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Abstract: Members of the TRPM (“Melastatin”) family fall into the subclass of the TRP channels
having varying permeability to Ca2+ and Mg2+, with three members of the TRPM family being
chanzymes, which contain C-terminal enzyme domains. The role of different TRPM members
has been shown in various cancers such as prostate cancer for mostly TRPM8 and TRPM2, breast
cancer for mostly TRPM2 and TRPM7, and pancreatic cancer for TRPM2/7/8 channels. The role
of TRPM5 channels has been shown in lung cancer, TRPM1 in melanoma, and TRPM4 channel in
prostate cancer as well. Thus, the TRPM family of channels may represent an appealing target for the
anticancer therapy.
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1. Molecular Biology of TRPM Ion Channels Family

The transient receptor potential (TRP) superfamily of ion channels now consists of more than 30
cationic channels, most of which are permeable for Ca2+, and some also for Mg2+ [1]. This superfamily
of TRP channels can be divided on the basis of sequence homology into seven main families, including
the TRPC or canonical family, the TRPV or vanilloid family, the TRPM or Melastatin family, the TRPP
or polycystin family, the TRPML or mucolipin family, the TRPA or ankyrin family, and the TRPN or
NOMPC family [2].

It was suggested in the early 2000s that the TRP superfamily of channels possesses a molecular
structure similar to that of voltage-gated potassium channels. Some homo- or hetero-tetrameric
rearrangements were reported near the pore region, which are situated between the 5th and 6th
hydrophobic transmembrane domains [1]. Our knowledge of the structure of TRP channels was
substantially updated when the 3D structure was studied in detail for the TRPM2 [1,3], TRPM4 [1,4],
and the TRPM8 channels [5,6].

TRP superfamily of channels plays an important role in non-excitable cells [7]. Moreover, it was
suggested that many TRP-related proteins may also be expressed in the nervous system, and have
important functions in sensory physiology [7].

There are four known subfamilies of TRPM channels: TRPM1/3, TRPM2/8, TRPM4/5, and
TRPM6/7. TRPM channels exhibit differential permeability for Ca2+ and Mg2+, ranging from Ca2+-
impermeable TRPM4/5 members to highly Ca2+ and Mg2+ permeable members such as TRPM6 and
7 [2]. Two members of the TRPM family have primary function in sensory perception, and three
of them are chanzymes which contain C-terminal enzyme domains [8]. Actually, there are three
TRPM members which, in their C-terminal regions, have enzymatic domains, such as TRPM2, TRPM6,
and TRPM7 channels. Moreover, TRPM2-like channel-enzymes are widespread in eukaryotic species,
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where the pore-forming segments of invertebrate TRPM2-like proteins display high sequence similarity
to those of Ca2+-selective TRPMs. Human TRPM2 is characterized by a loss of several conserved
residues, and thus, selectivity to Ca2+ [9].

The TRP box is situated in the C-terminal domain of the TRPM family, though there are no ankyrin
repeats in the N-terminus (Figure 1). According to the latest data obtained using 3D cryostructure
electronic microscopy, the TRP domain is not a continuous α-helix, but rather, has a break at about
two-thirds of the helical structure length, thus, dividing the TRP domain into two segments [4].
The N-terminal part of all TRPM proteins is usually longer, by approximately 300–400 aa, than the
same regions in TRPC and TRPV families. In this region, there is also a huge, approximately 700 aa
TRPM-homology domain. The C-terminal sequences of the TRPM family display high variabilities,
differing from as much as 1000 to 2000 aa.
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There are three TRPM members which, in their C-terminal regions, have enzymatic domains, such
as the TRPM2, TRPM6, and TRPM7 channels. The TRPM2 channel has an enzymatic domain similar
to Nudix hydrolases, cleaving mono/di-nucleotidic polyphosphates [9]. This domain hydrolyses
ADP-ribose into AMP and ribose-phosphate, though its efficiency is much lower than that of putative
Nudix enzymes. On the other hand, the TRPM6 and TRPM7 channels contain kinase domains, which
are classified as atypical alpha protein kinases [10].

The N-terminal domain with a TRPM homology region seems to be crucial for the self-assembly
and trafficking of TRPM family channels. Moreover, it was shown that the splice variants of the
TRPM1 and TRPM2 channels contain only the N-termini, without the C-termini and most or all of the
transmembrane domains. This is enough to suppress the channel activity of the full-length isoform.

The first member of the TRPM family, TRPM1, was originally discovered as melastatin 1; as
such, the other 8 members of this family were called TRPM for melastatin [8]. The gene of TRPM1 is
comprised of 27 exons, with agene length of over 58 kb; it is situated on the chromosome 7 in mice.
In humans, TRPM1 is localized on chromosome 15. The mRNA transcript of the TRPM1 gene spans
approximately 5.4 kb [11,12]. TRPM1 encodes a 1603 aa protein of around 182 kDa, which is only
expressed in the pigment cells of the skin and eye [11,12]. There is also a short N-terminal isoform of
TRPM1 called MLSN1-S, which lacks all transmembrane domains yielding 500 aa protein [12]. It has
been reported that this isoform and L form (MLSN1-L) are localized on the cell membrane, while the S
form (MLSN1-S) is localized in the cytoplasm [13].

Like TRPM1, the TRPM3 gene yields avast number of different mRNA. Three transcripts of
different lengths were detected in mouse brain [14], though Lee et al. [15] cloned six variants from
human kidney. The presence of two, or maybe three alternative start positions, and two different
C-terminal ends, allows a high variability of TRPM3 transcripts. The TRPM3 protein is expressed in
the kidneys of miceand humans, andin human brain as well.

The differences seen in TRPM3 mRNAs transcripts, and therefore, in protein products, may
result in different signaling mechanisms, such as store-depletion for the long variant, or induction by
hypotonic solution for the short one [14,15]. This fact, in addition tothe specific expression of TRPM3
in kidney, suggest the involvement of this channel in renal osmo-homeostasis. On the other hand, the
TRPM3 channel was characterized as the first cation channel activated by sphingosine detectable by
TRPM3-mediated current in transfected HEK293 cells [16].

Intriguingly, TRPM3 channels, while forming non-selective but calcium-permeable membrane
channels, may rapidly be activated by some steroids, such as pregnenolone sulphate, which makes
them a sort of steroid receptor [17]. Moreover, the role of the TRPM3 ion channel was shown to be a
heat sensor that acts independently of TRPV1 [18]. TRPM3−/− mice were shown to be unable to avoid
noxious heat, as well as to have a reduced avoidance of hot temperature zones [19].

TRPM6 and TRPM7 are the closest relatives of TRPM1 and TRPM3. Indeed, although their
C-terminus domains are different, many amino acids are identical within their N-terminal sequences.
Moreover, the transmembrane domains, the putative pore, and the small cytosolic domain following
the sixth transmembrane domain show similarities amongthese four channels. TRPM6 and TRPM7 are
characterized by a protein kinase domain at their C-termini [20,21]. The double activity—channel and
enzymatic—of these two channels classify their as chanzymes or channel-kinases [20,22]. Disruption of
TRPM6 kinase phosphorylation activity re-introduces Mg·ATP sensitivity to the heteromeric channel
similar to that of TRPM7, which supports the notion that TRPM6 kinase plays a critical role in the
control of the TRPM7/6 channel complex [23]. The ubiquitous TRPM7 protein is notably involved in
magnesium homeostasis, just like TRPM6, with a fused alpha kinase domain [24].

This activity can be modulated by the intracellular magnesium concentration and by ATP. In
contrastto TRPM7, TRPM6 has a specific expression in intestinal and renal epithelia [25]. However,
a recent systematic assessment of TRPM6 using gene-modified mice revealed thecrucial role of TRPM6
in placental trophoblasts [26]. TRPM6 was also shown to specifically interact with its closest homolog,
TRPM7 resulting in the assembly of functional TRPM6/TRPM7 complexes at the cell surface [27,28].
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Theassociation of mTRPM6 with mTRPM7 allows high constitutive activity of mTRPM6/7 to occur in
the presence of physiological levels of Mg2+ and Mg·ATP in epithelial cells.

