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Simple Summary: Prostate cancer is the second leading cause of cancer death among men. Its poor
prognosis is mainly due to metastases, and therefore, it is crucial to understand the mechanisms by
which cancer cells can spread throughout the body. In this context, among others, we demonstrated
the TRPM8 channel to be a major player due to its ability to impair prostate cancer cell motility. The
present work elucidates the molecular mechanism through which TRPM8 exerts its inhibitory effect
on cell migration. We found that this effect is mediated by a direct interaction between residues E207
and Y240 in the N-terminal TRPM8 tail and residue Y32 in the Switch I region of the Rap1-GDP
bound inactive form. Since these results have also been validated in breast and cervical cancer cells,
the TRPM8-Rap1 interaction could constitute a therapeutic target against metastatic progression in
several types of tumors.

Abstract: Emerging evidence indicates that the TRPM8 channel plays an important role in prostate
cancer (PCa) progression, by impairing the motility of these cancer cells. Here, we reveal a novel
facet of PCa motility control via direct protein-protein interaction (PPI) of the channel with the small
GTPase Rap1A. The functional interaction of the two proteins was assessed by active Rap1 pull-down
assays and live-cell imaging experiments. Molecular modeling analysis allowed the identification
of four putative residues involved in TRPM8-Rap1A interaction. Point mutations of these sites
impaired PPI as shown by GST-pull-down, co-immunoprecipitation, and PLA experiments and
revealed their key functional role in the adhesion and migration of PC3 prostate cancer cells. More
precisely, TRPM8 inhibits cell migration and adhesion by trapping Rap1A in its GDP-bound inactive
form, thus preventing its activation at the plasma membrane. In particular, residues E207 and Y240
in the sequence of TRPM8 and Y32 in that of Rap1A are critical for the interaction between the two
proteins not only in PC3 cells but also in cervical (HeLa) and breast (MCF-7) cancer cells. This study
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deepens our knowledge of the mechanism through which TRPM8 would exert a protective role in
cancer progression and provides new insights into the possible use of TRPM8 as a new therapeutic
target in cancer treatment.

Keywords: prostate cancer; metastasis; TRPM8; Rap1A; migration; adhesion; GTPase; calcium channel

1. Introduction

Prostate cancer (PCa) is the most frequently diagnosed cancer among men and the
second leading cause of cancer death after lung cancer [1]. PCa poor prognosis is mainly due
to metastases. Hence, there is an urgent need to deepen our knowledge of the mechanisms
through which the primary tumor can acquire more aggressive phenotypes, and therefore,
the ability to exit the primary site and establish secondary growth in distant organs through
lymphatic or blood circulation. Metastasis fundamentally involves cell migration, a complex
and multistep process that subtends coordination between cytoskeleton remodeling, cell-
substrate adhesion/detachment, and cellular protrusion/contraction [2,3].

Over the past two decades, an increasing set of data has revealed a pivotal role of ion
channels, including TRP channels, in many processes underlying the metastatic cascade,
making them promising candidates as both molecular biomarkers and therapeutic targets
in cancer therapy [4–9]. More specifically, marked changes in TRP protein expression have
been associated with the development and progression of several cancers depending on
their stage [6,10,11]. Interestingly, although most of the best-characterized roles played
by TRP channels in the metastatic cascade rely on their channel activity [12], there is
growing evidence of pathways that underlie the interaction of TRP channels with different
partner proteins, extending interest in TRPs beyond the field of ion channels [13–20]. In
this context, particular attention has been paid to the close bidirectional interplay revealed
by TRP channels and small GTPase in all phases of the metastatic cascade, including
migration, invasion, and tumor vascularization [21]. In most cases, this functional interplay
is mediated by calcium (Ca2+) signals, triggered by TRP-mediated Ca2+ influx within the
cell, which may affect small GTPases activity and their impact on the regulation of cell
migration and/or invasion [22–32]. In turn, small GTPase may regulate TRP channels’
intracellular trafficking to the plasma membrane (PM) or act directly on channel gating,
thus impacting their biological functions [22,23,31,33–35]. However, some data revealed
alternative regulatory pathways independent of cation homeostasis, through which TRP-
small GTPase interplay may affect cancer progression [33,35–37].

Among TRP channels, TRPM8 is one of the most intriguing TRP channels involved in
PCa progression, due to its specific and characteristic expression profile. Indeed, TRPM8
expression was shown to increase in both benign prostate hyperplasia (BPH) and in prostate
carcinoma cells characterized by high androgen levels [10] but decrease with tumor pro-
gression to the late androgen-insensitive invasive stage [38,39]. This specific expression
pattern is attributable to an androgen-dependent regulation of TRPM8 [40,41]. More
specifically, TRPM8 turned out to be a primary androgen response gene [41,42], since the
testosterone androgen-receptor complex (AR) is able to directly promote TRPM8 transcrip-
tion by binding with androgen-responsive elements present on its gene sequence. Besides
the androgen-dependent transcription, testosterone exerts an additional non-genomic rapid
effect on TRPM8 channel activity through the AR and translocation of the two proteins in
lipid rafts [40]. More specifically, it has been shown that at low concentrations, testosterone
can promote the physical interaction between TRPM8 and AR within lipid rafts on the
PM and consequently an increased AR-mediated inhibition of TRPM8 activity [40]. Con-
sequently, the anti-androgen therapy by downregulating the expression of AR not only
greatly reduces the expression of TRPM8, but also affects the inhibitory action on the control
of channel activity, leading PCa cells to an androgen-independent stage in which they re-
lapse with a more aggressive phenotype [39,40]. Consistent with these data, we previously
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revealed a protective role played by TRPM8 in prostate cancer progression, thanks to its
ability to inhibit PCa cell migration in vitro and in vivo [40,43–45]. Although some data
suggest a role of the Ca2+-dependent inactivation of the focal-adhesion kinases (FAK) [46],
the exact molecular mechanism by which TRPM8 impairs the motility of epithelial prostate
cancer cells is still unclear.

Interestingly, in a previous study, we unveiled that the anti-metastatic function of
TRPM8 may be also extended to endothelial cells (ECs), suggesting a TRPM8 involvement
also in the angiogenic process [47]. Indeed, endoplasmic reticulum (ER) TRPM8 expression
in ECs inhibits cell migration via a direct binding with Rap1A with subsequent inhibition
of inside-out β1-integrin signaling [47].

Here, we questioned whether the same molecular mechanism showed in ECs underlies
the TRPM8-mediated inhibition of cell migration observed in epithelial prostate cancer
cells. Previous evidence on TRPM8 interactors confirmed the presence of Rap1A among
potential TRPM8 partner proteins in mouse prostate [44]. In this work, we demonstrated
that in PCa cells TRPM8 exerts its anti-migratory function through a pore-independent
pathway involving the binding to the inactive form of Rap1A and the subsequent inhibition
of its activity in promoting cell adhesion. Furthermore, we deepened the TRPM8-Rap1A
interaction, identifying and functionally validating the residues involved in its mediation on
both fronts. Notably, this interesting new facet of TRPM8 as a Rap1 inhibitor is not limited to
PCa but can be extended to other epithelial cancer cell lines. The complete characterization
of the molecular mechanisms by which TRPM8 performs its anti-metastatic function could
provide new and important insights into view, of the possible and successful use of TRPM8
as a pharmaceutical target in the treatment of advanced stages of metastatic cancer.

2. Materials and Methods
2.1. Chemicals and Drugs

Icilin used as a specific TRPM8 agonist was purchased from Tocris (Bio-Techne, Noyal
Châtillon sur Seiche, France), dissolved in DMSO to a final concentration of 20 mM,
and stored at −20 ◦C. Fura2-AM calcium probe used in Ca2+ imaging experiments was
purchased from Invitrogen Ltd. (Fisher Scientific UK Ltd., Loughborough, UK), dissolved
in DMSO to a final concentration of 1 mM, and stored at −20 ◦C. Thapsigargin was
purchased from Sigma-Aldrich (Sigma-Aldrich, Milan, Italy), dissolved in DMSO to a final
concentration of 2 mM, and stored at −20 ◦C.

2.2. Molecular Modeling

As the N- and C-tail of the TRPM8 structure was not totally solved by cryo-EM [48],
we modeled this tetrameric structure by homology modeling. For this, BLASTP was used
to obtain templates similar to the TRPM8 sequence. One template was identified with a
similarity of over 30% and corresponds to the cryo-EM structure of TRPA1 (Resolution:
4.2 Å, PDB ID: 3J9P) [49]. Using the sequence of TRPM8 and the identified templates,
we performed the modeling of one monomer and then the full tetrameric form using
Modeler [50]. The global structure was subsequently minimized to remove steric clashes.

This model was further used to predict the interaction between TRPM8 and Rap1A,
for which a crystal structure existed (Resolution: 1.9 Å, PDB ID: 1C1Y) [51]. This predic-
tion was obtained using a protein-protein docking algorithm and more specifically the
ClusPro2.0 [52] and InterEvDock [53] webservers. Seven residues at the interface between
TRPM8 and Rap1A were visually selected, looking at the two first models of InterevDock
and three among the five first best models of ClusPro 2 (TRPM8: Glu207, His259, Leu262,
Tyr240, Val263; Rap1A: Lys31, Tyr32). For each model, a Residue Interaction Network
(RIN) was generated with an in-house C program. A RIN is defined as a network in which
each node is a residue, and each edge is a contact detected between two residues in the 3D
structure. Here, residue-residue contacts were detected when the distance between them
was found between 2.5 Å and 5 Å. Residue Centrality Analyses (RCA) were then performed
with the RINspector app [54,55] for Cytoscape [56,57] and Z-scores ≥ 3 were considered as
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central residues. These residues were shown to be essential for the folding or function of
a structure [58,59], therefore, constituting good candidates for mutagenesis experiments.
Here, we focused on the residues at the interface, central to the quaternary structure and
essential for the interaction. Among the visually selected residues listed before, we listed
those that were central in at least one of the five models. Four residues out of the seven
selected residues were found central in at least one model (TRPM8: Glu207, Tyr240; Rap1A:
Lys31, Tyr32) and were chosen for mutagenesis.

2.3. Cell Cultures

In this work, we used human prostate adenocarcinoma cell line (PC3, ATCC), derived
from bone metastasis of prostate cancer, human cervical cancer cell line (HeLa, ECACC),
and human breast adenocarcinoma cell line (MCF-7, ECACC). PC3 stably expressing
for TRPM8 (PC3M8) were generated by stable transfection of pcDNA4-TRPM8 vector as
described in [40]. Cell lines were grown in monolayers using FalconTM plates in RPMI
1640 (Invitrogen, Fisher Scientific UK Ltd., Loughborough, UK), MEM (Euroclone, Milan,
Italy) and DMEM High Glucose (Euroclone, Milan, Italy) growth medium supplemented
with 10% of fetal bovine serum (Pan Biotech, Aidenbach, Germany), L-glutamine (5 mM;
Sigma-Aldrich, Saint-Quentin Fallavier, France) and PenStrep (100 mg/mL; Sigma-Aldrich,
France) for PC3, HeLa, and MCF-7 cells, respectively. PC3-TRPM8 cells were submitted to
Zeocin (InvivoGen, San Diego, CA, USA) selection (100 µg/mL) every two passages. Cells
were cultured in a humidified atmosphere consisting of 95% air and 5% CO2 at 37 ◦C and
they were used at passages 2 to 15.

2.4. Molecular Biology

The constructs used for this work were His-tagged-hTRPM8pcDNA4 [60], pGEX6p2,
pGEX6p2-TRPM8Nt, pGEX6p2-TRPM8Ct [45], peGFP-Rap1A, pMT2SM-HA-Rap1A, pCMN-
TNT-Rap1A (for all Rap constructs wild-type (wt) and S17N) [48], pEGFP-RBDRalGDS [61].

Simple and double mutagenesis for TRPM8 (E207A and Y240A) and Rap1A (K31A and
Y32A) are summarized in Table 1 and were conducted by site-directed mutagenesis using
in vitro mutagenesis (QuikChange Site-directed Mutagenesis kit, Agilent Technologies-
Stratagene products and Q5® Site-Directed Mutagenesis Kit).

Gene overexpression in PC3 cells was obtained using LipofectamineTM 3000 reagents
(Invitrogen, Fisher Scientific UK Ltd., Loughborough, UK), according to manufacturer’s
instructions, in RPMI 1640 (Invitrogen, Fisher Scientific UK Ltd., Loughborough, UK) 10%
FBS growth medium. GFP tagged or human influenza agglutinin (HA) tagged-Rap1 (wild-
type, Y32A, K31A, S17N, S17N Y32A and S17N K31A; 0.625–5 µg for transfection) and GFP-
tagged as control (5 µg for transfection); pEGFP-RBDRalGDS (1 µg for transfection). Cells
were tested 24 h or 48 h after transfection, depending on the assay (24 h for Ca2+ imaging
experiments, migration and adhesion assays, active Rap1 pull-down assays and live-cells
imaging experiments; 48 h for GST-pull-down assays and immunoprecipitation assays).

