OM&P

Vedrana Montana. GLIOMA: THE MECHANISMS OF INFILTRATIVE GROWTH
GLIOMA: THE MECHANISMS OF INFILTRATIVE GROWTH

Vedrana Montana *

Department of Biotechnology, University of Rijeka, Rijeka, Croatia
* Corresponding e-mail: vedranam@biotech.uniri.hr

Abstract. Malignant gliomas are primary brain tumors considered to be one of the deadliest cancers. Despite surgi-
cal intervention followed by aggressive radio- and chemo-therapies, average survival is approximately 15 months of
diagnosis. Recurrent tumors resembling all the characteristics of the original tumor mass and growing in close vicinity
to the original site are frequent due to presence of a self-renewing population of cells, glioma stem cells. The cells are
resistant to therapies and able to invade the surrounding healthy brain tissue. Indeed, infiltrative growth assisted by
numerous interactions with microenvironment are hallmarks of glioma growth. Many research efforts are put for-
ward to understand the mechanisms of invasion. Glioma cells adopted numerous biological strategies to their own
advantage to viciously propagate and navigate narrow spaces within the brain. Despite enormous amount of data on
malignant gliomas generated by —omics approach which broaden our knowledge on glioma physiology in the last
decade, parallel success in discovering new therapies did not happen. Thus, new therapeutic approaches may employ
healthy cells of the microenvironment to tame malignant growth are necessary. Here, we highlight current knowledge

on glioma origin, infiltrative growth, interactions with the microenvironment and potentials for new therapies.
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Introduction

Primary brain tumors, PBT are neoplasms originated
from various normal brain cells and grow within the brain
parenchyma. While non-neuronal glial cells can give rise
to several types of PBT, collectively called glioma, the ones
originated from astrocytes or their precursors are the most
common. Based on histopathological characteristics and
criteria established by World Health Organization, WHO,
astrocytomas are divided in four (I-IV) grades (Louis et
al., 2007). Glioblastoma multiforme, GBM, classified as a
Type IV glioma, is the most frequent one with the worst
prognosis among them. Though incidence is relatively
low, over 22,000 cases per year in USA, GBM remains one
of the deadliest cancers. Patient’s perspectives are very
grim once they are diagnosed with GBM - median survival
time is 15 months despite aggressive therapies such are
surgical removal, chemotherapy and radiation. Therapies
have been shown ineffective mainly due to reappearance
of the more aggressive tumor cells in close proximity to the
site of origin, 1-2 cm from the surgical intervention. GBM
metastasize to other organs rarely (0.4-2%), which could
be accounted for several reasons. One possible cause is
due to very short patient survival after initial diagnosis,
which does not allow sufficient time for extracranial
metastasis to develop. Additionally, it is plausible that
blood-brain barrier, BBB poses limitations to potential
mechanisms of escape. Finally, there is evidence the
immune system plays a role in restricting glioma cells that
breached BBB and reached circulation to form secondary
tumors (Xie et al., 2014). The later is supported by clinical
cases describing patients on immunosuppressive therapy
who received transplant organ of an individual with
GBM and developed GBM metastasis (Jimsheleishvili et
al,, 2014). Nonetheless, invading brain parenchyma due
to infiltrative nature of glioma growth is well established

and considered to be a hallmark of GBM. Many research
efforts are put forward to understand the mechanisms
of invasion. Indeed, glioma cells adopted numerous
biological strategies to their own advantage to viciously
propagate and navigate narrow spaces within the brain.
Here, we highlight current knowledge on glioma origin,
infiltrative growth, interactions with microenvironment
and potentials for new therapies.

Glioma Stem Cell

Tumor mass of various cancers has long been described
as complex and heterogeneous. This cellular diversity
somewhat replicates cellular hierarchy seen in normal
tissue organs. Soon after the neural stem cell was described
(Uchida et al., 2000), the cancer stem cell, CSC, was first
found in an anaplastic astrocytoma (Ignatova et al., 2002),
followed by discoveries in medulloblastoma, pilocytic
astrocytoma, ependymoma, ganglioglioma (Hemmati et
al., 2003; Singh et al., 2004), and GBM (Ignatova et al., 2002;
Hemmati et al., 2003; Galli et al.,, 2004). It is important to
emphasize that cancer stem cell does not necessarily form
from a transformed normal stem cell. Adult neural stem
cells or multipotent neural progenitor cells (Sanai et al,,
2005), but also more differentiated lineages within the
brain, including neuron-glial antigen 2 cells, NG2 cells
(Liu et al., 2011; Sugiarto et al., 2011), astrocytes and even
mature neurons (Friedmann-Morvinski et al., 2012) have
all been shown to give rise to CSC, albeit the origin of
the CSC remains unclear, Figure 1 (for more details see
(Lathia et al., 2015)).

