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Advances and challenges in the molecular biology and treatment
of glioblastoma—is there any hope for the future?
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Abstract: Malignant gliomas, such as glioblastoma multiforme (GBM), present some of the greatest challenges

in the management of cancer patients worldwide. Even with aggressive surgical resections and recent advances in

radiotherapy and chemotherapy, the prognosis for GBM patients remains dismal and quality of life is poor. Although

new molecular pathways crucial to the biology and invasive ability of GBM are coming to light, translation of basic

science achievements into clinical practice is slow. Optimal management requires a multidisciplinary approach and

knowledge of potential complications arising from both disease and treatment. To help illustrate “where we are

going” with GBM, we here include a detailed depiction of the molecular alterations underlying this fatal disease, as

well as intensive research over the past two decades that has led to considerable advances in the understanding of

basic GBM biology, pathogenesis and therapeutic approaches.
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Introduction

The term ‘glioma’ encompasses all tumors thought to
be of glial cell origin, including astrocytoma grades I,
IT (astrocytoma), IIT (anaplastic astrocytoma) and IV
(glioblastoma multiforme or GBM), oligodendrogliomas,
ependymomas, and mixed gliomas (1,2). GBMs are the most
common primary malignant brain tumors (2) and account
for 12% to 15% of all intracranial tumors and 50% to 60%
of astrocytic tumors with an annual incidence of 5.26 per
100,000 population or 17,000 new diagnoses per year (3).
Although uncommon, GBMs are exceedingly lethal with
the worst prognosis of any brain tumor and a 5-year survival
rate of only 5% (4). They are extremely proliferative and
invasive, display highly aberrant vascularization and are
resistant to traditional radiotherapy and chemotherapy
regimens, making them difficult to remove completely with
the usual standard of care (4).

The concept of molecular subtypes of GBM is an
old one, beginning with the distinction of primary (also
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known as de novo) and secondary GBM (5). Genome-
wide expression studies in GBM have revealed four
transcriptional subclasses with distinct molecular
characteristics, though molecular abnormalities, such as
PTEN loss, may be common to all (2,6). The classical
GMB displays chromosome 7 amplifications, chromosome
10 deletions, epidermal growth factor receptor (EGFR)
amplification, EGFR mutations and Ink4a/ARF locus
deletion (6). Mesenchymal GBM displays a high frequency
of neurofibromatosis type 1 (NF1) mutation/deletion and
high expression of CHI3L1, MET and genes involved
in the tumor necrosis factor (TNF) and nuclear factor
of x-light polypeptide gene enhancer in B-cells (NF«kB)
pathways (7). Proneural GBM is one of the best studied
subclass, characterized by alterations of platelet derived
growth factor receptor a (PDGFRa) and bears the glioma-
CpG island methylator phenotype (GCIMP), usually
associated with mutations in isocitrate dehydrogenase (IDH)
1 and 2 (8). It shares gene expression features with lower-
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grade gliomas and secondary glioblastomas (8). Further
refinement of the proneural class has distinguished tumors
with the glioma-GCIMP phenotype from GCIMP negative
tumors, which are usually IDH wild-type (9). Finally, in
neural GBM particular molecular abnormalities remain
unidentified (6,7). While gene expression studies have led to
the concept of GBM subclasses, collective accumulation of
transcriptional data suggest the distinction between classes
may not be so rigid and can also lead to mosaicism or even
class switching, possibly under the influence of the tumor
microenvironment (10).

In this review we discuss GBM molecular biology in
depth with the aim to stimulate the development of new
therapeutic strategies that can improve patient outcomes.
We also provide an update of the standard GBM therapeutic
approach.

Standard therapy for GBM patients

The standard treatment for GBM patients is surgery,
followed by radiotherapy with concurrent temozolomide
(TMZ) and six monthly cycles of adjuvant TMZ (11). Use
of the DNA alkylating agent TMZ concomitantly with
radiotherapy is supported by a randomized phase III study
that found addition of TMZ increased median survival
to 15 months compared to 12 months with radiotherapy
alone (11). The 2-year survival rate was 27% versus 10%,
respectively (11). The other agent approved by the US Food
and Drug Administration (FDA) for first-line treatment of
GMB is biodegradable polymers containing the alkylating
agent carmustine, implanted into the tumor bed following
resection (12). Although a phase III trial suggested a
survival benefit, the study has methodological problems:
toxicity is severe, and a direct comparison of standard
chemoradiotherapy with TMZ is lacking (12).

