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Abstract

Glioblastoma is the most common and most aggressive diffuse glioma, associated with short

survival and uniformly fatal outcome irrespective of treatment. It is characterized by morphologic,

genetic, and gene-expression heterogeneity. The current standard of treatment is maximal surgical

resection, followed by radiation, with concurrent and adjuvant chemotherapy. Due to the

heterogeneity most tumors develop resistance to treatment and shortly recur. Following recurrence

glioblastoma is quickly fatal in the majority of cases. Recent genetic molecular advances have

contributed to a better understanding of glioblastoma pathophysiology and disease stratification.

In this paper we review the basic glioblastoma pathophysiology with emphasis on clinically

relevant genetic molecular alterations and potential targets for further drug development.
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Introduction

Glioblastoma is a uniformly fatal extremely heterogeneous disease. Tumor heterogeneity

translates into histological patterns [1], genetic alterations, and gene expression profiles [2–

4]. The current treatment for glioblastoma is maximal surgical resection, followed by

radiation therapy with concurrent and adjuvant temozolomide (the Stupp regimen) [5].

Recent genetic molecular advances have contributed to a better understanding of

glioblastoma pathophysiology. In this paper we review the basic glioblastoma

pathophysiology emphasizing the clinically relevant genetic molecular alterations and

potential targets for further drug development.

Epidemiology

Glioblastoma is the most common intrinsic primary brain tumor in adults, and represents the

most common diffuse glioma. According to the latest Central Brain Tumor Registry of the
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United States (CBTRUS) statistical report, the age-adjusted incidence rate for glioblastoma

is 3.19 per 100,000. The incidence of glioblastoma increases with age and peaks between 75

and 84 years old, being more common in white males. It is uncommon in children,

approximating 3% of all primary brain and CNS tumors. The five-years survival rate is

approximately 12% in children and less than 5% in adults [6].

Definitions and histopathological diagnosis

Glioblastoma is the most aggressive diffuse glioma of astrocytic lineage and corresponds to

grade IV according to the latest WHO Classification of Tumors of the CNS (4th ed., 2007).

It may involve any neuroanatomical level or structure, but is most common in the cerebral

hemispheres [1].

The defining biological feature of all diffuse gliomas is tumor cell infiltration. The

neoplastic cells have the ability to travel long distances from the place of origin by tracking

neuropil structures. They may travel in the opposite hemisphere and may give rise to

additional tumor foci (i.e multifocal glioblastoma). Due to this biological behavior, a

complete microscopic resection can never be achieved, and remnant neoplastic cells are

frequently the source for disease recurrence (Fig. 1). Compared to other diffuse gliomas,

glioblastoma has an extremely rapid infiltrative growth. Histologically, glioblastoma is

composed of pleomorphic cells, mitotic activity, intravascular microthrombi, necrosis with

or without cellular pseudopalisading, and/or microvascular proliferation (MVP) (Fig. 2).

Either one of the latter two features are the sine qua non criteria for diagnosis. Called in the

past “glioblastoma multiforme”, this highly aggressive tumor encloses under its umbrella

multiple distinct patterns (i.e. small cell, giant cell, gliosarcoma etc). Irrespective of the

histological pattern the clinical outcome remains the same [1].

Glioblastoma may be divided into two identical morphological subtypes based on the

presence or absence of a precursor lesion. Primary glioblastoma is the most common type

(~90%); it arises de novo, without evidence of a precursor lesion and is common in older

adults (over 50 years old). Secondary glioblastoma represents progression from a pre-

existent, lower grade astrocytoma (WHO grades II or III) [7]. The time to progression from

diffuse astrocytoma (WHO grade II) to glioblastoma is longer (~ 5 years) than the time to

progression from anaplastic astrocytoma (WHO grade III) (~ 2 years) [8]. However, this is

not always the rule. In our experience we have seen instances of protracted progression of

diffuse astrocytoma to glioblastoma of 10 or more years or anaplastic astrocytomas

progressing extremely fast to glioblastoma, in less than a year time frame [9].

