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Abstract: In the fight against cancer, therapeutic strategies using cisplatin are severely limited by
the appearance of a resistant phenotype. While cisplatin is usually efficient at the beginning of the
treatment, several patients endure resistance to this agent and face relapse. One of the reasons for
this resistant phenotype is the emergence of a cell subpopulation known as cancer stem cells (CSCs).
Due to their quiescent phenotype and self-renewal abilities, these cells have recently been recognized
as a crucial field of investigation in cancer and treatment resistance. Changes in intracellular calcium
(Ca?*) through Ca?* channel activity are essential for many cellular processes such as proliferation,
migration, differentiation, and survival in various cell types. It is now proved that altered Ca?*
signaling is a hallmark of cancer, and several Ca?* channels have been linked to CSC functions
and therapy resistance. Moreover, cisplatin was shown to interfere with Ca?* homeostasis; thus, it
is considered likely that cisplatin-induced aberrant Ca?* signaling is linked to CSCs biology and,
therefore, therapy failure. The molecular signature defining the resistant phenotype varies between
tumors, and the number of resistance mechanisms activated in response to a range of pressures
dictates the global degree of cisplatin resistance. However, if we can understand the molecular
mechanisms linking Ca%* to cisplatin-induced resistance and CSC behaviors, alternative and novel
therapeutic strategies could be considered. In this review, we examine how cisplatin interferes
with Ca?* homeostasis in tumor cells. We also summarize how cisplatin induces CSC markers
in cancer. Finally, we highlight the role of Ca?" in cancer stemness and focus on how they are
involved in cisplatin-induced resistance through the increase of cancer stem cell populations and via
specific pathways.
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1. Introduction

Cancer is a group of diseases characterized by abnormal cell proliferation and high
invasion potential to other parts of the body. At this point, several strategies have been
developed for cancer treatment, including surgery, radiotherapy, chemotherapy, or targeted
therapy [1,2]. Platinum complexes are used clinically as adjuvant therapy for cancers
with the aim of inducing tumor cell death. Cisplatin was first synthesized in 1845 and,
approximately 50 years later, its structure was established by Alfred Werner [3]. In the
1960s, several platinum-based compounds were tested in mice against the Sarcoma 180 and
the Leukemia L1210 tumors. Among these compounds, cisplatin was the most efficient
agent in reducing those tumors, with a 60-100% success rate [4]. These first test results
supported the role of cisplatin as an anti-cancer drug and opened a new era in cancer
treatment. Cisplatin induces cytotoxicity by interfering with transcription and/or DNA
replication processes and damages tumors via apoptosis, a cell-death mechanism activated
by several signal transduction pathways [5]. While a combination chemotherapy with
cisplatin is essential for the treatment of various cancers, challenges occur because cancer
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cells could become cisplatin-resistant, which leads to treatment failure and cancer relapse.
These collapses can be explained by the presence of resistant cell populations known as
cancer stems cells (CSCs) [6]. CSCs can cause resistance because of certain properties that
give them self-renewal abilities and differentiation potentials [7-9]. These CSC features
are controlled by many intracellular factors, such as transcription factors or signaling
pathways, as well as extracellular factors that are present in the tumoral microenvironment.
It is now clear that among the dysregulated mechanisms in cancer, those related to calcium
(Ca®") signaling play significant roles in numerous aspects of this disease [10~13]. The
nature of Ca®* signals and their magnitudes are strictly regulated and are fundamental
for cellular functions such as gene expression, proliferation, apoptosis, metabolism, and
survival. Harmonious Ca?* signaling is ensured by a wide variety of ion channels, pumps,
and exchangers, coordinating together to guarantee the delicate balance between Ca?*
entry and release [14,15]. Altered Ca®* signaling that is associated with an aberrant channel
expression and/or function has been widely described in cancer; more recently, increased
evidence based on research studies has shown that ion channels, including those responsible
for Ca®* transport, play a key role in CSC functions [16,17]. To complicate things further,
cisplatin was shown to interfere with Ca?* homeostasis [18-21]; with that being published
and demonstrated by research, it is not surprising that cisplatin-induced aberrant Ca2*
signaling is linked to CSC behaviors leading to the emergence of a resistant phenotype.
This review will be divided into three different sections. In the first section, we briefly
summarize the mechanism of action of cisplatin and highlight the interference of cisplatin
with CaZ* homeostasis in tumor cells. In section two, we detail how cisplatin induces CSC
markers in different types of cancer. In the final sections, we discuss how the different Ca®*
channels participate in cancer stemness and focus on how cisplatin treatment induces CSCs
enrichment via Ca?*-dependent signaling pathways, thereby leading to resistance.

2. Cisplatin Action Mechanisms, in Brief, the Transduction Pathways Involved, and
Ca?*-Related Resistance Mechanisms in Cancer Cells
2.1. Cisplatin Action Mechanisms in Brief

Cisplatin is a neutral, inorganic, square planar complex that reacts with DNA to
induce either the repair of DNA damage and survival or the activation of an irreversible
apoptotic program. The cytotoxicity of cisplatin is mainly attributed to its interaction with
the purine-N(7) of guanine and adenine residues on DNA, mainly forming 1,2-intrastrand
crosslinks between two adjacent guanines (1,2-d(GpG), ~65%) or the neighboring adenine
and guanine (1,2-d(ApG), ~25%), as well as inter-strand crosslinks and mono-functional
adduct. Cisplatin-induced DNA damage activates a number of proteins responsible for
apoptotic or DNA repair pathways (Figure 1). In fact, the failure of an adequate repair
results in aberrant mitosis of the cells, followed by apoptosis. Apoptosis is mediated not
only by proteins such as the Bcl-2 family of proteins and p53-tumor suppressors but also by
intracellular signal-transduction pathways that are often facilitated by protein kinases and
phosphatidylinositol 3-kinase (Figure 1). At the molecular level, apoptosis is accomplished
through caspase activation. Activated caspases target and invade both the nuclear and
the cytoplasmic factors that are responsible for the maintenance of the architecture of the
cell and participate in the repair of DNA, replication, and transcription. This process also
depends on anti-apoptotic as well as apoptotic proteins (Figure 1). The action mechanism
of cisplatin has been widely described in the literature. Therefore, in the current review, we
will only represent an illustration that sums up the previously published effects of cisplatin
(Figure 1). For further information regarding the detailed action mechanism of cisplatin
and its related effects, we recommend that the readers refer to these reviews [3,5,22].
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Figure 1. A brief overview of the pathways involved in mediating cisplatin-induced effects in cells.
Apoptosis as well as cell survival depend on the nature and intensity of the signals generated and
the crosslinks between the pathways involved. Apoptosis is initiated following the recognition
of DNA damage by candidate proteins that bind to physical distortions in the DNA induced by
cisplatin. When DNA damage is detected and cannot be repaired, the activation of the irreversible
intrinsic death pathway mediated by p53 occurs. Depending on the intensity of DNA damage, the
cell cycle is arrested at checkpoints that prevent its progression for DNA repair and cell survival.
Abbreviations: ATR: ataxia telangiectasia and Rad3-related protein; Akt: protein kinase B; Bax:
Bcl-2-associated X; Chk1/2: checkpoint kinases 1 and 2; C-Abl: tyrosine-protein kinase ABL1; casp:
caspase; Cyt c: cytochrome c; Fas/FasL: Fas—Fas Ligand; GADD45a: growth arrest and DNA damage-
inducible alpha; MAPK: mitogen-activated protein kinases Mdm2: mouse double-minute 2; PI3K:
phosphoinositide 3-kinase; p73: tumor suppressor p53-related protein; p53: tumor suppressor protein;
p21: cyclin-dependent kinase inhibitor.

2.2. Link between Cisplatin Resistance and Ca>* Homeostasis in Cancer Cells

To begin with, it is now clear that the main reason for cancer onset is because of
mutations in the oncogenes or tumor suppressor genes, which are directly involved in cell
proliferation or death. In the same way, some genes have been identified to be the main
contributors to cisplatin resistance, such as BRCA1 and BRCA2 genes. For example, it has
been shown that acquired cisplatin resistance can be reversed by BRCA2 inhibition and
that the anti-proliferative effects of cisplatin can be enhanced after BRCA1/2 inhibition as
well [23-25]. This also prevents the formation of tumor metastases in vivo after cisplatin
treatment. However, it is important to highlight that some other genes may be affected
and may contribute to the switch to a more resistant phenotype; among these genes, those
that encode calcium channels are present. Ca?* homeostasis refers to the maintenance of
a constant concentration of Ca®* cations in the cell and its different compartments. This
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maintenance depends on fluxes from/to the extracellular compartment and Ca?* transfer
within organelles (Figure 2). Inter-organellar communication often takes the form of Ca?*
signals, which originate from the ER and target the mitochondria. The ER-mitochondrial
Ca®* transfer is possible through ER structures that are in close proximity to mitochondria
and are known as the mitochondria-associated ER membranes or MAMs. These structures
create micro-domains in which Ca* concentrations are higher than in the cytosol, allowing
rapid mitochondrial Ca®* uptake. It is well established that mitochondrial Ca?* overload
results in apoptosis; many chemotherapeutics depend on efficient ER-mitochondrial Ca?*
signaling to exert their function. However, several oncogenes and tumor suppressors
present in the MAMs can alter Ca?* signaling in cancer cells, rendering chemotherapeu-
tics ineffective [26,27]. Despite the important role of MAMs in Ca®* homeostasis and
chemotherapy efficiency, we will not expand upon their implication in this process; the
present review will be focusing on plasma membrane (PM) ion channels.
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Figure 2. Ca?* homeostasis in non-excitable cells. Agonists bind to their receptors (GPCR or TK),
which are located at the plasma membrane (PM), thereby activating PLC. The hydrolysis of phos-
phatidylinositol 4,5-biphosphate leads to the production of IP3 and the release of Ca®* from the ER
store via IP3R. ER store depletion activates the STIM proteins, which translocate to ER-PM junctions
and gate heterohexamer ORAI channels. Ca?* influx activates a set of proteins and effectors that
are responsible for gene transcription. Calcium homeostasis is maintained by PM and organelle
channels, transporters, and exchangers. Abbreviations: CaM: calmodulin; DAG: diacylglycerol;
ER: endoplasmic reticulum; GPCR: G protein-coupled receptor; IP3R: inositol 1,4,5-trisphosphate
receptor; Mt: mitochondria; MCU: mitochondrial Ca?+ uniporter; NCX: Na*/ Ca2t exchanger; NCLX:
Na*/Ca2* /Li* exchanger; NFAT: nuclear factor of activated T-cells; PLC: phospholipase C; PMCA:
plasma membrane Ca>* ATPase; PtdIns(4,5)P2: phosphatidylinositol 4,5-bisphosphate; RTK: receptor
tyrosine kinase; SERCA: sarco-/endoplasmic reticulum Ca?*-ATPase; STIM: stromal interaction
molecule. This figure was created using www.biorender.com.

Fluctuations in the intracellular Ca?* mediated by PM channels are known to activate
a number of Ca?*-dependent pathways and effectors that control cellular processes, under
both normal and oncogenic circumstances. Some of these Ca%*-sensitive effectors include
proteins such as calmodulin (CaM), kinases, phosphatases, and transcription factors, of
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which, NF-kB, CREB (cAMP response element), and NFAT (nuclear factor of activated
T) (Figure 2) were recently associated with proliferation, migration, and resistance in
many cancer types [11,28,29]. The expression of Ca?* channels has been demonstrated
to be either upregulated or downregulated in various cancers and both phenomena have
been linked to cancer progression and survival. Since Ca* disruption is associated with
oncogenic transformation, its role as a potential target in anti-cancer therapies has been
accentuated. As for chemoresistance, despite intensive studies focusing on the role of Ca?*
in this process, fragmentary and, sometimes, contradictory data are available regarding
Ca?* in cisplatin-dependent cytotoxicity. To understand how cisplatin interferes with
Ca?* homeostasis, we questioned whether direct interactions could occur between PM
channels and the platinum-based compound. However, to our knowledge, cisplatin does
not interact with PM ion channels but can form complexes with PM phospholipids [30];
this could lead to changes in the biophysical properties of the membranes (e.g., fluidity
and permeability) which impacts the activity of some Ca?* channels that are sensitive to
lipids. Taken together, this process might affect the sensitivity and resistance phenotypes
of cells to cisplatin. The importance of Ca?* homeostasis in cisplatin effects (Table 1) in
cancer was shown for the first time by Tachikawa et al., who found a sustained increase
in intracellular Ca?* concentration [Ca?*]; in response to cisplatin in the KB epidermoid
carcinoma cell line [31], suggesting the involvement of Ca** homeostasis alterations in
cisplatin-resistant tumor cells. A couple of years later, another group measured [Ca?*];
using imaging techniques, and found that cisplatin-resistant lung adenocarcinoma A549
cells (A549/DDP) exhibit less [Ca2*]; (—33%) than do cisplatin-sensitive A549 cells [32].
Ever since this study, several studies have found that cisplatin increases [Ca2*]; in several
cancer in vitro models, including breast, ovarian, cervical, bladder, and neuroblastoma
cell lines, leading to apoptosis [33-38]. However, the effectors involved in this increase
remained unknown. The first studies using the 2-APB (2-Aminoethoxydiphenyl borate)
pharmacological agent reported the involvement of IP3 receptors (IP3R) in cisplatin-induced
ER Ca?* release [18,34,36]. The implication of IP3R in cisplatin resistance was shown by
Tsunoda et al. in 2005, where the authors reported a link between the receptor type 1 of IP3R
(IP3R1) and increased [Ca?*]; by cisplatin in resistant bladder cancer cell lines [37]. IP3R1
expression was found to be lower in cisplatin-resistant cancer bladder cells than in parental
cancer cells. In addition, IP3R1 silencing in parental cells prevented cisplatin-induced
apoptosis, while its overexpression in cisplatin-resistant cancer cells provoked apoptosis
and sensitized the cells to cisplatin. The authors suggested an association of IP3R1 with the
acquisition of cisplatin resistance in a bladder cancer model [37]. In lung cancer models, the
Ca?*-content of the ER is lower in cisplatin-resistant cells compared to sensitive ones [18].
As for squamous lung cancer cells (EPLC), the upregulation of IP3R in resistant cells was
observed when compared to parental ones, suggesting that IP;R overexpression is involved
in cisplatin resistance. Interestingly, a decrease in SERCA expression was found in a small
lung cancer cell line (H1339) that is resistant to cisplatin [18]. Cisplatin also induces Ca®*
entry from extracellular space, suggesting the implication of channels present in the PM. PM
Ca?* channels involve voltage-gated Ca>* channels (VGCCs) but also voltage-independent
Ca?* channels, including ORAI and TRP (transient receptor potential) channels. VGCCs or
CaVs are a family of ion channels that are activated by depolarization. There are a number
of sub-types comprising the L-, N-, P-, Q-, R-, and T-types, each with varying biophysical
properties [39]. This family of Ca?* channels was first identified and described in excitable
cells, such as neurons and muscles, but are also found in cancer cells, where they regulate
oncogenic behaviors. Indeed, studies have shown that the membrane potential of cancer
cells is more depolarized compared to normal cells, with a resting membrane potential
varying between —30mV and 0 mV [40]. The first evidence showing that cisplatin regulates
[Ca2*]; via an influx from extracellular compartments was published in 2007 [35] with HeLa-
53 cells. A more recent study in 2014 on MCF-7 breast cancer-derived cells showed that
cisplatin modulates intracellular Ca?* through the regulation of Ca?* entry via VGCCs [33].
In this breast cancer cell model, the pharmacological inhibition of VGCCs by Nimodipine
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reduced the increase in Ca?* induced by cisplatin, suggesting their involvement in the
response to cisplatin. As for the study by Splettstoesser et al., the authors showed that
the elevation of [Ca®*]; in HeLa-S3 cells by cisplatin is dependent on a Ca* influx, mainly
through IP;R-dependent PM Ca?* channels. Their conclusion was based on their published
data showing a reduction of Ca?* influx by 2-APB, suggesting, therefore, that cisplatin
may trigger the activation of IP3R-dependent Ca*-channels located at the PM [35]. Indeed,
the involvement of store-operated Ca®* channels (SOC) has been more widely studied in
cisplatin resistance.

