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PRACTICE POINTS
●● 	High-grade gliomas (HGG) are historically classified by the histopathological WHO system as either anaplastic 

astrocytoma (grade III) or glioblastoma (GBM, grade IV); however, this system does not take into account underlying 
genetic alterations driving the disease and in turn differing outcomes.

●● 	Despite an aggressive standard of care, including surgical resection followed by radiotherapy with temozolomide, 
median survival for GBM remains poor.

●● 	Recent efforts aimed at dissecting the genomic architecture of glial tumors has led to significant advancements in our 
understanding of the molecular pathways important in gliomagenesis, revealing several genes recurrently mutated 
during tumor formation.

●● 	Similarly, gene expression profiling of GBMs has identified at least four different genetic subtypes, yielding specific 
prognostic expectations.

●● 	The use of next generation genomic technologies, such as massively parallel sequencing, now allows for identification 
of somatic driver mutations and genomic events in individual tumors, marking the start of personalized oncologic care 
for patients with HGG.

●● Agents currently being employed or in development to target HGGs include receptor tyrosine kinase inhibitors, PI3K/Akt 
inhibitors, mTOR inhibitors, BRAF inhibitors, HDAC inhibitors and proteasome inhibitors, as well as VEGF inhibitors.

●● 	Other strategies include targeting glioma cells and developing vaccines against an individual’s specific tumor.

●● 	Institutions with genomic capabilities should consider sequencing their patient’s glioma samples in an effort to forge 
the beginnings of personalized medicine by selecting treatment targets based on genomic signatures of individual 
gliomas.
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SUMMARY:	 In the last few decades, we have seen significant advances in brain imaging, 
which have resulted in more detailed anatomic and functional localization of gliomas in 
relation to the eloquent cortex, as well as improvements in microsurgical techniques and 
enhanced delivery of adjuvant stereotactic radiation. While these advancements have led to 
a relatively modest improvement in clinical outcomes for patients with malignant gliomas, 
much more work remains to be done. As with other types of cancer, we are now rapidly 
moving past the era of histopathology dictating treatment for brain tumors and into the 
realm of molecular diagnostics and associated targeted therapies, specifically based on 
the genomic architecture of individual gliomas. In this review, we discuss the current era 
of molecular glioma characterization and how these profiles will allow for individualized, 
patient-specific targeted treatments.
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Background
Malignant gliomas are the most frequently occur-
ring primary brain tumor [1], with an annual 
incidence of 6–7 cases per 100,000 and a median 
age of onset in the 5th and 6th decades of life [1,2]; 
they pose a significant challenge for care practi-
tioners despite multimodal treatment strategies. 
Malignant gliomas are derived from glial cells 
and are heterogeneous in appearance, typically 
with a central region of necrosis surrounded by 
contrast-enhancing proliferative glioma cells [3]. 
These tumors are highly infiltrative and extend 
beyond the areas of contrast enhancement [3]. 
The WHO classifies gliomas into four grades 
based on histology: grade 1 (pilocytic astrocy-
toma), grade II (diffuse astrocytoma), grade III 
(anaplastic astrocytoma or AA), and grade IV 
(glioblastoma or GBM) [3], with the latter two 
considered malignant or high-grade (HGG) and 
accounting for approximately 75% of cases [1,3]. 
This histopathological classification system has 
served as the cornerstone that guides manage-
ment and predicts prognosis [4]; yet despite the 
standard of care, including maximal safe surgical 
resection followed by radiotherapy with temozo-
lomide [5], and a variety of salvage therapies at 
recurrence, median survival for GBM remains 
less than 15–20 months [6,7]. Furthermore, 
patients with histologically identical tumors 
may have very different outcomes, underscor-
ing the heterogeneity of underlying molecular 
derangements in these tumors. Thus, in an effort 
to increase meaningful survival, the focus has 
shifted away from the general histopathological 
characterization towards understanding the dis-
tinct molecular and genetic alterations in glio-
mas, with the goal of developing more rational 
therapies. In this review, we will discuss the cur-
rent known molecular alterations in malignant 
gliomas and offer insight into the potential for 
targeted, patient-specific therapies.

Classification schemes & survival
Gliomas are classified into four pathological 
grades based on tumor cell density, presence 
of nuclear atypia and necrosis, as well as the 
mitotic index [3]. In addition, gliomas can be 
categorized based on histological subtypes as 
determined by their cell of origin, including 
astrocytic, oligodendroglial, or mixed [3]. The 
genomic architecture of a glioma varies not only 
according to the cell of origin and pathologi-
cal grade, but also the patient’s age [1,2]. Indeed, 
there is a significant difference in the genetic 

