, Wetzlar, Germany), was used
taking the co-localization rate data for the statistics analyzing the co-localization between
the green signal (both cases) and signal coming from glial tissue from three slices per brain
in similar positions of the z axis.

Glial network was marked by a UAS-myristoylated-RFP reporter (mRFP) specifically
expressed under the control of repo-Gal4. The total volume was quantified using the Imaris
surface tool (Imaris 6.3.1 software, Oxford Instruments, Abingdon, UK). Glial nuclei were
marked by staining with the anti-Repo (DSHB). The number of Repo + cells and number of
synapses (anti-nc82; DSHB) were quantified by using the spots tool in Imaris 6.3.1 software
(Oxford Instruments, Abingdon, UK). We selected a minimum size and threshold for the
spot in the control samples of each experiment: 0.5 μm for active zones and 2 μm for
glial cell nuclei. Myc glial signal was quantified using the Imaris surface tool (Imaris
6.3.1 software, Oxford Instruments, Abingdon, UK) creating a mask for the glial nuclei
signal and exclusively selecting the myc signal corresponding to glial nuclei. Then we
applied the same conditions to the analysis of the corresponding experimental sample.
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4.6. Statistics

The results were analyzed using the GraphPad Prism 5 software. Quantitative param-
eters were divided into parametric and nonparametric using the D’Agostino and Pearson
omnibus normality test, and the variances were analyzed with F test. The t-test and
ANOVA test with Bonferroni’s post hoc were used in parametric parameters, using Welch’s
correction when necessary. The survival assays were analyzed with Mantel–Cox test. The p
limit value for rejecting the null hypothesis and considering the differences between cases
as statistically significant was p < 0.05 (*). Other p-values are indicated as ** when p < 0.01
and *** when p < 0.001.

4.7. Human GB Databases

We used a public open access database (http://gliovis.bioinfo.cnio.es/, accessed on 1
February 2022) to analyze the expression of human Cry1 gene in GB samples. We used the
“Adult” samples in CGGA Dataset and included the data from primary and secondary tumor
types. The data shown in Figure 1 correspond to the “expression” and “survival” tabs. Please
note that nomenclature corresponds to the 2016 classification. GBM—Glioblastoma multiforme.
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54. Zhang, L.; Ptáček, L.J.; Fu, Y.H. Diversity of human clock genotypes and consequences. Prog. Mol. Biol. Transl. Sci. 2013, 119,
51–81. [CrossRef]

55. Emery, P.; Stanewsky, R.; Helfrich-Förster, C.; Emery-Le, M.; Hall, J.C.; Rosbash, M. Drosophila CRY is a deep brain circadian
photoreceptor. Neuron 2000, 26, 493–504. [CrossRef]

56. Orme, M.H.; Alrubaie, S.; Bradley, G.L.; Walker, C.D.; Leevers, S.J. Input from Ras is required for maximal PI(3)K signalling in
Drosophila. Nat. Cell Biol. 2006, 8, 1298–1302. [CrossRef] [PubMed]

57. Picot, M.; Cusumano, P.; Klarsfeld, A.; Ueda, R.; Rouyer, F. Light Activates Output from Evening Neurons and Inhibits Output
from Morning Neurons in the Drosophila Circadian Clock. PLoS Biol. 2007, 5, e315. [CrossRef]

58. Moreno, E.; Basler, K. dMyc transforms cells into super-competitors. Cell 2004, 117, 117–129. [CrossRef]
59. Lee, B.P.; Jones, B.W. Transcriptional regulation of the Drosophila glial gene repo. Mech. Dev. 2005, 122, 849–862. [CrossRef]

[PubMed]
60. Casas-Tintó, S.; Arnés, M.; Ferrús, A. Drosophila enhancer-Gal4 lines show ectopic expression during development. R. Soc. Open

Sci. 2017, 4, 170039. [CrossRef]
61. McGuire, S.E.; Le, P.T.; Osborn, A.J.; Matsumoto, K.; Davis, R.L. Spatiotemporal Rescue of Memory Dysfunction in Drosophila.

Science 2003, 302, 1765–1768. [CrossRef] [PubMed]

106



Citation: Damanskienė, E.; Balnytė,
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Abstract: It is necessary to elucidate the individual effects of temozolomide (TMZ) on carcinogenesis
and tumor resistance to chemotherapy mechanisms. The study aimed to investigate the TMZ 50 and
100 μM dose effect difference between PBT24 and SF8628 cell line high-grade pediatric glioblastoma
(phGBM) xenografts in a chicken chorioallantoic membrane (CAM) model, on PCNA and EZH2
immunohistochemical expression in the tumor and on the expression of NKCC1, KCC2, E- and
N-cadherin genes in TMZ-treated and control cell groups in vitro. TMZ at a 100 μg dose reduced
the incidence of PBT24 xenograft invasion into the CAM, CAM thickening and the number of blood
vessels in the CAM (p < 0.05), but did not affect the SF8628 tumor in the CAM model. The TMZ
impact on PBT24 and SF8628 tumor PCNA expression was similarly significantly effective but did
not alter EZH2 expression in the studied tumors. The TMZ at 50 μM caused significantly increased
RNA expression of the NKCC1 gene in both studied cell types compared with controls (p < 0.05). The
expression of the KCC2 gene was increased in PBT24 TMZ-treated cells (p < 0.05), and no TMZ effect
was found in SF8628-treated cells. The study supports the suggestion that individual sensitivity to
TMZ should be assessed when starting treatment.

Keywords: pediatric glioblastoma; temozolomide; NKCC1; KCC2; EZH2; PCNA; CAM

1. Introduction

Pediatric high-grade glioblastoma multiforme (phGBM) is a highly malignant brain
tumor and the most common cause of death [1]. Five-year survival in phGBM patients is
less than 20 percent [2]. The standard glioblastoma treatment includes surgical resection,
radiotherapy and temozolomide (TMZ) chemotherapy [3]. Following therapy with TMZ
in adults, the treatment has similarly employed TMZ for phGBM patients [2,4]. Notwith-
standing, patients having an initial response to TMZ fail therapy: approximately 55% of
glioblastoma patients develop resistance to TMZ chemotherapy [5,6]. phGBM is different
from adult gliomas. The unique developmental origins and distinct biological factors of
this heterogeneous group of tumors have highlighted the importance of avoiding treat-
ment strategies based solely on adult glioblastoma, as this approach has not improved
the outcome of phGBM [7]. Individual TMZ effectiveness depends on the resistance to
TMZ, which would cause glioblastoma recurrence and a worse outcome [8]. It is essential
to determine individual sensitivity to TMZ treatment and the personal effect of TMZ on
cancerogenesis, which is critical for effective treatment.
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The main antitumor effect of anticancer medicines is the inhibition of tumor cell prolif-
eration and the promotion of apoptosis. In glioblastoma, markers of tumor progression
include the expression of proliferating cell nuclear antigen (PCNA), enhancer of zeste
homolog 2 (EZH2) and ionic transporters that regulate intracellular chloride levels [9–11].
PCNA is an important target for many aggressive tumors. The proliferation of tumor
cells is correlated with a high degree of tumor malignancy, which can be evaluated by
measuring the PCNA protein expression [12]. Thus, the potential for targeting PCNA
in chemotherapy against aggressive tumors is actively pursued [13]. Researchers have
reported Polycomb repressive complex 2 (PRC2) activity in phGBM [14]. PRC2 is usually
accompanied by cancer progression [15]. PRC2 helps to support gene silencing and X
chromosome inactivation through the enzymatic methylation of K27 on histone H3 by
EZH2. EZH2 is a catalytic PRC2 subunit, a histone methyltransferase targeting lysine 27
of histone H3 [16]. This methylated H3-K27 consequence is associated with the silencing
of different genes in phGBM [14]. Functional interconnections among EZH2-mediated
histone methylation and DNA methylation indicate the gene silencing involved in the loss
of tumor suppression [9].

High expression of the Na-K-2Cl co-transporter (NKCC1) in glioblastoma is involved
in cell proliferation [11]. The sign of apoptosis is a reduction in cell volume arising from
a loss of intracellular K+([K+]i) and chloride ([Cl−]i) [10,17]. The increased [Cl−]i level in
glioblastoma cells is related to upregulated NKCC1 and downregulated K-Cl co-transporter
(KCC2) [18,19]. Increased NKCC1 protein expression in human glioblastoma directly
correlates with the tumor grade and cell migration; NKCC1 inhibition reduces glioblastoma
cell migration and tumor invasion [20,21]. The repressing effect on glioma cell migration is
expected to result from reduced [Cl−]i [22]. Knockdown of NKCC1 in glioblastoma cells
causes the formation of significantly more extensive focal adhesions and cell traction forces
than in control cells [20]. Blockade of the NKCC1 protein function serves as a therapeutic
strategy to overcome TMZ-mediated glioblastoma resistance [23].

In adult glioblastoma epileptic patients, a reduction in KCC2 neuropil staining [19] and
a drop in [K+]i and [Cl−]i concentrations in the TMZ-treated glioma cells were described [24,25];
a loss of K+ and Cl− that occurred through apoptosis was confirmed [26]. Thus, it is
necessary to investigate whether TMZ initiates KCC2 activity in glioblastoma cells, resulting
in the parallel loss of K+ and Cl− ions.

High expression of NKCC1 is related to epithelial–mesenchymal transition (EMT)
in gliomas, offering a new therapeutic strategy for inhibiting tumor progression [27].
The EMT process is linked with resistance to treatment, and EMT in glioblastoma cells
may be complemented by enhanced N-cadherin (CDH2) expression, correlating with
adverse prognosis [28]. The association of phGBM progression with cadherin-E (CDH1)
and CDH2 is mainly unexplored, whereas the literature on the association of CDH1 and
CDH2 expression with adult glioma progression is controversial [29–31]. TMZ generates
a DNA O6-methylguanine lesion that triggers DNA restoration, drains the enzyme O6-
methylguanine methyltransferase and begins glioblastoma cell apoptosis, produced by
activating external apoptotic or mitochondrial-dependent pathways [32]. TMZ causes
cell arrest in the G2/M cell cycle [33] and reduces cell proliferation during exposure to
medicine [33,34]. Despite this, TMZ arouses NKCC1 expression and activity in glioblastoma
cells [24].

The chicken chorioallantoic membrane (CAM) model clarifies investigational medicines
for cancer treatment and is an alternative model to study tumor growth, invasion and an-
giogenesis [35,36]. The CAM model, being immunodeficient, allows transplantations from
different tumor tissues and species without immune responses [37]. The CAM model has
advantages over the rodent immunodeficiency models in that it is cheap, allows monitoring
of the CAM epithelium basement membrane barrier disruption by the tumor, induces neo-
angiogenesis, permits the detection of drug effects and has a short-term duration, which can
be helpful in the prediction of anticancer therapy’s efficacy [38]. Our study demonstrated

108



Int. J. Mol. Sci. 2022, 23, 2001

that the spheroid model did not reflect the treatment effect on tumor progression observed
in the CAM model [39].

The present study aimed to investigate the differences between a 3-year-old girl’s
high-grade SF8628 cell line xenograft and a 13-year-old boy‘s high-grade PBT24 cell line [40]
xenograft using the CAM model; to examine the tumor response to treatment with TMZ’s
effect on PCNA and EZH2 histological expression in cells of the tumor in the CAM; and to
investigate the impact of TMZ on the NKCC1, KCC2, E- and N-cadherin gene expression
in the studied phGBM cells.

2. Results

2.1. The Biomicroscopy of PBT24 and SF8628 Xenograft on CAM

Figure 1 shows stereomicroscopic images of the PBT24 and SF8628 control and TMZ-
treated tumor on the CAM at 5 days of chick embryo development (EDD9—day 2, EDD12—
day 5 post-transplantation), extracted EDD12 CAM with tumor (ex ovo) and their histo-
logical view (H–E). On EDD9, the PBT24 and SF8628 control tumors were larger than on
EDD12, indicating that the tumor invaded into the CAM mesenchyme three days later,
and only the superficial part of the tumor was visible above the membrane. The PBT24
tumor on EDD9 was dense with precise edges. On EDD12, the PBT24 control and 50 μM
TMZ-treated tumors were without clear borders, appearing smaller due to a smaller tumor
on the membrane, as part of the tumor invaded the CAM (Figure 1; EDD9, EDD12, ex ovo,
and H–E), and the vascular network (“spoked-wheel”) formed around the tumor (Figure 1).
Figure 2 shows the vascular network formed around the control and 50 μM TMZ-treated
tumor, obviously visible after the injection of fluorescent dextran into the CAM vessel. The
PBT24-100 μM TMZ tumor EDD12 was dense, with a clear border, growing on the surface
of the CAM, with muted neo-angiogenesis (Figures 1 and 2).

The stereomicroscopically visible SF8628 control EDD12 tumor was smaller than the
TMZ-treated tumors, and the histological H–E images show the profoundly invasive nature
of the tumor growth (Figure 1). Compared to EDD9, the SF8628 TMZ-treated EDD12
tumor size was less pronounced as the tumor grew and was predominantly exposed on
the CAM surface or was shallowly invasive into the CAM mesenchyme. There was an
apparent “spoked-wheel” vascular network around the SF8628 control EDD12 and 50 μM
TMZ-treated tumor, which was less pronounced around the 100 μM TMZ-treated tumor
(Figures 1 and 2).

2.2. The PBT24 and SF8628 Growth, Invasion into CAM Frequency, the CAM Thickness and the
Number of Blood Vessels in CAM under the Tumors of the Study Groups

Compared to the control, 100 μM TMZ reduced the frequency of PBT24 tumor invasion
into the CAM (p = 0.007), while 50 μM TMZ had no effect on invasion (p > 0.05). A
significant difference was found when the PBT24-50 μM TMZ and PBT24-100 μM TMZ
groups were compared (p = 0.019). Compared to the SF8628 control at EDD12, treatment of
the SF8628 tumor with TMZ did not reduce the tumor invasion frequency into the CAM in
the SF8628-treated groups (p > 0.05; Table 1; Figure 3).
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Figure 1. Stereomicroscopy of PBT24 and SF8628 tumors in vivo, a chorioallantoic membrane with
tumor ex ovo and the histologic images of the study groups. EDD9, EDD12 and CAM ex ovo scale
bar—1 mm; hematoxylin and eosin (H–E) stained preparations‘ scale bar—200 μm.

Figure 2. Fluorescent stereomicroscopy assay with fluorescent dextran of PBT24 and SF8628 tumors.
Dextran highlighted the tumor and vascular network around it. Scale bar—1 mm.
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Table 1. PBT24 and SF8628 tumor invasion into CAM frequency, the thickness of the CAM and the
number of blood vessels in the CAM under the tumors of the study groups.

Study Group n
Invasion

Frequency
(%)

CAM Thickness
(μm)

Number of
Blood Vessels

Median (Range)

PBT24-control 13 76.92 300.88
(65.23–700.87)

15
(6–28)

PBT24-50 μM TMZ 13 69.23 321.39
(67.02–516.85)

9
(3–14) e

PBT24-100 μM TMZ 10 20.0 a,b 55.48
(38.4–275.2) c,d

5.5
(3–13) f

SF8628-control 13 84.61 282.5
(47.85–539.7)

15
(5–21)

SF8628-50 μM TMZ 14 71.43 419.4
(84.49–683.7)

15
(5–29)

SF8628-100 μM TMZ 13 53.85 252.1
(55.51–529.1)

14
(7–19)

a p = 0.007, compared with PBT24-control; b p = 0.0191, compared with PBT24-50 μM TMZ; c p = 0.0009, compared
with PBT24-50 μM TMZ; d p = 0.0003, compared with PBT24-control; e p = 0.0012, compared with PBT24-control;
f p = 0.0001, compared with PBT24-control.

Compared with the PBT24 control on EDD12, the CAM thickness beneath the tumor
was significantly lower in the PBT24-100 μM TMZ (p = 0.0003). The PBT24-100 μM TMZ
CAM thickness was lower than in the PBT24-50 μM TMZ group (p = 0.0009). Treatment
of the SF8628 tumor with both doses of TMZ did not affect the CAM thickness under the
EDD12 tumor (p > 0.05; Table 1).

Figure 3. PBT24 and SF8628 tumor invasion into CAM frequency in control and TMZ-treated groups.

When comparing the neo-angiogenesis expression on EDD12 of the control in the
CAM with that in the PBT24-treated TMZ groups, both doses of TMZ significantly inhibited
angiogenesis in the CAM under the PBT24 tumor (p < 0.002), but there was no difference in
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this parameter between the TMZ-treated groups (p > 0.05). The treatment with TMZ had
no suppressive effect on neo-angiogenesis in the SF8628 tumor groups (p > 0.05; Table 1).

2.3. The PCNA and EZH2 Expression in PBT24 and SF8628 Tumors

Table 2 and Figures 4 and 5 show the PCNA and EZH2 positively stained cell expres-
sion in the tissue of the studied tumors at EDD12.

Figure 4. PCNA and EZH2 positively stained tumors of the PBT24 and SF8628 control and 100 μM
TMZ-treated study groups. Dark brown nuclei indicate a PCNA-positive (a) and EZH2-positive cell
(b). Scale bar—20 μm.

A significantly higher number of PCNA-positive cells was found in the SF8628 control
than in PBT24 control tumors (p < 0.05; Figure 5a). The effect of TMZ treatment on the
expression of the studied markers was similar in PBT24 and SF8628 tumors. Compared to
the control, both doses of TMZ significantly reduced the number of PCNA-positive cells
in PBT24 and SF8628 tumors (p < 0.05), but the 100 μM TMZ dose was significantly more
effective compared to the 50 μM TMZ dose (Table 2; Figure 5a).

Table 2. The percentage of PCNA and EZH2 positively stained cells in PBT24 and SF8628 tumors of
the study groups.

Study Group
PCNA-Positive Cells (%) EZH2-Positive Cells (%)

n Median (Range) n Median (Range)

PBT24-control 9 63.78
(34.87–80.95) 6 71.00

(42.63–78.70)

PBT24-50 μM TMZ 6 32.12
(21.78–42.42) a 7 69.15

(45.38–75.37)

PBT24-100 μM TMZ 6 18.15
(6.25–26.80) b,c 7 17.11

(2.38–95.06)

SF8628-control 8 90.81
(76.27–100) d 8 85.36

(72.04–97.45) h

SF8628-50 μM TMZ 6 76.17
(69.19–77.28) e 6 81.71

(72.13–94.08)

SF8628-100 μM TMZ 7 55.65
(12.45–83.57) f,g 6 42.55

(8.68–92.45)
a p = 0.0028, compared with PBT24-control; b p = 0.0004, compared with PBT24-control; c p = 0.0152, compared
with PBT24-50 μM TMZ; d p = 0.001, compared with PBT24-control; e p = 0.0080, compared with SF8628-control;
f p = 0.0012, compared with SF8628-control; g p = 0.0350, compared with SF8628-50 μM TMZ; h p = 0.0127,
compared with PBT24-control.

A significantly higher level of EZH2-positive cells was detected in SF8628 control
tumors than in PBT24 control tumors (p < 0.05). No significant reduction in EZH2-positive
cells was observed in TMZ-treated tumor tissue compared to the matched control or when
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comparing the expression of EZH2-positive cells between the treated groups (p > 0.05;
Table 2; Figure 5b).

Figure 5. The percentage of PCNA-positive (a) and EZH2-positive (b) cells in PBT24 and SF8628 tumors.

2.4. The Expression of SLC12A2 (NKCC1 Co-Transporter) and SLC12A5 (KCC2 Co-Transporter)
Gene in PBT24 and SF8628 Cell Study Groups

The expression of SLC12A2 in PBT24 and SF8628 cell groups is shown in Table 3 and
Figure 6. We found no difference in SLC12A2 expression between the PBT24 and SF8628
control groups. Treatment with 50 μM TMZ significantly increased SLC12A2 expression
in PBT24 (p = 0.0022) and SF8628 cells (p = 0.0022). The effect of 50 μM TMZ on SLC12A2
expression was significantly lower in SF8628-50 μM TMZ than in PBT24-50 μM TMZ cells
(Figure 6a,c; Table 3). Compared to the control, the 50 μM TMZ dose increased SLC12A2
expression in PBT24 cells by two-fold (2−ΔΔCT = 2.04) and in SF8628 cells by 1.5-fold
(2−ΔΔCT = 1.5).

Table 3. RNA expression of SLC12A2 and SLC12A5 gene in PBT24 and SF8628 cell study groups.

Study Group n
CT Mean

ΔCT Mean ± SD ΔΔCT
SLC12A2 GAPDH

PBT24-control 6 22.951 19.372 3.579 ± 0.73

PBT24-50 μM TMZ 6 21.766 19.214 2.552 ± 0.2 a −1.027

SF8628-control 6 22.894 19.017 3.876 ± 0.21

SF8628-50 μM TMZ 6 22.215 18.966 3.249 ± 0.15 b,c −0.628

SLC12A5 GAPDH ΔCT mean ± SD ΔΔCT

PBT24-control 6 32.564 19.372 13.191 ± 0.83

PBT24-50 μM TMZ 6 31.047 19.214 11.833 ± 0.19 d −1.359

SF8628-control 6 36.831 19.017 17.814 ± 0.43 e

SF8628-50 μM TMZ 6 36.127 18.966 17.161 ± 0.29 f −0.652
a p = 0.0022, compared with PBT24-control (SLC12A2); b p = 0.0022, compared with PBT24-50 μM TMZ (SLC12A2);
c p = 0.0022, compared with SF8628-control (SLC12A2); d p = 0.0022, compared with PBT24-control (SLC12A5);
e p = 0.0022, compared with PBT24-control (SLC12A5); f p = 0.0022, compared with PBT24-50 μM TMZ (SLC12A5).

The expression of the SLC12A5 and GAPDH genes and the differences in the expression
found when comparing the groups studied are shown in Table 3. The expression of SLC12A5
in SF8628 control cells was significantly lower than in the PBT24 control (p = 0.0022). The
TMZ dose of 50 μM increased SLC12A5 expression 2.6-fold (2−ΔΔCT = 2.6) in PBT24 cells
and 1.6-fold in SF8628 cells compared to the respective control.

The 50 μM dose of TMZ significantly increased SLC12A5 expression in PBT24 cells
(p = 0.0022), and the treatment had no significant effect on the gene expression in SF8628
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cells. There was significantly lower expression of SLC12A5 in the SF8628-50 μM TMZ group
compared to the PBT24-50 μM TMZ group (p = 0.0022; Figure 6b,d; Table 3).

Figure 6. SLC12A2 (a) and SLC12A5 (b) expression in PBT24 and SF8628 control groups and 50 μM
TMZ-treated groups. Data are after normalization with the GAPDH gene. Delta threshold cycle (ΔCT)
values were used for the graph (the horizontal bars represent the mean; the short horizontal lines
show standard deviation (SD) values). SLC12A2 (c) and SLC12A5 (d) relative expression in PBT24 and
SF8628 50 μM TMZ-treated groups. The relative gene expression in TMZ-treated groups compared
with respective controls. The 1.0 line shows the starting point of gene expression; * p < 0.05.

Comparison of the mean value of the ΔCT SLC12A5/ΔCT SLC12A2 ratio of PBT24
and SF8628 cells showed the significantly higher ratio value of SF8628 (4.70 (4.27–4.81)
compared to the PBT24 control (3.87 (2.95–4.17); p < 0.002). The treatment with TMZ
increased the ΔCT SLC12A5/ΔCT SLC12A2 value in PBT24 cells to 4.50 (4.3–5.1) (p < 0.003),
and in SF8628 cells to 5.26 (5.05–5.58) (p < 0.003). When comparing the ratio value between
PBT24- and SF8628-treated cell groups, it was significantly higher in the SF8628-50 μM
TMZ than in the PBT24-treated group (p < 0.009; Figure 7).

The correlation (r) between SLC12A2 and SLC12A5 ΔCT values was 0.71 in control
PBT24 cells, 0.14 in control SF8628 cells, 0.66 in treated PBT24 and 0.49 in treated SF8628
cells (p > 0.05 in all groups).

114



Int. J. Mol. Sci. 2022, 23, 2001

Figure 7. Comparison of the mean of ΔCT SLC12A5/ΔCT SLC12A2 ratio value with SD among the
PBT24 and SF8628 cell study groups.

2.5. The Expression of CDH1 (E-Cadherin) and CDH2 (N-Cadherin) Gene in PBT24 and SF8628
Cell Study Groups

The expression of CDH1, CDH2 and GAPDH genes and the differences between the
study groups are shown in Table 4. Significantly higher CDH1 expression in the PBT24
control cells than in the SF8628 control group was found (p = 0.0022). This shows the more
invasive phenotype of SF8628 cells. CDH1 expression in the PBT24-50 μM TMZ group was
also higher than in the SF8628-50 μM TMZ group (p = 0.0022). No differences in CDH2
expression were found when comparing PBT24 cells with SF8628 control groups (p > 0.05),
but CDH2 expression in the PBT24-50 μM TMZ group was found to be significantly higher
than that in SF8628 cells treated with 50 μM TMZ (p = 0.0022; Figure 8a,b; Table 4).

Table 4. RNA expression of E- and N-cadherin in PBT24 and SF8628 cell study groups.

Study Group n
CT Mean

ΔCT Mean ± SD ΔΔCT
CDH1 GAPDH

PBT24-control 6 33.476 19.372 14.104 ± 1.05

PBT24-50 μM TMZ 6 32.294 19.214 13.079 ± 0.81 −1.024

SF8628-control 6 38.689 19.017 19.672 ± 0.51 a

SF8628-50 μM TMZ 6 38.851 18.966 19.885 ± 0.22 b 0.213

CDH2 GAPDH ΔCT mean ± SD ΔΔCT

PBT24-control 6 22.924 19.372 3.552 ± 0.98

PBT24-50 μM TMZ 6 22.182 19.214 2.968 ± 0.11 −0.584

SF8628-control 6 23.449 19.017 4.432 ± 0.23

SF8628-50 μM TMZ 6 23.177 18.966 4.211 ± 0.21 c −0.221
a p = 0.0022, compared with PBT24-control (CDH1); b p = 0.0022, compared with PBT24-50 μM TMZ (CDH1);
c p = 0.0022, compared with PBT24-50 μM TMZ (CDH2).

Treatment with 50 μM TMZ did not significantly affect CDH1 and CDH2 expression
compared to controls in either treated group (p > 0.05; Table 4). The 50 μM dose of TMZ
increased CDH1 expression in PBT24 cells by two-fold (2−ΔΔCT = 2.0) and CDH2 expression
by 1.5-fold, while SF8628 cells had a 0.8-fold decrease in CDH1 expression and a 1.16-fold
increase in CDH2 expression compared to their controls (Figure 8c,d).
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Figure 8. CDH1 (a) and CDH2 (b) expression in PBT24 and SF8628 control groups and 50 μM TMZ-
treated groups. Data are after normalization with GAPDH. Delta threshold cycle (ΔCT) values were
used for the graph (the horizontal bars represent the mean; the short horizontal lines show SD values).
CDH1 (c) and CDH2 (d) gene expression in PBT24 and SF8628 50 μM TMZ-treated groups. The
relative gene expression in TMZ-treated groups as compared with their control groups. The 1.0 line
shows the starting point of gene expression.

3. Discussion

In a previous study, TMZ chemotherapy significantly improved overall survival in the
elderly group but had a more limited effect in the younger group [41]. The ineffectiveness
of glioblastoma treatment in the face of a high level of glioblastoma polymorphism has
shown that targeting all patients with a single strategy is unrealistic to achieve treatment
progress. Thus, a personalized pharmacological therapy for glioblastoma should be tailored
to the individual patient’s tumor pathophysiological, molecular, genetic and gender-related
characteristics [42]. Our experimental study using a CAM model demonstrates the dif-
ferences in the efficacy of TMZ therapy and the associated molecular mechanisms in the
treatment of pediatric PBT24 and SF6828 tumors. The study found that TMZ at a dose of
100 μM significantly reduced the incidence of PBT24 tumor invasion into the CAM and the
thickness of the CAM, and significantly inhibited neo-angiogenesis in the CAM beneath
the PBT24 tumor, but had no effect on the SF8628 tumor growth and the corresponding
parameters studied.

Cancer cell proliferation may involve a non-oncogenic structural protein, such as
PCNA, which acts as a “hub” for large cellular complexes that is essential for tumor growth
and cancer cell survival. Drugs reducing PCNA expression in tumor cells are expected to
have a broader anticancer therapeutic spectrum than medicines targeting specific signal
proteins [43]. The control SF8628 tumor had significantly more PCNA-positive cells than
the PBT24 control. The effect of TMZ treatment on PCNA expression in PBT24 and SF8628
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tumors was similar and dose-dependent. PCNA is involved in DNA metabolic processes,
including DNA replication and repair, chromatin organization and transcription. PCNA is
necessary for cell metabolic processes such as glycolysis [13].

The study found a significantly higher level of EZH2-positive cells in the SF8628 control
tumor than in the PBT24 control. EZH2 is commonly overexpressed in glioblastoma and is
firmly associated with tumor malignancy [44–46]. It is essential to assess the impact of the
medicine integration on EZH2 blockade when explaining phGBM therapy strategies [15].
The inhibition of EZH2 reverses TMZ chemosensitivity in glioblastoma [47]. However,
no significant reduction in EZH2-positive cells was observed in TMZ-treated PBT24 and
SF8628 tumor tissue compared to their controls in our study.

Cancer progression is related to Cl− and Na+ in the tumor microenvironment [11,48,49].
The persistence of high neuronal levels of NKCC1 in pediatric glioblastoma supports
the hypothesis of abnormal and immature neuronal cells in the phGBM. Strong NKCC1
immune reactivity in the aberrant neuronal component of glioblastoma and no upregulation
of neuronal NKCC1 was observed in the perilesional area of tumor specimens [19]. Our
study found no difference in SLC12A2 expression between control PBT24 and SF8628
groups. Treatment with 50 μM TMZ significantly increased SLC12A2 expression in PBT24
and SF8628 cells compared to controls in PBT24 cells by 2-fold and in SF8628 cells by
1.5-fold. Increased expression of NKCC1 protein and its elevated phosphorylation, with
a concurrent increase in the phosphorylation of serine–threonine kinases WNK, in TMZ-
treated glioblastoma was reported [24,50,51]. The researchers suggested that NKCC1
activity in TMZ-treated cells was stimulated via Cl−/volume-sensitive regulatory kinases
and the WNK-mediated signaling pathway, which is vital in protecting glioma from a loss
of cell volume and Cl− during TMZ treatment. The regulatory WNK kinases, a family
of serine–threonine kinases, are activated by losing [Cl−]i and cell shrinkage [51,52]. The
rapid upregulation of these proteins is likely due to de novo protein synthesis using mRNA
reserves, allowing the glioblastoma cells to adapt instantaneously to the altered osmotic
situation [24].

Therapeutic resistance has been proposed to emerge from the overexpression of the
NKCC1 transporter, which intensifies DNA repair mechanisms against TMZ-induced apop-
tosis [24]. Inhibition of NKCC1 activity by bumetadine accelerates TMZ-treated glioblas-
toma cell apoptosis, and this suggests that NKCC1 activity remains functional and further
regulates cell volume in TMZ-treated glioma, playing a role in [Cl−]i supplementation [24].

High-grade glioblastoma cells accumulate intracellular chloride ([Cl−]i) to ~10-fold
higher levels compared with the average in grade II glioma and the normal cortex [20]. It
was proposed that some factors could dilute K+ and Cl− concentrations in TMZ-treated
cells. Researchers reported that aquaporin 4 protein was downregulated in glioblastoma
cells after chemotherapy and radiotherapy, with reduced peritumoral brain edema [53].
Silencing WNK kinase activity can promote Na-K-2Cl inhibition and K-Cl co-transporter
activation via net transporter dephosphorylation, revealing WNKs’ ability to modulate
[Cl−]i [50]. Apoptosis requires persistent cell shrinkage and loss of cell volume via the
reduction of [K+]i and [Cl−]i, which occurs before any other detectable apoptosis fea-
tures [25,26,54]. The study data show that SF8628 control cells have significantly lower
KCC2 gene (SLC12A5) expression than PBT24 cells. TMZ treatment significantly increased
SLC12A5 expression in PBT24 cells, while treatment of SF8628 cells had no significant
effect on gene expression. Moreover, SLC12A5 expression was substantially lower in the
SF8628-treated TMZ than in the PBT24-treated group.

Adult glioblastoma patients with epilepsy syndrome showed a decrease in KCC2
staining in tumor tissue [19] and a reduction in [K+]i and [Cl−]i levels in TMZ-treated
glioma cells [24,25]. Loss of [K+]i and [Cl−]i in the glioma cell in parallel with expressed
apoptosis was confirmed [26]. Therefore, it is important to carry out further research to
determine whether the distinct effect of TMZ in stimulating KCC2 activity in glioblastoma
cells is due to a patient-specific impact of TMZ in promoting KCC2 activity in cells and the
relationship of this with the efficacy of tumor treatment.
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The study data of the ΔCT SLC12A5/ΔCT SLC12A2 ratio in PBT24 and SF8628 cells
show that the ratio value of the SF8628 control cells is significantly higher than that of
PBT24. Treatment with TMZ significantly increased the value of ΔCT SLC12A5/ΔCT
SLC12A2 in both TMZ-treated groups, and when comparing the value between the PBT24-
and SF8628-treated groups, it was substantially higher in the SF8628 group. Additionally,
these data suggest that the efficacy of TMZ treatment may be related to changes in [Cl−]i,
with a Cl− concentration increase in SF8628 cells associated with increased NKCC1 gene
expression and no modifications of KCC2 gene expression. In contrast, PBT24-treated cells
showed an apparent rise in KCC2 gene expression, with a lower value of the co-transporter
gene ratio, which may have led to a decrease in K+ and Cl− concentrations in TMZ-treated
PBT24 cells. The reduction of the intracellular K+ and Cl− ion levels is related to the
activation of caspases and triggers caspase cascade-related apoptosis mechanisms [17]. The
decline of intracellular K+, Na+ and Cl− results in an 80–85% loss of cell volume, DNA
degradation and apoptotic body development in Jurkat cells [25].

Reactive astrocytes express NKCC1 in glioblastoma [19]. NKCC1 upregulation may
lead to astrocyte swelling [55,56] and produce a GABAA receptor-mediated excitatory
response, facilitating seizures [57–59]. The paradoxical excitatory action of GABAA de-
pends on the relatively high [Cl−]i content in the cell [58]. On the other hand, KCC2 is a
neuron-specific Cl− extruder that uses a K+ gradient to maintain a low [Cl−]i level to ensure
the proper functioning of postsynaptic GABAA receptors. Studies over the last two decades
have shown that low KCC2 activity results in excitatory GABAergic transmission associ-
ated with seizures. KCC2 expression and function are features of epileptic disorders in the
developing and adult brain. The effect of drugs that activate KCC2 function in glioblastoma
is important as a potential new therapeutic target for treating glioblastoma [60]. Future
studies of the colocalization of Cl− co-transporters with the GABAA receptor may shed
light on the importance of the functional interaction of Cl− transporters in glioblastoma
cells. In our study, statistically significantly higher expression of CDH1 was detected in
PBT24 control cells compared to SF8628. Researchers have shown that a decrease in CDH1
expression is associated with astrocytoma progression [29,30], while other studies showed
that high E-cadherin expression is associated with a poorer prognosis of the disease [31].
The contribution of E-cadherin expression to adult glioblastoma and phGBM progression
remains unclear. No differences were found when comparing the expression of CDH2
in PBT24 cells with that in the SF8628 control. Treatment with TMZ had no statistically
significant effect on CDH1 and CDH2 expression.

Treatment with TMZ was found to be effective in inhibiting PBT24 tumor growth
on the CAM and its invasion into the CAM, and inhibiting neo-angiogenesis, but was
ineffective on the SF8628 xenograft. This difference is possibly related to TMZ’s differential
effect on the carcinogenesis mechanisms regulating [Cl−]i levels, where PBT24 cells showed
initially higher KCC2 expression, and its activation by TMZ therapy. It cannot be excluded
that the found differences among cell lines are also related to sex-specific disparities. Sex-
specific analyses can improve accuracy in identifying the molecular subtype of glioblastoma,
and patients can achieve a better outcome by personalizing treatment according to sex
differences in molecular mechanisms [61].

4. Materials and Methods

4.1. Cell Lines and Cell Culture

A 13-year-old boy’s high-grade glioblastoma PBT24 cell line cells were donated by
Prof. M. M. Alonso (University of Navarra, Spain) [40] for the study. A 3-year-old girl’s
diffuse intrinsic pontine glioblastoma (DIPG) SF8628 cell line cells—harboring the histone
H3.3 Lys 27-to-methionine (Sigma Aldrich, St. Louis, MO, USA)—were also studied [62,63].
The PBT24 cells were cultivated in Roswell Park Memorial Institute 1640 (RPMI) medium
(Sigma Aldrich, St. Louis, MO, USA). The media were supplemented with 10% fetal bovine
serum (FBS; Sigma Aldrich, St. Louis, MO, USA) containing 100 IU/mL of penicillin and
100 μg/mL of streptomycin (P/S; Sigma Aldrich, St. Louis, MO, USA). The SF8628 cells
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were cultivated in Dulbecco’s Modified Eagle Medium (DMEM)–High-Glucose media
(Sigma Aldrich, St. Louis, MO, USA). The media were supplemented with 10% fetal bovine
serum (FBS; Sigma Aldrich, St. Louis, MO, USA) containing 100 IU/mL of penicillin
and 100 μg/mL of streptomycin (P/S; Sigma Aldrich, St. Louis, MO, USA) and 2 mM
L-Glutamine (Sigma Aldrich, St. Louis, MO, USA). Cells were incubated at 37 ◦C in a
humidified 5% CO2 atmosphere.

4.2. The CAM Model

According to the legislation in force in the EU and Lithuania, no approval for studies
using the CAM model is needed from the Ethics Committee. Cobb 500 fertilized chicken
eggs were obtained from a local hatchery (Rumšiškės, Lithuania) and kept in an incubator
(Maino incubators, Oltrona di San Mamette, Italy) at 37 ◦C temperature and 60% relative
air humidity. The eggs were rolled automatically once per hour until the third embryo
development day (EDD3).

The CAM was detached from the eggshell at EDD3; the eggshell was cleaned with 70%
ethanol, a small round hole was drilled in the location of the air chamber, and approximately
2 mL of the egg white was aspirated. A window of approximately 1 cm2 in the eggshell was
drilled and sealed with sterile transparent plastic tape. The eggs were kept in the incubator
without rotation until GB cell tumor grafting on CAM at the seventh embryo development
day (EDD7).

4.3. The PBT24 and SF8628 Tumor Study Groups

The growth and invasion into the CAM of the formatted PBT24 cell, as well as of
SF8628 cell line xenografts, were investigated in the 6 groups. The study groups were
as follows: PBT24-control (n = 13), PBT24-50 μM TMZ (n = 13), PBT24-100 μM TMZ
(n = 10). The studied SF8628 tumor groups were the following: SF8628-control (n = 13),
SF8628-50 μM TMZ (n = 14), SF8628-100 μM TMZ (n = 13).

Biomicroscopy in vivo and histological analyses of invasion, the thickness of the CAM
and the number of vessels in the CAM under the tumor were performed.

The immunohistochemical (IHC) expression of PCNA in the tumor was studied in the
following groups: PBT24-control (n = 9), PBT24-50 μM TMZ (n = 6), PBT24-100 μM TMZ
(n = 6), SF8628-control (n = 8), SF8628-50 μM TMZ (n = 6), SF8628-100 μM TMZ (n = 7).

