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Abstract: Glioblastoma, the most common primary brain tumor, has few available
therapies providing significant improvement in survival. Molecular signatures associated
with tumor aggressiveness as well as with disease progression and their relation to
differences in signaling pathways implicated in gliomagenesis have recently been
described. A number of biomarkers which have potential in diagnosis, prognosis and
prediction of response to therapy have been identified and along with imaging modalities
could contribute to the clinical management of GBM. Molecular biomarkers including
O(6)-methlyguanine-DNA-methyltransferase (MGMT) promoter and deoxyribonucleic
acid (DNA) methylation, loss of heterozygosity (LOH) of chromosomes 1p and 19q, loss
of heterozygosity 10q, isocitrate dehydrogenase (IDH) mutations, epidermal growth
factor receptor (EGFR), epidermal growth factor, latrophilin, and 7 transmembrane
domain-containing protein 1 on chromosome 1 (ELTD1), vascular endothelial growth
factor (VEGF), tumor suppressor protein p53, phosphatase and tensin homolog (PTEN),
pl6INK4a gene, cytochrome c oxidase (CcO), phospholipid metabolites, telomerase
messenger expression (hTERT messenger ribonucleic acid [mRNA]), microRNAs
(miRNAs), cancer stem cell markers and imaging modalities as potential biomarkers are
discussed. Inclusion of emerging biomarkers in prospective clinical trials is warranted in an
effort for more effective personalized therapy in the future.

Keywords: glioblastoma; molecular classification of glioblastoma; molecular biomarkers;
imaging biomarkers




Cancers 2013, 5 1104

1. Introduction

Glioblastoma (GBM), the most common primary malignant brain tumor, is a morphologically
heterogenous tumor type. The median survival of patients with GBM in clinical trial populations
treated with multimodal treatment approaches is approximately 15 months, with only 3%-5% of
patients surviving longer than 36 months [1]. However, survival varies amongst GBM patients [2],
therefore distinct morphologic features within this, the most aggressive high grade glioma, may result
in differing responses to standard combined chemo-radiotherapy with temozolomide [3].

New information on glioma susceptibility loci and genetic signatures (Table 1) are constantly
becoming available. Single nucleotide polymorphisms associated with susceptibility to gliomas have
been identified (rs2736100 [telomerase messenger expression (TERT)], rs11979158 and rs2252586
[epidermal growth factor receptor (EGFR)], rs4295627 [CCDC26], rs498872 [PHLDBI1], rs6010620
[RTEL1], and rs4977756 [CDKN2A/CDKN2B]).

Table 1. Some described genetic signatures in glioblastoma.

Verhaak classification [4] Phillips classification [5] Jiao classification [6]
Proliferative—Enriched for neural I-X glioma—GBM like; multiple

Classical—High EGFR, stem cell markers, PTEN loss, EGFR molecular subgroups, distinct from

TP53, longest survival of amplified or normal, Akt (protein IDHI/ATRX/TPS53 (I-A glioma) and

subgroups in response to kinase B) cell signaling pathway IDH/CIC/FUBPI (I-CF glioma)

aggressive treatment. activation, shorter survival tumors—yprognosis approximately
than proneural subgroup. 1 year.

Proneural—7P53 mutated, Proneural—PTEN intact, EGFR

IDH] gene mutated, normal, Notch activation, longer

PDGFRA mutated, patients  survival than proliferative and

significantly younger. mesenchymal subgroup.
Mesenchymal—Enriched for neural

Mesenchymal—NF'] stem cell markers, PTEN loss, EGFR

mutated, 7P53 mutated, amplified or normal, Akt cell signaling

PTEN mutated. pathway activation, shorter survival

than proneural subgroup.
Neural—mutations in many
of same genes as the other
3 subgroups. Oldest patients
on average.

EGFR, epidermal growth factor receptor; TP53, tumor suppressor protein 53; IDH]1, isocitrate dehydrogenase 1;
PDGFRA, platelet derived growth factor receptor A; NF1, neurofibromatosis type 1; PTEN, phosphatase and
tensin homolog; ATRX, alpha thalassemia/mental retardation syndrome X-linked mutation; CIC, homolog of
Drosophila capicua; FUBP1, far-upstream binding protein 1.