2.5. Western Blot Analysis

Cells were plated in 6-well culture plates, grown to a confluency of 80%, and then
silenced and/or overexpressed according to the protocol described below. Before cell lysis,
multiwell plates were kept on ice, washed twice in ice-cold PBS, and then cells were lysed
in the presence of RIPA buffer (Pierce® RIPA Buffer, Thermo Fisher Scientific, Waltham,
MA, USA); 1% Triton X-100, 1% Na deoxycholate, 150 mM NaCl, 10 mM NaKPO4, pH 7.2)
and anti-protease inhibitor cocktail (Sigma-Aldrich P2714, Milan, Italy; 1:10). Lysates were
vortexed, kept for 10 min on ice, sonicated, and then centrifuged at 4 ◦C for 13 min at
13,000× g. Protein concentrations of the supernatant were determined using a bicinchoninic
acid (BCA) kit (Sigma-Aldrich, Milan, Italy) following the manufacturer’s instructions.
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Table 1. Primers sequences used for single and double mutagenesis of TRPM8 (E207A and Y240A) and Rap1 (K31 and Y32A).

Vector Mutation Fw Primer Rv Primer Kit Used

pGEX-TRPM8 Nt E207A caatggccacaatattcgcctctgaactcctgctg cagcaggagttcagaggcgaatattgtggccattg Agilent kit

pGEX-TRPM8 Nt Y240A cttgtgaagtcatccataagggcctgggctaaaaaatagccctc gagggctattttttagcccaggcccttatggatgacttcacaag Agilent kit

pCDNA4-TRPM8 E207A caatggccacaatattcgcctctgaactcctgctg cagcaggagttcagaggcgaatattgtggccattg Agilent kit

pCDNA4-TRPM8 Y240A cttgtgaagtcatccataagggcctgggctaaaaaatagccctc gagggctattttttagcccaggcccttatggatgacttcacaag Agilent kit

pCMV-TNT-Rap1A K31A gaatcttctatcgttgggtcatatgcttcaacaaaaattccctgaacaaac gtttgttcagggaatttttgttgaagcatatgacccaacgatagaagattc Agilent kit

pCMV-TNT-Rap1A Y32A cttctatcgttgggtcagctttttcaacaaaaattccctgaacaaactgaac gttcagtttgttcagggaatttttgttgaaaaagctgacccaacgatagaag Agilent kit

pCMV-TNT-Rap1A K31A gaatcttctatcgttgggtcatatgcttcaacaaaaattccctgaacaaac gtttgttcagggaatttttgttgaagcatatgacccaacgatagaagattc Agilent kit

pCMV-TNT-Rap1A Y32A cttctatcgttgggtcagctttttcaacaaaaattccctgaacaaactgaac gttcagtttgttcagggaatttttgttgaaaaagctgacccaacgatagaag Agilent kit

peGFP-Rap1A-N17 K31A agttcagaggcgaatattgtgg cctgctgatggtgttatc NEB

peGFP-Rap1A-N17 Y32A tttagcccaggcccttatggatgac aaatagccctcagcatcg NEB

pMT2SM-HA-Rap1A K31A gaatcttctatcgttgggtcatatgcttcaacaaaaattccctgaacaaac gtttgttcagggaatttttgttgaagcatatgacccaacgatagaagattc Agilent kit

pMT2SM-HA-Rap1A Y32A cttctatcgttgggtcagctttttcaacaaaaattccctgaacaaactgaac gttcagtttgttcagggaatttttgttgaaaaagctgacccaacgatagaag Agilent kit

pMT2SM-HA-Rap1A N17 K31A gaatcttctatcgttgggtcatatgcttcaacaaaaattccctgaacaaac gtttgttcagggaatttttgttgaagcatatgacccaacgatagaagattc Agilent kit

pMT2SM-HA-Rap1A N17 Y32A cttctatcgttgggtcagctttttcaacaaaaattccctgaacaaactgaac gttcagtttgttcagggaatttttgttgaaaaagctgacccaacgatagaag Agilent kit
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Thirty micrograms of lysates were resuspended in SDS loading buffer, heated 5 min
at 95 ◦C or 30 min at 37◦, and then loaded and separated on 4–20% pre-cast SDS-PAGE
gels (Thermo Fisher Scientific, Waltham, MA, USA) at 130 mV-150 mV. Quick transfer on
Polyvinylidene fluoride membranes (PVDF) membranes at 3A, 2.5 V for 15 min was fol-
lowed. Subsequently, membranes were blocked 30 min in TBST (20 mM Tris, 150 mM NaCl,
0.1% Tween 20, pH 7.6) 5% BSA and then incubated in agitation overnight at 4 ◦C with
rabbit anti–Rap1 (Thermo Fisher scientific 1,862,344; 1:1000 in TBST 5% BSA 0.02% sodium
azide), rabbit anti-TRPM8 (Ab 109,308; 1:800 in TBST 1% BSA+ sodium azide), and mouse
anti-β-actin (Sigma-Aldrich A5316; 1:1000 in TBST 1% BSA 0.02% sodium azide) antibodies.
Membranes were then washed with TBST and incubated with the appropriate horseradish
peroxidase (HPR)–conjugated antibodies (anti-mouse HRP Thermo Fisher Scientific #31430,
Waltham, MA, USA; 1:10,000 in TBST 1% BSA and anti-rabbit HRP Santa Cruz Biotechnol-
ogy #2054, Santa Cruz, CA, USA; 1:15,000 in TBST 5% BSA). Chemiluminescence assays
were conducted using the Western Lightning Plus-Enhanced Chemiluminescence Substrate
(PerkinElmer, Milan, Italy). To quantify differences in protein expression, the ratio between
overexpressed samples and PC3 wt (each normalized on actin) was evaluated, using Fiji
(ImageJ software).

2.6. GST-Fusion Protein and Pull-Down Assay

TRPM8 N- and C-terminal peptides fused with the GST tag were produced from
plasmids pGEX6p-2-TRPM8-Nt and pGEX6p-2-TRPM8-Ct and then purified as described
previously [44]. GST-fused purified proteins were then incubated with HEK or PC3 cell
lysates transfected with pEGFP-Rap1 S17N, pEGFP-Rap1 S17N K31, pEGFP-Rap1 S17N
Y32 plasmids.

For the direct interaction assay, Rap1 wt and mutants’ coding sequence were in vitro
translated using the TNT Quick Coupled Transcription/Translation Systems Kit (Promega,
Madison, WI, USA). Briefly, the coding sequences of the proteins of interest were inserted
in the pCMV-TNT vectors (Promega, Madison, WI, USA) as EcoR1-Not1 fragments to
produce and translate them in vitro, according to the manufacturer’s instructions.

Subsequently, TRPM8 GST-fusion proteins were incubated overnight at 4 ◦C with
cell lysates or in vitro translated proteins. Beads were then washed 4× with the IP buffer
and bound proteins were eluted in SDS-PAGE loading buffer, heated at 70 ◦C for 10 min,
and separated on 4–20% pre-cast SDS-PAGE gels (Bio-Rad Laboratories Inc., Marnes-la-
Coquette, France) starting from 0 mV to 130 mV. Quick transfer on PVDF membranes at
2.5 V for 20 min was followed. Membranes were then blocked 2 h in TNT (0.1 M Tris-Cl,
150 mM NaCl, 0.1% Tween 20, pH 7.5) 5% BSA and analyzed by immunoblotting using
rabbit anti-Rap1 (Thermo Fisher Scientific #MA5-15052, Waltham, MA, USA; 1:500 in 1.5%
BSA) or mouse anti-GFP (Clontech #632,380, Takara Bio Company, Saint-Germain-en-Laye,
France; 1:1000 in 1% milk) antibody for Rap1 detection. Membranes were incubated with
primary antibodies overnight at 4 ◦C in agitation, washed three times with TNT 1× (15 mM
Tris, 140 mM NaCl, 0.05% Tween, pH = 7.4) and incubated 1 h with anti-rabbit secondary
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:20,000 in 2% BSA) or anti-
mouse secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:50,000 in
1% milk). Chemiluminescence assays were conducted using the SuperSignal West Dura
chemiluminescent substrate (Thermo Fischer Scientific, Waltham, MA, USA). TRPM8-Rap1
interaction was quantified as the ratio between IPRap1 and IPM8 (both normalized on their
own total lysate) and then it was normalized on TRPM8-Rap1 N17 interaction, used as
control. Each experiment was repeated at least three times.

2.7. Co-Immunoprecipitation Assay

PC3M8 were seeded in 100 mm dishes (30 × 104 cells/dish) and, 48 h after plat-
ing, they were transfected with 5 µg of GFP-Rap1S17N, GFP-Rap1S17N_K31A, GFP-
Rap1S17N_Y32A, and GFP- pcDNA3 plasmids. 48 h after transfection, cells were lysed and
incubated for 20–30 min on ice in lysis buffer (30 mM Tris HCl, 150 mM NaCl, 1% CHAPS,
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pH = 7.5, and anti-protease cocktail; Sigma-Aldrich). After centrifugation (12,000× g for
10 min at 4 ◦C) of the lysates, protein concentration was determined by BCA assay kit
(Thermo Fisher Scientific, Waltham, MA, USA) and at least 800 µg of proteins in 500 µL of
IP buffer (150 mM NaCl, 20 mM NaH2PO4, pH 8) were incubated overnight in rotation at
4 ◦C with 50 µL of His-Tag Dynabeads® (Thermo Fisher Scientific, Waltham, MA, USA),
previously extensively washed in 500 µL IP buffer.

Samples were then washed four times in IP buffer, eluted in SDS loading buffer,
heated at 95 ◦C for 5 min or at 37◦ for 30 min, and then separated on 4–20% or 7.5%
pre-cast SDS-PAGE gels (Bio-Rad Laboratories Inc., Marnes-la-Coquette, France) starting
from 90 mV to 130 mV. Total lysate for positive control was prepared with 50 µg of proteins
suspended in an SDS loading buffer. Quick transfer on PVDF membranes at 3 A, 2.5 V for
15 min was followed. Membranes were then blocked for 1 h in TNT 5% milk and analyzed
by immunoblotting using mouse anti-GFP (Clontech, #632,380, Takara Bio Company,
Saint-Germain-en-Laye, France; 1:1000 in 1% milk) antibody for Rap1′s detection, and
rabbit anti-myc (Abcam #9106, Cambridge, UK; 1:1000 in 1% milk) or rabbit anti-TRPM8
(Abcam #109,308, Cambridge, UK; 1:800 in TBST 1% BSA+ sodium azide) antibodies for
TRPM8′s detection. Membranes were incubated with primary antibodies overnight at
4 ◦C in agitation, washed three times with TNT 1X, and incubated for 1 h with secondary
antibodies (1:50,000 in 1% milk). Chemiluminescence assays were conducted using the
SuperSignal West Dura chemiluminescent substrate (Thermo Fischer Scientific, Waltham,
MA, USA). Each experiment was repeated at least three times.

2.8. Proximity Ligation Assay (PLA)

Proximity Ligation Assays (PLA) were performed using Duolink (R) In Situ Red-
Starter Kit Goat/Rabbit (Sigma-Aldrich, Saint-Quentin Fallavier, France). PC3 cells were
seeded (10 × 104 cells/dish) on confocal FluoroDish (World Precision Instruments) and
then transfected or not with TRPM8 wt or E207A Y240A and Rap1 N17 (1 µg for each
plasmid). After fixation, cells were permeabilized with 4% platelet-activating factor for
10 min and then incubated in the blocking buffer (PBS 4% BSA) for 1 h and 30 min at
room temperature. Primary antibodies diluted in the antibody diluents (rabbit anti–TRPM8
antibody, N571644, 1:200; Antibodies-online; mouse anti-GFP 1:200; Takara) were then
added to the cells overnight at 4 ◦C in a humidified chamber. The rest of the protocol was
performed according to the manufacturer’s instructions. Recordings were performed by
confocal imaging (LSM880; ZEISS) using z-stack superposition (Zen black 2010 software;
ZEISS). Appropriate controls were performed by incubating PC3 cells with both primary
antibodies separately. In order to assess where the interaction between the two proteins
occurs, ER staining was assessed 24 h time after transfecting the cells with 0.3 µg of Ds-Red2
plasmid fused to the ER targeting sequence of calreticulin (Ds-Red2 ER probe, Takara Bio
Europe SAS, Saint-Germain-en-Laye, France) in bottom glass dishes.