Glioma stem cells, GSC are generally defined as a
self-renewing population of tumor cells with enhanced
tumorigenic properties, Figure 1. Nomenclature is still
not defined, and various terms including cancer/tumor/
glioma/brain tumor stem cell, stem-like tumor cell,

Opera Med Physiol 2016 Vol. 2 (1): 69-76

69



OM&P

?

C

transformation

Neural Stem
cell r.
(
/“ &

(
\‘\
\
{ )
Y 4

Glial Progenltor ‘\ ) - ~<
Cell @ S\ P
B = ) \d“/

) =
J/ X

e 1. Glioma Stem Cells, GSC. Origin of glioma stem
s is still unknown. Tumors are formed of heterogeneous
cell population, with only GSCs going through self-renewal.

cancer-/tumor-/glioma-/brain tumor-initiating cell, and
cancer-/tumor-/glioma-/brain tumor-propagating cell are
used to describe the cells with common characteristics
of self-renewal, giving rise to differentiated progeny,
and initiating and propagating tumor growth after
transplantation. Here, we are using the term glioma stem
cell, the term most frequently used in the glioma field.
Due to the abovementioned characteristics, isolating GSC
from glioma patient-derived xenograft, PDX models that
contain GSC critically advanced our understanding of
GBM growth and mechanisms of infiltrative invasion, thus
it is considered the best experimental approach available
today to study glioblastoma. Unlike traditionally used
cultured glioma cell lines propagated in vitro for a long
time, GSC in PDX models recapitulate gene expression
patterns and invasive intracranial tumor behaviour in
mice, similarly to human GBM. Two mouse models able
to preserve the characteristics of a patient’s histopathology
currently in use are orthotopic transplantation and
propagation of the original patient tumor, and heterotypic
transplantation of cells into the flank of the nude mouse.
The later model, while neing useful due to a lack of
interactions with the specific (brain) microenvironment,
has limitations. None of the current experimental models
completely recapitulates patient pathology, therefore, it is
important to acknowledge limitations of the model used
in a particular study.

Therapeutic interventions in treating glioblastoma
patients are limited and ineffective. After surgical removal
of tumor tissue, treatment with radiation therapy together
with temozolomide, TMZ, follows. However, GSC has
been shown to be resistant to the conventional therapies
(Bao et al., 2006; Chen et al., 2012) and to drive GBM
recurrence, proliferation, progression and invasiveness,
Figure 2. Therefore, defining the cell(s) that initiate glioma
growth would allow early and effective treatments by
either specifically destroying cells of origin without
harming other healthy brain cells or interrupting signaling
pathways that allow neoplastic transformation.