Since surgery remains the first and most important
treatment modality for patients suffering from brain tumors,
steps to improve many aspects of surgical care are of great
relevance. Santagata et al. presented a technical innovation
that permits rapid molecular characterization of tissue
samples at the time of surgery (13). The tumor metabolite
2-hydroxyglutarate (2-HG), generated from /DH1 mutant
gliomas, can be monitored during surgery with ambient
mass spectrometry techniques and may quickly provide
crucial information (13). 2-HG-expressing central nervous
system tumors are nearly always gliomas, carry IDHI or
IDH? mutations and have more favorable outcomes (13).
Monitoring 2-HG with intraoperative mass spectrometry
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could conceivably become routinely used for surgery of
primary brain tumors, first to classify the tumor and then, if
2-HG is present, to guide optimal resection (13). In tumors
lacking 2-HG, surgical guidance would require monitoring
lipid signatures or other metabolites (13).

Bevacizumab, a humanized vascular endothelial
growth factor (VEGF) monoclonal antibody that targets
angiogenesis, has been examined in first-line GBM
treatment, added to chemoradiotherapy with TMZ. In
the study of Gilbert et 4., first-line use of bevacizumab
prolonged progression-free survival (PFS) but did not
reach the prespecified improvement target and did not
improve overall survival (OS) in patients with newly
diagnosed GBM (14). Also, in a second study from Chinot
et al., addition of bevacizumab to radiotherapy and TMZ
improved PFES but the rate of adverse events was higher
with bevacizumab compared to placebo and there was
no improvement in OS (15). Other antiangiogenetic
agents have also been explored. avf3 and avB5 integrins
are thought to be key mediators of crosstalk between
tumour cells and the brain microenvironment in GBM
and are overexpressed in tumour cells and vasculature
(16,17). However a study with cilengitide, a selective
inhibitor of avB3 and ovp5 integrins, with standard TMZ
chemoradiotherapy in GBM patients was negative and the
drug was shelved (18).

After first-line treatment, almost all GBM patients
experience disease progression after a median PFS of 7 to
10 months (3). Apart from surgical resection, which may be
considered for mass effect relief, and updating histology and
molecular characteristics of the tumor, salvage chemotherapy
options include bevacizumab, TMZ rechallenge, and
other alkylating agents, such as nitrosoureas (carmustine
and lomustine) and carboplatin (3). Several phase II
studies have reported high responses and 6-month PFS
with bevacizumab (19-21). The value of bevacizumab in
management of progressive GBMs in clinical practice is
almost universally accepted because of evident symptom
relief and steroid-sparing effects (4). Bevacizumab has
been approved for treatment of recurrent GBM in
several countries (though not in the EU), on the basis of
findings from two prospective phase II trials that showed
radiological response rates of 30% or more and PFS and
OS times superior to those of historical controls (20,21).
Such findings, in combination with the results of phase III
trials in newly diagnosed GBM, mean that the OS benefit
of bevacizumab treatment remains unclear. No active
combination partner for bevacizumab has been identified
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in the setting of progressive disease (4). The BELOB study
is the first randomized phase 1I trial to examine the role of
bevacizumab in treatment of recurrent GBM and includes
a bevacizumab free control group (22). The combination of
bevacizumab and the synthetic alkylating agent lomustine
met prespecified criteria for assessment in a phase III trial
by the EORTC, but the results in the bevacizumab-alone
group do not justify further studies of this treatment (4,22).
Finally, another anti-VEGF agent is cediranib, an orally
pan-VEGFR TKI (23). The efficacy of cediranib has been
tested as monotherapy and in combination with lomustine
versus lomustine alone in patients with recurrent GBM.
The study did not meet its primary end point of PFS
prolongation with cediranib alone or in combination with
lomustine compared to lomustine monotherapy (24).
Immunotherapy has recently been incorporated into
general clinical practice with the approval of ipilimumab
for metastatic melanoma in 2011, and even before with
the approval of sipuleucel-T for castrate-resistant prostate
cancer in 2010 (25,26). Immunotherapy for GBM has
afforded valuable insights but failed to generate comparable
clinical results with other tumors. An approach tailored
to the unique aspects of glioma biology in order to
establish the role of immunotherapy in GBM is needed.
EGFRulII has been considered an ideal target for antitumor
immunotherapy. In a phase II clinical trial, the efficacy
of rindopepimut EGFRvllI-targeted peptide vaccine was
assessed in newly diagnosed EGFRVIII positive GBM
patients (27). Rindopepimut is a 14-amino acid peptide
(PEPvIII) conjugated to the foreign antigen keyhole
limpet hemocyanin (KLH) (27). Vaccinating patients was
safe, induced specific immunity against EGFRvIII and
was associated with elimination of EGFRvIII-expressing
cells at recurrence. PEPVIII improved PFS and OS in this
population and warrants further investigation in a phase
II1, randomized trial (27). Rindopepimut plus granulocyte
and macrophage colony stimulating factor has also been
evaluated in the ACT III phase II trial; 65 patients with newly
diagnosed GBM were included and the reported 21 months
median OS compared favorably with historic controls (28). A
multiple antigen vaccine targeting MAGE-1, HER-2, AIM-2,
TRP-2, gp100, and IL-13Ra2 has been evaluated in a phase
II multicenter randomized trial which found a statistically
significant difference of two months in terms of PES (29).
Immune checkpoint blockade, through targeting cytotoxic
T lymphocyte antigen-4 (CTLA-4) or programmed
cell death-1 (PD-1) signaling, requires more detailed
understanding of the role of these pathways, both within
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the central nervous system and peripherally in this patient
population (28).

