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Malignant gliomas are the leading cause of central-nervous-
system-tumour-related death, and despite recent advances in
surgery, radiotherapy, and chemotherapy, current treatment
regimens have a modest survival benefit; the prognosis is
even worse in children with brain stem malignant gliomas.

Gliomas are divided into four clinical grades on the basis
of their histology and prognosis. The most malignant grade
4 astrocytoma, or glioblastoma multiforme (GBM), either
arises de novo (usually associated to epidermal growth factor
receptor pathway activation and PTEN inactivation leading
to PI3K kinase/AKT activation pathway) or progresses from
lower grade to higher grade over time (characteristically
due to p53 and retinoblastoma pathways inactivation). Due
to a combination of its complex phenotype and organ-
specific clinical manifestations, efforts to refine GBM treat-
ment with targeted therapies have largely been frustrated.
Therefore, the identification and characterization of signal
transduction pathways alterations, with a pathogenic role on
glioma development and progression, may contribute to the
identification of therapeutic targets aimed at a more efficient
treatment.

The seven tightly organized papers in this special issue
give an update of all the latest concepts about the molecular
mechanisms of pathogenesis of glioblastoma and new thera-
peutic opportunities.

The molecular characteristics of angiogenesis, a key
event for glioma survival, aggressiveness and growth, are
addressed by two well-balanced papers. S. Bulnes et al.
review angiogenic signaling altered in a rat glioma model
and discuss on the selection mechanisms for more aggressive
subpopulation with invasive phenotype. They show that

glioma stem cells and vascular endothelial cells play a
relevant role in the angiogenic process, and referring to
molecular pathways, hypoxia inducible factor-1 and vascular
endothelial growth factor are the most significant. The
papers by V. Cea et al. offers an overview of the most
relevant issues about antiangiogenic therapy for glioma,
presenting several available drugs that are used or can
potentially be utilized for the inhibition of angiogenesis in
glioma, focusing on the key mediators of the molecular
mechanisms underlying the resistance of glioma to anti-
angiogenic therapy.

Two interesting and novel papers discuss epigenetic
mechanisms producing signal pathways deregulation in
gliomas. The paper by R. Alelù-Paz et al. is a nice addi-
tion to the current literature about epigenetic changes in
human cancer, particularly in gliomas. The emerging role
of cancer stem cells in the pathophysiology of cancer is as
well discussed. R. Martinez has written a paper describing
epigenetic and genetic alterations in gliomas, resulting in
deregulation or functional disruption of tumor suppressor
and oncogenes. In both papers, the discussion of epigenetic
alterations in the pathogenesis and evolution of gliomas
clearly indicate their crucial function for discovering new
biomarkers for detection and prognosis and for development
of new pharmacological strategies.

L. Catacuzzeno et al. clearly introduce the reader to
the structural, biophysical, pharmacological, and modula-
tory properties of the intermediate conductance calcium-
activated K (KCa3.1) channels. They describe the importance
of the KCa3.1 channels in glioblastoma cell functions.
These channels are highly expressed in glioblastoma cells
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if compared to the normal brain parenchyma and play
an important role in the control of glioblastoma cell
migration, a critical process that represents major causes
for tumor progression and for recurrence following tumor
surgical resection. Altogether, data suggest KCa3.1 channels
as potential candidates for a targeted therapy against glioma.

The research paper by H. L. Watt et al. evaluates the
biological responses of glioma cells to combined treatment
with RTK inhibitors, DNA damaging agents, and octreotide,
an agonist of the somatotropin receptor. Changes in the
activation profile of EGFR mitogenic signaling and DNA
damage response pathway, as well as apoptosis and cell cycle
distribution were analyzed. The results support the notion
that the effects of combined therapy on glioma cells mostly
depend on the specific context of cell cycle arrest.

A crucial challenge for human glioma treatment is to
deliver drugs effectively to invasive glioma cells residing in
a sanctuary within the central nervous system. S. Catuogno
et al. discuss recent results on the use of oligonucleotides
that will hopefully provide new effective treatment for
gliomas. Oligonucleotide-based approaches, including anti-
sense, microRNAs, small interfering RNAs, and nucleic acid
aptamers, look very promising particularly to overcome
challenges presented by the blood-brain barrier.

In total, we hope that these contributions will provide a
well-rounded overview of histopathology, molecular biology,
and current treatment strategies for glioma.
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Gliomas are the most common type of primary brain tumor. Although tremendous progress has been achieved in the recent years
in the diagnosis and treatment, its molecular etiology remains unknown. In this regard, epigenetics represents a new approach to
study the mechanisms that control gene expression and function without changing the sequence of the genome. In the present
paper we describe the main findings about the alterations of cell signaling pathways in the most aggressive glioma in the adult
population, namely, glioblastoma, in which epigenetic mechanisms and the emerging role of cancer stem cell play a crucial function
in the development of new biomarkers for its detection and prognosis and the corresponding development of new pharmacological
strategies.

1. Introduction

The majority of Central Nervous System (CNS) tumors have
a glial origin. From a clinical point of view, gliomas can
be classified into four grades on the basis of its histology
and prognosis, encompassing three different tissue types:
astrocytomas (about 70%), oligodendrogliomas (10–30%),
and ependymomas (less than 10%). In this clinical scale,
glioblastoma (GBM) corresponds to grade IV astrocytoma
and represents the most aggressive glioma in the adult
population, with a median overall survival between 9 and
12 months after the diagnosis, characterized by rapid growth
and diffuse invasiveness into the adjacent brain parenchyma.

2. Epigenetic Mechanisms in Normal Cells

Epigenetics can be defined as the study of mechanisms that
control gene expression in a potentially heritable way [1].
In humans, the most widely studied epigenetic modification
is the methylation of cytosine residues at the carbon 5
position (5 mC) within the CpG dinucleotides [2] mediated
by DNA methyltransferases (DNMTs), a family of enzymes

that catalyze the transfer of a methyl group from S-adenosyl
methionine to the DNA. In mammals, there are three main
DNMTs: DNMT1, DNMT3a, and DNMT3b. DNMT1 is the
most abundant DNMT in the cell and is transcribed mostly
during the S phase of the cell cycle [1]. Its activity is focused
on the faithfully preservation of DNA methylation patterns,
acting preferably on the hemimethylated DNA generated
during semiconservative DNA replication. DNMT3a and-3b
are thought to be responsible for establishing the pattern of
methylation during embryonic development showing a high
expression in embryonic stem cells and a downregulation
in differentiated cells, although its function is not only
restricted to the novo methylation; both contribute to the
methylation of the sites missed by DNMT1 at the replication
fork [3].

As we have already mentioned, DNA methylation occurs
mainly at CpG dinucleotides, which are not randomly
distributed throughout the human genome but are concen-
trated in regions called CpG islands, preferentially located
at the promoter region of about 60% of human genes.
These CpG island are usually unmethylated in normal tissues
allowing gene expression when the appropriate transcription
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factors are present. Methylation of promoter CpG islands
is associated with a closed chromatin structure and tran-
scriptional silence of the associated genes. Although CpG
islands are usually unmethylated in normal tissues, some
physiological processes require DNA methylation, such as
genomic imprinting, the inactivation of X chromosome in
females, the regulation of germline-specific genes, and,
finally, in the silencing of tissue-specific genes in cell types
in which they should not be expressed [4–6]. Among other
mechanisms, gene silencing is carried out by the recruit-
ment of methyl-CpG-binding domain proteins (MBD) that
leads the recruitment of histone-modifying and chromatin-
remodeling complexes.

Despite of the DNA methylation has been described pref-
erably at CpG islands, this epigenetic mechanism is not
exclusive of these regions. CpG island shores and regions
of lower CpG density close to CpG islands (∼2 kb) are
associated with transcriptional inactivation, focusing its
activity in the regulation of tissue-specific gene expression.
On the contrary, in gene bodies this epigenetic mechanism
is common in ubiquitously expressed genes and is positively
correlated with gene expression involved in elongation effi-
ciency and prevention of spurious initiations of transcription
[1]. Finally DNA methylation is present in repetitive ele-
ments in order to protect chromosomal integrity preventing
the reactivation of endoparasitic sequences.

Histone modifications are the other major epigenetic
modification, which consist in dynamic and reversible post-
translational modifications of the residues at N-terminal tails
of histones that are mediated by sets of enzymatic complexes
that site-specifically attach or remove the corresponding
chemical groups [7]. The core histones H2A, H2B, H3,
and H4 group into two H2.A-H2.B dimers and one H3-H4
tetramer to form the nucleosome that is the basic unit of the
chromatin. Around the histone octamer, a 147-bp segment
of DNA wrapped in 1.65 turns and neighboring nucleosomes
are separated by, on average, ∼50 bp of free DNA [1].

The histone modifications described so far include
acetylation, methylation, phosphorylation, ubiquitination,
SUMOylation, and ADP-ribosylation, having a main role in
important cellular processes such as DNA repair, DNA repli-
cation, alternative splicing, and chromosome condensation.
In regard to gene expression regulation, histone modifica-
tions have been associated with both transcriptional repres-
sion and activation. Histone acetylation results from the bal-
ance of the activities of HATs (histone acetyltransferases) and
HDACs (histone deacetylases) and in general is associated
with a less-condensed chromatin state and transcriptionally
active gene status [8], while histone deacetylation increases
ionic interactions between the positively charged histones
and negatively charged DNA, which yields a more compact
chromatin structure and represses gene transcription by
limiting the accessibility of the transcription machinery.
Histone acetylation also plays an important role in regulation
of DNA replication and DNA repair [9]. Histone methy-
lation is regulated by histone methyltransferases (HMTs)
and is both associated with transcriptional activation and
repression, so gene expression is associated with high levels
of trimethylated H3K4, H3K36, and H3K79 and, on the

contrary, transcriptional repression is characterized by high
levels of H3K9, H3K27, and H4K20 methylation.

These epigenetic modifications do not work alone; his-
tones can be modified at different sites simultaneously, giving
rise the cross-talk among the different histone marks. Thus,
combination of all these marks in a nucleosome or region
together with the DNA methylation pattern specifies chro-
matin structure and so transcriptional activity.

3. Epigenetics in the Human Central
Nervous System

Dynamic relationships between epigenetic marks described
in the previous section reach the higher levels of complexity
in the CNS. The brain develops in a well-programmed
order, which begins as a sheet of neural stem cells that
lead to the formation of neurons at the embryonic stage
and the appearance of glial cells at a later embryonic stage
and postnatal period [10]. In both populations, epige-
netic marks determine the potential of gene transcriptional
activity.

Although the epigenetic mechanisms that regulate the
gene expression in the CNS are the same as other organs, the
human brain is a complex structure that made it necessary
the introduction of new variables in its study, that is, an
epigenetic connection to brain anatomy. In this regard, it
has been described different epigenetic signatures depending
on the brain area analyzed [11], so the DNA methylation
patterns vary from one region to another, between cell types
and, even, among its different subpopulations (i.e., astrocytes
and oligodendrocytes). Moreover, the analysis of the DNA
methylation in the human brain could not be restricted
to the promoter region of the gene; a recent study suggest
the necessity to look beyond promoters, specifically to the
intragenic regions and its effects on the gene regulation
processes in each cell types and brain regions [12].

Finally, it is important to highlight the role of 5-hydrox-
ymethylcytosine (5 hmC) in the DNA methylation-related
plasticity in the human brain. This epigenetic mark derives
from an enzymatical modification of 5 mC by Tet family
proteins through Fe(II) α-KG-dependent hydroxylation [13].
The levels of 5 hmC in the CNS are higher in comparison
with other tissues and approximately tenfold greater than
those seen in embryonic stem cells [14]; although little is
know about the function of this new epigenetic mark, it
has been suggested that it plays a critical role in postnatal
neurodevelopment and aging, as well as in different human
neurological disorders [12].

4. The Epigenetics of Malignant Gliomas

The signaling network in cancer follows a pattern of stochas-
tic and complex interactions responsible for different pro-
cesses that form its pathophysiology. These processes involve
genetic and epigenetic changes that disturb the normal
function of signal transduction pathways regulating cellular
processes such as cell proliferation, adhesion, migration, and
differentiation. In recent years, a great number of DNA
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methylation markers have been identified in cancer through
the use of the target candidate gene and whole genome
approaches, providing a valuable information about the eti-
ology of cancer, and enabling us to the development of new
strategies for assessing cancer risk status, detecting tumors
as early as possible, monitoring prognosis, and instituting
more accurate tumor staging, along with the monitoring of
prevention strategies. Four major cancer clinical areas could
benefit from DNA methylation markers: cancer detection,
tumor behavior, prediction of response to treatment, and
therapies that target methylated tumor suppressor genes.

As other types of tumorigenesis, malignant gliomas
involve both activation of oncogenes and inactivation of
tumor suppressor genes [15]. In this regard, it has been
described different genetic alterations related with GBM
involved in several processes as control of cell cycle, growth,
apoptosis, invasion, and neovascularization. Although tre-
mendous progress has been achieved in the understanding
of the molecular mechanisms involved in the genesis and
progression of GBM, its epigenetics regulation remains
unclear. Keeping in mind that distinct epigenetic signatures
has been associated with different GBM subsets, in this paper
we will focus on the epigenetic modifications of those genes
that have been traditionally related with the pathophysiology
of the disease.

5. DNA Hypomethylation in GBM

There are two major DNA methylation phenomena asso-
ciated with cancer development: hypomethylation and
hypermethylation. DNA hypomethylation has been reported
mainly in repetitive sequences such as satellite sequences
and pericentromeric regions, producing genomic instabil-
ity and reactivation of transposable elements, events that
have been related to the development of several cancers
including GBM. Moreover, in a study using a multistage
skin cancer progression model, the authors found that DNA
hypomethylation is an early event in tumor development,
and a biomarker of tumor aggressiveness [16]. In particular,
DNA global hypomethylation has been described to occur at
high frequency (85%) in primary GBM (Figure 1).

This phenomenon also affects single-copy loci promoting
the expression of cancer-related genes such as the melanoma
antigen gene (MAGE1), that belongs to a group of germline
specific genes that become transcriptionally activated in
multiple tumors including GBM and low-grade astrocytoma.
In these tumors types, MAGE1 expression has been related
with DNA hypomethylation.

The signal transduction pathway regulated by insulin-
like growth factor 2 (IGF2) is also dysregulated by DNA
hypomethylation. IGF2 gain of function by loss of imprinting
is a common event in several tumor types including GBM.
IGF2 promotes cellular growth through the insulin-like
growth factor receptor 1 and phosphoinositide-3-kinase
regulating subunit 3 (PIK3R3). In particular, IGF2-PIK3R3
signaling pathway promote the growth of a subclass of highly
aggressive GBM that lack epidermal growth factor receptor
(EGFR) amplification [17].

6. Promoter Hypermethylation and
Signal-Transduction Pathways in GBM

Until now, the driving force of DNA methylation research
in cancer has been focused on CpG island hypermethyla-
tion. In cancer, numerous genes have been identified that
have undergone CpG island hypermethylation. These genes
include most of the well-established tumor suppressor genes
that regulate almost all cellular functions, such as cell
cycle (p16INK4, p15INK4b, RB, and p14ARF), DNA repair
(BRCA1, hMLH1, MGMT, and WRN), cell-adherence and
invasion (CDH1, CDH13, EXT1, SLIT2, and EMP3), apop-
tosis (DAPK, TMS1, and SFRP1), carcinogen-metabolism
(GSTP1), hormonal response (RARB2, ER, PRL, and TSH
receptors), and Ras signaling (RASSF1A and NOREIA),
microRNAs [18].

In glioma cells, however, gene silencing by DNA hyper-
methylation can occur at genes that are not expressed in the
brain, indicating that not all instances of CpG island hyper-
methylation are functionally relevant for tumor development
and progression. With this consideration, a number of
signal-transduction pathways have been found dysregulated
by DNA methylation changes in gliomas (Figure 1). For
example, promoter hypermethylation of p16INK4, p14ARF ,
RB, PTEN and p53 affects the function of RB, PI3K and p53
signaling pathways.

The signaling p16INK4/RB pathway is considered one of
the most frequently altered in GBM [19]. RB is considered as
a tumor suppressor gene since functions as inhibitor of cell
cycle progression. The RB gene product, pRB, has a key role
during G1 phase of the cell cycle by binding to the E2F family
of transcription factors and generally repressing the target
genes by epigenetic mechanism, through the recruitment
of corepressor complexes that regulate chromatin structure
and function. pRb phosphorylation by mitogen-activated
cyclin-dependent kinases (CDKs) impairs the binding to E2F
transcription factors and culminate in cell cycle deregulation.
pRb also acts in the cell cycle through the inhibition the
S phase progression by attenuating cyclin A/Cdk2 activity,
resulting in disruption of PCNA function and DNA repli-
cation. RB gene promoter hypermethylation is the major
mechanism underlying loss of RB expression in GBM,
and this is an early event in tumor progression since RB
hypermethylation is more frequent in secondary GBM [20].
p16ink4 is located on chromosome 9p21, a region that shows
frequent loss of heterozygosity in II–IV gliomas but not in
low-grade gliomas. This gene acts as a tumor suppressor
gene through its product, p16ink4, that binds to CDK42 and
CDK6 to prevent their interaction with cyclin D, keeping RB
unphosphorylated and avoiding the cell cycle progression.
p16ink4 gene silencing by promoter hypermethylation is also
found in gliomas [21].

The cellular signaling regulated by p14ARF/p53 is also
deregulated by epigenetic mechanism in cancer. p53 is a
tumor suppressor gene involved in the control of the cell
cycle and apoptosis, whose mutation has been described in
several neoplasms including GBM. Although the main gene
inactivation mechanism for p53 is through the mutation
plus deletion of this gene, its reduced expression has also
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sequences and specific genes: MAGE1, IGF2

Hypermethylation of specific genes:

TES, TNFRSF10A, HOXA 3, 7, 9, 10, 11, RASSF1A,
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RB, P16, P14 ARF/P53, PTEN, GATA6, EMP3,

Figure 1: Summary of the changes in the DNA methylation at the repetitive sequences and CpG island associated with GBM.

been associated with hypermethylation of its promoter
region, whereas the inactivation of p14ARF , a stabilizer of
p53, is mostly associated with DNA methylation rather
than mutational activity [22]. The loss of p53 function by
DNA hypermethylation of itself or p14ARF produces the
loss of cellular response to DNA damage or oncogenic
transformation that is mediated by p14ARF /p53 signaling
pathway.

Other important signal-transduction pathway dysregu-
lated by epigenetic mechanisms is the PI3K/Akt pathway, in
which PTEN has a main role. The PTEN suppressor gene is
located at 10q23.3 and encodes a protein with homology to
the catalytic domain of tyrosine phosphatases. Its mutations
are frequent in primary GBM, and the methylation of its
promoter region has been described in different human
neoplasms, including GBM [23]. PTEN dephosphorylates
phosphatidylinositol (3,4,5)-triphosphate (PtdIns-3,4,5-P3
or PIP-3), an intracellular second messenger related to the
activation of Akt pathway. Since AKT pathway is involved in
cell growth, cell differentiation and survival, the loss of PTEN
function by promoter hypermethylation results in increased
cell proliferation, cell survival, and tumor invasion [23].

Other genes silenced by promoter hypermethylation and
regulating important pathways in cellular homeostasis main-
tenance have been involved in the processes that underlie
the pathophysiology of the GBM (Figure 1). Those genes
include GATA6, EMP3, TES, TNFRSF10A, HOXA, RASSF1A,
RRP22, BEX1, BEX2, and BLU. GATA6 is one of the six

members of the GATA family of transcription factors, which
interact with a canonical DNA motif through two highly
conserved zinc finger DNA-binding domains [24] with a
tissue-specific expression regulating cell-restricted programs
of gene expression [25]. Methylation of the GATA6 has been
involved in different cancer types, as lung and ovarian cancer
and, in GBM, is considered as a tumor suppressor gene
associated with the formation of the tumor [24].

Epithelial membrane protein 3 (EMP3) is a myelin-
related gene associated with cell-cell interactions and cell
proliferation. EMP3 promoter has been found hypermethy-
lated and, so, silenced in primary gliomas and neuroblas-
toma, showing similar features than a tumor suppressor gene
[26–29].

TES encodes a Sertoli cell secretory protein that contains
three LIM domains (double zinc-finger motifs) and mediate
protein-protein interactions between transcription factors,
cytoskeletal and signaling proteins. It is involved in different
processes as cell growth, cell adhesion, and cell spreading
acting as a tumor suppressor. Hypermethylation of TES in
GBM has been described both by pharmacological inhibition
of DNA coupled with gene expression microarray profiles
and in a microarray-based DNA methylation study [25, 30].

TNFRSF10A encodes a protein member of the TNF-
receptor superfamily activated by tumor necrosis factor-
related apoptosis inducing ligand (TNFSF10/TRAIL), trans-
ducing cell death signal, and inducing cell apoptosis.
TNFRSF10A gene silencing by promoter hypermethylation
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has been related with osteosarcomas [31], gastric carcinoma
[32], and GBM, where it presents a hypermethylation pattern
in its promoter region [25, 33].

HOXA genes belong to HOX gene family that encodes
homeodomain-containing transcription factors involved in
cell growth, differentiation [34], and embryonic develop-
ment [35]. Hypermethylation of HOXA 11 has previously
been found in ovarian cancer [36]. In regard with brain
cancer, hypermethylation of this gene plus HOXA 3, 7, 9, and
10 has been related with GBM, establishing two of them (9
and 10) as biomarkers for the prognosis of the disease [37].

Ras-Association Domain Family (RASSF) comprises ten
members termed RASSF1 to RASSF10. RASSF1A encodes
a protein similar to the RAS effector proteins required for
death receptor-dependent apoptosis, cell-cycle control, and
microtubule stabilization. This gene is firmly established as
an epigenetically silenced tumor suppressor gene in a wide
variety of cancers, including GBM, due to selective CpG
methylation of the promoter upstream of the exon encoding
the unique N-terminal segment of the isoform [38–40].

Ras-related protein in chromosome 22 (RRP22) has been
suggested as a candidate tumor suppressor gene in different
human cancers, in spite of most of the Ras family members
possess oncogenic properties [41]. Expression of RRP22 is
restricted to the CNS [42]; in GBM it is involved in cell
growth and apoptosis, suggesting a tumor suppressor role
although its relevance and inactivation mechanisms have
not been fully assessed so far [41]. A recent study suggests
that mRNA RRP22 levels are decreased in GBM due to the
methylation of its promoter region [41].

BEX 1 and BEX 2 aremembers of the brain expressed
X-linked gene family which have 91% sequence similarity
which each other. BEX 1 encodes a signaling adapter mol-
ecule involved in p75NTR/NGFR signaling, playing an
important role in cell cycle progression and in the inhibition
of neuronal differentiation in response to nerve growth
factor. BEX 2 regulates mitochondrial apoptosis and G1
cell cycle in breast cancer. Both are considered as tumor
suppressor genes silenced by methylation of its promoter
region in GBM [43].

Finally, hypermethylation of BLU gene promoter has
been described both for glioma cell lines and astrocytomas
[44]. This gene is located immediately centromeric to
RASSF1 locus and contains a predicted MYND domain at its
C-terminus essential to the function of many transcription
regulatory proteins involved in important transcriptional
regulation pathways [44]. In GBM, it has been proposed
that BLU acts as a tumor suppressor gene in which its
hypermethylation together with an unmethylated CASP8 is
associated with prolonged time to tumor progression [45].

Epigenetic changes and in particular DNA methylation
are, therefore, as etiologically relevant as the sequences
changes that occur via genetic alterations such as point
mutations and translocations. Since there is a delicate profile
of CpG islands hypermethylation in human tumors, the
detection of hypermethylated CpG islands may offer one
of the most promising approaches for assessing cancer risk
status, to achieve the earliest tumor detection and monitor-
ing prognosis, and to institute more accurate tumor stating,

along with the monitoring of prevention strategies. DNA
methylation changes have been reported to occur early in the
carcinogenesis and, therefore, are potentially good indicators
both of existing disease, and even of risk assessment for the
future development of disease. Together, these observations
encourage us to consider the use of DNA methylation as
a therapeutic target for the treatment of cancer. In fact,
azacitidine is the first DNA methyltransferase inhibitor to be
approved by the US Food and Drug Administration for the
treatment of myelodysplastic syndromes.

7. DNA Methylation and Resistance to
Chemotherapy

The sensitivity of cancer cells to chemotherapy and radio-
therapy can be also affected by the epigenetic silencing
of different genes. In particular, the reactivation of the
silenced suppressor of cytokine signaling I (SOCS1) in GBM
sensitized these tumors to radiation via inactivation of the
MAPK pathway [46].

However, the best-known example is the role of pro-
moter hypermethylation of the DNA-repair gene MGMT
(O6-alkylguanine-DNA alkyltransferase) in the response of
gliomas to alkylating agents. MGMT reverse the alkyla-
tion at the O6 position of guanine inhibiting the cross-
linking of double-stranded DNA induced by alkylating
agents such as BCNU (1,3-bis (2-chloroethyl)-1-nitrosou-
rea), ACNU (1-(4-amino-2-methyl-5-pyrimidinyl) methyl-
3-(2-chloroethyl)-3-nitrosourea), procarbazine (N-methyl-
hydrazine), and temozolomide (TMZ, SCHS2.365) [47, 48].
MGMT mRNA expression varies among different types of
gliomas, lacking in approximately 30% of them. This loss
of expression is due to MGMT promoter hypermethylation
[49]. The loss of MGMT expression and function by
DNA methylation increases the DNA damage induced by
alkylating agents. Thus, MGMT methylation increases the
sensitivity of GBM patients to alkylating drugs treatment,
increasing the overall survival and the time to progression of
disease [50]. Interestingly, MGMT was found hypermethy-
lated in all long-term survivors (LTS) GBM patients, defined
as those patients with a median survival time of more than
3 years [51], proving the study of this gene as a clinically
relevant predictor of response to treatment in glioma patients
[52]. These results are limited to the adult population in
view of the fact that it has been reported the incidence of
methylation of MGMT promoter in pediatric GBM is rare,
losing the prognosis value in this population [53].

8. Histone Modifications in GBM

As we have described in a previous section, in addition
to DNA promoter hypermethylation, histone modifications
are key players in gene expression regulation network. For
example, silenced CpG island promoters are characterized
by the lost of H3K9 acetylation together with H3K9 methy-
lation. Thus, changes in the histone modifications patterns
play a key role in gene expression dysregulation and so
in cancer development. The loss of acetylated Lys16 and
trimethylated Lys20 of histone H4 is a common event in
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• Copy number alterations of polycomb gene BMI-1

histone methyltransferases SET7, SETD7, MLL, MLL4, MBD1
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• Mutations in the histone demethylases JMJD1A, JMJD1B and histone

• ↓ mRNA of HDAC II and IV

Figure 2: Summary of the alterations in the histone modifiers genes associated with gene expression deregulation in GBM. Ac (acetylation);
me (methylation).

human cancer [54] that is associated with the hypomethyla-
tion of repetitive sequences. These changes can be explained
by genetic alterations and/or deregulated expression of genes
encoding histone-modifying enzymes. In acute promyelo-
cytic leukemias, for example, a genetic characteristic is
the chromosomal translocation that produces the fusion
proteins containing RAR-PML and RAR-PLZF. These fusion
proteins bind to retinoic acid-responsive elements (RAREs)
and recruit the HDAC repressor complex with a high affinity,
preventing the binding of retinoic acid, and repressing the
expression of genes that regulate normal differentiation and
proliferation of myeloid cells. Mutations resulting in altered
Class I HDACs expression and activity also occur in cancer.
Mutation of the gene encoding HDAC2, for example, occurs
in sporadic tumors with microsatellite instability. This muta-
tion produces the loss of HDAC2 expression and activity and
leads to a global gene expression deregulation, characterized
by the upregulation of transforming genes suggesting a role
of HDAC2 mutations in human tumorigenesis [55, 56].

Until now there is few evidence for the deregulation
of the histone modifying enzymes in GBM (Figure 2). In
particular, alteration of the copy number of BMI-1 gene,
that codifies for a protein regulating H3K27 methylation,
is a frequent event in low- and high-grade gliomas [57].
Mutations in other histone-modifying enzymes have been
found in GBM such as the histone demethylases JMJD1A
and JMJD1B, the histone methyltransferases SET7, SETD7,
MLL, MLL4, and MBD1 [58]. Other proteins, as histone
deacetylases, are also altered in GBM; class II and IV
deacetylases show a decrease in mRNA expression in GBM
in comparison with low-grade astrocytomas and normal
brain [28]. The coexistence of histone repressive marks and

DNA hypermethylation patterns is well represented in one
of the genes previously described; methylation of MGMT
promoter, a frequent event in GBM, is accompanied by H3K9
dimethylation and deacetylation, two other markers of gene
silencing [9].

9. Future Directions: Cancer Stem Cells and
Malignant Gliomas

In the last years, several reports have suggested that an
important percentage of the cancer cells within certain
tumors have the properties of cancer stem cells (CSCs) [59].
These types of cells have the ability to generate tumors after
implantation in animal hosts, to self renew and to give rise
to nonstem cells [60]. The cancer stem cell model suggests
that the epigenetic changes characteristics of normal stem
or progenitor cells are the earliest events in cancer initiation
[61]. We can found a link between this event, cancer
initiation, and stem cell biology in the function of polycomb
(PcG) and trithorax (TrxG) group proteins that provide
epigenetic signatures to stem cell identity [62]. These groups
affect covalent modifications of histone tails and the position
or composition of nucleosomes, as well as DNA methylation,
so they have the ability to affect chromatin transcriptional
status. In general, PcG repress gene expression, whereas,
TrxG proteins activate it. In this regard, the gain of PcG
and loss of TrXG in cancer demonstrate the oncogenic and
tumor suppressor roles, respectively, of these complexes [63],
having many tumors a reactivation in the expression of
stem cell-associated genes, such as Hox genes, one of the
targets of PcG and TrxG proteins. Unraveling the role of
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CSCs in the pathophysiology of cancer opens up possibilities
for discovering new biomarkers for cancer detection and
prognosis and the development of new pharmacological
strategies that incorporate agents that target both CSCs and
non-CSCs.
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The angiogenesis process is a key event for glioma survival, malignancy and growth. The start of angiogenesis is mediated by
a cascade of intratumoural events: alteration of the microvasculature network; a hypoxic microenvironment; adaptation of
neoplastic cells and synthesis of pro-angiogenic factors. Due to a chaotic blood flow, a consequence of an aberrant
microvasculature, tissue hypoxia phenomena are induced. Hypoxia inducible factor 1 is a major regulator in glioma invasiveness
and angiogenesis. Clones of neoplastic cells with stem cell characteristics are selected by HIF-1. These cells, called “glioma stem
cells” induce the synthesis of vascular endothelial growth factor. This factor is a pivotal mediator of angiogenesis. To elucidate
the role of these angiogenic mediators during glioma growth, we have used a rat endogenous glioma model. Gliomas induced
by prenatal ENU administration allowed us to study angiogenic events from early to advanced tumour stages. Events such as
microvascular aberrations, hypoxia, GSC selection and VEGF synthesis may be studied in depth. Our data showed that for the
treatment of gliomas, developing anti-angiogenic therapies could be aimed at GSCs, HIF-1 or VEGF. The ENU-glioma model can
be considered to be a useful option to check novel designs of these treatment strategies.