2.9. Live-Cell Imaging Experiments

To study the endogenous activity of Rap1, we performed a set of live-cell GTPase ac-
tivity assays using the GFP-RBDRalGDS probe. The first set of live-cell imaging experiments
was performed on PC3 and PC3M8 and a second one on PC3 overexpressing M8 wt or M8
E207A Y240A (1 µg plasmid for transfection).

Cells were seeded on bottom glass dishes coated with 1% gelatin (5 × 104 cells/dish)
and 48–72 h after plating were transfected (or co-transfected) with 0.5 µg of pEGFP-RalGDS-
RBD using LipofectamineTM 3000 reagents (Invitrogen, Fisher Scientific UK Ltd., Lough-
borough, UK) in RPMI 1640 0% FBS growth medium. 24 h after transfection, cells were
imaged using an LSM 780 confocal microscope equipped with an argon laser. Live cells
were kept at 37 ◦C and 5% CO2 for all experiments, and confocal images were acquired
every minute using the “perfect focus” option to maintain the same focal plane. After
10 min of acquisition, cells were stimulated with 10 µM icilin.
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Images were acquired using ZEN software and analyzed offline with ImageJ (National
Institutes of Health, Bethesda, MA, USA). As a direct indication of Rap1 activation, we mea-
sured the relative cytoplasmic translocation of GFP-RBDRalGDS, as previously described [61].
Briefly, for each cell, we checked at least four ROIs of identical size around an area of distinct
PM fluorescence and around an adjoining region of cytosol without membrane encroach-
ment [47]. The fluorescence intensity (I) was determined for these ROIs at each time point.
Relative cytoplasmic translocation (R) was calculated as R = (Ics − Im)/Im, where Im and
Ics refer to the fluorescence intensities of the regions of interest in the membrane and in
the cytosolic compartment, respectively. About 15–20 cells from at least three independent
experiments were analyzed for each experimental condition. Statistical analysis of the data
was performed using a Kruskal–Wallis test with a Dunn’s post-hoc test.

2.10. Active Rap1 Pull-Down and Detection Assay

To study Rap1 activation we used the Active Rap1 Pull-Down and Detection kit
from Thermo Fisher Scientific, according to the manufacturer’s instructions as previously
described [47]. The detection of GTP-bound Rap1 GTPase was obtained through specific
protein interactions with the RalGDS protein-binding domain.

PC3 and PC3 overexpressing TRPM8 cells were seeded in 100 mm dishes and trans-
fected (or co-transfected in ratio 1:1) with Rap1 mutant plasmids or TRPM8 double mutant
(see conditions in Results). Pulled-downs were performed 24 h after transfection, treating
or not the cells with 10 µM icilin for 15 min. Pull-down samples and total lysates used
as control were separated on 4–20% pre-cast SDS-PAGE gels (Thermo Fisher Scientific,
Waltham, MA, USA) at 130 mV. Quick transfer on PVDF membranes at 3 A, 2.5 V for 15 min
was followed. Membranes were then blocked for 30 min in TBST 5% BSA and analyzed by
immunoblotting using rabbit anti-Rap1 (Thermo Fisher Scientific #MA5-15,052, Waltham,
MA, USA; 1:1000 in TBST 5% BSA 0.02% sodium azide) antibody for Rap1′s detection.
Membranes were incubated with primary antibodies overnight at 4 ◦C in agitation, washed
three times with TBST 1X, and incubated 1 h with secondary antibody (anti-rabbit HRP
Santa Cruz Biotechnology #2054, Santa Cruz, CA, USA; 1:15,000 in TBST 5% BSA). Chemi-
luminescence assays were conducted using the Western Lightning Plus-ECL (PerkinElmer,
Milan, Italy).

Rap1 activation was quantified as the ratio between the GTP-bound Rap1 fraction
(pulled-down) and the amount of Rap1 in total lysates, next normalized on PC3 or PC3M8
as control. At least three independent experiments for each condition were performed and
statistical significance was assessed by a one sample paired t-test or RM one-way ANOVA
without Geisser–Greenhouse correction and with Dunnett’s post-hoc test.

2.11. Cytosolic and ER Ca2+ Imaging

Cells were seeded on glass coverslips at a density of 0.5 × 104 cells/dish and were
transfected with overexpression plasmids (his tagged-hTRPM8pcDNA4 wt, Y905A, and
E207A Y240A; GFP-tagged hTRPM8pcDNA4 wt, empty pcDNA4) at least 48 h after seeding.

Cytosolic Ca2+ signals were monitored by loading the cells (24 h after transfection)
at 37 ◦C for 30 min with 2 µM Fura-2 AM (Invitrogen), a ratiometric probe used for cy-
tosolic calcium concentration ([Ca2+]i) measurements as previously described [62]. During
experiments, cells were maintained in a standard extracellular solution of the following
composition: 154 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, and
5.5 mM glucose (NaOH to adjust pH to 7.4). Fluorescence measurements were made using
a Polychrome V spectrofluorimeter (TILL Photonics GmbH, BioRegio, Munich, Germany)
attached to an Olympus X51 microscope (Olympus, Tokyo, Japan) and Metafluor Imaging
System (Molecular Devices, Sunnyvale, CA, USA) for image acquisition using 3-s intervals.
Each fluorescent trace (340/380 nm ratio) represents the mean ± SEM of at least 20 traces
obtained from one representative experiment. For each condition, at least three indepen-
dent experiments were performed. The IgorPro software (Wavematrix, Lake Oswego, OR,
USA) was used to further analyze fluorescence traces and to calculate the peak amplitude
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(fluorescence intensity ratio, measured at 510 nm), determined by the difference between
the maximum and minimum values of fluorescence intensity recorded in about 300 s upon
agonist administration. We used the agonist-induced slope change as a criterion to dis-
tinguish a cell response to an agonist from the background noise. In PC3 overexpressing
TRPM8, only responsive cells were considered for the analysis. The Kruskal–Wallis test
with a Dunn’s post-hoc test was used for the statistical evaluation of the data.

ER Ca2+ signals were monitored by transfecting the cells with the GEM-Cepia1er
plasmid (1 µg), a Ca2+ biosensor targeted to the ER. pCIS GEM-Cepia1er was a gift from
Masamitsu Iino (Addgene plasmid #58217; http://n2t.net/addgene:58217 accessed on
25 September 2015; RRID:Addgene_58217) [63]. 24 h after GEM-Cepia1er transfection,
images were acquired at a magnification of 40× (Nikon Plan 40X/0.10 objective) using a
Nikon Eclipse Ti (Nikon Corporation, Tokyo, Japan) inverted microscope equipped on a
system integrated by Crisel Instruments (Rome, Italy), controlled with MetaMorph software
(Molecular Devices, Sunnyvale, CA, USA), a CCD camera (Q imaging), a filter wheel (Suter
Instrument), and a fluorescence lamp with the following excitation and emission settings:
excitation 405 ± 20 nm; emission at 460 ± 50 nm and 525 ± 50 nm. During experiments,
cells were maintained in a standard extracellular solution of the following composition:
154 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, and 5.5 mM glucose
(NaOH to adjust pH to 7.4). Metafluor Imaging System (Molecular Devices, Sunnyvale,
CA USA) was used to acquire images at 5-s intervals. The 460/525 nm ratio referring to
several ROIs drawn within each cell was recorded and then mediated and normalized on
the mean fluorescence signal recorded 100 s before the stimulation (∆F/F0). Consequently,
a significant decrease in the ∆F/F0 ratio revealed an ER Ca2+ store depletion. The well-
known sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) inhibitor thapsigargin (2 µM)
was used as a control for ER store depletion. The IgorPro software (Wavematrix, Lake
Oswego, OR, USA) was used to further analyze fluorescence traces and to calculate the
ER-Ca2+ release’s slope upon stimulation by icilin and thapsigargin.

2.12. Random Migration Assay

Cells were seeded in 24-well culture plates coated with 1% gelatin (3 × 104 cells/well),
using RPMI 1640 10% FBS, and incubated at 37 ◦C and 5% CO2 atmosphere for 24 h. Cells
were then transfected with 1 µg of his tagged-hTRPM8pcDNA4 (plasmid wild-type, Y905A,
and E207A Y240A) and were treated with 10 µM icilin 24 h after transfection.

The experiment was performed using a Nikon Eclipse Ti (Nikon Corporation, Tokyo,
Japan) inverted microscope equipped with an A.S.I. MS-2000 stage, a System integrated
by Crisel Instruments (Rome, Italy) for multi-wavelengths and multi-positions widefield
time-lapse, CCD camera (Photometrics) and OkoLab incubator, in order to keep cells at
37 ◦C and 5% CO2. MetaMorph software (Molecular Devices, Sunnyvale, CA, USA) was
used to acquire images for 6 h every 10 min, using a Nikon Plan 20X/0.10 objective and a
CCD camera.

Image stacks were analyzed with ImageJ software (National Institutes of Health,
Bethesda, MA, USA), and about 400 cells/condition from three independent experiments
were tracked manually using the MtrackJ plugin. Cells that exited the imaged field or
doubled during the time-lapse acquisition interval were excluded from the analysis. Migra-
tion rate (µm/min) is obtained by measuring the distance covered by cells between two
consequent time points after conversion of pixels to micrometers. The Kruskal–Wallis test
with a Dunn’s post-hoc test was used for the statistical evaluation of the data.

2.13. Transwell Migration Assay

Transwell® permeable supports (6.5 mm inserts with an 8 µm pore polycarbonate
membrane) were equilibrated for 20 min at 37 ◦C using DMEM 0% FBS medium. The equi-
librated Transwell® inserts were then placed into 24-well culture plates (Sarstedt, Germany)
containing DMEM 10% FBS. 24 h after transfection with his tagged-hTRPM8pcDNA4
(plasmid wild-type, and E207A Y240A) cells were seeded (2.5 × 104 cells/insert) in the

http://n2t.net/addgene:58217
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Transwell® inserts using DMEM 10% FBS and incubated O/N. Transwell® inserts were
then washed twice in PBS and the cells that did not migrate through the membrane pores
were removed from the upper side of the membrane using a cotton bud. After washing in
PBS, cells were fixed in cold ethanol for 20′ at 4 ◦C and then stained with DAPI in PBS for
15 min at 37 ◦C. Cells that migrated through the membrane pores were then counted using
a Nikon Eclipse Ti (Nikon Corporation, Tokyo, Japan) inverted microscope (4× objective).

2.14. Adhesion Assay

Cell adhesion was evaluated on 96-well culture plates using a coating of 1% gelatin.
24 h after transfection (see conditions in Results), cells were detached using trypsin for
3 min, carefully counted, and seeded (0.3× 104 cells/well) in 100 µL RPMI 10% FBS growth
medium in the presence or absence of 10 µM icilin.

Cells were kept at 37 ◦C and 5% CO2 for 60 min and then washed twice with PBS with
Ca2+ and Mg2+. Cells were fixed in ethanol for 20 min at 4 ◦C and then washed twice with
PBS with Ca2+ and Mg2+. Staining of cell nuclei was performed using 0.2 mM Hoechst for
15 min at room temperature. Then cells were washed again and kept in PBS.

Image acquisition was performed using a Nikon Eclipse Ti (Nikon Corporation, Tokyo,
Japan) microscope with a 4× objective and cell nuclei were counted using a homemade au-
tomatic cell count macro in ImageJ. At least eight wells for each condition were analyzed in
each independent experiment and at least three independent experiments were performed
for each condition tested. Statistical significance was assessed using the Kruskal–Wallis test
with a Dunn’s post-hoc test.

2.15. Cell Viability Assay

Cells were seeded in 6-well plates (Sarstedt, Germany) and transfected with 0.625 µg of
his tagged-hTRPM8pcDNA4 (TRPM8 wild-type, and E207A Y240A) using LipofectamineTM

3000 reagents (Invitrogen, Fisher Scientific UK Ltd., Loughborough, UK), according to
manufacturer’s instructions; 6 h after transfection, the cells were detached, counted accu-
rately, and plated (0.5 × 104 cells/well) in 96-well black-bottom polystyrene plates (Greiner
Bio-One, Austria). 18, 42, and 66 h after incubation at 37 ◦C (i.e., 24, 48, and 72 h after trans-
fection), cell viability was assessed using CellTiter-Glo® Luminescent Cell Viability Assay
(Promega, Madison, WI, USA), following manufacturer’s instructions. Luminescence was
recorded using a microplate reader (FilterMax F5, Multi-Mode Microplate Reader, Molecu-
lar Devices) and then analyzed as being proportional to the number of viable cells. For each
condition, eight replicates were set up and three independent experiments were performed.