TERT and RTELL1 risk alleles have been found to be associated with high-grade disease [7]. A
tripartite genetic signature was described in 2012 [6] with I-X tumors being described as similar to
GBM with poor patient survival, advanced age and lacking in isocitrate dehydrogenase (IDH) and
Alpha Thalassemia/Mental Retardation Syndrome X-linked (ATRX) mutations and therefore being
distinct from IDHI/ATRX/TP53 (I-A) and IDH1/homolog of Drosophila capicua (CIC)/far-upstream
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binding protein 1 (FUBP1) (I-CF) tumors. Patients with I-X tumors are further classified into
prognostic groups on the basis of other mutational, copy number, gene expression, and Deoxyribonucleic
Acid (DNA) methylation alterations as will now be described.

Phillips et al. described three molecular subclasses of high grade glioma; proneural, proliferative
and mesenchymal. The proneural subclass was phosphatase and tensin homolog (PTEN) intact,
epidermal growth factor receptor (EGFR) normal, had notch activation and longer survival whereas the
proliferative and mesenchymal group, both enriched for neural stem cell markers, had PTEN loss, were
EGFR amplified or normal and had Akt (also known as protein kinase B) cell signaling pathway
activation with shorter survival [5].

More recently, the Cancer Genome Atlas (TCGA) Network further defined the molecular
classification of GBM and described four subtypes; classical, proneural, mesenchymal and neural [4].
Classical GBM tumors were characterized by high levels of EGFR and 7P53 was not found to be
mutated in classical GBM (TP53 is the most frequently mutated gene in GBM and is normally responsible
for suppressing tumor growth). The classical subgroup survived the longest of the subgroups in
response to aggressive treatment.

TP53 was found to be significantly mutated in proneural tumors as were mutations in the /DH1
gene. Platelet derived growth factor receptor A (PDGFRA), which plays an important role in cell
proliferation, cell migration, and angiogenesis, was found to be mutated and expressed in abnormally
high amounts only in proneural tumors and not in any other subgroups. Patients in the proneural
subgroup were found to be significantly younger, but those who received aggressive treatment did not
survive significantly longer than proneural patients who did not receive aggressive treatment.

The mesenchymal subgroup contained the most frequent number of mutations in the neurofibromatosis
type 1 (NF1) tumor suppressor gene and frequent mutations in the PTEN and TP53 tumor suppressor
genes also occurred. The mesenchymal group had an improvement in survival after aggressive
treatment, unlike those in the proneural, and neural subgroups.

The neural subgroup had mutations in many of the same genes as the other groups and were the
oldest patients, on average. The improvement in survival after aggressive treatment was not as much as
in the classical and mesenchymal groups.

The knowledge of genomic changes that drive GBM gleaned from the TCGA in addition to other
studies on potential molecular predictive and prognostic biomarkers in GBM including MGMT
promoter and DNA methylation, LOH of chromosomes 1p and 19q, LOH 10q, IDH mutations, EGFR,
ELTDI, VEGF, tumor suppressor protein p53, PTEN, p16INK4a gene, CcO, phospholipid metabolites,
telomerase messenger expression (WTERT mRNA), miRNAs, cancer stem cell markers and imaging
modalities as potential biomarkers are discussed and their role, if any, in clinical decision making will
now be discussed (Table 2).
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Table 2. Molecular and metabolic alterations in GBM and their potential biomarker status.

Molecular/metabolic alteration Possible biomarker status

O(6)-methlyguanine-DNA-methyltransferase

P ti dictive [1
(MGMT) promoter methylation rognostic, predictive 1]

Loss of heterozygosity chromosome 1p 19q No prognostic significance [8]
Loss of heterozygosity 10q Prognostic [9]

Isocitrate dehydrogenase (IDH) mutational status Prognostic [10]

Epidermal growth factor receptor (EGFR) Prognostic [11]

Epidermal growth factor, latrophilin, and 7 transmembrane Diagnostic, potentially prognostic [12]
i i
domain-containing protein 1 on chromosome 1 (ELTD1) 8 P Y prog

Vascular endothelial growth factor (VEGF) Potentially prognostic [13]

Tumor suppressor protein p53 Diagnostic [14]

Phosphatase and tensin homolog (PTEN) Prognostic, possibly predictive [13]
p16INK4a gene Inconsistent findings [13]
Cytochrome ¢ oxidase (CcO) Potentially prognostic [15]
Phospholipid metabolites Potentially predictive [16]