1. Introduction

Gliomas are the most common type of primary tumour in
the central nervous system. Glioblastomas (GBM) are the
malignant form of gliomas (World Health Organization
Grade IV), and progress from a lower-grade glioma (sec-
ondary GBM) or appear de novo without any preceding
tumour (primary GBM). Glioblastomas are strongly angiog-
enic tumours displaying a high degree of vascular prolifer-
ation and endothelial hyperplasia. It is a neoplasia of glial
lineage with high proliferative and invasive capacity and may
spread to occupy an entire lobe or even a hemisphere of the
brain [1].

The growth of the glioblastoma is related to vascular net-
work adaptation due to the increase of the metabolic necessi-
ties of neoplastic cells. During the early stages of gliomas, the

metabolic demand is supplied by the vast microvasculature
of the CNS; however, when the metabolic supply capacity
is exceeded during neoplastic progression, new formation of
vessels becomes necessary [2–4]. The genesis of new vessels
from preexisting ones is called angiogenesis, in opposition to
vasculogenesis, which refers to the formation of vessels from
hematopoietic niches [5, 6].

Angiogenesis is a complex phenomenon, necessary for
the progression of malignant gliomas [7]. The start of the
angiogenesis process requires some angiogenic exogenous
stimulus, such as hypoxia, current metabolic requirements,
and tumour growth. More than 25 different growth factors
and cytokines related to the induction of angiogenesis have
been reported [8]. The production of these proangiogenic
factors is a result of genetic alterations or is induced by
hypoxia.
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Intratumour hypoxia occurs at the time when there is an
imbalance between oxygen supply and demand, due to irreg-
ular and chaotic blood flow [9]. This situation triggers the
synthesis of proangiogenic factors such as matrix metallo-
protease (MMP-2), angiopoietin-1, phosphoglycerate kinase
(PGK), erythropoietin (EPO), and vascular endothelial
growth factor (VEGF)-A [10]. Some of these are mediated by
the hypoxia inducible factor (HIF-1). The increase of pro-
angiogenic factors induces the start of angiogenesis, also
known as the “angiogenic switch.” This is a key moment for
tumour malignancy, a critical step for the formation of new
blood vessels and for the adaptation of the microenviron-
ment to the growth of gliomas [11–13].

Vascular endothelial growth factor (VEGF) is the major
regulator of angiogenesis in development [14–16] and dis-
ease [17–19]. VEGF-A triggers the angiogenic switch [4],
reaching the target cells (endothelial cells) that express VEGF
receptors [20]. However, the role of VEGF in nervous tissue
is even more extensive. Previous studies have shown that
VEGF also has strong neuroprotective, neurotrophic and
neurogenic properties [11, 21–23]. The synthesis of VEGF
is mediated by hypoxia inducible factor (HIF-1). Recently,
researchers have reported that some neoplastic cells with
stem cell characteristics called “glioma stem cells” play a
pivotal role, inducing angiogenesis via HIF-1/VEGF [24].
Hypoxia has been related to clone selection of tumour cells.
Clones adapted to the tumour microenvironment have
acquired the phenotype of tumour stem cells, with increased
proliferative and infiltrative capacity [25, 26]. Invasion of
adjacent normal parenchyma has also been attributed to
glioma stem cells.

The onset of angiogenesis is mediated by a cascade of
intratumoural events: alteration of the microvasculature net-
work; a hypoxic microenvironment; adaptation of neoplastic
cells; synthesis of proangiogenic factors,; finally the genera-
tion of new vessels. This chronological sequence of events
is difficult to study during human glioma development.
In order to follow the natural development of glioma
pathogenesis, an endogenous glioma in rats was generated
by transplacental administration of the carcinogen ethylni-
trosourea (ENU) [27–30]. It has been reported that ENU
gliomas are a representative model for human gliomas due
to their location and also to their similar molecular and
genetic alterations [31]. According to our experience, ENU-
gliomas have proven to be a useful tool in the study of
many aspects of tumourigenesis and neoangiogenesis. This
model permits various neoplastic stages to be isolated, to
study the microvascular aberration process, the role of the
proangiogenic cytokine VEGF and the glioma stem cells.
This knowledge will contribute to define modern targets for
anti-tumoural therapies.

2. Vascular Endothelial Growth Factor (VEGF)

Angiogenesis is a complex process that requires proteolytic
and mitogenic activity of endothelial cells and interaction
of these with the extracellular matrix molecules and peri-
endothelial support cells (pericytes and smooth muscle
cells). Numerous molecules and pathways are involved in

this process, such as HIF-1, VEGF-A, its receptors VEGFR-1
and VEGFR-2, the endothelial receptor tyrosine kinase tie-1
and tie-2, and the angiopoietin ligands 1 and 2. Many other
molecules, such as PDGF and TGF-B, integrin receptors, and
so forth play a very important role.

The VEGF family consists of seven different homologous
factors, VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E,
VEGF-F, and placental growth factor (PIGF) [32]. VEGF-A
(VEGF) is the predominant form and is a hypoxia-inducible
45 KDa homodimeric glycoprotein. It has five different iso-
forms, VEGF123, VEGF145, VEGF165, VEGF189 and VEGF206,
that are produced by alternative splicing. Expression of
VEGF-A was initially detected in a variety of tumour cell
lines, while its receptors VEGFR-1 and VEGFR-2 were pre-
dominantly expressed in endothelial cells [33].

VEGF-A acts as a mitogenic, survival, and antiapoptotic
factor for the endothelial cells from arteries, veins, and lymph
vessels. Faced with increased secretion of VEGF-A and its
binding to receptors on the surface of endothelial cells,
VEGF-A is a signal transducer leading the production of
molecules that include enzymes for the degradation of the
extracellular matrix and for increase vascular permeability.

VEGF-A stimulates endothelial cell (EC) migration, pro-
liferation, survival, permeability and lumen formation.
Dvorak [34] described it as vascular permeability factor
(VPF) due to its ability to induce leakage through the blood
brain barrier (BBB) in some pathological situations [35, 36].
Helmlinger et al. [37] stated that in the vasodilation process,
VEGF induced the elongation of endothelial cells but not
their proliferation. In the angiogenesis process, VEGF works
alongside other factors such as angiopoietin and ephrins
[38].

The synthesis of this proangiogenic cytokine has been
described in neurons, astrocytes, pericytes, smooth muscle
cells, macrophages, lymphoid cells, platelets, and fibroblasts
[39]. In tumours, its synthesis is associated with neoplastic
and endothelial cells of aberrant microvessels [17]. The
VEGF-A gene is hypoxia regulated, due to a binding site
for HIF in the promoter [40]. The rapid proliferation of
the tumour, accompanied by a poor blood flow, leads to a
relatively hypoxic environment in different areas of the
tumour [40], resulting in upregulation of VEGF-A.

VEGF-A expression has been profusely reported in sam-
ples obtained from human gliomas [3]. In human glioma bi-
opsies, it has been shown that VEGF-A overexpression corre-
lates directly to proliferation, vascularization, and degree of
malignancy, and therefore corresponds inversely to prognosis
[18, 19, 41]. The material studied from human biopsies
corresponds to advanced stages of tumour development with
an adapted microvascular network. However, little is known
about VEGF-A expression during glioma progression, espe-
cially during the early stages.

3. Hypoxia

During glioma progression, microvessels acquire aberrant
morphologies, becoming tortuous, irregular and dilated,
and displaying vascular leakage [42, 43]. Consequently, the
regional blood flow is irregular and chaotic and the
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functional deficit of blood perfusion induces intratumour
hypoxia and ischemia [43]. Recent evidence suggests that
a vascular collapse may precede angiogenesis in the devel-
opment of the glioma. The vascular collapse leads to the
death of neighbouring tumour cells and the formation
of necrotic areas. In these regions, tissue hypoxia triggers
the expression of HIF-1 and consequently VEGF-A, which
initiates angiogenesis [44, 45].

Hypoxia is a critical aspect of the glioma microenvi-
ronment [46], and it has been associated with poor prog-
nosis, increased angiogenesis, tumour growth, radio-and
chemotherapy resistance, and tumour invasiveness [47, 48].
It was observed that HIF-1 was involved in the oxygen-
dependent expression of many genes, including those for
pro-angiogenic and vascular permeability factors such us:
VEGF [12, 13, 49], endothelial nitric oxide synthase (eNOS),
angiopoietin, ephrin [45, 50], and others such as: glycolytic
enzymes, glucose transporter-1 (Glut-1), transferrin, indu-
cible nitric oxide synthase and heme oxigenase-1 [51], and
TWIST [52]. In addition to oxygen levels, HIF-1 expres-
sion can be affected by several mechanisms, including the
activation of oncogenes such as EGFR or loss of tumour
suppressors, like p53 or PTEN [40].

HIF-1 is a heterodimeric transcriptional factor composed
of two subunits, HIF-1α and HIF-1β. The HIF-1β subunit
is constitutively expressed, whereas the HIF-1α subunit is
regulated by oxygen. The subunit HIF-1α was originally
discovered in 1988 as a unifying factor to the 3′ hypoxia-
inducible gene for erythropoietin (EPO). There are three
isoforms of the alpha subunit: HIF1α, HIF2α (also known as
endothelial PAS-domain protein 1, EPAS1), and HIF3α [53].
HIF1α is responsible for the majority of the hypoxia response
in cancer. Recently, a link has been discovered between HIF-
1α, tumour apoptosis, and the necrosis process [54].

4. Glioma Stem Cells

It has been reported that the hypoxic microenvironment
plays a fundamental role in the induction of the neoplastic
phenotype [55–57]. Some studies elucidated that HIF-2αwas
only significantly present in the cancer stem cells, whereas
HIF-1α was present in both stem and nonstem tumour cells
[56, 57].

Recently, a relationship between HIF-1α, tumour migra-
tion and stem cell biology has been found [47, 58].
Furthermore, studies of human GBM have described the
relationship between the intratumour oxygen gradient and
the appearance of tumour stem cells [59]. These cells,
called “glioma stem cells” (GSCs), are thought to be
responsible for the process of infiltration and subsequent
tumour recurrence. Moreover, it has been reported that the
relationship between angiogenesis and tumour invasiveness
is due to this neoplastic subpopulation. Recently, researchers
have reported that GSCs play a pivotal role in inducing
angiogenesis via HIF-1/VEGF [24, 60].

Due to the regulatory role of GSCs in tumour angio-
genesis, they are currently being considered as a potential
antiangiogenic target. It is a fact that nowadays, research
in novel antitumour therapies has centred on identifying

these neoplastic cells. So far, markers have been used:
CD133/Promonin-1, a prominin family of pentaspan mem-
brane proteins; Nestin, a protein found in neural stem cells
in SVZ and other markers of neuroepithelial stem cells:
Musashi-1, Sox-2, GFAP, Map-2, Neural-tubulin, Neurofila-
ment O4, Noggin, and CD15 have all been proposed in order
to identify tumour stem cells [61–63].

In human glioblastoma, GSCs were identified by CD133
expression and associated with bad prognosis of the tumour
[64, 65]. However, little is known about their genesis during
glioma progression, especially during the early stages.

5. An Experimental Model of
Endogenous Glioma

As has previously been described, the onset of angiogenesis
is mediated by a cascade of intratumoural events, where
both tumour and “non-tumour” cells as well as numerous
cytokines are involved. In order to follow the angiogenesis
process during the neoplasia genesis, we have used an en-
dogenous glioma model. It was generated by transplacental
administration of ethylnitrosourea (ENU) in rats [28, 66,
67].

Previous studies have reported that administration of
ENU to adult rodents did not induce CNS tumours, while
transplacental administration during the perinatal period
(last week of gestation and first week of postnatal time)
induced tumours in more than half of the offspring [68].
This model has allowed the study of some aspects related
to tumour behaviour or possible treatment strategies in vivo
[69].

This model shows that after the exposure of pregnant
Sprague Dawley rats on the 15th day of gestation to a single
intraperitoneal injection of 80 mg ENU/kg body weight,
more than half of the offspring developed intracerebral
tumours, diagnosed as gliomas [17, 27]. According to
histopathological features, immunophenotyping, prolifera-
tion index for Ki-67, and MRI study, we have demonstrated
that this model reproduces quite closely the neuropathology
of oligodendrogliomas and glioblastoma [31, 70].

Three glioma development stages were identified: early
(microtumours), intermediate (the smallest macrotumours),
and advanced stages (corresponding to the largest macro-
tumours) (Figure 1). Microtumours corresponding with cell
proliferation mass and minor tumour node (Figure 1(a))
were diagnosed as low-degree gliomas, and macrotumours as
anaplastic gliomas or high-degree gliomas (Figure 1(b)). The
largest macrotumours corresponded to highly infiltrative
malignant gliomas (Figure 1(c)). They displayed charac-
teristic features of glioblastomas, such as haemorrhages,
microvascular proliferation, macrocysts and necrosis with
pseudo-palisades [1, 17]. These results corroborate the origin
of secondary GBM from oligodendrogliomas, and not only
from astrocytoma cells.

ENU-tumour development shows that malignancy
degree is related to rat age and consequently to the glioma
size. In a fashion similar to human glioma pathology, the
neoplasm has to reach a symptomatic size. At the age of
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Figure 1: Brain coronal sections of Sprague Dawley rats exposed prenatally to ethylnitrosourea. Two columns show MRI on T1-w and T2-
w after gadolinium administration and the left column shows the necropsy thirty minutes after Evans Blue i.v. injection (a, b) or Indian
ink (c). (a) On T2-weighted images, tumours in the early development stage show a diminutive proliferation mass growing in association
with the subcortical white matter. The blood brain barrier (BBB) remains still intact, shown by the lack of contrast or dye extravasation
(microtumours). (b) Multiple tumours on the intermediate development stage. There is a BBB dysfunction indicated by extravasation of
Evans Blue and by gadolinium enhancing the contrast on T1 images (macrotumours). (c) A macrotumour in the advanced stage growing
over a whole hemisphere. It displays a heterogeneous signal on T2 and on T1 due to the presence of histopathological features of malignancy
such as haemorrhages, cysts, and necrosis. With Indian ink, brains show in black a ring of aberrant vessels surrounding the neoplasia. The
same typical shape of glioblastoma multiforme may be observed on MRI in T1 with gadolinium.
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Figure 2: Confocal microphotographs of the microvascular network during development of an ENU-induced glioma. Histochemistry for
tomato lectin (LEA-FITC) performed on 40 μm sections. (a) Similar angioarchitecture to the normal brain during the early stage. (b)
Tortuous and dilated vessels during the intermediate development stage. (c) The microvascular network is mainly composed of glomeruloid
vessels in the periphery area, (d) Occasional huge dilated vessels in the intratumour region (bar scale of 20 μm).

four months, proliferations of oligodendrocytes in the sub-
cortical white matter are frequently seen. These proliferations
become nodular at six months, although the rats did not
display symptoms. These nodes grow and in one year may
occupy a half hemisphere, or extend even more toward the
contralateral hemisphere. These macrotumours may display
clinical signs, depending on size and malignancy.

Small tumours, characteristic of the early phase, remain
asymptomatic and undetected due to their small size, there-
fore, they are named microtumours. Several authors have
considered these noninvasive tumours as dormant tumours.
The existence of dormant tumours has notable implications
for the early detection and treatment of cancer [71].

6. Glioma Hypoxic Microenvironment

In primary tumours, the dormancy state is best defined as the
time between carcinogenic transformation and the onset of
inexorable progressive growth. There are several mechanisms
related to the emergence from tumour latency, and one of
them is the induction of angiogenesis. The escape of tumours
from dormancy depends on the cell population undergoing
an angiogenic switch that induces the neoformation of
functional vessels [72].

Prior to angiogenesis and to the acquisition of the
tumour stem cell phenotype, events like microvascular aber-
ration and subsequent intratumour hypoxia take place. The

tumour microvascular network suffers some adaptations
to the current requirements of the tumour. The ENU-
model allows microvascular changes to be followed before
angiogenesis. The adaptive changes of the microvasculature
from nonangiogenic gliomas (microtumours) to angiogenic
gliomas (macrotumours) involve an increase in the tumour
area occupied by the vascular network and a decrease in
vascular density [73]. We have demonstrated a transition
from the homogeneous capillary network of early stages to an
anarchic angioarchitecture in advanced stages (Figure 2). It
was found that the vessel density decreased and the vascular
size increased with increased malignancy [70]. ENU-gliomas
in the initial stage show microvessels very similar to normal
brain capillaries (Figure 2(a)), in the intermediate stage they
are already tortuous, disorganized, and dilated (Figure 2(b)),
and in the advanced stage they become anarchic and aberrant
with topographies such as multilayered “glomeruloid tufts”,
“garlands” of proliferated vessels (Figure 2(c)) and huge
dilated vessels (Figure 2(d)) [70].

Microvascular adaptations in early development stages
were based on vasodilatation, endothelium elongation, and
permeability increase mediated by VEGF without BBB dys-
function [70]. In malignant gliomas the microvascular adap-
tations vary according to blood flow perfusion. Permeability
increase in intratumour vessels is not enough to supply
the metabolic demand, and triggering of the angiogenesis
process on the tumour border is necessary.
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Figure 3: Expression of stem cell markers: CD133 (red) and Nestin (green), proangiogenic factor VEGF165 (red) and microvasculature
markers: LEA lectin (green) and GluT-1 (red) during the ENU-glioma development. (a–f) MRI on T2-w and T1-w after gadolinium
injection. (a, d) During the initial stage, the ENU-glioma grows in association with the subcortical white matter. It shows a homogeneous
hyperintense signal on T2-w (a) and an isointense signal on T1-w (d). (b) ENU-intermediate stage corresponds with the “angiogenic switch.”
(c, f) ENU-Glioblastoma displays heterogeneous hyperintense signal on T2 and on T1-w. (g-h) Overexpression of VEGF165 is shown in the
intermediate (h) and advanced stages. (i) Also shown in perivascular cells of glomeruloid vessels. (j–l) CD133 expression is found following
the intermediate stage (k). (l) ENU-GBM displays plenty of CD133+ cells in the intratumour hypoxic area and bordering the tumour. (m–o)
Nestin+ cells are detected in every ENU development stage. Nestin+ cells are grouped into intratumour niches and around the microvessels.
(Immunofluorescence images at 100x amplification, except I, l, and o at 40x).
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Figure 4: Intermediate ENU glioma stage showing the expression of Nestin (green) and CD133 (red) by double immunofluorescence.
(a–c) Intratumour niches of glioma stem cells positive for Nestin (a) and CD133 (b). (c) Both stem cell markers, Nestin and CD133 are
coexpressed in some of these cells. (d–f) Isolated cells in the border of the tumour with a shape similar to astrocytes. Although the majority
of these cells are Nestin-CD133 positive, there is a greater density of Nestin+ cells than CD133+ ones. (g–i) Perivascular niche of glioma
stem cells displaying colocation of both markers.

7. The Angiogenic Switch

The transition from a prevascular proliferative node to a
highly vascularised and progressively outgrowing tumour is
referred to as the “angiogenic switch” [74]. Angiogenesis
is activated in growing gliomas when the proangiogenic
stimuli outweigh the antiangiogenic stimuli. This moment is
detected in the ENU-glioma intermediate stage by the pres-
ence of overexpression of VEGF and eNOS [75] (Figure 3).
In this phase, hypoxia increases VEGF and eNOS expression
through the activation of the PI-K/Akt cascade [76, 77].

In this intermediate stage, we identified glioma stem cells
by CD133 and Nestin immunostaining (Figure 4). We found
that some cells coexpress the Nestin, CD133 and VEGF165
antibodies. These cells were distributed in intratumour
niches and perivascular niches around the tortuous and aber-
rant vessels (intermediate-advanced stages). The distribution
of CD133+ cells corresponded mainly to overexpression
of VEGF in neoangiogenic border areas and intratumour
hypoxic areas of neoplasia [17, 70, 78]. It has been reported
that tumour stem cells over-express VEGF, so this cell
population could be involved in the process of angiogenesis.

Our results agree with the staining of CD133 described in
the advanced and intermediate stages of human gliomas.
Therefore, CD133 expression has been related to poor
prognosis [79].

In the ENU model, as in human GBMs, the angiogenic
factor VEGF-A and HIF-1α have been immunohistochem-
ically identified in cells located inside the pseudopalisade
area around necrosis. This feature provides a link between
hypoxia and angiogenesis in malignant gliomas [13, 39]
(unpublished data). In addition, we found Nestin+ and
CD133+ cells around necrotic areas as well [78]. These find-
ings support the idea that intratumour hypoxia contributes
significantly to the selection of glioma stem cells (GSCs) and
furthermore these groups of cells could be responsible for the
infiltrative process and neoplastic recurrences [9, 56].

8. Neovasculature and Tumour Invasiveness

Tumour microvasculature generates specific microenviron-
ments that promote the formation and/or maintenance of
brain GSCs. New vessels often show immature walls that
are inherently leaky. Tissue may become oedematous. In
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previous studies, the neoangiogenic area of these tumours
was replete with small vessels overexpressing VEGF and
displaying an irregular staining for BBB markers [70]. It
is a fact that, even though brain tumour vessels appear
more “leaky” than their normal tissue counterpart, at least
some elements of the BBB in glioblastoma remain intact.
Permeability is varied, and the heterogeneity of permeability
contributes to uneven distribution of transport products,
such us oxygen and chemotherapeutic drugs within the
tumour [80].

It has also been proposed that the abnormal blood vessels
in gliomas create a vascular niche that houses glioma stem
cells [81, 82]. This “perivascular niche” consists of a rich
extracellular matrix (ECM) and nontumoural cells, which
provide a physical support for tissue architecture. There is
consistent evidence about the migration of GSCs using the
ECM [83, 84]. If the recruitment of aberrant vascular niches
is a critical component in the progression of brain tumours,
this might explain why the most aggressive brain tumours
are highly angiogenic [19, 85]. Moreover, VEGF isoforms are
at least partially bound to the ECM, and their degradation
could provide an extra source of growth factors [86].

Calabrese and colleagues [81] showed that endothelial
cells (ECs) interact closely with brain tumour stem cells in
the perivascular location (termed the perivascular niche) and
secrete factors that maintain these cells in a stem cell-like
state. Moreover, recent studies of orthotopic glioblastoma
xenografts suggested that GSCs of these brain tumours
secrete angiogenic factors that promote the recruitment and
formation of tumour blood vessels [24].

Folkins and colleagues [60] compared the angiogenesis
in tumour xenografts from C6 glioma cells containing either
a low or a high fraction of GSCs and found that GSC-high
xenograft tumours demonstrated an increased microvessel
density and blood perfusion.

9. Conclusion

Glioma survival and growth is dependant on angiogen-
esis. Angiogenesis is a complex process in which several
cellular and molecular pathways are involved. Among the
cellular pathways, glioma stem cells and vascular endothe-
lial cells play a relevant role, and among the molecular
pathways, hypoxia inducible factor -1 (HIF-1) and vascular
endothelial growth factor (VEGF) are the most significant.
Both molecular mediators are related to glioma stem cells.
Therefore, hypoxia selects the GSCs that induce the start of
the angiogenesis process by the synthesis of proangiogenic
factors such a angiopoietin, ECM factors and VEGF, and
decrease angiostatic factors [87]. On the other hand, GSCs
mediate vascular adaptation not only by the synthesis of
vascular permeability factors or angiogenic factors, but also
by differentiation in endothelial cells of the neovascular
network.
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Currently, antiangiogenic agents are routinely used for the treatment of patients with glioma. However, despite advances in
pharmacological and surgical therapy, glioma remains an incurable disease. Indeed, the formation of an abnormal tumor
vasculature and the invasion of glioma cells along neuronal tracts are proposed to comprise the major factors that are attributed
to the therapeutic resistance of these tumors. The development of curative therapeutic modalities for the treatment of glioma
requires further investigation of the molecular mechanisms regulating angiogenesis and invasion. In this review, we discuss the
molecular characteristics of angiogenesis and invasion in human malignant glioma, we present several available drugs that are
used or can potentially be utilized for the inhibition of angiogenesis in glioma, and we focus our attention on the key mediators of
the molecular mechanisms underlying the resistance of glioma to antiangiogenic therapy.

1. Introduction

Angiogenesis and tumor cell invasion play a critical role in
glioma development and growth, even during the earliest
phases [1]. Indeed, the formation of abnormal tumor
vasculature and glioma cell invasion along white matter
tracts are proposed to be the major causes of the therapeutic
resistance of these tumors; thus, glioma remains a fatal
disease despite advances in surgical and medical therapy.

Glioma tumors are an example of highly vascularized
tumors, which induce angiogenesis by upregulating vascular
endothelial growth factor (VEGF) and its downstream
pathways. Indeed, several molecular abnormalities have been
described in glioma that promote angiogenesis, such as
mutations and/or upregulation of PI3K/Akt and the VEGF
receptor (VEGFR) in the glioma endothelium [2]. Interest-
ingly, each of these signaling pathways involves alterations
that can be therapeutically targeted [3]. Evaluation of drugs
that target these pathways requires novel preclinical and
clinical experimental trial design to define the optimal
drug dose and delivery times to avoid toxicity during the
first months of treatment [4, 5]. Furthermore, whether
these agents can be used in combination with classical
cytotoxic chemotherapy, what molecular markers can predict
response, and whether they can be potentiated by such

combinatorial treatments are important issues that remain
to be explored.

In this paper, we first discuss the molecular charac-
teristics of angiogenesis and invasion in human malignant
glioma. Secondly, we discuss the commercially available
drugs that are currently used or might be potentially utilized
for the inhibition of angiogenesis in glioma. Thirdly, we
focus our attention on the key mediators of the molecular
mechanisms underlying the resistance that glioma exhibits to
antiangiogenic therapy. Finally, we highlight the necessity for
further investigation of the clinical utility of antiangiogenic
therapies and the development of novel strategies for the
treatment of glioma.

2. Angiogenesis in Glioma

Angiogenesis, the formation of new blood vessels, is a critical
step during tumorigenesis and represents a pathological
hallmark of cancer.

When a solid tumor, such as a brain tumor, grows
larger than a critical size (1-2 mm in diameter), it must
recruit new blood vessels to supply the required oxygen and
nutrition levels necessary for its survival and proliferation.
This process comprises the formation of new blood vessels
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from preexisting ones and is a crucial step in the progression
of cancer from a small and localized neoplasm to a highly
aggressive tumor. The major in vitro and in vivo models
to study tumor angiogenesis are summarized and critically
discussed in Table 1.

2.1. Mechanisms of Neoangiogenesis in Glioma. Angiogenesis
requires three distinct steps: (1) blood vessel breakdown,
(2) degradation of the vessel basement membrane and the
surrounding extracellular matrix (ECM), and (3) migration
of endothelial cells and the formation of new blood vessels.

Angiogenesis plays a crucial role in glioma development
and growth [1]. Gliomas are highly vascularized tumors
and neovascularization in and around the tumor are well
characterized. Holash et al. reported also vascular cooption
before the real agiogenesis in an experimental model of
glioma [28]. The level of angiogenesis is correlated with
the aggressiveness of gliomas and is often associated with
prognosis. Glioblastomas (GBM) are the most lethal cancer
and the most vascularized brain cancer, with the highest
degree of vascular proliferation and endothelial cell hyper-
plasia [29]. Patients with high tumor microvascular densities
exhibit shorter postoperative survival rates than patients with
low microvascular densities [30, 31]. Perivascular migration,
proliferation, and angiogenesis are closely associated and
progress concurrently in gliomas.

2.2. Angiogenic Factors. Angiogenesis results from a balance
between proangiogenic factors and antiangiogenic factors.
During tumor progression, there is a shift towards angio-
genic factors that stimulate uncontrolled and disorganized
vascular growth. These molecular factors can be secreted
by cancer, endothelial, stromal, and blood cells and by the
extracellular matrix [32, 33].

Proangiogenic factors involve a variety of angiogenic
factors including vascular endothelial growth factor (VEGF),
acidic fibroblast growth factor, basic fibroblast growth
factor, placental growth factor, angiopoietin-2, and inter-
leukins, whereas antiangiogenic factors include angiostatin,
endostatin, thrombospondin 1, and endothelial monocyte-
activating polypeptide 2 [33, 34]. In addition, enzymes
including serine proteinases and metalloproteinases degrade
the extracellular matrix, which plays an important role in
both the induction and the suppression of angiogenesis
[35]. For example, Raithatha et al. [36] reported that
MMP-9 might regulate angiogenic remodeling. Autocrine
or paracrine factors of the glioma microenvironment and
PDGF also contribute to angiogenesis in gliomas [37].
The endothelial cells that are stimulated by angiogenic
factors then migrate and proliferate, resulting in neovascular
formation [21]. This paracrine loop constitutes an extended
foothold that allows tumor cells to migrate.

2.3. The VEGF/VEGFR Pathway. Accumulating evidence
indicates that the VEGF and VEGFR signaling pathways play
a major role in tumor angiogenesis in malignant glioma,
similar to most other solid tumors.