Store-operated Ca?* entry (Figure 2) is the main mechanism by which Ca* enters the
cytosol in non-excitable cells. It is now clear that SOCE is mediated after Ca®* depletion
from intracellular stores through the interaction of two families of proteins: STIM (stro-
mal interaction molecules STIM1 and STIM2) and ORAI channels (ORAI1, ORAI2, and
ORAI3) [41]. SOCE is initiated when agonists bind to their receptors (G protein-coupled
receptors or tyrosine kinase receptors) at the PM. The activated PLC (phospholipase C)
cascade induces the hydrolysis of phosphoinositide phosphatidylinositol 4,5-bisphosphate
(PIP;) into diacylglycerol (DAG) and inositol triphosphate (IP3). IP3 binds to its IP3R,
situated at the endoplasmic reticulum (ER) membrane, which causes its activation and the
release of Ca®* in the cytosol. STIM, a single-transmembrane Ca?*-sensing protein, senses
Ca?* stock depletion and undergoes dimerization and conformational changes, allowing it
to situate itself in ER-PM junctions, where it physically interacts with ORAI channels and
activates Ca%* entry [42].

It is now clear that SOCE dysfunction is consistently linked to cancer pathogenesis and
the roles of the ORAI channels and STIM proteins have recently received more attention in
cancer research [43—46]. However, their roles in response to cisplatin in different types of
cancer have been poorly investigated (Table 1).

It has been demonstrated that STIM1 is upregulated in chemo-resistant osteosarcoma
tissues, compared with chemo-sensitive tissues [47]. The authors showed an increase in
STIM1 and SOCE in the cisplatin-resistant cell line (MG63/Cisplatin) compared to the
parental MG63 line. In the parental MG63 cells, cisplatin decreased SOCE entry and
increased the ER stress protein expression (GRP78, CHOP, and ATF4) leading to apoptosis,
but failed to affect MG63/Cisplatin. The STIM1 knock-down, taking the siRNA approach,
sensitizes resistant cells to cisplatin, while its ectopic expression in parental MG63 cells
confers their resistance to cisplatin. Based on their results, the authors suggested an
association of STIM1 upregulation with the cisplatin-resistant phenotype in osteosarcoma.

Two other studies reported the involvement of STIML1 in the cytotoxic effect of cisplatin
in lung cancer cell models [48,49]. Li et al. have shown, using the non-small cell lung
cancer (NSCLC) cell lines A549 and H460, that cisplatin induces apoptosis through SOCE
by modulating STIM1 expression. In their study, they show that cisplatin decreases SOCE
through a reduction in STIM1 expression. The silencing of STIM1-sensitized cells to cisplatin
induced a slight SOCE decrease. Moreover, STIM1 overexpression reduced cisplatin’s
apoptotic effect and had no effect on SOCE induced by cisplatin. They also reported
significantly higher expression of STIM1 in lung carcinoma tissues than in adjacent non-
cancerous lung tissues. They concluded that STIM1 might act as a negative regulator of
apoptosis induced by cisplatin in lung cancer models. STIM1 has also been reported in the
chemoresistance of NSCLC to cisplatin therapy, using the A549 cell line [49]. The silencing
of STIM1 strongly decreased SOCE, along with an inhibition of the DNA response damage
and a reduction in oxidative stress induced by cisplatin in A549 cells. Moreover, cisplatin
had no effect on the ER Ca?* content or SOCE. This result is contrary to that reported by
Li et al. [48], who showed that cisplatin decreases the expression of STIM1 and SOCE. This
difference between both studies could be explained by the treatment duration and the
concentration of the cisplatin used.

ORALI1 expression was upregulated in several cancer models, including esophageal,
squamous, ovarian, and hepatocellular carcinoma cell lines [50-52]. Moreover, the elevated
expression of ORAI1 correlated with poor overall survival and recurrence-free survival, in
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esophageal squamous cancer cells, independently of other clinical parameters [50]. Using
ovarian cancer cell lines, Schmidt et al. showed an enhancement of SOCE, as well as
ORALI1 and STIM1 expression and Akt phosphorylation levels, in the A27080cis cisplatin-
resistant cells than in the parental A2780 cell line [51]. The increased ORAI1 expression is
dependent on Akt activation, since the transfection of the parental cells by a constitutive
active Akt increased SOCE, while the pharmacological inhibition of Akt (SH-6) reduced
SOCE amplitude only in A2780cis. Finally, late apoptosis induced by cisplatin in A2780-cis
was reinforced by the pharmacological inhibitors of either Akt (SH-6) or ORAI1 (2-APB),
suggesting that ORAI1 inhibition may overcome resistance. The link between ORAI1 and
the PI3K/AKT pathway in chemotherapeutic agent resistance has also been reported in a
hepatocellular carcinoma cell line (HepG2) exposed to 5-FU [52]. Indeed, 5-FU decreased
the expression of both ORAI1 and SOCE. The overexpression of ORAI1 antagonized the
effect of 5-FU, while its downregulation by siRNA decreased the SOCE and sensitized cells
to 5-FU-autophagic effect by inhibiting the PI3K/AKT/mTOR pathway. One study has
suggested that the downregulation of ORAI1 expression might confer resistance for the
LNCaP prostate cancer cell line to cisplatin [53]. Indeed, cells lacking ORAI1 are more
resistant to cisplatin’s apoptotic effects [53].

Recently, ORAI3 has emerged as an important player in malignant transformation.
Indeed, ORAI3 expression was found to be upregulated in breast, lung, and pancreatic
cancer tissues and regulates cell proliferation, survival, migration, and invasion [54-57].
ORAI3 is also involved in chemoresistance to cisplatin in both breast and lung cancer
cell lines [58,59]. The overexpression of ORAI3 in two estrogen receptor-positive (ER")
breast cancer cell lines (MCF-7 and T-47D) decreased the apoptosis induced by several
chemotherapeutic agents, including cisplatin, by modulating p53-protein degradation [58].
Indeed, the overexpression of ORAI3 increased the SOCE that activates the PI3K/Sgk-1
signaling pathway (Figure 3), leading to the activation of the ubiquitin ligase, Nedd4-2,
probably via the Sek-1 kinase that regulates p53 degradation. Moreover, using the Gen
database, ORAI3 mRNA and protein expression were higher in tumors from patients
after treatment with residual disease than those from patients with partial or complete
response [58]. Finally, we would like to add that the effect of cisplatin in increasing
the expression of some calcium channels is not specific to ORAI3, it is also observed
for ORAIl and STIM1. Therefore, we suggest that cisplatin, by activating PI3K/Akt,
increases the expression of both ORAI1 and ORAI3 in ovarian and breast resistant cancer
cells, respectively.

Besides the ORAI and STIM proteins, other cation channels are involved in Ca%* entry
in non-excitable cells, known as TRP channels (Table 1). Transient receptor potential (TRP)
channels are non-selective cation channels that are responsible for the transport of CaZt,
Mg?*, and Na* under different chemical and physical stimuli. An alteration of TRP expres-
sion and/or activity has also been reported to regulate different cancer hallmarks [60-62].
One study using the SKOV3 ovarian cancer cell line showed the involvement of TRPC1 in
cisplatin resistance. Indeed, cisplatin-resistant SKOV3 ovarian cancer cells showed a signif-
icant decrease in TRPC1 mRNA levels, compared to sensitive cells [63]. Moreover, using
bioinformatic analysis, the authors showed the direct interaction of TRPC1 with PIK3C3
and SPARCL (Figure 3), two proteins that are involved in ERK-mediated autophagy. Based
on this result, they suggested that TPRC1 might play a role in the development of cisplatin
resistance in this cancer model. Another study on the MCF-7 breast cancer-derived cell
line showed the involvement of calcium entry through TRPV1, in apoptosis, mitochondrial
membrane depolarization, and reactive oxygen species (ROS) production levels induced by
cisplatin. Moreover, treatment by capsazepine (a TRPV1 blocker) limited the increase of
intracellular Ca?* induced by cisplatin [64].
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cisplatin exposure affects the expression of Ca?* channels and other Ca>* homeostatic proteins. On
the one hand, the altered Ca®* fluxes activate Ca?*-dependent pathways that are involved in the
survival of cancer cells, such as the inhibition of apoptosis and enhancement of autophagy. On the
other hand, stem-related Ca”*-dependent transcription factors are activated, participating in the
enrichment of CSC populations and their maintenance, which promotes tumor re-development. This
figure was created with www.biorender.com.

Table 1. Links between Ca>* homeostasis and cisplatin resistance in cancer.

Ca?* Channels and Proteins Cancer Types and Models Phenotype and Signaling Pathways Ref.
Bladder cancer
. Less IP3R1 expression in resistant cells.
IP;R1 parent cell hpes (T24 aer KK47), Silencing of IP3R1 in parental cells [37]
and resistant cell lines revents apobtosis
(T24/DDP10 and KK47/DDP20) p pop
Lung cancer Upregulation of IP3R in resistant cells,
IP3;R Resistant non-small cell lung cancer leading to a leak of CaZ*-content of the [18]
cell line (EPLC) ER and resistance to cisplatin
Lung cancer Decreased expression of SERCA in
SERCA Resistant small lung cancer resistant cells leading to a decrease [18]
cell line (H1339) in ER Ca2*-content
Increased expression of STIM1 and SOCE
STIM1 Osteosarcoma in MG63/Cisplatin. siSTIM1 enhanced [47]
(MG63/Cisplatin and MG63/WT)  cisplatin-induced apoptosis and ER stress
in MG63/Cisplatin
Decreased SOCE by decreasing STIM1
STIM1 Lung cancer expression leading to apoptosis. Potential [48]

A549, H460

involvement of STIM1 in the microtubule
cytoskeleton during mitosis
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Table 1. Cont.
Ca?* Channels and Proteins Cancer Types and Models Phenotype and Signaling Pathways Ref.
Lung cancer (A549) SOCE contributes to ROS production, DNA
Cervical cancer (HeLA) damage response, and apoptosis in
STIM1 Expression of STIM1 is higher in response to cisplatin. SOCE inhibition [49]
carcinoma tissue than in the reduces cisplatin-induced ROS production
adjacent non-tumor lung tissue and apoptosis
Cisplatin increased ORAI1 expression,
leading to an increased basal Ca%*
ORAI1 Prostate cancer (LNCaP) concentration likely through ORAII. [53]
ORAI1 KD decreased the apoptosis rate
induced by cisplatin
Increased expression of ORAII and STIM1,
Ovarian cancer leading to increased SOCE. Increased Akt
ORAI1 and STIM1 A2780cis/A2780 activation leads to the upregulation of (511
ORALII, contributing to cisplatin resistance
Breast cancer Calcium entry through ORAI3,
MCE-7, T-47D activation of PI3K, Sgk-1, Sek-1
ORAI3 ORAI3 mRNA level was higher in o OB oek [58]
. . > and Mdm?2, leading to p53-protein
tumor tissues, showing residual . . .
. degradation and apoptosis resistance
disease
Breast cancer TRPV1 activation, with increased Ca%*
TRPV1 concentration leading to apoptosis and [64]
MCEF-7 .
oxidant effect
TRPC1 is less expressed in resistant
SKOV3-cis compared to sensitive
TRPC1 Ovarian cancer SKOV3 cells [63]

SKOV3-Cis TRPC1 forms a complex with PIK3C3
and SPARCL mediating autophagy

through ERK

3. Cisplatin-Based Chemotherapy and the Emergence of CSC Markers

Cisplatin-based chemotherapy plays an important role in the treatment of cancer.
Unfortunately, the resistant phenotype that occurs after cisplatin treatment is a major
therapeutic challenge. One way to explain this resistance is based on the emergence or
expansion of resistant cells carrying stem cell markers called CSCs. Before we explain how
cisplatin participates in CSC marker emergence, we will briefly define what CSCs are and
present hypotheses about their origin at tumor initiation.

