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Abstract: Calcium ions (Ca2+) play an important role as second messengers in regulating a plethora
of physiological and pathological processes, including the progression of cancer. Several selective
and non-selective Ca2+-permeable ion channels are implicated in mediating Ca2+ signaling in cancer
cells. In this review, we are focusing on TRPC1, a member of the TRP protein superfamily and a
potential modulator of store-operated Ca2+ entry (SOCE) pathways. While TRPC1 is ubiquitously
expressed in most tissues, its dysregulated activity may contribute to the hallmarks of various types
of cancers, including breast cancer, pancreatic cancer, glioblastoma multiforme, lung cancer, hepatic
cancer, multiple myeloma, and thyroid cancer. A range of pharmacological and genetic tools have
been developed to address the functional role of TRPC1 in cancer. Interestingly, the unique role of
TRPC1 has elevated this channel as a promising target for modulation both in terms of
pharmacological inhibition leading to suppression of tumor growth and metastasis, as well as for
agonistic strategies eliciting Ca2+overload and cell death in aggressive metastatic tumor cells.
Keywords: TRPC1; SOCE; cancer progression; EMT

1. Introduction
Calcium is a ubiquitous second messenger that is known to regulate a myriad of physiological
cellular functions in normal cells [1]. Levels of intracellular free concentration of Ca2+ is tightly
regulated with strict spatial and temporal control to initiate, maintain, and terminate appropriate
signaling pathways and phenotypes. Changes in intracellular Ca2+ concentration include fast
processes that require milliseconds of intracellular Ca2+ spikes necessary for exocytosis and muscle
contraction, to processes requiring minutes to hours of Ca2+ flux that affect cellular proliferation, cell
cycle control, migration, gene expression, and cell death [2,3]. Ion channels play a fundamental role
in defining regulatory signaling pathways in the progression of cancer. Further, numerous studies
indicate that Ca2+-dependent signaling pathways are involved in augmenting tumor proliferation,
differentiation, migration, invasion, metastasis, and apoptosis, thus tumor cells often exhibit
increased expression of Ca2+ regulatory networks [2–4]. Moreover, given the importance of Ca2+
signaling, it is not surprising that cells tightly and precisely regulate proteins handling Ca2+ signals,
including receptors, channels, and transporters [5]. Regulation of Ca2+ homeostasis includes transient
Ca2+ release from intracellular stores (ER/SR, mitochondria, lysosomes) as well as more sustained
influx of extracellular Ca2+ [6]. The store-operated Ca2+ entry pathway (SOCE) is a major Ca2+ entry
pathway in non-excitable cells and SOCE activity is known to modulate insensitivity to antigrowth
signals via multiple routes, as reviewed by Prevarskaya et al. [4]. There are numerous channels and
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transporters that regulate Ca2+ levels, and deciphering the role and interplay of individual members
in facilitating tumor progression remains challenging. There is a great deal of controversy
surrounding the role of TRPC1; while some reports suggest it is an ion channel, other reports suggest
that TRPC1 alone is not sufficient to form an ion channel and functions as a modulator of other TRPC
channels. Additionally, the expression of TRPC1 as a prognostic marker in cancer appears to be
context specific as TRPC1 expression has been reported to be associated with poor clinical outcomes
for certain types of cancers, while in other indications it is reported to be associated with improved
outcomes. This review will focus on the role of TRPC1 expression as a determinant of SOCE and
cancer progression.
The transient receptor potential (TRP) ion channels were first discovered in Drosophila
melanogaster by studying photo-transduction [7]. The TRP protein superfamily shares similarities in
structure to the parent Drosophila TRP and were initially classified into three subfamilies TRPCanonical, TRP-Vanilloid, and TRP-Melastatin (TRPC, TRPV, and TRPM, respectively) [8]. Later, the
TRP superfamily was classified into seven subfamilies; TRP-Classical/Canonical (TRPC), TRPVanilloid (TRPV), TRP-Melastatin (TRPM), TRP-Ankyrin (TRPA), TRP-Polycystin (TRPP), and TRPMucolipin (TRPML). The non-mechanoreceptor potential C-TRP (TRPN) is comprised of
approximately 30 members [9]. Except for TRPM4 and TRPM5, which are Ca2+-activated monovalentselective cation channels [10,11], TRP family members are non-selective channels that are permeable
to Ca2+ to varying degrees [9]. TRP channels generally share structural similarities that include sixtransmembrane domains, and the proteins typically assemble as homotetrameric or in some cases
heterotetrameric channels summarized by Strubing and colleagues [12].
In addition to TRP channels, the SOCE mechanism of action is dependent on the depletion of
the endoplasmic reticulum (ER) Ca2+ stores through ryanodine receptors (RyRs) or inositol 1,4,5trisphosphate receptors (IP3R) [13,14]. SOCE is regulated by agonist binding surface receptors,
including G-protein coupled receptors (GPCRs) or receptor tyrosine-kinases (RTKs), activating
phospholipase Cβ (PLCβ) via Gq/11 and PLCγ via RTK-mediated signaling [2,6]. This results in the
enzymatic cleavage of plasma-membrane phosphatidylinositol 4,5-bisphosphate (PIP2) into IP3 and
diacylglycerol (DAG). The depletion of Ca2+ stores from the ER is sensed by the transmembrane
protein stromal interaction molecules (STIM1 and STIM2), as Ca2+ dissociates from the EF domain of
STIM1 and/or STIM2[15]. STIM molecules multimerize and translocate to ER–PM junction to form
puncta that co-assemble with any or all of three calcium-release-activated calcium (CRAC) channel
subunits ORAI1/2/3. This protein–protein interaction between STIM and ORAI results in the
sustained opening of the highly Ca2+-selective CRAC channels that allow for both cytosolic Ca2+
signaling and replenishing of ER stores [6]. Additionally, in some cell types, STIM1 may intersect
with ORAI1 and members of the TRPC subfamily by its reported capability to directly interact with
TRPC1, TRPC4, and TRPC5, and indirectly with TRPC3 and TRPC6 (Figure 1A) [16–19].
The TRPC subfamily consists of seven members (TRPC1-7), and they are known to function as
non-selective cation channels, with permeability to Ca2+, Na+, and K+ [20]. The role of TRPC1 in SOCE
activity has been discussed in a recent report by Dyrda and colleagues, where they reported that
TRPC1 activation is dependent on activation of the Icrac current activated by STIM1 and comprised
of ORAI1/2/3 [21]. However, activation of STIM1 does not necessarily activate TRPC1, as there are
two proposed mechanisms for the store-operated channels activation. The transmembrane protein
STIM1 interacts with ORAI1 activating the CRAC channels, with Ca2+ selective Icrac currents [22–25].
STIM1 interacts with TRPC1, forming the STIM-ORAI1-TRPC1 complex and activating the SOC
channels conducting cation non-selective Isoc currents [25,26]. This experimental evidence supports
a model in which, following the activation of the SOC channels, the non-selective cation channels
TRPC1, TRPC4, and TRPC5 form heterotetramers, as TRPC1-TRPC4, TRPC1-TRPC5, or TRPC1TRPC4-TRPC5 become operative to facilitate further Ca2+ entry (Figure 1B) [27–29]. TRPC1 has been
under study in recent years as a Ca2+ channel in the SOCE pathway, on the other hand, recent reports
have suggested that TRPC1, when expressed on it is own, is not sufficient to form a channel. The role
of TRPC1 has been studied extensively in recent years to investigate its function as a calcium channel
or a modulator for other TRPC channels. Despite all data and studies into TRPC proteins, their
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mechanism of action remains poorly understood. Some members of the TRPC subfamily are capable
of forming channels when expressed alone by forming homomers (TRPC4-TRPC4 and TRPC5TRPC5) [30]. However, Storch et al. reported that TRPC1 is incapable of forming a Ca2+-permeable
channel by itself, but is essential in forming heteromers with all other members of the TRPC
subfamily [31]. Further, they reported a decrease in Ca2+ permeability in heteromeric complexes
containing TRPC1, but the effect of TRPC1 in Ca2+ entry and as a member of the SOCE pathway is
tissue dependent.
The role of Ca2+ signaling through the SOCE pathway involving STIM1 and ORAI1 has been
reported previously to affect the prognosis of cervical, colorectal, breast, esophageal, multiple
myeloma, and lung cancers by affecting tumor growth, proliferation, metastasis, and survival [3,32–
34]. In this review we aim to address the role of TRPC1 as a member of the SOCE pathway in
promoting the advancement of the hallmarks of cancer, and consider their potential as therapeutic
targets for developing novel cancer treatments.

