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ABSTRACT

In 2021, David Julius and Ardem Patapoutian received Nobel Prize in Physiology or Medicine for their ground-breaking discoveries in the functional characterization
of receptors for temperature and touch. Transient receptor potential (TRP) channels have captivated tremendous appreciation as promising drug targets over the past
few years because of central involvement in different cancers. Based on the insights gleaned from decades of high-quality research, basic and clinical scientists have
unveiled how Transient receptor potential channels regulated cancer onset and progression. Pioneering studies have sparked renewed interest and researchers have
started to scratch the surface of mechanistic role of these channels in wide variety of cancers. In this review we have attempted to provide a summary of most recent
updates and advancements made in the biology of these channels in context of cancers. We have partitioned this review into different subsections on the basis of
emerging evidence about characteristically distinct role of TRPV (TRPV1, TRPV5), TRPM (TRPM3, TRPM7) and TRPC in cancers. Regulation of TRP channels by non-

coding RNAs is also a very exciting area of research which will be helpful in developing a sharper understanding of the multi-step aspects of cancers.

1. Introduction

Cancer is a therapeutically challenging disease and modern high-
throughput sequencing analyses have unprecedentedly identified wide
ranging genes which play key role in cancer development and progres-
sion [1-3]. Increasingly it is being realized that deregulated signal
transduction cascades, genetic/epigenetic changes and loss of apoptosis
centrally steer the multi-step and multi-stage carcinogenesis and meta-
static dissemination [4,5].

Over the past three decades, genetic, genomic and proteomic land-
scape of different cancers has broadened considerably. There has been
an exponential increase in the number of tumor suppressors and onco-
genes which play instrumental role in onset and progression of cancer.

TRP channels showcase a rich and relatively untapped vein of future
therapeutic targets, but realization of their potential appears to be very
challenging than previously surmised [6-9]. Transient receptor poten-
tial (TRP) channels serve as integrators of myriad of well-described
signaling cascades, including those that are mediated by cell surface
receptors (particularly, growth factor receptors and G protein-coupled
receptors). TRP family is composed of 28 members categorically
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characterized into 6 sub-families: TRPA (TRPA1l), TRPC
(TRPC1-TRPC7), TRPM (TRPM1-TRPMS), TRPML (TRPML1-TRPML3),
TRPP (TRPP1- TRPP3) and TRPV (TRPV1-TRPV6). These proteins form
ion channels whose molecular structures have been uncovered to a
greater extent. We have partitioned this review into different sections.
Firstly, we have discussed about pivotal role of TRP channels in carci-
nogenesis and metastasis. Later, we have provided mechanistic analysis
of the link between TRP channels and non-coding RNAs that stemmed
from groundbreaking studies. Interplay between TRP channels and
non-coding RNAs has been viewed as an exceedingly complex landscape
superseded by convoluted paradigms not yet fully comprehended.

2. Role of TRPCs in carcinogenesis

Researchers are focusing on developing a better understanding of
TRPC channels in health and disease. TRPC channels have diametrically
opposed roles in different cancers. Available scientific evidence un-
derlines both darker and brighter sides of TRPC channels in different
cancers.

TRPC1 has been shown to promote thyroid cancer. Sphingosine-1-
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phosphate (S1P) has an important role in inflammation, vascular
permeability and angiogenesis. S1P binds to S1P receptors and activates
downstream signaling. VEGFR2 forms a signaling complex with S1P
receptors and potentiates the migration of cancer cells. Re-expression of
TRPC1 in the TRPC1-knockdown cells induced an increase in expression
levels of S1P3 and VEGFR2. Knockdown of TRPC1 attenuated the
expression of MMP2, MMP9 and HIF-1a in thyroid cancer cells [10].

TRPC1/3/6 have been shown to play contributory role in TGF-f1
induced epithelial-to-mesenchymal transition (EMT) in gastric cancer
cells [11]. Levels of TRPC1/3/6 mRNAs and proteins were found to be
considerably enhanced in TGF-p1-treated cancer cells. Pharmacological
inhibition of TRPC1/3/6 severely impaired TGF-f1-induced EMT [11].

