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Abstract

Malignant gliomas are the most common primary central nervous system tumors and their
prognosis is very poor. In recent years, ion channels have been demonstrated to play important
roles in tumor pathophysiology such as regulation of gene expression, cell migration, and cell
proliferation. In this review, we summarize the current knowledge on the role of ion channels on
the development and progression of gliomas. Cell volume changes through the regulation of ion
flux, accompanied by water flux, is essential for migration and invasion. Signaling pathways
affected by ion channel activity play roles in cell survival and cell proliferation. Moreover, ion
channels are involved in glioma-related seizures, sensitivity to chemotherapy, and tumor
metabolism. lon channels are potential targets for the treatment of these lethal tumors. Despite our
increased understanding of the contributions of ion channels to glioma biology, this field remains
poorly studied. This review summarizes the current literature on this important topic.
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Introduction

Gliomas account for ~80% of malignant brain tumors. Gliomas are divided into four grades
(1-1V) by the World Health Organization classification according to the relative malignancy.
The high-grade (I111-1V) gliomas include glioblastoma (GBM), anaplastic astrocytoma, and
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anaplastic oligodendroglioma(1). GBM is a WHO grade 1V tumor and the most common
and aggressive type of glioma in adults. The prognosis of glioblastoma is very poor with a
median survival less than two years, with current standard treatments including maximum
safe resection followed by chemoradiation and adjuvant temozolomide(2). One of the main
challenges in the treatment of GBM is its highly invasive and rapidly proliferative character.
Recently, the role of ion channels in glioma invasion and proliferation has been the focus of
several articles(3-5). A better understanding of the involvement of ion channels in glioma
biology will help uncover potential mechanisms of cell invasion, proliferation, apoptosis,
and treatment resistance. In this article, we reviewed the current literature on ion channels
and their involvement in the pathophysiology of gliomas. We searched PubMed for articles
published after 2015, using the following keywords: “lon channel glioma”, “lon channel
glioblastoma”, “lon channel glioma proliferation”, “lon channel glioma invasion”, “lon
channel glioma epilepsy”, and “lon channel glioma seizure”. We limited our search to full-
text English articles with available access from our institution and other relevant literature
from the reference lists of the identified articles. We also discussed ion channels as potential
targets in the personalized treatment of gliomas.

lon Channels

lon channels are membrane proteins that regulate the flux of ions such as sodium (Na™),
potassium (K*), calcium (Ca2*), and chloride (CI7) into and out of cells. Previous studies
have demonstrated that ion channel activity is important for cell migration, proliferation, and
regulation of gene expression in cancer cells(6). For example, cell volume changes during
cell migration/invasion are regulated by the flux of CI~ and K* together with water
movement. According to the HUGO Gene Nomenclature Committee (HGNC), there are 328
ion channel genes in the human genome (https://www.genenames.org/data/genegroup/#!/
group/177). These pore-forming proteins play an essential role in cellular physiology
including maintenance of the resting membrane potential, regulation of cell volume,
differentiation, proliferation, activation of signaling pathways, and apoptosis. However,
alterations in ion channel function is still a poorly understood aspect of the biology of cancer
cells.

lon Channels and Glioma Invasion/Migration

During the migration of glioma cells along blood vessels and white matter tracts, cell
volume changes are required to navigate narrow interstitial spaces. Cell migration involves
protrusion in the migrating edge and retraction at the rear-end of the cell body, and these
steps depend on the activity of multiple ion channels (Figure 1)(3,4). Progressive cell
migration and invasion into surrounding normal brain parenchyma is one of the defining
characteristics of malignant gliomas and makes complete surgical tumor resection virtually
impossible. It is conceivable that alterations in ion channel function contribute to the
invasiveness of glioma cells. lon channels reported to be involved in glioma cell migration
and invasion are summarized in Table 1.

The KCa3.1 channel (KCNN4), is a member of the Ca?*-activated K* channel family and is
one of the most studied channels in the context of glioma invasion(5,7-11). Expression of
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KCa3.1 in the normal brain has been found to be limited to microglia, vascular endothelial
cells, and the nodes of Ranvier of cerebellar Purkinje neurons, however, glioma cells show
high expression(9,11). The REepository of Molecular BRAIn Neoplasia DaTa
(REMBRANDT) database showed overexpression of KCa3.1 in 32% of all types of gliomas,
and it correlated with significantly poor survival(7). However, the interpretation of this study
should be done with caution, since the glioma subtype composition of each group was
unclear and various types of gliomas have different biology and prognosis. Synchronous
activation of KCa3.1 and the CI~ channel CLC-3 was shown in the invading processes of
glioma cells. These channels regulate the flux of K* and CI~ ions causing changes in cell
volume required for cell migration(10). In addition, a recent study indicates that KCa3.1
promotes GBM cell migration by inducing or modulating Ca2* oscillations, a recurrent cycle
reinforcing the Ca2* signal(9). In addition, a combination of KCa3.1 inhibition and
temozolomide reduced migration and invasion of glioma cells and increased cytotoxicity /n-
vitro(11). Taken together, these studies indicate KCa3.1 is involved in glioma invasion and is
a potential target for treatment.

Another well studied K* channel that is dysregulated in GBM and is associated with
invasion, is the large-conductance, Ca%*-activated K* channel (BK or KCal.1), encoded by
the KCNMAI gene. BK channels promote ion and water fluxes, working in combination
with CI™ channels. At the invading extensions of glioma cells, finger-like microprojections
such as filopodia and microvilli express BK channels. When the BK channels are activated,
the K™ leaves the cell and Na* enters, while CI~ anions and water follow Na* into the cell
through channels/exchangers. This process enables the filopodia to swell(3,12-15). lonizing
radiation induces SDF-1 (stromal cell-derived factor-1, CXCL12) signaling, altering Ca2*
signaling, which contributes to BK channel activation through channel phosphorylation by
Ca?*/calmodulin-dependent kinase 11 (CaMKII). Inhibition of the BK channel mitigates the
infiltration of glioblastoma cells /n-vitroand in-vivo(12,13). Although the detailed
mechanisms of BK channel activity in irradiated glioblastoma cell migration remain unclear,
the BK channel may be a therapeutic target, particularly in the prevention of radiation-
induced glioma cell spreading.

