
medicine. Historically this may be contextualized in the 
fact that the medical and scientific communities have 
had a very elementary understanding of its intricate 
and complex pathophysiology. The last 10-15 years 
have yielded a number of studies that have elucidated 
much of the molecular and genetic complexities of GBM 
that underlie its pathogenesis. Excitingly, some of these 
discovered genetic mutations and molecular profiles 
in GBM have demonstrated value in prognostication 
and utility in predicting response to treatment. Despite 
this, however, treatment options for patients have 
remained somewhat limited. These treatment options 
are expected to expand with the availability of new data 
and with the transition of novel treatment modalities 
from animal to human studies. This paper will have 
a threefold objective: provide an overview of the 
traditional paradigm in understanding and treating 
GBM, describe recent discoveries in the molecular 
pathogenesis of GBM against this historical backdrop, 
and acquaint the reader with new treatment modalities 
that hold significant therapeutic potential for patients.
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Core tip: This paper provides the reader with an 
overview some of the primary molecular markers 
that are implicated in the pathogenesis glioblastoma 
multiforme (GBM). It provides a robust review of the 
evidence that supports the use of these molecular 
markers for both prognostication and prediction for 
response to treatment. It gives the reader context for 
understanding the hypoxia model and how it informs 
treatment resistance in GBM. It provides an overview of 
cancer stem cells and their role in GBM biology. And it 
acquaints the reader with a few of the new, promising 
treatment modalities that are emerging.
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Abstract
Glioblastoma multiforme (GBM), the literal apogee on 
the hierarchy of malignant brain tumors, remains one 
of the greatest therapeutic challenges in oncology and 
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INTRODUCTION
Glioblastoma multiforme (GBM) belongs to a class of 
brain tumors known as gliomas, so named because 
they arise from glial cells (astrocytes, oligodendrocytes, 
ependymal and schwann cells). Glial cells have traditio­
nally been understood as the workhorse cells of the 
central nervous system (CNS), providing the needful 
nutrients, oxygen and stromal support for neural 
cells. Recent studies have shown glial cells to have a 
more central and independent role in the CNS than 
historically thought, acting alongside neural cells in 
neurotransmission[1].

Since 1979, gliomas have been classified by the 
World Health Organization into 4 classes based upon 
histopathology, each successive class exemplifying 
features more consistent with malignancy[2] (Table 
1). Indeed, of the 4 classes, only grades Ⅲ and Ⅳ 
are considered malignant gliomas due to possessing 
telltale histological features (increased cellularity, 
abnormally increased mitotic activity, nuclear atypia). 
On this hierarchy, GBM is classified as grade Ⅳ due 
to the typifying unique characteristics of ubiquitous 
neovascularization and dramatic necrosis of neoplastic 
tissue (due to the extent of cell turnover).

Epidemiology
GBM is the most common malignant brain tumor, and 
histologically is second in incidence only to meningiomas 
when considering all intracranial neoplasms, both 
malignant and benign. Based upon data compiled by 
the Central Brain Tumor Registry of the United States 
Statistical Report, GBM makes up 15.6% of all brain 
tumors and 45.2% of primary malignant brain tumors[3]. 
The incidence of GBM increases with age; highest 
rates are observed in 75-84 years old and, conversely, 
comprise only about 3% of brain and CNS tumors in 
0-19 year olds. For reasons unclear, GBM is slightly more 
common in males.

Primary vs secondary GBM
GBM may be classified as either primary or secondary. 
As connoted by the names, primary GBM comes from 
native, wild-type glial tissue whereas secondary GBM 
comes about through malignant changes in lower 
grade gliomas (Grades Ⅰ and Ⅱ). When a case of GBM 
is diagnosed, determining whether it is primary or 
secondary is germane to the clinician for it allows him/
her to make initial informed impressions on the biological 
and clinical behavior of the tumor, provides utility in 
prognostication and, increasingly, is guiding clinicians in 

predicting responses to molecular/targeted therapies. 
Before proceeding to characterize key genotypic diff­
erences between primary and secondary GBM, it is of 
interest to briefly delineate defining epidemiological and 
clinical features of these respective categories. Upwards 
of 90% of GBM cases are primary. These tumors are 
afflictions of the elderly, the mean age at diagnosis being 
62. And they carry with them a uniformly poor prognosis 
at the present time, with roughly two-thirds of patients 
dying less than 3 mo from the time of diagnosis[4].

Secondary GBMs, by contrast, are predominantly 
cancers of a younger population, the mean age at dia­
gnosis being 45. This tumor is characterized by a more 
indolent time course than Primary GBM, progressing 
from lower grade gliomas over the course of years as 
opposed to months[4]. Indeed, a population-based study 
from 2005 reported a mean time of 5.3 years to be the 
amount of time it took for low-grade astrocytoma to 
develop into GBM. In the case of anaplastic astrocytoma 
the mean time reported was 1.4 years[5]. Secondary 
GBMs represent a small minority of cases, accounting 
for less than 10% of total GBMs.

Primary GBMs have trademark molecular abnor­
malities that distinguish them from secondary GBMs, 
and it is these unique genetic aberrations that give each 
class the distinct characteristics discussed above (Figure 
1). These are: mutations in the gene encoding the 
epidermal growth factor receptor (EGFR) protein that 
result in its amplification, loss of heterozygosity (LOH) 
of Chromosome 10q, phosphatase and tensin homolog 
(PTEN) deletion on Chromosome 10, and p16 deletion. 
Conversely, in Secondary GBMs, mutations of the 
ubiquitous p53 oncogene and of the gene encoding the 
platelet-derived growth factor receptor (PDGFR) protein 
are culpable for malignant transformation of lower grade 
gliomas[6]. A few of these molecular anomalies will be 
treated in detail in the paragraphs to follow (Tables 2 
and 3).

Many of the gene products inextricably involved 
in the development of GBM are growth factor signal 
transduction proteins that transduce an extracellular 
signal via ligand binding into a cellular response. 
The cellular response regulated by these proteins is 
proliferation and growth. A very carefully orchestrated 
combination of positive and negative regulatory ligands 
in the extracellular milieu ensures that in the normal 
homeostatic state, growth and proliferation of glial 
cells is kept in check. A common recurring theme in 
malignant transformation is mutations that cause amp­
lification or overexpression of the signal transduction 
protein products.

