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Abstract

Malignant gliomas are glial-derived, primary brain tumors that carry poor prognosis. Existing
therapeutics are largely ineffective and dramatically affect quality of life. The standard of care
details a taxing combination of surgical resection, radiation of the resection cavity, and
temozolomide (TMZ) chemotherapy, with treatment extending life by only an average of months
(Mabher et al., 2001, Stupp et al., 2005). Despite scientific and technological advancement, surgery
remains the most important treatment modality. Therapeutic obstacles include xenobiotic
protection conveyed by the blood-brain barrier (Zhang et al., 2015), invasiveness and therapeutic
resistance of tumor cell populations (Bao et al., 2006), and distinctive attributes of secondary
glioma occurrence (Ohgaki and Kleihues, 2013). While these brain malignancies can be classified
by grade or grouped by molecular subclass, each tumor presents itself as its own complication.
Based on all of these obstacles, new therapeutic approaches are urgently needed. These will likely
emerge from numerous exciting studies of glioma biology that are ongoing and reviewed here.
These show unexpected roles for ion channels, amino-acid transporters, and connexin gap
junctions in supporting the invasive growth of gliomas. These studies have identified a number of
proteins that may be targeted for therapy in the future.
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* What are gliomas?

Gliomas are highly aggressive, primary cancers arising from cells within the central nervous
system (CNS). Tumor location and disease progression may manifest in symptoms varying
from unexplained headaches, personality changes, visual field defects, motor deficiencies
and even seizures. Gliomas display a heterogeneity in their anatomical location, with 40%
presenting in the frontal lobe (Figure 1A) (Larjavaara et al., 2007). Gliomas are relatively
rare, occurring in every 5 out of 100,000 adults per year (Ostrom et al., 2014). Out of the 20
of 100,000 people diagnosed with primary brain tumors per year, gliomas account for 27%
of all brain tumors and 80% of all malignant brain tumors (Ostrom et al., 2015). Glioma
occurrence is stratified throughout different stages of life, accounting for 47% of primary
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brain tumors in children ages 0-19 years but has a mean age of diagnosis at 62 years of age
in adults (Ostrom et al., 2015, Arora et al., 2009). Incidence rates may also differ slightly
based on subtype, tumor grade, and any inconsistencies in glioma definition during
diagnosis. Unlike tumors to the periphery of the CNS that can be more easily biopsied and
delineated, brain tumors have historically posed challenges in their classification and
treatment.

* Glioma classification and management

Pioneering neurosurgeons Percival Bailey and Harvey Cushing performed the first
histological classification of brain tumors in 1926, whereby abnormal features were
demarcated with the use of light microscopy (Bailey and Cushing, 1926). Since then,
histological observation has persisted for brain tumor pathological diagnosis. Common
pathological features of CNS tumors include nuclear atypia, increased proliferation, vascular
growth, and the potential for pseudopalisading necrosis (Huse and Holland, 2010). The
specific presence of certain pathological combinations also predicts disease progression and
life expectancy. /n vivo mouse models of glioma such as human glioma D54-eGFP cells
transplanted into SCID mice recapitulate a multitude of these processes seen in human brain
cancer, including vascular (Figure 1B) and white matter routes of invasion (Cuddapah et al.,
2014).

While glioma diagnosis still relies on histology, the World Health Organization (WHO)
further refined glioma classification. In 1979, the WHO established a scale for degrees of
malignancy, whereby the WHO I-1V rating reflects anticipated tumor behavior, invasiveness,
and predicted life expectancy (Huse and Holland, 2010). Glioblastoma (GBM) is the most
malignant form (grade V) of glioma, accounts for 55% of all gliomas, and has a dismal 5-
year survival rate of <5% (Ostrom et al., 2014) (Ostrom et al., 2015).

The most recent 2016 CNS WHO update integrates the phenotypic and more recently
identified genotypic classifications for a more objective diagnoses within the heterogeneous
glioma patient population (Louis et al., 2016). While these integrations may prove to be
efficient diagnostic criteria, genotype data could help refine diagnosis over pure histological
observation based on one portion of the tumor.