Telomerase messenger expression (hTERT messenger
ribonucleic acid [mMRNA])
microRNAs (miRNAs) Diagnostic, prognostic [19]

Potentially diagnostic [17], prognostic [18]

Cancer stem cell markers Potentially prognostic [20,21]

2. Molecular and Metabolic Alterations in GBM and Their Potential Biomarker Status
2.1. MGMT and DNA Methylation

The MGMT gene is located at chromosome 10926 and encodes a DNA repair protein that removes
the alkyl groups from the O6 position of guanine, which are commonly produced by chemotherapeutic
alkylating agents. Epigenetic silencing of the MGMT DNA repair gene by promoter methylation
compromises DNA repair. The methylation status of MGMT was determined retrospectively from the
tumor tissue of 206 patients [22] who were enrolled in the randomized phase III trial where patients
with a diagnosis of GBM were treated with concomitant and adjuvant temozolomide and radiotherapy [3].
Irrespective of treatment, MGMT promoter methylation was an independent favorable prognostic
factor (Hazard Ratio (HR) 0.45 (95% confidence interval (CI) 0.32-0.61) p < 0.001). Median overall
survival was reported to be best in patients with a methylated promoter treated with temozolomide and
radiotherapy (23.4 months vs. 15.3 months in the radiotherapy alone group) [1] and thus was
reportedly the first predictive biomarker in brain tumors and potentially allows selection of patients
who benefit from treatment with temozolomide and radiotherapy but is not of assistance in diagnostics.

However, to date, MGMT promoter hypermethylation does not guide treatment strategies for
patients with GBM but may provide valuable prognostic information. In addition, there is a lack of
standardization in the measurement of MGMT with various available molecular testing platforms
available and consequently there are highly variable results. Unfortunately, no single method of
MGMT analyses has emerged as a clear choice for routine clinical testing of MGMT in glioma
patients. Methylation analyses is favored, but the resulting expense and inaccessibility are barriers to
use in general clinical practice [23]. There is the necessity for the development of high throughput,
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sensitive, inexpensive and reliable assays and more research into immunohistochemistry is warranted
as an alternative to methylation analyses.

Promoter DNA methylation alterations were profiled in 272 GBM tumors in the context of the
TCGA and a distinct subset of samples displaying concerted hypermethylation at a large number of
loci were found. These glioma-CpG island methylator phenotype (G-CIMP) tumors belonged to the
proneural subgroup and were tightly associated with /DHI somatic mutations, and patients were
younger at the time of diagnosis and had improved outcomes [24]. This finding was confirmed in
another study where genome-wide DNA methylation profiling of short-term survivors (<1 year) and
long-term survivors (>3 years) again demonstrated that a subset of long-term survivors showed a
G-CIMP positive phenotype that was tightly associated with /DHI mutation status and was confirmed
by analysis of the G-CIMP signature genes [25].

2.2. Loss of Heterozygosity (LOH) of Chromosomes Ip and 19q

In GBM, deletions involving 1p and 19q are uncommon but have been identified in <10% of diffuse
astrocytic gliomas (including GBMs) [26]. In contrast, LOH of chromosomes 1p and 19q is the most
common genetic alteration in oligodendroglioma tumors and is associated with favorable response to
chemotherapy, radiation and survival [27]. A study involving central pathology review of the European
Organisation for Research and Treatment of Cancer (EORTC) 26981/National Cancer Institute of
Canada (NCIC) CE.3 trial which specifically addressed whether 360 patients with GBM displaying
distinct morphologic features respond differently to combined chemo-radiotherapy with temozolomide,
with particular focus on the presence of an oligodendroglioma-like component, demonstrated that
GBM with an oligodendroglioma-like component (GBM-O) represented 15% of all confirmed GBM
and was not associated with a more favorable outcome. Co-deletion of 1p19q was found in only one
case while GBM-O significantly enriched for /DHI mutations and EGFR amplifications compared
with other GBM. Expression profiles classified most of the GBM-O into two subtypes, 36% as
proneural and 43% as classical GBM and concluded that recognition of an oligodendroglioma-like
component in an otherwise classic GBM identifies a pathogenetically mixed group without prognostic
significance [8]. However, this study did report that the detection of pseudo-palisading necrosis (PPN) was
associated with benefit from chemotherapy, while no such effect was present in the absence of PPN [8].