DNA repair and resistance to TMZ

TMZ is an alkylating agent applied to malignant
glioma, including GBM. TMZ causes cytotoxicity by
spontaneously converting to the reactive methylating agent
5-(3-methyltriazen-1-yl) imidazole-4-carboxamide (MTIC),
which then degrades to the methyldiazonium cation (16).
The methyldiazonium cation reacts with DNA to form
methyl adducts, such as N’-methyladenine, N'-methyl-
guanine, and O°-methyl-guanine, resulting in DNA strand
breaks which, if not repaired by RADS51-driven homologous
recombination (HR), lead to cell-cycle arrest and delayed
cell death (30,31).

Resistance to TMZ can be caused through removal
of methylation from O° position of guanine by O°-
methylguanine methyltransferase (MGMT) (32). GBM
patients with MGMT promoter methylation and inhibition
of MGMT expression were reported to have an improved
2-year survival with TMZ treatment together with
irradiation (33). Therefore, therapeutic agents which
suppress MGM'T expression are highly desirable for TMZ
resistant patients. In the study of Kohsaka ez 4/., enhanced
phosphorylation of STAT3 was observed in MGMT
overexpressing GBM cells, such as KMG4, U138 and
LN308, and STAT3 was found to be necessary for post-
transcriptional elevation of MGMT (Figure 1) (34). In the
same study, increased levels of both MGMT and pSTAT3
were observed in recurrent tumor compared to the primary
GBM of identical patients, suggesting that STAT3 can
be a therapeutic target for TMZ resistance in GBM (34).
Interestingly, common therapeutic measures for GMB
patients, like irradiation, corticosteroids and chronic
exposure to alkylating agents, induce expression of mTOR
and target N-myc downstream regulated gene 1 (NDRG1),
a key determinant of resistance to alkylating chemotherapy
which binds and stabilizes MGMT (Figure 1) (35).
Recently, it was found that in GBM patients, MGMT
promoter methylation in tumor tissue is not more predictive
for response to alkylating chemotherapy in patients who
received concomitant corticosteroids (35). mMTORC2
transcriptionally and post-transcriptionally regulates
NDRGTI through the serum glucocorticoid-induced protein
kinase 1 (SGK1), making the mTORC2/SGK1/NDRGI
pathway a target for future preclinical and clinical research
into GBM therapy resistance (35). However, the therapeutic
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Figure 1 The EGFR pathway in glioblastoma. EGFR, epidermal growth factor receptor.

activity of temsirolimus, an intravenous mTOR inhibitor, in
patients with newly diagnosed GBM with an unmethylated
MGMT promoter was found to be too low (36).

MGMT expression is not the only DNA repair
mechanism associated with TMZ resistance. Mismatch repair
(MMR) plays a crucial role in TMZ-induced cytotoxicity.
The MMR pathway removes thymidine but is unable to
repair the original O°-methyl-guanine lesion. Repeated
unsuccessful MMR attempts to repair DNA lead to double-
strand breaks, replication arrest and cell death (37). A
deficiency in the MMR pathway would result in failure to
recognize and repair at this position, resulting in continued
DNA replication past the O°-methyl-guanine block and
thereby producing no double-strand breaks, no cell death
and, ultimately, resistance to TMZ (38).