In addition, K* selective ion channels known as inwardly rectifying K* (or Kir or IRK)
channels are involved in glioma cell migration. Kir channels in glial cells maintain ionic
homeostasis through potassium spatial buffering. Kird.1 (KCNJ10), is predominantly
expressed in glial cells. A study showed that miR-5096 significantly inhibited Kir4.1
expression in glioblastoma cells; treatment with miR5096 or a Kir4.1 blocker, increased the
release of extracellular vesicles and filopodia outgrowth, enhancing cell motility(16). These
findings are consistent with other studies showing KCNJ10 expression levels were
negatively correlated with glioma grade(17,18). Another study also presented a9p1 integrin-
mediated glioma cell migration related to Kir4.2(19). In contrast to Kir4.1, inhibition or
silencing of Kir4.2 reduced glioma migration.

During cell volume changes, the coordinated release of K* and CI~, along with osmotically
obligated water, is thought to be essential. Thus, CI™ ions also play an important role in
glioma cell migration and invasion. One of the voltage-gated chloride channels, CLC-3,
encoded by the CLCN3 gene, also has been recognized as a crucial regulator of glioma cell
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migration and invasion by modulating cellular shape and volume(10,20-22). CLC-3 is highly
expressed on the plasma membrane of glioma cells compared to the normal brain. Both,
inhibition by a non-specific chloride channel blocker, 5-nitro-2-(3-phenylpropylamino)-
benzoate (NPPB)(23), and CLC-3 silencing with siRNA, suppressed glioma cell
migration(20). CLC-3 activity is regulated by phosphorylation via CaMKII. Also, inhibition
of CaMKII and direct inhibition of CLC-3 reduced CLC-3-expressing glioma cell
invasion(21). Together with KCa3.1, CLC-3 localizes to the invading processes of glioma
cells, and contribute to cell volume change by facilitating the flux of CI~ along with
water(10). Temozolomide conjugated with NPPB has been shown to suppress both, glioma
cell proliferation and migration, /n-vitro(22). A recent study reported that CLC-3 expression
was positively correlated with histological grade of gliomas; glioma patients with high
CLC-3 expression had a significantly shorter survival. This study also indicated that CLC-3
promotes glioma cell invasion partially through the nuclear factor-xB (NF-xB) signaling
pathway(24). Thus, CLC-3 is also a possible therapeutic target and biomarker for gliomas.
However, the expression of CLC-3 in many different types of tissues is an important
consideration regarding the selective targeting of tumor cells.

The volume-regulated anion channel (VRAC) is also involved in sustaining the shape and
cell volume changes needed for cell migration and proliferation(4,25,26). VRAC is highly
expressed in GBM cells and mediates the swelling-induced chloride current (I, swerr)- Both,
acute hypoxia and exposure to serum, occur in a typical GBM microenvironment and will
stimulate cell migration and evasion from cell death by activating VRAC(4,25). GBM often
induces the breakdown of the blood brain barrier (BBB) and increases vascular permeability,
which causes serum leakage into the tissue around a tumor. DCPIB, a blocker of I¢|, swell,
has been shown to reduce proliferation, migration, and invasion of glioblastoma cells, by
potentially suppressing the JAK2/STAT3 and PI3K/Akt signaling pathways(26). Novel
compounds inhibiting Ic swel nNeed to be explored because DCPIB does not cross the BBB.

Anoctamin-1 (ANO1), also known as TMEM16A (transmembrane protein with unknown
function 16A), acts as a Ca2*-activated CI~ channel. TMEM16A is overexpressed in gliomas
with higher abundance in higher-grade gliomas. The knockdown of TMEM16A significantly
decreased proliferation, migration, and invasion of glioma cells. Furthermore, the NF-xB
signaling was activated by overexpressed TMEM16A, which promoted proliferation,
migration, and invasion(27). A recent study revealed that ANO1 expression was enhanced
by 14-3-3+, a protein having the ability to bind other signaling proteins. Gene silencing of
ANO1 or 14-3-3vy suppressed migration and invasion of glioblastoma cells(28). Further /n-
vivo experiments and clinical trials are needed to conclusively clarify whether ANO1 can be
a therapeutic target of glioma.

The sodium-potassium-chloride co-transporter isoform 1 (NKCCL1) also regulates cell
volume and intracellular CI~ accumulation, and thus it is involved in glioma cell motility,
though it is not an ion channel but an ion co-transporter. NKCC1 mediates the movement of
Na*, K*, and CI~ across the plasma membrane using the inward gradient for Na*, generated
by the Na*/K* ATPase. CI~ concentration in glioma cells is higher than in mature neurons
and normal astrocytes, and this gradient of CI™ provides a driving force for cell shrinkage as
the cells invade surrounding tissues(29,30). NKCCL1 expression levels were significantly
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higher in high-grade glioma than in grade 11 glioma and normal brain, and its expression was
mostly localized to the extending processes of migrating cells. Pharmacological inhibition of
NKCC1 or shRNA knockdowns of NKCC1 disrupted CI™ uptake and inhibited glioma cell
invasion in-vitro and in-vivo. Furthermore, NKCC1 modulated glioma cell invasion through
the regulation of focal adhesion dynamics and cell contractility. NKCC1 knockdown
displayed larger focal adhesions and smaller projected cell area, accompanied by a decrease
in contractile forces(29). A recent study reported that NKCC1 interacts with Cofilin-1, an
actin-regulating protein involved in actin polymerization/depolymerization and cell
migration. The study suggests that NKCC1 polarizes to the cell edge, regulates the
localization of Cofilin-1, and can act as an actin anchor at the leading edge during cell
migration(30). These suggest that targeting NKCC1 has great therapeutic potential to reduce
glioma cell invasion.