2.16. Confocal Analysis

Cells (10 × 104 cells/dish) were seeded in 40 mm diameter bottom glass dishes and
were transfected with GFP-tagged hTRPM8pcDNA4 wt (1 µg) 24 h after seeding. Cells
were incubated at 37 ◦C for 24 h and then washed and incubated with ER-TrackerTM Red
(500 nM, Molecular probes®, Invitrogen, Fisher Scientific UK Ltd., Loughborough, UK)
for 30 min. After incubation, cells were washed twice with Hanks’ Balanced Salt Solution
(HBSS from Euroclone, Milan, Italy) in order to wash off the excess probe and fixed in 4%
paraformaldehyde (PAF) at 37 ◦C for 2 min. Images were acquired through a Leica TCS SP8
confocal system (Leica Microsystems GmbH, Wetzlar, Germany) equipped with an HCX
PL APO 63X/1.4 NA oil-immersion objective. GFP-TRPM8 was excited at 488 nm, and ER-
TrackerTM Red at 561 nm with DPSS lasers. Images were acquired on the three coordinates
of the space (XYZ planes) with a resolution of 0.081 µm × 0.081 µm × 0.299 µm and were
processed and analyzed with ImageJ software (National Institutes of Health, Bethesda, MA,
USA) in order to assess TRPM8 localization in the ER.

Similarly, PC3 cells overexpressing both TRPM8 and Rap1A N17 were analyzed by
PLA (see Section 2.8, above) and co-localization of PLA dots with ER staining was assessed
(Ds-Red ER probe).
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2.17. Immunohistochemistry

Immunostaining was performed on normal and cancerous prostate tissue arrays
(Biomax Inc.). Slides were deparaffinized, rehydrated, and heated in citrate buffer pH
6 for antigenic retrieval. After blocking for endogenous peroxidase with PBS-G Tween
(0.2 M Glycine + tween 20 0.1%), slides were incubated with goat anti-TRPM8 (ABIN572229,
dilution: 1:50) and rabbit anti-Rap1A (ABIN2854404, dilution: 1:50). Following three
washing steps, slides were incubated with the corresponding secondary antibodies: Rho-
damine Red-X -labeled anti-goat (Jackson ImmunoResearch, dilution: 1:50) and Alexa Fluor
488-labeled anti-rabbit (Jackson ImmunoResearch, dilution: 1:500). Nuclei were counter-
stained with DAPI (Invitrogen, Life Technologies, Ghent, Belgium). Confocal imaging was
performed using an LSM 880 confocal microscope (Carl Zeiss AiryScan, Munich, Germany).

2.18. Bioinformatic Analysis
2.18.1. Detection of Mutations

We retrieved TCGA MuTect2 mutational data from the UCSC Xena databases [64]
Using an ad-hoc pipeline [65] we also retrieved up-to-date clinical metadata regarding
all patients included in the TCGA study. By combining the metadata with the mutation
dataset, we were able to run filtering to find any mutations of interest. For normalization
purposes, the protein lengths of Rap1A and TRPM8 were set to be 184 and 1104 amino
acids, respectively [66,67].

2.18.2. Differential Expression Analysis

We retrieved normalized expression data from the UCSC Xena databases, including
samples from TCGA, the TARGET and the GTEx projects. We also retrieved metadata for
the GTEx samples from the same database portal and used the same TCGA metadata as in
the previous analysis. Samples from the TARGET cohort were removed. The samples were
divided into “Breast”, “Prostate” and “Uterus” cohorts:

• GTEx samples labeled as “Breast” and TCGA samples labeled as “TCGA-BRCA”
composed the “Breast” dataset;

• GTEx samples labeled as “Prostate” and TCGA samples labeled as “TCGA-PRAD”
composed the “Prostate” dataset;

• GTEx samples labeled as “Uterus” or “Cervix Uteri” and TCGA samples labeled as
“TCGA-UCEC” composed the “Uterus” dataset.

• The samples were labeled as “healthy”, “metastatic”, or “not metastatic” based on
these criteria (“Metastatic” labeling):

• If the sample was from the TCGA cohort and had an entry in the AJCC “m” category
(both clinical or pathologic) reflecting the metastatic nature of the sample, it was
labeled as “metastatic”;

• If the sample was labeled as having AJCC stage “IV” or equivalent, it was labeled
as “metastatic”;

• If the sample was labeled with a FIGO stage of “III” or “IV”, it was labeled as “metastatic”;
• If the sample was from the GTEx cohort, it was labeled as “healthy”;
• All other samples were labeled as “not metastatic”.

Differential expression analysis was carried out separately on the expression of the two
genes in the three distinct cancer cohorts. Normality and homoscedasticity requirements
were checked for all cohorts. In particular, for each cohort, residuals within each group
were assumed to be normally distributed about the group mean if they met either of the
following conditions:

• Produced a non-significant p-value under the Kolmogorov-Smirnov two-sided test
with the null hypothesis of being drawn from a normal distribution;

• Had sample numerosity greater than 30.

If normality assumptions were not met, the differential expression in the cohort was
computed with the Kruskal–Wallis Rank Sum Test followed by Dunn’s All-Pairs Rank
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Comparison post-hoc test with Bonferroni multiple comparison correction. Otherwise,
an ANOVA (Analysis of Variance) model was fitted and followed by Tukey’s Honest
Significant Differences post-hoc test. Homoscedasticity of the data was checked for all
cohorts analyzed with ANOVA models, and all proved satisfactory.

On the contrary, the Rap1A Breast “Metastatic”, Rap1A Prostate “Metastatic”, TRPM8
Breast “Metastatic” and TRPM8 Prostate “Metastatic” cohorts did not meet the
normality assumptions.

All code used to perform the bioinformatics analysis, as well as further information
on how to reproduce the analysis is available on GitHub gists at this URL [68].

2.19. Statistical Analysis

Data are normalized and expressed as means ± SEM when data are normally dis-
tributed and as median ± interquartile range when they do not show a normal distri-
bution (Shapiro-Wilk normality test). Statistical analyses were performed using Graph-
Pad Prism software (Graph Pad Software Inc., San Diego, CA, USA) and differences
with a p-value < 0.05 were considered statistically significant (*: p ≤ 0.05; **: p ≤ 0.01;
***: p ≤ 0.001; ****: p ≤ 0.0001). Statistical significance between different conditions was
determined by analysis of variance (1 way or 2 way ANOVA-Kruskal–Wallis test) followed
by Tukey’s or Dunn’s multiple comparisons post-hoc test to compare more than two condi-
tions to each other in GST pull-down, Ca2+ imaging, and live-cell imaging experiments.
The Student’s t-test or Mann–Whitney test were used to evaluate significance between
only two different conditions within one experiment (GST pull-down, immunoprecipita-
tion assay, PLA, active Rap1 pull-down, random migration, and adhesion performed on
TRPM8 wt and TRPM8 Y905A/TRPM8 E207A Y240A). One sample t-tests or RM one-way
ANOVA without Geisser-Greenhouse correction and with Dunnett’s post-hoc test were used
to evaluate significance in migration, adhesion, and active Rap1 pull-down assays.

3. Results
3.1. TRPM8 Inhibits PC3 Migration and Adhesion Regardless of Channel Activity

Random migration assays performed on PCa cells from bone metastasis (PC3) con-
firmed that TRPM8 overexpression leads to a significant reduction in terms of cell migration
speed both in the presence and absence of TRPM8 specific agonist icilin (10 µM) (Figure 1a,c).
To elucidate the underlying mechanism of this biological effect and, taking into account the
inhibition observed even in the absence of channel activation, we first assessed whether the
ionic flux generated by TRPM8 activation played a role in cell migration. We performed
random migration assays in PC3 overexpressing TRPM8 wild-type (wt) or a TRPM8 in-
active pore mutant (Y905A), which completely impairs channel activity (Figure S1). As
shown in Figure 1b,c, cell migration was significantly inhibited in PC3 overexpressing
TRPM8 Y905A both in the presence and absence of the channel agonist.

To better characterize TRPM8’s inhibitory role, we performed adhesion assays trans-
fecting PC3 cells with TRPM8 wt and plating them on 1% gelatin-coated wells, in the
presence or absence of icilin (10 µM). In accordance with cell migration data, overexpres-
sion of TRPM8 is correlated with a significant decrease in cell adhesion, even in the absence
of the agonist, indicating a role of this channel in inhibiting prostate cancer cell adhesion
(Figure 1d). In the absence of the agonist, overexpression of TRPM8 pore mutant affected
cell adhesion to the same extent as TRPM8 wt (Figure 1e), confirming that the biological
effect of TRPM8 on PC3 cells migration and adhesion are not imputable to the pore function
of TRPM8 protein (Figure 1b,e). However, interestingly icilin (10 µM) stimulation did
not inhibit cell adhesion in PC3 cells overexpressing the TRPM8 pore mutant (Figure 1e),
suggesting a Ca2+ involvement.
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Figure 1. TRPM8 inhibits cell migration and adhesion independently of its channel activity. (a) Quan-
tification of random migration assays on PC3 overexpressing TRPM8, treated or not with 10 µM icilin.
Data are normalized on PC3 or PC3 treated with icilin (controls represented by dot line) and displayed
as mean ± SEM of three independent experiments. Statistical significance versus PC3 or PC3 treated
with icilin, *: p < 0.05 (One sample t-test). (b) Quantification of random migration assays on PC3
overexpressing TRPM8 pore mutant, treated or not with 10 µM icilin. Data are normalized on PC3
or PC3 treated with icilin (controls represented by dot line) and displayed as mean ± SEM of three
independent experiments. Statistical significance versus PC3 or PC3 treated with icilin,*: p < 0.05
(One sample t-test). (c) Representative migration plots of PC3 (left panel), PC3 overexpressing
TRPM8 (central panel) and PC3 overexpressing TRPM8 Y902A (right panel). Each line represents
the trajectory of one cell within a 6 h period. Data shown refer to one field of one representative
experiment out of three repeats (10 cells for each condition). (d) Quantification of adhesion assays
on PC3 overexpressing TRPM8 treated or not with icilin (10 µM). Data are normalized on PC3 or
PC3 treated with icilin (controls represented by dot line) and displayed as mean ± SEM of four
independent experiments. Statistical significance versus PC3 or PC3 treated with icilin *: p < 0.05;
**: p < 0.01 (One sample t-test). (e) Quantification of adhesion assays on PC3 overexpressing TRPM8
pore mutant treated or not with icilin (10 µM). Data are normalized on PC3 or PC3 treated with icilin
(controls represented by dot line) and displayed as mean ± SEM of four independent experiments.
Statistical significance versus PC3 or PC3 treated with icilin **: p < 0.01 (One sample t-test).

3.2. TRPM8 Inhibits Rap1′s Activity by Intracellularly Sequestering GDP-Bound Rap1

Given the interaction between Rap1A and TRPM8 previously demonstrated [44,47], we
further assessed whether Rap1 activation is involved in TRPM8-mediated inhibition of PC3
cell migration by using two distinct approaches. We first performed pull-down assays for
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GTP-bound Rap1, using GST-RalGDS, which binds active Rap1-GTP (Figures 2ai and S2).
PC3 cells were transfected with TRPM8 (4 µg) and stimulated with 10 µM icilin for 15 min.
Interestingly, TRPM8 overexpression led to a decrease of 36%± 13% of the amount of active
Rap1-GTP protein as compared with control PC3 wt transfected with an empty vector
(Figure 2aii). At the same time, TRPM8 overexpression does not affect the total amount of
Rap1 (Figures 2aii and S3).
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Figure 2. TRPM8 decreases Rap1 activation. (ai) Active Rap1 pull-down assay on PC3 and PC3
overexpressing TRPM8. The original uncropped blot is reported in Figure S2. (aii) Quantification
of the active Rap1 as the ratio between Rap1-GTP over total Rap1 (R) normalized on this ratio
on PC3 (RCTRL). Data are expressed as log2 and shown in the scatter dot plot in which each dot
represents one single experiment and lines represent mean ± SEM. Statistical significance versus
PC3, ***: p < 0.001 (One sample t-test). (bi) Live-cell imaging by confocal microscopy of PC3 and
PC3M8 expressing GFP-RBDRalGDS probe. Representative images showing GFP-RBDRalGDS in PC3
and PC3M8 at t = 0 and after 2, 4 and 10 min of treatment with 10 µM icilin; the bottom parts of
the figures represent enlargement of the inset (white box) for each time point. (bii) Scatter dot plots
showing the quantification of GFP-RBD membrane recruitment calculated as cytosol translocation as
described in the method section. Each dot represents one cell (83 regions of interest [ROIs] referring to
13 cells for PC3 and 100 ROIs referring to 23 cells for PC3M8) and lines show median ± interquartile
range. Statistical significance versus t = 0, **: p < 0.005; ****: p < 0.0001 (Kruskal–Wallis test with
Dunn’s post-hoc test).
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The spatiotemporal activation of Rap1 was evaluated by live-cell GTPase activity
assays, transfecting PC3 and PC3 stably overexpressing TRPM8 (PC3M8) with the GFP-
RBDRalGDS probe. This latter was developed to detect the intracellular spatial and temporal
activation of Rap1, exploiting its high bond affinity in the active form (GTP-bounded) for the
Ras binding domain (RBD) of the Rap1 effector RalGDS [60,61]. Since the active Rap1 pool
localization is restricted to the PM, we considered the membrane recruitment of GFP-RBD
as an indirect indication for Rap1 activation, as previously reported [47]. In particular, the
cytosolic retention fraction of GFP-RBD upon icilin treatment was measured (see Materials
and Methods). In PC3 wt GFP-RBDRalGDS localization at the PM did not change upon icilin
treatment (Figure 2bii on the top), indicating no changes in Rap1 activation. Conversely,
in cells overexpressing TRPM8 the translocation of the active form of Rap1 to the PM was
significantly inhibited upon icilin treatment, with a maximal effect on the cytoplasmic
translocation 5 min after the treatment, and partial recovery after 10 min (Figure 2bii on
the bottom).