VEGF-A is upregulated in glioblastoma and is produced
by multiple cell types, including the tumor, stromal, and
inflammatory cells [38]. The expression levels of VEGF are
regulated by the following mechanisms: (1) low oxygen
concentrations in growing gliomas induces upregulation of
HIF that increases VEGF mRNA levels; (2) EGFR signaling
stimulates VEGF gene expression via an HIF-independent
mechanism; (3) FoxM1B transcription factor is upregulated
in glioblastoma multiforme and stimulates VEGF expression
independently of HIF [39]; (4) upregulation of the HuR
protein that suppresses the posttranscriptional degradation
of VEGF-A mRNA under hypoxia leads to a further increase
in VEGF levels [40]; (5) brain-derived neurotrophin factor
can enhance the expression of VEGF, increasing the levels
of hypoxia-inducible factor-1 expression [41]; (6) integrin-
linked kinase 1(ILK1) is an important regulator of tumor
angiogenesis because it increases VEGF expression by stimu-
lating HIF-1α via AKT phosphorylation on Ser473 [42].

The two tyrosine kinase receptors, VEGFR-1 and
VEGFR-2, are both highly expressed in gliomas [43]. They
are activated by VEGF-A but are differentially linked to
angiogenesis and glioma growth in vivo. VEGFR-2 is mainly
expressed in vascular endothelial cells, where it directly
transduces most of the mitotic signals that result in angio-
genesis. In contrast, VEGFR-1 is expressed not only in
vascular endothelial cells but also in monocyte/macrophage
lineage cells. These macrophages can act as proangiogenic
and protumorigenic cells, similar to the tumor-associated
macrophages [44, 45].

VEGFR induces the activation of different signaling path-
ways including activation of Ras/Raf/mitogen-activated pro-
tein kinase [46, 47] and phospholipase C-γ/protein kinase C
[47], which regulate endothelial cell proliferation and migra-
tion [48]. VEGF also enhances vascular permeability through
the MAPK signaling cascade by rearranging cadherin/catenin
complexes and perturbing the adherens junctions between
endothelial cells [49, 50]. Another important signaling
cascade activated not only by VEGFR but also by other
proangiogenic stimuli, including platelet-derived growth
factor, neurotrophins, insulin-like growth factor, epidermal
growth factor, and integrins, is the phosphatidylinositol-3
kinase/AKT pathway [51, 52], that is, fundamentally altered
during brain tumor angiogenesis [53].

Notably, brain tumor blood vessels are tortuous, dis-
organized and highly permeable, resulting in irregular and
inefficient blood flow [54–57] and vasogenic brain edema.
This irregularity and inefficiency are strongly associated with
the action of VEGF.

One of the insidious features of gliomas is their ability
to metastasize and to establish numerous microtumors at a
distance from the primary tumor. In all types of gliomas,
the potential of single cells to invade normal brain tissue is
closely related to angiogenesis.

The formation of abnormal tumor vasculature and
glioma cell invasion along white matter tracts are believed to
be the major factors responsible for the resistance of gliomas
to treatment. Therefore, further investigation of the mecha-
nisms underlying angiogenesis and invasion in glioblastoma
is essential for the development of a curative therapy.
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Table 1: A critical summary of the major in vitro and in vivo models to study tumor angiogenesis.

Cellular models Characteristics References

Human tumor cell lines
There are a total of 60 cell lines representing nine distinct tumor types. However, this
model does not reflect the complexity of the real tumor environment.

[6, 7]

Multicellular tumor
spheroids

Genes associated with cell survival, proliferation, differentiation, and resistance to therapy
are differentially expressed in cells grown as multicellular spheroids versus 2D cultures.

The capacity for spheroid outgrowth in 3D matrices is an interesting parameter to study
the migratory behavior of tumor spheroid cells; however, this parameter can only be used
for rapidly migrating cells (e.g., glioblastoma spheroids).

Endothelial cell spheroids are increasingly used for evaluating the pro- and anti-
angiogenic potential of drugs.

[8–13]

Cospheroids of HUVEC and human fibroblasts are used for angiogenesis studies.

Tumoral spheroids cocultured with endothelial cells potentiate tumor angiogenesis by
upregulating proangiogenic factors that are absent in multicellular tumor spheroids alone
or in monolayers.

Another advantage is the possibility to use tumor spheroids from biopsies. This is useful
for the study and development of patient-specific therapies and for the presence of tumor-
initiating cells and tumor progenitors stem cells in tumor spheroids.

Xenograft models Characteristics References

Chicken chorioallantoic
membrane tumor assay

The CAM tumor model could allow for a prescreening of drugs and subsequently reduce
the number of animals used for in vivo experiments. This model is much faster than
animal models. Histological analyses of the CAM tumors revealed a well-organized tumor
tissue that strongly resembled clinical specimens of human tumors. The CAM model
allows for the formation of tumors comparable to patient samples, with a degree of fidelity
to human disease that is impossible to achieve with other nonanimal models; it combines
the advantages of an in vivo environment with the simplicity of an in vitro experiment.

The duration of the follow-up period is limited due to the hatching of the chick 21 days
after incubation.

[14]

RG2 and F98 rat cell
lines

Tumors were produced by Wechsler in Koestner’slaboratory by the i.v. administration
of a single dose of ethyl-nitrosourea (50 mg/kg b.w.) to a pregnant CD Fischer rat on
the 20th day of gestation. The isolated clones retain individual characteristics, including
the differentiation status, despite repeated propagations in vitro, elevated mitotic index
and an increased nuclear-cytoplasmic ratio consistent with glioma cells in culture. When
injected, these tumors have been refractory to chemotherapy and radiotherapy and
adaptive to immunotherapy and exhibit an infiltrative pattern of growth within the brain.
These characteristics closely resemble those of human glioblastoma.

[15]

Subcutaneously
implanted human tumor
xenografts

Tumors obtained from the direct implantation of the human cell lines or patient tumor
biopsies are models that allow the monitoring of tumor growth. However, growth can be
too slow; in xenografted models, the microenvironment and host immune responses are
altered, and this may influence the tumor response.

[16, 17]

Orthotopic xenograft
models

This model mimics the morphology, growth characteristics of clinical disease and
metastatic processes more efficiently. There are several studies that report differences in
the therapeutic responses between subcutaneous and orthotopic models.

[18, 19]

J3T-1 and J3T-2
orthotopic mice and rat
models

The traditional orthotopic models for brain tumors did not aggressively invade healthy
brain tissues; for this reason, we do not have an ideal GBM animal model that incorporates
all of the human GBM features.

Spontaneous canine glioblastoma approximates the human disease characteristics.
However, it is not trivial to study a large number of spontaneous canine glioblastomas.
The orthotopic xenograft implant of the two GBM cell lines, J3T-1 and J3T-2, into
immunosuppressed mice and rats histologically recapitulated two invasive and angiogenic
phenotypes: angiogenesis-dependent and angiogenesis-independent invasion observed in
human glioblastoma.

[20, 21]

Spontaneous/genetic
models

Characteristics References

Pten-, Rb1-,
Tp53-deleted mice

The HGA murine models with Pten, Rb1, or Tp53 deletion are relevant to human disease,
reflecting a spectrum of tumor histology and molecular features. Thus, molecular and
other complex processes including specific contributions of the tissue microenvironment,
such as tumor angiogenesis, can appropriately mimic human disease in these spontaneous
tumor models.

[22, 23]
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Table 1: Continued.

Spontaneous/genetic
models

Characteristics References

VM-M3 spontaneous
tumors of the VM
mouse strain

The inbred VM mouse strain is unique in exhibiting a relatively high incidence (1.5%) of spontaneous
brain tumors. The VM-M3 brain tumor arose spontaneously in the forebrain of a VM mouse and
expresses properties of microglia/macrophages similar to that seen in several types of invasive cancers
of neural origin. Similar to high-grade human gliomas, the VM-M3 tumor cells, highly invasive, can be
grown in the syngeneic VM mice with reproducible growth rates and have genetic similarities to human
GBM. In addition, the tumor cells are labeled with the firefly luciferase gene allowing for noninvasive
detection and quantitation of tumor growth.

[24]

Canine spontaneous
glioma

GBM is the most common primary brain tumor in dogs and brachycephalic breeds such as Boston
terriers and Canine Boxers are genetically predisposed to develop these tumors. Spontaneous gliomas may
provide a valuable large animal model for the investigation of novel delivery and therapeutic strategies for
intracranial tumors. The presence of pseudopalisading necrosis and endothelial proliferation that closely
resemble those found in human GBMs suggests the presence of a hypoxic environment in canine GBM.
The large size of the canine brain compared to the rodent brain would be more useful for preclinical
assessment of doses, comprising more relevant volumes needed to implement novel therapies. However,
spontaneous GBM in dogs is not a tumor model that is as easily accessible as the rodent GBMs. These
models have variable penetrance, resulting in lack of synchrony in tumor development. The variability in
time to progression represents a limitation in its use for drug testing.

[20, 25,
26]

F98 rat glioma

This tumor is produced by the administration of a single i.v. dose of ethylnitrosourea to a pregnant
rat. It has been classified as an anaplastic and undifferentiated glioma. It is refractory to chemotherapy
and radiotherapy. This model is effective for the evaluation of survival rate. However there are serious
limitations in directly applying data from rat tumor models to any clinical treatment for human brain
tumor.

[15, 27]

3. Antiangiogenic Therapy for Glioma

Tumors require nutrients and oxygen in order to grow,
and new blood vessels provide these requirements. GBM
cells are characterized by their invasive abilities and striking
angiogenic potential. The blood vessels formed by tumor
cells are structurally and functionally abnormal: the blood
vessels are leaky and dilated, the endothelial cells exhibit
aberrant morphology, the pericytes are loosely attached or
absent and the basement membrane is incomplete [14].
These abnormalities lead to an abnormal tumor microen-
vironment that is characterized by interstitial hypertension,
hypoxia and acidosis. The abnormal vasculature represents a
barrier to the delivery and efficacy of anticancer therapeutic
agents. These observations suggest that if the structure and
function of tumor vessels could be “corrected,” then the
tumor microenvironment might be normalized, ultimately
improving the efficacy of cancer treatments.

As a key mediator of angiogenesis, VEGF and its
receptors are targets for anticancer therapies [58], in addition
to conventional therapies. Targeting the cells that support
tumor growth, rather than the actual tumor cells, represents
a relatively new approach to cancer therapy. This approach is
particularly promising because these support cells are geneti-
cally stable and therefore less likely to develop mutations that
will allow them to develop drug resistance in a rapid manner.

A significant challenge for antiangiogenic therapy is
to design combination protocols that can counteract the
diverse angiogenic stimuli produced by the tumor and its
microenvironment.

VEGF signaling inhibitors have been shown to signif-
icantly suppress or delay tumor growth in several animal
models [59] and in clinical trials. The humanized mono-

clonal anti-VEGF antibody bevacizumab is the first VEGF-
targeting drug approved for use in patients with metastatic
colorectal cancer [60], metastatic breast cancer, lung cancer,
renal cell carcinoma, and glioblastoma multiforme [61].

VEGF expression is regulated by intrinsic and extrinsic
factors. Hypoxia and hypoglycemia are major stimulators
of VEGF expression [62]. Factors that can potentiate VEGF
production and stimulate angiogenesis include tumor necro-
sis factor and transforming growth factor.

Several approaches have been used to eliminate the
hypoxic cells within tumors [63].

3.1. Antiangiogenic Strategies. Angiogenesis inhibitors have
been divided into two classes: direct and indirect [64].
Direct angiogenesis inhibitors, such as endostatin, target
the microvascular ECs, preventing their response to various
proangiogenic stimuli and thereby enhancing the effects of
chemotherapy.

In contrast, indirect angiogenesis inhibitors interfere
with the proangiogenic communication between the tumor
cells and the endothelial cell compartments. Antiangiogenic
therapies act predominantly by blocking the binding of
VEGF to its receptor and comprise neutralizing antibodies
against the ligand or the receptor, soluble receptors, or
small molecule inhibitors directed against the tyrosine kinase
activity of the VEGF receptors.

Due to the potential of tumor “escape” when specific,
indirect antiangiogenic agents (e.g., anti-VEGF) are
delivered individually, appropriate combination protocols
employing these agents are required for maximal benefit
[65]. Abdollahi and coworkers show that the treatment of
tumor xenografts with a combination of endostatin and
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with VEGF blockers results in an enhanced therapeutic
effect, which may be attributed to the endostatin-mediated
downregulation of many regulators of proangiogenic
pathways and suppression of alternative angiogenic mecha-
nisms that might be upregulated by VEGF blockade [66].

Here, we focus on several molecules that interfere with
the VEGF/VEGFR signaling pathway, which have been
evaluated in clinical trials for solid tumors. In Table 2, we
summarize the available treatments and the relative clinical
phases and results.

3.2. Indirect Antiangiogenic Drugs. As mentioned previ-
ously, Bevacizumab (Avastin) is a humanized neutralizing
monoclonal antibody that blocks the binding of human
VEGF to its receptors. A significant tumor response was
observed in response to Bevacizumab treatment: the 6-
month progression-free survival was 32% in GBM patients
[84]. However, glioblastoma appears to adapt rapidly to anti-
VEGF therapy, resulting in rapid tumor progression without
improvement in overall survival [85, 86].

In recent study demonstrated that anti-VEGF therapies
can significantly reduce the vascular supply, as demonstrated
by a decrease in intratumoral blood flow and a strong
reduction of large- and medium-size blood vessels, however
these events were also shown to be accompanied by a
strong increase in infiltrating tumor cells in adjacent brain
parenchyma [87]. Finally, a preclinical study [88] and a clin-
ical trial [89] suggest that high doses of bevacizumab could
directly enhance the invasiveness of human glioblastoma cell
lines and that dosages lower than those currently used might
improve patient outcome.

In the endothelial cells of normal animals, VEGF-A
treatment results in the upregulation of both integrins α1β1
and α2β1. The functional blocking of these integrins impairs
angiogenesis in vitro and reduces VEGF-A-induced angio-
genesis and tumor growth in vivo [90, 91]. αvβ3 integrins
are highly expressed by proliferating and activated vascular
endothelial cells. Therefore, they are a major contributor to
the formation of vasculature by supporting the migration
and survival of endothelial cells [92]. The blockade of αvβ3
integrins inhibits tumor angiogenesis as well as blood vessel
formation in in vivo models [93, 94]. Consequently, αvβ3
might represent a potential target in antiangiogenic therapy.
Antagonizing integrins has generally included the targeting
of the receptor binding sites or other nearby sites, although
new alternative approaches target downstream signaling
proteins.

Cilengitide is a cyclic RGD-peptide inhibitor of αvβ3 and
αvβ5 integrins. Blocking αvβ3 integrin inhibits blood vessel
formation in vivo [95]. In a phase II trial, cilengitide was
associated with a median survival of 10 months in recurrent
glioma patients [96]. Cilengitide is currently in clinical phase
III studies for the treatment of glioblastomas and is in phase
II studies for the treatment of several other tumor types,
including breast cancer, squamous cell cancer, nonsmall cell
lung cancer, and melanoma [97, 98].

Other drugs targeting integrins include the following
agents.

Abergrin is a humanized antibody against αvβ3 integrins.
It blocks integrin binding to vitronectin and fibrinogen, pre-
venting cell adhesion, migration, proliferation, and integrin-
mediated cell signaling [99].

Volociximab is a chimeric human-mouse monoclonal
antibody that binds to α5β1 integrins. It induces cell death
and prevents capillary tube formation in vitro. In vivo,
volociximab exhibits antitumor and antiangiogenic effects
[100].

Increased matrix metalloproteinase (MMP) levels are
associated with glioma invasion and angiogenesis. Marimas-
tat reduces MMP levels in patients with gliomas [73]. Phase
II clinical trials evaluating the administration of marimastat
in combination with temozolomide demonstrated promising
results (the progression-free survival after six months was
39%), although further investigation is needed for the
associated therapy-induced joint pain [101].

Sorafenib (Nexavar) is a multi-kinase inhibitor of
VEGFR2-3, PDGFR, Raf kinase, and c-Kit. It is currently
approved for the treatment of advanced HCC and renal cell
carcinoma. Phase II trials evaluating the efficacy of sorafenib
in patients with malignant glioma are currently ongoing
[102]. Hypertension is a specific side effect of sorafenib
and of most antiangiogenic agents due to the decreased
production of nitric oxide and prostacyclins in vascular
endothelial cells [103].

Cediranib (Recentin) is a potent inhibitor of both
VEGFR-1 and VEGFR-2. It also exhibits activity against c-
kit, PDGFR-beta and FLT4. It is well tolerated, and an inverse
correlation was found between cediranib dose- and time-
dependent treatment and soluble VEGFR-2 [104].

Sunitinib (Sutent) is a multi-kinase inhibitor of VEGFR
1-3, RET and PDGFR, approved for treatment of RCC,
imatinib-resistant gastrointestinal stromal tumors (GIST)
and pancreatic neuroendocrine tumors (pNET) [105–107].
A recent preclinical study [108] shows that after starting
sunitinib treatment, there is a period when tumor oxy-
genation is higher in treated compared to untreated mice.
The improved oxygenation suggests that the residual blood
vessels had improved function in terms of delivering oxygen
and nutrients. A synergistic delay in tumor growth was
observed when radiation was applied during the enhanced
tumor oxygenation after 4 days of sunitinib administration.

Imatinib is a kinase inhibitor of PDGFR, c-kit, and bcr-
abl. Administration of imatinib at low concentrations can
act as a cytostatic agent, whereas at high concentrations, it
predominantly behaves as a cytotoxic agent [109]. Imatinib
monotherapy has failed due to the limited penetration of
the drug across the BBB, and for that reason, the inhibition
of PDGFR alone is insufficient to prevent the growth of
malignant gliomas [110].

Antiangiogenic therapies are integrated into the treat-
ment strategies for many different tumor types. However,
not all patients respond to therapy; only a few benefit with
progression-free survival. In most tumors, antiangiogenic
treatment is combined with chemotherapy. Furthermore,
a major problem of this therapy is the development of
resistance. Extensive evidence indicates that antiangiogenic
therapy might actually enhance tumor progression by
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Table 2: Summary of the available treatments and the relative clinical phase and results.

Drug Target Clinical phase Results

Endostatin (Endostar)
Interfere with the proangiogenic

action of growth factors
Phase III 2005

Significant and clinical improvement in response
rate, median time to tumor progression, and clini-
cal benefit rate in combination with chemotherapy
[67].

Bevacizumab (Avastin) Monoclonal antibody anti-VEGF Approved in 2004

In May 2009, the FDA approved Avastin as a single
agent for the treatment of recurrent GBM based
on the demonstration of objective response rates
in two single-arm trials: AVF3708g and NCI 06-C-
0064E.

Cilengitide Selective inhibitor of αv integrins
Orphan drug by

European medicines
agency in 2008

Phase II trial in conjunction with chemotherapy
and radiation: EMD 121974 in 2010 phase II trial
in recurrent glioblastomas. The efficacy of the
cilengitide alone is modest, but it is adequately
delivered to the tumor [68]. In a phase II study, the
addition of cilengitide to standard chemoradio-
therapy demonstrated promising activity in GBM
[69].

Etaracizumab (Abegrin)
Humanized monoclonal

antibody direct against the
human αvβ3 integrin

Phase II/phase I

Well tolerated with no evidence of immunogenic-
ity [70]. Does not improve the effect of dacar-
bazine in a phase II trial of metastatic melanoma
[71].

Volociximab
Chimeric monoclonal antibody
that binds to and inhibits αvβ1

integrin
Phase II

Despite insufficient clinical activity in the refrac-
tory patient population to continue the study,
weekly volociximab was well tolerated. A bet-
ter understanding of the mechanism of action
of volociximab will inform future development
efforts [72].

Marimastat
Broad-spectrum matrix

metalloproteinase inhibitor
Phase III

Treatment with marimastat in SCLC and GBM
patients does not improve survival [73, 74].

Sorafenib

Small molecular inhibitor of
several tyrosine protein kinases
(VEGFR and PDGFR) and Raf

kinases

Approved in 2007 for
liver and kidney

cancer

Phase I and II trials for brain tumors. Sorafenib
can be safely administered [75, 76].

Cediranib Potent inhibitor of VEGFR Phase I, Phase II
Modest single-agent activity [77, 78]. Cediranib
monotherapy yielded encouraging responses in
recurrent glioblastoma in a phase II study [79].

Sunitinib
Multi-target receptor tyrosine

kinase inhibitor

Approved for renal
cell carcinoma and

for imatinib-resistant
gastrointestinal
stromal tumor

Single-agent sunitinib exhibited insufficient activ-
ity in patients with recurrent glioblastoma in a
phase II study [80].

Imatinib
Specific inhibitor of receptor

tyrosine kinase

Approved in 2011 for
ten different cancer

types

In brain tumors, it did not show clinically mean-
ingful antitumor activity in phase II and phase III
trials [81–83].

promoting an invasive phenotype that allows for tumor cells
to escape angiogenic inhibition.

The identification of predictive biological markers of
objective response will be critical for the assessment of the
response rates correlated with overall survival and of the
development of resistance to antiangiogenic drugs. These
markers will provide important indices to aid in the improve-
ment of therapeutic efficacy or in the development of
alternative antiangiogenic therapies in the event of treatment
failure.

4. Molecular Mechanisms of Resistance to
Antiangiogenic Therapy in Glioma

VEGF is ubiquitously expressed in almost all tumors. Tumor
cells have been demonstrated to secrete VEGF, which leads to
increased angiogenesis [111, 112].

Although antiangiogenic treatment yields survival
benefits for patients with many different types of aggressive
tumors, VEGF pathway inhibitors are nonetheless failing
to produce enduring clinical responses in most patients
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[113, 114]. Here, we discuss the different ways that tumors
can circumvent antiangiogenic therapy.

4.1. Alternative Pathway Activation by Tumoral Cells. One
way that tumor cells bypass antiangiogenic therapy is via
the activation or upregulation of alternative proangiogenic
pathways. In preclinical models and in clinical trials, over-
expression of fibroblast growth factor 1 and 2, ephrin, and
angiopoietin was found in tumors that were treated with
inhibitors of VEGF signaling [115].

Pericytes play an important role in the pathology of
aberrant tumor vasculature. The vessels within tumors
that survive antiangiogenic therapy are tightly covered
with pericytes, which are recruited by vascular endothelial
cells to provide VEGF, the most important survival signal
for endothelial cells [116]. Important features of hypoxic
remodeling include the loss of small vessels and extensive
proliferation of vascular mural cells (MCS) in the surviving
vasculature. PDGF-B appears to play a significant role
in promoting the integrity of vascular networks during
conditions of environmental stress. Recruited MCs are key
contributors to the maintenance of tumor neovasculature.
PDGF-B signaling via the PDGF receptor-β (PDGFR-β)
plays a critical role in MC recruitment [117]. Similar to
VEGF, PDGF-B expression in ECs is critically regulated by
oxygen tension, and PDGF-B overexpression is associated
with abnormal proliferation of MCs [118]. Members of the
ephrin family have been shown to play important roles in
regulating the assembly of vascular cells.

However, increased PDGF-B expression has only been
found in recurrent xenografts. PDGFR-β was also found
in the large vessels of the recurrent tumors. Prolonged
antiangiogenic therapy significantly alters the expression of
angiogenic factors implicated in vascular MC recruitment,
causing extensive morphological changes in vessels, includ-
ing significant increases in diameter and active proliferation
of vascular mural cells [119].

Cancer cells can also adapt to the disruption of vessels by
extravagating into normal tissues [120].

An alternative mechanism of escaping from VEGF block-
ade might be attributed to the local contribution of VEGF
by the host stroma, which is sufficient to maintain persistent
vessels and to sustain tumor growth. When host-derived
VEGF is blocked, tumors exhibit extensive necrosis [121].
Breast cancer studies have revealed that mammary stromal
fibroblasts might produce factors that influence the growth
and malignant progression of a tumor via paracrine effects
on the tumor-associated endothelium [122].

4.2. The Tumor Recruits Different Types of Cells. Tumor
hypoxia caused by the loss of functional vasculature after
conventional therapy (e.g., irradiation) results in the upreg-
ulation of VEGF to stimulate vascular proliferation and
is the stimulus for the influx of BMDCs (bone-marrow-
derived endothelial cells). The two principal ways in which
a tumor can expand its vasculature as it grows is either by
angiogenesis, which involves the sprouting of endothelial
cells from nearby normal vessels, or by vasculogenesis, which
occurs by the recruitment of circulating endothelial and

other cells into the tumor. Both the pharmacological or
genetic inhibition of HIF-1α attenuates BMDC recruitment
and inhibits tumor recurrence. Such BMDC accumulation
is composed largely of CD11b+ monocytes. These cells are
highly proangiogenic, suggesting that they are attractive
targets for enhancing the response of tumors to irradiation
[123, 124]. In addition, CD11b+Gr-1+ cells (also defined as
myeloid-derived suppressor cells, MDSC) have been found
to be frequently increased in tumors and to mediate their
resistance to anti-VEGF treatments by producing several
angiogenic factors including G-CSF and Bv8 [125].

Other cells are important for tumor growth and angio-
genesis. For instance, there is an inverse relationship between
macrophage density and vascular density [126]. Hypoxia
upregulates the production of proangiogenic growth factors
and cytokines by tumor-associated macrophages (TAM)
[127]. Macrophage infiltration was demonstrated to be a
prerequisite step for the angiogenic switch, which correlates
with the transition to a malignant tumor phenotype [128].
TAMs secrete a number of mitogenic cytokines and growth
factors, which are involved in a range of paracrine loops
that promote tumor cell proliferation and growth. A number
of studies have shown that TAM infiltration correlates with
increased cell proliferation growth of many tumors [129].
The indirect role of TAMs in angiogenesis is also essential
for tumor growth, as they provide oxygen and nutrients.

Microglia and macrophages can be recruited either
by resident brain microglia or by activated perivascular
macrophages. Microglia are recruited to the glioma, where
they can produce cytokines to benefit glioma cell pro-
liferation and migration. The cytokines produced include
MCP-1 (monocyte chemoattractant protein-1) [130], G-
CSF (Granulocyte colony stimulating factor) [131], and
several growth factors such as EGF, VEGF, HGF, and SCF
[132, 133]. HGF, and its receptor are expressed in both
microglia and glioma and stimulates angiogenesis, metastasis
and proliferation [134, 135]. Upregulation of TGFβ might
be involved in promoting tumor proliferation and invasion,
whereas TNFα is mainly produced by microglia because it
has been found to be overexpressed in human glioma but not
in isolated glioma cell lines [136].

Initially, infiltration of microglia has been proposed to
defend the brain parenchyma against tumor cells [137].
However, microglia can interact with the tumor environ-
ment and, when activated by the glioma, secrete factors
including MMPs that degrade the ECM. Thus, utilizing this
strategy, glioma cells can invade and expand into the brain
parenchyma [138].

Some characteristics of macrophages/microglia are also
exhibited by tumor cells. The phagocytic activities observed
in human GBM are properties of malignant macrophaes/
microglia [139]. Subpopulations of neoplastic GBM cells
exhibit the phagocytic behavior of macrophages/microglia.
Notably, GBM tumors contain cells that are positive for both
the phagocytic macrophage/microglia marker CD68 and
tumor markers such as hTERT. As microglia are the resident
macrophages of the brain, subpopulations of the malignant
GBM cells could also arise from microglia/macrophages
[140].
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Myeloid cells have been observed to fuse with tumor
cells, producing daughter cells endowed with the invasive
properties of myeloid cells and the unlimited proliferative
potential of tumor cells (reviewed in [141]). More recently,
Pawelek and Chakraborty. demonstrated that the fusion
between nonmetastatic cells and macrophages can result
in cells with the ability to invade and metastasize [142].
Macrophage/microglial antigens are expressed on neoplastic
cells within GBM [143]. It is possible that macrophages fuse
with tumor cells during attempts to engulf the cells but that
the resulting fusion produces more aggressive and invasive
tumor cells [144].

VEGF blockade might be more effective if combined
with therapies that also damage endothelial cells. Because
endothelial cells proliferate at a slower rate than tumor cells,
after the administration of a low-dose cytotoxic therapy,
normal endothelial cells might be able to survive during the
recovery period [145].

Anti-VEGF treatment suppresses the vasculature but
not the coopted vessels [146]. Electron microscopic anal-
ysis of capillary formation has found that the complex
vascular structures within tumors are composed essentially
of progenitor endothelial cells. Cells with ultrastructural
features of endothelial progenitors are recruited to the tumor
periphery prior to vessel formation. Endothelial progenitors
are migratory endothelial cells with characteristic ultrastruc-
tural features and the capacity to circulate, proliferate and
differentiate into mature endothelial cells [147].

Vascular endothelial cells might also represent a tar-
get for cytotoxic therapy, as they might be capable of
resuming growth during the recovery period after the cyto-
toxic treatment. However, Browder et al. hypothesized that
endothelial cell recovery occurring during this treatment-
free period might support the regrowth of tumor cells. This
could increase the risk of the emergence of drug-resistant
tumor cells [145]. Considering that chemotherapeutic agents
themselves can elicit antiangiogenic effects, dosing schedules
must be carefully designed to induce maximal apoptosis
of the endothelial cells. Some chemotherapeutic agents,
in particular, exhibit maximal benefit when administered
at a low-dose for long treatment periods (metronomic
therapy). The same group has conducted a clinical trial in
which children with recurrent or progressive cancers were
treated with low-dose chemotherapy in combination with
antiangiogenic therapy. Forty percent of patients exhibited
prolonged or persistent disease-free status for all of the six
months of therapy [148].

Recent studies suggest that tumor cells can also be
involved in tumor angiogenesis, as neoplastic lesions have
been found to contain tumor-derived endothelial cells
(TDECs). These cells originate from the tumor-initiating
cells but not from EC progenitor cells. Through the
activation of HIF-1α, hypoxia plays an important role in
endothelial differentiation. This switch is independent of
VEGF or FGF. In this model, the VEGF inhibitor treatment
elicited no effects on tumor growth [149].

Tumors can adapt to treatment with angiogenesis
inhibitors by activating alternative angiogenesis-promoting
mechanisms to sustain tumor growth [150].

In clinical trials evaluating bevacizumab, sorafenib and
sunitinib, a minority of individuals failed to show even
transitory clinical benefit [151]. In these cases, the tumors
exhibited preexisting resistance, which was attributed to the
activation of one or more of the aforementioned evasive
resistance mechanisms, not in response to therapy but to
the selective pressure of their microenvironment. Thus, it is
important to identify markers of resistance and to identify
new approaches for targeting angiogenesis.