TRPM4 and TRPM5, calcium-activated sodium channels impermeable for calcium, mediate
depolarization of the plasma membrane [29–32]. The selective expression of TRPM5 was initially
found in the taste buds, which suggested that it may play a role in taste transduction [29,33]. Later,
TRPM5 immunoreactivity was seen in other chemosensory organs, such as main olfactory epithelium
and the vomeronasal organ, suggesting that TRPM5 is an intrinsic signaling component of mammalian
chemosensory organs [34]. The putative binding sites for calmodulin (CaM), ATP, and proteinkinase C
(PKC) phosphorylation sites within TRPM4 are consistent with its modulated activity by intracellular
calcium, ATP, ADP, AMP [31] and the Ca2+-sensitivity of this channel. All putative ATP- binding sites
are found in the N-terminus and the intracellular linker between the second and third transmembrane
domain, together with the C-terminal CaM-binding sites and PKC phosphorylation sites.

TRPM2, the third chanzyme within the TRP family, demonstrates calcium activity coupled
with cation channel activity coupled with an ADP-ribose pyrophosphatase activity through its
enzymatic domain at the cytosolic C-termini of the protein [35–37]. TRPM2 is known to be activated
by hydrogen peroxide involved in the host-defense system of the body [38], and constitutes a
hydrogen peroxide-activated cation channel. Indeed, this channel is especially expressed in cells of
the monocytic lineage, including various cultured macrophage cell lines, peripheral blood monocytes,
and neutrophils [36,39,40], but also in the immune cells of the brain, the microglia [41]. TRPM2 can be
found in other organs such as thepancreas, and in cell lines derived from pancreatic islet cells [42].

TRPM8, a protein of 1104 aa residue, displays the main conserved region characteristic of the
TRP family. The gene of 102 kilobase pairs is localized on the chromosome 2, and contains 27 exons.
The TRPM8 channel is a homotetramer formed by 130 kDa subunits. Several transcription factor
binding sites on the promoter are known, such as NKX3-1, NKX2-5, USF1, MYC, LMOR, and ARNt.
Alternative splicing of TRPM8 mRNA produces 11 isoforms. Within these splice variants, two of
them—SM8α and SM8β—are specifically found in the prostate, and act as regulators of the full-length
protein [5,43].

The C-terminal domain is crucial for the maturation, oligomerization, and trafficking of the
channel to the plasma membrane [44,45]. Localized in the tail of this domain are the “TRP box”,
a feature of TRP family members, and a binding site for PIP2. TRPM8 protein shows 8 putative
glycosylation sites and an immunogenic epitope [46].

TRPM8 is expressed in several cells, but according to its role as molecular transducer of cold
somatosensation in humans, TRPM8 channel shows its main expression in a subpopulation of
primary afferent neurons from both the dorsal root and trigeminal ganglia, and in the nodose and
geniculate ganglia in the peripheral nervous system. The protein has nevertheless also been found
in others tissues like the prostate and genitourinary tract, bladder, vascular smooth muscle, liver,
lung and odontoblasts [47]. In the cell, this channel shows a plasma membrane and a membrane
rafts localisation. However, it has been shown that in prostate cancer cells, TRPM8 is also detected
in endoplasmic reticulum membrane [47] and MAM [48]. Therecent discovery ofthe TRPM8 channel
physical association with testosterone was published, and suggests that, in addition to a genomic role,
testosterone plays a role in the direct regulation of the TRPM8 channel function [49]. Thus, the role of
the TRPM8 channel may be suggested as being far beyond its well-established role in somatosensory
neurons, and may also imply TRPM8 channel function in testosterone-dependent behavioral traits.

2. TRPM Channels in Cancer

2.1. Prostate Cancer

Most TRPM channels have been shown to be involved in prostate cancer. TRPM8 was originally
identified by Tsavaler et al. [50] in 2001 by screening a prostate cDNA library. The TRPM8 gene
was described as a novel prostate-specific gene owing to the fact that its expression increased over
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the transformation of prostate cancer. Indeed, the level of TRPM8 expression in normal prostate
cells is very low, while in prostate cancer cells, it increases drastically. These results were confirmed
by Fuessel et al. [51], who analyzed multiple tumor markers in primary prostate cancers. TRPM8
mRNA expression increases with the Gleason score and TNM stage. In androgen-dependent prostate
carcinoma, TRPM8 seems to act as an inhibitor of the migration of prostate cancer cells by inactivating
focal adhesion kinase in conjunction with partner proteins [52,53]. It was also revealed that TRPM8
activation by PSA reduced motility of the PC3 PCa cell line, suggesting that plasma membrane
TRPM8 has a protective role in PCa progression [54]. Surprisingly, the overexpression of TRPM8
is not associated with changes in the level of androgen receptor (AR) mRNA expression. However,
Henshall et al. [55] found that the expression of TRPM8 decreased markedly following anti-androgen
therapy and when prostate cancer cells became androgen-independent, which supports the hypothesis
that TRPM8 is regulated by androgens [56]. Indeed, the androgen dependence of TRPM8 expression is
linked to the stage of differentiation of prostate epithelial cells [56,57].

The TRPM2 channel has been shown to play a role in prostate cancer particularly in prostate
cancer cell proliferation. Indeed, the levels of TRPM2 mRNA are higher in prostate cancer tissue and
in LnCaP and PC3 cell lines. A high expression of TRPM2 transcripts is found in 75% of malignant
epithelial cells, compared to the matched benign cells of the surgical specimens. Contrary to benign
cell lines, in whichTRPM2 is only expressed in the plasma membrane and the cytosol such as in
lysosomes, PC3 cells show TRPM2 localization in their nuclei too. The role of TRPM2 in PCa cell
proliferation is undeniable; it is shown by cell growth inhibition with the siRNA knockdown of
TRPM2 via a mechanism which is independent of the activity of poly(ADP-ribose) polymerases of the
channel [58,59].

Another TRPM channel identified as an actor in prostate cancer development is the TRPM4
channel. Actually, patients with prostate cancer display an elevation of gene expression of TRPM4.
With a knockdown of TRPM4, a decrease of the migration, but not proliferation, of DU145 and
PC3 cells was observed. This effect of TRPM4 has been shown to be induced by the regulation of
SOCE in hPEC and DU145 cells [60]. On this basis, TRPM4 was identified as a cancer driver gene in
androgen-insensitive prostate cancer through an increased migration.

TRPM7 is involved in the migration and invasion in PCa cells. In fact, this channel is up-regulated
in PCa cells and tissues compared to prostate hyperplasia cells, and provokes an increased migration
of these cells. In addition, TRPM7 deficiency by a knockdown in PCa cells suppressed migration and
invasion of distinct PCa cell lines. Moreover, it also impacts the epithelial-mesenchymal transition
(EMT) status by reversing it, while downregulating MMPs and upregulating E-cadherin [61].

2.2. Pancreatic Cancer

The main TRPM channel involved in pancreatic cancer is TRPM7. Indeed it is 13-fold
overexpressed in cancer tissues compared to healthy ones, and its expression correlates with the PDAC
progression. Importantly, TRPM7 expression is inversely related to patient survival. The mechanism
by which TRPM7 modules BxPC-3 cell migration is Mg2+-dependent [62]. TRPM7 increases PDAC cell
invasion through the regulation of the proteolytic axis, Hsp90α/uPA/MMP-2 pathway [63]. This axis
is significantly decreased in TRPM7-deficient PDAC cells.

TRPM2 is also negatively correlated with patient survival rate, compared with the control group.
In fact, the moreTRPM2 is expressed in cancerous tissue, the shorter the survival times displayed by
PDAC patients. The overexpression of TRPM2 has been shown to be associated with an increase incell
proliferation and invasive ability. Therefore, the expression level of TRPM2 is noticeably linked with
proliferation, invasive ability, and poor prognosis in patients with PDAC [64].