Proliferation

The essence of tumor existenceisits proliferation, grow and
spread. Thus, all biological functions are directed toward
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that goal. Accumulated mutations, genetic alterations
and epigenetic modifications relevant for tumorigenic
transformation are mostly geared to the dysregulation
of the cell cycle, changes in the tyrosine kinase receptor
pathways and the anti-apoptotic retinoblastoma pathway,
which altogether allow uncontrollable growth.
Regulation of glioma GSC propagation is governed by
several essential mechanisms driven from within the cell
and from interactions with surroundings. Main cellular
controllers include genetic and epigenetic regulation, and
unique metabolic features. Genetic mutations are best
documented and extensively studied (Cancer Genome
Atlas Research, 2008; Brennan et al., 2013). Besides glioma-
specific mutations such are isocitrate-dehydrogenase 1,
IDH1 and CIMP (G-CIMP) mutations (Noushmebhr et al.,
2010), glioma shares similar genetic variations with other
neoplasms. Some of them are EGFR, PDGFRA, HDM2,
PIK3CA, and TERT promoter and PI3KR1 gain-of function
mutations or amplifications and mutations or deletions
of the tumor suppressors PTEN, TP53, CDKN2A, NF1,
ATRX, and RB1 (for details see (Lathia et al, 2015)).
Epigenetic regulation relies mainly on transcriptional
factors. Those include MYC which maintains cancer cell
survival and proliferation programs (Wang et al., 2008;
Zhengetal.,, 2008; Wurdaketal.,2010; Chanetal., 2012; Fang
etal., 2014), STAT3 (Sherry et al., 2009), SOX2 (Gangemi et
al., 2009), FOXMI1 (Joshi et al., 2013), FOXG1 (Verginelli et
al, 2013), GLI1 (Clement et al., 2007), ASCL1 (Rheinbay
et al,, 2013), ZFX (Fang et al., 2014), NANOG (Zbinden
et al,, 2010), and ZFHX4 (Chudnovsky et al, 2014). In
addition to genetic and epigenetic factors, and consequent
abnormalities in signaling pathways, metabolic activity is
a strong regulator of GSC proliferation. The glioma stem
cell, likewise other tumor cells, has specific metabolic
signature. The “Warburg effect” or metabolizing glucose
to lactate as a main source of energy, has been described
in 1920s by German biochemist and Nobel Laureate Otto
H. Warburg. The overproduction of lactate leads to spill of
lactate in surroundings, which affects and changes tumor
microenvironment perhaps making it more permissive
for aggressive dissemination. Non-physiologically high
concentrations of lactate and glutamate were measured
in patients’ in vivo using microdialysis (Marcus et al,
2010). The shift in metabolism is mainly caused by genetic
alterations and preferential expression of set of proteins
that support such a shift, for example high affinity glucose
transporter, GLUT3, or mutant, IDH-1. Gliomas, similarly
to neurons, have a high demand for glutamine, otherwise
provided to the brain parenchyma by astrocyte via the
glutamate-glutamine cycle (Wise & Thompson, 2010).
Preferential interference with mentioned, or some other
yet unknown glioma metabolic pathways, may provide a
new target for therapies to treat these neoplasms.
Analysis of GBM sequence database revealed three
distinct types of GBM: “proneural” with longer, and
“mesenchymal” and “proliferative” with shorter survival
probability and more invasive phenotype (Phillips et
al, 2006). These findings emphasize the importance
of using molecular pathology in profiling GBM as a
powerful diagnostic tool in personalized medicine.
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Figure 2. Glioma Stem Cells are resistant to therapy. GSCs are resistant to radio- and chemo- therapy. Surviving cells give rise to
anew tumor mass if microenviromental conditions are favorable. Hypoxia and various growth factors and cytokines enable GSC

to proliferate.

Comparative gene analysis of proliferative and invading
cells indicates differential activation of genes. A distinctive
set of proteins is expressed in one or the other behaviour,
which was the reason for the introduction of the”go or
grow” concept, suggesting that if a cell is in division, it
would not migrate, or vice versa, if the cell is moving, it
is not going to divide. Cells rather undergo a switching
pattern between proliferation and invasion in response
to intrinsic and extrinsic factors, cell-cell interactions and
the microenvironment. Main drivers of proliferation
are upregulation of key pathways Myc, VEGF, bFGCF,
CSPGs and EGF, combined with external factors of
angiogenesis interactions with extracellular matrix, and
anaerobic glycolysis. Main drivers of invasion are NF1
loss, CD44, MET, Ras, TGF(3, Zeb1, NFxB, STAT3, ¢/EBP3,
and miR-451 together with environmental conditions
such as hypoxia, ionizing radiation and chemotherapy.
However, in-depth analysis suggested that there are some
overlapping pathways active in both behaviors such are
EGF, TGFf, NF«B and miR-451 (for more details see (Xie
et al,, 2014)). Clearly, while the concept is very appealing
and mostly correct, it appears a simplified view of glioma
behaviour, as they are very complex and heterogeneous
cell population.

Infiltrative invasion

Theinfiltrative growth of single GBM cell invading healthy
brain parenchyma is a hallmark of GBM. Identifying key
molecules linked to invasion process is critical to creating
therapies to control this disease. As indicated above, GSC
are a primary source of invasion. The cells are not only
resistant to chemotherapy and ionizing radiation, but
those conditions prompt them to invasive behaviour (Xie
et al, 2014), and later, due to self-renewing properties,
are capable of giving rise to a new heterogeneous tumor
mass which retains the ability to differentiate into multiple

lineages.