Figure 1. The store-operated Ca2+ entry pathway (SOCE). (A) SOCE is regulated by agonist binding
to G-protein coupled receptors (GPCRs) or receptor tyrosine-kinases (RTKs), activating
phospholipase Cβ (PLCβ) via Gq/11 and PLCγ via RTK-mediated signaling, resulting in the
production of IP3 and DAG from the cleavage of plasma-membrane PIP2. IP3 depletes Ca2+ stores
from the ER through the IP3R which is sensed by STIM1. (B) STIM molecules multimerize forming
puncta and translocate to the ER–PM junction, co-assembling with the CRAC channel subunits
ORAI1, activating the Ca2+ selective Icrac currents. Further, STIM1 forms the STIM1-ORAI1-TRPC1
complex activating cation non-selective Isoc currents.

2. Ca2+ Signaling Through SOCE Modulates Gene Expression
Considering the numerous pathways that Ca2+ signaling modulates, including kinases,
phosphatases, proteases, and metabolic enzymes, the role of Ca2+ signaling in the progression of
cancer is likely multi-factorial. However, one attractive Ca2+-dependent candidate pathway is the
activation of NFAT (reviewed by Putney [35]). Increased intracellular Ca2+ levels occur via multiple
channels, but the increased oscillatory Ca2+ currents through emptying of intracellular stores, and
extracellular Ca2+ flux through the SOCE is the major contributor to Ca2+ -regulated gene expressions
[36]. Ca2+ binding to its receptor calmodulin activates the phosphatase protein calcineurin, which in
turn dephosphorylates NFAT, leading to its translocation to the nucleus. NFAT is a transcription
factor known to regulate the expression of genes encoding cytokines and receptors mandatory for Tcell survival. Multiple reports indicate that tumor cells have hijacked the calcium-dependent NFAT
pathway to support cytokine-dependent survival and homing. For example, in diffuse large B-cell
lymphoma (DLCBCL), Bucher et al. reported that NFAT activity is chronically elevated in tumor cells;
a finding that correlated with elevated Ca2+ levels. In addition, inhibition of calcineurin with
cyclosporin A or FK506 treatment reduced NFAT target genes including EGR2, IL10, NFKB1A, and
Jun, and induced cell death in DLCBCL cell lines [37]. Similarly, Urso et al. showed that NFATc3 is a
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critical determinant of proliferation and migration of U251 glioblastoma cell lines [38]. The authors
demonstrated that reducing the expression of NFAT3c inhibited the expression of TNF-alpha, GMCSF, IL-2, and CXCR-3 when U251 cells were treated with an ionophore. Finally, the authors
demonstrated that a reduction of NFAT3c inhibited the growth of U251 cells in vivo. The role of
NFAT in cancer progression has been comprehensively reviewed by Mancini et al., where they
reported that NFAT overexpression in solid and hematological tumors plays a role in tumor survival,
migration, and invasion [39] (Figure 2).

Figure 2. Ca2+ entry through SOCE activates NFAT activation: Ca2+ entry through the Icrac channel
binds calmodulin, leading to the activation of the phosphatase protein calcineurin, activating the
transcription factor NFAT. Active NFAT is translocated to the nucleus, regulating the expression of
genes promoting proliferation, migration, and survival.