One of the best characterized signal transduction 
proteins that brings about malignancy in more than 
40% of cases of primary GBMs is EGFR[4]. Among 
tyrosine receptor kinases, EGFR belongs to the ErbB 
receptor family, bearing significant genetic homology 
to three others-HER2/c-neu (ErbB-2), Her3 (ErbB-3) 
and Her4 (ErbB-4). The wild type function of EGFR is 
contingent upon binding a specific extracellular ligand 
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at its extracellular domain, ensuring that it remains 
coordinated with physiological needs. On binding the 
ligand, inactive monomers of EGFR dimerize to an 
active form and provoke autophosphorylateion of the 
intracellular, C-terminal domain at multiple tyrosine 
residues. Certain intracellular signaling proteins bind 
EGFR and concomitantly activate signal transduction 
cascades. The end result is increased expression of 
genes that are involved in a pro-growth phenotype.

When mutated in GBM as well as other malignancies, 
the EGFR gene is typically amplified, in which case 
the protein is autophosphorylated constitutively and is 
thereby overactive.

However, in GBM there exists a unique mutation 
that generates a mutant protein Epidermal growth 
factor receptor variant Ⅲ (EGFRvⅢ) which is over­
expressed. The mutation in the gene - a deletion of 
exons 2-7 -causes a deletion in the extracellular domain 
of the EGFRvⅢ protein that makes it inaccessible to 
extracellular regulatory ligands. This in turn leaves the 
protein in a constitutively active state that begets a slew 
of malignancy-specific features: cellular proliferation, 
the ability to invade other tissues, angiogenesis, and 
abnegation of the normal process of apoptosis. An 
interesting feature from the treatment perspective 
is that the deletion that yields the EGFRvⅢ protein 
encodes a codon that is not found in wild-type DNA and 
is unique to GBM[7]. Thus, conceivably, this sequence 
can be pursued as a specific molecular target in next 
generation treatment. In fact, studies are underway 
seeking to target EGFRvⅢ as a target. The phase Ⅲ 
ACT Ⅳ trial underway is investigating the cancer vaccine 
rindopepimut for this very purpose[8].

TREATMENT
Surgery
Whereupon magnetic resonance imaging all but cinches 
the diagnosis, the gold standard for confirmation 

remains tissue biopsy. Though this may be accomplished 
by stereotactic brain biopsy alone, tissue is more com­
monly procured with maximally safe surgical resection. 
As it stands, maximally safe surgical resection is by no 
means curative as by the time of diagnosis, the tumor 
has invariably insinuated itself deep into vital, surgically 
inaccessible tissue. This said, rote surgical resection 
does still provide the patient with relief from symptoms 
wrought by mass effect of the tumor. There is also 
demonstrable improvement in survival by resection of 
tumor burden, albeit marginal[6].

Radiation
Adjuvant radiotherapy has been an established corn­
erstone in the treatment of GBM since 1979, when 
publication of the seminal study by Walker et al[9] showed 
that patients treated with radiation showed longer 
survival than those treated with best supportive care. 

A major obstacle in the radiotherapy of GBM is the 
problem of radiation resistance, which is recurrence of 
the tumor within the high dose region[7]. The existence 
of this phenomenon implies that the amount of radiation 
administered (and as tolerated without excessive 
toxicity) is not enough to eradicate in entirety tumor 
existing in the radiation field. It is hypothesized that 
some of the hallmark genetic mutations characteristic 
of GBM contribute to the phenomenon of radiation 
resistance. Studies that have looked at increasing the 
dose of radiation to the limit tolerated-up to 90 Gy-have 
not demonstrated a discernible benefit of this strategy.

Having discussed the limitations of current radi­
otherapy, it begs discussing new modalities being 
investigated that intend to overcome these limitations 
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Localized astrocytoma  
    WHO grade Ⅰ
    Pilocytic astrocytoma
    Pleomorphic xanthoastrocytoma
    Subependymal giant cell astrocytoma
Diffuse astrocytomas/oligodendrogliomas  
    WHO grade Ⅱ (Astrocytoma)
    Fibrillary
    Protoplasmic
    Gemistocytic
    WHO grade Ⅱ (Oligodendroglioma)
    WHO grade Ⅲ (Anaplastic astrocytoma)
    WHO grade Ⅲ (Anaplastic oligodendroglioma)
    WHO grade Ⅳ (Glioblastoma multiforme)
    Giant cell glioblastoma
    Gliosarcoma

WHO: World Health Organization.

Table 1  World Health Organization classification of gliomas

Primary GBM Secondary GBM

Mean age at diagnosis Approximately 62 yr 
of age

Approximately 45 yr of 
age

Percentage of cases > 90% < 10%
Clinical course Rapid Smoldering
Origin De novo Grade Ⅱ/Ⅲ 

astrocytomas

Table 2  Primary glioblastoma multiforme vs  secondary 
glioblastoma multiforme

GBM: Glioblastoma multiforme.

Primary GBM Secondary GBM

EGFR overexpression/amplification PDGFR overexpression
Loss of heterozygosity of Ch. 10q Loss of heterozygosity of Ch. 10q
PTEN deletion on Ch. 10 p53 mutations
p16 deletion p16/Rb pathway aberrancies

Table 3  Hallmark genetic mutations, primary glioblastoma 
multiforme vs  secondary glioblastoma multiforme

GBM: Glioblastoma multiforme; EGFR: Epidermal growth factor receptor; 
PDGFR: Platelet-derived growth factor receptor; PTEN: Phosphatase and 
tensin homolog.
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MOLECULAR MARKERS WITH CLINICAL 
RELEVANCE IN GBM
MGMT and chemotherapy resistance
It is of importance to reconcile the positive results of 
temozolomide use in GBM treatment with the fact 
that, as discussed at the beginning of this paper, the 
overall outcomes in patients with GBM still remain 
unequivocally poor. One important concept that helps 
to explain this in part is chemotherapy resistance and 
in the case of temozolomide, through damaged DNA 
repair. 

These chemotherapy resistant cells express a 
protein, O6-alkylguanine DNA alkyltransferase (AGT), 
encoded in humans by the O-6-methylguanine-DNA 
methyltransferase (MGMT) gene. The AGT protein 
removes the alkylated moiety on the O6 position 
of guanine and renders the therapeutic modality of 
temozolomide obsolete. It has been found that there 
exists an epigenetic variant of tumor cells that are 
able to circumvent this mechanism of chemotherapy 
resistance. These tumor cells possess a protein that 
is responsible for methylation of the MGMT promoter; 
this methylation serves to silence the MGMT gene. As a 
result, such tumors are thought to be more sensitive to 
temozolomide. Based upon this, this molecular marker 
for MGMT methylation has been investigated as a means 
of predicting response to treatment with temozolomide. 
As early as 2005, the group of Stupp et al[13] recognized 
the implications of this gene in therapy and conducted 
a retrospective analysis on the tumors culled from 
subjects in their pivotal study establishing superiority 

which will be discussed later.