Only a few studies talk about, Na*-independent, K*-CI~ co-transporter in gliomas. One
study showed that inhibition of the K*-CI~ co-transporters (KCCs) contributed to more
invasive behavior of glioblastoma cells(29), however, another study indicates that KCC3
inhibition reduced glioma cell motility(31). Given the conflicting results, further studies are
needed to determine how KCCs are involved in glioma cell migration.

TRP (transient receptor potential) channels are cation-selective channels that are important
for cellular calcium homeostasis and Ca2*-dependent processes such as neurotransmitter
release, proliferation, gene transcription, and apoptosis. TRP channels are also thought to
influence cancer and stromal cell migration through growth factors, cytokines, and
cytoskeletal remodeling. A study showed that TPRC1, TPRC6, TRPM2, TRPM3, TRPM?7,
TRPMS8, TRPV1, and TRPV2 were expressed at significantly higher levels in
glioblastoma(32). Among them, one of the best-studied channels is TRPM7(33-35). TRPM7
is Ca2* and Mg2* permeable, and also has serine/threonine kinase function. TRPM7
activates JAK2/STAT3 and/or Notch signaling pathways and induces cell proliferation and
migration(33). Suppression of TRPM7 by siRNA, or inhibition, significantly impaired
migration and invasion of a glioma cell line. Also, it decreased matrix metalloproteinase-2
(MMP-2) expression; a protein capable of degrading components of the basement membrane
and extracellular matrix to assist in the invasion process. Moreover, inhibiting TRPM7
showed attenuation of PI3K/Akt and MEK/MAPK/ERK signaling pathways(34). In contrast,
potentiating TRPM7 with activators (e.g., naltriben) enhanced migration and invasion of
glioblastoma cells. Activated TRPM7 upregulated MAPK/ERK signaling pathway, but not
the PI3K/Akt pathway, suggesting that the MAPK/ERK signaling pathway plays a more
significant contribution to glioma invasiveness(35). Carvacrol, a Food and Drug
Administration (FDA) approved food additive and TRPM7 inhibitor is able to cross the
BBB; a clinical trial is needed to evaluate the efficacy of this compound in glioma patients.

TRPC1 has also been reported to play a role in glioma migration. Stimulation of glioma
cells with epidermal growth factor (EGF) showed TRPC1 localization to the invading edge
of migrating cells. In addition, inhibition of TRPC1 caused a loss of chemotaxis toward
EGF(37). A recent study indicates that PDGF induced TRPC1 translocation from inside of
the cell to the front of migration and activated sphingosine kinase that formed
sphingosine-1-P (S1P), a potential activator of TRPC1 activity(38).
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TRPV4, another TRP channel involved in glioma migration, has been shown to be
upregulated in gliomas and its higher expression is associated with a worse prognosis.
Activating TRPV4 promoted the activation of Racl (Ras-related C3 botulinum toxin
substrate 1) by Akt phosphorylation, which enhanced glioma migration and invasion. Also,
inhibition of this channel has been shown to suppress glioma migration(39) and colon cancer
development(40), supporting a potential role of TRPV4 in carcinogenesis.

Ca?* signaling is important for the motility of glioblastoma cells. Inositol 1,4,5-triphosphate
receptor (IP3R) is a Ca2* release channel located in intracellular CaZ* stores such as
endoplasmic reticulum. Inhibiting IP3R subtype 3 by caffeine reduces glioblastoma invasion
and is associated with extended survival /n-vivo(41). The FDA-approved antipsychotic drug,
trifluoperazine (TFP)(42), also suppressed proliferation and invasion of glioblastoma cells.
TFP interacts at the TFP-binding site of calmodulin subtype 2 (CaM2), causing dissociation
of CaM2 from IP3R, the opening of IP3R, and triggering the massive release of Ca2* from
intracellular stores(43). The authors propose that an aberrant increase in Ca2* signaling
could also inhibit the invasiveness of glioblastoma cells, however, the mechanism of how
inhibition of intracellular Ca2* increases by caffeine and increased intracellular Ca2* by TFP
inhibit GBM invasion needs further investigation.

Ca?* influx is also mediated by voltage-gated Ca?* channels (VGCCs) located at the plasma
membrane. There are five types: L-type, P-type, N-type, R-type, and T-type. When VGCCs
are open, Ca2* enters the cytoplasm and acts as a secondary messenger. Among the VGCCs,
T-type Ca2* channels (Cav3.2) are thought to play a key role in regulating intracellular Ca2*
levels and tumor progression(44). Endostatin (ES), a c-terminal proteolytic fragment of
collagen XV, inhibited T-type Ca2* channel currents. ES and the specific T-type CaZ*
channel blocker, mibefradil, inhibit proliferation and migration of glioblastoma cells(45).
Mibefradil was FDA-approved for the treatment of hypertension and angina, but was
withdrawn from the market after approval due to potential health hazards. However, there
are other FDA-approved T-type Ca2* channels on the market that could be explored as
therapeutic strategies for gliomas (e.g., ethosuximide, trimethadione, amlodipine)(46).