Finally, TRPM8 expression is also markedly up-regulated in human pancreatic adenocarcinoma
cell lines and tissues, and is important for cellular proliferation. When TRPM8 is deficient in pancreatic
cancer cells, a reduced ability of proliferation and cell cycle progression with elevated levels of
cyclin-dependent kinase inhibitors is observed [65].
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2.3. Lung Cancer

The TRPM7 channel is positively correlated with EGF expression, known as pro-oncogen.
The depletion of TRPM7 in A549 lung cancer cells via siRNA inhibits cell migration [66].

TRPM8 contributes to an invasive phenotype in lung cancer via a synergic action with TRPA1.
Indeed, results suggest that TRPM8 channels stimulate UCP2 to trigger metabolic transformation,
whereas TRPA1 induces autophagy during adverse conditions, leading to an invasive phenotype [67].

The long noncoding RNA TRPM2-AS is widely up-regulated in non–small cell lung cancer tissues,
compared with adjacent non-tumor tissues. This higher expression level of TRPM2-AS is correlated
with higher TNM stages and larger tumor size. TRPM2-AS expression was inversely related to patient
survival: patients with a high expression level of this TRPM2 variant had poorer survival rates than
those with low TRPM2-AS levels. The knockdown of TRPM2-AS has also significantly inhibited cell
proliferation [68].

The TRPM5 channel is likely to be involved in lung metastasis, as was shown by the increase in
experimental lung metastasis when TRPM5 expression is enforced. TRPM5 activity increased the rate
of acidic pH-induced MMP-9 expression, and required protein for the metastasis process. The use
of triphenylphosphine oxide (TPPO), an inhibitor of TRPM5, in treatment of tumor-bearing mice,
significantly reduced spontaneous lung metastasis [69].

2.4. Breast Cancer

TRPM7 and TRPM8 expression was shown to be correlated with breast cancer.
Dhennin-Duthille et al. [70] observed high levels of TRPM7 and TRPM8 expression in human
breast ductal adenocarcinoma (hBDA) tissue compared to adjacent non-tumor tissue. TRPM7 and
TRPM8 expression is importantly correlated with the Scarff-Bloom-Richardson (SBR) grade, Ki67
proliferation index, and tumor size. TRPM7 impacts several processes in cancer development.
The positive correlation between the Ki67 mitosis marker and the up-regulated TRPM7 channel in
breast carcinoma tissue suggests the role of this channel in breast cancer cell proliferation. TRPM7 can
also influence cell adhesion and migration via the regulation of myosin-IIA filament stability, and it
influences protein localization by phosphorylating the heavy chain [22]. TRPM7-mediated migration
and invasion of MDA-MB-435 breast cancer cells especially involved the mitogen-activated protein
kinase (MAPK) signaling pathways. Silencing TRPM7 induces a significant reduction in the migration
and invasion potential of MDA-MB-435 breast cancer cells, in addition to a decrease in the levels of
phosphorylated Src and MAPK.

Concerning TRPM8 channels, they are highly expressed at both the mRNA and protein levels in
the MCF-7 breast cancer cell line, as well as in breast adenocarcinomas, and are especially correlated
with estrogen receptor positive (ER+) tumors [66].

TRPM2 is also overexpressed in situ and in invasive breast carcinoma, compared to normal breast
tissue [71]. This channel likely acts as a protector of genomic DNA in breast cancer cells by minimizing
DNA damage, thus promoting tumoral growth [72].

2.5. Melanoma

TRPM1 (also called melastatin) involvement in melanoma is undeniable. This channel was first
discovered in the B-16 mouse melanoma cell line. TRPM1 expression steadily decreases during the
progression of primary cutaneous and vertical growth phase melanomas. In fact, TRPM1 mRNA is
almost or totally absent in around 80% of invasive primary melanomas. Thus, the TRPM1 gene is
considered to bea tumor suppressor. In murine cell lines, Duncan et al. [73] showed that TRPM1 was
expressed at high levels in poorly metastatic variants of the melanoma cell line, and expressed at
very low levels in the highly metastatic melanoma cell line. In similar human melanoma experiments,
Deeds et al. [74] found high levels of TRPM1 mRNA in melanocytic nevi, and noTRPM1 mRNA in
melanoma metastases. In conclusion, the decreased expression of TRPM1 in melanoma development
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correlates with the melanoma cell transition from a low to a high metastatic phenotype, as well as
with patient prognosis. For example, patients with stage I tumors, who display a diffuse expression of
TRPM1, have an 8-year disease-free survival rate of 100%, while patients at the same stage but with
no expression of TRPM1 have an 8-year disease-free survival rate of 77 ± 15%. The assessment is
the same for patients with stage II disease with no TRPM1 expression: these patients have an 8-year
disease-free survival rate that is significantly lower than that of patients at the same stage but who are
expressing TRPM1. According to some studies, TRPM1 transcription regulation seems to occur via
the binding of microphthalmia transcription factor (MITF), which is an essential transcription factor
for the development of melanoma. Actually, depending on changes in MITF levels, TRPM1 mRNA
expression is positively up- or down-regulated.

TRPM7 channels also act as protectors in both melanocyte physiology and in melanoma cells by
acting as detoxifiers [66].

As for TRPM2, it is cited as a factor that can induce melanoma apoptosis and necrosis.
In normal cells, TRPM8 inhibits pigmentation of the melanocyte. However, in G-361 human

melanoma cell line, menthol-mediated TRPM8 activity caused a prolonged increase in both the
intracellular Ca2+ concentration and the amplitude of the current, drastically reduced the survival of
melanoma cells. Therefore, TRPM8 channels play a role in melanoma proliferation [75].

2.6. Gastric Cancer

TRPM7 channels have been shown to be predominant actors in the growth and survival of human
gastric adenocarcinoma cells. Kim et al. [76] noticed an abundant expression of TRPM7 messenger RNA
and protein in AGS gastric cancer cells, the most commonly used line of human gastric adenocarcinoma
cells. The blocking of TRPM7 channels with La3+ and 2-APB, or silencing TRPM7 expression with
siRNA, inhibited the growth and survival of these cells. Kim et al. [76] later found that ginsenoside
Rg3 inhibits the growth and survival of gastric cancer cells by blocking TRPM7 channel activity.

TRPM2 regulates autophagy through a c-Jun N-terminal kinase (JNK)-dependent and mechanistic
target of rapamycin-independent pathway. Indeed, the lack of the TRPM2 channel down-regulates
the JNK-signaling pathway, and impairs autophagy, ultimately causing the accumulation of damaged
mitochondria, and the death of gastric cancer cells. Thus, TRPM2 knockdown inhibits cell proliferation,
and promotes apoptosis in gastric cancer cells [77].

2.7. Nasopharyngeal Carcinoma

Only TRPM7 has been reported as playing a role in nasopharyngaeal carcinoma. In fact, the
impairment of TRPM7 channel function in NPC cells causes a significant reduction of cellular
migratory potential. On the contrary, increased TRPM7 activity by TRPM7 activator (Bradykinin),
and overexpression of the channel, promote migration in 5-8F and 6-10B cells. That is in favor of a
pro-migratory role of TRPM7 in these cells. An extracellular Ca2+ chelator (EGTA), TRPM7 inhibitors
(La3+ and 2-APB), as well as TRPM7 knockdown, significantly reduce the migratory potential of 5-8F
and 6-10B cells [66]. Thus, TRPM7 channels enhance growth, but especially migration, by mediating
Ca2+ influx in human head and neck carcinoma.

2.8. Others Cancers

Li et al. [78] showed that in human bladder cancer (BCa), TRPM8 was highly expressed in T24
cells. Moreover, activation of the channel by menthol could significantly decrease the viability of T24
cells. TRPM7 might be a potential actor in BCa tumorigenesis, by interfering BCa cell proliferation,
motility, and apoptosis [79].

TRPM8 is also involved in osteosarcoma, by mediating proliferation and metastasis [80,81].
Indeed, Wang et al. [81] noticed that TRPM8 was overexpressed both in human osteosarcoma cells and
osteochondroma specimens. In addition, TRPM8 knockdown causes a decrease in cell proliferation,
migration, and invasion.
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Just like in osteosarcoma, the TRPM8 channel is expressed at high levels, and acts as modulator
of the invasion potential in Squamous Cell Cancer (SCC) [82,83].