Chemotherapy
The chemotherapeutic agent temozolomide has been 
available since 1999. Pharmacokinetically, temozolomide 
is an oral agent with effective absorption and excellent 
bioavailability. Temozolomide is metabolized into 
5-(3-methyltriazen-1-yl) imidazol-4-carboxamid. The 
therapeutic potential of temozolomide lies in the alky­
lation/methylation of the DNA of tumor cells, typically 
occurring at the N-7 or O-6 positions of guanine 
residues. Methylation causes irreversible DNA damage 
which in turn provokes tumor cell death[10,11].

The use of temozolomide as standard of care 
adjuvant chemotherapy for GBM patients is largely 
the result of a seminal trial by Stupp et al[12] in 2005. 
This randomized controlled trial compared the use of 
irradiation alone to the use of concurrent radiation and 
temozolomide chemotherapy followed by 6 cycles of 
adjuvant temozolomide. In the experimental group, 
concurrent temozolomide was administered at 75 
mg/m2 daily during irradiation (both arms received 30 
fractions with total dose of 5500 to 6000 cGy) followed 
by 6 cycles of temozolomide 150 mg/m2 (days 1 to 5 of 
cycle 1) then 200 mg/m2 on days 1 to 5 of cycles 2-6, 
repeated on day 29.

It was found that temozolomide improved median 
overall survival (OS) (14.6 mo vs 12.1 mo), 2 year OS 
(27.2% vs 10.9%), 3 year OS (16.0% vs 4.4%), and 5 
year OS (9.8% vs 1.9%). These statistically significant 
results corroborated the superiority of temozolomide 
and that continuously improved over time.
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Figure 1  Genetic mutations pathways implicated in the development of malignant gliomas (76). WHO: World Health Organization; LOH: Loss of heterozygosity; 
EGFR: Epidermal growth factor receptor;  PTEN: Phosphatase and tensin homolog.

Secondary glioblastoma
LOH 10q (63%)
EGFR  amplification (8%)
p16INK4a  deletion (19%)
TP53  mutation (65%)*
PTEN mutation (4%)
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Primary glioblastoma
LOH 10q (70%)
EGFR  amplification (36%)*
p16INK4a  deletion (31%)
TP53  mutation (28%)
PTEN mutation (25%)*
WHO grade Ⅳ

Anaplastic astrocytoma
TP53  mutation (53%)
WHO grade Ⅲ

Low-grade astrocytoma
TP53  mutation (59%)
WHO grade Ⅱ

Astrocytes or precursor stem cells
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of adjuvant chemotherapy and radiation to radiation 
alone. For 203 patients whose tumors were found to 
possess the MGMT methylation gene, a substantive 
difference was found, with the progression free survival 
(PFS) being substantially greater in the experimental 
arm receiving temozolomide with radiation therapy 
(RT) than the control group receiving RT alone. On the 
basis of these findings, the prevailing thought was that 
possession of the MGMT methylation gene predicted 
favorable response to treatment with temozolomide. 
This premise of using the MGMT methylation gene for 
prediction of response to treatment with temozolomide 
was challenged in 2011 by the RTOG 0525 study[14]. 
The purpose of this study was to look at a proposed 
strategy for overcoming acquired temozolomide re­
sistance, specifically whether there was a survival 
difference between the use of standard schedule of 
temozolomide or an altered schedule in which the same 
total dose of temozolomide was delivered in higher 
fractions, allowing for a 3 wk on, 1 wk off dosing. 
When these patients were stratified based on MGMT 
status, there was an OS of 23.2 mo in patients with 
tumors possessing the MGMT methylation gene vs 16 
mo in those harboring unmethylated MGMT status. 
Thusly, the current paradigm is that possession of the 
MGMT methylation gene prognostically bodes better for 
patients receiving standard adjuvant treatment than 
those that do not possess in the general population but 
does not necessarily predict response to treatment with 
temozolomide. An important demographic caveat exists, 
however. It was found on that basis of multiple studies 
that the MGMT methylation gene does predict favorable 
responses in terms of survival benefit in elderly patients 
(age greater than 70) with GBM who receive TMZ and 
radiation vs RT alone[15-17]. This is important in that 
uses of different modalities of treatment necessarily 
must be used more conservatively and sparingly in 
elderly patients who have more limited physiological 
reserve with which to contend with the ill effects of such 
treatments.

Interestingly, there is another more nuanced twist 
to the MGMT story. Recent studies have revealed that 
in some tumors, the MGMT gene-and resistance to 
TMZ--is effectively silenced even without possession 
of the MGMT methylation gene. What these studies 
have found is that MGMT expression is also post-
transcriptionally regulated by micro-RNAs[18]. MicroRNAs 
(miRNAs) are non-encoding RNA molecules 20-23 
nucleotides in length that inhibit the translation and 
stability of messenger RNA (mRNA). MicroRNAs have a 
potent presence in the regulation of post-transcriptional 
gene expression as they “flag” mRNAs which leads to 
their decay and influences essential cell functions, i.e., 
replication, proliferation, metabolism, programmed 
cell death, etc.[19]. Low MGMT expression in promoter 
unmethylated tumors was found to be due in part to 
the expression of miR-181d, a miRNA that suppresses 
MGMT expression. There have been additional micro-
RNAs identified that bind directly to the MGMT 3’

UTR and purportedly result in loss of MGMT protein 
expression both in pre-clinical and clinical studies. 

Deletion, mutation and LOH on chromosome 10
There are a number of genes on chromosome 10 of 
which mutation, deletion or LOH has been established 
in the development of GBM malignancy. These will be 
considered in turn.

A well-described phenomenon engendering tumori­
genesis is LOH. In somatic cells, many tumor suppressor 
genes bear heterozygosity by merit of having inherited 
unique single nucleotide polymorphisms in different 
regions in that gene. Thusly, one allele in the pair for 
that gene is different from the other. In the process 
of LOH, a portion of or a complete chromosome in a 
diploid pair is deleted. If this portion contains a tumor 
suppressor gene, then the cell containing that deletion 
exhibits LOH for that gene or chromosome. When the 
remaining copy of the tumor suppressor gene incurs a 
mutation, the cell is no longer protected by that tumor 
suppressor gene and the biology of malignancy is 
begotten.

The LOH phenomenon specifically involving alleles of 
tumor suppressor genes in parts or all of chromosome 
10q has reliably been demonstrated in the molecular 
pathogenesis of GBM[20]. A specific example is allelic 
deletion of the phosphatase and tensin homolog gene, 
or PTEN, located at locus 10q23[21] (Figure 2). 

