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ABSTRACT
Glioblastoma (GBM) is the most prevalent and malignant brain tumor, displaying notorious resistance to
conventional therapy, partially due to molecular and genetic heterogeneity. Understanding the
mechanisms for gliomagenesis, tumor stem/progenitor cell propagation and phenotypic diversity is
critical for devising effective and targeted therapy for this lethal disease. The basic helix-loop-helix
transcription factor OLIG2, which is universally expressed in gliomas, has emerged as an important player
in GBM cell reprogramming, genotoxic resistance, and tumor phenotype plasticity. In an animal model of
proneural GBM, elimination of mitotic OLIG2C progenitors blocks tumor growth, suggesting that these
progenitors are a seeding source for glioma propagation. OLIG2 deletion reduces tumor growth and
causes an oligodendrocytic to astrocytic phenotype shift, with PDGFRa downregulation and reciprocal
EGFR signaling upregulation, underlying alternative pathways in tumor recurrence. In patient-derived
glioma stem cells (GSC), knockdown of OLIG2 leads to downregulation of PDGFRa, while OLIG2 silencing
results in a shift from proneural-to-classical gene expression pattern or a proneural-to-mesenchymal
transition in distinct GSC cell lines, where OLIG2 appears to regulate EGFR expression in a context-
dependent manner. In addition, post-translational modifications such as phosphorylation by a series of
protein kinases regulates OLIG2 activity in glioma cell growth and invasive behaviors. In this perspective,
we will review the role of OLIG2 in tumor initiation, proliferation and phenotypic plasticity in animal
models of gliomas and human GSC cell lines, and discuss the underlying mechanisms in the control of
tumor growth and potential therapeutic strategies to target OLIG2 in malignant gliomas.

KEYWORDS
classical; GBM stem cells;
glioblastoma; glioma model;
mesenchymal; OLIG2;
proneural; transcriptome
analysis; tumor subtype;
tumor phenotype plasticity

Introduction

Glioblastoma multiforme (GBM) is the most common and
aggressive malignant primary brain tumor in adults. GBMs are
resistant to conventional radiotherapy and chemotherapies,
resulting in an average life expectancy of less than 14 months.1,2

These tumors display significant biologic and genetic heteroge-
neity, which contributes to treatment challenges faced by
clinicians.3,4

Much of the tumor heterogeneity of GBMs can be attributed
to their distinct genetic alterations, expression programs, tumor
cell stages and compositions within the tumors.2,5 GBM may
arise from neural stem/progenitor cells (NPCs), astrocytes,
oligodendrocyte precursor cells (OPCs), and even neurons, fur-
ther contributing to its biologic diversity.6¡11 Based on gene
expression profiles in tumor tissues, GBMs can be classified into
4 distinct molecular subtypes: proneural [oligodendrocyte
progenitor (OPC) signature], classical (astrocytic signature), neu-
ral (neuronal signature), and mesenchymal (reactive astrocyte
and microglia signature).12 The proneural GBM subtype displays
characteristic genetic alterations including platelet-derived
growth factor receptor a (PDGFRA) amplification, mutations in

the tumor suppressor TP53 (p53), and/or isocitrate dehydrogen-
ases (IDH).2,12 The classical subtype is characterized by muta-
tional activation of the epidermal growth factor receptor (EGFR)
or by extra copies of EGFR and/or loss of CDKN2A locus.12,13

The mesenchymal subtype is characterized by NF1 deletion, ele-
vated CHI3L1, TLR2/4, and TRADD, and high expression levels
of the genes in the TNF-a and NF-kB pathways.12 The GBM
phenotype can be both tumor-cell intrinsic, and glioma-cell
extrinsic, in which case the tumor microenvironment contributes
to the expression signature. Several recent studies suggest that the
neural and mesenchymal genetic signature may be attributable to
the normal brain tissue and tumor stromal components,
respectively, as opposed to the tumor cells themselves.14-17

A mesenchymal microenvironment (i.e. macrophages/microglia)
or contamination of glioma samples with stromal tissues could be
sufficient to lead to classification as the mesenchymal subtype17

(https://t.co/3sEaUE3yFx). GSCs generated from most mesen-
chymal GBM tumor tissues, which is composed of a variety of
cellular compositions including necrotic components, lose their
mesenchymal footprint and acquire a proneural glioma cell
signature even in early passages.18,19
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Recent single cell transcriptome analysis further reveals vari-
ous degrees of genetic subtype heterogeneity within a single
tumor.4,20 Individual cells within a tumor exhibit diverse tran-
scriptional programs including oncogenic pathways, immune
components, and stemness-related expression profiles. Notably,
GBM subtype classifiers based on bulk tumor tissues are
expressed in different cell populations within a tumor at a variable
level,4 indicating intra-tumor heterogeneity in GBM. At present,
however, the molecular and cellular mechanisms underlying the
tumor phenotype diversity and plasticity are not fully understood.

