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Abstract

Background and Purpose: Transient receptor potential melastatin type-8 (TRPM8) is

a cold-sensitive cation channel protein belonging to the TRP superfamily of ion chan-

nels. Here, we reveal the molecular mechanism of TRPM8 and its clinical relevance in

colorectal cancer (CRC).

Abbreviations: AOM, azoxymethane; APC, adenomatous polyposis coli; Axin 2, axis inhibition protein 2; CAC, colitis-associated colon cancer; CRC, colorectal cancer; DAPI, 40 ,6-diamidino-

2-phenylindole; DMEM, Dulbecco's modified Eagle's medium; DSS, dextran sulfate sodium; EpCAM, epithelial cell adhesion molecule; FZD, Frizzled; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase; GSA, gene set analysis; GSEA, gene set enrichment analysis; HEK, human embryonic kidney; IHC, immunohistochemistry; KEGG, Kyoto Encyclopedia of Genes and Genomes;

LRP5, low-density lipoprotein receptor-related protein 5; LRP6, low-density lipoprotein receptor-related protein 6; MEICS, murine endoscopic index of colitis severity; MEM, minimum essential

media; OLFM4, olfactomedin protein 4; PFI, progression-free interval; Sox-9, SRY-box transcription factor 9; TBS-T, tris-buffered saline-Tween-20; TCGA, The Cancer Genome Atlas; TRP,

transient receptor potential; TRPM8, transient receptor potential melastatin type-8; Wnt, wingless-related integration site.
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Experimental Approach: TRPM8 expression and its correlation with the survival rate

of CRC patients was analysed. To identify the key pathways and genes related to

TRPM8 high expression, Kyoto Encyclopedia of Genes and Genomes pathway

enrichment analyses were conducted in CRC patients. TRPM8 functional role was

assessed by using Trpm8�/� mice in models of sporadic and colitis-associated colon

cancer. TRPM8 pharmacological targeting by WS12 was evaluated in murine models

of CRC.

Key Results: TRPM8 is overexpressed in colon primary tumours and in CD326+

tumour cell fraction. TRPM8 high expression was related to lower survival rate of

CRC patients, Wnt–Frizzled signalling hyperactivation and adenomatous polyposis

coli down-regulation. In sporadic and colitis-associated models of colon cancer, either

absence or pharmacological desensitization of TRPM8 reduced tumour development

via inhibition of the oncogenic Wnt/β-catenin signalling. TRPM8 pharmacological

blockade reduced tumour growth in CRC xenograft mice by reducing the transcrip-

tion of Wnt signalling regulators and the activation of β-catenin and its target onco-

genes such as C-Myc and Cyclin D1.

Conclusion and Implications: Human data provide valuable insights to propose

TRPM8 as a prognostic marker with a negative predictive value for CRC patient sur-

vival. Animal experiments demonstrate TRPM8 involvement in colon cancer patho-

physiology and its potential as a drug target for CRC.
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1 | INTRODUCTION

Colorectal cancer (CRC) represents one of the leading causes of

cancer-related deaths in men and women with a significant health

burden worldwide (Miller et al., 2022). The overall incidence and

prevalence of CRC are rising due to the ageing of the population

as well as to the increase in established risk factors such as

sedentary lifestyles, smoking, obesity and chronic inflammatory

disorders (e.g. inflammatory bowel diseases and primary sclerosing

cholangitis) (Douaiher et al., 2017; Nunez et al., 2019). It is

estimated that by the year 2035, the total number of deaths due

to colon cancer will increase by 60% (Sawicki et al., 2021).

Sporadic CRC develops mostly via a multistep process involving a

sequence of genetic, morphological and histological alterations

that accumulate over 10 to 15 years (Rawla et al., 2019). CRC

development is mainly symptomless until the metastatic stage of

the disease (McQuade et al., 2017). As the 5-year survival rate for

CRC patients diagnosed in the early stages is significantly higher

than in the advanced stages (about 60% vs. 10%, respectively)

(McQuade et al., 2017), there is an urgent and demanding need

to made the population aware of prevention therapies as well as

to identify new prognostic markers useful in early diagnosis.

Furthermore, the diversity of human tumour cells, in both molecu-

lar heterogeneity and plasticity, represents a new challenge for

current research and personalized precision medicine. Discovering

What is already known

• TRPM8 is a cold-sensitive protein belonging to the TRP

superfamily of ion channels.

• TRPM8 is dysregulated in tumour tissues including pros-

tate and breast cancer.

What does this study add

• TRPM8 up-regulation in CRC patients is correlated with a

poor survival and Wnt/Frizzled signalling hyperactivation.

• TRPM8 genetic or pharmacological blockade inhibits

murine colon carcinogenesis by regulating Wnt/β-catenin

signalling pathway.

What is the clinical significance

• TRPM8 may be a prognostic marker in CRC with negative

predictive value for patient survival.

• TRPM8 may be considered as targeted therapy for CRC

treatment.
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new targets that are unique to CRC can be more therapeutically

beneficial.

The transient receptor potential (TRP) cation channel, subfamily

melastatin (M), member 8 (TRPM8), is a cold-sensitive six-pass

transmembrane Ca2+ protein belonging to the TRP superfamily of

ion channels, which is mainly detected in cold-sensitive peripheral

sensory neurons (Bautista et al., 2007; Moran, 2018). Although

epithelial cells commonly express low amounts of TRPM8, its

expression is much higher in tumour cells (Tsavaler et al., 2001).

TRPM8 is strongly up-regulated in several cancers such as prostate,

breast, pancreas and skin, whereas it is dramatically reduced during

metastasis in the androgen-independent prostate cancer (Henshall

et al., 2003; Tsavaler et al., 2001; Yee, 2016). Concerning the

gastrointestinal tract, studies have shown that TRPM8 is expressed

in CRC-immortalized cells (Borrelli et al., 2014) and, more recently,

this protein has been found to be up-regulated in gastric cancer

patients with metastasis as well as in CRC patients with liver metas-

tasis (Liu et al., 2021; Xu et al., 2021). Nonetheless, the TRPM8

mechanism of action and, importantly, pathophysiological and

clinical significance in colon carcinogenesis are still largely fragmen-

ted and undefined. Thus, our study aimed to mechanistically investi-

gate the possible prognostic and pathophysiological role of TRPM8

in colon cancer.

We report here, for the first time, that high TRPM8 expression in

colon cancer specimens predicts low survival in CRC patients and that

TRPM8 aberrant expression is specifically detected in tumour cells

isolated from bulk tumours of CRC patients. We also provide evidence

that genetic deletion of Trpm8 protects mice from chemically induced

sporadic colon cancer and colitis-associated colon cancer (CAC), sug-

gesting its key function in tumour initiation and growth. Finally, we

show that pharmacological desensitization of TRPM8 reduces tumour

progression in chemically induced colon cancer as well as in CRC-

xenografted mice, with a mechanism involving the Wnt/β-catenin
pathway.

2 | METHODS

2.1 | Patient samples

Frozen tissue biopsies of 34 primary adenocarcinomas and 34 normal

tissues were obtained from CRC patients following the tumour re-

section at the Department of Public Health (University of Naples Fed-

erico II) and were processed for mRNA and protein extraction.