Many studies established the presence of several TRP channels in liver cancer tissue, including
TRPM4 and TRPM7 [66].

Numerous TRPM channels contribute to glioma invasion by inducing Ca2+ signaling, cytoskeleton
changes, and migration; processes in which the TRPM family is known to be involved. Activation
of TRPM8 channel by its agonist, menthol, increases the [Ca2+]i in glioma cells, correlating with
enhanced migration. Cell shape, adhesion and migration are regulated by actomyosin contractility.
Moreover, TRPM7 has been found to link receptor-mediated signals to actomyosin remodeling and
cell adhesion in HEK293 cell lines. Bradykin mediated TRPM7 activation causesincreased Ca2+ signal
and kinase-dependent interaction with the actomyosin cytoskeleton. The overexpression of TRPM7
resulted in cell spreading, adhesion, and formation of focal adhesions, by increasing the intracellular
Ca2+ levels. In addition, the Ca2+ permeable TRPM2 channel enhanced cell death induced by H2O2

was shown in human A172 glioma cells [84].
Finally, human cervical-uterine tumor samples and cervical-uterine cancer derived cell lines

display a high TRPM4 mRNA level and an amplification of TRPM4 channel. A reduced TRPM4
expression decreases proliferation of HeLa cervical cancer-derived cells. The constitutive silencing
of this channel in these cells induces GSK-3b dependent degradation of β-catenin and reduced
β-catenin/Tcf/Lef-dependent transcription, while the overexpression of TRPM4 in T-REx 293 cells
increased cell proliferation and β-catenin levels. Thus, TRPM4 channels enhance the proliferation
of T-REx 293 and HeLa cervical-uterine cancer cells by promoting nucleus stability and the function
of catenin as a transcriptional co-factor. For this reason, TRPM4 is identified as a key actor in cervix
cancer development via the modulation of the β-catenin pathway, whose impairment is frequently
associated with this cancer [84].

3. Conclusions

TRPM channels are largely represented in many human pathologies included cancer. Having
variable permeability to Ca2+ and Mg2+ makes them non-selective cationic channels, while three of
them, TRPM2/6/7, are chanzymes, a feature which is presently unknown in ion channels. The role of
different TRPM members has been shown in various cancers, such as prostate, breast, pancreatic, lung,
and melanoma, and is summarized in Figure 2.
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of function.



Pharmaceuticals 2018, 11, 58 10 of 14

Author Contributions: A.G.: Writing—Original Draft Preparation. A.H.: Writing—Review & Editing. N.P.:
Review & Editing. V.L.: Editing & Supervision.

Funding: This work has been funded by “Association sur la Recherche sur le Cancer”, grant no. PJA 20161204599.

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

References

1. Clapham, D.E. TRP channels as cellular sensors. Nature 2003, 426, 517–524. [CrossRef] [PubMed]
2. Pedersen, S.F.; Owsianik, G.; Nilius, B. TRP channels: An overview. Cell Calcium 2005, 38, 233–252. [CrossRef]

[PubMed]
3. Zhang, Z.; Tóth, B.; Szollosi, A.; Chen, J.; Csanády, L. Structure of a TRPM2 channel in complex with Ca2+

explains unique gating regulation. eLife 2018, 7, e36409. [CrossRef] [PubMed]
4. Winkler, P.A.; Huang, Y.; Sun, W.; Du, J.; Lü, W. Electron cryo-microscopy structure of a human TRPM4

channel. Nature 2017, 552, 200–204. [CrossRef] [PubMed]
5. Bidaux, G.; Beck, B.; Zholos, A.; Gordienko, D.; Lemonnier, L.; Flourakis, M.; Roudbaraki, M.; Borowiec, A.S.;

Fernández, J.; Delcourt, P.; et al. Regulation of activity of transient receptor potential melastatin 8 (TRPM8)
channel by its short isoforms. J. Biol. Chem. 2012, 287, 2948–2962. [CrossRef] [PubMed]

6. Yin, Y.; Wu, M.; Zubcevic, L.; Borschel, W.F.; Lander, G.C.; Lee, S.Y. Structure of the cold- and menthol-sensing
ion channel TRPM8. Science 2018, 359, 237–241. [CrossRef] [PubMed]

7. Montell, C.; Birnbaumer, L.; Flockerzi, V. The TRP channels, a remarkably functional family. Cell 2002, 108,
595–598. [CrossRef]

8. Montell, C. The TRP superfamily of cation channels. Sci. STKE 2005, 2005, re3. [CrossRef] [PubMed]
9. Mederos y Schnitzler, M.; Wäring, J.; Gudermann, T.; Chubanov, V. Evolutionary determinants of divergent

calcium selectivity of TRPM channels. FASEB J. 2008, 22, 1540–1551. [CrossRef] [PubMed]
10. Clark, K.; Middelbeek, J.; Morrice, N.A.; Figdor, C.G.; Lasonder, E.; van Leeuwen, F.N. Massive

autophosphorylation of the Ser/Thr-rich domain controls protein kinase activity of TRPM6 and TRPM7.
PLoS ONE 2008, 3, e1876. [CrossRef] [PubMed]

11. Hunter, J.J.; Shao, J.; Smutko, J.S.; Dussault, B.J.; Nagle, D.L.; Woolf, E.A.; Holmgren, L.M.; Moore, K.J.;
Shyjan, A.W. Chromosomal localization and genomic characterization of the mouse melastatin gene (Mlsn1).
Genomics 1998, 54, 116–123. [CrossRef] [PubMed]

12. Fang, D.; Setaluri, V. Expression and Up-regulation of alternatively spliced transcripts of melastatin, a
melanoma metastasis-related gene, in human melanoma cells. Biochem. Biophys. Res. Commun. 2000, 279,
53–61. [CrossRef] [PubMed]

13. Xu, X.Z.; Moebius, F.; Gill, D.L.; Montell, C. Regulation of melastatin, a TRP-related protein, through
interaction with a cytoplasmic isoform. Proc. Natl. Acad. Sci. USA 2001, 98, 10692–10697. [CrossRef]
[PubMed]

14. Grimm, C.; Kraft, R.; Sauerbruch, S.; Schultz, G.; Harteneck, C. Molecular and functional characterization of
the melastatin-related cation channel TRPM3. J. Biol. Chem. 2003, 278, 21493–21501. [CrossRef] [PubMed]

15. Lee, N.; Chen, J.; Sun, L.; Wu, S.; Gray, K.R.; Rich, A.; Huang, M.; Lin, J.H.; Feder, J.N.; Janovitz, E.B.; et al.
Expression and characterization of human transient receptor potential melastatin 3 (hTRPM3). J. Biol. Chem.
2003, 278, 20890–20897. [CrossRef] [PubMed]

16. Grimm, C.; Kraft, R.; Schultz, G.; Harteneck, C. Activation of the melastatin-related cation channel TRPM3
by D-erythro-sphingosine [corrected]. Mol. Pharmacol. 2005, 67, 798–805. [CrossRef] [PubMed]

17. Drews, A.; Mohr, F.; Rizun, O.; Wagner, T.F.; Dembla, S.; Rudolph, S.; Lambert, S.; Konrad, M.; Philipp, S.E.;
Behrendt, M.; et al. Structural requirements of steroidal agonists of transient receptor potential melastatin 3
(TRPM3) cation channels. Br. J. Pharmacol. 2014, 171, 1019–1032. [CrossRef] [PubMed]

18. Vriens, J.; Voets, T. Sensing the heat with TRPM3. Pflugers Arch. 2018, 470, 799–807. [CrossRef] [PubMed]
19. Vriens, J.; Owsianik, G.; Hofmann, T.; Philipp, S.E.; Stab, J.; Chen, X.; Benoit, M.; Xue, F.; Janssens, A.;

Kerselaers, S.; et al. TRPM3 is a nociceptor channel involved in the detection of noxious heat. Neuron 2011,
70, 482–494. [CrossRef] [PubMed]

