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Ovarian cancer (OC) is the deadliest gynecologic cancer, due to late diagnosis, development of platinum resistance, and
inadequate alternative therapy. It has been demonstrated that membrane ion channels play important roles in cancer
processes, including cell proliferation, apoptosis, motility, and invasion. Here, we review the contribution of ion channels in
the devel-opment and progression of OC, evaluating their potential in clinical management. Increased ex-pression of
voltage-gated and epithelial sodium channels has been detected in OC cells and tissues and shown to be involved in
cancer proliferation and invasion. Potassium and calcium channels have been found to play a critical role in the control of
cell cycle and in the resistance to apoptosis, promoting tumor growth and recurrence. Overexpression of chloride and
transient receptor po-tential channels was found both in vitro and in vivo, supporting their contribution to OC.
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| 1. Sodium Channels

Two major classes of sodium channels are expressed in mammals: the voltage-gated sodium channels (VGSC) and the
epithelial sodium channels (eNaC). Nine isoforms (Navl.1-Navl.9) of VGSC are expressed throughout the body in
various excitable cell types, while epithelial sodium channels are found mainly in the skin, lung, and kidney . Altered
expression of these channels has been observed in various tumors, especially in breast cancer, colon cancer, prostate
cancer, and small cell lung cancer [ZIEIAI5I6]

The first direct hints that VGSCs may be important for ovarian carcinogenesis came in 2010, when Gao and collaborators
investigated the functional expression of these channels in OC and the possible correlation between VGSC activity and
carcinogenic processes . Gene expression analysis demonstrated that mRNA levels of Navi1.1, Nav1.3, Navl.4, and
Nav1.5 are significantly higher in OC cells than those in normal ovarian tissue, suggesting a role of VGSC in ovarian
tumorigenesis. Furthermore, Nav1.2, Navl.4, Navl.5, and Navl.7 mRNA levels are greatly increased in the highly
metastatic OC cell lines compared to the low-metastatic cells, correlating the enhanced expression of VGSC with the
cellular invasion process. Additional experiments revealed that the Nav1.5 protein is the main VGSC involved in OC and
that increased Nav1.5 expression was associated with high histological grade and metastasis in OC .

To date, the molecular pathway by which sodium channels contribute to cancer progression and invasiveness is not fully
understood yet, but there are some hypotheses. The VGSCs expressed in cancer cells, including Nav1.5, carry a small
persistent Na* current that depolarizes the resting potential and induces cytosolic Na* accumulation (Figure 1) [,
Elevated intracellular Na* leads to Ca?* entry through the reverse mode activity of the sodium-calcium exchanger (NCX1)
(201 thus triggering activation of Src kinases that promote cancer cell invasion and metastatic progression (Figure 1) L4,
The NCX1-mediated increase in Na* efflux may activate the isoform 1 of the sodium-proton exchanger NHE1 19
consequently leading to intracellular alkalinisation and extracellular acidification. These conditions stimulate tumor cell
metabolism, promote the formation and the activity of actin-rich invasive protrusions, the invadopodia, and activates
acidic-pH-dependent proteases such as the zinc-dependent matrix metalloproteases MMP-2 and -9 12 and/or the acidic
cysteine proteases 3], |eading to an increase in proteolysis-dependent cell invasion (Figure 1) 24l In line with this,
inhibition of NHE1 activity with selective inhibitors, such as Cariporide and Zoniporide reduces cancer cell proliferation
and invasive capability in different tumor types, including OC (Figure 1) 13I18] Moreover, it has been shown that both in
CHO cells and in the human OC cells A2780 NHE1 and NCX1 are physically and functionally linked such that an increase
in sodium concentration caused by NHE1 can further drive NCX1 to generate a coordinate sodium efflux in exchange for
calcium entry Q97 Thus, the resulting calcium increase inside the cell can promote tumorigenesis and tumor
progression 28! (Figure 1).
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Figure 1. lon channels expression in ovarian cancer (OC). Schematic representation of the main ion channels and
transporters involved in OC development and progression. Their dysregulated role in cell proliferation, migration and
metastasis has been studied by modulating their activity with selective ion channel inhibitors. See text for further details.

Because the functional activity of VGSC is required to promote OC cell invasiveness, they constitute a promising target for
the OC drug discovery. It was demonstrated that the treatment of OC cell lines (SKOV-3 and Caov-3) with the selective
VGSD blocker tetrodotoxin (TTX) reduces the migration and invasion by 50-60%, without any significant effect on
proliferation . However, this natural agent is unequivocally toxic for mammals.