2.3. Loss of Heterozygosity 10q

Allelic deletions encompassing all or part of chromosome 10q have been reported as a frequent
genetic alteration in the pathways to primary and secondary GBM [28], indicating that loss of one or
more tumor suppressor genes on 10q plays a role in GBM formation. One of these genes is PTEN, a
gene on 10923 which encodes a dual-specificity protein phosphatase [29]. Lower losses on chromosome 10
are seen in anaplastic astrocytoma indicating that loss of heterozygosity on chromosome 10 is a terminal
genetic event associated with GBM [30]. Loss of heterozygosity on chromosome 10q has been found to
be associated with reduced survival of GBM patients [9] and in a study of 25 cases of GBM in Indian
patients was seen more frequently in older patients [31]. The loss of heterozygosity profile may thus have
prognostic implications but to date has not guided treatment options.
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2.4. IDH

IDH catalyzes the conversion of isocitrate into a-ketoglutarate within the citric acid cycle. IDH1
and IDH2 are involved in a number of metabolic processes such as signal transduction, lipid synthesis,
oxidative stress, and oxidative respiration [26].

For all gliomas, patients harboring /DH mutations appear to have a prognostic advantage compared
with patients without /DH mutations [10,26]. Specifically, a study by Jansen et al., [26] reported that
somatic mutations were present in 18 of 149 (12%) GBMs and seemed to correlate with increased
survival. The overall survival in patients with IDH mutations was 31 months in comparison to
15 months in those without /DH mutations [10]. Despite IDH being a useful prognostic tool, it
currently does not appear to be able to predict responsiveness to a particular type of therapy.

2.5. EGFR

EGFR is a common molecular hallmark of GBM and promotes a pro-proliferative signal [32].
EGFR amplification at 7p12 is the most commonly amplified and over expressed gene in primary
GBM (30%—70%) with EGFRVIII being the most prominent mutated receptor tyrosine kinase receptor
in GBM, occurring in approximately 50% of GBM cases that overexpress EGFR [26].

EGFRVIII constitutively activates the EGFR-PI3K pathway [10]. It has been reported that GBMs
harboring constitutively active EGFRVIII receptors display a more invasive phenotype than those with
wild-type EGFR [32] but the efficacy of EGFR inhibitors remains controversial in newly diagnosed GBM.
Although the predictive and prognostic utilization of EGFR remains to be adequately defined, it has been
reported that patients with GBM treated with temozolomide that had EGFR amplification, maintenance of
PTEN, and wild-type p53 and p16 were strong prognostic indicators of overall survival [11].

2.6. Epidermal Growth Factor, Latrophilin, and 7 Transmembrane Domain-Containing Protein 1 on
Chromosome 1 (ELTDI1)

Immunochemistry was utilized to detect levels of ELTDI in 50 human high-grade gliomas and rat
F98 glioma tumors [12]. ELTD1 was found to be significantly higher (» = 0.03) in high-grade gliomas
compared with low-grade gliomas (21 patients). In addition, ELTDI gene expression indicated an
association with grade, survival across grade, and an increase in the mesenchymal subtype. High in vivo
levels of ELTD1 were also found in rat F98 glioma tumors compared with normal brain tissue (p < 0.001)
and thus may serve as an additional biomarker in preclinical and clinical diagnosis of gliomas.

2.7. Vascular Endothelial Growth Factor (VEGF)

Neovascularization is a neuropathological hallmark in high grade gliomas and angiogenic factors
may play an important role in malignant tumor progression. VEGF is considered to be the driving
factor of angiogenesis and has been identified in 64.1% GBMs, and a strong correlation between
VEGF expression and survival has been reported indicating that VEGF is a potential prognostic factor
in patients with gliomas [13].
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2.8. p53

TP53 is the gene that encodes the tumor suppressor protein, p53. A population-based study of
715 patients with a diagnosis of GBM has reported that the type and distribution of 7P53 mutations
differs between GBM subtypes. In secondary GBMs, 57% of mutations were located in the two
hotspot codons, 248 and 273 whereas in primary GBMs, mutations were more equally distributed
through exons with only 17% occurring in codons 248 and 273, possibly reflecting increased genomic
instability during tumor progression [28]. Currently, pS3 is not known to be predictive or prognostic [14]
but has a role in diagnosis as it can help to distinguish tumor grade.