The inhibitory role of TRPM8 on Rap1 activation is compatible with TRPM8 localiza-
tion in the ER. Indeed, in the ER it could bind Rap1 in its inactive GDP-bound form, thus
preventing the GTP exchange and the consequent translocation to the PM, as previously
demonstrated for ECs, which, however, express the short isoform of TRPM8 on the ER [47].
On the other hand, when overexpressed in PC3, TRPM8 is located at least in part at the
PM [43], favoring Ca2+ influx into the cell as shown in Figure S1. To test the hypothesis
that, once overexpressed in PC3 cells, TRPM8 is also present and functional on the ER
membranes, we performed confocal analysis on PC3 cells overexpressing the channel,
showing a partial co-localization of TRPM8 with the ER staining (Figure 3a). Moreover,
using a Ca2+ biosensor targeted to the ER (GEM-Cepia1er), we measured the activity of
intracellular TRPM8. Stimulation of PC3 cells overexpressing TRPM8 with icilin (10 µM)
induced a Ca2+ release from the ER stores in 20% of the cells tested, while no response was
detected in CNTRL PC3 overexpressing the empty vector (Figure 3b). Finally, to localize
the TRPM8-Rap1 interaction at the cellular level we performed proximity ligation assays
on PC3 cells overexpressing both TRPM8 and the inactive form of Rap1 (Rap1 N17), which
has been shown to bind TRPM8 in vitro [47]. As shown in Figure 3c, the protein interaction
complexes indicated by fluorescent dots are partially localized on the ER, thus confirming
the hypothesis that within the cell TRPM8 acts as a sponge by trapping intracellularly Rap1
in its inactive form, thus avoiding its translocation and activation on the PM.

3.3. Identification of the Residues Involved in TRPM8-Rap1 Interaction

Aiming to identify putative residues involved in the interaction between Rap1A and
TRPM8, a molecular modeling approach has been used. First of all, as the C-tail was not
solved for the TRPM8 structure, we modeled this tetrameric structure by homology model-
ing. This model was further used to predict the interaction between TRPM8 and Rap1A,
for which a crystal structure existed (PDB ID: 4HDO). This prediction was obtained using a
protein-protein docking algorithm and more specifically the ClusPro2.0 and InterevDock
webservers. The docking was performed on one monomer of the TRPM8 structure, remov-
ing the trans-membrane part of the protein for the calculation. After docking poses were
obtained, we superimposed all these poses onto the tetrameric structure of TRPM8 and
we removed the poses that were not allowed due to unacceptable steric clashes. In the
end, we obtained a model that was used to identify hotspots between Rap1A and TRPM8
(Figure 4a). For this purpose, a residue centrality analysis (RCA) and mapping of central
residues was performed on the best-scored docking poses TRPM8 and Rap1A (Figure S4).
Indeed, the two best docking poses of InterEvDock and three docking poses of ClusPro
were used for residue interaction network generation followed by residue centrality analy-
sis. Only residues at the docking interface were considered. A visual analysis of docking
poses was considered and the maximum Z-score values from the residue centrality analyses
performed on these docking poses were kept and displayed for four residues of interest,
namely Glu207 and Tyr240 for TRPM8 and Lys31 and Tyr32 for Rap1A, respectively. These
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residues are displayed as sticks in the structure (Figure 4aiii) and proposed for site-directed
mutagenesis.
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Figure 3. TRPM8 ER localization. (a) Representative confocal fluorescence images of PC3 cells 24 h
after transfection with GFP-TRPM8. Magenta signal (on the left) refers to GFP-TRPM8 (excitation at
488 nm), cyan signal (in the center) refers to ER-tracker Red (excitation at 561 nm), and light blue in
the merged image (on the right) indicates overlapped regions; below: zoom on a region of interest
indicated by a white box. Scale bar: 5 µm. (b) ER Ca2+-imaging traces in response to TRPM8 agonist
(10 µM icilin) and SERCA inhibitor (2 µM thapsigargin) in PC3 transiently overexpressing GFP-
TRPM8 (magenta) and PC3 used as control (black). [Ca2+]ER was visualized in PC3 cells expressing
GEM-Cepia1er, a Ca2+ biosensor targeted to the ER. Traces represent the mean ∆F/F0 ± SEM from
different ROIs within one representative cell for each condition (n = 7 for PC3, n = 3 out of 15 for
TRPM8). (c) Representative confocal fluorescence images of PC3 cells 24 h after transfection with
TRPM8 wt and Rap1A N17. Magenta signal (on the left) refers to TRPM8-Rap1A N17 interaction
detected as fluorescent PLA dots, cyan signal (in the center) refers to Ds-Red ER probe (excitation at
561 nm), and light blue in merged image (on the right) indicates overlapped regions; below: zoom on
a region of interest indicated by a white box. Scale bar: 10 µm.
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Figure 4. Identification of the residues involved in TRPM8-Rap1 interaction. (ai) Model of the
interaction between TRPM8 (brown surface) and Rap1A (blue surface) obtained after docking sim-
ulation. (aii) 90◦ rotation view of the same model showing the tetrameric form of the TRPM8
receptor and the four interacting Rap1 proteins. (aiii) Focus on residues identified as hotspots after
the residue centrality analysis performed on the best docking poses 3.4. (b) Workflow followed to
investigate the presence of point mutations relative to residues identified by molecular modeling in
real patients (n = 10,182).
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To deepen the clinical relevance of our findings we investigated the presence of point
mutations on the key residues identified by molecular modeling in real patients. For
this purpose, we used mutational data from the TCGA consortium. The full workflow
and results of this analysis are shown in Figure 4b. The pan-cancer dataset included
3,175,929 point missense mutations from a global cohort of 10,182 patients. Of these,
26 mutations occurred on the RAP1A gene, and 203 on the TRPM8 gene. The mutational
burden (MB calculated as mutations per patient per megaresidue) of both genes was
comparable, and, more precisely 13.88 and 18.06 for RAP1A and TRPM8, respectively.
Filtering for mutations on the codons of residues E207/Y240 of the TRPM8 gene, a single
entry (from a single patient) emerged: a transversion on the codon for the Glutamic Acid
(E) 207, causing it to become an Aspartic Acid (D). We found no mutations on the codons
for K31/Y32 residues of the RAP1A gene.

3.4. Characterization of the Residues Involved in TRPM8-Rap1 Interaction
3.4.1. Role of the Residue Y32 in the Interaction of GDP-Bound Rap1 with TRPM8
Cytosolic N-Terminal Tail

As described above, molecular modeling experiments identified two putative critical
amino acid residues on the Rap1 sequence for the Rap1-TRPM8 interaction: lysine (K)
31 and tyrosine (Y) 32 (Figure 4). We next validated these two putative interaction sites,
assessing their effective involvement in Rap1-TRPM8 interaction as well as their functional
consequences on protein activity and cellular responses, such as migration and adhesion.
We started by investigating the role of K31 and Y32 residues in mediating Rap1 N17
interaction with TRPM8 wt. To do that, we produced and purified the TRPM8 N-terminal
tail and C-terminal tail fused to GST and then we performed GST pull-down with in vitro
translated Rap1 mutants (Figures 5a and S5). Results showed that Rap1 N17 mainly
directly interacts with the TRPM8 cytosolic N-terminal tail (Nt), in agreement with previous
data [47], and indicated that both K31A and Y32A mutations significantly decreased Rap1
N17 interaction with TRPM8 Nt, with a total loss of the binding in the case of Y32A
(Figure 5aii).

To further corroborate the contribution of these two residues on the binding of Rap1
N17 with TRPM8 and to validate it also in the cellular context, we generated both mutants
by site-directed mutagenesis and assessed their interaction by co-immunoprecipitation
assay. PC3M8 cells were transfected with GFP-Rap1 N17 K31A or GFP-Rap1 N17 Y32A
mutants and cell lysates were immunoprecipitated for TRPM8 (his-tagged) and then im-
munoblotted with anti-GFP antibody for Rap1 detection and anti-myc antibody for TRPM8
detection (Figure 5bi). We show that TRPM8 and Rap1 N17 interact in intact prostate cancer
cells, validating docking analyses since the point mutation of Y32 in the Rap1 sequence
significantly weakened the intracellular interaction with TRPM8 (Figure 5bii).

To further validate the hypothesis that TRPM8 traps the inactive form of Rap1 and
thus prevents its activation on the PM, we investigated the functional effects of Rap1
N17 mutant, well-defined in literature as Rap1 dominant-negative due to its ability to
significantly reduce GEF activity rate and thereby substantially block Rap1 in its inactive
(GDP-bound) form [69]. According to our hypothesis about TRPM8 acting as a sponge
for inactive Rap1, pull-down assays for active (GTP-bound) Rap1 showed that in cells
overexpressing TRPM8 in the presence of an excess of inactive Rap1 (i.e., overexpressing
Rap1 N17) the amount of active Rap1 is higher, although not significantly, with respect
to cells overexpressing TRPM8 in the absence of an excess of inactive Rap1 (Figure 5c).
Consistently, TRPM8 and Rap1 N17 co-overexpression reverted the TRPM8-mediated
inhibition of PC3 adhesion (Figure 5d). More in detail, in the presence and in the absence
of icilin we observed a significant inhibition of cell adhesion both in cells that overexpress
TRPM8 alone as previously observed (Figures 1d and 5d) and in cells that overexpress
only Rap1 N17. According to the role of Rap1 N17 as dominant-negative, the above
inhibition can be explained by overloading the cell with Rap1 in its inactive form. However,
the overexpression of both TRPM8 and Rap1 N17 did not affect PC3 cells adhesion both
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in the presence and in the absence of icilin (Figure 5d), confirming the tight relationship
between the channel and the inactive (GDP-bound) form of Rap1 in mediating cell adhesion
independently from the channel activity.
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Figure 5. Rap1 mutants’ characterization. (ai) GST pull-down assay on TRPM8 N-terminal tail
(M8-Nt), C-terminal tail (M8-Ct), or GST incubated with in vitro translated Rap1 N17, GFP-Rap1 N17
K31A and GFP-Rap1 N17 Y32A. 10% of the in vitro translated Rap1 N17 and mutants were used
for the input of the GST pull-down. Western blotting was performed with an anti-Rap1 antibody
and one representative experiment of three is shown. (aii) Quantification of Rap1-TRPM8 tails
interaction normalized on the input. Values are normalized on Rap1 N17-M8Nt ratio and data
are expressed as mean ± SEM. Statistical significance versus Rap1 N17 -TRPM8 Nt: **: p < 0.01;
***: p < 0.001; ****: p < 0.0001 (Two-way ANOVA with Tukey’s HSD post-hoc test). (bi) Representative
immunoprecipitation experiment. PC3M8 cells were transfected with GFP-Rap1 N17, GFP-Rap1 N17
K31A and GFP-Rap1 N17 Y32A plasmids. Cell lysates were immunoprecipitated (IP) for TRPM8 and
immunoblotted with anti-GFP antibody for Rap1 detection (panels on the left) and anti-myc antibody
for TRPM8 detection (panels on the right). (bii) Quantification of Co-IP experiments on TRPM8 and
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Rap1 mutants. Data are normalized on TRPM8-Rap N17 interaction and they are expressed as
mean ± SEM (n = 4). Statistical significance versus TRPM8-Rap1 N17, * = p < 0.05 (Student t-test).
(ci) Active Rap1 pull-down assay on PC3 stably overexpressing TRPM8 transfected with Rap1
mutants (8 µg). (cii) Quantification of the active Rap1 as the ratio between Rap1-GTP over total
Rap1 (R) normalized on this ratio on PC3 (RCTRL). Data are expressed as log2 and shown in a
scatter dot plot in which each dot represents one single experiment and lines represent mean ± SEM.
Statistical significance versus PC3 is represented by dotted line (RM one-way ANOVA without
Geisser-Greenhouse correction and with Dunnett’s post-hoc test). (d) Quantification of adhesion
assays on PC3 overexpressing Rap1 N17 (in violet) or TRPM8 (in red) or both Rap1 N17 and TRPM8
(ratio 1:1), treated or not with icilin (10 µM). Data are normalized on PC3 wt (dot line) and displayed
as mean ± SEM of three independent experiments. Statistical significance vs. PC3 wt, **: p < 0.01;
***: p < 0.001 (One sample t-test). (ei) Active Rap1 pull-down assay on PC3 transfected with Rap1
mutants (8 µg). (eii) Quantification of the active Rap1 as the ratio between Rap1-GTP over total Rap1
(R) normalized on this ratio on PC3 (RCTRL). Data are expressed as log2 and shown in a scatter dot
plot in which each dot represents one single experiment and lines represent mean ± SEM. Statistical
significance versus PC3 (represented by dot line), *: p < 0.05 (RM one-way ANOVA without Geisser-
Greenhouse correction and with Dunnett’s post-hoc test). All the original uncropped blots referring to
this figure are reported in Figure S5.