Healthy specimens were collected at a distance of at least 10–15 cm

from the tumour lesion of the same patients. Patients with a well-

established diagnosis of CRC were included (see Table S1 for tumour

node metastasis classification). Exclusion criteria were age less than

35 or more than 85 years. Human studies were approved by the

Ethics Committee of the University of Federico II (Naples, Italy; Proto-

col Number 350/19). All patients gave their written and informed

consent.

2.2 | Isolation of primary tumour cells from CRC
biopsies and flow cytometric analysis

Fresh biopsy tissues were dissociated using the human tumour disso-

ciation kit (RRID:SCR_020276, Cat. 130-095-929, Miltenyi Biotec,

Auburn, CA, USA). Briefly, the GentleMACS dissociator (RRID:SCR_

020267), which combines enzymatic disaggregation with a mechanical

disruption process, was used to obtain a single-cell suspension from

the bulk tumour. Thus, primary tumour cells were isolated from

single-cell suspensions by using a tumour cell isolation kit

(130-108-339, Miltenyi Biotec) in conformity with the manufacturer's

protocols. Single-cell suspensions were analysed by flow cytometry

before and after tumour cell isolation. In brief, primary cells were pel-

leted, washed and resuspended in phosphate-buffered saline (PBS)

containing 0.5% bovine serum albumin (BSA) and 2 mM of ethylene-

diamine tetraacetic acid (EDTA). For surface staining, cells (5 � 105)

were incubated for 10 min at 4�C with the following fluorochrome-

labelled anti-human antibodies: CD326 (EpCAM)-APC (clone REA764)

(RRID:AB_871664), CD45-PerCP-Vio 700 (clone REA747) (RRID:AB_

2889583) and CD31-PE (clone REA1028) (RRID:AB_2660561)

(Miltenyi Biotec). Cells were gated for positivity to CD326 and nega-

tivity to CD31 and CD45. The flow cytometry analysis was carried

out with BriCyte E6 (Mindray, P.R. China), and data were analysed by

FlowJo (Tree Star, Inc.). Cell suspension was also proceeded for the

mRNA extraction by using miRNeasy Mini Kit (74104, Qiagen, Hilden,

Germany), according to the manufacturer's protocol.

2.3 | Data collection and bioinformatics analyses

The Cancer Genome Atlas (TCGA) (https://www.cancer.gov/tcga,

RRID:SCR_003193) repository collected high-throughput and clinical

data of many tumours and normal tissues from many organs. To eval-

uate differences in prognosis between high and low TRPM8 expres-

sions, survival curves were estimated by the Kaplan–Meier estimator

and compared using log-rank tests. To visualize multiple genomic

alteration events in a single overview together with some clinical

parameters, cellular localization and immunohistochemistry (IHC),

from Human Atlas tumour and normal tissues, we produced an

enriched oncoprint heatmap (additional information is reported in the

supporting information).

2.4 | Animals

Mice were housed at the animal house of the Department of Pharmacy,

University of Naples Federico II (Italy), under controlled temperature

(23 ± 2�C), humidity (60%) and with a 12-h light and 12-h dark cycle.

For experimental models of CRC induced by azoxymethane (AOM)

and/or AOM/dextran sulfate sodium (DSS), male wild-type

(WT; C57BL/6J mice, Stock No. 000664, RRID:IMSR_JAX:000664)

and Trpm8�/� mice (B6.129P2-Trpm8tm1Jul/J, Stock No. 008198,
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RRID: IMSR_JAX:008198) were obtained from the Jackson Laborato-

ries, fed ad libitum with standard food (Mucedola srl, Settimo Milanese,

Italy) and housed in standard polycarbonate cages. Trpm8�/� mice

have been previously described (Bautista et al., 2007) and they develop

normally without any spontaneous disease emerging under the

breeding conditions. Female BALB/c nude mice, used in the xenograft

model of CRC, were obtained from Charles River (Sant'Angelo

Lodigiano, Italy), fed with sterile mouse food and maintained in

pathogen-free conditions. Six- to 8-week-old mice were used for all

experiments unless otherwise stated. Mice were randomly allocated to

different experimental groups, and outcome assessments were

performed single blind. All animals were anaesthetized with enflurane

inhalation before being humanely killed by carbon dioxide. Death was

further assessed by confirmation of rigour mortis. All efforts were made

to minimize the number of animals used and their suffering.

Experimental procedures and protocols were in compliance with

National (Direttiva 2010/63/UE) laws and policies and approved by the

Italian Ministry of Health (Protocol Numbers 1101/2015-PR and

481/2020-PR). Animal studies are reported in compliance with the

ARRIVE guidelines (Percie du Sert et al., 2020) and with the recommen-

dations made by the British Journal of Pharmacology (Lilley et al., 2020).

2.5 | Materials

WS12 was purchased from Tocris (Bio-Techne, Milan, Italy). All the

reagents for in vitro cell cultures and ex vivo analysis were provided

by Merck Sigma (Merck Life Science, Milan, Italy), Aurogene (Rome,

Italy), Thermo Fisher Scientific (Monza, Italy), Corning (Milan, Italy)

and Bio-Rad (Milan, Italy). For in vivo studies, WS12 was dissolved in

ethanol/Tween-20/saline (2:1:7), 2 ml�kg�1, and for in vitro studies in

0.1% ethanol. Vehicle had no effect on the responses under the study.

WS12 dose was selected based on previous studies reporting its spec-

ificity for TRPM8 in vivo (Liu et al., 2013).

2.6 | Cell culture

Cells derived from human colon cancer (i.e., HCT116, RRID:CVCL_

0291) were purchased from ATCC (LGC Standards, Milan, Italy) and

used between 18 and 27 passages. Immortalized healthy human

colonic epithelial cells (HCEC), derived from human colon biopsies,

were kindly gifted from Fondazione Callerio Onlus (Trieste, Italy). CRC

and HCEC cells were cultured in Dulbecco's modified Eagle's medium

(DMEM; Euroclone) supplemented with 10% (v/v) fetal bovine serum

(FBS), 1 mmol�L�1
L-glutamine, 1 mmol�L�1 sodium pyruvate,

0.1 mmol�L�1 non-essential amino acids and 100 U�ml�1 antibiotics

(penicillin and streptomycin) at 37�C in 5% CO2. Human embryonic

kidney 293 (HEK-293) cells were grown on 100-mm-diameter Petri

dishes as monolayers in minimum essential media (MEM; Life Tech-

nology, Milan, Italy) supplemented with non-essential amino acids,

10% FBS and 2 mM L-glutamine and were maintained under 5% CO2

at 37�C. Cell viability was evaluated by trypan blue exclusion, and cell

lines were confirmed to be Mycoplasma free (by using Mycoplasma

PCR Detection Kit, Cat. G238, ABM). The medium was changed every

48 h in conformity with the manufacturer's protocols.

2.7 | Induction of tumours

a. Azoxymethane (AOM) model of sporadic CRC

AOM (40 mg�kg�1 in total) (Cat. A5486, Sigma-Aldrich, Italy) was

administered intraperitoneally in WT and Trpm8�/� mice at the single

dose of 10 mg�kg�1, once per week for 4 weeks. WS12 (10 mg�kg�1)

or vehicle was given intraperitoneally every 3 days, starting 1 week

before the first administration of AOM. All animals were anaesthe-

tized by enflurane inhalation before being killed by asphyxiation with

CO2 12 weeks (84 days) after the first injection of AOM (Pagano

et al., 2017). Death was further assessed by confirmation of rigour

mortis. Tumour count was determined at Day 91 microscopically in

longitudinally cut specimens.

b. Azoxymethane (AOM)/dextran sulfate sodium (DSS) model of CAC

WT and Trpm8�/� mice were injected with AOM (12.5 mg�kg�1, i.p).