The expression of the EZH2 was investigated in the following: PBT24-control (n = 6),
PBT24-50 μM TMZ (n = 7), PBT24-100 μM TMZ (n = 7), SF8628-control (n = 8), SF8628-50 μM
TMZ (n = 6), SF8628-100 μM TMZ (n = 6). Efficacy studies of TMZ on GB in vivo and
in vitro study at selected 100 and 50 μM doses were based on our and other investigators’
data [64].

4.4. Biomicroscopy Data to Assess Tumor Growth and Drug Efficacy

The biomicroscopy of xenografts on CAM at embryo development from 9 to 12 days
(EDD9–12) in vivo is suitable for evaluating the tumor growth characteristics and its malig-
nancy, and detecting the disparities among different cell line tumors and the sensitivity to
treatment. One sign of tumor malignancy and growth progression is the relatively rapid for-
mation of vasculature around the tumor—a “spoked-wheel” consisting of tumor-attracted
small blood vessels and formed by neo-angiogenesis new blood vessels. The tumor size,
border clarity and changes in the “spoked-wheel” expression may serve as features of the
drug effect on tumorigenesis.

4.5. Tumor Grafting on CAM In Vivo

An absorbable gelatin surgical sponge (Surgispon, Aegis Lifesciences, India) was
cut manually with a blade into pieces of 9 mm3 (3 × 3 × 1 mm). The 1 × 106 cells were
resuspended in 20 μL of rat tail collagen, type I (Gibco, New York, NY, USA) (in the
control group), and temozolomide (TMZ; Sigma Aldrich, St. Louis, MO, USA) dissolved in
dimethyl sulfoxide (DMSO; Sigma Aldrich, St. Louis, MO, USA). A 20 μL liquid mixture
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of tumor cells was pipetted onto a piece of sponge. The 50 μM TMZ- and 100 μM TMZ-
treated tumor groups and their controls were formed. At EDD7, the tumor was grafted
onto the CAM among significant blood vessels. Its structural changes were observed with
a stereomicroscope (SZX2-RFA16, Olympus, Tokyo, Japan) in vivo during the EDD9–12
period. The tumor images were acquired using a digital camera (DP92, Olympus, Tokyo,
Japan) and CellSens Dimension 1.9 digital imaging software.

4.6. Histological Study of the Tumor

At EDD12, the specimens were harvested, fixed in a buffered 10% formalin solution
for 24 h and embedded in paraffin wax. The tumor sample was cut with a microtome
(Leica, Nussloch, Germany) into 3-μm-thick sections. The sections were stained with H–E
and IHC methods. Visualization and photographing of H–E- and IHC-stained tumor slides
were performed using a light microscope (BX40F4, Olympus, Tokyo, Japan) and a digital
camera (XC30, Olympus, Tokyo, Japan) equipped with CellSens Dimension 1.9 software.

H–E-stained tumors were divided into two types: invasive and non-invasive. The
tumor invasion into the CAM was categorized as the destruction of the chorionic epithe-
lium (ChE) or/and tumor cell invasion into the CAM mesenchyme. The tumor not invaded
into mesenchyme was located on the CAM surface, and the chorionic epithelium’s in-
tegrity was not disrupted. The tumor invasion was examined in H–E slides at 20× and
40× magnifications.

4.7. Assessment of the CAM Thickness and the Number of Blood Vessels in CAM

The CAM thickness (width) was evaluated by photographing H–E-stained CAM at
4× magnification directly under the tumor. The thickness of CAM was measured (μm) in
ten areas. The median CAM thickness was calculated in the area under the tumor.

The number of blood vessels was assessed by photographing the H–E-stained CAM at
4× magnification directly under the tumor. Blood vessels larger than 10 μm were counted.

4.8. Immunohistochemical Study

The expression of the PCNA and EZH2 markers was determined in tumor cells by
immunohistochemistry. Primary antibodies to PCNA (PC10, Thermo Fisher Scientific,
Branchburg, NJ, USA) and KMT6/EZH2 (phospho S21, ab84989, Abcam, Cambridge, UK)
were used to detect PCNA and EZH2 positively stained tumor cells. Thin CAM sections of
3 μm were mounted onto adhesion slides (Thermo Fisher Scientific, Branchburg, NJ, USA),
deparaffinized and rehydrated by standard techniques. Heat-induced antigen retrieval
was performed using a Tris/EDTA buffer at pH 9 (K8002, Dako, Glostrup, Denmark) and a
pressure cooker at 95 ◦C for 20 min (Thermo Fisher Scientific, Branchburg, NJ, USA). The
Shandon CoverPlate System (Thermo Fisher Scientific, Branchburg, NJ, USA) was used
for staining. Endogenous peroxidase was blocked with the Peroxidase Blocking Reagent
(SM801, Dako, Glostrup, Denmark). The slides were treated with primary antibodies
(1:100) for 30 min at room temperature. The primary antibody and antigen complex was
determined using the horseradish peroxidase-labeled polymer dextran conjugated with a
secondary mouse antibody and a linker (SM802 and SM804, respectively; Dako, Glostrup,
Denmark) for 30 min at room temperature. Positive reactions were visualized using the
3,3′-diaminobenzidine-containing chromogen (DAB, DM827, Dako, Glostrup, Denmark),
which gives a brown color to the site of the target antigen recognized by the primary
antibody. After each step, a Tris-buffered saline solution containing Tween 20 (DM831,
Dako, Glostrup, Denmark) was used as a wash buffer. Slides were counterstained with the
Mayer hematoxylin solution (Sigma Aldrich, Taufkirchen, Germany), dehydrated, cleared
and mounted.

For assessment of the tumor PCNA and EZH2 protein expression, two random vision
fields (plot area 23,863.74 μm2) of the immunohistochemically stained tumor were pho-
tographed at 40× magnification. All cells and the PCNA and EZH2 positively stained cells
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were calculated in selected vision fields, and the percentages of PCNA- and EZH2-positive
cells were counted in each tumor.

4.9. Extraction of RNA from PBT24 and SF8628 Cell Line Cells

PBT24 and SF8628 cell line cells were treated with 50 μMTMZ for 24 h. The concen-
tration of 50 μM was chosen because it corresponds to the mean plasma concentration
of the drug in TMZ-treated patients [65]. Control groups were cultured in a cell culture
medium depending on the cell line. According to the manufacturer’s instructions, the total
RNA was extracted using the TRIzol Plus RNA Purification Kit (Life Technologies, New
York, NY, USA). The RNA quality and concentration were assessed using a NanoDrop2000
spectrophotometer (Thermo Scientific, Branchburg, NJ, USA). The total RNA integrity was
analyzed using the Agilent 2100 Bioanalyzer system (Agilent Technologies, Santa Clara,
CA, USA) with an Agilent RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA,
USA). The samples of RNA were stored at −80 ◦C until further analysis.

4.10. Determination of the SLC12A5, SLC12A2, CDH1 and CDH2 Gene Expression in PBT24 and
SF8628 Cell Line Cells

RNA expression assays were performed for SLC12A5 (Hs00221168_m1), SLC12A2(Hs0
0169032_m1), CDH1 (Hs01023894_m1), CDH2 (Hs00983056_m1) and GAPDH (Hs02786624_g1)
genes. According to the manufacturer’s instructions, reverse transcription was performed
with the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied
Biosystems, Waltham, MA, USA) in a 20 μL reaction volume containing 50 ng RNA using
the Biometra TAdvanced thermal cycler (Analytik Jena AG, Jena, Germany). The syn-
thesized copy DNA (cDNA) was stored at 4 ◦C until use or at −80 ◦C for a longer time.
Real-time polymerase chain reaction (PCR) was performed using an Applied Biosystems
7900 Fast Real-Time PCR System (Applied Biosystems, Waltham, MA, USA). The reactions
were run in triplicate with 4 μL of cDNA template in a 20 μL reaction volume (10 μL of
TaqMan Universal Master Mix II, no UNG (Applied Biosystems, Waltham, MA, USA), 1 μL
of TaqMan Gene Expression Assay 20× (Applied Biosystems, Waltham, MA, USA), 5 μL of
nuclease-free water (Invitrogen, Carlsbad, CA, USA)), with the program running at 95 ◦C
for 10 min, followed by 45 cycles of 95 ◦C for 15 s, 50 ◦C for 2 min and 60 ◦C for 1 min.

The control and 24 h TMZ-treated groups (n = 6 per group) were tested for SLC12A5,
SLC12A2, CDH1 and CDH2 expression.

4.11. Statistical Analysis

The statistical analysis was performed using the Statistical Package for Social Sciences,
version 23.0 for Windows (IBM SPSS Statistics V23.0). The frequency of tumor invasion into
the CAM was expressed as a percentage (%), and the chi-square test was used to compare
tumor invasion into CAM frequency between the study groups. The Shapiro–Wilk test was
used to verify the normality assumption. Data of PCNA and EZH2 positively stained cells,
the number of blood vessels and the CAM thickness are expressed as median and range
(minimum and maximum values). The difference between the two independent groups
was evaluated using the nonparametric Mann–Whitney U test.

To investigate the KCC2, NKCC1, E-cadherin and N-cadherin genes RNA expression
in the TMZ-treated and control groups, the threshold cycle (CT) value was normalized
with the control GAPDH, and the ΔCT value was obtained. The Livak method (ΔΔCT)
was used for calculating the relative fold change in expression levels [66]. The Spearman’s
rank correlation coefficient (r) was used to assess relationships between the SLC12A5 and
SLC12A2 (ΔCT values were used). Differences at the value of p < 0.05 were considered
significant. The figures were created using GraphPad Prism 7 and IBM SPSS Statistics
23.0 software.
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5. Conclusions

PCNA and EZH2 marker assays of PBT24 and SF8628 glioblastoma tumors trans-
planted on CAM showed that the PBT24 tumor is less aggressive than the SF8628 tumor.
TMZ treatment effectively decreased PBT24 xenograft growth but did not affect the SF8628
tumor. TMZ treatment reduced PCNA expression in PBT24 and SF8628 tumors and had
no effect on EZH2 expression. TMZ activated Na-K-2Cl co-transporter gene expression in
both tumors but increased K-Cl co-transporter gene expression only in PBT24 cells. The
efficacy of the treatment may be related to changes in intracellular Cl− levels induced by
TMZ exposure. These data highlight the importance of studies on the activity of the K-Cl
co-transporter in the context of personalized anticancer therapy efficacy.
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Abstract: Stemness reprogramming remains a largely unaddressed principal cause of lethality
in glioblastoma (GBM). It is therefore of utmost importance to identify and target mechanisms
that are essential for GBM stemness and self-renewal. Previously, we implicated BIRC3 as an
essential mediator of therapeutic resistance and survival adaptation in GBM. In this study, we present
novel evidence that BIRC3 has an essential noncanonical role in GBM self-renewal and stemness
reprogramming. We demonstrate that BIRC3 drives stemness reprogramming of human GBM cell
lines, mouse GBM cell lines and patient-derived GBM stem cells (GSCs) through regulation of BMP4
signaling axis. Specifically, BIRC3 induces stemness reprogramming in GBM through downstream
inactivation of BMP4 signaling. RNA-Seq interrogation of the stemness reprogramming hypoxic
(pseudopalisading necrosis and perinecrosis) niche in GBM patient tissues further validated the
high BIRC3/low BMP4 expression correlation. BIRC3 knockout upregulated BMP4 expression
and prevented stemness reprogramming of GBM models. Furthermore, siRNA silencing of BMP4
restored stemness reprogramming of BIRC3 knockout in GBM models. In vivo silencing of BIRC3
suppressed tumor initiation and progression in GBM orthotopic intracranial xenografts. The stemness
reprograming of both GSCs and non-GSCs populations highlights the impact of BIRC3 on intra-
tumoral cellular heterogeneity GBM. Our study has identified a novel function of BIRC3 that can be
targeted to reverse stemness programming of GBM.

Keywords: brain tumor; GBM; cancer stem cell; BIRC3; BMP4; stemness

1. Introduction

Glioblastoma (GBM) is a highly resistant and lethal brain cancer with limited treatment
options. The current multimodal therapy of maximal-safe surgical resection, radiation
therapy (RT) and concurrent temozolomide (TMZ) leads to a median survival of only
14 months [1]. A classic hallmark of GBM is the rapid acquisition of therapeutic resistance
leading to lethality. There is therefore a significant unmet need for effective anti-GBM
therapies that prevent early acquisition of resistance.

Stemness adaptation is a leading hypothesis for therapeutic failures in GBM [2]. GBM
cells with stem-like phenotype known as GBM stem-like cells or GBM stem cells (GSCs)
drive resistance to RT and TMZ treatment [3]. Evidence from GBM mouse models impli-
cates GSCs in the repopulation of tumors following TMZ and RT treatment [4]. Plasticity
towards tumor repopulation is the basis for recurrence, cellular intra-tumoral heterogeneity
and disease progression. GSCs have tumor-initiating capabilities and can induce tumors
in vivo that recapitulate the molecular features of the parental GBM tumor [4–6]. Stem-
ness phenotype in GBM is characterized by expressions of CD133 and the neural stem cell
marker Nestin [7–11]. From a transcriptomics perspective, GSCs exploit normal neural stem
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cell developmental transcription mechanisms towards tumorigenesis adaptation [12–14].
Given the central role of stemness reprogramming in GBM resistance, it is therefore of
utmost importance to identify and target essential stemness reprogramming mechanisms
in GBM. Strategies that prevent or reverse stemness reprogramming would undoubtedly
have a significant impact in GBM.

Previously, we implicated the anti-apoptotic protein, BIRC3 as an essential mediator
of therapeutic resistance and survival adaptation in GBM [15,16]. BIRC3 is an inhibitor of
apoptosis protein with established canonical anti-apoptosis function through inhibition
of caspase activation [17,18]. Using GBM cell lines and GBM patient tissue samples, we
have established that BIRC3 contributed toward TMZ and RT resistance in GBM through
PI3K and STAT3 signaling activation [15]. We also showed that BIRC3 expression increased
during GBM treatment, GBM recurrence and adversely impacted upon GBM patient
survival [15]. In support of our findings, another group independently implicated BIRC3
as a facilitator of malignant progression in GBM [19]. In a subsequent study, we reported
that BIRC3 was an important contributor to GBM hypoxia adaptation and mesenchymal
phenotype [16]. Although the preponderance of evidence thus far supports a role for BIRC3
in GBM resistance adaptation, it remains unclear if BIRC3 has any role in GBM stemness
adaptation.

Based on our previous discoveries of several novel noncanonical functions of BIRC3 in
GBM survival adaptation, we hypothesized that BIRC3 was also critical for stemness repro-
gramming. In support of this hypothesis, we present novel evidence that BIRC3 regulates
stemness reprogramming, tumor initiation and tumor progression in GBM. Importantly, we
demonstrate that BIRC3 drives stemness reprogramming of human GBM cell lines, mouse
GBM cell line and patient-derived GSCs through regulation of BMP4 signaling axis. RNA-
Seq interrogation of the stemness reprogramming hypoxic (pseudopalisading necrosis and
perinecrosis) niche in GBM patient tissues further validated the high BIRC3/low BMP4
expression correlation. Our findings represent the first implication of an anti-apoptotic
protein in GBM cell-fate stemness reprogramming. We have therefore identified a novel
noncanonical function of BIRC3 that can be targeted to reverse stemness programming of
GBM.

2. Results

2.1. BIRC3 Expression Correlates with Stem Cell Markers Expression and Self-Renewal in Both
Human and Mouse GBM Cells

We previously validated BIRC3 as a novel anti-GBM target for therapeutic resis-
tance [15]. We were therefore interested in determining if BIRC3 played a role in GBM cell
fate stemness reprogramming. We therefore established BIRC3 overexpressing and BIRC3
knockout lines in U251 and U87 human GBM cell lines. BIRC3 protein expression was
validated by western blot (Figure 1A). In order to evaluate the impact of BIRC3 on stemness
reprogramming, we evaluated the impact of BIRC3 gain-of-function and loss-of-function
on the ability of GBM cells to form neurospheres. GSCs grow as neurospheres and therefore
neurosphere formation serves as a surrogate for stemness [20]. Equal cell numbers were
seeded into wells and allowed to grow into colonies under stem cell culture conditions
(U251: 5000 cells/well; U87: 2000 cells/well). BIRC3 overexpression significantly enhanced
neurosphere formation in both U251 and U87 GBM cells (Figure 1B,C, p < 0.05). Moreover,
we observed a significant reduction in neurosphere formation in U87 BIRC3 knockout GBM
cells compare to control cells (Figure 1C, p < 0.05). In U251 GBM cells, BIRC3 knockout
significantly impacted neurosphere formation but to a lesser extent compared to U87 GBM
cells (Figure 1B, p < 0.05). To further determine the effect of BIRC3 on maintenance of
GBM stemness, we examined two different stem cell gene markers CD133 and ABCG2
expression by real-time PCR [21]. CD133 is a glycoprotein that is the most employed
marker for isolation of cancer stem cell population from different tumors, especially var-
ious gliomas [7,8,10,22]. ABCG2 (ATP-binding cassette super-family G member 2) is a
membrane-associated protein also a known cancer stem cell marker in gliomas [23–25].
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Interestingly, BIRC3 overexpression significantly induced CD133 and ABCG2 expressions
in both U251 and U87 cell lines (Figure 1D, p < 0.05). BIRC3 knockout cells was associated
with a significant reduction in both CD133 and ABCG2 expressions compared to control
wild type cells (Figure 1D, p < 0.05). Moreover, we also examined another stemness marker
ALDH1A3. ALDH1A3 (Aldehyde dehydrogenase 1 family member A3) an isozyme metab-
olizes aldehydes to their respective carboxylic acid and is higher expressed in the cancer
stem cell niche of GBM and other cancers [26,27]. In both U251 and U87 GBM cells, BIRC3
overexpression significantly increased ALDH1A3 expression compared to wild type control
cells, while BIRC3 knockout only reduced ALDH1A3 expression in U87 cells (Figure S1,
p < 0.05). To further characterize the role of BIRC3 in GBM stemness reprogramming,
we evaluated Nestin expression via confocal immunocytochemistry analysis. Nestin ex-
pression is a prerequisite for the maintenance of stemness [10,11]. There was a direct and
strong association between BIRC3 and Nestin expressions in both U251 and U87 GBM cells
whereby BIRC3 overexpression induced higher Nestin expressions compared to BIRC3
knockout cells (Figure 1E). In order to validate our findings in a mouse GBM cell model, we
repeated these experiments using CT-2A cell line, which is a murine glioma cell line [28].
BIRC3 expression enhanced neurosphere formation in CT-2A cells as we had observed
in the human glioma cell lines. Mouse BIRC3 protein expression and knockout efficiency
were validated by western blot (Figure 1F). BIRC3 overexpression significantly increased
neurosphere formation capacity (Figure 1G, p < 0.05) while BIRC3 knockout significantly
reduced neurosphere formation capacity (Figure 1G, p < 0.05). Importantly, CD133 and
ABCG2 were significantly upregulated in BIRC3 overexpressed cells and downregulated in
BIRC3 knockout cells (Figure 1H, p < 0.05). Collectively, these findings suggest that BIRC3
expression is critical for GBM cell self-renewal and stemness maintenance.

2.2. Human GBM Stem Cell Self-Renewal Is Regulated by BIRC3 Expression

In an effort to ascertain if BIRC3 had a similar impact on human GBM stem cells (GSCs),
we established BIRC3 overexpression and BIRC3 knockout lines in three patient-derived
GSCs (Figure 2A). First, we examined the effect of BIRC3 expression on GSC stemness
maintenance by evaluating CD133 and ABCG2 expression levels in GSCs. Real-time PCR
results revealed that BIRC3 overexpression significantly induced higher expressions of
CD133 in GSC-2 (Figure 2B, p < 0.05); and higher expressions of ABCG2 in both GSC-1
and GSC-2 to maintain self-renewal and stemness (Figure 2B, p < 0.05). Interestingly,
CD133 and ABCG2 expressions were significantly downregulated in all BIRC3 knockout
GSCs including GSC-1, GSC-2 and GSC-3 (Figure 2B, p < 0.05). Moreover, ALDH1A3
expression was significantly downregulated in all BIRC3 knockout GSCs compared to
wild type control, while its expression was induced only in BIRC3 overexpressed GSC-1
and GSC-3 (Figure S2). Next, in order to further understand and validate the stemness
phenotype induced by BIRC3, we cultured all three GSCs under differentiating media
conditions. BIRC3 overexpression facilitated formation of neurospheres and self-renewal
in differentiated GSCs, whereas BIRC3 knockout prevented neurosphere formation and
self-renewal (Figure 2C, p < 0.05) in differentiated GSCs. A similar trend was noted with
real-time PCR analysis of CD133 and ABCG2 expressions. A significant fraction of BIRC3
overexpression GSCs demonstrated enhanced stemness marker expression; enhanced self-
renewal capabilities; and enhanced stemness maintenance (Figure 2D, p < 0.05). BIRC3
knockout significantly inhibited stemness marker expression; self-renewal capabilities;
and stemness maintenance compared to wild type cells in GSC-2 and GSC-3. Moreover,
BIRC3 overexpression significantly increased ABCG2 expression, while BIRC3 knockout
significantly suppressed ABCG2 expression (Figure 2D, p < 0.05). Furthermore, confocal
immunocytochemistry analysis revealed that BIRC3 expression was sufficient in strongly
inducing Nestin expression in all 3 GSCs (Figure 2E). Therefore, BIRC3 serves as a critical
regulator in GSC self-renewal and stemness maintenance, even in differentiated GSCs.
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Figure 1. Expression of BIRC3 correlates with stem cell markers expression and self-renewal in
both human and mouse GBM cells (A). Protein expression of BIRC3 in U251 and U87 GBM cells.
Each cell line includes control, BIRC3 overexpression (BIRC3-OE) and BIRC3 knockout (BIRC3-KO)
groups. Specific antibodies as indicated. β-actin acts as internal control. (B,C). Control, BIRC3-
OE or BIRC3-KO of U251 and U87 cells were seeded in 6 well plates and cultured in neurosphere
formation medium. The number of neurospheres were observed and calculated under microscope.
(B): Representative images are under 4× magnification (top raw) and 20× magnification (bottom raw).
(C): Representative images are under 4× magnification (top raw) and 10× magnification (bottom
raw). n = 5, * p < 0.05. (D). CD133 and ABCG2 mRNA expression analyzed by real-time PCR in
U251/U87 control, BIRC3-OE and BIRC3-KO cells. n = 3, * p < 0.05. (E). Immunofluorescence staining
of Nestin in U251/U87 BIRC3-OE and BIRC3-KO cells. Blue: DAPI; Green: Nestin. (F). Protein
expression of mBIRC3 in CT-2A mouse GBM cells including control, BIRC3-OE and BIRC3-KO groups.
Specific antibodies as indicated. β-actin acts as internal control. (G). Control, BIRC3-OE or BIRC3-KO
of CT-2A cells were seeded in 6 well plates and cultured in neurosphere formation medium. The
number of neurospheres were observed and calculated under microscope. Representative images are
under 10× magnification. n = 5, * p < 0.05. (H). Mouse CD133 and ABCG2 mRNA expression were
analyzed by real-time PCR in CT-2A cells. n = 3, * p < 0.05.

2.3. BIRC3 Regulates BMP4 Signaling Inhibition in GBM

BMP4 is strongly associated with GBM stem cell differentiation [29–31], and has been
reported as a potential anti-GBM target [32]. Since BIRC3 expression is associated with
GBM cell self-renewal and stemness maintenance, we wanted to determine if there was
any correlation between BIRC3 expression and BMP4 signaling activation. We sought to
examine the relationship between BIRC3 and BMP4 using patient GBM tissue data. We
initially estimated mRNA expression correlation between BIRC3 and BMP4 using TCGA
(The Cancer Genome Atlas) GBM PanCan dataset. This dataset contains whole tumor
data and therefore does not account for regional heterogeneity in GBM. BIRC3 and BMP4
had a low correlation in GBM PanCan dataset (Figure S3). However, considering the
GBM intra-tumoral heterogeneity and BIRC3 regional expression [16], we then analyzed
BIRC3 and BMP4 expression using the IVY Glioblastoma Atlas dataset that has RNA-Seq
datasets from MRI-distinct GBM regions. We examined hypoxic (pseudopalisading necrosis
and perinecrosis) and vascular (hyperplastic blood vessels and vascular proliferative)
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regions of GBM. The hypoxic region has been established as a critical niche for stemness
reprogramming in GBM [33–36]. There was a negative correlation between BIRC3 and
BMP4 expressions in both the vascular and hypoxic niches in GBM (Pearson r = −0.475;
spearman r = −0449; Figure 3A). The stemness reprogramming hypoxic niche demonstrated
high BIRC3/low BMP4 expression profile. Conversely, the vascular niche demonstrated
low BIRC3/high BMP4 expression profile. To further confirm if the impact of BIRC3 on
GBM cell stemness and self-renewal is correlated with BMP4 expression, we first performed
real-time PCR analysis to evaluate BMP4 expression in both BIRC3 overexpressing and
knockout GBM cell lines. We found that BIRC3 overexpression significantly inhibited BMP4
expression in GBM cell lines compare to wild type control. Interestingly, we found that
knockout of BIRC3 significantly activated BMP4 expression (Figure 3B, p < 0.05). Moreover,
similar observations were made in undifferentiated GSCs, differentiated GSCs and CT-2A
mouse GBM cells (Figure 3C–E). BIRC3 significantly suppressed BMP4 expression in GSC-2
and GSC-3; and, furthermore, depletion of BIRC3 induced BMP4 expression in GSC-1 and
GSC-2 (Figure 3C, p < 0.05). In differentiated GSCs, high levels of BIRC3 significantly
inhibited BMP4 expression (Figure 3D, p < 0.05). However, depletion of BIRC3 increased
BMP4 expression only in GSC-2 (Figure 3D, p < 0.05). We observed a similar gene expression
pattern in CT-2A cells as well as human GBM cell lines (Figure 3E, p < 0.05). Furthermore,
western blot results indicated that in BIRC3 knockout U251 and U87 cells, BMP4 signaling
was strongly activated through SMAD1/5 phosphorylation and BIRC3 overexpression
suppressed this activation effectively (Figure 3F). These results suggested that BIRC3 could
directly suppress BMP4 signaling activation in GBM cell lines and stem cells.

 

Figure 2. Human GBM stem cell self-renewal is regulated by BIRC3 expression. (A). Protein expres-
sion of BIRC3 in three different GSCs. Each GSC includes control, BIRC3-OE and BIRC3-KO groups.
Specific antibodies as indicated. β-actin acts as internal control. (B). CD133 and ABCG2 mRNA
expression analyzed by real time PCR in control, BIRC3-OE and BIRC3-KO GSCs. n = 3, * p < 0.05.
(C). Control, BIRC3-OE or BIRC3-KO of differentiated GSCs were seeded in 6-well plate and cultured
in neurosphere formation medium. The number of neurospheres were observed and calculated
by microscope. Representative images are under 4× magnification. n = 5, * p < 0.05. (D). CD133
and ABCG2 mRNA expression analyzed by real time PCR in control, BIRC3-OE and BIRC3-KO of
differentiated GSCs. n = 3, * p < 0.05. (E). Immunofluorescence staining of Nestin in differentiated
BIRC3-OE and BIRC3-KO GSCs.
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Figure 3. BIRC3 directs BMP4 signaling inhibition in GBM. (A). Analysis of correlation between
BIRC3 and BMP4 expression in different regions of GBM using IVY dataset. Analyzed regions
include hyperplastic blood vessels, microvascular proliferation region, perinecrotic zone and pseu-
dopalisading cells region. (B–D). Human BMP4 mRNA expression analyzed by real time PCR in
control, BIRC3-OE and BIRC3-KO cells including U251/U87 GBM cell lines, GSCs and differentiated
GSCs. n = 3, * p < 0.05. (E). Mouse BMP4 mRNA expression analyzed by real time PCR in control,
BIRC3-OE and BIRC3-CT-2A cells. n = 3, * p < 0.05. (F). Protein expression of SMAD1, SMAD5 and
phosphorylated SMAD1/5 in U251/U87 control, BIRC3-OE and BIRC3-KO cells. Specific antibodies
as indicated. β-actin acts as internal control.

2.4. BIRC3 Mediated Stemness Reprogramming in GBM Cells Is Dependent on BMP4
Suppression

Since BIRC3 knockout inhibits GBM cell self-renewal, we were interested in determin-
ing if this process was directly driven by BMP4 signaling activation. When we silenced
BMP4 in BIRC3 knockout U251 and U87 cells using selective siRNAs, we observed a sig-
nificant blockade and reversal of low-BIRC3 induced up-regulation of BMP4 expression
(Figure 4A, p < 0.05). Moreover, we were also interested in determining if silencing BMP4
in BIRC3 knockout cell could restore GBM cell stemness reprograming. We therefore
first examined the relative expressions of stemness markers CD133 and ABCG2 follow-
ing BMP4 silencing. In BIRC3 knockout U251 cells, siRNA silencing of BMP4 in BIRC3
knockout cells significantly increased CD133 and ABCG2 expressions more than 2-fold
(Figure 4B, p < 0.05). A similar trend in CD133 and ABCG2 expressions was noted in
U87 cells (Figure 4C, p < 0.05). Interestingly, silencing of BMP4 in BIRC3 knockout U251
and U87 cells reduced SMAD1/5 phosphorylation, which had initially been induced by
BIRC3 knockout, and further suppressed BMP4 signaling activation (Figure 4D). Next,
we performed tumor sphere assay to determine if BMP4 signaling suppression directly
impacted upon GBM cell self-renewal phenotype and neurosphere formation. The tumor
sphere formation assay results revealed that silencing BMP4 in BIRC3 knockout U251 cells
significantly induced tumor sphere formation and rescued the loss of stemness which was
previously induced by BIRC3 knockout (Figure 4E, p < 0.05). These results suggested that
low expression of BIRC3 suppresses GBM cell self-renewal through BMP4 signaling activa-
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tion and that silencing of BMP4 could significantly restore stemness. Hence, BIRC3 drives
stemness reprogramming in GBM through suppression of BMP4 signaling activation.

Figure 4. BIRC3 impacts GBM cell self-renewal and is dependent on BMP4 suppression. (A). Human
BMP4 mRNA expression analyzed by real time PCR in control, BIRC3-KO, and BMP4-siRNA silenced
BIRC3-KO U251/U87 GBM cell lines. n = 3, * p < 0.05. (B). Human CD133 mRNA expression analyzed
by real time PCR in control, BIRC3-KO, and BMP4-siRNA silenced BIRC3-KO U251/U87 GBM cell
lines. n = 3, * p < 0.05. (C). Human ABCG2 mRNA expression analyzed by real time PCR in control,
BIRC3-KO, and BMP4-siRNA silenced BIRC3-KO U251/U87 GBM cell lines. n = 3, * p < 0.05. (D).
Protein expression of SMAD1, SMAD5 and phosphorylated SMAD1/5 in control, BIRC3-KO, and
BMP4-siRNA silenced BIRC3-KO U251/U87 GBM cell lines. Specific antibodies as indicated. β-actin
acts as internal control. (E). Control or BIRC3-KO of U251 cells were seeded in 6 well plates and
cultured in neurosphere formation medium. The BIRC3-KO cells had been treated with control siRNA
and BMP4 siRNA separately 1 day before seeding. The number of neurospheres were observed and
calculated by microscope. Representative images are under 4× magnification (top raw) and 10×
magnification (bottom raw). n = 5, * p < 0.05.

2.5. BIRC3 Influences Tumor Initiation and Progression in GBM Orthotopic Xenograft Model

We wanted to determine if our in vitro data on BIRC3 stemness reprogramming phe-
notype had any in vivo relevance. We established orthotopic intracranial mouse xenografts
consisting of including wild-type, BIRC3 overexpression and BIRC3 knockout U251 GBM
cells. Tumor cells were stereotactically implanted into the brains of mice. Intracranial
xenografts were monitored with MRI for tumor formation and progression. The MRI
results indicated that BIRC3 expression significantly facilitated GBM tumor initiation and
progression, whereas BIRC3 knockout significantly inhibited tumor initiation and pro-
gression (Figure 5A,B). Kaplan-Meier survival curve was recorded at desired time points
(Figure 5C, n = 5). BIRC3 overexpression accelerated tumor progression and significantly
decreased survival (Figure 5C, p < 0.023), while BIRC3 knockout significantly increased
survival (Figure 5C, p = 0.00008). We further examined the xenograft tissues by H&E
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staining and immunohistochemistry for BIRC3. We confirmed a marked high expression of
BIRC3 in BIRC3 overexpressing U251 GBM xenograft compared to wild-type control U251
GBM xenograft (Figure 5D). To validate BIRC3 modulation of stemness genes in vitro, we
further measured relative expression of CD133, ABCG2 and BMP4 using mRNA samples
extracted from xenograft tumor tissues. BIRC3 overexpression significantly induced both
CD133 and ABCG2 expressions, and reduced BMP4 expression (Figure 5E, p < 0.05), while
BIRC3 knockout resulted in the opposite effect (Figure 5E, p < 0.05). Taken together, these
data suggest that BIRC3 could impact on GBM tumor initiation, stemness and progression.

Figure 5. BIRC3 influences tumor initiation and progression in GBM orthotopic xenograft model.
GBM Intracranial models with control, BIRC3-OE and BIRC3-KO U251 cells. (A). Horizontal axial
MRI scan of mouse brain tumors 4 weeks after implantation. Two of BIRC3-OE mice were already
dead at 4 weeks. (B). Tumor size calculation from MRI scan. n = 5. (C). Kaplan-Meier survival curve
of U251 control BIRC3-OE and BIRC3-KO intracranial injection mice. n = 5 mice/group. (D). Mice
were sacrificed at different timepoints and brain tissues of U251 control and BIRC3-OE groups were
fixed in 10% neutral formalin. H&E staining and BIRC3 immunohistochemistry was performed as
described in the Material and Methods Section 4. Five mice were included in this histological study
and similar results were observed in each animal. (E). When mice were sacrificed, part of tumor
tissues were isolated. mRNA from tumor tissues were extracted. BMP4, CD133 and ABCG2 mRNA
expression analyzed by real-time PCR in extracted tumor tissues. n = 3, * p < 0.05.

3. Discussion

GBM is highly lethal cancer largely due to persistence and propagation of GSCs with
enhanced stemness phenotype despite TMZ and RT. Hence identifying mechanisms of
GBM stemness is very important in advancing our understanding and targeting of GBM
resistance. In this study, we report the novel discovery that BIRC3 expression promotes
GBM stemness and tumorigenicity of GSCs through inactivation of BMP4 signaling path-
way. Using a combination of GBM cell lines, patient-derived GSCs and GBM patient tissue
regional RNA-Seq data, we established the association between BIRC3 expression and GBM
stemness maintenance. Specifically, we demonstrate that BIRC3 induced stemness and
self-renewal through downstream inactivation of BMP4 signaling. Furthermore, the loss
of stemness associated with BIRC3 knockout can be reversed or rescued through siRNA
silencing of BMP4 signaling. Lastly, we demonstrate that depletion of BIRC3 significantly
suppressed tumor initiation and progression in GBM intracranial xenografts. Our discovery
reveals a novel function of BIRC3 that has never been described and that appears to be
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independent of the canonical anti-apoptotic functions of BIRC3 in GBM. Our findings
therefore have several significant implications.

BMP4 signaling has been implicated in GSC differentiation and inhibition of GSC
self-renewal and tumorigenicity [29–31]. BMP4 suppresses CD133 expression and CD133-
positive GSC populations [30,31]. Furthermore, it has been reported BMP4 could inhibit
GSC self-renewal and tumorigenicity through SMAD1/5 phosphorylation [29]. Hence
BMP4 is an important driver of GSC differentiation and loss of stemness. Interestingly, in
both our in vitro and in vivo studies, it appears that BIRC3 is a critical negative regulator
of BMP4 signaling activation in GBM. In this role BIRC3 can therefore directly impact
upon GBM cell self-renewal and differentiation. Hence BIRC3 emerges as a robust GBM
stemness regulator. Our work for the first time also shows that high BIRC3 expression could
significantly induce GBM cell self-renewal and stemness maintenance. We further present
new evidence that depletion of BIRC3 significantly enhances activation of BMP4-SMAD1/5
signaling in GBM.

The identification of elevated BIRC3 expression as a GBM stemness maker is novel.
Interestingly, our analysis indicates that BIRC3 is an independent biomarker for stemness
not only in human/mouse GBM cell lines but also patient-derived GSCs. Our data indicated
that BIRC3 could significantly increase neurosphere formation ability in both human and
mouse GBM cell lines and patient-derived GSCs. Even upon differentiation of patient-
derived GSCs, subsequent upregulation of BIRC3 restored GSCs self-renewal and stem-like
phenotype. Hence BIRC3 contributed to stemness even in differentiated GBM cells. A
major implication of this finding is that through propagation of stemness in both GSCs
and non-GSCs populations, BIRC3 appears to be a major driver of intra-tumoral cellular
heterogeneity in GBM. We previously demonstrated that BIRC3 was upregulated in GBM
recurrence, TMZ-resistance, RT treatment and GBM hypoxia [15,16]. Our current study
would imply that upregulation of BIRC3 in the above context is a central mechanism for
treatment and microenvironment induced stemness reprogramming.

Moreover, our results suggest that BIRC3 could maintain GBM cell self-renewal
and stemness through inhibiting BMP4 expression and further inactivating downstream
SMAD1/5 phosphorylation. Suppression of BMP4 signaling will result in cell differentia-
tion inhibition and expression of GBM stem cell marker CD133 and ABCG2. Hence, within
the context of BIRC3/BMP4 axis, BMP4 antagonizes BIRC3-induced stemness in GBM.
This is further supported by the observation that depletion of BMP4 in BIRC3 knockout
cells could significantly restore stemness. Interestingly, high BIRC3 expression correlated
with low BMP4 expression within the hypoxic niche. Given the critical role of the hypoxic
niche in GBM stemness reprogramming [33–36], our findings provide further support for
the hypothesis that BIRC3/BMP4 axis regulates stemness reprograming in GBM. Further
studies are necessary to fully understand the molecular underpinnings of BMP4 pathway
signaling with respect to BIRC3.

Lastly, we evaluated the impact of BIRC3 on tumor initiation. We demonstrated in
orthotopic intracranial xenografts that high BIRC3 expression could significantly promote
tumor initiation and propagation and moreover BIRC3 depletion could enhance survival
though suppressing of tumor initiation and growth. We believe this is in line with the
impact of BIRC3 on GBM stemness. The strategy of preventing tumor initiation through
depletion of BIRC3 is of clinical importance and addresses a major reason for treatment
failures in GBM.

In summary, our studies have shed some lights with respect to the regulation of
GBM stem cell self-renewal and stemness maintenance. In particular, a novel translational
function of BIRC3 in GBM and GSCs has been uncovered. Our data supports targeting
BIRC3/BMP4 axis as a relevant therapeutic approach in addressing GBM stemness repro-
gramming. Further mechanistic elucidation of BIRC3/BMP4 signaling will undoubtedly
provide new therapeutic avenues for GBM patients.
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4. Methods and Materials

4.1. Cell Culture and Reagents

U251 and U87 human glioblastoma cell lines (ATCC) were cultured in DMEM (Life
Technologies) supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO,
USA), 100 units/mL penicillin and -100 ug/mL streptomycin (Life Technologies, NY,
USA). The cultures were maintained at 37 ◦C in a humidified atmosphere containing 5%
CO2. The patient-derived GSCs used in this study were isolated from GBM patients and
were well characterized. The patient-derived GSCs were culture in NS-A medium (90%
NeuroCult NS-A Basal Medium Human plus 10% Human NeuroCult NS-A proliferation
Supplements, StemCell Technologies). Complete medium was supplied with recombinant
human epidermal growth factor (R&D system, Minneapolis, MN, USA), and 100 units/mL
penicillin plus 100 ug/mL streptomycin (Life Technologies, NY, USA). For differentiation,
GSCs were cultured in NS-A medium supplied with 10% fetal bovine serum. Anti-BIRC3
antibody was obtained from R&D system; anti-b-actin IgG-HRP was obtained from Santa
Cruz Biotech; and anti-SMAD1, anti-SMAD5, anti-p-SMAD1/5, Goat anti-Rabbit IgG-HRP
and Goat anti-mouse IgG-HRP were obtained from CellSignal.