Overview of pathogenesis

The vaso-occlusive model of glioblastoma progression—Genetic alterations in

cancer result in cell proliferation, tumor growth, and angiogenesis [10,11]. In glioblastoma

genetic abnormalities translate into morphological changes (infiltration, necrosis with

pseudopalisading, and MVP) responsible for its accelerated tumor growth and aggressive

behavior. At the center of these morphological changes sit prothrombotic events that shape a

vaso-occlusive model for glioblastoma progression [12]. The neoplastic cells secrete

procoagulant proteins (i.e. tissue factor and plasminogen activator inhibitor-1) responsible
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for endothelial injury and intravascular thrombosis. Intravascular thrombosis causes hypoxia

and perivascular tumor necrosis with tumor cell pseudopalisading. Cellular

pseudopalisading represents an adaptation to hypoxia. Compared to the rest of the tumor

cells pseudopalisades overexpress Hypoxia inducible factor - 1α (HIF-1α). By binding to its

promoter, HIF-1α upregulates the transcription of Vascular endothelial growth factor

(VEGF) [13]. Under hypoxic and prothrombotic conditions pseudopalisades express and

activate proteins (matrix metalloproteinases, components of the plasminogen activator

system, protease activated receptors) that modulate glioblastoma cell migration away from

the injured vessels [12,14]. As the tumor cells retract, they secrete proangiogenic factors (i.e.

VEGF, IL-8) that stimulate MVP and outward expansion of tumor towards the newly

formed vessels [12].

Understanding the modulation of angiogenesis in cancer was followed by the development

of anti-angiogenic drugs. Bevacizumab is a FDA approved anti-VEGF humanized

monoclonal antibody that interacts with VEGF receptor binding on the surface of tumor

endothelial cells (VEGFR-1 and -2), and reduces angiogenesis. In subgroups of patients the

drug improved progression free survival but failed to improve overall survival while a

significant percentage of patients did not respond at all [15–18]. More importantly after

bevacizumab treatment tumors recur, are more infiltrative [19,20], and develop drug

resistance [18,21]. Angiogenesis in glioblastoma is complex and multiple theories may

explain drug resistance. Besides VEGF, there are other pro-angiogenic factors secreted by

other cell types like bone marrow derived cells (macrophages – M2 subtype, fibroblasts).

Recent studies have shown that multipotent cancer stem cells give rise to a genetically

abnormal tumor endothelium in glioblastoma [22–24]. Cancer stem cell derived endothelial

cells might have different response to VEGFR blockade as compared to normal tissue

derived endothelial cells (by sprouting angiogenesis, vasculogenesis or intussusception)

[25]. Recently Piao et al. demonstrated differentiation from the proneural to the more

aggressive mesenchymal glioblastoma phenotype [2,3] (see below) in developed cell lines

with acquired resistance to bevacizumab [26]. The proneural to mesenchymal transition has

been studied before and several transcription factors have been implicated (STAT3, C/EBP,

TAZ) [27–29] in pathophysiology, however an exact mechanism and causality have not

been accurately described. The explanation for this transition might reside at least in part in

the surrounding tumor microenvironment. Our group demonstrated similar transitions in

glioma sphere cultures in a TNFα/NFkB dependent manner, with associated increased CD44

positive cell fraction. CD44 is a cell surface protein expressed by cancer stem cells with

possible roles in cell adhesion and migration [30]. The proneural to mesenchymal transition,

CD44 expression, and NFkB activation correlated with lower rates of response to radiation

therapy and with shorter median overall survival [31]. As we describe below,

proinflammatory cytokines can activate NFkB transcription mediated signaling pathways

that ultimately stimulate tumor growth. Inflammatory cells secrete cytokines and therefore

the tumor infiltrating macrophages or residing microglia might be possible culprits for

glioblastoma plasticity and aggressive phenotype transformation.

The role of cytokines—Extracellular modulators have also been implicated in

glioblastoma growth/progression. Inflammatory cytokines, chemokines, and growth factors
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modulate tumor proliferation, infiltration, and angiogenesis and ultimately tumor growth.

