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INTRODUCTION

Malignant glioma (MG), including glioblastoma 
multiforme (GBM) and anaplastic astrocytoma, ranks 
among the most common primary brain tumors. Apart 
from maximally safe surgical resection, the first-line 
treatment consists of radiotherapy and concomitant 
systemic application of chemotherapy-usually with 
temozolomide-following the Stupp regimen, which 
represents the standard conventional treatment for 
GBM. Nonetheless, the median survival time of patients 
with MGs, and consequently their outcome, remains 
very poor.[1-3]

Several mechanisms of GBM resistance to standard 
chemotherapy have been proposed. The use of 
chemotherapy has been reported as being limited, 
due to the fact that the blood-brain barrier restricts 
the accumulation of conventional cytotoxic agents 
to therapeutic concentrations in the tumor and the 

peritumoral area.[2-4] Other restricting factors include 
potential interactions between antiepileptic drugs and 
chemotherapeutic agents, use of glucocorticosteroids, 
and the implication of specific genetic transformation 
and characteristics of GBMs. In particular, the multidrug 
resistance system is considered to be mainly responsible 
for the development of treatment resistance.[4]

PATHOGENETIC ASPECTS OF GLIOBLASTOMA 
MULTIFORMES

The pathological hallmarks of GBMs include rapid 
progression, neovascularization, necrosis, and intense 
apoptotic resistance. Common genetic alterations 
associated with malignant phenotypic characteristics 
are commonly found in tumors. However, the 
molecular mechanisms leading to these phenotypic 
features are as yet vaguely defined, mainly due to 
genetic heterogeneity, even within the same tumor.[5] 
However, there are some known mutations, deletions, 
or alterations in gene expression that have been linked 
to the genesis of GBMs.[3,6] Several signaling pathways 
leading to malignant behavior in MGs, induction 
of cell migration, and tumor invasiveness have also 
been implicated. These pathways are regulated by 
amplification and/or overexpression of several growth 
factor receptors linked with tyrosine kinases, such as the 
epidermal growth factor receptor (EGFR), insulin-like 
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growth factor receptor, platelet-derived growth factor 
receptor (PDGFR), vascular endothelial growth factor 
receptor (VEGFR), and hepatocyte growth factor/scatter 
factor receptor. Several hormones and cytokines are 
also involved in the regulation of molecular pathways 
related to GBM development.[5] Recent data implicate 
the inflammatory interleukins (IL)-1β, -6 and -8 in 
GBM pathophysiology. It has been found that these 
cytokines are upregulated in GBM cell lines as well 
as in patients’ samples while some of them have high 
prognostic potential.[7]

Angiogenesis is considered to be the key regulating 
factor of vascular development in tumors and especially 
for GBMs. The development and growth of MGs seem 
to be dependent on angiogenesis since microvascular 
proliferation can only be observed in high-grade 
gliomas.[2,8-10] Apart from growth factors and their 
receptors, other molecules that significantly contribute 
to angiogenesis in gliomas and growth of GBMs are the 
integrins and focal adhesion kinase (FAK).

INTEGRINS

Integrins are cell surface receptor glycoproteins, 
mediating various intracellular signals through 
interaction with the extracellular matrix (ECM). Integrins 
also significantly contribute to the attachment of cells 
to the ECM through the formation of cell adhesion 
complexes consisting of integrins and cytoplasmic 
proteins. There are many types of integrins, which are 
obligate heterodimers containing two distinct chains 
called α and β subunits. The combination of α and β 
subunits determines the ligand specificity.[11-13]

Integrins are crucial molecules in glioma because of 
their contribution to enhanced invasion capacity in 
glioma cells. This phenotype can be defined by three 
attributes. The cells at the invasive edge of the tumor 
are able to: (i) detach and migrate forward; (ii) adhere 
via local and self-produced ECM; and (iii) degrade 
the local/surrounding ECM in order to clear a path 
for further invasion. Since integrins are integral to 
the process of cell adhesion and migration, these 
receptors have been assessed as potential contributors 
to glioma invasion, as have been the cooperating ECM 
components.[11] Multiple integrins have been reported 
to be expressed on GBM in tissue biopsies, including 
ανβ3, ανβ5, α5β1, α2β1, α3β1, α6β1, and ανβ1.

Functional studies with blocking antibodies directed 
toward the β1 integrin subunit have shown an inhibition 
of adhesion, motility, and invasion of cultured glioma 
cells plated on multiple ECM substrates (laminin, 
collagen type IV, fibronectin, and vitronectin), suggesting 
a role for one or more β1 integrins in neoplastic glial 

cell migration into the brain.[12] Another study utilizing 
neutralizing antibodies directed toward the αv or the 
β1 integrin subunits reported complete inhibition of 
GBM cell migration by most substrates, suggesting the 
αv and β1 integrins play a crucial role in GBM tumor 
cell infiltration into the normal brain.[12]

Integrins modulate several functions of GBM 
cells-including survival, adhesion, and migration-
through interaction between growth factors and their 
receptors with subsequent formation of complexes. 
There is robust evidence suggesting the formation of 
analogous complexes in different types of cells, such as 
complexes of various types of integrins with VEGFR-2, 
PDGFR-β, and EGFR.[14,15]