4.2. Gene Overexpression in GBM Cell

Human BIRC3 expression and empty vector constructs were obtained from Genecopoeia
(Rockville, MD, USA). A single bacteria clone was picked from a freshly streaked LB plate
containing100 μg/mL ampicillin and inoculated to a culture of 5 mL LB medium con-
taining 100 μg/mL ampicillin, which was then incubated for 16 h at 37 ◦C with vigorous
shaking. Plasmid was purified using QuickLyse Miniprep Kit (Qiagen, Germantown, MD,
USA). U251, U87 cells and GSCs (2 × 105) was seeded in 6-well plate 24 h before trans-
fection. BIRC3 expression plasmid was transfected by Lipofectmine 3000 kit (for U251
and U87, ThermoFisher, Waltham, MA, USA) and Lipofectmine Stem reagent (for GSCs,
ThermoFisher, Waltham, MA, USA) following manufacture’s protocol. The cells were then
incubated at 37 ◦C in a CO2 incubator for 48 h. G418 sulfate (500 μg/mL) was used for
selection 48 h after transfection and the G418 sulfate concentration was then reduced to
200 μg/mL 7 days later for maintenance. The overexpression of BIRC3 was verified by
western blot.

4.3. Gene Silencing by CRISPR/Cas9 System

CRISPR/Cas9 vectors lentiCRISPR-v2-puro was obtained from Addgene. sgRNA
targeting human/mouse BIRC3 and sgRNA control were cloned into lentiCRISPR-v2-puro.
Human BIRC3 targeting forward primer: CACCGTATTTCAGTTCAAACGTGT, reverse
primer: AAACACACGTTTGAACTGAAATAC; Mouse BIRC3 targeting forward primer:
CACCGTTCCGGCGCGCCGAGTCCTT, reverse primer: AAACAAGGACTCGGCGCGC-
CGGAAC; control sgRNA cloning forward primer: CACCGCACTCACATCGCTACATCA,
reverse primer: AAACTGATGTAGCGATGTGAGTGC. Lentivirus was packed by 293T
cells through 2nd generation lentivirus packaging system. U251, U87, CT-2A cells and
GSCs were next infected with Lenti-sgBIRC3-puro or Lenti-sgControl-puro followed by
extensive selection with 1 μg/mL puromycin (InvivoGen, San Diego, CA, USA). To confirm
CRISPR silencing efficiency, we harvested protein from cell lysis and tested them with
western blot.

4.4. Real-Time PCR

Total RNA was extracted using RNeasy mini-prep kit (Qiagen, Germantown, MD,
USA). RNA was quantified with Nanodrop 2000 (Thermo Scientific, Waltham, MA, USA).
cDNA was synthesized using 1ug total RNA with the iScript cDNA Synthesis kit (Bio-
Rad, Hercules, CA, USA). Real-time PCR was performed using iQ SYBR green Super-
mix buffer system (Bio-Rad, Hercules, CA, USA) and the Bio-Rad CFX96 Touch Real-
Time PCR Detection system. Human CD133 forward primer: ACTCCCATAAAGCTG-
GACCC, reverse primer: TCAATTTTGGATTCATATGCCTT; human ABCG2 forward
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primer: AGCAGCAGGTCAGAGTGTGG, reverse primer: GATCGATGCCCTGCTTTACC;
human ALDH1A3 forward primer: TGGATCAACTGCTACAACGC, reverse primer: CACT
TCTGTGTATTCGGCCA; human BMP4 forward primer: GCCGGAGGGCCAAGCGTAGC-
CCTAAG, reverse primer: CTGCCTGATCTCAGCGGCACCCACATC; human GAPDH
was used as the internal control, GAPDH forward primer: ACCACAGTCCATGCCATCAC,
reverse primer: TCCACCACCCTGTTGCTGT. Mouse CD133 forward primer: TTGGTG-
CAAATGTGGAAAAG, reverse primer: ATTGCCATTGTTCCTTGAGC; mouse ABCG2
forward primer: CAGTTCTCAGCAGCTCTTCGAC, reverse primer: TCCTCCAGAGAT-
GCCACGGATA; mouse BMP4 forward primer: GCCGAGCCAACACTGTGAGGA, reverse
primer: GATGCTGCTGAGGTTGAAGAGG; mouse GAPDH was used as the internal con-
trol, GAPDH forward primer: ATGGTGAAGGTCGGTGTGA, reverse primer: AATCTC-
CACTTTGCCACTGC. The PCR program was as follow: 95 ◦C 10 min, 1 cycle; 95 ◦C 15 s,
→ 60 ◦C 30 s → 72 ◦C 30 s, 40 cycles; 72 ◦C 10 min, 1 cycle.

4.5. Western Blot Analysis

50–100 μg of heat-denatured proteins were loaded on 4–15% precast polyacrylamide
gel (Bio-Rad, Hercules, CA, USA). The proteins were then transferred to PVDF membranes
(Bio-Rad, Hercules, CA, USA), which were blocked with 5% non-fat milk solutions for
1 hour at room temperature. The target proteins were then detected by the primary antibody
at 4 ◦C overnight, washed with 0.1% Tween-TBS and incubated with appropriate secondary
antibody for 1 hour at room temperature. The membranes were then washed, and the target
proteins were detected with luminol reagent and X-ray film (Santa Cruz Biotechnology,
Dallas, TX, USA).

4.6. Tumor Sphere Formation Assay

U251 and U87 Cells were collected, counted, and seeded in DMEM/F12 medium
with B27 supplement, 20 ng/mL human recombinant epidermal growth factor (EGF,
ThermoFisher, Waltham, MA, USA), and 10 ng/mL human recombinant basic fibrob-
last growth factor (FGF-2, Sigma-Aldrich, St. Louis, MO, USA), 100 units/mL-penicillin-
100 ug/mL streptomycin (Life Technologies, NY, USA). Differentiated GSCs were collected,
counted, and seeded in NS-A medium, 20 ng/mL human recombinant epidermal growth
factor (EGF, ThermoFisher, Waltham, MA, USA), and 10 ng/mL human recombinant
basic fibroblast growth factor (FGF-2, Sigma-Aldrich, St. Louis, MO, USA), 100 units/mL-
penicillin-100 ug/mL streptomycin (Life Technologies, NY, USA). The cells were subse-
quently cultured in ultra-low attachment 6-well plates (Corning, NY, USA) at a density
of 2000–5000 cells/well. Half of the culture medium was replaced or supplemented with
additional growth factors twice a week. To propagate spheres in vitro, the cells were col-
lected by gentle centrifugation, dissociated by Accutase (StemCell Technologies, Vancouver,
Canada) into single-cell suspensions and cultured to allow the regeneration of spheres.
Third-generation spheres were used for all subsequent experiments except siRNA knock-
down sphere formation. For siRNA knockdown cells, first-generation spheres were used.
The total number of tumor spheres was counted following 10 days of culture. Images are
taken under 4× magnification or 10× magnification observation.

4.7. Immunocytochemistry Analysis

Cells were seeded onto poly-L-lysine–coated slides and cultured for 24 h. Then, cells
were fixed using Cytofix/Cytoperm (BD Biosciences, San Jose, CA, USA) according to the
manufacturer’s protocol. Cells were washed in phosphate-buffered saline (PBS), blocked
with PBS buffer containing 2% BSA and 0.1% TritonX-100 for 1 h, and incubated with Alexa
Fluor 488 anti-Nestin (BioLegend, San Diego, CA, USA) overnight. Next, cells were washed
with PBS and slides were mounted onto coverslips over a drop of Vectashield mounting
medium with DAPI (Vector Laboratories, Burlingame, CA, USA). Cells were examined
with an automated Zeiss Observer Z.1 inverted microscope through a 63X/1.4NA objective
and DAPI and FITC filters. Multi-channel images were captured using the AxioCam
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MRm3 CCD camera and Axiovision version 4.7 software suite (Carl Zeiss Inc., Oberkochen,
Germany).

4.8. siRNA Knockdown

U251 and U87 cells were transfected with predesigned BMP4 small interfering RNA
(siRNA; 30 nM, Millipore-Sigma, St. Louis, MO, USA) or control siRNA (30 nM, Millipore-
Sigma, St. Louis, MO, USA) using Lipofectamine RNAiMAX Transfection Reagent (Ther-
moFisher, Waltham, MA, USA). Briefly, one day prior to transfection, the cells were seeded
in 6-well plate (2 × 105) with 10% FBS DMEM without antibiotics. siRNAs were prepared
according to the manufacturer’s instructions and added to the cells. For tumor sphere
formation the cells were then exposed to tumor sphere formation culture medium after
24 h.

4.9. Mice and GBM Orthotopic Xenograft Model

Female NCRNU athymic mice of 6–8 weeks were ordered from Taconic Biosciences. All
animals were housed in the American Association for Laboratory Animal Care-accredited
Animal Resource Center at Moffitt Cancer Center. All animal procedures and Experiments
were carried out under protocols approved by the Institutional Animal Care and Use Com-
mittee of the University of South Florida and Moffitt Cancer Center. All animal studies were
performed in accordance with relevant guidelines and regulations of University of South
Florida and Moffitt Cancer Center. Tumors were established by injecting 2 × 105 U251
control, BIRC3 overexpression and BIRC3 knockout cells in a 4 μL volume of PBS in the
right striatum of mice (n = 5/group) on a Stoelting Digital Stereotaxic Instrument (Stoelting,
IL, USA). The tumor progression was monitored by MRI (Bruker Biospec 7T, Billerica, MA,
USA) every week. For survival studies, animals were followed until they lost 20% of body
weight or had trouble ambulating, feeding, or grooming.

4.10. Immunohistochemistry

Tumor samples were fixed with 10% neutral-formalin buffer for 72 h. The samples were
then dehydrated, paraffin-embedded and sectioned. Sections were dewaxed, treated with
3% H2O2 for 10 min and incubated with anti-BIRC3 antibody (1:100 dilutions) overnight at
4 ◦C. Biotinylated secondary antibody (1:200 dilutions) was added at room temperature
for 1 h, followed by the incubation with ABC-peroxidase for additional 1 h. After washing
with Tris-buffer, the sections were incubated with DAB (3, 30 diaminobenzidine, 30 mg
dissolved in 100 mL Tris-buffer containing 0.03% H2O2) for 5 min, rinsed in water and
counterstained with hematoxylin.

4.11. Bioinformatics and Statistics

The IVY data was downloaded and log2 transformed. The TCGA GBM samples was
extracted from the normalized and debatched PanCan RNA-Seq data and log2 transformed.
Student’s t-test (for 2 condition experiments) and ANOVA (for multiple condition experi-
ments) was employed. Survival was assessed using Kaplan-Meier analysis with statistical
comparisons made by log rank (Mantel-Cox) test. All statistical tests were considered
significant at p < 0.05. * means p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23010297/s1.
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Abstract: Glioblastoma (GBM) remains the leading cause of cancer-related deaths with the lowest five-
year survival rates among all of the human cancers. Multiple factors contribute to its poor outcome,
including intratumor heterogeneity, along with migratory and invasive capacities of tumour cells.
Over the last several years Doublecortin (DCX) has been one of the debatable factors influencing
GBM cells’ migration. To resolve DCX’s ambiguous role in GBM cells’ migration, we set to analyse the
expression patterns of DCX along with Nestin (NES) and Oligodendrocyte lineage transcription factor
2 (OLIG2) in 17 cases of GBM, using immunohistochemistry, followed by an analysis of single-cell
RNA-seq data. Our results showed that only a small subset of DCX positive (DCX+) cells was present
in the tumour. Moreover, no particular pattern emerged when analysing DCX+ cells relative position
to the tumour margin. By looking into single-cell RNA-seq data, the majority of DCX+ cells were
classified as non-cancerous, with a small subset of cells that could be regarded as glioma stem cells.
In conclusion, our findings support the notion that glioma cells express DCX; however, there is no
clear evidence to prove that DCX participates in GBM cell migration.

Keywords: Glioblastoma; Doublecortin; DCX; OLIG2; NES; single cell RNA-seq; immunohistochem-
istry; immunofluorescence; brain tumours

1. Introduction

Even though malignant brain tumours account only for a small percentage of all adult
cancers, they lead to an extensive amount of cancer-related deaths [1]. Moreover, the five-
year survival rates are among the lowest for all human cancers [2], regardless of treatment
modality [3]. This remarkable resistance results mostly from tumour heterogeneity and
its high propensity for malignant progression. One of the vital pathophysiologic features
contributing to this dismal prognosis is their strong migrational capacity [4] for significant
dispersal beyond the macroscopic tumour borders [5]. Interestingly, a similar migratory
ability is one of the principal features of neuronal progenitor cells (NPC) during CNS
development [6,7]. Given that, it is worth noticing that data generated by the Cancer
Genome Atlas Research Network proved that one of the main gene profiles of GBM, a
proneural profile, involves DCX expression [8].

DCX itself, when it is mutated, is responsible for an X-linked form of lissencephaly,
affecting the organisation of neocortical layering in the cerebral cortex [9]. Subsequent
studies have shown that DCX directly binds to microtubules, thereby regulating their
polymerisation and stabilisation [10]. This process is crucial for a multipolar mode of neu-
roblast migration [11], a transient stage in neuronal progenitor migration where migrating
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cells search for environmental signals that will determine their mode of migration [12].
DCX expression has been restricted to migrating neuroblasts in developing and adult
animals [12]. However, Daou et al. [13] proved that DCX expression might be found in
various neuroepithelial origin tumours.

Interestingly, DCX was highly expressed in both high-grade and low-grade invasive
tumours. Moreover, invasive tumours have been shown to express higher levels of DCX
when compared to circumscribed tumours; no expression in normal brain tissue surround-
ing the tumour was found. A more recent follow-up study evaluated the sensitivity and
specificity of DCX immunostaining to detect infiltrating glioma cells [14]. It confirmed that
DCX is explicitly expressed in infiltrating gliomas but not in reactive astrocytes. Santra
et al. presented a different hypothesis [15]. Their data indicate that DCX mRNA transcripts
were not detected in primary glioma cells, while DCX expressing cells were revealed in
tumour penumbra. DCX positive cells within glioma tumours, in their opinion, were either
infiltrating neuroblasts or pre-existing neuronal cells.

According to Verhaak et al. [8], one of the proneural subtype’s signature genes is
Oligodendrocyte lineage transcription factor 2 (OLIG2), a family member of basic helix–
loop–helix transcription factors. It plays a crucial role in the early stages of brain develop-
ment in oligodendrocyte precursor cells and neural progenitor cells by enhancing mitosis
and limiting cell differentiation [16]. In gliomas, OLIG2 was expressed by glioma stem
cells [17]. On top of that, cells expressing Rai (ShcC/N-Shc), a member of the family of
Shc-like adaptor proteins, are involved in non-neoplastic cell migration, co-expressed DCX,
and OLIG2 [18]. Accordingly, whenever DCX and OLIG2 is observed in migrating cells, it
would imply that these cells have stem-cell capabilities.

On the other hand, Bott et al. [19] recently found that DCX function in complex with
nestin (NES) is a marker of neural progenitors. Although initially detected in neuronal stem
cells, its presence in multiple other tissues (including gliomas) has recently been described.
NES is a type VI intermediate filament. It plays a role in several key aspects of primary
cell functioning: self-renewal, proliferation, survival, differentiation, and migration. With
regard to the later, Bott et al. established that cdk5/p35 selectively phosphorises DCX
due to the DCX-NES complex’s presence. That could directly influence the growth cone
during migration.

Based on the observations mentioned above, we contend that the role of DCX expres-
sion in glioma cells’ migration is still a matter of debate. Therefore, in order to further
clarify this role, we decided to conduct an experiment focusing on the distribution of
glioma cells, both inside and in the tumour’s margin. Simultaneously, in order to elucidate
the possible role of DCX in the context of the proneuronal subtype pathogenesis with
its potential interactions with microtubules and intermediate filaments, we have marked
OLIG2 and NES.

2. Results

Our heuristic approach to quantify the number of cells with each of the antigens
allowed us to obtain data that can be compared with the results from single-cell RNA-
seq. The fundamental component of this method is the determination of cell nuclei in the
examined ROI. Cellular nuclei (Figure 1A) act as seeds to assess adjacent fluorescent signals:
OLIG2 was expected to overlap with nuclei (Figure 1B,F,H), whereas NES (Figure 1C,E,H)
and DCX (Figure 1D,G,H) signal should tightly adhere to it.

As expected, cell counts were significantly different in various parts of the tumour.
More cells were tumour-adjacent to the margin or in non-specific tumour sites than in the
margin (p = 1 × 10−4 and p = 1.9 × 10−7, respectively)—Figure 2H. No significant cell
count change was detected while comparing tumours adjacent to margin and non-specific
tumour sites (p = 0.91).

The DCX+ cells were only a small subpopulation of cells in total, although they were
present in all types of tissues—Figure 2A. The median frequency of DCX+ cells was 3.1% in
margin tissue and 1.1% in adjacent tumour tissue, without significant difference (p = 0.82).
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The majority of ROIs did not have a context of margin tissue. Thus, it was impossible to
assess the exact placement within the tumour. They were grouped and called other/non-
specific tumour tissue. A batch comparison of DCX+ cells in other tumour tissue versus
tumour-adjacent to margin did not show statistical importance (p = 0.24).

 

Figure 1. Staining patterns. (A)—Nuclei (yellow), (B)—OLIG2 signal (red), (C)—NES signal (green),
(D)—DCX signal (magenta), (E)—NES signal with nuclei, (F)—OLIG2 signal with nuclei, (G)—DCX
signal with nuclei (H)—composition of (A–D).

Contrary to the frequency of DCX+ cells, NES+ cells were much more abundant in
studied cases (Figure 2B). The median frequency was 17.7% in margin tissue, 20.6% in
adjacent tumour tissue, and 25.4% in the rest of ROIs tumours, yet without significant
difference (the lowest p = 0.78 in the batch comparison, and p = 0.30 when accounting pairs
of margins vs. adjacent tumour).

OLIG2+ cells were more frequent than DCX+ cells (Figure 2C). Non-specific tumour
sites and tumours close to the margin had a similar median (8.2% and 5.1%, respectively).
The median of the tumour margin, on the other hand, was 19.8%. Pairwise comparison of
the margin and the tumour-adjacent to the margin shows a significant change in OLIG2+

cells frequency (p = 4.9 × 10−4).
No significant changes in frequency in cells expressing more than one of the anal-

ysed markers were detected. The majority of measured frequencies were next to 0%
(Figure 2D–G).
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Figure 2. Overview of samples’ staining and staining overlap. Frequency of cells with different
stainings with respect to tissues: (A)—DCX+ cells, (B)—NES+ cells, (C)—OLIG2+ cells. Frequency of
cells with mixtures of all stainings with respect to tissues: (D)—OLIG2+DCX+ cells, (E)—OLIG2+NES+

cells, (F)—NES+DCX+ cells, (G)—DCX+OLIG2+NES+ cells. (H)—Total number of cells irrespective
of antigen staining.

Furthermore, we tested if subsequent tumour resections impacted cell count with
specific staining (Figure 3A–G). We have focused on the first three subsequent resections,
as they have a representative number of cases. There were no significant trends in all
stainings (DCX+: p-value = 0.90, OLIG2+: 0.72, NES+: p-value = 0.89; df = 2).

Then, we tested if there are any correlations between the frequency of cells with
different antigens and sites (Supplementary Figure S1). The frequency of cells expressing
either NES or OLIG2 had a strong positive correlation between margins and tumour sites
adjacent to margins. Although cells expressing DCX lacked this correlation, there was a
strong negative correlation between the frequency of DCX+ cells in the margin and the
frequency of NES+ cells both in tumour and margin sites.

Finally, we did not observe any change in overall survival regarding tested antigens
(Supplementary Figure S2).

To better understand the function of DCX, we opted for the single-cell approach,
which allowed annotating the cells as “cancer” and “normal” according to the number
of GBM specific copy number variations (CNV) prediction (Supplementary Figure S3)
based on transcriptomics of single cells (Figure 4A). To avoid false-positive identification
of malignant cells, we considered only the canonical aberrations for GBM, which are
a duplication of chromosome 7 or chromosome 10 loss. The cells defined as “cancer”
and “normal” were 39.77% and 60.23%. The cells identified as ‘normal’ were clustered
together, mainly in the two big clusters—one of them was specific for the cells derived
from the foetal origin, whereas the second big cluster contained the non-cancer brain cells
(Figure 4B–D). The ‘cancer’ cells, which were defined as GBM specific CNVs containing,
had been clustered into the number of overlapping and sample-specific clusters, which
shows their high heterogeneity (Figure 4A–C).
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Figure 3. Overview of samples underwent subsequent resections. Frequency of cells with different
stainings for tissues: (A)—DCX+ cells, (B)—NES+ cells, (C)—OLIG2+ cells. Frequency of cells
with mixtures of all stainings for tissues: (D)—OLIG2+DCX+ cells, (E)—OLIG2+NES+ cells, (F)—
NES+DCX+ cells, (G)—DCX+OLIG2+NES+ cells.

Figure 4. tSNE projection of single cells. (A)—Cancer and normal cells, (B)—All the cells coloured
by sample name, (C)—“Cancer” cells only coloured by sample name, (D)—“Normal” cells only
coloured by sample name.

Based on the single-cell transcriptomics, we also annotated the cluster cells to define
the analysed cells’ phenotype (Figure 5A–C). The complete list of cluster-specific genes are
attached to the Supplementary Data chapter as a CSV file, whereas the distribution of the
cells among the clusters by their “cancer” and “normal” status are shown in Supplementary
Figure S4. These annotations were used to predict the role of DCX, OLIG2, and NES in
tumour biology. We visualised the expressions of these genes that were shown among
defined cell clusters in Figure 6. The cells defined as “normal” showed the expression
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of specific markers for neurons, astrocytes, dendritic cells, macrophages, plasmacytoid
dendritic cells, circulating foetal cells, undifferentiated cells, and oligodendrocytes. These
cells that had been labelled as “cancer” expressed the markers specific for circulating foetal
cells, basophils, astrocytes, dendritic cells, neurons, proliferative cells, undifferentiated
cells, and oligodendrocytes. The cells’ distribution by their “cancer” or “normal” status is
shown in Supplementary Figure S4.

Figure 5. tSNE projection of annotated single cells by expression of markers specific for various cell
types. (A)—Cancer and normal cells, (B)—Cancer cells, (C)—Normal cells.

 
Figure 6. The mean expression of OLIG2, NES, and DCX transcripts among the annotated clusters of
single cells that express markers for each cell type. (A) the cells annotated as “cancer”, (B) the cells
annotated as “normal”.

OLIG2 level in the cells annotated as “cancer” was found only in this cluster of cells
which also expressed the markers specific for astrocytes, neurons, and oligodendrocytes;
however, it also was found in the cells with undifferentiated and proliferative properties.
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NES was the most specific for the cells annotated as ‘cancer’, for which basophil markers
are characteristic. DCX in the “cancer” identified cells was expressed in these clusters,
identified according to the transcriptomics signatures specific for oligodendrocytes, undif-
ferentiated, and proliferative cells (Figure 6A). In normal cells, OLIG2 was found mainly in
the undifferentiated cells and in lower levels in clusters of proliferative cells and this group
of cells with the gene signature that is specific for neurons, lymphocytes, and macrophages.
NES expression was mostly seen in the clusters of cells that expressed the markers of
neurons, lymphocytes, and macrophages and those that harboured the transcripts specific
for proliferative and undifferentiated cells. DCX in normal cells was specific for neurons
and astrocytes (Figure 6B).

We also evaluated the correlations between the expression of DCX, OLIG2, and NES
genes at a single-cell level in the population of cells derived from the tumour tissue to show
the potential relation of these genes. We found significant (p < 0.01) but rather weak positive
correlations between transcript levels of these genes conducting Spearman’s rank test: DCX
vs. OLIG2 (r = 0.2179733), NES vs. OLIG2 (r = 0.3019327), NES vs. DCX (r = 0.1535854).
When we look closer at the populations of these cells that had been annotated as ‘normal’,
simultaneous expression of OLIG2 and DCX was observed in the clusters of these cells that
were expressing markers specific for highly proliferative or undifferentiated cells as well as
in the cluster of cells expressing markers that are common for astrocytes, oligodendrocytes
and neurons. On the other hand, in the population of cancerous cells, NES and DCX
were simultaneously expressed by the cells that were positive mostly for markers of:
proliferative, undifferentiated or astrocytic cells.

3. Discussion

DCX status in GBM has been a subject of debate since Rich [20] and Daou [13] reported
the expression of DCX on mRNA and protein levels in 2005. While Rich et al. correlated the
mRNA level of DCX with poor diagnosis, Daou et al. proved that DCX had more intense
staining towards the margin of the tumour using immunostaining. Not all samples of GBM
had the DCX expression, however. Interestingly, our results did not confirm most of those
observations. Although DCX was detected in most samples, DCX+ cells were only a small
subset of the GBM’s cell population, both in tumours and margins. Only in a few cases
were there many DCX+ cells. Moreover, there was no shift in DCX+ cell frequency towards
one of the sites. Although inconclusive, this may imply that DCX is not directly connected
to GBM cell migration.

On the other hand, Santra et al. [15,21] reported DCX as a marker for a favourable pa-
tient outcome. They found that cells with DCX overexpression had lower invasion abilities,
thus, the authors concluded that DCX positive cells in glioma either infiltrate neuroblasts
or pre-existing neuronal cells. Importantly, our data partially supports this idea. Although
most of the cells expressing DCX within the tumour were marked as non-cancerous, four
subpopulations were marked as GBM origin. They followed expression patterns similar to
oligodendrocytes, astrocytes, as well as proliferative and undifferentiated cells. This aligns
with the idea that DCX is expressed by GSC.

In general, NES+ and OLIG2+ cells were more frequent than DCX+ ones, which is
consistent with the bulk values reported in The Human Protein Atlas [22]. Interestingly,
cells expressing NES or OLIG2 were present both in the margin and in tumours, while
being highly correlated. The lack of a significant drop in NES+ cells is in contradiction with
a study by Smith et al. [23]; this might be explained by a different definition of margin
adopted in our study. Smith et al. defined margin as a region with 5-aminolevulinic acid
(5ALA) fluorescence during surgery that is beyond the T1 enhancing region on magnetic
resonance imaging (MRI) [23]. However, when considering regions by their relative
position to tumour sites, both studies are consistent. We also found that OLIG2+ cells
frequency differed among sites: more cells with OLIG2 expression were in margin than
in tumour.
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On the other hand, the frequency of NES+ cells on the margin and within the tumour
were reversely correlated with DCX+ cells in the margin. A negative correlation seems not
to support the existence of the DCX-NES complex in the tumour. It is worth keeping in
mind that there is a gross difference between the frequency of DCX- and NES-positive cells,
and sample size does not compensate for that. When we look closer at the populations of
these cells that had been annotated as ‘normal’, simultaneous expression of OLIG2 and
DCX was observed in the clusters of these cells that were expressing markers specific for
highly proliferative or undifferentiated cells as well as in the cluster of cells expressing
markers that are common for astrocytes, oligodendrocytes and neurons. On the other
hand, in the population of cancerous cells, NES and DCX were simultaneously expressed
by the cells that were positive mostly for markers of: proliferative, undifferentiated or
astrocytic cells.

Another interesting finding was that subsequent resections did not significantly influ-
ence assessed markers’ frequency. In fact, all three of them seemed to be associated with
some form of undifferentiated cells. It was reported previously that glioma stem cells have
higher invasion capabilities [24], suggesting that stemness might be a phenotypic response
to changing the tumour’s microenvironment [25]. Our data also support the notion that
there is a set proportion of cells expressing DCX/NES/OLIG2, regardless of treatment,
guided by tumour plasticity.

The GBM cells revealed high heterogeneity, which we saw as clustering into several
different groups of cells derived by transcriptomics. Others also reported a similar relation-
ship [26], which confirms the value of our analytical approach. However, annotating the
cells to “cancer” or “normal” subpopulations using our quite simple approach may not
be entirely accurate as we might omit other possible genetic aberrations than those used
canonically for GMB. Nonetheless, our approach seems to be valuable, for it limits the false
positive detection of malignant cells. Moreover, the algorithms used in our investigation
allowed us to properly annotate the neurons and the immune cells (i.e., macrophages,
dendritic and T cells) as non-cancer cells. However, we also identified a distinct cluster
of cells that we recognised as “cancer” because of genetic aberrations parallel to CD63
basophil marker expression, while not being positive for other canonical basophil markers
(e.g., CD123). That suggests that these cells should not be classified as immune cells [27].

On the technical side, our primary consideration was to distinguish individual cells.
Fluorescent signals from cell nuclei and OLIG2 were easy to partition between cells, as
in the vast majority of cases, it was single point luminescence. On the other hand, DCX
fluorescence was more challenging to evaluate because of the branched structure of a
cell’s cytoskeleton. Finally, the hardest to assess was NES: not only were the signal figures
branched, but NES+ cells were also more prevalent, with a tendency to be clumped.

In conclusion, our findings support the notion that DCX is indeed expressed by glioma
cells, but there is no clear evidence to prove that it may participate in GBM cell migration.
Other GSC markers: NES and OLIG2 are in much higher abundance and are present both
in tumours and their margin.

4. Materials and Methods

4.1. Samples Collection and Selection of Regions of Interest (ROIs)

Paraffin-embedded samples were obtained from the Department of Neurosurgery
and Paediatric Neurosurgery archive, Medical University of Lublin (Poland). We selected
only those samples subjected to at least two resections, and at least one sample from each
patient was diagnosed with GBM. Moreover, we have focused on case studies since 2011.
For each of the samples, a trained neuropathologist performed second-hand diagnosis,
along with marking ROIs. The goal was to mark regions either with representative tumour
tissue or with the border between tumour and margin tissue. In total, we collected and
assessed 17 cases over 46 paraffin-embedded tissues, marking 60 ROIs.

Additionally, all ROIs were classified using two types of categories: tissue origin and
surgery sequence number. Tissue origin contains four subcategories: GBM cases (1) when
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a tumour was adjacent to margin, (2) tissue adjacent to margin, (3) tumour-only when
tumour ROI was far from margin/margin was not detected, and (4) tumour-only non-GBM,
with ROIs containing a lower-grade astrocytoma. The second category showed surgery
sequence number corresponding to samples taken during the first, second or third surgery.

4.2. Multiplex Immunofluorescence Staining

Paraffin-embedded tissues were cut into three μm sections and placed on glass slides
(Thermo Fisher Scientific, Waltham, MA, USA: 10149870). Slides were baked overnight
at 60 ◦C. The next day, slides were deparaffinised and hydrated in a series of xylene and
ethyl alcohol. Antigens were retrieved by microwave-HIER in a citrate buffer (pH 6.0) over
20 min, followed by another 20 min in RT to cool down. Endogenous peroxide activity
was quenched by a mixture of 1% H2O2 and 1% sodium azide for 20 min. All non-specific
binding sites were blocked by incubation with blocking solution: PBS (Merck, Darmstadt,
Germany: P4417-50TAB) with 1% BSA (Jackson ImmunoResearch, Cambridgeshire, UK:
001-000-161), 5% NDS (Cambridgeshire, UK: 017-000-121) and 1% Triton X-100, for 1 h.
OLIG2, NES, and DCX were marked sequentially. Firstly, sections were incubated with
appropriate primary antibodies (anti-NES: 1:100, Novus Biologicals, Centennial, CO, USA,
MAB1259; anti-OLIG2: 1:100, AF2418; anti-DCX: 1:100, Cambridge, United Kingdom,
ab18723; diluted in PBS with 1% BSA, 1% Triton X-100). After washing, corresponding
secondary antibodies conjugated with HRP were used (anti-Mouse–Rabbit–Goat: 1:500,
Cambridgeshire, UK, 715-036-150, 711-036-152, 705-036-147; diluted in PBS with 1% BSA,
1% Triton X-100). The visualisation was carried out using the Tyramide Signal Amplification
(Thermo Fisher Scientific, Waltham, MA, USA: B40953, B40958, B40955) setup. In between
fluorescent stainings, HRP activity was quenched by a mixture of 1% H2O2 and 1% sodium
azide for 20 min to not interfere with subsequent staining. Finally, nuclei were detected
with Hoechst-33342 (Thermo Fisher Scientific, Waltham, MA, USA: H3570), and slides
were mounted (Thermo Fisher Scientific, Waltham, MA, USA: P36982). During incubations,
slides were covered with a hand-cut parafilm piece, and all washing between steps was
conducted with PBS 3 × 5 min. Incubations with primary and secondary antibodies lasted
1 h each.

4.3. Image Acquisition

All images were captured using a Nikon Ti Confocal microscope, using four lasers for
fluorescence: 405, 488, 563, and 647 nm. The NISelements (ver 3.22.08, Melville, NY, USA)
software was used to set up analyses. The corresponding primary antibody’s negative
control was used to control non-specific staining for each batch of analysed slides. In this
regard, specific laser intensity and gain parameters were chosen to remove any signal
corresponding to 488, 563 and 647 nm. In addition, epifluorescence site conformation was
done before confocal imaging to ensure the highest quality of the images.

4.4. Image Analysis

If possible, three different random square spots with a side of 600 pixels from each
tissue image were selected to perform further analysis. In total, 152 random square spots
were generated across 60 ROIs.

First, stack images were divided by channels corresponding to the wavelength used
to detect each antigen: NES, OLIG2, DCX, and nuclei. Next, all features were marked,
applying the following three heuristic assumptions:

- Nucleus—any oval and coherent figure with a signal pattern corresponding to Hoechst-
33342;

- DCX/NES—nucleus with an adjacent signal corresponding to DCX or NES; in case of
a signal adjacent to more than one nucleus, all were counted as positive;

- OLIG2—nucleus overlapping with a signal corresponding to OLIG2.

A nuclei drove Voronoi’s diagram was created to find all positive cells for each of the
fluorescent signals. Finally, DCX/NES/OLIG2 layers with marks were used to find and
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count all overlaps with cells in Voronoi’s diagram. The analysis was carried out in ImageJ
(Fiji) [28].

4.5. Image Deposition and Sharing

We set up a local data share service based on Digital Slide Archive (DSA) [29]. All
images in TIFF format were converted to pyramidal TIFF format using the ImageMagick
tool [30] and uploaded to DSA along with all necessary metadata.

4.6. Single-Cell RNA-Seq and Data Processing

The data used here were generated and published previously by Couturier et al. [26].
It was further processed using the CellRanger pipeline. We included data for 12 CRC
patients (originally named as OPK333B, OPK338B, OPK346B, OPK363, OPK364B, OPK368B,
OPK389B, OPK390, OPK397, OPK402B, OPK407, OPK409) and three samples derived
from the foetal brain (HFA567, HFA570, HFA571). First, the raw gene expression matrix
was filtered and normalised using the Seurat R package. Then, the dataset was filtered
according to the following criteria: cells with >1000 unique molecular identifier (UMI)
counts; >500 genes and <5000 genes; and <10% of mitochondrial gene expression in UMI
counts. The gene expression matrices from 15,000 randomly down-sampled cells were
log-normalised to the total UMI counts per cell, scaled and finally clustered and visualised
using t-SNE projection. The major cell types were characterised by comparing the canonical
marker genes found in tissue-specific cell taxonomy reference database CellMatch and the
differentially expressed genes for each cluster using the scCATCH automatic annotation
algorithm [31].

To identify evidence for somatic large-scale chromosomal copy number alterations, we
used inferCNV of the Trinity CTAT Project algorithm [32] in the reference with non-cancer,
foetal brain cells. The approach used to annotate the cells as malignant (‘cancer’), was
based on the presence of the most common canonical aberration for GBM (duplication
of chromosome 7 or chromosome 10 loss), and it is line with the analytical strategy used
previously by Couturier et al. [26].

4.7. Statistics

Data files from image analysis were imported and analysed in Rstudio, along with
ggplot, corrplot, and dplyr packages. Pairwise comparisons using the Wilcoxon rank-sum
test was used to check the cell count in different regions of samples. The Wilcoxon signed-
rank test was used to find any consequential difference between margin and adjacent
tumour tissue in terms of any staining. Mann–Whitney-Wilcoxon Test compared any
other tumour tissue to the ones that were adjacent to the margin. The Kruskal–Wallis
rank-sum test allowed to check any change in staining after subsequent tumour resections.
Spearman’s rank correlation coefficient measured correlations. To check overall survival,
Cox proportional-hazards models were used. In all tests, p < 0.05 was considered significant.
All subsamples of the same image were averaged.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222413217/s1.
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Abstract: Under the influence of transforming growth factor-beta (TGFβ), glioma-associated mi-
croglia produce molecules that promote glioma growth and invasion. Olfactomedin-like 3 (Olfml3),
a novel, secreted glycoprotein, is known to promote several non-CNS cancers. While it is a direct
TGFβ1 target gene in microglia, the role of microglia-derived OLFML3 in glioma progression is
unknown. Here, we tested the hypotheses that microglial Olfml3 is integral to the pro-tumorigenic
glioma-associated microglia phenotype and promotes glioma cell malignancy. Using an Olfml3
knockout microglial cell line (N9), we demonstrated that Olfml3 is a direct target gene of all TGFβ iso-
forms in murine microglia. Moreover, loss of Olfml3 attenuated TGFβ-induced restraint on microglial
immune function and production of cytokines that are critical in promoting glioma cell malignancy.
Importantly, microglia-derived OLFML3 directly contributes to glioma cell malignancy through in-
creased migration and invasion. While exposure to conditioned medium (CM) from isogenic control
microglia pre-treated with TGFβ increased mouse glioma cell (GL261) migration and invasion, this
effect was abolished with exposure to CM from TGFβ-treated Olfml3-/- microglia. Taken together,
our data suggest that Olfml3 may serve as a gatekeeper for TGFβ-induced microglial gene expression,
thereby promoting the pro-tumorigenic microglia phenotype and glioma cell malignancy.

Keywords: microglia; glioblastoma; olfactomedin-like 3; TGFβ

1. Introduction

Glioblastoma (GBM) is the most common and aggressive primary brain tumor of
adults, with a 5-year survival rate of approximately 5% [1]. Although immunotherapy
has advanced the treatment of non-central nervous system (CNS) tumors, it has failed to
overcome the substantial barrier of immune resistance in the glioma microenvironment.
While immunoresistance and tumor progression are conferred by a confluence of factors,
glioma-associated microglia/macrophages (GAM) play a critical role. As the most abun-
dant infiltrating cells [2], GAM infiltration has been positively correlated with glioma
grade [3], invasiveness [4], and resistance to therapy [5,6].

While the glioma-GAM signaling axis is complex, transforming growth factor-beta
(TGFβ) isoforms have been recognized to substantially influence the pro-tumorigenic
effects of GAM. β1 stimulates GAM to produce cytokines and growth factors promoting
glioma growth [7] and invasion [8,9], whereas β2 suppresses GAM immune responses [10].
β3 promotes tumor invasion and augments β1 and β2 signaling [11]. A variety of ap-
proaches to inhibit TGFβ signaling [12] and glioma recruitment of GAM [13] have failed
to show therapeutic efficacy in GBM [12], underscoring the need for refined therapeutic
targets.