Colitis was induced by two cycles of 2.5% DSS (molecular weight

36–50 kDa; 02160110-CF, MP Biomedicals, Canada) in drinking water

for 5 days, followed by a 16-day tap water period and a final cycle of

2% DSS followed by a 5-day tap water period (Pagano et al., 2021). The

disease activity index (DAI) score was assessed considering stool

consistency and presence of blood. All animals were anaesthetized as

described above at day 63 and the tumour count was determined micro-

scopically in longitudinally cut specimens. Inflammation grade was evalu-

ated by measuring colon weight/colon length ratio and spleen weight.

c. Xenograft model of CRC

HCT116 cells (2 � 106 cells per mouse) were subcutaneously injected

into the right flanks of each athymic mouse in a total volume of 200 μl

(50% cell suspension in PBS and 50% Matrigel™) (Cat. 356237,

Corning). Tumours were allowed to grow to 200–300 mm3 in volume

(designated Day 1), and mice were randomly assigned to the treatment

groups. Then mice were intraperitoneally injected every day with WS12

(10 mg�kg�1) or vehicle. The tumour volume was measured every

day by digital callipers and calculated using the formula volume =

π/6 � length � width2. Mice were humanely killed as described

before when the human endpoint tumour volume was 1500 mm3. Thus,

tumours were excised, photographed, weighed and processed as due.

2.8 | Exclusion criteria

For in vivo studies, the starting group sizes were identical but changed

finally by losses. In the AOM/DSS model, all groups were initially

designed to contain the equal number of mice, but one mouse of the
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Trpm8�/� vehicle group died from fighting in the cage. In the

AOM/WS12 model, all groups were initially designed to contain the

equal number of mice, but three mice of the Trpm8�/� AOM + WS12

group died from fighting in the cage. Dead animals, whose data were

not recorded, were excluded.

2.9 | Endoscopy for evaluating colon pathology

High-resolution endoscopy in live mice was assessed. Briefly, mice

were anaesthetized by subcutaneous injection of alfaxolone

(5 mg�kg�1) and xylazine (5 mg�kg�1) and examined with a mini-

endoscope (Mainz COLOVIEW® System, Karl Storz). High-quality

endoscopy video and photos were used for monitoring and grading

tumours and inflammation. Scoring of colitis activity was expressed as

a modified murine endoscopic index of colitis severity (MEICS) based

on the observed signs of inflammation. The MEICS consisted of the

following four parameters: (i) thickening of the colon, (ii) changes of

the vascular pattern, (iii) fibrin visible and (iv) stool consistency

(Becker et al., 2005). Tumour development was scored by the total

number as well as the size of tumours. Tumours were counted to

obtain the overall number. Tumour sizes were graded as follows:

Grade 1 (small but detectable), Grade 2 (tumour covering up to one

eighth of the colonic circumference), Grade 3 (tumour covering up to

one fourth of the colonic circumference), Grade 4 (tumour covering

up to half of the colonic circumference) and Grade 5 (tumour covering

more than half of the colonic circumference). Endoscopic grading was

performed for each parameter (scores 0–3), leading to a cumulative

score between 0 and 15 (Becker et al., 2005).

2.10 | Confocal immunofluorescence analysis

Slides of colon tissue (5 μm) were deparaffinized with xylene and

rehydrated with decreasing gradient alcohol. Antigen retrieval was

carried out by pressure-cooking slides for 3 min in 0.01 M citrate

buffer (pH 6.0). To avoid non-specific interactions of antibodies, the

slides were treated for 2 h in 5% BSA in PBS. Immunostaining was

performed by incubation overnight with anti-β-catenin (1:100, Alexa

Fluor® 488, Cat. 562505, BD Pharmingen™) at 4�C. The slides were

mounted on microscope slides using Mowiol + 40,6-diamidino-

2-phenylindole (DAPI) for nuclear staining. The images were acquired

at room temperature and detected under 63� magnification (numeri-

cal aperture of the objective lens: 1,4), by using a laser-scanning con-

focal microscope with AiryScan2 module (Zeiss, LSM 900 associated)

(Vanacore et al., 2018). Three fields for each colon were analysed by

Zeiss Zen blue edition software.

2.11 | Western blot

The Immuno-related procedures used comply with the recommen-

dations made by the British Journal of Pharmacology (Alexander

et al., 2018). Xenograft tumours were homogenized using FastPrep-

24 homogenizer (Cat. 116004500, MP Biomedicals); human biopsies

were homogenized using the program Protein_1 on a gentleMACS

tissue Dissociator (Miltenyi Biotec). Total cellular proteins were

extracted by solubilizing the homogenized human and murine

tumours in lysis buffer containing 50 mM Tris–HCl (pH 7.4),

150 mM NaCl, 1% NP-40, 1 mM EDTA, 0.25% sodium deoxycho-

late, 10 mM NaF, 10 μM Na3VO4, 1 mM phenylmethanesulfonyl

fluoride (PMSF) and protease inhibitor cocktail (10 g�mg�1 aprotinin,

10 g�ml�1 pepstatin and 10 g�ml�1 leupeptin); and 50 mM β-glycero-

phosphate, 100 μM sodium orthovanadate, 2 mM MgCl2, 1 mM eth-

ylene glycol tetraacetic acid (EGTA), 1 mM DTT, 1 mM PMSF,

1 mM leupeptin and 0.5 mM aprotinin, respectively. Protein concen-

tration was determined with the DC Protein Assay Kit (Cat.

5000112, Bio-Rad): 40 μg of the xenograft extract and 50 μg of the

human biopsy extracts were fractionated by 10% sodium dodecyl

sulfate–polyacrylamide gel electrophoresis (SDS–PAGE, Bio-Rad)

and transferred onto polyvinylidene difluoride (PVDF) membranes.

After incubation with 5% BSA (Cat. A9418, Sigma-Aldrich) in tris-

buffered saline-Tween-20 (TBS-T) (10 mM Tris, pH 8.0, 150 mM

NaCl, 0.5% [v/v] Tween-20), membranes were incubated overnight

with the following fresh primary antibodies (all from Cell Signaling

Technology, except where indicated): anti-β-catenin (Cat. 9582,

1:1000), anti-α tubulin (Cat. 2125, 1:1000), anti-TRPM8 (Thermo

Fisher Scientific, Cat. MA5-35474) and anti-β-actin (Santa Cruz Bio-

technology Inc., Cat. SC-47778). Therefore, secondary fresh anti-

bodies anti-rabbit IgG (Cat. 7074, 1:2000) and anti-mouse IgG

(Bioss, Woburn, MA, USA, 0296G-HRP), horseradish peroxidase

(HRP) linked, were added and detected. Western blot detection was

performed with enhanced chemiluminescence using Chemidoc XRS

(RRID:SCR_019690, Bio-Rad) and analysed using Image Lab Version

6.10.7 (12012931, Bio-Rad).