However, glioblastoma does not seem to be an inflammation-induced cancer, like are some

cancers that develop secondary to microbial infections (Helicobacter Pylori in gastric

carcinoma, HCV in hepatocellular carcinoma, etc.) or inflammatory conditions (colorectal

carcinoma in inflammatory bowel disease) etc. [32]. The inflammation in glioblastoma is

likely intrinsic in origin, driven by tumor cell genetic alterations, changes in the tumor

microenvironment, or by responses to therapy (necrosis following chemotherapy or

radiotherapy accompanied by release of cytokines) [33].

The glioblastoma microenvironment has increased levels of IL-1β, IL-6 and IL-8. High

levels of IL-1β have been demonstrated in glioblastoma cell lines [34] and tumor tissues

[35,36]. Increased IL-6 expression has been shown in glioblastoma [35,37] and was

associated with decreased survival [38]. Inda et al has recently demonstrated a direct

interaction between EGFR and gp130, the signal transducing receptor protein that forms a

complex with IL-6, in tumor cells that express ΔEGFR (see details on EGFR below). Tumor

cells harboring the ΔEGFR mutation express an increased level of cytokines (IL-6 and

leukemia inhibitory factor (LIF)) that activate gp130, which in turn activates wtEGFR in

adjacent cells in a paracrine fashion, leading to cell proliferation [39]. Same group later

showed that ΔEGFR is associated with increased levels of IL-8 mediated by NFkB, AP-1,

and C/EBP regulated transcription. IL-8 does not seem to have an autocrine effect on tumor

cells as transfection of glioblastoma cell lines with IL-8 siRNA did not significantly alter

proliferation. Growth effects are likely related to interactions with the microenvironment

and to the process of angiogenesis. Moreover they showed that IL-8 signaling in ΔEGFR

cells is independent of Phosphatidylinositol-3 kinase (PI3K), Akt, or Mitogen activated

protein kinase (MAPK) and depended on c-Jun N-terminal kinase (JNK) [40].

Briefly, IL-1β, IL-6 and IL-8 bind to their respective receptors (IL-1R, IL-6R, and IL-8R)

and activate signaling pathways (p38α MAPK, JAK2, and JNK2) that ultimately activate a

series of oncogenic transcription factors (STAT3, AP-1, NFkB) or post-transcriptional

regulatory molecules (HuR, MnK1/2) leading to tumor growth, impaired protein translation

and mRNA stability [33].

Cancer stem cells in GBM—Several studies have demonstrated the presence of a small

fraction of cancer stem cells in glioblastoma [41–44]. Pallini et al showed the impact these

cells have on survival: the patients whose tumors had an increased number of proliferating

cancer stem cells had decreased overall and progression-free survival [45]. Cancer stem cells

are characterized by self-renewal, multipotency, stem cell marker expression (i.e. CD133,

nestin, etc), and in vivo tumor growth even under critical conditions (i.e. serial cell

transplantation) [41,46]. It is not yet clear what is the cancer stem cells precursor. They may

arise following acquisition of genetic alterations either from normal neural stem cells

[43,47] or from mature, differentiated neural cells (i.e. astrocytes) that acquire a more

primitive phenotype [44]. As shown above, besides genetic alterations, the tumor

microenvironment has an important role in gliomagenesis and signaling, potentially

regulating the cancer stem cell phenotype [48]. As cancer stem cells are resistant to current

treatment modalities [49–53], it is likely that these cells are at least partially responsible for

tumor recurrence [54].
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Gong et al showed that newer drugs (bortezomib, a proteasome inhibitor and erlotinib)

decreased the fraction of cancer stem cells while minimally affecting normal neural stem

cells in high-grade glioma cell lines. At the same time, ‘older’ drugs (temozolomide and

cisplatin) primarily decreased the normal neural stem cell population while minimally

affecting cancer stem cells [53].

Molecular Classification of Glioblastoma

Although morphologically identical, different glioblastoma tumors translate into different

clinical outcomes. It has been shown that different clinical behaviors can be partially

explained by different tumor molecular fingerprints [7,9,55–57]. The molecular alterations

in glioblastoma are extremely complex.