20. Chubanov, V.; Mederos y Schnitzler, M.; Wäring, J.; Plank, A.; Gudermann, T. Emerging roles of
TRPM6/TRPM7 channel kinase signal transduction complexes. Naunyn Schmiedebergs Arch. Pharmacol.
2005, 371, 334–341. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nature02196
http://www.ncbi.nlm.nih.gov/pubmed/14654832
http://dx.doi.org/10.1016/j.ceca.2005.06.028
http://www.ncbi.nlm.nih.gov/pubmed/16098585
http://dx.doi.org/10.7554/eLife.36409
http://www.ncbi.nlm.nih.gov/pubmed/29745897
http://dx.doi.org/10.1038/nature24674
http://www.ncbi.nlm.nih.gov/pubmed/29211723
http://dx.doi.org/10.1074/jbc.M111.270256
http://www.ncbi.nlm.nih.gov/pubmed/22128173
http://dx.doi.org/10.1126/science.aan4325
http://www.ncbi.nlm.nih.gov/pubmed/29217583
http://dx.doi.org/10.1016/S0092-8674(02)00670-0
http://dx.doi.org/10.1126/stke.2722005re3
http://www.ncbi.nlm.nih.gov/pubmed/15728426
http://dx.doi.org/10.1096/fj.07-9694com
http://www.ncbi.nlm.nih.gov/pubmed/18073331
http://dx.doi.org/10.1371/journal.pone.0001876
http://www.ncbi.nlm.nih.gov/pubmed/18365021
http://dx.doi.org/10.1006/geno.1998.5549
http://www.ncbi.nlm.nih.gov/pubmed/9806836
http://dx.doi.org/10.1006/bbrc.2000.3894
http://www.ncbi.nlm.nih.gov/pubmed/11112417
http://dx.doi.org/10.1073/pnas.191360198
http://www.ncbi.nlm.nih.gov/pubmed/11535825
http://dx.doi.org/10.1074/jbc.M300945200
http://www.ncbi.nlm.nih.gov/pubmed/12672799
http://dx.doi.org/10.1074/jbc.M211232200
http://www.ncbi.nlm.nih.gov/pubmed/12672827
http://dx.doi.org/10.1124/mol.104.006734
http://www.ncbi.nlm.nih.gov/pubmed/15550678
http://dx.doi.org/10.1111/bph.12521
http://www.ncbi.nlm.nih.gov/pubmed/24251620
http://dx.doi.org/10.1007/s00424-017-2100-1
http://www.ncbi.nlm.nih.gov/pubmed/29305649
http://dx.doi.org/10.1016/j.neuron.2011.02.051
http://www.ncbi.nlm.nih.gov/pubmed/21555074
http://dx.doi.org/10.1007/s00210-005-1056-4
http://www.ncbi.nlm.nih.gov/pubmed/15902429


Pharmaceuticals 2018, 11, 58 11 of 14

21. Runnels, L.W.; Yue, L.; Clapham, D.E. TRP-PLIK, a bifunctional protein with kinase and ion channel activities.
Science 2001, 291, 1043–1047. [CrossRef] [PubMed]

22. Drennan, D.; Ryazanov, A.G. Alpha-kinases: Analysis of the family and comparison with conventional
protein kinases. Prog. Biophys. Mol. Biol. 2004, 85, 1–32. [CrossRef]

23. Zhang, Z.; Yu, H.; Huang, J.; Faouzi, M.; Schmitz, C.; Penner, R.; Fleig, A. The TRPM6 kinase domain
determines the Mg·ATP sensitivity of TRPM7/M6 heteromeric ion channels. J. Biol. Chem. 2014, 289,
5217–5227. [CrossRef] [PubMed]

24. Paravicini, T.M.; Chubanov, V.; Gudermann, T. TRPM7: A unique channel involved in magnesium
homeostasis. Int. J. Biochem. Cell Biol. 2012, 44, 1381–1384. [CrossRef] [PubMed]

25. Konrad, M.; Schlingmann, K.P.; Gudermann, T. Insights into the molecular nature of magnesium homeostasis.
Am. J. Physiol. Ren. Physiol. 2004, 286, F599–F605. [CrossRef] [PubMed]

26. Chubanov, V.; Ferioli, S.; Wisnowsky, A.; Simmons, D.G.; Leitzinger, C.; Einer, C.; Jonas, W.; Shymkiv, Y.;
Bartsch, H.; Braun, A.; et al. Epithelial magnesium transport by TRPM6 is essential for prenatal development
and adult survival. eLife 2016, 5, e20914. [CrossRef] [PubMed]

27. Chubanov, V.; Waldegger, S.; Mederos y Schnitzler, M.; Vitzthum, H.; Sassen, M.C.; Seyberth, H.W.;
Konrad, M.; Gudermann, T. Disruption of TRPM6/TRPM7 complex formation by a mutation in the TRPM6
gene causes hypomagnesemia with secondary hypocalcemia. Proc. Natl. Acad. Sci. USA 2004, 101, 2894–2899.
[CrossRef] [PubMed]

28. Ferioli, S.; Zierler, S.; Zaißerer, J.; Schredelseker, J.; Gudermann, T.; Chubanov, V. TRPM6 and TRPM7
differentially contribute to the relief of heteromeric TRPM6/7 channels from inhibition by cytosolic Mg.
Sci. Rep. 2017, 7, 8806. [CrossRef] [PubMed]

29. 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. [CrossRef]

30. Hofmann, T.; Chubanov, V.; Gudermann, T.; Montell, C. TRPM5 is a voltage-modulated and Ca(2+)-activated
monovalent selective cation channel. Curr. Biol. 2003, 13, 1153–1158. [CrossRef]

31. Nilius, B.; Prenen, J.; Droogmans, G.; Voets, T.; Vennekens, R.; Freichel, M.; Wissenbach, U.; Flockerzi, V.
Voltage dependence of the Ca2+-activated cation channel TRPM4. J. Biol. Chem. 2003, 278, 30813–30820.
[CrossRef] [PubMed]

32. Prawitt, D.; Monteilh-Zoller, M.K.; Brixel, L.; Spangenberg, C.; Zabel, B.; Fleig, A.; Penner, R. TRPM5 is a
transient Ca2+-activated cation channel responding to rapid changes in [Ca2+]i. Proc. Natl. Acad. Sci. USA
2003, 100, 15166–15171. [CrossRef] [PubMed]

33. Pérez, C.A.; Huang, L.; Rong, M.; Kozak, J.A.; Preuss, A.K.; Zhang, H.; Max, M.; Margolskee, R.F. A transient
receptor potential channel expressed in taste receptor cells. Nat. Neurosci. 2002, 5, 1169–1176. [CrossRef]
[PubMed]

34. Kaske, S.; Krasteva, G.; König, P.; Kummer, W.; Hofmann, T.; Gudermann, T.; Chubanov, V. TRPM5, a
taste-signaling transient receptor potential ion-channel, is a ubiquitous signaling component in chemosensory
cells. BMC Neurosci. 2007, 8, 49. [CrossRef] [PubMed]

35. Cahalan, M.D. Cell biology. Channels as enzymes. Nature 2001, 411, 542–543. [CrossRef] [PubMed]
36. Perraud, A.L.; Fleig, A.; Dunn, C.A.; Bagley, L.A.; Launay, P.; Schmitz, C.; Stokes, A.J.; Zhu, Q.; Bessman, M.J.;

Penner, R.; et al. ADP-ribose gating of the calcium-permeable LTRPC2 channel revealed by Nudix motif
homology. Nature 2001, 411, 595–599. [CrossRef] [PubMed]

37. Heiner, I.; Radukina, N.; Eisfeld, J.; Kühn, F.; Lückhoff, A. Regulation of TRPM2 channels in neutrophil
granulocytes by ADP-ribose: A promising pharmacological target. Naunyn Schmiedebergs Arch. Pharmacol.
2005, 371, 325–333. [CrossRef] [PubMed]