High-grade gliomas express epithelial sodium channel (ENaC)/Degenerin family and the
ENaC/Degenerin family also includes acid-sensing ion channels (ASICs). It is reported that
ASIC1, aENaC, and -yENaC are overexpressed in a glioblastoma cell line, interact with
each other, and form an amiloride-sensitive nonselective cation channel. The knockdown of
any one of these channels inhibited cell migration possibly because of the decreased Na*
influx inhibited the cell swelling required for lamellipodium expansion(47). Moreover, a
physical and functional interaction between these channels and integrin-p; has been
postulated. The knockdown of integrin-B41 caused a loss of expression of ASIC1 and
attenuated the amiloride-sensitive current. The link between the amiloride-sensitive channel
and integrin-p; was mediated by a-actinin. Downregulation of a-actinin-1 or —4 also
attenuated the amiloride-sensitive current and migration due to loss of surface expression of
ASIC1(48). Although these studies strongly indicated that ENac/ASICs are involved in
GBM migration, they have the limitation of being /n-vitro studies. Further investigation with
animal models will help elucidate the therapeutic importance of these channels.
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The Na*/K*-ATPase has the essential function in maintaining cell homeostases, such as ion
translocation and maintenance of pH balance, but also has a role in cellular adhesion and
migration through the regulation of cytoskeletal remodeling, cell polarity, and lamellipodia
formation. The adhesion molecule on glia (AMOG) is an isoform of the f2-subunit of Na
*/K*-ATPase, and it is highly expressed in the CNS. A study showed that most GBMs have a
dramatic loss of AMOG expression, and AMOG expression in glioblastoma inhibited its
invasion. In normal astrocytes, the downregulation of AMOG causes increased invasiveness,
which suggests that loss of AMOG may be one of the mechanisms involved in glioblastoma
cell invasion(49). Another study showed that AMOG and neural cell adhesion molecule L1
(L1CAM) interdependently regulate their expression. Both molecules are involved in
regulating apoptosis through Akt and Erk activation. The authors also found that the
reduction of AMOG expression delays senescence and correlates with decreased cell
death(50). These studies suggest that strategies to increase levels or activity of AMOG could
be potential avenues for the treatment of gliomas.

Hypoxia can increase tumor aggressiveness and cause resistance to radiation and
chemotherapy. The hypoxic microenvironment, which commonly occurs in glioblastoma,
induces tumor cells to have high glycolytic activity and produce acidic metabolites. As a
result, cells need to extrude more protons to overcome intracellular acidification. A study
showed that the voltage gated proton channel (H,/1) are expressed in glioblastoma cell lines
and regulate the intracellular pH (pH;). Blocking H,1 channels with ZnCl, significantly
reduced pH;, cell survival, and migration(51). Although H,/1 channels could be a therapeutic
target for glioblastoma, expression in normal tissues may potentially lead to side effects.

lon Channels and Glioma Proliferation

lon channels also play a key role in the proliferation of gliomas, mainly through the
activation of intracellular signaling pathways (Figure 2) (Table 2)(3,4). Ca2* channels are
involved in glioma development since the higher expression of Ca?* channels on the plasma
membrane increases CaZ* influx which promotes Ca2* dependent proliferative signaling
pathways. TRP channels are important for cellular calcium homeostasis and cell
proliferation, as we described above in the invasion/migration section. TRPM7 activates the
JAK2/STAT3 and/or Notch signaling pathways and induces cell proliferation and migration.
Activated STAT3 also upregulates aldehyde dehydrogenasel (ALDH1) which is recognized
as a novel stem cell marker in glioblastoma, and ALDH1 is thought to have important roles
of self-protection, differentiation, expansion, and proliferation(33). Suppression of TRPM7
with siRNA, or by pharmacological inhibition, reduced not only migration and invasion but
also the proliferation of glioblastoma cells, probably through inhibiting PI3K/Akt and MEK/
MAPK/ERK signaling pathways(34). A study showed that midazolam(36), a short-acting
benzodiazepine with the ability to cross the BBB, inhibited TRPM7 currents and calcium
influx causing Go/G1 cell cycle arrest and a decrease in cell proliferation in glioblastoma
cells(52).

TRPCS6 has also been shown to be overexpressed in glioma cells(32,53). Inhibition of
TRPC6 expression suppressed glioma growth both /n-vitro and in-vivo. TRPC6 affected
glioma growth through the regulation of G2 to M phase cell cycle progression. The
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inhibition of TRPC6 induces G2 cell cycle arrest and enhances radiosensitivity(53). Among
the TRP family, mucolipins (TRPML1, -2, and —3) represent a distinct subfamily of
endosome/lysosome CaZ* channel proteins. A study showed higher expression of TRPML2
in gliomas and silencing this channel reduced viability and proliferation of glioblastoma
cells, associated with abrogation of Akt/PKB and Erk1/2 pathways(54).

Another Ca2* channel that has been the focus of recent studies is the T-type voltage-gated
Ca?* channel (Cav3.2), as mentioned in the invasion/migration section. Cav3.2 is highly
expressed in glioblastoma cells and its higher expression might correlate with poor
prognosis. Cav3.2 blockade inhibited tumor growth of glioblastoma cell lines and enhanced
the effects of temozolomide on glioblastoma cells and mouse glioma models(44,45). A
phase | clinical trial evaluating the T-type CaZ* channel blocker, mibefradil, was
performed(55) and demonstrated safety and some responses. However, given the withdrawal
of mibefradil, additional studies with other T-type Ca2* channel blockers should be
performed.

K* channels also play an important role in controlling the proliferation and apoptosis of
glioma cells. The human ether-a-go-go potassium channel (hnEAG1, Kv10.1, encoded by
KCNH1I) and the human ether-a-go-go-related channel (hERG, Kv11.1, encoded by
KCNH?2) are voltage-dependent K* channels, overexpressed in GBM, and are reported to be
involved in signaling pathways promoting proliferation and inhibiting apoptosis(56-59).
Overexpression of miR-296-3p suppressed cell proliferation and modulated sensitivity to
anticancer drugs by reducing hEAG(56). Arsenic trioxide, which elevated the level of
miR-133b, or overexpression of miR-133b, also inhibited proliferation and induced
apoptosis in GBM cells through targeting hERG(57). A recent study showed that GBM
patients with high expression of hERG had a worse prognosis, and the hERG blocker was
beneficial in improving survival(58). Since this study supports the efficacy of hERG
blockers in a xenograft model and in glioblastoma patients, this therapeutic approach is
promising. However, prospective clinical trials are needed to validate hERG inhibitor as a
novel therapy.