makeup of gliomas in the pediatric versus adult 
age. For example, WHO grade I gliomas, which 
are mainly observed in children, mostly harbor 
the recurrent activating BRAF mutations or the 
BRAF–KIAA1549 fusion [8]. By contrast, most of 
the grade II low-grade gliomas (LGGs) are typi-
cally observed in young adults [9]. Genetically, 
the majority of these LGGs harbor a recurrent 
mutation affecting the R132 residue of the IDH1 
gene [10]. The mutated IDH1 enzyme gains the 
catalytic ability to produce an oncometabolite, 
2-hydroxyglutarate, affecting epigenetic regula-
tions and establishing a stereotypic CpG island 
hypermethylator phenotype in these tumors [10]. 
Interestingly, this hypermethylator phenotype 
has been associated with a better outcome, being 
observed in a subset of long-term GBM survivors 
(>3 years) [11]. Importantly, the recurrent IDH1 
R132H mutation co-exists either with TP53 and 
ATRX mutations along with chromosome 17 loss 
in tumors of astrocytic origin or with CIC and 
FUBP1 mutations [12], as well as chromosome 
1p and 19q loss in oligodendroglial tumors [13]. 
Mixed tumors contain a combination of the 
above genomic alterations [12,13].

Although these tumors pathologically appear 
low grade and carry an indolent clinical course 
in the beginning, they do not necessarily carry 
a benign long-term prognosis. Median over-
all survival (OS ) following surgical resection, 
chemotherapy, and radiation depends on the his-
tological subtype: 4–10 years for grade II astro-
cytoma [1,14], 2–5 years for grade III astrocytoma 
[15] and 11.6 years for grade II oligodendroglioma 
[16]. Similarly, the rate of secondary malignant 
transformation into anaplastic glioma or GBM 
is high at 74% for astrocytoma versus 45% for 
oligodendroglioma, with this transformation 
associated with OS of less than 14 months for 
GBM [17]. Although the molecular mechanisms 
responsible for the transformation of LGGs into 
these secondary HGGs are poorly understood, 
based on the efforts of The Cancer Genome Atlas 
(TCGA) research network, the pathways under-
lying formation of primary HGGs, specifically 
GBMs, are described in detail in the Molecular 
Signaling Pathways Section (Figure 1) [18].

●● Pediatric GBMs
As mentioned above, the genomic architecture 
of gliomas differ significantly based on the age 
of the patients. Although malignant gliomas are 
rare in children, recent reports focusing on the 
genomic architecture of pediatric GBMs failed 
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to identify mutations in the aforementioned mol-
ecules. Instead, in pediatric cases, driver muta-
tions in histone and chromatin were identified, 
with 44% of cases harboring mutations in the 
H3.3–ATRX–DAXX chromatin remodeling 
pathway [19]. In addition, recurrent mutations 
in H3F3A, which encodes the replication-inde-
pendent histone 3 variant H3.3, were found in 
31% of pediatric GBMs [19]. Mutations in ATRX 
and DAXX, which encode subunits of the chro-
matin-remodeling complex, were identified in 
31% of all patients, but remarkably in all of the 
patients with histone mutations [19]. Further sup-
porting a central role for epigenetic regulation 
in gliomagenesis in pediatric cases, mutations in 
the genes encoding H3.3 core histone proteins, 
H3F3A and HIST1H3B, were recently identi-
fied in 78 and 22% of pediatric diffuse intrin-
sic pontine glioma and nonbrainstem pediatric 
glioblastomas, respectively [20]. It is important to 
emphasize that adult GBMs are much less likely 
to harbor mutations in these genes, once again 
reflecting the differences in genomic architecture 
of pediatric versus adult gliomas.

●● Primary versus secondary GBMs
Although primary GBMs that form de novo and 
secondary GBMs that form due to malignant 
transformation of LGGs appear histologically 
identical, their genomic architecture differ quite 
significantly [21]. Primary GBMs are typically 
observed in patients older than 50 years of 
age, and are commonly associated with EGFR 
amplifications and/or activating mutations, loss 
of chromosomes 10q (PTEN ), as well as 9p21 
(CDKN2A locus, encoding for the p16Ink4A) 
[15,21]. Secondary GBMs, on the other hand, 
are much less common and result from the 
sequential accumulation of somatic mutations 
as well as chromosomal aberrations of LGGs 
[21]. These tumors usually occur in younger indi-
viduals, harbor p53 tumor suppressor and IDH 
gene mutations, loss of heterozygosity (LOH) 
of chromosome 10q, as well as abnormalities in 
p16 and Rb [15,21]. Specifically, IDH1 mutations 
are a definitive diagnostic molecular marker 
of secondary GBMs [15,21]. Generally, based 
on gene expression profiles, GBMs have been 
divided into four subtypes, including proneural, 
neural, classical and mesenchymal [22]. Among 
these, aberrations and gene expression of EGFR, 
NF1 and PDGFRA/IDH1 have been shown to 
define the classical, mesenchymal and proneu-
ral subtypes [22], respectively, with response to 

therapy differing by subtype, with the greatest 
seen in the classical subtype and no benefit seen 
in proneural subtypes [22]. Overall, these clas-
sification systems have laid the foundation to 
catalog the genetic landscape of gliomas, provid-
ing prognostic information and potential targets 
for therapy.