5. The Significance and Therapeutic
Relevance of ILK1 in the Resistance to
Antiangiogenic Therapy

We used Platelet Factor 4-DLR (PF4- DLR), a peptide derived
by inserting DLR mutations into a PF4 47–70 aa fragment
from Platelet Factor 4 that exhibits strong antiangiogenesis
effects and that reduces angiogenesis and tumor growth in
a dose-dependent manner in the U87-MG model [152].
This inhibitor has been widely used in human glioblastoma
models, in which it significantly inhibits tumor angiogenesis
and growth. However, prolonged treatment with PF4-DLR
alone or in combination leads to the development of drug
resistance, depending on the dose and the tumors stage at
which it is administered [153].

Using a proteomics approach, we identified proteins that
were differentially expressed in tumors treated with PF4-
DLR at two time points: after 10 days of treatment when
the tumors are responsive to the antiangiogenic therapy,
and after 20 days of treatment when glioblastomas are still
responsive to PF4-DLR. However, if treatment is prolonged,
glioblastomas start to activate new pathways that might
induce drug resistance. The significance of Integrin-linked
kinase 1 (ILK1) expression after PF4-DLR treatment was
investigated in greater detail. Interestingly, we found that
ILK1 expression is downregulated after 10 days of treatment
and upregulated after twenty days. This result suggested
that ILK1 expression correlates with treatment response, at
least in our experimental model. ILK1 is a protein that is
involved in intracellular signal transduction of integrins and
growth factor receptors. In some tumors, increased ILK1
levels are required for cell growth/survival, cell cycle pro-
gression, invasion and migration, and tumor angiogenesis
[154]. In glioblastoma, a link between ILK1 and tumor
cell invasion has been proposed [155]. Over time, ILK1
increases the expression of VEGF, implying that ILK1 might
be a key molecule for a positive signaling loop that induces
angiogenesis and tumor growth. Edwards et al. demonstrated
that inhibiting ILK1 with small molecule inhibitors reduces
tumor hypoxia, decreases tumor vascular mass and decreases
functional vasculature in a mouse model of glioblastoma
[156]. The inhibition of ILK1 alone was able to delay but
could not completely inhibit tumor growth. We therefore
decided to inhibit ILK1 using siRNA in addition to PF4-DLR
administration in order to investigate whether this combina-
torial approach would further improve therapeutic efficacy in
vivo over PF4-DLR treatment alone. Interestingly, treatment
with PF4-DLR and an anti-ILK1 siRNA resulted in decreased
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tumor mass and a reduction in the number of tumor vessels.
Our findings have important therapeutic implications and
suggest that combinatorial strategies that simultaneously
inhibit different mechanisms of tumor proliferation and
angiogenesis might significantly increase therapeutic efficacy.
We also analyzed the ILK1 expression levels in patients with
glioblastomas, astrocytomas and oligodendrogliomas and
found that high levels of ILK1 expression correlate with poor
prognosis. Our data suggest that ILK1 could represent a
novel specific pharmacological target to be inhibited alone
or in combination with antiangiogenic therapies for gliomas
[157].

6. Future Perspectives

The VEGF family members, angiopoietins, Notch/Delta4 or
platelet-derived growth factor are currently the major focus
of angiogenesis research. However, many other regulatory
molecules, including chemokines, critically modulate vessel
growth. The inhibition of IL-6 and VEGF results in the
inhibition of U-87-derived experimental glioma growth on
chick CAM (chorioallantoic membrane) or in xenografts in
the brains of mice [158].

If a tumor depends on the activity of a single kinase,
a new approach is to target the overactive kinase using
multiple drugs. However, prolonged therapy can again select
for mutations that give rise to therapeutic resistance of the
tumor [159, 160].

An alternative strategy is to target groups of different
kinases. This approach has been demonstrated to be effective
in animal models and is undergoing clinical testing. At least
21 clinical trials are currently evaluating the combination of
a tyrosine kinase inhibitor and an mTOR inhibitor in several
different types of cancer.

The specific targeting and delivery to malignant cell
populations can be achieved by targeting cell surface recep-
tors that are either uniquely expressed or overexpressed on
cancer cells. A variety of ligands have been evaluated for this
purpose, alone or affixed to nanoparticles, antibodies and
related fragments, other proteins, peptides, or aptamers. On
the basis of the discovery that most human tumors express
a high density of specific receptors, it has been possible
to develop radiolabeled peptides that localize to these
tumors and their metastases for therapeutic targeting [161].
For example, NP-Apt (nanoparticle-aptamer) bioconjugates
have demonstrated therapeutic efficacy both in vitro and in
vivo against cancer cells.

Modular nanotransporters (MNTS) are recombinant
multifunctional polypeptides created to exploit a cascade of
cellular processes, from the initiation of membrane receptor
recognition to the delivery of selective short-range and highly
cytotoxic therapeutic agents into the cells. Slastnikova et al.
demonstrated that MNT can selectively deliver drugs into the
nuclei of tumor cells that express a targeted receptor, thereby
improving the specificity of the therapeutic drugs [162].

Aptamers are oligonucleic acid or peptide molecules that
can bind to target molecules (nucleic acids, proteins, small
molecules, and even cells) expressed on both on membrane
surfaces and intracellularly. Aptamers are more advantageous

than antibodies because are easy to synthesize and can be
conjugated to fluorescent dyes or chemically modified to
exhibit low immunogenicity. However, a major limitation
in their clinical application is their low bioavailability after
administration.

Aptamers have been used both as a tool to find new
targets in cancer therapy and as therapeutic agents against
tumor angiogenesis [163]. In December 2004, the US
FDA approved pegaptanib (Macugen), an anti-VEGF RNA
aptamer, for the treatment of all types of neovascular age-
related macular degeneration. Pegaptanib is the first aptamer
to be successfully developed as a therapeutic agent for clinical
application in humans [164].
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Diffuse gliomas are the most frequent brain tumor in adults. This group of brain neoplasms, ranging from histologically benign
to aggressive malignant forms, represents a challenge in modern neurooncology because of the diffuse infiltrative growth pattern
and the inherent tendency to relapse as a more malignant tumor. Once the disease achieves the stage of glioblastoma multiforme
(GBM), the prognosis of patients is dismal and the median survival time is 15 months. Exhaustive genetic analyses have revealed
a variety of deregulated genetic pathways involved in DNA repair, apoptosis, cell migration/adhesion, and cell cycle. Recently,
investigation of epigenetic alterations in gliomas has contributed to depict the complexity of the molecular lesions leading to these
malignancies. Even though, the efficacy of the state-of-the-art form of chemotherapy in malignant gliomas with temozolomide is
based on the methylation-associated silencing of the DNA repair gene MGMT. Nevertheless, the whole scenario including global
DNA hypomethylation, aberrant promoter hypermethylation, histone modification, chromatin states, and the role of noncoding
RNAs in gliomas has only been partially revealed. We discuss the repercussion of epigenetic alterations underlying deregulated
molecular pathways in the pathogenesis and evolution of gliomas and their impact on management of patients.

1. Introducing the Challenge:
The Management of Gliomas

Gliomas are the most frequent primary brain tumors in
adults accounting for more than 70% of all brain neoplasms
and display a group of tumors with different features
regarding morphology, genetic and epigenetic aberrations,
and response to therapy [1]. An additional relevant feature
of gliomas represents its great tendency to infiltrate into
adjacent normal brain tissue. The outer border of gliomas, as
observed by T1-weighted magnet resonance imaging (MRI),
does not delineate the true dimension of the tumor. More-
over, tumor cells diffusely invade the normal brain and can
be detected far beyond rendering this condition incurable
by combined surgery, radio, and chemotherapy (Figure 1).
This is more true for glioblastoma multiforme (GBM), which
accounts for about 60% of all gliomas and 12–15% of all
brain tumors, and it is per se the most frequent primary brain
tumor [1, 2]. It is one of the most devastating and lethal
forms of human cancer despite the significant efforts that
have been made to unravel its molecular basis. In Europe and
North America, the incidence is three new cases per 100,000

inhabitants per year (Central Brain Tumor Registry of the
United States, CBTRUS, http://www.cbtrus.org/). Although
GBM can manifest itself at any age, it preferentially occurs in
adults, with a wide peak age of incidence between 45 and 70
years [3].

In spite of all the progress in the fields of surgery and
radiochemotherapy, including the milestone of chemother-
apy with the alkylating drug temozolomide, the prognosis of
GBM is still dismal [3–5]. Recently published meta-analyses
reported that, despite multimodal therapy with gross total
resection and radio- and chemotherapy with temozolomide,
an improvement of only few months in median survival time
(14.6 months) had been achieved compared to surgery plus
radiotherapy alone (12.1 months) [6]. As a general rule,
tumor recurrence develops after a short relapse-free period,
signaling a survival time of 5–8 months [4].

2. Crosstalk between Genetics and
Epigeneticsin Gliomas

In benign astrocytomas WHO grade II, the most common
genetic alteration is mutations of the TP53 gene in about
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Figure 1: (a) T1-weighted, gadolinium-enhanced axial MRI showing the resection hole one day after surgical extirpation of a right frontal
glioblastoma multiforme (1). Four months after surgery, fractionated radiotherapy (59 Gy), and chemotherapy with temozolomide, a
new right periventricular tumor manifestation was observed invading the basal ganglia. An enhancement in the dorsal resection hole is
evidenced, also indicating the local relapse (2). MRI gently provided by Professor A. Giese (Department of Neurosurgery, University of
Mainz, Germany). (b) T1-weighted, gadolinium-enhanced axial MRI revealing a large left frontal glioblastoma. The illustration depicts the
outer tumor border (as defined by the gadolinium enhancement) with glioblastoma cells migrating far away through the brain tissue.

60% of the cases as well as mutations of the isocitrate
dehydrogenase 1 (IDH1) gene in about 70% of the tumors
[1]. The rates of these mutations may vary between subtypes,
for instance TP53 mutations have been observed in up
to 80% of astrocytomas with gemistocytic features [7].
Epigenetic alterations in grade II astrocytomas are promoter
hypermethylation of the DNA repair gene MGMT, the
protocadherin-gamma subfamily A11 (PCDH-gamma-A11)
and the tumor suppressor gene EMP3 [8]. Interestingly
in grade II gliomas without TP53 mutations, epigenetic
downregulation of CDKN2A, which regulates the MDM2-
associated p53 degradation, is frequently observed [9]. In an-
aplastic astrocytomas WHO grade III, TP53 and IDH1 muta-
tions have been observed with similar frequencies to grade II
tumors. Moreover, mutations of the RB1 gene occur in about
25% of the cases. Furthermore, the cell-cycle regulator genes
CDKN2A and CDKN2B undergo commonly inactivation via
genetic mutation and epigenetic silencing [10].

Concerning GBM, two patterns have so far been
described in the pathogenesis through the gatekeeper path-
way. These have different molecular profiles. Type 1 GBM
typically shows inactivation of the TP53 tumor suppressor
gene but no amplification of the EGFR oncogene. Mutations
of p53, mostly associated with loss of heterozygosity (LOH)
in the 17p chromosome region, can be observed in GBM
originating from a less malignant glioma precursor. TP53
inactivation does not occur together with amplification of
the EGFR oncogene, which is only identified in GBM without
TP53 mutation [1, 11–13]. More than 70% of malignant glio-
mas show a deregulated TP53 pathway not only by mutation
of TP53 but also amplification of MDM2, homozygous
deletion/mutation, or promoter hypermethylation-mediated
silencing of CDKN2A as shown in Figure 2 [10, 14].

In contrast, type 2 GBM shows overexpression or ampli-
fication of the EGFR without mutations of TP53 [11, 15], and
it appears de novo, that is, in patients without a less malig-
nant precursor neoplasm such as grade II or III astrocytoma
[16]. The former molecular data strongly pinpoint to two
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Figure 2: TP53/MDM2/p14ARF and cell cycle p16INK4a/CDK4/RB1
networks and targets of hypermethylation-mediated inactivation
(marked by red stocks).

independent GBM pathogenetic pathways [17]. Moreover,
EGFR amplification is almost always consistent with LOH in
chromosome region 10q [16]. The tumor suppressor gene
PTEN, mapping the 10q23 region, is mutated in approxi-
mately 30% of type 2 GBM [18]. Mutations in this gene
have been described only in malignant gliomas and are rarely
associated with p53 mutations. Other frequent mutations
in type 2 GBM affect the CDK cell-cycle-regulator genes.
Amplification of CDK4 and CDK6 was observed in 15%
of type 2 GBMs [10]. Mutations of the cell-cycle-regulator
genes CDKN2A/CDKN2B have been observed in 40% of
all GBM. Moreover, a functional loss of expression of the
CDKN2A gene by promoter hypermethylation was found in
15% of GBM as well [19]. Mutations of the IDH1 gene have
been frequently observed in those GBM progressing from a
less malignant precursor lesion, that is in type 1 GBM, mostly
of them affecting young patients. Interestingly, these IDH1
mutations were associated with a better outcome [20, 21].
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In addition to type 1 and type 2 GBMs, there are other
forms, whose molecular profiles do not identify them as
belonging to either of the two classic pathways [12, 15, 22].
A small subgroup of these GBMs is found to harbor LOH on
chromosomes 1p and 19q, which have been suspected for a
long time of containing tumor suppressor genes [15, 23].

In recent years, the epigenetic pattern of gliomas has
received increasingly attention and many efforts have been
done to define it. Nevertheless, it is only partially devised.
Global DNA hypomethylation in gliomas, affecting up to
10 million CpG dinucleotides per haploid tumor genome,
actually occurs in GBM [24]. This phenomenon appears
to be associated with malignant evolution of cells through
activation of oncogenes, promotion of genomic instability,
or the loss of imprinting. Moreover, the significance of hy-
permethylation of CpG island of gene promoters in GBM
is highlighted by the observation of epigenetic-mediated
inactivation of a wide variety of genes associated with
tumor suppression (RB1, VHL, EMP3, RASSF1A, BLU), cell
cycle regulation (CDKN2A/CDKN2B), DNA repair (MGMT,
hMLH1), and tumor invasion and apoptosis (DAPK1,
TIMP3, CDH1, the protocadherin family member PCDH-
gamma-A11, TMS1/ASC) [25–31]. These epigenetic events
have been described in oligodendrogliomas and ependymo-
mas as well [32].

The methylation signature of gliomas is also rather asso-
ciated with tumor lineage and malignancy grade. Thus, as-
trocytomas grades WHO II and III and GBM grade IV
show different methylation status of several genes [33]. Even
though, primary and secondary GBMs were found to differ
concerning methylation of genes which was associated with
decreased mRNA levels [34]. In this context, methylation of
MGMT is more frequently observed in 75% of secondary
GBM than in primary GBMs (36%) (http://www.iarc.fr/p53
and [29]). Moreover, MGMT methylation has been observed
to be associated with TP53 mutations in secondary GBMs.

3. Cancer Epigenetics and
Disrupted Cellular Pathwaysn by
Methylation-Associated Events

Epigenetic alterations have been linked with all cancer types.
The spectrum of lesions includes gain and loss of DNA
methylation including multicopy elements as well as single-
copy genes. Most of these aberrations, mainly those followed
on DNA methylation and deacetylation of histones, change
gene expression and genome stability through regulation of
local chromatin structure. Moreover, recent data suggest that
early epigenetic changes occur during tumorigenesis and that
they may predispose progenitor cells to further molecular
changes that are involved in tumor promotion [35, 36].
Given the high frequency of DNA methylation changes, these
events may become ideal biomarkers for early molecular
diagnostics, such as MGMT, which has been observed to
be hypermethylated in low-grade gliomas (grade II) further
evolving to gliomas grade III and GBM [37]. Furthermore,
this biomarker allows neurooncologists to predict patient’s
response to current chemotherapy with temozolomide [6].

Cancer cells change their methylation pattern in a wide-
ranging manner. For instance, the regulation of methylating
DNA methyltransferases 1, 3A, and 3B is altered profoundly.
Moreover, there is a global DNA hypomethylation through
demethylation of the promoters of a wide variety of genes
as well as a severe hypermethylation that locally affects
normally unmethylated regions, mainly CpG islands. As a
rule, densely methylated DNA is associated with deacetylated
histones and compacted chromatin, which is refractory to
gene transcription (Figure 3) [38, 39]. DNA epigenetic
alterations without gene mutations have been found to
be common events in the pathogenesis of a wide variety
of cancers, including gliomas, especially the methylation-
associated silencing of tumor suppressor genes such as VHL,
p16INK4a, E-cadherin, hMLH1, BRCA1, and LKB1 [40, 41].
Promoter hypermethylation has been observed in a large
number of regulator genes in tumor pathogenesis, including
p15INK4b (hypermethylated in hematological malignancies),
p73 (hypermethylated in lymphomas) and ER (receptor for
estrogen-induced transcriptional activation), the DNA repair
genes MGMT and GSTP1 (related to the prevention of
oxidative DNA damage), TIMP3 and DAPK1 [42–44].

An overview of disrupted cellular pathways in gliomas
by hypo/hypermethylation of gene promoters or histone
modifications is provided in Table 1.

3.1. Mutator Pathways

3.1.1. DNA Mismatch Repair System. Genomic instability
plays a fundamental role in the pathogenesis of a wide variety
of solid cancers [45, 46]. One form is the chromosomal
instability (CIN), characterized by multiple gains and losses
at specific chromosome regions [45]. In GBM, CIN has
been found to be related with two pathways, typically
harboring either mutations of TP53 or amplification of the
EGFR oncogene. A second form of genomic instability is
the microsatellite instability (MSI), which typically displays
length mutations at microsatellite sequences in noncoding
and in coding regions of genes such as PTEN, TGFßR-
II, IGFIIR, and BAX [47–50]. MSI is the consequence of
the inactivation of genes driving the DNA mismatch repair
system [47, 48, 51] and has previously been observed in
hereditary syndromes, such as the hereditary nonpolyposis
colorectal cancer (HNPCC) with a frequency up to 90%
[48, 51]. In these cases, the defect is attributed to germ
line mutations in mismatch repair genes, mainly MLH1 and
MSH2. However, in sporadic malignancies, MSI without
mutations of those genes could be identified in colorectal
(15%), nonsmall cell lung (35%), head and neck (28%),
gastric (10%), and prostate cancers (8.5%) [52–56]. In GBM,
MSI has been detected as well, with frequencies ranging from
5–50% [57]. Remarkably, in these sporadic tumors, MSI was
not associated to mutations of the mismatch repair system
but to MLH1 promoter hypermethylation-mediated silenc-
ing. Interestingly, MSI was observed to be more frequent in
those GBMs evolving from less malignant gliomas grade II
or III, which typically display TP53 mutations without EGFR
amplification, as well as in relapse GBM [57]. Taking this into
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Figure 3: (a) 3D MRI. Normal glial cells CpG islands in the promoter regions of genes lack of methylation, which is a prerequisite for
active gene transcription. Fully methylated CpG islands are found only in the promoters of silenced alleles for selected imprinted autosomal
genes and silenced genes on the inactivated X-chromosomes of females. (b) 3D MRI showing a right frontal GBM, in which cells change their
methylation pattern in a wide manner including deregulation of methylating DNA methyl-transferases 1, 3A, and 3B, global hypomethylation
through demethylation in CpG islands of the promoters of a wide variety of genes as well as a severe hypermethylation locally affecting
unmethylated regions. Densely methylated DNA is associated with deacetylated histones and compacted chromatin, which is refractory to
gene transcription.

consideration, inactivation of tumor suppressor genes may
represent the final stage in the malignant transformation of
cells which are driven by an increasing genomic instability
through the early inactivation of the DNA mismatch repair
gene MLH1.

3.1.2. MGMT DNA Repair Gene. MGMT is another rele-
vant example of a DNA repair regulator gene undergoing
methylation-mediated inactivation in gliomas, even in an
early phase. MGMT hypermethylation has been reported
in gliomas grade I to IV from 20 to 90% depending on
the histological subtype [58]. It removes mutagenic and
cytotoxic adducts from O6-guanine in DNA (Figure 4).
Alkylation of DNA at the O6 position of guanine is a
primordial step in tumor formation, primarily due to
the tendency of the O6-methylguanine to mispair with
thymine during DNA replication, leading to the conversion
of guanine-cytosine to adenine-thymine pairs in DNA.
Furthermore, most common mutations caused by alkylating
drugs are G : C to A : T transitions. A functioning MGMT
provides cells protection against these sequence alterations,
by transferring the alkyl group from the O6-guanine in
DNA to an active cysteine within its own sequence [59].
MGMT-silenced cancer cells acquire a mutator phenotype

through generation of transition point mutations of genes
such as TP53 or the oncogene K-ras [60]. Strikingly, MGMT
hypermethylation has been observed to be associated with
TP53 mutations in secondary GBMs. Notably, these TP53
mutations were almost exclusively G : C to A : T transition
mutations and of those, most of them were at CpG sites
(http://www.iarc.fr/p53 and [29]).

A link was observed in GBM between MGMT pro-
moter methylation and a hypermutator phenotype as a
consequence of a mismatch repair deficiency in treated
glioblastomas, a finding with potentially significant clinical
implications [61].

3.1.3. Chromosomal Instability through Inactivation of
RECQL2 Helicase (WRN Gene). Mutations in the Werner
syndrome (WS) gene (WRN) are found in patients exhibiting
the clinical features of this rare autosomal recessive disease,
displaying premature onset of age-related pathologies [62].
Most of WRN mutations lead to loss of function of the
protein [62]. The WRN gene belongs to the RecQ family
of DNA helicases, whose mutations lead to defects in DNA
replication, recombination, and repair. Since patients with
WRN gene germ line mutations develop a wide variety of
epithelial and mesenchymal tumors, a tumor suppressor
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Table 1: Cellular pathways deregulated in gliomas and associated epigenetic events through promoter hypermethylation, CpGs hypometh-
ylation, and histone alterations leading to modified chromatin states.

Cellular pathway
Genes in gliomas deregulated by hypo/hypermethylation/histone
modification

Ras signaling RASSF1A, RRP22, DIRAS3

Cell migration and adherence NECL1, E-cadherin, SLIT2, EMP3, TIMP3

Wnt signaling WIF1, FZD9, IGFBP-3, SFRP family, PEG3

Tyrosine kinase pathways KIT, SYK, c-ROS

Transcription factors SOX2, KLF4, GATA 6, ATOH1

Homeobox genes HOXA 9, HOXA10, HOXA11

Sonic hedgehog signaling PTCH1, Cyclin D2, Plakoglobin, PAX6, NKX2.2

Notch signalling NEURL1, HES1, HEY1

BMP developmental pathway BMPR1B

Hypermutator pathways hMLH1, hPMS2, MGMT, WRN

Apoptosis TMS1, DAPK1, CASP8, DR4, DR5

TP53/cell cycle HIC-1, CDKN2A, RB1, p16INK4a

MicroRNAs miR-124a, miR-21, miR-7, miR-137, miR128

Synthesis

MGMT MGMT

Cystein CysteinTMZ ACNU BCNU
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Figure 4: Diagram showing how alkylating drugs temozolomide (TMZ), nimustine (ACNU), and carmustine (BCNU) act damaging DNA
by introducing alkyl residues in the O6 position of guanine, thus producing DNA interstrand cross-links. The DNA repair O6-methylguanine
DNA methyltransferase (MGMT) reverses the formation of adducts at the O6 position of guanine. MGMT transfers the alkyl group from
the O6-guanine to an active cysteine within its own sequence in a reaction that inactivates one MGMT molecule for each lesion repaired.
The alkylated MGMT protein then becomes detached from DNA and is targeted for degradation by ubiquitination.

function for WRN is anticipated and it is supported by
the very frequent loss of heterozygosity at the chromosomal
WRN region, 8p11.2–p12 in different cancers [63]. Nev-
ertheless, somatic mutations of WRN gene have not been
found in sporadic malignancies, but epigenetic-mediated
silencing was reported in many tumor types of epithelial
and mesenchymal lineage in a parallel way observed in
MLH1 [64]. The hypothesis defending the link between the
methylation-mediated inactivation of WRN and a mutator
phenotype in human malignancies is supported by the
observation that WRN defective cancer cells through methy-
lation are very sensitive to the action of DNA-damaging
agents [64]. The significance of methylation of WRN in

gliomas of different lineages and malignancy grades is a
topic which remains to be definitively delineated and might
have implications in survival prediction or response to
chemotherapy.

3.2. Apoptosis. Current anticancer therapy is directed to
activate the mitochondria-dependent or intrinsic apoptotic
pathway, which will be stimulated by DNA damage induced
by radiotherapy or drugs [65]. The success rate of this
treatment modality in GBM, with very few exceptions, is
actually low. This therapy failure may be in part explained
by the apoptosis-resistant phenotype of GBM, an extended
hallmark in cancer [66].
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Epigenetic inactivation of apoptosis-related genes has
been consistently reported in gliomas, such as TMS1/ASC
and DAPK1 [67, 68], WIF-1 [69], SFRP1 [70]. and CASP8
[71], Previously. we have observed an epigenetic silencing
of the proapoptotic gene CASP8 during progression of
primary-to-recurrent GBM [71]. CASP8 is also hypermethy-
lated in 40% of neuroblastomas and medulloblastomas, and
a high concordance between gene methylation and protein
expression was observed as well [72, 73]. CASP8 encodes
a protein at the top of the mitochondria-independent
apoptosis cascade in a pathway triggered by ligation of
death receptors, such as Fas and tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) death receptors
(DR4 and DR5), by their cognate ligands [74, 75]. Once
activated CASP8, the executioner CASP3 becomes activated
as well, which leads to dismantling of the cell. CASP8
can also promote the activation of downstream caspases
through proteolysis of BID (BH3-interacting domain death
agonist protein) [76]. TRAIL (like tumor necrosis factor,
TNF, and Fas ligand) is a potent inducer of apoptosis, and
it is counteracted by the decoy receptors DcR-1 and 2.
Because of the preferential expression of these antagonistic
receptors in normal tissues, it was postulated that both
protect from TRAIL-induced apoptosis [77]. Taking this into
consideration, the main epigenetic deregulation point of
the extrinsic apoptosis cascade in gliomas probably involves
CASP8 and the death receptors.

3.3. TP53 and Cell Cycle Networks. The TP53 gene encodes a
protein displaying key roles in different substantial processes
such as cell cycle, response to DNA damage, cell cycle, cell
differentiation, and cell death [78]. Not only the function of
TP53 may result altered by mutations, but also it may result
from alterations in MDM2, MDM4, or CDKN2A. At least
two isoforms of the protein MDM2 may interact with TP53,
and it binds to wild-type and mutant TP53, thus inhibiting
the ability of wild-type TP53 to activate transcription from
promoter sequences. In normal cells, there is a regulatory
feed-back loop since the transcription of MDM2 can be
induced by wild-type TP53. In this way, the activity of
TP53 and the expression of MDM2 are closely related.
Inactivation of TP53 in gliomas occurs preferentially in
low-grade astrocytomas and secondary glioblastomas (about
65%) [1]. But inactivation of TP53 without mutations is
also reached by overexpression of MDM2. Another relevant
player in TP53 pathway is 14ARF, which binds to MDM2
and inhibits MDM2-mediated TP53 degradation. Hereby,
there also is a feed-back regulatory loop since p14ARF is
negatively regulated by TP53. Hypermethylation of CDKN2A
has been frequently observed in low-grade astrocytomas and
secondary GBM in about 30% [79] but also in primary GBM
in about 50% of the cases. In this regard, the TCGA project
has observed alterations in the TP53/MDM2/CDKN2A path-
way in about 87% of investigated GBM [61].

The cell cycle pathway CDK4/CDKN2A/RB1 has been
found to be disrupted in about 78% of GBM analyzed [61].
The RB1 protein executes the check point G1 into the S
phase of the cell cycle. The CDK4/cyclin D1 complex induces

the activation of the transcription factor E2F through
phosphorylation of the RB1 protein, thus activating genes
implicated in the cell cycle step G1 → S (Figure 2). On the
other hand, CDKN2A inhibits the CDK4/cyclin D1 complex
and, in this way, the transition G1 → S. Hypermethylation-
mediated silencing of RB1 and CDKN2A has been frequently
observed in primary glioma tissues [80, 81].

3.4. Noncoding RNAs. MicroRNAs (miRNAs) are small, 20–
22-nucleotide noncoding RNAs that have been observed to
be encoded by the genome of most of the eukaryotes exam-
ined so far. These small molecules have rapidly taken center
stage as regulators of gene expression. Recent studies have
identified important roles for miRNAs in the development of
human cancers; about 200 of them have been associated with
the lineage and differentiation of tumor cells, which implies
that miRNA levels are crucial to tumor development [82].
Clusters of miRNAs have the properties of classic oncogenes
and modulate and are modulated by the activities of other
oncogenes [83].

In general, DNA hypomethylation induces a release of
miRNA silencing in cancer cells as previously described [84].
One of the miRNA targets is miRNA-124a, which undergoes
transcriptional inactivation by CpG island methylation in
different human malignancies, in a similar way to that
observed with tumor suppressor genes; in particular, a link
was observed between the epigenetically mediated loss of
function of miRNA-124a with the activation of the oncogenic
factor cyclin D kinase 6 as well as the phosphorylation of the
tumor suppressor gene RB1.

In GBM, molecular analyses have shown that miR-21 has
the greatest differential elevated expression in human GBM
biopsies, in primary cultures and GBM cell lines compared
to those in nonneoplastic fetal and adult brain tissues [85,
86]. Targets implicated in the pathway of miR-21 include
TP53, TGF-ß, the mitochondrial apoptotic pathway, and the
tumor suppressor gene PTEN [87]. Moreover, knockdown
of miR-21 in cultured GBM cells led to increased apoptotic
cell death [85]. These findings pinpointed that aberrantly
expressed miR-21 contributes to the malignant phenotype
by inhibiting the expression of genes involved in apoptosis.
Furthermore, miR-21 regulates different genes associated
with migration and invasiveness in gliomas, including RECK,
TIMP3, and inhibitors of matrix metalloproteinase. In
contrast, downregulation of miR-21 in glioma cells leads to a
reduction in their migratory and invasive capability [88].