The first line of treatment almost always involves surgical tumor resection. Tumor surgery
was pioneered by Harvey Cushing, also known as the father of neurosurgery, who introduced
antiseptic and hemostatic operative techniques that reduced infection and blood loss
(Ballance, 1921, Mark C. Preul, 2005). Radiation therapy was added during the 1960-
1970’s and, based on a 1998 randomized study of 95 patients, it appears effective. Surgical
resection combined with 50.4 Gy total postoperative radiotherapy allowed for fewer
recurrences in patients than those that received surgery alone (Patchell et al., 1998). The
combination of surgery and radiation extends patient survival from 6 months to 12.1 months
post treatment (Wilson et al., 2014). All the while, the era of chemotherapy had commenced
in the 1940’s when Louis Goodman and Alfred Gilman pioneered the use of nitrogen
mustard to treat a patient with non-Hodgkin’s lymphoma (Chabner and Roberts, 2005).
Clinical studies using nitrosourea chemotherapy for glioma varied with patient numbers,
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posing limits in the conclusions of treatment efficacy. Until the early 2000’s, the benefits of
adjuvant chemotherapy postradiation treatment remained under debate (Fine et al., 1993,
Wilson et al., 2014). A 2004 clinical trial of patients receiving concurrent temozolomide
(TMZ) treatment with postoperative radiation had an increased, albeit still low median
survival of 14.6 months versus the 12.1 month median survival for those receiving
radiotherapy alone (Stupp et al., 2005). This so called “Stupp protocol” has since been
deemed the standard of care in glioma therapy.

* What is the clinical challenge?

While surgery remains the most important therapeutic option for gliomas, complete surgical
resection is essentially unattainable as brain tumors infiltrate the normal brain by migrating
diffusely away from the main tumor core. Chemotherapeutics have shown limited success,
partially due to lack of efficacy, specificity, and partial access to the brain. The current
chemotherapy of choice, TMZ, is also the only approved medication in the standard of care
regimen, with adequate permeability across the blood-brain barrier (BBB) unlike other
therapies that are easily excluded by BBB transport proteins (Deeken and Léscher, 2007).
While abnormal vascularization (Figure 1B) and BBB disruption at the primary tumor site
exists, infiltrative satellite tumors are found away from the main tumor mass, posing a
greater challenge for chemotherapy delivery (Juillerat-Jeanneret, 2008). Furthermore, these
invasive cells express multi-drug resistant transporters such as ABCG2 and are more
resistant to chemotherapy, the last effort in the standard of care regimen (Bao et al., 2006,
Bleau et al., 2009, Natarajan et al., 2012).

* How can we do better?

To develop truly specific therapies, it is essential to gain an improved understanding of
genetic changes that occur specifically in glioma compared to their non-malignant
counterparts. Furthermore, it is crucial to understand how such changes affect function at
cellular and molecular levels and how this alters the tumor’s interaction with the
surrounding, normal brain. This approach has been termed a “neurocentric” approach before
as its focus on the specific biology of the tumor is in the context of the brain rather than an
“oncogenic” approach that focuses on well known genetic changes shared with most other
cancers. Major strides between both approaches have been made and are discussed in more
detail below.

Genetic classifications:

Since the 2007 CNS WHO update, a genetic basis of glioma has been defined by the The
Cancer Genome Atlas (TCGA) Network study (McLendon R, 2008). An additional
molecular stratification of GBM identified expression-based subtypes as Proneural, Neural,
Classical, and Mesenchymal, also providing a framework for how responsive these different
subtypes may be to the same standard of care provided to every glioma patient (Verhaak et
al., 2010). These subtypes, named for their specific gene signatures, possess different
mutation frequencies in cell-cycle regulation (7P53and RB1I), proliferation (PTEN,
PIK3R1, PIK3CA, NF1, IDH1), and tyrosine Kinase receptor activation (EGFR, ERBB2,
EGFRVvIII, and PDGFRA) genes that were identified in the 2008 TCGA study (Verhaak et
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al., 2010, McLendon R, 2008). Genetic dysregulation in the 7P53, RB1, and PTEN
signaling axes have a synergistic effect on high-grade glioma development versus when each
pathway is individually disrupted (Chow et al.,2011). While mouse models have shown the
cooperativity of these pathways in glioma progression, these tyrosine kinase and cell-cycle
regulators are commonly mutated in other cancers, providing a core requirement for GBMs
but a lack of personalized approach to studying the disease (Chalhoub and Baker, 2009,
Sherr and McCormick, 2002).