Molecular signaling pathways 
& pathogenesis
Malignant gliomas can arise either de novo or 
secondarily from lower grade tumors through 
the acquisition of additional genetic alterations 
[1]. Over the last two decades, the advancements 
in genomic technologies, particularly with the 
introduction of next generation mass sequenc-
ing, has allowed characterization of these tumors 
at a genomic level. Various genomic alterations 
have been cataloged, and distinct patterns in 
molecular pathways have emerged, which are 
discussed below.

●● RTK/Ras/PI3K/AKT1 pathway
Alterations in receptor tyrosine kinase (RTK) 
signaling have long been associated with gliom-
agenesis. RTKs transduce extracellular growth 
factors into intracellular cascades through the 
MAPK pathway, inducing cell proliferation. 
Amplification of the EGFR gene is the most 
frequent RTK affected in gliomas, seen in 
40% of astrocytic tumors, and/or a constitu-
tively active variant EGFRvIII seen in 20–30% 
of astrocytic tumors, both of which enhance 
tumor growth, survival, progression and resist-
ance to therapy [23]. The EGFRvIII mutation is 
characterized by a deletion of 267 amino acids 
in the extracellular domain, leading to a con-
stitutively active receptor that is unable to bind 
ligand [24]. This continuously active receptor has 
impaired internalization and degradation, thus 
leading to enhanced tumorigenic potential by 
activating and maintaining mitosis pathways, 
anti-apoptotic pathways, as well as invasive sign-
aling pathways [24]. Given that EGFRvIII is not 
found in normal tissues, targeted therapy has 
been actively sought, which will be discussed 
later. Similarly, the PDGFR gene is mutated and 
constitutively active in oligodendroglial tumors, 
with high-level amplification of the PDGFRA 
gene seen in approximately 13% of adult GBMs, 
and it appears to be a commonly affected RTK 
in pediatric GBMs and diffuse pontine glio-
mas [25]. Activation of these and other RTKs, 
such as the Met oncogene, leads to increased 
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Ras–Raf–MEK–ERK pathway signaling, result-
ing in cell division and malignant transforma-
tion [18]. Recent studies have established that 
more than one RTK is affected in a substan-
tial portion of GBMs, which could explain the 
limited efficacy of drugs targeting a single RTK 
pathway in gliomas [25].

Even though RTK amplifications are rare in 
LGG, increased PDGF signaling has been noted 
in these tumors, which could be accounted for 
by ligand-driven tumorigenesis [25]. Downstream 
components of the RTK pathways are also com-
monly affected, with 88% of GBMs having been 
reported as having significant genomic alterations 
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Figure 1. The main signaling pathways affected in high-grade gliomas. Receptor tyrosine kinases (i.e., EGFR, VEGFR, PDGFR) signal through a MAPK 
cascade to promote cell proliferation, survival, angiogenesis, and differentiation. In gliomas, this pathway is mutated such that it is deregulated and 
overactivated, leaving DNA transcription unchecked. NF-1 is normally a brake that inhibits Ras, but is often mutated in gliomas and thus is nonfunctional. 
The tyrosine kinases also signal through PI3K, which phosphorylates PIP2 to the active PIP3, which goes on to activate nuclear transcription through mTOR. 
This pathway is kept in check by PTEN, but mutations in gliomas result in constitutively active PI3K or an inactive PTEN. NF-κB is normally found in the 
cytoplasm bound with an inhibitor-α, but when activated the inhibitor-α and the free NF-kB can then translocate to the nucleus to regulate transcription. 
Notch pathway activation results in the cleavage of the cytoplasmic domain of the transmembrane receptor by γ-secretase, which then translocates to the 
nucleus to affect transcription. In terms of direct nuclear regulation, p53 is mutated in a majority of gliomas and DNA damage goes unregulated allowing 
continuously new mutations to occur. Lastly, Rb is a brake that keeps transcription off and is normally inhibited by cyclins that promote transcription. p16 
normally inhibits the cyclin proteins to keep the cycle in check, but p16 is often mutated in gliomas, thereby leading to deregulated proliferation. In the 
end, all the various treatment strategies discussed go after one of these cascades either directly or indirectly. 
EGFR: EGF receptor; PDGFR: PDGF receptor; PIP2: Phosphatidylinositol 4,5-bisphosphate; PIP3: Phosphatidylinositol 3,4,5-bisphosphate; PTEN: Phosphate 
and tensin homolog; VEGFR: VEGF receptor.
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in the PI3K–AKT–mTOR and RAS–MAPK 
molecular pathways [25]. PI3K has a regulatory 
(PIK3CA) and a catalytic (PIK3R1) unit, with 
mutations in either subunit having been noted in 
15% of adult GBMs, while 36% of tumors have 
been seen to have silencing mutations or deletions 
affecting the PTEN gene, the primary negative 
regulator of the PI3K–AKT–mTOR pathway [26]. 
Phosphate and tensin homolog (PTEN) is nor-
mally a regulator that keeps the tyrosine kinase 
pathways in check by removing phosphates that 
are placed by kinases. Loss of PTEN, along with 
activated RTK signaling, results in increased 
PI3K/AKT1 pathway activity, leading to inhibi-
tion of apoptosis and increased survival, as a main 
regulator has been lost [26]. Additionally, frequent 
epigenomic repression of the PTEN gene, located 
on chromosome 10q, is observed in the majority of 
the LGGs [27]. Loss of PTEN, along with activated 
RTK signaling, results in increased PI3K–AKT1 
pathway activity, leading to inhibition of apoptosis 
and increased survival [26]