The wild type PTEN gene is a tumor suppressor. 
The product of this gene is involved in many different 
signaling pathways in its capacity as a phosphatase. 
The most important of these pathways is the PI3K/Akt 
pathway[21]. When an extracellular ligand binds to its 
correspondent receptor, e.g., EGFR, HER2, IGFR, the 
protein PI3K is activated and creates PIP13. PIP13 in 
turn recruits the Akt to the intracellular surface of the 
cell membrane and subsequently activates the PI3K/Akt 
pathway. Activity is positively regulated by the PIP3 
gene product. This pathway promotes a number of 
progrowth phenotypes, including cell cycle progression, 
protein synthesis, inhibition of apoptosis and cell 
migration. When PIP3 is dephosphorylated by PTEN to 
PIP2-a, the PI3K/Akt pathway is downregulated and 
antagonizes the progrowth phenotype. Thusly, when 
PTEN activity is lost through mutation or LOH, PIP3 
accumulates and begets malignant growth though cons­
titutive activation of the PI3K/Akt pathway. Mutations in 
PTEN have been implicated in a variety of malignancies, 
including prostate, gyn malignancies, breast, pancreatic, 
melanoma and GBM[21].

PTEN LOH mediating malignant features in GBM 
has been found to occur in as much as 60%-80% of all 
cases[21]. Historically, studies concerning LOH or mutation 
in PTEN had proposed a value in prognostication, i.e., 
that loss of PTEN would make for a poorer prognosis[21]. 
This was particularly so prior to acceptance of TMZ 
as standard adjuvant treatment of GBM. However, a 
recent study out of Cedars-Sinai medical center appears 
to refute this understanding[22]. Indeed, the premise 
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of the study was to update the understanding of the 
significance of this molecular marker in the current TMZ 
treatment era. In this study, the authors retrospectively 
looked at the presence or absence of PTEN in 155 tissue 
samples from patients who underwent craniotomy for 
resection of GBM between 2007 and 2010. The majority 
of these patients (80.7%) were treated with standard 
adjuvant radiation and TMZ chemotherapy after surgical 
tumor resection. What they found was that the loss of 
PTEN via LOH, mutation, or deletion was not associated 
independently with poorer prognosis as had been 
previously assumed. What they did find was that in 
their multivariate analysis, certain features assessed 
were significant predictors of worse prognosis; these 
included: older age (≥ 65), poorer functional level 
based on KPS score, partial resection of tumor, and not 
instituting standard adjuvant therapy. Interestingly, 
the authors also found evidence that appeared to 
corroborate the supposition that GBM cells that had 
PTEN loss were more susceptible to TMZ treatment. 
This was suggested in an in vitro study that found that 
glioma cell lines lacking PTEN were more sensitive to 
TMZ treatment than PTEN possessing glioma cell lines. 
The thought process is that the lack of PTEN makes 
those cells less capable of repairing double-stranded 
DNA breaks effected by TMZ, and thus makes TMZ 
more chemotherapeutically effectual. What this implies 
is that the reason the authors found no statistically 
significant difference in patient outcome based upon 
PTEN loss or presence alone is because the increased 
effectiveness of TMZ in PTEN loss would effectively 
even out the outcomes between the two groups. This 
would appear to explain the difference found between 
this study and prior studies that did not evaluate 
patients who had undergone adjuvant TMZ treatment. 
Thusly, it is not entirely clear that PTEN loss is not an 
independently poor prognostic factor. Moreover, this 
seems to suggest that PTEN loss would predict a more 
favorable response to TMZ though the outcome would 
appear not to be substantively different from patients 
with the presence of PTEN.

LOH has been found to occur in increased incidence 

in other genes located on chromosome 10 in GBM 
patients. Summarily, these, alongside LOH of PTEN on 
chromosome 10q23, indicate that this phenomenon 
alongside mutations on chromosome 10 may possess 
prognostic value when found in patients with newly-
diagnosed GBM. However, as discussed above, there 
remains more to be elucidated in the context of 
the contemporary treatment paradigm before such 
mutations may be reliably used for such prognostication 
purposes.

1p/19q codeletion
The next molecular phenomenon in GBM pathogenesis to 
be discussed is the 1p/19q codeletion. This results from 
an unbalanced translocation between chromosomes 1p 
and 19q and leads to LOH. This molecular signature has 
been found to have tremendous significance and clinical 
utility in the evolving paradigm of molecular based 
prognostication and treatment of high grade glioma.

There have been three randomized clinical trials 
that have investigated the 1p/19q codeletion in GBM 
and found that it actually confers a survival benefit to 
patients whose tumors possess this codeletion and are 
receiving RT and/or alkylating chemotherapy. These 
trials will be discussed in turn.

The first trial to be considered here is the RTOG 
9402 phase Ⅲ randomized study, which included 289 
patients with grade Ⅲ anaplastic oligodendroglioma or 
anaplastic oligoastrocytoma treated with either adjuvant 
RT alone or four cycles of chemotherapy (Procarbazine/
CCNU/Vincristine) followed by RT (PCV - > RT)[23]. The 
primary endpoints were assessing differences in PFS 
and OS between the two arms in the study. In this, they 
found at 3 years out that there was a benefit in PFS 
in the PCV - > RT arm (2.6 years) over the RT alone 
arm (1.7 years); however, there was no significant 
difference at that time in OS (4.7 years in the RT arm 
vs 4.9 years in the PCV - > RT arm). The researchers 
also assayed tissue samples for the 1p/19q codeletion 
and assessed whether this had any bearing upon either 
PFS or OS. Of 201 patients assayed with fluorescence 
in situ hybridization (FISH), 93 (46%) were positive for 
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Figure 2  PTEN  locus on chromosome 10. PTEN: Phosphatase and tensin homolog.
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the codeletion. It was found that these patients had a 
survival benefit conferred by the codeletion over the 
wild type tumors. Irrespective of the treatment arm, 
those patients possessing the 1p/19q codeletion had 
a median OS of > 7 years whereas the median OS in 
patients without the codeletion was 2.8 years. Though 
treatment at this juncture did not appear to have any 
bearing on survival, extended follow up 2012 confirmed 
the better prognosis for the 1p/19q codeletion group 
and that PCV - > RT also appeared to improve survival 
over RT alone in those with the codeletion. The 
median OS in non-codeleted tumors was 2.6 years 
and 2.7 years in the PCV - > RT and RT alone group, 
respectively. However, patients with codeleted tumors 
had a median OS of 14.7 and 7.3 years in the PCV - > 
RT and RT alone groups respectively. Thusly, it appeared 
from this trial that the 1p/19q codeletion possessed 
both prognostic and predictive value.

