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and onset of cancer.

TRP channels form a superfamily of channel proteins exhibiting versatile regulatory characteristics with
many channels participating in the regulation of Ca2* homeostasis and influencing the cell fate. Multitude
of evidence is emerging that the colocalization of TRP channels with Ca?*-sensing elements of specific
regulatory pathways leading to either proliferation or apoptosis is what makes these channels participate
in cell fate regulation and, in turn, determines the final effect of Ca?* entry via the particular channel. This
review focuses on the aspects of TRP channel localization and function that affect the balance between
cell survival and death and how various dysregulations of these channels may lead to perturbed balance

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Cancer is one of the widespread terminal illnesses responsi-
ble for approximately 13% of deaths around the world. Cancer
progression is closely tied to dysregulations of cell cycle, accom-
panied by enhanced proliferation and suppression of mechanisms
leading to cell death [1-4]. The principal factors, summarized in
Fig. 1, that often lead to perturbed balance between prolifera-
tion and apoptosis and development of cancer include, among
others, increased production and secretion of mitogens often
associated with neuroendocrine differentiation of the involved
cells and is often supported by decreased sensitivity to growth
inhibitory signals, such as cytokine tumor necrosis factor alpha
(TNF-a) or the secreted peptide transforming growth factor beta
(TGF-P) that both commonly lead to proliferation arrest and apo-
ptosis.

Many of these factors are highly sensitive to fine details of [Ca2*];
regulation and homeostasis in cells, emphasizing the importance of
Ca2* transduction. In particular, programmed cell death - apoptosis
commonly involves many components acting in a coordinated
manner as a part of its molecular machinery [5]. However, irre-
spective of the triggering conditions, the onset of apoptosis always
involves Ca2* influx via mitochondrial, cytoplasmic or ER-mediated
mechanism(s) [6,7]. On the other hand, apoptosis-resistant pheno-
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types of transformed cells commonly have reduced capability of
maintaining excessive [Ca2*];, often in the form of suppressed store
operated Ca%* entry (SOCE) [8-10].

The involvement of ion channels, especially Ca2*-permeable, in
the regulation of cellular proliferation or apoptosis in vitro has been
known since, at least, late 1980s, based on observation that classical
blockers of these channels can influence cell death rates, prolong-
ing or shortening cell survival. Identification of the central role of
Ca?* ion in regulating cell cycle and the realization that expres-
sion of ion channels is not limited solely to the plasma membrane
(PM), but may also include membranes of internal compartments
have led researchers to appreciate the importance of sustained Ca2*
entry via Ca2* permeable channels for determining cell fate. This
review focuses on aspects of cell survival influenced by TRP chan-
nels and how dysregulation of these channels influences onset and
progression of various cancers.

2. Role of TRP channels in cell survival and onset of cancer

Transient receptor potential (TRP) superfamily of channels
combines recently identified ubiquitously expressed channels
sharing a high degree of structural homology. In particular,
the channels are composed of subunits containing six trans-
membrane segments, a putative pore-forming loop between
segments S5 and S6 with both C- and N-termini being intra-
cellular. All identified TRP channels are tetramers composed of
identical or closely homologous subunits belonging to the same
subfamily (see, e.g. [11,12] for review). At present, the mam-
malian TRP superfamily consists of 28 members grouped into
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Fig. 1. Principal regulatory factors influencing balance between survival and apoptosis. Circular arrows indicate the direction in which the balance is shifted by the factors
mentioned in the associated balloons. Blue and red tints indicate pro-proliferative and pro-apoptotic effects respectively.

smaller subfamilies by homology, typically having similar func-
tional properties as well: TRPC (canonical), TRPV (valinoid), TRPM
(melastatin), TRPML (mucolipin), TRPA (ankyrin-like) and TRPP
(polycystin).