3. Pharmacological and Genetic Tools Used to Probe the Role of TRPC in Cancer
Numerous studies have addressed the role of TRPC1 as a Ca2+ channel using siRNA or shRNA
strategies to reduce the expression of TRPC1 [31,40–53]. The outcomes of silencing TRPC1 in cancer
cells are addressed below in detail in context to disease indication and contribution to growth and
metastasis, and summarized in Table 1. Other studies have employed various pharmacological tools
to determine the role of TRPC1 along with TRPC4 and TRPC5 as contributors to the SOCE pathways
and Ca2+ entry. Some of these tools are inhibitors that suppress SOCE and cell proliferation, including
2-APB [40,43,44,48,49,51–56], SKF96365 [31,51,53,55,57], and MRS1845 [51,53], whereas the plantderived sesquiterpenoid englerin A can be used as an agonist for TRPC4 and TRPC5 to promote Ca2+
overload and cell death [41,58]. 2-APB was originally discovered as an IP3R inhibitor, but has since
been recognized as a fairly non-selective inhibitor of a large number of TRP channels that lack
specificity for TRPC1 [59,60]. Similarly, SKF96365 was originally discovered as an inhibitor of the
receptor-mediated Ca2+ entry in platelets and endothelial cells. The compound is also pleiotropic and
found to inhibit SOCE via STIM1, to block various TRPC channels, as well as voltage-gated K+ and
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Ca2+ channels [61,62]. Finally, the dihydropyridine MRS1845 has been reported as an inhibitor for the
SOCE pathway in the HL-60 leukemia cell line [63], but its potential direct effects on TRPC1 have not
yet been established in electrophysiological studies. Thus, these inhibitors cannot be considered as
specific reagents for TRPC1, and genetic confirmation is required when using these pharmacological
tools. Other more specific antagonists for TRPC1, TRPC4, and TRPC5 have been discussed by Rubaiy,
and include PICO 145, Clemizole, M084, AC1903, Galangin, and AM12. These tools could facilitate
future studies aimed at better understanding the role of TRPC1 in cancer [64].
4. TRPC1 Expression and Correlation With Proliferation, EMT, and Migration
4.1. Pancreatic Cancer
Epithelial-mesenchymal transition (EMT) is a known modulator and a key step into tumor
invasion and metastasis. One of the key modulators of EMT is TGF-β, which has been reported
previously to induce EMT in mammary epithelial cells [65]. The role of TRPC1 as a Ca2+ channel in
pancreatic cancer cell proliferation and its development was proposed as being a downstream
effector of TGFβ signaling [52,56]. In SMAD4-null pancreatic cancer cells, TGFβ is reported to induce
a cytosolic Ca2+ increase, leading to the activation of the Ca2+-dependent protein kinase C-α (PKCα)
and its translocation to the plasma membrane. Further, TGFβ activated PKCα-dependent cellular
motility and migration, by inhibiting the tumor suppressor PTEN [56]. Later, TRPC1 4 and 6 levels
were shown to be high in pancreatic cancer cells, indicating their function as TGFβ mediators for Ca2+
entry [52]. Pharmacologically inhibiting SOCE pathways using 2-APB and La3+ abrogated the TGFβdependent increase in cytosolic Ca2+ levels. Blocking PKCα by the selective PKCα inhibitor Gö-6976
also inhibited TGFβ-induced Ca2+ entry [52]. Further, siRNA knockdown of TRPC1 or treatment with
2-APB significantly inhibited pancreatic cancer cell motility induced by TGFβ, although,
interestingly, siRNA knockdown of TRPC4 and 6 had no effect on TGFβ-induced pancreatic cell
motility [52].
4.2. Breast Cancer Epithelial-Mesenchymal Transition and Proliferation
It has previously been reported that epithelial–mesenchymal transition (EMT) is associated with
upregulation of SOCE via increased levels of STIM1 and ORAI1 in MCF7 and MDA-MB-231 cell lines,
promoting invasion and proliferation of breast cancer cells [54]. However, the role of the SOCE
pathway in EMT may be dependent on the stimulus inducing the transition and/or cell context
specific. For example, MDA-MB-468 cell lines undergoing epidermal growth factor (EGF)-induced
EMT correlate with a reduction of SOCE activity, and the reduction in Ca2+ flux was associated with
ORAI1 downregulation, while TRPC1 expression was not altered [50]. Interestingly, hypoxiainduced EMT increased the expression of TRPC1 in MDA-MB-468, MDA-MB-231, and HCC1569 cell
lines, an effect that required HIF1α expression, indicating that TRPC1 is a HIF1α target. Reducing
TRPC1 expression inhibited hypoxia-induced increased Snail, Vimentin, and Twist expression.
Reducing the expression of TRPC1 in hypoxia resulted in decreased basal Ca2+ levels, but increased
SOCE activity was noted by depleting intracellular stores using sarco/endoplasmic reticulum Ca2+
ATPase (SERCA) inhibitor cyclopiazonic acid [42]. Reducing the expression of TRPC1 in MDA-MB468 cells decreased the proliferation rate and was associated with reduction of cells in the S-phase,
while ORAI1 had no effect [50].
MCF7 breast cancer cells proliferate in response to activation of the Ca2+-sensing receptor (CaR)
by extracellular Ca2+ or its agonist spermine [66]. El Hiani and colleagues reported that Ca2+-mediated
CaR activation in MCF7 cells results in activation of PLC and PKC [55]. They further reported that
proliferation is dependent on activation of ERK1/2, which was shown to be activated downstream of
PLC and PKC. Reducing the expression of TRPC1 attenuated ERK1/2 phosphorylation mediated by
CaR activation, which is necessary for CaR-induced cell proliferation of MCF7 cells. In addition,
reducing TRPC1 expression inhibited MCF7 proliferation by halting the cell cycle progression at the
G1 phase [45]. Cell cycle progression was dependent on TRPC1 mediating the activity of Ca2+-
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activated K+ channels (KCa3.1) [45,55]. Interestingly, a feed-forward loop was described where
TRPC1 expression was dependent on activation of EGFR and ERK activity in MCF7 cells [67]. In
human breast ductal adenocarcinoma primary patient samples, TRPC1, TRPC6, TRPM7, and TRPM8
were reported to be overexpressed in cancer cells compared to normal adjacent tissue. Importantly,
increased TRPC1 expression correlated with expression and increased proliferative and invasive
capacity of small grade I breast cancer tumors [68]. Taken together, these data suggest that TRPC1
expression may play a role in facilitating EMT and proliferation, and further studies are required to
carefully delineate the mechanism underpinning the role of TRPC1 in mediating EMT and
proliferation in breast cancer.
4.3. Glioblastoma
In D54MG cells, a model for malignant gliomas or glioblastoma multiforme (GBM), the
pharmacological inhibition of SOCE with 2-APB, SKF96365, and MRS1845 significantly reduced both
Ca2+ influx and proliferation as well as the formation of multinucleated cells, a characteristic of GBM
[53]. To define the role of TRPC1 as a Ca2+ channel involved in SOCE, its function was blocked using
a polyclonal-TRPC1 antibody, which reduced the Ca2+ entry by 25%, whereas no effect was seen with
TRPC5 inhibition [53]. Similarly, Ca2+ entry was significantly decreased following the reduction of
TRPC1 expression using shRNA [53]. The knockdown of TRPC1 also significantly reduced
proliferation and resulted in enlarged multinucleated cells. Moreover, TRPC1 expression levels were
reportedly down-regulated in patients with giant cell glioblastoma [53].
It has been reported that lipid rafts microdomains (LRDs) and plasma membrane caveolin-1 are
critical for TRPC1 insertion into the plasma membrane and its activity as a Ca2+ channel, as TRPC
channels contain a caveolin-1 binding domain [69–71]. Indeed, TRPC1 was implicated in chemotaxis
and directional migration of D54MG cells towards epidermal growth factor (EGF), by co-localizing
with caveolin-1 and lipid rafts in the cells’ leading edge, which was abrogated with inducible TRPC1
shRNA knockdown [51]. Consistent with the importance of Ca2+ signaling, the use of SOCE inhibitors
MRS1845 and SKF96365 disrupted glioma migration [51]. Evidence that TRPC1 expression is essential
for growth in vivo was assessed by injecting nude mice glioma cells ectopically expressing
doxycycline-inducible shRNA targeting TRPC1. Mice with inducible knockdown of TRPC1 had a
shallow, significantly smaller tumor size compared to wild-type TRPC1 expression. However,
propensity for metastasis was not evaluated in these mice [53].
4.4. Lung Cancer
Lung cancer is the leading cause of death from cancer in men and women and thus clinical data
continue to indicate the need for new treatment strategies to improve patient outcomes [72]. Levels
of TRPC protein expression and their relation to tumor prognosis have been reported previously and
identified as a potential target for treatment. TRPC1, TRPC3, TRPC4, and TRPC6 levels have been
found to be highly expressed in patient specimens compared to other TRPC channels [49,73].
Moreover, overexpressing TRPC1 and TRPC6 in the A549 NSCLC cell line was sufficient to increase
proliferation, while blocking TRPC channels by the IP3 receptor inhibitor and SOCE modulator 2APB, or the specific TRPC1 antibody T1E3, inhibited proliferation of A549 cells [49].
As mentioned earlier, TRPC1 levels in breast cancer were dependent on HIF-1α following
hypoxia-induced EMT. Wang et al. reported similar results in lung cancer by exposing A549 cells to
high nicotine levels, which in turn resulted in increased HIF-1α levels (as shown previously by Guo
et al. [74]), leading to the upregulation of SOCE components, namely ORAI1, TRPC1, and TRPC6
[75]. Further, the nicotine exposure was associated with increased basal intracellular Ca2+ levels in
A549 cells related to constitutive SOCE activity. Downregulating HIF-1α was associated with low
expression of ORAI1, TRPC1, and TRPC6, and resulted in decreased proliferation of A549 cells.
Silencing TRPC1 decreased hypoxia-induced autophagy [75]. Autophagy is known to promote
survival in hypoxic environments [76], albeit no data was reported on survival with respect to
exposure to hypoxia and TRPC1 expression. More recently, STIM1 and TRPC1 were shown to
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mediate cisplatin cytotoxicity in NSCLC A549 cell line by facilitating the DNA damage response
(DDR) and reactive oxygen species (ROS) production leading to apoptosis. While these effects were
discovered mostly by silencing STIM1, and thus do not rule out ORAI1 or other SOCE components,
the overall effect was mainly mediated by inhibition of Ca2+ influx through the SOCE pathway [40].
4.5. Colon Cancer
In colon cancer, the role of SOCE members, mainly TRPC1 and ORAI1, has been discussed
thoroughly by Villalobos et al. [77]. Basal Ca2+ levels have been shown to be higher in HT29 colon
carcinoma cell lines with higher increase in cytosolic Ca2+ in response to agonists like ATP and
carbachol, compared to the normal human mucosa cell line NCM460 [48]. Although TRPC1 mRNA
levels were similar to other SOCE members in HT29 cells, there was an increase in protein expression
levels compared to others, and TRPC1 silencing was associated with decreased store-operated (Isoc)
currents. As previously mentioned, TRPC1 facilitates the migration of GBM cells towards EGF.
Guéguinou et al. investigated the mechanism by which TRPC1 contributes to colon cancer cell
migration. They demonstrate that reducing the expression of TRPC1 inhibits migration of the HCT116 colon cancer cell line by disrupting the complex formation of Ca2+-activated K+ channels (SK3),
ORAI1, and TRPC1 in the lipid rafts [44]. Further, colon cancer cell migration was shown to be
dependent on EGFR activation, leading to downstream activation of the PI3K/Akt pathway. This
promotes the phosphorylation activation of STIM1 and SOCE, leading to the translocation of TRPC1
and ORAI1 in the lipid rafts to form a complex with SK3, which allows a loop formation of further
Akt activation and TRPC1-ORA1-SK3-dependent migration. Taken together, TRPC1 expression
appears to have a role in the migration of multiple cancer types and more studies are required to
determine whether inhibition of this pathway will block metastasis of primary tumors.
Table 1. Role of TRPC expression or activity in augmenting proliferation and metastasis in cancer.
Cancer Type