Numerous tumor suppressor genes and oncogenes are inactivated and activated,

respectively. The most commonly altered signaling pathways are RTK/RAS/MAPK/PI3KA;

the p53 pathway - TP53, p14ARF, MDM2, MDM4; and the RB pathway - CDKN2A/

CDKN2B, CDK4/CDK6, RB1 [58]. Primary glioblastomas are characterized by EGFR

amplification, PTEN mutation, and absence of IDH mutations, while secondary

glioblastomas are characterized by TP53 mutations, IDH mutations, and lack of EGFR

amplification [59]. Recently Jiao et al described ATRX (Alpha thalassemia/mental

retardation syndrome X-linked) mutations in diffuse glioma, associated with an alternative

lengthening of telomeres. They seem to cluster with TP53 mutations within the secondary

glioblastoma subcategory [60].

Gene expression profiling of glioblastoma identified several transcriptomal subgroups (Fig.

3). Two of the subgroups seem to replicate similar profiles among different studies and sit at

opposite ends: proneural and mesenchymal. Proneural glioblastoma is common in young

adults, corresponds to the secondary glioblastoma subtype, has neuronal differentiation, and

is associated with better outcome. Is characterized by IDH/TP53 mutations/positivity for the

glioma-CpG island methylator phenotype (G-CIMP) and normal EGFR/PTEN/Notch

signaling. The G-CIMP phenotype, like IDH mutation, appears to be a general feature of

lower grade gliomas, and practically speaking, provides a molecular definition of secondary

glioblastoma. The mesenchymal glioblastoma is common in older adults, has mesenchymal

differentiation, is associated with worse outcome, and is characterized by abnormal EGFR

amplification/PTEN loss/NF1 mutations/Akt signaling [2–4,61–63].

Singh et al. added to the glioblastoma pathogenesis by describing the FGFR-TACC fusion in

a small fraction of glioblastoma (3/97, 3.1%). Oncogenic translocations cause in-frame

fusion of the tyrosine kinase domains of FGFR (Fibroblast growth factor receptor) and

TACC (transforming acidic coiled-coil). The resulting abnormal protein localizes to the

mitotic spindle and induces chromosomal instability and aneuploidy promoting oncogenesis

[64]. The clinical significance of this finding remains to be described.

Pediatric glioblastoma is a distinct disease from the molecular standpoint. Are characterized

by frequent PDGFRA amplification, lack of IDH mutations, frequent gains of chromosome

1q, and lower frequencies of chromosome 7 gain and 10q loss [65]. Here we will consider
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the most clinically relevant genetic alterations and discuss treatment options in glioblastoma

focusing on adult disease.

Isocitrate dehydrogenase (IDH) mutations

Isocitrate dehydrogenases (IDH1-3) are tricarboxylic acid cycle enzymes that catalyze the

oxidative decarboxylation of isocitrate to α-ketoglutarate, with subsequent NADPH/NADH

release [66]. Mutations involving the encoding genes (IDH1, IDH2) have been described in

diffuse gliomas of which approximately 90% involve IDH1 [59,67,68]. IDH1-R132H

(G395A) is most common mutation (~ 90%), followed at a distance by IDH1-R132S

(C394A), IDH1-R132C (C394T), IDH1-R132G (C394G), IDH1-R132L (G395T), IDH1-

R132V (C394G G395T) (0.5–5%). Codon 172 is involved in IDH2 mutations, most

common amino acid substitution being R172K (G515A) [59,67–71]. The resulting mutated

protein undergoes a conformational change with subsequent loss and gain of function effects

and 2-hydroxyglutarate accumulation. The latter acts as a competitive inhibitor of α-

ketoglutarate-dependent dioxygenases, a family of enzymes responsible for epigenetic

deregulation (hypermethylation/G-CIMP phenotype [63]–see below) and gliomagenesis

[66,72]. An antibody against the most common mutated protein, IDH1-R132H, is

commercially available for formalin-fixed paraffin embedded tissue use and shows excellent

correlation with the mutation [68].