2.12 | RNA extraction and gene expression
profiling

Xenograft tumour and CRC biopsies were homogenized using

FastPrep-24 homogenizer (MP Biomedicals); single-cell suspension

of primary tumours was obtained as described above. RNA was

extracted using RNeasy Mini Kit (Qiagen), according to the manu-

facturer's protocol. The quantification and quality analysis of RNA

was performed on NanoDrop OneC spectrophotometer (Cat.

701-058112, Thermo Fisher Scientific). cDNA was synthesized by

reverse transcription of 1 μg of RNA using the High-Capacity cDNA

Reverse Transcription Kit (Cat. 43-688-14, Applied Biosystems,

Italy), and reverse transcription polymerase chain reaction (RT–PCR)

was completed using Fast SYBR Green Master Mix (Cat. 43-856-12,

Applied Biosystems) as the reporter dye, glyceraldehyde

3-phosphate dehydrogenase (GAPDH) as the reference gene and

gene-specific primers completely listed in Table S2. The relative

abundance of the genes was expressed by using the 2�ΔΔCt

formula.
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2.13 | RNA sequencing

High-quality RNA was extracted from mouse colon, using the

PureLink™ RNA Mini Kit (Cat. 12183020, Thermo Fisher Scientific,

Waltham, MA, USA), according to the manufacturer's instructions.

RNA quality and quantity were assessed with the Qubit® RNA HS

Assay Kit (Cat. Q32852, Invitrogen, Carlsbad, CA, USA) and a

Qubit 3.0 fluorometer (Cat. Q33216, Invitrogen) followed by aga-

rose gel electrophoresis. Libraries were generated using the Ion

AmpliSeq™ Transcriptome Mouse Gene Expression Core Panel and

Chef-Ready Kit (comprehensive evaluation of AmpliSeq transcrip-

tome, a whole transcriptome RNA sequencing methodology) (Cat.

A36554, Thermo Fisher Scientific). Briefly, 10 ng of RNA was

reverse transcribed with SuperScript™ Vilo™ cDNA Synthesis Kit

(11754050, Thermo Fisher Scientific) before library preparation on

the Ion Chef™ instrument (Cat. A30070, Thermo Fisher Scientific).

The resulting cDNA was amplified to prepare barcoded libraries

using the Ion Code™ PCR Plate and the Ion AmpliSeq™ Transcrip-

tome Mouse Gene Expression Core Panel (Thermo Fisher Scien-

tific), Chef-Ready Kit, according to the manufacturer's instructions.

Barcoded libraries were combined to a final concentration of

100 pM and used to prepare Template-Positive Ion Sphere™ (Cat.

4468656, Thermo Fisher Scientific) Particles to load on Ion 540™

Chips, using the Ion 540™ Kit-Chef (Cat. A30011, Thermo Fisher

Scientific). Sequencing was performed on an Ion S5™ Sequencer

with Torrent Suite™ Software Version 6 (Thermo Fisher Scientific).

The analyses were performed with a range of fold < �2 and > +2

and a P value < 0.05, using Transcriptome Analysis Console Soft-

ware (Version 4.0.1), certified for AmpliSeq analysis (Thermo Fisher

Scientific).

2.14 | Stable clone generation and TRPM8
intracellular calcium assay

Selection of stable TRPM8 expression in HEK-293 cell clones was

achieved by incubating the cells in the presence of 1000 μg�ml�1 of

geneticin (G418; Cat. 10131035, Thermo Fisher, Milan, Italy) for

1 month (De Petrocellis et al., 2007). Quantitative real-time PCR

was also periodically carried out to measure rat TRPM8 expression

following published procedures (Iannotti et al., 2014). Briefly, to

determine the effect of WS12, HEK-TRPM8 cells were loaded with

the methyl ester Fluo4-AM (Cat. F14201, Thermo Fisher) 4 μM in

dimethyl sulfoxide (DMSO) containing 0.02% Pluronic F-127 (Cat.

P3000MP) for 1 h in the dark at room temperature in MEM not

containing FBS. After the incubation with Fluo4-AM, cells were

washed twice in Tyrode's buffer (145 mM NaCl, 2.5 mM KCl,

1.5 mM CaCl2, 1.2 mM MgCl2, 10 mM D-glucose and 10 mM

HEPES, pH 7.4), resuspended in Tyrode's buffer and transferred into

quartz cuvettes of the spectrofluorimeter (Perkin-Elmer LS50B; Per-

kinElmer Life and Analytical Sciences, Waltham, MA, USA) under

continuous stirring. All media and reagents were purchased from

Life Technology. Potency was expressed as the concentration of

test substances exerting a half-maximal agonist effect (i.e., half-

maximal increases in [Ca2+]i)(EC50) calculated by using GraphPad

Prism. The efficacy of the agonists was determined by normalizing

effects relative to the maximum Ca2+ influx on [Ca2+]i observed

with 4 μM ionomycin (Cayman, USA). Non-transfected HEK-293

cells were used as a control. Measurement of [Ca2+]i was

performed at 22�C with a Fluorescence Peltier System (PTP-1,

Perkin-Elmer). To test the effect of WS12 on TRPM8 desensitiza-

tion, cells were stimulated with a triple stimulation of WS12

(0.2 μM), with stimulus repeated every 5 min. Change in the

intracellular calcium concentration [Ca2+]i was determined in the

presence of crescent concentrations of WS12 by measuring cell

fluorescence at 25�C (λex = 488 nm, λem = 516 nm). Curve fitting

(sigmoidal concentration–response variable slope) and parameter

estimation were performed with GraphPad Prism® 8 (GraphPad

Software Inc., San Diego, CA, USA).

2.15 | Data and statistical analysis

The data and statistical analysis comply with the recommendations

of the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2018). The study was

designed to generate groups of equal size, using randomization and

blinded analysis. All data are expressed as mean ± SEM, and statisti-

cal analysis was performed using GraphPad Prism 8 software. Out-

liers (if any) were identified by ROUT test. As all data were

normally distributed (normality was tested using the Anderson–

Darling method), statistical analysis was performed using Student's

paired and unpaired t test (for comparing a single treatment mean

with a control mean) and Student's multiple t test, one-way analysis

of variance (ANOVA) followed by Dunnett's multiple comparisons

test or two-way ANOVA followed by Tukey–Kramer's, Sidak's and

Tukey's multiple comparisons test (for analysis of multiple treatment

means). Kaplan–Meier survival analysis was evaluated using the

Mantel–Cox test. All flow cytometry data were analysed using

FlowJo Versions 9–10 (FlowJo LLC). P value < 0.05 was considered

to be significant. G Power was used for sample size calculation. In

experimental models of cancer, six to nine mice were randomly

assigned to each experimental group; where not indicated, ex vivo

analysis was performed on five mice of each experimental group.

Post hoc tests were run only when F achieved P < 0.05 and there

was no variance inhomogeneity. All measurements were undertaken

only for n ≥ 5.

