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Abstract

Glial neoplasms account for nearly 50% of all adult primary brain tumors. They originate from
glial cells in the brain and/or spinal cord and include low-grade diffuse astrocytomas, anaplastic-
astrocytomas, and glioblastomas. Of all brain tumors, glioblastoma multiforme (GBM) is the most
aggressive and is characterized by rapid glial cell growth, resistance to radio- and chemo-
therapies, and relentless infiltration and spreading throughout the central nervous system (CNS).
In glioblastomas, primary tumor growth and CNS invasion are associated with the activation of
complex structural molecular and metabolic changes within the tumor tissue, which profoundly
affect the surrounding neuronal networks and may in part explain induction of epilepsy. In fact,
epileptic seizures are very common among patients with glial tumors, reaching nearly 50% in
glioblastoma patients and almost 90% in low-grade astrocytomas. The overall hypothesis
presented here discusses the possibility that the aberrant tumor cell metabolism may act directly
on neuronal network, and this leads to seizure susceptibility. Further invasion and growth of the
malignant glial cells exacerbate this initial pathologic state which promotes recurrent seizures
(epileptogenesis).

Introduction

Despite several advances in surgical and radiation techniques and new generation of
chemotherapeutic drugs, glioblastoma multiforme (GBM) is the most invasive and
undifferentiated type of brain tumor with a median survival rate of only 12 to 18 months [1].
Thus, it is essential to improve current therapies, and to limit the neurological symptoms
associated with GBM such as seizures which significantly decrease quality of life [2,3]. The
first step in this process is further understanding of the cellular and molecular mechanisms
of GBM and underlying GBM-associate seizures so that more precisely targeted therapeutic
strategies may be designed.

Seizures are common in diffuse gliomas, occurring in 50-90% of low-grade astrocytoma
patients and in 20-50% of glioblastoma patients [4]. Seizures could be an initial symptom in
45% of patients with GBM and often represent the first symptom of this deadly disease. The
partial status epilepticus is the most frequent presentation and is likely associated with
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edema and/or neuroinflammation [2]. Although, epilepsy is more frequent in low-grade
gliomas, seizures are more difficult to control in high-grade gliomas [5].

GBM associated with epilepsy is a complex neurological disorder. Although a single seizure
could be the first manifestation of GBM, the seizures associated with GBM became
recurrent in frequency and in severity. This process of secondary epileptogene-sis, involves
several molecular and cellular rearrangements of neuronal networks. Like in primary
epileptogenesis there are no drugs to abort the secondary epileptogenesis process [6].
Although, some antileptic drugs could attenuate the frequency of seizures and improve the
survival of patients with GBM, a single seizure may aggravate the brain to develop status
epilepticus and engender its clinical complications. Also, the antiepileptic drug toxicities
substantially contribute to neurological morbidity in at least 25% of patients during follow-
up, thus worsening the quality of life for the patient and interfering with clinical response
criteria evaluation in the absence of radiologic evidence [3]. Therefore, the ultimate goal of
our research is to identify molecular bases of tumor-induced seizures and to develop new
clinical modalities, which in parallel to the anticancer treatment will target epileptic seizures.
Here, we propose a new hypothetical mechanism of tumor-induced epilepsy, which may
serve as a template for the development of early therapeutic interventions.

Hypothesis (Fig. 1): Our hypothesis states that GBM triggers molecular cascades
that induce hyperexcitability in the surrounding neuronal network. The abnormal
activation of Src family kinases, Lyn and Fyn, in particular, within intra- and peri-
tumoral tissue triggers complex signaling responses which promote glutamate
accumulation, increase of gap junction, and NMDA receptor activation in the peri-
tumoral neuronal network, ultimately leading to the development of epileptic
seizures.

Evaluation of the hypothesis

Several molecular pathways are proposed in the etiology of GBM [7,8]. But how these
pathways are involved or related to epileptogenesis is largely unknown. In large number of
cases the epileptic seizure is thought to arise in the peritumoral tissue and not in the tumor
itself [9,10]. In such cases, resection of the peritumoral zone was sufficient to control the
seizure, however, in other studies, tumor resection alone led to seizure control [11]. Thus,
intratumoral and/or peritumoral molecular pathways activated by impaired glial cell
function, disordered neuronal cell connectivity, and likely other factors could explain the
induction of epileptogenesis. Here, we propose some common mechanisms relevant for
GBM evolution which lead to epileptogenesis.