Additional alterations, such as NF1 muta-
tions in glioblastoma, a negative regulator 
of Ras, contribute further to increased cell 
proliferation by allowing the Ras signaling 
pathway to run unchecked [28]. Overall, the 
RTK–Ras–PI3K–AKT1 pathway is altered in 
nearly 90% of GBMs, significantly contributing 
to GBM formation (Figure 1) [18].

●● p53 & Rb pathways
Disruption of the retinoblastoma (RB1) and p53 
tumor suppressor pathways has been shown to 
be a frequent event in GBM formation, with p53 
(TP53 gene) signaling altered in up to 87% of 
patients [18]. TP53, located on chromosome 17, 
normally causes cell-cycle arrest in the presence 
of DNA damage by halting the growth phase or 
by inducing cellular apoptosis [18]. The p53 pro-
tein is stabilized by stress-sensing agents within 
the cell that respond to genotoxic and cytotoxic 
environments, and functions predominantly as 
a transcription factor, by regulating the pro-
moter of thousands of potential effector genes 
[29]. Thus, dysfunction of p53 not only allows 
for unchecked growth and provides glioma cells 
with a growth advantage [29], but also leads to 
genomic instability secondary to a lack of proper 
DNA repair checkpoints [30].

The Rb protein is considered to be the brake of 
the cell cycle, keeping it in check until it is phos-
phorylated by the cyclins, including cyclin D1, 
CDK4 and CDK6 [31]. The Rb protein functions 

by sequestering the E2F family of transcription 
factors, which are necessary to progress through 
the cell cycle [31]. Once the MAPK cascade is 
activated, Rb is phosphorylated allowing the 
transcription of E2F targets and thus the entry 
into the S phase [31]. Mutations in RB1 are infre-
quent in GBM, but its upstream regulators are 
frequently altered. The RB1 gene, located on 
chromosome 13q14, is mutated in approximately 
25% of high-grade astrocytomas and loss of 13q 
is seen in tumors that have progressed from low 
grade to intermediate-grade gliomas, allowing for 
loss of cell cycle control and continued growth 
potential for gliomas [18]. CDK4 amplification, 
CNKN2A deletion (normally an activator of RB1 
and TP53), and loss of p16INK4a (a CDK4 sup-
pressor) are more common, and result in func-
tional inactivation of Rb; specifically, CDK4 
amplification is seen in up to 15% of HGGs [18]. 
p16INK4a, generated as one of two transcripts at 
the CDKN2A locus on chromosome 9p21, is 
inactivated by allelic loss or hypermethylations 
in 50–70% of HGGs (Figure 1) [18].

●● NF-κB signaling
Heterozygous deletion of the NF-κB inhibitor-α 
(NFKBIA), an inhibitor of EGF receptor (EGFR) 
signaling, has been recently described in 25% of 
GBMs, and has an effect similar to EGFR ampli-
fication (Figure 1) [32]. NFKBIA deletion and EGFR 
amplification have been shown to be mutually 
exclusive, strongly suggesting that the two genetic 
events converge on the same pathway [32]. As 
expected, both genetic events are associated with 
similar prognostic outcomes, which is inferior to 
that of patients with normal expression levels of 
these two genes [32]. However, the detailed molec-
ular mechanism for the role of NF-κB in glioma 
development and progression, in association with 
EGFR signaling, remains to be investigated.

●● Angiogenic pathways
VEGF promotes cell proliferation and survival 
by binding to its receptor (VEGFR), resulting in 
subsequent activation of the MAPK–Ras–PI3K 
pathway [33,34] and resultant proliferation. 
Tumor vessels are destabilized by angiopoietin-2, 
thereby promoting angiogenesis [35], with addi-
tional mediators including the Notch signaling 
pathway that stimulates transcription and in turn 
promotes angiogenesis (Figure 1) [36]. Under phys-
iologic conditions, these pathways are regulated 
by antiangiogenic factors, including angiostatin 
[35,36], which are less effective in tumors [35].
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Biomarkers
Biomarkers can be divided into three types based 
on utility: diagnostic, prognostic and predictive 
[37]. While each of these entities may have over-
lap, strictly speaking, diagnostic markers allow 
for a more specific diagnosis, whereas prognostic 
markers provide further expectations regarding 
natural history and predictive markers demon-
strate the probability of responsiveness to a par-
ticular treatment. Using the current knowledge 
regarding malignant gliomas, a paradigm for 
potential individualized treatment based on an 
individual tumor’s genomic profile can be cre-
ated (Figure 2). Individual biomarkers including 
MGMT promoter methylation, LOH at chromo-
some 1p/19q, IDH, EGFR, p53, PTEN, cyclins, 
mitotic markers, BRAF, VEGF, cytochrome c 
oxidase and miRNAs, among others, are 
discussed in detail below.