Next, before functionally validating the involvement of K31 and Y32 in the Rap1
sequence in mediating the interaction with the TRPM8 sequence, we evaluated their
possible effects on Rap1 activation (Figure 5e). Interestingly, Rap1 Y32 mutant significantly
increased Rap1 activation in PC3 cells (Rap1 Y32 vs. CNTRL: * p < 0.05), whereas Rap1
wt and Rap1 K31 mutant did not alter it (Rap1 wt vs. CNTRL: p-value = 0.0833; Rap1
K31 vs. CNTRL: p-value = 0.4710). This result could suggest an intrinsic effect of Y32 on
Rap1 activation itself even in the absence of TRPM8, and therefore, we did not go further
in the functional validation of the Rap1 Y32A mutant, as its possible involvement in the
interaction with TRPM8 could be altered or masked from an intrinsic activity of the residue
on Rap1 properties.

3.4.2. Role of Residues E207 and Y240 in the Interaction of TRPM8 Cytosolic N-Terminal
Tail with GDP-Bound Rap1

After the study and the characterization of Rap1 residues involved in the binding
with TRPM8, we focused on TRPM8 residues predicted to be critical for the interaction.
Molecular modeling analyses identified two amino acid residues in the TRPM8 sequence
that may be involved in the binding with Rap1: glutamate (E) 207 and tyrosine (Y) 240
(Figure 4). To evaluate the contribution of these two residues on the binding of TRPM8
with inactive Rap1 N17 mutant we performed GST pull-down assays between GST-TRPM8
Ct, GST-TRPM8 Nt, GST-TRPM8 E207A, and GST-TRPM8 Y240A Nt fragments with
in vitro translated Rap1 N17 (Figure 6ai), Rap1 N17 K31A (Figure 6aii) and Rap1 N17
Y32A (Figure 6aiii). Indeed, both E207A and Y240A mutations significantly reduced the
interaction between TRPM8 Nt wt and Rap1 N17 (Figure 6a, * symbols). Moreover, our data
showed that this reduction is even more pronounced in the presence of Rap1 N17 Y32A
(Figure 6a, $ symbols), whereas no differences were observed between TRPM8 mutants-
Rap1 N17 and TRPM8 mutants-Rap1 K31A interactions. K31 in Rap1 N17 sequence
revealed an effect just in the interaction with TRPM8 Nt wt (Figure 6a, # symbols). Overall,
these data strongly validated molecular modeling predictions, confirming that all the
mutations combined (E207A Y240 on TRPM8 sequence and Y32A on Rap1 N17 sequence)
led to a complete loss of TRPM8-Rap1 interaction (Figure 6aiv). Since the contribution
given by TRPM8 mutants on the interaction with Rap1 N17 was comparable, we decided
to generate a single TRPM8 double mutant, carrying both the mutations (TRPM8 E207A
Y240A) and we validated it through both GST-pull down (Figure 6b) and Co-IP experiments
(Figure 6c). As shown in Figure 6b,c, the TRPM8 double mutant still inhibits the interaction
between TRPM8 Nt cytosolic tail and the inactive Rap1 N17. Moreover, we further validated
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this finding through proximity ligation assay (PLA), showing that in the presence of TRPM8
E207A Y240A the number of dots representing TRPM8-Rap1 complexes is significantly
reduced in comparison with TRPM8 wt (Figure 6d).
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Figure 6. TRPM8 mutants’ characterization. (a) GST pull-down assay on GST, TRPM8 wt C-terminal
tail (M8-Ct), TRPM8 wt N-terminal tail (M8-Nt), TRPM8 E207A N-terminal (M8 E207A-Nt) and
TRPM8 Y240A N-terminal (M8 Y240A-Nt), incubated with in vitro translated Rap1 N17 (ai), Rap1 N17
K31A (aii) and Rap1 N17 Y32A (aiii). 5% of the lysates were used for the input of the GST pull-down.
Western blotting was performed with an anti-Rap1 antibody and one representative experiment out
of three is shown. The original uncropped blots are reported in Figure S5. (aiv) Quantification of Rap1
N17-TRPM8 tails interaction normalized on the input. Values are normalized on Rap1 N17-M8-Nt ratio
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***: p < 0.001; ****: p < 0.0001; statistical significance versus Rap1 N17 K31-TRPM8-Nt, $$: p < 0.01
(Student’s t-test). (bi) GST pull-down assay on GST, M8-Ct, M8-Nt and M8 E207A Y240A-Nt,
incubated with lysates of PC3 cells overexpressing GFP-Rap1 N17. 5% of the lysates were used for
the input of the GST pull-down. Western blotting was performed with anti–GFP antibody and one
representative experiment of three is shown. (bii) Quantification of Rap1 N17-TRPM8 tails interaction
normalized on the input. Values are normalized on Rap1 N17-M8 wt-Nt ratio and data are expressed
as mean ± SEM (n = 3). Statistical significance versus Rap1 N17-TRPM8 wt-Nt, *: p < 0.05 (paired
Student’s t-test). (ci) Representative immunoprecipitation experiment. PC3 cells were transfected
with GFP-Rap1 N17 and TRPM8 wt/E207A Y240A plasmid. Cell lysates were immunoprecipitated
(IP) for TRPM8 (his-tagged) and immunoblotted with anti-GFP antibody for Rap1 detection (panels
on the left) and anti-TRPM8 antibody for TRPM8 detection (panels on the right). (cii) Quantification
of Co-IP experiments on TRPM8 and Rap1 N17. Data are normalized on Rap1 N17-TRPM8 (wt)
interaction and they are expressed as mean ± SEM (n = 4). Statistical significance versus Rap1
N17-TRPM8 (wt), *: p < 0.05 (paired Student t-test). (di) In situ detection of TRPM8/Rap1 interaction
in PC3 cells overexpressing TRPM8 (wt or E207A Y240A) and Rap1 N17. TRPM8/Rap1 complexes
were monitored as red fluorescent dots using PLA and cell nuclei are visualized in blue (DAPI
staining). (dii) Puncta density quantified as mean ± SEM of puncta per cell from three independent
experiments (n= 92 for both M8 and M8 E207A Y240A). Statistical significance versus TRPM8 wt,
****: p ≤ 0.0001 (Mann-Whitney test). The original uncropped blots referring to panels b and c are
reported in Figure S6.

3.5. TRPM8 E207 Y240 Residues Revert Rap1-Mediated Inhibition of Cancer Cell Adhesion
and Migration

Given the validation of the TRPM8 double mutant showing that E207 and Y240
residues are key players in the TRPM8-Rap1A interaction, we functionally validated the
interaction. We first characterized the activity of TRPM8 E207A Y240A as a functional
ion channel. Ca2+ imaging experiments clearly showed that icilin (10 µM) stimulation
promotes an increase in [Ca2+]i in both PC3 overexpressing TRPM8 wt or TRPM8 E207A
Y240A as compared with PC3 transfected with empty plasmid (Figure 7a), demonstrating
that mutations did not alter channel activity (not significance between TRPM8 and TRPM8
E207A Y240A—Figure 7aii).

Next, to validate the functional role of E207A Y240A mutations we performed adhesion
assays on PC3 overexpressing TRPM8 wt or TRPM8 E207A Y240A in the presence of
icilin (10 µM) (Figure 7b). The results showed that TRPM8 double mutant significantly
reverts the inhibition of PC3 cell adhesion induced by TRPM8 wt (Figure 7b). More
specifically, in the presence of icilin cell adhesion is inhibited on average by 59% by TRPM8
wt and by 45% by TRPM8 E207A Y240A. Similar results were also obtained by random
migration assay, showing that under icilin stimulation (10 µM) TRPM8 E207A Y240 does
not affect PC3 cell migration speed revealing a significant difference compared to TRPM8
wt (Figure 7c). Aiming to ascertain that this lower inhibitory effect exhibited by the
double mutant on migration and adhesion underlies a less marked inhibition on Rap1
activation, we performed active Rap1 pull-down and live-cell imaging experiments on PC3
cells overexpressing TRPM8 wt or TRPM8 E207A Y240A. Consistent with our hypothesis,
E207A Y240A mutations, by reducing the interaction of TRPM8 with Rap1, resulted in less
inhibition of the small GTPase activity: the amount of endogenous active (GTP-bound)
Rap1 is significantly higher in the presence of TRPM8 double mutant as compared with
TRPM8 wt (Figure 7d, TRPM8 wt vs. TRPM8 E207A Y240A: *, p < 0.05). Furthermore, after
stimulation with icilin (10 µM), no significant intracellular retention of active Rap1 was
mediated by the double mutant (Figure 7e on the bottom). On the contrary, TRPM8 wt
showed a significant relative cytoplasmic translocation of active Rap1 (corresponding to
an inhibition of its translocation to the PM, as previously described) already 2 min after
treatment, which disappears after 10 min (Figure 7e on the top) in agreement with the
results previously obtained (Figure 2b).
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Figure 7. TRPM8 mutant’s functional validation. (ai) Ca2+-imaging traces in response to TRPM8
agonist (10 µM icilin) in PC3 (control in black), PC3 transiently overexpressing TRPM8 (red) and PC3
transiently overexpressing TRPM8 E207A Y240A mutant (orange). Traces represent the mean ± SEM
of cells in the recorded field of one representative experiment (n = 45 for PC3, n = 32 for M8 and n = 33
for M8 E207A Y240A). (aii) Scatter dot plot showing peak amplitude of icilin-mediated Ca2+ responses
(median with interquartile range of different cells in the field from at least 7 independent experiments).
Only icilin-responsive cells were considered to compare TRPM8 and TRPM8 E207A Y240A channel
activity (n = 228 for PC3, n = 160 for M8 and n = 167 for M8 E207A Y240A). Statistical significance
versus PC3, ****: p < 0.0001 (Kruskal–Wallis test with Dunn’s post-hoc test). (b) Quantification of
adhesion assays on PC3 overexpressing TRPM8 wt (red) or TRPM8 E207A Y240A (orange) and treated
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with icilin (10 µM). Data are normalized on PC3 treated with icilin (control represented by dot
line) and displayed as mean ± SEM of four independent experiments. Statistical significance ver-
sus PC3, *: p < 0.05; **: p < 0.01 (One sample t-test); statistical significance M8 wt vs. M8 E207A
Y240A, *: p < 0.05 (paired Student t-test). (ci) Quantification of random migration assays on PC3
overexpressing TRPM8 wt (red) and PC3 overexpressing TRPM8 E207A Y240A mutant (orange) in the
presence of icilin (10 µM). Data are normalized on PC3 treated with icilin (control represented by dot
line) and displayed as mean ± SEM of three independent experiments. Statistical significance versus
PC3 when not differently specified, *: p < 0.05; **: p < 0.01 (One sample t-test); statistical significance
M8 wt vs. M8 E207A Y240A, *: p < 0.05 (paired Student t-test). (cii) Representative migration plots of
PC3 (left panel), PC3 overexpressing TRPM8 (central panel) and PC3 overexpressing TRPM8 E207A
Y240A (right panel). Each line represents the trajectory of one cell within a 6 h period. Data shown
refer to one field of one representative experiment out of three (PC3 = 20 cells; M8 = 16 cells; M8
E207A Y240A = 17 cells). (di) Active Rap1 pull-down assay on PC3 overexpressing TRPM8 wt and
TRPM8 E207A Y240A (4 µg). The original uncropped blot is reported in Supplimentary Figure S6.
(dii) Quantification of the active Rap1 as the ratio between Rap1-GTP over total Rap1 (R) normalized
on this ratio on PC3 (RCTRL). Data are expressed as log2 and shown in a scatter dot plot in which
each dot represents one single experiment and lines represent mean ± SEM. Statistical significance
*: p < 0.05 (paired Student’s t-test). (ei) Live-cell imaging by confocal microscopy of PC3 overex-
pressing TRPM8 wt or TRPM8 E207A Y240A and expressing GFP-RBDRalGDS probe. Representative
images showing GFP-RBDRalGDS in PC3 + TRPM8 and PC3+ TRPM8 E207AY240A at t = 0 and after 2,
5 and 10 min of treatment with 10 µM icilin; the bottom parts of the figures represent an enlargement
of the inset (white box) for each time point. (eii) Scatter dot plots showing the quantification of
GFP-RBD membrane recruitment calculated as cytosol translocation as described in the method
section. Each dot represents one cell (51 ROIs referring to 10 cells for TRPM8 and 57 ROIs referring to
10 cells and for TRPM8 E207A Y240A) and lines show the median ± interquartile range. Statistical
significance versus t = 0, **: p < 0.005 (Kruskal–Wallis test with Dunn’s post-hoc test).