IDH mutations are common in younger adults and adolescents [56,57,73] and in secondary

glioblastoma (~ 80%), while only about 5% of primary glioblastoma have IDH mutations

[56,59]. The mutations have prognostic significance in high-grade gliomas [69,74–78] that

might extend beyond WHO histological grade (IDH mutated glioblastoma may have better

outcomes than IDH wild-type anaplastic astrocytoma) [74]. However this is not absolute, as

Jiao et al recently pointed to a small subgroup of patients with IDH mutated gliomas across

all grades and an extremely dismal prognosis [60]. The underlying mechanism is not yet

understood; possible additional genetic alterations yet to be identified might be responsible

for this phenotype This information should not be ignored, especially in patient counseling.

The rate of IDH mutations in infratentorial (spinal cord, brainstem, and cerebellum)

glioblastoma is not known. Inferring from the low levels of IDH-R132H protein expression

in WHO grade II and III diffuse glioma of similar location [79], it is probably low; however

more evidence is needed.

IDH mutations seem to be early events in gliomagenesis, followed by acquisition of TP53

mutations and are the markers of secondary glioblastoma [55–57]. IDH and TP53 mutations

tend to cluster with ATRX mutations [60] in grade II and III astrocytomas and secondary

glioblastoma suggesting that together they might be biomarkers of astrocytic lineage. ATRX

mutations are not frequent in primary and pediatric glioblastoma, feature shared by IDH

mutations.

As shown by our group, absence of IDH1-R132H protein expression in nonenhancing

diffuse glioma of older adults (> 50 years of age) predicted rapid progression (in less than a

year) to glioblastoma. Interestingly, this rapidly progressing type of secondary glioblastoma

implied molecular features associated with primary glioblastoma; however molecular

genetic analysis for other IDH mutations has not been performed at the time of the study [9].
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At our institution we now routinely perform IDH-R132H immunohistochemistry on all

WHO grade II and III diffuse gliomas of all ages and glioblastoma in patients younger than

50 years of age. Antibody-negative gliomas are interrogated at IDH1132 and IDH2172 by

DNA sequencing.

The mutated IDH-R132H protein might be a potential target for drug development. Recently

Rohle et al., using high-throughput screening, developed a selective IDH-R132H mutant

enzyme inhibitor - AGI-5198. Following observations on the inhibitory effect AGI-5198 had

on IDH-R132H mutant human glioma cell line colony formation, the effects of its oral

administration on human glioma xenografts were investigated. AGI-5198 blocked the

production of 2-hydroxyglutarate and induced histone demethylation in a dose-dependent

manner, however without significant CIMP phenotype alteration. Interestingly at high doses

the compound induced expression of genes associated with glial differentiation. Tumor

growth was inhibited independent of dosage while the drug was tolerated well without signs

of toxicity. The authors observed that the lack of correlation between changes in DNA

methylation and RNA expression suggests that IDH1-R132H mutated gliomas might

promote gliomagenesis through other mechanisms besides epigenetic regulation. This

therapeutic approach shows promise directed at a tumor-specific lesion in a subset of

gliomas. [80].

1p/19q co-deletion

Oligodendroglioma is a diffuse glioma with monotonous cellular morphology (resembling

oligodendroglia) and “fried-egg” formalin fixation cellular artifact. It was divided into two

WHO grades (II and III) of prognostic significance. By definition, anaplastic

oligodendroglioma (mitotic activity, MVP with or without necrosis) is the most aggressive

subtype in this morphological category, but has better prognosis compared to patients with

glioblastoma (grade IV). The WHO describes a subtype of glioblastoma called ‘with

oligodendroglioma component’ (GBM-o) defined as glioblastoma with areas that resemble

oligodendroglioma that might have a better prognosis compared to standard glioblastoma. A

mixed anaplastic oligoastrocytoma is defined as a diffuse glioma with both astrocytic and

oligodendroglial morphology and mitotic activity (MVP might be present, but without

necrosis) or an anaplastic oligodendroglioma with ‘significant’ astrocytic component.

According to the WHO, anaplastic oligoastrocytoma with necrosis (with or without MVP)

should be classified as GBM-o [1]. Obviously there is a lot of room for confusion and

molecular subtyping might offers the solution in these situations.