3.1. CSC Definition and Origin at Tumor Sites

Stem cells are characterized by the ability to self-renew and are capable of differen-
tiating into particular and specialized cell types. Through self-renewal, more stem cells
are produced, thereby maintaining an undifferentiated state. By differentiation, stem cells
give rise to a mature specialized cell type. While embryonic stem cells (ESCs) are capable
of differentiating into all tissues during embryonic development, adult stem cells play an
important role in repairing and replacing adult tissues [8,65,66]. Research studies showed
that a subpopulation of stem-like cells within tumors shares the same characteristics as
stem cells, known as CSCs. CSCs are a subpopulation of cells inside the cancer microenvi-
ronment niche that define a reservoir of independent cells with the unique capability of
self-renewal, multi-potent tumor-initiating properties, and of assembling various lineages
of cancer cells [66]. Although CSCs exhibit similar characteristics to normal stem cells, the
hypotheses regarding their origin are still unclear. It has been suggested that the origin of
CSCs at tumor initiation is driven by transformed differentiated cells or by transformed
tissue-resident stem cells. The proliferation and differentiation of adult tissue-resident
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stem cells are a part of the physiological regeneration program that maintains tissue home-
ostasis. Adult tissue-resident stem cells can divide asymmetrically and generate transient
proliferating cells, which possess a high amplifying capacity [16,17]. These cells are said
to terminally differentiate, a process in which they will eventually lose their proliferative
capability, thereby maintaining organ homeostasis. In cancers, tumors can arise by accumu-
lating several mutations that transform differentiated cells and cause a de-differentiation;
therefore, progenitor cells or terminally differentiated cells could revert to a stem-like phe-
notype following oncogenic mutation, reactivating self-renewal genes that were previously
lost upon differentiation [67]. On the other hand, tissue-resident stem cells, as well as their
progeny, can endure genomic changes and accumulate mutations that lead to uncontrolled
growth and niche-independent development. Altogether, this results in the generation of
heterogeneous tumors [66].

3.2. CSC Markers in Different Types of Cancers

CSCs were found to share similar markers as the ones found in adult stem cells such as
ALDH (aldehyde dehydrogenase), and the transcription factors Nanog, Oct-4, and SOX-2.
The three latter factors are important for maintaining the self-renewal property and ALDH
is known as the main detoxification enzyme [9,68,69]. Research studies have proven that
CSCs from the breast [70] and pancreas [71] are commonly CD44* CD24°%  while CSCs
from the brain [72], colon [73], prostate [74], pancreas [75], and lung [76] have been found
to be CD133*. However, it is important to mention that CSCs markers are sometimes
debatable; as an example, although glioblastoma CD133* cells are highly tumorigenic,
some CD133~ cells were still able to form a tumor when grafted into mice [77]. In addition,
CD133 expression seems to be a poor prognostic marker in patients [78]. In fact, the
attribution of specific markers to stem cells of a particular tumor is performed after a series
of experiments proving its validity. Several groups used the established markers to sort
the cells from freshly dissociated tumor tissues, culturing them in specific conditions and
transplanting them into mice to evaluate their ability to form a tumor. Different surface
markers that are frequently used to isolate CSCs cell subpopulations were reviewed by Phi
and colleagues [79] and by Visvader and Lindeman [80].

3.3. Chronic Cisplatin Exposure and Stem Cell Marker Induction

The hypothesis to explain how cancer cells can resist chemotherapeutic agents is based
on two mechanisms called “innate chemoresistance “or “acquired chemoresistance”. In
“innate chemoresistance”, the cancer cells possess some mechanisms responsible for the
elimination of the cytotoxic effect of chemotherapeutic drugs (for review, see [81]) while
in “acquired chemoresistance”, chronic exposure to the drug treatment is able to enrich
the cancer cell population with a subpopulation possessing CSC specifications, such as the
increased expression and/or activity of the cellular detoxification proteins.

Liu and colleagues [80] showed that cisplatin treatment for 24 h remarkably increased
the percentage of CD133* subpopulation cells in two non-small cell lung cancer (NSCLC)
cell lines (H460 and H661). They demonstrated that CD133* enrichment was specifically
achieved by cisplatin or carboplatin exposure, but not by doxorubicin and paclitaxel.
Functional assays showed that CD133" cells displayed greater sphere-forming ability,
cisplatin resistance, and migration capacity. The fact that the pharmacological blockade
of the Notch-1 pathway by DAPT prevented the enrichment of CD133" cells induced
by cisplatin, suggested that this pathway might constitute a key component in the CSC
phenotype appearance induced by chronic exposure to cisplatin in lung cancer. In addition
to cisplatin, carboplatin is also used as a platinum-based chemotherapy agent for NSCLCs,
especially for patients with chronic renal diseases. The authors found that carboplatin
treatment also triggered DNA damage and induced the enrichment of CD133" cells that
express higher mRNA levels of stem cell-associated genes, including Oct-4, SOX-2, Nanog,
Smo, Bmil, 3-catenin, Nestin, and Notch1, along with the multidrug-resistant genes ABCG2
and ABCB1 [80]. MacDonagh and colleagues [82] also found that chronic cisplatin exposure
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is able to produce the expansion of an ALDHI1 activity-positive subpopulation in NSCLC
cell lines. The cisplatin-resistant cells showed greater ALDHI1 activity than the parental
cell lines. Moreover, the ALDH1* sub-population that was sorted from cisplatin-resistant
cells showed an increase in Nanog and Oct-4 gene expression, and CD133 was upregulated.
Interestingly, ALDHI1 inhibition reversed the resistance and re-sensitized the NSCL cells
to cisplatin.

4. The Role of Ca®* in Cancer Stemness and Resistance to Cisplatin through CSC
Population Enrichment and via the Ca?*-Dependent Signaling Pathways

4.1. The Role of Ca** and Ca®>* Channels in Cancer Stemness

Recent studies have found that changes in intracellular Ca?* signaling are important
in the self-renewal process and stem cell behaviors (proliferation and differe
ntiation) [16,17,83,84], with the involvement of a wide variety of Ca?* channels. Therefore,
aberrant Ca?* signals could be responsible for CSCs-mediated chemoresistance and may
represent an efficient targeting approach. CSC development is controlled by intracellular
factors and extracellular molecules from the microenvironment, which stimulate various
sets of receptors. Some of these extracellular molecules participate in inducing either local
transient elevations of intracellular Ca?* or propagated prolonged Ca?* signals throughout
the whole cell. Consequently, cell behaviors depend on the nature and magnitude of those
Ca?* signals that are dictated in a spatiotemporal manner [15,85]. Increases in free cytosolic
Ca?* concentrations do not only occur from an extracellular Ca?* influx but it also requires
a Ca®* release from intracellular stores mainly reserved in the ER and mitochondria. Since
Ca?* alterations are observed as a result of the abnormal expression and /or activity of Ca?*
channels, similar to those observed in oncogenesis [11,13,43,45,46,86,87]; it is suggested
that in CSCs, changes in Ca®* signals due to aberrant channel expression could be advanta-
geous for CSC oncogenic behaviors, thus promoting cancer development and resistance.
Consequently, the implication of channels in this process represents a crucial tool to target
CSCs. In this section, we explore this hypothesis by overviewing a global outline of the
Ca?* channels linked to the CSC function (Table 2).

In CSCs, higher depolarized resting membrane potential has been observed, suggest-
ing that VGCCs may be involved in cancer stemness [88]. For example, in hepatocellular
carcinoma, CSCs display more depolarized resting membrane potential compared to nor-
mal stem cells. However, to date, CaV3.2 is the only T-type VGCC (Table 2) described
in glioblastoma CSCs, where its upregulation was observed and associated with prolif-
eration [89]. The pharmacological modulation of this channel using mibefradil inhibited
glioblastoma stem cell proliferation and induced apoptosis [90]. CaV3.2 was also described
as favoring the differentiation of glioblastoma CSCs. When CaV3.2 expression was reduced,
stem-related genes such as Nestin, CD133, and SOX-2 were downregulated, while the
astrocyte differentiation marker GFAP (glial fibrillary acidic protein) was upregulated. The
authors showed that when the CaV blocker mibefradil was combined with temozolomide,
an efficient chemotherapy agent that is currently used to treat glioblastoma, tumor growth
was reduced in mouse xenograft models and was associated with a prolonged survival rate.
While CSC resistance is a major obstacle in current oncology practice, these studies suggest
that targeting VGCCs could further improve current therapies and prevent the resistant
CSC subpopulation from relapsing after successful initial treatment. In normal mouse
embryonic stem cells, CaV3.2 knockdown or blockage with nickel cations (Ni**) induced a
loss in self-renewal capacities and reduced the expression of stem cell genes Oct-3, Oct-4,
and Nanog, indicating that the CaV3.2 function in stem cell functions is conserved [91].

As for PM SOCE channels (Table 2), a role for ORAII in oral/oropharyngeal squa-
mous cell carcinoma (OSCC) stem cells has been established [92]. This study showed that
ORALI1 expression increased with tumor progression and that it was also upregulated
in CSC populations of OSCC. In ALDH* CSC subpopulations, ORAI1 was elevated and
promoted stemness through NFAT. When these cancer cells were transfected with a domi-
nant negative mutant of ORAI1, sphere formation and tumor development in xenografts
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were considerably inhibited. On the other hand, the ectopic expression of ORAI1 in non-
tumorigenic immortalized oral epithelial cells increased proliferation, self-renewal, and
tumor-promoting capacities, implying the functional importance of Orail/NFAT axis in
OSCC CSC regulation. Furthermore, gene analysis performed to decode the implications of
Ca?* signaling in brain tumor samples showed that ORAI1 is highly expressed in glioblas-
toma tissues and in glioma stem cells but not in normal brain tissues [93]. This suggests
that ORAI1l-mediated SOCE may play a crucial role in maintaining or enriching stem
cell populations. More recently, research studies showed that in glioblastoma, changes in
Ca?* homeostasis during the switch from proliferation to quiescence state are controlled
by SOC channels since the inhibition of SOC channels with the pharmacological agent
SKF-96365 drives proliferating GSLC cells to quiescence. This switch is characterized by
an increased capacity of GSLCs mitochondria to change morphology and capture Ca®*.
These data suggest that the remodeling of Ca?* homeostasis and the reshaping of mito-
chondria might favor the survival of quiescent GSLCs [94]. The role of STIM1 has not yet
been fully understood in CSCs, but it is known that under the hypoxic conditions of the
tumor microenvironment, stemness and resistance to anticancer therapies are promoted in
CSCs [17]. In hepatocellular carcinoma cells, for instance, the hypoxia-inducible factor-1
alpha (HIF-1«) directly controls STIM1 transcription and contributes to SOCE. In parallel,
Ca?* influx, induced by increased SOCE, increased HIF-1 accumulation in hypoxic cells,
suggesting a direct link between SOCE and hypoxia. If so, it is not surprising that these
proteins could promote stem cell-like phenotypes [95].

As for TRP channels (Table 2), at this point, only a few members of the TRP family have
been linked to stem cell function; these are TRPC3, TRPA1, TRPV1, TRPV2, and TRPM7.
Most recently, Hirata et al. demonstrated that lysosphingolipid sphingosine-1-phosphate
mediates the CSC phenotype, which can be identified as the ALDH-positive cell population
in several types of human cancer cell lines. In addition, they found that lysophosphatidic
acid (LPA) receptor 3 was highly expressed in ALDH™" triple-negative breast cancer cells.
Mechanistically speaking, the LPA-induced increase in ALDH? cells was dependent on
an increase in cytosolic Ca?*, which was suppressed by a selective inhibitor of TRPC3.
Moreover, IL-8 production was involved in the LPA response via the activation of the
Ca2+—dependent transcriptional factor nuclear factor of activated T cells [96].

TRPV2 has been directly associated with the self-renewal pathway of CSCs. A microar-
ray analysis of CSCs isolated from esophageal squamous cell carcinoma tumors showed
that these CSCs showed the significantly upregulated expression of TRPV2; this observation
was confirmed by PCR when compared to control cells [97]. When TRPV2 was inhibited
by the pharmacological agent, Tranilast, CSC populations were significantly reduced, and
their self-renewal capacity was abolished. In contrast, in other cancer models, a reverse
correlation between TRPV2 expression and the tumorigenic aspect of CSCs was observed,
where the downregulation of TRPV2 enhanced stem cell function [98]. For example, TRPV2
expression was decreased in liver CSC populations compared to normal tissues; this down-
regulation was associated with an increase in stem cell markers such as CD44, CD133, and
ALDH1. Knockdown of TRPV2 promoted stem cell enrichment while its overexpression
reversed this phenomenon and reduced stem cell markers. This course was also observed in
one liver cancer in vivo model, where the reduction of TRPV2 expression enhanced tumor
development, while its overexpression displayed the opposite effect [99]. In agreement
with the previous observations, another study demonstrated that TRPV2 expression was
downregulated in glioblastoma stem cells compared to differentiated cells [100]. Higher
TRPV2 expression in differentiated cells leads to an increase in basal Ca?* levels, as well
as the expression of a differentiation marker, and reduces the stem pathway, Nestin. This
was confirmed using both pharmacological and siRNA approaches, showing a decrease in
the expression of the differentiation marker, GFAP, whereas the overexpression of TRPV2
reversed the observed effects. Differentiated cells were then treated with cannabidiol (CBD),
which is known to activate TRPV2, leading to an increase in basal Ca?*. After using CBD to
stimulate TRPV2 expression and activity in glioblastoma stem cells, a reduction in stem
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cell proliferation and self-renewal properties was detected, correlating with an increase in
the terminal differentiation marker, GFAP, and a decrease in the stem cell markers CD133
and Oct-4. When CBD treatment was combined with the conventional chemotherapy
agent, Carmustin, the apoptosis of glioblastoma stem cells was enhanced and improved
outcomes regarding tumor progression were obtained. Similar findings were also observed
in xenografted mouse models when TRPV2 overexpression reduced tumor volume and
promoted the differentiation of stem cells [100]. The same observations have also been
described in glioblastoma cells, where the overexpression of TRPA1 and TRPV1 caused
cell differentiation, inducing apoptotic cell death and the loss of stemness [101]. Taken
together, these data suggest that TRPV1, TRPV2, and TRPA1 could be considered potential
CSC therapeutic targets to impair stemness. As for TRPM7, two research works have
also demonstrated TRPM?7 expression in both glioblastoma and neuroblastoma stem cells,
whereas TRPM7 has been linked to stemness promotion and metastasis. In glioblastoma
cells, high levels of TRPM7 expression were observed compared to the differentiated
controls, and its downregulation significantly reduced the stem cell markers CD133 and
ALDH]I and inhibited two key stem pathways, STAT3 and Notch [102]. In neuroblastoma
cells, the upregulation of TRPM7 was associated with increased metastatic behavior. The
downregulation of TRPMY expression in the SH-SY5Y neuroblastoma cell line, as well as
microarray and studies of bioinformatics, were performed [103]. The results suggested that
TRPMY induced development and differentiation by activating the genes and pathways
that are directly linked to stemness, such as STAT3, Wntl, Notch1l, and SNAIL. Increased
TRPM?7 expression was associated with enhanced SOX2, KLF4, CD133, Hsp90«, uPA, and
MMP2 expression in lung cancer stem cells. TRPMY silencing inhibited the epithelial-
to-mesenchymal transition (EMT), suppressed stemness markers and phenotypes, and
simultaneously inhibited the Hsp90o/uPA/MMP2 axis. When TRPMY7 was treated with
the inhibitor Waixenicin A, lung cancer cells failed to form tumor spheres in vitro [104].
As for intracellular Ca?* reservoirs and transporters (Table 2), their function in control-
ling CSC stemness has been investigated in few studies. Among the activated pathways
leading to intracellular Ca?* signaling is the release from the endoplasmic reticulum (ER) to
the cytoplasm through ryanodine receptors (RYR) and/or the inositol 1,4,5-trisphosphate
receptors (IP3R). IP3Rs and RYRs constitute four subunits with a regulatory cytoplasmic
domain. There are three isoforms of IP3Rs—IP3R1, IP3R2, and IP3R3—as well as RYRs
(RYR1, RYR2, and RYR3). Their expression and functions have not been widely described in
cancer stem biology until recently. In breast cancer stem cells, RYR1 promoted Ca?* release
after treatment with a carboplatin agent. In fact, HIF-1-dependent glutathione S-transferase
omega 1 (GSTOL1) expression was induced, thereby interacting with the ryanodine receptor
RYRI, leading to its activation. Consequently, increased cytosolic Ca®" levels enhanced
Nanog expression and activated the intracellular signaling cascade, PYK2 (protein tyrosine
kinase 2b)/SRC /STAT3 (signal transducer and activator of transcription 3), and enhanced
CSC population enrichment [105]. In addition, RYR1 knockdown decreased the percent-
age of ALDH" CSCs and reduced carboplatin-induced pluripotency factor expression, as
well as tumor initiation and volume after injection in mice. Another study demonstrated
that RYR downregulation promotes a stem-like phenotype in medulloblastoma, whereas
microRNA miR-367 expression was upregulated, thereby decreasing RYR3 expression
and enhancing spheroid culture formation. This phenomenon showed an increase in
self-renewal capacities, along with the activation of stem pathways and markers, such as
Oct-4 and CD133, respectively [106]. Ca* release through IP3R was shown to play an
important role in melanoma CSCs, when the reduction of IP3R maturation after seleno-
protein k (SELENOK) knockdown reduced Ca®* release and led to a decrease in CD133*
populations [107]. In vivo, these observations were confirmed using a transgenic mouse
model that developed spontaneous metastatic melanoma after crossing with SELENOK
CRISPR/Cas9 knockout mice. The SELENOK-deficient mice, which were born from the
same litter, displayed reduced primary tumor growth, suggesting that Ca?* release through
IP;R is required for melanoma stemness and tumor development. Ca2* release from IP;Rs
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also seems to be involved in quiescence, a phenotype allowing CSCs to evade and escape
from anti-cancer therapies.