3.6. TRPM8-Rap1 Interaction in Breast and Cervical Cancer

A final set of experiments was performed to evaluate whether the mechanistic model
illustrated here on the TRPM8-Rap1 interaction could potentially be generalized beyond
prostate cancer. For this purpose, we assessed the TRPM8 double mutant on two other
tumor cell lines (Figure 8) that do not express TRPM8 endogenously (Figure S3a). We
performed adhesion and migration assays on HeLa cells and MCF-7 cells overexpressing
TRPM8 wt or TRPM8 E207A Y240A. The TRPM8 transfection was confirmed by Western
blot (Figure S3ai), and Ca2+ imaging analyses (Figure S3b). As shown in Figure 8a, both
HeLa (i) and MCF-7 (ii) cells overexpressing TRPM8 E207A Y240A displayed a significant
increase in cell adhesion compared to cells transfected with TRPM8 wt (Figure 8ai), M8
E207A Y240A vs wt in HeLa: **, p < 0.01; Figure 8aii M8 E207A Y240A vs wt in MCF-
7: *, p < 0.05). As regards cell migration, we observed that in HeLa cells this pathway
is not affected by either TRPM8 wt or TRPM8 E207A Y240A (Figure 8bi). Conversely,
TRPM8 wt decreases cell migration in MCF-7 cells, while TRPM8 E207A Y240A does
not (Figure 8bii), thus suggesting the involvement of the TRPM8-Rap1 interaction in the
control of the migratory phenotype of breast cancer similarly to prostate cancer (Figure 7c).
Furthermore, we have verified that this effect is not attributable to reduced cell viability.
Indeed, we found that, in correspondence with the greatest overexpression of TRPM8, i.e.,
24 h after transfection (Figure S7b), cell viability is not affected in MCF-7 (Figure S7aii) or
in PC3 (Figure S7ai). However, it is interesting to note that disruption of the interaction
between TRPM8 and Rap1 mildly reduces the viability of MCF-7 and PC3 (by 7% and 16%,
respectively), thus suggesting a possible role of TRPM8-Rap1 interaction in preserving
the viability of these two cell lines. In contrast, in HeLa cells, which did not show any
TRPM8-mediated inhibition of cell migration, both TRPM8 wt and TRPM8 E207A Y240A
showed a slight but significant reduction in cell viability of approximately 14 (Figure S7aiii).
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Figure 8. Validation of TRPM8 E207A Y240A on other epithelial cancer cell lines. (a) Quantification
of adhesion assays on HeLa (i) and MCF-7 (ii) cells transfected with TRPM8 wt and TRPM8 E207A
Y240A. Data are normalized on control cells (HeLa or MCF-7 cell transfected with empty vector
represented by dot lines) and displayed as mean ± SEM of three independent experiments. Statistical
significance versus HeLa/MCF-7 wt, *: p < 0.05; **: p < 0.01; n.s.: not significant (One sample t-test);
statistical significance M8 wt vs. M8 E207A Y240A, *: p < 0.05; **: p < 0.01 (paired Student t-test).
(b) Quantification of transwell migration assays on HeLa (i) and MCF-7 (ii) cells transfected with
TRPM8 wt and TRPM8 E207A Y240A. Data are normalized on control cells (dot lines) and displayed
as mean ± SEM of three independent experiments. Statistical significance versus HeLa/MCF-7 wt,
n.s.: not significant (One sample t-test); statistical significance M8 wt vs. M8 E207A Y240A, n.s.: not
significant (paired Student t-test).

Finally, in order to investigate the clinical relevance of TRPM8-Rap1A relative ex-
pression in the cancer types for which we studied protein-protein interaction, we used
transcriptional data from TCGA and GTEx databases to perform differential expression
analysis on both genes. Specifically, we downloaded RNA-Seq data for prostate, breast,
and uterine epithelia labeling samples as “healthy”, “metastatic” or “not metastatic” based
on the clinical criteria described in the Materials and Methods section. Then, differential
expression analysis was separately performed on RAP1A and TRPM8 transcript levels in
each one of the three cancer cohorts. As shown in Figure 9, TRPM8 expression increases in
the three types of cancer in the “not metastatic” condition compared to healthy samples.
The same can be observed when metastatic samples are compared to healthy controls in
the uterine cohort but not in the breast and prostate ones. On the other hand, Rap1A
expression remains almost unchanged in prostate and breast cancer while it decreases in
uterine cancer (in both “metastatic” and “not metastatic” groups). Though the sample size
of the “metastatic” group in the prostate cohort is actually too small (n = 3) to be really
informative about the actual transcriptional profile associated with this condition, these
results seem to suggest that prostate and breast cancers both share the same expression
profile for RAP1A and TRPM8 genes, in contrast to uterus cohort that showed instead a
markedly different transcriptional pattern. Similarly, the cervical cancer cell line was the
only in vitro model for which overexpression of TRPM8 failed to reduce migration while
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instead more markedly affecting cell viability in our experiments, further confirming the
functional implications of TRPM8-RAP1A relative expression.
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Figure 9. TRPM8 and Rap1A expression during carcinogenesis in different cancers. Differential
expression analysis on Rap1A and TRPM8 transcripts in prostate (a), breast (b), and uterine (c) healthy
and tumor (not metastatic and metastatic) patient samples from GTEx and TCGA databases, respec-
tively. Results of statistical analysis are reported in the table of panel (d). Dif = difference between
means; np = nonparametric hypothesis tests (i.e., Kruskal–Wallis H omnibus test and Dunn’s post-hoc
test). Otherwise, ANOVA and Tukey’s HSD post-hoc test were performed; statistical significance
***: p < 0.001.
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4. Discussion

The anti-metastatic role of TRPM8 in prostate cancer due to its ability to impair PCa
cells’ motility has been suggested in recent years [43,44]. These findings are consistent
with an androgen-dependency of TRPM8 expression which results in strong TRPM8 down-
regulation during PCa progression [40,41,69]. Furthermore, it has previously been shown
that TRPM8 is also expressed in different ECs and that it is dramatically down-regulated
in some tumor-derived ECs, contributing to their more aggressive and pro-angiogenic
migratory phenotype [47]. Our data confirmed the key role played by TRPM8 in inhibiting
metastatic PCa cells’ migration (Figure 1c) and also revealed a role of the channel in the
regulation of PC3 cell adhesion (Figure 1a). Consistent with data obtained in ECs [47],
TRPM8 seems to exert its inhibitory effect on PCa cells’ migration independently from its
channel function (Figure 1b,e). However, a role for Ca2+ influx seems to be important for the
adhesion process as demonstrated by the lack of inhibitory effect on cells overexpressing
TRPM8 pore mutant (Y905A) stimulated with TRPM8 agonist (Figure 1d,e). On the contrary,
the migratory features of PC3 cells transfected with both TRPM8 wt and TRPM8 Y905A
did not show any differences in the presence of icilin, supporting the hypothesis that
TRPM8 effects on cell migration are completely independent of its channel function, as
previously demonstrated for ECs [47]. Importantly, we revealed that TRPM8 expression is
sufficient to exert its functional effects, inhibiting PC3-extracellular matrix adhesion and
PC3 migration, although TRPM8 active stimulation may improve its inhibitory impact
on cell adhesion probably through a Ca2+-dependent additive mechanism. Our results
are consistent with emerging evidence for pore-independent roles of ion channels [70,71]
including TRP channels in many hallmarks of cancer. In particular, the modulation of
various intracellular pathways has previously been traced back to the enzymatic properties
of some TRP channels [72,73] or to their coupling with other partner proteins that do not
necessarily involve their pore activity [13,47,74].

In this regard, among different interactors of TRPM8 [44], our attention was focused
on the small GTPase Rap1A, whose central role in the promotion of cell adhesion through
the activation of the β1-integrin signaling pathway is well-known [75,76]. The interaction
between TRPM8 and Rap1 was further supported by the partial punctate co-localization
outside the nucleus of the two proteins shown in prostate clinical samples in Supplementary
Figure S8. In the last decade, several studies have reported a strong interplay between TRP
channels and small GTPases in the modulation of the metastatic cascade [21]. More specifi-
cally, TRP channels were found to affect small GTPase activity via both Ca2+-dependent
and Ca2+–independent pathways. Conversely, small GTPases may act as TRP channel
effectors as well as regulators, by modulating channel trafficking, gene expression, protein-
protein interactions (PPIs), and channel gating [21]. Taken together, our results on Rap1
activation clearly show that, as observed in endothelial cells [47], TRPM8 overexpression
and its activation by icilin in PC3 cells lead to the intracellular retention of Rap1 in its
inactive (GDP-bound) form, decreasing the active (GTP-bound) Rap1 fraction available
for the translocation to the PM (Figure 2). We then confirmed that also in intact PC3 cells
the TRPM8-mediated inhibition on Rap1 activation is due to physical direct interaction
between the channel and the inactive form of Rap1A (Figures 3c and 5a,b). GST pull-down
on in vitro translated Rap1 proteins had previously shown that the TRPM8 N-terminal tail
mostly interacts with the inactive (GDP-bound) form of Rap1 (Rap1 N17 mutant) compared
to Rap1 wt and its active form (Rap1 V12 mutant) [47]. This interaction was further con-
firmed in the cellular context in PC3 cells (Figures 3c and 5b). These results are in agreement
with our previous data on vascular endothelium, which showed that this coupling affects
ECs migration, in vitro sprouting and vascular network formation [47].

Our hypothesis on the intracellular trapping of Rap1 in its inactive form by TRPM8 is
further corroborated by our data on the subcellular localization of TRPM8-Rap1A interac-
tion. Small GTPases are known to exert their effects on cellular behavior mainly through
a rigorous spatiotemporal regulation to which they and their effectors/modulators are
subjected [77–79]. In particular, Rap1A in its active form is present at the PM, where its
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activation occurs allowing the β1-integrin signaling induction [76,80,81], whereas in its
nucleotide-free form it is present in cytoplasmic vesicles, but not at the PM [60]. Therefore,
the retention of inactive Rap1 would be more consistent with its intracellular localization
in close proximity to both TRPM8 and ER. Our analysis of TRPM8-Rap1A N17 complexes
revealed a partial co-localization with PC3 ER membrane (Figure 3c), in agreement with
previous results obtained in ECs [47]. In PCa a dual localization of TRPM8 long isoform
(130 kD), both on the PM (TRPM8PM) and the ER (TRPM8ER) has been extensively high-
lighted. This dual localization in the prostate not only is determined by the epithelial cell
phenotype and by the androgen status [41,69] but has been also associated with a different
channel function in carcinogenesis events, such as proliferation, apoptosis, and migration.
More specifically, it has been shown that TRPM8ER can be considered an important factor
in controlling the apoptosis of advanced PCa metastatic cells [82,83], being capable of influ-
encing the filling of ER stores [84], strictly related to the apoptosis-resistant cell phenotypes,
characteristic of advanced prostate cancer [82,85,86]. Our results show that the TRPM8ER
fraction plays a role in PCa cells’ motility, similarly to ECs [47]. On the other hand, this
would not exclude a possible Ca2+-mediated involvement of the TRPM8PM fraction pre-
viously suggested [43]. Overall, we propose that the long TRPM8ER isoform, beyond its
Ca2+-dependent impact on cell growth and apoptosis, is also involved in the regulation of
PCa migration and adhesion due to its interaction with the small GTPase Rap1A (Figure 10).
The mechanism depicted has been further validated by the results obtained through active
Rap1 pull-down and adhesion assays performed on PC3 cells overexpressing TRPM8 and
the inactive GDP-bound Rap1 N17 mutant. Indeed, the inhibition induced by TRPM8
on Rap1 activation, as well as that on PC3 adhesion, partially reverted in the presence of
overexpressed Rap1 N17 (Figure 5c,d). This partial functional reversion could be explained
by the saturation of TRPM8 binding sites borne by the excess of inactive Rap1: due to
the binding of TRPM8 with Rap1 N17 mutant, the amount of endogenous Rap1 available
for the functional switch into the active GTP-bound form free to accomplish its function,
promoting cell adhesion, is greater. Consequently, in systems overexpressing both TRPM8
and inactive Rap1, the inhibitory effect on Rap1 activation and cell adhesion is partially
reverted. Notably, the TRPM8-Rap1A interplay shown here is not the only example of
TRPM8 interaction with an inactive GTPase. Indeed, a direct interaction between TRPM8
and the G-protein subunit Gαq even when inactive has been previously described, which
ultimately results in the inhibition of TRPM8 gating [87]. The menthol-mediated activation
of TRPM8 was found to exert a metabotropic activity through the functional and structural
interaction with Gαq [88]. Overall, there is a close bidirectional interaction between the
TRPM8 channel and GTPase proteins supported by direct physical interactions: depending
on the case, TRPM8 can act as both the modulator and effector of this functional coupling.