Cell Type

Native
TRPC
Expression

Pancreatic

BxPc3 (human ductal
adenocarcinoma)

↑ TRPC1

Breast

Glioblastoma
Multiforme

MDA-MB-468 (EGFmediated EMT cells)
(human breast
adenocarcinoma)
MDA-MB-468
hypoxia-mediated
EMT cells)
MCF7
(adenocarcinoma)
Primary patient
TNBC cells
(mesenchymal
subtype)
Primary human
breast ductal
adenocarcinoma

Silenced Proteins/
Tools Used
•
•

SOC/2-APB
TRPC1 / siRNA

Native Expression Effect
/Silencing Effect

Reference

Motility/ ↓ motility
(TGFβ-dependent
motility)

[52]

/↓ Cell
proliferation (↓S-phase)

[50]

Comparable
to MDAMB-231 EMT

TRPC1/siRNA

↑ TRPC1
and TRPC3

TRPC1/siRNA

↑TRPC1

TRPC1/siRNA

↑ TRPC1

-

Worsened prognosis/ -

[42]

↑ TRPC1
↑ TRPC6

-

↑ proliferation and
invasion/-

[68]

D54MG (GMB Cell
line)

-

TRPC1/2-APB,
SKF96365, MRS1845,
polyclonal TRPC1
antibody, and shRNA

Proliferation, migration/
↓ Ca2+ influx in SOCE, ↓
proliferation

[51,53]

Primary patient cells
(NSCLC)

↑ TRPC1,
3,4,6

-

High expression with
well-differentiated
tumor

[49,73]

A549 (NSCLC cell
line)

↑ TRPC1
↑ TRPC6

↑ Proliferation/↓
proliferation

[49]

/↑ Ca2+ influx in
SOCE and ↓ autophagy
marker LC3BIII
Proliferation/↓
proliferation (↓G1-phase)

[42]
[45,55]

•

Lung
•

SOC/2-APB
TRPC1, TRPC3TRPC6 / T1E3, and
T3667E3 ab
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A549 (hypoxiamediated EMT by
nicotine treatment)

↑TRPC1
↑TRPC6,
and
↑ORAI1

HT29 (human colon
carcinoma)

↑ TRPC1
(protein)

HCT116

-

↓TRPC1/siRNA HIF1α

•

•

SOC/2-APB
TRPC1/siRNA
TRPC/siRNA

↑ SOCE activity/↓
proliferation, ↓hypoxiainduced autophagy

[75]

↑ SOCE, ↑ proliferation/↓
Isoc currents, ↓ invasion

[48]

Migration/↓ migration

[44]

(-) Indicates no available data.

5. Activation of the SOCE Pathway for Inducing Cell Death in Cancer
Cancer requires robust Ca2+ signaling to support proliferation, invasion, and metastasis, whereas
excessive Ca2+ levels lead to apoptosis and cell death; both the suppression and enhancement of the
SOCE pathways may be exploited for treatment of cancer. In triple-negative breast cancer (TNBC),
Grant et al. reported that TRPC1 and TRPC4 were overexpressed in some TNBC cell lines. For
example, the Hs578T TNBC cell line showed high expression levels of TRPC1 and TRPC4 compared
to the MD-MB-231 TNBC cell line, and the BT-549 TNBC cell line had high levels of TRPC4 when
compared to MD-MB-231 cell line [41]. The higher TRPC expression levels in these cancer cells may
render these cells more vulnerable to therapeutic strategies aimed at eliciting Ca2+ overload and cell
death through channel agonists, rather than pharmacological inhibition to reverse hallmarks of
cancer.
Support of Ca2+ overload being a vulnerability for cancer is that TNBC cell lines with increased
TRPC4 and TRPC5 showed increased sensitivity to the TRPC4 and TRPC5 activator englerin A (EA)
compared to cell lines with reduced expression [41]. Interestingly, the expression of TRPC4 and
TRPC5 alone did not yield sensitivity to EA-induced and Ca2+-dependent cell death, indicating the
importance of the heteromeric formation of TRPC members. Although TRPC1 levels in BT-549 cells
were comparable to the EA-resistant cell line HCC1806, BT-549 cells showed increased sensitivity to
EA-induced Ca2+ entry and cell death when compared to Hs578T, when TRPC4 alone is
predominantly and highly expressed. A possible explanation for this is the shift of the heteromeric
TRPC1/TRPC4 channel towards more Na+ flux [31]. In renal cell carcinoma (RCC), A498 RCC cell
lines responded to englerin A by elevation of intracellular Ca2+ levels and followed by cell death The
Ca2+ entry was due to activation of TRPC4 channels, as was demonstrated by patch-clamp studies.
Further, while the expression of only TRPC1 did not contribute as a Ca2+ channel to the englerin Ainduced Ca2+ overload and cell death, the co-expression of TRPC1 and TRPC4 and their heteromeric
formation reproduced the same Ca2+ entry currents in HEK293 cells [58].
These findings corroborate the importance of TRPC1 expression for the overall functionality of
the SOCE pathway. Our laboratory has shown that the novel cyclic peptide referred to as MTI-101
induces a robust and sustained increase in intracellular Ca2+ levels in multiple myeloma cells lines
[78,79]. Emergence of resistance to chronic exposure of increasing concentrations of MTI-101 in the
multiple myeloma H929 cell line correlated with decreased expression of the IP3 receptor, SERCA
pump, PLCβ, TRPC1, and TRPM7. Treatment with the pharmacological inhibitor 2-ABP attenuated
MTI-101-induced Ca2+ influx, a finding that correlated with decreased cell death. U266 and MM.1S
myeloma cells with reduced expression of TRPC1 using shRNA strategies showed a reduction in
MTI-101-induced cell death [78]. Further studies are required to determine the role of TRPC1 in
mediating MTI-101-induced Ca2+ entry and whether MTI-101-induced activity is dependent on
activation of TRPC1 heteromers and regulation of the SOCE pathway, thereby allowing for sustained
Ca2+ influx and leading to caspase-independent cell death [79]. Interestingly, MTI-101 was found to
be more active in primary specimens obtained from myeloma patients relapsing on standard of care
agents. Together, these data suggest that stimulating Ca2+ overload may be a unique vulnerability to
cancer cells, as experimental evidence indicates that cancer cells remodel Ca2+ handling pathways to
favor the Ca2+ influx required to facilitate the hallmarks of cancer.
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6. Clinical Outcomes
As outlined above, several TRPC members have been studied and implicated in the promotion
of cancer through tumor cell proliferation, migration, invasion, and survival, as observed in lung
cancer, malignant glioma, neuroblastoma, renal cell carcinoma, hepatoma, thyroid cancer, colon
cancer, and breast cancer [43–47,57,80,81]. With respect to TRPC1, the screening of patient specimens
as well as the mining of large data sets have yielded several clinically relevant insights in patients
with tumors expressing TRPC1. Faouzi et al. reported TRPC1 to be expressed in all examined 17 data
sets of breast cancer specimens, with no specific clinical significance [45]. Azimi et al. reported the
TRPC1 expression levels in a data set from the University of North Carolina of 855 breast cancer
patients, classified and reported based on the 50-signature genes subtype classification known as
PAM50 [42,82]. The claudin-low breast cancer subtype exhibited the highest TRPC1 expression levels
compared to other subtypes. Further, in TNBC, the mesenchymal subtype showed the highest
expression level of TRPC1, and the basal subtype with lymph-node metastasis showed worsened
prognoses associated with high TRPC1 expression levels [42]. In lung cancer, SOCE components
including STIM1, ORAI1, and TRPC channels have been examined in a dataset of more than 2000
cases. While TRPC1 had no effect on the risk of lung cancer, two variants of TRPC4 (namely,
rs9547991 and rs978156) and one variant of TRPC7 (rs11748198) were associated with increased risk
of lung cancer compared to control subjects [57]. TRPC1 plasma membrane levels have been reported
to be low when in inactive status, being located in close proximity to the plasma membrane. Transfer
to the plasma membrane is dependent on Ca2+ signals generated by STIM1-ORAI1 activation [83].
Thus, membrane localization may be an important factor linking SOCE and TRPC1 functions, even
if expression levels may not change. Considering the function of TRPC1, it is feasible that
quantification of membrane staining of TRPC1 may lead to increased sensitivity as a prognostic
indicator in cancer.
7. Summary
Experimental evidence indicates that although TRPC1 may not represent a driver of cancer, the
expression of TRPC1 contributes to the hallmarks of cancer. To further the understanding of TRPC1
functionality in vivo, various TRPC knockout mice were created and used in different settings. A
Hepta-KO cell line was created by combining cell lines with 5 TRPC knockout alleles, with TRPC2
KO, along with TRPC4 knockout, formulating a null cell line devoid of all seven TRPC members.
Surprisingly, the Hepta-KO model has a functional SOCE system regardless of TRPC expression [84].
These data suggest that the SOCE can function independent of TRPC expression. However, it is
feasible that TRPC1 function requires activation, such as hypoxia or a reprogramming switch to EMT,
in order to modify the SOCE pathway. It is also possible that TRPC1 acts as a modulator in only a
subset of cell types and/or under specific (patho)-physiological circumstances. Thus more studies are
required to inform the role of TRPC1 in the context of cancer in genetically engineered mouse models.
Finally, the development of more specific pharmacological tools for inhibiting or activating TRPC1
function are needed to fully validate TRPC1 as a potential target for the treatment of cancer.
Author Contributions: O. E. and L. H. reviewed the literature and wrote the manuscript collaboratively. R. P.
assisted in writing and reviewing the manuscript. R.P. is internationally recognized for his contribution to
understanding TRP channels and provided significant intellectual insight into the review. All authors have read
and agreed to the published version of the manuscript.
Funding: Research reported in this publication was supported by the National Institute of General Medical
Sciences of the National Institutes of Health under Award Number 5U54GM104942-04, R44-CA221554
Hazlehurst PI NCI, and NCI 1R01CA195727-01_LAH. The content is solely the responsibility of the authors and
does not necessarily represent the official views of the National Institutes of Health
Conflicts of Interest: L.H. is a co-founder of Modulation Therapeutics Inc. which has a license to MTI-101 for
treatment of cancer. The other authors declare no conflict of interest.