Soon thereafter, the EORTC 26951 trial was condu­
cted, compared RT alone to RT followed by six cycles 
of PCV (RT - > PCV) in 368 patients with anaplastic 
oligodendroglioma or anaplastic oligoastryocytoma 
randomized between the two arms[24]. Summarily, the 
outcome was analogous to the aforementioned trial 
on the primary endpoints of PFS and OS; PCV and 
sequential RT did increase PFS from 13.2 mo to 23 mo 
but had no bearing on OS (40.3 mo for PCV - > RT vs 
30.6 mo for RT alone) at 60 mo out. The researchers in 
this study also used FISH to assay tissue for the 1p/19q 
codeletion; 78 patients (21%) were positive for the 
codeletion. As with the RTOG study, 1p/19q codeletion 
was prognostic and conferred a better outcome 
irrespective of therapeutic intervention. At 60 mo out, 
those patients possessing the 1p/19q codeletion did 
not reach a discrete median OS whereas those without 
the codeletion and treated with RT followed by PCV had 
a median OS of 25.2 and 21.4 mo for those treated 
with RT alone. Results after extended follow up of 12 
years in 2012, again mirrored those of the RTOG trial at 
extended follow up, with RT - > PCV yielding a greater 
OS (no median OS reached in these patients) over RT 
alone (median OS of 9.3 years) in patients with the 
1p/19q codeletion. This survival benefit was not seen in 
those patients without the codeletion; in this contingent, 
those receiving RT - > PCV had an OS of 25 mo and 
those receiving RT alone 21 mo.

A third trial known as NOA-04 conducted by the 
German Neuro-Oncology Group prospectively eva­
luated 318 patients with anaplastic astrocytoma, 
anaplastic oligodendroglioma, and mixed anaplastic 
oligoastrocytoma treated with RT, PCV, or TMZ-by the 
ratio of 2:1:1, respectively[25]. Patients who experienced 
excessive toxicity or progression after RT were then 
randomized to receive either PCV or TMZ, or patients 
with similar outcomes during or after primary treatment 
with chemotherapy were then administered RT. The 
primary endpoint was treatment failure, and 43% 
reached that endpoint at 54 mo out. On PFS and OS, 
the three groups were found to have similar results. 

In this study, FISH assays of tissue found 74 patients 
(23%) to possess the 1p/19q codeletion. When ass­
essing these patients against wild type patients on 
the primary endpoint, there was, regardless of thera­
peutic intervention, an improvement of almost 50% 
in treatment failure. What should be understood, 
however, is that the benefits conferred by the codeletion 
had no bearing upon those patients with anaplastic 
astrocytoma. The aggregate of the studies described 
above show that the 1p/19q codeletion has both 
prognostic and predictive utility in malignant gliomas 
and may thereby represent a tool to guide clinicians 
in prognostication and treatment planning for patients 
with these malignancies.

IDH1/IDH2 mutations
The genes IDH1 and IDH2 are molecular markers 
that demonstrate prognostic value in patients with 
glioblastomas as well as lower grade gliomas. Isocitrate 
dehydrogenase (encoded by IDH1 in the cytoplasm 
and by IDH2 in the mitochondria) in its wild type 
form produces alpha-ketoglutarate[26]. Mutations in 
these genes encode an aberrant enzyme that turns 
alpha-ketoglutarate into an onco-metabolite, D-2 
hydroxyglutarate. D-2 hydroxyglutarate controls the 
oncogenicity of IDH mutations. Based upon mutation 
status, gliomas may be classified as IDH-wild-
type or IDH-mutant. IDH-wild-type gliomas include 
grade Ⅰ pilocytic astrocytomas and primary GBMs. 
Tumorigenesis in this case is, therefore, independent 
of the IDH status and is mediated by other oncogenes. 
IDH-mutant gliomas include grade ⅱ and grade Ⅲ 
gliomas as well as some secondary GBMs. What is 
interesting is that within a given histological class, IDH 
mutants carry a better prognosis than IDH wild types. 
For example, in WHO class Ⅳ tumors, secondary GBMs 
(IDH mutants) carry a better prognosis than primary 
GBMs (IDH wild types). An analysis of 382 high grade 
gliomas in 2010 found that IDH status has greater 
prognostic value than histological grade[27]. Thusly, it is 
now being realized that grouping gliomas by IDH status 
is more useful for prognostication than grouping by 
histological grade and morphology.

p53 mutations
It is well known, that protein p53, with a gene located 
on the short arm of chromosome 17 (17p13.1), is one 
of the main tumor suppressors. It is a transcription 
factor that activates the expression of genes that will 
induce the G1 cell cycle arrest in response to cell stress 
and DNA damage. Hence, the somatic and the germline 
mutations of p53 are associated with a variety of human 
cancers[28,29].

The Cancer Genome Atlas Network (TCGA) reported 
p53 mutations in 37.5% of the newly diagnosed, and in 
58% of the previously treated GBM samples[30]. As far as 
the pathogenesis of malignant gliomas is concerned, the 
mutations in p53 and its regulatory pathways primarily 
play a role in development of secondary gliomas as 
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opposed to the primary glioblastomas[31-33].
Other than the cell cycle progression, several cell­

ular processes are thought to be affected by p53 such 
as: the response to DNA damage, apoptosis, and the 
cellular differentiation and neovascularization[34]. Based 
upon cellular homeostasis, the p53 gene product is 
typically low in normal cells and increased in cells 
affected by DNA damage, where it exhibits a relatively 
short half life, being degraded by the Murine Double 
Minute 2 (MDM2) protein in the cytoplasmic milieu[35]. 

Apart from the events that mutate the p53 itself, 
the mutation of genes encoding its functional regulation 
are found in approximately 70% of GBM samples, 
mainly ARF, 55%, MDM2, 11%, and MDM4, 4%[36]. The 
MDM2 and MDM4 proteins that function as E-3 ubiquitin 
ligase, degrade the p53 and repress its function. It 
has been confirmed, that the amplification of MDM2/
MDM4 proteins inactivates the transcriptional activity of 
p53, resulting in abrogation of its antiproliferative and 
apoptotic effects[37,38].

The CDKN2A locus has been shown to present ano­
ther frequent mutation in glioblastomas. In addition 
to encoding the p16INK4a, that is a specific inhibitor 
of CDK4/6, this locus encodes a second protein, the 
p14ARF, whose expression also induces a cell cycle arrest. 
The p14ARF acts by binding MDM2, thus promoting its 
rapid destruction, and leading to the stabilization and 
accumulation of p53. For INK4a/ARF locus mutation, 
the protective, antitumorogenic role of the p14ARF is 
lost, due to the suppression of p53[39]. The importance 
of this locus is also confirmed by observation, that in 
mice models the homozygous deletions of both p16 and 
p14, are correlated with the increased progression from 
lower to higher grade gliomas and poorer survival rate in 
patients older than 50 years[40].