Voltage-gated K* channels are involved in proliferation and apoptosis as well. Quinidine, a
commonly used voltage-gated K* channel blocker, inhibited voltage-gated K* channel
currents, decreased GBM cell proliferation, and induced apoptosis, partly by regulating
miRNA expression(60). Immunohistochemical studies in infiltrating astrocytomas of various
grades showed that Kv1.5 expression inversely correlated with the increasing histologic
tumor grade. Increased Kv1.5 expression in GBM patients was associated with a favorable
outcome, but it was not significant(61). However, this study did not mention the IDH
mutational status of GBM cases. Comparing Kv1.5 expression between IDH-mutant and
IDH-wildtype glioma of various grades is critical. A recent study investigated that Kv2.1
(KCNB1I), was associated with malignant progression and outcome in gliomas; high Kv2.1
expression correlated with significantly longer survival. The same study also suggested that
Kv2.1 influenced the induction of autophagy, accompanied by increased apoptosis and
reduced proliferation and invasion, by regulation of the ERK pathway(62). However, the
group of patients in this study contained both grade I11 and 1V gliomas. As KCNB1
expression was negatively correlated with malignant progression, grade differences might
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influence survival and should have been taken into consideration for the analysis. Also, IDH
mutation status and MGMT promoter methylation status should be included as independent
variables in multivariate analysis. This study also postulates an interesting role for Kv2.1 in
non-canonical ERK signaling, contributing to anti-tumor effects via activation of autophagy.

The VRAC that mediates the swelling-induced chloride current (Ic swen), is also involved in
proliferation(4,25,26). Acute hypoxia following cell swelling activates VRAC, resulting in
the efflux of CI~, together with K*. This is followed by osmotic water loss and
reestablishment of the original cell volume, a process called regulatory volume decrease
(RVD). RVD is thought to limit cell swelling and prevent necrotic death under hypoxic
conditions, contributing to glioma cell survival(25). The Ca2*-activated CI~ channel,
Anoctamin-1 (ANOL1), is also involved in proliferation through activation of the NF-xB
signaling pathway(27). Another CI~ channel involved in proliferation is the first member of
the Chloride Intracellular Channel family, CLIC1(63,64). CLIC1 was shown to be
overexpressed in GBM compared to normal tissues, and its expression was associated with a
worse prognosis. Moreover, CLIC1 exists also as a circulating protein, secreted in
extracellular vesicles (EVs). Treatment of GBM cells with EVs derived from CLIC1-
overexpressing GBM cells strongly induced proliferation both, in-vitro and in-vivo(64).
These studies indicate that CLICL1 is a strong prognostic marker in GBM and a potential
therapeutic target.

Lack of expression of ASIC1 reduced phosphorylation of ERK, resulting in decreased
proliferation. The amiloride-sensitive channel was composed of ASIC1, aENaC, and
YENaC was associated with integrin-p; and was dependent on the presence of a.-actinin.
Interaction of these proteins with integrins formed a multiprotein signaling complex that
regulates cell migration and proliferation. In contrast, loss of this channel surface
localization can reduce cell migration and proliferation(48). Recent research indicates that
ASICla and ASIC3 expression in primary GBM stem cell lines, and states that these
channels might endow glioblastoma cells with the capacity to sense extracellular pH. They
also described that the expression of either of these channels was associated with a
significant survival benefit in glioma patients. However, the patient group included a mixture
of GBM, oligodendrogliomas, and astrocytomas, which can confound the interpretation of
the results(65).

lon channels in glioma stem-like cells

GBM is highly refractory to therapy, and such resistance is due in part to glioma stem-like
cells (GSCs). lon channels have important functions also in GSCs. Blocking KCa3.1
channels with a specific inhibitor, TRAM-34(66), reduces migration and motility of
GSCs(7,8). GSCs expressed higher levels of BK channels, compared to normally cultured
cells, which appears to be essential to their increased migratory ability. It has also been
suggested that BK channels might have an important role in maintaining the stemness of
GSCs(14). AMOG expressions at both the protein and mRNA levels were increased in GSCs
compared with primary differentiated GBM cells, which suggests that the loss of AMOG
represents an important step in GSCs differentiation(49). In addition, Cav3.2 is highly
expressed in GSC and Cav3.2 inhibition reduced the growth of GSCs, induced GSCs

Mol Cancer Ther. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Takayasu et al.

Page 10

differentiation, and enhanced the effects of temozolomide on GSCs(67). CLIC1 is
functionally active as a chloride channel in GSCs and CLIC1 inhibition regulated GBM
progression by targeting GSCs(63).

lon channels and Glioma-related Epilepsy

Epilepsy is one of the most typical presenting symptoms in glioma patients. Recent studies
revealed that /DHI mutant gliomas are more likely to develop seizures than IDH-wildtype
tumors. The D2-HG (D-2-hydroxyglutarate), a product of the mutant /DHZ1 enzyme, has a
similar chemical structure to glutamate, which is an excitatory neurotransmitter. Therefore,
it is thought that D2-HG increases neuronal activity by mimicking glutamate(68). However,
the pathophysiology of glioma-related seizures is likely to be multifactorial(69). Alterations
in ion channels are potential factors contributing to epileptogenesis and understanding their
biological role in the context of glioma cells, is critical for the development of antiepileptics,
especially in IDH-wildtype gliomas in which D2-HG is not expected to play a major role.