Cell of Origin:

Important advancements have been made in understanding the cell in which cancer causing
mutations occur, otherwise known as the the glioma cell of origin. As most differentiated
brain cells remain in a non-proliferative state, the notion of cancer-prone, growth-competent
brain cells seems incongruous. However, the discovery of neural stem cell niches in the
subventricular and subgranular zones gives notion that proliferative brain cells could be the
culprit for neoplastic transformation (Eriksson et al., 1998, Sanai et al., 2004). In fact,
glioma stem cells isolated from primary tumors stay undifferentiated and akin to their
original tumor mass in serum free, growth factor-containing media (Lee et al., 2006).
Furthermore, as few as 100 CD133* primary glioma stem cells are enough to initiate tumor
development versus 10 CD133 ~ glioma cells when intracranially implanted into NOD-
SCID mice (Singh et al., 2004). Neural stem cells also possess many behavioral
characteristics and immature expression profiles intrinsic to gliomas (Sanai et al., 2005). In
the Maturation-Arrest Theory, glial progenitor cells accumulate mutations that promote
proliferation but not maturation into differentiated CNS cell types (Sanai et al., 2005). There
is also an oligodendrocyte progenitor pool of NG2+cells within the CNS that has a greater
capacity to proliferate versus astrocyte progenitors, suggesting a more tumorigenic niche for
oligodendrocyte progenitors (Zerlin et al., 2004, Canoll and Goldman, 2008). However,
when astrocytes and progenitor cells were given the appropriate set of driver mutations in
genes such as those found in the 2008 TCGA study, tumors were found in and out of
proliferative zones (Chow et al., 2011, McLendon R, 2008). Whether from a mutated neural
stem cell or differentiated glia, it could be fathomed that cancers derived from these
particular cells should also harbor antigens of the cell from which the tumor originates.

However, the cell of mutation may not be the cell of origin. Gliomas are considered to be
derived from astrocytes, as the differentiated markers glial fibrillary associated protein
(GFAP) and S100p are also present in glioma cells (Jones et al., 1981, Wang et al., 2013).
Additionally, S100p has a proliferative effect on glioma cells and astrocytes but not neurons
in vitro, suggesting a glial-specific, mitogenic effect of S1008 (Selinfreund et al., 1991).
Cells could potentially obtain a mutational signature and therefore be predestined to become
oncogenic.

It is also possible that mutations may de-differentiate the cell of mutation to another cellular
destiny. When infected with lentivirus over-expressing oncogenic Ras and shRNA against
p53, GFAP-Cre mice developed gliomas whereby expression of the differentiated astrocyte
marker GFAP decreased over time while conversely increasing expression of the progenitor
marker nestin (Friedmann-Morvinski et al., 2012). Gliomas also release extracellular factors
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into their environment, having the potential to transform the proper cell of origin.
Transplantation and /n vitro studies with embryonic conditioned media also suggest a
diffusible, inducing factor can de-differentiate astrocytes into radial glia (Maher et al., 2001,
Hunter and Hatten, 1995). Furthermore, glia comprise most resident cells of the brain, and
while differentiated, cells such as Ng2+ glia are still mitotic, it is possible that these cells
could acquire mutations during cell division (Ge et al., 2009). Over all, the heterogeneity of
gliomas indicates that both progenitors and differentiated glia may be at play, making the
cell of origin hard to define (Sanai et al., 2005, Friedmann-Morvinski et al., 2012).