2.16 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander, Christopoulos et al., 2021; Alexander, Fabbro

et al., 2021; Alexander, Mathie et al., 2021).
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3 | RESULTS

3.1 | High expression of TRPM8 predicts low
survival in patients with CRC

In order to understand the impact of TRPM8 in CRC, we investigated

the expression profile of 283 TCGA samples. Although TRPM8 expres-

sion is widely ranged (Tukey's five-number summary: 0, 0.2, 0.86, 1.65

and 8.75), the expression of the 3rd (upper) quartile of the gene (1.65)

is below the expression of the 1st (lower) quartile (3.7) of all the genes,

resulting in a very low expression of Trpm8. To verify if such variation

in TRPM8 expression could affect CRC prognosis, we investigated the

disease-specific survival and progression-free interval (PFI) of patients

by the log-rank test (Figure 1a,b). Interestingly, by dividing samples

according to the tertile of the TRPM8 expression, the results show a

difference in survival of CRC patients. Specifically, the patients belong-

ing to the tertile with a low or a complete absence of TRPM8 show a

significant increase in disease-specific survival and PFI compared with

the patients with higher TRPM8 expression (Figure 1a,b). This result

paired with the overall low expression of the gene, suggesting a mech-

anism present/absent linked to the TRPM8 gene.

3.2 | TRPM8 is significantly up-regulated in human
CRC biopsies

In order to unravel the role of TRPM8 in human CRC, we additionally

measured the expression profile of TRPM8 in human CRC specimens

as well as in the surrounding normal colon tissues. RT–PCR analysis

showed a significant up-regulation of TRPM8 in tumour specimens

compared with normal tissues (n = 34 CRC patients) (Figure 1c). A

sub-analysis carried out according to the tumour node metastasis

staging system (i.e., pT1, pT2, pT3 and pT4; see Table S1) showed

that TRPM8 expression was significantly up-regulated only in stage

pT4, with no significant changes in pT1–pT2–pT3 stages (Figure 1d).

Immunoblot analysis showed that TRPM8 was poorly expressed in

normal colonic tissue, whereas it was significantly overexpressed in

the adjacent adenocarcinoma lesions collected from CRC patients

(Figure 1e).

To clarify whether the TRPM8 overexpression in the bulk

tumour was linked to CRC cells rather than to cells of non-tumour

origin (e.g. endothelial cells, fibroblasts and lymphocyte subpopula-

tion) contained in the tumour mass, we dissociated human CRC

biopsies so as to obtain a single-cell suspension containing about

10% of CD326+ tumour cells (Figure 1f). CD326 (epithelial cell

adhesion molecule [EpCAM]) is a pleiotropic molecule described as

a dominant surface antigen on human colon carcinoma (Patriarca

et al., 2012). As shown in Figure 1g, the single-cell suspension was

then strongly enriched (about 92%) in tumour CD326+ cells by

using the magnetic separation of non-tumour cells (Figure 1f,g).

Comparison of sorted CD326+ tumour cells and healthy HCEC

revealed that TRPM8 was up-regulated in isolated primary CRC cells

(Figure 1h).

Overall, these data highlight TRPM8 overexpression in human

CRC tissues, and its aberrant expression is selectively associated with

the tumoral epithelial compartment.

3.3 | Trpm8 deletion reduces sporadic colon cancer
and CAC development in mice

To find out if Trpm8 deletion influenced experimental tumorigenesis,

we used a genetic approach in models of sporadic (induced by AOM)

and colitis-associated cancer (as reported in the schematic illustrations

in Figures 2a and 3a).

As shown in Figure 2b,c, the endoscopy was carried out on Day

91, then mice were killed, and their colons were analysed for tumour

numbers. Intestinal mucosa from mice under control conditions

(both WT and Trpm8�/� mice) did not show any phenotypical

difference. The endoscopic evaluation and the count of tumour num-

bers showed decreased tumour frequency in AOM-treated Trpm8�/�

mice compared with WT mice (Figure 2b). Neither WT nor Trpm8�/�

mice that underwent control treatment developed tumours

(Figure 2c). Instead, after AOM administration, Trpm8�/� mice pre-

sented a significant lower number of colonic tumours (Figure 2c) com-

pared with WT mice. Additionally, Trpm8�/� mice did not lose body

weight after AOM treatment (Figure S1A). Of relevance, the survival

rate was significantly reduced in WT, but not in Trpm8�/�, mice

Figure 2d).

As β-catenin activation plays a critical role in colon tumorigenesis

(Arnold et al., 2020), we qualitatively observed its expression by

confocal immunofluorescence in the AOM-treated mice. As shown in

Figure 2e, a clearly higher β-catenin localization was detected in WT

tumours compared with Trpm8�/� tumours, indicating that the

Wnt/β-catenin pathway could be clearly linked to TRPM8 function in

colon carcinogenesis.

In the CAC model of colon carcinogenesis, we compared WT

and Trpm8�/� mice subjected to the AOM/DSS protocol

(Figure 3a). After Cycle 1 of DSS, Trpm8�/� mice lost a greater

fraction of body weight compared with WT mice (Figure S1B).

The hyper-susceptibility of Trpm8�/� mice to DSS-induced

intestinal inflammation has been previously documented (de Jong

et al., 2015).

To explore CAC progression, the first endoscopic evaluation was

assessed before the last cycle of DSS (Day 49). Endoscopic evalua-

tion showed a reduced tumour development in Trpm8�/� mice, with

a trend towards a reduction in a tumour multiplicity (Figure S1C,D).

At the end of the treatment (Day 63), in AOM/DSS-treated animals,

Trpm8�/� mice had significantly lower total tumour numbers than

WT mice (Figure 3b,c). Notably, AOM/DSS-treated Trpm8�/� mice

displayed a significant lower frequency of Grade 1 tumours com-

pared with AOM/DSS-treated WT mice (Figure 3d), suggesting a

possible function of Trpm8 in tumour initiation rather than progres-

sion. Taken together, these results suggest that Trpm8 deletion

functionally reduces colon carcinogenesis triggered by inflammation.

However, Trpm8�/� mice did not show significant differences in all
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of the investigated inflammatory parameters (i.e., MEICS, colon

weight/colon length ratio and spleen weight) compared with WT

mice (Figure 3e–g).

Altogether, these data were consistent with a decisive role of

TRPM8 in colon carcinogenesis in both sporadic colon cancer

and CAC.

F IGURE 1 Transient receptor potential melastatin type-8 (TRPM8) channel expression in patients with colorectal cancer (CRC). (a, b) Kaplan–
Meier survival analysis of CRC patients with low TRPM8 expression (green) and high TRPM8 expression (red) was used to analyse the
(a) progression-free survival probability and (b) disease-specific survival probability. P values were determined using the log-rank test, and the
exact values are reported at the left bottom of the figures. (c, d) mRNA expression of TRPM8 was analysed by reverse transcription quantitative
polymerase chain reaction (RT–qPCR) and calculated by using the 2�ΔΔCt formula (n = 34 different biological samples) in normal tissues (collected
at least 10 cm from the tumour lesion) and primary tumours removed from patients with CRC diagnosis. Error bars represent ±SEM. P values
were determined using paired t test. *P < 0.05 versus normal. (e) Representative immunoblots of TRPM8 protein levels in human CRC specimens
(primary tumours) and the surrounding nontumorous tissues (normal). Lower panel shows densitometric analysis of western blot analysis. Results
show mean ± SEM of eight different biological samples. P value were determined using paired t tests. *P < 0.05 versus normal. (f, g)
Representative flow cytometric analysis showing the enrichment of CD326+ human tumour cells before (f) and after (g) cells purification from
primary specimens. CD31 was used to exclude the infiltration of leukocytes and endothelial cells. (h) mRNA expression of TRPM8 was analysed
by RT–qPCR and calculated by using the 2�ΔΔCt formula (n = 6 independent experiments) in immortalized human colonic epithelial cells (HCEC)
and primary tumour cells isolated from the bulk tumour by magnetic separation. Error bars represent ±SEM. P values were determined using
unpaired t tests. *P < 0.05 versus HCEC.
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3.4 | TRPM8 expression affects the Wnt network
in colon cancer