Molecular profiles in GBM
In 2010, the group of Verhaak et al[41] published 
results of a study in which they utilized the genomic 
sequences of 91 GBM patient made available by TCGA 
Research Center to look at patterns of gene mutations 
and expression in different tumors that may allow for 
categorization of these tumors into distinct subclasses. 
They found they were able to find distinct genomic 
patterns that hewed to a classification system that 
would allow them to classify any given tumor into one 
of four subtypes: Proneural (PNL), Neural, Classical 
(CL) and Mesenchymal. In addition to allowing for the 
distinct biology for tumors of each of these classes to 
be contrasted with the others, it was posited that this 
may have utility for prognostication and/or predicting 
response to treatment.

As discussed, GBM by histology is characterized as 
one entity. This has been found to be a considerable 
oversimplification that does not account for the diff­
erences in biology between different GBM tumors. Gen­
etics have revealed that there exist multiple subtypes of 
GBM.

What is clinically significant here is that the biology 

of each subtype confers upon it differences in prognosis 
and/or response to treatment from the other subtypes. 
As to the final consensus on how many genetics-
based subtypes there actually are, this remains to be 
determined and studies are ongoing to this end.

One such study that provided a compelling insight 
into what is likely to be representative of the future of 
GBM classification came from a group out of Belgium 
in 2012[42]. The authors predicated their investigation 
upon the results of Verhaak et al[41] cited above, namely 
exploiting unique patterns of genetic mutations to 
classify GBM into distinct biological subtypes that each 
have unique clinical characteristics. The goal of the study 
was broadly twofold: to devise a relatively simple assay 
of mutations in tumor samples for classification into 
one of two subgroups; and to try to ascertain biological 
features of tumors from each subgroup that have 
demonstrable value in making clinical inferences. To 
this end, the authors did a retrospective analysis of 100 
patients with new, treatment naive GBM. They utilized 
immunohistochemistry (IHC) to quantitatively assay 
tumor samples from these patients for the presence or 
absence of mutations in 3 well-characterized genes in 
GBM-EGFR, PDGFRA, and p53. Based upon the pattern 
of presence or absence of mutations in these genes, 
the investigators were able to discern two subtypes of 
GBM: the CL subtype and the PNL subtype. To be sure, 
these subtypes had been initially described by Verhaak 
et al[38] but the association with the IHC mutational 
analysis done here was entirely new. The CL subtype 
is characterized by positive immunostaining for EGFR 
and is negative for p53 and PDGFRA mutations. The 
PNL subtype, on the other hand, is EGFR negative and 
demonstrates positive immunostaining for p53 and/or 
PDGFRA. Of the initial cohort of 100 GBM specimens, 
93 were able to be quantitatively assessed for these 
genetic signatures. Based upon the criteria set outlined, 
35 specimens were found to belong to the CL subtype 
and 56 were found to belong to the PNL subtype; the 
other 2 specimens did not stain for any of the three 
markers. The endpoints assessed for the patients in this 
retrospective analysis were PFS and OS. The former 
was defined as the time elapsed from the date on which 
the tumor was resected to the date on which the tumor 
was found to have recurred or if the patient died from 
recurrence of tumor. The latter was defined as the time 
elapsed from the date on which the tumor was resected 
to the date the patient died due to tumor progression. 
Summarily, the study found the following of notable 
clinical significance. Firstly, patients with tumors of 
the PNL subtype had a statistically significantly higher 
median OS of 10.5 mo than the median OS of 5 mo 
for patients of the CL subtype (P = 0.047). Similarly, a 
mortality risk reduction of 52% was linked to the PNL 
subtype when compared to the CL subtype. Hence, 
it was suggested that the delineation of a given GBM 
patient to one of the two subtypes would possess value 
in prognostication. Furthermore and not insignificantly, 
the authors demonstrated that the information needed 
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to make this categorization, i.e., PDGFRA, EGFR, and 
p53 status, is relatively easily obtainable through IHC 
staining. Secondly, the authors found that these two 
subtypes possess biological characteristics conferred 
by their respective genetic signatures that make their 
response to adjuvant adjuvant chemotherapy different 
from one another.

Specifically, they found that temozolomide chemothe­
rapy with radiotherapy did dramatically improve survival 
of patients of the CL subtype. This was not the case in 
that contingent of CL patients receiving radiotherapy 
alone, who showed no significant improvement in OS 
compared to patients receiving no treatment or palliative 
management. Interestingly, treatment modalities 
had quite the opposite effect on patients of the PNL 
subytype. These patients who received radiotherapy 
alone saw a significant improvement in OS over those 
who received no treatment or palliative management. 
However, the addition of temozolomide to radiotherapy 
did not improve survival in this subset of patients as it 
did in the CL patients.

Autophagy
When considering the multimodal actions of TMZ as 
a chemotherapy agent and contextualizing this in the 
problem of chemotherapy resistance, a topic of recent 
research interest is autophagy.

Autophagy, known as type Ⅱ programmed cell 
death, is a catabolic process during which cells self-
digest intracellular organelles. When allowed to go 
to completion, autophagy results in cell death[43,44]. 
Biologically, it serves two functions: as an intracellular 
mechanism of disposing of damaged organelles and 
proteins, and for catabolism of substrates during cellular 
stress in order to generate energy needed for cell 
survival. As may be intuited, persistent autophagy does 
in many cases result in cancer cell death. However, 
there is also mounting evidence that autophagy may 
also drive the damage response that cancer cells use to 
avoid death when exposed to metabolic and therapeutic 
stresses.

Knizhnik et al[45] demonstrated in glioma cells that 
TMZ can induce cell death via a complex process bet­
ween apoptosis, autophagy, and senescence. Senescence 
represents a state when viable cells stop synthesizing 
DNA with the unknown endpoint of either survival or 
death. They demonstrated that TMZ - induced cell 
death could be accomplished by two mutually exclusive 
pathways: by apoptosis alone (via the caspase-
mediated pathway) or by autophagy followed by cellular 
senescence. It was found that the autophagy pathway 
inhibited the appositional apoptosis pathway, and the 
cells progressed to senescence. Thus, it is proposed 
that autophagy may be a survival mechanism whereby 
gliomas undergo senescence rather than immediate 
death via apoptosis when therapeutic doses of TMZ 
are used. Knizhnik et al[45] also found that autophagy, 
senescence, and apoptosis of glioma cells occurred at 
72, 96, and 120 h after TMZ exposure, respectively.

As a result of TMZ-induced autophagy, it is possible 
that the high recurrence rate in glioblastoma patients 
and the unsatisfactory clinical survival rate might not 
only be due to the resistant mechanisms of tumors 
such as MGMT and deficiency of MMR but also due to 
autophagy allowing the tumor to survive where it should 
otherwise undergo apoptosis. As such, investigations 
are underway to see if adjunctive treatment with 
an autophagy inhibitor may enhance the beneficial 
therapeutic effects of TMZ for patients with GBM.