Intratumoral pathways

Src family kinases (SFKs) are non-receptor tyrosine kinases which mediate signaling
pathways in cell proliferation, differentiation, invasion, and metastasis. Among the SFKs,
Fyn and Lyn are known to show high expression in the central nervous system [12]. Our
analysis using the Rembrandt data base revealed a twofold upregulation of Lyn and 1.5-fold
upregulation in Fyn in glioblastoma samples compared to the non-neoplastic brain tissue (P
< 0.001) [13]. There was no significant change in the expression of Src. Kaplan Meier Plot
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analysis of patients with upregulation of Lyn and Fyn revealed significantly worse survival
compared to rest of the gliomas P <0.001) [13]. Other studies also support the role of Lyn
and Fyn kinases in the pathogenesis of GBM. Lyn kinase activity accounts for >90% of the
pan-Src activity in glioblastoma tumors and suggests its role in promoting the highly
migratory/invasive phenotype in these tumors [14]. Additionally, integrins a,p3 and a,fs
are upregulated in glioblastoma tumors [15,21]. Downregulation of Lyn expression inhibits
cell migration mediated by a3 integrins which are upregulated in GBM tumors [15]. In
addition, Lyn is involved in the signaling of integrin and platelet-derived growth factor
receptors (PDGFR) which are upregulated in GBM cells [15]. Lyn also enhances motility of
epidermal growth factor receptor (EGFR)-expressing glioblastoma cells [15]. EGFR is over-
expressed in approximately 50% GBMs and its activation is linked to cell proliferation,
migration, metastases and cell survival [16]. There is evidence that GBM patients whose
tumors exhibit activated EGFR signaling also frequently display activated Fyn and Src
which promote tumor motility and survival [16]. Fyn constitutively associates with integrin
ayPs [15]. Inhibition of Fyn and Src by either genetic or pharmacological interventions
greatly reduces tumor invasion and promotes tumor cell apoptosis [16].

High expression of Lyn and Fyn kinases in the central nervous system [12,17], may
contribute to GBM -associated epileptogenesis. Fyn mediated signaling is essential for
normal development of the central nervous system and brain functions [18,19]. Earlier
studies limited Fyn expression to neurons and oligodendrocytes, but now there is evidence
that Fyn is highly expressed in the astrocytes involved in reactive gliosis [19]. Also, Fyn
plays an important role in synaptic plasticity [20], suggesting that it may be involved in
epileptogenesis, and could impair the regulation of neuron-astrocyte communication.
Transgenic mice expressing constitutively active Fyn exhibited enhanced excitatory
functions, higher incidence of spontaneous seizures, and higher mortality [21]. On the other
hand, no obvious epileptic activity was noticed in mice overexpressing native Fyn. The study
also showed that Fyn phosphorylated NMDA receptor subunits NR2A and NR2B,
preferentially NR2B. Using kindling and pilocarpine rat models of limbic epilepsy, another
study found that activation of NR2A- but not NR2B-containing NMDARs was required for
epileptogenesis, but both types were involved in seizure-induced neuronal cell death [22]. In
addition to Fyn, Src phosphorylates NR2A subunit to enhance NMDA receptor activity [23].
Thus, suggesting a strong positive relationship between activation of NMDA receptor NR2A
and the development of epileptic seizures.