TRP channels can be activated by a wide variety of chemi-
cal, mechanical and even physical stimuli, such as temperature or
mechanical stress, explaining their versatile roles in various reg-
ulatory mechanisms. Many, though not all, TRP channels are Ca2*
permeable, naturally participating in many regulatory pathways
involving CaZ*. Their activity often leads to cell depolarization,
extracellular Ca?* entry or Ca%* release from internal stores and
influences various cellular processes such as proliferation, apo-
ptosis or gene transcription [13]. At present, the notion that
CaZ* plays the central role in the regulation of cell prolifera-
tion or cell death can be considered commonly accepted while,
on the other hand there is emerging evidence suggesting that
some transformed cells as well as established tumor cell lines
become less sensitive to CaZ* during the progression of the disease
[14,15].

While central role of Ca2* in regulating cell cycle has been
recognized for a long time, with the advancement of research it
became abundantly clear that cell cycle is extremely sensitive to
fine aspects of such regulation, such as temporal modulation and
compartmentalization of [CaZ*]; [16,17], thus emphasizing the
importance of Ca%* channels for cell survival and death. Indeed,
it is known that increased expression of Ca2* channels in plasma
membrane often promotes Ca%*-dependent proliferative pathways
leading to decreased apoptosis susceptibility of affected cells and
leading to tumorigenesis [13,16,18]. Moreover, the changes in
intracellular Ca%* come not only from PM expressed Ca?* channels
but also via the release of Ca2* from the internal stores, where many
TRP channels are known to be present as well. Such an increase
in Ca2* release from ER may act as a trigger for enhanced prolif-
eration, aberrant differentiation and impaired apoptosis, causing
uncontrolled expansion and enhanced invasion characteristic of
cancer tissue [19-23]. To date, reported cancerogenic changes to
endogenous TRP activity were associated with altered expression
levels of affected TRP channels rather than with mutagenic changes
of TRP gene(s).

Further we consider the involvement of various TRP channels in
CaZ* entry and their effect on cell survival and death categorized
by TRP subfamily.

2.1. TRPC channels

This subfamily of TRP channels consists of the proteins closely
related to the first identified member of TRP superfamily of
channels, the “canonical” Drosophila TRP, identified as TRPC1
according to the modern nomenclature. Functionally, activation of
TRPC channels is often linked with stimulation of receptors addi-
tionally affecting various isoforms of phospholipase C[12]. In spite
of TRPC1 being, perhaps, the most widely studied TRPC channel,
the question about its physiological significance still remains open.
Early reports suggested involvement of TRPC1 in SOCE [24,25],
suggesting its important role in regulating cell proliferation and
apoptosis. More recent identification of Orail and STIM1 as proteins
largely responsible for SOC led to the models involving a combina-
tion of TRPC1 with these proteins as principal players responsible
for SOC [26]. This notion was, however, questioned later by publica-
tions demonstrating that suppression of TRPC1 removes only a por-
tion of SOCE response in some cells [27,28], while capacitative Ca2*
entry is completely independent of TRPC1 in other cells [29,30].

In spite of still unclear and, possibly, tissue-type dependent role
that TRPC1 plays in SOCE, the channel seems to be important for
the regulation of cell development and motility, as was demon-
strated by knockout or overexpression of TRPC1 in renal epithelial
and skeletal muscle cells as well as immortalized GnRH neurons
[30-33]. Interestingly, while in normal tissue the presence of TRPC1
promotes cell proliferation, in transformed tissues TRPC1 seems
to be involved in the regulation of apoptosis. Thus, it has been
reported that the expression level of TRPC1 is decreased during
the progression of the prostate cancer from androgen-dependent
to androgen-independent phase [12]. In agreement with this obser-
vation, the transient knockdown of TRPC1 and TRPC4 channels
significantly reduced the ability of ATP to induce growth arrest
in PCa cells. Along similar lines, in IEC-6 rat intestinal epithelial
cells, overexpression of TRPC1 enhanced TNF-a induced apoptosis
and suppressed pro-survival and pro-proliferative TNF-a mediated
signalling via transcription factor NF-«kB [34] (Fig. 2).