The complexity of this scenario in GBM is further
underscored by findings showing a very low expression of
other miRNAs such as miR-124, miR-137, miR-7, and miR-
128 [89, 90]. Furthermore, transfection of miRNA-124 or
miRNA-137 also induced G1 cell cycle arrest in GBM cell
lines, which was associated with decreased expression of
cyclin-dependent kinase 6 and phosphorylated retinoblas-
toma proteins [90].

Altogether, increasing evidence exists that miRNAs reg-
ulate multiple pathways involved in GBM pathogenesis.
For most of them, the mechanisms by which miRNAs
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become altered in GBM are only partially explained. Never-
theless, general regulatory mechanisms (hypermethylation,
mutation, deletion, and amplification) are likely to be
represented, as well as miRNA-specific mechanisms, for
instance altered processing or degradation. But if we keep in
mind that protein-coding genes represent about 2% of the
whole genome and that noncoding genome regions probably
are of unrecognised great importance for physiological
tissue development and for disease conditions [91], it is
easy to argue that other noncoding RNAs, for instance,
transcribed ultraconserved regions, small nucleolar RNAs,
PIWI-interacting RNAs, large intergenic noncoding RNAs
(lincRNAs) and the group of long noncoding RNAs, might
also contribute to the development of human cancers [92]. It
is anticipated that this total will become much higher in the
near future as further key miRNA/target pairs are experimen-
tally validated. The identification of these miRNAs and their
methylation-induced inactivation will create opportunities
for new therapeutic strategies by modifying chemoresistance
or by inducing sensitivity to radiotherapy.

4. Epigenomics: The New Venue in
Glioma Pathogenesis

Summarizing the reviewed issues, hypermethylation of CpG
islands gene promoters is only the tip of the iceberg in
the complex context of epigenetic mechanisms contribut-
ing to GBM onset. Unraveling the epigenetic lesions in
malignant gliomas will open up possibilities for discovering
new biomarkers for brain tumor detection and prognosis,
as reached with prostate cancer. Restoring epigenetically
altered pathways will probably lead to the development of
new therapeutic tools with translational significance. We
are entering into a new time of personalized molecular
treatment, which will allow a successful crosstalk between the
lab bench and patient bed, based on a better understanding
of genetic and epigenetic mechanisms of human cancers.
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Gliomas are the most common primary central nervous system tumors with a dismal prognosis. Despite recent advances in surgery,
radiotherapy, and chemotherapy, current treatment regimens have a modest survival benefit. A crucial challenge is to deliver
drugs effectively to invasive glioma cells residing in a sanctuary within the central nervous system. New therapies are essential,
and oligonucleotide-based approaches, including antisense, microRNAs, small interfering RNAs, and nucleic acid aptamers, may
provide a viable strategy. Thanks to their unique characteristics (low size, good affinity for the target, no immunogenicity, chemical
structures that can be easily modified to improve their in vivo applications), these molecules may represent a valid alternative to
antibodies particularly to overcome challenges presented by the blood-brain barrier. Here we will discuss recent results on the use
of oligonucleotides that will hopefully provide new effective treatment for gliomas.

1. Introduction

Glioma is the most common primary brain tumor, generally
characterized by highly infiltrative nature, high malignancy,
and poor clinical outcome. Despite great advances in surgical
techniques, radiotherapy, and chemotherapy, the prognosis
of this tumor remains poor [1, 2].

Histologically gliomas are classified as astrocytomas,
oligodendrogliomas, or ependymomas depending on cell
morphology [3–7]. Genomic analysis of gliomas has revealed
different subtypes that show distinct patterns of mutations,
copy number alterations, and gene expression [8, 9]. On the
basis of the grade of malignancy, as established by the World
Health Organization [2], they can be further categorized as
low grade (grade I and grade II) and high grade gliomas
(grade III and grade IV). Grade I tumors are relatively benign
and show the best prognosis. Grade II tumors contain some
anaplastic cells and can progress to higher grade tumors.
Grade III tumors show a high degree of anaplasia and mitotic

activity and are often rapidly fatal. The most aggressive
type of glioma is the grade IV astrocytoma or glioblastoma
multiforme (GBM). This is a highly anaplastic and malignant
tumor which is almost always fatal because of its resis-
tance to radio—and chemotherapy. To date, antibody-based
approaches have been developed for in vivo applications but,
in most cases, adequate sensitivity has not yet been reached;
they show toxicity in vivo and are not able to efficiently
cross the blood-brain barrier (BBB). Promising alterna-
tive approach to antibodies is now represented by RNA
and DNA oligonucleotides, including antisense (AS-ODN),
microRNAs (miRNAs), small interfering RNAs (siRNAs),
and nucleic acid aptamers (see Figure 1). Among them, only
AS-ODNs are already in clinical development [10]. The
most advanced is a phosphorothioate-modified AS-ODN
(Trabedersen, AP 12009, Antisense pharma) directed against
the transforming growth factor-beta 2 (TGF-β2), a protein
that is massively produced by high-grade gliomas and pro-
motes tumor cell proliferation, angiogenesis, invasion and
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Figure 1: Mechanism of action of nucleic acids. AS-ODN, miRNAs, and siRNAs act on the mRNA preventing proteins translation. Nucleic
acid aptamers fold into complex tridimensional shapes that allow direct binding to target protein.

metastasis. Thus, inhibiting TGF-β2 production, Trabeder-
sen exerts multiple antitumor effects. To bypass the BBB,
this AS-ODN has been administrated intratumorally using
a single intratumoral catheter linked to a portable pump.
On the basis of the positive results obtained in phase I
and II clinical trials, in which Trabedersen resulted safe
and well tolerated in patients with high grade gliomas, the
oligonucleotide is currently in phase III [11].

Even if their clinical development is still being realized,
miRNAs, siRNAs, and aptamers are emerging as innovative
tools with an extraordinary potential for the treatment of
different human diseases including glioma (see Table 1). In
this paper we will focus on recent progresses and challenges
of these three classes of oligonucleotides, with a major
emphasis for those molecules that show great potential for
clinical development.

2. Oligonucleotides versus Proteins

Oligonucleotides show many advantages over proteins as
diagnostics and therapeutics. Indeed, they are entirely chem-
ically synthesized, resulting in an easier production, in which
complex manufacturing processes are avoided. Moreover,
they can achieve high target selectivity, are sufficiently stable,
and can be readily chemically modified to further enhance
their stability, bioavailability, and pharmacokinetics. In this

regard, the most effective modifications to reduce in vivo
nuclease degradation are substitutions at the 2′-ribose of the
pyrimidines with fluoro (2′-F-Py) or amino groups, but also
introductions of 2′-O-Metyl purines [12–14], changes in the
internucleotide linkages and in the nucleobases (such as the
use of phosphorothioate) and capping at the oligonucleotide
3′-terminus have been successfully adopted [15]. Further,
the use of locked nucleic acids, containing a methylene
bridge to connect the 2′-O to the 4′-C, increases the stability
of base pairing, stabilizing the duplex, and enhancing the
resistance to nuclease [16–18]. The addition of polyethylene
glycol (PEG) and other moieties can be used to increase
oligonucleotides size enhancing their bioavailability and
pharmacokinetic properties [19, 20].

One particularly attractive feature of oligonucleotides
is that they are much less immunogenic than proteins.
Indeed antibodies toward synthetic oligonucleotides are not
generally produced and, the innate immune response by toll
like receptors against nonself RNAs can be bypassed by the
replacement of only uridines with their 2′-fluoro, 2′-deoxy,
or 2′-O-methyl-modified counterparts [21–24].

3. Oligonucleotides Delivery to the Brain

A crucial challenge for human glioma treatment is to
deliver drugs effectively to invasive glioma cells residing in a



Journal of Signal Transduction 3

Table 1: Advantages and disadvantages of microRNAs, siRNAs, and aptamers.

miRNAs siRNAs Aptamers

Advantages

(i) Chemically
synthesized

(i) Chemically synthesized (i) Chemically synthesized

(ii) Small size (ii) Small size (ii) Small size

(iii) Sufficiently stable (iii) Sufficiently stable (iii) High target selectivity

(iv) Can be readily
chemically modified

(iv) Can be readily chemically
modified

(iv) High affinity

(v) Less immunogenic
than proteins

(v) Less immunogenic than
proteins

(v) Sufficiently stable

(vi) Already developed in
clinical trials

(vi) Can be readily chemically
modified

(vii) Less immunogenic than
proteins

(viii) Already developed in
clinic

Disadvantages
(i) Off-target effects
(ii) Not yet developed
in clinical trials

Off-target effects
Only a few aptamers as
targeting agents for imaging

sanctuary within the central nervous system. Currently, it is
not practical to administer drugs to humans by invasive pro-
cedures such as intracerebroventricular infusion or intracere-
bral injection, on the other hand, noninvasive intravenous
administration of brain neurodiagnostic or neurotherapeutic
agents remains a challenge because of the low permeability of
the BBB. Indeed, the same mechanisms that protect the brain
against intrusive chemicals can also frustrate therapeutic
interventions. BBB is constituted by endothelial cells of brain
capillaries which exhibit tight junctions that act as zippers
and close interendothelial pores, thereby restricting the free
movement of substances between the blood and the cerebral
interstitial fluid [25]. More than 98% of small-sized drugs,
including oligonucleotides, do not cross the BBB. However,
different strategies in which oligonucleotides are conjugated
to a transport vector that crosses the BBB, by means of
receptor-mediated transcytosis, have been reported. Several
recent papers describe the possibility to apply the brain
drug-targeting technology for the diagnosis or therapy of
many brain disorders [26–28]. Peptidomimetic monoclonal
antibodies (MAbs) that bind endogenous transport system
within the BBB, such as the insulin receptor, the transferrin
receptor (TfR), or the leptin receptor, have been used for
targeting neuropeptides, siRNAs, or antisense agents through
the BBB in vivo. Further, immunoliposomes have been gen-
erated carrying small hairpin RNA expression plasmids for
RNA interference (RNAi) effect (see “siRNAs and gliomas”)
[29]. The immunoliposomes are then engineered with PEG,
which stabilizes their structure in circulation. The tissue
target specificity is given by conjugation of PEG residues
to MAbs that bind the endogenous transport system within
the BBB. This strategy presents a promising solution to
the DNA/RNA delivery obstacle. In this context, it appears
a challenging goal to reformulate the receptor-mediated
approach, and to substitute antibodies with synthetic small
aptamers, by designing new and original chimeric molecules.
As discussed below (“nucleic acid aptamers and gliomas”),

with ultimate objective of introducing therapeutic enzymes
across the BBB, aptamers against the extracellular domain of
the TfR have been selected [30].

Moreover, nanoparticles, which represent a very promis-
ing and innovative approach, have been also proposed to
effectively and safely deliver drugs to the brain. Importantly,
they can be structurally modified to deliver a wide range
of therapeutics, improve delivery efficiency, and reduce
side effects. Several types of nanoparticles such as linear
polymers, hyperbranched polymers, dendrimers, liposomes,
and micelles have been synthesized or engineered and
successfully developed as carriers for brain-specific drug
delivery, imaging, and diagnosis [31–35].

Once crossed the BBB, a safe and efficient therapeutic
agent for glioma has to specifically target cancer cells in order
to avoid unwanted side effects. In this regard, a promising
approach is based on the use of chimeric molecules consist-
ing of nucleic acid aptamers, directed against target proteins
specifically expressed on the surface of cancer cells, fused
to therapeutic siRNAs or miRNAs. The aptamers function
as specific recognition ligands to target cell population,
allowing the siRNA/miRNA therapeutic effect only on this
subset of cells and thus substantially reducing unwanted side-
effects such as death of normal cells [36–38].

4. MicroRNAs and Gliomas

MiRNAs are small noncoding RNA molecules (∼20–25 nt),
widely conserved through the evolution, that negatively
regulate gene expression at posttranscriptional level in
a sequence-specific manner. Following cellular processing
(illustrated in Figure 2), they bind a specific site in the 3′UTR
of a target mRNA allowing the degradation of the messenger
if there is a perfect complementarity between the miRNA and
the binding site in the 3′UTR, or translational repression in
case of not perfect complementarity [39].
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Figure 2: Scheme of mi/si RNA processing pathway. MiRNAs are first transcribed into long primary miRNAs (pri-miRNAs) by polymerase II
or, in few rare cases, by polymerase III. Primary miRNAs are cleaved in the nucleus by an RNAse III enzyme, Drosha, inducing the conversion
into precursor miRNAs (pre-miRNAs). Pre-miRNAs are transported into the cytoplasm by exportin-5 and subsequently processed by Dicer,
a cytoplasmic endonuclease RNAse III enzyme, that generates a miRNA duplex. The functional strand of the mature miRNA is then
incorporated into the RISC (RNA-induced silencing complex), that mediates the degradation or the translation inhibition of the target
mRNA. For siRNA-mediated RNAi, double-stranded RNAs (dsRNAs) are chemically synthesized and then introduced into cell. dsRNAs are
directly cleaved into small double-stranded siRNAs by Dicer and then incorporated into the RISC leading to target mRNA degradation.

MiRNAs play an important role in cell cycle con-
trol, differentiation, proliferation, and apoptosis [40] and
provide attractive prognostic biomarkers and therapeutic
targets in different kind of cancer including glioma (see
Table 2). Indeed, different miRNA expression levels have
been observed in glioma tumors compared to surrounding
normal brain [41, 42].

MiR-21 is overexpressed in different types of tumors,
including glioma [43–45]. In glioblastoma it acts as an
oncogene by suppressing apoptosis, thus suggesting that
impaired apoptotic pathway associated with miR-21 over-
expression could play an essential role in the pathogenesis
of this kind of tumors. It has been reported that miR-21
is able to target different components of the p53, TGF-β

and mitochondrial apoptotic tumor-suppressive pathways in
glioblastoma. Indeed, proteins that stabilize p53 levels or that
act as p53 transcriptional cofactors (such as p63, junction
mediating and regulatory protein, topoisomerase I binding
arginine/serine rich, tumor protein p53 binding protein
2, death-domain associated protein, heterogeneous nuclear
ribonucleopreotein K), as well as TGFβR2/3 receptors, are
directly targeted by miR-21, resulting in a failed activation
of apoptosis and growth arrest [44]. In addition, miR-21
is able to regulate the invasive ability of glioma cells by
targeting RECK (reversion inducing cysteine rich protein)
and TIMP (tissue inhibitor of metalloproteinase-3), two
well characterized inhibitors of matrix metalloproteinases
proteins [46]. MiR-21 targets also programmed cell death
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Table 2: MicroRNAs implicated in glioma.

miRNA Function Location Targets Cluster

Oncomir

miR-21
Inhibits apoptosis and promotes
invasion

Chr 17
intergenic

TP53BP2 [44]
DAXX [44]

HNRNPK [44]
RECK [46]
TIMP3[46]
PDC4 [47]

miR-221
Promotes proliferation and
invasion

Chr X intergenic
PTPμ [48]
P27 [49] miR-221/222

miR-222
Promotes proliferation and
invasion

Chr X intergenic
PTPμ [48]
P27 [49]

miR-221/222

miR-9
Inhibits neural differentiation
and induce proliferation

Chr 9
sense

CAMTA1 [50]
REST [52]

Tumor
suppressor

miR-124
Induces G0/G1 cell cycle arrest;
induce differentiation of adult
mouse neural stem cells

Chr 8
sense

CDK6 [53]

miR-137
Induces G0/G1 cell cycle arrest;
induces differentiation of adult
mouse neural stem cells

Chr 1
sense

CDK6 [53] miR-137/2682

miR-7

Tumor suppressor; suppresses
EGFR expression and
independently inhibits Akt
pathway

Chr 9
sense

EGFR [55]

miR-128
Inhibits cell proliferation by
targeting Bmi-1 and E2F3a

Chr 2
sense

E2F3A
BMI1 [56]

miR-181
Is downregulated and associated
with poor prognosis

Chr 9
Sense antisense

unknown miR-181a/b

4, a tumor suppressor protein, involved in the inhibition
of the translation and cell proliferation [47]. Remark-
ably, due to the high number of important proteins with
tumor suppressive functions targeted by miR-21, it could
be considered a major mediator in the pathogenesis of
glioblastoma. Accordingly, its targeted downregulation in
the more aggressive human glioblastoma, could represents a
great therapeutic challenge.

Like miR-21, the cluster miR-221/222 was shown to be
overexpressed in different cancers, including glioma [41,
45, 48]. The importance of the miR-221/222 cluster lies
in the fact that it is able to impair cell cycle control
leading to an increase of proliferation rate by targeting p27
[49]. Interestingly, it has been observed that CDK4 (cyclin-
dependent kinase 4) is able to induce the expression of
the miR-221/222, which in turn contributes to keep low
p27 protein levels, thus stimulating continuous proliferation.
Recently, it has been reported that miR-221 and miR-222
could contribute to glioma invasiveness targeting protein
tyrosine phosphatase μ, a tyrosine phosphatase protein that
suppresses cell migration and that is downregulated in
glioblastoma [48].

Furthermore, miR-9 has been found highly expressed
in cancer stem cells obtained from primary astrocytic
glioblastomas [50] and in primary brain tumors [51]. This
miRNA downregulates the RE1-silencing transcription fac-
tor (REST), promoting neural differentiation. REST, in turn,

is able to repress miR-9, thus creating a negative feedback
loop between a microRNA and a transcriptional regulator
[52]. In addition miR-9 downregulates the tumor suppressor
CAMTA1 (calmodulin binding transcription activator 1)
which induces the expression of the antiproliferative Natri-
uretic Peptide type A [50].

On the other hand, several miRNAs have been reported
to be underexpressed in glioblastoma samples compared to
surrounding normal brain. MiR-124 and miR-137 represent
two of the most significantly downregulated miRNAs in
glioblastoma tissues [41]. Both of these two miRNAs directly
target CDK6 that regulates cell cycle progression and differ-
entiation [53]. MiR-7 is poorly expressed in human glioma
tissues [54] and its overexpression in cultured glioma cell
lines induces a reduction of viability and the ability to invade.
This can be explained by the fact that the miR-7 is able to
modulate the expression of epidermal growth factor receptor
(EGFR) with the consequent suppression of Akt activity [55].

Another example is miR-128, that belongs to the class
of brain-specific microRNAs [55]. As compared to normal
tissue, the levels of this miRNA are extremely low in glioblas-
tomas and, even at lesser degree, in low-grade gliomas
[41, 56]. MiR-128 is able to decrease the expression of E2F
transcription factor 3 (E2F3a) and of the BMI1 polycomb
ring finger oncogene (Bmi-1) [56], and this may explain the
ability of this miRNA to decrease cell proliferation both in
vitro and in vivo.
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Two studies have reported a downregulation of miR-181a
and miR-181b in samples of human glioma cell lines [57].
The expression of these two miRNAs in glioma cells leads
to the inhibition of growth and invasion, with induction of
apoptosis [57]. However, molecular targets of these miRNAs
remain still unknown.

Moreover, a recent report indicates that the expression
profile of a set of seven miRNAs (miR-21, miR-128, miR-
132, miR-134, miR-155, miR-210, and miR-409-5p) allows to
discriminate between oligodendroglioma and glioblastoma
[42]. Further, the alteration of miRNAs expression profile in
gliomas has been found associated to their high resistance to
the most commonly used antineoplastic agents [58–60], thus
opening new prospective for glioma treatment.

5. siRNAs and Gliomas

siRNAs are synthetic double-stranded RNA molecules (∼
20–25 nt) that inhibit gene expression at posttranscriptional
level in a sequence specific manner. As illustrated in Figure 2,
the processing of siRNAs converges into the same molecular
pathway of miRNAs mediating gene silencing [61].

SiRNAs have been successfully applied to the treatment of
several human diseases [62] and in recent years this class of
molecules has shown a great therapeutic potential for glioma
[63].

To date, the most promising siRNA therapeutic appli-
cation in glioma is represented by an interference RNA
targeting tenascin-C (TN-C) [64, 65]. TN-C is an extra-
cellular matrix protein that is overexpressed in different
cellular processes including tumor growth, and its expression
correlates with a higher tumor grade in human glioma [66].

In a group of 46 patients affected by brain tumor [65],
a dsRNA (ATN-RNA) complementary to the sequence of
TN-C mRNA was administrated during surgery directly into
neoplastic brain infiltration that could not be removed.
Remarkably, the inhibition of TN-C synthesis induced
growth tumor delay with improvements in survival and qual-
ity of life. Currently, this is the only example of clinical setting
for siRNA-based therapies in glioma. However, a vast and
increasing number of siRNAs targeting important molecular
pathways, such as those involved in apoptosis, proliferation,
cell invasion/migration, angiogenesis, and metabolism, has
been studied and could represent good candidates for
malignant glioma treatment (see [67] as review).

One particularly important drawback for the clinical
development of siRNA therapeutics is the necessity of an
appropriate and high efficiency in vivo delivery strategy to
guarantee intracellular target accessibility and specificity of
action. Different strategies for safe and efficacious siRNAs
delivery to the brain have been proposed [68, 69] as
summarized in Table 3. For example, a plasmid encoding a
short hairpin RNA targeting the human EGFR was delivered
to the brain through encapsulation in pegylated immunoli-
posomes (PILs), conjugated with two monoclonal antibodies
allowing for the transport [29]. Indeed, the first antibody
directed against the transferrin receptor enabled PILs to
cross the BBB by transcytosis. Then, the antibody against

Table 3: Strategies for siRNA delivery across the BBB.

Delivery system siRNA target Ref.

Pegylated immunoliposomes EGFR [29]

siRNA/TfR antibody complexes by
biotin-streptavidin bridge

Luciferase [65]

Polyethylenimine/siRNA complexes Pleiotrophin [66]

Nanoparticles/siRNA complexes HIF-1α [68]

Recombinant adeno-associated virus Hec1 [69]

Herpes simplex virus 1 EGFR; Rad51 [70, 71]

Lentiviral vectors
shBcl-2 and

S-TRAIL
[73]

the insulin receptor permits to specifically target PILs on
glioma cells. Remarkably, weekly intravenous administration
of PILs in mice bearing intracranial brain cancer caused
an increase of survival. Furthermore, a directly coupling to
TfR antibody via streptavidin-biotin linker was successfully
applied for siRNA targeting to brain [70]. Other systems for
siRNA delivery to brain include polyethyleneimine/siRNA
complexes [71], coated nanoparticles resembling low-density
lipoproteins [72, 73], and viral vector [74–78].

6. Nucleic Acid Aptamers and Gliomas

Aptamers are an emerging class of small (8–15 kDa) thera-
peutic nucleic acid molecules that unlike siRNAs/miRNAs,
act by directly binding the target without interfering with
its expression. They are generated by an in vitro procedure
named SELEX that allows to isolate aptamers from combina-
torial libraries through reiterated rounds of: (1) incubation
of the library with the target molecule; (2) partition of
unbound oligonucleotides from bound sequences; (3) disso-
ciation of the aptamer-target complexes (4) amplification of
the nucleic acids library enriched in sequences that bind to
the target (see Figure 3). At the end of the selection process,
the PCR products are cloned and sequenced and the best
binding sequences are identified.

SELEX approach has been initially developed to generate
aptamers against purified proteins and more recently the
method has been extended to complex targets, including
whole living cells, with the advantage of enabling the
identification of aptamers that bind cell-surface specific
antigens in their proper environments [36, 79]. To date, the
list of aptamers generated against important diagnostic and
therapeutic targets is growing rapidly and many of them are
already in clinical trials for different human diseases [80–82].

As discussed above, TN-C is a very interesting target in
glioma and aptamers directed against this protein have been
generated by an approach based on a crossover SELEX exper-
iment that involves crossing from cell-SELEX to protein-
SELEX [83, 84]. Although, they have not been developed in
therapy, they are very attractive tools for imaging. Indeed
an RNA aptamer against TN-C, named TTA1, has been
conjugated with 99mTc and enables a clear imaging of TN-C-
positive tumors in murine xenograft models of glioblastoma
[85]. Another promising aptamer as diagnostic tool for
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Figure 3: Scheme of SELEX technology. The starting point of the SELEX technology for aptamers production is the synthesis of a high
complexity ssDNA/RNA library containing a variable region flanked by two constant regions. At each SELEX round the library is incubated
with the target molecule and bound aptamers are recovered and amplified. At the end of the selection process, the PCR products are cloned
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glioma has been generated against transformed endothelial
cells (EC) [86]. This aptamer was found to bind the rat
homologue of mouse protein pigpen that regulates EC
proliferation and is involved in angiogenesis. It has been
shown that the anti-pigpen aptamer is able to selectively label
microvessels of rat brain glioblastoma but not the vasculature
of the normal rat brain and thus, it can be used to analyze
pathological angiogenesis of glioblastoma.

Given the glioma complex cellular heterogeneity,
the development of effective diagnostic and therapeutic
approaches largely relies on the possibility to distinguish
between even close tumor types with high accuracy. In
this perspective, the development of the SELEX technology
against living cells has a great potential. Indeed, this strategy
allows to select aptamers able to specifically recognize
diseased cells or discriminate different cell phenotypes.
We have developed a differential cell-SELEX approach to
isolate RNA aptamers against cell surface glioma-specific
targets [87]. In such approach, that is a variant of cell-Selex
that we used to generate aptamers against Ret [88], we
performed iterative positive selection steps with human
malignant U87MG cells, each preceded by counter-selection
with non tumorigenic T98G cells. Seven different aptamers
specifically recognize multiple targets on U87MG cells,
which constitute a signature that might distinguish high-
from low-or non-tumorigenic glioma cell lines and primary
cultures. Furthermore, four out of the seven aptamers inhibit
specific intracellular signaling pathways [87].

A key target for glioma treatment is the EGFR that
is highly expressed in different types of cancer including

glioma [89]. Recently, unmodified RNA-aptamers have been
selected against the purified extracellular domain of EGFR.
The aptamers have been conjugated to gold nanoparticles
to specifically deliver these nanoparticles to EGFR-positive
cancer cells by receptor-mediated endocytosis [90]. Further,
glass surfaces functionalized with anti-EGFR aptamers have
been used to capture with high sensitivity and specificity
human and murine glioma cells expressing EGFR [91]. More
recently, in order to improve in vivo aptamers stability, the
same authors performed a new selection against a purified
Fc-EGFR fusion protein using a 2′-F-Py RNA pool. They
showed that one of the selected aptamers, E07, bound to
the receptor as well as to A431 cells expressing EGFR,
hampering EGF-dependent receptor autophosphorylation in
vitro [92]. In addition, by cell-SELEX we generated a 2′-
F Py-RNA aptamer that binds to EGFR with a binding
constant of 10 nM. This aptamer inhibits EGFR-mediated
signal pathways causing selective apoptotic cell death even
in cells that are resistant to the most frequently used
EGFR-inhibitors, as gefitinib and cetuximab. Remarkably,
combined treatment with cetuximab and the aptamer shows
clear synergy in inducing apoptosis and inhibiting tumor
growth in a mouse xenograft model of human cancer, thus
resulting in the first report of an anti-EGFR aptamer whose
activity has been proved in vivo [93].

Activated deletion variant EGFRvIII is the most common
EGFR mutation found in malignant gliomas. RNA aptamers
have been recently generated against the histidine-tagged
extracellular domain of EGFRvIII using an Escherichia coli
expression system. These aptamers do not bind the protein
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expressed by eukaryotic cells likely because of glycosylation
of the receptor [94]. Hence, EGFRvIII aptamers were
transfected, where they act by binding the newly synthesized
EGFRvIII and inhibit its glycosylation thus increasing the
percentage of cells undergoing apoptosis.

Apart from the utility of aptamers as ligands of targets
important for glioma, another promising application of
aptamers against cell surface molecules is to employ their
excellent targeting properties to specifically deliver therapeu-
tic agents to the brain. Recently, with ultimate objective of
introducing therapeutic enzymes across the BBB, aptamers
against the extracellular domain of the TfR have been
selected. These molecules were successfully used to deliver
different reagents to mouse fibroblast cells [30] and can
potentially be used, as alternative to antibodies, to design
new and original chimeric molecules able to across the
BBB through receptor-mediated transcytosis. In addition,
aptamers showed an excellent potential as reagents for the
delivery of miRNAs and siRNAs to a given target cell or
tissue [36–38]. Even if to date there are no results for
glioma, Giangrande’s and Rossi’s groups developed different
innovative and effective chimeric molecules in which siRNAs
were conjugated to aptamers targeting the prostate-specific
membrane antigen or the HIV glycoprotein gp120, for
specific aptamer-mediated siRNA delivery [95–99].

7. Conclusions

As discussed above, the interest for miRNAs, siRNAs and
aptamers as innovative approaches for glioma treatment
is rapidly increasing. Even if their clinical development is
still being realized, oligonucleotides have several important
advantages over traditional drugs and hold an extraordinary
potential for glioma diagnosis and therapy. However, as
with any novel therapeutic tool, further studies are required
for their effective translation into clinic especially for what
it concern glioma-specific tumor targeting. As discussed
in this paper to address this issue, a highly intriguing
approach could be the generation of chimeric molecules in
which aptamers, directed against specific cell surface target
proteins, are fused with therapeutic siRNAs or miRNAs.

Different approaches for aptamers-siRNA conjugation
have been developed [36–38] and recently Archemix Corp.,
a leading biopharmaceutical company in the development
of aptamers as therapeutics, started a collaboration with
miRagen Therapeutics Inc., a biopharmaceutical company
focused on developing innovative microRNA-based ther-
apeutics for cardiovascular and muscle disease, for the
development of conjugated aptamer-microRNA molecules
capable of intracellular delivery and subsequent microRNA
targeting.
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Glioblastomas are characterized by altered expression of several ion channels that have important consequences in cell functions
associated with their aggressiveness, such as cell survival, proliferation, and migration. Data on the altered expression and function
of the intermediate-conductance calcium-activated K (KCa3.1) channels in glioblastoma cells have only recently become available.
This paper aims to (i) illustrate the main structural, biophysical, pharmacological, and modulatory properties of the KCa3.1
channel, (ii) provide a detailed account of data on the expression of this channel in glioblastoma cells, as compared to normal brain
tissue, and (iii) critically discuss its major functional roles. Available data suggest that KCa3.1 channels (i) are highly expressed in
glioblastoma cells but only scantly in the normal brain parenchima, (ii) play an important role in the control of glioblastoma cell
migration. Altogether, these data suggest KCa3.1 channels as potential candidates for a targeted therapy against this tumor.