Table 2. Roles of Ca2* and Ca?* channels in cancer stemness.

Ca?* Channels

Cancer Type

Function in Cancer Stem Cell Biology

References

T-type:
CaV3.2

Glioblastoma

Increase in CD133" stem population. CaV3.2
reduces stem cell properties and sensitizes
CSCs to chemotherapy treatment

[90]

ORAI1

Oral/oropharyngeal squamous
cell carcinoma (OSCC)

ORALI1 expression is high in CSCs and linked to

self-renewal, migration, and transcription factor

expression, such as Nanog and OCT3/4, through
activation of the NFAT pathway

TRPA1

Glioblastoma

Overexpression leads to cell differentiation, inducing
apoptotic cell death and the loss of stemness

TRPC3

Breast Cancer

Overexpression of TRPC3 enhances cell renewal
abilities through the increase of IL-8 secretion via the
LPA/LPAR3/TRPC3 pathway

TRPV1

Glioblastoma

Overexpression leads to cell differentiation, inducing
apoptotic cell death and the loss of stemness

TRPV2

Esophageal
Liver
Glioblastoma

ALDH" stem cells have high TRPV2 expression.
Inhibition reduces stem markers and self-renewal
Liver cancer stem cells have low TRPV2 expression.
Overexpression reduces stem cell markers and
self-renewal capacity
Overexpression of TRPV2 induces CSC differentiation
and reduces self-renewal capacity. CBD-mediated
activation of TRPV2 enhances chemotherapy and
sensitizes the death of CSCs

[97-99]

TRPM7

Glioblastoma
Neuroblastoma
Lung Cancer

TRPMY expression is high in stem cell populations,
along with STAT3 and survivin. TRPM? is required for
stem cell self-renewal and differentiation.
TRPMY is associated with development and
differentiation pathways, promoting the expression of
genes such as STAT3, Wntl, and NOTCHI1.
Overexpression leads to tumor sphere formation and
stemness maintenance through the activation of the
Hsp90«/uPA /MMP2 signaling pathway

[102-104]

RYR1

Breast cancer

RYRI silencing reduces stem cell populations
and Nanog

[105]

RYR3

Medulloblastoma

Downregulation of RYR3 enhances Nanog and CD133
expression and promotes spheroid formation

[106]

IPs3R

Melanoma

A decrease in IP3R expression probably mediates a
decrease in calcium flux as well as stem pathways

[107]

4.2. Role of Ca?* Channels in Cisplatin Resistance through the Increase of Cancer Stem

Cell Populations

Several studies described the involvement of cancer stem cells in resistance to
chemotherapy but only two of them reported a direct link between Ca?* channels, re-
sistance to cisplatin, and cancer stem cells (Table 3). The first study described the link
between cells expressing the VGCC «261 subunits (x261*) and resistance to cisplatin in
small cell lung cancer (SCLC) models [108]. VGCCs are composed of pore-forming «1 and
auxiliary 3 and «26 subunits [109]. The «20 subunits are important auxiliary subunits of
several types of VGCCs [110] and can increase the VGCC density on the plasma membrane
and regulate Ca?* currents [111,112]. The SCLC type is less common than NSCLC but
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is considered to be the most aggressive form of lung cancer. x251-positive cells (x25%),
isolated from three SCLC cell lines and patient-derived xenograft models, showed greater
sphere formation ability, growth rate, and tumorigenicity. In addition, this population
showed higher stemness transcription factors (CD133, SOX-2, Oct-4, and Nanog) and
multi-drug-resistant genes (MDR1 and ABCG2) than parental cells (x251~ cells). Treatment
with a chemotherapy regimen comprising cisplatin and etoposide induced an increase in
the «281* population and increased chemoresistance. Furthermore, pERK1/2 was upreg-
ulated, and SOX-2 was overexpressed in 251" H1048 cells. The ectopic overexpression
of x251 in the H1048 cell line induced high levels of p-ERK, CSCs-related genes (BMI1,
NANOG, SOX2, and BCL2), and drug resistance genes (ABCG2 and MDR1), and a decrease
in proapoptotic protein BAX and cleaved caspase-3. Finally, the inhibition of the ERK
pathway by a pharmacological compound or by using an «26-neutralizing antibody sphere
formation was decreased in «251* cells. Interestingly, the combined ERK inhibitor and
the a28-neutralizing antibody treatment strongly inhibited the growth of x251" cells [108].
They also exposed several PDX models with different CD133 and x261expression levels
to chemotherapy. Despite the fact that PDXs with different stem cell marker expressions
showed diverse responses to chemotherapy, they found that the models with low «261
expression or a low «261/CD133 ratio showed a good efficiency in chemotherapy, contrary
to those of high 251 expression and «2561/CD133 ratio, which were unresponsive to
the same treatment. The exposition of resistant-PDXs to chemotherapy combined with
281 monoclonal antibody showed an improved response compared to the group treated
with chemotherapy alone. It should be noted that the authors did not investigate the
involvement of Ca?* influx in the resistance induced by cisplatin. Another study using
two CSC-enriched ovarian cancer cell lines (A2780-SP and SKOV3-5P) [113] showed an
upregulation of CSC markers that are associated with higher resistance to both paclitaxel
and cisplatin (Table 3). The pharmacological inhibition of the voltage-gated Ca?* channel
(VGCC) by manidipine, lacidipine, benidipine, or lomerizine reduces stemness and CSCs
apoptosis, and inhibits the AKT and ERK signaling pathways. In these CSC cells, the
expression of 3 genes (namely, CACNA1D, CACNA1EF, and CACNA1H), coding for the
L/T Ca?* channels, is more upregulated in ovarian CSCs than in ovarian cancer cells.
Silencing these three VGCC genes reduces stemness marker expression at a similar level
obtained with the pharmacological inhibitors, as well as ERK phosphorylation. Moreover,
the increased expression of L- and T-type Ca?* channel subunits in ovarian cancer tissue
was correlated with a poor prognosis. Furthermore, when cisplatin treatment was applied
alone, it did not suppress the A2780-SP cells’ viability and proliferation, but its combination
with any of the four Ca?* channel blockers suppressed both CSCs viability and proliferation
more strongly. Taken together, they suggested that these VGCC inhibitors might be used as
potential therapeutic drugs for preventing ovarian cancer recurrence.

As for ORAI channels, very recently, Ouadid-Ahidouch’s group demonstrated clearly
the involvement of ORAI3 in the enrichment of the CSC population by cisplatin treatment
in lung cancer cell models, which, in turn, induces resistance to cisplatin [59] (Table 3).
In their study, ORAI3 expression was found to be higher in lung adenocarcinoma tissues
when compared to adjacent normal tissue and was correlated with higher tumor grades.
Furthermore, ORAI3 was suggested as a prognostic marker of metastasis and survival in
lung adenocarcinoma cell models. ORAI3 was shown to regulate cell proliferation in two
NSCLC cell lines through the AKT pathway. Besides, using an immunohistochemical assay,
Daya et al. showed that there is greater ORAI3 staining in lung adenocarcinoma tissue
biopsies taken from patients after chemotherapy, compared to the staining observed in the
tissues taken before chemotherapy [59]. Moreover, patients whose biopsies showed higher
ORAI3 expression levels revealed partial or even no response to the given chemotherapy. In
two adenocarcinoma cell lines (A549, H23), they found that cisplatin treatment induced the
upregulation of ORAI3 and an increase in SOCE. Cells overexpressing ORAI3 possessed
resistance to cisplatin-induced apoptosis; those downregulating ORAI3 were prone to
cellular apoptosis, particularly due to cisplatin exposure. Cisplatin-induced apoptosis
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resistance was accompanied by an enhancement of the CSC population via the increased
expression of CSC markers (Nanog and SOX-2). Extracellular Ca?*, as well as ORAI3, were
able to modulate the expression of these markers. Moreover, the PI3K/ Akt pathway was
involved in increased ORAI3, as well as CSC marker expression by cisplatin.

Table 3. Ca’* signaling is responsible for cisplatin resistance through stemness.

Ca?* Channels

Cancer Type and Models of Study  Function in Cancer STEM Cell Biology Reference

o261
(VGCQ)

Chemotherapy increased the expression
of a251* CSCs population, pERK, CSCS,
and drug resistance markers and
Lung Cancer downregulated BAX and cleaved
NCI-H1048, NCI-H69, caspase-3. Inhibition of pERK or/and
and NCI-H209 «281 subunits reduced sphere formation.
Several PDX models PDX showing a high expression of «261
was not sensitive to cisplatin/etoposide
treatment in contrast to PDX, showing
less x261 expression

[108]

Voltage-gated Ca®*
channels (T/L types)

L- and T-type Ca?* channel subunit
expression is upregulated in ovarian
cancer tissue and is correlated with poor
Ovarian cancer prognosis. Pharmacological inhibition as
(A2780-SP and SKOV3-SP) well as the silencing of three genes
coding VGCC, reduced stemness,
inducing CSCs apoptosis and inhibiting
AKT and ERK phosphorylation

[113]

ORAI3

Cisplatin activates AKT leading to
increased ORAI3 expression, which, in
turn, increase CaZ* entry (SOCE), which [59]
favors pAKT and, hence, stem cell
markers (Nanog, SOX2)

Lung cancer
Ab549, H23

4.3. Ca?*-Dependent Signaling Pathways Involved in Cisplatin Resistance in CSCs

A major cause of chemoresistance is cancer stemness. For example, the chemore-
sistance of primary and acquired CSCs often involves an enhanced drug efflux. This
is achieved by increased ATP-binding cassette (ABC) membrane transporters (such as
MDRT1), ABC sub-family G member 2/3 (ABCG2/3), and ABC sub-family C member 2/4/5
(ABCC2/4/5), which are downstream of the cancer stemness-related genes SNAIL, SLUG
and TWIST [114-118]. Those transcription factors are able to induce epithelial cells into
the mesenchymal phenotype via EMT and produce chemoresistance by extension [119].
One oncogene pathway [120] having the properties to activate those transcription factors is
STAT3 [121-124]. In this case, trying to block STAT3 could be a promising strategy to avoid
chemoresistance. It is well known that STAT3 signaling could be activated via the canonical
transduction signaling pathway, by means of JAK2 and SRC activation. However, recently,
Shiratory-Hayashi and colleagues demonstrated that IP3R1/TRPC channel-mediated Ca?*
signals that are elicited by IL-6 are necessary for persistent STAT3 activation in astro-
cytes [125]. Up until now, this finding was not described for stem cells, but it could suggest
a hypothesis regarding the role of Ca?* influx in STAT3 activation and the acquisition of a
chemoresistance phenotype.

The p53 protein is a well-known key actor to permit cell cycle entrance. In case of
DNA damage, p53 contributes to cell cycle arrest and could be considered in differentiated
cells as a tumor suppressor actor. Functionally, p53 is a transcription factor and may play
an important role in stem cell phenotype appearance [126]. Subsequent publications further
confirm the finding that p53 is highly abundant in embryonic stem cells [127,128]. In addi-
tion to controlling cell proliferation, p53 regulates epithelial-mesenchymal transition. The
link between p53 and cell differentiation was evoked by Lin et al. [129]. They found that p53
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is able to bind to the promoter of Nanog and suppresses its expression. Nanog expression is
required for self-renewal and the maintenance of undifferentiated states [130,131]. In cancer,
the first study highlighting the link between Ca®* influx, p53 activity, Nanog expression,
and chemoresistance was performed by Hasna and colleagues in 2018 [58]. The authors
demonstrated that the Ca?* influx mediated by ORAIS3 is able to regulate p53 activity and
allow resistance to chemotherapeutic drugs in breast cancer cells (Figure 3). Daya et al. [59]
suggested that this Ca?* influx, mediated by ORAI3, could participate in increased Nanog
expression and stem-cell-like phenotype appearance in lung cancer models (Figure 3). Thus,
ORAI3 overexpression studies could be a key step in understanding how this Ca?* channel
or Ca®* influx could activate chemoresistance processes.