When going beyond TRPC1 channel, one can find a similar func-
tional pattern of the involvement of the channels belonging to TRPC
subfamily. For example, suppression of TRPC6 by antisense hybrid
deletion in primary human prostate cancer cells decreased Ca2*
entry and subsequent activation of nuclear factor of activated T
cells (NFAT), leading to inhibited cell proliferation that normally



G. Shapovalov et al. / Cell Calcium 50 (2011) 295-302 297

MS TRP,
TRPs ) " ' SOC
M T;,DB: STIM1

0S
R @ @2# f
Eps

o
g Calpaln SERCA
¥ Calcineurine
Caspase(s) J Calpaslatm
\ NFQT\ ‘// CaMK I /

a DNA frag- Gene
; mentation regulation <—-—— NFkB

.,
s

Apoptosi s/\\—'P roliferation

Fig. 2. Scheme summarizing the principal interplay between the TRP channels
responsible for Ca?* entry and downstream mechanisms regulating cell survival
or death. Light blue arrows indicate the flow of Ca?* or its effect on the respective
Ca?* sensitive agents triggering the downstream mechanisms, indicated by black
arrows, and leading to eventual pro-apoptotic or pro-proliferative effects.

is controlled by the a1-adrenergic receptors and lipid messenger
diacylglycerol (DAG) [35]. In the similar vein, knockdown of TRPC6
inhibited TRPC-like currents evoked by oleoyl-2-acetyl-sn-glycerol
(OAG) in DU145 and PC3 cells and arrested DU145 and PC3 cells
at the G(2)/M phase, suppressing hepatocyte growth factor (HGF)
induced cell proliferation [36]. Additionally, in rat cardiomyocites,
stimulation of Ca%* sensing receptors (CaR) promoted elevated
expression levels of TRPC3, leading to enhanced apoptosis by [Ca2*];
overloading, while no appreciable change in TRPC1 expression was
detected [37].

It is interesting to note that while, as described above, stimu-
lation of ae1-adrenergic receptors in prostate cancer cells leads to
decreased Ca?* entry and inhibited cell proliferation, the activation
of P2Y receptors by ATP has been shown to stimulate transient Ca2*
signal involving SOC activation and leading to the opposite effect
in the same cells [35]. It is possible that colocalization of TRPC1
with different receptors could, similarly, lead to a change in TRPC1
function at different stages of prostate cancer progression. It would
be interesting to see this possibility experimentally addressed in
future investigations.

Proper functioning of the cells requires appropriate oxygenation
and steady supply of nutrients, which holds true for the outgrowth
of the transformed tissue as well. Tumors are known to secrete a
number of growth factors that have a mitogenic effect on vascular
endothelial cells, often prompting chaotic outgrowth of blood ves-
sels in the tumor vicinity [38]. To this end, expression of multiple
TRP channels was reported in vascular endothelial cells, primarily
the members of the TRPC and TRPM families. For example, DAG
gated TRPC3 and TRPC6 channels were shown to participate in
VEGF-induced permeability of endothelial cells [39,40]. Addition-
ally, TRPC1 and TRPC4 were implicated in promoting vascular
growth based on their suggested role in SOCE in these cells, as well
as ROS sensitive members of TRPM family, TRPM2, TRPM6 and
TRPM?7, although their functional role remains poorly defined [41].

The changes in expression levels and involvement of the chan-
nels in cell survival are summarized in Table 1.

2.2. TRPV
The majority of the evidence of TRPV channels affecting cell

development and survival, especially in connection with cancer,
is focused on TRPV6 ion channel. Even though the channel is one

of the first TRP proteins to be characterized, not much is known
about its gating properties. Results of fura-2 measurements sug-
gest that it exhibits constitutive activity, however whole-cell patch
clamping experiments, using perforated patches, did not reveal a
corresponding whole-cell current under physiological conditions.
Moreover Ca2* entry through this channel seems to depend upon
the presence of intracellular [CaZ*]; or extracellular divalent cations
[42,43]. Nonetheless, it has been shown that, unlike majority of TRP
proteins exhibiting only mild selectivity for divalent cations, the
TRPV6 channel demonstrates a high preference for Ca2* over Na*
when heterologously expressed in mammalian cells [44].