Recently, several population-based studies reported that polyunsaturated fatty acids, especially the omega 3
eicosapentaenoic acid (EPA) , have a protective effect against OC 1229 Treatment of OC cells with EPA is associated
with suppression of growth and reduction in invasivity 2. It appeared that EPA exerts these beneficial effects through
inhibition of Nav1.5 channels in a dose-dependent manner 22, Additionally, various VGSC blockers belonging to class 1B
antiarrhythmic drugs, antiepileptic drugs, and local anesthetics have been studied in in vitro and in vivo cancer models [231.
For instance, treatment of OC cells with the antiepileptic topiramate reduced OC cell proliferation and migration,
suggesting a potential anticancer effect 24, As regards the local anesthetics, retrospective studies have revealed that the
use of these drugs for regional anesthesia during perioperative period reduced the recurrence rate of patients with breast
cancer 23, |n keeping with this, in vitro experiments demonstrated that bupivacaine and lidocaine inhibited OC cells
proliferation and metastasis by blocking Nav1.5, confirming their role as potential anticancer agents 2827, The multi-
effects of lidocaine were also confirmed in vivo, by using murine syngeneic OC (ID8) model. The molecular mechanism by
which lidocaine hampers OC malignancy was recently studied by Liu and collaborators, who demonstrated that lidocaine
binding to Nav1.5 blocked the activation of FAK/Paxillin signaling pathway, inhibiting proliferation and metastasis, and
decreased cisplatin resistance of OC cells [48]. However, it should be noted that these compounds might elicit their
anticancer effects also through mechanisms other than VGSC inhibition. Indeed, Xuan et al. demonstrated that
bupivacaine showed antiproliferative effects via the direct activation of intrinsic and extrinsic apoptotic pathways 28],

| 2. Potassium Channels

Potassium channels (K* channels) are the largest and most varied group of ion channels, being expressed in both
excitable and non-excitable cells. Based on their structure and function, these channels can be classified into four main
families: Voltage-gated K* channels (Kv); Ca®*— or Na'— activated K* channels (KCa, KNa); inwardly rectifying K*
channels (Kir); and two-pore domain K* channels (K2P) [28],

Using a variety of K* channel inhibitors on the OC cell line A2780, Zhanping et al. demonstrated that Kv channels are the
main K+ channels affecting OC cell proliferation and cell cycle progression 22, Among these, Kv10.1 (Eag) and Kv11.1
(hERG) are significantly upregulated in OC cell lines and tissue, contributing to the hyperpolarization of the cell membrane
B9 syuch hyperpolarization may increase Ca?* influx into the cell through transport systems (ion channels and
transporters) by increasing the driving force for Ca2* BLB2l |ncreased intracellular Ca2* may then facilitate the opening of
calcium-dependent K* channels (KCa), the expression of which is stimulated by mitogenic factors, thereby maintaining



hyperpolarization and driving force for a sustained Ca?* entry 3l34] This condition also maintains the driving force for
Na+ dependent nutrient transport and intracellular acidification through NHE1 B2, driving the cells into a more potentially
proliferative state. In addition, we can hypothesize that, in tumor cells over-expressing voltage-gated Ca* channels
(especially T-type channels) and Na+ channels, the depolarized resting membrane potential of non-excitable cells may
force these channels to enter an inactivated state. Thus, membrane hyperpolarization at rest may remove channel
inactivation and allows Ca®* or Na' influx at any further little depolarizing oscillation. Finally, an alternative or
complementary hypothesis is that opening of certain K* channels, independently of cell hyperpolarization, may contribute
to cell volume regulation, which is critical during cell cycle progression 221,

In this scenario, Eag and HERG channels have been studied as possible molecular targets for anticancer drug design.
Indeed, a variety of blockers was shown to inhibit OC cell viability through various pathways. Kv channel inhibition
disrupts cell cycle, increasing the proportion of cells in GO/G1 phase with respect to S/G2/M phase (Figure 1). More
recently, knockdown of HERG reduced proliferation, migration, and invasive ability of SKOV-3 cells, confirming HERG
involvement in the pathogenesis of OC B5I34. For example, the use of Eag blockers, such as imipramine and clofilium,
increased the proportion of SKOV-3 cells undergoing early apoptosis, whereas treatment with the HERG channel specific
blockers, E-4031 and ergtoxin, affected the cell cycle, resulting in the block of OC cells in the S phase (Figure 1) B8, In
addition, the natural alkaloid berberine (BBR) induced a strong cytotoxic effect against OC cells through inhibition of
hERG channels 23l Additional studies would be necessary to define the mechanisms by which BBR induces hERG1
channel blocking and by which hERG1 inhibition mediates phenotypic alterations in OC.

An important problem with the use of HERG blockers is the risk of side effects, specifically regarding ventricular
arrhythmia and a slowed cardiac repolarization. Maybe the use of state-dependent blockers targeting open Kv11.1
channels in cancer cells, while sparing inactivated cardiac Kv11.1 channels might be helpful 4. Another strategy to
generate highly selective inhibitors of potassium channels is represented by the use of monoclonal antibodies. The first
monoclonal antibody against Eag, mAb56, was shown to inhibit OC cell growth in vitro 28], thereby encouraging further
studies.

Among the KCa family, the maxi-conductance BK channel KCal.1 (KCNMA1 gene) plays an important role in the
progression of OC cancer, contributing to cell proliferation and migration B2, The KCal.1 channel is over-expressed in
several cancers including glioma ¥ and hormone-sensitive tumors like breast, prostate and ovarian cancer 4142l |ts role
in OC has been studied by using selective BK channel blockers, such as iberiotoxin and tetrandrine 23! Tetrandrine
inhibits BK channel currents in OC cells and OC cell proliferation by inducing G1 phase arrest and accelerating apoptosis
(Figure 1). Inhibition of BK channels also reduced the expression of the heat shock proteins hsp90 and hsp70, which are
molecular chaperones involved in the folding and maturation of key regulatory proteins, including p53 4. Thus, the

decrease of hsp expression may favor the expression of p53, p21, and Bax proteins, thereby triggering apoptosis (Figure
1) 143,

On the other hand, the opening of BK channels by NS1619 inhibits proliferation of the OC cell line A2780 in a time- and
dosage-dependent manner. The efflux of K+ from the cell results in cell shrinkage and the release of cytochrome ¢ and
activation of caspase, inducing apoptosis #2!. Thus, activity of BK channels finely tunes OC cell survival (Figure 1).

