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Abstract 
 

Prostate cancer (PCa) is the second most lethal tumor among men and its mortality is mainly due to 

metastasis. Thus, it is critical to understand the mechanisms by which tumors grow and how metastases can 

diffuse throughout the body. Cell migration of both epithelial and endothelial cells (EC) is required for cancer 

cell invasion of neighboring tissues as well as for the formation of tumor vasculature. Several Transient 

Receptor Potential (TRP) channels are deregulated in cancer cells and have been suggested as valuable 

markers in predicting cancer progression as well as potential targets for pharmaceutical therapy. In the 

present Ph.D. thesis, I established the role of TRP channels regulating Ca2+ signature in PCa cells and 

vasculature focusing, in particular, on the channels that affect migration, a common key step in tumor 

vascularization and invasion. 

The role of TRP channels in prostatic angiogenesis was studied in prostate tumor-derived EC (PTEC): we 

fully profiled the expression of all TRPs in normal ECs and TECs derived from PCa, breast, and renal tumors. 

We identified three ‘prostate-associated’ genes whose expression appears selectively upregulated in PTECs: 

TRPV2, TRPC3, and TRPA1. Among them, TRPA1 seems to play a critical role in regulating PCa angiogenesis, 

promoting PTEC migration, vascular network formation, and angiogenic sprouting both in vitro and in vivo. 

As regards, instead, epithelial PCa cells’ motility, emerging evidence indicates that TRPM8 may exert a 

protective role in metastatic PCa by impairing the motility of these cancer cells. Investigating the molecular 

mechanism underlying this biological effect, we found that, as previously described for ECs, TRPM8 inhibits 

PCa cell migration and adhesion independently from its channel function by intracellularly trapping the small 

GTPase Rap1A in its inactive form and thus avoiding its translocation and activation on the plasma 

membrane. Moreover, we identified and validated the residues involved in the interaction between TRPM8 

and Rap1A: residues E207 and Y240 in the sequence of TRPM8 and Y32 in that of Rap1A.  

Our data shed new light on the roles played by TRPA1 and TRPM8 in prostate cancer angiogenesis and 

invasion by affecting cell migration of endothelial and epithelial cells, respectively.  

In the fight against metastasis, the development of efficient nanodelivery systems can be as crucial as the 

identification of new molecular targets in cancer therapy to fill the gap between “drug discovery” and “drug 

delivery” which is one of the most challenges in clinical perspectives. In this context, a second part of this 

Ph.D. project focused on the study of lipid nanoparticles as suitable drug delivery systems. In particular, the 

use of solid lipid nanoparticles (SLN) and quatsomes (QS) for the incorporation of polymethine dyes (PMD) 

suitable for both diagnostic and therapeutic purposes was investigated. We demonstrated that lipid 

nanocarriers not only increase the solubility of PMD in physiological conditions but even enhance their 
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spectroscopic performances, making PMD-loaded nanocarriers potential and appealing candidates for in vivo 

imaging and/or PDT applications. 

Overall, the present Ph.D. thesis deepens our knowledge of the role of TRP channels in PCa progression, 

providing new insight into their possible use as new therapeutic targets in PCa treatment and, at the same 

time, proposes new therapeutic tools to improve drug delivery in cancer therapy. 
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Résumé 

Le cancer de la prostate (CaP) est la deuxième cause de mortalité par cancer chez l'homme et sa lethalité 

est principalement due aux métastases. Il est donc essentiel de comprendre les mécanismes par lesquels les 

tumeurs se développent et comment les métastases peuvent se diffuser dans le corps. L'agressivité des 

tumeurs prostatiques est étroitement liée à la migration des cellules épithéliales et endothéliales (EC) 

provoquant l'invasion des tissus voisins ainsi que la vascularisation tumorale. Plusieurs canaux de la famille 

TRP (Transient Receptor Potential) sont dérégulés dans les cellules cancéreuses et ont été suggérés comme 

marqueurs  pronostiques et diagnostiques ainsi que comme des cibles potentielles pour la thérapie du 

cancer. Dans cette thèse doctorale , j’ai établi le rôle de certains canaux TRP régulant la signature calcique 

des cellules endothéliales et cancéreuses de la prostate , en se concentrant en particulier sur les canaux qui 

affectent la migration, une étape clé commune dans la vascularisation et l'invasion tumorales. 

Le rôle des canaux TRP dans l'angiogenèse prostatique a été étudié dans les EC dérivées de tumeurs de la 

prostate (PTEC): nous avons etabli le profil complet d'expression de tous les TRP dans les EC normales et les 

TEC dérivées des tumeurs prostatiques, mammaires et rénales. Nous avons identifié trois gènes « associés à 

la prostate » dont l'expression est corrélée positivement dans les PTEC : TRPV2, TRPC3 et TRPA1. Parmi eux, 

TRPA1 joue un rôle essentiel dans la régulation de l'angiogenèse du CaP, favorisant la migration des PTEC, la 

formation du réseau vasculaire et l'angiogenèse par bourgeonnement in vitro et in vivo. 

En ce qui concerne la motilité des cellules cancéreuses d’origine épithéliale, je me suis concentrée sur 

TRPM8, canal pour lequel un rôle protecteur dans le CaP métastatique a été proposé via l’altération de la 

motilité cellulaire. Nous avons tout d’abord validé le rôle anti-métastatique de TRPM8 in vivo, montrant que 

la surexpression et l'activation de TRPM8 réduisent significativement la croissance tumorale et la 

dissémination des métastases dans un modèle murin de xénogreffe orthotopique de la prostate. De plus, en 

étudiant le mécanisme moléculaire sous-jacent à la fonction inhibitrice de TRPM8 sur la migration des cellules 

du CaP, nous avons constaté que, comme décrit précédemment pour les EC, TRPM8 inhibe la migration et 

l'adhésion des cellules du CaP indépendamment de sa fonction canalaire en piégeant au niveau intracellulaire 

la petite GTPase Rap1A sous sa forme inactive et en évitant ainsi sa translocation et activation sur la 

membrane plasmique. De plus, nous avons identifié et validé les résidus impliqués dans l'interaction entre 

TRPM8 et Rap1A : résidus E207 et Y240 dans la séquence de TRPM8 et Y32 dans celle de Rap1A. Nos données 

révèlent donc le mécanisme moléculaire  de TRPA1 et TRPM8 expliquant leur rôle dans l'angiogenèse et 

l'invasion du CaP en affectant la migration des cellules endothéliales et épithéliales, respectivement.  

Dans la lutte contre les métastases, le développement de systèmes de nano-administration efficaces est 

aussi crucial que l'identification de nouvelles cibles moléculaires afin de combler le fossé clinique entre la 
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«découverte de cibles pharmaceutiques » et la « livraison de médicaments ». Dans ce contexte, une 

deuxième partie de ce projet de doctorat était axé sur l'étude des nanoparticules lipidiques en tant que 

systèmes d'administration de médicaments appropriés. En particulier, l'utilisation de nanoparticules 

lipidiques solides (SLN) et de quatsomes (QS) pour l'incorporation de colorants polyméthine (PMD) adaptés 

à des fins diagnostiques et thérapeutiques a été étudiée. Nous avons démontré que les nanoparticules 

lipidiques non seulement augmentent la solubilité de la PMD dans des conditions physiologiques, mais 

améliorent même leurs performances spectroscopiques, faisant des nanoparticules chargés de PMD des 

candidats potentiels et attrayants pour l'imagerie in vivo et/ou les applications PDT. 

Dans l'ensemble, cette thèse de doctorat approfondit nos connaissances sur le rôle des canaux TRP dans 

la progression de la CaP, fournissant de nouvelles cibles potentiellles dans la thérapeutique contre le CaP et, 

en même temps, propose de nouveaux outils thérapeutiques pour améliorer l'administration de 

médicaments dans le traitement du cancer. 
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Glossary 
 

AA Arachidonic-acid 
AC Adenylate cyclase 
AD Atopic dermatitis 
ADPKD Autosomal dominant polycistic kidney disease 
ADT Androgen deprivation therapy 
AITC Allyl isothiocyanate 
AJCC American Joint Committee on Cancer 
AM Adrenomedullin 
Ang II Angiotensin II 
AnkR Ankyrin repeat 
AR Androgen receptors 
α1D-AR  α1D adrenergic receptor 
ASIC Acid-sensing ion channels 
  
bFGF basic fibroblast growth factor 
BK Bradykinin 
BPA Bisphenol A 
BPH Benign prostate hyperplasia 
BT Brachytherapy 
BTEC Breast tumor-derived endothelial cells 
  
Ca2+ calcium 

Ca2+
 i intracellular free calcium 

CAF Cancer-associated fibroblasts 
CaM Calmodulin 
CaMKII Calmodulin-dependent protein kinase II  
cAMP cyclic AMP  
CDK Cyclin-dependent kinase 
CGRP Calcitonin gene-related peptide 
CK8/CK18 Cytokeratin 8/18 
COPD Chronic obstructive pulmonary disease 
COX-2 Cyclooxygenase 2 
cPLA2 Cytosolic phospholipase A2 
CPP Cell penetrating peptides 
CRPC Castration-resistant prostate cancer 
CT Computed tomography 
CTD C-terminal domain 
CTL cytotoxic T lymphocytes 
  
DAG Diacyl glycerol 
DC Dendritic cells 
DED Dry eye disease 
DLI Drug-to-light interval 
DNBS Dinitrobenzene sulphonic acid 
DRG Dorsal root ganglion 
  
EC Endothelial cells 
ECM Extracellular matrix 
EGF Endothelial growth factor 
EM Electron Microscopy 
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EMA European Medicines Agency 
EMT Epithelial to mesenchymal transition 
EPC Endothelial progenitor cells 
EPR Enhanced permeability and retention 
ePLND Extended pelvic lymph node dissection 
ER Endoplasmic Reticulum 
ERα Estrogen receptor α 
  
FA Focal adhesions 
FAK Focal adhesion kinases 
FDA Food and Drug Administration 
FEPS Familial episodic pain syndrome 
FLS Fibroblast-like synoviocytes 
FN Fibronectin 
FSGS Focal segmental glomerular sclerosis 
  
GABAA γ-aminobutyric acid type A 
GABAARAP γ-aminobutyric acid type A receptor-associated protein 
Gαq α subunit of G protein-coupled receptors 
GF Growth factors 
GnRH Gonadotropin-releasing hormone 
GPCR G-protein coupled receptors 
GTPases Guanosine triphosphatases 
GAP GTPases activating protein 
GDI Guanine-nucleotide dissociation inhibitors 
GEF Guanine exchange factors 
  
HGF Hepatocyte growth factor 
HMEC Human dermal microvascular endothelial cells 
hK2 Human glandular kallikrein 2 
HS Hydrosulfide 
HUVEC Human umbilical vein EC 
H2O2 Hydrogen peroxide 
  
IBD Inflammatory bowel disease 
IEC Intestinal epithelial cells 
IGF Insulin-like growth factor 1 
IGRT Image-guided radiotherapy 
IL-1β Interleukin 1-beta 
IL-6 Interleukin 6 
IL-6 R Interleukin 6 receptor 
IMRT Intensity modulation radiotherapy 
IP3 Inositol triphosphate 
IP3R Inositol triphosphate receptor 
iPLA2 Ca2+-independent phospholipase A2 
ISC Intersystem conversion 
ISUP International Society of Urologic Pathologists 
  
JNK Jun N-terminal kinase 
  
KLK3  serine protease kallikrein 3 
KO Knockout 
  
LC Leukotrienes 
LNC Lipid nanocapsules 
LPC Lysophosphatidylcholine 
LPI Lysophosphatidylinositol 
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LPL Lysophospholipids 
LTB4 Leukotriene B4 
  
MAM Mitochondria-associated ER membranes 
mCRPC Metastatic castration-resistant prostate cancer 
MDCK-F Madin–Darby Canine Kidney-Focus 
MDR Multi-drug resistance 
Mg2+ magnesium 
MHR TRPM homology regions 
MLC Myosin light chain  
MLCK Myosin light chain kinase 
MMP Matrix metalloproteinase 
MRI Magnetic resonance imaging 
  
Na+ sodium 
NFAT activated T cell nuclear factor 
NFkB nuclear factor kappa-light-chain-enhancer of activated B cells 
NIR Near-infrared 
NO Nitric oxide 
NOX NADPH oxidase 
NP Nanoparticles 
NSAID Non-Steroidal Anti-Inflammatory Drugs 
  
O2 Oxygen 
1O2 Singlet oxygen 
OD Oropharyngeal dysphagia 
  
PAR-1/2 Protease-activated receptor 1/2 
PCa  Prostate Cancer 
PCNA Proliferating cell nuclear antigen 
PDD Photodynamic diagnosis 
PDGF Platelet-derived growth factor 
PDT Photodynamic therapy 
PET Positron emission tomography 
PG Prostaglandins 
PheoA Pyropheophorbide A 
PI3K Phosphatidylinositol 3‑kinase 
PIP2 Phosphatidylinositol bisphosphate 
PKA Protein kinase A 
PKC Protein kinase C 
PLC Phospholipase C 
PM Plasma membrane 
PMA Phorbol 12-myristate 13-acetate 
PMD Polymethine dyes 
PPI Protein-protein interactions 
PRGF-1 Plasminogen related growth factor-1 
PS Photosensitizer 
PSA Prostate-specific antigen 
PSMA Prostate specific membrane antigen 
PtdIns(n,n2)P2 Phosphatidylinositol n,n2-bisphosphate 
PTEC Prostate tumor-derived endothelial cells 
pTNM pathological tumor-node-metastasis 
Pyk2 Proline-rich tyrosine kinase 2 
PZQ Praziquantel 
  
QS Quatsomes 
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RES Reticuloendothelial system 
ROS Reactive oxygen species 
RP Radical prostatectomy 
RT Radiation therapy 
RyR Ryanodine receptors 
  
SAR Structure-activity relationship 
SERCA Sarco-Endoplasmic Reticulum Calcium ATPase 
SF Scatter factor 
SLN Solid lipid nanoparticles 
SMA Scapuloperoneal spinal muscular atrophy 
SMOC Second messenger-operated channel 
SNP Single Nucleotide Polymorphisms 
SOC Store-operated channels 
SOCE Store-operated calcium entry 
  
TCAF TRP channel-associated factors 
TEC Tumor-derived endothelial cells 
TM Trans-membrane  
TMD Trans-membrane domain 
TGF-β1 Transforming growth factor β1 
TNF-α Tumour necrosis factor alpha 
TRP Transient Receptor Potential 

TRPC TRP Canonical 
TRPV TRP Vanilloid 
TRPVL TRP Vanilloid-like 
TRPM TRP Melastatin 

TRPM8FA TRPM8 from Ficedula albicollis 
TRPM8PM TRPM8 expressed on the plasma membrane 
TRPM8ER TRPM8 expressed on the endoplasmic reticulum 
4TM-TRPM8/ 
sTRPM8 α 

Short TRPM8 isoform  α (35-40kDa – 4 TM) 

sM8 non-channel cytoplasmic small TRPM8 isoform 
TRPA TRP Ankyrin 
TRPN TRP No mechanoreceptor potential C 
TRPS TRP Soromelastatin 
TRPP TRP Polycystic 
TRPML TRP Mucolipin 

TRUS Transrectal ultrasound 
TX Thromboxanes 
  
UAE European Association of Urology 
UCP-1 Uncoupling protein 1 
uPA Urokinase plasminogen activator 
uPAR Urokinase plasminogen activator 
  
VEGF Vascular endothelial growth factor 

VEGF-A Vascular endothelial growth factor A 
VGIC Voltage-gated ion channels 
VMRT External beam volumetric arc radiotherapy 
VSLD Voltage sensor module 
  
3-T1AM 3-iodothyronamine 
5-ALA 5-aminolevulinic acid 
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1.1 TRP CHANNELS 
 

 

1.1.1    Introduction to TRP 

Transient Receptor Potential (TRP) channels are a class of non-selective ion channels, mostly permeable 

to calcium (Ca2+), sodium (Na+), and magnesium (Mg2+) although with varying cation selectivity. Their 

discovery dates back to the early ‘70 when an interesting Drosophila mutant was characterized by defective 

light-sensing resulting in blindness in the presence of constant bright light. This defect was due to the lack of 

a functional copy of the gene subsequently named trp as responsible for the transient rather than sustained 

receptor potential observed following Drosophila’s continuous exposure to light (Cosens and Manning 1969; 

Minke, Wu, and Pak 1975; Montell and Rubin 1989; Hardie and Minke 1992). Therefore, the name “TRP” is a 

misnomer, since, the wild-type channel induces a persistent and not transient current; the second is the 

result of a gene mutation. 

Since its first discovery in 1969, the function of the TRP gene product remained unclear for 20 years. The 

first evidence that the trp gene could encode an ion channel dates back to 1985 when the gene was cloned 

for the first time (Montell et al. 1985) and the amino acid sequence started to be deduced (Montell and Rubin 

1989). Then, an in vivo study on a TRP isoform carrying a mutation (Asp621) in the pore loop responsible for 

the ion selectivity definitively demonstrated that the TRP is a superfamily of Ca2+-permeable channels (Liu et 

al. 2007). Since 1995 with the discovery of human TRP proteins (Wes et al. 1995), interest in these proteins 

has grown exponentially and the further pieces of evidence of TRP as key global sensors of sensory input 

completely redefined our understanding of sensory physiology. In particular, a milestone in the field of TRPs 

was the discovery of additional mammalian “thermoTRPs” (Bandell, Macpherson, and Patapoutian 2007; 

Caterina 2007; Talavera, Nilius, and Voets 2008). Moreover, within the animal kingdom all senses, including 

vision, smell, taste, hearing, and touch, appear mediated by TRP channels. Consistently, mutations in many 

of the 27 human TRP have been associated with a large variety of diseases ranging from episodic pain 

syndrome (TRPA1), stationary night blindness (TRPM1), kidney diseases (TRPP2 and TRPC6), 

hypomagnesemia and hypocalcemia (TRPM6), skeletal diseases and neuropathies (TRPV4), cardiac disease 

(TRPM4) and neurodegenerative disorders (TRPM2 and TRPML1) (Dietrich 2019; Nilius and Owsianik 2010). 

In the last 20 years, the interest in TRP channels has grown exponentially until reaching its peak in 2021 with 

the awarding of the Nobel Prize in Physiology or Medicine to David Julius for the discovery of the capsaicin 

receptor TRPV1 in 1997 (Caterina et al. 1997; Julius 2022). 
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TRP channels likely developed early in eukaryotic evolution, as no evidence of TRP channels has been 

reported in Archaea or Bacteria, while in Eucarya the TRP superfamily has been found to be highly conserved 

from worms to humans (Fig. 1) (Wes et al. 1995). TRP channels have diversified considerably in the course of 

evolution, acquiring different structural domains, gating modalities, and being recruited into various types of 

tissue (Himmel and Cox 2020). The great interest aroused by TRP channels over the last three decades 

together with the considerable enhancement of -omics techniques has led to a radical change in the 

definition and characterization of the subfamilies belonging to this class of channels compared to the original 

classification (Himmel and Cox 2020). Based on sequence homology, TRPs in animals may be classified into 

nine subfamilies: TRPC (Canonical), TRPV (Vanilloid), TRPVL (Vanilloid-like), TRPM (Melastatin), TRPA 

(Ankyrin), TRPN (NompC, or no mechanoreceptor potential C), and TRPS (Soromelastatin) which are 

categorized as group 1, TRPP (Polycystic) and TRPML (Mucolipin) which define group 2 (Fig. 1). 
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Figure 1. Phylogeny and distribution of TRP channels superfamily in Eukarya. 

a) Top left: TRP superfamily within the voltage-gated ion channel clade; Taxa shown: Choano.: 

Choanoflagellates (unicellular flagellates closely related to animals), animals, fungi, Apuso.: 

Apusozoans (flagellate eukaryotes), Amoebo.: Amoebozoans (amoeboid eukaryotes), Alveolates 

(including dinoflagellates), Oomycetes (fungus-like eukaryotes), Crypto.: Cryptophyte, G. Algae: green 

algae,  and excavatans (basal eukaryotes). Filled circles indicate the presence of the family reported on 

the left in the taxon above; blank circles indicate no evidence for that family in the indicated taxon. The 

dashed line for TRPY/TRPF indicates that its placement is especially uncertain. Images from (Himmel 

and Cox 2020). 

b) Distribution of TRP subfamilies in worms  (C. elegans), flies (D. melanogaster), mice and humans; the 

total numbers of TRP channels are indicated in parentheses, and the numbers of TRP within each 

subfamily are shown. TRPP1 channels are not included in the tabulation. Image from (Montell 2011). 
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At the structural level, TRP channels are homo-tetramers based on subunits formed by 6 transmembrane 

(TM) spanning domains (S1 to S6) (Fig. 2). Each subunit forms a conductive pore through a loop between S5 

and S6 segments within the plasma membrane (PM) and has two cytoplasmic tails (N- and C- terminal 

domains). Moreover, the first four helices (S1–S4) define the so-called voltage sensor–like domain (VSLD), 

connected to the pore domain by the S4–S5 linker and responsible for the modest voltage sensitivity 

exhibited by TRP channels. The latter is mainly due to the presence of gating charges in their S4 helices which, 

in analogy to the voltage-gated ion channels (VGIC) although to a lesser extent, drive the movement of the 

S4 helix in accordance with the electric field of the membrane and consequently affect channel gating 

through S4–S5 linker (Cao 2020). Although the general architecture is the same for all TRP channels, the 

overall structure of the channels can diverge significantly due to the wide variety of intracellular domains 

responsible for the different responsiveness to functional modulators. In general, the length and nature of 

the domains present in the intracellular amino and carboxylic terms mainly define the members of the 

different subfamilies (Fig. 2). To date, 28 TRP channels have been identified in mammals including 27 in 

humans, classified as follows: 

- TRPC (1-7): “Canonical” because of the high homology shown by the 7 TRPC members with TRP 

protein from Drosophila; to be noted that TRPC2 is a pseudogene not expressed in humans; 

- TRPV (1-6): the name “Vanilloid” is due to the fact that the first member cloned (TRPV1) is activated 

by capsaicin, a vanilloid chemicals 

- TRPM (1-8): “Melastatin” since the first member of this family (TRPM1) has been discovered from 

the comparison between a benign nevus and a murine melanoma nevus (Duncan et al. 1998); this 

subfamily is characterized by the presence among its members of chanzymes, combining two 

functions of an ion channel and an enzyme, as TRPM2 and TRPM7 (Huang et al. 2020); 

- TRPA (1): this family includes just one member (TRPA1) and its name refers to the about 14 Ankyrin 

repeats present in the TRPA1 N-terminal tail; 

- TRPP (2,3,5): the members of this family are also referred to as PKD (polycystic kidney disease) ion 

channels, hence the name “Polycystic”; to be noted that TRPP1 protein (PKD1) is not a TRP channel; 

- TRPML (1-3): "MucoLipin" refers to the association between TRPML1 channel and the 

neurodevelopmental disorder mucolipidosis IV. 
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Figure 2. Structural divergences among TRP subfamilies. 

Different motifs exhibited by each TRP subfamily in its amino (N) and carboxyl (C) termini. TRPV, 

TRPA, and TRPC families have N terminal ankyrin repeat (AnkR) domains that are absent in other 

TRP channel subfamilies. A TRP box, thought to be involved in gating, has been found in TRPV, TRPM 

and TRPC families. TRPP and TRPML channels both have endoplasmic reticulum (ER) retention 

domains that may be due to their functional localization on intracellular organelles.  

aa: amino acids; CIRB: calmodulin/inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) receptor binding 

domain; NUDIX: nucleoside diphosphate-linked moiety X; PDZ: postsynaptic density protein 95 

(PSD95); DLGA: Drosophila disc large tumour suppressor; ZO1: zonula occludens protein 1. Image 

from (Moran et al. 2011). 

 

Different TRP subunits within or across subfamilies can then organize and associate to form hetero-tetramers 

(TRPC1-TRPC3 (Lintschinger et al. 2000), TRPC1-TRPC4 (Phelan et al. 2012), TRPC1-TRPC5 (Strübing et al. 

2001), TRPC1-TRPP2 (Bai et al. 2008), TRPV4-TRPP2 (Du et al. 2012), TRPV5-TRPV6 (Hoenderop et al. 2003), 

TRPML1-TRPML2 (Curcio-Morelli et al. 2009), and TRPML1-TRPML3 (Curcio-Morelli et al. 2009) with new and 

peculiar conductive and regulatory properties, as described in some studies in particular on the TRPC family 

(Hofmann et al. 2002; Earley and Brayden 2015). However, little is known about the stoichiometry of the 

subunits of TRP heteromers in physiological conditions and it is not entirely clear how much the different 
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electrophysiological properties exhibited by heterotetramers depend directly on the interaction of the 

different subunits, how much on different protein-protein interactions and how much environmental 

conditions (Chun et al. 2014).  

Recently, the structures of several TRP channels have been elucidated with cryo-electron microscopy (EM). 

