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Abstract 
 

Glioblastoma (GBM) is the most common and aggressive primary malignant cancer 

of the central nervous system. Despite technological advances in surgical management 

and combined regimens of radiotherapy with new generation chemotherapy agents, the 

median survival rate of GBM patients is 14 months. The lethality of GBM is due to a 

highly mutated genome with opportunistic deletions of tumor suppressor genes and the 

amplification and/ or mutational hyper-activation of tyrosine kinase receptors. These 

genetic changes affect signaling pathways controlling cell cycle progression, cellular 

proliferation, survival, migration, invasion, apoptosis and angiogenesis. It is critical to 

explore novel diagnostic and therapeutic strategies that target these pathways to improve 

malignant glioma treatments in the future. This chapter reviews the most common and 

important signaling pathways that are highly mutated or deregulated in GBM, focusing 

specifically on growth factors and their receptors [e.g., epidermal growth factor receptor 

(EGFR), platelet-derived growth factor receptor (PDGFR) and vascular endothelial 

growth factor receptor (VEGFR)] and the intracellular effector molecules downstream of 

these growth factors [e.g., RAS/RAF/MAPK, PI3K/PTEN/AKT/mTOR and PKC]. In 

addition, some of the most promising therapeutic approaches targeting these pathways in 

GBM are discussed, including multi-targeted kinase inhibitors, monoclonal antibodies, 

vaccines and microRNAs.  
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Abbreviations 
 

EGF Epidermal Growth Factor 

PDGF Platelet-Derived Growth Factor 

VEGF Vascular Endothelial Growth Factor 

EGFR Epidermal Growth Factor Receptor 

PDGFR Platelet-Derived Growth Factor Receptor 

VEGFR Vascular Endothelial Growth Factor Receptor 

MAPK Mitogen Activated Protein Kinase 

RTK Protein tyrosine kinase 

PI3K Phosphoinositol 3 Kinase 

PIP2 Phosphatidyl-Inositol-4, 5-Bisphosphate  

PIP3 Phosphatidyl-Inositol 3,4,5-Triphosphate  

PDK 1 Phosphoinositide-Dependent Protein Kinase 1 

PTEN Phosphatase and Tensin Homolog 

mTOR Mammalian Target of Rapamycin  

PLC Phospholipase C  

PKC Protein Kinase C 

DSBs DNA double-strand breaks 

DNA-PKcs DNA-dependent protein kinase catalytic subunit 

SHP-2 Protein Tyrosine Phosphatase 

ECM Extra-Cellular Matrix  

HIF-1 Hypoxia-Inducible Factor-1 

DAG Diacylglycerol 

STAT Signal Transducer and Activator of Transcription 

FOXO Forkhead  

 

 

Introduction 
 

Gliomas are the most frequent cancer of the central nervous system, accounting for 

approximately 80% of all malignant primary brain tumors. Gliomas are derived from glial 

cells and include tumors of astrocytic, oligodendroglial, ependymal or mixed origin. The 

World Health Organization (WHO) classifies gliomas into prognostic grades ranging from I 

to IV [1]. The most malignant and aggressive astrocytic glioma, glioblastoma multiforme 

(GBM; WHO grade IV), constitutes more than 50% of all gliomas, with a global incidence 

rate of 2-5 per 100,000 people per year in Western Europe and North America [2]. GBM 

significantly impacts the life of the affected patients due to its poor prognosis with a median 

survival time of less than two years after diagnosis [3]. GBM lethality is due to characteristics 

such as a high growth rate, extreme invasiveness and intrinsic resistance to current therapies. 

Even novel treatments have not substantially improved the survival rate of GBM patients to 

date. Therefore, the use of personalized medicine using knowledge of the essential molecular 

mechanisms involved in tumor survival provides new hope. 

Primary or ―de novo‖ GBM represents the majority of cases; this tumor type arises 

without any prior evidence of a lower-grade precursor lesion and more commonly affects 

elderly patients (mean age, 62 years). Secondary GBMs progress from lower-grade gliomas 

and are the tumor type typically found in younger patients (median age, 45 years). 
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Phenotypically, primary and secondary GBM are indistinguishable. However, both GBM 

subtypes display distinct genetic abnormalities suggesting that their malignant transformation 

occurs through different genetic pathways. Primary GBM is associated with epidermal growth 

factor receptor (EGFR) overexpression and mutation, loss of heterozygosity at 10q, mutation 

of the phosphatase and tensin homology (PTEN) gene, deletion of the p16
INK4a 

gene, 

amplification of MDM2 or MDM4 and over-expression or mutation in the p53 gene [4]. 

Secondary GBM is related to mutations in the p53 gene (65%), loss of heterozygosity at 10q 

and 17p, over-expression of the platelet-derived growth factor receptor (PDGFR) and 

abnormalities of the p16
INK4a

 and Rb pathways [5]. Although distinct genetic alterations may 

be used to distinguish primary and secondary GBM, these changes are not mutually 

exclusive, and similar molecular pathways may be affected, resulting in progressively 

uncontrolled proliferation, loss of normal cell cycle control mechanisms, diminished ability to 

undergo apoptosis in response to genotoxic agents, failure of DNA repair mechanisms, 

increased genetic instability and regulation of growth factor signaling pathways [4,5].  

This chapter explains the most common and important signaling pathways that are highly 

mutated or deregulated in GBM, focusing specifically on growth factors and their receptors 

[EGFR, PDGFR, VEGFR] and intracellular effector molecules that are downstream of these 

growth factors [RAS/RAF/mitogen-activated protein kinase (MAPK), 

PI3K/PTEN/AKT/mTOR and PKC]. Some of the most promising therapeutic approaches 

attempting to target these pathways in GBM are discussed, including multi-targeted kinase 

inhibitors, monoclonal antibodies, vaccines and microRNAs.  

 

 

Tyrosine Kinases in GBM 
 

Receptor protein tyrosine kinases (RTKs) mediate the effect of growth factors and sustain 

the communication between signals outside the cell surface and inside cell compartments [6]. 

They are divided into receptor and non-receptor tyrosine kinases, which initiate signaling 

processes through the phosphorylation/dephosphorylation (activation/deactivation) of a 

variety of downstream proteins including members of the RAS/RAF/MAPK pathway, the 

phosphoinositol 3 kinase (PI3K)/PTEN/AKT pathway and PKC [7]. The most prevalent 

mutations in GBM include those found in RTKs such as EGFR, PDGFR and VEGFR. Gene 

overexpression or deletion results in aberrations in signal transduction leading to the 

development of the tumor phenotype characterized by altered differentiation, increased 

proliferation and survival, resistance to apoptosis, sustained angiogenesis, tissue invasion and 

metastases (Figure 1) [6,7]. 

 

 

The Epidermal Growth Factor and its Receptor 
 

The EGFR is a tyrosine kinase cell surface receptor that induces cellular proliferation, 

survival, migration and invasion and inhibits apoptosis in gliomas [8]. The EGFR is 

abnormally activated in 70% of solid cancers and is amplified or over-expressed in up to 60% 

of primary GBMs [9]. EGFR amplification is the most common genetic abnormality in high-

grade gliomas [10]. EGFR is a membrane-bound glycoprotein with a molecular weight of 
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160-180 kD and is a member of the ERBB family, which also comprises the ERBB-2, -3 and 

-4 receptors. EGFR is composed of an extracellular ligand-binding domain, a hydrophobic 

transmembrane region and a cytoplasmic domain with intrinsic tyrosine kinase activity, 

tyrosine residues and regulatory motifs [11]. EGFR activation is elicited through the binding 

of its ligands, including epidermal growth factor (EGF), transforming growth factor-α 

(TNFα), amphiregulin and others, to its extracellular domain. Ligand binding triggers EGFR 

dimerization, activation and autophosphorylation of several tyrosine residues in the carboxy-

terminal region of the intracellular domain [12]. These phosphorylated residues serve as 

docking sites for a number of proteins, resulting in the activation of intracellular signaling 

pathways. The main pathways activated in response to EGFR and ERBB2 phosphorylation 

include MAPK, PI3K/AKT, signal transducer and activator of transcription (STAT) and SRC 

tyrosine kinase, which are associated with cell proliferation and survival (Figure 1) [13]. 

 

 

Figure 1. Relevant glioma signaling pathways and potential targets for molecular therapeutic agents. 

EGFR, PDGFR and VEGFR are receptor tyrosine kinase (RTKs). In glioblastoma, 40-60 % of cases 

exhibit EGFR amplification and high EGFR protein expression levels. PDGFR and VEGFR also are 

overexpressed at transcriptional levels in GBM. These TKIs-mediated signal transduction pathways 

such as RAS/RAF/MAPKs, PI3K/AKT/mTOR and PKC, which activate transcription factors (NF-B, 

c-myc, FOXO, ELK-1, p53) that regulate the expression of genes that control cellular processes such as 

proliferation, cell cycle, apoptosis, metabolism, inflammation, angiogenesis, invasion and metastasis. 
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The EGF/EGFR Pathway in GBM 
 

EGFR is rarely detectable in normal glial cells but is highly expressed in human gliomas 

due to amplification of the ERB-1 gene, the first major molecular genetic alteration identified 

in human gliomas. Approximately 40% of all GBM cases present with EGFR amplification, 

and 30% of GBMs show the presence of a constitutively activated EGFR mutant known as 

EGFRvIII (EGFR type III, de2-7, ΔEGFR) [14,15], generated by the genomic deletion of 

exons 2 to 7 of the EGFR gene, which is part of the extracellular domain of the receptor. This 

mutant is an EGFR variant unable to bind its ligand and signals constitutively [16]. There are 

additional missense mutations in the EGFR extracellular domain in GBM that are oncogenic 

and mutually exclusive to EGFRvIII [17]. EGFR amplification and EGFRvIII are associated 

with high-grade malignancy and may provide prognostic information; they have been 

suggested as indicators of poor survival in GBM [18]. In addition, EGFRvIII has been 

reported to be an indicator of poor response to radiation therapy and chemotherapy [19]. 

Previous studies have suggested that EGFRvIII is more tumorigenic than wild-type 

EGFR due to the altered signaling kinetics because the cytoplasmic (signaling) domain is the 

same for both receptors [20]. Ligand binding to the wild-type EGFR results in rapid 

internalization of the receptor followed by its dephosphorylation and degradation or recycling 

[21]. Because EGFRvIII does not bind EGF, its internalization is slow, promoting a state of 

low–level continuous signaling from activated receptors at the membrane [20]. Increased 

membrane persistence of activated receptor is known to favor mitogenic signaling [22]. The 

altered kinetics of EGFRvIII activation may result in a distinct set of downstream signals 

compared with the wild-type EGFR. Several lines of evidence indicate that ligand-activated 

EGFR and EGFRvIII stimulate both the RAS/RAF/MAPK and the PI3K/AKT pathways [23]. 

However, EGFRvIII may preferentially activate the PI3K/AKT pathway [24], and the 

activation of this pathway may be more robust that wild-type EGRF, leading to the activation 

of mammalian target of rapamycin (mTOR), the forkhead (FOX) transcription factor family 

and S6 [25]. Another consequence of EGFRvIII activation of PI3K/AKT is increased 

proliferation and cell cycle progression mediated by a decrease in the levels of p27
KIP1

, a 

cyclin-dependent kinase (CDK) inhibitor that binds and inactivates CDK2/cyclin E 

complexes and thereby inhibits the transition of cells from the G1 phase to the S phase [26]. 

Recently, EGFRvIII has been shown to activate mTORC2 via the PI3K/AKT pathway, which 

in turn leads to the stimulation of the NF-B pathway and chemotherapy resistance [27]. It 

has been reported that EGFRvIII contributes to the radioresistance of glioma-relevant cells 

and tumors by promoting the repair of DNA double-strand breaks (DSBs) through 

hyperactivation of the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) via the 

PI3K/AKT pathway, while EGFR may respond to radiation-induced DNA damage in a direct 

manner [28]. Radiation induces EGFR translocation to the nucleus (in addition to its 

activation by phosphorylation), where it stimulates DNA-PKcs kinase activity [29]. It has 

been reported that EGFRvIII signaling via PI3K/AKT may be facilitated by association with 

deletion or mutations of the PTEN gene, which occur in approximately 40% of GBM samples 

that express EGFRvIII [30]. 