Recent studies revealed an involvement of KCa2.3 (KCNN3 gene) and KCa3.1 (KCNN4 gene) in OC pathogenesis 481471,
KCNN3 mRNA expression was significantly lower in OC tissues compared with normal controls, suggesting its negative
contribution in OC progression 48],

Blockage of the KCa3.1 or its down-regulation in SKOV-3 human OC cells prevented OC migration as a consequence of a
loss of interaction between KCa3.1 and the purinergic receptor P2Y2 71,

An emerging class of K* channels involved in OC is represented by the ATP-sensitive K* channel Kir6.2/SUR2. Such
channel results from the combination of the inward rectifier K* channel Kir6.2 (encoded by KCNJ11) and the sulfonylurea
receptor SUR2 (encoded by ABCC9) that is essential for the modulation of channel gating in response to the binding of
nucleotides or drugs 8. Recently, it was reported that Kir6.2 and SUR2 genes are downregulated in OC compared to
healthy tissues and that high expression of the SUR2 gene is associated with improved overall survival in all OC patients
(49 The stimulation of the Kir6.2/SUR2 channel activity with the pharmacological activator minoxidil caused a reduction of
OC cells proliferation and tumor growth in an OC xenograft model, producing mitochondrial disruption and severe DNA
damage 9. Thus, repurposing of regulatory agency approved K* channel activators could pave the way for novel
therapeutic approach in OC, able to improve OC patients’ benefits.



Regarding the K2P channel family, the main members involved in OC are the TWIK-related acid-sensitive potassium
channel 3 (TASK-3 encoded by KCNK9) and the TWIK- related K+ channel type 1 and 2 (TREK-1 encoded by KCNK2
and TREK-2 encoded by KCNK10). Many studies have established KCNK9 as a proto-oncogene, whose amplification
promotes cell proliferation BY. In keeping with this, an artificial point mutation (G95E) in KCNK9 abolished TASK-3
channel activity and oncogenic activities, including proliferation, resistance to apoptosis, and tumor cell growth B,
Pharmacological inhibition of TASK-3 by methanandamide and zinc reduced cell proliferation and apoptosis in the SKOV-
3 and OVCAR-3 cell lines (Figure 1). Conversely, increased immunopositivity of TASK-3 in OC patients was associated
with clinically significant increased survival, in contrast with the definition of TASK-3 as an oncogene. Therefore, as for BK
channels, TASK-3 channels might have a dual role depending on the level of expression/activity, suggesting that results of
K+ channel modulation may be quite unpredictable 52,

Interestingly, TREK-1-blocking agents, such as curcumin, reduced OC cells proliferation and increased late apoptosis
processes, suggesting that these channels could represent a new therapeutic option for OC that requires further
investigation (Figure 1) [38l,

As for TREK channels, TREK-1 overexpression was found in OC cells and tissues and was associated to a significant
increase in cancer cell proliferation. A variety of natural compounds has been studied for their anticancer properties,
including curcumin. This polyphenol extracted from the turmeric plants has gained attention for its antioxidant, anti-
inflammatory and antimicrobial activities. Curcumin exhibits antioxidant effect through free-radical-scavenging activity and
has been involved in many signaling pathways and molecular targets (growth factors, inflammatory cytokines, and
apoptotic proteins) that influence cancer growth 331, Interestingly, it has been demonstrated that curcumin is able to block
TREK-1 expression, inducing late apoptosis processes and determining a reduction of OC cells proliferation (Figure 1)
(34l Thus, these results pinpoint TREK-1 channel as a potential target for new therapeutic option for OC.

| 3. Chloride Channels

While most studies have focused on the role of potassium channels up to now, chloride channels have recently gained
more attention in carcinogenesis 22, Like other ion channels, chloride channels and downstream signaling are involved in
tumor growth and aggressiveness through the regulation of cell motility, cell cycle progression or apoptosis resistance 28!,

Mammalian chloride channels include five classes classified according to their regulation: voltage-gated chloride channels
(CLCs), cystic fibrosis transmembrane conductance regulator (CFTR), volume-regulated chloride channels (VRAC),
calcium-activated chloride channels (CaCCs), and ligand-gated chloride channels (GABA (y-aminobutyric acid) and
glycine-activated) 4. Additionally, chloride intracellular channel (CLIC) proteins are the most recent Cl- channels to be
discovered and are classified separately from other Cl- channels 8],

Chloride channels are involved in many different cellular functions that include the regulation of the cell excitability, ion
homeostasis, trans-epithelial fluid transport, pH level, and cell volume regulation. The latter is particularly relevant for
cancer cell migration and infiltration 2. These channels also contribute to the regulation of the cell cycle, probably as key
players in the progression from G1 to S phase 52,