There are a few studies discussing ion channels and glioma related epilepsy (Table 2). One
of these postulates a significantly lower inwardly rectifying potassium channel 4.1 (Kir4.1)
expression in glioma patients with epilepsy, as well as, higher levels of the inflammatory
cytokine IL-1pB. Decreased expression of Kir4.1 may contribute to impaired K* buffering
and an increased propensity for seizures(70). Increased IL-1p may also be involved in
enhancing neuronal excitability in the peritumoral area. For example, glutamate reuptake
inhibited by cytokines can lead to increased extracellular glutamate concentrations.

Aguaporin-4 (AQP-4) is widely expressed, and it is the most important water channel in the
brain. It has been reported that AQP-4 expression was more frequently detected on the
GBM-cell membranes from patients with seizures than without seizures. AQP-4 forms a
complex or functional coupling with K* channels, CI~ channels, and K*-CI~ cotransporter.
Thus, AQP-4 is involved in the control of cell volume through regulation of extracellular
space volume, extracellular potassium concentration, and efflux of glutamate. The net effect
of increased extracellular potassium and glutamate concentration is a depolarization of
neuronal membrane potential with increased excitability(71). Unfortunately, these two
studies did not include data on the IDH status of the gliomas(70,71).

Another study implicates GABAergic disinhibition and decreased KCC2, K*-CI~
cotransporter in glioma-related epilepsy. Loss of peritumoral GABAergic inhibitory
interneurons and significantly decreased KCC2 membrane expression in peritumoral
neurons were observed in tissue from a glioma-related seizure mouse model. In the normal
brain, GABAergic interneurons are essential to counteract excitatory glutamatergic activity
and maintain a delicate excitation-inhibition balance. This typical inhibitory response of
GABA is conferred by a low intracellular CI~ established by the KCC2 cotransporter, which
exports CI™. Peritumoral neurons exhibit depolarizing GABAergic responses as a result of
altered CI~ homeostasis, which was accompanied by impaired KCC2 functional expression.
This means that the excitation-inhibition balance shifted towards hyperexcitability. The
study also stated that both, GABAergic disinhibition and increased SXC (cysteine-glutamate
transporter) expression, is required for epileptogenesis(72). There is strong evidence to
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support the importance of tumor-derived excitatory glutamate release mediated by SXC in
epileptogenesis(73).

lon channels and Sensitivity to Chemotherapy

There are some reports linking ion channels to sensitivity to chemotherapeutic agents
(Supplementary Table S1). NKCC1 plays an important role in a regulatory volume increase
in response to hypertonic and isotonic cell shrinkage. Loss of cell volume and lowering of
intracellular K* and CI~ is a hallmark of apoptosis. Inhibition of NKCC1 augmented
temozolomide-induced apoptosis due to failure of the compensatory influx of K* and CI~
(74). Suppression of CLC-3 caused the inhibition of Akt and autophagy, and sensitized the
apoptosis-resistant glioblastoma cell line to cisplatin-mediated cell death. It has been studied
that Akt phosphorylation is involved in the resistance of tumor cells to cisplatin and
autophagy has a protective role against cisplatin in glioblastoma cells(75). Another study
from the same group showed that CLC-3 suppression caused lysosomal dysfunction
involved in cisplatin sensitivity(76). Na*/K*-ATPase blocker induced cell death with
features of both apoptosis and necrosis, and effectively sensitized drug-resistant
glioblastoma cells to temozolomide. The increases in intracellular Na* and Ca2* were
associated with necrosis and K* depletion was linked to apoptosis. Since the Na*/K*-
ATPase a2/a3 subunits were highly expressed in drug-resistant glioblastoma cells, Na*/K*-
ATPase might be a therapeutic target for the treatment of glioblastoma(77), although
achieving selectivity for tumor cells could be a limitation of this strategy.

Regulation of ion channels by chemotherapy agents has also been studied. Oxaliplatin and
temozolomide affect KCa3.1 expression in glioma cells. In contrast, neither the activity of
BK channels or Kir channels was affected by either oxaliplatin and temozolomide(78,79).
However, another study showed that temozolomide induced increased expression of glioma
BK ion channel (gBK) and downregulated fascin-1. Fascin-1 controls cytoskeletal elements
that stabilize actin-rich membranous projections such as microvilli and filopodia.
Temozolomide increased HLA-A2 and gBK tumor antigen production. Moreover,
temozolomide increased cytolytic T-lymphocyte mediated cytolysis of glioma cells due to
the loss of their defensive membrane protrusions supported by fascin-1(15). The different
responses of BK channels by temozolomide may be caused by different cell lines used in
these studies.

lon channels and Glioma Metabolism

Tumor metabolism has been the focused of several recent studies and modulating tumor
metabolism has been postulated as a possible strategy for cancer treatment. Recent studies
have also shown an association between glioma cell metabolism and ion channels
(Supplementary Table S1). TRPC6 channels control the stability of HIF-1a which is a key
transcription factor involved in adaptation to a hypoxic microenvironment. Inhibition of
TRPC6 promoted HIF-1a hydroxylation and degradation to suppress HIF-1a accumulation.
Moreover, TRPC6 regulated glucose transporter 1 (GLUT1) mRNA and protein levels
through HIF-1a to affect glucose uptake under hypoxia(80). The voltage-dependent anion
channel 1 (VDAC1) is a mitochondrial protein controlling cell energy and metabolic
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homeostasis. VDACL1 also plays a key role in apoptosis. Depletion of VDACL in
glioblastoma mouse models resulted in inhibited cell growth, associated with marked
decreases in GLUT1, hexokinase type | (HK-I), GAPDH, LDH, and enzymes of the Krebs
cycle. Depletion of VDACL reversed oncogenic properties such as reprogrammed
metabolism, stemness, angiogenesis, epithelial-mesenchymal transition, and
invasiveness(81). Inhibiting T-type voltage-gated Ca2* or KCa channels induced selective
cell death of glioma-initiating cells (GIC) and increased host survival in a glioma mouse
model. Blocking these channels resulted in plasma membrane depolarization and the
resulting elevated intracellular Na* compromised Na*-dependent nutrient transport. The
resulting nutrient deficit triggered resulted in starvation and GIC cell death(82). The role of
ion channels in the metabolism of cancer cells is a promising and uninvestigated area of
cancer biology.