●● MGMT promoter methylation
The MGMT gene encodes for the DNA repair 
enzyme O(6)-methylguanine-DNA methyl-
transferase [38]. It functions in removing the 
alkyl groups from the O6 position of guanine, 
commonly produced by alkylating drugs, such as 
temozolomide [38]. Silencing of the MGMT gene, 
through methylation of its promoter, has been 
shown to result in increased response to temozo-
lomide and is associated with a favorable prog-
nosis in gliomas [5,38]. Furthermore, irrespective 
of treatment, MGMT promoter methylation is an 
independent prognostic factor predicting respon-
siveness and survival in patients, with the highest 
OS noted in patients treated with temozolomide 
and radiotherapy (23.4 months) compared with 
radiotherapy alone (15.3 months) [5].

●● Chromosome 1p/19q LOH
Initial studies have identified 1p/19q codele-
tions to serve not only as diagnostic markers, 
being observed in oligodendroglial as opposed 
to astrocytic tumors, but also as powerful prog-
nostic markers for chemotherapeutic and radio-
therapeutic response [39]. Later studies identified 
FUBP1 (encoding far-upstream element binding 
protein) and CIC (homolog of the Drosophila 
gene capicua) genes to be the tumor suppres-
sor genes somatically mutated and deleted on 
chromosomes 1p and 19q, respectively [12]. In 
pure anaplastic oligodendrogliomas, polychemo-
therapy with procarbacine, lomustin, and vin-
cristine (PCV) either before or immediately after 
radiotherapy, has been shown to have a survival 

advantage [40]. Importantly, in GBMs, the pres-
ence of an oligodendroglioma-like component 
carries no prognostic significance and these 
tumors behave more like astrocytomas, carry-
ing a worse prognosis [41]. However, this study 
is controversial because all of the GBMs with 
an oligodendroglioma component had EGFR 
amplication. Regardless, in a more recent study, 
1p/19q was found to correlated with alpha-
thalassemia/mental retardation syndrome 
X-linked (ATRX status), with a loss seen in 
27% in anaplastic oligoastrocytomas compared 
with 10% of anaplastic oligodendrogliomas 
[42]. Given that ATRX is mutually exclusive to 
1p/19q, anaplastic oligoastrocytomas had a simi-
lar clinical course with anaplastic astrocytoma, 
whereas anaplastic oligoastrocytomas carrying 
1p/19q codeletion shared a similar course with 
anaplastic oligodendrogliomas [42]. This means 
that because ATRX loss is a hallmark of astro-
cytic tumors, mixed tumors with ATRX loss 
behave like astrocytomas [42].

●● IDH
As mentioned above, the recurrent IDH1 or 
IDH2 mutations indicate a survival benefit 
among patients with HGGs [43]. For instance, 
patients with GBMs with IDH1 mutations have 
a better prognosis than patients with AA or 
GBMs without the IDH1 mutation, with a sur-
vival advantage of 31 months versus 15 months, 
respectively [43]. Furthermore, IDH1 mutations 
inversely correlate with grade, such that 75% of 
grade II gliomas, 50% of grade III, and only 5% 
of primary GBMs harbor the mutations, com-
pared with 80% of secondary GBMs carrying 
the mutation [44]. There also appears to be a rela-
tion with MGMT promoter methylation, with 
the presence of an IDH mutation rendering the 
chance of methylation as practically 100% [5,45].

Furthermore, IDH mutations are responsible 
for CpG island gene silencing in gliomas and 
thus widespread epigenetic changes, including 
MGMT promoter methylation [10]. Not surpris-
ingly, IDH1 and IDH2 mutations can aid in 
the diagnosis of diffuse glioma versus similar 
looking radiographic entities such as pilocytic 
astrocytoma or glioneuronal tumor [46].

●● EGFR, p53 & PTEN
As discussed above, EGFR alterations are quite 
common in primary GBMs, especially amplifi-
cation and the EGFRvIII variant, but the useful-
ness of inhibitors has remained controversial [47]. 
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However, patients treated with temozolomide in 
the setting of EGFR amplification, with retained 
PTEN and p53 strongly predicts better survival 
[48]. Finally, as mentioned above, loss of PTEN 
due to chromosome 10q deletions, which are 
frequent in primary GBMs, are associated with 
diminished survival [21,28,49].

●● Cyclin & mitotic markers
Deregulation of the p16INK4a-cyclin pathway is 
commonly found in patients with GBM [18]. 
Normally p16 binds to cyclin kinases to promote 
antiproliferative signaling via means of Rb [18]. 
Loss of p16 occurs in up to 57% of patients with 

GBM, but predictions in terms of prognosis have 
been inconsistent [50]. Checkpoint kinases in the 
mitotic cycle can also serve as biomarkers: spe-
cifically, monopolar spindle 1, which positively 
correlates with grade and negatively with patient 
survival [51].