Moreover, the high potential of this technique allowed us to appreciate different conformational states for 

almost all TRP, such as open/closed, activated/inhibited, and unligated/ligated conformations, and thus to 

better understand their mechanism of action. 

Most TRP channels are Ca2+-permeable, except for TRPM4 and TRPM5 which are only permeable to 

monovalent cations and do not conduct Ca2+ and Mg2+. However, relative Ca2+ permeability varies widely 

among the isotypes from low (PCa/PNa < 10) to very high Ca2+ selectivity (PCa/PNa > 100; TRPV5 and TRPV6)   

(Owsianik et al. 2006).  

TRP channels are polymodal molecular sensors. Indeed, they can be activated by several chemical as well 

as physical stimuli, including light, temperature, pH, voltage, pressure, and tension. Most TRP channels 

involved in sensory perception have intrinsic voltage sensing probably associated with the presence of 

positively charged lysine and arginine residues located in transmembrane segment S4 and S4-S5 linker (Nilius 

et al. 2005). Specific ligands or temperature changes may trigger the voltage-dependent activation of TRP by 

altering their midpoint by hundreds of millivolts. Another well-established mechanism of TRP activation is 

related to membrane phospholipids, which may directly or indirectly affect TRP function mainly by acting on 

their voltage sensing and/or their sensitivity to ligands or Ca2+ (Nilius, Owsianik, and Voets 2008). For instance, 

many TRP channels including TRPV1, TRPM8, and TRPM5 can be modulated directly or indirectly by the PM 

level of phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) as well as by membrane-associated enzymes 

sensitive to alterations in PtdIns(4,5)P2 levels as Pirt (Kim et al. 2008). Moreover, the phospholipase C (PLC) 

through the hydrolysis of phosphatidylinositol bisphosphate (PIP2) into diacylglycerol (DAG) and inositol 

triphosphate (IP3) may trigger the PLC-DAG-IP3 pathway which ultimately results in TRP modulation induced 

by store depletion. Indeed, some TRP channels including TRPC1 and other members of the Canonical 

subfamily are Store-Operated Channel (SOC) meaning that they can be activated by the depletion of 

intracellular calcium stores mainly the endoplasmic reticulum. Another general mechanism of TRP channel 

gating concerns phosphorylation. In particular, protein kinase C (PKC) and protein kinase A (PKA) have been 

shown to influence the activity and sensitization of TRPV1 and TRPM8 albeit with opposite effects. In 

particular, PKC and PKA sensitize TRPV1 to heat or capsaicin potentiating its responses (Bhave et al. 2003; 

Jeske et al. 2008), whereas lead to the downregulation of TRPM8 activity (Premkumar et al. 2005). In addition 

to all these mechanisms, TRP channels may be activated by several exogenous and endogenous ligands both 

natural and synthetic. For instance, TRPC channels are activated by DAG, TRPV1, and TRPV4 by arachidonic-
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acid (AA)-related compounds, and TRPM3 by sphingosine. Moreover, temperature-sensitive TRP channels 

can be activated by natural and chemical compounds that mimic thermal sensation: the “hot” sensor TRPV1 

is activated by capsaicin and piperine, extracted by hot and black pepper respectively, whereas the “cold” 

sensor TRPM8 is sensitive to compounds that mimic cold sensation like menthol, eucalyptol, and icilin. To be 

noticed that some compounds are relatively highly selective for a particular TRP channel (olvanil for TRPV1; 

4α-phorbol-12,13-didecanoate, lumiphorbols, phorbol-hexonates, and GSK 1016790A for TRPV4), whereas 

others can activate more than one TRP channel (2-aminoethyl diphenylborinate activates TRPV1, TRPV2, and 

TRPV3; icilin activates both TRPM8 and TRPA1). Finally, the activity of many TRP channels may also be 

controlled by indirect activation that arises downstream of receptor-mediated signaling, either via G-protein 

coupled receptors (GPCR) or receptor tyrosine kinases.  

Thanks to their ability to sense changes in the cellular environment TRP have a profound impact on animal 

behavior and survival mechanisms. TRP are expressed in most tissues and cell types both excitable and non-

excitable and, in response to a large number of different stimuli, mediate countless cellular functions. 

Basically, TRP channels integrate different signaling pathways converting them into electrochemical signals 

to finally elicit different cellular responses. This is often achieved through the interaction of TRP channels 

with a great number of intracellular proteins to form “signalplexes” and “channelosomes” which significantly 

affect their trafficking, positioning, and activity of the channels (Planells-Cases and Ferrer-Montiel 2007). 

Beyond their contribution to sensory functions like nociception, taste transduction, pheromone signaling, 

and temperature sensation TRP channels are key modulators of intracellular Ca2+ and Mg2+ homeostasis 

through which they affect many physiological processes within the cell including cell cycle and cell motility. 

Alterations in the activity of TRP channels have been widely associated with a broad array of disorders 

involving the skin (Caterina and Pang 2016), peripheral and central nervous system (Vennekens, Menigoz, 

and Nilius 2012; Morelli et al. 2013), gastrointestinal (Holzer 2011), genito-urinary (Skryma et al. 2011), 

respiratory (Preti, Szallasi, and Patacchini 2012), cardiovascular (Watanabe et al. 2013), and immune systems 

(Schwarz 2007; Smith and Nilius 2013) as well as metabolic disorders including obesity and diabetes (Zhu et 

al. 2011; Suri and Szallasi 2008). Furthermore, mutations in the TRP gene have been linked to human 

inherited diseases known as ‘TRP channelopathies’ affecting the kidney, the skeleton, cardiovascular and 

nervous systems as well as nociception (Wu, Sweet, and Clapham 2010; Nilius and Owsianik 2010; 

Prevarskaya, Skryma, and Shuba 2018). For example, autosomal dominant polycystic kidney disease (ADPKD), 

distal and scapuloperoneal spinal muscular atrophy (SMA), and focal segmental glomerular sclerosis (FSGS), 

and have been related to mutations on TRPP2 (Igarashi and Somlo 2002), TRPV4 (Auer-grumbach et al. 2012), 

and TRPC6 (Winn et al. 2005) genes, respectively. However, most inherited or acquired TRP dysfunctions rely 

on impaired TRP protein-protein interactions (PPI) (Chun et al. 2014). Therefore, in recent years, great efforts 
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have been dedicated to the study of the TRP interactome in order to elucidate the molecular mechanisms 

underlying the role of these channels in physio-pathological processes. Indeed, based on the biological 

knowledge existing on TRP binding proteins, it is reasonable to think that unknown TRP functions can be 

deduced. In this context, certainly, that the integration of TRP channel PPI data with gene expression profiles 

would further unravel new and promising interactions and molecular mechanisms underlying TRP functions 

(Fig. 3). 

 

 
Figure 3. Protein-protein interactions (PPI) network of TRP channels. 

Example of integration of PPI data with gene expression profile data on TRP channels provided by (Chun 

et al. 2014). The PPI data were downloaded from the TRIP database 2.0 (Shin et al. 2012) and visualized 

using the Cytoscape. TRP channels and their interacting proteins are represented by nodes with green 

and white borders, respectively; gene expression values (log scale) for each node are displayed along 

a color gradient between red and blue. 

Image from (Chun et al. 2014). 
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Most TRP channels are mainly localized at the PM and their surface expression is mainly controlled by 

vesicular trafficking. In this regard, several studies have demonstrated that TRP translocation to the PM may 

be induced by several factors such as hormones, growth factors, and G protein-coupled receptors’ agonists. 

However, TRP channels are also expressed in intracellular membranes like mitochondria and endoplasmic 

reticulum (ER). Based on their specific location, the TRP channel can bind to different accessory proteins 

forming signaling complexes involved in the modulation of different signaling pathways (Nilius and Owsianik 

2011).  

In the following paragraphs, I will describe in more detail two TRP channels that have been the subject of 

my research project, namely TRPA1 and TRPM8. 

 

1.1.2    TRPA1 

TRPA1, originally named ANKTM1, is a non-selective cation channel and it is the only member of the 

ankyrin subfamily so far identified in mammals. It is mainly permeable to Ca2+ and Na+, but it is also permeable 

to K+, rubidium, cesium, lithium, and zinc (Story et al. 2003).  

TRPA1 was first discovered in 1999 in human fetal lung fibroblasts as a gene product associated with 

oncogenic transformation (Jaquemar, Schenker, and Trueb 1999). Afterward, TRPA1 expression was found in 

sensory neurons of dorsal root ganglion (DRG), nodose ganglion, and trigeminal ganglion neurons, suggesting 

an interesting role of this channel in the propagation of noxious and inflammatory stimuli (Andrade, Meotti, 

and Calixto 2012; Viana 2016). In addition to different types of sensory neurons (Anand et al. 2008), TRPA1 

expression has also been detected in numerous tissues that actively participate in homeostasis such as the 

skin (keratinocytes, melanocytes, and fibroblasts) (Atoyan, Shander, and Botchkareva 2009; Tsutsumi et al. 

2010), lungs (alveolar epithelial cells, smooth muscle cells, and fibroblasts) (Mukhopadhyay et al. 2011; 

Nassini et al. 2012), blood vessels (Gratzke et al. 2009; Qian et al. 2013), urinary tract (Streng et al. 2008; 

Gratzke et al. 2010), and pancreatic beta cells (Cao et al. 2012). 

 

Structure 

TRPA1 is an 1119 amino acid protein encoded by the TRPA1 gene located on chromosome 8q13. The 

TRPA1 structure was first solved by the Moiseenkova-Bell laboratory in 2011 with a resolution of ~ 16 Å 

(Cvetkov et al. 2011). Hence, it was further described more finely at near-atomic resolution (~ 4 Å) using cryo-

EM (Paulsen et al. 2015). Commonly to the other TRP channels, TRPA1 has a transmembrane domain (TMD) 

consisting of six putative transmembrane segments (S1–S6) and a pore loop between S5 and S6, which 
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resembles those of TRPV1 and V2 structures except for the pore region (Fig. 4). The latter is gated at the top 

by Asp915 (Gly643 and Met644 in TRPV1) and at the bottom by two hydrophobic residues Ile957 and Val961 

(Ile679 in TRPV1) (Paulsen et al. 2015). Moreover, the outer region of the pore exhibits two short pore helices 

similar to those observed in Nav channels. However, the biggest peculiarity of the TRPA1 channel, to which it 

also owes its name, is the presence of 14/18 ankyrin repeats (AnkR) in the N-terminal domain (out of which 

only five were solved by cryo-EM), similar to those observed in the TRPV and TRPC channels albeit in smaller 

numbers (3-6) (Fig. 4). Basically, AnkR are protein units of about 33 amino acids that make up 3 α-helices 

connected by a β-sheet. These motifs play key roles in the mediation of protein-protein interactions and, 

consequently, in the activation of the channel, as well as in the insertion of the channel in the PM (Gaudet 

2008). In fact, although these activation modes are controversial, it would seem that the AnkR attend to the 

opening of the channel linked to mechano-sensation as well as to thermo-sensation, functioning as a 

molecular spring that connects the channel to the cytoskeleton matrix to allow it to open (Nagata et al. 2005; 

Sotomayor, Corey, and Schulten 2005; Lee et al. 2006) upon mechanical stimuli or at temperatures below 

17° C. However, results from different studies are contradictory on this point (Bautista et al. 2006; Kwan et 

al. 2006). In addition, the pre-S1 region within the N-terminus exhibits a large number of cysteines and lysines 

which may form a complex network of protein disulfide bridges within and between monomers. Consistent 

with the possible involvement of these key electrophile sensing residues in allosteric modulation of the 

channel gating, 3D reconstruction showed that the TRP-like domain in TRPA1 is located close to the pre-S1 

region and the S4–S5 linker with which it establishes numerous interactions. Binding sites for Ca2+, 

responsible for TRPA1 sensitization/desensitization, have been suggested to be present in both the N- and 

C-termini (Zygmunt and Hogestatt 2014). In particular, the N-terminal domain shows an EF-hand site that 

allows the binding of intracellular Ca2+ to the channel, thus directly regulating its activity or increasing its 

sensitivity to agonists (Doerner et al. 2007; Zurborg et al. 2007). The C-terminus of TRPA1 forms a coiled-coil 

central stalk-like domain, flanked by the AnkR of the N-terminus. Finally, TRPA1 possesses two putative N-

glycosylation sites (N747 and N753) which influence the sensitivity of the channel to different agonists (Egan 

et al. 2016). The structure solved by Paulsen provided new insights into the binding of a known selective 

TRPA1 antagonist, A-967079. Indeed, it has been suggested that A-967079 binds at a potential binding pocket 

formed by S5, S6, and the first pore helix between S5 and S6 and that through an " induced-fit " mechanism 

it prevents the movement of these elements, thus acting as a molecular wedge that inhibits the opening of 

the lower gate (Paulsen et al. 2015). However, to better elucidate the binding sites and mechanisms of action 

for other known classes of TRPA1 antagonists, new Cryo-EM structures of TRPA1 bound with different classes 

of antagonists at higher resolutions would be needed. To note, several higher resolution Cryo-EM structures 

of TRPA1 have been recently solved including the ligand-free form of TRPA1 with a resolution of 2.8 Å, the 
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TRPA1 complex with irreversible covalent agonist JT010 (2.9 Å), as well as the complex with reversible 

covalent agonist BITC (3.1 Å) (Suo et al. 2020). These structures provided new insights into the electrophile 

recognition by Cys621 of TRPA1 agonists and the subsequent electrophile-dependent conformational 

changes. In fact, the authors suggested that TRPA1 agonists following binding to a "shell" binding pocket on 

the cytoplasmic side lead to conformational changes in the upper half which then translate into a 

conformational change in the β sheet (Suo et al. 2020). The latter, in turn, repositions a newly identified 

interfacial helix (IFH) allowing it to interact with the S4-S5 linker and finally open the S6 gate (Suo et al. 2020). 

 
Figure 4. TRPA1 structure. 

Image from (Clapham 2015). 

Further advances in Cryo-EM technology and the emergence of higher-resolution TRPA1 structures bound 

with different classes of antagonists, would enhance the structure-based design and the discovery of novel 

TRPA1 antagonists (Chen and Terrett 2020). 

 

 

 Activation and modulation 

TRPA1 is a polymodal channel capable of sensing numerous signals related to tissue damage, oxidative 

stress, and inflammation, from both outside and inside the cell, in order to translate them and ensure specific 

biological effects by modulating the membrane potential or intervening in calcium signaling. 
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Activators 

Endogenous  

The TRPA1 channel can be considered a sensor of oxidative stress. Indeed, it can be activated directly by 

the accumulation of endogenous substances produced by oxidative reactions (Takahashi and Mori 2011; 

Takahashi et al. 2011; Arenas et al. 2017), including hydrogen peroxide (H2O2) (Andersson et al. 2008), 

reactive oxygen species (ROS), oxidized lipids such as 4-hydroxy-2-nonenal (4-HNE) (Taylor-Clark et al. 2008; 

Trevisan et al. 2014), 4-oxo-nonenal (Andersson et al. 2008) or even 8-iso-prostaglandin A2 (Taylor-Clark et 

al. 2008) and 15-Deoxy-Δ12,14-prostaglandin J2 (Andersson et al. 2008), and nitrated lipids like nitro oleic acid 

(Sculptoreanu et al. 2010) (Table 1). Activation of TRPA1 by these compounds can occur by conjugate addition 

or by the formation of disulfide bridges (Andersson et al. 2008). Moreover, the capability of TRPA1 to sense 

O2 in bronchopulmonary C-fibers has also been detected. More specifically, it has been shown that in 

normoxia conditions TRPA1 is inhibited by the hydroxylation of specific proline residues, whereas in 

hyperoxia O2 directly abolishes TRPA1 inhibition thanks to the high sensitivity of the channel to cysteine-

mediated oxidation (Takahashi et al. 2011). Along with several molecules involved in cellular stress and tissue 

damage (Arenas et al. 2017), TRPA1 can also be indirectly activated by pro-inflammatory agents via the PLC 

signaling pathway. In that case, cytosolic Ca2+ plays an important role in regulating channel gating (Zygmunt 

and Hogestatt 2014). As an example, it has been observed that TRPA1 may be activated by the accumulation 

of compounds that contribute to inflammatory pain like bradykinin (BK), which mediates inflammation by 

causing vasodilation, by increasing vascular permeability, and by stimulating the synthesis of prostaglandins 

(Bandell et al. 2004), or methylglyoxal, a reactive metabolite that accumulates during diabetes (Brownlee 

2001; Nakayama et al. 2008) and induces painful peripheral neuropathies through the direct activation of 

TRPA1 (Eberhardt et al. 2012; Andersson et al. 2013). 

 Exogenous 

TRPA1 is activated by temperature changes (Laursen et al. 2015; Bandell et al. 2004) as well as by 

mechanical perturbations (Corey et al. 2004) and a plethora of chemical compounds (Table 1). TRPA1 is a 

well-known receptor for a wide range of plant-derived, food (allicin, carvacrol, cinnamaldehyde, gingerol, 

mustard oil, thymol, and wasabi) or polluting irritant products thanks to key cysteine and lysine residues 

accessible to solvents present in a putative highly integrated nexus that converges on an unexpected TRP-

like allosteric domain (Macpherson et al. 2007). Electrophilic compounds and oxidants able to modify, in an 

alkylative or oxidative fashion, nucleophilic cysteine residues, highly conserved in the channel's N-terminus 

across species (Kang et al. 2010), are strong activators of this channel. For example, pollutants from smoke 

and gases harmful to health have the ability, thanks to their electrophilic carbon nucleus, to form reversible 
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covalent adducts with the SH thiol groups of the lysine and cysteine residues of the N-terminal, thus activating 

the channel (Hinman et al. 2006; Macpherson et al. 2007; Takahashi et al. 2008; Sadofsky et al. 2011). Several 

residues have been found to be critical for this type of bond: cysteines C415, C421, C422, C619, C621, C622, 

C639, and C663 as well as lysine K708. Therefore, TRPA1 may act as a sensitive, low-threshold electrophilic 

receptor (Paulsen et al. 2015). The most well-characterized TRPA1 agonists are allyl isothiocyanate (AITC), 

the active ingredient in mustard oil and wasabi, cinnamaldehyde which is an extract from cinnamon, allicin 

from garlic extract, and acrolein from fume exhaust (Bautista et al. 2006; Bandell et al. 2004) Nilius, 

Appendino, and Owsianik 2012). Additionally, TRPA1 is also activated by non-electrophilic molecules which 

do not covalently bind to the channel protein like menthol (Karashima et al. 2007), nifedipin (Fajardo et al. 

2008), nicotine (Talavera et al. 2009) and cannabinoids (Jordt et al. 2004). However, the molecular 

mechanism of TRPA1 channel modulation by non-reactive ligands is still largely unknown and controversial. 

Consistent with its function in pain perception, recent data have shown that analgesics and vasodilators such 

as paracetamol and dihydropyridines as well as general anesthetics are able to stimulate the TRPA1 channel 

questioning the use of these clinical drugs for inducing non-negligible side effects (Fajardo et al. 2008; Matta 

et al. 2008; Nassini et al. 2010; Andersson et al. 2011). 

 

TRPA1 agonists 

Compound Structure 
EC50 
(μM) 

Ref. 

Endogenous 

H2O2 

(Hydrogen peroxide)  
230 (Andersson et al. 2008) 

NO3 

(Peroxynitrite)   (Andersson et al. 2015) 

NO 

(Nitrogen monoxide)   (Eberhardt et al. 2015) 

ClO- 

(Hypochlorite) 
 ~ 10 (Bessac et al. 2008) 

H2S 

(Hydrogen sulfide)  
 

(Eberhardt et al. 2015; Chung 
et al. 2020) 

5-6-EET 

(5,6-Epoxy-eicosatrienoic 
acid)  

 (Sisignano et al. 2012) 
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Nitro-oleic acid 
 

 (Sculptoreanu et al. 2010) 

Alkenyl aldehydes 

(4-hydroxynonenal 
4-oxo-nonenal 
4-hydroxyhexenal) 

 

 

  

 

 
 

19.9 
 
 

1.9 
 
 

 38.9 

(Taylor-Clark et al. 2008; 
Trevisani et al. 2007; Trevisan 
et al. 2014; Andersson et al. 

2008) 

Prostaglandins 

 
(8-iso-prostaglandin A2 
15-Deoxy-Δ12,14-
prostaglandin J2) 

 

 

 

5.6 
(Taylor-Clark et al. 2008; 
Andersson et al. 2008) 

methylglyoxal 

 

744 

 
 

(Eberhardt et al. 2012) 

Exogenous 

Cinnamaldhehyde 

(cinnamon) 
 

19 (Bandell et al. 2004) 

Allyl isothiocyanate 
(AITC) 

(mustard and wasabi)  

2.7 
(Jordt et al. 2004; Uchida et 

al. 2012) 

Allicin 

(garlic and onion)  

1.91 (Macpherson et al. 2005) 

Toluene diisocyanate 

 

10 (Taylor-Clark et al. 2009) 

Acrolein 

(cigarette smoke, fume 
exhaust, and tear gas)  

5 
(Bautista et al. 2006; 

Macpherson et al. 2007) 
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Cannabinoids 

(Marijuana - Δ9-
tetrahydrocannabinol) 

 

12 (Jordt et al. 2004) 

Menthol 

 

95 (Karashima et al. 2007) 

Nifedipin 

 

400*103 (Fajardo et al. 2008) 

Nicotine 

 

~ 10 (Talavera et al. 2009) 

JT-010 

 

0.000065 (Takaya et al. 2015) 

PF-4840154 

 

0.023 (Ryckmans et al. 2011) 

DNCB 

(2,4-
Dinitrochlorobenzene)  

0.167 (Saarnilehto et al. 2014) 

Table 1. TRPA1 agonists. 

 

Inhibitors 

Unlike agonists like irritants, oxidative stress products, and inflammation mediators, natural TRPA1 

channel inhibitors have only begun to be identified (Table 2). The main natural inhibitors of TRPA1 are 

camphor (Xu, Blair, and Clapham 2005), curcumin (Leamy et al. 2011), eucalyptol (Takaishi et al. 2012), α-
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lipoic acid (Trevisan et al. 2013) as well as powerful antioxidants like resveratrol (Yu et al. 2013; Nalli et al. 

2016), a natural polyphenol found in red wine and food (grapes and peanuts) with multiple beneficial effects 

(cardioprotection and anti-cancer), caffeine (Nagatomo and Kubo 2008), and cardamon from medicinal herbs 

(Wang et al. 2016). Consistently, some dietary antioxidants have proved to significantly reduce pain 

associated with peripheral neuropathies caused by chemotherapeutic agents in animal models. All these 

molecules are accumulated by antioxidant properties, however, the inhibition mechanisms mediated by 

them can be very different and are not yet fully known. For instance, camphor and curcumin activate the 

channel before completely desensitizing it, while other molecules such as α-lipoic acid exert a purely 

inhibiting effect. Furthermore, the effects of these molecules may depend on the species considered, such 

as caffeine which inhibits the human form of the TRPA1 channel while activating the mouse form. While most 

natural channel blockers are promising, they have only recently been discovered and remain for the most 

part ineffective and not very specific. Thus, to compensate for this lack of antagonists, drug molecules have 

been developed to selectively and more effectively inhibit the channel. The best known of these 

pharmacological inhibitors is HC-030031 (IC50 = 6.2 μM for the response to AITC) whose efficacy in vitro has 

been demonstrated in numerous studies (McNamara et al. 2007; Eid et al. 2008). Unfortunately, however, 

this molecule has shown considerable limitations in its applicability in vivo due to its poor pharmacokinetic 

properties, a very short half-life (32 min), and the tendency to bind to over 90% of plasma proteins as was 

demonstrated in rat models (Rech et al. 2010). To date, new, other TRPA1 antagonists have been developed 

by several pharmaceutical companies like Glenmark, Hydra Bioscience, Janssen, and Merck; among them, A-

967079 (IC50 67 nM for the inhibition of the human form of the channel), developed by Abbott (Chen et al. 

2011; Copeland et al. 2014; Rooney et al. 2014), GRC 17536 by Glenmark and HX100 by Hydra Biosciences 

currently in the clinical stage (2 and 1 respectively) for the treatment of diabetic neuropathies and asthmatic 

diseases. Finally, monoclonal antibodies were produced such as the 2B10 antibody directed against the pore 

domain of the channel, which showed great efficacy with an inhibition of the AITC response greater than 70% 

(Lee et al. 2014).  

 

TRPA1 antagonists 

Compound Structure 
IC50 

(μM) 
Ref. 

Curcumin 

 

3.3 (Nalli et al. 2017) 
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Resveratrol 

 

19.9 (Nalli et al. 2016) 

Eucalyptol 
(1,8 cineole) 

 

500 (Takaishi et al. 2012) 

Camphor 

 

1260 (Takaishi et al. 2014) 

α-lipoic acid 

 

 (Gualdani et al. 2015) 

caffeine 

 

1000 (Nagatomo and Kubo 2008) 

Chembridge-
5861528 

 

14.3 (Wei et al. 2009) 

Table 2. TRPA1 antagonists. 