The heterogeneity of chloride channel activity suggests a multitask contribution to OC tumorigenesis. The study of the
effects of various inhibitors of CLC and VRAC channels on the OC A2780 cell line demonstrated that treatment with
niflumic acid (NFA), tamoxifen and 5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB) inhibited cell proliferation and
suppressed cell adhesion and invasion (Figure 1) BB, Fyrther in vitro studies also revealed that CIC-3 silencing by
antisense oligonucleotides decreased protein levels of MMP-2, MMP-9, and VEGF in culture medium of SKOV3 cells,
confirming CIC-3 involvement in proliferation, invasion, and migration of OC cells (Figure 1) B4,

CFTR is a cyclic AMP-dependent chloride ion-conducting channel expressed mainly in epithelial cells, including the
female reproductive tract 82, Xu et al. investigated for the first time the relationship between CFTR and OC, analyzing
CFTR expression in human epithelial ovary cells in normal conditions and in cancer through immunohystochemical
staining (€384, Their results showed that CFTR expression was significantly increased in OC compared with both benign
tumor and normal ovarian tissue and that high expression levels were correlated with poor prognosis, advanced
histological grades, and an increased CA125 biomarker level. The role of CFTR was also investigated in vitro in SKOV3
and A2780 cells and in vivo. The knockdown of CFTR suppressed the malignant behavior of OC cells, including cell
proliferation, colony formation, migration, invasion, and adhesion (Figure 1). Furthermore, inhibition of CFTR inhibition in
vivo suppressed xenograft tumor development, pinpointing CFTR as a potential biomarker in OC €3],



Ca2+-activated chloride channels are known to be involved in the regulation of carcinogenesis and are believed to be
important emerging drug targets in cancer B8 |n particular, a member of the Ca2+-activated chloride channels,
TMEM16A, also known as ANO1, was proposed to contribute to tumor growth and invasion in head and neck squamous
cell carcinomas, breast cancer, hepatocellular carcinoma, lung cancer, gastric cancer, and prostate cancer [e8|[69rON71][72]
[738l TMEM16A is upregulated also in human epithelial OC cells and peripheral blood mononuclear cells (PBMCs) from
patients with OC and its inhibition suppresses growth and invasiveness of OC cells and xenograft tumors in mice (Figure
1) (24 1t is worth noting that TMEM16A gene expression is upregulated in PBMCs from patients with serous OC, but
reduced in patients after surgical removal of tumor. All these results suggest that the change of TMEM16A gene
expression in PBMCs might be a biomarker for diagnosis or monitoring the progression of OC 4. However, this
hypothesis merits further clinical validation. Since its identification as a CaCC, several regulatory mechanisms of
TMEM16A chloride channel have been identified. Among these, it was shown that TMEM16A ion conduction could be
affected by lipid environment 278 |n cancer cells, lipid distribution in microdomains at the plasma membrane is critical
for cancer cell proliferation and migration Z4. Recently, Ye and collaborators revealed that TMEM16A-related chloride
currents are involved in the distribution and clustering of phosphatidylinositol 4,5-bisphosphate (PIP2) at the membrane
l78] The cleavage of PIP2 by phospholipase C (PLC) promotes the formation of IP3 that, in turn, activates IPsR and
mobilizes Ca2+ from intracellular stores. Thus, disturbing TMEM function or expression may abrogate the formation of
such macro-complexes and inhibit the associated downstream signaling pathways 8.

Recent studies have focused attention on TMEM16A channel regulation by the calcium-activated chloride channel
regulator 1 (CLCA1) (Figure 1). A growing body of evidence suggests that CaCC-1 may contribute to tumorigenesis in
colorectal cancer, pancreatic cancer, and OC [144,149]. Comparative proteomics revealed an increased expression of
CaCC-1 in the OC OV-90 cell line and in cell models of tumor aggregate formation (TOV-112D and ES-2). The knockdown
of CaCC-1 with the chloride channel blocker NFA or with siRNA reduced the ability of cancer cells to form multicellular
aggregates, which is a critical process in metastasis development (Figure 1) 3. These findings highlight the importance
of CaCC-1 in OC progression, and further investigation is warranted to delineate the role of CaCC-1 in the pathogenesis
of OC.

An emerging class of chloride channels involved in cancer is represented by the intracellular chloride channels (CLICs)
BY There are six members in the CLIC family (CLIC1-6), of which CLIC-1, CLIC-3, CLIC-4, and CLIC-5 are the most
likely involved in OC. Since CLIC1 and CLIC4 were the first CLIC proteins to be cloned and functionally studied 1, they
remain so far the most characterized within the family. These proteins were initially identified as blood biomarkers of OC
because human CLIC1 and CLIC4 were found into the blood of xenografted tumor-bearing mice and were significantly
elevated in sera of EOC patients [BUB2B3B4]  Fyrthermore, in vitro experiments demonstrated that CLIC1 and CLIC4
knockdown slowed the proliferation and migration of OC cells, indicating a potential role in tumor progression (Figure 1)
[831(86] - Singha and collaborators showed that elevated CLIC4 expression, but not CLIC1 expression, was a negative
indicator of patient survival, suggesting its potential as a diagnostic and prognostic marker for OC and as a target for
therapy (88, These results have been recently supported by an in silico analysis that correlated the expression of CLIC
proteins with cancer related patient mortality. The data showed that low or high CLIC1 expression in the OCs does not
influence patient survival, but that high CLIC3 and CLIC4 expression correlates with poor patient survival in all the six
cancers analyzed, including OC &7, |t is worth noting that, although CLIC proteins can form functional chloride channel in
lipid bilayer, their actual function in live cells remains elusive (B8, Thus, if their involvement in cancer is documented, there
is no available data showing that they act effectively as chloride channels.