●● BRAF
Part of the MAP kinase cascade, RAF kinases 
regulate transcription factors and protein 
kinases that control cell proliferation, differen-
tiation, and apoptosis (Figure 1) [52]. Several dif-
ferent types of mutations have been identified 
in gliomas, but the most common is a single 
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point mutation of BRAF (V600E) [53]. These 
mutations are more common in children and 
are beginning to serve as a biomarker with thera-
peutic promise given success in other neoplasms, 
such as melanoma [52].

●● VEGF
Given the strong implication of neovasculariza-
tion in gliomas, VEGF is thought to be the driv-
ing force for angiogenesis and increased expres-
sion is observed in 61% of glioblastomas [28]. 
There appears to be a strong correlation between 
VEGF expression and survival [28].

●● miRNAs
miRNAs are noncoding RNA molecules that 
can have oncogenic or tumor suppressor activi-
ties [54]. They have been implicated in temozo-
lomide resistance, as well as glioma stem cell 
resistance [28]. Several studies have demonstrated 
their ability to predict OS and progression-free 
survival (PFS) and thus demonstrate a promising 
avenue for both future biomarkers and future 
personalized targets [28].

●● Other biomarkers
ELTD1 is a new biomarker that is intimately 
involved with angiogenesis, and has significantly 
higher expression in high-grade gliomas com-
pared with LGG [55]. In addition to its asso-
ciation with grade, it relates to survival and the 
mesenchymal subtype, meaning that it may be 
able to serve as a future biomarker [55]. Other 
investigators have started looking at the phos-
pholipid metabolic environment and telomerase 
activity, which have been shown to correlate with 
survival and disease-free survival [28].

Targeted therapies
The current standard of care for newly diag-
nosed HGGs is maximal safe surgical resection, 
followed by adjuvant chemotherapy (temozolo-
mide) and radiotherapy [5]. Gross total resection 
is virtually impossible due to the infiltrative 
nature of these tumors, but resecting as much of 
the contrast-enhancing tumor as safely possible 
improves symptoms and quality of life, prolongs 
survival, and provides tissue for histologic and 
molecular diagnosis [56]. Given the increased 
understanding of the multitude of signaling 
pathways involved in malignant gliomas, a 
rudimentary theoretical treatment paradigm 
is offered that will continually change as new 
knowledge is gathered (Figure 2).

●● Tyrosine kinase inhibitors
Given the high frequency of deregulation of the 
EGFR pathway in HGGs, this pathway would 
seem promising for targeted therapy. However, 
the first-generation EGFR inhibitors, erlotinib 
and gefitinib, have not been effective in GBM 
as seen in preclinical trials [57,58] and only had a 
modest effect in a Phase II trial [59]. A similar lack 
of response was seen with a monoclonal antibody 
against EGFR known as cetuximab [60], as well 
as with a more recent EGFR inhibitor known 
as lapatinib [61]. However, patients treated with 
temozolomide in the setting of EGFR amplifi-
cation, with retained PTEN and p53 strongly 
predicts improved survival [48]. Activation of 
multiple downstream signaling pathways has 
been implicated as a potential explanation of why 
single EGFR inhibitors have failed [62]. However, 
these drugs are re-emerging given new insights 
into the refinement of such molecules includ-
ing escape mechanisms, resistance, immuno-
genicity and conformational binding with some 
proposing protein–protein interactions as the 
most important in the era of effective targeted 
therapies, ushering in a potential new realm of 
proteonomics [63].

●● PI3K/Akt inhibitors
PI3K signaling is usually activated by PTEN loss 
in malignant gliomas, as well as SHH, thereby 
synergizing to promote tumor growth and via-
bility [64]. Targeting of both pathways results in 
apoptosis and reduces growth of PTEN-deficient 
GBM in vitro and in vivo [64]. The PI3K inhibi-
tor PX-866 prohibits glioma cell proliferation 
and migration, and prolongs cell survival [65]. 
Given these effects, it is currently under clini-
cal trial for progressive GBM [65]. Several other 
agents are under investigation and development, 
all having been shown to reduce in vivo tumor 
growth, vascularity and angiogenesis, with 
ongoing clinical trials [65].

●● mTOR target inhibitors
First-generation mTOR inhibitors, such as tem-
sirolimus and everolimus, have been used to treat 
several types of solid tumors, including renal cell 
carcinoma, subependymal giant cell astrocytoma 
and progressive neuroendocrine tumors of pan-
creatic origin. Yet GBM clinical trials for the 
use mTOR inhibitors have not shown changes 
in outcomes. The lack of efficacy of these drugs 
on GBMs is though to be due to resistance 
from negative feedback loops (i.e., activation of 
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Akt) [66], parallel signaling pathways, and lack 
of target specificity [67,68]. To circumvent this 
problem, combined agents inhibiting PI3K and 
mTOR have been shown to block GBM growth 
and are currently in clinical trials [50]. Similarly, 
targeting of the Notch pathway by a γ-secretase 
inhibitor potentially targets tumor-initiating 
cells and is currently in clinical trial as mono-
therapy, in combination with temozolomide and 
radiotherapy, as well as with bevacizumab [50].