Intriguingly, β1 was recently found to induce transcription of a novel gene, Olfml3, in
mouse microglia. Olfml3, encoding the secreted glycoprotein olfactomedin-like 3 (OLFML3),
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is expressed in microglia but not macrophages [14]. Following exposure to β1, primary
mouse microglia increased Olfml3 mRNA expression 20-fold. Although the role of Olfml3
in microglia function is unknown, olfactomedin-family proteins modulate the Wnt path-
way [15,16], which plays an important role in microglial phenotype determination [17]
and gliomagenesis [18]. Importantly, OLFML3 has broad relevance to cancer progression.
OLFML3 is a disease biomarker in colon cancer [19] and has been shown to promote
neoangiogenesis [20,21], epithelial-to-mesenchymal transition [22], and metastasis [22] in
several cancers.

While the role of OLFML3 in GBM has just begun to be explored, depletion of
OLFML3 in human glioma cells reduced GAM infiltration and extended survival in a
glioma xenograft mouse model [23]. However, the function of microglia-derived Olfml3,
and its contribution to the TGFβ-induced pro-tumorigenic GAM phenotype, is unknown.
Therefore, this study aimed to (1) define the function of Olfml3 in microglia phenotype
determination and (2) determine the effect of microglia-derived OLFML3 on the malignant
phenotype of murine glioma cells.

2. Results

2.1. OLFML3 Is Up-Regulated in GBM and Is a TGFβ Target Gene in Microglia

Examination of The Cancer Genome Atlas (TCGA) transcriptomic datasets revealed
that OLFML3 mRNA expression increased with increasing glioma tumor malignancy.
While low-grade gliomas (LGG, n = 592) had increased OLFML3 mRNA levels relative to
normal brain ((Normal, n = 1141; p < 0.001), glioblastomas (GBM, n = 166) had increased
OLFML3 mRNA expression relative to both LGG (p < 0.001) and normal brain (p < 0.001)
(Figure 1A).

 

Figure 1. OLFML3 is increased in GBM and is regulated by TGFβ in microglia. (A) OLFML3 mRNA
is increased in low-grade glioma (LGG; n = 529) and glioblastoma (GBM; n = 166) relative to normal
brain (Normal; n = 1141) in TCGA patient datasets. (B) Exposure to β1 (5 ng/mL; 48 h) increased
Olfml3 mRNA 20-fold in a microglial cell line (N9) but did not affect mRNA expression in a mouse
glioma cell line (GL261) or primary mouse brain endothelial cells. Fold was calculated via ΔΔCt
and normalized to GAPDH; *** p < 0.001. (C) Exposure to each TGFβ isoform increased Olfml3
mRNA (5 ng/mL; 48 h); *** p < 0.001. (D) Representative immunoblot for OLFML3 protein in N9
cell lysate following exposure to vehicle (Veh) and TGFβ isoforms (5 ng/mL; 48 h). The optical
density of OLFML3 protein in cell lysates was measured and normalized to the Ponceau stain.
Relative optical densities (ROD) were expressed relative to vehicle-treated cells. No differences were
measured between groups (p = 0.17). Comparisons based on one-way ANOVA with Tukey’s Multiple
Comparison Test. Bars represent group mean with standard error of the mean (SEM); data represent
one of three independent experiments.
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To begin to explore putative sources for increased OLFML3 in GBM, we confirmed
Olfml3 expression in a mouse microglia cell line (N9) [24], a mouse glioma cell line
(GL261) [25], and primary mouse brain endothelial cells. As previously demonstrated [26],
exposure to β1 increased Olfml3 mRNA 22-fold in N9 cells relative to vehicle-treated cells
(p < 0.001). However, neither GL261 nor endothelial cell Olfml3 mRNA levels were affected
by β1 treatment (Figure 1B). Importantly, exposure to all three TGFβ isoforms increased
N9 Olfml3 mRNA (β1: 20-fold, p < 0.001; β2: 13-fold, p < 0.001; β3: 33-fold, p < 0.001)
(Figure 1C). Exposure to TGFβ isoforms did not alter OLFML3 protein in N9 cell lysate
(p = 0.17; Figure 1D). Given these findings, it is possible that increased OLFML3 mRNA
expression in GBM is derived from microglia.

2.2. CRISPR/Cas9-Mediated Knockout of Olfml3 in Microglia

To determine the function of Olfml3 and its contribution to the TGFβ-induced pro-
tumorigenic phenotype in mouse microglial cells, we performed CRISPR-Cas9-mediated
Olfml3 gene editing in N9 cells. Due to alternative splicing within the Olfml3 gene
(Figure 2A), exon 1 was targeted using the guide RNA, as outlined in Table 1. Forty
base-pairs were deleted in Exon 1 (Figure 2A) and verified via Sanger sequencing. This
deletion resulted in an immediate stop codon. Knockout of Olfml3 was validated via
qRT-PCR and Western blot (Figure 2B,C).

 

Figure 2. Development and validation of CRISPR-Cas9-mediated Olfml3 gene editing in microglia.
(A) Depiction of mouse Olfml3 with predicted splice variants, demonstrating targeted deletion of
40 bases within Exon 1. (B) Olfml3 mRNA was detected in isogenic control, but not Olfml3-/-, microglia.
(C) Representative immunoblot for OLFML3, demonstrating immunoreactivity at the predicted
molecular weight (46 kD) in isogenic control, but not Olfml3-/-, N9 cells. Bars represent group mean
with standard error of the mean (SEM); data represent one of three independent experiments.

Table 1. Primer and guide-RNA sequences used for PCR and CRISPR-Cas9, respectively.

Gene. Sequence-F (5′ to 3′) Sequence-R (5′ to 3′) Use

Olfml3 s1 GCTAACGGGCTGGAGGGAAA AGTGGTACCATCCCATCCGA PCR

Olfml3 s2 AGCTGCCTTAGAGGAACGG CCTCCCTTTCAAGACGGTCC qPCR

H2-Ab1 AGCCCCATCACTGTGGAGT GATGCCGCTCAACATCTTGC qPCR

Nos2 TTCTCAGCCACCTTGGTGAAG AAGTGAAATCCGATGTGGCC qPCR

Pdgfa GAGGAAGCCGAGATACCCC TGCTGTGGATCTGACTTCGAG qPCR

Rpl22 AGCAGGTTTTGAAGTTCACCC CAGCTTTCCCATTCACCTTGA qPCR

Olfml3-gRNA TCATGGACGGGACCCCTTCA CRISPR
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2.3. Loss of Olfml3 Impaired Microglial Phagocytosis and Chemotaxis

Microglia are actively recruited to and proliferate within the glioma microenviron-
ment [27]. Therefore, we evaluated several key microglial functions following Olfml3
deletion. First, we established that loss of Olfml3 did not alter microglial morphology
(Figure 3A). Moreover, loss of Olfml3 did not alter cellular viability, as assessed via Cell
Titer-Glo® assay (100.0 ± 17.2 vs. 95.4 ± 13.5; p = 0.53) and MTS assay (100.0 ± 3.2
vs. 103.9 ± 0.5; p = 0.27) (Figure 3B). However, phagocytosis of pHrodoTM Escherichia
coli bioparticles was reduced in Olfml3-/- microglia (1.0 ± 0.04 vs. 0.7 ± 0.06; p < 0.001)
(Figure 3C). Similarly, loss of Olfml3 altered microglial response to chemotactic cues. Using
transwell migration assays, Olfml3-/- microglia had reduced migration toward fetal bovine
serum (FBS; 10%) compared to isogenic control cells (9.4 ± 6 vs. 35.6 ± 7; p < 0.001)
(Figure 3D,E) but not the potent chemoattractant human recombinant c-c motif chemokine
ligand 2 [28] (rhCCL2) (43.7 ± 11 vs. 45.4 ± 10; p = 0.54) (Figure 3D,F). Moreover, while
isogenic control microglia exhibited increased chemotaxis toward adenosine triphosphate
(ATP)-supplemented medium (Veh: 24.4 ± 1 vs. 50 μM: 36.5 ± 1, p < 0.0001; 100 μM:
32.3 ± 1, p < 0.001) (Figure 3G), this effect was abolished in Olfml3-/- microglia (50 μM:
4.8 ± 0.2, p < 0.001; 100 μM: 4.9 ± 0.3, p < 0.001) (Figure 3G). Taken together, these find-
ings suggest that loss of Olfml3 induces specific perturbations in microglial response to
environmental stimuli.

 

A B 

FBS  
0

10

20

30

40

M
ig

ra
tio

n
(#

 c
el

ls
 p

er
 fi

el
d)

***
D E F 

PhagocytosisCell Viability
C 

Isogenic 
Control Olfml3-/-

10
%

 F
B

S
C

C
L2

0

50

100

150

R
el

at
iv

e 
Vi

ab
ili

ty
(C

el
l T

ite
r-G

lo
)

DAPI TMEM119 Merge

Isogenic 
Control

Olfml3-/-

Olfml3-/-

Olfml3-/-

CCL2
0

10

20

30

40

50

M
ig

ra
tio

n
(#

 c
el

ls
 p

er
 fi

el
d)

0

50

100

150

Re
la

tiv
e 

Vi
ab

ili
ty

(M
TS

)

G 

Veh 50μM
ATP

100 μM
 ATP

0

10

20

30

40 ***
***

***
***

***

M
ig

ra
tio

n
(#

 c
el

l p
er

 fi
el

d)

0.0

0.5

1.0

1.5

Re
la

tiv
e 

Fl
uo

re
se

nc
e 

**

Figure 3. Loss of Olfml3 impairs microglial phagocytosis and chemotaxis. (A) There were no morphological differences
detected between isogenic control and Olfml3-/- microglia; scale bar 5 μm. (B) Cellular viability, as assayed by Cell Titer-
Glo® (p = 0.53) and MTS (p = 0.27) assays, was not altered following deletion of Olfml3 in N9 microglia. (C) Microglial
phagocytosis of pHrodoTM Escherichia coli bioparticles was reduced by 30% in Olfml3-/- microglia relative to isogenic control
cells. Comparisons based on students t-test; ** p < 0.01. (D) Representative images of isogenic control and Olfml3-/- microglial
migration toward fetal bovine serum (FBS; 10%) or human recombinant C-C motif chemokine ligand 2 (rhCCL2; 10 ng/mL);
scale bar 20 μm. (E) Loss of Olfml3 markedly attenuated microglial migration toward FBS relative to isogenic control
cells. Comparisons based on students t-test; *** p < 0.001. (F) The rhCCL2 elicited equivalent chemotaxis between isogenic
control and Olfml3-/- N9 cells. Comparisons based on students t-test; p = 0.54. (G) Chemotaxis toward ATP (50 μM, 100 μM)
increased relative to vehicle in isogenic control, but not Olfml3-/-, microglia. Comparisons based on one-way ANOVA with
Tukey’s Multiple Comparison Test; *** p < 0.001. Bars represent group mean with standard error of the mean (SEM); data
represent one of three independent experiments.
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2.4. Microglial Olfml3 Is Necessary for the Pro-Tumorigenic GAM Phenotype

Once recruited to the glioma microenvironment, GAMs provide a major source of
cytokines to support glioma growth [29]. In the absence of Olfml3, microglial secretion of
key cytokines promoting microglial invasion and GBM growth were reduced. Secreted
levels of colony stimulating factor-1 (CSF-1), a cytokine critical for microglial recruitment
and glioma growth [30], were reduced in Olfml3-/- microglia media compared to isogenic
control media following exposure to vehicle (5.5 ± 0.3 vs. 33.8 ± 7, p < 0.01) and TGFβ treat-
ment (β1: 12.6 ± 10 vs. 2.1 ± 0.3, p < 0.05; β2: 17.0 ± 4 vs. 3.2 ± 0.4, p < 0.01; β3: 11.4 ± 1
vs. 2.1 ± 0.4, p = 0.06) (Figure 4A). Similar to CSF-1, granulocyte–macrophage colony
stimulating factor (GM-CSF) is a key molecule promoting microglial proliferation [31] and
glioma progression [32]. Under the influence of β1, loss of Olfml3 attenuated secretion of
GM-CSF relative to β1-stimulated isogenic control cells (2.2 ± 0.3 vs. 11.9 ± 3; p < 0.05)
(Figure 4B).

Figure 4. Olfml3 deletion attenuated TGFβ-induced microglial immunosuppression. (A) Secretion of colony stimulating
factor-1 (CSF-1) was attenuated in Olfml3-/- microglia relative to isogenic control microglia in all conditions; * p < 0.05,
** p < 0.01. (B) While exposure to β1 increased secretion of granulocyte–macrophage colony stimulating factor (GM-CSF)
in isogenic control microglia, secretion was reduced in Olfml3-/- microglia; * p < 0.05. (C) The mRNA levels of the pro-
inflammatory genes Nos2 and H2ab1 were increased in Olfml3 microglia relative to isogenic control cells following treatment
with TGFβ; * p < 0.05, ** p < 0.01. (D) Secretion of CD95, a potent inducer of cytotoxic T cell apoptosis, increased in isogenic
control microglia following exposure to β1 and β3, but was undetectable in the media of Olfml3-/- microglia across all
conditions; * p < 0.05, ** p < 0.01. Comparisons based on one-way ANOVA with Tukey’s Multiple Comparison Test. Bars
represent group mean with standard error of the mean (SEM); data represent one of three independent experiments.

Coinciding with production of tumor supportive cytokines, GAM’s anti-tumor im-
munity is suppressed in GBM. Remarkably, Nos2 mRNA, which encodes inducible nitric
oxide synthase to generate cytotoxic nitric oxide [33], was increased in Olfml3-/- microglia
relative to isogenic control microglia following exposure to β1 (4-fold; p < 0.05), β2 (4-fold;
p < 0.05), and β3 (6-fold; p < 0.01) (Figure 4C). Moreover, H2-Ab1 mRNA, encoding major
histocompatibility class II [34], increased 3-fold in Olfml3-/- microglia relative to isogenic
control microglia following exposure to β2 (p < 0.05) (Figure 4C). Microglial secretion of
CD95, a Fas ligand, has been implicated in immune evasion and induction of cytotoxic
T cell apoptosis [35]. While CD95 was increased in the media of isogenic control cells
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following exposure to β1 (14.5 ± 5 vs. 2.1 ± 2; p < 0.05) and β3 (12.4 ± 1; p < 0.05), it
remained undetectable in Olfml3-/- microglial media under all conditions (Figure 4D).

2.5. OLFML3 Promotes Glioma Cell Migration and Invasion

To determine the effect of OLFML3 on the glioma cell malignancy, we exposed
GL261 mouse glioma cells to recombinant human OLFML3 (rhOLFML3) for 48 h. Us-
ing transwell assays, we observed a dose-dependent increase in GL261 migration follow-
ing exposure to rhOLFML3 (Figure 5A,B). Exposure to 1 ng/mL rhOLFML3 increased
GL261 migration compared to vehicle-treated cells (134.1 ± 19 vs. 265.1 ± 0.6; p < 0.05)
(Figure 5B). Migration was further increased following exposure to 10 ng/mL rhOLFML3
(384.3 ± 14; p < 0.001) (Figure 5B). Similarly, GL261 invasion was increased following ex-
posure to 1 ng/mL rhOLFML3 compared to vehicle-treated cells (22.6 ± 7 vs. 101.4 ± 6;
p < 0.001) (Figure 5A,C). However, this effect was lost following exposure to 10 ng/mL
rhOLFML3 (40.6 ± 6 vs. 22.6 ± 7; p = 0.25) (Figure 5C). Interestingly, rhOLFML3 did
not act as a chemoattract for GL261 cells, as neither GL261 migration nor invasion was
altered by rhOLFML3-supplemented medium in the bottom chamber of a transwell as-
say (Supplemental Figure S1). Moreover, GL261 viability was not affected by exposure to
rhOLFML3 (100.0 ± 6 vs. 100.0 ± 7 vs. 100.0 ± 3; p = 0.14) (Figure 5D).

To determine the contribution of TGFβ-induced, microglia-derived OLFML3 on GL261
migration and invasion, GL261 cells were exposed to conditioned medium (CM) from
isogenic control and Olfml3-/- microglia following vehicle or β1 pre-treatment (5 ng/mL;
48 h). Migration was similar between GL261 cells exposed to CM from vehicle-treated
isogenic control and Olfml3-/- microglia (26.4 ± 0.8 vs. 23.6 ± 2; p = 0.84) (Figure 5E). As
expected, GL261 migration increased following exposure to CM from isogenic control
microglia pre-treated with β1 vs. vehicle (42.0 ± 3; p < 0.0001) (Figure 5E). However, loss of
Olfml3 abolished this effect, as migration rates were similar between GL261 cells exposed to
CM from β1 pre-treated Olfml3-/- microglia (31.6 ± 1) and vehicle-treated isogenic control
(p = 0.42) and Olfml3-/- microglia (p = 0.09) (Figure 5E). Similarly, GL261 invasion was
increased following exposure to CM from isogenic control microglia pre-treated with β1
vs. vehicle (4.9 ± 0.7 vs. 8.4 ± 2; p < 0.001) (Figure 5F). Again, this effect was abolished
in the absence of microglial Olfml3, with similar invasion rates between GL261s treated
with CM from β1-treated Olfml3-/- microglia and vehicle-treated isogenic control microglia
(6.9 ± 0.5 vs. 4.9 ± 0.7; p = 0.06) (Figure 5F). Cellular viability was not affected by exposure
to microglial CM under any condition (81.3 ± 1 vs. 91.0 ± 5; p > 0.999) (Figure 5G).

In addition to the loss of OLFML3 in microglial CM on GL261 malignancy, Olfml3 dele-
tion significantly reduced microglial secretion of key cytokines that promote GBM invasion.
While there were no differences in cell lysate concentrations, secretion of interleukin-6
(IL-6) was markedly attenuated in Olfml3-/- microglia compared to isogenic control cells
following exposure to vehicle (244.6 ± 49 vs. 721.5 ± 61; p < 0.001) and β2 (193.8 ± 7
vs. 458.4 ± 21; p < 0.05) (Figure 5H). Moreover, secretion of platelet factor 4 (PF4), a
growth factor critical in GBM invasion [36], was reduced following vehicle treatment in
Olfml3-/- microglia compared to isogenic control cells (426.0 ± 437 vs. 721.2 ± 206; p < 0.05)
(Figure 5I). Similarly, loss of microglial Olfml3 abolished the TGFβ-induced increase in
Pdgfa mRNA, a key negative prognostic indicator in GBM [37] (β1: 2.3 ± 0.6 vs. 1.6 ± 0.6,
p < 0.05); β2: 2.7 ± 0.5 vs. 1.4 ± 0.1; β3: 3.3 ± 0.6 vs. 1.2 ± 0.2, p < 0.01) (Figure 5J).
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Figure 5. OLFML3 promotes glioma cell migration and invasion. (A) Representative images of glioma cell (GL261) migration
and invasion following treatment with human recombinant OLFML3 (rhOLFML3; 1 ng/mL, 10 ng/mL); scale bar 20 μm.
(B) Exposure to rhOLFML3 induced a concentration-dependent increase in GL261 migration relative to vehicle-treated
(0) cells (1: 1 ng/mL, 10: 10 ng/mL; 48 h); * p < 0.05, ** p < 0.01. (C) GL261 invasion was increased following exposure
to 1 ng/mL, but not 10 ng/mL, rhOLFML3 relative to vehicle-treated cells (48 h); * p < 0.05, ** p < 0.01. (D) Cell viability
was not affected by rhOLFML3 (1 ng/mL, 10 ng/mL; 48 h). (E) Migration was similar between GL261 cells exposed to
conditioned media (CM) from vehicle-treated isogenic control and Olfml3-/- microglia (48 h). However, exposure to CM
from isogenic control, but not Olfml3-/-, microglia pre-treated with β1 increased GL261 migration (48 h; 5 ng/mL); * p < 0.05,
**** p < 0.0001. (F) GL261 invasion was increased following exposure to CM from isogenic control microglia pre-treated
with β1 (48 h; 5 ng/mL) relative to CM from vehicle-treated isogenic control and Olfml3-/- microglia (48 h). Exposure to
CM from Olfml3-/- microglia pre-treated with β1 increased GL261 invasion relative to CM from vehicle-treated Olfml3-/-

microglia; *** p < 0.001, **** p < 0.0001. (G) GL261 viability was not affected by exposure to microglia CM under any
condition (p = 0.4925). (H) Interleukin-6 (IL-6) was reduced in the media of Olfml3-/- microglia relative to isogenic control
microglia following exposure to vehicle and β1; * p < 0.05, *** p < 0.001. (I) Secretion of platelet factor 4 (PF4) was attenuated
in Olfml3-/- microglia following exposure to vehicle and TGFβ isoforms; * p < 0.05. (J) Loss of microglial Olfml3 abolished
the TGFβ-induced increase in Pdgfa mRNA (48 h; 5 ng/mL); * p < 0.05, ** p < 0.01, *** p < 0.001. Comparisons based on
one-way ANOVA with Tukey’s Multiple Comparison Test. Bars represent group mean with standard error of the mean
(SEM); data represent one of three independent experiments.

3. Discussion

In this study, we began to uncover the role of Olfml3 in microglial function and glioma
cell malignancy. Our data showed that microglial Olfml3 is a direct target gene of all TGFβ
isoforms and plays a key role in TGFβ-induced, pro-tumorigenic microglia phenotype
determination. Importantly, our data suggest that OLFML3 may directly contribute to
glioma cell malignancy through increasing migration and invasion capacity. The myriad
pro-tumorigenic effects of microglia-derived Olfml3 illuminates the potential for therapeutic
development targeting the TGFβ-GAM-Olfml3 signaling axis in GBM.

OLFML3 is a secreted glycoprotein that belongs to the family of the olfactomedin
domain-containing proteins [15]. It has been identified as an extracellular matrix pro-
tein [20], suggesting that the majority of OLFML3 is secreted. This aligns well with our
observation that TGFβ exposure dramatically increases Olfml3 mRNA but not protein
expression in the cell lysate.
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While the biological function of olfactomedin domain-containing proteins remains
incompletely characterized, growing evidence indicates that they are important for inter-
cellular signaling and protein–protein interaction during development and disease. In
particular, olfactomedin 4 (OLFM4), a member of a closely related subfamily of OLFML3,
negatively regulates pro-inflammatory responses. OLFM4 knockout mice have enhanced
bacterial clearance of Staphylococcus aureus and Escherichia coli through modulation of
neutrophil killing [38], as well as Helicobacter pylori through disinhibition of NF-kB [39].
Moreover, Olfm4 deletion exacerbated inflammation and mucosal damage in a mouse
model of colitis [40], further supporting its role in immune restraint. Similarly, our study
suggests that Olfml3 may restrict microglial immune responses, thereby contributing to the
markedly immunosuppressed tumor microenvironment of GBM.

Anti-tumor immune responses in GBM are limited through the combination of GAM
and T cell dysfunction. Within the glioblastoma microenvironment, GAMs exert im-
munosuppressive functions through direct cell–cell interactions and release of soluble
factors. Importantly, microglia function as antigen-presenting cells in the CNS, requiring
up-regulation of MHC II for T cell activation [41]. However, this activity is suppressed in
GBM [34]. In fact, MHC I and MHC II molecules were absent in 50% of GBM samples [42],
with specific suppression of GAM MHC II occurring through TGFβ signaling. In line
with these findings, we demonstrated that Olfml3 deletion abolished β1-mediated tran-
scriptional suppression of MHC II, which may improve microglial antigen presentation
function. Additionally, loss of Olfml3 may mitigate T cell turnover. In the glioma microen-
vironment, GAM perpetuate CD4+/CD8+ T cell apoptosis through secretion of CD95 [35],
the ligand for the T cell death receptor Fas, and IL-6, a potent inducer of Fas [43]. Strikingly,
Olfml3 deletion abolished microglial secretion of CD95. While exposure to TGFβ increased
secretion in isogenic control cells, CD95 was undetectable in the media of Olfml3-/- in all con-
ditions. Moreover, loss of Olfml3 attenuated secretion of IL-6. These findings, coupled with
the dependency of microglial Olfml3 expression upon TGFβ1-SMAD2-mediated de novo
protein synthesis [26], suggest that Olfml3 functions as a gatekeeper for TGFβ-induced
effects on microglia-mediated immunity.

Importantly, targeting the immunomodulatory effects of Olfml3 may enhance efficacy
of currently available immunotherapies. Expression of the immune checkpoint molecule
programmed cell death ligand-1 (PD-L1) is inversely correlated with overall patient sur-
vival in GBM [44]. While there are many ongoing Phase I and II clinical trials targeting PD-
1/PD-L1, preliminary results in patients with recurrent GBM demonstrate unpredictable
efficacy, with meager to no survival benefit compared to standard therapies [45–47]. As
IL-6 is necessary and sufficient for PD-L1 induction [48], we speculate that therapeutic
targeting of Olfml3 may enhance current immunotherapeutic approaches for GBM patients.
In support of this hypothesis, recent work has demonstrated that anti-OLFML3 therapy in
conjunction with anti-PD1 immunotherapy increased overall survival in a mouse model
of colorectal cancer [21]. Thus, inhibition of microglial Olfml3, in tandem with immune
checkpoint blockade, may yield improved patient survival in GBM.

Treatment resistance is also governed by the diffuse infiltrative capacity of glioblas-
toma. Our results support the hypothesis that microglia-derived OLFML3 acts as a
paracrine factor facilitating glioma cell invasion. Glioma cell migration and invasion were
only affected following 48 h exposure to rhOLFML3, suggesting that OLFML3 may regulate
key signaling pathways in glioma cells. This is consistent with general properties of the
olfactomedin protein family, which are known to interact with multiple protein binding
partners and regulate several cell signaling pathways [16]. This effect is in contrast to recent
work that demonstrated that glioma-derived OLFML3 is a GAM chemoattractant [23].
Thus, OLFML3 may have cell type-specific functions within the glioma microenvironment
that collectively support tumor growth. Moreover, OLFML3 expression is likely regulated
by multiple molecules. The circadian regulator CLOCK and its partner BMAL1 have
been identified to promote transcriptional upregulation of OFLML3 in GBM cells [23].
Remarkably, TGFβ signaling is necessary for normal circadian clock function [49]. In fact,
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TGFβ induces expression of the core clock gene Per1 [50]. The interaction between CLOCK,
BMAL1, and molecules of the canonical TGFβ signaling pathway in GBM is unknown.
However, it is interesting to consider the interconnectedness of these systems and their
possible synergistic promotion of OLFML3 expression in microglia and glioma cells alike.

Herein, our data demonstrated that microglia-derived Olfml3 may contribute to glioma
cell malignancy through intrinsic and extrinsic mechanisms. Silencing of Olfml3 attenuated
the pro-tumorigenic microglial secretome, as well as mitigating glioma cell malignancy
in vitro. Together, these results provide a rationale for further exploration of anti-OLFML3
therapeutic strategies in GBM.

4. Materials and Methods

4.1. Cell Culture and Reagents

The N9 microglial cell line [24] was generously donated from Jyoti Watters at The
University of Wisconsin School of Veterinary Medicine. N9 cells were submitted to ATCC
for authentication and confirmed to be of murine origin. N9 cells were maintained in
DMEM (GibcoTM, ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS) (GibcoTM, ThermoFisher Scientific, Waltham, MA, USA) and
1% Penicillin/Streptomycin (GibcoTM, ThermoFisher Scientific, Waltham, MA, USA). The
GL261 mouse glioma cell line was obtained from the Developmental Therapeutics Program
Repository at the National Cancer Institute. GL261 cells were maintained in RPMI 1640
(GibcoTM, ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (FBS) (GibcoTM, ThermoFisher Scientific, Waltham, MA, USA). All cells were
confirmed to be Mycoplasma-free and maintained at 37 ◦C in a humidified incubator with
5% CO2. All cells were used below passage 15 and within 1 month after thawing.

4.2. CRISPR/Cas9-Mediated Olfml3 Knockout

Generation of the Olfml3-knockout (Olfml3-/-) microglial cell line was achieved using
the CRISPR-Cas9 gene editing system. All reagents were purchased from Integrated
DNA Technologies (IDT; Coralville, IA, USA) and used according to the manufacturer’s
recommendations. Briefly, a guide-RNA (Table 1), targeted to exon 1 of Olfml3 and the
tracrRNA-ATTO-550, was duplexed and mixed with recombinant Cas9 enzyme (IDT,
Coralville IA, USA) to form the ribonucleoprotein (RNP) complex. The RNP complex was
transfected into cells using Lipofectamine CRISPRMAX (ThermoFisher Scientific, Waltham,
MA, USA) transfection reagent. Then, 24 h following transfection, cells were subjected
to fluorescence-activated cell sorting and individual ATTO-550-positive cells were sorted
into a single well of a 96-well plate. Each single cell created a clonal population, whereby
Sanger sequencing confirmed Olfml3 editing within the defined region of exon 1. Western
blot analysis confirmed successful Olfml3 knockout. An isogenic control line was generated
using the same parameters described above without the addition of the gRNA for Olfml3.

4.3. Human Recombinant OLFML3 Protein Generation

The protein sequence for OFLML3, consisting of 406 amino acids, is 94.3% identical
between human and mouse as determined by a protein BLAST through the National Center
for Biotechnology Information. The OLFML3 sequence was cloned into pTXB1 Vector (NEB,
N6707S) using Olfml3 cDNA (Addgene, Wattertown, MA, USA) as template with the fol-
lowing primers: forward, 5′-GGTGGTCATATGGGGCCCAGCACCCCT-3′, and reverse, 5′-
GGTGGTTGCTCTTCCGCAAACCTCCTCCTCTTTCTTCCTCAT-3′. The pTXB1-OLFML3
vector was electroporated into ClearColi® BL21 (DE3) Electrocompetent cells (Lucigen,
Middleton, WI, USA). These cells have a genetically modified Lipopolysaccharide (LPS)
that does not trigger endotoxic response in subsequent assays. Briefly, pTXB1-OLFML3-
expressing ClearColi cells were induced (500 μM Isopropyl β-d-1-thiogalactopyranoside
(IPTG)) at OD600 = 0.72 and incubated at 16 ◦C for 18 h. Cells were pelleted, lysed, and
incubated with Chitin resin. After washing the beads, rhOLFML3 was cleaved using
50 mM Dithiothreitol (DTT) at 4 ◦C for 72 h. The rhOLFML3 was eluted and concentrated
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using Pierce™ Protein Concentrator PES column, 10,000 Da molecular weight cutoff (Ther-
moFisher Scientific, Waltham, MA, USA). The rhOLFML3 protein was subjected to Fast
Protein Liquid Chromatography (FPLC) using HIPREP 16/60 SEPHACRYL S-200 column
to remove residual DTT before BCA quantification and subsequent use in all experiments.

4.4. Generation of Anti-OLFML3 Antibody

We generated an anti-OLFML3 polyclonal antibody using the commercially available
service from Cocalico Biologicals (Reamstown, PA, USA). Briefly, recombinant OLFML3
protein was generated as described above, purified, and electrophoresed on a 12% SDS-
PAGE gel. The OLFML3 band was excised and sent to Cocalico for inoculation of rabbit
host. Serum antibody titer was tested until endogenous OLFML3 was detectable using
wild-type N9 microglia and rhOLFML3 as a positive control. Final exsanguination was
carried out and antibody was purified from the final serum volume.

4.5. Quantitative Real-Time PCR

Cells were grown to 80% confluency and treated with human recombinant TGFβ
isoforms (5 ng/mL; β1: 100–21, PeproTech, Cranbury, NJ, USA; β2: PHG9114, Life Tech-
nologies, ThermoFisher Scientific, Waltham, MA, USA; β3: SRP3171, Sigma-Aldrich, St.
Louis, MO, USA) or vehicle (PBS; ThermoFisher Scientific, Waltham, MA, USA) once every
24 h for a total of two treatments (48-h total incubation). We evaluated Olfml3 mRNA
expression in murine microglia cells following 24-, 48-, and 72-h exposure to TGFβ. We ob-
served the greatest increase in Olfml3 mRNA at 48 h; thus, all subsequent experiments were
performed at this timepoint. Cells were pelleted and RNA was isolated with the Direct-zol
MiniPrep kit (Zymo Research, Irvine, CA, USA) according to manufacturer’s specifications.
Using one microgram-purified DNase-treated RNA, cDNA was reverse transcribed using
the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher—Applied Biosystems,
ThermoFisher Scientific, Waltham, MA, USA). Primer sets were designed using NCBI
primer design (https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi) (accessed
on 4 August 2019) and purchased through IDT (Table 1). Primer validation was performed
using a 4× cDNA serial dilution series from isogenic control microglia as template. The
efficiency and fit of the generated curves were evaluated; primer sets that did not produce
efficiency of at least 0.9 and R2 value of 0.95 from the cDNA dilution series were rejected.
Only experimental quantification cycle (Cq) values that fell within the boundaries of the
validated curves were used for analysis.

The qPCR reactions consisted of primer pairs at a final concentration of 200 nM, 50 ng
cDNA template, and 2× SSoAdvanced Universal SYBR Green Superix (Bio-Rad, Hercules,
CA, USA) per manufacturer’s protocol on a CFXConnect (Bio-Rad, Hercules, CA, USA)
machine as previously described [51]. All reactions were run as 20-μL triplicates, and the
average Cq was used as the data point for a given sample. The mRNA expression values
were quantified by the 2−ΔΔCt method, whereby ΔCT = 18S Ct−gene of interest Ct.

4.6. Immunofluorescence and Confocal Microscopy

Isogenic control and Olfml3-/- microglia were cultured on sterile glass coverslips
treated with fibronectin. Cells were fixed using 4% (w/v) paraformaldehyde (Millipore
Sigma, Burlington, MA, USA), washed three times for 5 min at RT, and permeabilized with
0.1% Triton X-100-Tris-buffered saline (TBST) for 15 min at RT and blocked for 2 hours at RT
with normal goat serum (5% w/v) and bovine serum albumin (1% w/v) in TBST. Cells were
incubated in primary antibody solution (mouse monoclonal anti-TMEM119 (BioLegend,
San Diego, CA, USA #853302; 1:1000) in fresh blocking buffer) overnight at 4 ◦C. Cells
were washed three times for 5 min at RT and incubated in secondary antibody solution
for 1 hour at RT (IgG (heavy and light) anti-mouse Alexa Fluor 555 (Molecular Probes,
Invitrogen, Carlsbad, CA, USA; 1:1000) in fresh blocking buffer). Cells were washed three
times for 5 min at RT and mounted with Vectashield with 4′5-diamidino-2phenylindole
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(DAPI) (Vector Labs, Burlingame, CA, USA). Images were captured via Leica TCS Sp8
STED 3× confocal microscope.

4.7. Western Blot Analysis

Whole cell protein samples were lysed using RIPA buffer (50 mM Tris–HCl (pH 8.0),
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 1% SDS, 1× protease/phosphatase
inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA)). The cellular homogenate
was rotated for 30 min at 4 ◦C and centrifuged at 12,000× g for 10 min. Protein concentra-
tions of the resultant supernatants were determined using the BCA assay (Pierce Biotech-
nology, Rockford, IL, USA). Forty micrograms of protein were loaded, electrophoresed
on 15% SDS-PAGE gels, and transferred to nitrocellulose membranes overnight. All blots
were incubated with Ponceau S (Sigma, St. Louis, MO, USA) to validate equal loading and
transfer across all lanes. Membranes were blocked overnight at 4 ◦C in 5% fat-free milk.
Anti-OLFML3 primary antibody was diluted (1:1000) in Tris-buffered saline + Tween-20
(TBST) with 1% fat-free milk and applied to the membrane overnight at 4 ◦C with gentle
rocking. The membranes were washed three times in TBST and incubated in horseradish
peroxidase (HRP)-conjugated secondary antibody (1:20,000; Cell Signaling Technology,
Danvers, MA, USA) for 1 h at RT with gentle rocking. The HRP substrate for enhanced
chemiluminescence (ThermoFisher Scientific, Waltham, MA, USA) was applied immedi-
ately prior to exposure. Band densitometry was performed using Image Lab (Bio-Rad,
Hercules, CA, USA) and normalized to the Ponceau as a protein loading and transfer
control. Optical densities were normalized to vehicle-treated conditions and expressed as
relative optical densities (ROD). All experiments were independently repeated in triplicate.

4.8. Murine Protein Arrays

Isogenic control and Olfml3-/- microglia were grown to 80% confluency and treated
with human recombinant TGFβ isoforms as described above (5 ng/mL; 48 h), followed by
serum starvation for 12 h (0.1% FBS). The cell media were aspirated, centrifuged at 350 g
for 5 min, and concentrated using Pierce PES protein concentrator columns (ThermoFisher
Scientific, Waltham, MA, USA). Whole cell protein samples were treated as described for
Western blot. Cell lysate and media samples were sent for analysis by RayBiotech Life
(Peachtree Corners, GA, USA) with standard quality control. In brief, Quantibody®Mouse
Full Testing Service (QAH-INF-1) utilized two non-overlapping arrays of antibody pairs to
quantify selected molecules. RayBiotech confirmed no cross reactivity between antibody
pairs and standard controls.

4.9. Cell Viability

Cell viability was performed using the Cell Titer Glo®2.0 Assay (Promega, Madison,
WI, USA) according to the manufacturer’s protocol. Cells (2.5 × 104) were seeded in
96-well, black-sided plates. Titer Glo®reagent was added to each well and the plate was
incubated for 10 min at RT on a plate shaker, followed by luminescence recording via plate
reader (BioTek800TS). Optical densities were recorded for six replicates per condition and
the average optical density of media alone (blank) was subtracted from all experimental
conditions. Three independent experiments were performed.

Similar to Cell Titer Glo®, cells (2.5 × 104) were seeded in 96-well, black-sided plates
and cultured for 48 h. MTS reagent was added to each well and the plate was incubated
for 10 min at RT on a plate shaker, followed by absorbance reading via plate reader
(BioTek800TS) at 590 mm. Optical densities were recorded for six replicates per condition.
Three independent experiments were performed.

4.10. Transwell Migration and Invasion Assays

The modified Boyden chamber assay was used for analysis of cell migration and
invasion. Migration assays were performed using cells (microglia: 2 × 105; GL261: 5 × 104)
suspended in serum-free culture medium and seeded into 24-well Transwell inserts with
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an 8-μm pore polycarbonate filter insert. Invasion assays were conducted similarly, with
the addition of 50-μL Matrigel coating onto the 8-μm pore polycarbonate filter insert.
FBS, serum-free medium with indicated factors (rhCCL2: 479-JE-010, R&D Systems; ATP:
A6419-1G, Sigma, St. Louis, MO, USA) or CM, was added to the receiver wells. After
90 min (ATP) or 24 h (rhCCL2, FBS), inserts were removed and the top of each insert was
swabbed to remove non-migrated cells. Remaining cells attached to the bottom of the
insert were fixed using 4% paraformaldehyde. Membranes were excised from the inserts
and mounted onto microscope slides using mounting medium containing 4′,6- diamidino-
2-phenylindole (DAPI). Nine photographs were taken per membrane, with three technical
replicates per experiment, using a brightfield microscope (Leica, DM5000 B). Cells were
identified by positive DAPI immunoreactivity and quantified via an ImageJ custom macro.
Three independent experiments were performed.

4.11. Phagocytosis Assay

Isogenic control and Olfml3-/- microglia were seeded in 96-well plates (2 × 105) and
incubated overnight. The following day, media were removed and cells were incubated
with pHrodo™Green E.Coli BioParticles (ThermoFisher Scientific, Waltham, MA, USA)
for 1 h at 37 ◦C following the manufacturer’s protocol. Luminescence was determined via
microplate reader (Molecular Devices SpectraMax Gemini EM Microplate Reader 19745) at
509/533 nm. Percent phagocytosis was calculated as follows:

% phagocytosis =
net experimental phagocytosis × 100%

net positive control phagocytosis
(1)

4.12. Statistics

Statistical analysis was performed with Prism GraphPad V9.0.2 software. Data are
presented as the mean ± SEM. Cell culture experiments were performed in technical
replicates, with three biological replicates. Data were tested for normality via Shapiro–
Wilks test. Statistical significance was assessed via unpaired two-tailed Student’s t-test or
ANOVA with Tukey’s multiple comparisons test. Results were regarded as statistically
significant for p < 0.05.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222313052/s1.