TRPC1 expression was noted to be upregulated during hypoxia in
breast cancer cells. SNAIL, an important transcriptional factor associ-
ated with EMT was significantly downregulated in TRPC1-silenced
breast cancer cells [12]. Phosphorylation of EGFR and STAT3 was
evident in TRPC1 expressing breast cancer cells [12]. Overall, these
findings clearly suggested that TRPC1 activated survival pathways and
promoted EMT in breast cancer cells.

Activation of STIM1 (Stromal interaction molecule-1) induced
recruitment of an Orail/TRPC1 complex into lipid rafts containing SK3
channels in colorectal cancer cells [13]. Anchoring of Orail/TRPC1
complex potentiated migratory capacity of colorectal cancer cells [13].

However, brighter side of TRPC channels cannot be overlooked. MTI-
101, a first-in-class peptidomimetic effectively induced apoptosis in
multiple myeloma cells [14]. However, MTI-101-mediated apoptosis
was drastically abrogated in TRPCl-silenced multiple myeloma cells
[14].

In line with this approach, different molecules have been identified
which can activate TRPC channels. In this section we will summarize
existing high-quality scientific evidence related to role of TRPC channels
in RCC and how different molecules are currently being tested to
modulate the activity of these channels.

Englerin A (EA) is a strong activator of TRPC4 and TRPCS. It has been
shown that Englerin A induced an influx of calcium and depolarization
of membrane in cells expressing higher levels of TRPC4 or TRPC5 [15].
Interestingly, englerin A induced current and englerin A mediated
inhibitory effects on tumor growth were abrogated by ML204
(TRPC4/C5 inhibitor) [15]. However, off-target effects associated with
Englerin A posed major stumbling blocks in utilizing its potential in the
treatment of RCC.

Injection of Englerin A (EA) adversely affected mice for about an
hour [16]. Mice had markedly reduced locomotor activity, after which
they recovered fully. Another important finding of the study revealed
that intravenous injection of EA did not induce adverse effects in
TRPC4/TRPC5 double knockout mice. Pico 145, a selective and efficient
inhibitor of TRPC4/TRPC5 did not cause adverse reactions and pro-
tected from EA-induced adverse conditions [16]. Contemporary studies
also demonstrated various other molecules having notable capacity to
modulate TRPC channels.

Keeping in view the adverse effects of Englerin A, a recently designed
analogue of Englerin A acted as a competitive antagonist. EA evoked
Ca?" response in the TRPC5-expressing cells was abolished by A54. A54
inhibited EA-triggered activation of TRPC5 and TRPC4/TRPC1 [17].

Tonantzitlolone, a diterpene ester is a natural product and effectively
activates TRPC1/4/5 channels [18]. Tonantzitlolone activated homo-
merically assembled TRPC4 and TRPC5 channels. Moreover, Tonantzi-
tlolone also efficiently induced activation of heteromeric channels
involving TRPC1. Intracellular Ca?* levels were found to be consider-
ably enhanced in A498 cells treated with Tonantzitlolone [18].

In A498 cells (renal cancer cells), TRPC4 channel activity was
blocked by knockdown of PLC81 and almost completely eliminated by a
PLCS81 mutant (dominant-negative) and constitutively active RhoA
mutants [19]. RhoA is a negative modulator of PLC81. Overall, the
findings suggested that PLC81 and Gi/o played contributory role in
TRPC4 activation. Functional role of TRPC4 needs to be critically
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investigated in RCC cells.

Englerin A and Tonantzitlolone have significant potential to induce
apoptosis in cancer cells mainly through activation of TRPC1/4/5
channels. These chemicals need detailed research in animal models
studies.

In the next section we will give a snapshot of (a) linchpin role of TRP
channels in cancer and how TRP channels modulate downstream
signaling in cancers. (b) Interplay of TRP channels and non-coding RNAs
has also been brought from shadow to the limelight and we are
expecting bigger strides towards demystifying the puzzling features of
previously unprecedented intricacy of non-coding RNAs and TRP
channels mediated downstream signaling.