OLIG2 is a central nervous system (CNS) restricted transcrip-
tion factor that plays a critical role in glial progenitor prolifera-
tion, OPC specification from neural progenitors or their
primitive progenitors (pri-OPC) and the OPC-astrocyte fate
switch by inhibiting astrocytic differentiation in the developing
brain.21¡25 OLIG2 is also ubiquitously expressed in gliomas,26,27

and has an important role in gliomagenesis and tumor phenotype
plasticity.28¡31 Recently, OLIG2 has been identified as one of the
core transcription factors together with SOX2, POU3F2 and
SALL2 that can reprogram differentiated GBM cells into the gli-
oma stem cells.32 These observations suggest that OLIG2 may
sustain tumor growth and regulate phenotypic plasticity, both of
which contribute to GBM treatment resistance.

OLIG2C propagating cells as a seeding source
for initiation of proneural-like glioma

In human brain tumors, OLIG2 is present, to various extents, in
all grades of pediatric and adult diffuse gliomas including astro-
cytomas, oligodendrogliomas, and GBMs.26,27,33 It is particularly
enriched in the proneural GBM subtype, which possesses a gene
expression profile resembling that of OPCs,12 although lower lev-
els of expression are seen in other GBM subtypes.12,34 Notably, a
large population of OLIG2C cells in human gliomas, particularly
proneural GBMs, has been found to express a proliferative
marker Ki67 and a stem-cell marker CD133, suggesting that pro-
liferative OLIG2C cells are tumor-propagating cells.28-30

In a glioma mouse model carrying Trp53/Nf1 mutations,
mosaic analysis with double markers reveals an expansion of
OLIG2C progenitors or OPCs during glioma initiation,7 sug-
gesting that OLIG2C OPCs are the primary source of tumor-
propagating cells in this mouse model. Consistently, deletion of
Nf1/Trp53/Pten or Nf1/Trp53 in adult NG2C OPCs induced
formation of gliomas, which mainly occur in the ventral brain
and potentially represent a subset of GBM.11,35 In addition, in a
murine model of proneural GBM harboring Pten/Trp53 muta-
tions and PDGFB expression,36,37 the majority of proliferative
cells in tumor tissues are OLIG2-positive.28 These observations
suggest that OLIG2C cells are highly proliferative tumor propa-
gating cells in proneural GBMs.12,28,29

To assess whether Olig2C proliferating cells are required for
glioma initiation, an in vivo cell suicide approach has been used
to deplete mitotic OLIG2C progenitors in glioma-forming mice
by carrying Olig2-TK, where a ganciclovir (GCV)-inducible sui-
cide gene HSV-TK is knocked in at the Olig2 locus. Elimination
of Olig2C mitotic progenitor cells by GCV treatment in the
murine proneural GBM harboring Pten/Trp53 mutations and
PDGFB expression at an early phase of gliomagenesis essen-
tially blocks glioma initiation and growth28 (Fig. 1A). In

addition, GCV treatment at a late phase of tumorigenesis delays
tumor progression and extends the survival rate in the glioma-
forming mice. This study provides the first evidence that Olig2C

mitotic progenitors are essential for glioma cell initiation, and
progression in a proneural GBM-like animal model. Recent
studies indicate that a nestin-expressing quiescent progenitor
cell population propagates glioblastoma growth after chemo-
therapy,38 it would be interesting to determine whether
OLIG2C cells also represent a subset of quiescent progenitors
that lead to tumor recurrence after treatment.