A major discovery of our study is the identification of the residues involved in the
interaction between TRPM8 and Rap1A. These findings could, indeed, give new insights
for potential future applications of TRPM8 as therapeutic targets in PCa treatment. Among
the two putative residues identified by molecular modeling in the sequence of Rap1A, we
demonstrated that the tyrosine (Y) in position 32 is crucial in mediating the interaction
of Rap1 N17 with the N-terminal of TRPM8. However, it was difficult to evaluate the
functional effect of Y32 mutation in the TRPM8-mediated inhibition of Rap1 activation and
cell adhesion, since this mutant seemed to have an intrinsic function on Rap1 activation,
increasing it also in PC3 cells in the absence of TRPM8 (Figure 5e). These findings are in
agreement with recent data that highlighted a central role of Y32 on GTP hydrolysis and
effector binding of Ras protein, confirming the possibility that the residue Y32 not only
plays a role in mediating Rap1-TRPM8 interaction but may also have an intrinsic functional
role on Rap1 activation [89–91]. Indeed, Y32 falls into the so-called switch I, a loop region
of small GTPase (residues 30–38) which, together with switch II (59–72), plays a pivotal
role in the GTPase cycle. More in detail, it has been shown that substantial rearrange-
ments of Switch I, Switch II, and the α3-helix occur during the GTPase switching from
the inactive GDP-bound to the active GTP-bound state. These are attributable to a wide
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range of hydrogen-bonding networks which mainly lead to the loss of the functional water
molecules, the positional shift of GTP, fluctuation of Y32, and translocation of Q61 [89].
Moreover, molecular dynamics simulations and Markov state models suggested that al-
teration of the Y32 chemical environment may cause notable changes in the conformation
and dynamics of residues surrounding the active site [90]. Therefore, it is evident that
Y32 dynamics and orientation can play a direct role in influencing GTPase’s properties,
such as binding with GTP/GDP, the hydrolysis rate of GTP, and the affinity for regulators
(GEF and GAP) as well as for effectors [90]. Consistently, c-Src was found to phosphorylate
H/N/KRAS on conserved Tyr32, thus stalling their GTPase cycle in the GTP-bound state
and affecting the binding to Raf effector as well as the downstream signaling [91,92]. Taking
into account the highly conserved catalytic domain in the Ras-superfamily and the com-
mon conformational dynamics shared by Rap1 with Ras proteins [89], it seems possible to
assume that tyrosine in position 32 can influence the GTP/GDP cycle of Rap1, influencing
its activity as well as its interaction with modulators including TRPM8. Therefore, it is
likely that the binding to TRPM8 could engage the hydroxyl group of Y32 and thus prevent
the formation of the hydrogen bond with which Y32 contributes to the GTPase transition,
and therefore, the adhesion process.

Figure 10. Scheme summarizing the mechanism through which TRPM8 inhibits cell adhesion and
migration thanks to the direct interaction with the small GTPase Rap1A.

Regarding the putative residues identified by molecular modeling in the TRPM8
sequence, i.e., glutamate (E) 207 and tyrosine (Y) 240, both the residues revealed a central
role in the interaction with Rap1 N17 (Figure 6). Indeed, in the presence of TRPM8
mutants (TRPM8 E207A, TRPM8 Y240A, and TRPM8 E207A Y240A) TRPM8-Rap1 N17
interaction is significantly compromised, being definitively lost when TRPM8 E207A Y240A
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is combined to Rap1 N17 Y32A. Although a significant functional difference between
TRPM8 wt and TRPM8 E207A Y240A on both cell adhesion and cell migration inhibition
is evident, TRPM8 E207A Y240A still inhibits PC3 cells adhesion (Figure 7b,c). This
observation could be explained by alternative and potentially Ca2+-mediated modalities
disregarding the interaction with Rap1 by which TRPM8 exerts its inhibitory action on cell
adhesion. This hypothesis is in agreement with the lack of inhibitory effect on cell adhesion
of TRPM8 pore mutant in the presence of icilin (Figure 1e). Another possible explanation is
that the two mutations on the TRPM8 sequence do not completely disrupt the interaction
with endogenous Rap1A. The absence of a total reversion of the functional effects mediated
by TRPM8 wt, in addition to the above reasons, could also be influenced by the efficiency
of the transient transfection system used. In this regard, it is important to note that the cells
were transfected with a rather low amount of TRPM8 plasmid in all experiments, to avoid
system saturation with excessive channel expression, and consequently, to avoid the risk of
masking the effects of TRPM8 double mutations in impairing TRPM8-Rap1A interaction.
Finally, to further support our mechanistic model, we can affirm that the different functional
behaviors shown by TRPM8 wt and double mutant, are not imputable to a different channel
functionality since we verified that the two mutations in the cytosolic N-terminus did not
affect the icilin-induced Ca2+ flux through the channel, neither qualitatively (Figure 7ai)
nor quantitatively in terms of signal peak amplitude or percentage of responding cells
(Figure 7aii). These data confirm once again the pore-independence of this pathway,
showing that the inhibitory effect exerted by TRPM8 on Rap1 activation, and consequently
on cell adhesion and migration, is, at least in part, due to physical interaction involving, in
particular, the residues E207 and Y240 on the N-terminal cytosolic tail of the channel and
the residue Y32 on the switch I region of the small GTPase.

To our best knowledge, there are no other examples in the literature of TRP-Rap1
interactions. Moreover, studies reporting TRP channels’ physical interaction with other
small GTPases like Rac1 and RhoA [25,33,34] did not investigate the putative residues
involved in such interactions except for TRPV5/6-Rab11a binding that has been localized
in a conserved stretch in the TRPV carboxyl terminus [93]. Therefore, our work is one
of the very few examples of a comprehensive characterization of the TRP-small GTPase
interaction, revealing not only the biological impact of this interaction on cancer physiology
but also which residues are determinant in this pathway and thus how potentially targeting
it in cancer treatment.

Although the pore independence of these inhibitory mechanisms, icilin seems to have
an active role in promoting TRPM8-Rap1 interaction, and consequently in the inhibition
of Rap1 activation and PC3 cells’ migration/adhesion (Figures 1a–d, 2b and 7e). This
rather surprising observation raises questions about the possible effects of agonists on
TRPM8 in addition to pore gating and may be explained in light of the crystal structures
(ligand-free and ligand-bound) of TRPM8 recently resolved by Yin and co-workers [48,94].
The authors reported cryo-electron microscopy structures (apo, icilin- and WS12-bound)
of a full-length avian TRPM8 channel (TRPM8FA), with many features common to mam-
malian TRPM8 channels (83% sequence identity with human TRPM8), including cold- and
menthol-sensitivity and pronounced dependence on phosphatidylinositol 4,5-bisphosphate
(PIP2) [48]. Describing the structural basis for allosteric coupling between PIP2 and cooling
agonists, they demonstrated that both icilin and PIP2 induce a conformational change by
binding to a different region of segment 4b (S4b), that favors the bond of the other [94].
Therefore, the binding of PIP2 and icilin/WS12 triggers global conformational rearrange-
ments in the TRPM8 transmembrane domain (TMD) that are propagated to the cytosolic
domain (CD) via extensive intersubunit interactions observed between the TMD and the
top layer of the CD ring, mainly mediated by the recently discovered “pre-S1 domain”
specific of the TRPM8 structure [48,94]. Consequently, icilin is likely to favor and stabilize
conformational changes in the TRPM8 N-terminal cytosolic tail where the binding to Rap1A
occurs, due to the structural rearrangements associated with PIP2 binding, and thus may
improve TRPM8-Rap1A physical and functional coupling.
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Notably, our data suggested that the role of TRPM8 as a Rap1 inhibitor is not confined
to ECs and PCa cells but may be generalized. Indeed, TRPM8-Rap1 interaction and function
have been previously validated in ECs and also confirmed in an overexpression system
of HEK cells [47]. Moreover, in this study, we demonstrated that the binding of TRPM8
with Rap1, mainly supported by E207 and Y240 residues in its N-terminal tail, affects
cell adhesion not only in metastatic PCa cells but also in other cancer models like breast
and cervical cancer, though to a different extent (Figure 8). The same is also true for the
migratory behavior of breast cancer, but not for cervical cancer. Furthermore, neither the
residues of TRPM8 involved in the interaction nor that of Rap1 are mutated in the cohort of
patients of all types of cancer analyzed by us (Figure 4b). This bodes well for the potential
use of TRPM8, or of the peptide sequence involved in the functional interaction with Rap1
alone, in cancer therapy to prevent and/or block its metastatic degeneration.

Nowadays, TRP channels interactome is an intriguing research field with great poten-
tial in cancer therapy. Indeed, disrupting or enhancing PPIs involving TRP channels could
be a promising alternative therapeutic approach since allows targeting only the cellular
pathways associated with a specific interaction thus minimizing side effects [95]. However,
beyond the high specificity shown by peptides against their targets, this approach presents
quite a few challenges. First, compared to targeting enzymes or receptors, targeting PPIs is
complicated by the broad and less structured interface of these interactions [96]. Second,
peptides have poor cell/tissue specificity and membrane penetration capacity. To overcome
these limitations, in addition to a deeper mechanistic understanding of these interactions
essential for improving the specificity and selectivity of this innovative approach; the combi-
nation of PPI-targeted bioactive peptides with cell-penetrating peptides (CPPs) successfully
revealed good cellular uptake and biocompatibility with low side effects in vivo [97–99].
Interestingly, a mimetic of the Arg-Gly-Asp tripeptide epitope of fibrinogen able to bind
to the αIIbβ3 integrin has been approved by FDA and is currently used in therapy as
Tirofiban [100]. However, to date, no PPI modulators related to TRP channels have been
approved for human treatment. Nevertheless, several in vivo studies have highlighted
the great therapeutic potential of systemically-administered peptides capable of impairing
the association between ion channel and their interactors [101–104]. In this context, a
synthetic peptide based on PLC-γ1 SH2 domains, found to interact with TRPC1 [105],
revealed an anti-tumoral activity in breast cancer [106]. Similarly, a peptide mimicking
the γ-aminobutyric acid type A (GABAA) receptor-associated protein (GABARAP) which
interacts with TRPV1 [107] has been proposed as a good candidate to promote TRPV1-
associated suppression of breast cancer progression [108]. Furthermore, the design of
peptides able to promote TRPV1-TRPA1 interaction could be a promising treatment for
pain therapy [109]). Overall, growing evidence supports the use of peptidomimetics to
improve current FDA-approved approaches to fighting cancer [110,111].

5. Conclusions

In this work, we clarified the molecular mechanism through which TRPM8 affects
PCa progression by impairing cell motility. We demonstrated that in metastatic PCa cells
TRPM8 acts as a sort of GDI-like protein, interacting with the inactive (GDP-bound) form
of Rap1A and intracellularly sequestering it into the cytoplasm. This action hinders Rap1
translocation to the PM, where it normally is activated and exerts its positive action on
cell adhesion, in principle by promoting the β1-integrin signaling pathway. Furthermore,
we went deeper into the details of this interaction by identifying the residues of the two
proteins mainly involved in its mediation: E207 and Y240 on the N-terminal cytosolic tail
of the channel and the residue Y32 on the switch I region of the small GTPase. Validation of
these residues on different cancer cell lines suggests a broad spectrum of action of this Ca2+-
independent TRPM8-Rap1A interplay in terms of control of cell adhesion and migration.
Altogether these findings provide new insights into potential therapeutic approaches
involving TRPM8 as a target for cancer progression treatments.
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