3. Role of TRPMs in carcinogenesis

Activation of TRPM2, TRPM4 and TRPMS5 is dependent on intracel-
lular Ca?*. TRPM6 and TRPM? are channel kinases and have a critical
role in homeostasis of Mg

Transient receptor potential (TRP) channels have captivated
tremendous appreciation as promising drug targets over the past few
years. D-3263, a TRPMS8 agonist made its entry into Phase 1
(NCT00839631) for evaluation of its efficacy against TRM8-expressing
cancer cells in metastatic prostatic cancer patients.

D-3263, a TRPMS8 agonist worked effectively with enzalutamide or
docetaxel and induced apoptotic death in prostate cancer cells [20].
Future studies should be focused on the validation of metastasis inhib-
itory role of D-3263 in experimental metastasis models and orthotopi-
cally transplanted tumor xenografts.

AMTB, a specific TRPM8 antagonist worked efficiently with low-
dose cisplatin and inhibited tumor growth in mice subcutaneously
injected with U20S cells [21]. Likewise, AMTB worked combinatorially
with y-irradiation and inhibited melanoma progression in C57BL/6 mice
transplanted with B16 melanoma cells [22].

MiR-204 is transcribed from intron 6 of the gene encoding TRPM3,
which conducts Ca?" and Zn?* ions. However, excitingly, miR-204
directly targeted TRPM3 [23]. Stable knockdown of TRPM3 interfered
with the tumor forming abilities of these cells in orthotopically xeno-
grafted mice. RCC cell lines with inactive VHL (A498, 786-0) had higher
expression of TRPM3 [23]. Reconstitution of VHL in A498 and 786-O
cells exerted repressive effects on the expression of TRPM3. Introduc-
tion of miR-204 reduced protein levels of TRPM3 in VHL™ RCC cell lines.
Knockdown of Caveolin-1 (CAV1) resulted in the reduction in the
expression levels of TRPM3. CAV1 knockdown also inhibited formation
of the tumors by RCC VHL™ cells, but overexpression of Caveolin-1 in
VHL" cells enhanced the tumor forming capacities of these cells [23].
Findings clearly demonstrated colocalization of TRPM3 and CAV1 in the
plasma membrane and intracellularly, which indicated that Caveolin-1
played a role in regulation of shuttling or mobilization of TRPM3 to
the membrane. TRPM3 was found to be essential for activation of cancer
promoting autophagic response under starved condition in VHL™ RCC
cells [23].

Central role of TRPM3 in Ca2+ influx regulation has been exten-
sively studied and various lines of evidence highlight correlation be-
tween channel activity and calmodulin-regulated signaling pathways
[23]. [Ca2+]i  regulated  autophagic  pathway  through
calmodulin-dependent activation of CAMKK2 (Calcium/calmodu-
lin-dependent protein kinase kinase-2) and AMPK phosphorylation,
which, consequently phosphorylated ULKs. TRPM3KD-induced reduc-
tion in [Ca2+]i inhibited CAMKK2 and AMPK activities and resultantly,
decreased ULK1 phosphorylation and autophagic activities (Fig. 1) [23].
CAMKK2 knockdown exerted inhibitory effects on autophagy and
phosphorylation of AMPK and ULK1 in VHL™ cells which confirmed that
autophagic flux required robust CAMKK2-driven activity. Same effects
were achieved when VHL™ cells were treated with the CAMKK2 in-
hibitors [23]. It is relevant to mention that AMPK plays an instrumental
role in activation of autophagic response. Autophagic loss and reduced
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Fig. 1. Shows activation of Kinome in TRPM-activated cells. CAMMK2 is
“switched on” in TRPM activated cells. CAMKK2 activated its downstream
effector kinase AMPK. AMPK consequently phosphorylated ULK to induce
autophagic response. ERK shuttles into the nucleus to promote ATF/c-Jun
mediated activation of IL-8.