The role of OLIG2 in tumor cell growth in animal models
of gliomas

The requirement of OLIG2 in gliomagenesis is context-depen-
dent. Expression of a constitutively active EGFRvIII from retro-
virus is able to induce neural progenitors from Cdkn2a¡/¡

(a.k.a. Ink4 a/Arf¡/¡) mouse embryos to form gliomas in
allografts in immunodeficient SCID mice, however, neural pro-
genitors from Olig1/2 null Cdkn2a¡/¡ neural progenitors trans-
duced by EGFRvIII do not form gliomas.29 This study suggests
that Olig2 is required for glioma formation from neural stem
cells under the genetic background of Cdkn2a¡/¡ and EGFRvIII
overexpression in allografts. In contrast, gliomas generated
endogenously in a mouse model of proneural GBM carrying
Trp53 and Pten deletions with PDGFB overexpression, Olig2
deletion slows but does not prevent tumor cell growth.28 The
phenotypic differences in tumor growth after Olig2-deletion
may be attributable to distinct genetic backgrounds represent-
ing classical and proneural subtypes (Cdkn2a¡/¡; EGFRvIII
overexpression vs. Trp53/Pten deletion/PDGFB overexpression)
and different animal models (allografts vs. endogenous
tumors). The function of OLIG2 in brain tumorigenesis has
been shown to be dependent on the mutation status of p53,39

which is frequently mutated in GBM patients.
OLIG2 appears to be critical for the maintenance of tumor-

propagating neurospheres or self-renewal with Trp53/Pten dele-
tions/PDGFB overexpression. Tumor cells eventually form an
adherent monolayer following Olig2 deletion,28,29 suggesting that
OLIG2 is required for tumor stem/progenitor cell maintenance
under this context. Consistently, expression of OLIG2, together
with SOX2, POU3F2 and SALL2, can reprogram differentiated
human GBM cells into stem-like tumor propagating cells
(TPCs),32 suggesting that OLIG2 is important for maintaining
GSC stemness. Strikingly, despite the lack of tumorsphere forma-
tion, Olig2-deleted tumor cells with Trp53/Pten deletions/PDGFB
overexpression are able to proliferate in a monolayer culture, dis-
play clonogenicity, and form secondary tumors after orthotopic
transplantation in immunodeficient mice at a reduced rate.28

These studies suggest a context-dependent OLIG2 function in gli-
oma formation and their growth rate, with alternative pathways
sustaining tumor growth in the absence of OLIG2.

OLIG2 regulates oncogenic pathways and PDGFRA
signaling for tumor cell growth

Gene expression profiling and genomic occupancy analyses
indicate that, besides targeting PDGFRa, OLIG2 targets the
enhancers of the cell cycle and oncogenic regulatory genes
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including Cdca8, Cdc20, Cdc25 c, along with cell prolifera-
tion-promoting genes e.g. Aurka, Pim1 and proto-oncogenes
c-Myc and c-Jun, much greater in the tumor cells from pro-
neural GBM mouse models than in normal neural stem
cells.28 OLIG2 may therefore function as a pioneer factor to
regulate chromatin remodeling events in transformed cells,
which render the E box accessible to OLIG2 and promote
tumor cell growth.40 Besides promoting cell proliferation
activators, OLIG2 also appears to oppose the tumor sup-
pressor p53 by direct transcriptional repression of p53-
induced cell cycle inhibitor p21,29 which may underlie
blunting of the p53-mediated response to genotoxic damage
to sustain tumor cell growth.39

Consistent with these murine model observations, OLIG2
expression is positively correlated with PDGFRA among pro-
neural GBMs in the Cancer Genome Atlas (TCGA) data set.12

Interestingly, phylogenic modeling of GBM samples in the
TCGA has identified gain of chromosome 7, which harbors a
PDGFRA ligand, PDGFA, as a potential driving event in
human proneural-like GBMs without GCIMP during tumor
evolution.41

In multiple human proneural GSC cell lines, OLIG2-knock-
down leads to downregulation of PDGFRa signaling.28,31 Simi-
larly, Olig2-deleted tumors in a murine proneural GBM model
exhibit downregulation of PDGFRa expression both in vitro
and in vivo.28 This suggests a critical role of OLIG2-activated
PDGFRa signaling in proneural glioma growth, consistent with
the developmental role of OLIG2 in PDGFRa signaling and
maintenance of the OPC state.21,22

OLIG2 regulates tumor phenotype plasticity

Deletion of Olig2 in the murine proneural GBM model carrying
p53/Pten deletion and PDGFB expression leads to a gene
expression signature shift from the proneural to the classical
tumor pattern based on transcriptome profiling analysis, mani-
fested by an elevation of astrocytic signature genes and EGFR,
and a decrease in OPC-related proneural signature genes28