Vascular endothelial growth factor
GBM is one of the most vascularized human tumors 
and, alongside high expression of various proangiogenic 
factors, vascular proliferation is one of its defining pa­
thologic features[2]. GBM cells produce proangiogenic 
factors; one of, if not the, best characterized of these is 
vascular endothelial growth factor (VEGF).

VEGF consists of a family of 5 glycoproteins: VEGF-A, 
VEGF-B, VEGF-C, VEGF-D, and placenta growth factor. 
These factors bind with their corresponding tyrosine 
kinase receptor (VEGFR-1, VEGFR-2, and VEGFR-3) 
and activate a signal transduction cascade that results 
in the development of angiogenesis, increased vascular 
permeability, and lymphangiogenesis. Of these, VEGF-A 
plays the greatest role in tumor angiogenesis along with 
tumor cell proliferation and migration. Thusly, elevated 
levels of VEGF-A in patients with cancer--specifically 
that of breast, lung, colon, uterus, and ovary--confers a 
graver prognosis[46].

Bevacizumab is a humanized monoclonal antibody 
to VEGF-A[47]. This antibody prevents the interaction of 
VEGF with target receptors VEGFR-1 and VEFGR-2 on 
the surface of endothelial cells. This in turn prevents 
downstream signaling that would normally induce 
tyrosine phosphorylation and the subsequent cascade of 
signal transduction events that would lead to endothelial 
cell survival, proliferation and vascular permeability. 
The composite effect of causing regression of existing 
microvasculature, inhibition of new vessel growth 
and normalization of the surviving vasculature (which 
leads to reduced vascular permeability and reverses 
peritumoral edema) bears a particularly germane 
pertinence to GBM. In the United States, bevacizumab 
has been approved for recurrent GBM based on studies 
that showed improvement in PFS but not OS[47].

In February 2014, Chinot et al[48] published ran­
domized, double-blinded, placebo controlled trial on 
newly diagnosed GBM patients where they compared 
standard radiotherapy and TMZ for newly diagnosed 
GBM with or without bevacizumab. The study met the 
first primary endpoint of improved median PFS with 
statistical significance (P < 0.0001), finding a 4.4 mo 
improvement in median PFS of the experimental group 
(10.6 mo) over the control group (6.2 mo).

The OS at 1 year (P = 0.049) was 72.4% and 
66.3% in the experimental and control groups, res­
pectively. At 2 years (P = 0.24), the OS was found 
to be 33.9% and 30.1%, respectively, which was 
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not statistically significant. The experimental group 
receiving Bevacuzimab maintained a longer quality of 
life and performance status and required less steroids. 
However, the study noted that there was a clearly 
greater number of clinically significant adverse events in 
the Bevacizumab group than the control group.

The RTOG 0825 study, published in the same 
month as the study by Olivier et al[49], came to a similar 
conclusion: namely that adding bevacizumab to standard 
of care RT/TMZ provided discernible benefits for PFS but 
not for OS. Notable adverse effects in the bevacizumab 
group were hypertension, thromboembolic events 
and intestinal perforation, consistent with previously 
reported side effects of this medication.

The BELOB trial by Taal et al[50] out of Europe in­
vestigated three lines of therapy for patients with 
recurrent GBM: single-agent bevacizumab, single-agent 
lomustine and combination therapy with bevacuzimab 
plus lomustine. Results demonstrated 9-mo OS to be 
43% in the lomustine group, 38% in the bevacizumab 
group and 59% in the combination group. Extrapolating 
from these results, the authors strongly questioned the 
role for single agent bevacizumab in recurrent gliobla­
stoma. However, it provided a compelling indication for 
further investigations of combination bevacuzimab with 
lomustine, particularly in a phase Ⅲ trial.

The aggregate of data from clinical trials on bevacu­
zimab for newly-diagnosed and recurrent GBM reveals 
that the proposed mechanism of action of bevacuzimab 
in antagonizing the VEGF pathway is not enough on 
its own to explain the observed results. It has led 
investigators and the scientific community to realize that 
there are much more complex regulatory mechanisms in 
angiogenesis at work than previously recognized.

Hypoxia and treatment resistance
Recent evidence has indicated that prolonged anti-
angiogenic treatment leads to development of pro­
gressive hypoxia in tumor tissues which in turn has 
led to the recognition of an entirely novel paradigm of 
treatment resistance. VEGF blockade of its own causes 
only a small reduction in tumor burden but does induce 
a strong depletion of large and intermediate-sized blood 
vessels with a subsequent reduction in vascular leakage 
and intratumoral blood flow.

This result in a hypoxic microenvironment within the 
tumor which is proposed to provoke significant tumor 
cell invasion.

Hypoxia-inducible factor-1 (HIF-1) is a transcriptional 
complex belonging to a family of transcriptional factors 
known as hypoxia inducible factors (HIFs) that is activ­
ated in response to hypoxia and growth factors. HIFs 
are heterodimers composed of an oxygen-sensitive HIF-
alpha subunit and a HIF-beta subunit. Under normal 
homeostatic cellular conditions, HIF-alpha binds to the 
tumor suppressor protein von Hipel-Landau (vHL), 
which leads to degradation of HIF-alpha.

However, under conditions of hypoxia, there is an 

abrogation of the interaction between HIF-alpha and 
vHL as a result of which HIF-alpha gets stabilized. This 
leads to dimerization of HIF-alpha which then allows it 
to bind to hypoxia responsive elements on promoters 
of genes inolved in promoting cell survival, motility 
and metabolism. The activation of HIFα also plays a 
regulatory role in the expression of VEGF and inducible 
nitric oxide synthetase facilitating angiogenesis and the 
tumors cell’s access to the circulatory system. Two HIFα 
subunits, HIF-1α and HIF-2α are primarily responsible 
for regulating tumors adaptation to hypoxia. HIF-
1α is widely expressed in several tissues, while HIF-
2α has a more restricted expression pattern and is 
associated with cancer initiation or tumor progression. 
Thusly, HIF-1 plays a central role in tumor progression, 
invasion, and metastasis. Indeed, overexpression of 
the HIF-1α subunit has been observed in many human 
cancers and is associated with a poor prognostic out­
come with conventional treatments[51].

Preclinical trials of recent have revealed some 
very intriguing characteristics of tumor vasculature. 
Three major mechanisms have been proposed for the 
development of new tumor vasculature: proliferation 
from preexisting vessels, colonization by circulating 
endothelial cells or colonization by proangiogenic bone 
marrow cells. This last phenomenon has come to be 
denoted as vasculogenesis[52].