| 4. Calcium Channels

Calcium is an essential signal transduction element involved in many different cell processes such as proliferation,
differentiation, growth, cell death, and apoptosis B2, Calcium fluxes through cytoplasmic and intracellular CaZ* channels
are required for cell cycle progression from G1/S phase through mitosis. Conversely, depletion of intracellular calcium
blocks the cell cycle in the GO/G1 and S phases Y. Thus, the remodeling of Ca2+ homeostasis is thought of as a critical
hallmark of cancer cells. In OC, the calcium channels involved in calcium signaling pathways promoting cancer behaviors
are mostly voltage-gated calcium channels (VGCC), non-voltage activated calcium channels (belonging to the TRP
superfamily, see Section 6), and intracellular calcium channels such as the IP3R and Orai families. Among VGCC, T-type
Ca2+ channels resulted the most studied for its altered expression in several cancers, including OC. Expression of T-type
Ca?* channel is greatly increased in OC A2780 and H08910 cell lines compared with their benign counterparts 2132,
Treatment of these cells with T-type Ca®* channel blockers, such as mibefradil or 3,4-dihydroquinazoline derivatives (e.g.,
KYS05090), disturbs cell-cycle progression, slows proliferation, and enhances cell death (Figure 1 ). The mechanism for
the induction of those effects involves caspase dependent apoptosis accompanied by a reduction of the antiapoptotic
protein, survivin B3, Survivin is a direct downstream target of the PISK/AKT pathway: the activation of this pathway



induces the inactivation of FOXO-containing transcription repressor complexes and increases expression of survivin.
Inhibition of T-type Ca2+ channels decreases AKT phosphorylation and modifies FOXO expression, which culminates in
reduced survivin expression (Figure 1) 31, Although the direct molecular connection between T-type channels and the
PIBK/AKT/FOXO pathway is still unknown, inhibitors of T-type channels or survivin expression could be developed.
Aberrant expression of VGCC in OC was also implicated in OC cell migration. The Ca2+ influx mediated by L-type
calcium channels was responsible for the activation of the MAPK signaling cascade and ERK signaling pathway, which
subsequently led to an increase of OC cells migration 24, Growing evidence also revealed a tight cross-talk between L-
type Ca2+ channel and lipid metabolism in OC progression 22l High level of lysophosphatidic acid (LPA) and arachidonic
acid (AA)-derived eicosanoids were found in ascites of OC patients and in vivo studies referred to them as triggers of the
Ca2+ influx in the OC cells inducing proliferation, migration or drug resistance 2887l The ability of LPA to increase cellular
Ca2+ entry could be due to a variety of signaling pathways. It mainly acts via GPCRs, activating Gq protein and
increasing the cytosolic Ca2+ concentration through the classic phospholipase C (PLC)-dependent pathway. Recent
studies also hypothesized that LPA-induced Ca2+ mobilization may be due to a directly modulation by LPA of L-type Ca2+
channels and Ca2+ activated K+ channels 2. (Indeed, treatment of SKOV-3 OC cells with the L-type Ca2+ channel
blocker nifedipine significantly blocked LPA-induced cell migration and adhesion in OC cancer [28],

In addition, AA may exert a critical role in regulating cytosolic Ca2+ concentration and consequently cell migration and
invasion. It was demonstrated that AA directly inhibits TRPC3 (See Section 6) in mammary MCF-7 cells, attenuating
breast cancer cell proliferation and migration 22, However, the link between lipid mediators and Ca2+ channels needs to
be further investigated in OC in order to suggest novel therapeutic strategies for OC treatment.

Calcium cytosolic concentration is also regulated by intracellular channels allowing Ca2+ movement between subcellular
compartments. Over the last years, a critical role of the IP3Rs and Orail-STIM1 in OC progression has become
increasingly apparent in numerous studies. IP3Rs are Ca2+ channels, mainly located in the endoplasmic reticulum (ER),
responsible for Ca2+ release from ER into the cytosol after activation by IP3 and modulation by calcium 2%, The close
proximity of the ER to mitochondria, lysosomes, and nucleus, has allowed IP3Rs to emerge as critical regulators of cell
fate. Three IP3R homologous isoforms, IP3R1s, IP3R2s, and IP3R3s, have been identified as key sites for regulation by
pro- and anti-apoptotic factors. The flow of Ca2+ specifically from IP3Rs caused mitochondrial permeability transition,
thereby releasing several pro-apoptotic factors into the cytoplasm, which activates the apoptotic cascade. The role of
IP3R1 isoform in apoptosis induction was widely described in a variety of cancer cells. In OC, it was demonstrated that
natural compounds like sulforaphane (SFN)29 or hormones like melatonin 192 may act as potential chemotherapeutic
agents in OC cells lines, partially upregulating IP3R1. In keeping with this, in vivo experiments showed that SNF treatment
was able to reduce OC volume in athymic nude mice with OC-induced by A2780 cells injection. When SFN was co-
administered with IP3R blocker, tumor volume was higher compared to sole SFN treatment, but still lower than in
untreated mice. These results supported the idea that IP3R1 was involved in pro-apoptotic processes, taking part to the
tumor suppressor effect in OC 19, However, the expression profile of IP3R1 remains uncertain in cancer progression
because other results showed contrasting actions of this channel in tumor progression and drug resistance. For instance,
an enhanced activity of IP3R1 in prostate cancer promotes cell survival and resistance to hormonal deprivation therapy
[203] More recently, it was reported that IP3R1 plays a different role in MDA-MB-231 breast cancer cells compared to
JIMT1 breast cancer cells, DLD1 colorectal and A2780 OC cells 224, Treatment of these cell lines with the VGCC blocker
nifedipine induced an increase of cytosolic Ca2+ levels in A2780 and DLD1 cells, whereas no changes have been seen in
MDA-MB-231 and JIMT1 breast cancer cells. The high cytoplasm Ca2+ concentration in A2780 and DLD1 cells was
mainly due to the upregulation of Cavl.3 and IP3R1, which allows linking to the activation of apoptotic process. Indeed,
IP3R1 silencing determined an increase in proliferation and migration in DLD1 cells, whereas a decrease of these
processes have been seen when IP3R1 was silenced in MDA-MB-231. These results support different functions of the
IP3R1 in the invasiveness of various cancer cells in response to nifedipine treatment 1931, |n stark contrast to IP3R1, it
was demonstrated that IP3R3 has anti-apoptotic and proliferative function in several cancers, including OC 1931, |P3R3
expression was upregulated in glioblastoma, colorectal carcinoma, and breast cancer, and was correlated to an enhanced
capacity of cancer cell migration and invasion 19 |ndeed, the inhibition or downregulation of IP3R3 also abrogated
proliferative and invasive phenotype and extended survival rate L98I107],