Interestingly, at present, none of this knowledge translates into patient treatment and all
glioma patients receive the same standard of care. Nevertheless, genetic biomarkers that can
predict prognosis or treatment response have been uncovered. For example, mutations in the
Krebs cycle protein /socitrate dehydrogenase (IDH), have been identified as early
biomarkers in gliomagenesis as well as a distinguishing factor between primary and
secondary gliomas (Thon et al., 2013). The biomarker with the largest clinical fingerprint
thus far has been the promoter for the DNA repair enzyme methylguanine methyltransferase
(MGMT). MGMT is crucial for genome stability because it repairs naturally occurring DNA
lesions from errors during DNA replication and transcription. In certain patients, the MGMT
promoter is silenced via methylation and therefore TMZ treatment is more efficient because
MGMT is inactivated. Studies have confirmed that the epigenetic inactivation of the MGMT
promoter is a predictive value in response to TMZ in combination with radiation therapy
(Stupp et al., 2007, Hegi et al., 2005).

While significant effort is being made to identify frequently mutated genes amidst the
mutational heterogeneity of tumors, each glioma presents itself as a unique challenge.
Furthermore, these distinct mutations could exist in part due to the specific environment of
the individual from which the tumor developed. In fact, studies analyzing larger samples
sizes of whole-exome sequencing data suspecting to distinguish true cancer-driver genes
instead gathered a longer list of more implausible and false-positive “hits” (Lawrence et al.,
2013). Understanding the array of mutations driving GBM provides a detailed microscopic
view of this disease but overall, these malignant tumors share a very macroscopic, invasive
phenotype.

 Potential for new therapeutic strategies: Anti-invasive strategies

The above studies indicate that our ability to genotype gliomas is advancing rapidly but
development of novel treatments are at a standstill. This may be misleading because while
no discovery has changed the standard of care yet, there are a number of compounds that
have been studied in preclinical and small clinical trials.

Unlike other cancers of the body, brain tumors rarely cross into the bloodstream and
metastasize outside of the CNS. However, brain tumor cells are notorious for forming
satellite tumors as they invade throughout the tight extracellular CNS space. Ahead of his
time in the 1930’s, pathologist Dr. Hans Scherer identified migratory brain tumor cells in the
perivascular, perifasicular, and parenchymal spaces (Scherer, 1938). His insight into these
structures suggested that rather than being defined based on tumor type, a glioma cell’s
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morphology was due to the space in which it was confined. Invasion throughout the
extracellular space poses quite a feat for tumor cells, as these spaces are smaller than the
average cell nucleus. A common mean for glioma cell travel within the CNS space is
distributing matrix-degrading enzymes that break down the extracellular milieu surrounding
basement membranes and their adjacent cells (Cuddapah et al., 2014). Outside of factors that
gliomas release, recent studies have interrogated endogenous proteins important for glioma
infiltration of the CNS that may prove useful as future drug targets.

* Anti-invasive strategies: lon channels and volume changes

The endogenous balance of K* and CI~ ions play a substantial role not only in regular
physiology, but also in tumor invasion. An electrochemical K* gradient exists between
normal prokaryotic cells and the surrounding extracellular space, whereby K* is favored to
leave the cell, however, CI~ normally remains in an electrochemical equilibrium
(Sontheimer, 2008). While it was hypothesized some time ago, studies have now affirmed
preservation of these sizeable intracellular ionic gradients helps favor salt efflux and reduce
intracellular water during tumor invasion. Furthermore, over-expression of aquaporin water
channels AQP1 and AQP4 increases water permeability from glioma cells (McCoy and
Sontheimer, 2007). During invasion, movement of K* and CI~ through ion channels removes
all unbound cytoplasmic water molecules, allowing tumor cells to decrease their volume by
30-35% and occupy tight extracellular spaces in vitroand in vivo (Watkins and Sontheimer,
2011, Sontheimer, 2008). Misappropriation of ion channels and transporters are important
players for establishing the driving force behind this process.