Another mechanism of TMZ resistance involves the base
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excision repair (BER) pathway which consists of several DNA
repair proteins that cooperate on removal of damaged or
inappropriate DNA bases, such as N’-methyl-guanine (39).
Once these methyl groups are removed, the cells survive,
meaning that high levels of BER proteins can contribute to
TMZ resistance (40,41). Poly (ADP-ribose) polymerase (PARP)
cooperates with the BER system to ensure genomic stability
by repairing single-stranded DNA breaks. If PARP activity
is inhibited, these single-stranded DNA breaks become
double-strand breaks, leading to induction of cell death
(42,43). Therefore, PARP inhibitors may enhance TMZ
induced cytotoxicity. Recent iz vitro and in vivo experiments
reported that NEO212, a conjugate of TMZ to perillyl
alcohol, can be cytotoxic to several types of TMZ resistant
glioma cells, resulting from mechanisms other than MGMT
expression (44). NEO212 functions similar to temozolamide
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but is unique since it induces endoplasmic reticulum ER
stress and inhibits autophagy (44). When tested on three
human TMZ resistant glioma cell lines, due to high levels
of MGMT, MMR deficiencies, or overexpression of BER
proteins, NEO212-induced cell death independent of the
mechanisms of resistance (44).

Although the modern definition of primary GBM is
a group of tumors lacking IDH mutations, it is worth
mentioning in passing the role of IDH1 mutations. These
mutations are detected in more than 70% of grade II
and III gliomas and in secondary GBMs (45) and cause
distinct alterations in lipid metabolism that can be detected
noninvasively by *'P magnetic resonance spectroscopic
imaging (46). A higher rate of response to up-front TMZ has
been reported in IDH1 mutant low-grade glioma patients
relative to that noted in patients with histologically identical
IDH1 tumors, implying that mutant IDH1 contributes to
TMZ sensitivity (47). However, the contribution of IDH
mutations to drug sensitivity is complex. A recent study
showed that expression of mutant IDH1 confers TMZ
resistance rather than sensitivity (48). This resistance is not
a direct effect of mutant IDH1 expression but mutant IDH1
drives a unique set of transformative events that indirectly
enhance HR and facilitate repair of TMZ-induced DNA
damage and TMZ resistance, suggesting that inhibitors of
HR may be a viable means to enhance TMZ response in
IDH1-mutant glioma (48).

The EGFR pathway in GBM-targeting EGFR

Although increased expression of other receptor tyrosine
kinases (RTK) such as PDGFRa and VEGFR contribute
to growth of GBM through the activation of RAS/ERK-
or phosphatidylinositide-3 kinase (PI3K)/AKT-dependent
signaling pathways, EGFR gene amplification and mutation
are the most striking abnormalities detected in about 40-
50% of patients with GBM and are usually found in the
classical GBM subtype (34). Indeed, a specific EGFR
mutant (EGFR type III, EGFRVIII) is detected in about
50% of tumors with EGFR amplification (49). EGFRvIII is
generated from a deletion in exons 2-7 of the EGFR gene
which results in an in-frame deletion of 267 amino acids
in the extracellular domain of EGFR (49). Therefore, it is
unable to bind ligand and signals constitutively. However,
in contrast to EGFR mutants in lung cancer, treatment
with EGFR tyrosine kinase inhibitors (TKIs) appears to
be less successful in GBM compared with lung cancer,
possibly secondary to altered kinetics of inhibitor binding
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or sensitivity of EGFRVIII (50,51). At the preclinical level,
the second generation EGFR TKI dacomitinib is effective
in EGFR amplified cells with or without EGFRVIII (52).
A phase II clinical trial with dacomitinib is ongoing in
patients with recurrent GBM with amplification of EGFR
(NCT01520870) (52).

Recently, it has been shown that wild type EGFR is
required for the oncogenic effect of EGFRVIII (Figure I) (53).
Dimerization of EGFRVIII is important for its activation and
EGFRVIII may homo-or heterodimerize with EGFR (53).
There is a feed-forward loop: EGFRVIII is activated when
wild type EGFR is co-expressed. Wild type EGFR in turn is
activated by heparin-binding epidermal growth factor (HB-
EGF)-like growth factor, induced by EGFRVIII (53). The
resultant increased activation of EGFRVIII leads to increased
transactivation of multiple RTK families such as Met and
EphA2 that may mediate EGFRvIII oncogenicity. An EGFR
antibody [528] that blocks ligand binding to wild type EGFR
inhibits EGFRVIII mediated tumor growth in xenograft
studies and blocks this positive feedback loop (54).