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase which is upregulated in
glioblastoma cells [24]. The activated FAK then binds to Src family kinases and other
signaling molecules to activate pro-migratory and proliferative signaling pathways that
contribute to cell survival, proliferation, and migration, etc. FAK promotes glioblastoma cell
proliferation in an intracerebral xenograft model [24]. In another study, specific knockdown
of FAK expression in glioblastoma cells increased survival compared to control mice [25].
Similar results were also seen when expression of another focal adhesion kinase Pyk2 was
knocked down in GBM cells [25]. Because GBM disease progression involves a complex
interplay between tumor cells and peritumoral microenvironment, multiple signaling
pathways activated by focal adhesion kinases might contribute to tumor-associated
epileptogenesis.
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Glutamine synthetase (GS) deficiency in GBM cells may be coupled with epileptogenesis
[5]. Lower levels of GS in brain tumor samples are observed in epileptogenic GBMs as
compared with non-epileptogenic GBMs, suggesting a down-regulation of GS may have an
important pro-epileptogenic role in GBM [5]. Decreased GS results in accumulation of
glutamate by tumor cells in the peritumoral fluid [5]. The measured glutamate (Glu) release
from gliomas is large enough to suggest an over-activation of neuronal Glu receptors that
activates neuronal network leading to clinical seizures [26]. Also glutamate plays a vital role
in the proliferation and invasion of GBM tumors by autocrine or paracrine loops through
Ca?*-permeable AMPA glutamate receptors [9,27]. AMPA receptors are highly expressed in
glioblastoma and perform critical functions in glioma biology and enhance its malignant
phenotype. AMPA receptors on glioma cells may regulate cell motility and tumor
invasiveness. AMPA receptors can also function as cell-surface signal transducers through
their association with Lyn kinase [12]. Activation of Lyn through AMPA receptors is
independent of Ca2* leading to activation of MAPK signaling pathway and the expression of
brain-derived neurotrophic factor (BDNF) which may contribute to epileptic seizures
[12,28]. In another study, Lyn kinase activity was found to be almost 20-fold higher in the
mast cells from epilepsy-prone EL mice versus epilepsy-resistant ASK mice, suggesting a
role of Lyn kinase in the pathogenic process of epileptogenesis [29]. Further, there is
evidence that glutamate increases the expression of EGFR on GBM cells and trigger cell
proliferation via EGFR-phospho-Akt pathway [30].

Eph receptor tyrosine kinases represent the largest family of receptor tyrosine kinases.
EphA4 expression is increased in high grade gliomas compared to normal brain tissue [31].
Further, EphA4 formed complex with FGFR1 in the cells and potentiated cell proliferation
and migration through accelerating the FGFR signaling pathway [31]. Ephrin ligands have
been suggested to regulate neuron-glia interactions. Ephrin A3, ligand of EphA4,
overexpression in astrocytes increases susceptibility to excitotoxicity and seizures, and
reduces glutamate transporters. Lack of EphA4 or ephrin-A3 increases the abundance of
glutamate transporters which results in more efficient removal of glutamate [32]. On the
other hand, reduction of glial glutamate transporters increases synaptic glutamate
concentration causing excitotoxicity which may lead to epilepsy and neurodegeneration
[33]. These results suggest that EphA4-mediated signaling plays a role in the aggressiveness
of GBM, and also provides a critical mechanism for astrocytes to regulate synaptic function
and plasticity [32].

Peritumoral pathways

Propagation and amplification of cell injury during tumor growth and invasion may also play
a role in the generation and propagation of seizure activity [34,35]. Epileptiform activity is
developed in the peripheral glioma invasion area, where single neurons are surrounded by a
very few tumor cells [36]. EEG studies of glioma patients revealed that epileptiform activity
was usually localized at the tumor “border” [37]. Somatostatin was reduced in these regions,
suggesting loss of inhibitory mechanisms and over-expression of the NMDA receptor
[22,38,39]. Furthermore, the gap junction protein connexin-43 (CX43) is increased in
peritumoral astrocytes, suggesting reorganization of the astrocytic syncytium, possibly
contributing to tumor-related seizures [40]. On the other hand, increased gap-junction
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expression or coupling has been implicated in the synchronization of the discharge at the
epileptic focus that contributes seizure onset, maintenance, and propagation of the epileptic
focus [41].

Glutamate released from gliomas is large enough to overactivate neuronal glutamate
receptors and mediate neuroexcitotoxicity [42] which may eventually lead to epilepsy and
neurodegeneration [33,43]. Further, the extracelluar accumulation of glutamate could target
aberrant activation of neuronal NMDA receptors in the peritumoral tissue manifesting as
hyperexcitability and may explain the frequent occurrence of seizures emanating from the
tumor and surrounding brain.