2.9. PTEN

PTEN is a tumor suppressor gene that negatively regulates the phosphatidylinositol 3'-kinase
(PI3K)/a serine/threonine kinase (Akt) pathway, and plays an important role in the regulation of cell
proliferation, apoptosis, and tumor invasion [33]. In GBM, PTEN is deleted due to LOH of
chromosome 10q in 50%—70% of primary cases and 54%—63% of secondary GBM. 1t is also mutated
in 14%-47% of primary GBM [33]. Currently, PTEN is thought to be a prognostic molecular marker
as patients with loss of PTEN have decreased survival and may also be a possible predictive biomarker
of glioma response to specific therapies [13].

2.10. pl6INK4a

The p16INK4a gene binds to cyclin-dependent kinase 4 and inhibits the cyclin-dependent kinase
4-cyclin D1 complex. This complex phosphorylates the retinoblastoma protein (Rb), a tumor suppressor
that is the central protein responsible for antiproliferative signaling. Deletions or mutations of the Rb
gene occur in 40% of secondary GBM cases [27]. P16 loss has also been reported in 20%—57% of
GBM cases [34]. Findings regarding the predictive value of pl6INK4a homozygous deletion have
been inconsistent [13] but a significant association between EGFR amplification and pl16INK4a
deletion has been reported [28].

2.11. Cytochrome c Oxidase

Cytochrome ¢ Oxidase (CcO) is the terminal enzyme of the mitochondrial respiratory chain
(electron transport chain) that catalyzes the transfer of electrons from cytochrome ¢ to oxygen [15].
A recent retrospective study of 84 GBM patient tumors has reported that the median survival for
patients with low tumor CcO was 14.3 months, compared with 6.3 months for patients with high tumor
CcO activity. High CcO activity was found to be an independent predictor of poor outcome and may in
the future become a useful molecular marker for the categorization of GBM and in development of
targeted therapy [35].

2.12. Phospholipid Metabolites

It has been reported that metabolic changes during antiangiogenic therapy of recurrent GBM may
provide new biomarkers for treatment efficacy [16]. In vivo magnetic resonance spectroscopic imaging
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of human recurrent GBMs before and during bevacizumab (Avastin; Genentech, Inc., South San
Francisco, CA, USA) treatment was performed prospectively on 32 patients with recurrent GBM.
Phosphocholine (PCho), phosphoethanolamine (PEth), glycerophosphocholine (GPC), and
glyceroethanolamine (GPE) metabolite concentrations from tumor tissue and their ratios utilizing
magnetic resonance spectroscopic imaging were compared to contralateral normal-appearing tissue
(control). The short overall survival group (<median overall survival) showed higher PCho/GPC
(p = 0.004) in recurrent GBMs compared to control tissue before bevacizumab, while PEth/GPE was
elevated in recurrent GBMs in both short and long overall survival (>median overall survival) groups.
During bevacizumab treatment, PCho/GPC and PEth/GPE in the tumor initially decreased (p = 0.04)
but only PCho/GPC increased again on tumor progression (p = 0.02) indicating that an elevated
PCho/GPC ratio in the short-overall survival group may be a negative predictive marker for
bevacizumab efficacy; gliomas with this signature may represent an aggressive phenotype which grow
despite bevacizumab therapy. Caution is advised in interpreting these data due to small numbers of
patients involved.

2.13. Telomerase Messenger Expression (WTERT Messenger Ribonucleic Acid [mRNA])

Human telomerase is a structurally complex ribonucleoprotein that is responsible for the
maintenance of telomeric DNA at the ends of chromosomes and is proposed as having an important
role in cell immortalization and oncogenesis. A study which examined the telomerase activity by the
telomeric repeat amplification protocol assay in 42 gliomas, which included 32 GBM samples, found
that advanced age as well as high telomerase activity and hTERT mRNA levels were significant
predictors of worse prognosis regarding both overall survival and disease-free survival [18]. Another
study confirmed that hTERT was expressed in glioma cell lines and tissues tested but was absent in
control cells and tissues and could thus potentially be useful as a biological diagnostic tool [17].