An EGFR-EGFRVIII-STATS3 signaling axis in a subset
of GBMs that co-amplify EGFR and EGFRvIII within
individual tumor cells has been identified (55). Fan et /.
highlighted the cooperation between EGFR and EGFRvIII
in transformation iz vivo, showing that EGF treatment
of cells expressing both EGFR and EGFRVIII resulted in
phosphorylation of both kinases. Indeed, EGFR promotes
unidirectional EGFRVIII signaling in GBM cells (55). It
is intriguing that enhanced STAT?3 signaling is selectively
affected by EGFR/EGFRVIII crosstalk, whereas signaling
through PI3K and MAPK is less prominently affected.
EGFR phosphorylation of EGFRVIII leads to nuclear
transport of EGFRvVIII and enhanced formation of a
complex between EGFRVIII and STAT?3 in the nucleus (55).
These data suggest that EGFR and EGFRvIII coordinate
to drive enhanced and prolonged STAT?3 activity in the
nucleus (Figure 1). It is still possible, however, that very
high levels of EGFR could subvert this role even in the
absence of EGFRVIII (55). Therefore, targeting EGFR in
conjunction with STAT3 signaling may be a therapeutic
strategy for patients with EGFRvIII-positive GBM.

However, the extent of clonal diversity of EGFR mutants
in GBM and their functional and therapeutic properties
require further characterization. The study from Francis et 4/.
demonstrated the presence of multiple EGFR variants
in a single GBM tumor, highlighting the intratumoral
heterogeneity of GBM conferred by plasticity of EGFR
amplicons (56). EGFRVII is generated by deletion of
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exons 2-7 of the EGFR gene and can be present in 9% of
cases with focally amplified (56). Constitutive expression
of EGFRVII results in downstream activation of AKT
signaling, consistent with that of EGFRVIII, but not with
enhanced ERK activation. It is possible that EGFRvII
activates an alternative pathway such as STAT3 and poses
a more direct means of inducing transcriptional changes; it
is interesting to note that EGFRvII enhanced sensitivity to
EGEFR TKIs (56,57) (Figure 1).

EGFR amplification or activating mutations as well as
loss of PTEN keep the PI3K signaling hyperactivated in
nearly 90% of GBMs (58). PI3K promotes tumor growth
and survival, including through sterol regulatory element-
binding protein 1 (SREBP-1)-dependent lipogenesis (59).
Guo et al., were able to identify in GBM cell lines, xenograft
models, and clinical samples an EGFRvIII-activated, PI3K/
SREBP-1-dependent tumor survival pathway through the
low-density lipoprotein receptor (LDLR) (59). GW3965,
a liver X receptor (LXR) agonist, activates the inducible
degrader of LDLR (IDOL), inhibits LDLR and promotes
tumor cell death in an in vivo GBM model (Figure I).
Therefore, GW3965 may have a role in the treatment of
GBM patients (59).

Other molecular pathways involved in GBM
pathogenesis

NF«B is a transcription factor activated by the EGFR
pathway. Aberrant constitutive activation of NF«kB has
been observed in glioblastoma (60). NF«B functions as an
oncogenic driver in many human cancers and is an attractive
target for cancer prevention or treatment. However, as
NF«B also regulates normal immune response, targeting it
can produce immunotoxicity. A number of NF«kB-targeting
drugs have been tested in clinical trials, sometimes with
disappointing results (61).

The encoding nuclear factor of k-light polypeptide gene
enhancer in B-cells inhibitor-a (NKFBIA) is an inhibitor of
NF«B which abrogates signaling in the NFxB and EGFR
pathways and has a suppression role in GBM tumors (62).
NFKBIA dosage or expression is independently associated
with survival of GBM patients and plays an important role
as a determinant of GBM behavior, including response to
TMZ. Bredel er al. reported that NFKBIA deletion and
EGFR amplification are mutually exclusive but have a
similar effect in GBM pathogenesis (62). A 2-gene model
based on expression of NFKBIA and MGMT was strongly
associated with the clinical course of the disease (62).
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Interestingly, a relationship between NK«B and IL-6
SphK1/S1P/S1PR1 axis has been identified as a nexus
between NF«B and STAT3 (63). Sphingosine-1-phosphate
(S1P) induced by sphingosine kinase 1 (SphK1) is essential
for production of the multifunctional NF«B regulated
cytokine IL-6 with persistent activation of the transcription
factor STAT?3 and consequent upregulation of the S1P
receptor, SIPR1 (63). The prodrug FTY720 decreased
SphK1 and S1PR1 expression and eliminated the NF«B/
IL-6/STAT3 amplification cascade and development of
colitis-associated cancer in mice (63,64). FTY270 blocks
SphK1 and S1PRI. It was previously demonstrated that
SphK1, an intracellular S1P, plays a direct role in TNFa
signaling and the canonical NF«B activation pathway,
important in inflammatory, anti-apoptotic and immune
processes (65). SphK1 mRNA is increased in several tumors,
including brain, and has been correlated with a multidrug
resistance phenotype (66).