(Fig. 1A). Thus, despite downregulated PDGFRa signaling,
Olig2-deleted tumor cells appear to reciprocally utilize EGFR
signaling as an alternative pathway to maintain tumor cell
growth. Upregulation of EGFR is in keeping with the role of
OLIG2 in the OPC-astrocyte fate switch,21,24,42 wherein OLIG2
suppresses expression of the astrocyte-enriched genes like
GFAP and NFIa.42¡45 It is worth noting that Olig2 deletion
does not necessarily cause a glioma subtype conversion. Rather,
Olig2 deletion leads to a transcriptional program shift with
apparent upregulation of astrocytic classical-like GBM signature,
while downregulation of OPC-associated proneural GBM signa-
ture in the animal glioma model.28 However, overexpression of
activated EGFR has been shown to promote neural stem/
progenitor cells or OPC expansion during development46-48 and
cancer10,49,50 with no clear links to astrocytic development; thus,
it is also possible that Egfr may be upregulated in in
NPC-like tumor cells or pre-OPCs in tumors with Trp53/Pten
deletions and PDGFB overexpression following Olig2 deletion.

Silencing or deletion of OLIG2 with shRNA or genomic
deletion in an array of human proneural GBM lines also
results in upregulation of EGFR and the astrocytic signature28

Figure 1. OLIG2C mitotic cells and OLIG2 function in glioma cell growth (A) In a murine model of proneural GBM, Olig2 knockout delays tumor growth, and changes the
gene expression profile from the proneural to the astrocyte-associated classical phenotype, leading to increased EGFR expression and sensitivity to EGFR inhibitors. In
addition, the induced suicide of mitotic OLIG2C cells blocks tumorigenesis, suggesting an essential role of these cells in glioma initiation. (B) In both proneural and classi-
cal human GBM cell lines, OLIG2 knockdown downregulates PDGFRA expression, whereas the effect of OLIG2 silencing on full-length EGFR expression differs by genetic
background. In proneural OPC-like GSCs, OLIG2 knockdown may exhibit upregulation or no change in the of EGFR expression, resulting in a classical or mesenchymal phe-
notype shift. In contrast, silencing of OLIG2 in classical NPC-like GSCs leads to EGFR downregulation and GFAP upregulation, manifesting an astrocyte signature.
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(Kosty and Lu, unpublished) (Fig. 1B). Consistent with the
murine glioma models carrying Trp53/Pten deletion,28 the gene
set expression analyses suggest that OLIG2 deletion engenders
a tumor phenotype shift from a proneural to an astrocytic gene
expression pattern, including upregulation of EGFR and GFAP.
Thus, OLIG2 has a role in maintaining the OPC-signature
associated proneural phenotype in GSCs.

Recently, a feed-forward loop between OLIG2 and EGFR
was observed to sustain pro-mitogenic functions in tumor cell
growth in neural progenitor cells from a murine glioma model
with EGFRvIII overexpression and Cdkn2 anull back-
ground.31,51 Lentivirus-mediated knockdown of OLIG2 in
human classical GSC lines led to a downregulation of EGFR
(Fig. 1B). In contrast, the full-length EGFR transcript was
expressed at low levels in proneural GSC lines at baseline, and
exhibited little change with OLIG2 knockdown.31 It is notewor-
thy that EGFR expression can be detected in a variety of GSCs
without OLIG2 expression32,52 (J.K. Q.L., unpublished observa-
tions). Some GSC lines with no or minimal OLIG2 expression
express high levels of EGFR and are able to proliferate rapidly
(J.K, Q.L., R.K., and S.M. unpublished observations),19,35 sug-
gesting EGFR expression is not fully dependent on OLIG2.
Conversely, even though RTK signaling is required for the acti-
vation of core transcriptional regulators such as OLIG2 and
SOX2 in established GBM, once activated the maintenance of
their expression becomes independent of the RTK signaling51

suggesting that relationship between expression of RTKs and
OLIG2 may be stage- or cellular context-dependent, and is far
more complex than previously thought.