●● BRAF inhibitors
BRAF inhibitors, such as vemurafenib, have 
outstanding clinical activity in patients with 
melanomas harboring the BRAF (V600E) 
mutation [69]. BRAF inhibitors for HGG have 
shown in vitro promise against specific cells with 
driver mutations [53], but are unlikely to work 
on BRAF fusion proteins, as they respond to 
MAPK inhibition instead [69]. Regardless, our 
institution is trialing these inhibitors in patients 
with appropriately confirmed mutations.

●● HDAC & proteasome inhibitors
Inhibition of HDACs, which serve as regulators 
of the chromatic structure for gene expression, 
is another strategy currently being explored. 
A Phase I trial of the HDAC inhibitor pan-
obinostat in combination with bevacizumab 
was well tolerated [70], with Phase II trials now 
needed. Vorinostat, another HDAC inhibitor, 
is well tolerated as a monotherapy and has a 
modest effect with PFS of 15.2% at 6 months 
[71]. When combined with the proteasome 
inhibitor, bortezomib, there were no patients 
who experienced PFS and thus the study was 
terminated [72]. However, bortezomib induces 
cell death in GBM cell lines and temozolomide-
resistant gliomas [73] and thus requires further 
study. Histone dysregulation is given further 
strength by evidence that pediatric high-grade 
pontine gliomas require it for pathogenesis [20]. 
Interestingly, valproic acid, an anti-epileptic, has 
HDAC properties and a survival benefit in GBM 
in those patients also treated with temozolomide 
and radiation [40]. This was confirmed in a more 
recent study of 544 patients, with a median OS 
of 16.9 months in those taking valproic acid, 
compared with 13.6 months in those taking a 
different agent [74]. In terms of seizure prophy-
laxis, the American Academy of Neurology’s 
practice guideline states that there is no evi-
dence for prophylactic antiepileptic drugs and 
advises against the routine use in those patients 

without seizures [75,76]. However, this evidence 
makes one consider using valproic acid in most 
patients with HGG, or at least as a first-line 
agent in those patients who do have seizures, 
given this survival benefit. Many other agents are 
being explored in Phase I/II trials, both as single 
agents and as combination therapies including 
vorinostat and panobinostat, with efficacy trials 
pending [77].

●● miRNAs
miRNAs represent a promising therapeutic 
agent for gliomas, with the current constraint 
being delivery past the blood–brain barrier, but 
nanoparticle delivery and/or convection based 
delivery systems hold promise in circumvent-
ing this obstacle [50]. The therapeutic strategy 
involves substituting miRNA with tumor sup-
pressor functions and inhibiting miRNAs that 
have oncogenic properties, with significantly 
positive results in animal models [78]. Human 
trials should be forthcoming in the near future.

●● VEGF inhibitor: bevacizumab
Antioangiogenic therapy with bevacizumab 
(Avastin®, Genentech, CA, USA), a human-
ized monoclonal antibody directed against the 
VEGF-A ligand [79], is the most extensively 
tested of the antiangiogenic agents and has 
received approval in the USA as monother-
apy for the treatment of recurrent GBM [80]. 
It likely inhibits angiogenesis through several 
mechanisms, including direct inhibition of 
tumor associated angiogenesis, a direct anti-
GBM effect on VEGFR-expressing GBM cells, 
disruption of the glioma stem cell microvascu-
lar niche and improved vascular function and 
normalization [81,82]. Bevacizumab received 
accelerated US FDA approval in 2009 [80] for 
use as monotherapy in progressive GBM based 
on improved radiologic response rates seen in 
two Phase II trials [80,83]. These trials demon-
strated improved PFS, at 6 months, for recurrent 
GBM. Additionally, the Dutch BELOB rand-
omized Phase II trial demonstrated increased 
survival when bevacizumab was combined with 
lomustine [84]. Specifically, 41% of those receiv-
ing bevacizumab and lomustine had PFS at 6 
months, compared with 18 and 11%, for respec-
tive use of bevacizumab and lomustine alone. 
The ongoing EORTC 26101 trial is explor-
ing this concept in more detail and it would 
appear that certain chemotherapeutic combi-
nations provide even better survival [85]. Given 
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these results, two multicenter Phase III, rand-
omized-controlled trials were started includ-
ing the RTOG 0825 trial [86] and the AVAglio 
trials [87], where patients with newly diagnosed 
GBM were randomly assigned to receive stand-
ard therapy (radiation and temozolomide) or 
standard therapy plus bevacizumab. While OS 
was not improved, PFS was prolonged, but this 
has unclear clinical significance. Thus, while the 
role of bevacizumab for newly diagnosed GBM 
remains obscure, there remains convincing evi-
dence for continuing its use for recurrent GBM. 
In terms of AAs, there is only a modest benefit, 
which requires further study [88].