38. Kraft, R.; Harteneck, C. The mammalian melastatin-related transient receptor potential cation channels:
An overview. Pflugers Arch. 2005, 451, 204–211. [CrossRef] [PubMed]

39. Sano, Y.; Inamura, K.; Miyake, A.; Mochizuki, S.; Yokoi, H.; Matsushime, H.; Furuichi, K. Immunocyte Ca2+

influx system mediated by LTRPC2. Science 2001, 293, 1327–1330. [CrossRef] [PubMed]
40. Hara, Y.; Wakamori, M.; Ishii, M.; Maeno, E.; Nishida, M.; Yoshida, T.; Yamada, H.; Shimizu, S.; Mori, E.;

Kudoh, J.; et al. LTRPC2 Ca2+-permeable channel activated by changes in redox status confers susceptibility
to cell death. Mol. Cell 2002, 9, 163–173. [CrossRef]

http://dx.doi.org/10.1126/science.1058519
http://www.ncbi.nlm.nih.gov/pubmed/11161216
http://dx.doi.org/10.1016/S0079-6107(03)00060-9
http://dx.doi.org/10.1074/jbc.M113.512285
http://www.ncbi.nlm.nih.gov/pubmed/24385424
http://dx.doi.org/10.1016/j.biocel.2012.05.010
http://www.ncbi.nlm.nih.gov/pubmed/22634382
http://dx.doi.org/10.1152/ajprenal.00312.2003
http://www.ncbi.nlm.nih.gov/pubmed/15001450
http://dx.doi.org/10.7554/eLife.20914
http://www.ncbi.nlm.nih.gov/pubmed/27991852
http://dx.doi.org/10.1073/pnas.0305252101
http://www.ncbi.nlm.nih.gov/pubmed/14976260
http://dx.doi.org/10.1038/s41598-017-08144-1
http://www.ncbi.nlm.nih.gov/pubmed/28821869
http://dx.doi.org/10.1016/S0092-8674(02)00719-5
http://dx.doi.org/10.1016/S0960-9822(03)00431-7
http://dx.doi.org/10.1074/jbc.M305127200
http://www.ncbi.nlm.nih.gov/pubmed/12799367
http://dx.doi.org/10.1073/pnas.2334624100
http://www.ncbi.nlm.nih.gov/pubmed/14634208
http://dx.doi.org/10.1038/nn952
http://www.ncbi.nlm.nih.gov/pubmed/12368808
http://dx.doi.org/10.1186/1471-2202-8-49
http://www.ncbi.nlm.nih.gov/pubmed/17610722
http://dx.doi.org/10.1038/35079231
http://www.ncbi.nlm.nih.gov/pubmed/11385555
http://dx.doi.org/10.1038/35079100
http://www.ncbi.nlm.nih.gov/pubmed/11385575
http://dx.doi.org/10.1007/s00210-005-1033-y
http://www.ncbi.nlm.nih.gov/pubmed/15841395
http://dx.doi.org/10.1007/s00424-005-1428-0
http://www.ncbi.nlm.nih.gov/pubmed/15895246
http://dx.doi.org/10.1126/science.1062473
http://www.ncbi.nlm.nih.gov/pubmed/11509734
http://dx.doi.org/10.1016/S1097-2765(01)00438-5


Pharmaceuticals 2018, 11, 58 12 of 14

41. Kraft, R.; Grimm, C.; Grosse, K.; Hoffmann, A.; Sauerbruch, S.; Kettenmann, H.; Schultz, G.; Harteneck, C.
Hydrogen peroxide and ADP-ribose induce TRPM2-mediated calcium influx and cation currents in microglia.
Am. J. Physiol. Cell Physiol. 2004, 286, C129–C137. [CrossRef] [PubMed]

42. Inamura, K.; Sano, Y.; Mochizuki, S.; Yokoi, H.; Miyake, A.; Nozawa, K.; Kitada, C.; Matsushime, H.;
Furuichi, K. Response to ADP-ribose by activation of TRPM2 in the CRI-G1 insulinoma cell line. J. Membr.
Biol. 2003, 191, 201–207. [CrossRef] [PubMed]

43. Bidaux, G.; Borowiec, A.S.; Dubois, C.; Delcourt, P.; Schulz, C.; Vanden Abeele, F.; Lepage, G.; Desruelles, E.;
Bokhobza, A.; Dewailly, E.; et al. Targeting of short TRPM8 isoforms induces 4TM-TRPM8-dependent
apoptosis in prostate cancer cells. Oncotarget 2016, 7, 29063–29080. [CrossRef] [PubMed]

44. Erler, I.; Al-Ansary, D.M.; Wissenbach, U.; Wagner, T.F.; Flockerzi, V.; Niemeyer, B.A. Trafficking and assembly
of the cold-sensitive TRPM8 channel. J. Biol. Chem. 2006, 281, 38396–38404. [CrossRef] [PubMed]

45. Cayouette, S.; Boulay, G. Intracellular trafficking of TRP channels. Cell Calcium 2007, 42, 225–232. [CrossRef]
[PubMed]

46. Kiessling, A.; Füssel, S.; Schmitz, M.; Stevanovic, S.; Meye, A.; Weigle, B.; Klenk, U.; Wirth, M.P.; Rieber, E.P.
Identification of an HLA-A*0201-restricted T-cell epitope derived from the prostate cancer-associated protein
trp-p8. Prostate 2003, 56, 270–279. [CrossRef] [PubMed]

47. Latorre, R.; Brauchi, S.; Madrid, R.; Orio, P. A cool channel in cold transduction. Physiology 2011, 26, 273–285.
[CrossRef] [PubMed]

48. Bidaux, G.; Gordienko, D.; Shapovalov, G.; Farfariello, V.; Borowiec, A.S.; Iamshanova, O.; Lemonnier,
L.; Gueguinou, M.; Guibon, R.; Fromont, G.; et al. 4TM-TRPM8 channels are new gatekeepers of the
ER-mitochondria Ca(2+) transfer. Biochim. Biophys. Acta 2018, 1865, 981–994. [CrossRef] [PubMed]

49. Asuthkar, S.; Demirkhanyan, L.; Sun, X.; Elustondo, P.A.; Krishnan, V.; Baskaran, P.; Velpula, K.K.;
Thyagarajan, B.; Pavlov, E.V.; Zakharian, E. The TRPM8 protein is a testosterone receptor: II. Functional
evidence for an ionotropic effect of testosterone on TRPM8. J. Biol. Chem. 2015, 290, 2670–2688. [CrossRef]
[PubMed]

50. Tsavaler, L.; Shapero, M.H.; Morkowski, S.; Laus, R. Trp-p8, a novel prostate-specific gene, is up-regulated in
prostate cancer and other malignancies and shares high homology with transient receptor potential calcium
channel proteins. Cancer Res. 2001, 61, 3760–3769. [PubMed]

51. Fuessel, S.; Sickert, D.; Meye, A.; Klenk, U.; Schmidt, U.; Schmitz, M.; Rost, A.K.; Weigle, B.; Kiessling, A.;
Wirth, M.P. Multiple tumor marker analyses (PSA, hK2, PSCA, trp-p8) in primary prostate cancers using
quantitative RT-PCR. Int. J. Oncol. 2003, 23, 221–228. [CrossRef] [PubMed]

52. Genova, T.; Grolez G.P.; Camillo C.; Bernardini M.; Bokhobza A.; Richard E.; Scianna M.; Lemonnier L.;
Valdembri D.; Munaron, L.; et al. TRPM8 inhibits endothelial cell migration via a non-channel function by
trapping the small GTPase Rap1. J. Cell Biol. 2017, 216, 2107–2130. [CrossRef] [PubMed]

53. Gkika, D.; Lemonnier, L.; Shapovalov, G.; Gordienko, D.; Poux, C.; Bernardini, M.; Bokhobza, A.; Bidaux, G.;
Degerny, C.; Verreman, K.; et al. TRP channel-associated factors are a novel protein family that regulates
TRPM8 trafficking and activity. J. Cell Biol. 2015, 208, 89–107. [CrossRef] [PubMed]