As glioma cells move through normal tissue,
they face an uphill battle to navigate narrow spaces
and degrade the extracellular matrix, ECM mainly
composed of proteoglycans, hyaluronan and tenascins
(Zimmermann & Dours-Zimmermann, 2008). The cells
need extensive adaptation and expression of proteins
adept of accomplishing the task. Like their precursors,
normal brain cells, neurons and stem cells, glioma cells
use similar routes to migrate through the brain. As
described by Scherer in the late 1930s (today referred to
as Scherer’s structures), glioma cells invade through brain
parenchyma, along blood vessels, along with the white
matter tracts and in the subarachnoid space underneath
the meninges or subpial spread (reviewed in (Cuddapah
etal, 2014).

Cell migration is a complex biological process that
requires specific protein machinery, with both intracellular
and extracellular components. Actin-myosin molecular
motors are responsible for cellular movement (Beadle
et al,, 2008); cell-cell and cell-ECM interactions through
various receptors such are integ-rins, cadherins and neural
cell adhesion molecules, are responsible for attachment,
while secretion and activation of matrix metalloproteases,
MMPs are responsible for detachment of glioma cells
(Kwiatkowska & Symons, 2013).Two distinct modes of
glioma motility and interaction with integrins have been
described: mesenchymal and ameboid (Vehlow & Cordes,
2013), Figure 3. Mesenchymal invasion is characterized by
atrain of elongated cells that reorganize ECM and depends
on integrin and protease function. As the cells move,
they extend specialized proteolytically active plasma
membrane protrusions, termed invadopodia, responsible
for the focal degradation of the ECM. The process includes
complex interactions between the intracellular trafficking,
signal transduction and cytoskeleton regulation
machineries (Buccione et al., 2009). Ameboid invasion is
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Figure 3. Modes of glioma invasion. Two distinct modes
of glioma motility have been described: mesenchymal
and ameboid. Mesenchymal invasion is characterized by a
train of elongated cells that reorganize ECM and depends
on integrin and protease function. As the cells move, they
extend specialized proteolytically active plasma membrane
protrusions, termed invadopodia, responsible for the focal
degradation of the ECM. The process includes complex
interactions between the intracellular trafficking, signal
transduction and cytoskeleton regulation machineries.
Ameboid invasion is a single cell event which utilizes

the Rho/ROCK  signaling pathway and actin-myosin

contractility allowing cells to jam through the ECM.

a single cell event which utilizes the Rho/ROCK signaling
pathway and actin-myosin contractility allowing cells to
jam through the ECM, Figure 3 (Vehlow & Cordes, 2013).

Irrespective of a mode of invasion and signaling
pathways involved, navigating through mnarrow
extracellular spaces (38-64 nm in murine neocortex
measured in vivo) puts serious strain on glioma cells as
they undergo significant changes in shape and volume.
Glioma cells express a number of ion channels activated
after the binding of ligands. The channel activation allows
movements of water, chloride and potassium ions across
the plasma membrane to permit necessary adjustments
of shape and size (for details see (Cuddapah et al., 2014)).
Interference with functionality of these channels makes
them appealing therapeutic targets. Indeed, a specific
blocker of CI' channels, a peptide produced by dessert
scorpion (Leiurus quinquestriatus), chlorotoxin, reduces
migration of glioma cells (Soroceanu et al., 1999; Lui et
al,, 2010). Since the toxin binds specifically onto human
glioma cells but not to normal brain cells, it has been
identified for a potential clinical use (Soroceanu et al,,
1998). Chlorotoxin is currently in a Phase I/II clinical trial
(NCT00040573) of intracranial injections (Cuddapah et al.,
2014).