Several studies have shown that EGFR and EGFRvIII work cooperatively with kinases to 

enhance GBM tumorigenicity. EGFR and EGFRvIII expression induces the activation of 

SRC and FYN kinases through physical association and through phosphorylating them at 

their active site, promoting GBM tumor growth and motility [31]. It has been reported that 
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patients with amplified or mutated EGFR show high SRC and FYN levels and that the 

inhibition of both kinases may increase the efficacy of anti-EGFR targeting therapies [31]. In 

addition, it has been shown that EGFRvIII induces the phosphorylation of dedicator of 

cytokinesis1 (DOCK180) at tyrosine residues Y722 by the SRC kinases family and that p-

DOCK180Y722 is co-expressed with EGFRvIII and p-SRCY418 in clinical GBM specimens. 

Such co-expression correlates with an extremely poor prognosis [31]. DOCK1 is a guanine 

nucleotide exchange factor (GEF) that activates Rac1 and controls several cellular functions 

including cell motility, survival and proliferation [33]. Targeting the SFK-p-DOCK180Y722-

Rac1 signaling pathway also offers a novel target as a therapeutic strategy in GBM with 

EGFRvIII overexpression [33]. Other studies have shown an important role for JNK 

activation in EGFRvIII signaling [34] and that myristoylated alanine-rich protein kinase C 

substrate contributes to EGFRvIII-mediated invasiveness [35]. 

The enhanced tumorigenicity of GBM cells expressing EGFR and EGFRvIII is also 

associated with enhanced angiogenesis via VEGF upregulation [36]. It has been reported that 

EGFRvIII promotes angiogenesis because it increases the expression of angiogenic factors 

such as IL-8 and VEGF. This overexpression appears mediated at the transcriptional level by 

NF-B, as blocking the NF-B pathway abrogates tumor angiogenesis with a concomitant 

reduction in tumor formation [36]. 

 

 

Platelet-Derived Growth Factor and its Receptor 
 

The overexpression of PDGF and its receptor PDGFR plays an important role in cancer 

development through the autocrine stimulation of cancer cells and angiogenesis. PDGF is a 

potent mitogen for glial cells, vascular smooth muscle cells, and fibroblasts. It exists as a 

disulphide-linked dimer of four homologous polypeptide chains: PDGF-A; PDGF-B; PDGF-

C and PDGF-D. PDGF binds to two receptor tyrosine kinases (PDGFRα and PDGFRβ), 

which are transmembrane glycoproteins with five immunoglobulin-like repeats in the 

extracellular domain [37]. PDGF-A, PDGF-B and PDGF-C bind to PDGFRα, while PDGF-B 

and PDGF-D bind to PDGFRβ. Ligand binding (PDGF-AA, -BB, -CC,-DD and the 

heterodimer PDGF-AB) leads to receptor homo- or heterodimerization and 

autophosphorylation and propagation of intracellular signals including MAP kinase, 

PI3K/AKT and JAK/STAT resulting in changes in cellular behavior, such as proliferation, 

survival, angiogenesis, migration and invasion [38, 39]. 

 

 

The PDGF/PDGFR Pathway in Gliomas 
 

One of the most common cellular defects found in brain tumors is the presence of a 

PDGF/PDGFR autocrine loop. The importance of PDGF signaling in malignant gliomas has 

been demonstrated in several models. PDGFR autocrine stimulation in the brain of neonatal 

mice results in astrocytoma formation [40] and PDGF overexpression in either neural 

progenitor or differentiated astrocytes leads to the formation of gliomas with oligodendroglial 

and oligoastrocytic features [41], suggesting a role for PDGF and PDGFR in the early stages 

and progression of glioma tumors. It has been reported that PDGFRα overexpression and 

gene amplification occurs mostly in lower-grade gliomas as well as secondary GBMs [42, 
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43]. The coordinated genomic analysis of a large cohort of clinical GBM specimens showed 

that the gene encoding PDGFRα was amplified in approximately 13% of the total analyzed 

GBMs, placing itself as third of the top 11 amplified genes in GBM [44]. 

Overexpression of PDGFRα and its ligand, PDGF-A, in clinical gliomas is associated 

with a poor prognosis and a shorter patient survival time [45], whereas PDGF-B and 

PDGFRβ have been found in hyperplastic tumor endothelial cells in GBM [46], suggesting a 

PDGF role in glioma angiogenesis [47]. In addition, it has been reported that PDGFRβ 

induces GBM stem cell renewal, survival, tumor growth and invasion [48]. In addition to 

PDGFR-A and –B, Lokker et al. identified the ligands –C and –D. They also found that 

PDGF-C is ubiquitously expressed in GBM cells and tissue, but its expression is low or 

absent in normal adult and fetal brains. PDGF-D was expressed in 10 of 11 GBM cell lines 

and in 3 of 5 primary brain tumor samples [38]. 

Although activation of the PDGF/PDGFR-specific pathway involves tumor progression 

of malignant GBM, the molecular mechanisms by which PDGFRs promote GBM growth and 

invasion remain largely unknown. However, it has been reported that inhibition of PDGFR 

kinase activity correlates with a decrease in p-ERK and p-AKT levels, likely as a result of 

decreased signaling through MAPK and P13K pathways, respectively [38]. In particular, 

PI3K has been identified as the major effector of PDGFα signaling in vitro and in vivo [49]. 

Liu et al. demonstrated that the specific activation of PDGFRα signaling by PDGF-A in 

cooperation with the loss of tumor suppressor p16
INK4a

 is required for gliomagenesis [50]. 

Furthermore, it has been shown that CDK4/6/pRB signaling is required for PDGFRα-induced 

tumorigenesis, and the non-receptor protein tyrosine phosphatase SHP-2 is a critical linker 

between the PI3K/AKT/mTOR pathway and PDGFRα in the formation of glioma in vitro, in 

mice and in clinical GBM specimens [51]. Recently, it has been reported that dynamin 2 

(Dyn2), a large GTPase, mediates PDGFRα-SHP-2-promoted GBM growth and invasion, 

suggesting that PDGF-A activation of PDGFRα induces Dyn2 association with PI3K and 

SHP-2 and activates SHP-2 and SRC, leading to SRC-dependent tyrosine phosphorylation of 

Dyn2. Dyn2 activation stimulates its downstream effectors AKT, ERK 1/2, Rac and Cdc42, 

resulting in increased glioma growth and invasion [44]. Furthermore, it has been reported that 

PDGF-A stimulation of PDGFRα induces Src-dependent p-Y at DOCK 180Y181, leading to 

the formation of the DOCK180/CrkII/p130 complex and activation of the GTPase Rac1 

signaling, thereby promoting glioma cell growth, survival and invasion [52]. It has been 

reported that genetic and pharmacological targeting of PDGFRβ attenuates GBM stem cell 

self-renewal, survival, tumor growth and invasion [52]. Ding et al. found that PDGFRβ 

stimulation promotes the specific recruitment of integrin αvβ3-containing focal adhesions in 

vitronectin–adherent cells and induces migration through a LYN kinase-mediated pathway 

[53] and also found that the engagement of different integrins alters the identity of the Src 

members activated upon stimulation with PDGF [53]. In addition, Guo et al. showed that 

PDGF-B stimulates human U87MG tumor angiogenesis through a paracrine pathway. PDGF-

B enhances glioma angiogenesis and growth by stimulating VEGF expression in the tumor 

endothelium, which increases endothelial cell (EC) mitogenesis by promoting pericyte 

recruitment into growing vessels, thus facilitating vessel assembly. The authors hypothesize 

that in low-grade gliomas, overexpression of PDGF-B in tumor cells and PDGFRβ in ECs 

[54] might be part of an angiogenic switch that upregulates VEGF and enhances vessel 

growth, thus promoting glioma progression. During the later stages of glioma development, 

hypoxia and increased expression of other growth factors or genes in tumors enhance VEGF 
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expression, which in turn results in vigorous blood vessel growth [55]. Other reports support 

that PDGFR-B may also act through a paracrine mechanism in promoting tumor growth and 

angiogenesis. In vitro, PDGF-B stimulates cell proliferation and cord/tube formation of 

vascular ECs that express PDGFR but has no effect on PDGFRβ-negative ECs [56]. 

Stimulation of fibroblasts and ECs by PDGF-B increases VEGF expression through the AKT 

signaling pathway in these cells [57]. In addition, PDGF-C has been reported to induce 

angiogenic activity indirectly, via VEGF upregulation, and directly, via PDGFRα activation 

[58]. These observations, along with the fact that PDGFRα and PDGFRβ are expressed in 

astrocytomas and glioma ECs [59], point to PDGF-C as a potentially important mediator of 

brain tumor progression. Di Tomaso et al. reported that overexpression of PDGF-C changes 

the morphology and function of brain vessels, rendering them more stable and less sensitive 

to anti-VEGFR2 inhibition [60]. 

 

 

Vascular Endothelial Growth Factor and Its Receptor 
 

Angiogenesis is a normal feature in growth, development and wound repair and involves 

endothelial cell proliferation, extra-cellular matrix (ECM) degradation, sprout and tubule 

formation and pericyte recruitment. This process is, in part, driven by the expression of the 

regulatory protein VEGF, which functions as a survival factor for endothelial cells and 

stimulates the endothelial production of urokinase–type plasminogen activator (uPA), which 

induces the conversion of plasminogen to plasmin, causing the breakdown of ECM 

components and leading to ECM remodeling [61,62]. In addition, VEGF increases 

microvascular permeability through fenestrae induction in endothelial cells and 

transendothelial cell transport involving vesiculovacuolar organelles, which eventually form 

the transendothelial cell pore [61, 62]. The result of VEGF signaling in tumors is the 

production of immature, highly permeable blood vessels with the subsequent poor 

maintenance of blood-brain barrier (BBB) and parenchymal edema [61, 63]. VEGF comprises 

a family of six secreted dimeric glycoproteins of approximately 40 kDa (VEGF-A, -B, -C, -D, 

-E and placental-derived growth factor) that exhibits its cellular response by binding to the 

transmembrane tyrosine receptors VEGFR1 (flt-1) and VEGFR2 (Flk-1/KDR). VEGFR 

contains seven IgG-like repeats in the ligand-binding domain, a single transmembrane domain 

and a tyrosine kinase domain [61, 62]. VEGFR2 appears to mediate almost all of the known 

cellular responses to VEGF. The function of VEGFR1 is to modulate VEGFR2 signaling; in 

addition, VEGFR1 may act as a decoy receptor, sequestering VEGF from VEGFR2 binding 

[61, 62]. Through receptor dimerization, VEGF leads to a cascade of different signaling 

pathways with various cell-regulating effects, such as DNA synthesis and cell growth via 

MAPK pathway activation. On the other hand, PI3K/AKT pathway activation leads to 

increased endothelial cell survival, whereas SRC activation can lead to actin cytoskeleton 

changes and endothelial cell migration [61, 62]. 

Many types of human tumor cells express VEGF, often at elevated levels. This is mostly 

due to various environmental stimuli (e.g., hypoxia, cytokines, sex hormones, growth factors, 

chemokines) and genetic or epigenetic changes in tumor cells (e.g., mutant p53, VHL, PTEN-

suppressor genes) or activated oncogenes (e.g., RAS, SRC, EGFR and PDGFR) [61-64]. 

Hypoxia is an important VEGFR inducer because it stabilizes hypoxia-inducible factor 

(HIF)-1α and HIF-2α, which promote metabolic changes to sustain continued tumor growth. 
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Specifically, HIF-1α and HIF-2α have the following effects: (1) block VEGF proteolysis by 

ubiquitin, allowing its accumulation [65], (2) upregulate GLUT-1 receptors to increase 

glucose uptake from blood [66], (3) up-regulate carbonic anhydrase IX (CAIX) to stabilize 

pH in hypoxic conditions, making the environmental tolerable for continued proliferation [67] 

and (4) sensitize endothelial cells to angiogenic signals [68]. The above events result in the 

growth of additional vessels to supply nutrients needed to support continued tumor growth. 