Author Contributions: Conceptualization, R.G.T., C.A.L., L.A.W., X.C. and C.M.T.; methodology,
R.G.T., C.A.L. and C.M.T.; investigation, R.G.T., E.T.D. and C.M.T.; writing—original draft prepara-
tion, R.G.T. and C.M.T.; writing—review and editing, R.G.T., C.A.L., E.T.D., L.A.W., X.C. and C.M.T.;
funding acquisition, L.A.W. and C.M.T. All authors have read and agreed to the published version of
the manuscript. This work has been partially presented in abstract form at the 2020 Experimental
Biology Virtual Conference.

Funding: This research was supported in part by the UC Davis Paul Calabresi Career Development
Award for Clinical Oncology as funded by the National Cancer Institute/National Institutes of Health
through grant #2K12CA138464-11 (C..MT), the UC Davis Comprehensive Cancer Center through
grant #CANCERCOP2-WT (L.A.W, C.M.T), and the Paul C. and Borghild T. Petersen Brain Tumor
Foundation (R.G.T, E.T.D, C.M.T).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Jyoti Watters from the University of Wisconsin for generously
supplying N9 microglial cells with permission from Paola Ricciardi-Castagnoli. We also thank I. Brust-
Mascher and the health Sciences District Advanced Imaging Facility for confocal microscopy assistance.

Conflicts of Interest: The authors declare no conflict of interest.

164



Int. J. Mol. Sci. 2021, 22, 13052

References

1. Stupp, R.; Taillibert, S.; Kanner, A.A.; Read, W.; Steinberg, D.M.; Lhermitte, B.; Toms, S.; Idbaih, A.; Ahluwalia, M.S.; Fink, K.; et al.
Effect of Tumor-Treating Fields Plus Maintenance Temozolomide vs Maintenance Temozolomide Alone on Survival in Patients
With Glioblastoma. JAMA 2017, 318, 2306–2316. [CrossRef]

2. Gutmann, D.H.; McLellan, M.D.; Hussain, I.; Wallis, J.W.; Fulton, L.L.; Fulton, R.S.; Magrini, V.; Demeter, R.; Wylie, T.; Kandoth, C.;
et al. Somatic neurofibromatosis type 1 (NF1) inactivation characterizes NF1-associated pilocytic astrocytoma. Genome Res. 2013,
23, 431–439. [CrossRef] [PubMed]

3. Sørensen, M.D.; Dahlrot, R.H.; Boldt, H.B.; Hansen, S.; Kristensen, B.W. Tumour-associated microglia/macrophages predict poor
prognosis in high-grade gliomas and correlate with an aggressive tumour subtype. Neuropathol. Appl. Neurobiol. 2018, 44, 185–206.
[CrossRef]

4. Markovic, D.S.; Glass, R.; Synowitz, M.; van Rooijen, N.; Kettenmann, H. Microglia Stimulate the Invasiveness of Glioma Cells by
Increasing the Activity of Metalloprotease-2. J. Neuropathol. Exp. Neurol. 2005, 64, 754–762. [CrossRef]

5. Yan, D.; Kowal, J.; Akkari, L.; Schuhmacher, A.J.; Huse, J.T.; West, B.; A J, S. Inhibition of colony stimulating factor-1 receptor
abrogates microenvironment-mediated therapeutic resistance in gliomas. Oncogene 2017, 36, 6049–6058. [CrossRef]

6. Wang, W.; Cho, H.-Y.; Rosenstein-Sisson, R.; Ramos, N.I.M.; Price, R.; Hurth, K.; Schönthal, A.H.; Hofman, F.M.; Chen, T.C.
Intratumoral delivery of bortezomib: Impact on survival in an intracranial glioma tumor model. J. Neurosurg. 2018, 128, 695–700.
[CrossRef]

7. Brandenburg, S.; Müller, A.; Turkowski, K.; Radev, Y.T.; Rot, S.; Schmidt, C.; Bungert, A.D.; Acker, G.; Schorr, A.; Hippe, A.; et al.
Resident microglia rather than peripheral macrophages promote vascularization in brain tumors and are source of alternative
pro-angiogenic factors. Acta Neuropathol. 2015, 131, 365–378. [CrossRef] [PubMed]

8. Wesolowska, A.; Kwiatkowska, A.J.; Slomnicki, L.; Dembinski, M.; Master, A.M.; Sliwa, M.; Franciszkiewicz, K.; Chouaib, S.;
Kaminska, B. Microglia-derived TGF-β as an important regulator of glioblastoma invasion—An inhibition of TGF-β-dependent
effects by shRNA against human TGF-β type II receptor. Oncogene 2007, 27, 918–930. [CrossRef]

9. Coniglio, S.J.; Eugenin, E.; Dobrenis, K.; Stanley, E.R.; West, B.L.; Symons, M.H.; Segall, J.E. Microglial Stimulation of Glioblastoma
Invasion Involves Epidermal Growth Factor Receptor (EGFR) and Colony Stimulating Factor 1 Receptor (CSF-1R) Signaling. Mol.
Med. 2012, 18, 519–527. [CrossRef] [PubMed]

10. Li, W.; Graeber, M.B. The molecular profile of microglia under the influence of glioma. Neuro-Oncology 2012, 14, 958–978.
[CrossRef]

11. Seystahl, K.; Papachristodoulou, A.; Burghardt, I.; Schneider, H.; Hasenbach, K.; Janicot, M.; Roth, P.; Weller, M. Biological Role
and Therapeutic Targeting of TGF-β3 in Glioblastoma. Mol. Cancer Ther. 2017, 16, 1177–1186. [CrossRef] [PubMed]

12. Han, J.; Alvarez-Breckenridge, C.A.; Wang, Q.E.; Yu, J. TGF-beta signaling and its targeting for glioma treatment. Am J Cancer Res.
2015, 5, 945–955.

13. Butowski, N.; Colman, H.; De Groot, J.F.; Omuro, A.M.; Nayak, L.; Wen, P.Y.; Cloughesy, T.F.; Marimuthu, A.; Haidar, S.; Perry, A.;
et al. Orally administered colony stimulating factor 1 receptor inhibitor PLX3397 in recurrent glioblastoma: An Ivy Foundation
Early Phase Clinical Trials Consortium phase II study. Neuro-Oncology 2015, 18, 557–564. [CrossRef]

14. Haage, V.; Semtner, M.; Vidal, R.O.; Hernandez, D.P.; Pong, W.W.; Chen, Z.; Hambardzumyan, D.; Magrini, V.; Ly, A.; Walker, J.;
et al. Comprehensive gene expression meta-analysis identifies signature genes that distinguish microglia from peripheral
monocytes/macrophages in health and glioma. Acta Neuropathol. Commun. 2019, 7, 1–18. [CrossRef] [PubMed]

15. Tomarev, S.I.; Nakaya, N. Olfactomedin Domain-Containing Proteins: Possible Mechanisms of Action and Functions in Normal
Development and Pathology. Mol. Neurobiol. 2009, 40, 122–138. [CrossRef]

16. Liu, W.; Rodgers, G.P. Olfactomedin 4 expression and functions in innate immunity, inflammation, and cancer. Cancer Metastasis
Rev. 2016, 35, 201–212. [CrossRef]

17. Halleskog, C.; Dijksterhuis, J.P.; Kilander, M.B.C.; Becerril-Ortega, J.; Villaescusa, J.C.; Lindgren, E.; Arenas, E.; Schulte, G.
Heterotrimeric G protein-dependent WNT-5A signaling to ERK1/2 mediates distinct aspects of microglia proinflammatory
transformation. J. Neuroinflammation 2012, 9, 111. [CrossRef]

18. Zuccarini, M.; Giuliani, P.; Ziberi, S.; Carluccio, M.; Di Iorio, P.; Caciagli, F.; Ciccarelli, R. The Role of Wnt Signal in Glioblastoma
Development and Progression: A Possible New Pharmacological Target for the Therapy of This Tumor. Genes 2018, 9, 105.
[CrossRef]

19. Torres, S.; Bartolome, R.A.; Mendes, M.; Barderas, R.; Fernández-Aceñerp, M.J.; Peláez-García, A.; Peña, C.; Lopez-Lucendo, M.;
Villar-Vázquez, R.; De Herreros, A.G.; et al. Proteome Profiling of Cancer-Associated Fibroblasts Identifies Novel Proinflammatory
Signatures and Prognostic Markers for Colorectal Cancer. Clin. Cancer Res. 2013, 19, 6006–6019. [CrossRef]

20. Miljkovic-Licina, M.; Hammel, P.; Garrido-Urbani, S.; Lee, B.P.-L.; Meguenani, M.; Chaabane, C.; Bochaton-Piallat, M.-L.;
Imhof, B.A. Targeting Olfactomedin-like 3 Inhibits Tumor Growth by Impairing Angiogenesis and Pericyte Coverage. Mol. Cancer
Ther. 2012, 11, 2588–2599. [CrossRef]

21. Stalin, J.; Imhof, B.A.; Coquoz, O.; Jeitziner, R.; Hammel, P.; McKee, T.A.; Jemelin, S.; Poittevin, M.; Pocard, M.; Matthes, T.; et al.
Targeting OLFML3 in Colorectal Cancer Suppresses Tumor Growth and Angiogenesis, and Increases the Efficacy of Anti-PD1
Based Immunotherapy. Cancers 2021, 13, 4625. [CrossRef]

22. Qiu, R.; Shi, H.; Wang, S.; Leng, S.; Liu, R.; Zheng, Y.; Huang, W.; Zeng, Y.; Gao, J.; Zhang, K.; et al. BRMS1 coordinates with LSD1
and suppresses breast cancer cell metastasis. Am. J. Cancer Res. 2018, 8, 2030–2045.

165



Int. J. Mol. Sci. 2021, 22, 13052

23. Chen, P.; Hsu, W.-H.; Chang, A.; Tan, Z.; Lan, Z.; Zhou, A.; Spring, D.J.; Lang, F.F.; Wang, Y.A.; Depinho, R.A. Circadian Regulator
CLOCK Recruits Immune-Suppressive Microglia into the GBM Tumor Microenvironment. Cancer Discov. 2020, 10, 371–381.
[CrossRef] [PubMed]

24. Righi, M.; Mori, L.; De Libero, G.; Sironi, M.; Biondi, A.; Mantovani, A.; Donini, S.D.; Ricciardi-Castagnoli, P. Monokine production
by microglial cell clones. Eur. J. Immunol. 1989, 19, 1443–1448. [CrossRef]

25. Ausman, J.I.; Shapiro, W.R.; Rall, D.P. Studies on the chemotherapy of experimental brain tumors: Development of an experimental
model. Cancer Res. 1970, 30, 2394–2400. [PubMed]

26. Neidert, N.; Von Ehr, A.; Zöller, T.; Spittau, B. Microglia-Specific Expression of Olfml3 Is Directly Regulated by Transforming
Growth Factor β1-Induced Smad2 Signaling. Front. Immunol. 2018, 9, 1728. [CrossRef]

27. Platten, M.; Kretz, A.; Naumann, U.; Aulwurm, S.; Egashira, K.; Isenmann, S.; Weller, M. Monocyte chemoattractant protein-1
increases microglial infiltration and aggressiveness of gliomas. Ann. Neurol. 2003, 54, 388–392. [CrossRef] [PubMed]

28. Flores-Toro, J.A.; Luo, D.; Gopinath, A.; Sarkisian, M.R.; Campbell, J.J.; Charo, I.F.; Singh, R.; Schall, T.J.; Datta, M.; Jain, R.K.; et al.
CCR2 inhibition reduces tumor myeloid cells and unmasks a checkpoint inhibitor effect to slow progression of resistant murine
gliomas. Proc. Natl. Acad. Sci. USA 2020, 117, 1129–1138. [CrossRef]

29. Roesch, S.; Rapp, C.; Dettling, S.; Herold-Mende, C. When Immune Cells Turn Bad—Tumor-Associated Microglia/Macrophages
in Glioma. Int. J. Mol. Sci. 2018, 19, 436. [CrossRef]

30. De, I.; Nikodemova, M.; Steffen, M.D.; Sokn, E.; Maklakova, V.I.; Watters, J.J.; Collier, L.S. CSF1 overexpression has pleiotropic
effects on microgliain vivo. Glia 2014, 62, 1955–1967. [CrossRef]

31. Dikmen, H.O.; Hemmerich, M.; Lewen, A.; Hollnagel, J.-O.; Chausse, B.; Kann, O. GM-CSF induces noninflammatory proliferation
of microglia and disturbs electrical neuronal network rhythms in situ. J. Neuroinflammation 2020, 17, 1–13. [CrossRef]

32. Revoltella, R.P.; Menicagli, M.; Campani, D. Granulocyte–macrophage colony-stimulating factor as an autocrine survival-growth
factor in human gliomas. Cytokine 2012, 57, 347–359. [CrossRef] [PubMed]

33. Knowles, R.G.; Moncada, S. Nitric oxide synthases in mammals. Biochem. J. 1994, 298, 249–258. [CrossRef]
34. Schartner, J.M.; Hagar, A.R.; Van Handel, M.; Zhang, L.; Nadkarni, N.; Badie, B. Impaired capacity for upregulation of MHC class

II in tumor-associated microglia. Glia 2005, 51, 279–285. [CrossRef]
35. Badie, B.; Schartner, J.; Prabakaran, S.; Paul, J.; Vorpahl, J. Expression of Fas ligand by microglia: Possible role in glioma immune

evasion. J. Neuroimmunol. 2001, 120, 19–24. [CrossRef]
36. Liu, C.; Luo, D.; Reynolds, B.A.; Meher, G.; Katritzky, A.R.; Lu, B.; Gerard, C.J.; Bhadha, C.P.; Harrison, J.K. Chemokine receptor

CXCR3 promotes growth of glioma. Carcinog. 2010, 32, 129–137. [CrossRef] [PubMed]
37. Cantanhede, I.G.; De Oliveira, J.R.M. PDGF Family Expression in Glioblastoma Multiforme: Data Compilation from Ivy

Glioblastoma Atlas Project Database. Sci. Rep. 2017, 7, 15271. [CrossRef]
38. Liu, W.; Yan, M.; Liu, Y.; McLeish, K.R.; Coleman, W.G.; Rodgers, G.P. Olfactomedin 4 Inhibits Cathepsin C-Mediated Protease

Activities, Thereby Modulating Neutrophil Killing ofStaphylococcus aureusandEscherichia coliin Mice. J. Immunol. 2012, 189,
2460–2467. [CrossRef]

39. Liu, W.; Yan, M.; Liu, Y.; Wang, R.; Li, C.; Deng, C.; Singh, A.; Coleman, W.G.; Rodgers, G.P. Olfactomedin 4 down-regulates
innate immunity against Helicobacter pylori infection. Proc. Natl. Acad. Sci. USA 2010, 107, 11056–11061. [CrossRef]

40. Amirbeagi, F.; Thulin, P.; Pullerits, R.; Pedersen, B.; Andersson, B.A.; Dahlgren, C.; Welin, A.; Bylund, J. Olfactomedin-4
autoantibodies give unusual c-ANCA staining patterns with reactivity to a subpopulation of neutrophils. J. Leukoc. Biol. 2014, 97,
181–189. [CrossRef]

41. Gottfried-Blackmore, A.; Kaunzner, U.W.; Idoyaga, J.; Felger, J.C.; McEwen, B.S.; Bulloch, K. Acute in vivo exposure to interferon-
enables resident brain dendritic cells to become effective antigen presenting cells. Proc. Natl. Acad. Sci. USA 2009, 106,
20918–20923. [CrossRef]

42. Facoetti, A.; Nano, R.; Zelini, P.; Morbini, P.; Benericetti, E.; Ceroni, M.; Campoli, M.; Ferrone, S. Human Leukocyte Antigen and
Antigen Processing Machinery Component Defects in Astrocytic Tumors. Clin. Cancer Res. 2005, 11, 8304–8311. [CrossRef]

43. Zhu, J.; Petit, P.-F.; Van den Eynde, B.J. Apoptosis of tumor-infiltrating T lymphocytes: A new immune checkpoint mechanism.
Cancer Immunol. Immunother. 2019, 68, 835–847. [CrossRef]

44. Hao, C.; Chen, G.; Zhao, H.; Li, Y.; Chen, J.; Zhang, H.; Li, S.; Zhao, Y.; Chen, F.; Li, W.; et al. PD-L1 Expression in Glioblastoma, the
Clinical and Prognostic Significance: A Systematic Literature Review and Meta-Analysis. Front. Oncol. 2020, 10, 1015. [CrossRef]

45. Reardon, D.A.; Omuro, A.; Brandes, A.A.; Rieger, J.; Wick, A.; Sepulveda, J.; Phuphanich, S.; De Souza, P.; Ahluwalia, M.S.;
Lim, M.; et al. OS10.3 Randomized Phase 3 Study Evaluating the Efficacy and Safety of Nivolumab vs Bevacizumab in Patients
With Recurrent Glioblastoma: CheckMate 143. Neuro-Oncology 2017, 19, iii21. [CrossRef]

46. Zhao, J.; Chen, A.; Gartrell, R.D.; Silverman, A.M.; Aparicio, L.; Chu, T.; Bordbar, D.; Shan, D.; Samanamud, J.; Mahajan, A.;
et al. Immune and genomic correlates of response to anti-PD-1 immunotherapy in glioblastoma. Nat. Med. 2019, 25, 462–469.
[CrossRef]

47. Cloughesy, T.F.; Mochizuki, A.Y.; Orpilla, J.R.; Hugo, W.; Lee, A.H.; Davidson, T.B.; Wang, A.C.; Ellingson, B.M.; Rytlewski,
J.A.; Sanders, C.M.; et al. Neoadjuvant anti-PD-1 immunotherapy promotes a survival benefit with intratumoral and systemic
immune responses in recurrent glioblastoma. Nat. Med. 2019, 25, 477–486. [CrossRef] [PubMed]

166



Int. J. Mol. Sci. 2021, 22, 13052

48. Lamano, J.B.; Lamano, J.B.; Li, Y.D.; DiDomenico, J.D.; Choy, W.; Veliceasa, D.; Oyon, D.E.; Fakurnejad, S.; Ampie, L.;
Kesavabhotla, K.; et al. Glioblastoma-Derived IL6 Induces Immunosuppressive Peripheral Myeloid Cell PD-L1 and Promotes
Tumor Growth. Clin. Cancer Res. 2019, 25, 3643–3657. [CrossRef]

49. Sloin, H.E.; Ruggiero, G.; Rubinstein, A.; Storz, S.S.; Foulkes, N.S.; Gothilf, Y. Intera ctions between the circadian clock and TGF-β
signaling pathway in zebrafish. PLoS ONE 2018, 13, e0199777. [CrossRef] [PubMed]

50. Kon, N.; Hirota, T.; Kawamoto, T.; Kato, Y.; Tsubota, T.; Fukada, Y. Activation of TGF-β/activin signalling resets the circadian
clock through rapid induction of Dec1 transcripts. Nat. Cell Biol. 2008, 10, 1463–1469. [CrossRef]

51. Toedebusch, R.; Grodzki, A.C.; Dickinson, P.J.; Woolard, K.; Vinson, N.; Sturges, B.; Snyder, J.; Li, C.-F.; Nagasaka, O.; Consales, B.;
et al. Glioma-associated microglia/macrophages augment tumorigenicity in canine astrocytoma, a naturally occurring model of
human glioma. Neuro-Oncol. Adv. 2021, 3, vdab062. [CrossRef] [PubMed]

167





 International Journal of 

Molecular Sciences

Communication

Decoding the Role of DVL1 in Intracranial Meningioma
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Abstract: In the search for molecular candidates for targeted meningioma therapies, increasing
attention has been paid to the role of signaling pathways in the development and progression of
intracranial meningiomas. Although it is well known that the Wnt signaling pathway is involved in
meningioma progression, the role of its central mediator, DVL1, is still unclear. In order to investigate
the influence of DVL1 gene alterations on the progression of human intracranial meningioma, we
focused on its central PDZ domain, which is responsible for DVL interaction with the Fzd receptor
and the phosphorylation of DVL mediated through the casein kinases CK1 and CK2. A genetic
analysis of genomic instability revealed the existence of microsatellite instability in 9.09% and the loss
of heterozygosity in 6.06% of the samples. The sequencing of the PDZ gene region showed repetitive
deletions of two bases located in intron 7 and exon 8, and a duplication in intron 8 in most samples,
with different outcomes on the biological function of the DVL1 protein. Immunohistochemistry
revealed that the nuclear expression of DVL1 was significantly correlated with a higher expression
of active β-catenin (p = 0.029) and a higher meningioma grade (p = 0.030), which leads to the
conclusion that it could be used as biomarker for meningioma progression and the activation of the
Wnt signaling pathway.

Keywords: DVL1; PDZ domain; β-catenin; Wnt signaling pathway; intracranial meningioma

1. Introduction

Intracranial meningioma, with their mostly benign nature and slow growth, can still
progress and show malignant characteristics that can lead to poor outcome for patients.
According to statistics from the latest CBTRUS report (The Central Brain Tumor Registry
of the United States) from 2012 to 2016 [1], the percentage of meningioma in the total
sample of brain tumors is 37.1%, and among all benign brain tumors it is at 53.1%. The
abovementioned numbers suggest that meningiomas are currently the most common
primary tumors of the central nervous system [2], making the discovery of mechanisms
involved in their development and progression highly valuable.

Molecular mechanisms underlying meningioma progression are usually connected
to aberrant signaling pathways such as PI3K-AKT-mTOR, Ras-Raf-MEK, Rac-PAK-JNK,
TGFβ-SMAD, RB, p53, Hedgehog, Notch and canonical Wnt [3–9]. This study concentrates
on the canonical Wnt pathway, whose regulation of cell growth, development, and survival
has great importance in tumorigenesis.

In tumors, Wnt signaling can play different roles; for instance, allowing them to repro-
gram their metabolism or promote chronic inflammation and oxidative stress, or enabling
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resistance to immunotherapy [10]. It has been shown that the activation of Wnt signaling
can induce the malignant transformation of neural stem cells and thus contribute to the
development of primary brain tumors [11–16]. The Wnt signaling pathway in meningiomas
is known to be activated and plays a role in progression [17,18]. Activation occurs when
Wnt ligands bind to membrane receptors called Frizzled. This binding is followed by
the activation of a specific member of the Disheveled (Dvl) protein family, which is then
pulled to the membrane where it promotes the phosphorylation and disassembly of the
destruction complex, which targets β-catenin. The destruction of the central oncogenic
molecule β-catenin is thus impaired, leading to its accumulation in the cytoplasm, followed
by the translocation to the nucleus where it binds to the TCF/LEF factors and stimulates
the transcription of other targeted oncogenes [19–22]. It has also been shown that DVL has
nuclear activity by binding to the TCF factor together with the β-catenin and by activating
the transcription of Wnt target genes [23].

The Disheveled family is a highly conserved, multifunctional group of proteins with
three human homologues—DVL1, DVL2, and DVL3. The excessive expression of Di-
sheveled proteins has been proven to cause increased activation of Wnt signaling in many
different types of tumors [19]. All members of the DVL protein family contain three basic
conserved domains—DIX, DEP, and PDZ. On the amino terminal side resides the DIX
domain, which represents an important binding site for the AXIN [23]. On the carboxyl
terminal side of the DVL protein is the DEP domain, which is key in DVL protein interac-
tions with DAAM1 (Disheveled associated activator of morphogenesis 1) [23]. Between
these two domains lies the central PDZ domain (Postsynaptic Density 95, Discs Large,
Zonula Occludens-1) composed of 73 amino acids. The PDZ domain plays a role in both
the canonical and non-canonical form of Wnt signaling and has the utmost importance
in mediating the different interactions that DVL proteins carry out. The PDZ domain is
essential for DVL interaction with the carboxyl terminal domain of the Fzd receptor, and
also plays a role in DVL phosphorylation mediated through the casein kinases CK1 and
CK2 [23].

The aim of this study was to determine genetic alterations in the DVL1 gene and its
central PDZ domain, and their role in the progression of intracranial meningioma. The
results of this study could contribute to the discovery of new prognostic biomarkers and
targets for personalized therapies.

2. Results

Out of 33 samples of intracranial meningiomas, 22 samples (66.67%) belonged to
female and 11 samples (33.33%) to male patients. The age of the patients ranged from 23 to
85 years, with a mean of 61.12 and a median of 67 years.

Moreover, out of 33 samples, 16 were classified as grade I, 12 as grade II, and 5 as
grade III. Using the Kruskal–Wallis test, there was no statistically significant difference
between the incidence of grade with respect to the age of the patients (p = 0.259). Using the
Fisher test, a statistically significant difference was found between the grade and sex of
the patients (p = 0.026), where men showed a greater tendency to develop higher grade
meningiomas and women the lower ones.

2.1. Genetic Instability of the DVL1 Gene Recorded with the D1S468 Marker

The DVL1 microsatellite marker D1S468 proved to be highly informative, with a
heterozygosity present in all samples. Out of 33 intracranial meningiomas analyzed,
three samples (9.09%) showed microsatellite instability (MSI) and two samples (6.06%)
demonstrated the loss of heterozygosity (LOH). The total number of samples in which the
DVL1 gene was altered was 15.15%. Out of the five samples in which one of these changes
was found, four belonged to female patients. Based on the results of the Fisher test, no
statistically significant difference was found between the sex and the genetic alteration
(ρ = 1.000, p = 0.542), nor between the grade and the genetic alteration (ρ = 0.053, p = 1.000).
On the contrary, Pearson’s test showed a statistically significant difference between the
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incidence of genetic alteration and patients’ age (r = −0.485, p = 0.004), indicating that
younger patients harbored more alterations. Examples of MSI and LOH changes are shown
in Figure 1.

Figure 1. Examples of genetic changes—MSI and LOH, found in intracranial meningioma and detected on Spreadex gels.
Legend: M—marker; odd numbers—tumor samples; even numbers—blood samples; green arrows—example of MSI in a
tumor sample; red arrows—example of LOH in a tumor sample.

2.2. Mutations in the PDZ Region of the DVL1 Gene

Out of a total of 33 samples, the high-resolution melting method (HRM) revealed
observable curve deviations in most samples; out of these, 10 samples (30.30%) showed
large deviations of the tumor curve from the control blood curve. A total of 26 samples of
tumor DNA were available for Sanger sequencing. A comparison of tumor sequences with
the reference sequence revealed the existence of nucleotide changes in all of the sequenced
samples, which are systematized in Table 1 and shown in Figure 2.

Table 1. Types of mutations detected by Sanger sequencing.

Location of Mutation Type of Mutation
Number of Samples with

This Type of Mutation

Intron 7 NG_008048.2: g.13921delT 7
Intron 7 NG_008048.2: g.13921T>C 4
Exon 8 NG_008048.2: g.13998delA 1
Exon 8 NG_008048.2: g.14004delA 9
Exon 8 NG_008048.2: g.14004A>T 1
Intron 8 NG_008048.2: g.14228_14267dup 25
Intron 8 NG_008048.2: g.14248G>T 1
Intron 8 NG_008048.2: g.14300G>T 1
Exon 9 NG_008048.2: g.14329G>C 1

Altogether, nine different types of mutations were found (Table 1). Twelve patients
harbored one mutation, seven had two mutations, five had three mutations, one patient
harbored four mutations, and another one had five different mutations. The mutation with
the highest frequency was the g.14228_14267dup found in 25 samples (96.15%), followed by
the deletion g.14004delA found in nine samples (34.61%) and g.13921delT found in seven
samples (26.92%). The most pronounced mutation was the intron 8 duplication, which is
39 bp long (g.14228_14267dup), as shown in Figure 2a. This duplication was not registered
in the reference sequence available at the National Center for Biotechnology Information
(NCBI) database, but was found in 25 out of our 26 analyzed samples. The effect of the
duplication on the biological function of the DVL1 protein could not be determined by the
PROVEAN program.
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Figure 2. Mutations detected by the Sanger sequencing method. (A)—g.14228_14267dup (red frame); (B)—g.14248G>T,
g.14300G>T, g.14329G>C; (C)—g.14004delA; (D)—g.14004A>T; (E)—g.13921delT; (F)—g.13921T>C. The dashed line indi-
cates the pre-mRNA splicing site.

Intron 7 showed a particular location, g.13921, where two different mutations occurred
in 11 samples—the deletion of nucleotide T (g.13921delT) (Figure 2e) and the substitution
of the same nucleotide T into C (g.13921T>C) (Figure 2f). The effect of both mutations
on the biological function of the DVL1 protein was not determined by the PROVEAN
program. Our further analysis showed that both mutations were linked to the lower
expression and H-score value of the DVL1 protein (r = −0.478, p = 0.038). Furthermore,
the deletion of nucleotide T was significantly more tied to lower grade than to the higher
grades (χ = −0.434, p = 0.027), with no incidence observed in malignant grades. On the
other hand, the substitution of the same nucleotide, was mostly present in malignant
grades and a significant correlation to higher grades was established (χ = 0.514, p = 0.032).
Moreover, the deletion of T was found exclusively in female patients (χ = −0.442, p = 0.024).

Exon 8 showed two locations hit by three different mutations in 11 samples. Two dele-
tions of nucleotide A in exon 8 (g.13998delA and g.14004delA) caused harmful frameshift
mutations. The more frequent deletion of nucleotide A (g.14004delA) (Figure 2c) is lo-
cated at the codon ATT, which codes for the amino acid isoleucine. The change in the
reading frame caused by this deletion introduced a downstream stop codon and caused
the formation of the truncated DVL1 protein, with altered activity and functionality. The
substitution of nucleotide A into T (g.14004A>T) (Figure 2d) at the same location caused
the codon change from ACC to TCC, and consequently the amino acid change from Ile
to Ser. Using a PROVEAN tool to analyze the effect of protein variations, this mutation
was flagged as harmful for the DVL1 function. This substitution was found in a single
sample that belonged to the meningothelial subtype of grade I meningioma. However, this
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sample showed the highest expression of active β-catenin (H-score = 262) and the highest
percentage of nuclei with the DVL1 expression (90%).

The only sample that did not harbor the aforementioned duplication had two muta-
tions in the intron 8—g.14248G>T and g.14300G>T. Mutation g.14300G>T is located at the
splicing site between intron 8 and exon 9, and g.14248G>T is also located nearby. Due to
their locations, these changes are potential splice site mutations that may change the length
of the DVL1 protein (Figure 2b).

In exon 9, the substitution of g.14329G>C (Figure 2b) caused a change in the amino
acid Ser to Thr. However, the analysis by PROVEAN showed that this change caused no
disruption to the tertiary and quaternary structures of the DVL1 protein, nor a change in
its biological function.

2.3. Protein Expression and Localization of the DVL1 and Active β-Catenin Form

The protein expression evaluation using the H-score revealed the presence of DVL1 in
all inspected samples, mostly localized in cytoplasm but also in the nuclei (Figure 3). The
H-score mean for DVL1 expression was 169.74. The majority of samples (16/23) showed a
moderate signal (70%), while six samples showed a strong signal (26%). One sample did
not show cytoplasmic expression but had a pronounced nuclear expression. A total of 48%
of the samples did not express DVL1 in the nuclei, or expression was in less than 5% of
the nuclei in the field of view. In 7/23 samples (30%), DVL1 was expressed in 10–50% of
nuclei, while 5/23 samples (22%) showed the frequent nuclear expression of DVL1 in more
than 50% of nuclei in the field of view. Spearman′s test revealed that DVL1 H-score values
dropped with the age of the patients (ρ = −0.752, p = 0.000). Moreover, the highest values
of the DVL1 H-score (>200) were correlated with samples without any mutation in the PDZ
domain (r = −0.517, p = 0.023), while samples comprised of mutations in the PDZ domain
expressed less DVL1 protein product. The duplication g.14228_14267dup was omitted
from calculation since it appeared in 96% of the analyzed meningiomas. Furthermore, the
nuclear expression of the DVL1 protein was significantly correlated with the higher grade
(ρ = 0.453, p = 0.030) and expression of the active form of β-catenin (ρ = 0.456, p = 0.029).
On the contrary, Pearson′s test showed no significant correlation between active β-catenin
and cytoplasmic DVL1 H-score values (r = 0.101, p = 0.647).

Active or non-phosphorylated β-catenin was present in all samples and was localized
in the cytoplasm of tumor cells. The mean H-score value of all samples was 100.17. The
most pronounced was the low expression of active β-catenin, which was observed in
12/23 samples (52%). In 9/23 samples (39%) active beta-catenin had a moderate signal,
and two samples (9%) showed a strong signal. No nuclear expression was found. Higher
expressions of active β-catenin were significantly correlated with higher grades (ρ = 0.580,
p = 0.004).
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(a) 

 
(b) 

Figure 3. (a) Cytoplasmic localization of DVL1 in intracranial meningioma, with moderate to high expression. The
specimen was taken from a 70-year-old female patient who was diagnosed with atypical (grade II) meningioma. (b) Nuclear
localization of DVL1 in intracranial meningioma, with high expression. The specimen was taken from a 58-year-old female
patient who was diagnosed with atypical (grade II) meningioma. Magnification: 200×, scale bar: 200 μm.

3. Discussion

Our findings concerning alterations of the DVL1 gene in the intracranial meningioma
set showed that 15.15% of the samples harbored changes. Microsatellite instability was
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present in 9.09% of the samples, and the loss of heterozygosity was observed in 6.06%.
The genomic changes were not significantly associated with tumor grade or the sex of
the patients. However, MSI was most frequently found in grade III and may be linked to
the rise of mutational burden. On the contrary, genetic alterations were associated with
patients younger than 60 years (r = −0.485, p = 0.004). When considering LOH, similar
findings were described by Nagahata et al. [24], who studied DVL1 in breast cancer and
found that 10% of the samples harbored LOH of the DVL1 gene, suggesting that DVL1
has a role in breast cancer progression. Our previous work on DVL1 in astrocytoma [25]
showed the high frequency of MSI in all grades of astrocytomas, while LOH was detected
only in glioblastomas (in 8.6% of samples). Our present results showed that the LOH of
DVL1 was not tied to the malignant grade and may represent early event in meningioma
progression. Kafka et al. [25] investigated two different microsatellite markers, one of
which was D1S468 and demonstrated higher frequency of genomic instability. Therefore,
in future meningioma studies, samples could be tested with two DVL1 gene microsatellite
markers to show if a higher frequency of genomic instability is present.

A more detailed genetic analysis of the functionally crucial PDZ domain using Sanger
sequencing showed a high mutation rate in the investigated sample. The most prominent
was the duplication in intron 8, g.14228_14267dup, for which predictive software could
not determine a significant impact on the DVL1 protein. Since the duplication was also
found in the blood sequence of some patients, this may suggest a potential polymorphism
or the germline existence of this variation. Such a 39 bp long duplication located within
the intronic sequence may affect splicing signals. Many studies have shown that indel
and other point mutations in introns, as well as changes at splicing sites, may all have an
impact on proper splicing mechanisms [26–29]. Therefore, a duplication of 39 bp could lead
to changes in secondary pre-mRNA structures affecting proper splicing. We can theorize
that the new secondary structure causes the retention of the existing intron, resulting in a
longer protein. On the other hand, duplication can cause the RNA loop that consists of
an intron, but also includes one of the adjacent exons, resulting in a shorter protein. As
described in a paper written by Lin et al. [30], structural stems at splicing sites can cause the
formation of mRNA isoforms specific to some diseases, often tumors. The stem structures
can also sterically impair the binding of splicing enhancers. It has also been shown that the
higher percentage of GC base pairs positively correlates with the percentage of alternatively
spliced exons. This fact is especially interesting in the context of studying the PDZ domain
because in this region, a high percentage of GC base pairs naturally occurs, which is further
increased by the duplication g.14228_14267dup riddled with GC.

The effect of two mutations at the same locus in intron 7, g.13921delT and g.13921T>C,
were not determined by the PROVEAN program. Our study revealed that mutations at
these loci were linked to the lower expression of the DVL1 protein (r = −0.478, p = 0.038),
with the deletion of nucleotide T more tied to the lower grade (χ = −0.434, p = 0.027),
no incidence in the malignant grades, and the substitution of the same nucleotide more
frequent in the highest grade (χ = 0.514, p = 0.032). Likewise, the deletion of T was found
exclusively in female patients (χ = −0.442, p = 0.024). These results prove that mutations at
locus g.13921 downregulate DVL1 expression, and depending on the type of mutation, this
effect will manifest in different grades. Additionally, the substitution of T (g.13921T>C)
could be a marker of low DVL1 expression in higher grade meningioma patients.

The mutation with the highest potential effect is the deletion of nucleotide A in exon 8,
g.14004delA. The analysis found that this mutation causes a frameshift and the consequent
truncated version of the DVL1 protein. Such a premature stop codon in exon 8 of the
region encoding the PDZ domain may act in favor of tumor formation and development.
In their study, Brennan et al. [31] found that truncated versions of the LRP5/6 co-receptor,
involved in the Wnt signaling pathway, may have a protooncogenic role. Truncated forms
of the co-receptor stabilize β-catenin independently of other membrane proteins involved
in Wnt signal transduction, and are resistant to degradation and endocytosis. In addition
to LRP5/6, the role of the truncated form of the APC protein in colorectal tumor was also
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established by Schneikert and Behrens [32]. According to their research, the truncated form
of the APC protein stimulates the migration of colorectal tumor cells and promotes the
development of chromosomal instability. These studies suggest that the truncated form
of the DVL1 protein caused by the g.14004delA mutation in 34.61% of samples could be
characteristic of meningiomas and enhance Wnt signaling, thus stimulating tumorigenesis.
The substitution at the same locus (g.14004A>T) was associated with the highest expression
of active β-catenin (H-score = 262) and the highest percentage of nuclear DVL1 expression
(90%). These findings are also conclusive with regard to the activation of Wnt signaling.
Since it was found in only one sample, this hypothesis should be tested with a higher
number of tumor samples harboring this mutation.

The only sample that did not harbor the duplication showed five other different muta-
tions, three of which were the substitution of nucleotide G. The substitutions g.14248G>T
and g.14300G>T in intron 8 were assigned as mutations of the splicing site. Due to these
two substitutions, a longer DVL1 protein retaining part of intron 8 is possible. The third
substitution, g.14329G>C, causes the change from amino acid Ser to Thr, which have sim-
ilar biochemical properties and therefore probably have no impact on the structure and
function of the DVL1 protein, as stated in the paper by Castro-Chavez [33]. However, if
there is a change at the splicing site due to the first two mutations in intron 8, there is a
possibility of a new reading frame that affects the substitution in exon 9, leading to the
formation of a protein with an altered amino acid composition and a new structure.