lon channels and Other Biological Processes

Tumor-associated microglia/macrophages are polarized toward an anti-inflammatory, pro-
tumor phenotype induced by interaction with cytokines and factors released by glioma cells,
to allow glioma cells to invade the brain parenchyma. Anti-inflammatory microglia/
macrophages have a higher expression of KCa3.1. Preventing KCa3.1 activation in
microglia/macrophages switches them toward a pro-inflammatory, antitumor phenotype(83).
Whether modulation of ion channels could be an effective way of influencing the response
of GBM to immunotherapy, is something that warrants further investigation.

A study reported a tumor-suppressive role of voltage-gated Ca* channel subunit alpha-2/
delta-3 (CACNAZD?3). Downregulation of CACNAZD3 was a common feature of glioma
tissue, correlated with poor survival, and was accompanied by increased methylation.
Overexpression of CACNAZD3 increased intracellular Ca2*, which induced mitochondrial-
mediated apoptosis, activated Nemo-like kinase (NLK) via the Wnt/Ca?* non-canonical Wnt
pathway, and inhibited the epithelial-mesenchymal transition. Silencing of NLK increased
Whnt/B-catenin signaling and cell motility, confirming that NLK is a negative regulator of the
canonical Wnt/B-catenin pathway(84).

Connexins are plasma membrane proteins and the key structural component of gap
junctions. Also, connexin hemichannels facilitate paracrine communication between the
cytosol and extracellular space. The opening of Cx43 hemichannels results in the release of
molecules such as ATP, glutamate, and Ca?* ions. Connexin43 (Cx43) is the commonest
connexin and thought to play an important role in tumor invasion, progression, and
temozolomide resistance in glioblastoma cells(85,86). A study reported that Cx43 levels
were inversely correlated with temozolomide sensitivity and patient survival. Administration
of the C-terminal peptide mimetic aCT1, a selective inhibitor of Cx43 hemichannels,
sensitized temozolomide-resistant glioblastoma cells to temozolomide, by inhibition of Akt/
mTOR signaling(87). This study shows the therapeutic potential of combining Cx43
inhibitors and temozolomide for the treatment of GBMs.

Pannexins are members of gap junction proteins. Most past studies about glioma and
pannexins are related to gap junction, and there is limited literature about the hemichannel
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activity of pannexins and gliomas. However, a study showed that pannexin-1 plays an
important role in the release of IL-6, IL-8, and glutamate from a glioblastoma cell line(88).
Further studies are needed to investigate the association between glioma and pannexin
hemichannels.

lon Channel Expression and Glioma Prognosis

In recent years, several studies have postulated ion channel signatures that correlate with the
prognosis of glioblastoma patients. A study identified 18 ion channel genes that are
differentially expressed in high-grade gliomas compared to lower-grade gliomas. Among
these, only two ion channel genes, CL/CI and CL/C4 were up-regulated in high-grade
gliomas. The remaining 16 ion channel genes (16/18), including KCNB1, KCNJ10, and
KCNMA1, were down-regulated in high-grade gliomas. A gene signature based on these ion
channels predicted glioma outcomes in three independent validation cohorts. Moreover, this
ion channel gene signature was the most significant factor in the multivariate model
including clinical factors such as age, performance status, and /DA mutation status (17).
Wang HY, et al. presented a molecular signature with tree ion channel genes, KCNN4,
KCNB1, and KCNJ10, that significantly associated with survival of glioblastoma patients.
They also demonstrated that high-risk patients of unfavorable outcomes with this signature
were sensitive to chemotherapy(89). The same group reported on another study an ion
channel signature comprising 47 ion channel genes, including the three genes in the initial
study. The risk score based on that signature predicted the prognosis of glioma patients. In
addition, the expression of these signatures was preferentially seen in the mesenchymal
subtype and /DH-wild-type gliomas. Gene ontology analysis and gene set variation analysis
revealed that high-risk score patients tended to have reduced expression of proteins
associated with the regulation of apoptosis and cell adhesion, and the increased expression
of proteins associated with cell cycle and proliferation(18). lon channels deregulated or
activated, among these ion channel signature studies and other studies in the above sections,
are listed in Supplementary Table S2. Another study identified a signature composed of 25
ion channel genes enriched in GSCs, including SCN8A, KCNBI1, and GRIA3. Expression of
these ion channels correlated with survival in glioblastoma databases such as The Cancer
Genome Atlas (TCGA). Genetic knockdown or pharmacological inhibition of these ion
channels attenuated the growth of GSCs compared to normal neural stem cells. This
suggests that ion channels that are highly expressed in GSCs could be treatment candidates
for targeting GSCs(90).