 

Due to the great interest aroused by TRPA1 in the therapeutic field, many TRPA1 modulators, mainly 

inhibitors, have been proposed and patented by pharmaceutical companies as well as academic groups. 

Many of the most relevant TRPA1 antagonists patented in the last years are summarized in Table 11 and will 

be discussed further in Chapter 1.4.3.  
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Modulators 

 G protein-coupled receptors 

In addition to the various ligands mentioned above, it has been shown in DRG neurons that the TRPA1 

channel can be activated by GPCR-induced transduction pathways like that involving the BK receptor, a 

vasodilator peptide hormone involved in inflammation, or the PAR2 (protease-activated receptor 2) (Fig. 5). 

Indeed, the activation of these GPCR induces activation of the TRPA1 channel and/or sensitization of the 

channel to various agonists such as AITC, cinnamaldehyde or endogenous agonists. These effects mainly 

involve the activation of PLC with the generation of inositol triphosphate (IP3), which, following binding to its 

receptor, will allow depletion of reticular calcium store and the possible binding of Ca2+ on the TRPA1 channel 

sensitizing it to agonists or activating it directly (Jordt et al. 2004) (Fig. 5). Having been shown that 

phosphatidylinositol bisphosphate (PIP2) is capable of inhibiting the TRPA1 channel, activation of the PLC 

would remove the inhibition by hydrolyzing PIP2 into IP3 and DAG (Dai et al. 2007; Wang et al. 2008). 

Furthermore, this channel activation via the PLC pathway would not be PKC dependent, as experiments 

showed neither inhibition with GF109203X, a potent PKC inhibitor, nor PKC activation with PMA (phorbol 12-

myristate 13-acetate) did not affect bradykinin-mediated sensitization of the channel to agonists. Conversely, 

PKA may also play a role in the modulation of the channel activity (Wang et al. 2008). Finally, about the 

transduction pathway generated by chloroquine in DRG neurons also capable of activating TRPA1, it was 

observed that the βϒ subunits constituting the G proteins could interact directly with the TRPA1 channel to 

regulate its activity. More specifically, their inhibition with gallein significantly decreases the Ca2+ influx 

generated by the TRPA1 channel, regardless of PLC whose inhibition had no effect in this model (Wilson et 

al. 2011; Lieu et al. 2014). TRPA1-GPCR interplay is bidirectional. Indeed, TRPA1 was found to activate the 

FGFR2 receptor in lung adenocarcinoma cells by establishing a direct physical interaction between its N-
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terminal ankyrin repeats and the C-terminal proline-rich motif of FGFR2. This interaction and subsequent 

oncogenic activation of FGFR2 can be hindered by miRNA-142-3p (Berrout et al. 2017). 

Figure 5. Signaling pathways modulating TRPA1 activity. 

BK: bradykinin; PLC: phospholipase C;  PIP2: phosphatidylinositol bisphosphate; IP3: 

inositol triphosphate; DAG: diacylglycerol; PKC: protein kinase C; AC: adenylate 

cyclase; AA: arachidonic acid; PG: prostaglandins; TX: thromboxanes; LC: 

leukotrienes. 

Image from (Duitama et al. 2022) 

 

 Ca2+ 

As previously said, Ca2+ plays a very important role in regulating the activity of TRPA1 channel by activating 

it directly and/or sensitizing it to the agonists following its binding to an EF-hand domain present on the N-

terminal domain of the channel. This putative domain is present at the level of AnkR between amino acids 

466 and 479. In fact, electrophysiological and calcium imaging studies have shown that when mutations were 

induced in this area, in particular AA 474 (L474A), the sensitivity to Ca2+ was suppressed and the activation 

of the channel following the depletion of ER Ca2+ store was significantly reduced (Doerner et al. 2007; Zurborg 

et al. 2007). Furthermore, other studies have shown that an influx of Ca2+ is also able to inactivate the channel 

in the presence of high concentrations of localized intracellular Ca2+ (Wang et al. 2008), being able to bind to 

a domain other than the EF-hand also located at the N-terminal (Cordero-Morales, Gracheva, and Julius 

2011). 
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Biological functions and pathological implications 

Based on localization and functional properties, TRPA1 is considered a key player in acute and chronic 

(neuropathic) pain and inflammation. Indeed, TRPA1 is expressed in sensory neurons (both peptidergic and 

non-peptidergic neurons like Aδ and C-fiber and in some myelinated Aβ-fibers) as well as in non-neuronal 

cells such as epithelial cells, melanocytes, mast cells, fibroblasts, and enterochromaffin cells (Zygmunt and 

Hogestatt 2014). TRPA1 mainly acts as a promiscuous chemical nocisensor but it is also involved in noxious 

cold and mechanical sensation. Moreover, a recent study suggested a role of TRPA1 in heat detection, since 

upon stimulation by agonists like AITC and cinnamaldehyde the resultant sensation is burning pain rather 

than cold (Nozazde et al. 2016). In primary sensory neurons, the TRPA1-mediated Ca2+ and Na+ influx within 

the cell cause membrane depolarization, action potential discharge, and neuro-transmitter release both at 

peripheral and central neural projections (Zygmunt and Hogestatt 2014). The overall effect of strong TRPA1 

activation in the nervous system ultimately elicits pain. For instance, it has been shown that intraplantar 

cinnamaldehyde (Tsagareli et al. 2010) and AITC (Nozadze et al. 2016) induce dose-dependent heat 

hyperalgesia lasting more than 2 hours, mechanical allodynia, and cold hyperalgesia. Therefore, TRPA1 is of 

special interest in the treatment of pain and itching (Radresa et al. 2013; Nozazde et al. 2019; Tsagareli et al. 

2019). Furthermore, the high co-expression of TRPA1 with TRPV1 in the cutaneous sensory nerves explains 

its involvement in itching. In particular, activation of TRPA1 by leukotriene B4 (LTB4) induces scratching 

behavior as does TRPV1 albeit through a different mechanism involving superoxide release instead of 

neutrophil migration (Fernandes et al. 2013). Accordingly, TRPA1 genetic and/or pharmacological 

suppression reduces the scratching responses induced by pruritogen compounds like chloroquine and 

BAM8–22 (Wilson et al. 2011). TRPA1 is also co-expressed with TRPV1 in sensory neurons innervating the 

bladder (Streng et al. 2008). Its expression is upregulated in patients with bladder outlet obstruction (Du et 

al. 2008) and its activation leads to an increased micturition frequency in rats through the C-fiber pathway 

(Du et al. 2007;  Streng et al. 2008). Conversely, TRPA1 pharmacological inhibition attenuated hyperalgesia 

and bladder overactivity thus suggesting a potential role of TRPA1 as a drug target for bladder disorders 

(Andrade et al. 2011; Meotti et al. 2013). In addition, TRPA1 has been linked to secretory functions of the 

digestive tract. In particular, it has been implicated in insulin release from pancreatic beta-cells (Cao et al. 

2012), eliciting interest as a potential therapeutic target in the treatment of diabetes and its complications 

related to peripheral neuropathy, nephropathy, retinopathy, as well as cardiovascular disease. In this regard, 

TRPA1 has been studied together with TRPV1 as an analgesic target in diabetic neuropathic pain (Koivisto et 

al. 2012). A possible link between high glucose levels and pain can be found in methylglyoxal, a glucose 

metabolite capable of directly activating TRPA1 (Ohkawara et al. 2012). 
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On the other hand, in addition to pain TRPA1 has been associated with several other diseases. Among 

them, TRPA1 expression in lung fibroblasts (Mukhopadhyay et al. 2011) suggested an interesting role of the 

channel in the pathogenesis of asthma, chronic cough, and chronic obstructive pulmonary disease (COPD). 

Indeed, it has been shown that genetic and/or pharmacological suppression of TRPA1 in murine models 

significantly reduces cytokine and mucus production as well as leukocyte infiltration in the airways (Caceres 

et al. 2009; Nassini et al. 2012). Consistently, the cough induced by the inhalation of acrolein and other 

irritants present in cigarette smoke and able to activate TRPA1, seemed to be abolished by the treatment 

with the selective TRPA1 antagonist HC-030031 (Andrè et al. 2008; Andrè et al. 2009). 

Good pieces of evidence support the important involvement of TRPA1 in the development and 

maintenance of the inflammatory bowel disease (IBD). In inflamed mouse gut TRPA1 expression appears 

upregulated and both the pharmacological and genetic inactivation of the channel ameliorate dinitrobenzene 

sulphonic acid (DNBS)-induced colitis (Engel et al. 2011). Somewhat surprisingly, also TRPA1 activation by 

cannabichromene has been shown to reduce colitis in mouse models through the inhibition of nitric oxide 

production in macrophages, thus indicating a more complex involvement of TRPA1 in IBD (Romano et al. 

2013).  

 

 

  



  Introduction 

 

37 

 

1.1.3    TRPM8 

TRPM8 is a nonselective Ca2+ permeable, outwardly rectifying cation channel (McKemy, Neuhausser, and 

Julius 2002) belonging to the Melastatin TRP (TRPM) subfamily which is, indeed, very diversified in terms of 

structure, ion permeation, gating mechanism and tissue distribution of its members (Chen et al. 2019). In this 

regards, within the TRPM subfamily, TRPM8 is the most selective for Ca2+ with a selectivity ratio (PCa/PNa) of 

3.3 (Zholos et al. 2011). 

Originally cloned from prostate cancer tissue (Tsavaler et al. 2001), the human TRPM8 gene was later found 

in peripheral sensory neurons (Aδ and C fiber afferents), where it plays a crucial role in cold temperature 

detection, and also on deep visceral afferents in urogenital tract, prostate, bladder and bronchopulmonary 

tissues. Although at much lower levels, TRPM8 expression has recently also been detected in the central 

nervous system, particularly in the hypothalamus, septum, thalamic reticular nucleus, some cortices and 

other limbic structures, as well as some specific nuclei of the brain stem (Ordás et al. 2021). 

 

Structure 

The human TRPM8 is a 1104 amino acid protein with a homotetrameric quaternary structure. Like other 

TRP channels, TRPM8 has a TMD containing six transmembrane helices (S1-S6) with a transmembrane loop 

between S5 and S6, and cytosolic N-terminal and C- terminal domains (Fig. 6). As a member of the Melastatin 

subfamily, TRPM8 structure is specifically characterized by a well-defined C-terminal tetrameric coiled-coil 

domain (Fujiwara and Minor 2008), a peculiar N-terminal with ‘TRPM homology regions’ (MHR) that are 

involved in channel assembly and trafficking (Kraft and Harteneck 2005), and the lack of N-terminal AnkR 

that is commonly seen in other subfamilies (Kraft and Harteneck 2005) (Fig. 6). TRPM8 C-terminal is 

characterized by a peculiar umbrella-like shape defined by a vertical coil-coiled domain (coil-coiled “pole”) 

and an horizontal coiled-coil domain (helical “ribs”) (Fig.6). The voltage sensor-like domain (VSLD) is defined 

by the first four TM helices (S1-S4) which also contain the binding sites for menthol and icilin (Bandell et al. 

2006). More specifically, mutagenesis experiments and molecular modelling studies identified Y745 (located 

in the middle of S2 or at S1 but anyway still in the VSLD cavity) as a key residue for menthol binding (Bandell 

et al. 2006) as well as for cold and voltage activation of the channel (Malkia et al. 2009). Moreover, the same 

residue was found involved in TRPM8 blocking by SKF96365 but not by other antagonists such as BCTC, 

capsazepine, clotrimazole, and econazole, thus suggesting the existence of allosteric points of interaction 

(Malkia et al. 2009; Pedretti et al. 2009; 2011). The pore module of TRPM8 is, instead, formed by the last two 

TM helices (S5-S6) and it is characterized by a highly conserved hydrophobic region and a conserved aspartate 

residue, responsible for ion selectivity. Homology models of TRPM8 built on the basis of the of the cryo-EM 
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structure of TRPV1 (Liao et al. 2013), lead to the identification of Y981 residue as a crucial inter-monomer 

point of interaction that might influence channel gating through the connection of the TRP domain and the 

S4–S5 linker of the different subunits (Taberner et al. 2014).  

Figure 6 TRPM8 structure. 

Domains of a monomer of human TRPM channels, characterized by 6 
transmembrane helices (1-6) and peculiar N- and C-terminal domains. 
MHR: TRPM homology regions 1-4; CTD: C-terminal domain; Pole: vertical 

coiled-coil domain; Rib: horizontal coiled-coil helix. 

Image from (Huang et al. 2020) 

 

The full-length TRPM8 structure (from the collared flycatcher Ficedula albicollis (TRPM8FA) was only 

recently solved in 2018 by the group of Seok-Yong with a resolution of ~ 4.1 Å (Yin et al. 2018). To note, the 

final model (aa 122-1100) lacks several loops and some regions including three β-strands in pre-MHR, C-

terminal domain (CTD) helix 1, and the C-terminal coiled coil has been built as polyalanine. This structure 

pointed out some peculiarity of TRPM8 structure with respect to other TRP. For instance, the selectivity filter 

organization seemed different since the pore loop is much longer and positioned away from the central axis. 

Moreover, the TMD consists exclusively of α-helical elements, and S1 as well as the cytosolic pre-S1 helix are 

connected by three short helices which are not present in other TRP. Furthermore, it has been postulated 

that a possible site of interaction for PIP2 could be located at the interface between TRP domain, pre-S1 helix, 

and N-terminal MHR4.  

The binding sites for icilin and the menthol analogue WS-12 (in the presence of the allosteric effector PIP2 

too) have been further investigated (Yin et al. 2019). They showed that icilin and WS12 bind to the cavity 

formed by the VSLD and the TRP domain (Fig. 7 a). More specifically, in the presence of intracellular Ca2+, 

icilin positions itself on the TM segment 4 (S4) in the VSLD cavity, thus triggering substantial structural 
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rearrangements mainly concerning the VLSD and the pore (Yin et al. 2019). However, the channel cooling 

agents sensing is allosterically increased by the membrane lipid PIP2, which, in contrast to what observed in 

TRPV1 structure (Cao et al. 2013), binds TRPM8 at the membrane interfacial cavity by engage subdomains 

from both the transmembrane domain (pre-S1 domain and S4-S5 junction) and the cytoplasmic domain (TRP 

domain on C-terminal tail and MHR4 on N-terminal tail) (Fig. 7 a) (Yin et al. 2019). 

WS-12 seemed to bind TRPM8 within the VSLD cavity and, more specifically, through an H-bond between 

the WS12 central amide and R841 side chain (S4) beyond to other direct interactions with other residues in 

the TRP domain (Y1004 and R1007), while Y745 (S1) was at the top of the binding site (Fig. 7 b). Also icilin 

was found to bind the channel in correspondence of a cavity between VSLD and TRP domain flanked by Y745 

and Y1004 and to establish interactions with the side-chains of residues at S4 (R841 and H844) (Fig. 7 b). As 

regards the allosteric coupling between the PIP2 and the agonist, it has been observed that by binding TRPM8  

on opposing sides of S4 in the VSLD cavity, both triggers structural rearrangements that favor binding of the 

other (Yin et al. 2019). 

Figure 7. Structural basis of the binding of cooling agents and PIP2 to TRPM8. 

a) Suggested allosteric coupling between cooling agents PIP2 in TRPM8 structure. b) Binding sites for Icilin- and WS12-

PIP2 complex in TRPM8 structure. 

Image rearranged from (Yin et al. 2019) 

Using the TRPM8FA structure as template, a homology model of human TRPM8 has been generated and 

used to study the interaction between the channels and some antagonists such as tryptamine derivatives 

discussed in the following section. These studies, highlighting a role of residue Y745, characterized as site of 

interaction with menthol and SKF963635 as previously mentioned, suggested a competitive mechanism of 

inhibition for this class of compounds (Bertamino et al. 2016). 
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Activation and modulation 

Activators 

TRPM8 may be gated by voltage, pressure, low temperatures (8°-28°C) as well as by cooling compounds 

(menthol, eucalyptol, icilin, WS12) (McKemy, Neuhausser, and Julius 2002; Peier et al. 2002; Liu et al. 2016). 

Based on the classification proposed by Voets et al., TRPM8 agonists can be divided into two groups: 

menthol-like (type I) and AITC-like (type II). These two classes of compounds differ not only in their structure 

but also in their kinetic activity. Indeed, in addition to a different sensitivity (Table 3), the mechanisms 

brought into play by the different agonists are different. In particular, menthol-like compounds seem to 

stabilize the opening of the channel, while AITC-like destabilize its closure (Janssens et al. 2016).  

Furthermore, the mode of action of one of the best known TRP agonists, icilin, was found to be dependent 

on the intracellular concentrations of Ca2+ unlike the action of menthol or the menthol analogue WS12 which 

can activate the TRPM8 channel even in the absence of intracellular Ca2+ (Yin et al. 2019). This difference is 

mainly based on the fact that the binding of different agonists doen’t involve the same residues on the 

structure of TRPM8. 

Belonging to the menthol-like group, the rotundifolone revealed a higher selectivity than menthol and an 

interesting antinociceptive activity; eucalyptol (EC50 = 145 μΜ) proved to increase the temperature of the 

intrascapular brown adipose tissue and colon (Urata, Mori, and Fukuwatari 2017) and to provide TRPM8-

mediated anti-inflammatory and analgesic effects in mouse models (Caceres et al. 2017). In recent years, 

several menthol derivatives have been described to activate TRPM8. Among them borneol, a terpene 

derivative, is able to activate TRPM8 in a temperature- and dose-dependent (10 µM to 2 mM) manner 

increasing tear production in guinea pigs without evoking nociceptive responses at 25°C (Chen et al. 2016). 

Moreover, a series of exocyclic olefin analogues of menthol was synthesized from cubebol, a natural 

sesquiterpene patented as a cooling agent by Firmenich SA (Velazco, Wuensche, and Deladoey 2000), and, 

based on specific structural modification of this compound, a promising antagonist, agonist and allosteric 

modulator of TRPM8 able to minimize the menthol-induced channel desensitization were obtained (Legay et 

al. 2016) (Table 12 in Chapter 1.4.3). In addition, triazole-based menthol derivatives with EC50 values in the 

micromolar range have been proposed as potent TRPM8 agonists for the prevention and treatment of dry 

eye disease (DED), vaginal dryness, and burning mouth syndrome (Ferrer Montiel, Fernandez Carvajal, 

Belmonte Martinez et al. 2017). Two new patents have recently been applied by the Procter and Gamble 

Company on a series of menthol-based carboxamides and esters with activity on TRPM8 activity in the 

nanomolar range (Yelm et al. 2017; Wos et al. 2017). Most of the more recent patents on TRPM8 agonists 

will be summarized in Chapter 1.4.3 (see Table 12).  
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Among non-menthol derivatives, Shirai et al. reported the agonist activity (EC50 = 332 nM) of a new 

neolignan from nutmeg (a diastereoisomer mixture of erythro- and threo-∆8,7-ethoxy-4-hydroxy-3,3’,5’-

trimethoxy-8-O-4’neolignan) which binds to TRPM8 channels at different sites from that of menthol (Shirai 

et al. 2017). Five new series of potent TRPM8 agonists have been developed by Senomyx, Inc. using pyrazol-

5-one, pyrimidine-2,4,6-trione, imidazolidine-2,4-dione, 2-phenyl propanamide, and phenoxyacetylamide as 

scaffolds. These compounds revealed in vitro EC50 values ranging from 0.2 to 74 nM (Priest et al. 2012; 

Chumakova et al. 2014) which have been recently further improved till picomolar range thanks to SAR studies 

(Noncovich et al. 2017). However, the pharmacokinetic properties of this class of compounds are not optimal 

yet.  

 

TRPM8 agonists 

Compound Structure 
EC50 
(μM) 

Ref. 

Menthol* 

 

80 

10.4 

(McKemy, Neuhausser, and Julius 2002) 

(Bödding, Wissenbach, and Flockerzi 2007) 

Icilin 

 

0.360 

1.4 

(McKemy, Neuhausser, and Julius 2002) 

(Bödding, Wissenbach, and Flockerzi 2007) 

WS-12 

 

0.193 (Bödding, Wissenbach, and Flockerzi 2007) 

Rotundifolone 

 

1000 (Silva et al. 2015) 

Eucalyptol 

 

3400 
145 

(McKemy, Neuhausser, and Julius 2002) 

(Caceres et al. 2017) 

Borneol 

 

n.d. (Chen et al. 2016) 
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Neolignan 
from nutmeg 

 

0.332 (Shirai et al. 2017) 

MPO* 

 

6  
(Misery et al. 2019) 

(González-Muñiz et al. 2019) 

D-3263 
hydrochloride
* 

 

< 0.02 (Genovesi et al. 2022) 

3-T1AM 

 

 

(Khajavi et al. 2015; Khajavi, Mergler, and 
Biebermann 2017; Schanze et al. 2017; 
Bräunig et al. 2018; Lucius et al. 2016; 

Mergler et al. 2012; Walcher et al. 2018) 

*currently in clinical stages of development 

 

Table 3. TRPM8 agonists 

 

Inhibitors 

Natural plant-derived cannabinoids including cannabidiol, cannabinol and cannabiogerol as well as some 

phenethyl analogues have been shown to exert nonselective antagonist properties against several thermo 

TRPs, including TRPM8 (De Petrocellis et al. 2008; 2011; Pollastro et al. 2017) (Table 4). Similarly, the anti-

inflammatory and analgesic activities exerted by the alkaloid riparin II seem to be mediated by the activation 

of TRPM8 together with a plethora of other targets (i.e., TRPV1, TRPA1, acid-sensing ion channels (ASIC), and 

bradykinin and histidine receptors) (Rodrigues de Carvalho et al. 2018). Moreover, as mentioned in the 

previous section, a cubebol-derived unsaturated menthol benzoate synthesized by Firmenich SA displayed a 

dose-dependent inhibition of TRPM8 with an IC50 of 2 ± 1 µM (Velazco, Wuensche, and Deladoey 2000). 

However, despite the great interest of both the academic and the pharmaceutical field in the discovery 

of TRPM8 antagonists, most of the molecules developed to date have important limitations due to their poor 

selectivity, often interacting also with TRPV1 and TRPA1. 
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Importantly, De Petrocellis’s group has recently confirmed the importance of both the urea function and 

tetrahydroisoquinoline ring for TRPM8 antagonist activity, proposing two series of tetrahydroisoquinoline-

derived ureas (symmetric and asymmetric) and another of pyrazino[1,2-b]isoquinolin-1-ones  (De Petrocellis 

et al. 2016). Accordingly, Amgen proposed a related tetrahydronaphthyridine-derived asymmetric urea as a 

good TRPM8 antagonist able to inhibit cold-induced arterial blood pressure and wet-dog shaking in rat 

models (Horne et al. 2014). Linear urea derivatives could, therefore, represent suitable scaffolds in the 

optimization of new TRPM8 antagonists (Horne et al. 2018). 

Also tryptamine derivatives, described by Gómez-Monterrey et al. have shown an interesting inhibitory 

action on the activity of TRPM8 (high nanomolar range in patch clamp experiments) and the ability to reduce 

cold allodynia induced by oxaliplatin and icilin-induced wet-dog shakes in mouse models (Bertamino et al. 

2016; 2018). More specifically, a key role of the methoxycarbonyl group as well as a chiral center in the 

molecule for interaction with the TRPM8 channel has been suggested. Molecular modelling investigations 

suggested that this type of antagonist could act by inducing a conformational perturbation in the interaction 

network established between the TRP domain and the S1–4 transmembrane segments of the channel 

subunits (Bertamino et al. 2018). 

Finally, a class of β–lactam derivatives acting as negative allosteric modulators with a nanomolar potency 

and a high selectivity toward TRPM8, TRPV1, TRPA1, Kv1.1, and Nav1.6. have been described to block all 

modalities of channel activation (voltage, menthol, and temperature) by the group of González-Muñiz (De La 

Torre-Martínez et al. 2017). 

 

TRPM8 antagonists 

Compound Structure 
IC50 

(μM) 
Ref 

AMTB 

 

0.588 (Lashinger et al. 2008) 

PF-05105679 

 

0.103 

(Andrews et al. 2015) 
 

(Gaston and Friedman 2017) 
 

(Horne et al. 2018) 
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AMG-333 

 

0.013 

AMG2850 

 

0.041 (Lehto et al. 2015) 

SKF96365 

 

1 (Malkia et al. 2009) 

PBMC 

 

0.0156 (Gardiner et al. 2014) 

RQ-00203078 

 

0.0083 (Ohmi et al. 2014) 

M8-An 

 

0.0109 (Patel et al. 2014) 

Cannabinoids 

(Δ9-
tetrahydrocann
abinol)  

 
(De Petrocellis et al. 2008; 
2011; Pollastro et al. 2017) 
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Cannabidivarin 

 

0.9 
(Gaston and Friedman 2017; 

De Petrocellis et al. 2011) 

Cannabigerol 

 

0.11 (Borrelli et al. 2014) 

Clotrimazole 

 

0.2 (Meseguer et al. 2008) 

Riparin II 

 

  

Linear urea 
derivatives 

 

0.072 (De Petrocellis et al. 2016) 

 

0.012 (Horne et al. 2014) 

Table 4. TRPM8 antagonists. 