Microenvironment

The invasion of glioma cells is believed to depend
upon crosstalk between various cellular components
of the healthy tissue and tumor cells. Thus, it is essential
to understand close interactions with healthy brain
cells, including astrocytes, oligodendrocytes, neurons,
microglia and blood vessels, how they are changing and
participating in the invasive process. Recent evidence
imply significant impact of microglial and endothelial
cells to invasive migration of GBMs. Glioma cells have
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been shown to produce various autocrine motility factors
to enhance invasion (Lyons et al, 2007). Furthermore,
the cells express receptors for a range of paracrine factors
secreted by normal cells in the brain, like growth factors,
neurotrophins, chemokines, cytokines, and kinins,
(Hoelzinger et al., 2007). Hypoxic conditions within the
tumor initiate expression of various proteins, including
some receptors (Zagzag et al, 2008), and changes in
normal tissue around it. For example, an increased
concentration of bradykinin, BK and formation of its
concentration gradient around blood vessels have
been associated with hypoxia. Glioma cells respond to
BK owing increased expression of BK receptor 2, B2R
(Montana & Sontheimer, 2011), previously correlated to
higher grade of tumor (Raidoo et al., 1999). Activation of
B2R induces increased motility and invasive properties
(Montana & Sontheimer, 2011). Consequently cells
migrate toward higher BK concentrations alias blood
vessels, as shown in acute slice preparations where BK
gradient significantly increased the number of GBM cells
attached to blood vessels and boosted glioma infiltration
into the tissue (Montana & Sontheimer, 2011). When
preparations were treated with FDA approved B2R
blocker icatibant (Cicardi et al., 2010) et al. 2010) all the
effects of BK were significantly reduced (Montana &
Sontheimer, 2011). Bearing in mind that BK may act
on normal brain cells such as astrocytes through the
same signaling pathway and induce release of various
gliotransmitters, as well as increased secretion of MMPs
(Parpura et al., 2012), it is appealing to speculate that
this novel B2R-mediated GBM-blood vessel signaling
pathway may represent a point for adjuvant therapy
intervention.

Glioma cells secrete a number of cytokines to attract
microglial cells to a tumor mass which is estimated to
be around 30%. Microglia harbored within tumor seem
to be activated by morphological appearance (Graeber
et al, 2002). However, not only their immunological
functions are suppressed (Graeber et al.,, 2002), but the
cells support glioma growth and spread by glioma-
mediated increase in MT1-MMP expression and activity
in microglia (Markovic et al, 2005). The effects were
reduced using clinically approved antibiotic minocycline
in an experimental mouse model (Markovic et al., 2011),
opening new venues in exploring therapeutic treatments.

As GBM infiltrates and grows in the surrounding
healthy tissue, it adapts to a new environment and a
need for neovascularization becomes apparent. GSC, in
addition to its potential to produce heterogeneous cell
population and ability to invade, pushes the formation
of new vessels to ensure blood supply and sufficient
nutrients by producing high levels of VEGF (Bao et
al., 2006). Therapy with bevacizumab, a monoclonal
antibody that targets VEGF to inhibit angiogenesis and
treat recurrent neoplasm was developed (Cohen et
al., 2009). While it reduced the tumor size, successful
treatment was limited, perhaps because surviving cells
develop and/or up-regulate alternative pathways to
bypass inhibitory effects of bevacizumab (Lathia et al.,
2015).
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Concluding remarks

Clearly, interactions between glioma cells and their
environment are numerous and very complex. Detached
glioma cells are exposed to and respond to a wide range
of signaling molecules. Cross-talks of glioma cells with
healthy cells, such are endothelial cells and microglia, open
new avenues to explore novel therapeutic targets. The lack
of experimental models, especially in the context of the
microenvironment that would completely recapitulate
the disease, is balanced by the discovery of effective
therapies; many potential drugs fail in a Clinical Phase.
Despite enormous amount of data on GBM generated by
—omics approach which broaden our knowledge of GBM
biology in the last decade, a breakthrough in therapeutic
success did not follow. It became evident that there are
not only huge variations between gliomas in different
patients, but that each of GBM is very heterogeneous
within themselves. That fact underlines the need for a
more personalized approach in treating the disease, as
well as considering the introduction of novel, adjuvant
therapeutics that could affect various interactions of
glioma with normal brain cells to complement existing
treatments of gliomas. Until then, we will be facing similar
obstacles as decades ago in taming the disease, and will be
stranded in respect to enhancing the quality of patients’
lives and increasing survival.
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CDKN2A Cyclin-Dependent Kinase
Inhibitor 2A
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Family Zinc Finger 1
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PDX Patient-derived xenograft

PDGFRA Platelet-Derived Growth Factor
Receptor, Alpha Polypeptide

PIK3CA Phosphatidylinositol-4,5-
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