phosphorylated levels of AMPK and ULK1 in TRPM3-knockdown cells
were rescued when constitutively active AMPK was re-expressed [23].
AMPKal/AMPKo2 knockdown resulted in inhibition of autophagic
pathway and ULK phosphorylation in VHL™ cells [23]. Therefore, these
findings revealed that higher expression of TRPM3 in VHL™ cells acti-
vated cancer promoting autophagic pathway via CAMKK2-AMPK-ULK1
signaling cascade. TRPM3 levels were reduced in cells reconstituted
with VHL. Moreover, miR-214 was upregulated in cells reconstituted
with VHL. miR-214 was higher in wild-type VHL-expressing Caki-1 cells
[23]. Enforced expression of TRPM3 in 786-O VHL" induced a 2-fold
downregulation of miR-214. MiR-214 was significantly inhibited by
constitutively active AMPKa2 or CAMKK2 in TRPM3KD cells, however
expression of miR-214 was induced in AMPKa1/AMPKa2 knockdown or
CAMKK2 knockdown VHL™ cells. STO-609 (CAMKK2 inhibitor) also
stimulated miR-214 expression (23).

Excitingly, there is a fascinating study which shows that TRPM7 can
be cleaved by caspase-8 [24]. It has been reported that caspase-8
mediated processing of TRPM7 resulted in dissociation of kinase
domain from the ion-conducting pore. Cleaved channel exhibited
considerably higher activity and potentiated Fas receptor-induced
downstream signaling to induce apoptotic cell death [24]. These find-
ings are very crucial and it will be worthwhile to test if TRPM7 kinase
domain is also cleaved in RCC [24]. Furthermore, in addition to
Fas/FasL-mediated apoptosis, TRAIL/TRAIL-receptor signaling needs to
be tested in TRPM-expressing RCC. If caspase-induced cleavage of
TRPM?7 is evident in RCC, it will be effective in context of targeting of
RCC through TRAIL-based therapeutics.

Different molecules have been shown to effectively inhibit kinase
activity of TRPM7 [25]. TG100-115 inhibited TRPM?7 kinase regulated
phosphorylation of myosin IIA heavy chain and FAK (focal adhesion
kinase) [25].

361

Non-coding RNA Research 9 (2024) 359-366
4. Role of TRPVs in carcinogenesis

Capsaicin, a naturally occurring and biologically potent ingredient of
green and red peppers and a ligand of TRPV1 has been demonstrated to
suppress tumorigenesis in several cancers [26]. Capsaicin induced
apoptosis in RCC cells partially through activation of TRPV1 [26].
Capsaicin-mediated activation of TRPV1 markedly inhibited metasta-
sizing potential of thyroid cancer cells. Tumor weight and volume were
also drastically reduced in capsaicin-treated xenografted mice [27].

Transient receptor potential vanilloid subfamily-5 (TRPV5) is a cal-
cium channel mainly found in the kidney and plays essential role in
maintenance of homeostasis of the intracellular calcium concentrations
[28]. Studies revealed that Vitamin-D receptor (VDR) transcriptionally
controlled TRPV5. Moreover, it had previously been reported that
TRPV5 promoter contained multiple consensus Vitamin p-response ele-
ments. VDR overexpression considerably reduced the proliferation of
786-0 and caki-1 cells [28]. Furthermore, expectedly, knockdown of
VDR potentiated proliferation capacity of caki-1 and 786-0O cells. TRPV5
expression was found to be significantly higher in VDR-silenced caki-1
cells [28]. Future studies must converge on comprehensive analysis of
tumor forming abilities of TRPV5-overexpressing and TRPV5-silenced
RCC cells in xenografted mice.

TRPV1-expressing cancers may be effectively targeted by either
stimulating the release of endovanilloid or TRPV1 agonist therapy [29].
Neural precursor cells (NPCs) efficiently migrate to HGAs (high-grade
astrocytoma) and induce shrinkage of glioma and prolong survival time.
NPCs have been shown to release endovanilloids that activate TRPV1 on
HGA cells and induce apoptotic cell death. Arvanil, a synthetic,
blood-brain-barrier permeable vanilloid significantly improved survival
of SCID mice orthotopically implanted with glioblastoma cells [29].
These findings are encouraging and it will be interesting to analyze
further updates on therapeutic advancements related to TRPV1 agonists
against TRPV1-expressing cancers in xenografted mice.