Astrocytes express Kir4.1, a glial ion channel which normally buffers K* release from
neurons, but is mislocalized to the nucleus in glioma cells (Olsen and Sontheimer, 2004).
While gliomas express a non-functional Kir4.1, over-expression of Kir4.1 in glioma cells
causes growth arrest (Higashimori and Sontheimer, 2007). K* efflux is maintained in glioma
cells by the expression of Ca2* activated big conductance (BK) K* channels (Sontheimer,
2008). Glioma cells express a specific 34AA variant of these channels, deemed gBK, which
is also highly expressed in glioma cells versus normal brain, making it a promising
therapeutic target (Liu et al., 2002). gBK have a higher sensitivity to changes in intracellular
Ca?* than the regular BK channel, highlighting the important role of Ca?* as an effector in
glioma biology (Ransom et al., 2002). Indeed, Bradykinin is believed to be orchestrating
Ca?* increase, transiently activating gBK currents and this activation is diminished in the
presence of the Ca2* chelator BAPTA-AM (Ransom and Sontheimer, 2001). Directed
movement of glioma cells to the perivascular space is facilitated by the presence of gBK
channels and directed chemotactically by bradykinin signaling. Bradykinin, while central for
Ca?" levels, is also important in the vasculature, a favored route for invasive tumor cells.
Glioma cells express bradykinin receptors, mediating intracellular Ca2* oscillations, and
enhanced glioma migration (Montana and Sontheimer, 2011). Bradykinin acts as a
chemoattractant during invasion, so that genetic and chemical blockade of bradykinin deters
glioma cells from migrating to blood vessels (Montana and Sontheimer, 2011).

Unusually high intracellular CI~ concentrations are maintained in glioma due to pronounced
expression of the NKCCL1 CI™ transporter (Ernest et al., 2005). Voltage-gated CI™ channels,
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CIC-2 and CIC-3, are also highly expressed in gliomas and upon blockage, reduce the
inward currents in these cells (Olsen et al., 2003). These CI~ channels are important
pathways that can efflux CI~ from invading gliomas. Furthermore, CIC-3 co-localizes with
and is regulated via Ca2*/calmodulin-dependent protein kinase Il (CaMKII) (Cuddapah and
Sontheimer, 2010). Infusion of CaMKI|I via patch pipette, robustly enhanced the CIC-3 CI™
current in glioma cells and this conductance was reversed with addition of the CaMKI|I
inhibitor AIP (Cuddapah and Sontheimer, 2010). Targeting these CIC channels has shown
great promise in human patients. Chlorotoxin (Cltx), a CI~ channel-specific peptide purified
from scorpion venom, binds within acute biopsies from GBM patients (Sontheimer, 2008).
Cltx impedes migration in slice invasion assays through a complex formed between MMP-2
and CIC-3, endocytosing the CIC-3 channel (Soroceanu et al., 1999, McFerrin and
Sontheimer, 2006). TM-601, a synthetic version of Cltx, passed Phase I/1l clinical trials for
the use in glioma treatment, highlighting the promise of targeting ion channels in tumor
invasion.

» Anti-invasive strategies: System XC and Glutamate (Glu) Release in

Glioma

It is not uncommon for glioma patients to present with seizures before realizing the deeper
truth of their diagnosis. In fact, around 80% of glioma patients present with at least one
seizure and 50% develop reoccurring tumor-associated epilepsy. This kind of abnormal brain
activity is normally maintained due to an excitation-inhibition in the CNS. Astrocytes
sheathing synapses express glutamate transporters, so that they can maintain proper
glutamate equilibrium. A disturbance in this balance is common in gliomas and partially due
to an over 100-fold higher concentration of the excitatory neurotransmitter Glu (Marcus et
al., 2010). One player that may be responsible for these high Glu concentrations within the
CNS is a sodium-independent, amino acid antiporter, System XC (SXC).