 

Due to the great interest aroused by TRPM8 in clinical applications, many TRPM8 modulators, mainly 

activators, have been proposed and patented by pharmaceutical companies as well as academic groups. 

Many of the most relevant TRPM8 agonists/antagonists patented in the last years are summarized in Table 

12 and will be discussed further in Chapter 1.4.3. 

Modulators 

Chemical compounds described in the previous section as TRPM8 agonists generally act as positive 

allosteric modulators, meaning that, since the activation of TRPM8 is also voltage-dependent, these agonists 
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shift the activation threshold toward more negative potentials by eliciting a sensation of cold, thus enabling 

the channel to open at higher than normal temperatures; by contrast, TRPM8 antagonists exert their effect 

by shifting the threshold of TRPM8 activation toward more positive potentials (Brauchi, Orio, and Latorre 

2004; Voets et al. 2004; Mälkiä et al. 2007). However, in non-temperature sensitive tissues in which the 

aforementioned physical and chemical stimuli are absent, the activation of TRPM8 must be induced by 

different mechanisms (Gkika et al. 2010; Yudin and Rohacs 2012). The main signaling pathways involved in 

the regulation of TRPM8 known to date are represented in Figure 8.  

Prominent rundown of TRPM8 activity in excised patches (Voets et al. 2004) raises the possibility that 

some endogenous ligands might be necessary for the channel activation. PIP2 has been found to be such a 

factor, as it is capable not only restoring menthol-activated TRPM8 current after its rundown in excised 

patches, but also of activating the current independently of menthol by interacting with the TRP domain of 

the channel (Liu and Qin 2005; Rohács et al. 2005). The functional importance of the PIP2-dependent TRPM8 

gating has thus become evident in the cold sensation since any of the well-known PIP2 depletion scenarios 

(e.g. activation of Gαq/11- PLC-coupled receptors or Ca2+-dependent activation of some PLC isoforms) would 

limit TRPM8 activation by shifting its gating towards lower temperatures or higher voltages (Fig. 8 - panel 1). 

However, the possibility of channel activation (rather than desensitization) with the involvement of PIP2 

seems more remote. Interestingly, PIP2 also plays a role in desensitizing TRPM8 channel after its activation. 

In fact, following the activation of TRPM8 and the entry of Ca2+ into the cell, the Ca2+-dependent activation 

of PLCδ allows the hydrolysis of PIP2 and, therefore, the depletion of PIP2 inside the cell. Then, this depletion 

of PIP2 desensitizes the TRPM8 channel and therefore limits its activity (Rohács et al. 2005). 

Beyond to inhibit TRPM8 by decreasing PIP2 levels, PLC can also enhance TRPM8 activity by activating the  

IP3-mediated store depletion (Fig. 8 - panel 4). This evidence seems puzzling but can be explained by 

assuming differential roles for the two lipid messenger pathways: the PIP2 primarily controlling TRPM8 

desensitization (Rohács et al. 2005) and the IP3 lysophospholipids providing the main chemical activation 

input  (Vanden Abeele et al. 2006). 

Furthermore, a novel concept of Ca2+-independent TRPM8 activation has been proposed by Vanden 

Abeele et al. (Vanden Abeele et al. 2006). Indeed, the group of Natasha Prevarskaya described a mechanism 

of TRPM8 stimulation involving the Ca2+-independent phospholipase A2 (iPLA2). As depicted in Figure 8 - 

panel 2, they suggested that the products of iPLA2 stimulation as lysophospholipids (LPL), 

lysophosphatidylcholine (LPC), and lysophosphatidylinositol (LPI) promote the opening of TRPM8 on the PM 

and its activation as well as that of SOC in a “membrane delimited” fashion (Vanden Abeele et al. 2006). iPLA2 

stimulation may result from the store depletion evoked by the cold/menthol-induced activation of TRPM8 

localized on the ER and the subsequent displacement of the inhibitory Ca2+-dependent calmodulin (CaM) 
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(Vanden Abeele et al. 2006). The same pathway (store/iPLA2/LPC/LPI) can also be recruited by store depletion 

via ER-leak channels as a result of the inhibition of the Sarco-Endoplasmic Reticulum Ca2+ ATPase (SERCA) 

pump by thapsigargin. An iPLA2-dependent mechanism of TRPM8 activation has been also confirmed in 

dorsal root ganglia neurons, thus suggesting its ubiquitous character (Andersson, Nash, and Bevan 2007). 

Moreover, the activation of cytosolic phospholipase A2 (cPLA2) through the M3 muscarinic acetylcholine 

receptor-coupled signaling cascade was found to inhibit TRPM8 activity in an AA-dependent way (Fig. 8 - 

panel 5) (Bavencoffe et al. 2011). Indeed, as previously described for LPL, AA as well as other polyunsaturated 

fatty acids are known to directly inhibit TRPM8 activity (Andersson, Nash, and Bevan 2007). Furthermore, PM 

lipids have also been shown to play a role in regulating TRPM8 activity. In fact, the localization of TRPM8 

within lipid rafts, that is specific areas of PM rich in cholesterol and sphingomyelin, has been shown to be 

important for its activity (Morenilla-Palao et al. 2009). In particular, the cholesterol depletion induced by 

methyl-β-cyclodextrin causes the delocalization of TRPM8 outside the lipid rafts and this significantly 

modifies the properties of the channel: as an example, its cold-induced activation is shifted to 37° C when 

TRPM8 it is not associated with lipid rafts (Morenilla-Palao et al. 2009). 

Another signalling pathway involved in the modulation of TRPM8 activity is that of the Gi-coupled α2A 

adrenergic receptor which inhibits TRPM8 channel function via the Gαi-induced blockade of the adenylate 

cyclase (AC)/cyclic AMP (cAMP)/PKA signaling cascade (Fig. 8 - panel 3) (Bavencoffe et al. 2010). Indeed, Ser-

9 and Thr-17 are two critical sites for PKA phosphorylation regulating TRPM8 channel activation (Bavencoffe 

et al. 2010). This pathway can be restored by the β AR-mediated activation of AC through Gαs (Fig. 8 - panel 

3) (Bavencoffe et al. 2010). Interestingly, Zhang et al. brought to light another not conventional mechanism 

through which G-proteins may modulate TRPM8 activity (Zhang et al. 2012). More specifically, they showed 

that the Gαq (but not Gβϒ) subunit of the G-protein is able to bind directly to TRPM8 and inhibit its activity 

once activated by a Gαq-coupled receptor (Zhang et al. 2012). 

Furthermore, the regulated translocation of TRP channels appears to be a key mechanism for the gating 

of constitutively active subunits (Shapovalov et al. 2013). Basically, TRPM8 can be kept in readiness in a 

dynamic pool of vesicles under the cell surface and this dynamic TRPM8 pool could be activated by 

intracellular factors known to modulate TRPM8 activity, including second messengers generated during the 

activation of surface receptor-coupled signaling pathways (Bavencoffe et al. 2010; Yudin and Rohacs 2012; 

Zhang et al. 2012; Shapovalov et al. 2013). In this regard, the prostate-specific antigen (PSA) too proved to 

be a physiological/natural modulator of TRPM8. Indeed, it has been shown that PSA enhances TRPM8-

mediated currents by increasing TRPM8 channel expression on the PM through the bradykinin 2 receptor 

(B2R)/PKC signalling pathway (Fig. 8 - panel 4) (Gkika et al. 2010). Therefore, TRPM8 regulation by PSA is 

mediated via G-protein coupled receptor(s) and downstream signaling cascade (Gkika et al., 2010). 
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Interestingly, several studies have supported TRPM8 agonist activity for the thyroid hormone metabolite 

3-iodothyronamine (3-T1AM) (Khajavi, Mergler, and Biebermann 2017) in rat thyrocyte (PCCL3 cells) (Schanze 

et al. 2017), human conjunctival epithelial cells (HCjEC) (Khajavi et al. 2015), and a murine hypothalamic cell 

line (Bräunig et al. 2018). In particular, it has been observed that 3-T1AM induces Ca2+ responses similar to 

those evoked by menthol. Moreover, the 3-T1AM-induced TRPM8 activation displayed an inhibitory action 

on TRPV1-induced Ca2+ influxes in human corneal epithelial cells (Lucius et al. 2016), WERI-Rb1 

retinoblastoma (Mergler et al. 2012), and human uveal melanoma (UM 92-1) (Walcher et al. 2018). This 

negative feedback mechanism relies on a complex interplay between TRPs and GPCR which are also targets 

of this metabolite (Hoefig, Zucchi, and Köhrle 2016). 

Finally, some proteins were shown to exert their modulator activity on TRPM8 via direct interaction with 

the channel. Among them, androgen receptors (AR), TRP channel-associated factor (TCAF) 1 and their action 

on TRPM8 function in the prostate will be discussed in the Chapter 1.2 (Grolez et al. 2019; Gkika et al. 2015). 

Figure 8 Schematic summary of the pathways involved in TRPM8 modulation.  

PIP2: phosphatidylinositol 4,5-bisphosphate; PLC: phospholipase C; IP3: inositol 1,4,5-trisphosphate; iPLA2: 

Ca2+-independent phospholipase A2; AR: adrenergic receptor; AC: adenylate cyclase; PKA: protein kinase A. 

Image from (Bavencoffe et al. 2011). 
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Biological functions and pathological implications 

TRPM8 is mainly known as “cold” sensor. Indeed, in peripheral sensory neurons (nociceptive Aδ and C-

fibre afferents) TRPM8 activation by cold temperatures in the range of 8°-28°C and/or by cooling agents as 

menthol induces a Ca2+-mediated cold response signals at the application site (McKemy, Neuhausser, and 

Julius 2002). In addition to cold thermal transduction, TRPM8 is also involved in pain sensation; in particular, 

in cold allodynia after inflammation or nerve injury. Indeed, it has been shown that menthol-induced TRPM8 

activation leads to analgesia thanks to the synergistic excitation of GABA receptors and sodium ion channels 

(Pergolizzi et al. 2018;  Farco and Grundmann 2013). 

In central neurons TRPM8 may affect multiple aspects of thermal regulation, including autonomic and 

behavioural thermoregulation (Ordás et al. 2021). Moreover, along with TRPA1, TRPV1 and TRPV4, TRPM8 

has been hypothesized to be involved in migraine through a mechanism of activation of meningeal 

nociceptors possibly involving the Calcitonin Gene Related Peptide (CGRP) (Benemei and Dussor 2019). In 

this regard, it has been proposed a strong correlation between migraine processes and specific Single 

Nucleotide Polymorphisms (SNP) in the gene encoding TRPM8 (Dussor and Cao 2016). 

Furthermore, TRPM8 is expressed in a subset of autonomic nerves that innervate the bronchopulmonary 

system and are responsible for airway resistance (Xing et al. 2008). Consequently, it can be reasonably 

assumed that this channel is involved in the cold-induced exacerbation of respiratory disorders such as 

asthma. It has been consistently shown that menthol can alleviate the effects of respiratory irritants found 

in cigarette smoke and that its action is blocked by administration of the TRPM8 antagonist AMTB (Willis et 

al. 2011). Interestingly, TRPM8 is also markedly overexpressed in the bronchial epithelium of COPD patients 

and its expression and / or activation has been linked to MUC5AC expression, thus more strongly supporting 

an active role of TRPM8 in the development of respiratory disorders such as COPD as well as asthma (Li et al. 

2011).  

Recently, it has been observed that TRPM8 co-localizes with the acid-sensing ion channel ASIC3 on the 

submucosal sensory fibers innervating the human oropharynx. Moreover, the selective activation of TRPM8 

in combination with acidic solutions was found to improve the swallow response in patients with 

oropharyngeal dysphagia (OD), showing that (Alvarez-Berdugo et al. 2018).  

Furthermore, due to a role in transducing signals of chemical irritation and temperature change from the 

ocular surface to the brain, dysfunctions of TRPM8 have been related to dry eye disease (DED) (Yang et al. 

2018). 

TRMP8 expression has been also found in bladder afferent neurons (Shibata et al. 2011) and it results 

upregulated after bladder outlet obstruction in rats (Hayashi et al. 2011) as well as in patients with bladder 

disorders in which correlates with clinical grades (Mukerji et al. 2006). TRPM8 antagonists AMTB and BCTC 



  Introduction 

 

50 

 

have been shown to be effective in the treatment of overactive bladder and painful bladder syndrome by 

reducing volume-induced bladder contraction and nociceptive reflex responses to noxious bladder distension 

(Lashinger et al. 2008) and menthol- or cold stress-induced detrusor hyperactivity (Lei et al. 2013), 

respectively. 

TRPM8 also revealed a role in IBD, supported by its upregulation in colon during inflammation and the 

reduction of inflammatory responses in a mouse model of colitis upon icilin treatment (Ramachandran et al. 

2013). In addition, TRPM8 has been recently associated with obesity, due to the observation that chronic 

administration of menthol in the diet prevent obesity in wild-type mice but not in TRPM8-deficient mice, 

probably triggering uncoupling protein 1 (UCP-1)-mediated thermogenesis in brown adipose tissue (Ma et al. 

2012). 

Finally, a recent evidence linked TRPM8 with hypertension demonstrating that TRPM8 expression in 

vascular smooth muscle cells can be downregulated by angiotensin II (Ang II), whose role in hypertension and 

other cardiovascular disorders is well-established (Huang et al. 2017). In this regard, TRPM8 activation was 

observed to reduce the upregulation of NADPH oxidase (NOX) 1 and NOX4 as well as the increase of ROS and 

H2O2 production both induced by Ang II (Huang et al. 2017). 

  



  Introduction 

 

51 

 

1.2 TRP CHANNELS IN PROSTATE CANCER 
 

 

1.2.1    TRP channels and cancer  

In addition to the different pathological conditions mentioned in the previous chapter, TRP channels have 

recently been linked to cancer showing altered expression during cancer development and progression 

(Nilius et al. 2007). It is not yet possible to say whether these changes in TRP expression are central steps in 

the progression of cancer or are secondary to other changes, although the latter is most likely (Prevarskaya, 

Zhang, and Barritt 2007). However, several TRP proteins may prove to be valuable markers in predicting the 

progress of cancers and are potential targets for pharmaceutical treatment (Tsavaler et al. 2001; Fuessel et 

al. 2003; Wissenbach, Niemeyer, and Flockerzi 2004). 

Due to their key role in the modulation of spatial and temporal patterns of the intracellular distribution 

of Ca2+, dysregulation of the function or expression of TRP channels can interfere with multiple downstream 

effectors involved in the pathophysiology of cancer, which influence tumor growth, invasion, and 

vascularization (Prevarskaya, Skryma, and Shuba 2018). Indeed, intracellular free calcium (Ca2+
i) is the most 

abundant second messenger within the cell and plays a critical role in multiple signaling pathways controlling 

gene expression, cell cycle, autophagy, apoptosis, and cell motility (Berridge, Lipp, and Bootman 2000). 

Cellular Ca2+ signals are temporally and spatially tightly regulated within the cell (Csordás et al. 2010; Parekh 

2011; Berridge, Bootman, and Roderick 2003) to avoid prolonged [Ca2+]i increase that is toxic and lethal 

(McConkey and Orrenius 1997). More specifically, based on the duration, frequency, and amplitude of Ca2+ 

peaks, oscillations or waves, the cell controls the selective and specific activation of transcription factors for 

cell proliferation and migration. (Parekh 2011). Hence, the generated selective oscillatory Ca2+
I signals are 

decoded by downstream effectors, such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

κB), activated T cell nuclear factor (NFAT), calmodulin (CaM), calmodulin-dependent protein kinase II 

(CaMKII), calpain, etc. (Smedler and Uhlén 2014; Cullen 2003). Therefore, alteration of [Ca2+]I due to the 

dysfunction of membrane channels and transporters, may change cellular fate towards a tumor phenotype 

(Prevarskaya, Skryma, and Shuba 2018). TRP channels are no exception (Bödding 2007; Prevarskaya, Zhang, 

and Barritt 2007): mutations, dysregulation of TRP channels gating or expression levels by disrupting normal 

spatiotemporal patterns of local Ca2+ distribution contribute to tumor phenotype. However, alteration of 

[Ca2+]i is not the only way TRP channels influence tumor progression. Indeed, it is increasingly evident that 

another probable pathway through which TRP channels interfere with the onset and progression of cancer 

underlies their interaction with other intracellular proteins (Bödding 2007). 
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In the next sections, the role of TRP channels in different hallmarks of cancer will be discussed (Yang and 

Kim 2020; Shapovalov et al. 2016; Hantute-Ghesquier et al. 2018), with emphasis on TRP channels in prostate 

cancer (PCa). Indeed, as summarized in Table 5, many TRPs have been found deregulated in the prostate and 

suggested to play key roles in the physiology, pathology, and carcinogenesis of the prostate (Prevarskaya, 

Flourakis, et al. 2007; Van Haute, De Ridder, and Nilius 2010; Gkika and Prevarskaya 2011).  



  Introduction 

 

53 

 

TRP 

CHANGES IN EXPRESSION 

REF. 
LOCALIZA

TION 
BIOLOGICAL 
EFFECTS 

REF. HEALTHY/
BENIGN 

TUMOR INVASIVE 

TRPC1 Yes Yes ↓ 
(Riccio et al. 
2002; Pigozzi 
et al. 2006) 

PM 
ER 

pro-apoptotic 
(TNF-α/NF-κB) 

 

TRPC3 
Yes / 

very low 

low 
(Increased by store 

depletion) 

(Riccio et al. 
2002; Pigozzi 
et al. 2006) 

 
pro-apoptotic 
(TFII-I) 

(Misra et al. 
2011) 

TRPC4 Yes    
(Riccio et al. 

2002) 
 

pro-apoptotic 
(SOCE) 

(Abeele et al. 
2004) 

TRPC6 Yes ↑ ↑ 
(Yue et al. 

2009; Riccio 
et al. 2002) 

 

pro-proliferative  
(α1D-AR/NFAT) 
 
pro-invasive 

(Thebault et al. 
2006; Wang et al. 

2010) 
 

(Wang et al. 
2014) 

TRPV1 Yes ↑ ↑ 

(Sánchez et 
al. 2005; 

Czifra et al. 
2009) 

 

pro-proliferative  
(α1D-AR) 
 
 
 
pro-apoptotic 

(Morelli et al. 
2014; Malagarie-
Cazenave et al. 

2009) 
 

(Sánchez et al. 
2006; Ziglioli et 

al. 2009) 

TRPV2 n.d. yes ↑ 
(Monet et al. 

2010) 
PM 

pro-proliferative 
pro-migratory 

(Monet et al. 
2009; 2010; 

Oulidi et al. 2013) 

TRPV4 
Yes 
(EC) 

↓  
(TEC) 

(Adapala et 
al. 2016) 

 anti-angiogenic 

(Adapala et al. 
2016; Thoppil et 
al. 2016; Cappelli 

et al. 2019) 

TRPV6 
No/ 

very low 
↑ ↑ 

(Wissenbach 
et al. 2001; 

Fixemer et al. 
2003; Peng et 

al. 2001) 

PM 
pro-proliferative  
(SOCE /NFAT) and 
anti-apoptotic 

(Lehen’kyi et al. 
2007; Raphaël et 

al. 2014) 

TRPM2 Yes ↑ ↑ 

(Zeng et al. 
2010; 

Hantute-
Ghesquier et 

al. 2018) 

PM  
lysosomes 

nuclei 

pro-apoptotic  
(ROS-mediated) 

(Zeng et al. 2010; 
Wang, Huang, 
and Yue 2017) 

TRPM4 
Yes 

(kept low by 
miR-150) 

 ↑ 
(Hong and Yu 
2019; Schinke 

et al. 2014) 
 

pro-proliferative 
(β-catenin) 
pro-EMT 
(Snail1) 
 
pro-migratory 
(SOCE) 

(Armisén et al. 
2011; Sagredo et 

al. 2018) 
 
 
 

(Holzmann et al. 
2015; Sagredo et 

al. 2019; Hong 
and Yu 2019) 

TRPM7 Yes ↑    

 
anti-apoptotic 
(TRAIL) 
pro-EMT 

(Sun et al. 2013; 
Lin et al. 2015) 
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Table 5. TRP channels in prostate cancer. 

Abbreviations: (↑) increment (↓) reduction; PM: plasma membrane; ER: endoplasmic reticulum; TNF-α: tumor necrosis 

factor α; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells; TFII-I and Snail: transcription factors; 

SOCE: store-operated calcium entry; α1D-AR: α1D adrenergic receptor; NFAT: nuclear factor of activated T-cells; ROS: 

reactive oxygen species; EMT: epithelial to mesenchymal transition; TRAIL: TNF-related apoptosis-inducing ligand; MAM: 

mitochondria-associated membranes; VEGF: vascular-endothelial growth factor; HGF: hepatocyte growth factor. 

 

 

 

1.2.2    Transcriptional regulation of TRP channels during 

carcinogenesis 

What accompanies the transformation of normal cells into tumorigenic cells is a long and complex process 

that also involves the progressive accumulation of mutations in multiple oncogenes and tumor suppressor 

genes that code for key signaling proteins. The subsequent alteration of several intracellular pathways drives 

the transition from normal differentiated cells to hyperplastic, dysplastic, neoplastic, and then metastatic 

cells. Over the past twenty years, a considerable number of studies have found a correlation between 

carcinogenesis/tumor progression and alterations in the expression of TRP channels (Nilius et al. 2007; 

Bernardini et al. 2015).  To date, most changes involving TRP proteins do not involve mutations in the TRP 

gene, but rather increased or decreased expression levels of the wild-type TRP protein, depending on the 

 
 
pro-migratory 
pro-invasive 

 
(Sun et al. 2014; 
Chen et al. 2017) 

TRPM8 Yes ↑ ↓ 

(Tsavaler et 
al. 2001; 
Fuessel et al. 
2003; G 
Bidaux et al. 
2007) 

PM 
ER 

MAM 

pro-proliferative  
pro-apoptotic  
(ER depletion)  
 
 
 
 
 
 
anti-migratory  
 

(Zhang and 
Barritt 2004; 

Prevarskaya et al. 
2007; Thebault et 
al. 2005; Yang et 

al. 2009) 
 

 
 

(Gkika et al. 
2010; 2015; Z. H. 
Yang et al. 2009) 

 
 

TRPA1 Yes 
Yes 

(prostate CAF) 

(Du et al. 
2008; Gratzke 
et al. 2010; 
Vancauwenbe
rghe et al. 
2017) 

 
pro-secretory 
(VEGF-HGF) 
anti-apoptotic 

(Vancauwenberg
he et al. 2017) 
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stage of cancer (Gkika and Prevarskaya 2009). In particular, the expression levels of members of the TRPC, 

TRPM, and TRPV families have been correlated with the emergence and/or progression of multiple cancers 

including melanoma, glioma, breast and prostate cancer (Duncan et al. 1998; Wissenbach et al. 2001; 

Tsavaler et al. 2001; Thebault et al. 2006). 

Modulation of TRP expression/activity concerns different levels: transcriptional and translational, 

trafficking of the channel to the PM, or direct stabilization of the channel on PM. At all of these levels, TRP 

can be regulated by hormones, growth factors (GF), and alternative splicing isoforms (Fig. 9), with the 

subsequent consequences on the signaling pathways that involve them (Gkika and Prevarskaya 2009).  

Figure 9. TRP regulation during carcinogenesis/tumor progression. 

GF: growth factors; GFR: growth factor receptors; PM: plasma membrane 

Image from (Gkika and Prevarskaya 2009) 

 

Hormonal regulation 

In some cases, TRP channels’ expression displays a hormone dependence. This is, for example, the case 

with TRP channels associated with cancers that are subject to hormonal regulation, such as prostate and 

breast cancer. In particular, two TRP channels revealed a transcriptional regulation by androgens and 

estrogens, which are TRPM8 and TRPV6. 

Consistent with an up-regulation during the androgen-dependent phase of PCa and a dramatic down-

regulation during the late androgen-independent stage, TRPM8 expression was proved to be directly 
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controlled by androgen receptors (AR). More specifically, it was observed that the gene encoding TRPM8 is 

a primary androgen-responsive gene having 10 presumed androgen-responsive elements, one of which is in 

the promoter region and the others in correspondence with the intronic sequences (Bidaux et al. 2005; Zhang 

and Barritt 2004). The expression of TRPM8 is induced by the binding of the testosterone-AR complex to the 

androgen-responsive sequence. In addition, androgens seem to differentially regulate two different TRPM8 

isoforms and their subcellular localization in the PM or the ER (Bidaux et al. 2005; Gkika and Prevarskaya 

2011). This aspect of androgen regulation will be discussed in more detail in section 1.2.6. 