Cells 2020, 9, 388

10 of 14

References
1.
2.
3.
4.
5.
6.
7.
8.

9.
10.

11.

12.

13.
14.

15.

16.
17.

18.

19.
20.
21.
22.

Berridge, M.J.; Lipp, P.; Bootman, M.D. The versatility and universality of calcium signalling. Nat. Rev. Mol.
Cell Biol. 2000, 1, 11–21, doi:10.1038/35036035.
Berridge, M.J.; Bootman, M.D.; Roderick, H.L. Calcium signalling: Dynamics, homeostasis and
remodelling. Nat. Rev. Mol. Cell Biol. 2003, 4, 517–529, doi:10.1038/nrm1155.
Chen, Y.F.; Chen, Y.T.; Chiu, W.T.; Shen, M.R. Remodeling of calcium signaling in tumor progression. J.
Biomed. Sci 2013, 20, 23, doi:10.1186/1423-0127-20-23.
Prevarskaya, N.; Skryma, R.; Shuba, Y. Ion channels and the hallmarks of cancer. Trends Mol. Med. 2010, 16,
107–121, doi:10.1016/j.molmed.2010.01.005.
Rizzuto, R.; Pozzan, T. When calcium goes wrong: Genetic alterations of a ubiquitous signaling route.
Nature genetics 2003, 34, 135–141, doi:10.1038/ng0603-135.
Clapham, D.E. Calcium signaling. Cell 2007, 131, 1047–1058, doi:10.1016/j.cell.2007.11.028.
Minke, B.; Wu, C.; Pak, W.L. Induction of photoreceptor voltage noise in the dark in Drosophila mutant.
Nature 1975, 258, 84–87, doi:10.1038/258084a0.
Montell, C.; Birnbaumer, L.; Flockerzi, V.; Bindels, R.J.; Bruford, E.A.; Caterina, M.J.; Clapham, D.E.;
Harteneck, C.; Heller, S.; Julius, D., et al. A unified nomenclature for the superfamily of TRP cation
channels. Mol. Cell 2002, 9, 229–231, doi:10.1016/s1097-2765(02)00448-3.
Montell, C. The TRP superfamily of cation channels. Sci. STKE 2005, 2005, re3, doi:10.1126/stke.2722005re3.
Launay, P.; Fleig, A.; Perraud, A.L.; Scharenberg, A.M.; Penner, R.; Kinet, J.P. TRPM4 is a Ca2+-activated
nonselective cation channel mediating cell membrane depolarization. Cell 2002, 109, 397–407,
doi:10.1016/s0092-8674(02)00719-5.
Hofmann, T.; Chubanov, V.; Gudermann, T.; Montell, C. TRPM5 Is a Voltage-Modulated and Ca2+Activated Monovalent Selective Cation Channel. Curr. Biol. 2003, 13, 1153–1158, doi:10.1016/s09609822(03)00431-7.
Strubing, C.; Krapivinsky, G.; Krapivinsky, L.; Clapham, D.E. Formation of novel TRPC channels by
complex subunit interactions in embryonic brain. J. Biol. Chem. 2003, 278, 39014–39019,
doi:10.1074/jbc.M306705200.
Lewis, R.S. Calcium signaling mechanisms in T lymphocytes. Annu. Rev. Immunol 2001, 19, 497–521,
doi:10.1146/annurev.immunol.19.1.497.
Thakur, P.; Dadsetan, S.; Fomina, A.F. Bidirectional coupling between ryanodine receptors and Ca2+
release-activated Ca2+ (CRAC) channel machinery sustains store-operated Ca2+ entry in human T
lymphocytes. J. Biol. Chem. 2012, 287, 37233–37244, doi:10.1074/jbc.M112.398974.
Zhang, S.L.; Yu, Y.; Roos, J.; Kozak, J.A.; Deerinck, T.J.; Ellisman, M.H.; Stauderman, K.A.; Cahalan, M.D.
STIM1 is a Ca2+ sensor that activates CRAC channels and migrates from the Ca2+ store to the plasma
membrane. Nature 2005, 437, 902–905, doi:10.1038/nature04147.
Cheng, K.T.; Ong, H.L.; Liu, X.; Ambudkar, I.S. Contribution and regulation of TRPC channels in storeoperated Ca2+ entry. Curr. Top Membr. 2013, 71, 149–179, doi:10.1016/B978-0-12-407870-3.00007-X.
Jia, S.; Rodriguez, M.; Williams, A.G.; Yuan, J.P. Homer binds to ORAI1 and TRPC channels in the
neointima and regulates vascular smooth muscle cell migration and proliferation. Sci. Rep. 2017, 7, 5075,
doi:10.1038/s41598-017-04747-w.
Xu, S.Z.; Sukumar, P.; Zeng, F.; Li, J.; Jairaman, A.; English, A.; Naylor, J.; Ciurtin, C.; Majeed, Y.; Milligan,
C.J., et al. TRPC channel activation by extracellular thioredoxin. Nature 2008, 451, 69–72,
doi:10.1038/nature06414.
Hofmann, T.; Obukhov, A.G.; Schaefer, M.; Harteneck, C.; Gudermann, T.; Schultz, G. Direct activation of
human TRPC6 and TRPC3 channels by diacylglycerol. Nature 1999, 397, 259–263, doi:10.1038/16711.
Bon, R.S.; Beech, D.J. In pursuit of small molecule chemistry for calcium-permeable non-selective TRPC
channels -- mirage or pot of gold? Br. J. Pharmacol. 2013, 170, 459–474, doi:10.1111/bph.12274.
Dyrda, A.; Koenig, S.; Frieden, M. STIM1 long and STIM1 gate differently TRPC1 during store-operated
calcium entry. Cell Calcium 2019, 86, 102134, doi:10.1016/j.ceca.2019.102134.
Yuan, J.P.; Zeng, W.; Dorwart, M.R.; Choi, Y.J.; Worley, P.F.; Muallem, S. SOAR and the polybasic STIM1
domains gate and regulate ORAI channels. Nat. Cell. Biol. 2009, 11, 337–343, doi:10.1038/ncb1842.