PDCD#4 is a tumor suppressor gene that inhibits
translation in an mRNA-selective manner by interacting
with translation initiation factor eIF4A and inhibiting its
RNA helicase activity (67). The effect of PDCD4 on NF«B-
dependent transcriptional activity in GBM was recently
demonstrated (68). PDCD4 expression inhibits NF«B
transcriptional activation in a p65-dependent manner (68)
(Figure 2) through interaction of the PDCD4 protein with
p65 to inhibit its nuclear localization (68). NF«B target
genes matrix metalloproteinase-9 (MMP-9) and VEGF—
overexpressed in GBM tissues which also have overactivated
NFxB—are regulated by PDCD4 (68,69). Since novel ways
to target NF«B are being sought, stabilizing or mimicking
PDCD4, or its binding to p65 to sequester p65 in the
cytoplasm, may be useful alternatives.

Astrocyte elevated gene-1 (AEGI1) was first cloned in
2002 as a human immunodeficiency virus (HIV)-1- and
TNF-o-inducible gene in primary human fetal astrocytes.
Since then, it has become clear that it plays a key role in
the carcinogenic process in diverse organs (70). AEG1 is
overexpressed in several types of human cancers, including
more than 90% of brain tumors (71). As a target of RAS,
AEGT1 activates multiple oncogenic signaling pathways
including PI3K-AKT, mitogen-activated protein kinase
(MAPK/ERK), Wnt, and NFkB which are involved in
regulation of proliferation, invasion, chemoresistance,
angiogenesis, and metastasis (70,72) (Figures 1,2). Enhanced
expression of AEGI increases binding of the transcriptional
activator p50/p65 complex of NF«B, corresponding with
degradation of NFKBIA, nuclear translocation of p65 and
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Receptors (TNF, AXL)

Figure 2 The NF«B and other signaling pathways in glioblastoma.

induction of NF«xB downstream genes (73). Additionally,
a strong negative correlation between expression of AEGI
and the excitatory amino acid transporter 2 (EAAT?2) has
been described (74). EAAT? repression causes a reduction
of glutamate uptake by glial cells, resulting in induction of
neuronal cell death which contributes to glioma-induced
neurodegeneration, a hallmark of this fatal tumor (74). In
view of the effects of AEGI in the context of GBM, this
gene provides a viable target not only for limiting direct
pathogenesis of brain tumors but also reducing indirect
toxicity to neurons promoted by defects in glutamate
transport (74). Increased insights into the detailed molecular
mechanisms of AEG-1 action will facilitate development of
improved therapies for GBM and methods to ameliorating
its pathogenesis.

The role of AXL overexpression in astrocytoma cell
migration and invasion has been reported (75). Keating ez 4.
demonstrated abnormal expression of Mer and AXL RTKs

© Annals of Translational Medicine. All rights reserved.

Page 7 of 14

NOTCH

Notch and
hedgehog target

genes

T

Musashi

in astrocytoma cell lines and primary patient samples, and the
role of AXL in cell survival, proliferation, and migration (76).
The cancer-promoting characteristics of the TAM family
of RTK make them attractive therapeutic targets, while
inhibition introduces minimal increased therapeutic toxicity.
Targeted inhibition of either Mer or AXL in astrocytoma,
through antibodies and small-molecule kinase inhibitors,
may have clinical benefit and could enhance the efficacy
of currently used chemotherapeutics (76). On the other
hand, AXL has been identified as a novel target of enhancer
of zeste homolog 2 (EZH2), adding further evidence to
the role of the molecular network influenced by EZH?2 in
sustaining malignant tumor phenotype (77). Specifically,
EZH2 expression—involved in epigenetically regulating
gene transcription programs during development and
cellular differentiationv—is found in human gliomas with
AXL overexpression (77). Histone deacetylase inhibition
results in depletion of EZH2 (78). Ott et al., demonstrated
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that inhibition of HDAC suppress AXL transcription by
transcriptional control of EZH?2, indicating that EZH2 is
under transcriptional control of HDAC in GBM (77). It
is worth mentioning that EZH?2 has a dual role: besides
histone methylation-dependent transcriptional silencing,
it can contribute to GBM stemlike cell self-renewal
and GBM malignancy through STATS3 activation (79).
EZH?2 phosphorylation by AKT is critical for this EZH2-
STAT3 interaction (79). Therefore EZH?2 is a promising
therapeutic target in GBM.