●● Other antiangiogenic therapies
Given the results of bevacizumab, there is a 
strong interest in effective antiangiogenic agents. 
Aflibercept, a VEGFR fusion protein, failed a 
Phase II trial as a single agent in recurrent malig-
nant gliomas [89]. Enzastaurin, another anti-
angiogenesis inhibitor, failed a Phase III trial 
[90]. However, combination trials are ongoing, 
including bevacizumab with another antiangio-
genesis molecule, cediranib, and the results are 
pending [90]. Many other molecules are being 
explored in early Phase I/II trials, with results 
eagerly anticipated.

●● Glioma stem cells & inhibitors
Stem cells have been implicated in the resist-
ance of gliomas to cytotoxic therapies, includ-
ing radiotherapy and chemotherapy, thereby 
providing a mechanism for recurrence [91]. 
Direct targeting has remained challenging and 
investigators have recommended combined 
strategies. Interestingly, given that glioma stem 
cells (GCSs) have higher Notch signaling, when 
exposed to γ-secretase they have inhibited pro-
liferation, increased differentiation and reduced 
tumorigenicity [50]. A similar effect is seen with 
hedgehog inhibitors [50]. Modification of the Akt 
pathway can occur via TGF-β, which in itself 
is a modifier of radiation responses, as in vitro 
evidence demonstrates increased radiosensitiv-
ity of GSCs given TGF-β inhibitors [92]. More 
specifically, selective inhibitors of the TGF-β 
receptor kinase potentiate radiation responses 
in GBM by increasing apoptosis, blocking DNA 
damage repair and blocking invasion and mes-
enchymal transition, as well as angiogenesis [92]. 
Sonic hedgehog inhibitors are antiproliferative 
and reduce tumor volume, especially after temo-
zolomide in vitro [93], and can deplete gliomas 

stem cells [94]. Other strategies for targeting 
GSCs include targeting the tumor microenvi-
ronment and modifying the immune system to 
prevent evasion [50].

●● Immunotherapies & vaccines
Given that gliomas cause immunosuppression 
of the host against the tumor, gliomas are fur-
ther able to escape immune detection and thus 
survive [95]. Positive preclinical results have led 
to several Phase II and III vaccine trials, based 
on the premise that when tumor epitopes are 
presented to MHC molecules, peptides can be 
purified and then employed as vaccines. In a 
Phase II trial for an EGFRvIII vaccine in patients 
with newly diagnosed GBM, the OS was signifi-
cantly increased at 26 months, compared with 
15 months for nonvaccinated controls [96]. Even 
more interesting is that at recurrence, there was 
loss of EGFRvIII in all patients, demonstrating 
that recurrence occurred through other mech-
anisms and strengthened the utility of such a 
vaccine. A Phase III trial (ACT IV) is currently 
ongoing [97].

Given that the EGFRvIII vaccine is monova-
lent and the gliomas cells were able to escape, 
another strategy centers on using polyvalent 
vaccines to target multiple epitopes in order 
to prevent escape mechanisms. To potentiate a 
greater response, investigators have conjugated 
heat shock proteins (HSPs), which chaperone 
peptides to APCs, with glioma antigens [98]. A 
recent Phase II trial of recurrent malignant glio-
mas injected with heat shock protein–peptide 
complexes reported a 93% PFS rate, and now a 
Phase II randomized trial in combination with 
bevacizumab is underway [98]. An additional 
strategy is to load ex vivo dendritic cells with 
antigens derived from an individual patient’s 
tumor [99]. DCVax-L is such a vaccine composed 
of dendritic cells that are charged with tumor 
lysate [99]. Phase I and II trials have documented 
a 25% 6-year survival rate [99], with a Phase III 
trial ongoing [100].

Conclusion & future perspective
OS in patients with malignant glioma remains 
poor despite the current treatment strategies. 
Genetic and epigenetic alterations in these 
tumors allow for disease resistance and pro-
gression through proliferation of transformed 
cells with selected driver mutations. MGMT 
promoter methylation, 1p/19q codeletion, and 
IDH1 mutations all are favorable prognostic 
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markers that can help guide patient expecta-
tions. Secondary mutations result from selec-
tion pressures during treatment in addition to 
an altered epigenetic profile and can change 
depending on treatment paradigm. Now in the 
era of molecular diagnostics, genomic sequenc-
ing for detection of tumor-specific mutations 
will become the standard and introduction of 
tumor-specific therapies will be the key to alter-
ing the course of malignant gliomas. The ability 
to identify additional biomarkers will not only 
predict the benefits of targeted treatments, but 
will also allow practitioners to provide explicit 
patient stratification and follow response to 
treatment. However, it must be emphasized that 
new, effective agents will need to be added to 
the armamentarium before personalized medi-
cine becomes a reality for patients with gliomas. 

In the end, effective therapy will likely require 
both targeted drugs based on a tumor’s specific 
genetic profile to block cells with driver muta-
tions, as well as less specific therapies to fight 
against cells that develop secondary mutations. 
Patient referral to centers that have the capability 
of sequencing gliomas should be pursued.
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