5. Conclusions

The use of cisplatin in cancer therapy has significantly reduced morbidity and im-
proved survival over the past few decades. Despite this progress, its recurrence remains
high and presents a clinically relevant pattern of failure in many malignancies. Despite
the effectiveness of cisplatin in oncology, resistance to this agent constantly hampers its
therapeutic success. The mechanisms underlying this phenomenon remained poorly un-
derstood until very recently, when stemness emerged as one of the mechanisms involved in
the resistance process. Ca?* channels are now considered to be key players in CSC biology
and chemoresistance, but the studies on their functions in this process are still burgeoning.
Based on the published data mentioned in this review, demonstrating that the modulation
of Ca?* channels can overcome resistance by sensitizing cancer cells to cisplatin-mediated
cell death, it is promising to adopt novel therapeutic strategies. Gene-targeted or mRNA-
based therapies could be useful tools to impair CSC functions as they are now used as
an alternative option to block Ca?* channels and treat Ca?* channel-related cardiovascu-
lar diseases, for example [132,133]. However, these methods must be validated using a
pharmacological approach; therefore, the development of nanocarriers to improve both
ion channel modulation and cisplatin bioavailability should be considered. The possibility
of targeting SOCE has already been reported in several reviews [134,135]; but since Ca%*
channels are expressed in the majority of cancers, it is difficult to distinguish whether SOCE
targeting would impact cancer cells or CSCs. One therapeutic option would be to target
the channels that are either significantly downregulated or strongly upregulated in CSCs
and that regulate specific signaling pathways. For instance, inhibiting voltage-gated Ca?*
channels (L/T-type) with manidipine could overcome chemoresistance by suppressing
stemness, as shown in ovarian cancer models [113]. In addition, mibefradil, a T-type Ca?+
channel blocker that was initially developed as a cardiovascular drug, was recently found to
strongly inhibit the ORAI3 channels in HEK-293T-Rex cells [136]. Thus, the combinational
use of cisplatin with mibefradil could overcome ORAI3-relative resistance, as demonstrated
in breast or lung cancer models. Another SOCE inhibitor, RP4010, a compound that was
developed by Rhizen Pharmaceuticals SA, is in phase 1/Ib clinical trials to evaluate its
safety and efficiency in patients with relapsed or refractory lymphomas (NCT03119467).
RP4010 has been also shown to reduce SOCE by inhibiting ORAIl1 and the PI3K/Akt
pathway when combined with chemo agents (gemcitabine and nab-paclitaxel) in pancreatic
ductal adenocarcinoma cells [137]. It would be also interesting to synthesize and develop
pharmacological compounds that target TRPV1, TRPV2, and TRPA1 that were shown to
be downregulated in some types of cancers and whose activity enhances differentiation
and impairs stemness. Finally, although the PI3K pathway seems to be a common track
involved in increasing the stemness marker expression of cisplatin-exposed cancer cells,
it seems clear that this is not the case for all Ca?* channels affected by cisplatin resistance
among cancer types. Thus, further investigations are required to characterize a Ca®* signa-
ture for CSCs functions, as well as their associated signaling pathways, in order to prevent
cancer reappearance.



Int. . Mol. Sci. 2022, 23, 10687 18 of 23

Author Contributions: Conceptualization, S.K., EH. and H.O.-A.; writing—original draft prepara-
tion, SK., FH. and H.O.-A.; writing—review and editing S.K., EH., A.A. and H.O.-A. All authors
have read and agreed to the published version of the manuscript.

Funding: “Ministere francais de 1’enseignement supérieur, de la recherche et de I'innovation”, the
“ligue contre le cancer (septentrion)”, the “cancérop6le nord-ouest” and the “université de picardie
jules verne”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: H.O.A. is grateful for the funding received from the “MINISTERE FRANCAIS
DE ’ENSEIGNEMENT SUPERIEUR, DE LA RECHERCHE ET DE L'INNOVATION”, the “LIGUE
CONTRE LE CANCER (Septentrion)”, the “CANCEROPOLE NORD-OUEST” and the “UNIVERSITE
DE PICARDIE JULES VERNE”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Siegel, R.L.; Miller, K.D,; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7-34. [CrossRef] [PubMed]

2. Sun, Y. Translational horizons in the tumor microenvironment: Harnessing breakthroughs and targeting cures. Med. Res. Rev.
2015, 35, 408-436. [CrossRef]

3.  Florea, A.-M.; Biisselberg, D. Cisplatin as an Anti-Tumor Drug: Cellular Mechanisms of Activity, Drug Resistance and Induced
Side Effects. Cancers 2011, 3, 1351-1371. [CrossRef] [PubMed]

4. Rosenberg, B.; VanCamp, L.; Trosko, ].E.; Mansour, V.H. Platinum compounds: A new class of potent antitumour agents. Nature
1969, 222, 385-386. [CrossRef] [PubMed]

5. Dasari, S.; Tchounwou, P.B. Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. |. Pharmacol. 2014, 740, 364-378.
[CrossRef] [PubMed]

6. Toledo-Guzman, M.E.; Bigoni-Ordoéiiez, G.D.; Hernandez, M.I; Ortiz-Sanchez, E. Cancer stem cell impact on clinical oncology.
World . Stem Cells 2018, 10, 183-195. [CrossRef] [PubMed]

7.  Hope, KJ.; Jin, L.; Dick, ].E. Acute myeloid leukemia originates from a hierarchy of leukemic stem cell classes that differ in
self-renewal capacity. Nat. Immunol. 2004, 5, 738-743. [CrossRef]

8. O’Brien, C.A.; Kreso, A.; Jamieson, C.H.M. Cancer Stem Cells and Self-renewal. Clin. Cancer Res. 2010, 16, 3113-3120. [CrossRef]

9.  Batlle, E.; Clevers, H. Cancer stem cells revisited. Nat. Med. 2017, 23, 1124-1134. [CrossRef]

10. Patergnani, S.; Danese, A.; Bouhamida, E.; Aguiari, G.; Previati, M.; Pinton, P; Giorgi, C. Various Aspects of Calcium Signaling in
the Regulation of Apoptosis, Autophagy, Cell Proliferation, and Cancer. Int. ]. Mol. Sci. 2020, 21, 8323. [CrossRef]

11. Capiod, T.; Shuba, Y.; Skryma, R.; Prevarskaya, N. Calcium signalling and cancer cell growth. Subcell. Biochem. 2007, 45, 405-427.
[CrossRef] [PubMed]

12.  Roberts-Thomson, S.J.; Chalmers, S.B.; Monteith, G.R. The Calcium-Signaling Toolkit in Cancer: Remodeling and Targeting. Cold
Spring Harb. Perspect. Biol. 2019, 11, a035204. [CrossRef]

13.  Monteith, G.R.; Prevarskaya, N.; Roberts-Thomson, S.J. The calcium—cancer signalling nexus. Nat. Rev. Cancer 2017, 17, 373-380.
[CrossRef] [PubMed]

14. Brini, M.; Cali, T.; Ottolini, D.; Carafoli, E. Intracellular calcium homeostasis and signaling. Met. Ions Life Sci. 2013, 12, 119-168.
[CrossRef] [PubMed]

15. Berridge, M.].; Bootman, M.D.; Roderick, H.L. Calcium signalling: Dynamics, homeostasis and remodelling. Nat. Rev. Mol. Cell
Biol. 2003, 4, 517-529. [CrossRef] [PubMed]

16. O'Reilly, D.; Buchanan, P. Calcium channels and cancer stem cells. Cell Calcium 2019, 81, 21-28. [CrossRef]

17. Terrié, E.; Coronas, V.; Constantin, B. Role of the calcium toolkit in cancer stem cells. Cell Calcium 2019, 80, 141. [CrossRef]

18.  Schrodl, K.; Oelmez, H.; Edelmann, M.; Huber, R.M.; Bergner, A. Altered Ca?*-homeostasis of cisplatin-treated and low level
resistant non-small-cell and small-cell lung cancer cells. Cell. Oncol. Off. |. Int. Soc. Cell. Oncol. 2009, 31, 301-315. [CrossRef]

19. Bergner, A.; Schroed], K.; Oelmez, H.; Huber, R. M. Altered calcium-homeostasis of cisplatin-resistant non small cell (NSLC) and
small cell lung (SCLC) cancer cells. J. Clin. Oncol. 2008, 26, 22185. [CrossRef]

20. Florea, A.-M.; Biisselberg, D. Anti-cancer drugs interfere with intracellular calcium signaling. Neurotoxicology 2009, 30, 803-810.
[CrossRef]

21. Kucukkaya, B.; Basoglu, H.; Erdag, D.; Akbas, F.; Susgun, S.; Yalcintepe, L. Calcium homeostasis in cisplatin resistant epithelial
ovarian cancer. Gen. Physiol. Biophys. 2019, 38, 353-363. [CrossRef]

22.  Tchounwou, PB.; Dasari, S.; Noubissi, EK.; Ray, P.; Kumar, S. Advances in Our Understanding of the Molecular Mechanisms of

Action of Cisplatin in Cancer Therapy. J. Exp. Pharmacol. 2021, 13, 303-328. [CrossRef] [PubMed]


http://doi.org/10.3322/caac.21551
http://www.ncbi.nlm.nih.gov/pubmed/30620402
http://doi.org/10.1002/med.21338
http://doi.org/10.3390/cancers3011351
http://www.ncbi.nlm.nih.gov/pubmed/24212665
http://doi.org/10.1038/222385a0
http://www.ncbi.nlm.nih.gov/pubmed/5782119
http://doi.org/10.1016/j.ejphar.2014.07.025
http://www.ncbi.nlm.nih.gov/pubmed/25058905
http://doi.org/10.4252/wjsc.v10.i12.183
http://www.ncbi.nlm.nih.gov/pubmed/30613312
http://doi.org/10.1038/ni1080
http://doi.org/10.1158/1078-0432.CCR-09-2824
http://doi.org/10.1038/nm.4409
http://doi.org/10.3390/ijms21218323
http://doi.org/10.1007/978-1-4020-6191-2_15
http://www.ncbi.nlm.nih.gov/pubmed/18193646
http://doi.org/10.1101/cshperspect.a035204
http://doi.org/10.1038/nrc.2017.18
http://www.ncbi.nlm.nih.gov/pubmed/28386091
http://doi.org/10.1007/978-94-007-5561-1_5
http://www.ncbi.nlm.nih.gov/pubmed/23595672
http://doi.org/10.1038/nrm1155
http://www.ncbi.nlm.nih.gov/pubmed/12838335
http://doi.org/10.1016/j.ceca.2019.05.006
http://doi.org/10.1016/j.ceca.2019.05.001
http://doi.org/10.1155/2009/495797
http://doi.org/10.1200/jco.2008.26.15_suppl.22185
http://doi.org/10.1016/j.neuro.2009.04.014
http://doi.org/10.4149/gpb_2019013
http://doi.org/10.2147/JEP.S267383
http://www.ncbi.nlm.nih.gov/pubmed/33776489

Int. . Mol. Sci. 2022, 23, 10687 19 of 23

23.

24.

25.

26.

27.
28.
29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Yang, L.; Xie, H.-J.; Li, Y.-Y,; Wang, X.; Liu, X.-X.; Mai, J]. Molecular mechanisms of platinum-based chemotherapy resistance in
ovarian cancer. Oncol. Rep. 2022, 47, 82. [CrossRef]

Lohse, L; Borgida, A.; Cao, P; Cheung, M.; Pintilie, M.; Bianco, T.; Holter, S.; Ibrahimov, E.; Kumareswaran, R.; Bristow, R.G.; et al.
BRCA1 and BRCA2 mutations sensitize to chemotherapy in patient-derived pancreatic cancer xenografts. Br. ]. Cancer 2015, 113,
425-432. [CrossRef] [PubMed]

Rytelewski, M.; Tong, J.G.; Buensuceso, A.; Leong, H.S.; Maleki Vareki, S.; Figueredo, R.; Di Cresce, C.; Wu, S.Y.; Herbrich, S.M,;
Baggerly, K.A.; et al. BRCAZ2 inhibition enhances cisplatin-mediated alterations in tumor cell proliferation, metabolism, and
metastasis. Mol. Oncol. 2014, 8, 1429-1440. [CrossRef] [PubMed]

Kerkhofs, M.; Bittremieux, M.; Morciano, G.; Giorgi, C.; Pinton, P; Parys, ].B.; Bultynck, G. Emerging molecular mechanisms in
chemotherapy: Ca?t signaling at the mitochondria-associated endoplasmic reticulum membranes. Cell Death Dis. 2018, 9, 334.
[CrossRef]

Ramos, A.; Sadeghi, S.; Tabatabaeian, H. Battling Chemoresistance in Cancer: Root Causes and Strategies to Uproot Them. Int. ].
Mol. Sci. 2021, 22, 9451. [CrossRef]

Clapham, D.E. Calcium Signaling. Cell 2007, 131, 1047-1058. [CrossRef]

Bootman, M.D. Calcium Signaling. Cold Spring Harb. Perspect. Biol. 2012, 4, a011171. [CrossRef]

Martinho, N.; Santos, T.C.B.; Florindo, H.F,; Silva, L.C. Cisplatin-Membrane Interactions and Their Influence on Platinum
Complexes Activity and Toxicity. Front. Physiol. 2019, 9, 1898. [CrossRef]

Tachikawa, T.; Hori, Y.; Yamashita, T.; Harada, N.; Yodosawa, S.; Kumazawa, H.; Sai, S.-1.; Kawamoto, K. Intracellular Calcium
Changes and Chemosensitivities of Human Epidermoid Carcinoma Cell Lines after Exposure to Cisplatin. Ann. Otol. Rhinol.
Laryngol. 1998, 107, 611-618. [CrossRef]

Liang, X.; Huang, Y. Intracellular free calcium concentration and cisplatin resistance in human lung adenocarcinoma A549 cells.
Biosci. Rep. 2000, 20, 129-138. [CrossRef] [PubMed]