As with intrahepatic cholangiocarcinoma, transcript of
fused-in-glioblastoma (FIG)—which encodes a protein
associated with the Golgi apparatus and plays a role in
its function—has been reported as a 5’ fusion partner to
the RTK ROS in the Ul18MG GBM cell line (80,81).
Constitutive activation of FIG-ROS requires localization
to the Golgi apparatus and FIG sequences deletion
eliminates the transformation capacity of FIG-ROS. Thus,
the role of ROS as a therapeutic target in GBM should
be further explored. Another oncogenic chromosomal
translocation described in almost 3% of GBM patients is
the in-frame fusing of the tyrosine kinase coding domains
of fibroblast growth factor receptor (FGFR) genes (FGFR1
or FGFR3) to transforming acidic coiled-coil (TACC)
coding domains of TACC1 or TACC3. In in vivo models,
oral administration of an FGFR inhibitor prolongs survival
of mice harboring intracranial FGFR3-TACC3-initiated
glioma, meaning FGFR-TACC fusions could potentially
identify a subset of GBM patients who could benefit from
targeted FGFR kinase inhibition (82).

Zhu et al. reported novel insights into the mechanisms
that can transform membrane protein tyrosine phosphatase
receptor U (PTPRU) from a tumor suppressor to a tumor
promoting agent in GBMs (83). PTPRU belongs to the
R2B subfamily of receptor protein tyrosine phosphatases
(RPTPs) which are involved in cell adhesion and function
as tumor suppressors primarily through dephosphorylation
of B-catenin (84). While expression of full-length PTPRU
protein is low in glioma cells, a number of non-full-length
PTPRU isoforms are highly expressed and promote glioma
progression. PTPRU knockdown-induced inhibition of
glioma cell motility is mediated through p-catenin signaling
inactivation and ubiquitin ligase-mediated degradation of
focal adhesion proteins (83).

Tripartite motif (TRIM) proteins belong to the family
of E3 ubiquitin ligases that have a TRIM containing
RING finger domain, one or two zinc-binding B-box
domains and coiled-coil domains (85). These proteins
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regulate cellular processes such as proliferation, apoptosis
and transcriptional regulation (85). TRIM3 was first
identified and characterized as a brain-enriched RING
finger protein with its gene localized to chromosome
11p15.5 (86). TRIM3 loss, through deletion or DNA
methylation, is detected in approximately 25% of GBMs,
as well as in lower-grade gliomas (87). TRIM3 deletion is
highly associated with the proneural transcriptional class
of GBM, which is enriched for genes that regulate neural
developmental and proliferation (8). TRIM3 expression
is related to suppressed expression of c-Myc and stem cell
markers like Nestin, Nanog, and Musashi, antagonizing
stem-like behavior (87). Musashi is the human homologue
of Drosophila Musashi protein. In Droshophila it regulates
precursors of neurons and sensory bristles, and flies with
gene mutations have double-shafted bristles; the gene was
named after the samurai Miyamoto Musashi who fought
with two swords (88). In vertebrates, Musashil, and the
closely related Musashi2 protein, bind consensus motifs
in mRNAs to inhibit their transcription. Known targets
include Numb, a membrane-bound protein that has a
role in determining binary cell fates during development
by inhibiting the intracellular domain of Notch (NICD)
and suppressing Notch and Hedgehog signaling (88-90)
(Figure 2). Therefore, TRIM3 regulates proliferation
and differentiation through the Musashi/Numb/Notch/
Hedgehog pathway, as well as c-Myc, and its loss increases
the glioma stem-cell population by disrupting asymmetric
cell division and cellular differentiation (87).