Intriguingly, OLIG2 knockdown in a set of proneural GSC
lines results in upregulation of the mesenchymal marker CD44
as well as an increase in a set of the markers associated with the
mesenchymal GBM subtype (e.g., TGFB1, STAT3, FN1, CTGF,
and CHI3L1).31 These data suggest that absence of OLIG2 leads
to a proneural-to-mesenchymal transition in the GBM cells.31

It is worth noting that an array of markers such as CD44,
CHI3L1, STAT3 and CTGF examined after OLIG2 knockdown
are also highly enriched in the astrocyte lineage,45 which may
be representative of reactive astrocytic features within the tissue
of mesenchymal subtype tumors12 and in keeping with upregu-
lation of astrocytic signature expression pattern in the Olig2-
ablated glioma carrying Pten;Trp53 deletion and PDGFB over-
expression.28 Nonetheless, whole transcriptome analysis of
gene expression patterns would need to further define the
tumor subtype change in the absence of OLIG2 in GSCs.

Discrepancies in the relationship between OLIG2 and EGFR
in different GSC cell lines and animal models may in part be
due to different mutations and cell types examined. In murine
glioma models, upregulated EGFR expression is detected in
Olig2-deleted tumors derived from the progenitors in the adult
white matter carrying Pten;Trp53 deletion and PDGFB overex-
pression, wherein the tumor cells are the OPC-enriched pro-
neural subtype. The tumors formed in the absence of Olig2 in
this model potentially represent astrocytes converted or trans-
formed from OPCs. In contrast, EGFR appears to be downre-
gulated in Olig2 null NPCs isolated from the embryonic
ganglionic eminences with or without the Cdkn2a¡/¡;EGFRvIII
mutation (a model for classical GBM). While Olig2 can be
detected in uncommitted SVZ progenitors of the developing

forebrain, it has been recently demonstrated that many of these
co-express both EGFR and OLIG2 in the germinal matrix of
the developing human brain.53 As a discrete analysis of these
populations following Olig2 embryonic deletion has never been
completed, it would be interesting to know if Olig2 is also
essential for EGFR expression in the NPCs of embryonic emi-
nence regions during brain development. Recent single-cell
RNA-seq studies54 has further demonstrated that atop the
cellular hierarchy of oligodendroglioma resides cells with an
expression profile reminiscent of embryonic radial glia, notably,
these also express high amounts of OLIG2 and both RTKs
(EGFR, PDGFRA).

A systematic survey of OLIG2 requirement for maintaining
EGFR expression remains to be defined in brain tumor cell
types. On a genomic level, OLIG2, along with a histone mark
H3K27ac, binds to Egfr regulatory elements in murine NPCs,55

murine proneural tumors,28 human GSCs,32 and human fetal-
derived NSCs (R.K., S.M. unpublished). Notably, levels of the
activating histone mark H3K27ac on the multiple enhancer ele-
ments of the Egfr locus55 are elevated in Olig2-knockout tumors
compared with control OLIG2C tumors,28 suggesting a repres-
sor function of OLIG2 on Egfr expression in murine proneural
tumor cells carrying Pten;Trp53 deletion.

Collectively, the disparate observations suggest a context-
dependent function of OLIG2 regarding EGFR expression,
while OLIG2 is consistently required for PDGFRa expression
in tumor cells regardless of tumor subtype. Further analysis of
a larger cohort of GBM cells lines is required to address the
effect of the OLIG2 loss on tumor phenotype transition and
plasticity.

It is worth noting that the proneural to mesenchymal transi-
tion is often associated with more aggressive GBMs with regard
to cell invasiveness and drug resistance.12,34,56,57 The capacity
for the OLIG2-knockdown GSC cells to exhibit these mesen-
chymal characteristics, such as increased invasion and drug
resistance, remain to be determined, although OLIG2 knock-
down leads to a reduction of tumor growth rate in these human
GSC cell lines.28,31 Nonetheless, multiple unaccounted-for het-
erogeneities in tumor stem cell properties and their fitness with
a tumor tissue with diverse cellular compositions and genetic
mutations may be contributable to subtype conversion and
phenotypic changes in response to the OLIG2 state.

Modification of Olig2 activity for glioma therapy

Olig2 deletion in murine glioma carrying Pten/Trp53 mutations
and PDGFB expression leads to a delay in the onset and pro-
gression of tumors, however, the tumor cells are able to grow
eventually. Transcriptome profiling analysis identifies an upre-
gulation of EGFR signaling pathway in the tumor cells in the
absence of Olig2, despite the downregulation of PDGFRa sig-
naling. Consistently, treatment of Olig2-deleted tumor cells
with EGFR inhibitors blocked tumor cell proliferation and
induced apoptosis, suggesting that Olig2 loss sensitizes glioma
cells to EGFR inhibition.28 Inhibition of OLIG2 expression may
therefore be useful to enhance the efficacy of EGFR inhibitors.
In addition, OLIG2 appears to oppose p53 responses to geno-
toxic damage in malignant gliomas by transcriptionally repres-
sing a p53-regulated effector p2129,39, suggesting that OLIG2
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confers radiation and chemo-resistance in glioma cells. These
observations provide a proof of principle to stratify therapies
among distinct subtypes of malignant gliomas by inducing dif-
ferential patient responses to a treatment through targeting
OLIG2.