SXC transports L-cystine into the cell at equimolar exchange for the extracellular release of
Glu (Figure 3A). Structurally, SXC exists as a dimer in the plasma membrane, composed of
the regulatory CD98 subunit and catalytic XCT subunit, which is encoded by the SLC7A11
gene (Sato et al., 1999). After L-cystine is transported into the cell it becomes reduced to
cysteine the precursor for the production of the antioxidant species, glutathione (GSH)
(Bridges et al., 2012). The primary role of SXC is to provide cellular antioxidant defense
against free radicals, such as those species generated in radiation therapy performed in
glioma treatment. Furthermore, the glioma microenvironment is hypoxic and requires the
sprouting of new blood vessels to deliver the appropriate nutrients for cellular homeostasis.
After chronic decrease in oxygen supply /n vitro, GSH was utilized at a higher rate and was
accompanied by an increase in L-cystine uptake, demonstrating a need for SXC-mediated
GSH production under hypoxic conditions present in the tumor environment (Ogunrinu and
Sontheimer, 2010).

While SXC has been implicated in various CNS biology such as neurotransmitter release
and oxidative protection, previous studies have demonstrated the role of SXC in glioma
malignancy in both continual cells and patient-derived xenolines (Chung et al., 2005, Robert
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and Sontheimer, 2014). Gliomas express high levels of SXC despite the loss of sodium-
dependent Glu transporters, such as EAAT2, resulting in high extracellular concentrations of
Glu relative to normal astrocytes (Chung et al., 2005, Ye and Sontheimer, 1999). SXC-
mediated Glu release is consequently responsible for peritumoral neuronal death (Figure 3B)
and glutamatergic, epileptiform hyperexcitability (Buckingham et al., 2011). Glu is also an
important autocrine/paracrine molecule in glioma invasion. Gliomas release enough Glu to
activate Ca?*~permeable AMPA-R, causing Ca2* oscillations in the cell, and subsequent cell
migration (Lyons et al., 2007). Furthermore, differences in tumor biology persist based on
XCT status and help further stratify patient-derived glioma xenolines (Robert et al., 2015).
Gliomas with higher xCT expression present with greater Glu-mediated excitotoxicity,
higher seizure frequency, and lower survival rates for animal models and human patients
(Robert et al., 2015). Recent studies have also demonstrated physical relationships between
SXC and cancer-driving pathways such as EGFR, CD44, and p53 (Tsuchihashi et al., 2016,
Ishimoto et al., 2011, Liu et al., 2017).

SXC can be chemically targeted with the FDA-approved drug, sulfasalazine (SAS), which is
already used to treat Crohn’s disease. Initial docking studies revealed the postulated SAS
binding site on SXC, extending beyond that of Glu (Sontheimer and Bridges, 2012). The
promise of SAS /n vivo has been validated in animal models demonstrating reduced tumor
burden after SAS treatment (Chung et al., 2005, Lyons et al., 2007). /n vitro patch-clamp
recordings in brain slices bearing gliomas also confirmed Glu-mediated peritumoral
hyperexcitability and a reduction upon bath application of SAS (Buckingham et al., 2011). A
small, pilot clinical trial also showed a benefit after oral SAS treatment whereby patients
saw a decrease in tumor SXC-mediated Glu release as measured by magnetic resonance
spectroscopy (Robert et al., 2015). Therefore, SXC expression segregates gliomas into
distinct biological phenotypes, understanding SXC function and regulation in glioma could
be beneficial for disease therapy, and targeting SXC chemically has proven hopeful for the
future of tumor and tumor-associated seizure management.