5. Regulation of TRP channels by non-coding RNAs in different
cancers

Most recently, miRNAs have emerged as possible regulators. In fact,
the discovery of non-coding RNAs has revolutionized the field of mo-
lecular cancer and we have witnessed ground-breaking achievements in
our understanding related to post-transcriptional regulation of onco-
genic and tumor suppressor genes [30-32]. MicroRNAs (miRNAs)
[33-35], long non-coding RNAs (IncRNAs) [36-39] and circular RNAs
(circRNAs) [40-42] have central role in the progression of cancer.

Excitingly, TRP channel biology will be incomplete without proper
investigation of regulatory mechanisms of TRP channels by non-coding
RNAs. It is worth mentioning that molecular biologists have started to
focus on modulation of TRP channels by non-coding RNAs but available
evidence is still limited and needs extensive research. In this section, we
will discuss how different miRNAs, IncRNAs and circRNAs regulate TRP
channels during cancer progression.

6. Regulation of TRPCs by miRNAs

There is a gradual increase in the number of scientific reports related
to IncRNA-mediated control of TRPCs in different cancers. In this sec-
tion, we have focused on different oncogenic IncRNAs reported to in-
crease the expression of TRPCs during carcinogenesis (Fig. 2).

SNHG5 (small nucleolar RNA host gene 5), an oncogenic IncRNA
sequestered miR-26a-5p away and stimulated TRPC3 expression in
melanoma cells. SNHG5 inhibition significantly reduced proliferation
and enhanced apoptotic rate in melanoma cells [43].

MiR-26a mediated targeting of TRPC3 can be blocked by DLX6-AS1
in laryngeal cancer cells [44]. TRPC3 expression was found to be
considerably reduced in DLX6-AS1-silenced HEp-2 and Tu-177 cells.
Furthermore, knockdown of TRPC3 suppressed the proliferation
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Fig. 2. Oncogenic IncRNAs and circRNAs promote the expression of TRPCs.

capacity of laryngeal cancer cells. Tumor growth was significantly
reduced in mice xenografted with DLX6-AS1-silenced HEp-2 and
Tu-177 cells [44].

SNHG3 interfered with miR-339-5p-mediated targeting of TRPC3
and potentiated tumorigenic properties of ovarian cancer cells. Tumor
growth and average tumor weights were found to be decreased signifi-
cantly in mice inoculated with SNHG3-knockdown HeyAS8 cells [45].

Taurine upregulated gene 1 (TUG1), a IncRNA promoted carcino-
genesis by interfering with miR-145-5p-mediated inhibition of TRPC6.
TUGI silencing led to inhibition of the growth of tumor xenografts in
mice injected with TUG1-depleted-HCT116 cells [46].

OIP5-AS1 interacts with p53 and transcriptionally upregulates POX
expression. TRPC6 causes disassembly of OIP5-AS1 and p53 and re-
presses the expression of POX. TRPC6 promotes the progression of gli-
oma principally through the blockade of OIP5-AS1/p53 mediated
activation of POX [47].

TRPC1 acted as a pro-metastatic factor in gastric cancer cells [48].
MiR-135a-5p directly targeted TRPC1 in gastric cancer cells. CiRS-7, an
oncogenic circular RNA interfered with miR-135a-5p-mediated target-
ing of TRPC1 and potentiated its expression [48].

Overall, these findings indicate that oncogenic IncRNAs are sophis-
ticated regulators of TRPCs with a multifaceted involvement in the
progression of cancer.

7. Regulation of TRPMs by miRNAs
7.1. TRPM1

TRPM1 has been shown to suppress melanoma metastasis [49].
TRPM1 encodes a channel protein and also transcribes miRNA-211
present in its sixth intron. KCNMA1 was directly targeted by miR-211
and protein levels of KCNMA1 were found to be significantly reduced
in miR-211 expressing melanoma cells [49]. Findings suggested that use
of miR-211 mimics can be helpful in suppressing cancer progression.