In healthy tissues the channel is primarily expressed in the kid-
ney, intestine, placenta and pancreas, where it is believed to be
responsible for transcellular movement of CaZ* across epithelial
cells [45,46], as supported by the observation that its expression
levels are increased by 1,25-dihydroxy cholecalciferol (vitamin D)
[47]. On the other hand, its expression level is known to be elevated
in some tissues upon development of cancer, suggesting that the
channel plays an important role in cell development and prolifer-
ation. Increased levels of TRPV6 mRNA were registered in LNCaP
and PC-3 prostate cancer cell lines, in SW480 colorectal cancer cell
lines [48] or in K-562 chronic myelogenous leukaemia cells [49].
In breast cancer tissues the TRPV6 mRNA levels were increased
as much as 15-fold, compared to healthy tissue and regulation of
TRPV6 channel activity by progesterone, estrogen, tamoxifen and
vitamin D has been shown to affect cancer cell proliferation and
survival [50]. Additionally, increased levels of TRPV6 were regis-
tered in carcinomas of colon, thyroid gland and ovary [46,48,50-53]
but not pancreatic carcinoma or some other cancers [46], making
it unsuitable for the role of generic cancer marker.

Similarly to TRPC1, expression of TRPV6 ion channel seems to be
regulated by the androgen receptors, however in an agonist inde-
pendent way: TRPV6 does not exhibit a clear change in expression
levels between androgen dependent and independent phases of
cancer progression in prostate. Instead, the channel is at a very
low level or not detectable in the healthy tissue [46,51], with con-
secutively and substantially increasing mRNA levels during the
progression of cancer, its degree of aggressiveness according to
Gleeson score and development of metastases outside the prostate
[48,51]. 1t has been shown that TRPV6 expression levels were inhib-
ited by dihydrotestosteron - an androgen receptor agonist and
stimulated by becalutamide - an androgen receptor antagonist
[48,54,55]. However expression of TRPV6 was not identified in
androgen-insensitive prostate cancer cell lines (DU-145 and PC-3)
[51], thus leaving androgen dependence of TRPV6 expression still
an open question.

While not everything is yet clear concerning the regulation
of expression of TRPV6, studies of its role in cell survival have
yielded more conclusive results. Thus, siRNA mediated suppression
of TRPV6 had an effect almost opposite to that of TRPC1 channel,
suppression of which reduced cell sensitivity to pro-apoptotic fac-
tors. In human prostate cancer cells suppression of TRPV6 slowed
down cell proliferation, reduced the expression of proliferating cell
nuclear antigen (PCNA) and decreased the accumulation of the cells
in the S-phase of cell cycle [56]. This pro-proliferative and anti-
apoptotic function of TRPV6 has been related to supplemental Ca2*
entry necessary for the activation of NFAT and its transcriptional
activity influencing cell-cycle regulators [56]. These results are fur-
ther supported by finding that heterologous expression of TRPV6 in
HEK293 cells led to an increase in cell proliferation rate [57]. Last,
but not least, TRPV6 ion channel has been implicated as a possible
participant in store operated Ca2* entry (SOCE) [54,55,58,59] and
was proposed to be one of the primary pathways responsible for
the Ca2* uptake in prostate cancer cells [56].

Other members of TRPV subfamily have not been investigated
as thoroughly as TRPV6; however there is some evidence of them
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Table 1
Function and expression changes of TRPC channels in transformed cells.
Channel Changes in expression Effect on survival References
TRPC1 Decreases in androgen-independent phase Pro-proliferation in normal cells. Pro-apoptotic in transformed cells. Possibly [12,24,30,34]
involved in SOCE
TRPC3 Elevated by CaR stimulation in cardiomyocytes [Ca%*]; overloading, enhances apoptosis. VEGF-induced permeability of [37,39,40]
microvascular endothelial cells
TRPC4 No data ATP induced growth arrest in PCa cells. Possibly involved in SOCE [12,41]
TRPC6 Progressively increased in liver Pro-proliferation in prostate cancer cell lines. VEGF-induced permeability of [35,36,39,40,108]