* Anti-invasive strategies: Network formation

Cell-cell network formation is crucial for glioma cells during invasion. Connexin 43 (Cx43),
a structural component of gap junction proteins that form intercellular pores between
apposing cell membranes, is widely expressed in astrocytes in the healthy CNS (Rozental et
al., 2000). In addition to cellular communication, Cx43 has roles associated with Glu release
and Ca2* propagation, two important effector molecules in glioma as previously discussed
(Ye et al., 2003, Toyofuku et al., 1998). When astrocytic tumors expressing Cx43 were
implanted into mice, Cx43-expressing glioma cells dispersed over a greater brain volume
versus Cx43-mutant gliomas (Lin et al., 2002). While Cx43 expression has been identified
as inversely related with glioma grade, this could be due to that the most invasive tumor cells
that are not easily resected are not actually surveyed in these expression studies (Soroceanu
etal., 2001, Huang et al., 1999). Furthermore, antibody specificity and the isoform of Cx43
analyzed may matter in glioma biology, in that non-phosphorylated Cx43 has been shown in
high grade versus low-grade gliomas (Aronica et al., 2001). Phosphorylation by particular
non-receptor protein kinases correlates with a disruption in intercellular junctional
communication, suggesting non-phosphorylated Cx43 could be advantageous in glioma

Neurosci Res. Author manuscript; available in PMC 2019 November 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Umans and Sontheimer Page 9

invasion (Lampe and Lau, 2004). Furthermore, EGFR is activated in glioma and the
downstream MAPK signaling pathway mediates S278/282 phosphorylation of Cx43,
disrupting its function (Lampe and Lau, 2004, McLendon R, 2008).

A capacity for glioma invasion has recently been explained by a “syncytium” of tumor cells
that are connected via microtubules filled with Cx43 pores (Osswald et al., 2015). This
“neighborhood” of glioma cells were also highly resistant to radiation therapy, could
stabilize Ca2* distribution, and protected one another after toxic laser exposure (Figure 4)
(Osswald et al., 2015). Such a community of glioma cells has the capability to maintain an
invasive network, whereby molecules can be dispersed and sacrifices can be made so cells
within the network can still survive. Recent studies have shown promising results with Cx43
as a potential drug target in glioma therapy. Cx43 levels in glioma seem to be inversely
related to TMZ resistance and upon addition of a Cx43 C-terminal mimetic peptide, MGMT-
deficient, TMZ-resistant glioma cells became sensitized to TMZ treatment (Sheng et al.,
2015). This study provides evidence that Cx43 may be used as a biomarker for gliomas that
are resistant to TMZ treatment and that upon Cx43 inhibition, glioma cells may respond
better to the currently available standard of care regimen. However, caution should be made
when designing drug target inhibitors against Cx43, as Cx43 is highly important in heart
physiology and expressed elsewhere in the body. GAP-43, a protein important for neural
growth cone formation during neuron migration, was identified as another important
component of the microtubule glioma syncytium that was resistant to radiation (Osswald et
al., 2015, Denny, 2006). Because this was studied in the context of adult glioma and its
involvement in development, GAP-43 may therefore be an additional, promising target in
anti-invasive strategies.

e Conclusions

Glioma is a devastating CNS disease that claims the lives of a majority of those afflicted.
Surgical removal is still one of the most pertinent options for disease management, yet the
average survival with even aggressive care is typically less than 2 years. One of the major
challenges is the resiliency of satellite tumor cells migrating from the tumor core. These
“stem-like” tumor cells tend to escape the defined area of post-resection radiation and are
more resistant to chemotherapy. In an era where technology and knowledge is at the
forefront, we must do a better job at treating this disease. Both oncogenic and neurogenic
approaches identifying disease-driving mutations that are distinct from non-pathological
cells of the CNS have exciting translational potential. However, the more we learn about
gliomas as either a cancer or as a CNS pathology, we must not forget that each tumor
presents as its own obstacle.

Therefore, targets against tumor invasiveness prove promising for the future of glioma
treatment. Gliomas share an invasive phenotype that has been more recently dissected in the
history of glioma biology. lon channels expressed on glioma cells play an important role in
maintaining an ideal gradient for ion and water flow during invasion.