However, surprisingly, it had also been reported that miR-211 played
dualistic role in melanoma. BRAF inhibitors (dabrafenib, vemurafenib)
are used to treat patients with metastatic melanomas harboring
BRAF®% mutations. MITF (Microphthalmia-associated Transcription
factor) has been shown to transcriptionally upregulate TRPM1 [50].
Resultantly, miR-211-5p present within host TRPM1 gene is also tran-
scribed. Vemurafenib sensitivity was reduced in miR-211-transfected
melanoma cells. While miR-211-5p inhibition in a vemurafenib resis-
tant cell line inhibited the proliferation [50]. Data clearly suggested that
miR-211 behaved dualistically in melanoma. However, these findings
need additional validation in different cancers.

In renal cell carcinoma, miR-211 acts as a tumor suppressor. Some of
the studies demonstrated that miR-211-5p reduced tumor metastasis,
particularly in the lung, liver and spleen. Metastatic foci were also found
to be significantly reduced in mice treated with miR-211-5p [51].
Upregulation of miR-211-5p induced apoptosis in 7860 and ACHN cells
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[52]. There is strong evidence of role of miR-211 in RCC as a metastasis
inhibitor. Broader analysis of the regulatory pathways of miR-211 in
RCC will be helpful in detailed evaluation of use of miRNA mimics for
significant clinical outcome.

TRPM2: TRPM2-AS is a long non-coding RNA transcribed from
TRPM2. Inhibition of TRPM2-AS induced apoptosis in breast cancer cells
[53]. ELK1 transcriptionally upregulated TRPM2-AS in gastric cancer
cells [54]. TRPM2-AS inhibition markedly reduced proliferation,
migration and invasive potential of gastric cancer cells. TRPM2-AS
blocked miR-195-mediated targeting of HMGA1 (high-mobility group
AT-hook 1) [54].

TRPM2-AS promoted cancer by interfering with miR-612 and stim-
ulating the expression of IGF2BP1 and FOXM1 [55]. IGF2BP1 and
FOXM1 centrally drive metastasis. Lung metastatic burden was reported
to be reduced in mice inoculated with TRPM2-AS-silenced gastric cancer
cells [55].

TRPM2-AS has also recently been shown to stimulate the expression
of SOX4 in laryngeal squamous cell carcinoma cells [56]. MiR-138
directly inhibited SOX4 and markedly suppressed epithelial to mesen-
chymal transition. ~However, @ TRPM2-AS interfered with
miR-138-mediated targeting of SOX4 and promoted EMT [56].

TRPM3: miR-204 has been shown to directly target TRPM3 in RCC
cells [23]. Stable knockdown of the TRPM3 interfered with the tumor
forming abilities of these cells in orthotopically xenografted mice [23].

MiR-204 is situated inside the intronic sequence of TRPM3. There are
some exciting pieces of evidence which provide clues about transcrip-
tional repression of miR-204 also in gynecological cancers.
Phosphorylated-STAT3 binds directly to STAT3-binding sites near
TRPM3 promoter region upstream of miR-204-5p thus causing its
transcriptional repression. Additionally, miR-204-5p induced tumor
regression in xenografted mice [57]. Interleukin-6 promoted tumor
formation and increased tumor nodules in mice. Interleukin-6 induces
cisplatin resistance in epithelial ovarian cancer cells. Transcriptional
repression of miR-204 has also been shown to potentiate resistance
against cisplatin. Intraperitoneal administration of cisplatin caused
tumor inhibition in mice inoculated with miR-204-transfected SKOV3
cells [58]. These findings suggest that miR-204 is essential for tumor
inhibition and drug sensitivity. Moreover, JAK/STAT3 signaling tran-
scriptionally represses miR-204. Use of STAT3 inhibitors and miR-204
mimics will be advantageous in the regression of the xenografted
tumors.

CircPRRC2A, an oncogenic circular RNA promoted the expression of
TRPM3 and EMT-associated markers in RCC cells [59]. There was a
marked increase in the levels of E-cadherin and significant reduction in
the levels of TRPM3 and N-cadherin in circPRRC2A-silenced ACHN
cells. CircPRRC2A interfered with miR-514a-5p and
miR-6776-5p-mediated targeting of TRPM3 (Fig. 3). There was a note-
worthy reduction in metastatic nodules in the liver and lungs of the mice
injected with circPRRC2A-silenced RCC cells [59].