As we found differences in the expression of β-catenin (a key indica-

tor of hyperactive Wnt signalling, Nusse & Clevers, 2017) between

AOM-treated WT and Trpm8�/� mice (Figure 2e), and considering

that such signalling crucially drives colonic regeneration and prolifera-

tion, we looked up Wnt pathway overrepresentation in the TCGA

database of 268 CRC patients. Interestingly, both gene set analysis

(GSA) (by hypergeometric test) and gene set enrichment analysis

F IGURE 2 Loss of Trpm8 reduces azoxymethane (AOM)-induced sporadic colon tumours. (a) Schematic representation of AOM protocol and
timeline. Mice were injected with 10 mg�kg�1 of AOM at the indicated time. (b) Representative colonoscopy images of wild-type (WT) and
Trpm8�/� mice carried out on the day of killing. All mice were subjected to endoscopy (n = 8). (c) Number of tumours per mouse in WT and
Trpm8�/� mouse colon treated with vehicle (black) or AOM (red) (n = 8 mice). Error bars represent ±SEM. P value was determined using two-way
ANOVA followed by Sidak's multiple comparisons test. *P < 0.05 Trpm8�/� AOM versus vehicle, *P < 0.05 Trpm8�/� AOM versus WT AOM and
*P < 0.05 WT AOM versus vehicle. (d) Kaplan–Meier survival analysis of WT and Trpm8�/� mice treated with AOM. P values were determined
using the Mantel–Cox test. n.s. = non-significant and *P < 0.05 versus Day 0. (e) Representative confocal images of β-catenin (green) and
40,6-diamidino-2-phenylindole (DAPI) (blue) immunostaining in WT and Trpm8�/� tumours collected at Day 91. Scale bars = 50 μm. Analyses
were carried out from three mice for each experimental group.
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F IGURE 3 Loss of Trpm8 reduces azoxymethane (AOM)/dextran sodium sulfate (DSS)-induced colitis-associated colon cancer. (a) Schematic
representation of AOM/DSS protocol and timeline. Mice were injected intraperitoneally with 12.5 mg�kg�1 AOM on the first day of the
experiment. DSS was administered in drinking water at the indicated doses at the indicated time. (b) Representative colonoscopy images taken at
the end of the carcinogenic protocol (Day 63). All mice were subjected to endoscopy (n = 6). (c) Number of tumours per mouse counted
microscopically in wild-type and Trpm8�/� mice, treated with vehicle (black) or AOM/DSS (red); n = 6 mice for wild-type vehicle and wild-type
and Trpm8�/� AOM; n = 5 mice for Trpm8�/� vehicle. Error bars represent ±SEM. P values were determined using two-way ANOVA followed by
Sidak's multiple comparisons test. *P < 0.05 Trpm8�/� AOM/DSS versus vehicle, *P < 0.05 Trpm8�/� AOM/DSS versus wild-type AOM/DSS and
*P < 0.05 wild-type AOM/DSS versus vehicle. (d) Tumour grade of wild-type (black) and Trpm8�/� (red) mouse tumours, evaluated by
colonoscopy (tumours counted in n = 6 mice). Error bars represent ±SEM. P value was determined using two-way ANOVA followed by Sidak's
multiple comparisons test. *P < 0.05 Grade 1 Trpm8�/� versus wild-type mice. (e) Analysis of the inflammatory parameters by the murine
endoscopic index of colitis severity (MEICS) in wild-type and Trpm8�/� mice treated with vehicle (black) or AOM/DSS (red); n = 6 mice for wild-
type vehicle and wild-type and Trpm8�/� AOM; n = 5 mice for Trpm8�/� vehicle. Error bars represent ±SEM. P values were determined using
two-way ANOVA followed by Sidak's multiple comparisons test. n.s. = non-significant Trpm8�/� AOM/DSS versus wild-type AOM/DSS and
*P < 0.05 wild-type and Trpm8�/� AOM/DSS versus vehicle. (f, g) Analysis of the macroscopic inflammatory parameters colon weight/colon
length ratio (f) and spleen weight (g) in wild-type and Trpm8�/� mice treated with vehicle (black) or AOM/DSS (red); n = 6 mice for wild-type
vehicle and wild-type and Trpm8�/� AOM; n = 5 mice for Trpm8�/� vehicle. Error bars represent ±SEM. P values were determined using two-
way ANOVA followed by Sidak's multiple comparisons test. n.s. = non-significant and *P < 0.05 (f) wild-type and Trpm8�/� AOM/DSS versus
vehicle.
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(GSEA) showed Kyoto Encyclopedia of Genes and Genomes (KEGG)

Wnt signalling pathway gene set overrepresentation.

In the canonical Wnt pathway, Wnt initiates the signal transduc-

tion through two types of cell-surface receptors: the low-density lipo-

protein receptor-related proteins 5 and 6 (LRP5/LRP6) and the

Frizzled (FZD) family of serpentine proteins (Clevers & Nusse, 2012;

MacDonald & He, 2012). We found that a high expression of TRPM8

correlated with hyperactivation of the Wnt–Frizzled signalling in CRC

patients (Figure 4). The proteins directly activated by frizzled recep-

tors are unknown, but it has been repeatedly reported that mutation

or deletion of the adenomatous polyposis coli (APC) protein occurs

early during colorectal tumorigenesis (Powell et al., 1992). TRPM8

high expression was correlated with a down-regulation of the APC

gene and, unexpectedly, with an up-regulation of NOTUM in CRC

patients of our dataset (Figure 4a–c). NOTUM is a highly conserved

secreted feedback antagonist of Wnt signalling (Kakugawa

et al., 2015), recently identified as the primary mediator driving fixa-

tion of Apc-mutant clones of intestinal stem cells (Flanagan

et al., 2021).

To recapitulate the genetic features, the protein abundance, the

localization and the susceptibility to drugs of the Wnt pathway, we

have depicted the oncoprint heatmap of this pathway (Figure S2).

Although there are no differences between the high and low

TRPM8-expressing samples, such a heatmap allowed us to investi-

gate each gene of the KEGG pathway by identifying the aberrations,

both punctually and per sample or gene, using side histograms

(Figure S2).

Because these results suggest hyperactivation of Wnt signalling

in CRC patients with high levels of TRPM8, we analysed the Wnt/β-

catenin pathway in colons from AOM-treated mice by RNA sequenc-

ing analysis. In physiological states, Trpm8�/� mice showed a signifi-

cant reduction in Wnt2 levels compared with WT mice (Figure 4d).

Interestingly, in physiological states, we also observed that Trpm8�/�

mice have higher levels of Wnt11 (believed to activate the Wnt planar

cell polarity signalling, Krishnamurthy & Kurzrock, 2018) than WT

mice (Figure 4e).

3.5 | TRPM8 pharmacological modulation by
WS12 reduces experimental colon cancer growth

The data described above prompted us to ask whether pharmacologi-

cal modulation of TRPM8 could be an effective strategy to reduce

colon cancer development and growth.