FOCAL ADHESION KINASE

Focal adhesion kinase has been recently established 
as a key component of the signal transduction 
pathways triggered by integrins. FAK not only acts 
directly on the plasticity of cytoskeletal structures 
at focal adhesions, but also mediates effects on 
gene expression that indirectly alter the ability of 
cells to migrate and invade.[13] The interaction of 
urokinase-type plasminogen activator receptor (uPAR) 
with integrins during cell adhesion and migration has 
also been proposed. uPAR binds the urokinase-type 
plasminogen activator (uPA) and facilitates a 
proteolytic cascade focused on the cell surface. uPAR 
has recently been recognized as a multifunctional 
protein that, through its interactions with integrins, 
initiates signaling events that alter cell adhesion, 
migration, and proliferation of various cancer cells, 
including GBM cells.[11,12,16]

All these molecular and genetic alterations contribute 
to the well-established biological features of GBMs 
and may provide a target to enhance therapeutic 
responsiveness of these lethal brain malignancies. 
Recent advances in thorough understanding of the 
complex molecular pathogenesis of GBMs have led 
to the rational development of new treatment options 
targeting intracellular signaling.[1,2] Despite these 
advances, most single-agent therapies targeted to growth 
and survival pathways have failed to demonstrate a 
significant survival benefit, mainly because of the 
complexity of the implicated signaling pathways 
and their interactions. Thus, targeting multiple 
signaling pathways by multi-target kinase inhibitors 
or combinations of single-target kinase inhibitors may 
increase treatment efficacy. Multi-targeted agents are 
needed to simultaneously target multiple signaling 
pathways that occur either at the same time or 
sequentially, as a compensatory mechanism to tumor 
growth and resistance to treatment.[1] Currently, several 
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multi-target kinase inhibitors and combinations of 
single-targeted kinase inhibitors that simultaneously 
affect multiple pathways such as signaling, repair, and 
angiogenesis have been tested in clinical trials for their 
ability to effectively prolong the median survival time 
of patients and to establish future directions in GBM 
therapy. Overall, the identification of new targeted 
strategies for GBMs remains a very challenging area in 
the field, since it has the potential to positively affect 
patient outcome, survival rate, and quality of life.

Preclinical, as well as clinical studies with various 
integrin antagonists, have demonstrated their 
effectiveness in blocking tumor progression. Phase 
II clinical trials with cilengitide (Merck KGaA, 
Darmstadt, Germany), an αvβ3 and αvβ5 integrin 
antagonists, have shown clinical activity and few side 
effects in patients with glioblastoma.[17] Cilengitide 
is a synthetic Arg-Gly-Asp (RGD) pentapeptide 
recognizing the RGD ligand binding motif on the 
integrin receptors ανβ3 and ανβ5

[18] and competitively 
blocks integrin ligand binding. It has been shown to 
diminish angiogenesis in vitro.[19] In an important early 
preclinical study, cilengitide markedly suppressed 
tumor growth in amedulloblastoma and orthotopic 
glioblastoma models (i.e., when tumors were grown 
in the brain), whereas no growth inhibition was 
demonstrated in a heterotopic model (i.e., when 
tumors were grown in the flank of nude mice) or 
when an inactive peptide was used.[20] This suggests 
that the brain environment is particularly susceptible 
to the integrin inhibition and has led to subsequent 
clinical investigation.[21]

In addition, a new variant of RGD (internalizing RGD, 
iRGD) that combines the RGD motif with a tissue 
penetration element called C-end rule (CendR) has been 
recently presented.[22] Like the earlier RGD peptides, 
iRGD homes to tumors, but exposure of the CendR 
motif activates a transport system through tumor 
blood vessel walls into the tumor core. Interestingly, 
it was shown that coupling of iRGD to anti-cancer 
drugs allowed them to penetrate deeply into tumors, 
effectively increasing the activity of the drugs.[22] 
More specifically, intravenously injected compounds 
coupled to iRGD bound to tumor vessels and spread 
into the extravascular tumor parenchyma, whereas 
conventional RGD peptides only delivered the cargo 
to the blood vessels. iRGD homes to tumors through a 
three-step process: the RGD motif mediates binding to 
αv integrins on tumor endothelium, and a proteolytic 
cleavage then exposes a binding motif for neuropilin-1, 
which mediates penetration into tissue and cells. 
Conjugation to iRGD significantly improved the 
sensitivity of tumor-imaging agents and enhanced the 
activity of an antitumor drug.

CONCLUSION

Based on the information provided above, we propose 
an experimental study that will apply a strategy for 
peptide-mediated delivery of compounds deep into 
tumor parenchyma using tumor-homing peptides. 
Selected tyrosine kinase inhibitors such as imatinib 
will be coupled to tumor-specific homing peptides and 
will be used for the treatment of various GBM cell lines. 
Such targeted delivery of the antitumor agent can result 
in higher drug concentrations in tumors, increasing 
drug efficacy and reducing peripheral toxicity, thus 
overcoming the chemo-resistance of cancer cells, which 
is usually mediated by membrane transporters. This 
initiative is expected to result in new drug candidates by 
obtaining reliable data on the molecular pathogenesis 
of GBMs and molecular-targeted treatment options for 
GBMs. The development of drug candidates involving 
a delivery system based on previous knowledge and 
targeting intracellular pathways would facilitate the 
identification of more effective treatment options, 
thereby positively affecting the outcome, survival rate, 
and quality of life in patients with GBM.
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