TRPM8 expression was also found to be regulated by estrogen receptor (ER) α in breast cancer (Chodon 

et al. 2010). Indeed, TRPM8 up-regulation in breast adenocarcinomas is correlated with the ER+ status of the 

tumors and steroid deprivation as well as silencing of ERα were demonstrated to reduce TRPM8 expression 

(Chodon et al. 2010) 

The gene encoding TRPV6 also appears to be subject to androgenic regulation in the prostate, although 

this mechanism is currently less characterized than that of TRPM8 regulation. Indeed, although an androgen-

responsive element on the 5′ TRPV6 gene flanking sequences has been observed, further investigations on it 

are needed to better define the mechanism by which TRPV6 transcriptional regulation occurs. Contrary to 

TRPM8, TRPV6 is subject to negative regulation by androgens (Lehen’kyi et al. 2007) consistent with the 

different expression pattern shown by TRPV6 which, unlike TRPM8, has been seen to increase progressively 

and proportionally to the aggressiveness of the tumor. However, the evidence that androgen-sensitive LNCaP 

display higher levels of TRPV6 compared to androgen-insensitive PC-3 or DU-145 cell lines seems to suggest 

the presence of different regulatory mechanisms and a ligand-independent way for AR regulation in LNCaP 

cells (Lehen’kyi et al. 2007).  

The dependence of TRPV6 expression on estrogens and its consequences in breast cancer is better 

characterized. Indeed, it has been described that estrogens are able to positively regulate TRPV6 

transcription through the direct binding to the estrogen-responsive element present in the TRPV6 promoter 

sequence (Weber et al. 2001). Consistently, TRPV6 expression progressively increases during breast cancer 

(Zhuang et al. 2002). TRPV6 transcription is also affected by several Ca2+-sensitive transcriptional regulators 

including the serum responsive element and the cAMP/Ca2+-responsive element (Gallin and Greenberg 1995; 

Hoenderop, Nilius, and Bindels 2005), synergistically with estrogens. Interestingly, TRPV6 transcripts are 

enhanced by long-term stimulation with estrogen and mildly reduced by short-term treatment as well as by 

inhibition of estrogen receptors, indicating a direct involvement of estrogen receptors in TRPV6 gene 

regulation (Bolanz, Hediger, and Landowski 2008). In addition, it has been demonstrated that estrogens 

affect TRPV6 regulation not only at the transcriptional level but also directly enhancing channel function as 

a Ca2+-permeable channel (Weber et al. 2001). 
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Regulation by growth factors 

During the onset and progression of cancer, TRP channels also undergo growth factor-mediated 

regulation. As an example, the hepatocyte growth factor/scatter factor (HGF/SF), also known as 

plasminogen-related growth factor-1 (PRGF-1), was shown to potentiate the agonist-induced stimulation of 

TRPV1 and TRPM8 thus enhancing Ca2+ influx and cell migration in hepatoblastoma and glioblastoma, 

respectively (Zhang and Vande Woude 2003; Wondergem et al. 2008; Waning et al. 2007). Moreover, HGF/SF 

together with the endothelial growth factor (EGF) stimulates the proliferation of hepatoma cells by up-

regulating TRPC6 expression (Boustany et al. 2008). The latter is also regulated by two other growth factors 

crucial in the angiogenic process, i.e. vascular endothelial growth factor (VEGF) and platelet-derived growth 

factor (PDGF) (Jung et al. 2002). In particular, it has been shown that the VEGF-induced Ca2+-mediated 

increase of microvessel permeability is mediated by store-independent TRPC including TRPC6 (Pocock, 

Foster, and Bates 2004; Cheng et al. 2006). As regards PDGF, it up-regulates TRPC6 transcription via the c-

Jun/STAT3 signaling pathway thus leading to a more sustained proliferation of pulmonary artery smooth 

muscle cells (Yu et al. 2003). Finally, in bladder cancer, the insulin-like growth factor 1 (IGF-1) seems to play 

an important role in regulating cell growth (Zhao et al. 2003) by promoting TRPV2 translocation to the PM 

(Kanzaki et al. 1999; Qin et al. 2008). 

  

Modulatory TRP isoforms 

Alternative splicing by which multiple protein isoforms can be generated from the same gene is another 

regulatory mechanism of TRP channels in cancer. Indeed, TRP splice variants exhibit different properties in 

terms of functionality, protein/ protein interaction, or subcellular localization (Stamm et al. 2005) which lead 

to different biological effects. Alternative splicing may also produce non-functional isoforms of the gene 

which revealed regulatory properties on functional proteins. Indeed, these inactive isoforms may contribute 

to the formation of non-functional heteromers by blocking their activity and/or translocation on the plasma 

membrane. Basically, most TRP channels feature at least two or more splice variants with different expression 

profiles according to the tissue, type, and stage of cancer. This is especially the case with TRPV1, TRPM1, 

TRPV2, and TRPM8 (Fig. 10).  

 



  Introduction 

 

58 

 

Figure 10. TRP isoforms. 

Examples of TRP isoforms showing changes at the protein level (shortened 

proteins or deletion of small fragments) in cancer: TRPV1 (TRPV1β) and 

TRPV2 (s-TRPV2) isoforms are implicated in bladder cancer, TRPM1 (TRPM1-

S) and TRPM8 (TRPM8β) isoforms in melanoma and prostate cancer, 

respectively; (aa: amino acids) 

Image from (Gkika and Prevarskaya 2009) 

 

Short TRPV1 isoform (TRPV1β)  lacks 10 amino acids in the N-terminal tail and acts as a dominant-negative 

mutant against the full-length isoform by affecting the tetramerization, stability, and activity of TRPV1 

channel (Wang et al. 2004). The short/full TRPV1 form ratio could play a role in controlling urothelial 

carcinoma progression (Lazzeri et al. 2005). Similarly, metastatic melanoma seems to be correlated with the 

loss of the full-length TRPM1 protein probably due to its proteolysis by shorter TRPM1 products (Duncan et 

al. 1998; Fang and Setaluri 2000; Zhiqi et al. 2004) which have also revealed the capability to retain TRPM1 

full-length in the ER (Xu et al. 2001). Indeed, it has been shown that TRPV2 expresses a full-length isoform 

showing upregulation during bladder cancer and a short variant (s-TRPV2) whose expression, on the other 

hand, gradually decreases with tumor progression (Caprodossi et al. 2008). A different s-TRPV2 isoform 

characterized by a lack of the pore-forming region and the S5 and S6 TM has been observed in human 

macrophages (Nagasawa et al. 2007). To date, more than one splice variant has been characterized for 

TRPM8 protein. Similarly to TRPV1, TRPM8 expresses short splice variants (sTRPM8α, sTRPM8β, and sTRPM8-

6, 6-18 kDa) which exert a dominant-negative action against the full-length channel since they are in a closed 

configuration with its C-terminal tail and thus impair both its cold sensitivity and activity (Fernández et al. 

2012; Bidaux et al. 2012). These isoforms are freely diffusing in the cytosol (sTRPM8, 6-18 kDa) and share an 

antagonist functional effect compare to the channel isoforms (Bidaux, Borowiec, Dubois, et al. 2016). 

Moreover, an altered N-terminus variant displaying a preferential ER localization and a specific role in 

controlling cold air-induced inflammation has been cloned from lung epithelia (Sabnis, Reilly, et al. 2008; 

Sabnis, Shadid, et al. 2008). Other TRPM8 isoforms have been observed and further characterized in PCa (Lis, 
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Wissenbach, and Philipp 2005). In particular, two TRPM8 isoforms with different localization on the PM 

(TRPM8PM) and ER (TRPM8ER) have been identified (Bidaux et al. 2007). Despite the controversy existing in 

the literature on the presence and functionality of TRPM8ER which could be explained by the different 

concentrations of agonist used and/or with the specific culture conditions used ((Mahieu et al. 2007; Kim et 

al. 2009) versus (Thebault et al. 2005; Bidaux et al. 2005; Zhang and Barritt 2004)), the expression of TRPM8ER 

was confirmed on freshly-isolated primary epithelial PCa cells (Bidaux et al. 2007). It has been shown that 

the expression of these two isoforms strongly depends on the degree of differentiation of the cells and their 

dependence on androgen regulation, thus suggesting that the two variants may derive from an alternative 

promoter of the TRPM8 gene with different sensitivity to androgens. However, it cannot be excluded that 

the distinct subcellular localization of the two isoforms results from differences in the primary sequences 

encoding an ER-specific retention signal and/or involves modulatory mechanisms that influence TRPM8 

trafficking. Confirming the existence of TRPM8 isoforms expressed at the intracellular level shorter than the 

canonical full-length isoform present on the PM (110-128 kDa), an isoform of 95 kDa was found specifically 

in various endothelial cell lines (EC) showing a strong down-regulation in tumor-derived endothelial cells 

(TEC) (Genova et al. 2017) as well as in glioblastoma cells (Wondergem et al. 2008). Recently, peculiar N-

terminal truncated TRPM8 isoforms domains have been cloned from keratinocytes (eTRPM8) (Bidaux et al. 

2015; Bidaux, Borowiec, Prevarskaya, et al. 2016) as well as from PCa cells (Bidaux et al. 2018). These short 

isoforms, deriving from alternative splicing mechanisms (Bidaux et al. 2015; Bidaux, Borowiec, Prevarskaya, 

et al. 2016; Borowiec et al. 2016), are characterized by an unconventional structure with 4 instead of 6 TMD 

(sTRPM8; 35-40kDa – 4TM) as they lack TM1 and TM2 domains. Consistent with their partial localization in 

mitochondria-associated ER membranes (MAM) 4TM TRPM8 isoforms were found to mediate the uptake by 

mitochondria of Ca2+ released from ER  (Bidaux et al. 2018). Another study demonstrated that inhibition of 

the proteasome machinery in PCa cells results in the up-regulation of the canonical full-length TRPM8 isoform 

and the simultaneous down-regulation of a short 55 kDa isoform presumably similar to the 4TM TRPM8 

isoform, clearly suggesting that TRPM8ER isoforms can derive both from alternative transcriptional splicing as 

well as from protein degradation mechanisms (Asuthkar et al. 2017).  
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1.2.3    TRP channels and prostate tumor growth 
 

Tumor growth, cell proliferation and apoptosis 

Cancer development and progression are characterized by cell cycle dysregulation, which results in 

increased cell growth and concomitant suppression of the mechanisms responsible for cell death (Monteith 

et al. 2007). Most of the mechanisms regulating cell proliferation, cell death, and survival are strongly 

dependent on [Ca2+]I homeostasis and thus are affected by Ca2+-permeable ion channels including TRP 

(Fliniaux et al. 2018). Basically, pro-proliferative pathways involve the entry of Ca2 through TRP channels 

expressed on the plasma membrane (PM) (Berridge, Bootman, and Roderick 2003; Monteith et al. 2007), as 

well as fluxes of Ca2+ mediated by cytoplasm, mitochondria, lysosome or ER inducing pro-apoptotic pathways 

(Orrenius, Zhivotovsky, and Nicotera 2003; Pinton et al. 2008). 

During the cell cycle, calcium oscillations occur during both the G1/S and G2/M phases and play a role in 

centrosome duplication and separation by inducing the expression of transition cyclins (D and E) and 

associated cyclin-dependent kinases (CDK4 and CDK2) (Matsumoto and Maller 2002; Roderick and Cook 

2008). Furthermore, through effector molecules such as CaMKII and NF-κB, calcium has been shown to affect 

proliferation components from transcription to cytokinesis (Matsumoto and Maller 2002). The CaMKII kinase 

plays an essential role in Ca2+- calmodulin-regulated calcium reuptake and has been recently found to induce 

apoptosis resistance in PCa in an androgen-sensitive way (Rokhlin et al. 2007). The NF-κB is a transcriptional 

factor that, in response to different stimuli including a transient rise in intracellular Ca2+, ROS (Sée et al. 2004; 

Kriete and Mayo 2009), tumor necrosis factor-alpha (TNF-α) (Chandel et al. 2000), and interleukin 1-beta (IL-

1β) (Renard et al. 1997), controls the expression of several genes associated with inflammatory and immune 

responses as well as cell survival and proliferation (Gilmore 2006). For instance, NF-κB has been shown to 

interfere with caspase-induced apoptosis through the regulation of the anti-apoptotic genes TRAF1 and 

TRAF2, and its suppression in cancer cells leads to inhibition of tumor cell proliferation and improvement of 

their sensitivity to chemotherapy drugs (Liu et al. 2012; Sheikh and Huang 2003; Escárcega et al. 2007). Other 

important Ca2+-dependent players in the regulation of the cell cycle are calpains (Ca2+-dependent cysteine 

proteases) and calcineurin (Ca2+-dependent serine-threonine phosphatase) (Wu, Tomizawa and Matsui 

2007). Calpains, upon activation by local Ca2+ entry (Smith and Schnellmann 2012) affect not only cytoskeletal 

remodeling and cell motility (Santella et al. 2000) but also proliferative and apoptotic pathways (Sanvicens 

et al. 2004; Gómez-Vicente, Donovan, and Cotter 2005) through the proteolytic cleavage of various 

cytoplasmic proteins including calcineurin (Wu, Tomizawa, and Matsui 2007). Calcineurin, in turn, 

upregulates the expression of interleukins by the activation of specific nuclear transcription factors including 
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NFAT, and thus stimulates cellular growth and differentiation (Heit et al. 2006). Finally, another Ca2+ -

associated mechanism of central importance in the regulation of the cell cycle is the so-called store-operated 

calcium entry (SOCE) mediated by ion channels expressed on the PM (Parekh, Fleig, and Penner 1997; El 

Boustany et al. 2010). Basically, these channels can be activated by the emptying of intracellular Ca2+ stores 

and thus give rise to a sustained calcium entry through the plasma membrane that influences mitochondrial 

and cytoplasmic apoptotic pathways (Prevarskaya, Skryma, and Shuba 2004; Vanden Abeele et al. 2002; 

Vanoverberghe, Abeele, et al. 2004). Moreover, it has been shown that Ca2+ release from internal stores can 

itself compromise apoptosis and improve the proliferation and aberrant differentiation of tumor cells (Bidaux 

et al. 2007; Xin et al. 2005). This observation points out that some ion channels are not only expressed on 

the PM but also on the membranes of intracellular organelles like lysosomes, mitochondria, and ER from 

where they support the passage of Ca2+ through various intracellular compartments (Pedersen, Owsianik, 

and Nilius 2005). Among these, there are the well-known IP3 receptors and ryanodine receptors (RyR) 

expressed on ER membranes and involved in the regulation of apoptosis (Hoyer-Hansen and Jaattela 2007; 

Johnson et al. 2004) but also some members of the TRP family such as TRPC1 (Ambudkar, de Souza, and Ong 

2017), TRPM2 (Zeng et al. 2010), and TRPM8 (Bidaux et al. 2012; 2015). 

 

TRP channels in PCa growth  

Some TRP channels have revealed pro-proliferative effects on PCa cells (Fig. 11). Among these, TRPV6 is 

certainly the best characterized to date for its strong pro-proliferative role in PCa as well as in other cancers 

involving the pancreas, colon, ovary, breast, and thyroid gland (Stewart 2020; Lehen’kyi, Raphaël, and 

Prevarskaya 2012). TRPV6 has been shown to promote proliferation and survival probably through a SOCE-

dependent mechanism and under transcriptional regulation by progesterone, estrogen, tamoxifen, and 

vitamin D (Van Cromphaut et al. 2003; Song et al. 2003). TRPV6 expression significantly increases with the 

progression of PCa towards aggressive forms and correlates with the Gleason grading > 7 (Wissenbach et al. 

2001; Peng et al. 2001; Fixemer et al. 2003). Moreover, TRPV6 up-regulation is known to be driven by AR: it 

results inhibited by the AR agonist dihydrotestosterone and stimulated by the AD antagonist bicalutamide 

(Bödding, Fecher-Trost, and Flockerzi 2003; Vanden Abeele et al. 2003). However, TRPV6 impact on PCa 

growth is not only affected by its differential expression according to cancer stage but also by its trafficking 

to the plasma membrane regulated by Orai1/TRPC1/Annexin I/S100A11 pathway in a SOCE-dependent 

manner (Raphaël et al. 2014). Prevarskaya’s group demonstrated that TRPV6 contributes to LNCaP 

proliferation basically decreasing proliferation rate, cell accumulation in the S-phase of the cell cycle, and the 

expression of proliferating cell nuclear antigen (PCNA) (Lehen’kyi et al. 2007). Mechanistically, it has been 

suggested that the increase in cell viability and resistance to apoptosis conferred by TRPV6 to LNCaP cells 
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might be caused by the TRPV6 mediation of the Ca2+-induced activation of NFAT and NF-κB signaling 

pathways, known to induce the expression of genes conferring resistance to apoptosis (Lehen’kyi et al. 2007; 

Schwarz et al. 2006; Raphaël et al. 2014).  

Also TRPC1 expression is regulated by androgen receptor in the prostate although displaying the opposite 

pattern during PCa progression compared to TRPV6. Indeed, TRPC1 is down-regulated from the androgen-

dependent to the androgen-independent phase of PCa. Accordingly, TRPC1 exerts a pro-apoptotic role in PCa 

probably through the TNF-α-induced NF-κB signaling pathway (Marasa et al. 2006).  

Furthermore, it has been observed that treatments that induce neuroendocrine differentiation like 

androgen deprivation could up-regulate TRPV2 expression thus associating this channel with the castration-

resistant prostate cancer (CRPC) progression (Monet et al. 2010). TRPV2 is expressed in androgen-

independent and metastatic phases of PCa and its suppression has been shown to slow down PCa growth 

and invasiveness in nude mice xenografted with PC3 cells (Monet et al. 2009; 2010). The mechanism through 

which TRPV2 may affect cell proliferation has not been yet elucidated, whereas TRPV1 involvement has been 

linked to a cross-talk with α1D-AR which ultimately results in a more sustained PCa cells proliferation (Morelli 

et al. 2014). Similar results were also observed in LNCaP cells where capsaicin activation of TRPV1 enhances 

cell proliferation through the Akt and ERK pathways (Malagarie-Cazenave et al. 2009). Consistently, TRPV1 

expression levels appear to be increased in high-grade PCa when compared with benign prostate hyperplasia 

(BPH) (Sánchez et al. 2005; Czifra et al. 2009). However, TRPV1 also displayed a pro-apoptotic role in PCa 

induced by vanilloid stimulation and the subsequent Ca2+ overloading within the cell, and the fast decrease 

of the transmembrane mitochondrial potential (Ziglioli et al. 2009). At the same time, capsaicin has been 

shown to inhibit PC3 growth via a receptor-independent mechanism involving coenzyme Q inhibition, ROS 

accumulation, and caspase activation (Sánchez et al. 2006). 

Regarding the TRPM family, a pro-proliferative role in PCa has been assigned to TRPM4 and TRPM7. 

Significant increases in TRPM4 transcripts were observed in PCa patients supporting a pro-proliferative role 

of TRPM4 through the promotion of β-catenin function as a transcriptional cofactor and Wnt signaling 

pathway (Armisén et al. 2011; Sagredo et al. 2018).  Another player in the growth of PCa is TRPM7, although 

it has been better characterized for its impact on PCa invasiveness. Indeed, TRPM7 inhibition was shown to 

promote the TRAIL-induced apoptotic pathways in PC3 cells (Lin et al. 2015), whereas its activation by 

cholesterol supports PCa cells proliferation through the activation of the Ca2+-dependent AKT and/or ERK 

pathways (Sun et al. 2013). This mechanism may explain the correlation found between high circulating 

cholesterol levels and the higher risk of aggressive PCa in general (Pelton, Freeman, and Solomon 2012). 

Other TRP channels appear to play a protective role in the progression of prostate cancer by exercising 

pro-apoptotic functions as described above for TRPC1 (Fig. 11). As an example, some early studies proposed 
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the involvement of TRPC4 in ATP-stimulated SOCE-dependent mechanisms in PCa cell lines (Vanden Abeele 

et al. 2004). Although its role has not yet been fully investigated, it appears that TRPC4 may be implicated in 

SOCE-induced cell proliferation mechanisms due to its tendency to form heteromers with TRPC1 (Antoniotti 

et al. 2006). Moreover, the prolonged depletion of intracellular Ca2+ stores has been shown to up-regulate 

TRPC3 expression, as well as that of TRPC1, in LNCaP cells via Ca2+/calmodulin/calcineurin/NFAT pathway 

(Pigozzi et al. 2006). In addition, in DU145 cells it has been described an interesting co-localization of TRPC3 

channel with transcription factor TFII-I, known to interfere with apoptosis (Misra et al. 2011). Of note, within 

the TRPC family, compensatory pathways relying on their tendency to aggregate and function 

interdependently should always be considered in defining their roles in physiological and/or pathological 

conditions. Another member of the TRPC family associated with PCa growth is TRPC6, whose expression was 

associated with the histological grade, Gleason score, and extra-prostatic extension of PCa (Yue et al. 2009). 

TRPC6 act as a second messenger-operated channel (SMOC) being involved in the α1D-AR-mediated 

stimulation of PCa cell proliferation (Thebault et al. 2006) as previously described for TRPV1. Indeed, agonist-

mediated activation of α1D-AR enhances PCa cell proliferation thus inducing a store-independent TRPC6-

mediated Ca2+ entry which ultimates in the activation and nuclear translocation of the Ca2+/calcineurin-

dependent NFAT (Thebault et al. 2006). Moreover, TRPC6 has been implicated in the HGF-induced 

proliferation of PC3 and DU145 cells (Wang et al. 2010). Taking into account these data, basal prostate cancer 

cell proliferation has been proposed to be under the control of the basal calcium entry provided by TRPV6, 

and that TRPC6 is involved in the catecholamine-induced mitogenic effect (Prevarskaya, Skryma, and Shuba 

2010). 

Finally, a pro-apoptotic role in PCa has been assigned to TRPM2 (Zeng et al. 2010). The selective 

suppression of TRPM2 expression in PCa cells has been shown to inhibit tumor growth without affecting cell 

proliferation in healthy cells (Zeng et al. 2010). In addition to a higher level of expression in tumor cells, 

TRPM2 exhibits markedly different subcellular localization between cancerous and non-cancerous cells: in 

benign cell lines, TRPM2 is expressed on the PM and in the cytosol (lysosomes), while in tumor cells it is also 

expressed in a cluster pattern in the nuclei (Zeng et al. 2010). It has been shown that TRPM2 can inhibit 

nuclear ADP-ribosylation in PCa, thanks to the enzymatically active adenosine diphosphoribose hydrolase 

domain present in its C-terminus (Wang, Huang, and Yue 2017b). However, the TRPM2-mediated inhibition 

of cell proliferation does not depend on the activity of poly (ADP-ribose) polymerases (Zeng et al. 2010). 

Although the link between TRPM2 and cell survival is still elusive, it could be associated with the ROS-induced 

TRPM2-mediated Ca2+ release from the lysosomal stores and the subsequent trigger of apoptotic pathways 

as observed in rat β pancreatic cells (Lange et al. 2009; Starkus, Fleig, and Penner 2010). In this regard, it has 

been shown that oxidative stress in cancer cells can activate CaMKII in a TRPM2-dependent mechanism which 
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ultimately results in a positive feedback loop characterized by intracellular ROS accumulation, mitochondrial 

fragmentation, and loss of mitochondrial membrane potential (Wang, Huang, and Yue 2017b). 

 

Figure 11. TRP channels and prostate tumor growth. 

Scheme representing signalling pathways through which TRP channels affect PCa cells 

proliferation and apoptosis. AKT: serine/threonine kinase also known as protein kinase B; ERK: 

extracellular signal-regulated kinases; MEK: mitogen-activated protein kinase kinase; AP1: 

activator protein 1; RB: transcriptional corepressor 1; ETS: transcriptional factor; NFAT: nuclear 

factor of activated T-cells; CDK: cyclin-dependent kinases; RB: focal adhesion; CAM: 

calcium/calmodulin; CAMK: calcium/calmodulin-dependent kinase II; PKC: protein kinase C; 

PLC: phospholipase C. 

Image from (Déliot and Constantin 2015) 

 

 

1.2.4    TRP channels and prostate cancer invasiveness 
 

Cell migration and invasion  

To escape the primary tumor and spread to colonize other sites, cancer cells must acquire a more 

aggressive phenotype characterized by a greater ability to migrate and cleanse their way through the 

extracellular matrix (ECM) to invade surrounding tissues. 
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Cell migration is a Ca2+-dependent multistep process basically involving cytoskeleton remodeling as well as 

cellular protrusion/contraction to adhere and detach from ECM. Cancer cells mainly adopt a mesenchymal 

mode of motility based on directional migration. This process relies on the formation of a transient increase 

of intracellular Ca2+ which produces a front-to-rear calcium gradient and polarity within the cell (Mayor and 

Etienne-Manneville 2016). Therefore, specific cellular responses are then triggered based on the spatial and 

temporal distribution of [Ca2+]i. Typically, at the leading edge cell membrane extensions with directed actin 

polymerization are formed, while contemporarily focal adhesions (FA) linking cytoskeleton with ECM are 

disassembled at the rear of the cell and the trailing edge is contracted (Mayor and Etienne-Manneville 2016). 