For this purpose, we used WS12, one of the most potent avail-

able TRPM8 ligands (Bodding et al., 2007; Melanaphy et al., 2016). In

our experiments, we confirmed the ability of this compound to acti-

vate and rapidly desensitize TRPM8 channels in HEK-293 cells over-

expressing the rat TRPM8 (Figure S3). The efficacy of using agonists

of TRPM8 to induce its rapid desensitization (hence inactivation) has

been an intriguing pharmacological approach (Diver et al., 2019) that

has already been demonstrated to counteract intestinal inflammation

(Ramachandran et al., 2013).

In the AOM model of sporadic colon cancer (Figure 5a), WS12

treatment (10 mg�kg�1, i.p.), starting 1 week before the carcinogenic

agent, significantly reduced AOM-induced tumours in WT, but not in

Trpm8�/�, mice (Figure 5b). These results strongly suggest that WS12

acts via TRPM8 desensitization.

Next, we evaluated the effect of WS12 in the HCT116 (adenocar-

cinoma cells expressing TRPM8) xenograft model of tumour

(Figure 5c, upper panel). WS12 treatment (10 mg�kg�1, i.p.) caused a

significant reduction in tumour growth compared with vehicle-treated

mice (Figure 5c, lower panel, d). As shown in Figure 5e,f, collected

tumours were significantly smaller in size and weighed less in

WS12-treated mice (Figure 5e,f).

3.6 | WS12 impairs the canonical Wnt/β-catenin
pathway in CRC xenografted tumours

To identify WS12 molecular mechanisms, we examined the Wnt path-

way in xenografted tumours. On the basis of our results in patients

(Figure 4a–c) and in the AOM model (Figures 2 and 4d,e) of colon car-

cinogenesis, we investigated the Wnt/β-catenin pathway in tumours

derived from WS12-treated mice. Both mRNA and protein expres-

sions of β-catenin were significantly reduced in tumours from

WS12-treated mice (Figures 5g,h). Accordingly, WS12 reduced the

expression of Axin 2 (axis inhibition protein 2), Sox-9 (SRY-box tran-

scription factor 9), Cyclin D1, C-Myc, CD44, MMP7 (matrix metallopro-

teinase 7), MMP2 (matrix metalloproteinase 2), OLFM4 (olfactomedin

protein 4) and SMAD4, which are important regulatory downstream

genes of the Wnt/β-catenin signalling pathway (Figure 5i).

Collectively, these results suggest that WS12 could specifically

perturbate the Wnt signalling by reducing the transcription of regula-

tory genes of that pathway, which are involved in CRC initiation, per-

sistence and invasion.

4 | DISCUSSION

TRPM8 is a member within the subset of temperature-sensitive TRP

channels and it is the main receptor involved in cold sensation

(Clapham, 2003). TRPM8 was firstly detected in the prostate, but it is

widely expressed by sensory neurons (Clapham, 2003). In prostate

cancer, TRPM8 androgen-dependent overexpression seems to be

required for cancer cell survival (Lunardi et al., 2021; Zhang & Bar-

ritt, 2004), and TRPM8 has been proposed as a prognostic marker in

such disease (Zhang & Barritt, 2004, 2006). The aberrant expression

of TRPM8 has been also found in many other cancers (Hemida

et al., 2021; Kijpornyongpan et al., 2014; Ouadid-Ahidouch

et al., 2013; Xu et al., 2021; Yee et al., 2012). Either activation

(by increasing cytosolic Ca2+ levels) or antagonism/desensitization

(by decreasing cytosolic Ca2+ levels) of TRPM8 (Zhang &

Barritt, 2006) has been shown to affect in vitro cell growth and/or

survival (Huang et al., 2020; Li et al., 2009; Okamoto et al., 2012;

Yee, 2015). Furthermore, we have shown that the Cannabis
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component, cannabigerol, which nonselectively binds and antagonizes

TRPM8, reduces Caco-2 cell viability (Borrelli et al., 2014). Finally, a

very recent study observed an aberrant TRPM8 expression in CRC

patients with liver metastasis (Liu et al., 2021).

In the current study, we report that TRPM8 expression is signifi-

cantly increased in tumour biopsies of stage pT4 CRC patients. We

show for the first time that TRPM8 overexpression in human colon

tumours is significantly associated with poor disease prognosis of

F IGURE 4 Kyoto Encyclopedia of Genes and Genomes (KEGG) Wnt signalling pathway. (a) Overlay of the differentially expressed genes
(DEGs) between high and low Trpm8 expression groups on the KEGG pathway. The overexpressed and underexpressed genes are represented
in red and green, respectively. (b) Gene set enrichment analysis (GSEA) enrichment plot. In green, the enrichment profile; in black on the X-axis,
the hits. Colour scale on the X-axis goes from high (red) to low (blue) expression of genes in the high Trpm8 group. (c) Cnetplot showing the
linkages between genes and biological concepts. The overexpressed and underexpressed genes are represented in red and green, respectively.
(d, e) Expression of Wnt2 (d) and Wnt11 (e) by RNA sequencing analysis on the colon of wild-type (blue) and Trpm8�/� (orange) mice, treated
with vehicle or azoxymethane (AOM) (n = 6 mice). P values were determined using multiple Student's t test. *P < 0.05 wild-type vehicle versus
Trpm8�/� vehicle.

246 PAGANO ET AL.

 14765381, 2023, 2, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.15960 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [17/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=11094


F IGURE 5 Pharmacological modulation of Trpm8 reduces tumour growth in azoxymethane (AOM) and xenograft models of colon cancer by
impairing the Wnt/β-catenin pathway. (a) Schematic representation of the AOM protocol and timeline. Mice were injected with 10 mg�kg�1 of
AOM at the indicated time. WS12 (10 mg�kg�1) was administered intraperitoneally every other day. (b) Number of tumours per mouse counted
on wild-type (blue) and Trpm8�/� (orange) mouse colon, treated with vehicle (n = 8 mice), AOM (n = 8 mice) or AOM + WS12 (n = 6 wild-type
mice and n = 3 Trpm8�/� mice, three dead mice values were excluded, and this experimental group was not subjected to statistical analysis). P
values were determined using two-way ANOVA followed by Tukey's multiple comparisons test. *P < 0.05 Trpm8�/� AOM versus vehicle,
*P < 0.05 wild-type AOM + WS12 versus AOM and *P < 0.05 wild-type AOM versus vehicle. (c) Upper panel: Schematic representation of the
xenograft protocol. WS12 (10 mg�kg�1) was administered intraperitoneally every day. Lower panel: Pictures of athymic mice bearing xenograft
tumours on the day of killing. Tumors are indicated with black (vehicle) and blue (WS12) circles (d) Analysis of tumour volume of mice receiving
vehicle (black) or WS12 (blue) in an 8-day time course. Tumour size was measured every day and the volume was calculated. Each dot represents
the mean ± SEM of seven mice. P values were determined using the Tukey–Kramer test; *P < 0.05 versus vehicle. (e, f) Analysis of tumour volume
(e) and weight (f) of the explanted tumours from mice treated with vehicle (black) or WS12 (blue), at the end of the experiment (n = 7). P values
were determined using unpaired Student's t tests; *P < 0.05 versus vehicle. (g) β-Catenin mRNA expression was evaluated by reverse
transcription quantitative polymerase chain reaction (RT–qPCR) and calculated by using the 2�ΔΔCt formula in xenografted tumours explanted
from mice treated with vehicle (black) or WS12 (blue) (n = 5 different biological samples). P values were determined using unpaired Student's t
tests; *P < 0.05 versus vehicle. (h) Representative immunoblots of β-catenin protein levels in xenografted tumours explanted from mice receiving
vehicle (black) or WS12 (blue). Lower panel shows densitometric analysis of western blot analysis. Results show mean ± SEM of seven different
biological samples for each experimental group (i.e., vehicle and WS12) (n = 1 outlier has been removed from WS12 group with ROUT test). P
values were determined using unpaired Student's t tests; *P < 0.05 versus vehicle. (i) Wnt signalling pathway-associated genes (Axin 2 [axis
inhibition protein 2], Sox-9 [SRY-box transcription factor 9], Cyclin D1, C-Myc, CD44, MMP7 [matrix metalloproteinase 7], MMP2 [matrix
metalloproteinase 2], OLFM4 [olfactomedin protein 4] and SMAD4) mRNA expression was evaluated by RT–qPCR and calculated by using the
2�ΔΔCt formula in xenografted tumours explanted from mice treated with vehicle (black) or WS12 (blue) (n = 5 different biological samples). P
values were determined using multiple Student's t tests; *P < 0.05 versus vehicle.
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CRC. Specifically, TRPM8 high expression in colon tumours (more