The Ca2+ release from intracellular stores determined the activation of Store Operated Ca2+ Entry (SOCE), a process by
which extracellular Ca2+ entries into the cytoplasm to refill the internal Ca2+ stores. This event is controlled at a
molecular level by the canonical TRP channels, the Ca2+ release-activated calcium channel protein 1 (ORAI1) and the
ER Ca2+ sensors STIM1 (stromal interaction molecule 1) and STIM2 198l A number of studies have shown that the
overexpression of these channels is positively correlated to cell proliferation, migration, and invasion in several cancers,
including glioblastoma, cervical cancer, and breast cancer 22110 Recently, it was found a tight connection between
Orail-STIM1 expression and placental growth factor (PIGF) in OC cells. Exposure of OC cells to PIGF triggered a



significant increase of Orail as well as STIM1 transcript and protein levels, enhancing SOCE and the expression of
Hypoxia Inducible Factor HIFla, which may support proliferation and survival of metastatic tumor cells 21 Thus,
targeting all these pathways may offer new therapeutic options for the treatment of OC.

| 5. TRP Channels

TRP channels are calcium-permeable and non-selective ion channels grouped into six subfamilies, including TRPC (“C”
for canonical), TRPV (“V” for vanilloid), TRPM (“M” for melastatin), TRPA (“A” for ankyrin), TRPP (“P” for polycystic), and
TRPML (“ML” for mucolipin) 12 TRP subfamilies could be involved in calcium influx and downstream pathways,
regulating cell survival, proliferation, and apoptosis. Upregulation or downregulation of TRP channels is linked to various
phases of tumor progression, and strongly correlates with clinical parameters, such as overall survival and progression-
free survival.

Immunohistochemistry of healthy and OC tissue revealed that TRPV1 and TRPV6 channels were markedly increased in
OC tissues compared to healthy tissues 1131114 TRPY6 mRNA and protein are also highly expressed in all OC subtypes,
both in early and in late stage, indicating TRPV6 mRNA levels as a promising biomarker for the presence of OC 113 |n
prostate and breast cancers, elevated TRPV6 and the resulting sustained elevation of intracellular Ca2+ promote the
activation of Nuclear Factor of Activated T-cell transcription factor (NFAT), which activates genes involved in cell
proliferation and migration 1817 Thys, reduction of TRPV6 activity by decreasing its expression or by pharmacological
intervention may represent a way to develop new therapeutic molecular interventions in cancer. Indeed, targeting TRPV6
with specific channel blockers (such as soricidin and its derivates SOR-C13 and SOR-C27) reduces growth of OC SKOV-
3 tumor xenografts in mice, further supporting this channel as a viable target (Figure 1) 113, Moreover, the peptide
inhibitor of TRPV6, SOR-C13, completed a phase 1 clinical trial 18], resulting as safe and well tolerated in patients with
advanced epithelial OC, without evidence of hematological, neurological or other significant toxicities.

Evidences on the role of TRPC channels in cancer are expanded with their detection in a number of different tumors
including breast, ovary, colon, thyroid, and pancreas [119l1201121](122][123] - gayera| spliced variants of TRPC1, TRPC3,
TRPC4, and TRPC6 were found in OC 241, TRPC3 channels resulted overexpressed both in human OC tissue and in OC
cells, suggesting a role in OC progression. Accordingly, knockdown of these channels reduced the proliferation of OC
cells and suppressed tumor formation in mice after OC cells injection, suggesting a functional role for TRP-mediated Ca2+
entry in cell proliferation and invasion 1221, Recently, it was also demonstrated that TRPC3 expression is upregulated in
OC cells after estrogen stimulation, promoting proliferation and migration of cells through intracellular calcium signaling
pathways (1261,