The directionality of the movement is determined by the so-called “calcium flickers” which are restricted at 

lamellipodia and confer to the cell the ability to respond to directional cues (Wei et al. 2009; 2010). Among 

the main players of the migratory machinery, there are Ca2+-dependent myosin light chain kinase (MLCK) and 

the EF-hand Ca2+-binding protein family of S100 responsible for F-actin polymerization and myo II–actin 

assembly resulting in actomyosin contraction (Clark et al. 2007); focal adhesion proteins, such as integrins, 

talin, vinculin and focal adhesion kinases (FAK) that undergo high turnover through the cleavage by the Ca2+-

sensitive protease calpain and the restoration by proline-rich tyrosine kinase 2 (Pyk2), and small GTPases like 

Ras and Rac (Franco and Huttenlocher 2005; Lysechko, Cheung, and Ostergaard 2010; Selitrennik and Lev 

2015). As responsible for the intracellular homeostasis of calcium, TRP channels can define the frequency 

and localization of these transient and local Ca2+ microdomains within the cytosol and thus orchestrate the 

migratory machinery. 

Another feature that cancer cells must acquire to give rise to metastasis is strong invasiveness which is 

the ability to efficiently degrade ECM proteolytically. This process is mediated by special cellular structures 

named invadopodia and consists of dynamic actin-enriched cell protrusions with proteolytic activity. Ca2+ 

influx and oscillations are required to trigger invadopodia initiation, assembly through the generation of 

phosphatidylinositol-3,4-bisphosphate (PtdIns(3,4)P2), and the activation of the non-receptor tyrosine kinase 

Src, and maturation (Mader et al. 2011; Yamaguchi et al. 2011). Focal degradation of the ECM is achieved by 

the upregulation of proteolytic enzymes such as zinc-dependent endopeptidases MMP (matrix 

metalloproteinase) and cathepsins which are incorporated into mature invadopodia and then released via 

endocytic vesicles at the degradation sites of the ECM to allow cell invasion (Beaty et al. 2013; Brown and 

Murray 2015). 

Intracellular signaling pathways involved in tumor cell migration and invasion will be discussed more in 

detail in Chapter 1.3. 
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TRP channels in PCa invasiveness  

The main TRP channels involved in the control of motility of transformed cells are TRPC1, TRPM1, TRPM7, 

TRPM8, and TRPV2 (Canales et al. 2019; Fels et al. 2018; Asghar and Törnquist 2020). Regarding prostate 

cancer specifically (Fig. 12), it has been observed that TRPV2 enhances PCa cells invasive features by 

promoting cell migration and stimulating the expression of invasion markers MMP-2, MMP-9, and cathepsin 

B leading to the progression to androgen resistance (Monet et al. 2009; 2010). Indeed, androgen deprivation 

induces de novo expression of TRPV2, which, in turn, mediates a constitutive calcium increase in the cytosol 

supporting the migratory machinery of metastatic cells (Monet et al. 2010). Moreover, independently of 

androgens, endogenous lysophospholipids may enhance the translocation of TRPV2 to the PM via the 

phosphatidylinositol 3‑kinase (PI3K) pathway, thus promoting PCa cells migration (Monet et al. 2009). 

Similarly, the activation of adrenomedullin (AM), a multifactorial 52-amino acid regulatory peptide involved 

in different cancerogenesis processes, was shown to promote the PI3K-mediated translocation of TRPV2 to 

the PM and the subsequent Ca2+-dependent activation of β1-integrin and FAK phosphorylation responsible 

for increased cell migration (Oulidi et al. 2013). Therefore, TRPV2 may be considered a promising 

pharmaceutical target for the treatment of androgen-independent PCa.  

Moreover, a driven role in CRPC progression has recently been attributed to TRPM4 channel (Schinke et 

al. 2014) since it was found to sustain EMT phenotypes, migration, and invasion of PCa cells (Hong and Yu 

2019). More in detail, the miR-150-mediated suppression of TRPM4 expression in PCa tissues resulted in the 

inhibition of metastases (Hong and Yu 2019). Consistently, TRPM4 silencing decreases EMT and cell migration 

in PC3 and DU145 cells through the blockade of the β-catenin signaling pathway without affecting their 

proliferation (Holzmann et al. 2015; Sagredo et al. 2019). Conversely, TRPM4 overexpression in LNCaP lead 

to higher levels of Snail1, inhibition of E‐cadherin expression, and increased migratory capability (Sagredo et 

al. 2019).  

Another member of the TRPM family affecting PCa invasiveness is TRPM7, which, also considering its 

stretch-dependent mode of activation, has been proposed as part of the complex mechanosensory toolkit 

driving cancer cells to metastasis development by modulation of actomyosin cytoskeleton contraction and 

dynamics of the FA turnover (Su et al. 2011; Gao et al. 2011; Middelbeek et al. 2012; 2016; Langeslag et al. 

2007). Consistently with its up-regulation in PCa compared to BPH, TRPM7 silencing was shown to revert 

EMT through the reduction of MMPs and the calpain-mediated increase of E-cadherin levels and to inhibit 

both cell migration and invasion through a cholesterol-dependent calcium entry (Sun et al. 2014; Chen et al. 

2017). 

A study linking the migration of prostate cancer cells with incubation with the endocrine-disrupting 

compound bisphenol A (BPA) which is abundant in reusable water bottles, metal cans, and plastic food 
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containers, highlighted the role of SOCE in promoting the migration of androgen-dependent or -independent 

prostate cells (Derouiche et al. 2013). More specifically, it has been demonstrated that BPA incubation affects 

LNCaP migration by regulating the expression of important components of SOC such as Orai1 and TRPV6 

(Derouiche et al. 2013). Therefore, the TRP and Orai channels appear to be promising pharmaceutical targets 

for blocking the spread of PCa cells within the body. Moreover, TRPC6 has been linked to PCa invasiveness 

showing that the overexpression of TRPC6 in cancer cells correlates with increased invasion ability of PC3 

into a “matrigel-based” matrix (Wang et al. 2014). 

Beyond their role in controlling prostate tumor growth, migration, and invasion, the possible involvement 

of TRP channels in castration resistance and the subsequent non-responsiveness to the current androgen 

deprivation therapy (ADT) has not yet been established (Yang and Kim 2020). 

 

 

Figure 12. TRP channels and prostate cancer invasiveness. 

Scheme representing signalling pathways through which TRP channels affect PCa cells migration and 

invasion. LPC: Lysophosphatidylcholine; LPI: lysophosphatidylinositol; AM: adrenomedullin; FAK: 

focal adhesion kinase; FA: focal adhesion; PSA: prostate specific antigen. 

Image from (Déliot and Constantin 2015) 

 



  Introduction 

 

68 

 

1.2.5    TRP channels and prostate angiogenesis 
 

Tumor vascularization and angiogenesis 

Tumor growth and metastasis require the formation of new blood vessels to provide oxygen and 

nutrients, as well as to allow metastatic cells to access the bloodstream, allowing them to spread and colonize 

new sites. The angiogenic process is promoted by the cancer cells themselves and ultimately triggered by a 

plethora of growth factors released in the tumor microenvironment. Among them, the VEGF is the 

indisputable protagonist of the complex angiogenic process. The role played by the vascular endothelial 

growth factor A (VEGF-A) is particularly important, since it activates local EC and the recruitment of 

endothelial progenitor cells (EPC) from bone marrow, both necessary for the angiogenic switch (Carmeliet 

and Jain 2000). Then, a new circulatory network characterized by abnormal morphology, irregular blood flow, 

and distribution, non-uniform pericyte coverage and hyperpermeability and involving proliferation, 

migration, differentiation and stabilization of such TEC is established (Carmeliet 2005; Folkman 2006). VEGF 

was found to contribute to multiple features of  tumour neovascularization including permeability, motility 

and apoptosis (Dragoni et al. 2011; 2015; Weis and Cheresh 2005; Noren et al. 2017). Intracellular Ca2+ 

signalling play a central role in all of these processes (Iamshanova, Fiorio Pla, and Prevarskaya 2017; Moccia 

et al. 2019; Scarpellino et al. 2020). For instance, the expression and the secretion of several growth factor 

including VEGF is Ca2+-dependent and thus controlled by ion channels including TRP (Negri et al. 2020). 

Moreover, TEC exhibit alterations in a plethora of pro-angiogenic Ca2+ signals pathways induced by VEGF as 

well as by other pro-angiogenic factors such as, ATP, AA, NO, hydrosulfide (HS), cAMP known to exert pro-

migratory effects on TEC but not in normal EC (Fiorio Pla and Munaron 2014). More specifically, it has been 

extensively demonstrated that pro-angiogenic molecules such as those listed above enhance vessel 

permeability as well as EC survival, migration and tubulogenesis through Ca2+-dependent pathways (Dragoni 

et al. 2011; 2015; Noren et al. 2017; Iamshanova, Fiorio Pla, and Prevarskaya 2017; Moccia et al. 2019). As 

regards TRP channels, they have proved to be involved in multiple steps of the angiogenic process by affecting 

vascular remodeling, permeability, tone, mechanosensing, etc. (Munaron 2015). 

 

TRP channels in PCa angiogenesis  

At least 14 TRP channels were found to be expressed in EC as well as in EPC and some of them revealed 

aberrant expression during tumor vascularization (Negri et al. 2020) (Fig. 13). However, to date, only TRPV4 

has been directly associated with prostate angiogenesis. The role of TRPV4 as a mechano-sensor intervenes 

in actin remodeling and cell volume regulation thanks to its ability to perceive and therefore integrate 
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mechanical stresses deriving from alterations in cell morphology, cell swelling, and shear stress is well known 

(Becker et al. 2005; Becker, Bereiter-Hahn, and Jendrach 2009). Adapala et al. showed a down-regulation of 

TRPV4 expression in TEC from a transgenic adenocarcinoma mouse prostate. This down-regulation correlates 

to enhanced cell motility, abnormal angiogenesis, and increased vascular leakage in TEC thus resulting in 

enhanced tumor growth (Adapala et al. 2016; Cappelli et al. 2019). Consistently, TRPV4 overexpression or 

activation “normalizes” the vascular endothelium and blocks tumor growth essentially by improving vessels' 

permeability to chemotherapeutic drugs (Adapala et al. 2016). Mechanistically, this effect is due to the 

central role played by TRPV4 in regulating TEC mechano-sensitivity towards ECM stiffness by inhibiting Rho 

activity (Adapala et al. 2016; Thoppil et al. 2016) and tumor vascular integrity by stabilizing the cell-cell 

junctions of VE-cadherin (Cappelli et al. 2019). By contrast, other studies conducted on different TEC models 

from human breast and renal carcinomas have reported an up-regulation of TRPV4 parallel to enhanced cell 

migration in TEC compared to the normal counterpart (Fiorio Pla et al. 2012). This discrepancy, which can be 

at least partially explained by the different tumor models used, underlines how each channel can have a 

specific and unique role depending on the type of cancer. In any case, the involvement of TRPV4 in tumor 

neovascularization processes is indisputable so much so that the angiogenesis of some tumor forms can be 

classified as TRPV4 oncochannelopathy (Prevarskaya, Skryma, and Shuba 2018). 

Interestingly, activation of TRPA1 was found to increase the secretion of VEGF and HGF through a Ca2+-

dependent pathway in prostate cancer-associated fibroblasts (CAF) and simultaneously rescue co-cultured 

PCa cells from apoptosis, thus suggesting a role for TRPA1 in prostatic angiogenesis (Vancauwenberghe et al. 

2017).  

For other TRP, their potential involvement in angiogenesis appears to be suggested by evidence of a role 

in controlling proliferation, apoptosis, motility, permeability, and growth factor secretion in EC, but their 

specific impact on tumor neovascularization has yet to be proven. As an example, TRPC6 (Chigurupati et al. 

2010) and TRPA1 (Park et al. 2016) have been associated with the control of hypoxia-induced VEGF release 

in PCa cells, while TRPC6 (Zhang et al. 2015), TRPC3 (Ampem, Smedlund, and Vazquez 2016; Smedlund, Tano, 

and Vazquez 2010), and TRPM2 (Sun et al. 2012) contribute to the activation of pro-apoptotic pathways in 

EC in response to ER stress inducers. TRPC6 expression and activity have been related to VEGF and PDGF 

signaling in EC with subsequent consequences on microvessels’ permeability and EC proliferation 

respectively (Pocock, Foster, and Bates 2004; Cheng et al. 2006; Yu et al. 2003). Moreover, TRPC6 has been 

recently associated with the aberrant transforming growth factor β1 (TGF-β1) signaling thus affecting stress 

fibers’ formation and cell migration in EC (Park et al. 2017). Additionally, TRPM7 seems to inhibit EC 

proliferation and NO production via the ERK pathway (Inoue and Xiong 2009; Baldoli and Maier 2012; Baldoli, 

Castiglioni, and Maier 2013). Furthermore, TRPC6, TRPC1, and TRPM2 revealed a role in increasing EC 
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permeability (Singh et al. 2007; Mehta et al. 2003; Hecquet et al. 2008; Mittal et al. 2015), and TRPM8 and 

TRPM7 were found to affect EC motility (Genova et al. 2017; Baldoli and Maier 2012; Baldoli, Castiglioni, and 

Maier 2013; Zeng, Inoue, et al. 2015).  

The role played by TRPV4, TRPC1, TRPC6, and TRPM8 in EC and their potential role in affecting tumor 

neovascularization will be discussed more in detail in Chapter 1.3. In this context, some of the results 

obtained in the present Ph.D. thesis better defined the role of TRPV2, TRPC3, and TRPA1 in PCa angiogenesis 

as shown and discussed in Chapters 3.1.1 and 4.1.1, respectively. 

Figure 13. TRP channels and tumor vascularization. 

Scheme representing processes controlled by TRP channels in EC justifying their 
possible involvement in tumor vascularization. 
Image from (Scarpellino et al. 2020). 
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1.2.6    The intringuing case of TRPM8 in prostate cancer 
 

TRPM8 expression in prostate  

Contrary to most TRP channels which, according to currently available data, tend to adhere to specific 

roles, improving cell proliferation or apoptosis, TRPM8 shows participation in complex modulatory 

mechanisms in PCa concomitantly with a cancer stage-dependent expression pattern, as previously described 

for TRPC1. Consequently, the role of TRPM8 in prostate cancer progression is much more complex. As 

previously mentioned (Chapter 1.1.3), TRPM8 was firstly identified in the prostate even before its classical 

function as cold receptor in sensory neurons was established. On paraffin-embedded sections, TRPM8 

transcripts were detected by in situ hybridization only in prostate epithelial cells, while neither in the vascular 

smooth muscle cells and endothelium (Tsavaler et al. 2001). At the protein level, TRPM8 channel was found 

by immunohistochemistry and western blot analysis both in the apical epithelial cells and in the smooth 

muscle cells of the human prostate (Bidaux et al. 2005; 2007). TRPM8 was described from the very beginning 

as a novel prostate-specific gene due to its peculiar expression profile during PCa development and 

progression (Tsavaler et al. 2001). Indeed, TRPM8 expression significantly increases in BPH and the early 

androgen-dependent stages of PCa (Fuessel et al. 2003), while decreases during the late androgen-

independent metastatic phase (Fig. 14) (Bidaux et al. 2007), making TRPM8 a potential good prognostic 

marker for PCa.  

Figure 14. TRPM8 expression profile during PCa development.  

TRPM8 full-length isoform (128 kDa) was detected in normal prostate 
(NP), benign prostate hyperplasia (BPH), androgen-dependent 
prostate cancer cells (PCa) and androgen-independent metastatic 
prostate cancer cells (PC-3) 
Image from  (Bidaux et al. 2007). 
 



  Introduction 

 

72 

 

The peculiar expression profile exhibited by TRPM8 in PCa is based on the androgen dependence of its 

expression (Chapter 1.2.2). Indeed, it has been proven that anti-androgen therapy on patients and mouse 

models (Henshall et al. 2003) as well as withdrawal of androgens in PCa cell lines (Bidaux et al. 2005; Zhang 

and Barritt 2004) greatly reduces the expression of TRPM8. Moreover, it has been reported that a functional 

AR is required and sufficient to induce TRPM8 expression thanks to its binding to androgen-responsive 

elements present in the TRPM8 gene sequence in its testosterone-bound form (Bidaux et al. 2005). In 

addition, an additional non-genomic mechanism has been recently proposed showing that AR interacts with 

TRPM8 within specific microdomains of the PM named lipid rafts (Bidaux et al. 2007). Consistently, a 

correlation between the differentiation state of prostate cells and the subcellular localization of TRPM8 has 

been established (Bidaux et al. 2007) (Fig. 15). In this regard, Bidaux et al. showed that TRPM8 is mainly 

expressed on the PM (TRPM8PM) of highly differentiated prostate apical epithelial secretory cells expressing 

cytokeratins CK8 and CK18 and suggested an androgen-dependent shift of its localization to the ER (TRPM8ER) 

in cells that lost androgen receptor activity during PCa development into more aggressive metastatic forms 

(Bidaux et al. 2007). Indeed, TRPM8ER was found in both luminal and basal phenotypes regardless of the 

differentiation status of prostate cells (Bidaux et al. 2007; Thebault et al. 2005; Zhang and Barritt 2004). This 

different subcellular localization was then also associated with changes in channel function and has been 

hypothesized to be linked and critical for carcinogenic events, such as proliferation, apoptosis, and migration. 

For instance, PCa cells may exploit the altered expression of TRPM8ER as an adaptive response to acquire a 

survival advantage in terms of resistance to apoptosis in the late metastatic phase thanks to the reduced Ca2+ 

release content from intracellular stores. 

Figure 15. TRPM8 localization and function depending on androgens and 

the differentiation status of human prostate epithelial cells.  

Image from (Prevarskaya, Flourakis, et al. 2007) 
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Roles of TRPM8 in prostate cancer 

According to Tsavaler’s hypothesis, TRPM8 can be considered an oncogene in the prostate and its 

overexpression/overactivity circumscribed to the androgen-dependent phase of PCa may be related to the 

higher rate of growth observed in these cells compared not only to normal prostatic ones but also to 

metastatic androgen-independent cells (Berges et al. 1995). This is mainly due to the high sensitivity to 

apoptotic stimuli displayed by normal prostatic cells thanks to fine and strict regulation of the Bcl-2 signaling 

pathway mediated by the AR. More in detail, AR enhances the expression of pro-apoptotic genes belonging 

to the Bax family and decreases the translation of anti-apoptotic genes belonging to the Bcl-2 family 

(Bonkhoff, Fixemer, and Remberger 1998). Although the involvement of TRPM8 in ensuring the survival of 

androgen-dependent PCa cells has been amply demonstrated by several studies, whether this occurs through 

a proliferative and/or anti-apoptotic mechanism is still arguable. Interestingly, the identification of different 

TRPM8 isoforms with distinct subcellular localization (TRPM8PM and TRPM8ER) could justify the fact that 

TRPM8 can simultaneously regulate both proliferation and apoptosis in prostate cancer, based on the 

involved isoform (Prevarskaya, Zhang, and Barritt 2007). Zhang et al. have demonstrated that TRPM8 is 

required for PCa cell survival since its pharmacological inhibition or the siRNA-mediated TRPM8 silencing 

impairs the cell viability of LNCaP by perturbing intracellular Ca2+ homeostasis (Zhang and Barritt 2004). Other 

studies demonstrated that basal TRPM8 expression is sufficient to increase proliferation rates and 

proliferative fraction in PCa cells and not in normal cells (Valero et al. 2012; Liu et al. 2016). The underlying 

molecular mechanism describes the up-regulation of phosphorylated protein kinase B, cyclin D1, CDK2, and 

CDK6, down-regulation of glycogen synthase kinase 3β, and activation of MAPK kinases (p38 and JNK) (Peng 

et al. 2015). Furthermore, by using androgen-dependent LNCaP cells resistant to anti-androgen bicalutamide 

treatment, it has been shown that the transition of metastatic PCa cells to androgen independence is 

accompanied, in addition to an up-regulation of Bcl-2, and a down-regulation of PCNA, AR, and TRPM8, by 

reduced cell proliferation (Prevarskaya, Skryma, et al. 2007). This evidence seems to support a putative pro-

proliferative role of TRPM8 in androgen-dependent PCa cells. However, in LNCaP cells activation of TRPM8ER 

by cold or menthol results in the ER store depletion followed by SOCE (Thebault et al. 2005) and, as previously 

described, this pathway can be critical in promoting growth arrest and apoptosis of PCa epithelial cells 

(Prevarskaya, Flourakis, et al. 2007). Indeed, one of the hallmarks of the apoptosis-resistant cell phenotypes 

of advanced PCa is the reduced basal filling of intracellular Ca2+ stores (Prevarskaya, Flourakis, et al. 2007; 

Vandel Abeele et al. 2002; Vanoverberghe, Vanden Abeele, et al. 2004). Moreover, TRPM8 overexpression in 

PC3 cells revealed a role in promoting starvation-induced cell apoptosis by causing a significant cell cycle 

arrest in G0/G1 stage (Yang et al. 2009) and menthol-induced TRPM8 activation in DU145 cells inhibits cell 

proliferation (Wang et al. 2012). By contrast, the overexpression of the short TRPM8 isoform α (sTRPM8 α) 
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was found to reduce starvation-induced apoptosis in LNCaP cells possibly via inhibition of phosphorylated-c-

Jun N-terminal kinase (p-JNK) thus contributing to a more malignant phenotype (Peng et al. 2015). Finally, 

new functional TRPM8ER isoforms (4TM-TRPM8 isoforms) have been recently cloned and characterized in PCa 

epithelial cells, showing their direct involvement in mediating Ca2+ flux from the ER to the mitochondria and 

thus in the control of PCa cell survival by affecting ATP and ROS synthesis (Bidaux et al. 2018). Furthermore, 

it has been shown that non-channel cytoplasmic small TRPM8 isoforms (sM8), ubiquitously expressed in PCa 

cells, are involved in PCa cell death by reducing ER stress, p21 expression, and apoptosis and in exploiting 

their action require 4TM-TRPM8 isoform activity (Bidaux, Borowiec, Dubois, et al. 2016). Therefore, it is 

evident that the balance between proliferation or apoptosis in prostate tissues may depend, among others, 

on the relative expression levels of the different TRPM8 isoforms and that to counteract PCa growth specific 

inhibition of different isoforms may be considered depending on the stage and androgen-sensitivity of the 

tumor (Bidaux et al. 2012; Prevarskaya, Skryma, et al. 2007). TRPM8ER, being capable of influencing the filling 

of ER stores, can be considered an important factor in controlling the apoptosis of advanced PCa metastatic 

cells, whereas TRPM8PM may play an important role in regulating pro-proliferative pathways mediating Ca2+ 

influx within the cells. To note, the target of sM8 could represent an appropriate strategy to fight PCa (Bidaux, 

Borowiec, Dubois, et al. 2016). 

However, TRPM8PM has been mainly associated with PCa cell migration proposing a protective role 

of TRPM8 in PCa progression. More in detail, it has been shown that the activation of TRPM8PM by icilin and/or 

PSA significantly reduces the motility of PCa cells (Gkika et al. 2010). Moreover, the reduction of cell 

migration was even more pronounced by treating the cells with both icilin and PSA, highlighting a synergistic 

action of these compounds on cell migration inhibition (Gkika et al. 2010). Interestingly, this could be the 

second mechanism through which PSA exerts its anti-angiogenic properties on PCa beyond the well-known 

conversion of Lys-plasminogen to biologically active angiostatin-like fragments (Heidtmann et al. 1999). 

Indeed, the PSA-mediated activation of TRPM8 could sustain dormancy of prostatic hyperplasia by reducing 

its mobility and possible migration and the gradual loss of TRPM8 during tumor progression to a late stage is 

in line with this assumption. Furthermore, the gradual loss of the TRPM8PM during tumor progression may be 

an adaptive mechanism of PCa epithelial cells to reduce constant stimulation of the PSA/TRPM8 pathway 

(Gkika et al. 2010). TRPM8 trafficking to the PM and its subsequent impact on PCa cell migration have been 

proved to be also controlled by a family of TRP channel-associated factors (TCAF) (Gkika et al. 2015). TCAF 

co-localized with TRPM8 and interact directly with its N-terminal tail, although two different isoforms exert 

opposite regulatory effects on TRPM8 activity and function while both increasing TRPM8 expression on PM. 

Indeed, it has been shown that TCAF1 facilitates TRPM8 channel opening and subsequently contributes to 

the TRPM8-inhibition of PCa cells migration, whereas TCAF2 significantly increases the migration speed of 
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LNCaP by suppressing TRPM8 activity (Gkika et al. 2015). This difference is likely due to a PI3K domain present 

in the C-terminal tail of TCAF1 and absent in the TCAF2 sequence, which revealed a central role in mediating 

not the interaction with TRPM8 or its trafficking to the plasma membrane, but the TCAF1-mediated effects 

on cell migration. Consistently with the functional data, the expression levels of TCAF2 remain unchanged 

during PCa progression, whereas TCAF1 proteins display an expression pattern similar to TRPM8, being 

maximal in early-stage PCa tissue and minimal in aggressive metastatic tissue (Gkika et al. 2015). Therefore, 

TCAF1 can be considered a good candidate as a prognostic marker in prostate cancer as well as TRPM8, 

prostein, and PSA (Schmidt et al. 2006). 