Phosphorylation of a highly conserved triple serine motif in
the N-terminus of OLIG2 at S10, S13, and S14 has also been
shown to be important for regulation of glioma cell prolifera-
tion and invasion.30,58,59 Hyper-phosphorylated OLIG2, mim-
icked by a triple phosphomimetic (TPM) variant, results in
greater cell proliferation, while a triple phosphonull (TPN) var-
iant results in impaired cell proliferation.58 This is partially due
to attenuation of p53-mediated responses by both wildtype and
phosphomimetic forms of OLIG2.58 Although the TPN mutant
OLIG2 results in decreased cell proliferation, it is associated
with increased invasiveness of murine neural stem cells carry-
ing a Cdkn2 a deletion and EGFRvIII overexpression and
human GSC cells.30 Similarly, human GSC cells with low levels
of OLIG2 phosphorylation (pOLIG2low) exhibit an increase in
tumor invasion both in culture and in xenografts compared
with those with OLIG2 hyper-phosphorylation. Tumors gener-
ated from OLIG2TPN mutants and pOLIG2low GSC cells show
an increase in expression of genes associated with invasion
including TWIST1, CD33, TFGb2, CREB, and ZEB1.

A recent series of elegant experiments, 3 serine/threonine
protein kinases, glycogen synthase kinase 3a/b (GSK3a/b),
casein kinase 2 (CK2) and cyclin-dependent kinase 1/2 (CDK1/
2), have been identified as necessary and sufficient to phos-
phorylate the S10, S13, and S14 residues in OLIG2, respec-
tively.59 In the proposed sequentially priming model,
phosphorylation of S13 and S10 by GSK3 and CK2, respec-
tively, is contingent upon phosphorylation of S14 by CDK1/2,
which initiates a phosphorylation cascade that also includes 3
additional serine residues, S3, S6, and S9, hence forming a
hexa-phosphoserine “acid blob,” which can oppose the actions
of p53. Inhibition of GSK3a/b, CK2, and CDK1/2 in murine
NPCs by treatment with small molecule inhibitors results in
elevation of a p53-target p21, consistent with a repressive func-
tion of OLIG2 on p21 expression. Interestingly, peripheral
administration of CK2 inhibitor CX-4945, capable of blood-
brain barrier penetration, to a pediatric astrocytoma mouse
model harboring BRAFV600E and deletion of Ink4 a/ARF,
decreases the level of phosphorylated OLIG2. Glioma cells
treated CX-4945 exhibit significantly lower cell proliferation
rates. In addition, concurrent treatment of CX-4945 with a
BRAF antagonist PLX-4720 improved the survival of ortho-
topically transplanted animals harboring BRAFV600E and
Ink4 a/ARF deletion. It would be interesting to determine if the
inhibition of OLIG2 phosphorylation by these upstream kin-
ases would also alter tumor cell invasiveness. Blockade of
OLIG2 expression or activity though kinase inhibition, together
with other oncogenic pathway inhibitors, may provide a prom-
ising avenue for the development or discovery of novel thera-
peutic agents in the treatment of GBM.

Conclusions

Much work is still needed to fully understand the biologic
events that lead to the development, progression and drug

resistance of glioma stem/initiating cells. OLIG2 likely plays an
important role in the growth of at least a subset of GBMs,
though the relationship between OLIG2 and tumor growth and
phenotypes in primary and recurrent GBM may be context-
dependent. Further studies are needed to elucidate the mecha-
nisms underlying OLIG2 activity and its posttranslational mod-
ifications or interacting partners in the regulation of GBM
formation, growth, and invasion. Given that OLIG2 is critical
for glioma initiation and progression, modulation of OLIG2
expression or activity by its upstream kinases, in conjunction
with radiotherapy and targeted therapeutics, may potentially
improve the treatment efficacy in malignant gliomas.
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