54. Gkika, D.; Flourakis, M.; Lemonnier, L.; Prevarskaya, N. PSA reduces prostate cancer cell motility by
stimulating TRPM8 activity and plasma membrane expression. Oncogene 2010, 29, 4611–466. [CrossRef]
[PubMed]

55. Henshall, S.M.; Afar, D.E.; Hiller, J.; Horvath, L.G.; Quinn, D.I.; Rasiah, K.K.; Gish, K.; Willhite, D.; Kench, J.G.;
Gardiner-Garden, M.; et al. Survival analysis of genome-wide gene expression profiles of prostate cancers
identifies new prognostic targets of disease relapse. Cancer Res. 2003, 63, 4196–4203. [PubMed]

56. Bidaux, G.; Roudbaraki, M.; Merle, C.; Crépin, A.; Delcourt, P.; Slomianny, C.; Thebault, S.; Bonnal, J.L.;
Benahmed, M.; Cabon, F.; et al. Evidence for specific TRPM8 expression in human prostate secretory
epithelial cells: functional androgen receptor requirement. Endocr. Relat. Cancer 2005, 12, 367–382. [CrossRef]
[PubMed]

57. Bidaux, G.; Flourakis, M.; Thebault, S.; Zholos, A.; Beck, B.; Gkika, D.; Roudbaraki, M.; Bonnal, J.L.;
Mauroy, B.; Shuba, Y.; et al. Prostate cell differentiation status determines transient receptor potential
melastatin member 8 channel subcellular localization and function. J. Clin. Investig. 2007, 117, 1647–1657.
[CrossRef] [PubMed]

58. Van Haute, C.; De Ridder, D.; Nilius, B. TRP channels in human prostate. Sci. World J. 2010, 10, 1597–1611.
[CrossRef] [PubMed]

http://dx.doi.org/10.1152/ajpcell.00331.2003
http://www.ncbi.nlm.nih.gov/pubmed/14512294
http://dx.doi.org/10.1007/s00232-002-1057-x
http://www.ncbi.nlm.nih.gov/pubmed/12571754
http://dx.doi.org/10.18632/oncotarget.8666
http://www.ncbi.nlm.nih.gov/pubmed/27074561
http://dx.doi.org/10.1074/jbc.M607756200
http://www.ncbi.nlm.nih.gov/pubmed/17065148
http://dx.doi.org/10.1016/j.ceca.2007.01.014
http://www.ncbi.nlm.nih.gov/pubmed/17368756
http://dx.doi.org/10.1002/pros.10265
http://www.ncbi.nlm.nih.gov/pubmed/12858355
http://dx.doi.org/10.1152/physiol.00004.2011
http://www.ncbi.nlm.nih.gov/pubmed/21841075
http://dx.doi.org/10.1016/j.bbamcr.2018.04.007
http://www.ncbi.nlm.nih.gov/pubmed/29678654
http://dx.doi.org/10.1074/jbc.M114.610873
http://www.ncbi.nlm.nih.gov/pubmed/25480785
http://www.ncbi.nlm.nih.gov/pubmed/11325849
http://dx.doi.org/10.3892/ijo.23.1.221
http://www.ncbi.nlm.nih.gov/pubmed/12792797
http://dx.doi.org/10.1083/jcb.201506024
http://www.ncbi.nlm.nih.gov/pubmed/28550110
http://dx.doi.org/10.1083/jcb.201402076
http://www.ncbi.nlm.nih.gov/pubmed/25559186
http://dx.doi.org/10.1038/onc.2010.210
http://www.ncbi.nlm.nih.gov/pubmed/20531306
http://www.ncbi.nlm.nih.gov/pubmed/12874026
http://dx.doi.org/0.1677/erc.1.00969
http://www.ncbi.nlm.nih.gov/pubmed/5947109
http://dx.doi.org/10.1172/JCI30168
http://www.ncbi.nlm.nih.gov/pubmed/17510704
http://dx.doi.org/10.1100/tsw.2010.149
http://www.ncbi.nlm.nih.gov/pubmed/20730379


Pharmaceuticals 2018, 11, 58 13 of 14

59. Zeng, X.; Sikka, S.C.; Huang, L.; Sun, C.; Xu, C.; Jia, D.; Abdel-Mageed, A.B.; Pottle, J.E.; Taylor, J.T.;
Li, M. Novel role for the transient receptor potential channel TRPM2 in prostate cancer cell proliferation.
Prostate Cancer Prostatic Dis. 2010, 13, 195–201. [CrossRef] [PubMed]

60. Holzmann, C.; Kappel, S.; Kilch, T.; Jochum, M.M.; Urban, S.K.; Jung, V.; Stöckle, M.; Rother, K.; Greiner, M.;
Peinelt, C. Transient receptor potential melastatin 4 channel contributes to migration of androgen-insensitive
prostate cancer cells. Oncotarget 2015, 6, 41783–41793. [CrossRef] [PubMed]

61. Chen, L.; Cao, R.; Wang, G.; Yuan, L.; Qian, G.; Guo, Z.; Wu, C.L.; Wang, X.; Xiao, Y. Downregulation of
TRPM7 suppressed migration and invasion by regulating epithelial-mesenchymal transition in prostate
cancer cells. Med. Oncol. 2017, 34, 127. [CrossRef] [PubMed]

62. Rybarczyk, P.; Gautier, M.; Hague, F.; Dhennin-Duthille, I.; Chatelain, D.; Kerr-Conte, J.; Pattou, F.;
Regimbeau, J.M.; Sevestre, H.; Ouadid-Ahidouch, H. Transient receptor potential melastatin-related 7
channel is overexpressed in human pancreatic ductal adenocarcinomas and regulates human pancreatic
cancer cell migration. Int. J. Cancer. 2012, 131, E851–E861. [CrossRef] [PubMed]

63. Rybarczyk, P.; Vanlaeys, A.; Brassart, B.; Dhennin-Duthille, I.; Chatelain, D.; Sevestre, H.;
Ouadid-Ahidouch, H.; Gautier, M. The Transient Receptor Potential Melastatin 7 Channel Regulates
Pancreatic Cancer Cell Invasion through the Hsp90α/uPA/MMP2 pathway. Neoplasia 2017, 19, 288–300.
[CrossRef] [PubMed]

64. Lin, R.; Wang, Y.; Chen, Q.; Liu, Z.; Xiao, S.; Wang, B.; Shi, B. TRPM2 promotes the proliferation and invasion
of pancreatic ductal adenocarcinoma. Mol. Med. Rep. 2018. [CrossRef] [PubMed]

65. Yee, N.S.; Zhou, W.; Lee, M. Transient receptor potential channel TRPM8 is over-expressed and required for
cellular proliferation in pancreatic adenocarcinoma. Cancer Lett. 2010, 297, 49–55. [CrossRef] [PubMed]

66. Chen, J.; Luan, Y.; Yu, R.; Zhang, Z.; Zhang, J.; Wang, W. Transient receptor potential (TRP) channels,
promising potential diagnostic and therapeutic tools for cancer. Biosci. Trends 2014, 8, 1–10. [CrossRef]
[PubMed]

67. Du, G.J.; Li, J.H.; Liu, W.J.; Liu, Y.H.; Zhao, B.; Li, H.R.; Hou, X.D.; Li, H.; Qi, X.X.; Duan, Y.J. The combination
of TRPM8 and TRPA1 expression causes an invasive phenotype in lung cancer. Tumour Biol. 2014, 35,
1251–1261. [CrossRef] [PubMed]

68. Huang, C.; Qin, Y.; Liu, H.; Liang, N.; Chen, Y.; Ma, D.; Han, Z.; Xu, X.; Zhou, X.; He, J.; et al. Downregulation
of a novel long noncoding RNA TRPM2-AS promotes apoptosis in non-small cell lung cancer. Tumour Biol.
2017, 39. [CrossRef] [PubMed]