Although the PDZ domain was severely mutated, the protein expression of DVL1
was found in all samples, mostly with a moderate signal (70%). However, a strong signal
was less present in 26% of the samples, while one sample showed a lack of cytoplasmic
expression but had a pronounced nuclear expression. Furthermore, we established that
the highest values of the DVL1 H-score (>200) were correlated with samples without any
mutation in the PDZ domain (r = −0.517, p = 0.023), indicating that samples containing
mutations in the PDZ domain expressed significantly less DVL1 product (the duplication
g.14228_14267dup was omitted from the calculation). In 48% of the analyzed meningiomas,
the nuclear expression of DVL1 was missing; however, 22% of the samples still showed
DVL1 expression in more than 50% of the nuclei. Although studies rarely report on the
nuclear expression of DVL1 in different tumors [34,35], Sharma et al. [36] demonstrated that
the acetylation of the conserved lysines (K69 and K285), which are present in the DIX and
PDZ domains, not only promoted the nuclear localization of DVL1, but also influenced its
promoter binding and the regulation of genes implicated in cancer. Furthermore, our study
showed that the cytoplasmic expression of DVL1 was not correlated with meningioma
grade or the expression of active cytoplasmic β-catenin (r = 0.101, p = 0.647). However,
this was not the case with nuclear DVL1 expression, which was associated with higher
grades (ρ = 0.453, p = 0.030) and higher expressions of β-catenin′s active form (ρ = 0.456,
p = 0.029). This may suggest that the nuclear expression of DVL1 could promote Wnt
signaling activation and potentially serve as a biomarker of meningioma progression.
Similar findings on the influence of DVL1 progression in other tumors were also reported.
For instance, in a study by Karin-Kujundzic et al. [37], the active involvement of DVL1
and significantly higher DVL1 expressions in serous ovarian carcinomas as compared
to normal ovarian tissue were reported. Mizutani et al. [38] found that expressions of
DVL1 and β-catenin are correlated, and that DVL1 expression increases with grade in
prostate cancer. On the other hand, Ameli et al. [35] concluded that in invasive ductal and
lobular breast carcinoma, DVL1 does not correlate with grade; however, they did not find
a nuclear expression of the protein. Wei et al. [39] showed that the expression levels of
DVL1 were higher in non-small-cell lung cancer metastases and correlated to β-catenin
expression, while Zhang et al. [40] demonstrated that DVL1 increases the accumulation
of β-catenin in ovarian cancer cells. They also showed that DVL1 was responsible for the
nuclear translocation of β-catenin, which was not compatible with our study. However,
similar findings to ours were recorded by the Kafka et al. [41]. They showed that most
brain metastases (45.2%) had moderate DVL1 expression levels, with nuclear staining in
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54.8% of the cases. In addition, they reported a correlation between the nuclear expression
of β-catenin and upregulated DVL1 expression.

Interestingly, in our study, DVL1 H-score values dropped with the age of the patient
(ρ = −0.752, p = 0.000). This finding is consistent with our previous study on the involve-
ment of the Disheveled protein family in astrocytoma malignancy grades [25], which
showed that younger patients had a stronger DVL1 expression than the older ones. The
same study indicated that high-grade tumors had a lower expression of DVL1, suggesting
that it may be an early event, which is contrary to our present findings on meningioma.

Active β-catenin, which is distinctive for activated Wnt signaling in tumor cells, was
present in all samples and was localized in cytoplasm. The mean H-score value was
100.17. Low expression levels of active β-catenin were observed in 52% of meningiomas,
while in 39% of the investigated samples of active β-catenin had a moderate signal, while
two samples (9%) showed a strong signal. Although nuclear expression was not found,
higher expression levels of active β-catenin were significantly correlated with higher grades
(ρ = 0.580, p = 0.004) and nuclear DVL1 expression (ρ = 0.456, p = 0.029). This is in alignment
with our previous study [18], indicating β-catenin involvement in meningioma progression.

4. Materials and Methods

Our study consisted of 33 samples of intracranial meningioma with different malig-
nancy grades. All tumor samples were classified by pathologists according to the criteria
of the World Health Organization [42]. Tumor samples, as well as 3–5 mL of autologous
blood, were collected from patients with no prior radiation or chemotherapy treatments
who were scheduled for operation. In addition to the pathohistological diagnosis and
tumor grade, parameters such as the sex, location, and age of the patient were collected for
each sample.

DNA was isolated from tumor tissue with the standard phenol/chloroform method [43],
and from blood with the standard salting out method [44].

Samples were tested for genomic alternations—microsatellite instability (MSI) and
loss of heterozygosity (LOH) of the DVL1 gene by comparing DNAs from the tumor
and blood of the same patient. Detection of MSI and LOH was performed on Spreadex
gels EL400 Mini (Elchrom Scientific, AL-Labortechnik, AL-Diagnostic GmbH, Amstetten,
Austria) using the microsatellite maker D1S468 (5′-TTAACCGTTTTGGTCCTACC-3′ and
5′-CTCTGACCAGCATTAAAGATTC-3′), with a high percentage of heterozygosity in the
population.

For further investigation, to amplify the region encoding the PDZ domain, primers
were designed using the NCBI database [45] and the primer design tool—Example Blast [46].
The primers (5′-TAACCGACTCCACCATGTCC-3′, 5′-GAAACGATCTCCCGCAGCA-3′)
cover part of intron 7, whole exon 8 and intron 8, and part of exon 9 of the PDZ domain.
Optimal PCR conditions for amplifications of the DVL1 D1S468 microsatellite marker and
the PDZ regions are shown in Table 2.

Table 2. PCR conditions for the DVL1 microsatellite marker D1S468 and the PDZ genetic regions.

(Pre)
Denaturation

Denaturation Annealing Extending
No. of
Cycles

D1S468 94 ◦C/5 min 94 ◦C/30 s 60 ◦C/30 s 72 ◦C/30 s 40
PDZ 94 ◦C/5 min 94 ◦C/35 s 58.6 ◦C/35 s 72 ◦C/35 s 35

Mutations in the PDZ domain were detected using the high-resolution melting
method (HRM) and LightCycler® 480 High-Resolution Melting Master kit on the Roche
LightCycler® Nano System. By comparing DNA sequences from the tumor and blood
of the same patient, potential mutations were revealed. All samples that were suspected
to harbor mutation were sequenced using the standard Sanger sequencing method and
BigDyeTerminator v3.1 Cycle Sequencing kit on ABI 3730XL (Applied Biosystems, Foster
City, CA, USA). The obtained tumor sequences of the PDZ domain of the DVL1 gene were
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compared with the sequence of the paired blood sample and with the sequence available at
the NCBI database [47]. (Verification of the impact of detected mutations on the biological
function of the DVL1 protein was performed using the publicly available PROVEAN
tool [48] and immunohistochemistry.

Immunohistochemistry was performed on 4 μm thick paraffin-embedded sections
of 23 available meningioma samples collected during surgery. The sections were col-
lected during a period of four years. For DVL1 detection, we used a polyclonal rabbit
anti-Disheveled/Dvl1 antibody: ab233003 (Abcam, Cambridge, UK), diluted 1:200; its
recombinant fragment (His-T7-tag) corresponded to Human Dvl1 aa 150–300 and partly
covered the central PDZ domain. We also tested the expression and localization of the
active form of β-catenin using the monoclonal antibody non-Phospho beta-catenin (Ser33-
37/Thr41) (D131A1) Rabbit mAb #8814 (Cell Signalling Technology, Danvers, MA, USA),
diluted 1:800. For visualization, we used DAB chromogen (EnVisionTM, Dako REALTM).
Slides with antibody-labelled tissue were analyzed using bright-field microscopy on the
Olympus BX53 microscope. The expression of the protein was observed in tumor hot spots,
where at least 200 cells were counted. Immunopositivity was quantified using the H-score
(Equation (1)), with a range of protein expression values on a scale of 0–300 [49]:

H = [1 × (% of stations 1+) + 2 × (% of stations 2+) + 3 × (% of stations 3+)] (1)

where 1+ indicates weak immunopositivity—yellowish / light brown color, 2+ indicates
moderate immunopositivity—light brown, and 3+ indicates strong immunopositivity—dark
brown. Depending on the obtained H-score value, samples were categorized into 3 groups:
0–100 = samples with no signal/weak signal (0/1+), 101–200 = samples with moderate signal
(2+), and 201–300 = samples with strong signal (3+).

The results of the genetic and protein investigations were further analyzed and corre-
lated using the publicly available program RStudio [50], including the R-package ggplot2,
ggpubr, and plotly from the official R repository CRAN [51]. A significance level of p < 0.05
was used to process the results. The normality of the distribution was checked using the
Shapiro–Wilk test.

5. Conclusions

We have shown that the central PDZ domain is highly mutated, with different out-
comes on the biological function of the DVL1 protein. The samples containing mutations in
the PDZ domain expressed significantly less DVL1 protein product, and the nuclear expres-
sion of DVL1 could potentially represent a good biomarker for meningioma progression
and the activation of the Wnt signaling pathway. The results of this study contribute to a
better understanding of the role of DVL1 in human intracranial meningiomas and point
out molecules useful for diagnostics and the treatment of patients.
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Abstract: Background: Glioblastoma (GBM) is a highly aggressive cancer with poor prognosis that
needs better treatment modalities. Moreover, there is a lack of reliable biomarkers to predict the
response and outcome of current or newly designed therapies. While several molecular markers
have been proposed as potential biomarkers for GBM, their uptake into clinical settings is slow
and impeded by marker heterogeneity. Detailed assessment of prognostic and predictive value for
biomarkers in well-defined clinical trial settings, if available, is scattered throughout the literature.
Here we conducted a systematic review and meta-analysis to evaluate the prognostic and predictive
significance of clinically relevant molecular biomarkers in GBM patients. Material and methods: A
comprehensive literature search was conducted to retrieve publications from 3 databases (Pubmed,
Cochrane and Embase) from January 2010 to December 2021, using specific terms. The combined haz-
ard ratios (HR) and confidence intervals (95% CI) were used to evaluate the association of biomarkers
with overall survival (OS) in GBM patients. Results: Twenty-six out of 1831 screened articles were
included in this review. Nineteen articles were included in the meta-analyses, and 7 articles were
quantitatively summarised. Fourteen studies with 1231 GBM patients showed a significant associa-
tion of MGMT methylation with better OS with the pooled HR of 1.66 (95% CI 1.32–2.09, p < 0.0001,
random effect). Five studies including 541 GBM patients analysed for the prognostic significance of
IDH1 mutation showed significantly better OS in patients with IDH1 mutation with a pooled HR
of 2.37 (95% CI 1.81–3.12; p < 0.00001]. Meta-analysis performed on 5 studies including 575 GBM
patients presenting with either amplification or high expression of EGFR gene did not reveal any
prognostic significance with a pooled HR of 1.31 (95% CI 0.96–1.79; p = 0.08). Conclusions: MGMT
promoter methylation and IDH1 mutation are significantly associated with better OS in GBM patients.
No significant associations were found between EGFR amplification or overexpression with OS.

Keywords: glioblastoma; prognostic biomarkers; systematic review; meta-analysis

1. Introduction

Glioblastoma (GBM), the most common and aggressive form of brain cancer, has an
overall 5-year survival of only 7% [1]. Based on clinical presentation, GBM is classified
into two different categories: Primary GBM accounts for approximately 90% of GBM cases,
arises de-novo, and is more common in elderly patients [2]. It is characterised by distinct
molecular alterations that include gene amplification of epidermal growth factor receptor
(EGFR), overexpression of EGFR protein and loss of the tumour suppressor gene phos-
phatase and tensin homologue (PTEN) [2]. Secondary GBM accounts for approximately
10% of cases, is associated with younger patient age, and arises from lower grade precur-
sors. Secondary GBM has better prognosis and typically carries mutations in isocitrate
dehydrogenase 1 (IDH1) and Tumour protein 53 (TP53) genes [2].
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Standard GBM treatment involves surgical resection, where the extent of resectable
tumour is dictated by risk to the patient, as the tumour often infiltrates essential parts of the
brain. Following surgical treatment, patients are treated with radiation and concomitant
temozolomide (TMZ), then adjuvant TMZ to target remaining tumour cells [3]. Recurrence
is, on average, observed 7–10 months post treatment [4]. The median overall survival (OS)
of GBM patients is 12–14 months, even after treatment with TMZ and radiation, primarily
due to the invasive nature of the cancer and resistance to therapies [4].

To date, few molecular biomarkers have been discovered. These include O6-methylguanine
DNA methyltransferase (MGMT) promoter methylation [5], Isocitrate dehydrogenase 1
(IDH1) mutation [6], mutations in the promoter region of the telomerase reverse transcrip-
tase (TERT) gene [7], and amplification and/or overexpression of EGFR [8]. These markers
have shown potential to predict the survival outcomes and treatment response in GBM
patients. MGMT promoter methylation is known as a positive prognostic biomarker for
patients treated with alkylating agents such as TMZ [5]. The MGMT gene encodes a DNA
repair protein, which reverses DNA alkylation [9]. MGMT promoter methylation reduces
its expression, thereby rendering cells more vulnerable to alkylating agents [9]. IDH1
mutation (R132H) is also considered a favourable prognostic biomarker for GBM patients.
It is more common in younger patients (18–45 years) and more frequent in secondary GBM
(~73%), while rare in primary GBM (~3.7%) [10,11]. EGFR amplification and overexpression
have been implicated as prognostic and predictive biomarkers [8]. Various EGFR targeting
tyrosine kinase inhibitors (TKIs), such as gefitinib, erlotinib, and afatinib, have been trialled
as targeted therapies for GBM [12].

These potential molecular biomarkers have value for GBM patient management or
are informative in the context of standard of care TMZ and radiation treatment. However,
for a subset of patients, the outcome is not well predicted by these markers, and may
be comparably better or worse than predicted. This highlights the need to investigate
other biomarkers associated with prognosis and response to treatment, particularly for
newer treatment modalities. For instance, VEGF is proposed to drive angiogenesis and
tumourigenesis due to its aberrant expression in GBM patients [13], and is therefore an
attractive therapeutic target. Bevacizumab, a humanised antibody to vascular endothelial
growth factor (VEGF), approved for recurrent GBM in many countries, was also trialled
in newly diagnosed patients. However, no survival benefit was reported in the newly
diagnosed GBM patients receiving bevacizumab in addition to standard of care [14]. Many
studies have proposed various pharmacodynamic, prognostic and predictive biomarkers to
preselect the patients that are more likely to receive survival benefits from anti-angiogenic
therapies and to limit side effects.

An array of anti-angiogenic biomarkers including soluble vascular endothelial growth
factor receptor 1 (sVEGFR1), soluble vascular endothelial growth factor receptor 2 (sVEGFR2),
placental growth factor (PlGF) and VEGF are considered potential pharmacodynamic
biomarkers. Their dynamics in peripheral blood samples are proposed to be associated
with response to treatment and duration of survival [15].

To determine the value of these biomarkers, we were interested if reported data
from GBM clinical trials could be evaluated for biomarkers of response to standard of
care therapy or other treatment regimens trialled in the clinic. We therefore conducted
a systematic review of key molecular biomarkers that have been investigated for their
predictive value in recent GBM clinical trials and performed meta-analyses of such markers
where statistical power (reported association with response) was sufficient.

2. Materials and Methods

2.1. Protocol and Registration

This review was registered in PROSPERO (registration number CRD42021238962) and
was designed and carried out using Preferred Reporting Items for Systematic Reviews and
Meta-analysis (PRISMA) formatting and guidelines [16].
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2.2. Study Design and Search Strategy

A comprehensive literature search was conducted using three electronic databases:
PubMed, Cochrane library and Embase databases for recent articles published between
January 2010 to December 2021.The search strategy was deliberately broad and based
on combination of keywords. The search terms used were “brain cancer biomarkers”,
“glioblastoma biomarkers” and “glioma biomarkers”. Clinical studies published in English
language in the last 10 years until December 2021 involving human subjects only were
searched. Additional filters to include only clinical trials and randomised controlled trials
(RCT) were applied in Pubmed and Embase. Included articles were screened for additional
relevant studies cited for inclusion in our analysis if meeting criteria. The studies were then
imported into the Rayyan Qatar Computing Research Institute (QCRI) systematic review
application for further evaluation [17].

2.3. Study Selection and Criteria

In the screening process, two reviewers (H.S. and B.P.) independently screened all the
imported publications in Rayyan. Studies were included if they evaluated histopathological
confirmed GBM; patient number was more than 35; contained response evaluation of
biomarkers; had OS/PFS/response rate and association of biomarker with OS/PFS; were
an original study (RCT, cohort study or observational study). Publications were excluded
if they were duplicates, reviews, letters, comments, clinical trial protocols or conference
abstracts. Upon completion of inclusion and exclusion, any disagreements were resolved
by consensus between the two reviewers. Included studies were inspected for duplication
of patient cohorts or part of cohorts and if found to be duplicated the one with the most
up to date data were included to avoid that the same data for identical cohorts was not
included more than once.

2.4. Data Extraction

Ultimately a subset of 26 publications were included for data extraction and analysis
and uploaded to Covidence for data extraction and quality assessment using the data
extraction tool adapted for the current study. Extracted data included: general informa-
tion (study title, lead author details), characteristics of included studies (study design,
biomarkers tested, intervention and treatment outcomes (OS and PFS) associated with
biomarkers, histopathology of tumour, total number of participants. Publications were
included in meta-analyses if the hazard ratio and confidence intervals (HR and 95% CI) for
the biomarkers affecting OS and PFS were given or were reliably calculated from provided
Kaplan–Meier curves. For biomarkers, where number of studies or patient number did
not warrant meta-analysis descriptive qualitative analyses was included. After detailed
evaluation and discussion between two reviewers, 19 out of 26 studies were included in the
meta-analyses while biomarkers of 7 studies underwent descriptive qualitative analysis.

2.5. Quality Assessment

Quality assessment was performed on all 26 included studies by two blinded reviewers
using the Covidence Quality in Prognosis Studies (QUIPS) tool amended for the current
study [18].

We assessed risk of bias across the six domains: study participation, study attrition,
prognostic factor measurements, outcome measurement, study confounding, and statistical
analysis and reporting [18]. Study participation was assessed for GBM histology, inclusion
and exclusion criteria, adequate study participation (cohort size greater than 35), baseline
characteristics (stage, grade, previous and current treatments). Study attrition included
proportion of baseline samples available for biomarker analysis, reasons for not assessing
samples (loss of follow up), attempts to collect information of non-assessed samples. Retro-
spective studies were not assessed for this domain. The prognostic factor measurements
domain assessed whether the publication reported clear definition of prognostic factor.
controls and methods for biomarker detection were valid and reliable. Method of mea-
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surement of prognostic factors is same for all the samples and is measured in an adequate
proportion of study sample. The outcome measurement domain assessed whether the clear
definition of outcome is provided and determined prior to biomarker analysis. Method of
outcome measurement is reliable and valid. Outcome is assessed in adequate proportion of
study sample and with the same method. The study confounding measurement domain
assessed confounders measurements, including the previous and current treatments in
relation to biomarkers, measured dose and duration of treatment. Statistical analysis and
reporting assessed statistical tests used for biomarker expression in relation to survival
outcomes. Appropriateness of the statistical tests for the data was assessed and description
of the association of prognostic factors with the outcomes was reported.

2.6. Statistical Analysis and Data Analysis

Data retrieved from published reports underwent both quantitative and qualitative
analysis. Statistical Analysis was performed using Review Manager (Review Manager–
RevMan, 2020) and represented graphically. Random effect model based on the logarithm
of the hazard ratio (HR) weighted by the inverse of the variance was used for combining
results from the individual data. HR and CIs were used to evaluate the association of
biomarkers with the OS. Statistical heterogeneity of included studies was assessed by the I2

statistics and chi-square test, and I2 value > 50% or Heterogeneity, 0.05 indicated substantial
heterogeneity.

HR and CIs of multivariate analysis were selected preferentially if both univariate and
multivariate analysis data was specified in the publication. In some cases, where HR and
CIs were not given in the publications, they were calculated from the Kaplan-Meier curves
using Enguage Digitizer software with reported methods [19].

3. Results

Of 1831 screened publications (1827 from database searches, 4 from in-publication cita-
tions), 26 studies were identified as eligible for inclusion in this review and analyses. The
process of search, inclusion and exclusion of studies is presented in Figure 1 [16]. 26 studies
met inclusion criteria reporting predictive and prognostic role of molecular biomarkers
in GBM patients (Table 1). Meta-analysis was performed on clinically relevant biomarker
information available for GBM patients in included publications. The main biomarkers
analysed here included MGMT methylation (14 studies), IDH1 mutation (5 studies) and
EGFR expression/amplification (5 studies). Due to limited data for meta-analyses, associa-
tion with OS of GBM patients was qualitatively evaluated for seven “circulatory biomarker”
studies as well as one study with “cytokine and immune signature biomarkers”.

3.1. Risk of Bias Assessment and Sensitivity Analysis

The risk of bias quality assessment using QUIP tools is summarised in Table 2. Studies
that have more than one domain assessed as high risk of bias were not included in the
meta-analysis. Of 19 studies included in the meta-analysis, one study was assessed as
high risk of bias for the study participation domain for not defining the inclusion criteria.
This was still included in meta-analysis, as this was considered of low impact on analyses
outcome. One study was assessed as high risk of bias for the study attrition domain.
The included study was assessed as high risk of bias due to a smaller patient cohort size
available for biomarker analyses (MGMT methylation was assessed for only 28 patients out
of 53 included in that study). Studies included in the meta-analysis were either assessed as
low risk of bias, moderate or unclear for the prognostic factor measurement domain and
the confounding factors measurement domain. Six studies with high risk of bias for the
outcome measurement domain were included in meta-analysis after carefully extracting
the OS data and its association with biomarkers, while the other 4 studies did not have
enough survival data for inclusion in the meta-analysis and are described qualitatively. All
the studies included in the meta-analysis were assessed as low risk of bias for the statistical
analyses’ domain.
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Sensitivity analysis was performed manually in RevMan by taking out one study at a
time to determine the effect of that study on the overall association of biomarkers with OS.

Figure 1. A PRISMA flow diagram of literature screening and exclusion criteria.

Table 1. The characteristics of included studies.

Study
Published

Year
Histology

Study
Design

Treatment
Median

Age
No. of

Patients
Endpoint/
Outcome

Biomarker
Analysed

Abdullah et al.
[20] 2015

Newly
diagnosed

GBM
R

Adjuvant
chemotherapy α +

Radiotherapy
83 58 OS EGFR, TP53

Accomando et al.
[21] 2020 Recurrent

GBM R Retroviral treatment
Toca 511 + Toca FC 55 56 OS

Tumour
immune
signature

and cytokine
signature

Batchelor et al.
[22] 2013

Newly
diagnosed

GBM
RCT TKI (cediranib) +

chemoradiotherapy 57 46 OS

EGFR,
PDGFRA,
MET and

circulatory
biomarkers

Batchelor et al.
[23] 2017 Recurrent

GBM Clinical trial TKI (tandutinib) 56 56 OS circulatory
biomarkers

Beije et al. [24] 2015 Recurrent
GBM P TKI (bev/lomustine) 57 141 OS

CECs
(circulatory
epithelial

cells)

185



Int. J. Mol. Sci. 2022, 23, 8835

Table 1. Cont.

Study
Published

Year
Histology

Study
Design

Treatment
Median

Age
No. of

Patients
Endpoint/
Outcome

Biomarker
Analysed

Bloch et al. [25] 2017
Newly

diagnosed
GBM

RCT
Immunotherapy

(HSPPC-96Prophage) +
chemoradiotherapy

58 46 OS MGMT,
PDL1

Butowski et al.
[26] 2011

Newly
diagnosed

GBM
RCT TKI (enzastaurin) +

chemoradiotherapy 57 66 OS MGMT

Carvalho et al.
[27] 2021 Recurrent

GBM R TKI (bev + irinotecan) 59 40 OS c-MET,
VEGFR2

Cloughesy et al.
[28] 2017 Recurrent

GBM RCT

TKI Arm
1 = (onartuzumab +

bev)
Arm 2 = (Pla + bev)

Arm1 = 57
Arm2 = 55

Arm1 = 64
Arm 2 = 65 OS MGMT

Collins et al. [29] 2014 Recurrent
GBM R Alkylating agents

(TMZ/PVC) 53 309 OS IDH1

Erdem-Eraslan
et al. [30] 2016 Recurrent

GBM R TKI (lomustine/bev) 57 148 OS MGMT,
IDH1

Galanis et al. [31] 2013 Recurrent
GBM Clinical trial TKI (bev/sorafenib) 55 54 OS

Circulatory
biomarkers,

CECS

Gerstner et al.
[32] 2015 Recurrent

GBM Cohort study TKI (cediranib maleate
+ cilengitide) 54 45 OS Circulatory

Biomarkers

Han et al. [33] 2014 Recurrent
GBM Cohort study Alkylating agents

(TMZ) 53 60 OS MGMT

Jan et al. [34] 2018
Newly

diagnosed
GBM

Cohort study
Immunotherapy

(ADCTA vaccine) +
chemoradiotherapy

51.8 * ADCTA = 27
Reference = 20 OS MGMT,

IDH1

Lotsch et al. [35] 2013
Newly

diagnosed
GBM

R NA 60 * 100 OS MGMT,
IDH1

Lee et al. [36] 2015
Newly

diagnosed
GBM

RCT TKI (vandatinib) +
chemoradiotherapy

Arm1 = 55
Arm2 = 59

Arm1 = 36
Arm 2 = 70 OS Circulatory

biomarkers

Michaelsen et al.
[37] 2013

Newly
diagnosed

GBM
P chemoradiotherapy 59.2 225 OS MGMT,

EGFR, TP53

Omuro et al. [38] 2014
Newly

diagnosed
GBM

Clinical trial TKI (bev)+
chemoradiotherapy 55 40 OS MGMT

Reardon et al.
[15] 2018 Recurrent

GBM Cohort study TKI (trebananib/bev)

Cohort
1 = 61.9
Cohort
2 = 63.1

Cohort1 = 11
Cohort
2 = 37

OS

Circulatory
biomarkers,

MGMT,
IDH1

Reardon et al.
[39] 2020 Recurrent

GBM RCT TKI (nivolumab/bev)
Arm

1 = 55.5
Arm 2 = 55

Arm1 = 184
Arm

2 = 185
OS MGMT

Roodakker et al.
[40] 2016

Newly
diagnosed

GBM
R Chemoradiotherapy

N1 = 57 *
N2 ≥ 60
N3 ≤ 60

N1 = 86
N2 = 174
N3 = 80

OS MGMT

Srividya et al.
[41] 2010

Newly
diagnosed

GBM
P Chemoradiotherapy 47 140 OS EGFR

Tini et al. [42] 2015 NA R Chemoradiotherapy 63 144 OS EGFR,
MGMT
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Table 1. Cont.

Study
Published

Year
Histology

Study
Design

Treatment
Median

Age
No. of

Patients
Endpoint/
Outcome

Biomarker
Analysed

Weller et al. [43] 2015 Recurrent
GBM RCT Alkylating agents

(TMZ)
Arm 1 = 58
Arm 2 = 56

Arm1 = 52
Arm 2 = 53 OS MGMT

Wirsching et al.
[44] 2018

Newly
diagnosed

GBM
Clinical trial TKI (bev) + rad 70 75 OS MGMT

Studies are labelled as the last name of the first author and presented in alphabetical order. Abbreviations:
Toca 511 = Vocimagene amiretrorepvector; Toca FC = 5-fluorocytosine; TMZ = Temozolomide, rad = radiation
therapy, TKI = Tyrosine kinase inhibitors, bev = bevacizumab, Pla = Placebo, PVC = (procarbazine, CCNU (1-(2-
chloroethyl)-3-cyclohexyl-1-nitrosourea) and vincristine, ADCTA = autologous dendritic cell tumour antigen vac-
cine, chemoradiotherapy = radiation therapy + chemotherapy with TMZ; R = Retrospective study, P = prospective
study, RCT = Randomised control trial, OS = Overall survival; * = mean age; # = mean + STD DEV; N1 = screening
cohort, N2 and N3 = Validation Cohort. α = Chemotherapeutic drug not specified. NA = Treatment modality not
given in the study.

Table 2. Risk of bias assessment.

Study ID
1.5 Summary

of Study
Participation

2.4 Summary
Study Attrition

3.4 Summary of
Prognostic Factor

Measurement

4.4 Outcome
Measurement

Summary

5.3 Summary of
Confounding

Factors

6.4 Statistical
Analysis and

Reporting
Summary

Abdullah 2015 [20] Low NA Low High Moderate Low
Accomando 2020 [21] Low NA High High High High

Batchelor 2013 [22] Low Low Low High Low Low
Batchelor 2017 [23] Low Unclear Low High High Low

Beije 2015 [24] Low Unclear Low Low High Low
Bloch 2017 [25] Low Low Low Low Low Low

Butowski 2011 [26] Low Low Unclear Low Low Low
Carvalho 2021 [27] Low NA Low Low Low Low

Cloughesy 2017 [28] Low Low Low High Low Low
Collins 2014 [29] Low NA Low Low Low Low

Erdem-Eraslan 2016 [30] Low NA Low Low Low Low
Galanis 2013 [31] Low Low Low Low Low Low
Gerstner 2015 [32] Low Low Low Low Low Low

Han 2014 [33] Low High Low Low Low Low
Jan-18 [34] Low Low Low Low Low Low

LÃ¶tsch 2013 [35] High NA Low Low Low Low
Lee 2015 [36] Low Low Low High Low Low

Michaelsen 2013 [37] Low Low Low Low Low Low
Omuro 2014 [38] Low Low Low High Low Low

Reardon 2018 [15] Low Low Low Low Low Low
Reardon 2020 [39] Low Low High Low Low Low

Roodakker 2016 [40] Low NA Low High Low Low
Srividya 2010 [41] Low Low Low Low Low Low

Tini 2015 [42] Low NA Low High Low Low
Weller 2015 [43] Low Low Low Low Low Low

Wirsching 2018 [44] Low Low Unclear High Low Low

Risk of bias accessed by QUIPS tool. NA = not applicable (domain not accessed for retrospective studies).

3.1.1. Quantitative Analysis
MGMT Methylation

MGMT methylation data from fourteen studies, involving a total of 1231 patients
with differing treatment regimens were included in the analysis for association of OS and
MGMT status. The MGMT methylation status was determined in 10 out of 14 studies
by methylation specific PCR [15,26,28,30,33–35,38,42–44]. Pyrosequencing was used in
one study [40], and 3 studies did not report the methodology of MGMT methylation
assessment [15,25,39].

Overall, MGMT methylation showed a significant association with better OS in GBM
patients with a combined HR ratio of 1.66 (95% CI 1.32–2.09, p < 0.0001, random effect;
Figure 2). Since the therapeutic intervention varied for the 14 studies, sub-group analy-
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sis based on therapy was also performed to evaluate differential association of MGMT
promoter methylation with OS (Figure 2).

 

Figure 2. A forest plot demonstrating the association of MGMT methylation status with
OS [15,25,26,28,30,33–35,38–40,42–44]. Abbreviations: SE: standard error; CI: confidence interval,
bev= bevacizumab, niv= nivolumab < 60= < 60 years, > 60= >60 years. Size of the red square indicates
the relative weight of the study as it contributes to the results of the overall comparison. The diamond
at the bottom of the forest plot shows the result when all the individual studies are combined and
averaged. The effect measure used was HR, where values greater than 1.0 indicate that patients with
MGMT methylation has low risk of mortality than patients with unmethylated MGMT and vice versa
for values less than 1.0.

As expected, in patients treated with alkylating agents, there was a significant associa-
tion of MGMT methylation with better OS, with a pooled HR ratio of 1.64 (95% CI 1.23–2.18;
p = 0.0007). Another subgroup of patients was treated with TKIs (with or without alkylating
agent in combination) also revealed significant association of MGMT methylation with OS,
with a pooled HR ratio of 1.82 (95% CI 1.25–2.64; p = 0.002). Similar results were observed in
the subgroup of patients receiving immunotherapy with or without alkylating combination,
with a pooled HR ratio of 2.22 (95% CI 1.21–4.06; p = 0.01), (Figure 2). Sensitivity analysis
was performed for two different treatment types (alkylating agents and tyrosine kinase
inhibitors) by removing one study at a time. There was no change found in the overall
significance of association of biomarker with overall survival (Supplementary Table S1).

IDH1 Mutation

Five studies investigated IDH1 status in 541 patients (480 with IDH1 wildtype and
61 with IDH1 mutation) [15,29,30,34,35]. Treatments in this cohort included alkylating
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agents [29], TKIs [15,30] and immunotherapy in combination with alkylating agent [34].
One study did not specify the treatment [35]. IDH1 mutation was significantly associated
with longer OS in GBM patients irrespective of the therapeutic intervention. The pooled
HR ratio was 2.37 (95% CI 1.81–3.12; p < 0.00001) (Figure 3). No significant effect on data
outcome was observed after performing a sensitivity analysis (Supplementary Table S2).

Figure 3. The association of OS with IDH1 mutation status [15,29,30,34,35]. Abbreviations; WT = wild
type, MT = mutant. Size of the red square indicates the relative weight of the study as it contributes
to the results of the overall comparison. The diamond at the bottom of the forest plot shows the result
when all the individual studies are combined and averaged. The effect measure used was HR, where
values greater than 1.0 indicate that patients with IDH1 MT has low risk of mortality than patients
with IDH1 WT and vice versa for values less than 1.0.

EGFR Amplification or Overexpression of EGFR Protein

Five studies reported EGFR amplification and/or high expression of EGFR protein
in a total of 575 patients [20,22,37,41,42]. Four studies included in the analysis investi-
gated the association of high expression of EGFR [20,37,41,42] with OS and one study
investigated the association of EGFR amplification with OS [22]. Treatment in this cohort
included chemoradiotherapy (TMZ and radiotherapy) in 3 studies [37,41,42] and TKI with
chemoradiotherapy in one study [22]. Treatment modality was not clearly defined in one
study [20]. OS was not significantly associated with EGFR status, with a combined HR
ratio of 1.31 (95% CI 0.96–1.79; p = 0.08) (Figure 4), possibly due to inadequate statistical
power. Sensitivity analysis demonstrates the significant effect of one study [41] on the
overall outcome on the association of EGFR with OS (Supplementary Table S3).

Figure 4. The association of OS with EGFR amplification or EGFR overexpression [20,22,37,41,42].
* Treatment type = chemoradiotherapy + TKI; Size of the red square indicates the relative weight of
the study as it contributes to the results of the overall comparison. The diamond at the bottom of the
forest plot shows the result when all the individual studies are combined and averaged. The effect
measure used was HR, where values greater than 1.0 indicate that patients with EGFR amplification
or EGFR overexpression has high risk of mortality than patients with no EGFR amplification or EGFR
overexpression and vice versa for values less than 1.0. Note: expression of EGFR was determined
by immunohistochemistry.
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3.1.2. Qualitative Analysis

Our broad search for molecular biomarkers in GBM produced a set of candidates that
may have value in specific trial treatment settings. However, data were insufficient for a
meta-analysis, and is summarised in Table 3 and briefly discussed below.

Table 3. The association of other biomarkers with treatment response in GBM patients.

Study Treatment Biomarker Outcome

Batchelor et al. 2013 [22] Chemoradiation + cediranib sVEGFR1
High plasma sVEGFR1 at treatment

cycle 2/day 1: poor PFS & OS
(p < 0.05)

Batchelor et al. 2017 [23] tanutinib sVEGFR1, plasma PlGF

1. Decrease in sVEGFR1 at treatment
cycle 2/day 1: longer PFS & OS

(p = 0.05; 0.01 respectively)
2. Decrease in plasma PlGF at day 10:

longer PFS (p = 0.04)

Lee et al. 2015 [36] Chemoradiation +
vandatinib sVEGFR1, plasma PlGF

1. Longitudinal sVEGFR1 increase:
poor OS (p < 0.05)

2. Longitudinal PlGF increase: poor
OS (p <0.05)

Gerstner et al. 2015 [32] cediranib maleate +
cilengitide Plasma PlGF Early PIGF increase (at day 2): longer

PFS (p = 0.03)

Reardon2018 [15] trebananib/bevacizumab Plasma VEGF and
Interleukin-8 (IL-8) levels

1. High plasma VEGF: poor PFS & OS
(p < 0.005)

2. High plasma IL-8: shorter OS
(p < 0.05)

Beije et al. 2015 [24]
bevacizumab

(avastin)/bevacizumab and
lomustine/lomustine.

Circulatory endothelial
cells (CECs)

For single agent lomustine treated
patients with higher absolute CEC

numbers after 4 and 6 weeks of
treatment: longer OS (p = 0.03,

p = 0.004 respectively)
Absolute CEC numbers in patients

receiving bevacizumab plus
lomustine or bevacizumab single

agent: no OS effect

Galanis et al. 2013 [31] bevacizumab/sorafenib Circulatory endothelial
cells (CECs)

No correlation of baseline CEC values
and 6 months PFS

Carvalho et al. [27] bevacizumab c-Met, VEGFR2

1. c-MET overexpression: TTP
(p = 0.05)

2. VEGFR2 overexpression: Shorter
TTP (p = 0.009)

3. Concomitant overexpression of
c-Met and VEGFR2: worse TTP

(p = 0.001)
4. Concomitant overexpression of

c-Met and VEGFR2: worse OS
(p = 0.025)

Accomando et al. [21] Retroviral treatment Toca
511 + Toca FC

Pre-treatment tumour
immune signature (in

tumour microenvironment),
post treatment Cytokine

signature (in plasma)

1. Tumour immune signature was
found to be higher in responders than

non-responders (p < 0.001)
2. High cytokine signature: improved

survival (p < 0.05)

Abbreviations: TTP = time to progression; Toca 511 = Vocimagene amiretrorepvector; Toca FC = 5-fluorocytosine;
Tumour immune signature = Activated memory CD4 T cells * M1 macrophages/1 + Resting NK cells * M0
macrophages; Cytokine signature = E-selectinmax * MIP-1βmax/1 + IL6max; Max = maximum value of the
3 cytokines.
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Tumour Immune Signature and Cytokine Signature

One study reported the molecular biomarkers associated with response to retroviral
immunotherapy. Vocimagene amiretrorepvector (Toca 511) is a cancer selective, retroviral
replicating vector that encodes cytosine deaminase. When administered, extended release
5-fluorocytosine (Toca FC) is converted by cytosine deaminase into the potent, short lived,
chemotherapeutic agent, 5-fluorouracil, which diffuses into the tumour microenvironment
from Toca 511–infected cells. Biomarkers that predicted the better clinical response to
treatment in the TOCA 511/FC treated GBM patients were tumour immune signature and
cytokine signature. Toca 511 and Toca FC cancer treatment has a putative mechanism of
action that includes T cell–mediated antitumour immune activity, so the tumour immune
signature based on the immune composition of the tumour micro-environment can po-
tentially predict the clinical response in high grade glioma patients. Higher values of this
signature indicate that more activated memory CD4+ T cells, more M1 macrophages, fewer
resting Natural killer cells (NK cells), and fewer M0 macrophages were detected in patient
tumour tissue. This signature was found to be higher in responders than in non-responders
(Wilcoxon rank-sum test, p < 0.001) [21].

The anti-tumour immune activity of TOCA 511/FC treatment can also be measured by
cytokine levels from the patient’s plasma samples. Accomando and colleagues measured a
cytokine signature incorporating three cytokines (soluble E-selectin, Macrophage Inflam-
matory protein-1β and Interleukin-6) that were associated with the response to therapy
and OS [21]. Increasing values of this cytokine signature indicate higher peak E-selectin,
higher peak MIP-1β, and lower peak Interleukin-6 (IL-6) in peripheral blood during and
after Toca 511 and Toca FC treatment [21]. A higher value of the signature was associated
with improved survival (p < 0.001).

Circulatory Biomarkers

Eight studies included in this review reported the trial results of tyrosine kinase
inhibitor therapies and the molecular biomarkers associated with response to treatment,
including circulatory biomarkers. Circulatory biomarkers such as sVEGFR1, plasma PlGF
and VEGF levels, and CECs are proposed as potential prognostic and predictive biomarkers
in anti-VEGF therapies (Table 3). For the management of GBM which is characterised by
high vascularisation and aberrantly high levels of VEGF expression, anti-VEGF therapies
are being trialled [45]. sVEGFR1 is implicated as a negative regulator of the VEGF pathway
and proposed as a resistance biomarker to anti-VEGF therapies in other solid cancers [46].

PlGF is another member of VEGF family, and its dynamics are now being considered
as a potential pharmacodynamic biomarker to anti-VEGF therapy [47,48]. Overexpression
of PlGF in preclinical models promotes tumour growth, which makes it an attractive
therapeutic target [49].