microvascular endothelial cells

also playing important roles in cell survival. TRPV1 channel was the
first protein isolated in TRPV subfamily and is presumed to be pri-
marily involved in transmission and modulation of pain, due to its
sensitivity to capsaicin and gating by heat and low pH [12,60,61].
Interestingly, these primary attributes, while being important for
nociception, do not seem to be of importance for cell survival. Thus,
in gastric cancer cells capsaicin induced apoptosis at higher rate
than in normal cells. However, this apoptosis-inducing effect of
capsaicin was associated with TRPV6 channel rather than TRPV1
[62]. On the other hand, recently demonstrated mechanosensitive
properties of TRPV1 seem to be of greater importance for cell sur-
vival. Thus, in retinal ganglion cells, TRPV1 has been demonstrated
to play an active role in increased Ca2* entry and apoptosis induced
by elevated hydrostatic pressure [63]. In spite of rarity of the reports
directly linking TRPV1 to survival, altered expression of TRPV1 has
been reported in multitude of cancers, suggesting at least casual
role of this channel in the regulation of cell cycle. For example, the
expression levels of TRPV1 are known to be increased in prostate,
colon, bladder and pancreas cancers [64-67]. In urothelium of the
bladder TRPV1 is known to be expressed in healthy tissue, however
its levels have been shown to decrease during the progression of
cancer towards more aggressive stages and cells becoming less and
less differentiated [66]. Table 2 summarizes these observations.

2.3. TRPM

TRPM, or melastatin subfamily of TRP channels was named after
the first member of the family - TRPM1 which was initially identi-
fied in B-16 mouse melanoma cell line [68]. The overexpression of
TRPM1 in HEK293 cells led to an increase in cytoplasmic Ca?*, as
compared to control HEK cells, the increase that was proportional
to the extracellular Ca%* concentration [21]. Similarly to TRPVG,
TRPMT1 is believed to be constitutively active, with La3* and Gd3*
acting as blockers [21], with the notion of constitutive activity sup-
ported by the lack of successful electrophysiological recordings of
the channel so far.

As was the case with TRPC1 channels, the expression of TRPM1
exhibits a complex modal dependence on the stage of cancer,
with decreasing levels as cancer progresses. Thus, using in situ
hybridization, high levels of TRPM1 expression were found in
human melanoma cells in benign tissues, decreased expression
levels in primary melanomas and no detectable TRPM1 mRNA
in metastatic tissues [68]. Furthermore, the decrease in TRPM1
mRNA correlated with the state of tumor progression, thickness
of the tumors and the degree of tumor aggression, with almost
undetectable mRNA levels in aggressive tumors [69-71]. These

observations suggested that TRPM1 may serve as a prognostic
marker of melanoma metastasis and led to the idea that the chan-
nel can play a role of tumor suppressor, effectively stimulating
apoptosis in malignant cells [70,72,73].

The TRPM1 protein has been reported to have multiple splice
variants, including the “short isoform” TRPM1-S. It is believed
that TRPM1-S interacts with full length TRPM1-L isoform and
that this interaction prevents the trafficking of the channel to
the plasma membrane, thus providing the means to regulate the
TRPM1 mediated Ca2* entry into the cell [21,74]. Further studies of
TRPM1 expression regulation in melanoma cells have provided evi-
dence that TRPM1 expression is regulated by the microphthalmia
transcription factor (MIRF) [75,76] and is linked to the state of
cell differentiation [71], supporting the suggestion that TRPM1 is
involved in the regulation of cell proliferation and survival [72].