1. Introduction

Glioblastomas are the most common and aggressive among
primary brain tumors. In spite of the intensive basic and clin-
ical studies, only minor successes have been witnessed over
the last decades. One-third of patients keep surviving no
longer than one year from diagnosis, and average life expect-
ancy remains dismal (12–15 months), even when radical sur-
gical resection, chemo- and radiotherapy can be applied. The
major problem with glioblastomas is their highly migratory
and invasive potential into the normal brain tissue that
prevents complete surgical removal of tumor cells and the
extreme resistance of these cells to standard treatments [1].
To worsen the outcome of the disease is the presence in the
tumor mass of a recently identified subpopulation of highly
tumorigenic stem-like glioblastoma cells possessing even
more invasive power, chemo- and radio-resistance than non-
stem tumor cells, that are also thought to be responsible for
the commonly observed tumor relapses [2–4].

Glioblastomas are characterized by a large number and
variety of genetic mutations that heavily disregulate the

major signaling pathways controlling cell survival, prolifer-
ation, differentiation, and invasion [5]. Among the disreg-
ulated pathways found in glioblastoma cells there are those
controlling the expression of ion channels, transmembrane
proteins endowed with a permeation pore that allows the
passage of ions. Usually ion channels are selectively perme-
able to one particular ion and can open and close their per-
meation pore in response to chemical and physical stimuli,
such as neurotransmitters, modulators, and changes in the
membrane potential [6]. Ion channels have been found to be
involved in several cellular functions, hallmarks of cancer cell
aggressiveness, such as proliferation, apoptosis, and migra-
tion. In most cases their contribution consists in regulating
two important cellular parameters, the cell volume and the
intracellular Ca2+ concentration ([Ca2+]i) [7, 8].

By allowing the movement of K and Cl ions through the
plasmamembrane, and the osmotically driven water flux, ion
channels critically control the changes of cell volume that
are functionally relevant for glioblastoma cells. For example,
a premitotic volume condensation (PVC) is required for
glioblastoma cells to switch from a bipolar into a round cell
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morphology just prior cell division. Notably, this process
requires the opening of Cl-selective ClC-3 channels, that are
markedly upregulated in glioblastoma cells as compared to
healthy astrocytes [9–12]. Similarly, a cell volume reduc-
tion, the so-called apoptotic volume decrease (AVD), was
observed during the staurosporine- or TRAIL (TNF-alpha-
related apoptosis inducing ligand)-induced apoptosis of
glioblastoma cells, and also in this case it was found to be
sustained by a Cl channel flux, being prevented by inhibitors
of Cl channels [13]. Cell migration and invasion through
the narrow extracellular spaces of the brain parenchyma also
require major changes in cell volume. These processes in
addition to the ClC-3 channels discussed above require the
activity of Ca2+-activated K-selective BK channels, likewise
markedly upregulated in glioblastoma cells as compared to
healthy astrocytes [14–16].

The important role of the Ca2+ signals in the devel-
opment of glioblastoma has recently been reviewed [17].
Notably, ion channels play a critical role to this regard;
besides sustaining directly the Ca2+ influxes (through Ca2+-
permeable channels) they can influence the entry of extra-
cellular Ca2+ ions by modulating the membrane potential
that controls the driving force for Ca2+ influx. Ca2+ influx
through the TRPC family of Ca2+-permeable channels has
indeed been shown to modulate glioblastoma cell cycle pro-
gression [18–20] and to induce a CaMKII-dependent activa-
tion of ClC-3 during premitotic volume condensation [12].
In addition, glioblastoma cell migration has been shown to
be accompanied by intracellular Ca2+ oscillations that are
instrumental to promote the kinase-dependent detachment
of focal adhesions during cell rear retraction [21, 22], and
these intracellular Ca2+ oscillations can be significantly af-
fected by the membrane hyperpolarization determined by
the activity of K channels [23].

Perhaps the best suited ion channels to play a role in
tumor development are the Ca2+-activated K (KCa) chan-
nels, as they are at the cell crossroad where Ca2+ influx, mem-
brane potential, and outward ion fluxes, all processes gov-
erned by KCa channels, integrate to modulate a large array
of cellular processes [24]. KCa channels are subdivided into
three major classes according to their single channel con-
ductance: large conductance (150–300 pS) K channels (BKCa

or KCa1), small conductance (2–20 pS) K channels (SK
or KCa2.1, KCa2.2, KCa2.3), and intermediate conductance
(20–60 pS) K channels (IKCa or KCa3.1). Each subclass has
specific biophysical and pharmacological properties that
allow to identify them. KCa1 channels, encoded by the
Kcnma1 gene, are broadly expressed in various tissues. They
are regulated by cytoplasmic Ca2+ but also by membrane
potential. In the absence of Ca2+, KCa1 channels can be acti-
vated only with extreme (nonphysiological) depolarizations.
Elevations in cytoplasmic [Ca2+] shift the range of activating
voltages to more negative potentials. Near resting potentials,
the EC50 of the KCa1 is in the micromolar range. Paxilline,
iberiotoxin, and low concentrations of tetraethyl ammonium
are potent and specific inhibitors of the KCa1 channel. The
KCa2.x channels are voltage independent but more sensitive
to Ca2+ (EC50 in submicromolar range) due to the presence
of calmodulin associated with the C-terminus that works as

Ca2+ sensor. Apamine, but not paxilline or iberiotoxin, can
selectively block the KCa2.x channels. The KCa3.1 channels,
like the KCa2.x channels, are voltage independent but gated
by intracellular Ca2+ that binds to calmodulin and opens the
channel. Clotrimazole and its derivative TRAM-34 are potent
inhibitors of the KCa3.1 channels, discriminating them from
other KCa channels.

KCa3.1 channels are expressed in a variety of normal and
tumor cells, where they participate in important cell func-
tions such as cell cycle progression, migration, and epithelial
transport, by controlling the cell volume and the driving
force for Ca2+ influx [25–27]. Here we review the major pro-
gresses that have led to our present understanding of the
expression and role of the KCa3.1 channels in glioblastoma.

2. General Properties of the KCa3.1 Channel

The KCa3.1 channel has the overall architecture of the
voltage-gated K (Kv) channel superfamily, with four sub-
units, each containing six transmembrane domains (S1–S6)
and a pore domain (P loop) located between S5 and S6. The
S4 domain, which confers voltage sensitivity to the Kv chan-
nels, shows in KCa3.1 channels only two positively charged
aminoacids, as compared to the 4–7 charged residues of
voltage-gated K channels. Channel activation is, therefore,
voltage independent. The KCa3.1 channel is gated instead
by the binding of intracellular Ca2+ to calmodulin, a Ca2+-
binding protein that is constitutively associated with the
C terminus of each channel subunit [28–30]. This Ca2+-
dependent gating is similar to that displayed by the KCa2.x
channel family but distinct from KCa1 channels, where the
Ca2+-dependent module is intrinsic to the channel α subunit
[24]. Patch-clamp experiments in several cell types, including
glioblastoma, give IC50s for KCa3.1 channel activation by
Ca2+ of 200–400 nM [31, 32], consistent with those found for
the cloned channel [33–35]. The high Ca2+ sensitivity of the
KCa3.1 channel allows its activation by submicromolar Ca2+

levels, easily reached upon Ca2+ release from intracellular
stores or influx through Ca2+ permeable channels. A four-
state gating scheme was proposed for KCa3.1 channels, with
Ca2+-dependent transitions dependent on the [Ca2+]i in a
nonlinear manner [36]. This peculiarity, not shared by the
KCa2.x channel family [37], is related to the channel
behaviour at saturating [Ca2+]i, as elevated divalent concen-
trations have been reported to block the channel [36, 38].
The most studied KCa3.1 mRNA is the 2.1 kb form, but
other transcripts have been reported in humans [34, 35].
Three distinct Kcnn4 cDNAs that are designated as Kcnn4a,
Kcnn4b, and Kcnn4c encoding 425, 424, and 395 aminoacid
proteins, respectively, were isolated from the rat colon, and
several differences in the functional expression and phar-
macological properties of the different isoforms were found
[39].

The KCa3.1 channels are target for several inhibitory and
activatory agents (for an exhaustive review see [40]). Two
structurally distinct groups of KCa3.1 channel blockers, pep-
tidic and nonpeptidic, have been found which also differ
for their binding site on the channel protein. Among the
peptidic blockers, maurotoxin and charybdotoxin display
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the strongest potency. Maurotoxin, is a 34-aminoacid toxin
cross-linked by four disulfide bridges [41]. Lys23 of the toxin
binds to the pore filter of the channel from the extracellular
side, and a π-π interaction between tyr32 of the toxin and
a cluster of aromatic residues in the channel pore vestibule
stabilizes the interaction [42]. Maurotoxin is not selective
for KCa3.1 channels, being also a potent blocker of some
members of Kv channels [41]. Charybdotoxin (ChTX), a
37-aminoacid toxin, displays a block mechanism similar to
maurotoxin, and poor selectivity, blocking effectively other
ion channels including KCa1 channels [43]. Several nonpep-
tidic molecules have been found to block KCa3.1 channels,
such as the vasodilator cetiedil [44, 45], the antimycotic
triarylmethane clotrimazole (CTL, [46]), and the antihyper-
tensive L-type Ca2+ channel blocker nifedipine [47]. From
chemical modification of cetiedil several more potent KCa3.1
channel blockers were obtained. The investigation of one of
these compounds, the UCL 1608, suggests that they interact
with a lipophilic-binding site located within the membrane
[48]. Also the chemical modification of the poorly selective
CTL has led to the production of several more effective
KCa3.1 channel blockers, including the triarylmethanes
TRAM-34 [49] and ICA-17043 [50]. TRAM-34 is so far
the best probe to study the roles of KCa3.1 channels, being
much more selective than CTL [49]. An excellent work
has conclusively delineated the properties of the KCa3.1
channel binding site for TRAM-34 [51]. These authors found
that the TRAM-34 analogue and membrane impermeant
TRAM-30 blocked the channel only when applied from
inside, and the interaction of TRAM-34 with the channel
required the P-loop aminoacid Thy250 and the S6 segment
aminoacid Val275, both likely facing a large water-filled
cavity localized below the narrow selectivity filter of the
channel. They thus concluded that the TRAM-34 binding
site is accessible from the cytoplasmic side and lays well up
inside the inner vestibule. The same work has also found
that the dihydropyridines-binding site is likely different from
the TRAM-34 binding site, as the same mutation does not
alter the blocking action of nifedipine [51]. Starting from
nifedipine as lead compound, the 4-phenil-4H-pyrans and
the related cyclohexadienes were obtained [52, 53], of which
cyclohexadiene 4 represents the most potent blocker of
KCa3.1 channel. Particularly interesting for KCa3.1 channel
targeting in glioblastomas is the analogue compound bicycle
hexadiene lactone 16, that displays a 10-fold enrichment in
brain tissue [53].

From the early discovery of 1-ethyl-2-benzimidazolinone
(EBIO) as KCa3.1 channel activator [54], much effort has
been devoted to increase its potency and selectivity. Potency
was initially improved with the introduction of DC-EBIO
[55], and more recently with NS309 [56]. Selectivity on the
contrary has been more difficult to increase since these com-
pounds activate also KCa2.x channels [40]. The mechanism
of action of KCa3.1 channel activators, and the location and
structure of their binding sites have been only partially clar-
ified [57, 58]. The potency of all KCa3.1 channel activators
depends on Ca2+, as they are totally ineffective in its absence
[54, 57, 58]. The origin of this Ca+2 dependence is still
unclear.

3. KCa3.1 Channel Modulation by
Intracellular Messengers

3.1. Kinase Regulation. Several studies have described a run-
down of the KCa3.1 channel activity in ATP-free internal
milieu that can be restored after the readdition of ATP [59],
suggesting the involvement of kinases in the process. In
accordance, several kinases such as PKC, PKA, and PI3Ks
have been shown to regulate the KCa3.1 channels [59–61],
although not through the direct phosphorylation of the
channel α subunit [59, 61, 62]. Only the nucleotide diphos-
phate kinase (NDPK) has been shown to phosphorylate the
KCa3.1 channel alpha subunit (at the hist358) [63], and a
similar action could be exerted by adenosine monophosphate
kinase (AMPK), although the aminoacid residue targeted
in this case has not been identified [64]. It is possible that
NDPK or AMPK represent integration points for other
kinases found to modulate KCa3.1 channels, as already dem-
onstrated for the PI3K class II [65].

3.2. Trafficking. The regulation of the pathways involved in
KCa3.1 channel trafficking has been proposed as a new strat-
egy for regulating the KCa3.1 current, since the inhibition of
endocytosis by the ubiquitin-activating enzyme E1 strongly
increases the number of KCa3.1 channels in the mem-
brane [66]. In expression systems, the KCa3.1 channels at
the plasma membrane have a relatively short life, being inter-
nalized within 60–90 min [67] and targeted for lysosomal
degradation [68]. This process requires components of the
ESCRT machinery and the small-molecular-weight guanine
nucleotide-binding protein Rab7 [68]. Polyubiquitylation
mediates the targeting of membrane-residing KCa3.1 chan-
nels to the lysosomes, while USP8 regulates the rate of KCa3.1
channel degradation by deubiquitylating KCa3.1 channels
prior to lysosomal delivery [69]. This modulation could
explain the increase of KCa3.1 current observed following
short exposure (90 min) of glioblastoma cells to CXCL12,
since noise analysis indicates that the KCa3.1 current increase
is due to an increased number of channels in the membrane
(our unpublished data), while no changes in the KCa3.1
channel mRNA levels are observed [70].

3.3. Transcriptional Regulation. Two main transcription fac-
tors have been found to regulate the KCa3.1 channel expres-
sion, AP-1 and REST. AP-1 was first identified in T lympho-
cytes where its activity, stimulated by the ERK1/2 pathway,
promotes an increase in KCa3.1 current and cell proliferation
[71]. In the glioblastoma cell line GL-15 the inhibition of
ERK1/2 by the MEK inhibitors PD98059 reduces the mRNA
levels for the KCa3.1 channels, suggesting that the same
modulation described in T lymphocytes is also working in
glioblastoma models [32]. This modulation is relevant as
the ERK1/2 pathway is deregulated in most glioblastomas,
because of the several mutations accumulated during glio-
magenesis [72]. The second transcription factor found to
modulate the KCa3.1 channel expression is REST (Repressor
Element 1-Silencing Transcription factor). The Kcnn4 gene
contains two RE-1 sites whose occupancy by REST represses
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gene transcription. In vascular smooth muscle cells the
downregulation of REST correlates with KCa3.1 channel up-
regulation and proliferation [73]. Thus, changes in glioblas-
toma REST levels could explain the ERK-independent Kcnn4
transcriptional downregulation we found in GL-15 glioblas-
toma cells with time of culture [32]. REST has in fact been
shown to negatively regulate the adult CNS differentiation
[74, 75], and KCa3.1 mRNA downregulation was found to
be accompanied by the appearance of several differentiation
markers [32].

4. Expression of KCa3.1 Channels in
Glioblastoma and Healthy Tissues

Early evidence for the expression of KCa3.1 channels in
glioma cells came from biochemical and electrophysiological
studies performed about twenty years ago. In rat C6 glioma
cell line it was first observed that Ca2+ ionophores induced a
rubidium flux sensitive to nanomolar concentration of ChTX
but not to IbTX, TEA, and apamin [76, 77]. Patch-clamp
experiments in the same cell line confirmed the presence of
a K-selective channel having a unitary conductance of 26 pS
in symmetrical K and a sensitivity to submicromolar [Ca2+]i

[77, 78]. This channel could also be activated by several
physiological Ca2+ agonists, such as endothelin, serotonin,
histamine, and bradykinin [23, 79–84].

Subsequent work from our laboratory showed that the
KCa3.1 channel was also expressed in human glioblastoma
cell lines (GL-15 and U251; [32, 85]). Coapplication of the
Ca2+ ionophore ionomycin with the KCa2/KCa3.1 channel
activator EBIO evoked in these cell lines a sustained K
current inhibited by ChTX, CTL, and TRAM-34 but not
by the KCa2 channel blocker d-TC. Single channel record-
ings confirmed the presence of a unitary K current with
biophysical and pharmacological properties congruent with
those reported for the cloned human KCa3.1 channel [32–
35, 85]. In accordance, the KCa3.1 channel transcripts could
be amplified from both GL-15 and U251 cells [32].

Besides the U251 cell line, the KCa3.1 channel transcripts
were also found by Sontheimer’s group in D54-MG, another
human glioblastoma cell line, as well as in a human glio-
blastoma biopsy [86]. These authors, however, found neither
evidence for a KCa3.1 current in these tissues (probed in
whole-cell configuration with a [Ca2+]i of 750 nM), nor for
the KCa3.1 channel protein (using western blot analysis and
commercially anti-KCa3.1 antibody) [86].

With regard to this apparent discrepancy on the func-
tional expression of KCa3.1 channels in human glioblastoma
cells, a third group recently found a substantial level of
KCa3.1 channel transcripts in U87 and U251 cell lines, as well
as in a glioblastoma biopsy [87]. Moreover, they found that
the same cells displayed a voltage insensitive, Ca2+-activated
K-selective current blocked by CTL and TRAM-34, indicat-
ing that the KCa3.1 channel was expressed in human glio-
blastoma cells. The expression of the KCa3.1 channel protein
in glioblastoma cells was further confirmed by the same
group with western blot analysis [88]. These authors tried
to explain the discrepancy of their results with those of Son-
theimer’s group by considering the different experimental

conditions used in the whole-cell recordings and the different
sensitivity of the antibodies used in the western blot analysis.

The high expression of the KCa3.1 channel in glioblas-
toma cells could have a major diagnostic and therapeutic rel-
evance, provided that its presence in the brain was restricted
to the transformed glial cells. Early work performed soon
after the cloning of the human KCa3.1 channel showed that
the KCa3.1 channel transcripts were not expressed in the
human central nervous system, although they were found in
many other human tissues (placenta, lung, salivary gland,
colon, prostate, thymus, spleen, bone marrow, lymph nodes,
lymphocytes, and in many of these tissues the functional
expression of the KCa3.1 channel was confirmed by patch
clamp experiments) [33–35]. This was confirmed by an RT-
PCR study showing that KCa3.1 channel transcripts could be
found in D54-MG and U251 human glioblastoma cell lines,
as well as in a human glioblastoma biopsy but not in a grade
III astrocytoma nor in normal human brain and in cultured
rat astrocytes [86]. All these studies strongly suggested that
the KCa3.1 channel was only scantly expressed in human
normal brain tissue, while being strongly upregulated in glio-
blastomas.

Data from nonhuman specimen appear instead less clear.
Earlier electrophysiological studies focused on normal rat
and mouse glial cells did not find any evidence for the
expression of the KCa3.1 channel, while reporting the pres-
ence of other Ca2+-activated K channels such as KCa1 and
apamin-sensitive SK channels [87, 89, 90]. The expression
of KCa3.1 channels was instead reported in cultured rat
microglia [91, 92], but these cells did not appear to express
KCa3.1 channels in in vivo slices [93]. Currents that could be
ascribed to the KCa3.1 channel were observed in rat dorsal
root ganglion and autonomous neurons [94–96], and most
recently in rat cerebellar Purkinje cells [97]. Immunohisto-
chemical analysis revealed the KCa3.1 channel protein in rat
ependymal cells [98]. More recent studies indicate, however,
that normal mouse astrocytes express low levels of KCa3.1
channels. More specifically, one study shows that about
10% of GFAP-positive mouse astrocytes is immunoreactive
to antibody against KCa3.1 channels, and this percentage
increases 5-fold following spinal cord injury. This latter result
is consistent with the observation that KCa3.1 channels are
highly expressed in activated astrocytes [93]. A second study
also reports KCa3.1 immunoreactivity in mouse astrocytes
(mostly at the endfoot) and shows that the channel partici-
pates to the neurovascular coupling. The study further shows
that 50% of GFAP-positive astrocytes in slice preparation
expresses TRAM-34 sensitive and NS309-activated KCa3.1
currents [99]. Taken together, these data would suggest that
KCa3.1 channels are present in a fraction of normal mouse
astrocytes. Further dedicated experiments are needed to con-
clusively clarify whether human normal astrocytes express
KCa3.1 channels, and whether interspecies differences exist
in the expression of KCa3.1 channels in the brain.

5. Functional Roles of KCa3.1 Channels in
Glioblastoma Cells

5.1. Cell Proliferation and Growth. KCa3.1 channel expres-
sion has been shown to be upregulated in many cancer cell
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types, and in most of them a role of this channel in promot-
ing cell growth and cell cycle progression has been evidenced
(reviewed in [25]). A similar role in glioblastoma cells is
suggested by data showing that CTL inhibits the growth
of glioblastoma cell lines (by inducing a cell cycle arrest at
G1-S transition) and delays the development of intracranial
glioblastoma tumor formation [100–102]. However, given
the several unspecific effects of CTL, these data do not con-
clusively show whether KCa3.1 channels have a role in the
growth of glioblastoma cells. A recent work aimed at spe-
cifically addressing this issue found that both CTL and the
more specific CTL analog TRAM-34 inhibited the growth of
U87 and U251 cells, although with IC50s much higher than
those needed to inhibit channel activity. By contrast, when
inhibition of KCa3.1 current (down to 20%) was attained
by RNA interference, no measurable effect was observed on
cell growth [88]. Based on these observations the authors
concluded that KCa3.1 channel activity is unlikely to have a
major role in glioblastoma cell proliferation, and the effects
of KCa3.1 channel inhibitors are most likely unspecific. It
should be noticed, however, that under the assumption that
the effect of KCa3.1 channel on cell growth is mediated by
the channel-induced hyperpolarization (that would facilitate
Ca2+ influx through the membrane), an IC50 for cell growth
inhibition higher than that for channel block has to be
expected, as documented for many K channel blockers
(reviewed in [103]). A role of KCa3.1 channels in glioblas-
toma cells proliferation cannot thus be excluded based on the
available data, and further experiments addressing this point
are needed.

5.2. Cell Migration and Invasion. More conclusive data assign
a role to KCa3.1 channels in glioblastoma cell migration.
Cell migration plays a crucial role in the pathophysiology of
glioblastomas, and several ion channels have been shown to
have a major role in this process (cf. Section 1). Given the
abundant expression of KCa3.1 channels in glioblastoma
cells and the substantial role this channel has in the migra-
tion of other cell types [27], we recently verified whether
glioblastoma cells require KCa3.1 channel activity to move.
More specifically, we asked whether physiological motogens
likely surrounding glioblastoma cells in vivo use KCa3.1
channels for their promigratory activity. Among them, the
chemokine CXCL12/SDF-1 appeared of interest as its recep-
tors CXCR4 are widely expressed in glioblastoma tissue [104–
107], and their activation plays a key role in the migration
of glioblastoma cells [108–110]. Interestingly, we found that
KCa3.1 channel activity was required in the chemotactic
response to SDF-1 of GL-15 and U251 cell lines, primary cul-
tures and freshly dissociated tissue [70]. The chemotac-
tic response, probed with standard transwell chamber, was
indeed strongly attenuated both in presence of TRAM-34
and by KCa3.1 channel silencing by RNA interference. In
patch-clamp experiments we found that in a fraction of GL-
15 cells brief applications of SDF-1 activate KCa3.1 channels
by increasing the intracellular [Ca2+]i. More prolonged SDF-
1 applications (three hours incubation) on GL-15 cells
induced instead an upregulation of the maximal KCa3.1

channel conductance, suggesting a posttranslational upreg-
ulation of the channel protein.

We further found that the KCa3.1 channel activation is
not a general requirement for motogen-induced migration
in glioblastoma cells. KCa3.1 channel inhibitors were in fact
ineffective in modulating the chemotactic response to epi-
dermal growth factor (EGF), another physiologically relevant
chemotactic inducer in glioblastoma [111]. Patch-clamp
experiments on GL-15 cells showed that EGF activates a
KCa3.1 current very similar to that seen in response to SDF-
1. Additional experiments showed that EGF, unlike SDF-1,
was not able to upregulate the KCa3.1 channel functional
expression following prolonged incubation, suggesting this
SDF-1-induced modulation may be the relevant one for
chemotaxis.

Other in vivo promigratory signals for glioblastoma cells
could be present in the serum that can infiltrate into the
tumor area of glioblastomas as result of the blood-brain
barrier breakdown [112, 113]. Several studies show that fetal
calf serum (FCS) enhances the migration of glioblastoma
cells by inducing oscillations of the [Ca2+]i. [Ca2+]i oscilla-
tions are thought to facilitate the detachment of focal adhe-
sions, through stimulation of focal adhesion kinase, and the
retraction of the cell rear towards the direction of movement
[21]. However, since the FCS-induced [Ca2+]i oscillations
reach peaks sufficiently high to activate KCa3.1 channels, we
hypothesized that K efflux through KCa3.1 channels could
serve for the volume changes needed during cell migration.
We found that in about 40% of U-87 cells, acute application
of 10% FCS resulted in an oscillatory activity of a K-
selective, TRAM-34 sensitive current, displaying frequencies
well within those observed for the FCS-induced [Ca2+]i

oscillations [114]. Beside inducing a cyclical activation of
KCa3.1 channels, FCS also promoted the stable (nonoscilla-
tory) activation of a Cl-selective current having biophysical
and pharmacological properties resembling those found for
the volume-activated Cl current (ICl, swell) widely expressed
in glioblastoma cells. Coherently, transwell migration assays
performed in the presence of KCa3.1 and Cl channel
inhibitors indicated that the activity of these two channels
was needed for the promigratory activity of FCS [114].
Finally, the Cl channel blocker 5-nitro-2-(3-phenylpropil)
benzoic acid (NPPB) has been shown to block KCa3.1 chan-
nels at concentrations often used to block Cl channels [85],
suggesting that the particularly high efficacy of this com-
pound on glioblastoma cell migration [115] is due to its inhi-
bitory effects on both channel types.

5.3. Mechanistic Roles of KCa3.1 Channels in Cell Migration.
As discussed in the Introduction and illustrated in Figure 1,
there are two possible mechanisms through which KCa3.1
channels could subserve glioblastoma cell migration. The
first mode holds that the channel is instrumental, together
with the Cl channel and aquaporins, to the combined out-
ward ion flux needed for cell volume decrease. At relatively
low [Ca2+]i, shown to correspond to the lamellipodium
protrusion, the membrane conductance is dominated by the
ICl, swell, and the membrane potential is very close to the Cl
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Figure 1: Schematic drawing illustrating the main properties and roles of the KCa3.1 channel expressed in glioblastoma cells. KCa3.1
channels can be activated by elevations of the [Ca2+]i originating either from the PLC- and IP3-dependent Ca2+ release from intracellular
stores triggered by G-protein-coupled receptors or from Ca2+ influx through TRPC channels. The KCa3.1 channel activity can also
be regulated by several kinases, such as PI3K, PKC, and PKA. The expression of the channel is under the control of the RTK/ERK/MAPK-
dependent AP-1 and REST transcription factors acting on the Kcnn4 gene and further depends on the balance between endo- and exocytosis
of KCa3.1 channel-containing vesicles. The drawing further highlights the two basic mechanisms sustained by the KCa3.1 channels: (i)
inserted in the Ca2+ regulation module, in synergy with Ca2+ permeable channels (a TRPC in the scheme), the KCa3.1 channel amplifies the
Ca2+ signals by hyperpolarizing the membrane, thus increasing the driving force for Ca2+ influx; (ii) in the cell volume regulation module,
in synergy with Cl and aquaporin channels, the KCa3.1 channel controls the cell volume by contributing to changes in the intracellular
osmolarity and water content. Inset: Top: KCa3.1 subunit topology showing the six transmembrane domain signature. The calmodulin-
binding domain and the histidine phosphorilation site at the C-terminus have been indicated. Bottom: Schematic drawing showing the
homotetrameric nature of functional KCa3.1 channels.

equilibrium potential (ECl). Under these conditions no
transmembrane ion flux through the KCa3.1 and Cl channels
is present, since there is no driving force for Cl ions, and
KCa3.1 channels are closed. During this period the mem-
brane transporters, usually located at the front of migrating
cells [27] will bring ions and water inside the cell, thus
allowing the cell volume expansion needed for cell protru-
sion. By contrast, the opening of KCa3.1 channels during the
peaks of [Ca2+]i oscillations will move the resting membrane
potential to values between EK and ECl, a condition pro-
moting both K and Cl efflux, followed by water for osmotic
requirements. The resulting reduction in cell volume, accom-
panied by the detachment of focal adhesions located at the
cell rear [21], would thus facilitate the retraction of the cell
body.

Besides controlling cell volume KCa3.1 channels could
promote glioblastoma cell migration through the modula-
tion of [Ca2+]i signals. Several works have indeed shown that
the activity of KCa3.1 channels facilitates the entry of Ca2+

ions from the extracellular medium by providing a counter
ion to limit cell depolarization and also by hyperpolarizing
the cell membrane and increasing the driving force for Ca2+

influx. This was first demonstrated in activated T lympho-
cytes [115] and subsequent works confirmed this role in
other cell types expressing this channel [116–118]. In GL-
15 cells we found that prolonged applications of histamine
induced an increase of [Ca2+]i consisting of a fast peak caused
by the release of Ca2+ from the intracellular stores, followed
by a sustained phase dependent on Ca2+ influx through a
lanthanium-sensitive pathway. Interestingly, the activation of
KCa3.1 channels significantly enhanced the sustained phase,
as indicated by a reduction of the histamine-induced [Ca2+]i

in the presence of TRAM-34 [119]. This result strongly sug-
gests that the activation of KCa3.1 channels could contribute
to glioblastoma cell migration by modulating the shape
of [Ca2+]i oscillations. In accordance with this hypothesis,
we recently built a theoretical model of [Ca2+]i oscillations
incorporating the dynamics of the membrane potential and
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found that a channel activity with the properties of KCa3.1
channels could sensibly affect IP3 driven [Ca2+]i oscillations
(it increased both the amplitude and duration of each [Ca2+]i

spike and the oscillatory frequency) [118]. Interestingly,
we found that under particular conditions the presence of
KCa3.1 channel activity is necessary in order for the cell to
generate [Ca2+]i oscillations [120, 121]. This last result would
explain old experiments showing that the KCa3.1 channel
inhibitor ChTX is able to abolish the bradykinin induced
[Ca2+]i oscillations in C6 glioma cells [23]. Which of the two
mechanisms (cell volume regulation or control of the Ca2+

influx) is the prominent one in the control of glioblastoma
cell migration by KCa3.1 channels remains to be established.