CircATG9A significantly promotes the migratory and invasive
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Fig. 3. CircRNAs stimulate the expression of TRPM3 mainly through inhibition of miRNA-mediated targeting of TRPM3. (A-B) CircPRRC2A interfered with miR-
514a-5p and miR-6776-5p-mediated targeting of TRPM3. Pulmonary and liver metastasis is impaired upon the inhibition of circPRRC2A. (C) CircATG9A inhibits
miR-497-5p-mediated targeting of TRPM3. CircATG9A promotes tumorigenesis.

properties of RCC cells. CircATG9A potentiates the expression of TRPM3
mainly through blockade of miR-497-5p-mediated targeting of TRPM3
(Fig. 3). Importantly, TRPM3 promotes carcinogenesis through activa-
tion of Wnt/p-catenin pathway. Overall, CircATG9A and TRPM3 play
central role in carcinogenesis and metastasis. Levels of E-cadherin were
found to be enhanced in CircATG9A and TRPM3 silenced cancer cells.
Importantly, tumor volume and weights were noted to be reduced in
mice inoculated with circATG9A-silenced cancer cells [60].

TRPM4: It has recently been convincingly revealed that miR-150
directly targeted TRPM4 in prostate cancer cells. More importantly,
tumor growth was drastically reduced in mice xenografted with miR-
150-overexpressing prostate cancer cells [61].

TRPM7: TRPM7 was directly inhibited by miR-543 in cervical cancer
cells. TRPM7 activated oncogenic P13 K/AKT and p38-MAPK pathways
in cervical cancer cells. Expectedly, miR-543 mimics considerably
reduced tumor growth in mice inoculated with cervical cancer cells
[62].

TRPM7 has been shown to fuel cancer progression [63]. There was a
marked decrease in the migratory and invasive potential of
TRPM7-silenced RCC cells. Phosphorylated levels of Src and AKT were
drastically reduced in TRPM7-silenced RCC cells [63]. Detailed mech-
anistic insights further revealed that TRPM7 induced activation of AKT
resulted in inhibition of nuclear accumulation of FOXO1 proteins [63].
Mechanistically it was shown that AKT phosphorylated FOXO1 and
interfered with transportation into the nucleus and transcriptional
regulation of target genes. MiR-129-3p mimics directly targeted
TRPM7, whereas miR-129-3p inhibitors increased protein levels of
TRPM7 [64]. Tumor growth was remarkably reduced in mice injected
subcutaneously with TRPM7-silenced OSRC-2- cells into the dorsal
flank. Overall, these results clearly demonstrated that TRPM7 played
contributory role in RCC [64].

TRPM7 overexpression correlated significantly with glioma pro-
gression. TRPM7 positively regulates HOTAIR. Essentially, HOTAIR
knockdown inhibited proliferative and invasive potential of glioma
cells. TRPM7 mediated Ca®" influx triggered activation of NFxB which
transcriptionally activated HOTAIR. Furthermore, miR-301a-3p was
upregulated significantly in TRPM7-knockdown glioma cells. HOTAIR
interfered with miR-301a-3p-mediated targeting of FOSLI and promoted
tumorigenesis [65].

Expression of non-coding RNAs is regulated by TRPM7 in cancer
cells. Overexpression of miR-28-5p suppressed invasion of glioma cells.
MiR-28-5p levels are low in TRPM7-expressing cancer cells. MiR-28-5p
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directly targeted Rap1b and inhibited invasive potential of glioma cells
[66].

Hsa_circ_0023,305 potently enhanced the expression of TRPM7 in
laryngeal squamous cell carcinoma. MiR-218-5p is a tumor suppressor
having notable ability to target TRPM7. Hsa_circ_0023,305 acted as a
sponge and blocked miR-218-5p-mediated inhibition of TRPM7 (Fig. 4).
Hsa_circ_0023,305 silencing led to marked reduction in pulmonary
metastatic dissemination in mice intravenously injected with hsa_-
circ_0023,305-depleted-AMC-HN-8 cells into tails [67].