Compared to TRPV subfamily, TRPM channels appear to show
greater versatility of involvement in cell survival and death reg-
ulation (see Table 3 for the summary). Thus, TRPM2 has been
characterized as a reactive oxygen species (ROS) and ADP/cADP-
ribose sensitive member of TRPM subfamily, involved in insulin
secretion and mediating parts of the responses to TNF-a in the
immune cells. As such, it has been implicated in the regulation of
cell survival in multitude of cell types, although reports on specific
cancer related changes are relatively scarce. For example, suppres-
sion of this channel by antisense knockdown in rat insulinoma
RIN-5F cells and in the U937 monocyte cell line reduced Ca2* influx
and cell death induced by H,0, and TNF-a, while its overexpres-
sion enhanced H,0; induced apoptosis [77]. Similarly to TRPM1,
TRPM2 protein has a short splice variant that exhibits a dominant-
negative effect when combined with a full-length isoform. This
dominant-negative isoform was used to suppress Ca2* entry and
enhanced cell death in HEK293 cells recombinantly expressing
TRPM2, confirming the role of TRPM2 in the regulation of cell
survival [78]. Similar results were obtained when TRPM2 activity
was modulated by the inhibition of poly(ADP-ribose) polymerase
in a tetracycline-inducible TRPM2 cell line and CRI-G1 cells [79,80].

TRPM4 and TRPM5 channels, while not directly implicated in
regulating cell death, have nonetheless been associated with can-
cer tissues. Thus, TRPM4 expression was elevated in CD5+ B-cell
lymphomas, suggesting its association with regulation of cell cycle
of B-cells [81]. Another report presented evidence of an altered
expression of TRPM5 in a large proportion of Wilms’ tumors and
rhabdomyosarcomas (Beckwith-Wiedemann syndrome) [82].

Another member of TRPM subfamily, TRPM7, somewhat stands
out from the other channels in that it has its own kinase domain,
thus possessing the ability to directly phosphorylate itself and

Table 2
Function and expression changes of TRPV channels in transformed cells.
Channel Changes in expression Effect on survival References
TRPV1 Increased in prostate, colon, bladder and pancreas cancers. Heat and pain sensor. Mechanosensitivity may trigger [63-65,67]
Decreases with cancer progression in urothelium apoptosis
TRPV6 Progressively increased in cancer, regulated by vitamin-D Pro-proliferative and anti-apoptotic in normal and cancer [37,39,40]

tissues. Proposed role in SOCE
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Table 3
Function and expression changes of TRPM channels in transformed cells.
Channel Changes in expression Effect on survival References
TRPM1 Decreases with cancer progression, linked to Pro-apoptotic in cancer tissue [69-73]
the state of cell differentiation
TRPM2 No data ROS mediated pro-apoptotic [77-80]
TRPM4 Elevated in CD5+ B-cell lymphomas Pro-proliferation? Indirect association by expression changes [81]
TRPM5 Elevated in Wilms’ tumors and Pro-proliferation? Indirect association by expression changes [82]
rhabdomyosarcomas
TRPM7 Elevated in large breast tumors Cell specific. Pro-apoptotic in neuronal tissue. [84-86]
Pro-proliferation in breast cancer cells
TRPMS8 Elevated in prostate cancer. Decreases with Cold and pain sensor, possibly participates in SOCE via iPLA;. [19,35,59,90,91,93,94,101]

progression to androgen independent phase

Isoform-specific localization to PM or ER, leading to

pro-proliferatory or pro-apoptotic effects

other proteins. It has been implicated in playing a role in magne-
sium and rare metal homeostasis, melanopore maturation, kidney
stone formation, sensing of sheer stress, synaptic vesicle fusion,
thymopoiesis, and cell adhesion [83]. With such variety of modu-
latory mechanisms it is not unexpected that the channel plays an
important role in the regulation of cell survival. For example, sup-
pressing TRPM?7 in cortical neurons blocked anoxic 4°CaZ* uptake,
ROS production, and anoxic neuronal death [84]. Similar effect was
reported for suppression of TRPM7 expression in hippocampal CA1
neurons in rats, while not producing negative effects on overall
animal health and memory [85]. In cancer tissues, TRPM7 has been
reported to be overexpressed in large breast tumors. However sup-
pression of this channel in MCF-7 breast cancer cell line had a
different effect, reducing basal [Ca2*]; and proliferative potential
of the cells [86].