6. Concluding Remarks

The data presented here indicate that KCa3.1 channels play a
relevant role in cell migration, a critical process in glioblas-
tomas where the spreading and infiltration of their cells into
the normal brain parenchyma represent major causes for
tumor progression and recurrence following tumor surgical
resection. They show in addition that KCa3.1 channels are
abundantly expressed in glioblastoma cells, whereas they are
only scantly present in healthy human brain tissues. These
results combined would point to the KCa3.1 channels as
a potential target for newer therapeutic approaches against
glioblastomas. KCa3.1 channel blockers are indeed beginning
to be considered in therapy, and certain results appear
encouraging. First, the KCa3.1 channel blocker TRAM-34,
as well as more recently developed analogs have been found
to effectively penetrate into the brain and reach interesting
brain concentrations after intraperitoneal injection [40, 53].
Second, a KCa3.1 channel inhibitor, Senicapoc from Icagen
Inc., has already been used in phase II clinical trials for sickle
cell disease and asthma and appears to be well tolerated and
safe in humans [26]. Thus this compound could be a con-
venient starting point to develop effective drugs against glio-
blastoma. It would be most interesting to investigate whether
KCa3.1 channels are expressed in glioblastoma stem cells,
and whether they underlie, as in the ordinary glioblastoma
cells, the main processes of cell growth, migration, and
angiogenesis. This information would also contribute ro-
bustly to the comprehension of the glioblastoma pathophys-
iology. Much remains to be done instead to clarify the diag-
nostic and prognostic relevance associated with the expres-
sion of the KCa3.1 channel in glioblastoma cells. It would be
important to this respect to verify whether the level of KCa3.1
channel expression is correlated with the grade of the tumor
and the expression of other recognized tumor markers.

It would also be very important to conclusively clarify the
involvement of KCa3.1 channels in the cell cycle progression
of glioblastoma cells, and whether their activity is needed
for other functional roles relevant to this pathology. Notably,
we have preliminary evidence for an effect of TRAM-34 in
the glioblastoma-induced angiogenesis, a process that allows
glioblastoma cells to ensure themselves for the necessary
oxygen and nutrients [122, 123]. The relevance of this study
is underpinned by the observation that antiangiogenic ther-
apies are considered clinically very effective and promising

[124]. In the hypothesis that a role of KCa3.1 channels in
the glioblastoma-induced angiogenesis will be confirmed,
the use of KCa3.1 channel inhibitors may be expected par-
ticularly effective in the treatment of this pathology, given
their inhibitory action on two distinct vital functions for the
tumor mass, namely, cell spreading and angiogenesis.
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[52] K. Urbahns, E. Horváth, J. P. Stasch, and F. Mauler, “4-
Phenyl-4H-pyrans as IKCa channel blockers,” Bioorganic &
Medicinal Chemistry Letters, vol. 13, no. 16, pp. 2637–2639,
2003.

[53] K. Urbahns, S. Goldmann, J. Krüger et al., “IKCa-channel
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Recently, we reported the combination of multitargeted ErbB1 inhibitor–DNA damage combi-molecules with OCT in order to
downregulate ErbB1 and activate SSTRs. Absence of translation to cell kill was believed to be partially due to insufficient ErbB1
blockage and DNA damage. In this study, we evaluated cell response to molecules that damage DNA more aggressively and
induce stronger attenuation of ErbB1 phosphorylation. We used three cell lines expressing low levels (U87MG) or transfected
to overexpress wildtype (U87/EGFR) or a variant (U87/EGFRvIII) of ErbB1. The results showed that Iressa±HN2 and the combi-
molecules, ZRBA4 and ZR2003, significantly blocked ErbB1 phosphorylation in U87MG cells. Addition of OCT significantly
altered cell cycle distribution. Analysis of the DNA damage response pathway revealed strong upregulation of p53 by HN2 and
the combi-molecules. Apoptosis was only induced by a 48 h exposure to HN2. All other treatments resulted in cell necrosis.
This is in agreement with Akt-Bad pathway activation and survivin upregulation. Despite strong DNA damaging properties and
downregulation of ErbB1 phosphorylation by these molecules, the strongest effect of SSTR activation was on cell cycle distribution.
Therefore, any enhanced antiproliferative effects of combining ErbB1 inhibition with SSTR activation must be addressed in the
context of cell cycle arrest.

1. Background

The genetic heterogeneity of solid tumours presents a chal-
lenge to cancer therapy such that single-targeted approaches,
whether with nonselective cytotoxic drugs or highly specific
kinase inhibitors, often fail due to the development of drug
resistance. Invariably, as one receptor or pathway is blocked,
alternate pathways substitute for the drug target. Moreover,
if the target is not completely blocked, downstream compo-
nents may be able to compensate. Therefore, modern chem-
otherapeutic strategies must adopt a more divergent target-
ing approach. Chemogenomic strategies seek to identify mol-
ecules which can target, upon minor modification, multiple
members of the same family of proteins (e.g., protein kinases,
GPCRs, or nuclear hormone receptors) [1, 2]. However, this

remains a strategy whereby similar receptors with potentially
similar functions within a tumour are targeted. The optimal
strategy for an efficient multitargeting approach should be
divergent to avoid the adverse effects of target redundancy
at the advanced states of tumour progression. Over the past
few years, we have designed molecules capable of targeting
structurally unrelated cellular components (i.e., receptors
and DNA). The fact that our unimolecular drugs that
target both ErbB1 and DNA can be 10–20 times more
potent than the combination of their single-target counter-
parts confirms the efficiency of divergent targeting [3–7].
Within the same context, we and others recently reported
interactions between SSTRs (GPCRs) and ErbBs (RTKs)
suggesting that these two receptor families might be ideal tar-
gets for our divergent strategy (Scheme 1) [8–10]. Therefore,
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we recently designed a divergent targeting strategy whereby
we activated somatotstatin (SST) receptors (SSTRs) with
octreotide (OCT), blocked epidermal growth factor (EGF)
receptor (ErbB1/EGFR) with kinase inhibitors, and ErbB1-
DNA targeting combi-molecules and induced DNA damage.

SST functions as a potent inhibitor of hormone and
growth factor secretion as well as a modulator of cell prolif-
eration through its cognate receptors SSTR1–5 and regulates
a variety of signal transduction pathways including the
mitogen-activated protein kinase (MAPK) pathway [11–16].
In contrast to SSTRs, ErbBs play fundamental roles in devel-
opment, proliferation, differentiation, survival, and trans-
formation [17–19]. Major ErbB1 downstream signalling
pathways include Ras/Raf/MEK/MAPK, PI3K/Akt, STAT,
and PLCγ [18, 20, 21]. While both SSTRs and ErbBs activate
the MAPK pathway, SST-induced MAPK activation results in
delayed cell cycle progression and EGF activation promotes
proliferation. Therefore, SSTR and ErbB1 are true divergent
targets.

In a recent study, we showed exacerbation of cell cycle
perturbations following the combination of multitargeted
ErbB1-DNA combi-molecules with OCT, a SSTR agonist
[22]. The lack of translation into cell kill was believed to be in
part due to insufficient ErbB1 inhibition and DNA damage.
Here, we report the analysis of cell response following expo-
sure to concurrent treatment of OCT with combinations
of single-target molecules and unimolecular multitargeted
combi-molecules that damage DNA more aggressively and
induce stronger attenuation of ErbB1 phosphorylation.

In this study, we combined strong ErbB1 TKIs with more
potent chloroethylating DNA damaging drugs and investi-
gated the cell signalling response to divergent targeting that
induced concomitant ErbB1 inhibition, DNA damage, and
SSTR activation. To this end, we analyzed the modulation of
key proteins in the SSTR, MAPK, ErbB1-related signalling,
and DNA damage response pathway (Scheme 2) as well as

cell cycle distributions with the purpose of identifying a
pharmacological effect (see point of convergence, Scheme 1)
that is significantly enhanced by the divergent targeting
process.

2. Methods

2.1. Materials. EGF was obtained from Roche Diagnostics
(Indianapolis, IN). Mouse monoclonal antibodies against
p21 (sc-817) and rabbit polyclonal antibodies against ErbB1
(sc-03), GADD45 (sc-797) and phosphotyrosine (sc-7020),
were from Santa Cruz (Santa Cruz, CA). Rabbit polyclonal
antibodies against phospho- and total Erk 1/2 (9101, 9102),
phospho- and total p38 (9211, 9212), phospho- and total
JNK (9251, 9252), phospho- and total p53 (9284, 2527),
phospho- and total Akt (4060, 9272), and phospho- and total
Bad (9291, 9295, 9292) were purchased from Cell Signalling
Technology (Mississauga, ON). Rabbit polyclonal antibodies
against survivin (AF886) were obtained from R&D Systems
(Minneapolis, MN). Mouse monoclonal antibodies against
XRCC1 (MS-434) and ERCC1 (MS-647) were purchased
from LabVision (Fremont, CA). Ciprofloxacin and mouse
monoclonal antibodies against α-actinin (A-5044) were from
Sigma. Horseradish peroxidase-conjugated goat anti-rabbit
and goat anti-mouse secondary antibodies (IgG) were from
Jackson ImmunoResearch Laboratories (West Grove, PA).
Cell culture media, Amphotericin B, HEPES, L-glutamine,
and gentamycin sulfate were purchased from Wisent (St.
Bruno, QC), while G418 was obtained from EMD Chemicals
(Gibbstown, NJ). All other reagents were of analytical grade
and purchased from various local suppliers.

2.2. Drug Treatment. ZRBA4 and ZR2003 were synthe-
sized in our laboratory according to previously published
procedures [23, 24]. Iressa (gefitinib) was provided by
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AstraZeneca, while mechlorethamine (HN2) was from Sigma
and OCT was purchased from Bachem (Torrance, CA). The
structures of these five drugs are presented in Figure 1. In
all assays, drugs were resuspended in dimethyl sulfoxide
(DMSO) and subsequently diluted in serum-supplemented
medium immediately prior to use, unless otherwise speci-
fied. DMSO concentration never exceeded 0.2% (v/v).

We combined Iressa and HN2 at equimolar concentra-
tions to maintain the same ratio of ErbB1 TKI: DNA damage
molecules as the combi-molecules.

2.3. Cell Lines and Culture. U87MG glioma cells (Ameri-
can Type Culture Collection, Manassas, VA) and isogenic
U87/EGFR and U87/EGFRvIII glioma cells (generous gifts
from Dr. Frank Furnari, University of California, La Jolla,
CA) were maintained in DMEM medium supplemented with
10% FBS, L-glutamine (1.76 μM), HEPES (5.25 mg/mL), and
antibiotics (26.8 μM ciprofloxacin, 0.04 mg/mL gentamycin
sulfate, 0.11 μg/mL Amphotericin B) at 37◦C in an atmo-
sphere of 5% CO2/95% air. Selection pressure on the two
transfected cell lines was maintained by supplementing the
culture media with 400 μg/mL G418. All experiments were
performed on cells between passage 2 and 4. In all assays, cells
were plated in DMEM without G418 24 h prior to treatment
of subconfluent monolayers.

2.4. Alamar Blue Assay. Inhibition of cell proliferation was
monitored with CellTiter Blue (Promega) as per the man-
ufacturer’s instructions. Briefly, cells were plated in 96-well

plates and allowed to attach overnight. Cells were exposed
to individual or combination treatments for six days. Treat-
ments were terminated by the addition of 60 μL CellTiter
Blue (1 : 4 dilution in PBS). Plates were incubated at
37◦C for an additional 2.5 h, while viable cells metabolized
resazurin (maximum absorbance of 605 nm) into resorufin,
a fluorescent metabolite (maximum absorbance of 573 nm).
This translated into a fluorometric colour change that was
captured using SOFTmax Pro 4.3LS (Molecular Devices,
Sunnyvale, CA) connected to a SpectraMAX Gemini plate
reader (Molecular Devices, Sunnyvale, CA). The following
filters were used: 580 nm for excitation and 600 nm for
fluorescence emission. Data were analysed using GraphPad
Prism 4 (GraphPad Software Inc, San Diego, CA). IC50 values
were calculated from three independent experiments run in
triplicate. Statistical analysis was carried out using a one-way
ANOVA, followed by a post hoc Tukey’s test. P values < 0.05
were considered statistically significant.

2.5. Cell Cycle Analysis. Flow cytometric analysis of cell cycle
profiles was performed on nonsynchronized cell populations
as previously described with minor adjustments [25, 26].
Briefly, cells were plated in 6-well plates, allowed to grow
until 65–75% confluency in serum-supplemented medium,
and subsequently exposed to serial dilutions of drugs, alone
or in combination, for 24 or 48 h at 37◦C. Treatments were
terminated by aspirating the media and rinsing the wells with
PBS. Cells were subsequently collected by trypsinization,
centrifuged (3500 rpm for 5 min) and washed twice with



4 Journal of Signal Transduction

O

O

O

O
O

O
O

O

O

N N

N

N

N

N

N

N

H

Cl

Cl

Cl

Cl

Cl

Cl

Cl

F

N

H

H

H

H

N

H
N

N N

N

N

N

N

H
N

HH
N

H
N

MeO

H3C

Iressa

NH2

NH2

ZRBA4

ZR2003

Octreotide (OCT)

CH3
HN2

NH

NH

NH

HN

S
SHO

HO OH
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octreotide (OCT).

PBS. Cells were fixed by slowly adding 1 mL ethanol (70%)
with continuous vortexing and then stored at 4◦C for
up to eight days. The day of analysis, cells were pelleted
by centrifugation (3500 rpm for 5 min), rinsed twice with
PBS and incubated with 200 μL freshly prepared propidium
iodide (PI)/RNAse solution (50 μg/mL, 100 μg/mL, resp.) in
the dark for 30 min at 37◦C. Data were collected using a

BD FACSCalibur (BD Biosciences, Mississauga, ON) and
the percentage of cells in each phase was calculated using
FlowJo 8.4.6 (Tree Star, Ashland, OR). Data represent two
independent experiments run in duplicate. Unpaired two-
tailed t-test were used to identify significant changes in cell
cycle distributions upon the addition of OCT. P values < 0.05
were considered statistically significant.
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Figure 2: Dose-dependent inhibition of EGF-induced ErbB1 activation in U87MG, (a) U87/EGFR (b), and U87/EGFRvIII (c) glioma cells.
Serum-starved cells were treated with the indicated concentrations of Iressa±mechlorethamine (HN2), ZRBA4, or ZR2003 for 2 h followed
by a 20 min EGF (50 ng/mL) stimulation. Cell lysates (40 μg) were fractionated by SDS-PAGE and probed with antiphosphotyrosine (1 : 1000)
antibodies (see Materials and Methods for details). Blots were subsequently stripped and reprobed for total ErbB1 (1:1000) followed by α-
actinin (1 : 1500). Major protein bands of 170 (ErbB1) and 100 kDa (α-actinin) were obtained.

2.6. Apoptosis. Cell kill was determined by Annexin V-FITC
binding as previously described with minor modifications
[27]. Briefly, cells were plated in 6-well plates and allowed to
attach overnight. Cells (65–75% confluent) were treated with
a range of drug dilutions prepared in serum-supplemented
medium for 24 or 48 h at 37◦C. Treatments were terminated
by rinsing the wells with PBS, and cells were collected
by trypsinization followed by centrifugation (3500 rpm for
5 min). Cell pellets were washed twice with PBS and then
resuspended in 1X binding buffer for a final concentration
of 1× 106 cells/mL. Cells were treated with Annexin V-FITC
and PI using the Apoptosis Detection Kit (BD Bioscience
Pharmingen, San Jose, CA) according to the manufacturer’s
protocol. The reactions were subsequently quenched by the
addition of 150 μL 1X binding buffer. Data were collected
using a BD FACSCalibur, and quadrant analysis of co-
ordinate dot blots was performed using FlowJo 8.4.6. Data
represent two independent experiments run in duplicate.

2.7. EGF-Induced Autophosphorylation Assay. U87MG cells
were plated in 6-well plates using serum-supplemented
medium and allowed to attach overnight. At 85–90%

confluency, the wells were rinsed with PBS and the cells
were starved for 24 h. Treatments consisted of 2 h exposures
to the drugs followed by a quick rinse with PBS and a
further 20 min treatment with 50 ng/mL EGF. Treatments
were terminated by rinsing the wells with ice cold PBS and
placing the plates on ice. Cells were scraped using a rubber
policeman, and cell suspensions were transferred to labelled
eppendorf tubes. Samples were centrifuged for two minutes
at 10 000 rpm at 4◦C, and the supernatant was removed. Cell
pellets were homogenized in ice-cold lysis buffer (50 mM
Tris-HCl pH 7.5, 150 nM NaCl, 1% NP-40, 1 mM EDTA,
5 mM NaF, 1 mM Na3VO4, 1 complete protease inhibitor
tablet Roche Biochemicals, Laval, QC) and incubated for
30 min on ice. Samples were centrifuged at 10 000 rpm for
20 min at 4◦C to remove cellular debris. Protein concen-
trations of the supernatants were determined by Bradford
assay using known dilutions of BSA as standards. Samples
(40 μg) were solubilized in Laemmli sample buffer, placed in
boiling water for 5 min and fractionated by electrophoresis
on a 10% SDS-polyacrylamide gel. The fractionated proteins
were transferred by electrophoresis to 0.2 μm polyvinyli-
dene difluoride (PVDF) membranes (Millipore, Bedford,
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Figure 3: Dose-dependent inhibition of EGF-induced Erk 1/2
activation in U87MG (a), U87/EGFR (b) and U87/EGFRvIII (c)
glioma cells. Serum-starved cells were treated with the indicated
concentrations of Iressa ± mechlorethamine (HN2), ZRBA4 or
ZR2003 for 2 h followed by a 20 min EGF (50 ng/mL) stimulation.
Cell lysates (40 μg) were fractionated by SDS-PAGE and probed
with anti-phospho-Erk 1/2 (1 : 1000) antibodies (see Materials
and Methods for details). Blots were subsequently stripped and
reprobed for total Erk 1/2 (1 :1000) followed by α-actinin (1:1500).
Major protein bands of 44, 42 (Erk 1/2) and 100 kDa (α-actinin)
were obtained.

MA). Membranes were blocked, incubated with primary
antibodies and then HRP-conjugated secondary antibodies
(1 : 25 000 in 0.1% TBST) followed by chemiluminescence
detection with the ECL Advance Western Blotting Detection
kit (Amersham Biosciences) in accordance with the man-
ufacturer’s instructions. Molecular weights were estimated
using the BenchMark prestained Western Protein Standard
(Invitrogen). Images were captured using an Alpha Innotech
FluorChem 8800 gel box imager, and densitometry was
carried out using FluorChem software (Alpha Innotech
Co.). Percent changes in ErbB1 tyrosine phosphorylation
expression were calculated as the ratio between the density
of the phosphorylated tyrosine band (185 kDa) and the band
density for EGFR. These values were subsequently corrected
for loading (using α-actinin) and then for basal expression
(control level was set at 1).

2.8. Western Blot Analysis. To investigate Erk 1/2 and Akt
inhibition, U87 glioma cells were cultured and treated as
described for the EGF-induced autophosphorylation assay.
All other Western Blot analyses were executed on cells that
were grown and treated in serum-supplemented medium for
48 h. Protein extraction and quantification were performed
as described in the EGF-induced autophosphorylation assay.
Samples (40 or 100 μg) were solubilized in Laemmli sample
buffer, boiled, and fractionated by electrophoresis on 10, 12,
or 15% SDS-polyacrylamide gels. The fractionated proteins
were transferred to PVDF membranes. The membranes were
subsequently blocked, incubated with primary antibody and
then with HRP-conjugated secondary antibody (1 : 25 000
dilution in 0.1% TBST). Signals were detected with the ECL
Advance Western Blotting Detection kit in accordance with
the manufacturer’s instructions. Molecular weights were
estimated using the BenchMark prestained Western Protein
Standard. Images were captured using an Alpha Innotech
FluorChem 8800 gel box imager, and densitometry was
carried out using FluorChem software. Percent changes in
protein activation (p-Erk 1/2, p-Akt, p-Bad) were calculated
as the ratio between the density of the phosphorylated band
and the band density for total Erk 1/2, Akt, or Bad, respec-
tively. These values were subsequently corrected for loading
(using α-actinin) and then for basal expression (control level
was set at 1). Expression levels of all other proteins were
calculated as the ratio between the density of the band of
interest and the band density for the loading control (i.e., α-
actinin). These values were subsequently corrected for basal
expression (control level was set as 1).

3. Results

3.1. Inhibition of ErbB1-Mediated Signalling. Recent studies
have reported strong ErbB1 TK inhibitory activity for ZRBA4
(4.4 nM) and ZR2003 (26 nM) [23, 24]. Therefore, we
first investigated their ability to inhibit ErbB1 activation
in our isogenic panel of brain tumour cells. All ErbB1
TKIs (Iressa, ZRBA4 and ZR2003) attenuated EGF-induced
ErbB1 tyrosine phosphorylation in U87MG as well as
U87/EGFRvIII cells (Figure 2). Moreover, Iressa and ZR2003
slightly decreased EGFRvIII phosphorylation. Similarly, at
the concentrations tested, only Iressa and ZR2003 blocked
ErbB1 phosphorylation in U87/EGFR cells.

We next determined whether inhibition of ErbB1 phos-
phorylation translated into attenuation of the downstream
MAPK pathway, through which EGF induces proliferation
(Figure 3). Iressa and ZR2003 inhibited Erk 1/2 phosphory-
lation in U87MG cells, while only Iressa attenuated Erk 1/2
activation in U87/EGFR cells. While ErbB1 phosphorylation
in the U87/EGFRvIII cell line was inhibited by all TKIs or
combi-molecules, they only induced moderate inhibition of
EGFRvIII phosphorylation. Therefore, we had in hand all
the levels of effects needed to examine cell response to the
divergent targeting approach. When the combi-molecules
or combination of Iressa + HN2 were coadministered with
the SSTR agonist octreotide (OCT), no significant change
in Erk1/2 phosphorylation status of the cells was observed
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Figure 4: Representative histograms illustrating Iressa, mechlorethamine (HN2), Iressa + HN2, ZRBA4, and ZR2003-induced cell cycle
arrest in U87MG (a), U87/EGFR (b), and U87/EGFRvIII (c) glioma cells following a 48 h treatment. Cell cycle perturbations following
concomitant treatment with 1 μM octreotide (OCT) are shown in the lower panels. ∗Shows statistical differences, within the same phase of
the cell cycle, between drug alone and drug + OCT (P < 0.05).
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Table 1: Relative distribution of U87MG, U87/EGFR, and U87/EGFRvIII glioma cells across the G1, S, and G2 phases of the cell cycle. Cells
were treated for 48 h with Iressa, mechlorethamine (HN2), Iressa + HN2, ZRBA4, and ZR2003 in the absence or presence of 1 μM octreotide
(OCT).

U87MG U87/EGFR U87/EGFRvIII

Control
G1 73.0 ± 3.4 80.0± 2.2 83.3± 0.2

S 10.2 ± 1.5 4.2± 2.1 7.6± 0.6

G2 17.3± 1.6 15.7± 0.1 9.1± 0.3

1 μM OCT
G1 77.2± 0.8 82.7± 2.9 82.7± 1.2

S 9.3± 0.3 5.9± 3.0 7.0 ± 1.1

G2 18.0± 2.6 11.5± 0.1 10.3 ± 0.7

12.5 μM HN2
G1 51.5± 7.8 20.7± 2.7 55.0± 0.2

S 36.1± 1.7 49.1± 8.6 24.8 ± 1.8

G2 20.1± 0.7 45.5± 0.9 20.1± 1.7

12.5 μM HN2 + 1 μM OCT
G1 18.7± 2.2∗ 30.6± 3.8 19.6± 4.7∗

S 48.7± 7.5 28.9± 2.7 71.7± 2.2∗

G2 59.5± 2.3∗ 35.0± 2.4 41.8± 1.8∗

12.5 μM Iressa
G1 49.6± 5.7 63.6± 0.4 58.2± 2.3

S 18.6 ± 1.2 15.3± 2.3 15.7 ± 0.5

G2 21.9 ± 1.0 22.1 ± 2.9 22.5 ± 1.2

12.5 μM Iressa + 1 μM OCT
G1 53.1 ± 4.7 58.3 ± 2.5 66.3 ± 2.8

S 40.5± 2.6∗ 22.7 ± 2.1 24.7 ± 2.3∗

G2 16.6± 1.7∗ 16.0 ± 1.7 13.6± 1.4

12.5 μM (Iressa + HN2)
G1 25.7± 6.4 32.0± 3.4 32.5± 9.3

S 19.7± 1.8 32.0± 5.9 23.5± 9.5

G2 39.6± 17.4 33.6± 1.8 44.7 ± 0.3

12.5 μM (Iressa + HN2) + 1 μM OCT
G1 23.5± 3.9 39.5± 3.8 34.9± 3.9

S 51.9± 10.1 18.9± 2.4 17.2± 5.3

G2 19.0± 2.9 22.3± 2.2 52.1± 1.2∗

12.5 μM ZRBA4
G1 12.2± 0.3 15.6± 0.2 60.5± 0.3

S 56.1 ± 1.3 71.4± 1.8 12.9± 0.3

G2 31.1± 0.8 33.5± 2.5 26.5± 0.1

12.5 μM ZRBA4 + 1 μM OCT
G1 20.3 ± 6.9 31.4 ± 2.3 22.9± 4.7

S 59.3 ± 4.0 39.0 ± 4.1∗ 50.6± 3.2∗

G2 23.7± 3.4 28.8 ± 2.1 28.3± 0.8

12.5 μM ZR2003
G1 52.1± 4.6 28.3 ± 1.9 35.3± 1.5

S 26.3 ± 2.3 54.3 ± 2.7 53.5± 0.9

G2 15.7 ± 2.0 12.7± 0.2 13.9± 1.7

12.5 μM ZR2003 + 1 μM OCT
G1 49.5 ± 4.6 32.6± 3.6 28.7± 1.9

S 25.7 ± 1.6 57.8 ± 0.9 57.1± 0.5

G2 19.3 ± 1.5 12.5± 1.3 12.1± 2.6
∗Shows statistical differences, within the same phase of the cell cycle, between drug alone and drug + OCT (P < 0.05).

(data not shown). Total Erk 1/2 was relatively even across all
treatments in U87 and U87/EGFR cell lines, while a dose-
dependent increase was observed in U87/EGFRvIII calls, an
effect that may be specific to the latter cell type.

3.2. Cell Cycle Analysis

3.2.1. HN2 + Iressa ± OCT-Induced Cell Cycle Perturbations.
HN2 is a bifunctional alkylating agent that induces high

levels of DNA cross-links. It is known to induce cell cycle
arrest at all phases of the cell cycle. At high concentrations,
it blocks cells in G1 and at low concentrations, it induces
cell cycle arrest in S and G2/M. On the other hand, Iressa
is known to arrest cells in G1. As demonstrated in Figure 4
and Table 1, treatment with 12.5 μM of HN2 induced cell
cycle arrest in S in U87MG and U87/EGFRvIII transfectant
cells but strong S (late) and G2/M arrest in the U87/EGFR
cells. Surprisingly, Iressa induced some cell cycle arrest in
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Figure 5: Dose-dependent changes in p53 phosphorylation (Ser15)
and expression in U87MG (a), U87/EGFR (b), and U87/EGFRvIII
(c) glioma cells treated for 48 h. Cell lysates (40 μg) were fraction-
ated by SDS-PAGE and probed with antiphospho-p53 (1 : 1000)
antibodies (see Materials and Methods for details). Blots were
subsequently stripped and reprobed for total p53 (1 : 1000) followed
by α-actinin (1 : 1500). Major protein bands of 53 (p53) and 100
kDa (α-actinin) were obtained.

the S phase. When the two drugs (HN2 and Iressa) were
combined, a dramatic change in cell cycle distribution was
induced leading to increased S (late) and G2/M arrest in all
three cell types. More importantly, addition of OCT shifted
the cell cycle arrests to S.

3.2.2. ZRBA4 ± OCT-Induced Cell Cycle Perturbations.
ZRBA4 is designed to be a prodrug of a DNA cross-linking
alkylating species similar to HN2 and an ErbB1 TKI. It
is therefore a unimolecular mimic of the HN2 + Iressa
combination. ZRBA4 induced cell cycle arrest in S and G2M
in U87MG and U87/EGFR cells (Figure 4, Table 1). Addition
of OCT further perturbed cell cycle distribution profiles in
a cell-dependent manner. U87MG cells shifted from S and
G2/M arrest to the S phase. In contrast, OCT enhanced the
accumulation of U87/EGFR cells in G1 at the expense of
the S phase while leaving the G2/M population unchanged.
Meanwhile, U87/EGFRvIII cells accumulated in the G2/M
phase of the cell cycle in the absence of OCT. However,
addition of OCT dramatically changed the cell cycle profile,
leading to strong cell cycle arrest in late S and G2M.

3.2.3. ZR2003 ± OCT-Induced Cell Cycle Perturbations.
ZR2003 is a combi-molecule that does not require metabolic
activation to generate its DNA damaging species: it can either
block ErbB1 tyrosine kinase activity or damage DNA, and,
unlike ZRBA4 and HN2, it cannot generate DNA cross-links.
Therefore, its mechanism of action is different from that of
ZRBA4. Interestingly, while ZR2003 induced S phase arrest
in all three isogenic cell lines (Figure 4, Table 1), its effect
was not altered by OCT, indicating the effects of OCT may
be dependent on the type of DNA lesions induced by these
drugs.

3.3. p53 Expression and Ser15 Phosphorylation. Upon DNA
damage, Ataxia-telangiectasia (ATM), ATM and Rad3-
related (ATR), and DNA-dependent protein kinase (DNA-
PK) activate p53 through phosphorylation at Ser15 [28,
29]. We detected a dose-dependent phosphorylation of p53
at Ser15 in all samples treated with HN2, alone or in
combination with Iressa, and ZRBA4 (Figure 5). Moreover,
treatment with HN2, HN2 + Iressa, and ZRBA4 enhanced
p53 accumulation. Meanwhile, ZR2003, a type II combi-
molecule, elicited the greatest activation as well as accumu-
lation of p53 in all three cell lines. Finally, combination of
OCT with these treatments did not enhance p53 activation
nor expression.