69. Maeda, T.; Suzuki, A.; Koga, K.; Miyamoto, C.; Maehata, Y.; Ozawa, S.; Hata, R.I.; Nagashima, Y.;
Nabeshima, K.; Miyazaki, K.; et al. TRPM5 mediates acidic extracellular pH signaling and TRPM5 inhibition
reduces spontaneous metastasis in mouse B16-BL6 melanoma cells. Oncotarget 2017, 8, 78312–78326.
[CrossRef] [PubMed]

70. 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.
[CrossRef] [PubMed]

71. Sumoza-Toledo, A.; Espinoza-Gabriel, M.I.; Montiel-Condado, D. Evaluation of the TRPM2 channel as a
biomarker in breast cancer using public databases analysis. Bol. Med. Hosp. Infant. Mex. 2016, 73, 397–404.
[PubMed]

72. Hopkins, M.M.; Feng, X.; Liu, M.; Parker, L.P.; Koh, D.W. Inhibition of the transient receptor potential
melastatin-2 channel causes increased DNA damage and decreased proliferation in breast adenocarcinoma
cells. Int. J. Oncol. 2015, 46, 2267–2276. [CrossRef] [PubMed]

73. Duncan, L.M.; Deeds, J.; Cronin, F.E.; Donovan, M.; Sober, A.J.; Kauffman, M.; McCarthy, J.J. Melastatin
expression and prognosis in cutaneous malignant melanoma. J. Clin. Oncol. 2001, 19, 568–576. [CrossRef]
[PubMed]

74. Deeds, J.; Cronin, F.; Duncan, L.M. Patterns of melastatin mRNA expression in melanocytic tumors.
Hum. Pathol. 2000, 31, 1346–1356. [CrossRef]

75. Guo, H.; Carlson, J.A.; Slominski, A. Role of TRPM in melanocytes and melanoma. Exp. Dermatol. 2012, 21,
650–654. [CrossRef] [PubMed]

76. Kim, B.J.; Hong, C. Role of transient receptor potential melastatin type 7 channel in gastric cancer.
Integr. Med. Res. 2016, 5, 124–130. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/pcan.2009.55
http://www.ncbi.nlm.nih.gov/pubmed/20029400
http://dx.doi.org/10.18632/oncotarget.6157
http://www.ncbi.nlm.nih.gov/pubmed/26496025
http://dx.doi.org/10.1007/s12032-017-0987-1
http://www.ncbi.nlm.nih.gov/pubmed/28573641
http://dx.doi.org/10.1002/ijc.27487
http://www.ncbi.nlm.nih.gov/pubmed/22323115
http://dx.doi.org/10.1016/j.neo.2017.01.004
http://www.ncbi.nlm.nih.gov/pubmed/28284058
http://dx.doi.org/10.3892/mmr.2018.8816
http://www.ncbi.nlm.nih.gov/pubmed/29620272
http://dx.doi.org/10.1016/j.canlet.2010.04.023
http://www.ncbi.nlm.nih.gov/pubmed/20605675
http://dx.doi.org/10.5582/bst.8.1
http://www.ncbi.nlm.nih.gov/pubmed/24647107
http://dx.doi.org/10.1007/s13277-013-1167-3
http://www.ncbi.nlm.nih.gov/pubmed/24037916
http://dx.doi.org/10.1177/1010428317691191
http://www.ncbi.nlm.nih.gov/pubmed/28231726
http://dx.doi.org/10.18632/oncotarget.20826
http://www.ncbi.nlm.nih.gov/pubmed/29108231
http://dx.doi.org/10.1159/000335795
http://www.ncbi.nlm.nih.gov/pubmed/22178934
http://www.ncbi.nlm.nih.gov/pubmed/29421284
http://dx.doi.org/10.3892/ijo.2015.2919
http://www.ncbi.nlm.nih.gov/pubmed/25760245
http://dx.doi.org/10.1200/JCO.2001.19.2.568
http://www.ncbi.nlm.nih.gov/pubmed/11208852
http://dx.doi.org/10.1016/S0046-8177(00)80003-9
http://dx.doi.org/10.1111/j.1600-0625.2012.01565.x
http://www.ncbi.nlm.nih.gov/pubmed/22897572
http://dx.doi.org/10.1016/j.imr.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/28462107


Pharmaceuticals 2018, 11, 58 14 of 14

77. Almasi, S.; Kennedy, B.E.; El-Aghil, M.; Sterea, A.M.; Gujar, S.; Partida-Sánchez, S.; El Hiani, Y. TRPM2
channel-mediated regulation of autophagy maintains mitochondrial function and promotes gastric cancer
cell survival via the JNK-signaling pathway. J. Biol. Chem. 2018, 293, 3637–3650. [CrossRef] [PubMed]

78. Li, Q.; Wang, X.; Yang, Z.; Wang, B.; Li, S. Menthol induces cell death via the TRPM8 channel in the human
bladder cancer cell line T24. Oncology 2009, 77, 335–341. [CrossRef] [PubMed]

79. Cao, R.; Meng, Z.; Liu, T.; Wang, G.; Qian, G.; Cao, T.; Guan, X.; Dan, H.; Xiao, Y.; Wang, X. Decreased TRPM7
inhibits activities and induces apoptosis of bladder cancer cells via ERK1/2 pathway. Oncotarget 2016, 7,
72941–72960. [CrossRef] [PubMed]

80. Abed, E.; Labelle, D.; Martineau, C.; Loghin, A.; Moreau, R. Expression of transient receptor potential
(TRP) channels in human and murine osteoblast-like cells. Mol. Membr. Biol. 2009, 26, 146–158. [CrossRef]
[PubMed]

81. Wang, Y.; Yang, Z.; Meng, Z.; Cao, H.; Zhu, G.; Liu, T.; Wang, X. Knockdown of TRPM8 suppresses cancer
malignancy and enhances epirubicin-induced apoptosis in human osteosarcoma cells. Int. J. Biol. Sci. 2013,
10, 90–102. [CrossRef] [PubMed]

82. Okamoto, Y.; Ohkubo, T.; Ikebe, T.; Yamazaki, J. Blockade of TRPM8 activity reduces the invasion potential
of oral squamous carcinoma cell lines. Int. J. Oncol. 2012, 40, 1431–1440. [PubMed]

83. Liu, Z.; Wu, H.; Wei, Z.; Wang, X.; Shen, P.; Wang, S.; Wang, A.; Chen, W.; Lu, Y. TRPM8: A potential target
for cancer treatment. J. Cancer Res. Clin. Oncol. 2016, 142, 1871–1881. [CrossRef] [PubMed]

84. Liberati, S.; Morelli, M.B.; Nabissi, M.; Santoni, M.; Santoni, G. Oncogenic and anti-oncogenic effects of
transient receptor potential channels. Curr. Top. Med. Chem. 2013, 13, 344–366. [CrossRef] [PubMed]

© 2018 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/).

http://dx.doi.org/10.1074/jbc.M117.817635
http://www.ncbi.nlm.nih.gov/pubmed/29343514
http://dx.doi.org/10.1159/000264627
http://www.ncbi.nlm.nih.gov/pubmed/19955836
http://dx.doi.org/10.18632/oncotarget.12146
http://www.ncbi.nlm.nih.gov/pubmed/27662662
http://dx.doi.org/10.1080/09687680802612721
http://www.ncbi.nlm.nih.gov/pubmed/19115145
http://dx.doi.org/10.7150/ijbs.7738
http://www.ncbi.nlm.nih.gov/pubmed/24391455
http://www.ncbi.nlm.nih.gov/pubmed/22267123
http://dx.doi.org/10.1007/s00432-015-2112-1
http://www.ncbi.nlm.nih.gov/pubmed/26803314
http://dx.doi.org/10.2174/1568026611313030011
http://www.ncbi.nlm.nih.gov/pubmed/23432065
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Molecular Biology of TRPM Ion Channels Family 
	TRPM Channels in Cancer 
	Prostate Cancer 
	Pancreatic Cancer 
	Lung Cancer 
	Breast Cancer 
	Melanoma 
	Gastric Cancer 
	Nasopharyngeal Carcinoma 
	Others Cancers 

	Conclusions 
	References