Another prominent TRPM member involved in the regulation of
cell survival is a cold sensing TRPMS8 channel. TRPMS is activated
by noxious cold and pain, as well as chemically by menthol, by the
stimuli shifting the voltage dependence of the channel towards the
physiological membrane potentials, similarly to how it was first
proposed for TRPV channels [87]. In addition to its established sen-
sor role in peripheral neurons [88,89] it is known to have a high
expression level in prostate [90]. In fact, the channel was initially
cloned from human prostate as a prostate-specific gene in 2001 and
its participation in cold and menthol sensitivity in trigeminal and
dorsal root ganglion neurons was only established one year later
[89,91].

The localization of TRPMS8 by in situ hybridization was first
suggested to be limited to epithelial cells of the prostate [90],
however later Western blot and immunohistochemistry exper-
iments have been able to find protein presence additionally in
apical epithelial cells and smooth muscle cells of human prostate
[19,92]. The expression of TRPM8 was reported to be increased
in cancerous, compared to normal cells, with whole-cell currents
exhibiting responses resembling those of cold/menthol receptors
[19,93]. Moreover, a significant difference in TRPM8 mRNA levels
was reported between malignant and non-malignant tissues [94].

The localization of the channel to prostate and correlation of its
expression level with cancer progression has raised the question of
androgen dependence. Indeed, it has been reported that TRPMS8
is directly regulated by androgen receptors in normal prostate

Table 4
Summary of TRP channels involvement in cancer cell growth.

[92,95]. Moreover, the channel appears to be primarily expressed in
androgen-dependent cells with expression levels being downregu-
lated in cells losing androgen sensitivity and regressing to the basal
epithelial phenotype [92,96]. Additionally, transfection of andro-
gen receptor into PNT1A cells, that normally lack androgen recep-
tor, induced expression of TRPMS8 that could be reversed by AR-
siRNA [92]. This androgen dependence of TRPM8 causing TRPM8
overexpression and increased overall activity has been further cor-
related with the higher rate of growth of the cells in the androgen-
dependent phase [97,98]. On the other hand, the loss of TRPM8 with
progression of the disease to androgen-independent phase [94]
was associated with reduced doubling time of LNCaP cells resis-
tant to anti androgen bicalutamide treatment [93]. Furthermore, it
has been shown that pharmacological activation of TRPM8 as well
as silencing of the channel with siRNA in LNCaP cells negatively
influences cell survival, likely by perturbing Ca%* homeostasis [95].

Similarly to TRPM1 and M2, TRPMS8 also has multiple splice
variants, the full length and truncated one. Like above, the trun-
cated isoform seems to influence the trafficking of the resulting
channel, however with TRPMS, the truncated form remains func-
tional. The “classical”, full length isoform is expressed in the
plasma membrane, while there is evidence showing that short iso-
form is localized to ER, where it serves as Ca2* release channel
[19,20,95,99]. It has been suggested that, depending on the balance
in expression levels of PM or ER localized channel, TRPM8 may shift
cellular Ca2* homeostasis towards either proliferation or apoptosis
in prostate [100]. To this end, it was shown in [19] that PM TRPM8 is
expressed only in highly differentiated PCa epithelial cells, with this
specific activity abolished in dedifferentiated cells, while ER TRPM8
isoform remained functional independently of cell differentiation.
Elsewhere it was reported that TRPMS8 mediated changes in Ca2*
entry may increase proliferation [35,101,102] or induce differenti-
ation [10] and apoptosis [9,103], supporting the idea of differential
role of TRPMS in cell survival.