3. MicroRNAs (miRNAs)

MicroRNAs are small non-coding RNA molecules, approximately 21-25 nucleotides in length.
More than 1,500 precursors and 1,921 mature Homo sapien miRNAs have been identified and
registered in miRBase [36]. Deregulation of miRNAs has been implicated in GBM with reports of
association of miRNA dysregulation with acquired temozolomide resistance and that miRNAs may
play a role in cancer stem cell properties contributing to treatment resistance [37]. Many reports on the
topic of MicroRNAs and their relationship with the clinicopathological features of GBM have recently
been published. For example, one study examined expression profiles of miRNAs and genes and the
corresponding clinical information of 480 GBM samples from The Cancer Genome Atlas dataset.
Survival analysis showed that high levels of miRNA-326/miRNA-130a and low levels of
miRNA-323/miRNA-329/miRNA-155/miRNA-210 were significantly associated with long overall
survival of GBM patients, and also showed that high miRNA-326/miRNA-130a and low
miRNA-155/miRNA-210 were related to extended progression free survival. Also, miRNA-323 and
miRNA-329 were found to be increased in patients with no recurrence or a long time to progression [19].
Expression of miRNA-328 has been found to be decreased in 20 anaplastic and 60 GBM tumor
samples and low miRNA-328 expression conferred poor survival in primary GBM patients [38].
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Another study of 38 patients with primary GBM reported that miRNA-195 and miRNA-196b
positively correlated with overall survival and that the combination of miRNA-181c and miRNA-21
predicted time to progression within six months of diagnosis with 92% sensitivity and 81% specificity
and thus may identify patients at high risk of early progression after surgery [39]. Plasma levels of
miRNAs, and specifically miRNA-21, miRNA-128 and miRNA-342-3p were also found to be altered
in 50 patients with GBM compared to normal controls and miRNA-128 and miRNA-342-3p were
found to be positively correlated with histopathological grades of glioma and suggest that plasma
specific miRNAs could have potential use as biomarkers of glioma [40].

In addition, a significant anti-correlation between miRNA-18 and transforming growth factor 3
(TGFB) signaling (signaling that has been found to be highly active in high grade gliomas and
associated with poor clinical outcome), in primary GBM samples from the Cancer Genome Atlas has
been reported. High levels of miRNA-18 combined with low levels of the TGF} metagene correlated
with prolonged patient survival and thus it was postulated that low expression of miRNA-18a may
significantly contribute to GBM pathogenesis [41].

Therefore, miRNAs may be putative biological markers for diagnosis and possibly promising
targets for GBM treatment in the future through establishment of miRNA-targeted therapies (based on
miRNA dysregulation of cancer stem cells) in temozolomide resistant GBM. In vitro studies have
revealed that chronic temozolomide exposure of the human GBM cell line D54MG resulted in
acquired temozolomide resistance and elevated miRNA-21 expression. Concomitant treatment with a
miRNA-21 inhibitor and temozolomide resulted in a significantly higher apoptotic rate than
temozolomide alone. It was postulated that miRNA-21 may have potential for use as a biomarker of
acquired temozolomide resistance and be a potential adjunct in the treatment of temozolomide resistant
GBM [42]. All of these reports are investigational and further study in large populations of GBM
tumor samples are required before application to the general clinical setting.

4. Cancer Stem Cells in GBM

There is growing evidence that cancer stem cells play an important role in tumor initiation,
maintenance and recurrence [43]. These stem cell populations have been reported to be radio and
chemo resistant [44]. However, the susceptibility of GBM cancer stem cells to standard treatment is
controversial as existing literature is conflicting. The interaction of cancer stem cells and
chemotherapy, for example, is complex as detoxifying proteins such as MGMT may confer intrinsic
resistance to cancer stem cells. Extrinsic factors such as temozolomide concentrations in the brain
parenchyma, temozolomide dosing schedules, hypoxic microenvironments, niche factors, and
re-acquisition of stem cell properties by non-stem cells may also contribute [45]. Tumor suppressor
p53 is frequently mutated in GBMs and appears to also have some contribution to resistance to
temozolomide and other therapeutic drugs [46]. Tumor cell-originated neovascularization including
tumor derived endothelial cell-induced angiogenesis and vasculogenic mimicry has also been
suggested to be involved in the resistance to anti-VEGF therapy [47]. These factors have to be
considered in the targeting of chemoresistance.