METTL3 is a catalytically active subunit and transfers a methyl group
to RNA. IGF2BPs are m6A readers [68-71]. IGF2BPs efficiently bind to
the mRNA transcripts and promote the stability and storage of their
target mRNAs. There was an increase in mRNA stability of TRPM7 in
DGUOK-AS1 and IGF2BP2 overexpressing cancer cells. Furthermore,
interaction between TRPM7 and IGF2BP2 was suppressed after knock-
down of DGUOK-AS1 or METTL3. TRPM7 m6A levels were found to be
reduced in METTL3 knockdown cancer cells. Likewise, there was an
evident decline in the levels of TRPM7 upon the knockdown of METTLS3,
while TRPM7 expression was reported to be increased upon over-
expression of IGF2BP2. Findings indicated that METTL3/IGF2BP2 axis
promoted stabilization of TRPM7 mRNA by m6A-modifications in
NSCLC cells (Fig. 4). Mechanistically, role of DGUOK-AS1 was evaluated
in the pulmonary metastatic models established by tail vein injections of
SK-MES-1 cells. Therefore, number of pulmonary metastatic tumor foci
were detected to be reduced effectively after DGUOK-AS1 knockdown
[72] (Fig. 4). These findings provide compelling evidence that onco-
genic IncRNAs promote METTL3-mediated m6A modifications and sta-
bility of TRPM?7.

8. Regulation of TRPVs by miRNAs

MYC and MAX are involved in transcriptional upregulation of
LINC00958. Essentially, LINC00958 worked with transcriptional factors
in LINC00958-bound regions and regulated the expression of TRPV3.
Tumors derived from LINC00958-silenced-A549 cancer cells were
smaller in size [73]. Collectively, these findings indicated that
LINC00958 stimulated different oncogenes and promoted lung
adenocarcinoma.

9. Concluding remarks

Pharmacological targeting of cancers is becoming increasingly
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targeting of TRPM7. Metastatic spread of cancer cells to the lungs was impaired because of the inhibition of hsa_circ_0023,305.

challenging because of intra and inter-tumor heterogeneity and devel-
opment of resistance against various therapeutics. Furthermore, TRP
channels have also emerged as central regulators of drug resistance and
metastatic dissemination of cancer cells. In this review, we have
attempted to summarize state-of-the-art advancements in exciting and
sequentially evolving features of TRP channels and highlight recent
breakthroughs and identify the knowledge-gaps associated with central
role of TRP channels in different cancers.

Accumulating evidence has started to shed light on the diversity in
the expression, functionalities and structural framework of TRP chan-
nels and provides the opportunities to generate novel, selective chemical
entities which can be tested in various clinical settings. Molecules that
target TRPV3 have made their entry into Phase I of clinical trials, and
blockers of TRPA1, TRPM8 and TRPV4 have demonstrated efficacy in
various preclinical disease models and did not show unexpected off-
target or acute adverse effects which could limit their further evalua-
tion. However, these molecules have to be tested in xenografted mice to
see if growth of the tumor can be inhibited or not.

It seems surprising to note that there is a substantial broadening in
the field of TRP channels and these aspects are being uncovered in
different cancers. We have to learn some very important lessons from
existing scientific evidence about role of TRP channels because trans-
latability of these findings to clinical trials is necessary. There are some
exciting clues which suggest that different miRNAs and IncRNAs are
transcribed from host genes of TRP channels. Multiple miRNAs have also
been reported to negatively regulate TRP channels in different cancers.
Different TRP channels regulate the expression of IncRNAs (HOTAIR).
Moreover, various IncRNAs stabilize TRP channels mainly through
METTL3-mediated m6A modifications. Role of circular RNAs in carci-
nogenesis is intriguing and emerging evidence illuminates critical
functions of circRNA sponges in miRNA-mediated gene regulation [74].
Non-coding RNA-mediated control of TRP channels needs to be tested
more comprehensively in metastasis. Moreover, pharmacological tar-
geting of different IncRNAs and miRNAs transcribed from TRP genes will
be exciting in tumor-bearing mice. Collectively, these findings suggest
that sophisticated ncRNA-based regulatory systems unravel an intricate
interplay with TRP channels. Based on clues from known examples,
molecular and cellular biologists have started to reveal the true
complexity of what lies under the surface.
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