Movement of K* and CI~ down these established concentration gradients provides glioma
cells with the impressive ability to change their volume in tight extracellular CNS spaces. A
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subset of gliomas also highly express a Glu/cystine antiporter, SXC, which creates an
excitotoxic build-up of Glu in the peritumoral space. The death of these surrounding neurons
provides extra space for tumor cells to invade. Additionally, the equimolar exchange of Glu
for cystine provides the cell with a rate-limiting reagent in the assembly of the antioxidant,
GSH. Reactive oxygen species conveyed by glioma therapies are therefore futile in the
presence of SXC-mediated GSH production in high SXC-expressing gliomas. Furthermore,
studies have investigated the role of network formation in gliomas that are resistant to the
standard of care. Gap junction protein Cx43 as well as GAP-43 are crucial in maintaining
this fighting syncytium. By targeting these more resistant, invasive subset of glioma cells,
therapies may have a larger grasp on the tumor cell population that may exist among all
patients, no matter what specific mutations they may harbor.
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Highlights:
. Glioma classifications, etiology, and disease management are discussed.
. A major clinical challenge in glioma treatment is tumor invasion.
. Invasion involves volume changes, glutamate release, and network formation.
. Anti-invasive strategies may lead to new therapies that are urgently needed.
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Figure 1:
(A) A T2-weighted MRI of a GBM patient displays the tumor mass residing in the frontal

lobe of the brain. This region is where most GBMs can be visualized through MRI. (B)
Glioma cells migrate away from the main tumor core using white matter tracts and the
vasculature of the brain. Mouse models of glioma such as human glioma D54- eGFP cells
transplanted into SCID mice nicely recapitulate this biology observed in humans. As seen in
this maximum intensity project of a GFP+ tumor that was intracranially implanted in an
immunocompromised mouse, GFP+ tumor cells branch out of the tumor core (white arrows)
and attach to CD31 + blood vessels (purple) outside of the tumor core. Of note is the
difference in vessel morphology, as angiogenesis that has occurred in the tumor mass
because of a hypoxic environment, results in larger, abnormal, and leaky vessels.
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Figure 2:
Glioma cells express different K* and CI~ ion channels to mediate ion flow during tumor

invasion. The flow of salts across the membrane is critical for cytoplasmic water to leave the
cell as it is invading tight extracellular spaces, sometimes smaller than the average nucleus.
A few of these players include gBK, NKCC1, and CIC-3 channels as well as Bradykinin
signaling. In vivo and in vitro studies have shown that inhibition of these channels or Ca2*
related mediation, impedes glioma invasion. More specifically, the CIC-3 channel blocker
Chlorotoxin has made successful progress in Phasel/Il clinical trials as an anti-invasive
strategy for glioma treatment.
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Figure 3:
(A) As depicted in this representation, the System XC (SXC) transporter is composed of the

12 transmembrane, XCT catalytic subunit and CD98 regulatory subunit. XCT is responsible
for the equimolar exchange of cystine into the cell and glutamate release into the
extracellular space. Import of cystine conveys the production of glutathione, an important
intracellular antioxidant that helps fight off any reactive oxygen species that may be
produced endogenously or by radiation and chemotherapy treatment. Glutamate release out
of the glioma cell can cause an excitotoxic build-up to surrounding neurons. Sulfasalazine
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(SAS) is an FDA-approved inhibitor of SXC and has been used in a small, clinical pilot trial
for GBM patients (B) GBM22, a glioma that highly expresses SXC, was implanted into an
immunocompromised mouse and allowed to engraft for two weeks. After performing
immunohistochemistry for the neuronal marker NeuN, neuronal death can be visualized at
the tumor core (as denoted by the nuclear marker DAPI) and beginning surrounding the
peritumoral border (dotted line).
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Figure 4:
(With permission from Sontheimer, Nature, 2015) Osswald et al., 2015 identified a

“syncytium” of glioma cells that are resistant to radiation therapy. The cellular mechanism
behind these networks was due in part to Cx43 pores. Cx43 is a protein important in the
formation of gap junction channels between cell membranes and is normally expressed in
astrocytes. However, as seen in these cell-cell contacts, Cx43 is harnessed to form
microtubule highways to help spread effector molecules like CaZ* and even provide a
damaged cell with its own nucleus.
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