Identification of novel markers for GBM stem cells may lead to better targeting of these cells and
thus may impact on the treatment of GBM. The CD133 epitope has been identified as a tumor marker
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for the purification of a subpopulation of GBM cells demonstrating cancer stem cell phenotypes, and
in brain tumor xenografts simulates the heterogeneity of GBMs in situ [48]. However, the validity of
CD133 as a cancer stem cell marker and hence its clinical ramifications remain controversial. One
study reported that the CD133 gene signature identified an aggressive subtype of GBM seen in
younger patients with shorter survival [21]. This same study also reported that the CD133 gene
signature distinguished higher grade breast and bladder cancers from their lower grade counterparts.
Additionally, Metellus et al. reported that high CD133 mRNA expression in a cohort of 48 consecutive
primary GBM patients treated by chemoradiation with temozolomide, was a significant (p = 0.007)
prognostic factor for adverse progression free and overall survival independent of resection (p = 0.012)
and MGMT methylation status (p = 0.002) [20]. Another study reported that CD133 expression was
not a predictive marker in GBM patients and analyses of possible correlation between CD133
expression and MGMT protein expression or MGMT promoter methylation were negative [44],
therefore further studies are needed to determine the clinical utility of CD133.

Another study explored the potential role of CD90 as a marker for cancer stem cells in gliomas and
immunofluorescence staining for CD90 and CD133 in 15 GBM tissues revealed that CD133(+) cancer
stem cells are a subpopulation of CD90(+) cells in GBM in vivo. It was concluded that CD90 was not
only a potential prognostic marker for high grade gliomas but also a marker for cancer stem cells
within gliomas and it resides within endothelial niches and may play a role in generation of tumor
vasculature via. differentiation into endothelial cells [49].

5. Imaging Modalities and Their Potential Biomarker Status

A recent retrospective study measured relative cerebral blood volume (rCBV) (maximum rCBV
[rCBV(max)] and mean rCBV [rCBV(mean)]) and correlated it with patient survival and also
determined its association with molecular subclasses of GBM [50]. Fifty patients had dynamic
susceptibility contrast-enhanced T2-weighted magnetic resonance perfusion studies and had gene
expression data available from the Cancer Genome Atlas. Patients were classified according to the four
subclasses of GBM described by Verhaak et al. in 2010 [4] and the three subclasses of GBM described
by Phillips et al. in 2006 [5]. Increased rCBV measures were found to be associated with poor overall
survival in GBM with rCBV (max) (p = 0.0131) being the strongest predictor of overall survival
regardless of potential confounders or molecular classification. Including the molecular GBM
classification described by Verhaak et al. in the survival model clarified the association of rCBV
(mean) with overall patient survival (hazard ratio: 1.46, p = 0.0212) compared with rCBV (mean)
alone (hazard ratio: 1.25, p = 0.1918) suggesting that potentially molecular markers could be utilized
in combination with hemodynamic imaging biomarkers in the future in an effort to predict patient
overall survival.

An additional study has investigated the relationship between tumor enhancement, edema, /IDH1
mutational status, MGMT promoter methylation, and survival in GBM [51]. Magnetic resonance
imaging from 202 patients with GBM were retrospectively assessed for nonenhancing tumor and
edema. All /DHI mutant tumors were non contrast enhancing and most were located in the frontal lobe
(11/14, 79%) with larger tumor size. Edema stratified survival in MGMT promoter methylated but not
in unmethylated tumors with median survival for methylated tumors with little/no edema being
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2,476 days (95% confidence interval, 795) compared with 586 days (95% confidence interval,
507-654) for unmethylated tumors or tumors with edema (for example see Figure 1).

Figure 1. Magnetic resonance fluid attenuation inversion recovery (FLAIR) T2 imaging
(A) of a 39 year old male, O(6)-methlyguanine-DNA-methyltransferase (MGMT) methylated
glioblastoma (GBM) with increased edema (survival eight months post diagnosis); (B) 32 year

old male, MGMT methylated GBM with less edema (alive seven years post diagnosis).

Conventional '*F-fluorodeoxyglucose (FDG)-positron emission tomography (PET) is of limited
usefulness for imaging GBM. However, fluorothymidine (FLT) has shown promise as thymidine is
taken up preferentially by proliferating cells. The effectiveness of '*F-FLT-PET was studied in a GBM
mouse model, after radiation therapy, and its correlation with biomarkers of proliferation (Ki-67),
DNA damage and repair (YH2AX), hypoxia (hypoxia inducible factor [HIF]-1a), and angiogenesis
(VEGF) was investigated. It was shown that '*F-FLT-PET imaging reflected the inhibition of tumor by
radiotherapy and correlated with changes in the biomarker expression [52] and may be a promising
imaging modality in the future and potentially also be useful in the assessment of radiotherapy effects
and biologically relevant biomarkers.