These adaptive responses make tumor cells particularly resistant to various treatment 

modalities. 

 

 

The VEGF/VEGFR Pathway in GBM 
 

The vascularization level, measured as plasma vascular space, was found to be 11 

ml/100g in GBM, whereas in normal brain, it is only 2 ml/100g [69]. These data support the 

knowledge that malignant gliomas are highly angiogenic and are the most vascularized 

tumors in humans. VEGFR2 mRNA expression is confined to vascular cells only in high-

grade gliomas, whereas VEGFR1 mRNA expression was also found in the vascular cells of 

both low- and high-grade gliomas. Little or no expression of both receptors was observed in 

the normal brain [61]. A comparison of ligand and receptor expression in gliomas showed a 

clear correlation between VEGF and VEGFR1 and VEGFR2 levels [62]. These findings 

suggest that the progression of low- to high-grade gliomas is mediated by the coordinated 

induction of VEGF and VEGF receptors. It has been reported that higher VEGF expression 

levels in gliomas correlate with the number of lesions and a higher histological grade, 

although plasma VEGF levels do not correlate with patient survival [63]. In GBM, VEGF 

mRNA is up to 50-fold overexpressed compared with normal brain tissue [64]. VEGF mRNA 

expression is remarkably spatially restricted, namely, to perinecrotic (palisading) cells [70]. 

VEGF protein is detected in VEGF mRNA producing tumor cells, but the largest amount 

is found in the vasculature [71]. This observation supports the hypothesis of a paracrine 

mechanism of tumor angiogenesis: VEGF is secreted by tumor cells and bound to endothelial 

cells, which express VEGF receptors. VEGF expression levels are regulated by the following 

mechanisms: (1) low oxygen concentrations in growing gliomas induce hypoxia-inducible 

factor (HIF) up-regulation, which increases VEGF mRNA levels [72], (2) HuR protein 

upregulation suppresses the posttranscriptional degradation of VEGF-A mRNA under 

hypoxia, which leads to a further increase in VEGF levels [73], (3) brain-derived 

neurotrophin factor enhances VEGF expression, increasing HIF-1α expression levels [74], (4) 

integrin-linked kinase 1 is an important regulator of tumor angiogenesis because it increases 

VEGF expression by stimulating HIF-1α via AKT phosphorylation on Ser
473

 [75], (5) EGFR 

signaling stimulates VEGFR gene expression via an HIF-independent mechanism [76] and 

(6) FoxM1B transcription factor is up-regulated in GBM and stimulates VEGF expression 

independent of HIF [77]. 

VEGF induces the activation of different signaling pathways including 

RAS/RAF/MAPK/, PI3K/AKT and PLC/PKC in GBM through VEGFR2, which regulates 

cell cycle progression, proliferation, survival, angiogenesis, metastasis and radio-resistance. 

Kil et al. reported that radiation-induced VEGF in cultured medium collected from irradiated 

glioma cells enhances tumor motility through VEGF-stimulated SRC and FAK 

phosphorylation [78]. VEGF also enhances vascular permeability through the MAPK 
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signaling cascade by rearranging cadherin/catenin complexes and perturbing junctions 

between endothelial cells [79]. Although high VEGF levels facilitate angiogenesis and 

thereby enable tumor cells to expand, low VEGF levels lead to a reduction in tumor vessel 

growth and protection of the remaining vessels and concomitantly promote signals for GBM 

cells to migrate away from these undesirable conditions. Lu et al. demonstrated that VEGF 

directly and negatively regulates tumor cell migration through enhanced recruitment of 

protein tyrosine phosphatase 1B (PTP1B) to a MET/VEGFR2 hetero-complex, thereby 

suppressing HGF-dependent MET phosphorylation and tumor migration [80]. These findings 

support the hypothesis that combined treatment strategies targeting both VEGF and MET 

may be used in GBM patients to overcome pro-invasive resistance and prolong survival [80]. 

Therefore, further research regarding the mechanisms underlying angiogenesis and invasion 

in GBM is essential for the development of improved therapies. 

 

 

Signal Transduction Pathways 
 

There are a number of different signal transduction pathways associated with the various 

receptors mentioned above. In the following paragraphs, two pathways will be discussed in 

detail: the RAS/RAF/MAPK, PI3K/AKT/mTOR and PKC pathways (Figure 1). These 

cellular signaling pathways are required for normal cell physiology [5-7]. However, in 

gliomas, these pathways are overactive due to RTK overexpression and constitutive activation 

[4-7]. The RAS/MAPK and PI3K/AKT/mTOR pathways, in particular, are involved in tumor 

resistance to radiotherapy and chemotherapy. 

 

 

The RAS/RAF/MAPK Pathway 
 

The constitutive activation of the RAS/RAF/MAPK pathway has been detected in GBMs 

[81, 82]. RAS (Ras, H-, K-, N- isotypes) encodes a protein family of small GTPases that 

cycle between inactive GDP-bound and active GTP-bound conformations by coupling cell 

membrane growth factor receptors such as EGFR, EGFRvIII, PDGFR and VEGFR [81,82]. 

Typically, ligand binding to receptor tyrosine kinases induces receptor dimerization and 

autophosphorylation of specific tyrosine residues in the C-terminal region. This event 

generates binding sites for adaptor proteins, e.g., growth factor receptor-bound protein 2 

(GRB2), that recruit the GEF Sos at the plasma membrane and in turn activates the 

membrane-bound RAS by catalyzing GDP to GTP. In its GTP-bound conformation, RAS 

combines with RAF and mobilizes the inactive protein from the cytoplasm recruiting the Raf 

kinases (A-RAF, B-RAF and C-RAF) to the plasma membrane [82]. Once the RAS-RAF 

complex translocates to the cell membrane, RAS activates the serine/threonine kinase 

function of the RAF isoforms. Upon RAS activation, RAF acts as a MAP kinase kinase 

kinase (MAPKKK) to activate MEK1 and MEK2, which, in turn, catalyze the activation of 

the effector ERK 1/2 kinases and their translocation into the nucleus. ERK-2 activates nuclear 

targets such as topoisomerase II, a cell cycle progression mediator, and transcription factors 

including cyclic AMP response element binding protein (CREB), estrogen receptor-α (ER-α), 

IθB/NF-θB, and c-FOS. Activation of these transcription factors results in the expression of 
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oncogenes involved in cell cycle progression, cell growth, angiogenesis and anti-apoptosis 

(Figure 1) [83]. Although RAF can also be activated by RAS-independent activators, 

experimental evidence indicates that the RAF-MEK-ERK cascade is a major mediator of 

RAS-induced oncogenesis. In addition, signal transduction via other pathways such as PI3K 

and the Ral guanine nucleotide exchange factors (Ral-GEFs) cascades may be important for 

RAS-induced transformation [84].  

 

 

The RAS/MAPK Pathway in GBM 
 

Aberrant RAS/RAF signaling has been reported to be important for many tumor types 

including gliomas. Increased RAS expression and high RAS-GTP levels have been 

demonstrated in GBM cell lines and tumor specimens [85]. RAS/RAF pathway activation can 

result from oncogenic mutations of RAS/RAF itself; however, such mutations have only 

occasionally been reported in gliomas. The Cancer Genome Atlas (TCGA) network reported 

a 2% mutation rate in RAS genes in 206 GBM samples [86]. Sharman et al. identified one of 

21 pilocytic astrocytomas to carry the K-RAS (G13R) mutations but did not detect H-RAS or 

N-RAS mutations in the tumor cohort [87]. In addition, a lower frequency of BRAF 

mutations in glioma cell lines and primary specimens has been reported. Davies et al. reported 

that 4/38 (11%) of glioma cell lines carried the BRAF (V600E) mutation, whereas 0/15 of 

primary gliomas contained BRAF mutations [88]. A study led by Knobbe et al. examined 94 

GBM and found only three tumors (3.2%) with the oncogenic BRAF (V600E) gene [89]. In 

addition, Bastro et al. reported the presence of the BRAF hot-spot mutation (V600E) in 6% of 

34 GBM and 0.1% of 13 anaplastic astrocytoma [90]. These studies indicate that RAS and 

RAF activation mutations are infrequent events in gliomas; however, extra copies of the 

RAS/RAF genes have been reported in gliomas. Jeuken et al. reported that 44% of gliomas 

contained a gain of RAS/BRAF genes, that the gain of BRAF gene is the most frequent (38% 

of gliomas), and that this gain is more predominant in high-grade glioma [91]. They also 

reported a copy number gain of the growth factors EGF, PDGF, IGF, FGF, TGF and their 

receptors in 43 tumors (53%). Furthermore, they found a significant correlation between 

activated MAPK and copy number gain of these genes, suggesting that RAS/RAF pathway 

activation in gliomas is achieved by copy number gain rather than through activating 

RAS/RAF mutations [91]. 

For a better understanding of the effects of deregulated RAS/RAF signaling on 

gliomagenesis, a number of studies have utilized oncogenic RAS genes to create cells with 

increased RAS activity. The results from a transgenic mouse model suggest that activated 

RAS alone is sufficient to transform normal astrocytes and neuronal precursor cells into 

malignant gliomas. Ding et al. using a GFAP-driven H-Ras (G12V) transgenic mouse model, 

showed that high levels of H-RAS (G12V) alone in astrocytes yielded multifocal malignant 

astrocytomas, and the tumor-bearing mice died within two weeks. Mice with moderate H-

RAS (G12V) levels underwent germ-line transmission in which 95% of these mice died from 

solitary or multifocal low- and high-grade gliomas within 2–6 months. Furthermore, they 

demonstrated that transgenic astrocytomas are pathologically similar to human astrocytomas 

with a high mitotic index, nuclear pleomorphism, infiltration, necrosis and increased 

vascularity [92]. Abel et al. reported that targeting oncogenic K-RAS (G12D) to neural stem 

cells (NSC) is sufficient to produce marked hyperplasia of the subventricular zone (SVZ). In 
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addition, the targeted mice develop multifocal, infiltrating, intermediate-grade gliomas that 

often arise near the expanded SVZ. Furthermore, the tumor cells express markers associated 

with neural progenitor cells including Olig2, Bim-1 and PDGFRα [93].  

Others have reported that RAS activation alone may not be sufficient for gliomagenesis, 

and additional activation of oncogenes or loss of tumor suppressor genes is required for 

glioma oncogenesis. Holland et al. engineered tissue-specific viral expression vectors to 

specifically express K-RAS (G12D) and AKT in astrocytes (via the promoter for the gene 

encoding glial fibrillary acidic protein, GFAP) and neural progenitors (via the nestin 

promoter) in mice. Although neither K-RAS (G12D) nor AKT alone was sufficient to induce 

GBM formation, their combination induced the formation of high-grade gliomas with the 

histological features of human GBM [94]. It has also been demonstrated that K-RAS (G12D) 

expression cooperates with the loss of the INK4a-Arf locus to induce malignant 

transformation of astrocytes and neural progenitors into GBM in mice [94]. Furthermore, 

Lyustikman et al. found that constitutive RAF-1 activation cooperates with INK4a-Arf loss or 

AKT activation to induce gliomagenesis in mice and that RAF-1 tumors are very similar to 

those induced by K-RAS in incidence and histologic features. Finally, the authors suggest that 

RAS contributes to human GBM formation in part through RAF signaling [95]. 