Cells 2020, 9, 388

23.

24.

25.

26.

27.

28.

29.
30.
31.

32.
33.
34.
35.
36.
37.

38.

39.
40.

41.

42.

11 of 14

Derler, I.; Plenk, P.; Fahrner, M.; Muik, M.; Jardin, I.; Schindl, R.; Gruber, H.J.; Groschner, K.; Romanin, C.
The extended transmembrane ORAI1 N-terminal (ETON) region combines binding interface and gate for
ORAI1 activation by STIM1. J. Biol. Chem. 2013, 288, 29025–29034, doi:10.1074/jbc.M113.501510.
Stathopulos, P.B.; Schindl, R.; Fahrner, M.; Zheng, L.; Gasmi-Seabrook, G.M.; Muik, M.; Romanin, C.; Ikura,
M. STIM1/ORAI1 coiled-coil interplay in the regulation of store-operated calcium entry. Nat. Commun.
2013, 4, 2963, doi:10.1038/ncomms3963.
Lopez, J.J.; Jardin, I.; Albarran, L.; Sanchez-Collado, J.; Cantonero, C.; Salido, G.M.; Smani, T.; Rosado, J.A.
Molecular Basis and Regulation of Store-Operated Calcium Entry. Adv. Exp. Med. Biol. 2020, 1131, 445–469,
doi:10.1007/978-3-030-12457-1_17.
Lee, K.P.; Choi, S.; Hong, J.H.; Ahuja, M.; Graham, S.; Ma, R.; So, I.; Shin, D.M.; Muallem, S.; Yuan, J.P.
Molecular determinants mediating gating of Transient Receptor Potential Canonical (TRPC) channels by
stromal interaction molecule 1 (STIM1). J. Biol. Chem. 2014, 289, 6372–6382, doi:10.1074/jbc.M113.546556.
Broker-Lai, J.; Kollewe, A.; Schindeldecker, B.; Pohle, J.; Nguyen Chi, V.; Mathar, I.; Guzman, R.; Schwarz,
Y.; Lai, A.; Weissgerber, P., et al. Heteromeric channels formed by TRPC1, TRPC4 and TRPC5 define
hippocampal synaptic transmission and working memory. EMBO J. 2017, 36, 2770–2789,
doi:10.15252/embj.201696369.
Zhang, Z.; Reboreda, A.; Alonso, A.; Barker, P.A.; Seguela, P. TRPC channels underlie cholinergic plateau
potentials and persistent activity in entorhinal cortex. Hippocampus 2011, 21, 386–397,
doi:10.1002/hipo.20755.
Obukhov, A.G.; Nowycky, M.C. TRPC5 channels undergo changes in gating properties during the
activation-deactivation cycle. J. Cell Physiol. 2008, 216, 162–171, doi:10.1002/jcp.21388.
Beech, D.J. Characteristics of transient receptor potential canonical calcium-permeable channels and their
relevance to vascular physiology and disease. Circ. J. 2013, 77, 570–579, doi:10.1253/circj.cj-13-0154.
Storch, U.; Forst, A.L.; Philipp, M.; Gudermann, T.; Mederos y Schnitzler, M. Transient receptor potential
channel 1 (TRPC1) reduces calcium permeability in heteromeric channel complexes. J. Biol. Chem. 2012, 287,
3530–3540, doi:10.1074/jbc.M111.283218.
Chen, Y.F.; Lin, P.C.; Yeh, Y.M.; Chen, L.H.; Shen, M.R. Store-Operated Ca(2+) Entry in Tumor Progression:
From Molecular Mechanisms to Clinical Implications. Cancers 2019, 11, doi:10.3390/cancers11070899.
Fiorio Pla, A.; Kondratska, K.; Prevarskaya, N. STIM and ORAI proteins: Crucial roles in hallmarks of
cancer. Am. J. Physiol. Cell Physiol. 2016, 310, C509-519, doi:10.1152/ajpcell.00364.2015.
Chen, Y.F.; Hsu, K.F.; Shen, M.R. The store-operated Ca(2+) entry-mediated signaling is important for
cancer spread. Biochim. Biophys. Acta 2016, 1863, 1427–1435, doi:10.1016/j.bbamcr.2015.11.030.
Putney, J.W. Calcium signaling: Deciphering the calcium-NFAT pathway. Curr. Biol. 2012, 22, 87–89,
doi:10.1016/j.cub.2011.12.030.
Di Capite, J.; Ng, S.W.; Parekh, A.B. Decoding of cytoplasmic Ca(2+) oscillations through the spatial
signature drives gene expression. Curr. Biol. 2009, 19, 853–858, doi:10.1016/j.cub.2009.03.063.
Bucher, P.; Erdmann, T.; Grondona, P.; Xu, W.; Schmitt, A.; Schurch, C.; Zapukhlyak, M.; Schonfeld, C.;
Serfling, E.; Kramer, D., et al. Targeting chronic NFAT activation with calcineurin inhibitors in diffuse large
B-cell lymphoma. Blood 2020, 135, 121–132, doi:10.1182/blood.2019001866.
Urso, K.; Fernandez, A.; Velasco, P.; Cotrina, J.; de Andres, B.; Sanchez-Gomez, P.; Hernandez-Lain, A.;
Hortelano, S.; Redondo, J.M.; Cano, E. NFATc3 controls tumour growth by regulating proliferation and
migration of human astroglioma cells. Sci. Rep. 2019, 9, 9361, doi:10.1038/s41598-019-45731-w.
Mancini, M.; Toker, A. NFAT proteins: Emerging roles in cancer progression. Nat. Rev. Cancer 2009, 9, 810–
820, doi:10.1038/nrc2735.
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,
doi:10.3390/cancers11030430.
Grant, C.V.; Carver, C.M.; Hastings, S.D.; Ramachandran, K.; Muniswamy, M.; Risinger, A.L.; Beutler, J.A.;
Mooberry, S.L. Triple-negative breast cancer cell line sensitivity to englerin A identifies a new, targetable
subtype. Breast Cancer Res. Treat. 2019, 177, 345–355, doi:10.1007/s10549-019-05324-7.
Azimi, I.; Milevskiy, M.J.G.; Kaemmerer, E.; Turner, D.; Yapa, K.; Brown, M.A.; Thompson, E.W.; RobertsThomson, S.J.; Monteith, G.R. TRPC1 is a differential regulator of hypoxia-mediated events and Akt
signalling in PTEN-deficient breast cancer cells. J. Cell Sci. 2017, 130, 2292–2305, doi:10.1242/jcs.196659.