Al-Taweel, N.; Varghese, E.; Florea, A.-M.; Biisselberg, D. Cisplatin (CDDP) triggers cell death of MCF-7 cells following disruption
of intracellular calcium ([Ca(2+)]i) homeostasis. J. Toxicol. Sci. 2014, 39, 765-774. [CrossRef]

Xie, Q.; Su, J.; Jiao, B.; Shen, L.; Ma, L.; Qu, X.; Yu, C.; Jiang, X.; Xu, Y.; Sun, L. ABT737 reverses cisplatin resistance by regulating
ER-mitochondria CaZ* signal transduction in human ovarian cancer cells. Int. . Oncol. 2016, 49, 2507-2519. [CrossRef] [PubMed]
Splettstoesser, F.; Florea, A.-M.; Biisselberg, D. IP3 receptor antagonist, 2-APB, attenuates cisplatin induced Ca?*-influx in HeLa-S3
cells and prevents activation of calpain and induction of apoptosis. Br. ]. Pharmacol. 2007, 151, 1176-1186. [CrossRef] [PubMed]
Shen, L.; Wen, N.; Xia, M.; Zhang, Y.; Liu, W,; Xu, Y.; Sun, L. Calcium efflux from the endoplasmic reticulum regulates
cisplatin-induced apoptosis in human cervical cancer HeLa cells. Oncol. Lett. 2016, 11, 2411-2419. [CrossRef]

Tsunoda, T.; Koga, H.; Yokomizo, A.; Tatsugami, K.; Eto, M.; Inokuchi, J.; Hirata, A.; Masuda, K.; Okumura, K.; Naito, S. Inositol
1,4,5-trisphosphate (IP3) receptor typel (IP3R1) modulates the acquisition of cisplatin resistance in bladder cancer cell lines.
Oncogene 2005, 24, 1396-1402. [CrossRef]

Giines, D.A; Florea, A.-M.; Splettstoesser, F,; Biisselberg, D. Co-application of arsenic trioxide (As;O3) and cisplatin (CDDP) on
human SY-5Y neuroblastoma cells has differential effects on the intracellular calcium concentration ([Ca%*]i) and cytotoxicity.
Neurotoxicology 2009, 30, 194-202. [CrossRef]

Catterall, W.A. Voltage-gated calcium channels. Cold Spring Harb. Perspect. Biol. 2011, 3, a003947. [CrossRef]

Yang, M.; Brackenbury, W.J. Membrane potential and cancer progression. Front. Physiol. 2013, 4, 185. [CrossRef]

Hogan, P.G.; Rao, A. Store-operated calcium entry: Mechanisms and modulation. Biochem. Biophys. Res. Commun. 2015, 460,
40-49. [CrossRef] [PubMed]

Soboloff, J.; Spassova, M.A.; Tang, X.D.; Hewavitharana, T.; Xu, W.; Gill, D.L. Orail and STIM Reconstitute Store-operated
Calcium Channel Function®. J. Biol. Chem. 2006, 281, 20661-20665. [CrossRef] [PubMed]

Jardin, I.; Rosado, J.A. STIM and calcium channel complexes in cancer. Biochim. Biophys. Acta BBA-Mol. Cell Res. 2016, 1863,
1418-1426. [CrossRef] [PubMed]

Frisch, J.; Angenendt, A.; Hoth, M.; Prates Roma, L.; Lis, A. STIM-Orai Channels and Reactive Oxygen Species in the Tumor
Microenvironment. Carncers 2019, 11, 457. [CrossRef]

Fiorio Pla, A.; Kondratska, K.; Prevarskaya, N. STIM and ORAI proteins: Crucial roles in hallmarks of cancer. Am. J. Physiol.-Cell
Physiol. 2016, 310, C509-C519. [CrossRef]

Vashisht, A.; Trebak, M.; Motiani, R.K. STIM and Orai proteins as novel targets for cancer therapy. A Review in the Theme: Cell
and Molecular Processes in Cancer Metastasis. Am. J. Physiol.-Cell Physiol. 2015, 309, C457-C469. [CrossRef]

Sun, X.; Wei, Q.; Cheng, J.; Bian, Y.; Tian, C.; Hu, Y,; Li, H. Enhanced Stim1 expression is associated with acquired chemo-resistance
of cisplatin in osteosarcoma cells. Hum. Cell 2017, 30, 216-225. [CrossRef]

Li, N,; Li, X,; Li, S.; Zhou, S.; Zhou, Q. Cisplatin-induced downregulation of SOX1 increases drug resistance by activating
autophagy in non-small cell lung cancer cell. Biochem. Biophys. Res. Commun. 2013, 439, 187-190. [CrossRef]

Gualdani, R.; de Clippele, M.; Ratbi, I.; Gailly, P.; Tajeddine, N. Store-Operated Calcium Entry Contributes to Cisplatin-Induced
Cell Death in Non-Small Cell Lung Carcinoma. Cancers 2019, 11, 430. [CrossRef]

Zhu, H.; Zhang, H.; Jin, F; Fang, M.; Huang, M.; Yang, C.S.; Chen, T.; Fu, L.; Pan, Z. Elevated Orail expression mediates
tumor-promoting intracellular Ca* oscillations in human esophageal squamous cell carcinoma. Oncotarget 2014, 5, 3455-3471.
[CrossRef]


http://doi.org/10.3892/or.2022.8293
http://doi.org/10.1038/bjc.2015.220
http://www.ncbi.nlm.nih.gov/pubmed/26180923
http://doi.org/10.1016/j.molonc.2014.05.017
http://www.ncbi.nlm.nih.gov/pubmed/24974076
http://doi.org/10.1038/s41419-017-0179-0
http://doi.org/10.3390/ijms22179451
http://doi.org/10.1016/j.cell.2007.11.028
http://doi.org/10.1101/cshperspect.a011171
http://doi.org/10.3389/fphys.2018.01898
http://doi.org/10.1177/000348949810700712
http://doi.org/10.1023/A:1005530501137
http://www.ncbi.nlm.nih.gov/pubmed/11095113
http://doi.org/10.2131/jts.39.765
http://doi.org/10.3892/ijo.2016.3733
http://www.ncbi.nlm.nih.gov/pubmed/27748803
http://doi.org/10.1038/sj.bjp.0707335
http://www.ncbi.nlm.nih.gov/pubmed/17592515
http://doi.org/10.3892/ol.2016.4278
http://doi.org/10.1038/sj.onc.1208313
http://doi.org/10.1016/j.neuro.2008.12.001
http://doi.org/10.1101/cshperspect.a003947
http://doi.org/10.3389/fphys.2013.00185
http://doi.org/10.1016/j.bbrc.2015.02.110
http://www.ncbi.nlm.nih.gov/pubmed/25998732
http://doi.org/10.1074/jbc.C600126200
http://www.ncbi.nlm.nih.gov/pubmed/16766533
http://doi.org/10.1016/j.bbamcr.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26455959
http://doi.org/10.3390/cancers11040457
http://doi.org/10.1152/ajpcell.00364.2015
http://doi.org/10.1152/ajpcell.00064.2015
http://doi.org/10.1007/s13577-017-0167-9
http://doi.org/10.1016/j.bbrc.2013.08.065
http://doi.org/10.3390/cancers11030430
http://doi.org/10.18632/oncotarget.1903

Int. . Mol. Sci. 2022, 23, 10687 20 of 23

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Schmidt, S.; Liu, G.; Liu, G.; Yang, W.; Honisch, S.; Pantelakos, S.; Stournaras, C.; Honig, A.; Lang, F. Enhanced Orail and
STIM1 expression as well as store operated Ca* entry in therapy resistant ovary carcinoma cells. Oncotarget 2014, 5, 4799-4810.
[CrossRef] [PubMed]

Tang, B.; Xia, X.; Lv, X;; Yu, B.; Yuan, J.; Mai, X.; Shang, J.; Zhou, J.; Liang, S.; Pang, R. Inhibition of Orail-mediated CaZ* entry
enhances chemosensitivity of HepG2 hepatocarcinoma cells to 5-fluorouracil. J. Cell. Mol. Med. 2017, 21, 904-915. [CrossRef]
[PubMed]

Flourakis, M.; Lehen’kyi, V.; Beck, B.; Raphaél, M.; Vandenberghe, M.; Abeele, F.V.; Roudbaraki, M.; Lepage, G.; Mauroy, B.;
Romanin, C.; et al. Orail contributes to the establishment of an apoptosis-resistant phenotype in prostate cancer cells. Cell Death
Dis. 2010, 1, €75. [CrossRef] [PubMed]

Faouzi, M.; Hague, E; Potier, M.; Ahidouch, A.; Sevestre, H.; Ouadid-Ahidouch, H. Down-regulation of Orai3 arrests cell-cycle
progression and induces apoptosis in breast cancer cells but not in normal breast epithelial cells. J. Cell. Physiol. 2011, 226, 542-551.
[CrossRef]

Arora, S.; Tanwar, J.; Sharma, N.; Saurav, S.; Motiani, R.K. Orai3 Regulates Pancreatic Cancer Metastasis by Encoding a Functional
Store Operated Calcium Entry Channel. Cancers 2021, 13, 5937. [CrossRef] [PubMed]

Ay, A.-S.; Benzerdjerb, N.; Sevestre, H.; Ahidouch, A.; Ouadid-Ahidouch, H. Orai3 Constitutes a Native Store-Operated Calcium
Entry That Regulates Non Small Cell Lung Adenocarcinoma Cell Proliferation. PLoS ONE 2013, 8, e72889. [CrossRef]

Chamlali, M.; Kouba, S.; Rodat-Despoix, L.; Todesca, L.M.; Petho, Z.; Schwab, A.; Ouadid-Ahidouch, H. Orai3 Calcium Channel
Regulates Breast Cancer Cell Migration through Calcium-Dependent and -Independent Mechanisms. Cells 2021, 10, 3487.
[CrossRef]

Hasna, J.; Hague, F.; Rodat-Despoix, L.; Geerts, D.; Leroy, C.; Tulasne, D.; Ouadid-Ahidouch, H.; Kischel, P. Orai3 calcium channel
and resistance to chemotherapy in breast cancer cells: The p53 connection. Cell Death Differ. 2018, 25, 693-707. [CrossRef]

Daya, H.A.; Kouba, S.; Ouled-Haddou, H.; Benzerdjeb, N.; Telliez, M.-S.; Dayen, C.; Sevestre, H.; Garcon, L.; Hague, F;
Ouadid-Ahidouch, H. Orai3-Mediates Cisplatin-Resistance in Non-Small Cell Lung Cancer Cells by Enriching Cancer Stem Cell
Population through PI3K/AKT Pathway. Cancers 2021, 13, 2314. [CrossRef]

Koivisto, A.-P; Belvisi, M.G.; Gaudet, R.; Szallasi, A. Advances in TRP channel drug discovery: From target validation to clinical
studies. Nat. Rev. Drug Discov. 2022, 21, 41-59. [CrossRef]

Lefranc, F. Transient Receptor Potential (TRP) Ion Channels Involved in Malignant Glioma Cell Death and Therapeutic Perspec-
tives. Front. Cell Dev. Biol. 2021, 9, 618961. [CrossRef] [PubMed]

Van den Eynde, C.; De Clercq, K.; Vriens, ]. Transient Receptor Potential Channels in the Epithelial-to-Mesenchymal Transition.
Int. J. Mol. Sci. 2021, 22, 8188. [CrossRef] [PubMed]

Liu, X,; Zou, J.; Su, J.; Lu, Y;; Zhang, ].; Li, L.; Yin, F. Downregulation of transient receptor potential cation channel, subfamily C,
member 1 contributes to drug resistance and high histological grade in ovarian cancer. Int. J. Oncol. 2016, 48, 243-252. [CrossRef]
[PubMed]

Nur, G.; Naziroglu, M.; Deveci, H.A. Synergic prooxidant, apoptotic and TRPV1 channel activator effects of alpha-lipoic acid and
cisplatin in MCF-7 breast cancer cells. |. Recept. Signal Transduct. Res. 2017, 37, 569-577. [CrossRef]

Anurogo, D. Cancer Stem Cells. Cermin Dunia Kedokt. 2021, 48, 318-324. [CrossRef]

Walcher, L.; Kistenmacher, A.-K.; Suo, H.; Kitte, R.; Dluczek, S.; Straufs, A.; Blaudszun, A.-R.; Yevsa, T.; Fricke, S.;
Kossatz-Boehlert, U. Cancer Stem Cells—Origins and Biomarkers: Perspectives for Targeted Personalized Therapies. Front.
Immunol. 2020, 11, 1280. [CrossRef]

Al-Hajj, M.; Clarke, M.E. Self-renewal and solid tumor stem cells. Oncogene 2004, 23, 7274-7282. [CrossRef]

Jia, X,; Li, X;; Xu, Y;; Zhang, S.; Mou, W,; Liu, Y,; Liu, Y.; Lv, D.; Liu, C.-H,; Tan, X,; et al. SOX2 promotes tumorigenesis and
increases the anti-apoptotic property of human prostate cancer cell. J. Mol. Cell Biol. 2011, 3, 230-238. [CrossRef]

van den Hoogen, C.; van der Horst, G.; Cheung, H.; Buijs, ].T.; Lippitt, ] M.; Guzman-Ramirez, N.; Hamdy, EC.; Eaton, C.L,;
Thalmann, G.N.; Cecchini, M.G.; et al. High aldehyde dehydrogenase activity identifies tumor-initiating and metastasis-initiating
cells in human prostate cancer. Cancer Res. 2010, 70, 5163-5173. [CrossRef]

Al-Hajj, M.; Wicha, M.S.; Benito-Hernandez, A.; Morrison, S.J.; Clarke, M.E. Prospective identification of tumorigenic breast
cancer cells. Proc. Natl. Acad. Sci. USA 2003, 100, 3983-3988. [CrossRef]

Li, C.; Heidt, D.G,; Dalerba, P.; Burant, C.F,; Zhang, L.; Adsay, V.; Wicha, M.; Clarke, M.F,; Simeone, D.M. Identification of
pancreatic cancer stem cells. Cancer Res. 2007, 67, 1030-1037. [CrossRef] [PubMed]

Liu, G,; Yuan, X.; Zeng, Z.; Tunici, P.; Ng, H.; Abdulkadir, L.R.; Lu, L.; Irvin, D.; Black, K.L.; Yu, J.S. Analysis of gene expression
and chemoresistance of CD133+ cancer stem cells in glioblastoma. Mol. Cancer 2006, 5, 67. [CrossRef]