3.4. Alterations of Key Players in the Cell Cycle. To elucidate
the pathway through which SSTR activation could enhance
HN2 ± Iressa and ZRBA4-induced cell cycle arrest, we
investigated changes in p21, a signalling intermediate for
SSTRs as well as other pathways that play a role in cell cycle
arrest. Since OCT enhanced HN2- and ZRBA4-induced S
and G2/M arrest, we investigated whether this effect was
mediated by p21. Unfortunately, p21 was not detectable
in these cells, potentially due to downregulation by Akt.
Based on these results, we decided to verify the expression
of GADD45, another signalling intermediate in p53-induced
G2/M arrest. The results showed that GADD45 was activated
wherever p53 was phosphorylated (data not shown).

3.5. Effect of ErbB1 Inhibition on DNA Repair Proteins.
Eukaryotes have developed multiple types of DNA repair
systems to ensure genomic fidelity before replication. ATM,
ATR, and DNA-PK kinases check genomic integrity at the
G1/S and G2/M checkpoints. Moreover, stimulation of
ErbB1 has been reported to induce DNA repair proteins such
as ERCC1 and XRCC1 [30]. The former plays a role in
nucleotide excision repair (NER) and recombination repair,
while the latter is involved in base excision repair (BER)
and nonhomologous end-joining (NHEJ). HN2, as a bifunc-
tional alkylator, damages DNA by alkylating its bases mainly
at the N7 position of guanine [31–33]. This can result in
DNA base pair mismatches as well as intra- and interstrand
crosslinks. The N7-alkyl guanine can be repaired by BER,
while the crosslinks are generally repaired by homologous
recombination repair (HRR) and NHEJ. ERCC1 was upreg-
ulated in all three cell lines following a 48 h exposure to
Iressa + HN2, ZRBA4, or ZR2003 (Figure 6). ZR2003
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Figure 6: Upregulation of ERCC1 expression in U87MG (a), U87/EGFR (b), and U87/EGFRvIII (c) glioma cells. Cells were treated with
the indicated concentrations of Iressa, mechlorethamine (HN2), Iressa + HN2, ZRBA4, or ZR2003, alone or in combination with octreotide
(OCT) for 48 h. Cell lysates (40 μg) were fractionated by SDS-PAGE and probed with anti-ERCC1 (1 : 1000) antibodies (see Materials and
Methods for details). Blots were subsequently stripped and reprobed for α-actinin (1 : 1500). Major protein bands of 36 (ERCC1) and
100 kDa (α-actinin) were obtained.

Table 2: Inhibition of U87MG, U87/EGFR, and U87/EGFRvIII cell growth by Iressa±mechlorethamine (HN2), ZRBA4, and ZR2003, alone
or in combination with 1 μM octreotide (OCT), as assessed by the alamar blue assay.

U87 U87/EGFR U87/EGFRvIII

IC50 (μM) IC50 (μM) IC50 (μM)

OCT n/a n/a n/a

Iressa 11.89± 8.40 2.96± 0.05 34.14± 3.53

Iressa + OCT 13.01± 9.70 3.27± 0.28 32.23± 3.80

HN2 9.58± 1.20 1.52± 0.59 19.74± 2.85

HN2 + OCT n/a 1.81± 0.68 13.33± 3.78

Iressa + HN2 14.51± 0.20 0.77± 0.27 15.82± 1.97

Iressa + HN2 + OCT 12.24± 1.53 0.66 ± 0.13 n/a

ZRBA4 8.27± 0.57 3.91± 0.62 7.50± 0.82

ZRBA4 + OCT 8.20± 0.59 3.58± 0.52 7.45 ± 0.62

ZR2003 0.82± 0.24 0.87± 0.14 0.54 ± 0.18

ZR2003 + OCT 0.77± 0.19 0.73± 0.08 0.43 ± 0.14

Values are presented as mean ± SEM and are representative of 3 experiments run in triplicate.

elicited the strongest response in U87MG cells, while ERCC1
expression in U87/EGFR cells was most strongly upregu-
lated in response to ZRBA4. Moreover, U87/EGFRvIII cells
showed the strongest upregulation of ERCC1 with Iressa
+ HN2, ZRBA4, and ZR2003 eliciting similar degrees of
upregulation. In contrast, XRCC1 was not detected over the
course of the 48 h treatments (data not shown).

3.6. Antiproliferative Activity of ZRBA4, ZR2003, Iressa, HN2,
and OCT. We next investigated the anti-proliferative effects
of ZRBA4, ZR2003, Iressa, and HN2, alone as well as in com-
bination with OCT, using a 6-day alamar blue assay (Table 2).

ZRBA4, a type I combi-molecule, demonstrated 1.4-and-4.5
fold superior antiproliferative activity (P < 0.05) over Iressa
in U87MG and U87/EGFRvIII cells, respectively. ZRBA4 also
slightly enhanced growth inhibition over HN2 in U87MG
cells, while it induced a 2.6-fold increase in cell kill compared
with HN2 in U87/EGFRvIII cells. Consistent with the combi-
targeting concept, a 6-day treatment with ZRBA4 resulted
in a 1.8-to 2.1-fold superior inhibition of proliferation (P <
0.05) compared with the two-drug Iressa + HN2 combina-
tion in U87MG and U87/EGFRvIII cells (Figure 7, Table 2).
In addition, ZRBA4 showed 2.1-fold selectivity for ErbB1-
overexpressing cells (P < 0.05); however, in U87/EGFR cells,
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Figure 7: Relative growth inhibition of ZRBA4, ZR2003, and equimolar combination of Iressa + mechlorethamine (HN2) in U87MG (a),
U87/EGFR (b), and U87/EGFRvIII (c) isogenic glioma cells. Cells were exposed to each drug for 6 days, and growth inhibition was measured
by alamar blue assay (see Materials and Methods for details). Each point represents three independent experiments run in triplicate.

it was less effective at inhibiting proliferation than Iressa,
HN2, and Iressa + HN2. In contrast, ZR2003, a type II
combi-molecule, demonstrated a slight selectivity (1.5-fold)
for the EGFRvIII mutation. It showed 14.5-, 3.4-, and 63-fold
superior antiproliferative activity (P < 0.05) over Iressa in
U87MG, U87/EGFR, and U87/EGFRvIII cells, respectively.
Moreover, in U87/EGFRvIII cells, ZR2003 demonstrated a
statistically significant (P < 0.05) 29.3-fold enhancement
of cell kill over Iressa + HN2 (Figure 7). A more moderate
11.7-and 17.7-fold increase in growth inhibition (P <
0.05) was detected in U87MG cells treated with HN2 or
Iressa + HN2, respectively. We also investigated whether
simultaneous activation of SSTRs with OCT would enhance
the antiproliferative activity of the binary-targeted combi-
molecules but did not detect any significant interactions.

3.7. Apoptosis. We subsequently determined how the
observed cell cycle perturbations would translate into
apoptosis (Figures 8 and 9). Cell death was induced in
the three cell lines by HN2 as well as Iressa + HN2.
Interestingly, a shorter (24 h) treatment with HN2 mainly
induced a nonapoptotic cell death pathway, while we
detected some cells undergoing apoptosis following a longer
(48 h) exposure (Figure 8). Meanwhile, ZRBA4 induced
minimal cell death in U87/EGFRvIII (data not shown) and
U87MG cells and nonapoptotic cell death in U87/EGFR
cells (Figure 8). Moreover, ZR2003 showed dose-dependent
induction of cell death with relatively strong early (within
24 h) induction of nonapoptotic cell death (Figure 8).
Finally, when we combined 1 μM OCT with the above
treatments, we did not detect any potentiation of cell death.
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Figure 8: Representative Annexin V/propidium iodide (PI) intensity dot blots of U87MG (a) and U87/EGFR (b) cells treated for 24 (upper
panels) or 48 h (lower panels) with Iressa, mechlorethamine (HN2), Iressa + HN2, ZRBA4, or ZR2003. Cell death was determined by
Annexin V and propidium iodide (PI) staining (see Materials and Methods for details). Data are the mean of two independent experiments
run in duplicate.

3.8. Modulation of Apoptotic as well as Antiapoptotic Sig-
nalling. To rationalize the lack of apoptosis, we extended
our investigation to the analysis of key components of the
DNA damage response pathway and the intrinsic apoptotic
pathway. Based upon reports that DNA alkylators, including
HN2, induce apoptosis partially through JNK activation, we
investigated JNK and p38 activation by Western Blot analysis
[34, 35]. Neither JNK nor p38 activation were detected (data
not shown). This is consistent with the lack of induced
apoptosis.

The PI3K/Akt pathway, another major downstream effec-
tor pathway of ErbB1, promotes cell survival by inhibiting
apoptosis as well as modulating cell cycle arrest. We,
therefore, verified whether the combi-molecules could alter
Akt phosphorylation. However, due to a PTEN mutation in
these cells, Akt was constitutively phosphorylated at Ser473
and unresponsive to ErbB1 inhibition (data not shown).

Since these cells responded to DNA damage with p53
activation as well as upregulation, we further extended
our investigation and verified Bad phosphorylation at both
Ser112 and Ser136. Phosphorylation of these two sites (by
MEK1 and Akt, respectively) plays a critical role in cell
survival through sequestration of Bad with 14-3-3 proteins
thereby preventing Bad from binding Bcl-2 or Bcl-xL and
subsequently releasing proapoptotic Bax. Therefore, we
determined the extent to which our drugs modulated Bad
phosphorylation. We also investigated whether combining
OCT with the above treatments would further alter Bad
phosphorylation. Bad was constitutively phosphorylated at
Ser112 and Ser136 in U87 and U87/EGFRvIII cells (data
not shown). In contrast, total Bad was barely detectable in
U87/EGFR cells (data not shown). No treatment reduced Bad
phosphorylation at either site. Moreover, OCT had no effect
on Bad phosphorylation (data not shown).
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Figure 9: Assessment of apoptotic effects induced by Iressa ± mechlorethamine (HN2), ZRBA4, and ZR2003. U87MG (a) and U87/EGFR
(b) cells were treated for 24 (i) or 48 h (ii). Levels of cell death were determined by Annexin V and propidium iodide (PI) staining. Bars for
apoptotic cell death represent the mean percentage of Annexin-V-positive cells. Total cell death encompasses early and late apoptotic as well
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SSTR3 has been shown to play a role in p53-mediated
apoptosis, while the other four SSTRs induce cell cycle
arrest via p21 or p27. With no clear enhancement of p53,
Bad, p21, or GADD45 by OCT, we extended our study to
include another key protein in apoptosis, survivin. Survivin,
an inhibitor of apoptosis protein (IAP), is most recognized
for its role in chromosome segregation and cytokinesis
[36, 37]. In addition to its role in cell division, survivin
overexpression is associated with inhibition of apoptosis via
both the extrinsic as well as intrinsic pathways although it
is more efficient at blocking the latter pathway [38, 39]. In
general, survivin and p53 negatively regulate each other’s
expression. However, as illustrated in Figure 10, ZRBA4
enhanced survivin as well as p53 (Figure 5) expression
confirming blockage of apoptosis. In contrast, in HN2-

and ZR2003-treated gliomas cells, p53 and survivin were
inversely related (Figures 5 and 10) while Iressa attenuated
the HN2-mediated inhibition of survivin. We did not detect
any OCT-induced regulation of survivin expression (data not
shown).

4. Discussion

The effectiveness of single-targeted cancer therapies is mit-
igated by the inevitable onset of drug resistance. This may
arise due to alternate pathways compensating for the drug
target or to the accumulation of mutations within the target
or components of downstream signalling pathways. There-
fore, classical cancer therapies generally combine multiple
drugs with different mechanisms of action to prevent drug
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resistance. However, due to the nonspecific nature of their
binding, some combinations can result in increased toxicity.
Moreover, the potency of these drugs is often mitigated by
DNA repair pathways. Therefore, novel chemotherapeutic
approaches are urgently needed. In this study, we exam-
ined our divergent targeting strategy using DNA damage,
ErbB1 TK inhibition, and SSTR activation. We used OCT
as our SSTR agonist, while HN2 + Iressa, ZRBA4 and
ZR2003, chloroethylating combi-molecules, induced con-
current DNA damage and ErbB1 inhibition.

Previous studies have demonstrated the binary ErbB1-
DNA targeting properties of ZRBA4 as well as its ability
to induce DNA interstrand crosslinks in a manner similar
to that of HN2 [23]. Consistent with literature, ZRBA4, as
a partially irreversible ErbB1 inhibitor, showed selectivity
for ErbB1-overexpressing cells. Furthermore, it manifested
characteristics of both components (DNA damage and
ErbB1 inhibition) as outlined by the similarity of the cell
cycle perturbation profile that it induced when compared
with equivalent two-drug combinations of HN2 + Iressa.
Likewise, cell cycle arrest induced by the two forms of
combinations (i.e., individual drugs or unimolecular combi-
molecules) was significantly enhanced by OCT activation
of SSTRs in these cells. Notably, OCT altered the cell cycle
distribution profile of cells exposed to the DNA damaging

agent HN2 more dramatically than those treated with
the ErbB1 inhibitor Iressa. However, its effect was more
dramatic when HN2 was combined with the ErbB1 inhibitor,
suggesting that ErbB1 inhibition plays a role in the overall cell
cycle perturbation. As outlined in Scheme 2, SSTR activation
induces cell cycle inhibitors, while ErbB1 phosphorylation
downregulates them. Thus, inhibition of ErbB1 that leads
to downregulation of downstream signalling (e.g., Erk1/2
activation) may relieve any antagonistic effect to SSTR-
mediated cell cycle arrest.

In general, SSTR1, 2, 4, and 5 induce G1 arrest in a
p53-independent manner while SSTR3 induces apoptosis
through a p53/Bax-dependent mechanism [40–43]. Previous
studies have shown that SSTR3-mediated p53 activation
occurs independently of cell cycle arrest and p21 induction
[44]. Moreover, p53-mediated activation of p21 promotes
G1 arrest while loss of G1/S checkpoint control generally
sensitizes cells to DNA damage. We did not detect p21 in
our samples nor did the nitrogen mustard-containing com-
pounds (HN2, ZRBA4, and ZR2003) induce significant G1
arrest, suggesting that the p53 activation and upregulation
observed in the Western Blot analyses may not be related
to cell cycle arrest. Thus the increased effect conferred by
OCT may be due to a direct effect of SSTR activation on the
cell cycle through induction of cell cycle inhibitors or other
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proteins that trigger the cells to arrest earlier in the cycle
in response to the DNA damage induced by HN2 and our
combi-molecules.

While p53 is generally associated with the induction of
apoptosis, the absence of Bax upregulation and Bad dephos-
phorylation demonstrates that the p53-mediated apoptotic
pathway is blocked. Moreover, the increased expression of
survivin, an inhibitor of apoptosis protein (IAP), provides
further evidence that the drugs tested in this study cannot
induce apoptosis. However, HN2 (but not Iressa + HN2)
activated and upregulated p53 as well as downregulated
survivin expression after a 48 h treatment which translated
into cells dying by both apoptosis (ca. 50%) and a nonapop-
totic form of cell death. In contrast, ZR2003 showed the
strongest p53 activation of all the drugs and combinations
of drugs tested in this study. Yet, the concomitant decrease
in survivin levels did not translate into increased apoptosis
suggesting that the observed decline was not due to drug-
induced inhibition, as observed with HN2, but was perhaps
due to rapid turnover (t1/2 = 30 min) of the protein in the
G1 phase of the cell cycle [45]. In toto, these data suggest that
the concomitant inhibition of survivin may allow these cells
to undergo apoptosis.

5. Conclusions

In summary, the results presented herein demonstrate that
ErbB1 TKIs inhibit ErbB1 but not EGFRvIII phosphoryla-
tion. Moreover, due to a PTEN mutation, Akt was constitu-
tively active and Bad remained phosphorylated, preventing
cells from undergoing apoptosis upon ErbB1 inhibition. This
may have played a role in p21 downregulation which could
explain the absence of OCT-induced cell cycle arrest on its
own. However, OCT potentiated arrest in the S-phase of the
cell cycle when combined with Iressa ± HN2, or ZRBA4.
Moreover, both Bax unresponsiveness to p53 activation and
survivin upregulation despite p53 activation may contribute
to the cells dying via a nonapoptotic pathway. Thus, future
studies to improve the divergent targeting strategy should
be directed at bridging the strong cell cycle perturbation
observed to a cell death pathway.

Conflict of Interests

The authors declare that they have no competing interests.

Authors’ Contributions

Dr. H. L. Watt performed the experimental work and pre-
pared the paper. Dr. Z. Rachid synthesized ZRBA4 and
ZR2003. Dr. B. Jean-Claude revised the paper.

Abbreviations

BER: Base excision repair
DMSO: Dimethyl sulfoxide
EGF: Epidermal growth factor

ErbB: Epidermal growth factor receptor
GPCR: G protein-coupled receptor
HN2: Mechlorethamine
HRR: Homologous recombination repair
ICL: Interstrand crosslink
MAPK: Mitogen-activated protein kinase
NER: Nucleotide excision repair
NHEJ: Nonhomologous end joining
OCT: Octreotide
PI: Propidium iodide
PVDF: Polyvinylidene difluoride
RTK: Receptor tyrosine kinase
SST: Somatostatin
SSTR: Somatostatin receptor
TK: Tyrosine kinase
TKI: Tyrosine kinase inhibitor
TMZ: Temozolomide.

Acknowledgments

The authors would like to acknowledge the Canadian
Institute for Health Research (CIHR) and the Brain Tumour
Foundation of Canada for financial support. H. L. Watt was
supported by a McGill University Health Centre Research
Institute Studentship.

References

[1] M. Bredel and E. Jacoby, “Chemogenomics: an emerging strat-
egy for rapid target and drug discovery,” Nature Reviews
Genetics, vol. 5, no. 4, pp. 262–275, 2004.

[2] C. Harris and A. Stevens, “Chemogenomics: structuring the
drug discovery process to gene families,” Drug Discovery
Today, vol. 11, no. 19-20, pp. 880–888, 2006.

[3] N. Merayo, Z. Rachid, Q. Qiu, F. Brahimi, and B. Jean-Claude,
“The combi-targeting concept: evidence for the formation of a
novel inhibitor in vivo,” Anti-Cancer Drugs, vol. 17, no. 2, pp.
165–171, 2006.

[4] R. Banerjee, Z. Rachid, J. McNamee, and B. Jean-Claude, “Syn-
thesis of a prodrug designed to release multiple inhibitors of
the epidermal growth factor receptor tyrosine kinase and an
alkylating agent: a novel tumor targeting concept,” Journal of
Medicinal Chemistry, vol. 46, no. 25, pp. 5546–5551, 2003.

[5] Q. Qiu, F. Dudouit, S. Matheson et al., “The combi-targeting
concept: a novel 3,3-disubstituted nitrosourea with EGFR
tyrosine kinase inhibitory properties,” Cancer Chemotherapy
and Pharmacology, vol. 51, no. 1, pp. 1–10, 2003.

[6] F. Brahimi, S. Matheson, F. Dudouit, J. McNamee, A. Tari,
and B. Jean-Claude, “Inhibition of epidermal growth factor
receptor-mediated signaling by “combi-triazene” BJ2000, a
new probe for combi-targeting postulates,” Journal of Phar-
macology and Experimental Therapeutics, vol. 303, no. 1, pp.
238–246, 2002.

[7] S. Matheson, J. McNamee, and B. Jean-Claude, “Design of
a chimeric 3–methyl–1,2,3–triazene with mixed receptor ty-
rosine kinase and DNA damaging properties: a novel tumor
targeting strategy,” Journal of Pharmacology and Experimental
Therapeutics, vol. 296, no. 3, pp. 832–840, 2001.

[8] Y. He, X. Yuan, P. Lei et al., “The antiproliferative effects of
somatostatin receptor subtype 2 in breast cancer cells,” Acta
Pharmacologica Sinica, vol. 30, no. 7, pp. 1053–1059, 2009.



16 Journal of Signal Transduction

[9] H. Watt, G. Kharmate, and U. Kumar, “Somatostatin receptors
1 and 5 heterodimerize with epidermal growth factor receptor:
agonist-dependent modulation of the downstream MAPK
signalling pathway in breast cancer cells,” Cellular Signalling,
vol. 21, no. 3, pp. 428–439, 2009.

[10] B. Burghardt, K. Barabás, Z. Marcsek, L. Flautner, T. Gress,
and G. Varga, “Inhibitory effect of a long-acting somatostatin
analogue on EGF-stimulated cell proliferation in Capan-2
cells,” Journal of Physiology Paris, vol. 94, no. 1, pp. 57–62,
2000.

[11] Y. Patel, “Basic aspects of somatostatin receptors,” in Advances
in Molecular and Cellular Endocrinology, D. LeRoith and C. T.
Greenwich, Eds., JAI Press, 1998.

[12] Y. Patel, “Somatostatin and its receptor family,” Frontiers in
Neuroendocrinology, vol. 20, no. 3, pp. 157–198, 1999.

[13] Y. Patel, M. Greenwood, R. Panetta, L. Demchyshyn, H.
Niznik, and C. Srikant, “Mini review: the somatostatin
receptor family,” Life Sciences, vol. 57, no. 13, pp. 1249–1265,
1995.

[14] Z. Csaba and P. Dournaud, “Cellular biology of somatostatin
receptors,” Neuropeptides, vol. 35, no. 1, pp. 1–23, 2001.

[15] T. Florio, S. Thellung, S. Arena et al., “Somatostatin and its
analog lanreotide inhibit the proliferation of dispersed human
non-functioning pituitary adenoma cells in vitro,” European
Journal of Endocrinology, vol. 141, no. 4, pp. 396–408, 1999.

[16] H. Lahlou, J. Guillermet, M. Hortala et al., “Molecular signal-
ing of somatostatin receptors,” Annals of the New York Academy
of Sciences, vol. 1014, pp. 121–131, 2004.

[17] D. C. Lev, L. S. Kim, V. Melnikova, M. Ruiz, H. N.
Ananthaswamy, and J. E. Price, “Dual blockade of EGFR
and ERK1/2 phosphorylation potentiates growth inhibition of
breast cancer cells,” British Journal of Cancer, vol. 91, no. 4, pp.
795–802, 2004.

[18] S. Okubo, J. Kurebayashi, T. Otsuki, Y. Yamamoto, K. Tanaka,
and H. Sonoo, “Additive antitumour effect of the epidermal
growth factor receptor tyrosine kinase inhibitor gefitinib
(Iressa, ZD1839) and the antioestrogen fulvestrant (Faslodex,
ICI 182,780) in breast cancer cells,” British Journal of Cancer,
vol. 90, no. 1, pp. 236–244, 2004.

[19] M. A. Olayioye, R. M. Neve, H. Lane, and N. E. Hynes, “The
ErbB signaling network: receptor heterodimerization in devel-
opment and cancer,” The EMBO Journal, vol. 19, no. 13, pp.
3159–3167, 2000.

[20] S. Huang, E. A. Armstrong, S. Benavente, P. Chinnaiyan, and P.
M. Harari, “Dual-agent molecular targeting of the epidermal
growth factor receptor (EGFR): combining anti-EGFR anti-
body with tyrosine kinase inhibitor,” Cancer Research, vol. 64,
no. 15, pp. 5355–5362, 2004.

[21] S. Matheson, The Combi-Targeting Concept: A Novel Tumour
Targeting Strategy, McGill University, Montreal, Canada, 2003.

[22] H. L. Watt, Z. Rachid, and B. J. Jean-Claude, “Receptor activa-
tion and inhibition in cellular response to chemotherapeutic
combinational mimicries: the concept of divergent targeting,”
Journal of Neuro-Oncology, vol. 100, no. 3, pp. 345–361, 2010.

[23] Z. Rachid, F. Brahimi, Q. Qiu et al., “Novel nitrogen mustard-
armed combi-molecules for the selective targeting of epider-
mal growth factor receptor overexperessing solid tumors: dis-
covery of an unusual structure-activity relationship,” Journal
of Medicinal Chemistry, vol. 50, no. 11, pp. 2605–2608, 2007.

[24] Z. Rachid, F. Brahimi, J. Domarkas, and B. Jean-Claude,
“Synthesis of half-mustard combi-molecules with fluorescence
properties: correlation with EGFR status,” Bioorganic and
Medicinal Chemistry Letters, vol. 15, no. 4, pp. 1135–1138,
2005.

[25] S. Matheson, J. McNamee, T. Wang, M. Alaoui-Jamali, A. Tari,
and B. Jean-Claude, “The combi-targeting concept: dissection
of the binary mechanism of action of the combi-triazene
SMA41 in vitro and antitumor activity in vivo,” Journal of
Pharmacology and Experimental Therapeutics, vol. 311, no. 3,
pp. 1163–1170, 2004.

[26] Q. Qiu, F. Dudouit, R. Banerjee, J. McNamee, and B. Jean-
Claude, “Inhibition of cell signaling by the combi-nitrosourea
FD137 in the androgen independent DU145 prostate cancer
cell line,” Prostate, vol. 59, no. 1, pp. 13–21, 2004.

[27] F. Brahimi, Z. Rachid, J. McNamee, M. Alaoui-Jamali, A. Tari,
and B. Jean-Claude, “Mechanism of action of a novel “combi-
triazene” engineered to possess a polar functional group on
the alkylating moiety: evidence for enhancement of potency,”
Biochemical Pharmacology, vol. 70, no. 4, pp. 511–519, 2005.

[28] S. Caporali, S. Falcinelli, G. Starace et al., “DNA damage
induced by temozolomide signals to both ATM and ATR: role
of the mismatch repair system,” Molecular Pharmacology, vol.
66, no. 3, pp. 478–491, 2004.

[29] A. Senderowicz, “Targeting cell cycle and apoptosis for the
treatment of human malignancies,” Current Opinion in Cell
Biology, vol. 16, no. 6, pp. 670–678, 2004.

[30] A. Yacoub, R. McKinstry, D. Hinman, T. Chung, P. Denta, and
M. Hagan, “Epidermal growth factor and ionizing radiation
up-regulate the DNA repair genes XRCC1 and ERCC1 in
DU145 and LNCaP prostate carcinoma through MAPK
signaling,” Radiation Research, vol. 159, no. 4, pp. 439–452,
2003.

[31] W. Mattes, C. Lee, J. Laval, and T. O’Connor, “Excision of DNA
adducts of nitrogen mustards by bacterial and mammalian 3-
methyladenine-DNA glycosylases,” Carcinogenesis, vol. 17, no.
4, pp. 643–648, 1996.

[32] S. Rink and P. Hopkins, “Direct evidence for DNA intrastrand
cross-linking by the nitrogen mustard mechlorethamine in
synthetic oligonucleotides,” Bioorganic and Medicinal Chem-
istry Letters, vol. 5, no. 23, pp. 2845–2850, 1995.

[33] I. Giuliani, E. Boivieux-Ulrich, O. Houcine, C. Guennou, and
F. Marano, “Toxic effects of mechlorethamine on mammalian
respiratory mucociliary epithelium in primary culture,” Cell
Biology and Toxicology, vol. 10, no. 4, pp. 231–246, 1994.

[34] G. Small, Y. Shi, L. Higgins, and R. Orlowski, “Mitogen-
activated protein kinase phosphatase-1 is a mediator of breast
cancer chemoresistance,” Cancer Research, vol. 67, no. 9, pp.
4459–4466, 2007.

[35] S. Somasundaram, N. Edmund, D. Moore, G. Small, Y. Shi,
and R. Orlowski, “Dietary curcumin inhibits chemotherapy-
induced apoptosis in models of human breast cancer,” Cancer
Research, vol. 62, no. 13, pp. 3868–3875, 2002.

[36] A. Mita, M. Mita, S. Nawrocki, and F. Giles, “Survivin: key
regulator of mitosis and apoptosis and novel target for cancer
therapeutics,” Clinical Cancer Research, vol. 14, no. 16, pp.
5000–5005, 2008.

[37] D. Altieri, “The case for survivin as a regulator of microtubule
dynamics and cell-death decisions,” Current Opinion in Cell
Biology, vol. 18, no. 6, pp. 609–615, 2006.

[38] D. Altieri, “Molecular circuits of apoptosis regulation and cell
division control: the survivin paradigm,” Journal of Cellular
Biochemistry, vol. 92, no. 4, pp. 656–663, 2004.

[39] D. Altieri, “Survivin, versatile modulation of cell division and
apoptosis in cancer,” Oncogene, vol. 22, no. 35, pp. 8581–8589,
2003.

[40] M. Li, X. Wang, W. Li et al., “Somatostatin receptor-1 induces
cell cycle arrest and inhibits tumor growth in pancreatic
cancer,” Cancer Science, vol. 99, no. 11, pp. 2218–2223, 2008.



Journal of Signal Transduction 17

[41] B. Zhao, H. Zhao, N. Zhao, and X. Zhu, “Cholangiocarcinoma
cells express somatostatin receptor subtype 2 and respond
to octreotide treatment,” Journal of Hepato-Biliary-Pancreatic
Surgery, vol. 9, no. 4, pp. 497–502, 2002.

[42] K. Sharma, Y. Patel, and C. B. Srikant, “C-terminal region of
human somatostatin receptor 5 is required for induction of Rb
and G1 cell cycle arrest,” Molecular Endocrinology, vol. 13, no.
1, pp. 82–90, 1999.

[43] K. Sharma, Y. Patel, and C. Srikant, “Subtype-selective induc-
tion of wild-type p53 and apoptosis, but not cell cycle arrest,
by human somatostatin receptor 3,” Molecular Endocrinology,
vol. 10, no. 12, pp. 1688–1696, 1996.

[44] K. Sharma and C. Srikant, “Induction of wild-type p53,
Bax, and acidic endonuclease during somatostatin-signaled
apoptosis in MCF-7 human breast cancer cells,” International
Journal of Cancer, vol. 76, no. 2, pp. 259–266, 1998.

[45] J. Zhao, T. Tenev, L. Martins, J. Downward, and N. Lemoine,
“The ubiquitin-proteasome pathway regulates survivin degra-
dation in a cell cycle-dependent manner,” Journal of Cell
Science, vol. 113, part 23, pp. 4363–4371, 2000.