Circulatory endothelial cells (CECs) are mature endothelial cells shed off the blood
vessels as a result of vascular damage. Increased plasma levels of CECs are reported in
cancer patients that corelate with VEGF levels. CECs may serve as a surrogate marker
of anti-angiogenic activity that reflect the disease status and response to anti-angiogenic
treatment [50].

Pharmacodynamics of blood based sVEGFR1, sVEGFR2, PlGF, VEGF, cytokine signa-
ture, and CECs may also be useful to monitor the target effect, tumour response and treat-
ment outcome in response to anti-VEGF therapies and immunotherapy [15,21–24,31,32,36].
If these biomarkers indeed guide decision making to continue or terminate treatment in
the early phases of a trial, benefit may be maximised.

Immunotherapies targeting the PDL1-PD1 axis have entered standard clinical practice
for various solid cancers including (non-small cell lung cancer, gastric cancer, urothelial
cancer, cervical cancer, and melanoma) [51–54]. Recent studies have shown the direct
association of PDL1 expression with survival in GBM patients [55–57], although more
studies are needed to evaluate benefit of immunotherapy in GBM.
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4. Discussion

GBM is the most common and aggressive type of brain cancer and treatment options
have not notably improved for decades. There are different molecular subtypes within
GBM and, conceivably, targeting driver pathways or molecular “weaknesses” may lead to
better patient outcomes. MGMT and IDH1 are widely accepted biomarkers in the clinical
context to provide prognostic or predictive information and their utilities are linked to the
standard of care therapy. Here, we were interested in not only re-evaluating the utility of
MGMT and IDH1 but also other possible candidate biomarkers for their association with
GBM patient OS in the setting of clinical trials using standard of care and other treatment
modalities. Such biomarkers may add benefit to future clinical trials and better GBM
patient management. Yet, perhaps not surprisingly, the best studied biomarkers, even in
the clinical trials context, remain MGMT, IDH1, and EGFR.

MGMT methylation, as a prognostic and predictive biomarker of GBM, has been
comprehensively studied previously [5,58]. Initially Stupp et al. provided evidence of
association of MGMT promoter methylation to outcome in GBM patients treated with TMZ
and radiation therapy versus radiation alone [3]. Further trials involving 206 GBM patients
confirmed better survival outcomes in those with MGMT promoter methylation when
treated with TMZ and radiation [59]. A previous meta-analysis which analysed 30 studies
with the total of 2986 patients demonstrated MGMT methylation status as a prognostic
factor in GBM patients showing significant association with better OS and progression
free survival (PFS) for patient treatment with alkylating agents [5]. In our systematic
review focusing on recent clinical trials (conducted in the last 10 years), we included
14 studies/1231 patients and investigated the association of MGMT promoter methylation
with OS outcomes in GBM patients, irrespective of therapeutic intervention. Our analysis
of MGMT methylation in GBM agrees with previous findings, manifesting a significant
association of MGMT methylation with good OS in GBM patients. Interestingly, the survival
benefit is not limited to patients treated with alkylating agents but was observed in all the
GBM patients irrespective of treatment.

However, substantial heterogeneity was observed in the overall analysis of association
of MGMT methylation with OS for the 14 included studies (I2 = 56%), while this was
smaller (I2 = 38%) for studies focusing on alkylating agent treatments. We were also able
to perform subgroup analysis based on the treatment type, and still found significant OS
association with MGMT methylation. This observation is intriguing and suggests that
while the close functional link between MGMT and alkylating agents would predict such a
relationship, there may be more biological significance to MGMT methylation resulting in
clinical benefits from other agents. Of the 7 studies included for the TKIs treatment group,
2 studies investigated newly diagnosed GBM patients who received TKIs therapy together
with standard of care alkylating agents [26,38] and one study investigated newly diagnosed
GBM patients treated with TKIs and radiation therapy [44]. The other 4 studies investigated
the prognostic value of MGMT methylation in patients at first or second recurrence after
standard therapy (chemotherapy with TMZ and radiation). In these 4 studies, patients were
treated with either bevacizumab alone or in combination with other drugs [15,28,30,39].
The prognostic significance of MGMT methylation for progressive GBM patients treated
with bevacizumab has been reported previously [60,61]. Wick et al. reported MGMT
methylation as positive prognostic biomarker in the recurrent GBM patients treated with
either bevacizumab or combination of bevacizumab and lomustine (HR: 0.48; p < 0.001) [60].
Similar findings were reported by Gleeson et al. with better OS observed in patients with
MGMT methylated tumours as compared to those with unmethylated tumours (HR:0.61,
p = 0.027) [61].

Three studies were included in the subgroup analysis of prognostic significance of
MGMT methylation in patients receiving immunotherapy [25,34,39]. Two of these studies
were conducted on newly diagnosed patients who also received standard of care along
with immunotherapy [25,34] and one study enrolled patients at their first recurrence
after standard treatment with TMZ and radiation [39]. This study compared the OS
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survival benefit in patients treated with nivolumab (PD-1 immune check point inhibitor) vs
bevacizumab. No statistical difference was observed in the risk of death between groups
(HR, 1.04; 95% CI, 0.83–1.30, p = 0.76). However, MGMT methylation status was prognostic
in both groups. Taken together, these findings suggest MGMT methylation as strong
prognostic biomarker in both newly diagnosed and recurrent GBM patients regardless of
treatment intervention. However, the association of MGMT methylation with survival may
still be functionally linked to alkylating agents and radiotherapy received either in parallel
or prior to the trial.

IDH1/2 catalyses the reversible oxidation of isocitrate to yield α-ketoglutarate with
simultaneous reduction of NADP+ to NADPH. This NADPH produced by the cells pro-
vides a cellular defence against intracellular oxidative damage [62]. IDH1 mutations are
found in approximately 12% of GBM patients [10]. Mutation in IDH1 is favourable for OS
and an independent prognostic GBM biomarker [63]. Our analysis adds support to these
findings [15,29,30,34,35].

EGFR, a receptor tyrosine kinase, upstream of central signalling pathways such as
PI3K/AKT and RAS/RAF/MEK/MAPK pathways, is often altered in cancer [64]. Alter-
ations and overexpression of EGFR are often linked with oncogenesis in GBM and are
widely investigated in this context [65,66]. EGFR amplification and/or overexpression is
observed in 50–60% of GBM [67,68]. Past studies which explored the prognostic signifi-
cance of EGFR mutations, amplification and/or overexpression in GBM reported conflicting
results [8,67,69–71]. While some studies found association of EGFR overexpression and
amplification with poor prognosis [8,67], others did not find prognostic value of EGFR in
GBM [69,71]. In addition, EGFR is also considered a potential target for newer therapies
in GBM. However, the results from clinical trials targeting EGFR through various small
kinase inhibitors (erlotinib, gefitinib, afatinib, and lapatinib) were disappointing, at least
in part due to poor drug penetrance through the blood–brain barrier. However, adaptive
reliance on redundant pathways to overcome EGFR inhibition has been proposed [72] in
line with observations in other cancers treated with EGFR inhibitors.

In our meta-analysis, we included 5 studies with 575 patients and did not find signifi-
cant association of EGFR amplification and or overexpression with OS in GBM patients.
However, substantial heterogeneity was found among the included studies (I2 = 81%).
Factors that may contribute to the heterogeneity include methods of determination of
EGFR expression and amplification, therapeutic intervention, first diagnosis vs recurrence,
median age, ethnic diversity and experimental design. Four studies included in this review
assessed EGFR overexpression by immunohistochemistry [20,37,41,42], while amplification
of the EGFR gene was assessed by fluorescence in-situ hybridisation (FISH) in another
study [22]. Among the included studies, 4 studies investigated the overexpression of EGFR
and its prognostic value in the patients receiving standard of care [20,37,41,42]. Results
were diverging with some showing strong association of EGFR overexpression with worse
survival while others produced no or limited association with survival [20,37,41,42].

Of note, one study investigated the association of EGFR amplification with OS in
patients receiving standard of care treatment in combination with anti-VEGF TKI cedi-
ranib [22]. This study demonstrated improved survival in a subset of newly diagnosed
GBM patients with improved tumour blood perfusion after receiving standard 6 weeks of
fractionated radiation along with daily temozolomide and cediranib. They found an inter-
esting correlation of EGFR amplification with lack of increase in perfusion after treatment.
EGFR amplification was thus a negative prognostic factor for the patients treated with this
combination therapy. Further detailed investigation is needed to determine whether EGFR
is merely a poor prognostic variable or if it is associated with the vascular function after
anti-VEGF therapies.

While our data based on limited patient numbers suggests no statistical association of
EGFR amplification/overexpression, more homogeneous studies and larger patient cohorts
are needed to clarify the prognostic and predictive significance of EGFR in GBM.
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Other important biomarkers discussed in the review include the circulatory biomarkers
(sVEGFR1, sVEGFR2, PlGF, VEGF, cytokine signature, and CECs). These pharmacodynamic
biomarkers can be used to examine the target effect, tumour response and treatment
outcome for drugs targeting tyrosine kinase receptors [47]. The closer examination of these
biomarkers in the early phases of trials may be helpful in directing management decisions.

5. Conclusions

In conclusion, our meta-analysis confirms the positive prognostic significance of
MGMT methylation and IDH1 mutation in GBM patients regardless of treatment type. The
prognostic significance of EGFR amplification and overexpression still needs clarification.
We also highlighted potential biomarkers, especially easily accessible circulating blood-
based markers, which, however, need thorough future evaluation of their prognostic
and/or predictive utility for GBM in certain therapy settings. This study also highlights
the key knowledge gap in the literature which did not produce sufficient data to perform
meta-analysis on the biomarkers associated with novel therapies.

6. Limitations

This review has several limitations that need to be considered. Firstly, we deliberately
used broad search terms to retrieve all the studies evaluating prognostic and predictive
biomarkers with standard of care or novel treatment modalities for GBM patients. Although
considerable numbers of studies were identified in our search, a large proportion of studies
were excluded due to their small cohort size (n < 35) and inclusion of patients with brain
metastases. Secondly, insufficient data on novel biomarkers precluded a meta-analysis and
we are therefore unable to provide evidence for their prognostic or predictive value.

The low number of studies included in the meta-analysis of EGFR as biomarker was
another limitation of our review, so we combined EGFR amplification and overexpression to
increase sample size. Further analysis with a greater number of studies and homogeneous
biomarker detection is required to clarify evidence towards the prognostic significance of
EGFR in GBM.

Another limitation was the inclusion of clinical trials that showed no survival benefits
of trial drugs over standard of care. Thus, biomarkers evaluated in this context hold no
value for prediction of response to the trial treatment over standard of care.

Finally, the variation in methodologies for molecular investigation could confound
any statistical associations, either in favour of or against the trial hypothesis. Conceivably,
the use of ‘better’ methods of determining molecular alterations, and optimised tissues
(biopsy vs circulating) in carefully conducted trials with rigorous sampling and storage
conditions, and sufficient follow-up with many longitudinal samples, even if not of large
size, can provide good evidence of predictive and prognostic significance.
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Abstract: Glioblastoma remains the most malignant and intrinsically resistant brain tumour in
adults. Despite intensive research over the past few decades, through which numerous potentially
druggable targets have been identified, virtually all clinical trials of the past 20 years have failed to
improve the outcome for the vast majority of GBM patients. The observation that small subgroups of
patients displayed a therapeutic response across several unsuccessful clinical trials suggests that the
GBM patient population probably consists of multiple subgroups that probably all require a distinct
therapeutic approach. Due to extensive inter- and intratumoral heterogeneity, assigning the right
therapy to each patient remains a major challenge. Classically, bulk genetic profiling would be used
to identify suitable therapies, although the success of this approach remains limited due to tumor
heterogeneity and the absence of direct relationships between mutations and therapy responses in
GBM. An attractive novel strategy aims at implementing methods for functional precision oncology,
which refers to the evaluation of treatment efficacies and vulnerabilities of (ex vivo) living tumor cells
in a highly personalized way. Such approaches are currently being implemented for other cancer
types by providing rapid, translatable information to guide patient-tailored therapeutic selections. In
this review, we discuss the current state of the art of transforming technologies, tools and challenges
for functional precision oncology and how these could improve therapy selection for GBM patients.

Keywords: functional precision oncology; glioblastoma; drug sensitivity

1. Introduction

Targeted therapies hold the promise to eradicate cancer cells through the inhibition
of specific oncogenic proteins [1]. The efficiency of this approach largely depends on the
dependency of the cancer cells to the targeted pathway, meaning that the identification
of eligible patients is crucial to achieve clinical benefits. Current clinical practice uses a
variety of diagnostic approaches through which disease-specific biomarkers are identified
to select the most appropriate patients. For instance, the identification of HER2 amplified
or estrogen receptor-positive breast cancer anticipates favorable response to HER2-targeted
therapy or hormone therapy [2], EGFR mutation in lung cancer predicts response to EGFR-
targeted therapeutic compounds [3], while imatinib in Philadelphia chromosome-positive
leukemia predicts a favorable outcome in that context [4]. The completion of multiple
cancer genome projects and the installation of better, faster and cheaper methods for
genomic interrogations over the past 15 years has led to a better understanding of the
pathogenic mutations that are connected to various cancer types, and fueled the concept of
precision oncology [5]. Indeed, precision oncology aims at identifying effective therapeutic
approaches based on properties (biomarkers) that are specific to each patient’s tumor [6].
While the success stories highlighted above have now been around for more than a decade,
the applicability of this one-on-one relationship between specific biomarkers and associated
therapeutic responses has also faced many challenges and could only be exploited to
a very limited extent across available cancer therapies. There are several reasons why
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the identification of a simple biomarker to predict therapy response is not trivial. For
instance, inter- and intra-tumoral heterogeneity can greatly hinder the interpretation for a
treating oncologist as multiple genotypes (with potentially divergent treatment sensitivities)
can simultaneously populate the same tumor, thereby significantly affecting treatment
efficacy. Moreover, the simultaneous presence of additional, potentially interfering genomic
aberrations further complicates the interpretation of the relationship between a single
biomarker and clinical outcome.

1.1. The Complexity of GBM

Glioblastoma (GBM) [7], still the most malignant primary brain cancer in adults [8], sig-
nificantly suffers from the above described drawbacks. Already since 2005, the standard-of-
care treatment of GBM includes a multidisciplinary approach combining surgery, ionizing
radiation (RT) and chemotherapy. In spite of this aggressive approach, the median survival
of GBM patients generally does not exceed 2 years [9]. This is caused by a combination of
factors. (i) GBM is a highly infiltrative tumor, meaning that surgeons are commonly unable
to resect the entire tumor, resulting in significant amounts of residual disease. In line with
this, the extent of resection (EOR) has been identified as an important prognostic factor
for GBM [10]. (ii) Targeting the residual tumor cells, primarily done by a combination of
radiation therapy and temozolomide (TMZ), turns out to be extremely difficult: already
in more than 50% of patients, progressive disease is radiologically observed even before
finishing TMZ treatment (typically already within 3 months of therapy) [9]. This strongly
suggests that large amounts of intrinsically unresponsive tumor cells were residing in the
brain tissue even before starting therapy, which rapidly cause recurrence in GBM patients.
Identifying more suitable and patient-tailored therapies that are accessible to the central
nervous system (CNS) and are able to target a heterogeneous population of tumor cells
therefore remains a major challenge in achieving clinical benefits.

To identify appropriate drug targets for GBM, large-scale sequencing programs were
initiated to uncover disease causing genetic aberrations [11–13]. Over the past decade,
several hundreds of GBM tumors have been sequenced within various consortia, uncov-
ering complex and elaborate genetic alterations, including single nucleotide variants, fo-
cal or large chromosomal deletions and/or amplifications, and gene fusions [13]. For
several of these genetic aberrations, drugs that target the affected cellular pathways
have been developed, either in the context of GBM or other cancer types. Examples
of such targets/pathways include receptor tyrosine kinases (e.g., EGFR, PDGFRA, VEGFR,
MET) and various downstream intracellular signaling pathways (e.g., PI3K, AKT, mTOR,
MEK/ERK) [14], hyperactive fusion proteins (e.g., TACC-FGFR and NTRK-fusions) [15],
DNA repair (ATR/CHK1/CHK2, MDM2/4, PARP1, WEE) [16,17], and cell cycle regulation
(CDK4/6) [11]. In spite of numerous clinical trials that were conducted to test the efficacy
of these drugs against GBM, clinical results have been disappointing [8].

The failure of these trials could in part be explained by a lack of sufficiently precise
selection procedures to enroll the appropriate patients that could actually benefit from
the given therapy [18]. So far, such selection has primarily been based on bulk genetic
analyses, where the presence of specific genetic aberrations was used as inclusion criteria
for assigning appropriate therapy for each patient—an approach used for instance in the
INSIGhT trial for GBM patients (NCT02977780). However, the complexity and interpatient
heterogeneity of the genetic aberrations in GBM are so extensive that multiple interfering
pathways are often simultaneously affected [11–13], making it largely unclear whether
tumor cells of a particular patient would be responsive to a given therapy (even in the
presence of the particular targetable mutation). On top of this, with the advent of single-cell
sequencing methods, it turns out that the cellular composition of a GBM tumor is more
complex than initially anticipated. Indeed, single-cell RNA sequencing (scRNAseq) studies
showed that multiple of the TCGA-based tumor cell subtypes and a variety of stem cell-
like states (i.e., neural progenitor-like, astrocyte-like, oligodendrocyte progenitor-like and
mesenchymal-like) can be simultaneously present in a single GBM tumor [19–21] while
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containing multiple, often divergent genomic aberrations. Moreover, the various stem
cell-like cellular states are plastic, meaning that they are interchangeable, a process that
seems driven by stress factors caused by the environment of the cells. As such, stem cell-like
cells are often more resistant to therapeutic perturbations. Therefore, instead of the initially
anticipated subgrouping into 4 major subtypes [11,22], current insights suggest that GBM
tumors harbor dozens of different tumor cell profiles, probably each requiring a specific
therapeutic approach [7].

Finally, GBM tumor cells can also acquire de novo resistance upon therapy. Indeed,
in an initially TMZ-responsive tumor cell population, resistance can easily be acquired
by upregulating DNA-repairing enzymes such as MGMT or by inactivating the DNA
mismatch repair (MMR) system, eventually leading to tumor recurrence [23]. At this
point, a second surgical resection is often used as salvage therapy combined with other
chemotherapeutic agents, such as lomustine/CCNU [24]. Additionally, in the recurrent
setting, it would be highly beneficial to have better tools available to identify more suitable
therapeutic options. All the above shows that identifying an appropriate therapy for each
GBM patient, either in the newly diagnosed or recurrent setting, remains a daunting task.
Being able to more precisely match particular therapies to the appropriate patients would
not only significantly increase our ability to delay disease progression, it could also increase
the success rates of clinical trials by more precisely identifying eligible patients.

1.2. Exceptional Responders across GBM Trials

In spite of the overall inability to treat GBM with durable clinical outcomes, clinical
trials sometimes describe small groups of patients that did show a clinical response. For
instance, in the multicentric INTELLANCE trial (NCT01800695), a small group of patients
did experience clinical benefits from the treatment. Recurrent GBM patients that harboured
an EGFR amplification were treated with a combination of TMZ and anti-EGFR monoclonal
antibody coupled to a toxin (ABT-414; DEPATUX-M®) [25,26], These exceptional responders
included one patient with a durable response beyond 40 months in addition to 4 and
9 patients with a reduction in tumor volume of 25–50% and 25%, respectively, out of a
total of 60 patients that received this treatment [27]. The overall statistics of the trial were
however insufficient to warrant approval by the regulatory agencies [27], but being able
to identify those patients more carefully could have improved the outcome of the trial.
Furthermore, molecular profiling of the patient samples was unable to identify an overall
correlation between OS/PFS and EGFRvIII mutations, even though preclinical results
from GBM cell lines and xenograft models showed high specificity and effectivity of the
antibody–drug conjugate towards EGFRvIII and EGFR amplified tumor cells [28]. This
is one of the many examples where a direct relationship between a genetic aberration
and therapy response could not be confirmed in clinical practice, highlighting that more
sophisticated assays may be required to achieve better therapy matching. In addition, the
molecular analyses in this and most other trials remains largely confined to bulk analyses
without taking tumor heterogeneity into account.

1.3. Functional Diagnostics: Evolving from a Static to a Dynamic Interrogation of Cancer Cells’
Ability to Respond to Therapy

Major efforts are currently being put in matching specific (genetic) cancer features to
drug responses [29]. However, in order to determine therapeutic efficacy across different
patients and within a single tumor, as highlighted above, genetic information alone is often
proven insufficient. Indeed, most studies only use baseline measurements in a ‘static’ setting
(i.e., one snapshot prior to treatment), and intend to correlate the presence of specific genetic
features to subsequent responsiveness to therapy. The simultaneous aberration of multiple
cellular pathways, which can significantly interfere with each other, or for which multiple
therapeutic options are sometimes available, make it difficult to predict the most suitable
therapy. A functional interpretation [6] (e.g., what happens before and after cells are exposed
to a certain therapy; what are the effects of the drug on the cellular state) on the other hand
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could provide dynamic, faster, more detailed and potentially longitudinal insights into the
ability of cells to respond to therapy in a genotype agnostic way, although methods to do
so remain difficult. In this light, approaches for assessing differential drug responses are
gaining traction by which live tumor cells are ex vivo exposed to various therapeutic insults,
while a chosen cellular response is carefully monitored—an approach coined functional
diagnostics, functional oncology or functional precision medicine [6]. When monitoring the right
features, such approach does not necessarily require a complete biological understanding,
while still providing medically relevant insights (e.g., do cells respond to therapy or not,
rather than why do they respond or not), allowing faster translation to a clinical setting.

Functional diagnostics is, however, not a novel approach. Such strategy has been
widely applied in other biomedical domains, such as infectious diseases where antibiogram
screens are used to select the most appropriate antibiotic in a patient-tailored way. Still,
translating such functional diagnostic assays to a cancer setting requires further ameliora-
tion and validation in order to become medically applicable. In this regard, we endorse
functional diagnostic insights as a complementary component to conventional genetic,
imaging (i.e., MRI, CT scans) and baseline pathological (tissue) analyses. Indeed, coming to
a proper patient-tailored interpretation will require that the different levels of information
(imaging, pathology, genetic and functional assays) are integrated into an overarching
framework to steer clinical decision making.

Overall, the goal of functional testing is to bring forward personalized medicine
to patients diagnosed with complex disease entities, where treatment options are rather
limited. In other words, functional tests ought to facilitate the matching of each patient to
the most beneficial treatment. This being said, ex vivo drug exposure of freshly isolated
tumor biopsies can directly inform on cell death, alterations in signaling networks, cellular
phenotype and morphology or even tumor cell–tumor microenvironment (TME) crosstalk
and adverse events in normal tissue. Certainly, the type of functional readout informing on
tumor and non-malignant cellular vulnerabilities would largely depend on the mechanism
of action of the given treatment. Typically, investigators rely on commonly available, FDA-
approved therapies or drugs in clinical trials where dose-escalating studies where safety
and tolerability of the therapy of interest has been already assessed and approved.

In the particular case of GBM, the functional screening method should not only be
able to map each tumor in great detail—given GBM’s high degree of intra-tumoral het-
erogeneity [30]—it should also be able to track molecular responses to drug treatments.
Currently, every patient diagnosed with GBM is profiled using a uniformed diagnostic
procedure, consisting of MRI scans and “static” measurements of pathological trademark
alterations, such as chromosomal rearrangements, mutational patterns and MGMT promo-
tor methylation (Figure 1). Functional testing gives the opportunity to directly evaluate
therapy efficacy, either in dissociated GBM samples or tumor tissue slices [31]. In order
to predict tumor cell behavior in such a complex and dynamic system as the GBM/brain,
one must first familiarize with the baseline features (mutational status, transcripts, pro-
teins/protein modifications, metabolites) and interactions between these components
(gene–RNA, RNA–protein, protein–protein) across various cellular states [6,32]. Ex vivo
drug sensitivity towards a panel of therapies can then be measured by monitoring the direc-
tion and strength of evolution of these interactive signaling events in all (non-) malignant
cells. Miniaturizing the assay, for instance with chip technology would enable testing of
multiple treatment conditions, while still providing sufficient multiparameter resolution
on phenotypic and functional changes. These results could then be used by a medical
board to integrate the functional finding (e.g., a ranked list of therapeutic options from
most to least active in the tumor cells of the investigated patient) with baseline features and
clinical parameters, such as tumor size, tumor location, extension of tumor resection and
drug tolerability. Once all data is integrated, the most suitable drug/combination could be
selected for each, individual patient. As anticipated, this procedure can be repeated once
the GBM tumor recurs (Figure 1).
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Figure 1. Schematic overview of functional diagnostic approach in GBM (Created with BioRender.com).
During craniotomy, biopsy samples are routinely collected from newly diagnosed or recurrent GBM
patients and pathologically assessed using standard clinical procedures, including immunohistochem-
ical staining (IHC) of a handful of markers aiding histological grading, next generation sequencing
and molecular analysis uncovering mutational patterns and epigenetic sequencing that measures
the MGMT-promotor methylation status Although highly relevant, all these techniques offer only a
single glance at the tumor’s baseline features (“static” measurement) and do not completely capture
the intra-tumoral heterogeneity and therapeutic vulnerability of the patient’s tumor. To resolve
this task, functional diagnostic is a personalized medicine strategy that makes use of live tumor
samples derived from each individual patient. Panel 1: These biopsy samples can be enzymatically
dissociated, minced or cut into fine tissue layers/slices. Panel 2: As such, these probes can be ex vivo
treated with a panel of approved GBM-targeting therapies in cell culture flasks/plates or microfluidic
chips. Panel 3: Various methods could be applied in order to optimally capture the effects of the
given therapy on functional cellular features (cyto-toxic/-static events, various cellular states or
cellular signaling pathways) relevant and corresponding to the given treatment. The output of these
functional measurements would be a ranked list of most potent therapies, whereby a medical board
could integrate this information together with histological, molecular measurements and clinical
parameters. Finally, clinicians could decide on which therapy would be the most beneficial for each
patient. This strategy could be applied on patients diagnosed with a recurrent tumor.

1.4. Tools and Methods for Functional Diagnostics

The development of functional diagnostic assays strongly depends on the availability
of representative cancer models that maximally capture the genetic and phenotypic features
of patients’ tumor. So far, in vitro cancer research has been relying on so-called conventional
cancer cell lines [33], which, although easy to use and representative in broader disease
terms, have important limitations including: (i) lack of predictive value with regard to
activity in clinical trials; and (ii) display of major and irreversible alterations in biological
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properties, such as gains and losses of genetic information, alterations in growth and
invasive properties and loss of biomarker expression compared to the original tumor [33].
The growing body of evidence of heterogeneity, along with technological advances and
platforms for drug development, steered pre-clinical research towards models derived
from diseased individuals, such as patient-derived cell lines (PDCLs), patient-derived
organoids (PDOs) and patient-derived xenografts (PDX). For GBM, an armamentarium of
such models has been developed, although the installation of optimal readouts to assess
drug activity in either of them still remains challenging (Figure 2).

Figure 2. Summary of pre-clinical models and platforms, which could be used for functional testing
in GBM. Advantages and disadvantages of each model together with potential assay readout are
outlined (Created with Biorender.com).
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For the initial identification and evaluation of drug targets, compound design and
efficacy testing, patient-derived cell cultures and organoids provide an excellent platform
to preclinically explore and evaluate pharmacological responses across individual tumors.
Given the fact that such models more faithfully recapitulate features of the tumor-of-
origin, drug screening across cohorts of such models, offers the identification of therapeutic
options that can be immediately linked to particular features present in the identified
models [33]. As such, PDCLs/PDOs are compatible with large-scale pharmacogenomic
platforms, such as Cancer Cell Line Encyclopedia [34], Genomics of Drug Sensitivity in
Cancer [35], and Cancer Therapeutics Response Portal [36] and finally, the Connectivity
Map [37], a project integrated in the CLUE platform (https://clue.io/about, accessed
on 2 July 2022), comprising extensive and continuously expanding connectivity maps of
protein, RNA expression and/or morphological changes in cancer cells, as a response
to drug perturbation in addition to drug repurposing library of FDA-approved drugs,
clinical trial drugs and pre-clinical compounds. All these large drug-screening resources
are invaluable for exploring and understanding the mechanisms of various classes of
compounds, drug repurposing and matching (combinations of) genomic mutations with
functional responses over time [38]. However, reliable patient-derived in vitro models
(PDCLs and organoids) may also take significant time to develop (from several weeks
to months) and can typically only be generated from a subset of patients (for GBM, this
ranges from 30–50%), thereby making them less suitable as generic tools to determine
appropriate treatment regimens within acceptable time frames (from days to few weeks).
Additionally, patient-derived in vitro models often lack the presence of an appropriate
extracellular matrix (ECM) and (immune) tumor microenvironment (TME) which may
also skew cellular behavior away from its original phenotype present in the patient [39].
Similarly, long-term culturing and expansion often leads to clonal selection and loss of
heterogeneity [40], reducing their representative nature. PDX models emerged as patients’
avatars—in vivo systems that closely mimic primary tumor biology and features. In
this manner, PDX models are not only a powerful tool for preclinical drug development
and testing, but also proven beneficial in providing clinically relevant information upon
PDX clinical trials [41] and co-clinical trials. In co-clinical trials, mouse PDX models are
established from tumor samples of each clinical trial participant and serve as personalized
models for drug testing, from which the most appropriate therapy can subsequently be
applied to the patient/donor [42–44].

Drug screening in PDX clinical trials were executed for various cancer types and solid
tumors [41]. With this concept. it was confirmed that PDX models have the ability to
predict trial responses, by evaluating predictive response biomarkers, map resistance mech-
anisms [41] and guide treatment decision making [33,42–44]. Patient-derived xenograft
models for GBM are generated by direct transplantation of dissociated patient tumor ma-
terial or tumor pieces. While a tendency for CNV-loss in heterotopic models has been
suggested, orthotopic PDX models typically retain a close resemblance to the primary
tumor [45]. Interestingly, studies confirm that the tumor-of-origin resemblance is highly
dependent on the region from which the biopsy has been harvested, meaning that two
PDX models generated from distinct regions of a single tumor could generate PDX models
with dissimilar tumor subpopulations [45]. XENOGBM is a study currently evaluating the
molecular analogy between the primary tumors of GBM patients and their correspond-
ing PDX models (NCT02904525). PDX platforms are more advantageous over in vitro
cultures as they retain 3D structural organization, clinical features, such as tumor invasive-
ness, vascularization, pseudopalisading necrosis and therapy-induced tumor evolution,
and molecular features of the primary tumor, for instance crucial biomarkers such as
EGFR expression, which is regularly suppressed by culturing conditions [46,47]. Further-
more, orthotopic PDX models provide the in vivo CNS environment enclosed behind the
blood–brain barrier (BBB) allowing the direct evaluation of the penetration capacity and
metabolomics of pharmacologic agents. Although seemingly superior over other models,
PDXs still have several disadvantages for precision medicine in GBM. These models are
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laborious, time consuming and expensive in comparison to cell lines and organoids. The
tumor take rate has been shown to be quite variable, meaning that PDX models would not
be generated for all patients, or the number of models would be too limited in order to
evaluate sufficient numbers of drug or drug combinations. Furthermore, the time between
tumor engraftment and therapy decision may be too long for GBM patients. Finally, the
use of immunodeficient mice largely hinders the interrogation of the role of the immune
system in treatment responsiveness and general tumor biology.

To circumvent these issues and in line with the rapidly advancing organoid technol-
ogy, organoid cultures were successfully established from patient specimens or through
pluripotent stem cell reprogramming. In either case, organoids represent self-organizing,
3D systems which highly resemble the tissue from which they were derived. PDOs conserve
tumor heterogeneity and TME components, tissue architecture, molecular and functional
features. PDOs can be efficiently expanded over time while conserving patient-specific
genomic features and intra-tumor heterogeneity, which could be reliably correlated with
functional responses to therapeutics [48]. Non-malignant cells that are retained after
2 weeks of culture in the GBM organoid models include macrophage/microglia, T-cells,
stromal cells and oligodendrocytes [49]. These features make organoids remarkable plat-
forms for high-throughput drug screening, treatment evaluation in personalized chemo-
and immunotherapies [39] and prediction of patient outcome. As such, a growing body
of evidence shows clear correlation between organoid in vitro responses to long-term
clinical responses of individual patient donors. Currently, these evaluations have been
mostly performed on patients diagnosed with gastrointestinal cancer [50–52], colorectal
cancer [53–58], breast cancer [59,60], pancreatic cancer [57,59,61], ovarian cancer [62,63]
and esophageal adenocarcinoma [64]. PDO conceptualization for personalized treatment is
lagging for CNS tumors and needs further validation. PDOs were successfully propagated
for 24 chordoma patients, enabling the evaluation of the response rate of PDL1-postive and
-negative organoids to decreasing concentrations of nivolumab after 72 h [65]. Another
study using PDOs for retinoblastoma (RB) tumors confirmed the therapeutic efficacy of a
combination treatment of topotecan and melphalan against recurrent retinal tumors and
subretinal seeds, which was in line with previous reports. Importantly, these RB PDOs
contained tumor stroma consisting of glial cells, which have a tumor supportive role [66],
again showing the potential of these models in precision medicine trials. GBM PDOs were
successfully generated from primary patient tissue and allowed an in-depth character-
ization which confirmed the close resemblance to the patient material, not only on the
phenotypic but also on the functional level [67]. However, GBM tumors are incredibly
heterogeneous at the spatial level, so that PDOs derived from a single patient and three
different tumor regions (infiltrating edge, necrotic core and bulk tumor region containing
necrosis, gliosis and putative treatment response) generated organoids with functionally
distinct features, implying a wide range of cellular diversity between the organoids [67].
How these differences influence therapy responsiveness is yet to be interrogated. Technical
and methodological efforts are continuously being put into the improvements of GBM-
PDO generation and maintenance. Thus, 4D-printed self-programmable cell-culture arrays
were fabricated to alter and shape their 3D environment as a response to external stimuli,
whereby the fourth dimension is time. As such, these platforms have been extensively used
for characterization and high-fidelity drug screening purposes [68]. In addition, the time of
GBM-PDO generation has been radically reduced: 1–2 weeks for 4D-printed models [68]
and 2–4 weeks after surgery in a novel method, whereby micro-dissected tumor pieces are
applied in an optimized, specifically formulated medium for GBM-PDOs propagation and
placed on an orbital shaker (instead of Matrigel) [49]. This method avoids tumor dissoci-
ation and, in turn, enabled successful generation, biobanking, in-depth characterization
and co-culturing with CAR T-cells, proving the specificity and capacity of CAR T-cells in
targeting EGFRvIII mutant tumor cells [49]. To date, only one report noted the applicability
of GBM-PDOs in guiding therapy regime, which was performed for a single patient. In
this report, everolimus was selected as the most potent therapeutic drug among a panel
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of FDA-approved mTOR inhibitors and led to tumor regression in the patient diagnosed
with a recurrent GBM [69]. As all previously described in vitro models, PDOs have some
shortcomings, such as the lack of complete TME and vascular network of endothelial cells.
Additionally, to maximally capture tumor heterogeneity, the patient material should be
sampled from different tumor foci consisting of highly viable and metabolically active cells,
avoiding necrotic and hemorrhagic areas. Obtaining such tissue from recurrent tumors can
be challenging, because of the abundance of low-quality, cell-sparse and necrotic areas and
lack of proliferating cells [49].

In general, tumors including GBM, release cells and cellular content into the blood-
stream or cerebrospinal fluid (CSF). These biomarkers are shed from the tumor residing site
in form of circulating tumor cells (CTCs), proteins, cell-free nucleic acids and extracellular
vesicles (EVs), accordingly systemized as liquid biopsies [70]. As such, liquid biopsies set
ground for a rapid, noninvasive way for cancer diagnosis and prognostic markers [70].
Currently, liquid biopsies have gained clinical application for metastatic breast cancer [71],
small cell lung cancer [72], prostate [73] and colorectal cancer [74] in the context of tumor
diagnosis and longitudinal monitoring of therapy responses in both primary and metasta-
sized tumors. Specifically, it has been shown that CTC count in peripheral blood correlates
to therapy response. Advanced molecular profiling of these cells shows a high degree
of concordance between genomic and transcriptomic profiles with the tumor of origin,
making CTCs an excellent tool that could support personalized medicine approaches [75].
CTC-derived cell lines for various cancer types enabled CTC characterization and in vitro
drug treatments, which may inform on the treatment susceptibility of the primary tumor
and identify ways to inhibit metastasis [76]. This has been further corroborated by short-
term ex vivo propagation of small cell lung cancer (SCLC) CTCs in culture from 23 patients.
The CTC-derived cultures were in vitro treated with cisplatin and etopside and the results
were correlated with individual responses from the respective patients. The results of this
investigation showed correlation between response profiles of ex vivo expanded CTCs and
three patients. Furthermore, this study highlights the ability of in vitro treated CTCs to
accurately inform on innate and acquired chemo-resistance, based on patients’ treatment
history and clinical outcomes [72]. A similar report emphasized the predictive accuracy of
in vitro-treated CTCs and two respective patients diagnosed with head and neck cancer
and treated with cisplatin [77].

Current research is focused on refining methods for CTC isolation, ex vivo expansion
and the establishment of CTC cell lines [78,79]. Additionally, two observational clinical
trials, one in melanoma (EXPEVIVO-CTC; NCT03797053) and a second one in stage I-III
lung cancer (CTMS 18-0056; NCT03655015), are anticipating the correlation of patients’
response to ex vivo expanded and treated CTCs.

Owing to their location, brain tumors are challenging for surgical resection. Even
when the tumor is accessible, the invasive surgery and biopsy collection present a risk of
swelling and neurological damage. As patients receive an MRI scan within 12 weeks of
treatment, contrast-enhancing lesions that are revealed on the images can indicate tumor
progression, but might also be caused by post-radiotherapy edema, termed as pseudopro-
gression, which can spontaneously resolve [80,81]. At the moment, there are no methods
that could reliably differentiate between glioma progression and pseudoprogression, or
longitudinally monitor disease and treatment effects. The validation of biomarkers from
liquid biopsies that could aid GBM prognosis is steadily progressing [81]. Liquid biopsies
can be collected from cerebrospinal fluid (CSF), as it is in close contact with the CNS and
accumulates tumor-specific markers, but CSF collection through lumbar punction is an
invasive procedure [80,81]. In this light, the minimally invasive procedure to obtain liquid
biopsies from GBM patients is through blood draw, but one must assume that the BBB
is compromised at the tumor site. BBB disruption and permeability increases, as GBM
tumors invade and progress into the surrounding tissue [81]. Therefore, CTC enumeration
or EVs detection can potentially complement current strategies for more precise prediction
of GBM progression. At present, methods for optimal CTC isolation and detection are
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advancing for GBM [70]. Unlike other epithelial-derived cancers where strong surface
expression of EpCAM is detected (such as breast, prostate cancer, pancreatic, colorectal and
hepatocellular), RNA sequencing of GBM-derived CTCs revealed Wnt-activated stemness
and enrichment of mesenchymal features [81,82]. Alternative methods for CTCs detection
in GBM include: GFAP labelling, telomerase-based assay, FISH detection of aneuploidy of
chromosome 8, CTC-iChip microfluidic platform, recombinant VAR2CSA Malaria Protein
and hTERT-specific oHSV1 expressing GFP [81]. All these studies point out the clinical util-
ity of CTCs and liquid biopsies in real-time disease monitoring, prediction of progression
and even functional measurements [83]. However, the number of CTCs is genuinely low
(1–10 cells per 10 mL blood; 1 cell per 109 blood cells); therefore, efficient CTC isolation
which recapitulates intra-tumoral heterogeneity and enables functional assessment is still
far beyond the reach of GBM patients [70,80,81].