Regarding the molecular mechanism underlying the inhibitory effect of TRPM8 on PCa migration, it 

seems to involve the inactivation of FAK (Yang et al. 2009; Wang et al. 2012). By contrast, the short TRPM8 

isoform α (sTRPM8 α) exhibited an opposite effect compared to the full-length TRPM8 isoform, revealing a 

role in promoting LNCaP cells migration and invasion through the activation of MMP-2 (Peng et al. 2015). 

A recent study reinforced the applicability of TRPM8 as a pharmaceutical target to treat androgen-

sensitive PCa, showing that in PCa cell-derived 3D models specific TRPM8 antagonists successfully revert the 

androgen-induced increase in cell spheroid size and significantly inhibit cell proliferation, migration, and 

invasiveness of androgen-dependent LNCaP cells (Di Donato et al. 2021). Taken together, all these data 

strongly support the potential use of TRPM8 as a “drugable” target in PCa treatment (Chapter 1.4.3). 
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1.3.1 Introduction 
 

Ca2+ signalling plays a central role in the regulation of many important cellular functions and indeed, not 

surprisingly, a deregulation of Ca2+ homeostasis has been observed in various pathological conditions, 

including tumorigenesis (Monteith, Prevarskaya, and Roberts-Thomson 2017). Changes in Ca2+ signalling 

leading to dysfunctions in cancer cells are due to alterations in the so-called “Ca2+-signalling toolkit” (Berridge 

et al., 2003) which include, among others, ion channels, responsible for altered fluxes within the cell, and 

several Ca2+-dependent effectors, which mediate various signal transduction pathways in response to altered 

Ca2+ homeostasis .  

 The involvement of Ca2+-permeable channels in neoplastic disease has been extensively investigated in 

recent years and a direct correlation between their deregulation and cancer development has been shown 

(Monteith et al., 2017). Among them, Transient Receptor Potential (TRP) channels have revealed an 

important involvement in the regulation of many signalling pathways associated with tumor progression 

(Yang et al., 2020). One of the key features of TRP channels is their polymodal activation mechanism and 

their involvement in different signal transduction pathways. Among the multiple pathways TRPs are signalling 

through, the ones involving specific intracellular messengers belonging to the family of small guanosine 

triphosphatases (GTPases) are emerging as essential in tumorigenesis in the last decade.  Therefore, in this 

review we will focus on TRPs-mediated pathways involving GTPases, whose role in the regulation of 

intracellular Ca2+ homeostasis associated with several aspects of the metastatic process has been well 

established (Aspenström et al., 2004; Clayton & Ridley, 2020). 

Metastatic cascade, which lead to spread of malignant cells from the primary tumor through the lymph 

or blood circulation to establish secondary growth in a distant organ, is a multistep process involving highly 

complex structural and functional alterations within cancer cells. Primary tumor cells are primed for 

dissemination by the process of epithelial- mesenchymal transition (EMT), during which they assume a more 

aggressive mesenchymal-like phenotype. This phenotypic switch allows them to detach from the primary 

tumor mass and to acquire migratory and invasive properties, in order to move from their original location, 

migrate and invade the extracellular matrix (ECM) and endothelium to spread to secondary sites and form 

metastases (Roche 2018). All the steps involved in metastatic cascade (EMT, cell migration, invasion and 

tumor vascularization) are regulated by the intracellular Ca2+ concentration (Berridge et al., 2003) and 

specifically by the TRP-mediated calcium influx (Fels et al., 2018), as well as by the most important small 

GTPases (Rho-like and Ras-like) involved in cytoskeletal dynamics and cell polarity (Ungefroren et al., 2018). 

Here, we discuss TRPs and small GTPases contribution in cancer progression, focusing on signalling pathways 
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involving a direct interplay between TRPs and small GTPases in three main metastatic cancer hallmarks: 

migration, invasion and tumor vascularization. 

 

TRP CHANNELS  

TRP channels mainly act as signal transducers by altering membrane potential or intracellular Ca2+ 

concentration in response to various environmental stimuli, including physical-chemical stimuli, such as 

temperature, pH changes, tension, osmolarity, and pressure as well as endogenous and exogenous ligands 

(Bernd Nilius and Owsianik 2011). TRP channels have been shown to play a central role in carcinogenesis as 

well as in various late stages of tumor progression. In particular, it has been shown that changes in the 

expression of TRP channels is correlated with the progression of different types of cancers. To date, most 

changes involving TRP proteins do not involve mutations in the TRP gene but rather deregulation of the wild-

type TRP protein expression levels, depending on the stage of the cancer (Lehen’kyi and Prevarskaya 2011; 

Gkika and Prevarskaya 2011; Bernardini et al. 2015; Shapovalov et al. 2016). Moreover, several recent studies 

have highlighted a direct correlation between cancer patient survival and TRP channel expression. Tumor 

differential expression of the main TRP channels discussed in this review and its correlation with patients’ 

survival are summarized in Table 6. 

 

  EXPRESSION   

CHANNEL CANCER TYPE 

H
EA

LT
H

Y/
B

EN
IG

N
 

TU
M

O
U

R
 

IN
V

A
SI

V
E 

PROGNOSIS REFERENCES 

TRPC1 Breast basal/ 
lymph nodes 
Breast ductal 
adenocarcinoma 

Yes 
 

yes 

↑ 
 

↑ 

↑ poor Azimi et al., 2017; 
 
Dhennin-duthille et al., 2011 

TRPC5 Colon  yes ↑ ↑ poor Chen et al., 2017a 

TRPC6 Prostate yes ↑ ↑  Yue et al., 2009 

 Glioblastoma yes ↑ ↑  Chigurupati et al., 2010 

 Esophageal 
squamous cell 
carcinoma 

yes ↑ ↑ poor Zhang et al., 2013 

 Breast/ Invasive 
ductal 
adenocarcinoma 

yes 
↑ 

 
  

Guilbert et al., 2008; Dhennin-duthille 
et al., 2011 

TRPM2 
Breast yes ↑ ↑ 

Depends on 
subtype 

Sumoza-Toledo et al., 2016 

TRPM4 Prostate yes ↑   Ashida et al., 2004; Singh et al., 2006 
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 Cervical yes ↑   Narayan et al., 2007 

TRPM7 
Breast yes ↑ ↑ poor 

Middelbeek et al., 2012; Meng et al., 
2013 

Invasive ductal 
adenocarcinoma/ 
lymph nodes 

yes ↑ ↑  
Guilbert et al., 2013; Dhennin-duthille 
et al., 2011 

 Pancreatic ductal 
adenocarcinoma/ 
lymph nodes 

yes ↑ ↑ poor 
Yee et al., 2015; Rybarczyk et al., 
2012 

 Nasopharyngeal no ↑ ↑ poor Chen et al., 2015 

 Ovarian; Prostate; 
Melanoma; 
Sarcoma 

  ↑  Meng et al., 2013 

TRPM8 Breast ductal 
adenocarcinoma 

yes ↑ ↑  Dhennin-duthille et al., 2011 

 Prostate yes ↑ loss  
Tsavaler et al., 2001; Fuessel et al., 
2003; Bidaux et al., 2005 

 Urothelial 
carcinoma of 
bladder 

yes ↑ ↑ poor Xiao et al., 2014 

 
Lung Very low level ↑   Tsavaler et al., 2001 

 Colon no ↑   Tsavaler et al., 2001 

 Melanoma no ↑   Tsavaler et al., 2001 

 Osteosarcoma yes ↑ ↑ poor Zhao & Xu, 2016 

TRPV2 Prostate no   ↑  Monet et al., 2010 

 

Bladder 
 

yes  

(full 
isoform) 

↑ ↑ 

 Caprodossi et al., 2008 
(short 

isoform) 
↓ loss 

 Esophageal 
squamous cell 
carcinoma 

yes ↑ ↑ poor Zhou et al., 2014 

 Gastric yes ↑ ↑ poor Zoppoli et al., 2019 

 Breast (Triple 
negative/basal 
subtype) 

yes ↑  better Elbaz et al., 2018 

TRPV4 Breast yes ↑ ↑ poor Lee et al., 2016; Lee et al., 2017 

 Gastric  ↑  poor Lee et al., 2016 

 Ovarian  ↑  poor Lee et al., 2016 

 Glioma yes ↑ ↑ poor Ou-yang et al., 2018 

Table 6. TRPs expression in cancer and correlation with patient survival prognosis. 

Abbreviations: (↑) increment (↓) reduction 
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These observations strongly indicates that TRPs play a significant role in cancer progression and more 

specifically in many processes underlying the metastatic cascade, making them promising candidates as both 

molecular biomarker and therapeutic targets in various types of cancer (Litan and Langhans 2015; Fiorio Pla 

and Gkika 2013; Gkika and Prevarskaya 2011; Bernardini et al. 2015; Fels et al. 2018; Lastraioli et al. 2015). It 

has been shown that TRP-mediated effects on metastatic cancer cell behaviours are mainly associated to 

their Ca2+ permeability. Indeed, through the regulation of intracellular Ca2+ concentration, both in the cytosol 

and within subcellular organelles, TRP channels play a key role in many Ca2+-dependent signalling pathways, 

including those associated with the metastatic cascade such as EMT, migration, invasion and tumor 

vascularization (Iamshanova et al. 2017). In response to different environmental challenges during the 

metastatic cascade, like hypoxic, acidic and mechanical cues, cancer cells “re-program” TRPs expression and 

“misuse” their functions in order to put in place and sustain a more aggressive, metastatic phenotype. 

However, although most of TRP-mediated pathways involved in cancer progression are due to alteration of 

Ca2+ homeostasis, it has been also demonstrated an involvement of these channels independent from their 

Ca2+ permeability. As an example, TRPM7 regulation on cell migration is mainly due to Mg2+ influx through 

the channel (Abed and Moreau 2009; Su et al. 2011). Similarly, the Na+-selective TRPM4 channel, has been 

implicated in cancer migration, although it is inherently Ca2+-impermeable (Vennekens and Nilius 2007; 

Holzmann et al. 2015;  Cáceres et al. 2015). On the other hand, TRPs involvement in the metastatic cascade 

may also be pore-independent, extending the interest in TRPs beyond the field of ion channels (Vrenken et 

al. 2015). Indeed, TRPM7 promotes many of its biological effects through its peculiar intrinsic kinase activity 

(Faouzi et al. 2017; Cai et al. 2018; Desai et al. 2012). Moreover, we recently demonstrated the role of TRPM8 

in inhibiting vascular endothelial cell migration which is independent from pore function of the channel 

(Genova et al. 2017). 

It is therefore clear that, despite the innumerable progress made in recent years in the study of TRP 

channels, there are still many aspects to be explored in order to better characterize the main TRP-mediated 

pathways involved in tumor progression and thus be able to develop new cancer therapies using TRPs as 

therapeutic targets.  

 

SMALL GTPases  

The family of small GTPases is composed of a large group of structurally and functionally related proteins, 

subgrouped into six families: Ras, Rho, Arf, Rab, Ran and RGK. Among them Ras-like and Rho-like GTPases 

are the most well characterized. Mechanistically, small GTPases are molecular switches that cycle between 

an active GTP- bound form and an inactive GDP-bound form. More specifically, these enzymes, once bound 

GTP, are able to catalyze its hydrolysis to GDP and this reaction then results in a conformational change which 
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cause the inactivation of the proteins (Cherfils and Zeghouf 2013; Vetter and Wittinghofer 2001). The cycling 

between GTP- and GDP-bound stages is tightly regulated by specific GTPases activating protein (GAPs), which 

act as negative regulators, promoting the GDP-bound state by increasing several fold the hydrolysis activity 

of most members of the small GTPases, and by guanine exchange factors (GEFs), which act as positive 

regulators, guiding the replacement of the hydrolysed GDP for a GTP, thus promoting the enzyme active state 

(Mishra and Lambright 2016). Moreover, a third family of regulatory proteins called guanine-nucleotide 

dissociation inhibitors (GDIs) inhibit small GTPases activity by controlling their intracellular localization: GDIs 

bind to GTPases in their inactive GDP-bound state and sequester them in the cytosol, thus preventing their 

translocation to intracellular membranes, where activation occurs (Mishra and Lambright 2016). Indeed, it 

has been shown that spatial and temporal distributions of the different small GTPases, as well as of their 

regulators, are important determinants in signalling by small GTPases, determining many aspects of cell 

behaviour (Moissoglu and Schwartz, 2014; Yarwood et al., 2006; Cherfils and Zeghouf 2013). 

The conformational changes following the binding to GTP allow the association of small GTPases with a 

large number of potential effector proteins such as enzymes and scaffold proteins, which mediate the specific 

biological effects of each GTPases. Thanks to their ability to interact with a wide number of downstream 

targets and to co-ordinately activate several molecular processes required for a particular cellular response, 

small GTPases function as signalling switches in numerous cellular processes.  In general, it has been found 

that Ras-like GTPases are mainly implicated in regulating the cell cycle, differentiation and proliferation, 

(Shields et al., 2000), whereas Rho-like GTPases are mainly involved in cell morphology, cytoskeletal dynamics 

and cell polarity (Ridley 2001). Moreover, Rab GTPases play a key role in many cellular functions, by 

controlling intracellular trafficking between organelles through vesiculotubular carriers and thus ensuring 

the spatiotemporal regulation of vesicle traffic (Stenmark 2009). Considering the central role of Ca2+ signalling 

in many of these processes, it is not surprising that small GTPases activity was found to be strongly related 

with Ca2+ homeostasis (Aspenström 2004). More specifically, their activation/inactivation may be occur 

through Ca2+-dependent mechanism acting on specific GEF/GAP proteins or directly on them. Moreover, 

some GTPases have revealed a direct influence on calcium signalling by regulating the activity of certain 

calcium channels, including TRPs, by itself or through their effectors (Aspenström 2004; Correll et al. 2008; 

Iftinca et al. 2007; Koopman et al. 2003). Finally, several small GTPases collaborate with calcium signalling 

through the activation of specific Ca2+-related effectors involved in cellular processes, such as cell adhesion, 

cell migration and exocytosis (Aspenström 2004; Cullen and Lockyer 2002; Bader et al. 2004). 

Small GTPases have been implicated in a variety of cancer-related dysfunctions and it has been shown 

that in some tumors their expression is deregulated and correlates with progression of disease (Svensmark 

and Brakebusch, 2019; Sahai and Marshall, 2002). Without a doubt, Ras is still the most small GTPase studied 



  Introduction 

 

82 

 

in cancer, due to the role played by mutated ras genes in the pathogenesis of human tumors  (Bos 1989; 

Hobbs et al.  2016; Li et al. 2018). Indeed, oncogenic mutations on H-ras, K-Ras and N-Ras genes have been 

detected in several tumor types, although the incidence varies greatly (Bos 1989; Prior et al. 2012; Li et al. 

2018). Moreover, some members of the Ras superfamily like Rap1, play a key role in integrin-mediated 

“inside-out” signaling events and subsequently in cancer hallmark such as migration and angiogenesis 

(Boettner and Van Aelst, 2009; Chrzanowska-wodnicka et al., 2008; Carmona et al., 2009). As regards the Rho 

superfamily, instead, its role in many aspects of the metastatic cascade, including EMT, cell migration, 

invasion and angiogenesis, has been well established (Clayton and Ridley, 2020; Bryan and D’Amore, 2007; 

Ungefroren et al., 2018).  

 

1.3.2 TRPs-SMALL GTPases INTERPLAY IN METASTATIC CANCER 
 

Migration 

One of the key step in the metastatic cascade involves the acquisition of motility by cancer cells. It results 

from a complex coordination between cytoskeleton dynamics, cellular contractility and cell adhesion 

rearrangements. Cell migration is a dynamic process characterized by the cycling of four principal steps: after 

an initial phase in which cell spreading increases about twice with the generation of protrusions at the leading 

edge and cell adhesion to the ECM increases, then spreading is reduced and thanks to the generation of 

traction forces cell compacts and detaches at the trailing edge, allowing for forward cellular movement (Haws 

et al., 2016). Due to their role as key regulators of cytoskeletal dynamics and cell polarity, it is not surprisingly 

that Rho GTPases play a central role in controlling cell migration (Clayton and Ridley 2020) This process is 

triggered by cell acquisition of a front-rear end polarity due to the formation of protrusive structures, called 

filopodia and lamellipodia, at the front edge, opposite to a retracting trailing edge (Llense and Etienne-

Manneville 2015). Filopodia consist of actin filaments organized as long parallel bundles and their formation 

is dependent on Rho GTPase Cdc42 activity, whereas lamellipodia result from the subsequent Rho GTPase 

Rac1- mediated branching of actin filaments. The extension of actin-based protrusions is accompanied by the 

formation at the leading edge of new adhesions that link integrins on the plasma membrane to the F-actin 

cytoskeleton through talin, vinculin and focal adhesion kinases (FAKs) and which can mature into focal 

adhesions (FAs) in a process Rho GTPase RhoA- dependent. Contemporary, RhoA also mediates cytoskeletal 

rearrangements that lead to the formation of stress fibers, structures composed of bundles of actin and 

myosin II that have a high contractile capability. The force necessary to pull the cell body forward are 

engendered by the association of mature FAs with the end of stress fibers and by the actin-myosin 
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cytoskeleton contraction. Finally, disassembling of FAs in the rear of migrating cells support cell retraction at 

the trailing edge, allowing cell detachment and movement.  

A direct involvement of TRP channels activity in all processes associated with cell migration, including 

cytoskeletal rearrangement, FA turnover and cellular contractility, has been well established (Canales et al. 

2019; Fiorio Pla and Gkika 2013). Therefore, it is not surprisingly that several studies have highlighted a tight 

interplay between TRP channels and Rho GTPases in controlling cell migration during cancer progression. As 

depicted in Figure 16, this interplay is characterized by a bidirectional communication, in which TRP channels 

promotes actin cytoskeleton reorganization through a cation-dependent activation of Rho GTPases, and, 

conversely, some small GTPases cause changes in TRP channel location, protein–protein interactions and 

channel gating, thereby modulating their function. More specifically, as described in the following 

paragraphs, TRPC5, TRPC6, TRPC1, TRPM7, TRPM4 and TRPV4 have been found to affect cell migration 

through a direct interaction with some small GTPases belonging to the Rho family. 

Figure 16. TRP-small GTPases signaling pathways interplay in cell migration. 

Cartoon depicting TRP channels signaling pathways affecting cell motility and contractility through 

GTPases. TRPC5, TRPM4 and TRPV4 induce the formation of protrusions and spreading via Rac1 

activation in a Ca2+-dependent manner and at the same time Rac1 promote the translocation of 

TRPC5 into the plasma membrane; Rac1 and RhoA through SOCE activation induce TRPC1-mediated 

cell polarization for directional cell migration; TRPM7 control polarized cell movement through the 

regulation of Rac1 and Cdc42 in a Mg2+-dependent way; TRPM7, TRPV4 and TRPC6 contribute to 

actin dynamics and cell contractility through the Mg2+- or Ca2+-mediated activation of RhoA/ROCK 

pathways.  

Abbreviations: FAK = focal adhesion kinase, Akt = protein-kinase B, EGF = epidermal growth factor, 

EGFR = epidermal growth factor receptor, PDGF = platelet-derived growth factor, PDGFR = platelet-

derived growth factor receptor, Orai1 = calcium release-activated calcium channel, SK3 = small 
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conductance calcium-activated potassium channel 3, STIM = stromal interaction molecule 1, ROCK 

= Rho-associated protein kinase, α-SMA = alfa-smooth muscle actin, MLC = myosin light chain. 

 

Indeed, TRPC5 and TRPC6 channels have been identified as antagonist regulators of actin remodelling and 

cell motility in fibroblast and kidney podocytes, mediating the activation of Rac1 and RhoA, respectively (Tian 

et al. 2010). It has been shown that TRPC5 and TRPC6 triggered antagonistic and mutually inhibitory pathways 

associated with the maintenance of the balance between contractility and motility. In particular TRPC5-

mediated Ca2+ influx induces Rac1 activation, thereby enhancing motility and cell migration. Conversely, 

TRPC6-mediated Ca2+ influx stimulates an increase in RhoA activation, thereby promoting stress fibre 

formation, cell contractility and the subsequent inhibition of cell migration (Tian et al. 2010) or the disruption 

of podocytes architecture in glomerular renal diseases, which may lead to proteinuria (Jiang, et al., 2011). 

Interestingly, the functional coupling between TRPC5 and TRPC6 with Rac1 and RhoA respectively,  gives rise 

to two distinct molecular complexes predominantly localized to discrete membrane compartments, as 

detected by co-immunoprecipitation and immunofluorescence (Tian et al. 2010). Of note, the presence of 

constitutively active Rac1 has been shown to affect TRPC5 channel localization, leading to an increase in 

plasma membrane abundance of TRPC5 with respect to TRPC6, which, conversely, is predominant in cells 

expressing constitutively active RhoA. In this regard, RhoA seemed to have no effect on the dynamics of 

TRPC6 insertion into the membrane, whereas Rac1 was found to promote translocation of TRPC5 into the 

plasma membrane, according to other findings (Bezzerides et al. 2004). This close interdependence between 

TRPC5 and Rac1 could suggest a positive feedback mechanism in which the Rac1-mediated TRPC5 insertion 

from a vesicular pool into the cell membrane leads to enhanced TRPC5-mediated Ca2+ influx, which in turn 

triggers the activation of Rac1 and the subsequent migratory phenotype. Although a direct correlation 

between TRPC5/TRPC6 and Rac1/RhoA has not yet been established in cancer models, it is possible to 

speculate that a similar interplay may also occur in the regulation of cancer cells migration, taking into 

account evidences of a direct involvement of TRPC5 and TRPC6 in the increased migratory potential of several 

cell types (Rampino et al., 2007;  Xu et al., 2006;  Greka et al., 2003), including some tumors such as colon 

cancer and glioblastoma (Chen et al., 2017;  Chigurupati et al., 2010). However, whether these effects on 

tumor migration are dependent on the impact of TRPC5 and TRPC6 activity on cell contractility and motility 

remains to be clarified.  

Similarly, TRPC1 have shown a correlation with an increased migratory phenotype in some tumors, such 

as glioblastoma, osteosarcoma, thyroid, pancreatic and colon carcinoma (Lepannetier et al. 2016;  Huang et 

al. 2015; Asghar et al. 2015;  Dong et al. 2010;  Guéguinou et al. 2016). One of the key step in cell migration 

is the establishment of a functional and morphological polarity along the axis of movement. In this context, 



  Introduction 

 

85 

 

it has been demonstrated that TRPC1 is localized to lipid raft domains at the leading edge of migrating cells 

and plays a role in determining their polarity and directionality (Fabian et al. 2008;  Bomben et al. 2011;  

Huang et al. 2015). For instance, it has been shown that in transformed renal epithelial Madin–Darby Canine 

Kidney-Focus (MDCK-F) cells the silencing of TRPC1 lead to a decrease in migration associated with a failure 

of cell polarization and an impaired lamellipodia formation. This effect is due to the partial loss of the local 

Ca2+ gradient at the front edge, needed for establish and maintain the axis of movement in migrating cells 

(Fabian et al. 2008). Same findings have also been shown in U2OS bone osteosarcoma cells, in which TRPC1 

inhibition or knowndown lead to a decrease in the percentage of polarized cells and the subsequent 

reduction in cell migration (Huang et al. 2015). However, the link between TRPC1-mediated Ca2+ gradients 

and actin dynamics, as well as the possible involvement of TRPC1-mediated Rho GTPases activation in these 

processes has not been yet fully characterized. Nonetheless, a direct interaction between TRPC1 and RhoA 

has been characterized in intestinal epithelial cells (IECs) and in pulmonary arterial endothelial cells (Chung 

et al. 2015;  Mehta et al. 2003). It has been shown that in IECs RhoA physically interacts with and regulates 

TRPC1-mediated Ca2+ influx through SOCE, stimulating cell migration after wounding (Chung et al. 2015). A 

reduction of RhoA/TRPC1 complexes, induced by downregulation or inactivation of either small GTPase or 

TRP channel, is associated with an inhibition of Ca2+ influx after store depletion and the subsequent 

obstruction to reseal superficial wounds after injury (Chung et al. 2015). Furthermore, it has been recently 

proposed a mechanism involving TRPC1 and Rac1 in promoting SOCE-dependent colon cancer cells migration 

(Guéguinou et al. 2016). Indeed, in HCT-116 colon cancer cells TRPC1 and Rac1 are involved in a complex 

positive feedback loop in which EGF-induced SOCE activates both Rac1 and STIM1 through Akt pathway; in 

turn, STIM1 activation promotes translocation of TRPC1 and Orai1 into lipid rafts where SK3 is located and 

thereby triggers SOCE mediated by the complex SK3/TRPC1/Orai1. At the same time Akt-mediated Rac1 

activation enhances SOCE and thereby SOCE-dependent cell migration through Akt pathway, with 

subsequent lamellipodia formation and calpain activation. Taken together these data suggest a direct 

interplay between TRPC1 and Rho GTPases in controlling cell polarity and actin rearrangements during cancer 

cells migration. 