As for most solid tumors, treatments for GBM that
inhibit individual mutant proteins related to cancer
maintenance or its blood supply are ineffective. Kitambi
et al. screened a relatively small set of compounds looking
for agents that alter the size or shape of GBM cells and
identified a compound they termed Vacquinol-1 (91,92).
Vacquinol-1 kills cancer cells not through apoptosis or
autophagy but through a mechanism the researchers
named “methuosis”, from the Greek “methuo”, meaning
to drink to intoxication (91). Vacquinol-1 and MOMIPP,
a compound also identified by this group, induce rapid
endocytic-like activity in GBM cells, leading to formation
of massive numbers of empty, variably sized, intracellular
vacuoles, each bound by a single membrane. The cell
membrane then ruptures, resulting in death (91,93). These
results identify a vulnerability to massive vacuolization
that can be targeted by small molecules and point to
the possibility of exploiting this process in the design of
anticancer therapies.

Ann Transl Med 2015;3(1):7
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Biomarker Pathway activated Prognostic significance Predictive significance Ref

IDH

IDH mutations Affect DNA repair mechanisms Better survival Better response to TMZ; under debate (46-48)

NF«B

NF«B activation Expression of genes involved in - Disappointing results with NFkB-targeting (60,61)
inflammation, immune response, drugs
proliferation, and apoptosis

NFKBIA deletion Mutually exclusive with EGFR NFKBIA/MGMT: 2-gene Restoration of NFKBIA expression: (62)
amplification. NFkB suppression gene  model associated with sensitivity to chemotherapy

prognosis

IL-6/SphK1/S1P/ NF«B and STAT3 activation - FTY270: SphK1 and S1PR1inhibitor (63)

S1PR1axis

PDCD4downregulation Inhibits NFkB-dependent - Potential alternative target for NFkB (68)
transcriptional activity inhibition

Other biomarkers

AXL/Mer overexpression - - AXL or Mer inhibitors (75,76)
EZH2 overexpression AXL overexpression, - HDAC inhibitors (77-79)
STATS activation

FIG-ROS fusion - - ROS as a therapeutic target (80,81)
FGFR1-TACC1 and FGFR3- - - FGFR inhibitors (82)
TACCS fusions

PTPRU (non-full-length B-catenin signaling activation - - (83)
isoforms)

TRIMS3 loss Musashi/Numb/NICD/Notch/Hedgehog - - 87)

pathway

c-Myc expression
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Do extracranial metastases occur in GBM
patients?

It has long been unclear whether glioma cells can pass
through the blood brain barrier and grow in the secondary
organ microenvironment, or whether they simply do not
have time to grow elsewhere due to deadly rapid growth
of the primary tumor (94). Suppression of extracranial
growth of GBM cells by the immune system, the absence
of lymphatic channels in the central nervous system, or
the inability of GBM cells to invade and loosen connective
tissue in the extracranial space are additional reasons for
the low incidence of extracranial metastasis (94). However,
the dogma that glioma cells survive only in the brain is
challenged by the findings of Miiller ez a/l. (95) who detected
circulating tumor cells (CTCs) in peripheral blood of
20.6% GBM patients, most frequently in those with EGFR
gene amplification in the corresponding tumor tissues
compared to patients with non-EGFR-amplified tumor (95).
High numbers of CTCs may identify patients as long-term
survivors and could be used to monitor response to therapy
or disease progression (96). Thus, this group’s discovery
has the potential to impact on diagnosis, prognosis and
treatment of GBM patients (96).

Conclusions

GBM, the most common primary brain tumor, has few
available therapies providing significant improvement
in survival. It has been demonstrated that molecular
heterogeneity among GBMs is prominent, and pathological
diagnosis cannot always predict tumor clinical behavior. As
a result of increasing knowledge and molecular classification
of GBM into a number of subgroups, with the resulting
application to clinical practice, we are now better informed
of the reasons for differing outcomes. This understanding,
along with the potential for individualized patient-directed
therapy, will continue to evolve in this lethal disease. A
number of prognostic or predictive biomarkers have been
identified which may contribute to clinical management of
GBM (see Table 1). Although the clinical implications of
these alterations remain to be determined in prospective
studies, a growing number of candidate biomarkers have
been investigated. To date, MGMT promoter methylation
and IDH1 and 2 mutations have proven clinical applications
to GBM prognosis and treatment. The usefulness of other
molecular alterations in predicting outcome or guiding
decisions about disease management remains to be clinically
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validated. Given that recent medical treatment strategies
have been moving toward individualized therapy, with many
targeted drugs investigated, the identification of reliable
molecular biomarkers in GBM will be of considerable
therapeutic importance.
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