Combined loss of heterozygosity (LOH) on 1p and 19q is strongly correlated with classic

oligodendroglioma morphology and associated with IDH mutations [69,81,82], increased

MGMT promoter methylation [83,84], G-CIMP phenotype (see below) [85,86], a proneural

profile [2–4], and is predictive of response to chemotherapy [87,88]. Co-deletion of 1p/19q

was reported to be mutually exclusive with TP53 mutations [57,89] and recently was shown

to be associated with CIC and FUBP1 mutations mainly seen in oligodendroglioma and

rarely in mixed glioma [60]. On the other hand ATRX mutations were mainly seen in

astrocytoma and mixed glioma (WHO grade II and III) and were mutually exclusive with

CIC/FUBP1 suggesting a ‘pure’ astrocytic phenotype for mixed glioma [60].
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Studies on GBM-o reported low 1p/19q co-deletion rates (~ 30% or less) and genetic

heterogeneity [90–95]. Interrogating ATRX/CIC/FUBP1 would serve as a good start to

further characterize these tumors. According to the NCCN treatment guidelines, 1p/19q co-

deletion is the only molecular biomarker used for therapeutic stratification in anaplastic

oligodendroglioma, mixed glioma, and GBM-o at this point [96]. Until these or other

molecular alterations are described to better classify this entity, 1p/19q co-deletion status

should be used for clinical guidance.

Epidermal growth factor receptor (EGFR)

Approximately 40% to 50% of glioblastomas have EGFR amplification [7,8,97–100].

Although EGFR amplification was described in both primary and secondary glioblastomas,

it is more common in primary glioblastomas and seems to be encountered in patients over 35

years of age [7]. EGFR amplification is a characteristic signature of the TCGA classical

glioblastoma subtype [3] and of the Phillips proliferative and mesenchymal glioblastoma

subtypes [2].

Among tumors with EGFR amplification, other genetic alterations have been described. The

loss of the coding sequence for amino acids 6–273 due to an in-frame deletion of exons 2–7

(801 bp) or EGFRvIII (variant III or ΔEGFR) is the most common mutation [101]. It has

been described in up to approximately 60–70% of EGFR amplified glioblastomas [101–

103]. Although in approximately 50% of cases, ΔEGFR is not accompanied by other

mutations, multiple EGFR transcript alterations are present in about 30% of glioblastomas

with EGFR amplification [101].

EGFR is located on the short arm of chromosome 7 (7p12) [98] and encodes a cell-surface

receptor tyrosine kinase (EGFR or Erb-1), a member of the ErbB family of receptors [104].

Upon growth factor ligand binding to its extracellular domain and phosphorylation of its

intracellular tyrosine kinase domain, EGFR becomes activated [104] and initiates signal

transduction cascades (Ras/MAPK and PI3K/Akt) leading to increased DNA transcription,

antiapoptosis, angiogenesis, and cellular proliferation [104]. ΔEGFR on the other hand does

not bind growth factor ligands, but is constitutively phosphorylated. The receptor is

truncated with a short extracellular domain. This structural abnormality seems to mimic the

effect of ligand binding and induce receptor conformational changes followed by increased

intracellular signaling and cell proliferation [105].

As mentioned above, ΔEGFR maintains tumor heterogeneity through cytokine-mediated

paracrine effects on the surrounding, EGFR wild-type cells, independent of MAPK and

PI3K/Akt and dependent on JNK [39,40]. Therefore, by targeting ΔEGFR a possible better

tumor growth control might be achieved.

Soeda et al, on glioblastoma cancer stem cell lines showed that EGF, but not other growth

factors, promoted cancer stem cell proliferation. Moreover, in the presence of gefitinib, the

apoptosis rate was increased, the fraction of cancer stem cells decreased from 6–10% to 0–

0.05% and the cancer stem cell colony formations were suppressed by 90% [106].
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The clinical implications of EGFR amplification or ΔEGFR in glioblastoma are not yet

clear. Several studies have shown contradictory results, with a positive impact on survival in

some studies [107–110], decreased survival and poor prognosis in others [110–114], or no

impact on survival at all [99,115]. Recently, Hobbs et al showed that the degree of EGFR

amplification might influence survival. They showed that glioblastoma patients with higher

levels of EGFR amplification (EGFR:CEP7 ratio > 20 assessed by FISH) had longer median

survival compared to patients whose glioblastomas were EGFR non-amplified and had low

or moderate levels of EGFR amplification [116].