Cells 2020, 9, 388

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

12 of 14

Lepannetier, S.; Zanou, N.; Yerna, X.; Emeriau, N.; Dufour, I.; Masquelier, J.; Muccioli, G.; Tajeddine, N.;
Gailly, P. Sphingosine-1-phosphate-activated TRPC1 channel controls chemotaxis of glioblastoma cells.
Cell Calcium 2016, 60, 373–383, doi:10.1016/j.ceca.2016.09.002.
Gueguinou, M.; Harnois, T.; Crottes, D.; Uguen, A.; Deliot, N.; Gambade, A.; Chantome, A.; Haelters, J.P.;
Jaffres, P.A.; Jourdan, M.L., et al. SK3/TRPC1/ORAI1 complex regulates SOCE-dependent colon cancer cell
migration: A novel opportunity to modulate anti-EGFR mAb action by the alkyl-lipid Ohmline. Oncotarget
2016, 7, 36168–36184, doi:10.18632/oncotarget.8786.
Faouzi, M.; Hague, F.; Geerts, D.; Ay, A.S.; Potier-Cartereau, M.; Ahidouch, A.; Ouadid-Ahidouch, H.
Functional cooperation between KCa3.1 and TRPC1 channels in human breast cancer: Role in cell
proliferation and patient prognosis. Oncotarget 2016, 7, 36419–36435, doi:10.18632/oncotarget.9261.
Asghar, M.Y.; Magnusson, M.; Kemppainen, K.; Sukumaran, P.; Lof, C.; Pulli, I.; Kalhori, V.; Tornquist, K.
Transient Receptor Potential Canonical 1 (TRPC1) Channels as Regulators of Sphingolipid and VEGF
Receptor Expression: IMPLICATIONS FOR THYROID CANCER CELL MIGRATION AND
PROLIFERATION. J. Biol. Chem. 2015, 290, 16116–16131, doi:10.1074/jbc.M115.643668.
Alptekin, M.; Eroglu, S.; Tutar, E.; Sencan, S.; Geyik, M.A.; Ulasli, M.; Demiryurek, A.T.; Camci, C. Gene
expressions of TRP channels in glioblastoma multiforme and relation with survival. Tumour Biol. 2015, 36,
9209–9213, doi:10.1007/s13277-015-3577-x.
Sobradillo, D.; Hernandez-Morales, M.; Ubierna, D.; Moyer, M.P.; Nunez, L.; Villalobos, C. A reciprocal
shift in transient receptor potential channel 1 (TRPC1) and stromal interaction molecule 2 (STIM2)
contributes to Ca2+ remodeling and cancer hallmarks in colorectal carcinoma cells. J. Biol. Chem. 2014, 289,
28765–28782, doi:10.1074/jbc.M114.581678.
Jiang, H.N.; Zeng, B.; Zhang, Y.; Daskoulidou, N.; Fan, H.; Qu, J.M.; Xu, S.Z. Involvement of TRPC channels
in lung cancer cell differentiation and the correlation analysis in human non-small cell lung cancer. PLoS
ONE 2013, 8, e67637, doi:10.1371/journal.pone.0067637.
Davis, F.M.; Peters, A.A.; Grice, D.M.; Cabot, P.J.; Parat, M.O.; Roberts-Thomson, S.J.; Monteith, G.R. Nonstimulated, agonist-stimulated and store-operated Ca2+ influx in MDA-MB-468 breast cancer cells and the
effect of EGF-induced EMT on calcium entry. PLoS ONE 2012, 7, e36923, doi:10.1371/journal.pone.0036923.
Bomben, V.C.; Turner, K.L.; Barclay, T.T.; Sontheimer, H. Transient receptor potential canonical channels
are essential for chemotactic migration of human malignant gliomas. J. Cell Physiol. 2011, 226, 1879–1888,
doi:10.1002/jcp.22518.
Dong, H.; Shim, K.N.; Li, J.M.; Estrema, C.; Ornelas, T.A.; Nguyen, F.; Liu, S.; Ramamoorthy, S.L.; Ho, S.;
Carethers, J.M., et al. Molecular mechanisms underlying Ca2+-mediated motility of human pancreatic duct
cells. Am. J. Physiol. Cell Physiol. 2010, 299, C1493-1503, doi:10.1152/ajpcell.00242.2010.
Bomben, V.C.; Sontheimer, H. Disruption of transient receptor potential canonical channel 1 causes
incomplete cytokinesis and slows the growth of human malignant gliomas. Glia 2010, 58, 1145–1156,
doi:10.1002/glia.20994.
Hu, J.; Qin, K.; Zhang, Y.; Gong, J.; Li, N.; Lv, D.; Xiang, R.; Tan, X. Downregulation of transcription factor
Oct4 induces an epithelial-to-mesenchymal transition via enhancement of Ca2+ influx in breast cancer cells.
Biochem. Biophys. Res. Commun. 2011, 411, 786–791, doi:10.1016/j.bbrc.2011.07.025.
El Hiani, Y.; Ahidouch, A.; Lehen'kyi, V.; Hague, F.; Gouilleux, F.; Mentaverri, R.; Kamel, S.; Lassoued, K.;
Brule, G.; Ouadid-Ahidouch, H. Extracellular signal-regulated kinases 1 and 2 and TRPC1 channels are
required for calcium-sensing receptor-stimulated MCF-7 breast cancer cell proliferation. Cell Physiol.
Biochem. 2009, 23, 335–346, doi:10.1159/000218179.
Chow, J.Y.; Dong, H.; Quach, K.T.; Van Nguyen, P.N.; Chen, K.; Carethers, J.M. TGF-beta mediates PTEN
suppression and cell motility through calcium-dependent PKC-alpha activation in pancreatic cancer cells.
Am. J. Physiol. Gastrointest. Liver Physiol. 2008, 294, G899–905, doi:10.1152/ajpgi.00411.2007.
Zhang, Z.; Wang, J.; He, J.; Zeng, X.; Chen, X.; Xiong, M.; Zhou, Q.; Guo, M.; Li, D.; Lu, W. Identification of
TRPCs genetic variants that modify risk for lung cancer based on the pathway and two-stage study. Meta
Gene 2016, 9, 191–196, doi:10.1016/j.mgene.2016.07.005.
Akbulut, Y.; Gaunt, H.J.; Muraki, K.; Ludlow, M.J.; Amer, M.S.; Bruns, A.; Vasudev, N.S.; Radtke, L.; Willot,
M.; Hahn, S., et al. (-)-Englerin A is a potent and selective activator of TRPC4 and TRPC5 calcium channels.
Angew. Chem. Int. Ed. Engl. 2015, 54, 3787–3791, doi:10.1002/anie.201411511.

Cells 2020, 9, 388

59.

60.

61.

62.
63.

64.
65.
66.

67.

68.

69.

70.

71.
72.

73.

74.

75.

76.
77.