Lastly, TRPM7 is highly expressed in OC cells and tissues and its expression level is significantly associated with poor
prognosis in patients with OC 24, Sijlencing of TRPM7 with siRNA inhibited OC cells proliferation, migration, and
invasion, through direct regulation of calcium influx that, in turn, modulates many signaling transduction pathways
including Akt, Src, and p38 (Figure 1) 12811129

| 6. lon Channels and Drug Resistance

The high mortality rate in OC is related to late diagnosis in advanced clinical stages, metastasis in the peritoneal cavity,
and resistance to chemotherapy234. |t is estimated that 75% of patients who are highly responsive to initial therapy,
relapse within 2 years because of acquired resistance 231, For instance, resistance to platinum agents remains a
significant obstacle to overcome. Various mechanisms causing cell drug resistance have been described in vitro and in

vivo.

lon channels have been shown to play key roles in chemosensitivity and several ion channels have been shown to modify
sensitivity to neoplastic drugs by modulating apoptosis pathways or the efficiency of drug permeation due to
electrochemical gradients. The abnormal expression of antiapoptotic proteins is often associated with OC aggressiveness
and resistance to cytotoxic therapy 32, suggesting that intervention on this pathway may be an effective approach to
increase OC response to therapy. In this respect, inhibition of T-type Ca?* channels with the antagonist mibefradil or
siRNA induces proapoptotic responses through reduced expression of the antiapoptotic gene survivin 4. Thus, the
inhibition of survivin expression enhances the ability of platinum agents to increase DNA double strand breaks and induce
apoptosis in OC 133 |ndeed, combining carboplatin with mibefradil synergistically increases apoptosis and inhibits growth
of platinum-resistant OC cells in vitro. More importantly, in vivo pretreatment with mibefradil in carboplatin-based therapy
reduced xenograft tumor burden in mice model of platinum-resistant OC (Figure 2) 24, supporting the idea that T-type
Ca2+ channel blockers could be useful to improve patients’ response to platinum agents. Few studies focused on the
roles of Orail and STIM1 in OC drug resistance. One work from Schmidt and collaborators showed that these channels



are highly expressed in the A2780 cisplatin-resistant OC cells compared to A2780 non-resistant cells, leading to elevated
SOCE [134] pharmacological inhibition of Orail with 2-aminoethoxydiphenyl borate (2-APB) increased cisplatin-induced
apoptosis of A2780 cisplatin-resistant OC cells and abrogated the differences in cisplatin sensitivity between them and
A2780 non-resistant cells. Taken together, these data suggest that enhanced SOCE could contribute to drug resistance in
OC cells and might become potential targets in OC treatment 1331, The role of TRPC1 channels in platinum resistance has
also been investigated. A marked decrease in TRPC1 mRNA levels was measured in cisplatin and carboplatin-resistant
OC cells compared with their sensitive counterparts 1351 suggesting a TRPC1 contribution to drug resistance (Figure 2). A
mechanism that contributes to cisplatin resistance in OC is autophagy. A tight interaction was found between TRPC1 and
two proteins involved in ERK-mediated autophagy (PIK3C3 and SPARCL1) 38137 confirming the role of TRPC1 in the
regulation of autophagy and in drug resistance in OC. More recently, it was demonstrated that Nav1.5 was involved in
cisplatin resistance in OC. In vitro experiments showed that lidocaine enhanced OC cells sensitivity to cisplatin by
blocking Navl.5 and FAK/Paxillin signaling pathway. The OC cells treated with cisplatin and lidocaine combination
expressed higher levels of apoptotic proteins such as caspase-3 and 8, and lower level of the antiapoptotic protein Bcl-2
(271, Thus, targeting these channels maybe a promising strategy for overcoming cisplatin resistance.

Figure 2. lon channels roles in OC drug resistance. Table on the left summarizes the main ion channels likely involved in
OC drug resistance, focusing on their expression level on OC cells and tissues. Table on the right lists the effects of ion
channel blockers on chemosensitivity to platinum-based agents.

Drug resistance phenomenon in OC is reportedly attributed to the existence of cancer stem cells (CSC), which establish a
reservoir of cells with the exclusive capacity of self-renew. These cells are generally resistant to conventional anticancer
treatmentsi238l, Thus, the discovery of drugs that selectively target CSCs may help preventing cancer recurrence,
improving the survival rate of OC patients. Indeed, Lee and collaborators screened an FDA-approved compound library of
~1000 compounds on OC stem cells (CSCs) and found that four calcium channel blockers (manidipine, lacidipine,
benidipine, and lomerizine) had anticancer effects against ovarian CSC by reducing stemness and inducing apoptosis in
CSCs (Figure 2 ) 1391 These results suggest that calcium channels may represent a selective target for new therapeutic
approaches in the prevention of OC recurrence.

The importance of K+ influx in cisplatin resistance in OC was showed for the first time by Sharp et al., who demonstrated
that the K* ionophore amphotericin B could sensitize cells to cisplatin and other platinum-containing agents 149,
Reduction of intracellular K+ concentration by amphotericin B or the Na-K-Cl cotransporter inhibitor bumetanide boost
cisplatin-induced apoptosis 141142l These early results suggested that there might be a tight correlation between the
expression levels of K+ channels and the sensitivity to cytotoxic drugs. Accordingly, hEagl channel silencing increased
the chemosensitivity of SKOV3 cell lines to cisplatin, promoting apoptosis through the NF-kB pathway (Figure 2) 143l The
decreased hEagl expression found in OC tissue of patients treated with cisplatin-based adjuvant chemotherapy was

correlated with a favorable prognosis and predicted higher sensitivity to cisplatin treatment.