than 33% of samples) predicts a significant lower PFI as well as

disease-specific survival. Also, an activated Wnt pathway seems to

characterize the biology of these ‘high expressing TRPM8/low sur-

vival’ colon tumours. Additionally, we have shown an aberrant and

selective TRPM8 expression in primary tumour cells isolated from

CRC patients.

By using experimental models of sporadic CRC and CAC, we

found that genetic deletion of TRPM8 reduced colon tumorigenesis.

Hence, the loss of Trpm8 was sufficient to significantly reduce tumour

incidence in both sporadic and inflammation-induced intestinal

tumour models, thus clearly featuring the critical role of TRPM8 in

tumour development. Although TRPM8 has been defined as an ‘anti-
inflammatory’ target in gastrointestinal tract (de Jong et al., 2015;

Hosoya et al., 2014; Khalil et al., 2016; Ramachandran et al., 2013), in

our experiments TRPM8 did not affect the inflamed parameters

related to tumour development in the AOM/DSS model. Similarly,

Ramachandran and colleagues (2013) reported that Trpm8�/� mice

with colitis, although presenting elevated colonic levels of the inflam-

matory neuropeptide calcitonin-gene-related peptide compared with

WT mice, did not differ from WT mice when inflammatory parameters

were measured.

Mutations in β-catenin, first described in colon cancer and mela-

noma (Rubinfeld et al., 1997), occur in a wide variety of solid tumours

(Reya & Clevers, 2005). It has been broadly demonstrated that Wnt

signalling controls the levels of the key effector β-catenin for signal

transduction (Clevers & Nusse, 2012). Therefore, we explored the

Wnt signalling pathway in CRC patients with high TRPM8 expression

in our dataset. Accordingly, TRPM8 high expression (more than 33%

of our population) was correlated with hyperactivation of Wnt and

Frizzled and down-regulation of APC. APC negatively regulates Wnt

signalling by directing the phosphorylation and degradation of

β-catenin (Morin et al., 1997). Consequently, we looked at the genetic

profile of WT and Trpm8�/� mice treated or not treated with the car-

cinogenic agent AOM by using RNA sequencing. Remarkably, the loss

of Trpm8 in mice caused up-regulation of Wnt11, which is only impli-

cated in non-canonical Wnt pathways. Such signalling is independent

of β-catenin and involves protein kinase C and Jun amino-terminal

kinase (Djiane et al., 2000; Miller et al., 1999; Pandur et al., 2002).

Collectively, these findings suggest that TRPM8 could induce colon

tumorigenesis possibly by perturbating the Wnt canonical pathway. In

agreement with this hypothesis, Wnt2, whose overexpression pro-

motes CRC growth, invasion and angiogenesis (Unterleuthner

et al., 2020; Zhang et al., 2020), was significantly down-regulated in

healthy Trpm8�/� mice compared with WT mice in our experiments.

Taken all together, these results leads us to hypothesize that Trpm8

deletion might reduce Wnt/β-catenin signalling. Overall, we hypothe-

size that tumour cells take advantage of up-regulating TRPM8 by

causing an aberrant activation of the β-catenin signalling pathway

that, in turns, fuels and further sustains tumour development. How-

ever, more in-depth studies are necessary to depict the functional rel-

evance of such aberrant activation in terms of effects on one or more

hallmarks of cancer (e.g., proliferation and tumour spread).

It is well established that prostaglandin E2 (PGE2) promotes

colon cancer cell growth and development through the activation of

the β-catenin signalling pathway (Aizawa et al., 2019; Castellone

et al., 2005; Park et al., 2013). In addition, TRPM8 activation is asso-

ciated with PGE2 release in pathophysiological states (Aizawa

et al., 2019; Park et al., 2013). As we have shown here that TRPM8

modulation has a protective role in colon cancer, possibly due to the

inactivation of the β-catenin pathway, we cannot exclude the

possibility that the final effector of TRPM8-mediated effects could

be PGE2. This aspect is relevant and deserved further ad hoc

investigations.

In the light of our data about the role of TRPM8 in colon cancer

pathophysiology and its prognostic value in cancer diagnosis (dis-

cussed above), we ultimately explored the possibility to consider

TRPM8 as a target for drug discovery. For this purpose, we modu-

lated TRPM8 by using WS12, previously reported as a selective and

potent TRPM8 ligand (Bodding et al., 2007; Melanaphy et al., 2016).

First, we found that WS12 was able to activate (and desensitize after

subsequent stimulations) TRPM8 overexpressed in HEK-293 cells.

Next, WS12 reduced AOM-induced tumours in WT, but not in

Trpm8�/�, mice, thus suggesting that its antitumour effect was

TRPM8 mediated. Finally, pharmacological treatment with WS12

reduced tumour growth in CRC-xenografted mice. Interestingly, in

xenografted mice, the antitumor action of WS12 was associated with

the reduction of the canonical Wnt pathway, in line with our results

obtained with Trpm8�/� mice in the AOM model of colon carcino-

genesis. Specifically, WS12 reduced TRPM8-mediated activation of

β-catenin and subsequently the induction of its main target genes,

such as C-Myc, Cyclin D1 and CD44. Overall, from a translational

point of view, our data demonstrated that pharmacological modula-

tion of TRPM8 might be effective for both preventive and therapeu-

tic strategies. Future experiments with APCMin mice, which are

genetically predisposed to intestinal adenoma formation, will firmly

establish if TRPM8 modulation is potentially useful in the prevention

in familiar CRC/polyposis.

In conclusion, we have provided new evidence pointing to a piv-

otal role of TRPM8 in experimental colon carcinogenesis. This is based

on the observation that TRPM8 overexpression correlated well with

poor prognosis in CRC patients and that TRPM8 deletion or pharma-

cological targeting protected mice from tumour development. Mecha-

nistically, the carcinogenetic effect of TRPM8 seems to be associated

with activation of the Wnt2/β-catenin pathway. From a translational

point of view, our human data suggest the possibility of using TRPM8

as a new prognostic marker for CRC and our animal data indicate the

existence of a new agent in CRC pathophysiology representing an

innovative molecular target for CRC treatment/prevention.
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