In addition, RAS signaling is required for the maintenance of the GBM malignant 

phenotype. Blum et al. reported that the RAS inhibition by farnesylthiosalicylic acid (FTS), 

which directly affects the membrane-bound RAS protein, leads to HIF-1α destabilization in 

U87 cells. Concomitant with HIF-1α loss, the expression of key enzymes of the glycolysis 

pathway and other HIF-1α-regulated genes (including VEGF and glucose transporter 

GLUT1) are transcriptionally downregulated by the FTS treatment. This event leads to 

glycolysis shutdown, resulting in a dramatic ATP reduction and a severe energy crisis. As a 

consequence, U87 cell growth was arrested and the cells died [96]. Importantly, the inhibition 

of active RAS by FTS in these U87 GBM cells also promotes proteasomal degradation of 

cyclin D1 with a concomitant decrease in phosphorylated Rb protein accompanied by E2F1 

downregulation and decreased expression of key E21-regulated genes critical for cell-cycle 

progression [96]. In addition, RAS inhibition by FTS releases the surviving ―brake‖ in 

apoptosis and activates the mitochondrial apoptotic pathway: Bad dephosphorylation; Bax 

activation; cytochrome c release and caspase activation [97]. Blum  et al.suggested that down-

regulation of E2F1 and HIF-1α represents two distinct arms of the antioncogenic effect of 

RAS inhibitors in GBM [98]. 

 

 

The PI3K/AKT/mTOR Pathway 
 

In gliomas, abnormal RTK pathway activity is triggered by several mechanisms, such as 

amplifications, receptor mutations and growth factor over-expression. Three growth factors, 

EGF, PDGF and VEGF, play important roles in both gliomagenesis and normal central 

nervous system development. Growth factor binding to their specific RTKs induces RTK 

dimerization. The dimeric receptor subsequently phosphorylates the intracellular domains of 

the other, which in turn activates downstream effectors such as RAS and PI3K. RTK pathway 

activation recruits PI3K to the cell membrane, which then phosphorylates phosphatidyl-

inositol-4, 5-bisphosphate (PIP2) to phosphatidyl-inositol 3,4,5-triphosphate (PIP3) to further 

recruit AKT to the membrane, where AKT can be phosphorylated at Thr308 by 
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phosphoinositide-dependent protein kinase 1 (PDK1) and at Ser473 by the mTOR-rictor 

complex (mTORC2) for full AKT activation [99]. AKT is a serine-threonine kinase that 

suppresses apoptosis, drives proliferation and promotes cell growth via the mammalian target 

of rapamycin (mTOR), which is generally deregulated in a variety of cancers including GBM 

[100-102]. mTOR is a serine-threonine kinase that exists in two multiprotein complexes, 

mTORC1 (mTOR with PRAS40, raptor and mLST8/GbL) and mTORC2 (mTOR with rictor, 

mSINI, protor and mLST8) [103]. mTORC1 plays an important role in regulating protein 

translation through the phosphorylation of S6 kinases (S6K1 and S6K2), proteins involved in 

ribosome biogenesis and 4E-binding proteins (4E-BP1), which are a family of proteins 

involved in repressing the cap-dependent mRNA translation of cyclins, c-myc, Bcl-xl, S6, 

PDCD4 and others [104,105]. In addition, mTORC1 integrates various inputs, including 

growth factors, energy status, oxygen and amino acid levels, to regulate cell growth by 

promoting the biosynthesis of proteins, lipids and organelles as well as limiting catabolic 

autophagic activity [106]. mTORC2 activation results in phosphorylation of AKT, serum 

glucorticoid-induced protein kinase (SGK1), and PKCα involved in cell survival, metabolism, 

proliferation and cytoskeletal organization.  

PTEN is a lipid and protein phosphatase and the lipid phosphatase activity is essential for 

its function as a tumor suppressor [107]. PTEN antagonizes PI3K function by 

dephosphorylating PIP3 at the D3 position [108]. PI(3,4,5)P3 facilitates AKT translocation to 

the plasma membrane and induces PDK1 activity, which then phosphorylates and activates 

AKT [109-111]. Thus, PTEN acts as a major inhibitor of the PI3K/AKT/mTOR pathway, 

which, when mutated or lost, cannot be compensated for by any other enzyme. PTEN 

mutations result in constitutive activation of this pathway, which activate multiple targets 

including GSK3β, p21
WAF/CIP

, p27
KIP1

 and NF-θB [112]. AKT also activates mTOR, which is 

negatively regulated by suppressor protein tuberous sclerosis complex (TSC1/2) comprising 

hamartin (TSC1) and tuberin (TSC2). Tuberin is directly phosphorylated by AKT, which 

disrupts the TSC1/2 complex and stimulates mTOR activity [113].  

 

 

The PI3K/AKT/mTOR Pathway in GBM 
 

Increased AKT phosphorylation is observed in 85% of GBMs despite the lack of detected 

PTEN mutations [114]. Loss of heterozygosity or PTEN mutations are found in up to 65% of 

high-grade gliomas, 25% of primary GBMs and 5% of secondary GBMs [115]. In GBM, 

reduced PTEN levels and increased AKT activity have been correlated with more aggressive 

tumor behavior and reduced patient survival time [116]. PTEN loss up-regulates genes 

involved in the cell cycle (cyclins) and DNA replication (Ki-67, DNA primases) as well as 

genes involved in stemness, cell differentiation and metabolism of neural stem cells [117]. In 

PTEN-null GBM cell lines, re-expression of PTEN suppresses proliferation due to G1 cellular 

arrest dependent on p27
kip1

expression as opposed to apoptosis induction [118]. Furokawa et 

al. introduced the wild-type PTEN gene into malignant glioma cell lines, which inactivated 

Rac and cdc42 (two Rho-family GTP–binding proteins), inhibited MMP-2 and MMP-9 

enzyme activity and decreased MMP-2 mRNA expression. This also resulted in a significant 

reduction of migration and invasion activities of the transfected cells [119]. In addition, it has 

been reported that PTEN upregulation in gliomas cells and in nude mice tumors down-

regulates AKT and PI3K signaling pathways and the expression of several genes, including 
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AKT, PI3K, JUN, MAPK14, PDK2, PTK2, RAS and RAF. This resulted in the inhibition of 

migration as well as the wound healing property of the glioma cells; in vivo, PTEN 

upregulation decreases AKT and XAIP levels [120]. It has been proposed that XIAP acts as 

an E3 ubiquitin ligase for PTEN and promotes AKT activity by regulating PTEN content and 

compartmentalization [121]. Similarly, reduced in vivo tumor growth was also observed upon 

PTEN reconstitution in GBM due to reduced AKT-dependent angiogenesis [122]. The 

involvement of AKT in diverse tumorigenic activities suggests that AKT activation alone 

may be sufficient to induce cancer [123]. AKT activation may contribute by stimulating the 

secretion of matrix metalloproteinases [124]. Newhart et al. demonstrated, using in vivo 

orthotopic GBM models, a strong correlation between AKT activation and GBM growth rate 

and invasiveness [125]. In addition to its oncogenic effect, AKT activation in glial tumors 

also leads to astrocytic differentiation [126]. 

Several studies have suggested a linear oncogenic pathway of PTEN/AKT/mTOR. 

PTEN-null tumors have higher AKT and mTOR activity [127] and the mTOR inhibitor 

rapamycin reduces tumor cell proliferation and growth but has no effect on PTEN-positive 

tumors, suggesting that mTOR is responsible for the oncogenic effect of PTEN loss [128]. In 

addition, mTOR is required for cell transformation by PI3K and AKT [129]. Moreover, in 

human GBMs, mTOR activity correlates with AKT activity raising the possibility that the 

oncogenic effect of AKT might be achieved through mTOR [130]. Hu et al. reported that 

mTOR promotes survival and astrocytic characteristics induced by PTEN/AKT signaling in 

GBM [131]. Moreover, it has been reported that PKCα is a key intermediate linking EGFR 

signaling to mTOR in a pathway independent of AKT signaling [132]. mTORC1 promotes 

cell growth and proliferation, activates HIF-1-dependent glycolysis [133], and stimulates 

angiogenesis in many cancer types [134]. Therefore, mTORC1 is well established as a cancer 

drug target. It has also been shown that mTORC2 activity is elevated in gliomas and 

promotes growth and cell motility via rictor overexpression [135]. The combined RNAi-

mediated suppression of rictor and EGFR results in complete tumor regression in an 

orthopedic GBM tumor model [136] 

 

 

PKC Signaling 
 

Protein kinase C (PKC) is a family of serine/threonine kinases comprising 12 members in 

mammalian cells [137]. PKCs are divided into three subgroups: first, the classical or 

conventional PKCs (α, βI, βII and γ), which are Ca
2+ 

dependent and activated by 

diacylglycerol (DAG) and phosphatidylserine (PS); second, novel PKCs (δ, ε, ε, κ and ζ), 

which are Ca
2+ 

independent and regulated by DAG and PS; and finally, atypical PKCs (δ and 

ι /ɩ), which are Ca
2+ 

independent and do not require DAG for activation, although PS can 

regulated their activity [132-139]. All PKC isoforms are composed of an NH2-terminal 

regulatory domain and a COOH-terminal catalytic domain with serine-threonine kinase 

activity [140]. Both domains contain conserved regions of extended sequence homology and 

variable regions [141,142]. In the classical PKC isoforms, the regulatory domain contains a 

Ca
2+

-binding domain, and in both the classical and novel PKC isoforms, it contains a 

pseudosubstrate region and a pair of highly conserved zinc fingers (C1 domains) that bind 

phorbol esters [143]. 
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PKC is activated downstream of transmembrane receptors, including RTKs and 

phospholipase C (PLC) [143]. PLC is one of the main enzymes involved in PKC activation. 

PLC cleaves PIP2 into DAG and IP3. PKC may participate in mitogenic signaling by 

activating the RAF/MEK/MAPK pathway. It has been reported that PKC can directly 

phosphorylate and activate RAF-A [144], although RAS appears to be required to recruit 

RAF to the membrane [145]. The PKC signaling pathway is involved in diverse cellular 

function such as proliferation, cell cycle, apoptosis, invasion and angiogenesis [146,147]. 

 

 

PKC Signaling in Glioma 
 

There is substantial evidence to indicate PKC is not mutated nor amplified, the PKC 

pathway is hyperactivated in gliomas due to the constitutive activation of several growth 

factor receptors, and the inactivation of negative regulators such as PTEN [148-150], which 

could lead to activation of PLC and PDK1, two enzymes that play critical roles in PKC 

activation [150]. The catalytic region of PKC requires phosphorylation events to be 

catalytically active. The phosphorylation of the activation loop of PKC by PDK1, followed by 

autophosphorylation on two additional sites, is necessary for the release of newly synthesized 

PKC into the cytosol and to obtain a catalytically active conformation. PDK1 can 

phosphorylate all PKC isoforms at the activation loop of the kinase domain; this step is 

required for PKC to be catalytically active [150-151]. 

It has been reported that PKC activity is markedly increased in astrocytoma cell lines 

compared with non-transformed astrocytes, and PKC activity directly correlates with the 

growth rate [148]. PKC activity is also elevated in astrocytoma specimens [149]. PKC 

stimulation using phorbol esters resulted in dramatically increased proliferation and S-phase 

progression, measured by 
3
H-thymidine incorporation [152]. Tamoxifen, at PKC inhibitory 

concentrations, has a dramatic effect on glioma cell proliferation and prevents PDGF or 

serum-induced DNA synthesis [153]. Similarly, the mitogenic effect of serum addition or 

stimulation with EGF, PDGF or FGF on established glioma cell lines or low passage glioma 

cells was completely abrogated by PKC inhibition with various inhibitors [149-153]. These 

results suggest that mitogenic signaling from RTCs in astrocytoma cells is mediated through a 

PKC-dependent pathway.  