Most studies reported minimal drug activity or no improved survival with EGFR-tyrosine

kinase inhibitors (erlotinib, gefitinib) in newly-diagnosed or recurrent glioblastoma [117–

121]. Hegi et al showed that the tissue drug concentrations are increased and efficient EGFR

dephosphorylation takes place both in vivo and in vitro, but the downstream pathway

remains active [120]. Persistent EGFR downstream signaling has also been reported by

Hasselbalch et al on glioblastoma cell lines treated with cetuximab, an anti-EGFR

monoclonal antibody [122] and by Vollman et al using siRNAs [123]. These findings

suggest that EGFR downstream signaling is independent of receptor activation and

simultaneous downstream signals might co-exist or be initiated as a response to EGFR

blockade. Solomón et al however, recently published results on a randomized, double blind,

multicentric clinical trial conducted on anaplastic astrocytomas and glioblastomas treated

with radiation with nimotuzumab or with placebo. There was significant increase in survival

for patients in the nimotuzumab arm [124]. As mentioned above Gong et al obtained

encouraging results on cancer stem cells from high-grade glioma cell lines [53].

O-6-methylguanine-DNA methyltransferase (MGMT) promoter methylation status

O(6)-alkylating agents are molecules commonly found in the environment or endogenously

formed during normal cellular metabolism, that have also been used in cancer therapy (i.e.

temozolomide [125]). Their function is to transfer alkyl groups (CnH2n+1-) to guanine bases

causing DNA damage and cellular death. MGMT is a suicidal DNA repair protein that

removes alkyl groups in a stoichiometric fashion [126].

The MGMT promoter lacks the constitutive regulatory elements known as the TATA box

and the CAT box, and contains a CpG island rich in 97 CG dinucleotides or CpG sites,

located in the 5′ region of MGMT. Methylated CpG sites bind specific proteins, this complex

causing altered chromatin structure and loss of transcription (MGMT silencing), ultimately

interfering with DNA repair [127]. Although correlation has been reported [85], MGMT

promoter methylation may not be directly related to the G-CIMP profile. G-CIMP is

characterized by increased DNA methylation at an increased number of CpG sites and seems

to be conditioned by IDH mutations [72]. This phenotype is more common in lower grade

gliomas compared to glioblastoma, is associated with younger age, with a proneural

phenotype, and improved prognosis [63] (Fig. 4, 5).

The MGMT promoter is methylated in approximately 50% of newly diagnosed

glioblastomas overall [84,128–133] and more commonly in secondary glioblastoma

[84,128,129,132] (reviewed by Weller et al [134]). MGMT promoter methylation has

prognostic and predictive significance in patients with glioblastoma [128,130,131,135] with
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better overall survival irrespective of treatment choices [84,131]. Besides response to

temozolomide [130,131], MGMT promoter methylation in glioblastoma was associated with

response to radiotherapy [135,136]. A combined treatment approach (temozolomide with

radiotherapy) seems to have better outcomes with improved progression-free and overall

survival compared to either treatment modality alone [131,137]. Similar MGMT promoter

methylation frequencies and clinical outcomes have been described in older patients (> 70

years of age) [138] and in children (< 18 years of age) with glioblastoma [139,140].

Methylation specific PCR or pyrosequencing are the tests of choice to determine MGMT

promoter methylation. Immunohistochemistry for MGMT protein expression is not

recommended as several studies showed discordant correlations with the MGMT status

[133,141].

Following treatment with temozolomide the phenomenon of pseudoprogression is common.

Pseudoprogression is defined by an increase in contrast-enhancement accompanied or not by

clinical symptomatology, but with subsequent improvement and stabilization. Its underlying

mechanism could be induced by a local inflammatory reaction, with abnormal vessel

permeability and edema [142]. If an MGMT-methylated tumor under treatment with

temozolomide develops pseudoprogression on imaging, chemotherapy should not therefore

be stopped [143]. On the other hand, if clinical and radiological features suggestive of

pseudoprogression are present in temozolomide-treated non MGMT-methylated

glioblastoma, they likely represent bona fide tumor progression, and a change in therapy

should be considered [144,145].