13 of 14

Diver, J.M.; Sage, S.O.; Rosado, J.A. The inositol trisphosphate receptor antagonist 2aminoethoxydiphenylborate (2-APB) blocks Ca2+ entry channels in human platelets: Cautions for its use
in studying Ca2+ influx. Cell Calcium 2001, 30, 323–329, doi:10.1054/ceca.2001.0239.
Xu, S.Z.; Zeng, F.; Boulay, G.; Grimm, C.; Harteneck, C.; Beech, D.J. Block of TRPC5 channels by 2aminoethoxydiphenyl borate: A differential, extracellular and voltage-dependent effect. Br. J. Pharmacol.
2005, 145, 405–414, doi:10.1038/sj.bjp.0706197.
Merritt, J.E.; Armstrong, W.P.; Benham, C.D.; Hallam, T.J.; Jacob, R.; Jaxa-Chamiec, A.; Leigh, B.K.;
McCarthy, S.A.; Moores, K.E.; Rink, T.J. SK&F 96365, a novel inhibitor of receptor-mediated calcium entry.
Biochem. J. 1990, 271, 515–522, doi:10.1042/bj2710515.
Rychkov, G.; Barritt, G.J. TRPC1 Ca(2+)-permeable channels in animal cells. Handb Exp. Pharmacol 2007,
10.1007/978-3-540-34891-7_2, 23-52, doi:10.1007/978-3-540-34891-7_2.
Harper, J.L.; Camerini-Otero, C.S.; Li, A.H.; Kim, S.A.; Jacobson, K.A.; Daly, J.W. Dihydropyridines as
inhibitors of capacitative calcium entry in leukemic HL-60 cells. Biochem. Pharmacol. 2003, 65, 329–338,
doi:10.1016/s0006-2952(02)01488-0.
Rubaiy, H.N. Treasure troves of pharmacological tools to study transient receptor potential canonical 1/4/5
channels. Br. J. Pharmacol. 2019, 176, 832–846, doi:10.1111/bph.14578.
Radisky, D.C.; LaBarge, M.A. Epithelial-mesenchymal transition and the stem cell phenotype. Cell Stem Cell
2008, 2, 511–512, doi:10.1016/j.stem.2008.05.007.
El Hiani, Y.; Ahidouch, A.; Roudbaraki, M.; Guenin, S.; Brule, G.; Ouadid-Ahidouch, H. Calcium-sensing
receptor stimulation induces nonselective cation channel activation in breast cancer cells. J. Membr. Biol.
2006, 211, 127–137, doi:10.1007/s00232-006-0017-2.
El Hiani, Y.; Lehen'kyi, V.; Ouadid-Ahidouch, H.; Ahidouch, A. Activation of the calcium-sensing receptor
by high calcium induced breast cancer cell proliferation and TRPC1 cation channel over-expression
potentially through EGFR pathways. Arch. Biochem. Biophys. 2009, 486, 58–63, doi:10.1016/j.abb.2009.03.010.
Dhennin-Duthille, I.; Gautier, M.; Faouzi, M.; Guilbert, A.; Brevet, M.; Vaudry, D.; Ahidouch, A.; Sevestre,
H.; Ouadid-Ahidouch, H. High expression of transient receptor potential channels in human breast cancer
epithelial cells and tissues: Correlation with pathological parameters. Cell Physiol. Biochem. 2011, 28, 813–
822, doi:10.1159/000335795.
Brazer, S.C.; Singh, B.B.; Liu, X.; Swaim, W.; Ambudkar, I.S. Caveolin-1 contributes to assembly of storeoperated Ca2+ influx channels by regulating plasma membrane localization of TRPC1. J. Biol. Chem. 2003,
278, 27208–27215, doi:10.1074/jbc.M301118200.
Ambudkar, I.S.; Brazer, S.C.; Liu, X.; Lockwich, T.; Singh, B. Plasma membrane localization of TRPC
channels: Role of caveolar lipid rafts. Novartis Found. Symp. 2004, 258, 63–70; discussion 70-64, 98-102, 263106.
Pani, B.; Singh, B.B. Lipid rafts/caveolae as microdomains of calcium signaling. Cell Calcium 2009, 45, 625–
633, doi:10.1016/j.ceca.2009.02.009.
Howlader, N., N.A., Krapcho M, Miller D, Brest A, Yu M, Ruhl J, Tatalovich Z, Mariotto A, Lewis DR, Chen
HS, Feuer EJ, Cronin KA (eds). SEER Cancer Statistics Review, 1975–2016, National Cancer Institute.
Bethesda, MD, https://seer.cancer.gov/csr/1975_2016/, based on November 2018 SEER data submission,
posted to the SEER web site, April 2019. Availabe online: (accessed on 02/01/2020).
Zhang, Q.; He, J.; Lu, W.; Yin, W.; Yang, H.; Xu, X.; Wang, D. Expression of transient receptor potential
canonical channel proteins in human non-small cell lung cancer. Zhongguo Fei Ai Za Zhi 2010, 13, 612–616,
doi:10.3779/j.issn.1009-3419.2010.06.009.
Guo, L.; Li, L.; Wang, W.; Pan, Z.; Zhou, Q.; Wu, Z. Mitochondrial reactive oxygen species mediates
nicotine-induced hypoxia-inducible factor-1alpha expression in human non-small cell lung cancer cells.
Biochim. Biophys. Acta 2012, 1822, 852–861, doi:10.1016/j.bbadis.2012.02.004.
Wang, Y.; He, J.; Jiang, H.; Zhang, Q.; Yang, H.; Xu, X.; Zhang, C.; Xu, C.; Wang, J.; Lu, W. Nicotine enhances
storeoperated calcium entry by upregulating HIF1alpha and SOCC components in nonsmall cell lung
cancer cells. Oncol. Rep. 2018, 40, 2097–2104, doi:10.3892/or.2018.6580.
Tan, Q.; Wang, M.; Yu, M.; Zhang, J.; Bristow, R.G.; Hill, R.P.; Tannock, I.F. Role of Autophagy as a Survival
Mechanism for Hypoxic Cells in Tumors. Neoplasia 2016, 18, 347–355, doi:10.1016/j.neo.2016.04.003.
Villalobos, C.; Hernandez-Morales, M.; Gutierrez, L.G.; Nunez, L. TRPC1 and ORAI1 channels in colon
cancer. Cell Calcium 2019, 81, 59–66, doi:10.1016/j.ceca.2019.06.003.

Cells 2020, 9, 388

78.

79.

80.

81.

82.
83.
84.

14 of 14

Emmons, M.F.; Anreddy, N.; Cuevas, J.; Steinberger, K.; Yang, S.; McLaughlin, M.; Silva, A.; Hazlehurst,
L.A. MTI-101 treatment inducing activation of Stim1 and TRPC1 expression is a determinant of response
in multiple myeloma. Sci. Rep. 2017, 7, 2685, doi:10.1038/s41598-017-02713-0.
Gebhard, A.W.; Jain, P.; Nair, R.R.; Emmons, M.F.; Argilagos, R.F.; Koomen, J.M.; McLaughlin, M.L.;
Hazlehurst, L.A. MTI-101 (cyclized HYD1) binds a CD44 containing complex and induces necrotic cell
death in multiple myeloma. Mol. Cancer Ther. 2013, 12, 2446–2458, doi:10.1158/1535-7163.MCT-13-0310.
Nasman, J.; Bart, G.; Larsson, K.; Louhivuori, L.; Peltonen, H.; Akerman, K.E. The orexin OX1 receptor
regulates Ca2+ entry via diacylglycerol-activated channels in differentiated neuroblastoma cells. J. Neurosci.
2006, 26, 10658–10666, doi:10.1523/JNEUROSCI.2609-06.2006.
Selli, C.; Pearce, D.A.; Sims, A.H.; Tosun, M. Differential expression of store-operated calcium- and
proliferation-related genes in hepatocellular carcinoma cells following TRPC1 ion channel silencing. Mol.
Cell Biochem 2016, 420, 129–140, doi:10.1007/s11010-016-2776-0.
Cancer Genome Atlas, N. Comprehensive molecular portraits of human breast tumours. Nature 2012, 490,
61–70, doi:10.1038/nature11412.
Ambudkar, I.S.; de Souza, L.B.; Ong, H.L. TRPC1, ORAI1, and STIM1 in SOCE: Friends in tight spaces. Cell
Calcium 2017, 63, 33–39, doi:10.1016/j.ceca.2016.12.009.
Birnbaumer, L. From GTP and G proteins to TRPC channels: A personal account. J. Mol. Med. 2015, 93, 941–
953, doi:10.1007/s00109-015-1328-5.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