Several studies have focused on characterizing the functions of specific PKC isoforms in 

glioma cell proliferation. PKCα has been implicated in promitogenic and prosurvival signals 

in glioma cells [154]. Furthermore, Hu et al. reported that PKCα phosphorylation is a pre-

requisite for C6 cell migration [154]. In addition, it has been reported that PKCα induces a 

proliferative response in GBM cells through the phosphorylation and nuclear translocation of 

the NF-θB p65 subunit [155]. Furthermore, it has been reported that PKCα is the main 

regulator of ERK 1/2, which is required for FGF expression, a potent mitogen for glioma cell 

proliferation [156,157]. Lin et al. demonstrated that 12-O- tetradecanoylphosphol-13 acetate 

(TPA) induces glioma cell migration/invasion through activating PKCα/ERK/NF-θB-

dependent MMP-9 expression, suggesting that PKCα protein translocation is an early event 

that transmits a signal to activate downstream targets, such as ERK and JNK, followed by the 

activation of NF-θB-dependent MMP-9 activation and migration/invasion in TPA-treated 

GBM840 cells [158]. Surprisingly, an AKT-independent, PKCα-dependent mechanism that 

links PI3K with mTORC1 in GBM has been described [132]. Taken together, these results 
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show that PKCα is involved in glioma cell survival, proliferation and migration, whereas 

PKCγ and PKCδ increase glioma cell anchorage-independent growth [159]. Furthermore, it 

has been reported that PKC-δ participates in MMP-9 expression induction by interleukin-1 

(IL-1) and tumor necrosis factor-α (TNF-α) via NF-θB in rat C6 cells [160]. In a recent 

report, PKCε was shown to play a role in the PMA-induced proliferation of glioma cells 

through an ERK/ELK-1 pathway [161], and PKCε is essential for the survival of glioma cells 

via AKT [162]. Furthermore, it has been shown that PKCε positively regulates the integrin-

dependent adhesion, spreading and motility of human glioma cells through the scaffolding 

protein receptor for activated C kinase 1 (RACK1) [163]. It has also been reported that PKCη 

promotes GBM motility by coordinating the formation of a single leading edge lamellipodia 

and has a role in remodeling the cytoskeleton at the lamellipodia leading edge, promoting Lgl 

dissociation from non-muscle myosin II. In addition, PKCη is required for the transition of 

glioma cells through mitosis [164]. Desai et al. reported that PKCη promotes glioma cell 

survival by phosphorylating and inhibiting the pro-apoptotic BAD protein through the PI3K 

pathway [165] as well as cell cycle progression and proliferation through 

PI3K/PKCη/Cdk7/cdk2 signaling [165]. These results suggesting that dysregulation of various 

PKC isoforms may be involved in gliomagenesis. 

 

 

Current Treatment Options for Glioblastoma 
 

Standard of Care 
 

Standard therapy for newly diagnosed GBM consists of surgery followed by radiotherapy 

with concomitant and adjuvant chemotherapy. Complete surgical tumor resection is not 

possible due to its highly infiltrative growth; however, maximal surgical debulking (optimally 

> 95%) is performed to maximally reduce tumor size. Subsequent post-operative radiotherapy 

typically involves the administration of 50 to 60 Gy of irradiation to the whole brain [166]. 

The main chemotherapeutic agent used for treatment of GBM is temozolomide (TMZ; 

Temodar®, Temodal®, Shering Plough), an oral alkylating agent with a reasonable 

penetration of the normal BBB [167]. In circulation, it undergoes rapid conversion to its 

active derivative 3-methyl-(triazen-1-yl) imidazole-4-carboxamide (MTIC), which exhibits 

anti-neoplastic activity by adding alkyl groups to DNA, thereby interfering with DNA 

replication. Furthermore, TMZ causes DNA methylation at the O
6
 position of guanine and 

crosslinks between DNA strands, resulting in cell death [167]. A large randomised clinical 

trial showed that the median survival in newly diagnosed GBM patients treated with radiation 

plus TMZ was 14.6 months as opposed to 12.1 months for the radiation-only group [168]. In 

addition to TMZ, the topoisomerase I inhibitor irinotecan is frequently used to treat GBM 

patients. Irinotecan has demonstrated efficacy in patients with recurrent GBM, mainly when 

used in combination with other chemotherapeutic compounds such as TMZ [169]. 

Despite these optimizations to the adjuvant therapy regimens, the overall survival rate for 

GBM patients has remained relatively unchanged from ten years ago. Tumors inevitably 

recur; once they do, life expectancy drastically diminishes, and only limited therapeutic 

options are available. Major advances in molecular and cell biology have afforded the 

development of novel second and third line therapies for GBM patients in the realm of target 
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therapy. To date, targeted therapy has been used effectively against breast tumors driven by 

growth factor receptor dysregulation, and, in the case of GBM, therapies directed against a 

number of growth factors and receptors (i.e., EGFR, PDGFR, and VEGFR) are in various 

stages of clinical development. Table 1 lists the current EGFR, PDGFR and VEGFR 

pathway-targeted agents for the treatment of GBM, which include monoclonal antibodies, 

tumor –antigen specific vaccines, small molecules inhibitors and microRNAs. 

 

Table 1. Main molecular targeted agents used in the treatment of glioblastoma 

 

Agent class Agent name 

Agent-EGFR antibodies Cetuximab, 
125

I-MAb 425, mAb806 

Agent-PDGFR antibodies IB3, IMC-2C5 

Agent- VEGFR antibodies Bevacizumab, aflibercept/VEGF-Trap 

EGF vaccines CDX-110, EGFR-lytic-type peptide 

PDGF vaccines PDGFβ 

VEGF vaccines FLK-1-based DNA, FLK-salmonella typhimurium 

EGF-TKIs Erlotinib, gefitinib, lapatanib, PKI166, canertinib, pelitinib 

PDGF-TKIs Imatinib 

VEGF-TKIs Sunitinib, vandetanib, sorafenid, cediranib, vatalanib 

EGF- miRNAs miR-7 

PDGF- miRNAs miR-34a 

VEGF- miRNAs miRNA-205 

RAS/RAF/MAPKs TK inhibitors Tipifarnib, ionofarnib 

PI3K/Akt/mTOR TK inhibitors Rapamycin, temsirolimus, sirolimus, everolimus, AP23573 

PKC TK inhibitors Tamoxifen, enzastaurin 

EGF, epidermal growth factor; PDGF, platelet-derived growth factor, VEGF, vascular endothelial 

growth factor, and their respective receptors EGFR, VEGFR and PDGR; TK, tyrosine kinase. 

 

 

Targeting Growth Factors in GBM 
 

Monoclonal antibodies. Cancer immunotherapy seeks to manipulate a person's own 

immune system to recognize and specifically destroy tumor cells, using target-specific 

antigenic proteins and peptides [170]. Although tumor immunotherapy has shown some 

success in the treatment of several cancers such as renal cell carcinoma, melanoma, and 

hematologic cancers, the application of this approach to GBM presents more of a challenge 

[171]. Limitations include possible hindrance in the drug's ability to cross the BBB and 

induction of potential autoimmunity, which could lead to severe and undesired effects such as 

central nervous system toxicity [171]. In the early 1900s, Paul Erhlich was the first to propose 

the process of using monoclonal antibodies to target tumors, and later, advances in antibody 

technology afforded the production of human monoclonal antibodies [172]. One method of 

inhibiting grown factor–mediated signaling is to disrupt receptor-activating ligand binding 

[171]. Blocking ligand binding to its cognate receptor could normalize the growth rate, induce 

apoptosis and increase tumor susceptibility to chemotherapeutic agents. 

EGF. Monoclonal antibodies, unconjugated and conjugated, directed against wtEGFR 

and EGFRvIII have been developed for therapeutic use in GBM. The most advanced 

unconjugated antibody is cetuximab (Erbitux®; Merck), which is a human/murine chimeric 

monoclonal antibody that binds to the extracellular domain III of EGFR. This interaction 
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partially blocks the ligand-binding domain and sterically hinders the correct extended 

conformation of the dimerization arm on domain II. Thus, cetuximab prevents EGFR-

mediated signal transduction by interfering with ligand binding and EGFR extracellular 

dimerization with other HER family members [171]. It has been reported that cetuximab 

induces cell cycle arrest in the G1 phase of the cell cycle by increasing p27
KIP1 

expression in 

cancer cell lines and human tumor xenografts. This increased expression leads to the 

formation of p27
KIP1

-Cdk2 complexes and the prevention of cells from exiting the G1 phase of 

the cell cycle [171,173]. Furthermore, cetuximab induces a decrease in the expression of pro-

angiogenic factors and inhibition in the invasion and metastatic spread of tumor cells 

[174,175]. In addition, cetuximab treatment induces the up-regulation of various pro-

apoptotic factors such as Bax and the down-regulation of Bcl-2, leading to caspase activation 

and tumor cell death [176,177]. It has also been suggested that cetuximab binds to and 

internalizes EGFRvIII. This internalization induces an 80% reduction in the active form of 

EGFRvIII [178]. Preclinical data suggest that the combination of radiotherapy, TMZ and 

cetuximab can lead to additive cytotoxic effects in glioma cell lines [178,179]. This 

combination is currently being explored in an on-going phase I/II trial [180].  

With respect to conjugated antibodies, 
125

I-MAb425 is one of the most advanced 

radioisotope-conjugated monoclonal anti-EGFR antibodies. Various phase II clinical trials 

have reported that 
125

I-MAb 425, either administered alone or combined with radiotherapy or 

TMZ, significantly improves the median survival in GBM patients [181,182]. Some 

monoclonal antibodies have been engineered to specifically target EGFRvIII. One such 

antibody is mAb806, which attenuates receptor autophosphorylation by binding to the short 

cysteine loop of the extracellular domain that is always exposed in EGFRvIII, and it may also 

weakly target amplified wtEGFR, which transiently exposes this epitope during the switch 

from the inactive to the ligand-activated conformation [183]. Pre-clinical data show that 

systemic administration of mAb806 inhibits the growth of intracranial glioma xenografts and, 

more weakly, of tumors that express wtEGFR [184]. Mechanistically, in vivo mAb806 

treatment results in reduced phosphorylation of the constitutively active EGFR and causes 

down-regulated expression of the apoptotic protector, Bcl-XL [184]. In the clinic, it is well 

tolerated and displays excellent biodistribution and specificity for its target in GBM patients 

[185]. These promising results have prompted a phase I clinical trial with a humanized 

version of mAb806. 

PDGF. PDGF and its receptor play important roles in tumorigenesis through stimulating 

tumor growth and promoting angiogenesis via enhancing pericyte recruitment and vessel 

maturation. Several antagonistic antibodies to PDGFRs have been developed as potential 

antitumor agents and have demonstrated promising antitumor activity in both preclinical and 

clinical settings. Shen et al. have reported the development of antibodies directed against 

mouse (IB3) and human (IMC-2C5) PDGFRβ that blocks the binding of PDGFR-BB to its 

receptor. The antibodies also block ligand-stimulated PDGFRβ activation and down-stream 

signaling molecules including AKT and MAPK p42/44 [186,187]. In animal studies, both 

antibodies significantly delay growth in various tumor xenograft models [186,187]. The 

authors have suggested that the efficacy of IB3 and IMC-2C5 is due to its effects on the 

tumor stroma rather than on the tumor cells directly. Furthermore, they have shown that each 

antibody enhances the anti-tumor and anti-angiogenic activities of DC101, an antibody 

directed against VEGFR2 [186,187]. These finding lend great support to the use of PDGFRβ 
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antagonists in combination with other anti-tumor and/to anti-angiogenic agents in the 

treatment of a broad range of human cancers such as GBM. 