In specific, vasculogenesis itself depend on three 
major pathways: (1) mobilization and recruitment of 
proangiogenic bone marrow derived cells (BMDCs) into 
tumor milieu; (2) retention of these BMDCs in hypoxic 
tumor tissues; and (3) vascularization dependent on 
CD11b+ myelomonocytic cells.

Hypoxia leads to induction of the transcription factor 
HIF-1 which has been shown to be a major recruiter 
of BMDCs to tumors including GBM. Retention of these 
cells is dependent on secretion of stromal cell derived 
factor-1 (SDF-1, CXCL12) which binds its receptor, 
CXCR4, on the BMDCs. Thus has been elucidated the 
link between hypoxia in GBM and vasculogenesis.

This in turn has led researchers to propose the 
means by which bevacuzimab engenders treatment 
resistance.

The proposed hypoxia model as discussed has been 
further supported by studies looking into inhibitors 
of the modulators of vasculogenesis. In xenograft 
models, the HIF-1 inhibitor NSC-134754 and AMD3100, 
an inhibitor of the SDF-1/CXCR4 interaction, compe­
llingly found little to absent tumor regrowth following 
irradiation[53].

Hypoxia has been also been proposed as a means 
of activating autophagy, the lysosomal degradation 
pathway that, as discussed earlier, likely promotes 
tumor cell survival[54]. The mechanisms by which hyp­
oxia induces autophagy need elucidation, but the 
finding that BNIP3, a downstream target of HIF-1α, 
is essential to hypoxia-induced autophagy suggests a 
likely mechanism.
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Cancer stem cells 
An additional important developing point of interest with 
therapeutic potential is the identification of cancer cells 
with stem cell-like properties. It has been hypothesized 
that a subset of cells known as the cancer stem cells 
exist within a tumor with stem cell like properties and 
can initiate primary tumors as well as recurrences by 
way of their self-renewal capacity and inherent resistance 
to therapeutics. 

Glioblastoma contains multipotent tumor stem cells 
(GSCs) that could be responsible for populating and 
repopulating tumors.

Specific criteria are required to define GSCs: (1) the 
ability to self renew; (2) the ability to differentiate into 
different lineages (multipotency); and (3) the ability to 
initiate tumors in animal models which recapitulate the 
original disease phenotype and heterogenicity[55,56].

Multipotent neural stem cells have the ability to 
differentiate into neurons and glia (astrocytes and 
oligodendrocytes). Physiologically, stem cells have a 
long life expectancy and divide frequently which makes 
them more susceptible for tumorigenesis.

The process of neurogenesis occurs in two major 
regions of the adult brain: the subventricular zone of 
the lateral ventricles (SVZ) and the subgranular layer of 
the hippocampal dentate gyrus[57]. 

Neuronal stem cells (NSCs) are regulated by the 
orchestration of intrinsic factors with extrinsic signals 
from surrounding microenvironment, defined as the 
neurogenic niche. A niche represents a specialized 
anatomic compartment formed by cellular and acellular 
components that integrates local and systemic factors, 
supports maintenance and survival and actively 
regulates the function and proliferation of NSCs.

It has been hypothesized that once neurogenic 
niches house NSCs (which have a relatively large chance 
of becoming cancerous cells) and support maintenance, 
survival and proliferation, they become vulnerable sites 
for growth and proliferation of transformed cells. It is 
believed that the SVZ gives rise to the highest number 
of glioblastomas and this has led to efforts looking at 
this cell population as a potential therapeutic target. 

The sole process of neurogenesis depends on a 
complex cascade of molecular signaling pathways. 
These candidate pathways include Notch[58], bone 
morphogenic protein[59], Wnt[60] and sonic hedgehog 
(Shh)[61]. 

Blockage of Notch signaling with γ-secretase 
inhibition, inhibits self-renewal, and causes CD133+ 
cell depletion[62]. Transforming growth factor-β (TGF-β) 
signaling promotes GSC self-renewal[63]. Shh signaling 
(important during embryonic development) plays an 
important role in GSC maintenance by promoting self-
renewal and expression of stem cell genes[64], whereas 
blockage leads to apoptosis, delay in tumorigenesis and 
inhibition of GSC self-renewal and migration[65].

Similarly to that of normal stem cells, GSCs are 
found in a microenvironment that provides ideal con­

dition for tumor maintenance. The tumor perivascular 
niche is composed of heterogeneous cell groups, 
including astrocytes, endothelial cells, macrophages, 
microglia, non-tumor initiating cells, and, indeed, tumor 
stem-like cells[66]. 

GSC chemotherapy resistance and radiotherapy 
resistance
Multiple mechanisms leading GSCs to chemo-resis­
tance have been identified in pre-clinical studies. 
These include: increased activity of ABC-type trans­
porters present on the cell surface that extrude 
chemotherapeutic agents to the extracellular space[67]. 
These chemo-resistant cells have been identified in 
GBM cells via flow cytometry with a specific pattern 
of expression of surface antigens (CD133+, CD117+, 
CD90+, CD71+, CD45+)[68]. Further corroborating 
the important role GSCs have in chemo-resistance, 
CD133 is highly expressed in recurrent tumors and 
transcriptional analysis of these cells demonstrates 
concurrent over-expression of anti-apoptotic genes[69]. 
Parada et al[70] applied these findings and showed that 
a restricted Nestin+ GSC population could regenerate 
tumors after being treated with temozolomide. Others 
have attempted selective ablation of this cell population 
and this only led to tumor growth arrest, supporting 
the hypothesis that GSCs resist current standard 
chemotherapy and have intrinsic properties of chemo-
resistance. In addition to the above, GSCs have slow 
cell cycles, generally quiescent and are immune to 
exposure to chemotherapy because these traditionally 
target actively cycling cells. GSCs also have the ability 
to evade irradiation with the development of clones 
that over-express GSC markers as well as triggering 
over-activation of the Notch and TGF-β signaling 
pathways[71,72]. 

CONCLUSION
GBM has historically been and indeed remains a formi­
dable challenge for clinicians and has maintained a grim 
prognosis not much changed from the very inception of 
conventional treatment. This is despite a profusion of 
significant recent discoveries regarding its unique biology 
and intricate molecular pathogenesis. However, with the 
elucidation of these recent and ongoing findings, there 
are a number of exciting studies underway investigating 
entirely novel treatment modalities that exploit these 
recent revelations. It is expected that with fruition of 
validated results in animal models and progression to 
phase Ⅲ clinical trials, a veritable revolution will take 
place in both the diagnosis and treatment of this most 
malignant of primary brain cancers.
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