One last aspect of TRPMS8 that is important in the context for
influencing cell survival is regulation of the channel activity. While
its cold sensitivity plays an important role in sensory neurons
where, via Ca2* and Na* entry it naturally leads to depolarization
and initiation of signalling, it is hard to imagine the importance
of this mechanism in thermally stabilized tissues. Furthermore,
TRPMBS activity in excised patches has been reported to undergo

Expression level changes Pro-proliferative

Pro-apoptotic Multiple functions

Increased in cancer
Decreased in cancer -
Multiphasic expression changes -
No data -

TRPC6, TRPM4, TRPMS5, TRPV6GP

TRPC3¢ TRPM7
TRPM1 -
TRPV1 TRPC1", TRPMS8P

TRPC4P, TRPM2 -

a Expression regulated by CaR stimulation.
b Suggested SOCE involvement.
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a prominent rundown, prompting a possibility of regulation of
TRPMS8 gating by some secondary messengers [87,104]. Phos-
phatidylinositol 4,5-bisphosphate (PIP,), has been reported to be
just such a messenger, restoring TRPM8 activity in excised patches
after or independently of initial menthol activation [105]. Another
concept of TRPMS gating that was recently proposed involves stim-
ulation of Ca%*-independent phospholipase A, (iPLA,) that lately
was associated with SOCE, leading to the production of lysophos-
pholipids which were reported as active substances activating
TRPMS8 expressed in HEK293 cells [106], an effect that was later
confirmed to take place also in dorsal root ganglion neurons [107],
suggesting its universal character. It is interesting to note, that
the effects produced by these alternative pathways would oppose
each other. The receptor-mediated stimulation of PLC would lead
to decreased PIP, levels and thus inhibit TRPMS activity, while IP3-
mediated store depletion would stimulate iPLA2, thus leading to
increased TRPMS activity.

3. Concluding remarks

TRP channels are ubiquitously expressed, have versatile regu-
latory mechanisms and most of them conduct Ca*. This naturally
makes TRP channels not only widely involved in the sensation and
formulation of response to various stimuli, but also participate in
fundamental cellular processes, such as cell cycle. In cancer cells
normal pathways of apoptosis are often inhibited, as a result of
deregulation of natural Ca2* homeostasis, most commonly due to
suppression of excessive Ca2* entry that normally leads to [Ca2*];
overload and cell death at later stages of cell cycle. Aside from
aspectsrelated to altered mobility properties of cancer cells, major-
ity of malignant phenotypes revolve around dysregulation of a
normal cell cycle, specifically perturbed balance between apoptosis
and proliferation, as illustrated by Fig. 2, showing basic regulatory
pathways involved in maintaining robust Ca2* homeostasis in the
cell.

The majority of TRP channels involved in such regulation fall
under one of three subfamilies: TRPC, TRPM and TRPV, with almost
all evidence involving TRPV subfamily concentrating on TRPV6
channel (and TRPV1 invoking rather unusual means of controlling
cell fate, via mechanosensitivity). Quite interestingly, homologi-
cal similarity of the channels does not translate directly to the
similarity of the function that channels assume in the cell. Thus,
TRPC1 and TRPC6 channels are connected to cell proliferation, while
TRPC3 and TRPC4 have primarily pro-apoptotic action (Table 1).
Similarly, while TRPM family seems to mostly favor pro-apoptotic
effect, TRPM4 and 5 channels were implicated in having a pro-
proliferative function (Table 3). Additionally, many channels have
been shown to have a cell-specific effect, such as TRPM7 enhancing
apoptosis in neuronal tissue but promoting proliferation in breast
cancer tissue, or shifting from pro-proliferative to pro-apoptotic
mode with the cells undergoing malignant transformation, as in
the case of TRPC1, possibly related to differential colocalization of
the TRPC1 channel with various receptors. Some channels may even
switch their role depending on localization inside the cell, as is sug-
gested to be the case for TRPMS. Overall summary of the role of TRP
channels and how this correlates with their expression changes
during cancer onset can be seen in Table 4. All these examples of
versatile roles of TRP channels further confirm that while the role
of CaZ* at the core of the processes regulating cell development
and death is undisputed, it is the fine details of this regulation that
are important for controlling the cell fate. While a lot of data have
already been collected describing the expression and modulatory
mechanisms regulating TRP channels and their influence on par-
ticulars of CaZ* homeostasis and cell development, further studies
have a lot of ground to cover.
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