VEGF. The use of monoclonal antibodies against the VEGF pathway has played a large 

role in cancer therapy. Bevacizumab (Avastin, Genentech) is a humanized monoclonal 

antibody that targets VEGF-A, thereby preventing activation of the VEGFR and the 

subsequent signaling cascade involved in tumor angiogenesis. In preclinical studies, 

bevacizumab inhibits angiogenesis and human GBM growth in flank and intracranial 

xenograft models [188,189]. In tumor xenograft models, bevacizumab administration in 

combination with RT inhibits tumor growth with an additive effect compared with treatment 

with bevacizumab or radiation alone [190,191]. The main mechanism by which bevacizumab 

may enhance the radiation response is by increasing tumor oxygenation through vascular 

normalization and by improving intratumoral perfusion, as shown in GBM cell lines and in 

orthotopic U87 GBM xenografts [192,193]. In addition, it has been reported that the 

combination of bevacizumab with TMZ increases the antitumor efficacy of TMZ in a human 

GBM orthotopic xenograft model [192]. Bevacizumab received accelerated approval as a 

monotherapy for the treatment of recurrent GBM in 2009 by the US Food and Drug 

Administration (FDA) based on radiographic response rates of 26-61% and 6-month 

progression-free survival rates (PFS6) of 20-50% in two phase II trials. In both studies, 

bevacizumab administration reduced the peritumoral edema and the need for corticosteroids 

in the majority of patients. Based on these results, bevacizumab is now widely used in the US 

for the treatment of recurrent GBM. In general, bevacizumab is well tolerated, with low 

incidences of intratumoral hemorrhage (2–3%) and only a modest increase in the incidence of 

venous thromboembolism and bowel perforation [194,195]. Multiple phase II/III clinical 

trials of bevacizumab in combination with chemotherapy with or without radiation are 

ongoing in GBM. Despite an initial responsiveness, the beneficial effects of bevacizumab are 

transient, and GBM inevitably progress during anti-VEGF treatment by adapting and utilizing 

alternative pathways to sustain tumor growth, all while VEGF signaling remains inhibited 

[196]. It has been reported that inhibition of VEGF signaling by bevacizumab leads to the 

activation of MET and a pro-invasive phenotype in mouse models of GBM. Lu et al. 

demonstrated that VEGF directly and negatively regulates tumor cell invasion through the 

enhanced PTP1B recruitment to a MET/VEGFR2 hetero-complex, thereby suppressing HGF-

dependent MET phosphorylation as well as tumor migration in a hypoxia-independent 

manner [196]. In addition, Lucio-Eterovic et al. have shown that anti-VEGF therapy 

(bevacizumab) promotes the expression of multiple pro-angiogenic (fibroblast growth factor 

(FGFs), interleukins and angiogenin), pro-invasive (metalloproteinase (MMP)-2, MMP-9, 

MMP-12), and tissue inhibitor of metalloproteinase 1 (TIMP-1) factors, which are important 

for the degradation of tumor stroma, for the release of VEGF and other pro-angiogenic factors 

bound to the ECM and for facilitating tumor invasion in an orthotopic glioma model [197]. 

These findings suggest that the combination of angiogenesis inhibitors with therapies 

targeting the invasive components of the tumor may produce a more efficacious therapeutic 

effect in GBM. In addition to bevacizumab, another anti-VEGF agent, Aflibercept /VEGF-

Trap, has been developed by incorporating the domains of VEGFR-1 and VEGFR-2 fused to 

the Fc fragment of IgG1, which acts as a soluble decoy receptor for VEGF. VEGF-Trap has a 

high affinity for VEGF-A, VEGF-B and placental growth factor (PlGF), which are implicated 

in pathological angiogenesis [198]. In preclinical studies, VEGF-Trap improved survival in 

an orthotopic GBM model [199] and enhanced the activity of radiation therapy [200]. A 
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phase I study evaluating VEGF-Trap with radiation therapy and TMZ for patients with newly 

diagnosed malignant glioma is ongoing. In addition to anti-angiogenesis therapy, IMC-1121B 

(ramucirumab) is another fully human monoclonal antibody directed against the extracellular 

domain of VEGFR2, which blocks the interaction of VEGF2 with VEGF and prevents pro-

angiogenic signaling [201]. In preclinical studies, IMC-1121B blocked the proliferation and 

migration of human ECs in vitro and has shown efficacy in mouse leukemia models. In phase 

I dose-escalation studies in patients with solid tumors, the single agent IMC-1121B was 

tolerated and preliminary evidence of antitumor activity was observed [202]. A phase II trial 

of ramucirumab is underway for recurrent GBM. 

Vaccines. Cancer vaccines represent promising GBM therapies. Vaccination with 

cytokine-transfected tumor cells, adoptive transfer of tumor-activated T cells, and 

administration of antigen-pulsed dendritic cell (DC) vaccines have all been associated with 

enhanced immunity and/or favorable clinical outcomes [203].  

The EGFRvIII-specific vaccine (PEP-3-KLH; CDX-110) is a 14-mer peptide (H-Leu-

Glu-Glu-Lys-Lys-Gln-Asn-Tyr-Val-Val-Thr-Asp-His-Cys-OH) coupled to keyhole limpet 

haemocyanin (KLH) directed against a novel glycine epitope at the fusion junction that arises 

as a consequence of the in-frame deletion of exons 2–7 from the extracellular domain of 

wtEGFR [203]. The proposed mechanism of action for tumor regression is believed to initiate 

with peptide capture by the antigen-presenting complex (APC). The peptide is then relocated 

into the most proximal lymph nodes, where the antigenic peptide is presented to circulating 

cytotoxic T-lymphocytes (CTLs), which are then activated upon recognition and finally 

infiltrate the tumor to eliminate the respective cancer cells [204,205]. Rodents with 

EGFRvIII-positive tumors subcutaneously or intracerebrally showed significant tumor 

reduction and increased survival rates after administration of dendritic cells (DCs) with the 

EGFRvIII synthetic peptide conjugated to KLH [206]. A dendritic cell (DC)–based vaccine 

targeting the EGFRvIII antigen was evaluated in adults with GBM. EGFRvIII-specific 

immune responses were evident in most patients, with an increase in overall median survival 

time (22.8 vs. 15.2 months) without severe adverse events [207]. Furthermore, the evaluation 

of PEP-3-KLH in combination with TMZ showed a significant improvement of PFS (14.2 vs. 

7.3 months) and median survival (26 vs. 15.2 months) [203]. From these results, it has been 

proposed that vaccination with PEP-3-KLH is safe and capable of inducing EGFRvIII-

specific immune responses in patients with a newly diagnosed primary GBM. 

A vaccine recognizing wtEGFR has also been designed, in which an EGFR-binding 

peptide is conjugated with a lytic-type peptide containing cationic-rich amino acids that kills 

the cancer cell through disintegration of the cell membrane [208]. It has been proposed that 

the EGFR binding moiety of the hybrid peptide binds to EGFR on the cell surface, and then, 

the lytic moiety of this peptide penetrates to form a pore and disrupt the cell membrane. In 

vitro studies have shown that the EGFR-lytic peptide induces apoptosis in cancer cells and 

exerts strong cytotoxicity against tyrosine kinase inhibitors-resistant cancer cells. 

Furthermore, it is effective in suppressing the growth of both breast and pancreatic xenografts 

[208]. It has been demonstrated that a single replacement of histidine to arginine in the lytic 

peptide sequence enhances its anticancer activity [209]. These results suggest a potential 

value for this therapy against GBMs.  

The tumor stroma contains several potential therapeutic targets including reactive 

fibroblasts and pericytes, which over-express PDGFβ in several neoplasms. Kaplan et al. 

described for the first time a novel strategy for achieving protection against tumor growth and 
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metastasis with an orally delivered murine PDGFRβ (mPDGFRβ)-based DNA vaccine in 

colon, breast and lung carcinoma. This vaccine suppresses angiogenesis in vivo and reduces 

the intratumoral expression of PDGFβ and NG2 [210]. The authors suggest that this vaccine 

can be used in tumors that over-express PDGFβ such as gliomas. 

Zhou et al. reported an alternative strategy with an oral DNA vaccine that encodes the 

VEGFR2 (FLK-1) gene, which prevents effective angiogenesis and inhibits tumor growth 

significantly through CD8
+ 

T cell-mediated immune responses. CD8
+ 

CTLs have the ability to 

specifically detect and kill antigen-bearing cells. They recognize antigens in the form of 8 to 

10 amino acid-long peptides that are presented to T-cell receptors (TCRs) on the cell surface 

as complexes with major histocompatibility complex (MHC) class I molecules. These 

peptides, usually referred to as CTL epitopes, are generated in the cell cytosol after 

proteolytic processing of the antigen by the proteasome [211]. One of the primary aims of 

tumor vaccines is to induce CD8
+ 

CTL responses against such epitopes to eradicate tumors 

and prevent relapse. The induction of a more effective antigen-specific immune response by 

DNA vaccines requires vaccine design optimization including novel approaches for vaccine 

delivery and effective antigen processing. Such strategies include the use of an oral carrier 

system with a double-attenuated strain of Salmonella typhimurium (dam; AroA
_
), which 

delivers the DNA to secondary lymphoid organs for subsequent transcription, translation and 

antigen processing [212]. Feng et al. demonstrated that an attenuated salmonella typhimurium 

vaccine strain expressing the FLK gene inhibits GBM growth, reduces vessel density and 

improves the survival rate in mice. The study also demonstrated that the vaccine could break 

peripheral immune tolerance in glioma against this self-antigen, kill endothelial cells by the 

orally administered vaccine and can be used for both prophylactic and therapeutic purposes 

[213]. In addition, Feng et al. reported that the anti-angiogenic effect and the anti-tumor effect 

were better with the combination of an orally administered FLK-1-based DNA vaccine and an 

immunomodulatory interleukin gene (IL-12) than either alone on gliomas, suggesting that the 

vaccine reduces the tumor environment to a necrotic or apoptotic state. This action may not 

only serve to reduce the number of viable tumor cells but may also enhance the availability of 

tumor-associated antigens for the presentation by scavenging APCs. The inclusion of IL-2 

activates immune effector cells including dendritic, NK and T cells and also initiates an IFN-

ϒ-induced cytokine cascade, resulting in antiangiogenic and pro-T cell chemotactic 

generation, which may enhance specific CTLs against the FLK-1-based DNA vaccine. 

Furthermore, the authors suggest that further studies will be conducted to validate the 

extendibility of the treatment in other tumor models [214].  

 

 

Small Molecule Inhibitors  
 

Small molecule tyrosine kinase inhibitors (TKIs) are the most clinically advanced of the 

EGFR-targeted therapies, and both reversible and irreversible inhibitors are in clinical trials. 

Some of the reversible inhibitors include erlotinib (Tarceva®/OSI774; Genentech), gefitinib 

(Iressa®/ZD1839; AstraZeneca), lapatanib (Tykerb®; GlaxoSmithKline) and PKI166 

(Novartis); the irreversible inhibitors include canertinib (CI1033; Pfizer/Warner-Lambert) and 

pelitinib (EKB-569; Wyest-Ayerst) [215]. They act by binding to the catalytic site in the TK 

domain, competing with ATP. This event inhibits the activating autophosphorylation of the 

receptor itself and in turn prevents the recruitment of downstream signaling proteins [216]. Of 
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these inhibitors, gefinitib and erlotinib represent the best-explored TKI in the clinic for the 

treatment of GBM.  

In pre-clinical in vitro studies, erlotinib inhibits EGF-dependent proliferation of cells at 

submicromolar concentrations and blocks cell-cycle progression in the G1 phase [217], 

inhibits anchorage-independent growth and decreases the expression of EGFR mRNA[218]. 

In addition, long-term exposure to erlotinib down-regulates the expression of EGFRvIII and 

the molecular effectors of tumor invasion in glioma cells [219]. Furthermore, erlotinib 

enhances radiation-induced apoptosis in human solid tumor cell lines and in human tumor 

xenografts [220]. In a recent randomised phase I/II trial of erlotinib vs. TMZ or carmustine 

among recurrent GBM patients, the PFS-6 was 11.4% in the erlotinib group compared with 

24% in the TMZ and carmustine groups [221], whereas in another phase II trial, the 

combination of erlotinib with TMZ before and after RT showed an increased median survival 

(19.1 months) relative to historical controls (14.1 months). Mellinghoff et al. reported that the 

responsiveness to erlitinib in patients with GBM appears to be dependent on the co-

expression of EGFRvIII and the tumor suppressor gene PTEN [222]. 

Gefitinib as well as erlotinib inhibits the in vitro growth of a variety of human cancer cell 

lines through similar mechanisms [223]. Carrasco-Garcia et al. reported that gefitinib induces 

G1 arrest in association with a reduction in the steady-state levels of proteins involved in the 

G1 checkpoint (cyclin D1, cyclin D3, cdk6, cdk4 and cdk2) and an increase in cdk inhibitor 

protein levels (p27
KIP1

 and p21
CIP/WAF

) [224]. This group also reported that gefitinib interrupts 

EGFR signaling by interacting with ERBB-3, inhibiting the ERK1/2 and AKT activity in 

glioma cell lines [224]. In addition, it has been reported that stem-like glioma-spheres were 

sensitive to gefitinib effects, which enhanced radiosensitivity and increased cytotoxicity 

through the inhibition of EGFR-AKT activation and DNA-PKcs expression, accompanied by 

enhanced irradiation-induced DNA DSBs/ inhibition of DNA DSB repair [225]. Initial 

clinical studies have reported that gefitinib is well tolerated at effective doses [226]; however, 

it induces an acne form of skin rash and diarrhea. In phase I/II studies, 12.7% of GBM 

patients treated with gefitinib showed a partial tumor regression, although the median times to 

progression were no better than historic controls [227]. In another study for recurrent GBM, 

the median progression-free survival was 2 months, the PFS at 6 months was 13%, and the 

median overall survival (OS) was 10 months, with no observed radiographic response [226]. 