Predicting tumor response to anti-angiogenic therapy in individual patients is difficult. The predictive
value of apparent diffusion coefficient (ADC) histogram analysis (generated from magnetic resonance
imaging from areas of enhancing tumor on T1 weighted post-contrast images fitted to a two normal
distribution curve) in stratifying progression-free survival and overall survival in bevacizumab-treated
patients has been investigated in bevacizumab-treated patients with newly diagnosed GBM treated
“up front” before tumor recurrence and in recurrent GBM patients. For up-front bevacizumab-treated
patients (n = 59 vs. 62 control patients), lower ADC (L) was associated with significantly longer
progression-free survival (median 459 days for ADC (L) <1,200 vs. 315 days for ADC (L) >/=1,200
107° mm?s; p = 0.008, logrank test) and trended with longer survival (581 vs. 429 days, p = 0.055).
Tumors with MGMT promoter methylation had lower ADC (L) values than unmethylated tumors [53].
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The same group then compared gene expression between high and low ADC tumors to identify gene
expression modules that may impact patient prognosis and in 38 “up front” bevacizumab-treated
patients, it was reported that high ADC GBMs showed greater levels of extracellular matrix protein
gene expression compared with low ADC GBMs, which could possibly contribute to a proinvasive
phenotype [54].

In contrast, the predictive value of ADC histogram analysis was again reported in 97 bevacizumab-
treated patients with recurrent GBM, but in this case, low ADC (L) was associated with poor outcome
in a post-hoc analysis from the multi-center randomized, phase II BRAIN study evaluating
bevacizumab with or without irinotecan in recurrent temozolomide treated GBM patients [55]. Another
smaller study of 15 patients with recurrent GBM treated with bevacizumab and irinotecan reported
prognostic significance of changes in parameters derived from diffusion tensor imaging (DTI). DTI
detected a change in ADC within fluid attenuation inversion recovery (FLAIR) signal abnormality
(FSA) in nine out of 15 patients (five in whom ADC was increased, four in whom it was decreased).
Patients with a change in ADC within FSA had significantly shorter overall survival (p = 0.032) and
progression-free survival (p = 0.046) than those with no change [56].

Tumor ADC value may be a useful marker in prediction of bevacizumab response and survival but
larger studies are needed before this modality is universally accepted. A greater understanding is also
required of the differences noted between changes seen following “up front” therapy (which is not
standard of care in GBM), and in the recurrent setting.

6. Conclusions

Classical molecular markers with clinical implications such as MGMT promoter methylation,
Ip 19q codeletion, and IDHI mutations are known favorable prognostic markers in gliomas, with
MGMT promoter methylation being the only potential predictive marker for alkylating chemotherapy
in GBM. While numerous other genetic alterations have been described in GBM as documented above,
molecular and imaging biomarkers have proved to be of somewhat marginal utility in predicting
outcome or guiding decisions about disease management. Currently, there are no significant differences
in the treatment of GBM based on any molecular or imaging prognostic biomarkers. Additionally,
reproducibility between studies of markers identified is unclear as is their validation for widespread
clinical use.

As one example, genomic analysis has been used successfully for breast cancer stratification into
molecular subgroups, with implications for clinical outcomes and detection of prognostic/treatment
predictive signatures. Information derived from available assays allows clinicians to estimate risk for
distant recurrence, and predict which patients are likely to benefit from adjuvant therapy [57].
However, to date, the incorporation of these molecular profiling technologies into clinical decision
making is a slow process due to lack of accessibility and cost with some assays still requiring
validation, but does illustrate that these tools may lead to better diagnostic, prognostic and therapeutic
management in a clinically heterogenous and complex disease, and provides a standard which may
eventually be applied to many other primary cancer diagnoses.

With increasing knowledge and thus molecular classification of GBM into a number of subgroups
and their application to clinical practice, a greater understanding of the reasons for differing outcomes
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and the potential for individualized patient directed therapy will continue to evolve. Genotypic analysis
is likely to become part of standard clinical care and it is important that all future trials incorporate
genetic as well as histopathologic signature analysis to enable a greater appreciation of the
pathogenesis of GBM, and to allow for more informed targeted therapy development.
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