O’Brien, C.A.; Pollett, A.; Gallinger, S.; Dick, J.E. A human colon cancer cell capable of initiating tumour growth in immunodefi-
cient mice. Nature 2007, 445, 106-110. [CrossRef]

Collins, A.T.; Berry, P.A; Hyde, C.; Stower, M.].; Maitland, N.J. Prospective identification of tumorigenic prostate cancer stem
cells. Cancer Res. 2005, 65, 10946-10951. [CrossRef] [PubMed]

Hermann, P.C.; Huber, S.L.; Herrler, T.; Aicher, A.; Ellwart, ]J W.; Guba, M.; Bruns, C.J.; Heeschen, C. Distinct populations of cancer
stem cells determine tumor growth and metastatic activity in human pancreatic cancer. Cell Stem Cell 2007, 1, 313-323. [CrossRef]


http://doi.org/10.18632/oncotarget.2035
http://www.ncbi.nlm.nih.gov/pubmed/25015419
http://doi.org/10.1111/jcmm.13029
http://www.ncbi.nlm.nih.gov/pubmed/27878958
http://doi.org/10.1038/cddis.2010.52
http://www.ncbi.nlm.nih.gov/pubmed/21364678
http://doi.org/10.1002/jcp.22363
http://doi.org/10.3390/cancers13235937
http://www.ncbi.nlm.nih.gov/pubmed/34885048
http://doi.org/10.1371/journal.pone.0072889
http://doi.org/10.3390/cells10123487
http://doi.org/10.1038/s41418-017-0007-1
http://doi.org/10.3390/cancers13102314
http://doi.org/10.1038/s41573-021-00268-4
http://doi.org/10.3389/fcell.2021.618961
http://www.ncbi.nlm.nih.gov/pubmed/34458247
http://doi.org/10.3390/ijms22158188
http://www.ncbi.nlm.nih.gov/pubmed/34360952
http://doi.org/10.3892/ijo.2015.3254
http://www.ncbi.nlm.nih.gov/pubmed/26647723
http://doi.org/10.1080/10799893.2017.1369121
http://doi.org/10.55175/cdk.v48i11.1549
http://doi.org/10.3389/fimmu.2020.01280
http://doi.org/10.1038/sj.onc.1207947
http://doi.org/10.1093/jmcb/mjr002
http://doi.org/10.1158/0008-5472.CAN-09-3806
http://doi.org/10.1073/pnas.0530291100
http://doi.org/10.1158/0008-5472.CAN-06-2030
http://www.ncbi.nlm.nih.gov/pubmed/17283135
http://doi.org/10.1186/1476-4598-5-67
http://doi.org/10.1038/nature05372
http://doi.org/10.1158/0008-5472.CAN-05-2018
http://www.ncbi.nlm.nih.gov/pubmed/16322242
http://doi.org/10.1016/j.stem.2007.06.002

Int. . Mol. Sci. 2022, 23, 10687 21 0f 23

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Bertolini, G.; Roz, L.; Perego, P; Tortoreto, M.; Fontanella, E.; Gatti, L.; Pratesi, G.; Fabbri, A.; Andriani, F; Tinelli, S.; et al. Highly
tumorigenic lung cancer CD133+ cells display stem-like features and are spared by cisplatin treatment. Proc. Natl. Acad. Sci. USA
2009, 106, 16281-16286. [CrossRef] [PubMed]

Beier, D.; Hau, P; Proescholdt, M.; Lohmeier, A.; Wischhusen, J.; Oefner, PJ.; Aigner, L.; Brawanski, A.; Bogdahn, U.; Beier, C.P.
CD133(+) and CD133(—) glioblastoma-derived cancer stem cells show differential growth characteristics and molecular profiles.
Cancer Res. 2007, 67,4010-4015. [CrossRef]

Le, H.; Zeng, F; Xu, L.; Liu, X.; Huang, Y. The role of CD133 expression in the carcinogenesis and prognosis of patients with lung
cancer. Mol. Med. Rep. 2013, 8, 1511-1518. [CrossRef]

Phi, L.T.H,; Sari, LN,; Yang, Y.-G.; Lee, S.-H.; Jun, N.; Kim, K.S; Lee, Y.K.; Kwon, H.Y. Cancer Stem Cells (CSCs) in Drug Resistance
and their Therapeutic Implications in Cancer Treatment. Stemn Cells Int. 2018, 2018, e5416923. [CrossRef]

Liu, Y.-P; Yang, C.-J.; Huang, M.-S; Yeh, C.-T.; Wu, A.T.H.; Lee, Y.-C.; Lai, T.-C.; Lee, C.-H.; Hsiao, Y.-W.; Lu, J.; et al. Cisplatin
selects for multidrug-resistant CD133+ cells in lung adenocarcinoma by activating Notch signaling. Cancer Res. 2013, 73, 406-416.
[CrossRef]

Chen, S.-H.; Chang, ].-Y. New Insights into Mechanisms of Cisplatin Resistance: From Tumor Cell to Microenvironment. Int. J.
Mol. Sci. 2019, 20, 4136. [CrossRef] [PubMed]

MacDonagh, L.; Gallagher, M.E,; Ffrench, B.; Gasch, C.; Breen, E.; Gray, S.G.; Nicholson, S.; Leonard, N.; Ryan, R.; Young, V.; et al.
Targeting the cancer stem cell marker, aldehyde dehydrogenase 1, to circumvent cisplatin resistance in NSCLC. Oncotarget 2017, 8,
72544-72563. [CrossRef]

Forostyak, O.; Forostyak, S.; Kortus, S.; Sykova, E.; Verkhratsky, A.; Dayanithi, G. Physiology of Ca(2+) signalling in stem cells of
different origins and differentiation stages. Cell Calcium 2016, 59, 57-66. [CrossRef] [PubMed]

Cheng, Q.; Chen, A.; Du, Q.; Liao, Q.; Shuai, Z.; Chen, C; Yang, X.; Hu, Y.; Zhao, J.; Liu, S.; et al. Novel insights into ion channels
in cancer stem cells. Int. J. Oncol. 2018, 53, 1435-1441. [CrossRef]

Berridge, M.].; Lipp, P.; Bootman, M.D. The versatility and universality of calcium signalling. Nat. Rev. Mol. Cell Biol. 2000, 1,
11-21. [CrossRef]

Hempel, N.; Trebak, M. Crosstalk between calcium and reactive oxygen species signaling in cancer. Cell Calcium 2017, 63, 70-96.
[CrossRef]

Delierneux, C.; Kouba, S.; Shanmughapriya, S.; Potier-Cartereau, M.; Trebak, M.; Hempel, N. Mitochondrial Calcium Regulation
of Redox Signaling in Cancer. Cells 2020, 9, 432. [CrossRef]

Bautista, W.; Lipschitz, J.; McKay, A.; Minuk, G.Y.; Bautista, W.; Lipschitz, J.; McKay, A.; Minuk, G.Y. Cancer Stem Cells are
Depolarized Relative to Normal Stem Cells Derived from Human Livers. Ann. Hepatol. 2017, 16, 297-303. [CrossRef] [PubMed]
Antal, L.; Martin-Caraballo, M. T-type Calcium Channels in Cancer. Cancers 2019, 11, 134. [CrossRef]

Zhang, Y.; Cruickshanks, N.; Yuan, F; Wang, B.; Pahuski, M.; Wulfkuhle, J.; Gallagher, I.; Koeppel, A.F; Hatef, S,;
Papanicolas, C.; et al. Targetable T-type Calcium Channels Drive Glioblastoma. Cancer Res. 2017, 77, 3479-3490. [CrossRef]
Rodriguez-Goémez, J.A.; Levitsky, K.L.; Lopez-Barneo, J. T-type Ca?* channels in mouse embryonic stem cells: Modulation during
cell cycle and contribution to self-renewal. Am. J. Physiol.-Cell Physiol. 2012, 302, C494-C504. [CrossRef] [PubMed]

Lee, S.H.; Rigas, N.K; Lee, C.-R.; Bang, A,; Srikanth, S.; Gwack, Y.; Kang, M.K,; Kim, R H.; Park, N.-H.; Shin, K.-H. Orail promotes
tumor progression by enhancing cancer stemness via NFAT signaling in oral/oropharyngeal squamous cell carcinoma. Oncotarget
2016, 7, 43239-43255. [CrossRef] [PubMed]

Robil, N.; Petel, F; Kilhoffer, M.-C.; Haiech, J. Glioblastoma and calcium signaling—Analysis of calcium toolbox expression. Int. ].
Dev. Biol. 2015, 59, 407-415. [CrossRef] [PubMed]

Aulestia, EJ.; Néant, I; Dong, J.; Haiech, J.; Kilhoffer, M.-C.; Moreau, M.; Leclerc, C. Quiescence status of glioblastoma stem-like
cells involves remodelling of Ca®* signalling and mitochondrial shape. Sci. Rep. 2018, 8, 9731. [CrossRef]

Li, Y,; Guo, B; Xie, Q.; Ye, D.; Zhang, D.; Zhu, Y.; Chen, H.; Zhu, B. STIM1 Mediates Hypoxia-Driven Hepatocarcinogenesis via
Interaction with HIF-1. Cell Rep. 2015, 12, 388-395. [CrossRef]

Hirata, N.; Yamada, S.; Yanagida, S.; Ono, A.; Yasuhiko, Y.; Nishida, M.; Kanda, Y. Lysophosphatidic Acid Promotes the Expansion
of Cancer Stem Cells via TRPC3 Channels in Triple-Negative Breast Cancer. Int. |. Mol. Sci. 2022, 23, 1967. [CrossRef]

Shiozaki, A.; Kudou, M.; Ichikawa, D.; Fujiwara, H.; Shimizu, H.; Ishimoto, T.; Arita, T.; Kosuga, T.; Konishi, H.; Komatsu, S.; et al.
Esophageal cancer stem cells are suppressed by tranilast, a TRPV2 channel inhibitor. J. Gastroenterol. 2018, 53, 197-207. [CrossRef]
Hu, Z,; Cao, X,; Fang, Y,; Liu, G.; Xie, C.; Qian, K,; Lei, X.; Cao, Z.; Du, H.; Cheng, X.; et al. Transient receptor potential
vanilloid-type 2 targeting on stemness in liver cancer. Biomed. Pharmacother. 2018, 105, 697-706. [CrossRef]

Morelli, M.B.; Nabissi, M.; Amantini, C.; Farfariello, V.; Ricci-Vitiani, L.; di Martino, S.; Pallini, R.; Larocca, L.M.; Caprodossi, S.;
Santoni, M.; et al. The transient receptor potential vanilloid-2 cation channel impairs glioblastoma stem-like cell proliferation and
promotes differentiation. Int. J. Cancer 2012, 131, E1067-E1077. [CrossRef]

Nabissi, M.; Morelli, M.B.; Amantini, C.; Liberati, S.; Santoni, M.; Ricci-Vitiani, L.; Pallini, R.; Santoni, G. Cannabidiol stimulates
Aml-la-dependent glial differentiation and inhibits glioma stem-like cells proliferation by inducing autophagy in a TRPV2-
dependent manner. Int. . Cancer 2015, 137, 1855-1869. [CrossRef]

Santoni, G.; Nabissi, M.; Amantini, C.; Santoni, M.; Ricci-Vitiani, L.; Pallini, R.; Maggi, F; Morelli, M.B. ERK Phosphorylation
Regulates the Aml1/Runx1 Splice Variants and the TRP Channels Expression during the Differentiation of Glioma Stem Cell
Lines. Cells 2021, 10, 2052. [CrossRef]


http://doi.org/10.1073/pnas.0905653106
http://www.ncbi.nlm.nih.gov/pubmed/19805294
http://doi.org/10.1158/0008-5472.CAN-06-4180
http://doi.org/10.3892/mmr.2013.1667
http://doi.org/10.1155/2018/5416923
http://doi.org/10.1158/0008-5472.CAN-12-1733
http://doi.org/10.3390/ijms20174136
http://www.ncbi.nlm.nih.gov/pubmed/31450627
http://doi.org/10.18632/oncotarget.19881
http://doi.org/10.1016/j.ceca.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26905828
http://doi.org/10.3892/ijo.2018.4500
http://doi.org/10.1038/35036035
http://doi.org/10.1016/j.ceca.2017.01.007
http://doi.org/10.3390/cells9020432
http://doi.org/10.5604/16652681.1231592
http://www.ncbi.nlm.nih.gov/pubmed/28233753
http://doi.org/10.3390/cancers11020134
http://doi.org/10.1158/0008-5472.CAN-16-2347
http://doi.org/10.1152/ajpcell.00267.2011
http://www.ncbi.nlm.nih.gov/pubmed/22049210
http://doi.org/10.18632/oncotarget.9755
http://www.ncbi.nlm.nih.gov/pubmed/27259269
http://doi.org/10.1387/ijdb.150200jh
http://www.ncbi.nlm.nih.gov/pubmed/26679953
http://doi.org/10.1038/s41598-018-28157-8
http://doi.org/10.1016/j.celrep.2015.06.033
http://doi.org/10.3390/ijms23041967
http://doi.org/10.1007/s00535-017-1338-x
http://doi.org/10.1016/j.biopha.2018.06.029
http://doi.org/10.1002/ijc.27588
http://doi.org/10.1002/ijc.29573
http://doi.org/10.3390/cells10082052

Int. . Mol. Sci. 2022, 23, 10687 22 0f 23

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Liu, M,; Inoue, K.; Leng, T.; Guo, S.; Xiong, Z. TRPM7 channels regulate glioma stem cell through STAT3 and Notch signaling
pathways. Cell. Signal. 2014, 26, 2773-2781. [CrossRef]

Middelbeek, J.; Visser, D.; Henneman, L.; Kamermans, A.; Kuipers, A.].; Hoogerbrugge, PM.; Jalink, K.; van Leeuwen, EN.
TRPM7 maintains progenitor-like features of neuroblastoma cells: Implications for metastasis formation. Oncotarget 2015, 6,
8760-8776. [CrossRef]

Liu, K.; Xu, S.-H.; Chen, Z.; Zeng, Q.-X.; Li, Z.-].; Chen, Z.-M. TRPM?7 overexpression enhances the cancer stem cell-like and
metastatic phenotypes of lung cancer through modulation of the Hsp90«/uPA /MMP2 signaling pathway. BMC Cancer 2018,
18, 1167. [CrossRef] [PubMed]