Another phase II study by the North Central Cancer Treatment Group noted some 

radiographic responses but no superior survival benefits [227]. 

The PDGFR inhibitor (Imatinib mesylate (STI571, Gleevec®, Novartis Pharmaceuticals) 

is a kinase inhibitor of PDGFRα, PDGFRβ, the stem cell factor c-Kit, the non-receptor 

protein tyrosine kinase C-abl and breast cancer resistance protein (BCRP) [228,229]. 

Preclinical studies have demonstrated that imatinib inhibits the growth of human GBM cell 

lines and prolongs the survival of nude mice with intracranial GBM cell implants [229]. 

Imatinib inhibits growth by cell cycle arrest through disrupting the PDGF receptor autocine 

loop [230]. Furthermore, it has been reported that imatinib sensitizes human GBM cells to 

ionizing radiation [231]. It has also been reported that the combination of imatinib and 

docetaxel has a synergistic antitumor effect on glioma cells by inhibiting proliferation and 

invasion [232]. Preclinical evidence suggests that imatinib may enhance chemosensitivity by 

several possible mechanisms, including decreasing interstitial fluid pressure and 

angiogenesis, affecting DNA repair mechanisms and stromal chemokines [233]. Clinical 

studies evaluating imatinib as a monotherapy in relapsed GBM showed a minimal clinical 
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benefit with a radiographic response rate of <6% and a PFS-6 of <16% [233]. The low 

response to treatment could be due to the limited permeability of imitinib into the brain. In 

mice, only 20% of imitinib crosses the BBB; the other 80% is effluxed by BCRP and P-

glycoprotein (PGP) [234]. However, it has been reported that the combination of imatinib 

mesylate and hydroxyurea shows promising results [234]. These initial results were supported 

in a phase II trial in patients with recurrent GBM, which reported a PFS-6 of 27% and a 

median PFS of 14 weeks; 42% of patients had stable radiologic disease at a median follow-up 

of 58 weeks [235]. The mechanism of action of this combination is still unknown, but it has 

been shown that imatinib decreases the interstitial tumor pressure and may increase delivery 

of hydroxyurea into the tumor microenvironment and enhance its antitumor activity, which 

provides a possible explanation for the initial success associated with this combination [236]. 

Unfortunately, a phase III trial did not provide further evidence of efficacy [236]. 

A number of VEGFR inhibitors have been examined: sunitinib (SU11248, Sutent®, 

Pfizer), which is directed against VEGFR, PDGFR, RET, c-kit and Flt-3; vandetanib 

(ZD6474, Zactima™, AstraZeneca), directed against VEGFR2, EGFR and RET; sorafenid 

(Nexavar®, Bayer), directed against VEGFR, PDGF and Raf; cediranib (AZD2171, 

Zactima™, AstraZeneca), directed against VEGFR, PDGFR and c-Kit and vatalanib 

(PTK787/ZK 222584, Novartis and Schering), directed against VEGFR1 (Flt-1), VEGFR2 

(KDR) and VEGFR3 (Flt-4) and can also inhibit PDGFRβ. 

Preclinical studies suggest that sunitinib in an organotypic malignant glioma brain slice 

model enhances apoptosis and decreases tumor cell proliferation, angiogenesis and invasion 

through the partial phosphorylation of SRC and FAK, while sunitinib treatment in U87MG 

intracranial xenografts resulted in growth delay and diminished microvessel density [237]. 

Chahal et al. demonstrated that sunitinib decreases proliferation and survival of O
6
-

methylguanine methyltransferase (MGMT)-transfected U87MG cells treated with 

radiotherapy alone, TMZ alone or the combination, but does not affect U87MG MGMT-

negative cells [238]. It has also been shown that sunitinib augments chemotherapy 

cytotoxicity in a flank xenograft GBM model [239]. Furthermore, it can enhance the 

intratumoral delivery of TMZ in intracranial malignant glioma models, consistent with 

vascular normalization. The combined treatment may aggravate pericyte-mediated vascular 

resistance mechanisms by altering Ang-1-Tie-2 and Dll4/Notch pathways [240]. However, a 

clinical study of sunitinib in recurrent malignant glioma patients did not observe any 

objective radiographic responses, which were associated with a median PFS of only 1.6 

months [241]. It has also has been reported that the combination of sunitinib and irinotecan in 

recurrent malignant glioma patients is associated with moderate toxicity and limited anti-

tumor activity [242]. 

It has been reported that vandetanib shows a better inhibition of cell growth and survival 

in cells that express EGFRvIII through attenuated phosphorylation of STAT 3, AKT, and Bcl-

XL expression. These data showed that vandetanib significantly inhibits growth and 

angiogenesis of glioma cells that express EGFRvIII by blocking EGFRvIII-activated 

signaling mediators [243]. Albeit to a lesser extent, vandetanib also suppresses cells that 

overexpress wtEGFR [243]. The synergistic effect of vandetanib has also been studied. Jane 

et al. reported that vandetanib synergistically potentiates histone deacetylase inhibitor-

induced apoptosis in human glioma cells [244]. Furthermore, Jo et al. reported that the 

combination of TMZ and vandetanib effectively reduces GBM tumor volume through 

antiangiogenic and antiproliferative mechanisms [245]. Phase I studies have demonstrated 
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that vandetanib can be safely combined with RT and TMZ in GBM patients [243]. Patients 

with recurrent GBM and anaplastic gliomas were treated with vandetanib in a phase II trial; 

PFS-6 was 6.5% in the GBM group and 7.0% in the astrocytic glioma group. The median 

overall survival was 6.3 months in the GBM group and 7.6 months in the astrocytic glioma 

group [246]. 

Sorafenib significantly induces apoptosis through the down-regulation of anti-apoptotic 

proteins (Bcl-2 and Mcl-1) in human GBM cell lines [247]. It has also been demonstrated that 

sorafenid reduces proliferation of GBM cultures, and this effect depends, at least in part, on 

the inhibition of PI3K/AKT and MAPK signaling, both of which are involved in 

gliomagenesis [247]. In addition Carra et al. demonstrated that sorafenib has a selective 

action on GBM stem cells, causing enrichment of cultures in differentiated cells, down-

regulation of the expression of stemness markers required to maintain malignancy (nestin, 

Olig2 and Sox2) and reducing cell clonogenic ability in vitro and tumorigenic potential in 

vivo [247]. It has also been reported that mice treated with sorafenid showed significant 

inhibition of glioma cell proliferation, increased apoptosis and autophagy and suppression of 

angiogenesis in vivo [248]. Furthermore, sorafenib inhibits proliferation synergistically in 

combination with bortezomib, a proteasome inhibitor, and rottlerin, an experimental inhibitor 

of PKC [249]. A phase II trial found that first-line TMZ and radiotherapy followed by TMZ 

plus sorafenib is tolerated by patients with GBM, although the preliminary efficacy data for 

this regimen (median PFS duration, 6 months; 12-month PFS rate, 16%) are similar to the 

data for standard therapy [250]. 

Batchelor et al. demonstrated that cediranib achieved a radiographic response rate of 50% 

and a median PFS of 16 weeks among recurrent GBM patients [251]. Furthermore, using a 

constellation of sophisticated imaging modalities, the authors demonstrated that patients 

treated with cediranib exhibited radiographic findings consistent with the hypothesis that 

antiangiogenic agents can transiently normalize tumor vasculature [252]. However, in both 

studies, the benefits of cediranib for gliomas are typically transient and followed by an 

apparent increase in tumor burden [251,252]. In addition, imaging studies suggest that GBM 

progression may not be visible on contrast enhanced MRI [253]. Moreover, preclinical studies 

suggest a ―wave‖ or tumor re-vascularization after discontinuation of anti-VEGF therapy, 

which might accelerate tumor relapse [254-257]. Di Tomaso et al. compared molecular, 

cellular and vascular parameters in autopsy tissues from recurrent GBM patients treated with 

cediranib vs. control patients. After cediranib treatment, endothelial proliferation and 

glomeruloid vessels were decreased and vessel diameters and perimeters were reduced to 

levels comparable to the unaffected contralateral brain hemisphere. In addition, tumor 

endothelial cells expressed molecular markers specific to the BBB, indicative of a lack of 

revascularization despite the therapy discontinuation. Surprisingly, in cediranib-treated GBM, 

the cellular density in the central area of the tumor was lower than in control cases and 

gradually decreased toward the infiltrating edge, indicative of a change in growth pattern of 

recurrent GBMs after cediranib treatment. Finally, cediranib-treated GBM showed high levels 

of PDGF-C and MET expression and infiltration by myeloid cells, which may potentially 

contribute to resistance to anti-VEGF therapy. In summary, the authors show that recurrent 

GBMs switch their growth pattern after anti-VEGF therapy, as characterized by lower tumor 

cellularity in the central area, decreased pseudopalisading necrosis, and blood vessels with 

normal molecular expression and morphology, without a second wave of angiogenesis [258]. 
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In preclinical models, vatalanib significantly decreased VEGF-mediated glioma growth 

by inhibiting neovascularization and proliferation [259]. Furthermore, it has been shown that 

vatalanib, with other chemotherapeutics, improves the survival time, inhibits the tumor 

volume, decreases the number of PCNA-positive proliferating cells, increases the number of 

apoptotic cells and inhibits tumor angiogenesis [260]. In a study of 47 patients with recurrent 

GBM treated as vatalanib, a partial response of 4% and stability of disease in 56% were 

obtained [261]. Although the combination of vatalanib with either TMZ or lomustine was 

well tolerated in phase I/II trials, the anti-tumor efficacy was modest. Among the 51 evaluable 

patients, 8% had a partial response, and 53% were stable; the median time to progression was 

16 weeks for patients in the TMZ group and 10 weeks for patients in the lomustine group 

[262]. 

Micro RNAs- miRNAs are highly conserved noncoding RNAs that control gene 

expression post-transcriptionally through the degradation of target mRNAs or the inhibition 

of protein translation. miRNAs are now emerging as master regulators that act as either an 

oncogene or a tumor suppressor or even affect both phases of tumorigenesis. Each miRNA is 

thought to control the expression of multiple mRNA targets, and they have been shown to be 

involved in the initiation and progression of human cancer. As they control important 

processes such as differentiation, cell growth and cell death, miRNAs hold great promise for 

targeted cancer therapy. 

EGF- Low expression levels of miR-7 have been found in GBM compared with the 

normal brain [263]. Yang et al. reported that miR-7 significantly inhibits glioma cell line 

proliferation, partially silences EGFR post-transcriptional translation and reduces EGFR 

activity and function [264]. Furthermore, Kefas et al. reported that GBM cells transfected 

with miR-7 undergo apoptosis (cleaved poly(ADP-ribose) polymerase) and show reduced 

invasion through decreased levels of EGFR and upstream regulators of the AKT pathway, 

insulin receptor substrate 1 (IRS1) and 2 (IRS2). The authors suggest that miR-7 regulates the 

EGFR and AKT pathways [263]. It has also been suggested that miR-7 may be a useful 

therapeutic target for overcoming the radio-resistance of human cancers with activated 

EGFR-PI3K-AKT signaling and that miR-7 could regulate the EGFR and AKT pathways 

[265]. In addition, miR-7 over-expression inhibits invasion and migration, and miR-7 

modulates FAK expression directly by binding the 3′UTR of FAK mRNA. Furthermore, 

miR-7 represses p-ERK1/2 and p-AKT levels and MMP-2 and MMP-9 expression levels 

[266]. Animal experiments have shown that neither liposome- or adenovirus-transfected miR-

7 can effectively inhibit human malignant glioma growth in vivo [267]. These data suggest 

that miR-7-based gene treatment may be a novel anti-invasion therapeutic strategy for 

malignant glioma. 