In glioblastoma MGMT methylation status does not correlate with the IDH, TP53 mutation

[128] or the EGFR amplification status [146] as happens in grade II and III diffuse glioma

for IDH mutations and 1p/19q co-deletion [128,146,147].

The predictive value of MGMT in recurrent glioblastoma is not yet established. Some

tumors might change their methylation status following therapy while overall survival might

be influenced only by methylation interrogation of pre-treatment tissue [148,149]. A post-

treatment hypermutated tumor phenotype with acquisition of mutations in non–CpG regions

has been associated with MGMT promoter methylation in primary glioblastoma. Because

these mutations are not present in CpG regions they cannot be cleared by MGMT[58]. This

might explain the overwhelming treatment resistance and poor outcome in treated recurrent

glioblastoma.

Conclusions

The first step towards efficient treatment development, of maximum benefit and minimal

toxicity, is to understand the pathophysiology of disease. Glioblastoma is an extremely

complex entity encompassing a series of tightly interconnected cell signaling networks.

Despite recent progress in understanding the molecular biology of glioblastoma and

numerous targeted drug therapies available, the progress is extremely slow. Giving the

complex network of mechanisms and molecules involved, one approach would be multi-

targeted therapy, simultaneously aimed at different pathway constituents. However,
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evidence from clinical trials is growing very slowly and drug toxicity is a limiting factor that

cannot be ignored. On the other hand treatment-induced changes following chemo- and

radiotherapy is likely to push tumor cells in a vicious circle by actually promoting tumor

growth. One might wonder, is ordo ad chaos even possible? In theory it seems that the best

approach would be to target the initiating tumor cells and cut the tumor at its roots. Such

modality is maybe more optimistic as cancer stem cells seem to be responding to certain

drugs while normal stem cells are spared in vitro. The list of targeted drug strategies

developed so far is long and awaiting clinical trial testing.

The key to successful treatment of glioblastoma will no doubt lie in the realization that this

clinicopathologic entity is in biologic terms, more than one disease, and it is likely that

specific targeted therapies will be efficacious in molecularly defined subsets. In this way, the

molecular classification of these tumors will of necessity be defined in clinically relevant

terms based of the identification of markers that define subsets and are predictive of

response to promising agents. Additional investigation is necessary to identify new

biomarkers and potential therapeutic targets will help to better define the clinical and

biologic subtypes of glioblastoma and an improved disease control.
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Fig. 1.
Left upper: H&E stained cortical section of glioblastoma. Right upper: IDH1 R132H

immunostain highlights the neoplastic cells. Lower images: Numerous IDH1 R132H

positive neoplastic cells infiltrate the neuropil at a distance from the main tumor focus.
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Fig. 2.
Histopathology of glioblastoma: H&E, intermediate power – proliferating atypical cells with

mitotic activity, necrosis with pseudopalisading (left), and microvascular proliferation

(right).
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Fig. 3.
Gene expression profiling defines three major tumor subsets: proneural (PN), mesenchymal

(Mes), and proliferative (Prolif) – from Philips et al [2] 2006 with permission.
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Fig. 4.
Hierarchical unsupervised clustering of TCGA Glioblastoma by methylation status. Each

row represents a probe; each column represents a sample. The level of DNA methylation is

represented with a color scale as shown in the key; white indicates missing data. Legend:

M.SssI - CpG Methyltransferase treated DNA; WGA – whole genome amplified DNA.

From Noushmehr et al, 2010 [63] with permission.
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Fig. 5.
G-CIMP prevalence and outcome in diffuse glioma: left – Methylation profiling shows an

association of CIMP status with tumor grade (red = methylated; green = unmethylated;

black line = G-CIMP/IDH1 positive; gray line = G-CIMP/IDH1 negative; white lines =

unknown IDH status); right – Kaplan-Meier survival curves plotting patient outcome by G-

CIMP status (red lines = G-CIMP positive; black lines = G-CIMP negative). From

Noushmehr et al, 2010 [63] with permission.
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