Conclusion

lon channels and transporters play a significant role in glioma biology and influence the
tumor microenvironment. The regulation of ion fluxes, associated with water flux, is
essential for cell migration and invasion. Intracellular signaling pathways affected by the
activity of ion channels influence cell proliferation and cell survival. Moreover, recent
studies indicated that ion channels are involved in glioma-related seizures, sensitivity to
chemotherapy, and tumor metabolism. Gene expression signatures based on ion channel
genes have been shown to correlate with patient survival, indicating that the biological
effects of ion channels have a significant impact on the behavior of glioma cells. A better
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comprehension of ion channels in gliomas will improve our understanding of gliomagenesis
and glioma-related epileptogenesis. Moreover, the existing literature supports the notion that
ion channels are potential therapeutic targets that might be beneficial in the treatment of
these lethal tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PKB protein kinase B

GABA gamma-aminobutyric acid

IDH1 isocitrate dehydrogenase 1

ATP adenosine triphosphate

HIF-1 hypoxia-inducible factor-1
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Figurel.
Cell volume changing model during cell migration. Cell migration is thought to be modeled

as a continuous cycle of protrusion of the migrating cell front and retraction of the trailing
end. A) In the migrating edge, ion channels and transporters, such as NKCC1, cause ion
influx leading to an osmotic gradient, which results in water flowing into the cell. B) TRP
channels allow the influx of CaZ*, which activates ion channels in the trailing edge. TRPM?7
and swelling-induced CI™ channels are also thought to activate signaling pathways, such as
MAPK/ERK signaling and PI13K/Akt pathways, leading to alterations in gene expression
which enhance glioma cell migration and invasion. C) In the rear-end of the cell body,
activated ion channels, such as CLC-3 and KCa3.1, induce ion and water efflux that causes
cell shrinking only in the trailing end and results in cell retraction.
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Figure2.

Representative contributions of ion channels to glioma cell proliferation. TRPM7 may
activate proliferation through the Notch, PI3K/mTOR, and MAPK pathways. The nuclear
localization sequence (NLS) on hEAG/hERG causes perinuclear localization of these
channels and activates the MAPK pathway. Increased hEAG/hERG expression and VGCC
activity results in an increased influx of CaZ* ions which causes increased cell cycle
transition and cell proliferation through calmodulin activation. ANO1 overexpression
activates NF-xB. Interestingly, Kv2.1 overexpression increases autophagy through
phosphorylated ERK1/2, which results in increased apoptosis and attenuates proliferation. *;
Postulated mechanism.
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Table 1.
lon Channels and Glioma Invasion/Migration
lon channel lons M echanismg/Effects on Migration/Invasion
KCa3.1 (Ca2* activated K* channel) K* K* efflux in the trailing edge
BK (or KCal.1) (Ca2+ activated K* channel) K* K* efflux in the migrating edge
CLC-3 (voltage-gated CI~ channel 3) CI- CI~ efflux in the trailing edge
NKCC1 (Na*K*CI~ cotransporter 1) Na*, K*, CI~ Na*, K*, CI~ influx in the migrating edge
Kir4.1 (Inward rectifier K* channel) K* Inhibition of this channel enhances cell migration
Kir4.2 K* a9p1 integrin-mediated migration
Swelling-induced CI- channels (VRAC) cr Promotes gene transcrlptlc;r;t;hvz(;l;lgsh modulation of signaling
in- 2+ 5 -
ANOL (Anoctaml?_r}\%g&lgg)lvated CI” channel CI- Activation of NF-xB signaling pathway
KCC3 (K*CI~ cotransporter) K*, CI- Unclear
TRPM7 Caz* Ca?* influx and activating Ca2*-dependent pathways
TRPV4 Caz* Activation of Racl by Akt phosphorylation
Localizes in the migrating edge, Involved in chemotaxis towards
2+
TRPC1 Ca EGF
Calcium Release Channel IPsR Ca? Ca?* release from intracellular Ca2* stores
Cav3.1, Cav3.2 (voltage-gated CaZ* channels) Caz* Ca?* influx and activating Ca2*-dependent pathways
ASIC1 and ENaC (Epithelial sodium channel) Na* Involved in lamellipodium expansion
Na*/K*-ATPase adhesion molecule on glia (AMOG) Na* K* Regulating cytoskeletal rem?delingt;_, cell polarity, and lamellipodia
' ormation
Hv1 (voltage-gated proton channels) H* Regulating intracellular pH

Mol Cancer Ther. Author manuscript; available in PMC 2021 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Takayasu et al. Page 23

Table 2.

lon Channels and Glioma Proliferation/Glioma-related Epilepsy

lon Channelsand Glioma Proaliferation

lon channel lons M echanisms/Effects on Proliferation
TRPM7 Ca?* Ca?* influx and activating Ca2*-dependent pathways
TRPC6 Ca? Regulation of cell cycle (G2/M) progression
TRPML2 Caz* Association with Akt/PKB and Erk1/2 pathways
Cav3.1, Cav3.2 (voltage-gated Ca2+ channels) Caz* Ca2* influx and activation of CaZ*-dependent pathways
Kv10.1 (Eagl, Ether-a-go-go-1) K* Involved in modulation of signaling pathways
Ether-a-go-go-Related Gene (hERG) K* Involved in modulation of signaling pathways
Kv1l.5 K* Inversely correlated with increasing glioma grade
Kv2.1 K* Regulation of ERK pathway
Swelling-induced CI~ channels (VRAC) Cl- Promoting gene transcription through signaling pathways
CLIC1 (Chloride Intracellular Channel-1) cl- Unclear
ANO1 (Anoctami?#&lg:ﬂgg\t)ivated CI” channel CI- Activation of NF-xB signaling pathway
ASIC1 and ENaC (Epithelial sodium channel) Na* Regulation of ERK pathway through integrin-p1
lon Channels and Glioma-related Epilepsy
lon channel longMolecule M echanisms/Effect on glioma-related Epilepsy
Kird.1 K+ Decreased expression impairs K* buffering and increase propensity for
seizures
KCC2 (K*-CI- cotransporter 2) K* CI- Altered CI~ homeostasis causes GABAergic disinhibition
AQP-4 H,0 Regulating extracellular pogtlaj;irl:]r;tgoncentration and efflux of
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