Lu, H,; Chen, I.; Shimoda, L.A.; Park, Y.; Zhang, C.; Tran, L.; Zhang, H.; Semenza, G.L. Chemotherapy-Induced Ca2* Release
Stimulates Breast Cancer Stem Cell Enrichment. Cell Rep. 2017, 18, 1946-1957. [CrossRef] [PubMed]

Kaid, C,; Silva, PB.G.; Cortez, B.A.; Rodini, C.O.; Semedo-Kuriki, P.; Okamoto, O.K. miR-367 promotes proliferation and stem-like
traits in medulloblastoma cells. Cancer Sci. 2015, 106, 1188-1195. [CrossRef] [PubMed]

Marciel, M.P,; Khadka, V.S.; Deng, Y.; Kilicaslan, P.; Pham, A.; Bertino, P; Lee, K.; Chen, S.; Glibetic, N.; Hoffmann, EW.; et al.
Selenoprotein K deficiency inhibits melanoma by reducing calcium flux required for tumor growth and metastasis. Oncotarget
2018, 9, 13407-13422. [CrossRef]

Yu, J.; Wang, S.; Zhao, W.; Duan, J.; Wang, Z.; Chen, H.; Tian, Y.; Wang, D.; Zhao, ]J.; An, T,; et al. Mechanistic Exploration of
Cancer Stem Cell Marker Voltage-Dependent Calcium Channel «261 Subunit-mediated Chemotherapy Resistance in Small-Cell
Lung Cancer. Clin. Cancer Res. 2018, 24, 2148-2158. [CrossRef]

Arikkath, J.; Campbell, K.P. Auxiliary subunits: Essential components of the voltage-gated calcium channel complex. Curr. Opin.
Neurobiol. 2003, 13, 298-307. [CrossRef]

Davies, A.; Hendrich, J.; Van Minh, A.T.; Wratten, J.; Douglas, L.; Dolphin, A.C. Functional biology of the alpha(2)delta subunits
of voltage-gated calcium channels. Trends Pharmacol. Sci. 2007, 28, 220-228. [CrossRef]

Cassidy, ].S.; Ferron, L.; Kadurin, I; Pratt, W.S.; Dolphin, A.C. Functional exofacially tagged N-type calcium channels elucidate
the interaction with auxiliary «26-1 subunits. Proc. Natl. Acad. Sci. USA 2014, 111, 8979-8984. [CrossRef]

Gurnett, C.A.; De Waard, M.; Campbell, K.P. Dual function of the voltage-dependent Ca?* channel alpha 2 delta subunit in
current stimulation and subunit interaction. Neuron 1996, 16, 431-440. [CrossRef]

Lee, H.; Kim, J.W.; Kim, D.K,; Choi, D.K;; Lee, S.; Yu, ].H.; Kwon, O.-B.; Lee, J.; Lee, D.-S.; Kim, J.H.; et al. Calcium Channels as
Novel Therapeutic Targets for Ovarian Cancer Stem Cells. Int. J. Mol. Sci. 2020, 21, 2327. [CrossRef]

Hojo, N.; Huisken, A.L.; Wang, H.; Chirshev, E.; Kim, N.S.; Nguyen, S.M.; Campos, H.; Glackin, C.A.; Ioffe, Y.J.; Unternaehrer, J.J.
Snail knockdown reverses stemness and inhibits tumour growth in ovarian cancer. Sci. Rep. 2018, 8, 8704. [CrossRef] [PubMed]
Li, S.; Fan, Y.; Kumagai, A.; Kawakita, E.; Kitada, M.; Kanasaki, K.; Koya, D. Deficiency in Dipeptidyl Peptidase-4 Promotes
Chemoresistance Through the CXCL12/CXCR4/mTOR/TGEFp Signaling Pathway in Breast Cancer Cells. Int. J. Mol. Sci. 2020, 21,
805. [CrossRef] [PubMed]

Nakamura, R.; Ishii, H.; Endo, K.; Hotta, A.; Fujii, E.; Miyazawa, K.; Saitoh, M. Reciprocal expression of Slug and Snail in human
oral cancer cells. PLoS ONE 2018, 13, e0199442. [CrossRef]

Wang, X.; Ling, M.T.; Guan, X.-Y.; Tsao, S.W.; Cheung, HW.; Lee, D.T.; Wong, Y.C. Identification of a novel function of TWIST, a
bHLH protein, in the development of acquired taxol resistance in human cancer cells. Oncogene 2004, 23, 474-482. [CrossRef]
Deng, J.-J.; Zhang, W.; Xu, X.-M.; Zhang, E,; Tao, W.-P.;; Ye, ].-].; Ge, W. Twist mediates an aggressive phenotype in human
colorectal cancer cells. Int. |. Oncol. 2016, 48, 1117-1124. [CrossRef]

Wendt, M.K.; Balanis, N.; Carlin, C.R.; Schiemann, W.P. STAT3 and epithelial-mesenchymal transitions in carcinomas. JAK-STAT
2014, 3, €28975. [CrossRef]

Sellier, H.; Rébillard, A.; Guette, C.; Barré, B.; Coqueret, O. How should we define STAT3 as an oncogene and as a potential target
for therapy? JAK-STAT 2013, 2, e24716. [CrossRef]

Zhou, J.; Wulfkuhle, J.; Zhang, H.; Gu, P; Yang, Y.; Deng, J.; Margolick, ].B.; Liotta, L.A.; Petricoin, E.; Zhang, Y. Activation of the
PTEN/mTOR/STAT3 pathway in breast cancer stem-like cells is required for viability and maintenance. Proc. Natl. Acad. Sci.
USA 2007, 104, 16158-16163. [CrossRef] [PubMed]

Zhang, C.; Guo, E; Xu, G.; Ma, J.; Shao, F. STAT3 cooperates with Twist to mediate epithelial-mesenchymal transition in human
hepatocellular carcinoma cells. Oncol. Rep. 2015, 33, 1872-1882. [CrossRef]

Marotta, L.L.C.; Almendro, V.; Marusyk, A.; Shipitsin, M.; Schemme, J.; Walker, S.R.; Bloushtain-Qimron, N.; Kim, J.J.;
Choudhury, S.A.; Maruyama, R.; et al. The JAK2/STAT3 signaling pathway is required for growth of CD44+CD24- stem
cell-like breast cancer cells in human tumors. J. Clin. Investig. 2011, 121, 2723-2735. [CrossRef]

Cheng, G.Z.; Zhang, W.; Sun, M.; Wang, Q.; Coppola, D.; Mansour, M.; Xu, L.; Costanzo, C.; Cheng, ].Q.; Wang, L.-H. Twist Is
Transcriptionally Induced by Activation of STAT3 and Mediates STAT3 Oncogenic Function. J. Biol. Chem. 2008, 283, 14665-14673.
[CrossRef]

Shiratori-Hayashi, M.; Yamaguchi, C.; Eguchi, K.; Shiraishi, Y.; Kohno, K.; Mikoshiba, K.; Inoue, K.; Nishida, M.; Tsuda, M.
Astrocytic STAT3 activation and chronic itch require IP3R1/TRPC-dependent Ca®* signals in mice. . Allergy Clin. Immunol. 2021,
147,1341-1353. [CrossRef] [PubMed]

Mora, PT.; Chandrasekaran, K.; McFarland, V.W. An embryo protein induced by SV40 virus transformation of mouse cells. Nature
1980, 288, 722-724. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cellsig.2014.08.020
http://doi.org/10.18632/oncotarget.3315
http://doi.org/10.1186/s12885-018-5050-x
http://www.ncbi.nlm.nih.gov/pubmed/30477473
http://doi.org/10.1016/j.celrep.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28228260
http://doi.org/10.1111/cas.12733
http://www.ncbi.nlm.nih.gov/pubmed/26250335
http://doi.org/10.18632/oncotarget.24388
http://doi.org/10.1158/1078-0432.CCR-17-1932
http://doi.org/10.1016/S0959-4388(03)00066-7
http://doi.org/10.1016/j.tips.2007.03.005
http://doi.org/10.1073/pnas.1403731111
http://doi.org/10.1016/S0896-6273(00)80061-6
http://doi.org/10.3390/ijms21072327
http://doi.org/10.1038/s41598-018-27021-z
http://www.ncbi.nlm.nih.gov/pubmed/29880891
http://doi.org/10.3390/ijms21030805
http://www.ncbi.nlm.nih.gov/pubmed/31991851
http://doi.org/10.1371/journal.pone.0199442
http://doi.org/10.1038/sj.onc.1207128
http://doi.org/10.3892/ijo.2016.3342
http://doi.org/10.4161/jkst.28975
http://doi.org/10.4161/jkst.24716
http://doi.org/10.1073/pnas.0702596104
http://www.ncbi.nlm.nih.gov/pubmed/17911267
http://doi.org/10.3892/or.2015.3783
http://doi.org/10.1172/JCI44745
http://doi.org/10.1074/jbc.M707429200
http://doi.org/10.1016/j.jaci.2020.06.039
http://www.ncbi.nlm.nih.gov/pubmed/32781002
http://doi.org/10.1038/288722a0
http://www.ncbi.nlm.nih.gov/pubmed/6256642

Int. . Mol. Sci. 2022, 23, 10687 23 0f 23

127.

128.
129.

130.

131.

132.

133.

134.

135.

136.

137.

Sabapathy, K.; Klemm, M.; Jaenisch, R.; Wagner, E.F. Regulation of ES cell differentiation by functional and conformational
modulation of p53. EMBO J. 1997, 16, 6217-6229. [CrossRef]

Solozobova, V.; Blattner, C. Regulation of p53 in embryonic stem cells. Exp. Cell Res. 2010, 316, 2434-2446. [CrossRef]

Lin, T.; Chao, C.; Saito, S.; Mazur, S.J.; Murphy, M.E.; Appella, E.; Xu, Y. p53 induces differentiation of mouse embryonic stem
cells by suppressing Nanog expression. Nat. Cell Biol. 2005, 7, 165-171. [CrossRef]

Chambers, I.; Colby, D.; Robertson, M.; Nichols, J.; Lee, S.; Tweedie, S.; Smith, A. Functional expression cloning of Nanog, a
pluripotency sustaining factor in embryonic stem cells. Cell 2003, 113, 643-655. [CrossRef]

Loh, Y.-H.; Wu, Q.; Chew, J.-L.; Vega, V.B.; Zhang, W.; Chen, X.; Bourque, G.; George, J.; Leong, B.; Liu, J.; et al. The Oct4 and
Nanog transcription network regulates pluripotency in mouse embryonic stem cells. Nat. Genet. 2006, 38, 431-440. [CrossRef]
Godfraind, T. Calcium Channel Blockers in Cardiovascular Pharmacotherapy. J. Cardiovasc. Pharmacol. Ther. 2014, 19, 501-515.
[CrossRef] [PubMed]

Wolfram, J.A.; Donahue, ] K. Gene Therapy to Treat Cardiovascular Disease. J. Am. Heart Assoc. Cardiovasc. Cerebrovasc. Dis. 2013,
2,e000119. [CrossRef] [PubMed]

Liang, X.; Zhang, N.; Pan, H.; Xie, J.; Han, W. Development of Store-Operated Calcium Entry-Targeted Compounds in Cancer.
Front. Pharmacol. 2021, 12, 688244. [CrossRef] [PubMed]

Chang, Y,; Roy, S.; Pan, Z. Store-Operated Calcium Channels as Drug Target in Gastroesophageal Cancers. Front. Pharmacol. 2021,
12, 668730. [CrossRef]

Li, P; Rubaiy, H.N.; Chen, G.-L.; Hallett, T.; Zaibi, N.; Zeng, B.; Saurabh, R.; Xu, S.-Z. Mibefradil, a T-type Ca?* channel blocker
also blocks Orai channels by action at the extracellular surface. Br. . Pharmacol. 2019, 176, 3845-3856. [CrossRef] [PubMed]
Khan, H.Y;; Mpilla, G.B,; Sexton, R.; Viswanadha, S.; Penmetsa, K.V.; Aboukameel, A.; Diab, M.; Kamgar, M.; Al-Hallak, M.N.;
Szlaczky, M.; et al. Calcium Release-Activated Calcium (CRAC) Channel Inhibition Suppresses Pancreatic Ductal Adenocarcinoma
Cell Proliferation and Patient-Derived Tumor Growth. Cancers 2020, 12, 750. [CrossRef]


http://doi.org/10.1093/emboj/16.20.6217
http://doi.org/10.1016/j.yexcr.2010.06.006
http://doi.org/10.1038/ncb1211
http://doi.org/10.1016/S0092-8674(03)00392-1
http://doi.org/10.1038/ng1760
http://doi.org/10.1177/1074248414530508
http://www.ncbi.nlm.nih.gov/pubmed/24872348
http://doi.org/10.1161/JAHA.113.000119
http://www.ncbi.nlm.nih.gov/pubmed/23963752
http://doi.org/10.3389/fphar.2021.688244
http://www.ncbi.nlm.nih.gov/pubmed/34122115
http://doi.org/10.3389/fphar.2021.668730
http://doi.org/10.1111/bph.14788
http://www.ncbi.nlm.nih.gov/pubmed/31271653
http://doi.org/10.3390/cancers12030750

	Introduction 
	Cisplatin Action Mechanisms, in Brief, the Transduction Pathways Involved, and Ca2+-Related Resistance Mechanisms in Cancer Cells 
	Cisplatin Action Mechanisms in Brief 
	Link between Cisplatin Resistance and Ca2+ Homeostasis in Cancer Cells 

	Cisplatin-Based Chemotherapy and the Emergence of CSC Markers 
	CSC Definition and Origin at Tumor Sites 
	CSC Markers in Different Types of Cancers 
	Chronic Cisplatin Exposure and Stem Cell Marker Induction 

	The Role of Ca2+ in Cancer Stemness and Resistance to Cisplatin through CSC Population Enrichment and via the Ca2+-Dependent Signaling Pathways 
	The Role of Ca2+ and Ca2+ Channels in Cancer Stemness 
	Role of Ca2+ Channels in Cisplatin Resistance through the Increase of Cancer Stem Cell Populations 
	Ca2+-Dependent Signaling Pathways Involved in Cisplatin Resistance in CSCs 

	Conclusions 
	References