Hence, the ideal model for rapid functional assessment of drug sensitivity in GBM
would be a system which maximally preservers the native cellular integrity [40] and
interaction of the tumor cells with the microenvironment [46]. This includes ex-vivo drug
treatment of tumor slices [31] or cellular suspensions of freshly dissociated patients’ biopsies
within hours post-surgery. Regarding GBM’s extensive heterogeneity and invasiveness,
one must consider sampling from distinct tumor regions in order to gain an “as close
as possible” perspective of the therapeutic vulnerabilities of the invading cells that are
remaining after tumor debulking. In a recent proof-of-concept study of a single GBM
patient, tumor material was harvested and analyzed with single-cell RNA sequencing
and scATAC-seq. The leftover patient material was orthotopically transplanted into mice,
which were then treated with standard-of-care therapy (irradiation and temozolomide).
Subsequently, the patient tumor was harvested and analyzed at recurrence. This framework
provided mechanistic genetic and epigenetic insights into therapy-driven evolution and
identified potential druggable targets, therefore providing an approach for designing
therapeutic regimens for GBM [84]. Yet another proof-of-principle study demonstrated the
efficacy of drug screening human breast cancer cell lines through imaging mass cytometry,
assessing more than 40 markers [85]. All these methodologies are facing technological
challenges, which need to be improved, upscaled and validated in order to meet the needs
of routine clinical practice.

An auspicious high-throughput drug screening methodology has emerged with mi-
crofluidic devices [86]. The chip technology closely mimics the extracellular environment,
which in turn is capable of generating 3D structures of cells. Such a device was designed to
recapitulate the complex vasculature of the BBB and track the transport of nanoparticles to
GBM spheroids. Analogous permeability measurements were performed on orthotopic
xenografts through intravital imaging, which matched the in vitro model [87]. Microfluidic
devices are automated and multiplexed platforms where the controlled environment offers
a way to monitor drug effects, such as cell viability, changes in cellular mass accumulation
rate upon treatment and morphology [88] at multiple timepoints [86,89].

1.5. Clinical Trials Implementing Functional Diagnostic Assays

Currently, numerous clinical trials are testing the efficacy of functional diagnostic
methods in the prediction of patients’ outcomes (Table 1). For instance, the EXALT-1
trial [90] showed that functional ex-vivo testing has the capacity to guide treatment and
facilitate matching of patients with advanced hematological malignances to the right
treatment. Strikingly, the progression-free survival in patients was prolonged 1.3-fold
in comparison to the previously applied therapy. Briefly, patient material was obtained
from biopsies, bone marrow aspirates or peripheral blood, dissociated (if necessary) and
incubated with a drug library containing ~139 drugs at two different concentrations. After
fixation, the cells were stained with antibodies against cancer cells and normal tissue, which
allowed measuring the proportion of each population that remained alive following drug
exposure. One of the greatest advantages of this approach was the short time between
the testing and making treatment decisions [90]. A follow-up study, EXALT-2 is currently
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recruiting patients (NCT04470947) and in this three-arm study the treatment decision is
going to be guided by genomic profiling, drug screening or the clinician’s choice. Whether
this approach would favor direct, acute cytotoxic agents over slower-acting but potentially
also very effective therapeutics options remains one of the outstanding questions.

For GBM, several clinical centers are engaging into functional measurements and ex
vivo tumor profiling. At the Oslo University Hospital, GBM patients recurring or progress-
ing after first-line treatment are recruited in the ISM-GBM study, in which individual cancer
stem cells (CSCs) are first propagated in vitro as PDCL models, and subsequently subjected
to high-throughput screening (HTS) towards FDA/EMA approved drugs (NCT05043701).
An individualized drug combination would be prescribed to each patient, based on the
outcomes from functional tests [91,92]. Similarly, the safety and efficacy of HTS in CSCs
will be evaluated by the Swedish Medical Center (NCT02654964). While highly valuable as
approach, the ability to propagate CSCs from GBM patients typically remains limited to
~30–50%, making this approach only applicable to a subset of patients [93].

A handful of preclinical studies have been initiated for GBM, where drug vulnera-
bilities of organoids or PDCLs are going to be measured in in vitro assays (NCT04868396,
NCT04180046, PRISM—NCT03336931). In the case of NCT04180046, primary GBM cell
lines are going to be established from patient samples, in order to pathologically character-
ize the presence of GBM-related hallmarks (IDH1, GFAP, P53, ATRX and Ki67) and measure
dose-response effects of natural and synthetic drugs [94]. Similarly, the PRISM trial will
perform detailed tumor molecular profiling of pediatric brain tumors on several levels
(proteogenomic, transcriptomic, methylation analysis), which ultimately would enable
treatment tailoring. In parallel, individual PDCLs and PDX models (“mouse avatars”) will
be generated to facilitate the evaluation of the efficacy of the molecular-driven therapy
within clinically acceptable timeframe [95]. The NCT04868396 study will, on the other
hand, focus on the generation of organoid cultures initiated from tumor tissue collected by
standard surgery. Here, the primary organoid library would be used to study mechanisms
of aggressiveness and recurrence of GBM.

3D-PREDICT (NCT03561207) is a multicenter prospective study which among other
cancer types (ovarian cancer, advanced cancers) is also enrolling patients diagnosed with
adult high-grade glioma (anaplastic astrocytoma and GBM). Here, extensive molecular
profiling and direct ex vivo drug testing of patient tumor materials are carried out, with the
ultimate goal being to make personalized medicine recommendations. Thus, the primary
outcome measure of this trial is correlation between patient outcomes and functional results.
Initially, four patients have been included in this study generating PDCLs and organoids
for these patients. This enables the characterization and comparison of patients’ biopsies
and individual tumor-derived models at genomic and transcriptomic level and further
performing functional tests, such as clonogenic assays and 3D-PREDICT assays. The latter
is practically a viability test of 3D spheroids treated with a mono-drug library at different
concentrations for an adapted period of time, which extrapolates IC50 values and stratifies
the response predictions as unresponsive, moderate and responsive. Based on these results,
tumor spheroids derived from one of the four included patients (male, 24) diagnosed
with GBM featuring ependymoma regions was found sensitive to JAK/STAT and mTOR
inhibition. In this manner, clinicians opted to treat this patient with a combination therapy
consisting of ruxolitinib and everolimus. After his seventh progression, the patient was
classified as having stable disease for more than 4 months post-treatment [96]. A second
study report from this trial enrolled 55 patients with newly diagnosed (ND) and recurrent
high-grade glioma. In the case of ND patients, 71 patients were included at first. However,
13 patients had to be excluded because of model generation/assay failure. Then 15 patients
were excluded because of premature enrollment in the study (<6 months); 9 patients decided
not to take advantage of the trial and 1 patient progressed due to other events. As such,
33 patients were considered eligible for TMZ + RT treatment, where in-vitro TMZ response
prediction was made 7 days post-surgery and subsequently compared to clinical OS after
patients completed their treatment cycle. Of note, 20/33 patients had already progressed
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at the time this comparison was made. However, the median OS of assay responders
was 11.6 months, as opposed to assay non-responders—5.9 months. Thus, 85% prediction
accuracy was achieved. Interestingly, in the case of recurrent tumors, two remarkable
observations were made. In some patients, PFS was exceeding the reported median PFS
for carmustine and irinothecan and two patients were predicted as responders to BRAF
inhibitors by the 3D Predict Glioma Assay, without harboring the targeted mutation,
demonstrating the autonomy of in vitro/ex vivo tests in personalized medicine beyond
NGS characterization. One of the patients diagnosed with GBM (IDH-WT), received
combination of bevacizumab/dabrafenib and progressed after 4 months. The other patient
had anaplastic astrocytoma and was prescribed dabrafenib for 12 months after which
radiographical progression was noted. In both cases, at recurrence onset, patient tissue
was collected by re-resection and screened in 3D Predict assay, recording a decrease in
sensitivity towards BRAF inhibitors, which again was in line with the anticipated clinical
outcomes [97].

An Ex Vivo DEtermiNed Cancer Therapy (EVIDENT) trial has been recently initiated
(NCT05231655), which aims at determining the efficacy and feasibility of ex vivo screen-
ing in prediction of standard-of-care therapy outcome and novel therapy identification,
including patients diagnosed with solid tumors (kidney, bladder, head and neck cancers,
melanoma, sarcoma and GBM). This trial seems most prominent because solid tumor
biopsies will be directly screened and the response would be quantified and correlated to
patient clinical outcome.
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2. Concluding Remarks

Conventional genetic-based matching of patients and treatments may be beneficial for
only a fraction of cancers, where the oncogene driver mutation is uniform and maintained
at a stable level among the cancer cell population. Such examples are seen in HER2-
positive breast cancers [2], Philadelphia chromosome in chronic myeloid leukemia [4],
BRAF mutations in melanoma [98] and few other cancer types. However, this approach
underestimates complex circuits of non-genetic mechanisms that define the pathological
behavior of tumors. Therefore, most of the large-scale clinical trials matching targetable
genetic alterations to inhibitors resulted in unsatisfying survival rates, widely accepting
the fact that “one-size-fits-all” therapy approach is not beneficial for complex and het-
erogeneous diseases. From here, it became obvious that the personalization of cancer
medicine is the way to tackle this disease. Although personalized chemo-sensitivity assays
are thriving in the academic and commercial enterprises, still there are several hurdles that
need to be addressed. Fundamentally, functional diagnostic assays require the availability
of adequate tissue material to enable an efficient yield of viable tumor cells. This means
that the hospital where the surgery is performed should include a department/laboratory,
ensuring rapid transfer and minimal tissue manipulation before the functional diagnostic
test is performed under strictly controlled conditions. Additionally, surgeons and clinicians
should clearly communicate requirements and conditions for optimal tissue harvest and
handling. However, in many cases, good-quality tumor samples cannot always be obtained,
especially from metastatic and recurrent solid tumors [99]. Most commonly, core needle
biopsies, fine needle aspirates and circulating tumor cells are collected, which are not
sufficient for high-throughput ex-vivo drug screening or model establishment [100]. Next
to sufficient viable cell yield, a key requirement for proper interpretation of functional
diagnostic assays are treatment conditions. The diverse mechanisms of action of targeted
inhibitors implies that concentrations and treatment duration should be optimized for each
drug. One strategy to solve this is to evaluate various concentration and time ranges of
each drug in representative cohorts of 2D patient-derived models/organoids and optimally
validate a predictive biomarker correlating to response or direct measurement of tumor cell
viability and fitness. Again, results from functional diagnostic assays should be routinely
obtained within a clinically relevant timeframe. Considering GBM’s nature, all of the before
mentioned points should be well considered. Firstly, based on the tumor location, sur-
geons are not always able to provide sufficient material for all pathological (IHC, genomic)
and functional evaluations, meaning that a functional model and platform might not be
established for all patients. In spite of GBM’s aggressive nature, the timeframe between
the functional diagnostic readout to treatment selection should be well accounted. Finally,
because of the vast spatiotemporal heterogeneity, biopsy materials sampled from distinct
tumor regions might give rise in slightly biologically distinct models. Unfortunately, no
current method can precisely profile remaining cell populations after tumor debulking,
which eventually will invade the surrounding tissue and cause tumor recurrence. Effi-
ciently targeting these cells remains a dreadful challenge for all oncology specialists. In
summary, solemn genomic assessments do not identify obvious druggable targets and
therapies for advanced and heterogeneous cancers. In this regard, functional diagnostic
tests may provide a platform for exploring cytotoxicity profiles of cancer cells derived by
affected individuals towards drug-and-drug combinations.

3. Future Directions

A growing appreciation of biobanking, the generation of living biobanks of patient-
derived models and ex-vivo treatments have the potential to enhance the development of
rationally selected combined therapies and guide prospective clinical trials. As the number
of clinical trials and assessments of functional diagnostic platforms increase, we anticipate
the implementation of this strategy in standard clinical oncology practice. Importantly,
the integration of molecular characterization data, functional profiles, clinical parameters
and patient follow-up from a multitude of individuals into a single database might even
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enable informing clinical decisions for patients from whom sufficient tumor material may
not be available. Finally, while multiple endeavors are ongoing to implement functional
diagnostics to select appropriate therapeutic options for GBM, it still remains to be seen
which approach will prove to be the most predictive and clinically relevant.
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Abstract: Vestibular schwannoma (VS) is a benign tumor that originates from Schwann cells in the
vestibular component. Surgical treatment for VS has gradually declined over the past few decades,
especially for small tumors. Gamma knife radiosurgery has become an accepted treatment for VS,
with a high rate of tumor control. For neurofibromatosis type 2 (NF2)-associated VS resistant to
radiotherapy, vascular endothelial growth factor (VEGF)-A/VEGF receptor (VEGFR)-targeted therapy
(e.g., bevacizumab) may become the first-line therapy. Recently, a clinical trial using a VEGFR1/2
peptide vaccine was also conducted in patients with progressive NF2-associated schwannomas, which
was the first immunotherapeutic approach for NF2 patients. Targeted therapies for the gene product
of SH3PXD2A-HTRA1 fusion may be effective for sporadic VS. Several protein kinase inhibitors
could be supportive to prevent tumor progression because merlin inhibits signaling by tyrosine
receptor kinases and the activation of downstream pathways, including the Ras/Raf/MEK/ERK
and PI3K/Akt/mTORC1 pathways. Tumor-microenvironment-targeted therapy may be supportive
for the mainstays of management. The tumor-associated macrophage is the major component of
immunosuppressive cells in schwannomas. Here, we present a critical overview of targeted therapies
for VS. Multimodal therapy is required to manage patients with refractory VS.

Keywords: schwannoma; NF2; bevacizumab; VEGF; SH3PXD2A-HTRA1 fusion; molecular tar-
geted therapy

1. Introduction

Schwann cells originate from neural crest cells, which migrate with growing neurites
during nerve development. Schwann cells, which form the myelin sheath of an axon,
support neuronal function and regeneration [1].

Schwannoma (Sch) is one of the common benign intracranial tumors with an incidence
of 1 per 100,000 [2]. Sch often presents between the ages of 40 and 60 years [2]. Among these
cases, 80–90% originate from the vestibular nerve. About 5–10% of vestibular Schs (VSs) are
observed as bilateral in neurofibromatosis 2 (NF2) patients. A total of 95% of NF2 patients
show bilateral VSs [3]. About 60% of unilateral VSs and 90% of bilateral VSs show NF2
gene mutation and the dysfunction of its transcription product, moesin–ezrin–radixin-like
(merlin) protein [4].

Currently, the mainstays of management are observation, surgery, and radiosurgery.
Surgery with facial and auditory monitoring remains the only curative treatment for
growing VSs of all sizes. Stereotactic radiosurgery is considered as a widely accepted
treatment option for small-sized VSs. For larger tumors, combined treatment strategies
are mostly recommended. In particular, gamma knife radiosurgery (GKRS) has become
an accepted treatment for VS [5]. However, additional treatment is needed for some
refractory cases. Tumor volume ≥15 cm3 is a significant factor predicting poor tumor
control following GKRS [6]. There is no approved medical therapy for VS. For refractory
VS with high risks of surgical treatment or GKRS, medical therapies that can slow tumor
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growth are urgently needed. Here, we review the molecular biology and its relevance to
treatment for VS.

2. NF2 Gene

NF2 is an autosomal-dominant disease caused by a biallelic loss of the NF2 gene on
chromosome 22. Although 50% of NF2 patients have an affected parent with the disease,
the remaining 50% have de novo gene mutations [7].

Although 60% of patients with de novo NF2 show mosaic NF2, the actual diagnostic
rate of this condition remains low at 20% because of the difficulties in detecting NF2
variants with a low variant allele frequency [8]. Teranishi et al. improved the diagnostic
rate of mosaic NF2 using targeted deep sequencing of DNA. The mosaic NF2 phenotype
was found to be different from that in the NF2 germline variant in terms of tumor growth
and hearing outcome [8].

Differentiated Schwann cells become quiescent because merlin regulates this contact-
dependent inhibition of proliferation. Merlin plays a significant role in regulating the
actin cytoskeleton, adhesion junction formation, and cell proliferation [9]. Merlin can
regulate multiple tumorigenic pathways, including retrovirus-associated DNA sequences
(Ras)/rapidly accelerated fibrosarcoma (Raf)/mitogen extracellular signal-regulated kinase
(MEK)/extracellular-signal-regulated kinases (ERK), and mammalian target of rapamycin
complex 1 (mTORC1)/phosphoinositide 3-kinase (PI3K)/Akt [10,11].

3. SH3PXD2A-HTRA1 Fusion

In 2016, alternative tumorigenic mechanisms were proposed, including a recurrent
in-frame fusion transcript of the HTRA1 and SH3PXD2A genes. The gene product of
SH3PXD2A-HTRA1 fusion promotes proliferation and invasion. In a previous study, the
frequency of this fusion gene was investigated [12]. The fusion gene SH3PXD2A-HTRA1,
activating the MAPK pathway, has been associated with 10% of sporadic Schs. Agnihotri
et al. suggested that SH3PXD2A-HTRA1 fusion promoted tumorigenesis and sensitivity to
an MEK-ERK inhibitor [12]. Even though SH3PXD2A-HTRA1 fusion has been shown to be
a driver of tumorigenesis, the fusion transcript was extremely rare in Norwegian sporadic
VS patients [13]. Further investigation is warranted to elucidate the importance of this
fusion gene.

4. Protein-Kinase-Related Pathway

4.1. VEGF-A/VEGFRs

The vascular endothelial growth factor receptor (VEGFR) family mainly includes
VEGFR-1 (Flt-1), VEGFR-2 (Flk-1/KDR), and VEGFR-3 (Flt-4), which are important reg-
ulators of physiological and pathological angiogeneses [14]. Merlin deletion leads to the
downregulation of the protein semaphorin 3F, which inhibits VEGF-mediated angiogene-
sis [15]. A previous study has shown that the concentrations of VEGF-A and VEGFR-1 are
related to the growth rate of VS [16].

Tumor shrinkage and hearing improvement have been identified after the adminis-
tration of bevacizumab (anti-VEGF-A antibody) in about 41% and 20% of progressive VSs
in NF2 patients, respectively [17]. Bevacizumab may be considered as first-line medical
therapy for rapidly growing VS. In a recent meta-analysis, the median treatment dura-
tion was 16 months [18,19]. Recently, the first phase III randomized clinical trial using
bevacizumab was conducted in Japan [20,21]. Furthermore, progressive sporadic VS also
exhibited significant tumor shrinkage after bevacizumab administration [22].

However, some aspects of bevacizumab treatment are problematic, such as the need
for frequent parenteral administration, side effects, apparent drug resistance, and rebound
tumor progression [23]. In the majority of published case series of bevacizumab usage for
VS, their conclusions on efficacy were based on relatively short follow-ups. Long-term
follow-up studies using a large number of patients are warranted. A clinical trial using a
VEGFR-1/2 peptide vaccine was also conducted in patients with progressive NF2-derived
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Schs, showing hearing improvement and tumor volume reduction. Memory cytotoxic
T lymphocytes have the possibility to persist in the long-term [24]. This was the first
immunotherapeutic approach for NF2 patients.

4.2. ErbB

The ErbB family’s cell membrane receptors include the epidermal growth factor
receptor (EGFR) (HER1/ErbB-1), HER2 (neu/ErbB-2), HER3 (ErbB-3), and HER4 (ErbB-4).
MAPK/ERK and PI3K/Akt signaling pathways are considerably downstream of ErbB-2
activation [25]. ErbB receptors were activated in both sporadic and NF2-related VSs, and
EGFR expression levels correlated with Sch size [26]. Furthermore, EGF was upregulated
in NF2-related VS but not in sporadic VS, suggesting that an EGFR inhibitor might have
efficacy in NF2 patients [27,28].

The predominant ErbB receptor dimerization patterns in VS are EGFR and ErbB2
heterodimers [29]. Trastuzumab, a humanized anti-ErbB2 monoclonal antibody, could
significantly reduce tumor growth; however, this antibody did not induce significant cell
death in VS xenografts [29].

Lapatinib is a potent and reversible tyrosine kinase inhibitor, showing a dual inhibitory
effect on the EGF activation of EGFR/ErbB2 [30]. A phase II clinical trial showed that
lapatinib has minor toxicity and the minor effects of reducing tumor volume and improving
hearing in NF2-related progressive VS [30]. This treatment failure was due to the ErbB3
upregulation caused by the inhibition of ErbB2. Erlotinib is a reversible, small-molecule
EGFR-specific tyrosine kinase inhibitor [30]. However, erlotinib was ineffective in NF2-
related VSs for tumor shrinkage and improving hearing outcome. Bevacizumab has shown
better benefits in the treatment of NF2 patients compared with lapatinib and erlotinib [31].

4.3. PDGFR

Platelet-derived growth factor (PDGF) regulated the migration of mesenchymal stem
cells via PI3K signaling [32]. The PDGF receptor (PDGFR) family includes PDGFR-α,
PDGFR-β, colony-stimulating factor1 receptor (CSF1-R), fetal liver kinase-2 (Flk-2), and
c-kit [32]. Compared with normal nerves, the expressions of c-kit, PDGFR-α, and PDGFR-
β are increased in sporadic and NF2-related VSs [33]. Imatinib mesylate (STI571) is an
inhibitor of the BCR-ABL fusion kinase for chronic myelogenous leukemia [34]. Imatinib
mesylate inhibits the activation of c-KIT, PDGFR-α, and PDGFR-β and their downstream
signaling pathways, leading to increased apoptosis in the immortalized NF2-null VS cell
line. Moreover, imatinib has an inhibitory effect for angiogenesis in both sporadic and
NF2-related VSs [35].

Nilotinib (Bcr-Abl tyrosine kinase inhibitor) is 10–30-fold more potent than imatinib in
inhibiting Bcr-Abl tyrosine kinase activity and proliferation [36]. Nilotinib also inhibited cell
proliferation more effectively compared with imatinib in Sch cell lines. Anti-tumor effects
were related to the inhibition of PDGFR-α and PDGFR-β, as well as their downstream
signaling mediators, Akt and mTOR [36].

Ponatinib inhibits SRC, fibroblast growth factor receptor (FGFR), PDGFR, and VEGFR1–
3, stimulating a robust G1 cell cycle arrest of merlin-deficient human Schwann cells [37].
However, in the clinical setting, targeting PDGF/PDGFR signaling did not show significant
benefits in the treatment of NF2 patients.

4.4. HGFR

The hepatocyte growth factor receptor (HGFR), known as c-mesenchymal–epithelial
transition (c-MET), is a glycosylated receptor tyrosine kinase and plays a role in driving
tumorigenesis [38,39]. The activation of the HGF/c-MET pathway in sporadic VS can
promote the inflammation network and cancer progression [40]. This pathway can also
protect cells from apoptosis induced by chemotherapy or radiotherapy through PI3K/Akt
signaling [41].
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Therefore, crizotinib (a c-MET and anaplastic lymphoma kinase inhibitor) can enhance
the radiation-induced DNA damage of NF2-related Sch cells, enhancing radio sensitivity.
This effect leads to a reduction in radiation dose and protects hearing [42]. A phase II
clinical trial using crizotinib for NF2 and progressive sporadic VSs in children and adults
is ongoing (NCT04283669). The simultaneous use of the c-MET inhibitor “cabozantinib”
and the Src inhibitor “saracatinib” can reduce the viability of human VS cells with he NF2
mutation, which is more effective than using either inhibitor alone [43].

There is a crosstalk between c-MET and VEGF-A in VSs. Sonam et al. found that
c-MET and VEGF-A protein levels decreased using c-MET-targeted siRNA, while VEGF-A-
targeted siRNA reduced c-MET expression. The combined inhibition of VEGF-A and c-MET
may be an effective therapy [40].

4.5. PI3K/Akt/mTOR

PI3K/Akt/mTOR signaling contributes to a variety of processes that are critical in
anabolic reactions and cell growth and survival. PI3K/Akt/mTOR signaling is elevated in
VS [44]. Therefore, the PI3K/Akt pathway is also an attractive treatment target for VS [44].

OSU-03012 is an ATP-competitive inhibitor of PAK activity and suppresses the phos-
phorylation of Akt, which inhibits VS cell growth and promotes apoptosis [45]. Additionally,
OSU-HDAC42 (AR-42), a novel phenylbutyrate-derived histone deacetylase inhibitors, can
inhibit the downstream Akt expression of PI3K through protein phosphatase-1-mediated
Akt dephosphorylation, showing the effect of G2 cell cycle arrest and cell apoptosis in a VS
animal model [46].

mTOR is a downstream signal of the PI3K/Akt pathway [47]. A previous study has
shown that an mTORC1 inhibitor (rapamycin) can inhibit the growth of merlin-deficient
tumors in vivo. Rapamycin can lead to tumor shrinkage in NF2 patients with growing
VSs [48].

Everolimus (RAD001), a derivative of rapamycin, can inhibit mTORC1 and reduce
tumor angiogenesis. Although a phase II study has shown that everolimus is ineffective
in progressive NF2-related VS patients [49], another study has shown that everolimus
reduced the tumor volume in 55.6% of patients with NF2-related VS [50,51]. The effect of
everolimus is still debatable.

5. Cytokines and Chemokines

C-X-C motif chemokine ligand 12 (CXCL12) binds to C-X-C chemokine receptor
type 4 (CXCR4). The CXCL12/CXCR4 axis plays a pivotal role in tumor development,
survival, angiogenesis, metastasis, and the tumor microenvironment. In addition, this
chemokine axis promotes chemoresistance in cancer therapy. CXCR4 is also considered
to be correlated with the tumorigenesis and functional disturbance of sporadic and NF2-
related VSs [52]. CXCR4-directed positron emission tomography/computed tomography
imaging with radiolabeled CXCR4-targeted ligand [68Ga]-Pentixafor was used to evaluate
CXCR4 expression in VS patients [53]. These results provide a possibility for the use of
Plerixafor (AMD3100) as a CXCR4-targeting drug [52,53].

Multiple cytokines and chemokines, including CXCL12, CXCL16, interleukin (IL)-1β,
IL-6, IL-34, macrophage colony-stimulating factor (M-CSF), and tumor necrosis factor-α
(TNF-α), are also associated with tumor progression and hearing disturbance [54].

In addition to the direct compression of auditory nerve fibers by tumors, in cases
of NF2-associated deafness, detrimental paracrine substances, such as proinflammatory
cytokines from tumors, have been proposed as a mechanism of cochlear hearing loss [55].
A novel therapeutic strategy targeting cytokines and chemokines may support other treat-
ment strategies.

6. Tumor Microenvironment

Sch consists of different cell types, including tumorigenic Schwann cells, axons,
macrophages, T cells, fibroblasts, blood vessels, and an extracellular matrix. The tumor
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microenvironment plays a relevant role in the development and progression of Sch. There
are few studies regarding the tumor microenvironment in Sch [56,57].

Fast-growing VSs expressed high M-CSF and IL-34 levels that could regulate the
chemotaxis of tumor-associated macrophages (TAMs). TAMs produce growth factors and
anti-inflammatory cytokines to suppress the host immune response, resulting in tumor
progression. VEGF in the hypoxic tumor microenvironment is a key factor for transitioning
from the M1 to the M2 macrophage phenotype [58]. A greater TAM infiltration was found
in growing sporadic VSs compared with non-growing sporadic VSs [54,59,60].

Programmed death-1 (PD-1) is expressed on CD8+T cells. Programmed death-ligand
1 (PD-L1) is expressed on tumor cells in numerous malignant tumors and binds to PD-1 to
negatively regulate the immune response of CD8+T cells [58]. In 11 NF2-associated Schs,
both high levels of programmed death-ligand 1 (PD-L1) expression and the presence of
TAMs and T lymphocytes were identified in nearly all specimens [61]. In another study of
44 sporadic Schs, an increased presence of TAMs and an elevated PD-L1 expression were
significantly associated with tumor progression [62].

Regulatory T cells (Tregs) (CD4 + CD25 + Foxp3+) play an active and significant
role in the progression of tumors, and they play an important role in suppressing tumor-
specific immunity [58]. In NF2 patients, the number of Foxp3-positive cells in Sch with
a progressive course was significantly higher than in those without a progressive course,
suggesting that growth may be associated with Foxp3-positive Tregs [24,63].

A previous study investigated the hypoxic tumor microenvironment of patients with
NF2 Sch. Hypoxia was important for the shorter progression-free survival of NF2 Sch [59].
An immunotherapy that specifically targets the tumor microenvironment may emerge as a
new class of Sch therapeutics.

7. Inflammation and Stress Reaction

7.1. COX2

The expression of cyclooxygenase 2 (COX-2) is associated with sporadic and NF2-
related VS proliferation. Mutations in the NF2 gene can activate the Hippo pathway,
in which YAP can promote the transcription of COX-2 for prostaglandin production.
Prostaglandin E2 (PGE2) catalyzed by COX-2 has multiple roles in cell proliferation, apop-
tosis, angiogenesis, inflammation, and immune monitoring. COX-2 inhibitors may have
the potential to inhibit the growth of VS [64,65].

A negative correlation between aspirin users and sporadic VS growth has been demon-
strated [66,67]. In addition to inhibiting COX-2, aspirin can also suppress the activated
NF-κB pathway in VS, which may be another potential mechanism. However, other studies
demonstrated that there is no growth inhibitory effect for celecoxib on NF2-related VS or
aspirin on sporadic VS [66,67]. Other studies have shown that NSAIDs, glucocorticoids,
and other immunosuppressive drugs could not alter the expression of COX-2 in sporadic
Sch [68].

7.2. Hsp90

Heat shock protein 90 (HSP90) is a ubiquitous molecule. The absence of Hsp90 results
in proteasomal degradation [69]. The dysregulation of the Hippo pathway is necessary for
schwannomagenesis, and MAPK signaling acts as a modifier for Sch formation. Further-
more, the pharmacological co-inhibition of YAP/TAZ transcriptional activity and MAPK
signaling shows a synergistic size reduction in a mouse Sch model [70].

In a recent study, a novel small-molecule inhibitor compound of HSP90, NXD30001
(pochoxime A), was able to show reduced growth of NF2-deficient tumors in vivo. There
are no current clinical trials using an HSP90 inhibitor [71].

The molecular patterns and mutations described for VS are summarized in Table 1.
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Table 1. Molecular patterns and mutations currently described for VS.

Targeted Pathway

NF2 (merlin)-related pathway

1 Ras/Raf/MEK/ERK signaling

2 PI3K/Akt/mTORC1 signaling

SH3PXD2A-HTRA1-fusion-related pathway

1 MAPK signaling

Protein-kinase-related pathway

1 VEGF-A/VEGFR signaling

2 ErbB family signaling

3 PDGF/PDGFR signaling

4 HGF/HGFR (c-MET) signaling

Cytokines and chemokines

1 CXCL12/CXCR4 signaling

2 IL-1β, IL-6, IL-34, M-CSF, TNF-α

Tumor microenvironment

1 Tumor-associated macrophage

2 Regulatory T cell

3 PD-1/PD-L1

4 Hypoxia

Inflammation and stress reaction

1 COX2

2 Hsp90
c-MET, c-mesenchymal–epithelial transition; COX2, cyclooxygenase 2; CXCL12, C-X-C motif chemokine ligand
12; CXCR4, C-X-C chemokine receptor type 4; ERK, extracellular-signal-regulated kinases; HGFR, hepatocyte
growth factor receptor; Hsp90, heat shock protein 90; IL, interleukin; MAPK, mitogen-activated protein kinase;
M-CSF, macrophage colony-stimulating factor; MEK, mitogen extracellular signal-regulated kinase; mTORC1,
mammalian target of rapamycin complex 1; NF, neurofibromatosis; PDGFR, platelet-derived growth factor;
PD-1, programmed death-1; PD-L1, programmed death-ligand 1; PI3K, phosphoinositide 3-kinase; Raf, rapidly
accelerated fibrosarcoma; TNF-α, tumor necrosis factor-α; VEGF, vascular endothelial growth factor; VEGFR,
vascular endothelial growth factor receptor.

8. Drug Repositioning

Mifepristone (RU486), a progesterone and glucocorticoid receptor antagonist that has
already been approved for medical abortion, was chosen as the most promising candidate
drug [72]. In a preclinical study, mifepristone reduced cellular proliferation in primary
human VS cultures regardless of NF2 mutation. A phase II clinical trial on mifepristone in
VS is currently being planned [72].

In VS, genes associated with NLRP3 were significantly upregulated in patients with
poor hearing. NLRP3 mutation is associated with cochlear autoinflammation in conjunction
with DFNA34-mediated hearing loss and age-rated hearing loss. The activation of NLRP3
triggers the production of IL-1β [73]. A recombinant human IL-1 receptor antagonist
reversed the hearing loss observed in a family with sensorineural hearing loss and NLRP3
mutations [54].

9. Gene Therapy

Gene therapy offers the potential to treat a wide range of inherited and acquired
human diseases. The direct modulation of affected genes in specific cell types represents
the most powerful treatment strategy for NF2 patients. Delivery platforms typically include
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viral vectors, such as retroviruses, adenoviruses, and adeno-associated viruses (AAVs), as
well as nonviral vectors, including nanoparticles and polymers [74].

A direct injection of an AAV serotype 1 vector encoding caspase-1 (ICE) under the
Schwann-cell specific promoter led to the regression of Sch in a mouse model. Recently,
a direct injection of AAV1 encoding the apoptosis-associated speck-like protein reduced
tumor growth and resolved tumor-associated pain in a human xenograft Sch model [75].

Nonviral vectors, such as liposomal-, polymeric-, and peptide-based nanoparticles,
offer an attractive alternative for gene delivery. Liposomes were used to deliver genome-
editing agents to the cochlea of neonatal mice with dominant genetic deafness. By dec-
orating the nanoparticle surface with a peptide targeting Schwann cells, peptide-based
nanoparticles were used to deliver genetic materials, resulting in a decreased secretion of
an ototoxic inflammatory cytokine from tumor cells [76].

10. Ongoing Clinical Trials

Table 2 shows ongoing clinical trials using multimodal treatment strategies for Sch.
The superselective intraarterial infusion of bevacizumab is performed to control tumor
progression (NCT01083966). Because of the promising results found with bevacizumab, it
may be safely used by direct intracranial superselective intraarterial infusion up to a dose
of 10mg/kg in order to enhance survival and hearing function. Another six trials are using
medical treatment strategies. Crizotinib, AR-42 (OSU-HDAC42), everolimus, selumetinib
(MEK 1/2 inhibitor), and tanezumab (a monoclonal antibody against nerve growth factor
as a treatment for pain) are being evaluated in the trials. A previous meta-analysis suggests
that there is insufficient evidence to recommend aspirin usage in patients with VS [77,78].
High-quality trials are warranted to determine the efficacy of aspirin in reducing VS growth
(NCT03079999).

Table 2. Active and recruiting clinical trials using medical therapeutic approaches for schwannoma.

ClinicalTrials.Gov
Identifier

ID RP EE Age TS

NCT01083966 8, 2011 Lenox Hill Brain
Tumor Center 30 ≥18 Superselective intraarterial

intracranial infusion of bevacizumab

NCT04283669 2, 2020
University of
Alabama at
Birmingham

19 ≥6 Crizotinib

NCT03079999 6, 2018 Massachusetts Eye
and Ear Infirmary 300 ≥12 Aspirin

NCT02282917 9, 2015 Massachusetts Eye
and Ear 5 ≥18 AR-42 (OSU-HDAC42)

NCT01345136 7, 2015 University of
California 4 16–65 Everolimus

NCT03095248 5, 2017 Children’s Hospital
Medical Center 34 3–45 Selumetinib

NCT04163419 4, 2020 Massachusetts
General Hospital 46 ≥18 Tanezumab

ER, estimated enrollment; ID, initiation date; RP, responsible party; TS, treatment strategy.

11. Future Direction

Bevacizumab has recently been considered as the first-line medical therapy for rapidly
growing VS. Furthermore, new therapeutic strategies targeting the SH3PXD2A-HTRA1
fusion gene, several protein kinases, and the tumor microenvironment may be supportive
for the mainstays of management. An immunotherapeutic approach may also be needed to
control multiple tumor progression in the long term. In addition to the standard treatment
strategy, including surgery and radiotherapy, these targeted medical therapies are needed
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for multiple and large tumors of VS (Figure 1). Multimodal therapy is required to manage
patients with refractory VS.

 

Figure 1. Multimodal treatment and management strategies.

The mainstays of management are observation, surgery, and radiation therapy. Be-
vacizumab has recently been considered as the first-line medical therapy for rapidly
growing vestibular schwannomas. Furthermore, new therapeutic strategies targeting the
SH3PXD2A-HTRA1 fusion gene, several protein kinases, and the tumor microenvironment
may be supportive for the mainstays of management.

Author Contributions: Conception and Design: R.T.; Manuscript Writing: R.T.; Manuscript Re-
viewing: M.T.; Supervision: M.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no potential conflict of interest.

References

1. Jessen, K.R.; Mirsky, R.; Lloyd, A.C. Schwann Cells: Development and Role in Nerve Repair. Cold Spring Harb. Perspect. Biol. 2015,
7, a020487. [CrossRef] [PubMed]

2. Fisher, J.L.; Pettersson, D.; Palmisano, S.; Schwartzbaum, J.; Edwards, C.G.; Mathiesen, T.; Prochazka, M.; Bergenheim, T.;
Florentzson, R.; Harder, H.; et al. Loud Noise Exposure and Acoustic Neuroma. Am. J. Epidemiol. 2014, 180, 58–67. [CrossRef]
[PubMed]

3. Slattery, W.H. Neurofibromatosis type 2. Otolaryngol. Clin. N. Am. 2015, 48, 443–460. [CrossRef] [PubMed]
4. Evans, D.G.R.; Ramsden, R.T.; Shenton, A.; Gokhale, C.; Bowers, N.L.; Huson, S.M.; Pichert, G.; Wallace, A. Mosaicism in

neurofibromatosis type 2: An update of risk based on uni/bilaterality of vestibular schwannoma at presentation and sensitive
mutation analysis including multiple ligation-dependent probe amplification. J. Med. Genet. 2007, 44, 424–428. [CrossRef]
[PubMed]

5. Yao, L.; Alahmari, M.; Temel, Y.; Hovinga, K. Therapy of Sporadic and NF2-Related Vestibular Schwannoma. Cancers 2020, 12,
835. [CrossRef] [PubMed]

6. Huang, C.W.; Tu, H.T.; Chuang, C.Y.; Chang, C.S.; Chou, H.H.; Lee, M.T.; Huang, C.F. Gamma Knife radiosurgery for large
vestibular schwannomas greater than 3 cm in diameter. J. Neurosurg. 2018, 128, 1380–1387. [CrossRef]

7. Zhang, Z.-Y.; Wu, Y.-Y.; Cai, X.-Y.; Fang, W.-L.; Xiao, F.-L. Molecular Diagnosis of Neurofibromatosis by Multigene Panel Testing.
Front. Genet. 2021, 12, 603195. [CrossRef]

226



Int. J. Mol. Sci. 2022, 23, 5462

8. Teranishi, Y.; Miyawaki, S.; Hongo, H.; Dofuku, S.; Okano, A.; Takayanagi, S.; Ota, T.; Yoshimura, J.; Qu, W.; Mitsui, J.; et al.
Targeted deep sequencing of DNA from multiple tissue types improves the diagnostic rate and reveals a highly diverse phenotype
of mosaic neurofibromatosis type 2. J. Med. Genet. 2021, 58, 701–711. [CrossRef]

9. Gladden, A.B.; Hebert, A.M.; Schneeberger, E.E.; McClatchey, A.I. The NF2 Tumor Suppressor, Merlin, Regulates Epidermal
Development through the Establishment of a Junctional Polarity Complex. Dev. Cell 2010, 19, 727–739. [CrossRef]
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