PDGF- miR-34a was originally identified as a likely tumor suppressor miRNA and a 

downstream transcriptional target of p53 [268,269]. Several reports have shown that miR-34a 

is downregulated in GBM compared with normal brain, and it inhibits cell proliferation, 

survival, and invasion in adherent glioma cell lines by targeting MET, NOTCH1, NOTCH2 

and CDK6 [270-272]. In addition, miR-34a appears to promote differentiation in glioma cells 

grown in stem-like conditions [273]. Silber et al. demonstrated that the induction of miR-34a 

inhibits the growth of proneural glioma cells in vitro and in vivo and that the PDGF-driven 

miR-34a repression is unlikely to operate solely through a p53-dependent mechanism [274]. 

However, Li et al. reported that miR-34a expression is higher in wild-type p53 GBM tissues 

than in mutant p53 GBM tissues [275]. In addition, transient transfection of miR-34a into 



Cristina Trejo-Solís, Isabel Anaya-Rubio and Julio Sotelo 190 

glioma and medulloblastoma cell lines strongly inhibits cell proliferation, cell cycle 

progression, survival and invasion by targeting multiple oncogenes [275]. Transient 

expression of miR-34a in GBM cells strongly inhibited in vivo glioma xenograft growth 

[275]. 

VEGF- miRNA-205 is significantly down-regulated in glioma cell lines and tissue 

specimens. Hou et al. showed that the ectopic expression of miRNA-205 induces apoptosis, 

cell cycle arrest, impairs cell viability, clonability and invasive properties of glioma cells. The 

authors further demonstrate that miRNA-205 can specifically suppress VEGF expression by 

directly interacting with the putative miRNA-205 binding site at the 3'-UTR [276]. Therefore, 

identification of VEGF as a direct target for miRNA-205 may indicate that miRNA-205 is a 

novel target for glioma therapy 

 

 

Targeting Downstream Intracellular Effector Molecules 
 

The RAS/RAF/MAPK Pathway 

To transmit signals, RAS must attach to the plasma membrane, and this event is 

dependent upon the post-translational addition of a farnesyl group to the C-terminal amino 

acid group known as farnesylation/palmitoylation (CKCVLS) of H-RAS signaling (CAAX) 

box by the enzyme farnesyl-transferase [277,278]. Farnesyl transferase inhibitors (FTIs) 

block RAS-mediated signaling; they may also inhibit signaling through other pathways 

requiring farnesylation including Rho B and the PI3K/AKT pathway [279]. 

Farnesyltransferase inhibitors (FTIs) such tipifarnib (R115777, Zarnestra™; Ortho Biotech 

Products) and lonafarnib (SCH66336, Sarasar™; Schering-Plough) are the inhibitors more 

frequently studied in RAS signaling in the clinic for the treatment of GBM. 

Tipifarnib- It has been reported that tipifarnib is a radiosensitive that induces postmitotic 

necrotic cell death of radioresistant glioma cells [280]. However, Delmas et al. reported that 

tipifarnib reduces HIF1α intracellular levels and MMP-2 activity, leading to intrinsic 

radioresistance, hypoxia and angiogenesis in glioma cells and glioma xenografts [281]. In a 

recent phase II trial, tipifarnib showed only modest activity, with a PFS6 of 12% in recurrent 

GBM and 9% in patients with anaplastic glioma [282], and another study was stopped early 

due to disease progression in 48% of patients, where tipifarnib administration prior to 

irradiation in patients with newly diagnosed GBM and residual enhancing disease did not 

result in survival improvements [283]. 

Ionofarnib- Glass et al. demonstrated that ionofarnib inhibits viability and anchorage-

independent growth in a time- and dose-dependent manner in GBM cell lines through of the 

down-regulation of phospho-MAPK, whereas EGFR overexpression appears to alter cellular 

sensitivity to farnesyltransferase inhibitors [284]. In addition, ionofarnib inhibits the growth 

of human GBM explant xenografts in NOD-SCID mice [284]. Ionofarnib improves the 

activity of temozolomide and radiation for orthotopic malignant gliomas [285]. A phase I 

study of ionofarniband TMZ in patients with recurrent GBM reported that 27% of patients 

who were previously resistant to temozolomide showed a partial response to both treatments 

with a PFS-6 rate of 38%, a median PFS of 3.9 months, and a median disease-specific 

survival of 13.7 months [286]. These studies demonstrate that TMZ can be safely combined 

with a farnesyltransferase inhibitor and that this regimen is active, although the current study 
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cannot determine the relative contributions of the two agents or the contribution of the novel 

administration schedule [286]. 

 

 

Targeting the PI3K/Akt/mTOR Pathway 
 

LY294002, a PI3K inhibitor, sensitizes glioma cell lines to radiation [287]. Direct AKT 

inhibitors have been difficult to develop and have not been tested in glioma clinical trials. As 

an alternative, agents directed at the mTOR pathway have been developed [288]. The classic 

mTOR inhibitor is rapamycin, initially developed as an immunosuppressant for patients 

undergoing transplantation. This agent works by forming a complex that binds to mTOR and 

inhibits its kinase activity, resulting in G1 cell-cycle arrest [289]. Preclinical studies have 

shown that rapamycin is cytostatic against xenografts of glioblastoma and medulloblastoma 

[290]. Compared with PTEN-positive tumors, PTEN-negative tumors appear to be more 

sensitive to inhibition by rapamycin [289]. 

mTOR inhibitors- Several inhibitors of the mTOR are being investigated in clinical 

trials [291,292]. These agents include temsirolimus (CCI-779; Torisel®; Wyeth), sirolimus 

(Rapamune®; Wyeth), everolimus (RAD001, Certican®; Novartis) and AP23573 (ARIAD).  

Temsirolimus is a lipid soluble analogue of rapamycin that inhibits mTOR by binding to 

immunophilin FK-506 binding protein 12 (FKBP-12), inducing cell cycle arrest and 

decreasing the growth of several human cancer cell lines [293]. Temsirolimus in a mouse 

model of PDGF-B-driven, low-grade gliomas demonstrated an antiproliferative effect [294]. 

Furthermore, Hu et al. demonstrated that mTOR blockage with temsirolimus resulted in 

regional apoptosis and conversion in the character of the surviving tumor cells from 

astrocytoma to oligodendroglioma in a mouse model of Akt+KRas-induced GBM. There are 

other reports that have shown the pro-apoptotic effects of rapamycin [295]; however, there 

are also data indicating that it promotes cell survival [293]. In a phase II study, temsirolimus 

administration to patients with progressive GBM was well tolerated, with some objective 

responses [291]. High levels of phosphorylated ribosomal S6 kinase at baseline appeared to 

correlate with treatment response. Radiographic improvement was evident in some patients, 

although the PFS6 was only 7.8% and 2.5% in two studies [291,292]. These studies suggest 

that temsirolimus has limited activity in glioblastomas as a monotherapy; no obvious 

subpopulation of patients who could benefit from treatment has been reliably identified. 

More recently, based on evidence of the synergism between mTOR inhibitors and EGFR 

TKIs [296], on-going trials have been exploring such a combination [296,297]. In a phase I 

study, the combination of gefitinib and sirolimus in malignant gliomas found no significant 

pharmacokinetic interaction between the two drugs, with a partial radiological response and 

stable disease noted in 2 and 13 of 34 patients, respectively [296]. Similarly, a study 

combining gefitinib and everolimus failed to find a survival benefit of this combination 

compared with historical controls, although a radiological response occurred in a 33% of 

patients [297]. 

 

 

 

 

 



Cristina Trejo-Solís, Isabel Anaya-Rubio and Julio Sotelo 192 

Targeting the PKC Pathway 
 

There are two PKC inhibitors: tamoxifen (Nolvadex, AstraZeneca) and enzastaurin 

(LY317615, Eli Lilly).  

Tamoxifen- It has been reported that tamoxifen inhibits PKC and has antioestrogenic 

effects [298]. High tamoxifen doses have demonstrated anti-tumor activity in glioma 

xenografts [298] but have failed to show benefit in clinical trials [299]. In an attempt to 

increase clinical efficacy, tamoxifen has been combined with many other standard 

chemotherapeutic regimens such as low-dose TMZ without clear additional benefit to date 

[300]. 

Enzastaurin- Enzastaurin is a PKCβ inhibitor that prevents substrate phosphorylation by 

competing with the enzyme ATP binding site. This agent has demonstrated antiangiogenic 

activity as well as anti-tumor activity in U87 glioma xenografts and a variety of other solid 

tumors [301-303]. In addition, this compound inhibits signaling through the PI3K/AKT 

signaling pathway, suppresses glycogen synthase kinase 3β phosphorylation, induces 

apoptosis and inhibits proliferation in several cell lines from a variety of human cancers 

including gliomas, and has antiangiogenic activity [302]. Furthermore, it has been shown that 

enzastaurin enhances the efficacy of RT by inhibiting unwanted proinvasive and angiogenic 

effects and enhances TMZ-induced cell death in GBM cell lines [303]. Enzastaurin was well 

tolerated as a single agent [304], and preliminary results in adult patients with recurrence 

reported that 22% of patients achieved objective radiographic responses and 5% achieved 

stable disease. However, intratumoral hemorrhages were noted in several patients [304]. 

Based on these encouraging results, a phase III study was initiated in adult patients treated 

with lomustine and enzastaurin in recurrent GBM; however, it was terminated prematurely 

due to lack of survival benefit of enzastaurin over the control [305]. In a recent phase II study, 

it was shown that the combination of enzastaurin with TMZ plus radiation therapy in GBM 

patients was well tolerated with a historic 15-month survival, making enzastaurin a 

potentially attractive agent to evaluate in combination with other antiangiogenic and cytotoxic 

agents in patients with malignant glioma [306]. 

 

 

Conclusion 
 

Gliomas are among the most difficult tumors to treat. Their highly invasive nature leads 

to recurrence even after aggressive therapy of surgery, radiotherapy and chemotherapy. A 

promising target for new therapies are tyrosine kinases because they regulate a large range of 

proteins involved in growth, metabolism and differentiation. The TKRs, EGFR, PDGFR and 

VEGF are often amplified, overexpressed, and/or mutated in gliomas and play an important 

role in glioma development. A number of agents including multi-targeted kinase inhibitors, 

monoclonal antibodies, vaccines and microRNAs have been developed and tested in clinical 

trials with mixed results.  

Despite an initial responsiveness, the benefits are typically only transient, and most 

tumors eventually progress. In a subset of patients, these tumors recur not as enhancing 

masses, but with a more infiltrative phenotype resembling gliomatosis. 
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The negative results reported in the majority of published clinical studies may be 

explained, at least in part, by this single-target approach. Single-target therapies may provide 

limited effects, as the restricted passage through the BBB. Furthermore, GBM cells may 

exhibit significant genetic instability, possibly leading to resistance of single-targeted agents 

by switching to alternative molecular pathways. To improve on the advances made with these 

agents, it will be critical to identify the mechanisms that determine intrinsic resistance of 

subsets of GBMs to these agents as well as the mechanisms that develop during therapy that 

allows the tumor to eventually progress after an initial response. These mechanisms of 

‗‗evasive resistance‘‘ are thought to include the upregulation of alternative pro-angiogenic 

signals, such as FGF, ephrins and angiopoietins, leading to revascularization, recruitment of 

vascular progenitor cells and pro-angiogenic inflammatory cells, such as CD11b monocytes, 

or by the protection of the tumor vasculature by increasing protective pericyte coverage as 

well as the co-option of normal vasculature and invasion into surrounding tissue. 

Tumor cell resistance to these agents strongly indicates that a multiple target approach 

that can simultaneously inhibit a variety of molecular pathways, including growth factor 

receptor signaling pathways, DNA damage repair processes, angiogenesis and invasion, will 

provide a more favorable future for targeted therapies in GBM. 
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