The KCNN3 gene encoding the calcium-activated K+ channel KCa2.3 was predicted to be one of 1298 genes contributing
to drug resistance in OC 44l Using immunohistochemistry and big data analyses, Liu and collaborators found a
significantly lower expression of KCNN3 in drug-resistant OC tissues, confirming an involvement of KCa2.3 channels in
drug resistance (Figure 2) 3348l |t was further hypothesized that KCa2.3 and TRPC1 may act in concert in drug
resistance through inhibition of drug-induced cell death 2431, This promising combination strategy warrants further study. In
addition, the decreased KCNMA1 expression in OC cell lines was associated with minor sensitivity to platinum-based

chemotherapy (Figure 2) [148],

Regarding chloride channels, OC patients with lower CLIC1 levels showed increased sensitivity to cisplatin treatment 84,
likely because CLIC1 participates in the regulation of anti-apoptosis signaling pathways in response to chemotherapy
(Figure 2).

Altogether, these results shed new light on how ion channels contribute to chemotherapy resistance, providing a potential
therapeutic alternative for OC patients who frequently succumb to platinum resistant disease.

7. Concluding remarks and perspectives

A variety of ion channels are remarkably expressed in human OC cells and tissues, where they are involved in the
development of various malignant behaviors, including proliferation, migration, invasion, and apoptosis resistance. For
some of these channels, a correlation of their expression levels with prognosis or resistance to cytotoxic drugs has also
been reported, supporting a putative role as predictive markers for combination chemotherapy regimens. In line with this,
the specific inhibition of some ion channels increases the cytotoxicity induced by different chemotherapeutic drugs, thus



opposing tumor resistance. Accumulating data have revealed that the aberrant expression of ion channels in OC greatly
contribute to the main hallmarks of OC process, from initial proliferation to metastasis to chemoresistance. The T-type
Ca?* channels, for example, are overexpressed in ovarian cancer where they are involved in tumor growth and its
chemoresistance to platinum-based drugs €l Indeed, blocking T-type Ca?* channels with mibefradil during administration
of carboplatin sensitizes platinum-resistant ovarian tumors to the anticancer drug-mediated toxicity 214, Most studies
reported in this review describe the implication of one channel in the regulation of OC development and progression.
However, it is likely that channels may work in tandem or in more complex network to promote specific cell function.
Studies about complexes of ion channels are emerging to explain their involvement in the control of these processes. For
example, voltage-gated Na+ channels can be associated with NCX and NHEL cotransports to stimulate tumor cell
metabolism and promote cancer cell invasion and metastatic progression 8. In colorectal cancer cells, the simultaneous
activation of KCa3.1 and inhibition of Kv11.1 with riluzole synergistically reduces tumor proliferation while increasing
apoptosis and overcoming cisplatin resistance 114l Thus, the identification of the complete set of ion channels involved in
OC and their interrelationships might allow to set up new promising therapeutic approaches, pointing for instance to a
combination of different channel inhibitors or employing the drugs together with chemotherapeutics. Furthermore, the use
of selective modulators directed on transmembrane ion channels allows reaching easily the target without entering the
cells. This means that these drugs are not subjected to efflux pumps, bypassing this major chemoresistance mechanism.
Membrane localization is also an invaluable opportunity for the use of selective monoclonal antibodies 2131,

Importantly, many of the available pharmacological modulators of ion channels are already successfully used for the
treatment of various non-oncological diseases, which may facilitate their repurposing in OC treatment. The use of clinically
approved drugs could bring many benefits including known safety profile and well understood pharmacokinetics in
humans, as well as saving time and money in drug development.

However, there is a risk that these modulators may have off-target effects on normal physiological function, because many
of the channels identified in OC cells are also expressed in healthy normal cells. In this regard, it would be important to
focus on and selectively target those ion channels having aberrant overexpression in the tumor tissues compared to the
normal counterpart tissue or showing cancer-specific isoforms/splice variants. Antibodies or small molecules that target
tumor-specific isoforms may represent a way to increase the sensitivity and specificity of ion channel-targeted therapies in
cancer. An example is the highly selective monoclonal antibody against the oncogenic Kv 10.1 potassium channel which
has been demonstrated to inhibit tumor growth both in xenograft models of human melanoma cells and in xenografted
human pancreatic cancer 28], Antibodies or fragments against ion channels might be also useful for cancer diagnosisiiZ,
However, the monoclonal antibody-based approach is limited by the continuous dynamics of the tumor environment and
by the size-dependent tissue penetration and further investigation is needed to overcome these limitations. In addition, it
is worth to note that the activity and expression of ion channels may vary in a cell cycle-dependent manner and between
tumor cell subtypes (e.g. cancer stem cells versus parenchymal cells), limiting the efficacy of ion channel modulators.

The study of ion channels expression in OC has been steadily/increasingly gaining interest with time, also because of
their involvement in cancer drug resistance. Several benefits could be obtained through a combined strategy of ion
channel-targeting drugs and chemotherapy, improving pharmacological response in chemoresistant OC patients. Further
studies are warranted in animal models and in humans, in order to develop new specific therapeutic approaches.
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