Micro RNAs (miRNAs) are a family of short, endogenous non-coding RNAs that are post-
transcriptional regulators of gene expression. Although they are extensively expressed in the
CNS in physiological conditions, their role in neurological disorders remains largely
unknown. Nevertheless, increasing evidence suggests that miRNAs are dysregulated in a
surprisingly wide range of human diseases including GBM [44,45]. Indeed specific brain-
enriched miRNAs such as miRNA-125b have been shown to be responsible for the
regulation of glial cell proliferation, and cell cycle regulatory molecules such as the cyclin-
dependent kinase inhibitor 2A (CDKN2A) that are responsible for the regulation of glial cell
proliferation in brain cells [44,46].

In addition to cellular miRNAs, increasing evidence show that glioblastoma cells release
microvesicles (MVs), which contain a subset of proteins, DNA, mRNAs and non-coding
RNAs, including miRNAs. MVs are 30-500 nm in diameter and they are shed by most of
the cells in normal and pathological conditions [47]. Glioblastomas release the highest
amount of MVs. Tumor-derived MVs have been shown to “instruct” normal cells in the
tumor microenvironment in favor of tumor growth, invasion, and immune suppression [48].
Both, mMRNAs and miRNAs transferred from cell to cell by MVs, can be functional and
affect gene expression in the recipient cells [48,49]. There are no reports on the role of
GBM-derived MVs and epilepsy; however, we could reasonably speculate that inflammation
might be a common denominator between tumors and epilepsy. The immunological content
of membrane-enclosed MVs (called exosomes) has been shown to be immunogenic and
capable of antitumor, as well as immunosuppressive activities [50]. miR-146a/b, a negative
regulator of the immune response, belongs to the miRNA signature of ten miRNAs that
predict survival in glioblastoma patients [51]. Prominent upregulation of miR-146a has been
observed in the hippocampus of a rat model of temporal lobe epilepsy [52], and could be a
source for inflammation that induces hyperexcitability related with seizures [53]. Another
example is provided by miR-221 and miR-21, which are highly expressed in glioblastomas
and other malignancies [45,54,55]. Inhibition of miR-21 has been shown to induce
apoptosis, reduce invasiveness, and to suppress tumorigenic activity [56]. Of interest,
miR-21 is up-regulated in rat hippocampus following lithium-pilocarpine-induced status
epilepticus [57]. This up regulation could mediate regulation of connexin-43 in glial-
neuronal communication and glial proliferation especially because this connexin is
expressed in interneurons which are vulnerable in epilepsy [58]. As previously mentioned,
no empirical connection has been established between miRNAs, GBM-derived MVs, and
epilepsy. Taken together, it is very likely that the miRNA-mediated dysregulated cellular
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pathways may modify essential components of synaptic plasticity in the tumoral and
peritumoral tissues and modulate the development of epileptogenesis process.

Concluding

remarks

The ultimate goal of the translational research is to identify molecular bases of tumor-
induced seizures and to develop new clinical modalities, which in parallel to the anticancer
treatment will target epileptic seizures. Several mechanisms hypothesized in this article are
possibly involved (Fig. 1). The identification of specifically tumoral and peritumoral new
molecular clues to the mechanisms of glial cell proliferation, should provide novel
pharmacological targets for the clinical management of brain cancers and the associated
epileptogenesis.
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Fig. 1.

H)?pothesis for the influence of GBM-produced factors on epileptogenesis. Tumor
expression of receptor tyrosine kinases and extracellular matrix protein integrins activates
focal adhesion kinase and Src family kinases directly and indirectly, respectively. SKF’s
activation promotes survival, proliferation and invasion. These molecular tumoregenic
processes lead to accumulation of glutamate and miRNAs in the peritumoral area. Glutamate
accumulation is exacerbated by malfunctioning of glial cells in the peritumoral area due to
downregulation of glutamate synthetase. In addition, miRNAs and glutamate induce increase
of connexins in the neighboring interneuronal network. The aberrant expression of
connexins, N-methyl-d-aspartate and miRNAs in principal neurons strengthens the neuronal
circuit synchronization of abnormal neuronal activity leading to seizures.
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