TRPM7 is involved in directional migration in different cell types including migrating fibroblasts, 

osteoblasts, astrocytes and endothelial cells (ECs)  (Wei et al. 2009; Abed and Moreau 2009; Zeng et al. 2015; 

Baldoli et al. 2013) .  Similarly to TRPC1 also TRPM7 has been shown to be involved in Ca2+ gradient formation 

contributing to cell polarization and directional migration (Wei et al. 2009). In particular, TRPM7 is positively 

correlated with platelet-derived growth factor (PDGF)-induced Mg2+ influx as well as high-calcium 

microdomains “Ca2+ flickers”, most active at the leading lamella of migrating cells (Wei et al. 2009;  Abed and 

Moreau 2009). Interestingly, several evidences have shown that TRPM7 effects in controlling cytoskeleton 
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and polarized cell movements are independent from its kinase activity and are associated with its channel 

function. This has been clearly demonstrated in fibroblasts and neuroblastoma cells where re-expression of 

TRPM7 as well as a kinase-inactive mutant of TRPM7 on knock out cells reverted phenotypic changes in cell 

polarization enhancing cell spreading and adhesion (Su et al. 2011; Clark et al. 2008). In particular, it has been 

shown that Mg2+ play a central role in TRPM7-mediated control of directional migration in fibroblasts and 

osteoblasts (Su et al. 2011; Abed and Moreau 2009).  The effects observed by TRPM7 depletion in cell 

morphology, disruption of actin filaments and myosin fibres and a decrease in the number of FAs, correlates 

with decreased activity of RhoA GTPase, suggesting a role for TRPM7 in RhoA regulation (Su et al. 2011). 

Beside its interaction with RhoA, TRPM7 is also functional coupled with Rac1 and Cdc42: indeed, TRPM7 

knockdown prevented Rac1 and Cdc42 activation, with subsequent deficiency in their ability to form 

lamellipodia and impaired polarized cell movements (Su et al. 2011). Although Rho GTPases, differing from 

Ras and Rab proteins, did not require Mg2+ for high affinity nucleotide binding, it has been shown that Mg2+ 

plays a role in regulating nucleotide binding and hydrolysis kinetics in the GEF- and GAP-catalyzed reactions 

of Rho family GTPases (Zhang et al. 2000). In particular, RhoGAPs exploit Mg2+ to achieve high catalytic 

efficiency and specificity and conversely, RhoGEFs result negatively regulated by free Mg2+, since the 

presence of Mg2+ significantly decrease the intrinsic dissociation rates of the nucleotides. This finding may 

suggest that one role of GEFs is to displace bound Mg2+ from Rho proteins in order to efficiently perform their 

function and dissociate nucleotide from Rho GTPases (Zhang et al. 2000). Taken together this data revealed 

an interesting and so far little investigated interplay between TRP channel and Rho GTPases in controlling 

cell migration mediated by Mg2+ homeostasis.  

More recently, another member of the TRPM subfamily, TRPM4, has been recognized as the first TRP 

channel to be part of the adhesome that is the set of protein components of FAs required for migration and 

contractility (Cáceres et al. 2015). Indeed, it has been shown that TRPM4 localized to FAs in different cell 

types and that its suppression impaired FAs relocation and lamellipodia formation, leading to a reduced 

cellular spreading and migration in mouse embryonic fibroblasts. Actually, FA turnover plays a key role in cell 

migration, contributing to the generation of the traction forces necessary for cellular movements. TRPM4-

mediated effects on cell migration are at least partially due, to the activation of Rac1 GTPase. Indeed, it has 

been observed that upon silencing TRPM4 the serum-induced activation of Rac1 was significantly reduced as 

well as lamellipodial distribution, suggesting a direct cooperation between TRPM4 and Rac1 in the regulation 

of cellular spreading. Moreover, it has been demonstrated that TRPM4 pharmacological inhibition caused a 

retarded skin wound healing in vivo, affecting cell contractility (Cáceres et al. 2015). TRPM4 has been found 

to affect the migratory behaviour of many cell types, including prostate cancer cells (Holzmann et al. 2015). 

Although TRPM4 itself is Ca2+-impermeable, its contribution to cell migration through the regulation of 
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intracellular Ca2+ signalling has been well established (Vennekens and Nilius 2007). For instance, in androgen-

insensitive prostate cancer cells it has been shown that TRPM4 acts as an important negative feedback 

regulator of SOCE, thus promoting cell migration (Holzmann et al. 2015). However, further investigations are 

needed to deepen the knowledge of the molecular mechanism underlying the pro-migratory effect of TRPM4 

on prostate cancer cells migration.  

To date, several experimental evidences have revealed a critical role of TRPV4 in regulating migratory 

properties of many tumors, including liver, breast and gastric cancer (Vriens et al. 2004;  Lee et al. 2016;  Xie 

et al. 2017).  However, little is known about the molecular nature of this process. Nonetheless, it has been 

shown that TRPV4 is involved in the dynamics of trailing adhesions, likely through an interplay with other 

cation channels or proteins present at the FA sites (Mrkonjić et al. 2015). A direct correlation between TRPV4 

and RhoA/ROCK pathways has been revealed in cardiac fibroblast remodeling and myofibroblast contraction. 

In particular, it has been shown that after stimulation with growth factors, TRPV4 contributed to cell 

contractility by increasing the actin protein α-SMA expression and incorporation into stress fibers, through 

the Ca2+-mediated activation of RhoA/ROCK pathways (Adapala et al. 2013;  Thodeti et al., 2013;  Tomasek 

et al. 2006). Another study reported a role of TRPV4 in the modulation of adherent-junctions, mediated by 

the TRPV4-dependent activation of Rho GTPases, thereby promoting actin fibers organization and junctions 

formation (Sokabe and Tominaga 2010). Furthermore, the exogenous up-regulation of TRPV4 in breast 

cancer has been shown to aid actin dynamics and lead to a higher activation of cofilin, a downstream protein 

effector of RhoA/ROCK pathways that promotes actin filaments depolymerisation, thus conferring cellular 

“softness” and promoting transendothelial migration (Lee et al. 2016). Accordingly, TRPV4 knockdown 

reduced migration, invasion and transendothelial migration in breast cancer cells (Lee et al. 2016). Finally, a 

recent study of Ou-yang and co-worker (2018) has described the Akt/Rac1 signalling pathway through which 

TRPV4 promote migration and invasion in glioma cancer cells (Ou-yang et al., 2018). Mechanistically, agonist-

mediated TRPV4 activation promoted the activation of Rac1 by targeting Akt for phosphorylation, thus 

enhancing glioma cells migration and invasion (Ou-yang et al. 2018). Accordingly, in gastric cancer TRPV4-

mediated Ca2+ influx  promote cell migration through the activation of the downstream Akt/β-catenin 

pathways (Xie et al. 2017). Collectively, these data support a direct interplay between TRPV4 and small 

GTPases in controlling cytoskeletal remolding aimed to confer migratory phenotypes. 

 

Invasion 

In order to reach lymph- and bloodstreams and to colonize sites distant from the primary tumor, cancer 

cells have to acquire, beyond migratory phenotype, the ability to degrade ECM. Consequently, invasion is 

another key step of the metastatic cascade. Invasiveness of cancer cells comes from their ability to produce 
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special protusions called invadopodia, which are actin-rich protrusions of the plasma membrane with 

proteolytic activity. Once matured, invadopodia recruit proteolytic enzymes such as membrane-matrix 

metalloproteinases (MMPs), which are endopeptidases able to locally degrade ECM, allowing cell invasion. 

Among them, MMP-2 and MMP-9 were considered the most important in metastasis, since they were often 

aberrantly expressed in tumors (Jabłońska-trypuć et al., 2016). Both TRP channels and small GTPases have 

been implicated in increased tumor invasiveness through the induction of MMPs expression (Yang and Kim 

2020;  Betson and Braga 2003). Indeed, TRPM2, TRPM7, TRPM8, TRPV2 and TRPC1 have shown to cause 

upregulation of MMP9 in a Ca2+-dependent manner in gastric, bladder, oral squamous, prostate and thyroid 

cancer cells respectively (Almasi et al. 2019;  Cao et al. 2016;  Chen et al. 2017;  Okamoto et al. 2012;  Monet 

et al. 2010;  Asghar et al. 2015). Additionally, TRPM2, TRPM7 and TRPC1 activity have been also correlated 

with MMP2 production in gastric, lung, pancreatic and thyroid cancer (Almasi et al. 2019;   Liu et al. 2018;  

Rybarczyk et al. 2017;  Asghar et al. 2015). Also Rho and Rac GTPases activation has been correlated with 

increased MMPs expression in different cancer cell types (Abécassis et al.,2003;  Santibáñez et al. 2010;  Jacob 

et al. 2013; Zhuge and Xu 2001). TRPV2 and TRPM2 have been shown to affect cell invasiveness through 

signalling pathways involving small GTPases, which are summarized in Figure 17. 

Figure 17. TRP-small GTPases signaling pathways interplay in cell invasion 

Cartoon depicting TRP channels signaling pathways affecting cell invasiveness through 

GTPases. Rac1 promotes the translocation of TRPV2 into the plasma membrane and thus 

TRPV2-mediated increased in MMPs expression; TRPV2 affects also cell adhesion and invasion 

interfering with integrin-mediated signalling and inhibiting Rac1, RhoA and cofilin activation by 

Rac1 in a Ca2+-dependent manner; TRPM2 and Rac1 physically interact with each other, 

mutually influencing their activity and lead to an increase in MMPs production; MMPs 

exocytosis is mediated by the Rab superfamily of small GTPases. 
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Abbreviations: GF = growth factor, GFR = growth factor receptor, PI3K = phosphoinositide-3 

kinase, Akt = protein-kinase B, MMP = membrane-matrix metalloproteinase, ECM = 

extracellular matrix 

 

TRPV2 has been found to positively correlate with prostate cancer (PCa) invasiveness, promoting PCa 

progression to the aggressive castration-resistant stage (Monet et al. 2010). More specifically, it has been 

shown that siRNA-mediated silencing of TRPV2 lead to a decrease in MMP-2 and MMP-9 invasive enzymes 

expression, reducing growth and invasive properties of PC3 prostate tumors established in nude mice 

xenografts (Monet et al. 2010). The mechanism by which the Ca2+ influx mediated by TRPV2 is linked with 

the up-regulation of MMPs has not been characterized. However, another study have revealed that in PCa 

TRPV2 trafficking to the plasma membrane, correlated with enhanced cell migration and invasion, is 

mediated by the phosphoinositide 3-kinase (PI3K) pathway (Oulidi et al. 2013). Taking into account evidences 

of a PI3K-mediated activation of Rac1 in several tumor models (Haws et al., 2016;  Ungefroren et al., 2018) 

and considering that Rac1 has been found to regulate TRPV2 intracellular trafficking in fibrosarcoma cells 

(Nagasawa and Kojima 2015), it is possible speculated that in PCa a PI3K-mediated Rac1 activation may allow 

the translocation to the plasma membrane of the “de novo” expressed TRPV2 in PC3 cells, thus giving rise of 

the TRPV2-mediated increase of cytosolic Ca2+ concentration responsible for MMPs overexpression. 

Confirming this hypothesis, Rac1 have been related with the up-regulation of MMP-2 and MMP-9 in 

fibrosarcoma (Zhuge and Xu 2001) and transformed keratinocytes (Santibáñez et al. 2010), respectively. 

Unlike in PCa, TRPV2 has been found to suppress invasiveness of fibroblast-like synoviocytes (FLS), which 

have an aggressive and invasive behaviour resembling that of cancer cells (Laragione et al. 2015). TRPV2 

activation have been associated both in vitro and in vivo with a reduced cell invasiveness and a down-

regulation of the IL-1β-induced expression of MMP-2 and MMP-3 (Laragione et al. 2015). More recently, the 

cell signalling events mediating this TRPV2 suppressive activity has been characterized (Laragione et al., 

2019). Interestingly, a direct interplay between TRPV2 channel function and RhoA/Rac1 GTPases activity in 

suppressing FLS cells invasion have been proposed (Laragione et al., 2019). In particular, it has been shown 

that, upon stimulation with the commercially-available TRPV2-specific agonist O1821, the channel nearly 

disappeared from the plasma membrane, as well as integrins αν, β1 and β3, involved in cell binding to ECM. 

Concomitantly, a decrease in cell adhesion and in the numbers of thick actin filament and a reduction in 

lamellipodia formation were observed.  Mechanistically, it has been found that O1821-induced TRPV2 

activation caused a decrease in both RhoA and Rac1 activation, giving rise of the observed inhibition of actin 

filaments and lamellipodia formation respectively. Moreover, TRPV2 activation significantly increased levels 

of phosphorylated (inactive) cofilin and affected the localization of active cofilin keeping it in the cytosol away 
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from cell protrusions and lamellipodia, in which normally it exerts its function on actin remodelling, upon 

activation by Rac1.  Considering the active involvement of Rac1 in TRPV2 trafficking found by Nagasawa et 

al. (2015), the Rac1 inhibition through TRPV2 described by Larangione et al. might also explained the 

observed reduction of TRPV2 expression on the plasma membrane after channel stimulation, suggesting an 

intriguing negative feedback loop between TRPV2 and Rac1 regulation. Indeed, TRPV2 activation on the 

plasma membrane may inhibit in a Ca2+-dependent manner Rac1 activation, which in turn resulted in a 

decrease of TRPV2 expression on the cell surface. Taken together, these data account for a possible two-

sided interplay between Rac1 and TRPV2, based on which TRPV2 may exert both pro- and anti-invasiveness 

activities depending on cell type. In the first case Rac1 is activated by IP3K pathway, thus allowing the 

overexpression of the constitutively active TRPV2 on the plasma membrane and the increased calcium flow 

responsible for MMPs overexpression and the increased cell invasiveness; in the second case TRPV2, upon 

activation by external stimuli, causes Rac1 inactivation and the inhibition of pro-invasive intracellular 

pathways as well as the expression of TRPV2 in the membrane through a negative feedback mechanism. 

Therefore, in an interesting interchangeable relationship TRPV2 may act as either modulator or effector of 

Rac1, depending on cell type, thus reflecting the bivalent activity showed by the channel in cell invasiveness. 

In addition to TRPV2, TRPM2 offers another potential field of investigation on TRP-small GTPase 

relationship in cancer cells ability to invade surrounding tissues. In fact, it has been recently proven that 

TRPM2 caused an increase in MMP-9 production in gastric cancer (Almasi et al. 2019). Also in this case, the 

function of the channel appeared to be regulated by the Akt pathway, known to regulate the activity of 

several GTPases including Rac1 (Ho et al., 2010), whose interaction with TRPM2 has been already well 

established in response to oxidative stress (Gao et al. 2014). On this regard, it has been demonstrated that 

TRPM2 and Rac1 physically interact with each other, mutually influencing their activity, similarly to what 

observed between TRPC5 and Rac1 in podocytes previously described (Tian et al. 2010;  Bezzerides et al. 

2004). Thus, we could speculate a TRPM2-Akt-Rac1 axis in the modulation of MMP-9 expression in gastric 

cancer. 

 

Tumor vascularization 

Tumor vascularization, is a critical step in the metastatic cascade, since the formation of new blood vessels 

is crucial not only to provide sufficient oxygen and nutrients and thus promoting the continuous growth of 

tumors but also to drive tumor spread and metastasis. Tumor vascularization, promoted by the tumor cells 

themselves through the secretion of several growth factors, results aberrant and leads to the formation of 

new vessels characterized by abnormal morphology, irregular blood flow and distribution, non-uniform 

pericyte coverage and hyper-permeability. TRP channels are widely expressed within vascular ECs and several 
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evidences correlated aberrant TRP channels expression and/or activity with tumor vascularization, thanks to 

their high sensitivity to both pro-angiogenic signals and subtle changes in local microenvironment (Negri et 

al., 2020;  Brossa et al. 2019). TRP channels have been related to critical steps of tumor vascularization, 

including cell adhesion, cell migration, enhanced permeability and in vitro angiogenesis (Fiorio Pla and Gkika 

2013). Similarly, several Rho and Ras small GTPases, thanks to their contribution to actin dynamics, cell 

contractility and integrin-mediated “inside-out” signalling events, have been found to be de-regulated during 

tumor vascularization (Chrzanowska-Wodnicka 2010;  Carmona et al. 2009). Some common pathways 

involving both TRP channels and small GTPases in determining aberrant tumor vascularization have been 

described, such as those concerning TRPV4, TRPM8, TRPC1 and TRPC6, depicted in Figure 18. 

Figure 18. TRP- small GTPases signaling pathways interplay in aberrant tumour vascularization 

Cartoon depicting TRP channels signaling pathways affecting tumour vascularization through 

GTPases. TRPV4 induces aberrant mechano-sensivity to ECM through the Ca2+-dependent 

inhibition of Rho/ROCK pathway; TRPC1 and TRPC6 enhance vessels permeability affecting cell 

contractility through a Ca2+-mediated regulation of RhoA; on the contrary, TRPM8 exerts a 

protective role in tumour vasculature permeability,  inhibiting the store-operated RhoA activation 

and subsequent cell contraction; TRPM8 also inhibits ECs adhesion and migration, impairing 

activation of β1-integrin through the intracellular retention of Rap1. 

Abbreviations: VE-cadherin = vascular E-cadherin, FAK = focal adhesion kinase, ROCK = Rho-

associated protein kinase, MLC = myosin light chain, PKCα = protein kinase C alpha, IP3R = inositol 

trisphosphate receptor, PAR-1 = protease-activated receptor-1 

TRPV4 has been the first TRP channel to be clearly implicated in tumor angiogenesis, although it can have 

both pro-angiogenic and anti-angiogenic effects depending on tumor type. In particular, TRPV4-mediated 

Ca2+ signals are implicated in tumor-derived endothelial cells (TECs) migration via a membrane stretch 

activated arachidonic acid release and subsequent actin remodelling and TRPV4 insertion in plasma 
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membrane (Fiorio Pla et al. 2012). These data are in accordance with previous results showing that TRPV4 is 

required for shear stress EC reorientation in an integrin dependent manner (Thodeti et al. 2009). On the 

other hand, in different TECs models TRPV4 resulted down-regulated as compared to normal tissues and this 

is correlated with aberrant mechano-sensitivity of TECs towards ECM stiffness and subsequently with 

enhanced cell motility and abnormal angiogenesis. The subcutaneously injection of Lewis Lung Carcinoma 

cells in TRPV4 knockout mice lead to increased vascular density, higher vessel diameter and reduced pericyte 

coverage, overall resulting in enhanced tumor growth (Adapala et al. 2016). More recently, it has also been 

shown by the same group that TRPV4 silencing caused a significant decrease in VE-cadherin expression at 

cell-to-cell junctions, with the subsequent increase in vascular leakage (Cappelli et al. 2019). Accordingly 

overexpression or pharmacological stimulation of TRPV4 with GSK has been shown to lead to a 

“normalization” of the vascular endothelium, enhancing the permeability of chemotherapeutic drugs, and 

basically blocking tumor growth (Adapala et al. 2016). In particular, TRPV4-mediated “normalization” of 

aberrant capillary-like tubules in vitro is achieved by restoring the mechano-sensitivity of ECs toward ECM 

stiffness through the blockade of basal Rho activity (Adapala et al. 2016).  In this contest, it was previously 

shown that the aberrant TECs mechano-sensitivity of TECs in response to ECM stiffness and cyclic strain 

resulted, at least partially, due to constitutively high level of Rho/ROCK basal activities (Ghosh et al. 2008). 

TRPV4 overexpression or activation was able to significantly reduce the high basal Rho activity exhibited by 

prostate TECs (Adapala et al. 2016). Moreover, ECs isolated from TRPV4 knockout (KO) mice displayed higher 

basal Rho activity as compared to EC wt and the inhibition of Rho/ROCK pathway in TRPV4KO mice resulted 

able to normalize tumor vasculature, confirming the role of TRPV4 as an important modulator of Rho activity 

also in vivo (Thoppil et al. 2016).  

Accordingly with other recent evidences which have highlighted non-conducting functions of TRP 

channels in many processes, including the regulation of cytoskeletal dynamics (Vrenken et al., 2015), our 

recent study (Genova et al. 2017) has unveiled that TRPM8 may inhibit ECs migration in a Ca2+-independent 

manner. TRPM8 mainly localized close to the endoplasmatic reticulum (ER) in ECs and its expression resulted 

remarkably down-regulated in breast TECs (BTECs) with respect to human microvascular ECs (HMECs) and 

human umbilical vein ECs (HUVECs) (Genova et al. 2017). In normal ECs TRPM8 has been shown to inhibit 

migration and spheroid sprouting by trapping Rap1 intracellularly, thereby preventing its relocation toward 

the plasma membrane, which is required to activate β1-integrin signalling. Rap1 physically interacts in its 

inactive form (GDP- bound) mainly with the N-terminal tail of TRPM8 and interestingly, its retention within 

the cytosol occurred also in the presence of a TRPM8 pore mutant, demonstrating that TRPM8 inhibitory 

effects on ECs migration and adhesion by trapping Rap1 are independent from its channel function (Genova 

et al. 2017). Curiously, TRPM8 activation through specific channel agonists (icilin and menthol) or 
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endogenous activators such as prostate specific antigen (PSA), significantly reduced the amount of active 

Rap1-GTP bound and enhanced its inhibitory effect on migration, thus raising questions about the possible 

effects of agonists on TRPM8 besides pore gating. The TRPM8-mediated prevention of Rap1 cytoplasm–

plasma membrane trafficking impaired the activation of a major inside-out signalling pathway known to 

trigger the conformational activation of β1-integrin and, consequently, cell adhesion and migration. In 

particular, TRPM8 has been found to modulate ECs adhesion to fibronectin (FN) through the inactivation of 

α5β1 integrin, one of the major FN receptor. Coherently, upon stimulation with icilin TRPM8 significantly 

inhibited active-β1 integrins as revealed by immunofluorescence assays. In addition, it has been proven that 

agonist-induced TRPM8 stimulation lead to a significant decrease in FAK autophopshorylation, suggesting 

the involvement of FAK as downstream effector of the β1-integrin pathway affected by TRPM8 (Genova et al. 

2017). This study have highlighted how TRP channels may regulate GTPases activity not only by the 

generation of local Ca2+ fluxes, but also acting as a GDI-like protein, so through physical interactions which 

affect their intracellular localization and thus their activity. Indeed, as well as TRP channels, also small 

GTPases are used for spatial and temporal control of cell behaviour, as reported by several studies (Wang et 

al., 2012;  Moissoglu and Schwartz, 2014;  Yarwood et al, 2006). Another evidence of a TRPM8 interplay with 

small GTPases in controlling ECs behaviour comes from a study of Sun and coworkers (2014), which have 

revealed a role of TRPM8 in vasoconstriction and hypertension  through attenuating RhoA/Rho kinase 

pathway. In particular, the authors have shown that TRPM8 activation by menthol attenuated 

vasoconstriction by inhibiting RhoA/ROCK pathway in wild-type mice, but not in TRPM8KO mice (Sun et al. 

2014) . TRPM8 effect was associated with inhibition of intracellular calcium release from the sarcoplasmic 

reticulum, thus reducing Ca2+-mediated activation of RhoA/ROCK and ECs contraction. Since several 

evidences have correlated ECs contraction with vessels permeability (Hicks et al. 2010), this study could 

suggest a protective role of TRPM8 not only in ECs migration, but also in tumor vasculature permeability.  

The increased permeability shown by tumor vessels may be induced by several factors, including hypoxia 

and inflammatory signals, such as thrombin. In this regard, TRPC6 and TRPC1 has been implicated in 

thrombin-induced hyper-permeabilization of ECs through RhoA/ROCK signalling pathway. Thrombin is a 

serine-protease which after binding to the endothelial cell surface protease-activated receptor-1 (PAR-1) 

induces a signalling cascade resulting in an increase in ECs contraction, changes in cell shape and ultimately 

the development of tiny inter-endothelial junctional gaps that lead to increased endothelial permeability. It 

has been shown that thrombin, through the α subunit of G protein-coupled receptors (Gαq) signals TRPC6 

activation (Singh et al., 2007). Then, the TRPC6-mediated Ca2+ influx lead to the activation of PKCα and 

thereby induced RhoA activity and ECs contraction, with subsequent cell shape changes and inter-endothelial 

gaps formation (Singh et al., 2007). Indeed, upon thrombin stimulation it has been shown that RhoA activated 
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its downstream effector ROCK, which in turn stimulated the phosphorylation of the myosin light chain (MLC) 

phosphatase regulatory subunit, which reduced the phosphatase activity (Birukova et al. 2004). Such an 

attenuation of dephosphorylation of MLC resulted in a net increase in phosphorylated MLC, thus sustaining 

ECs contraction (Birukova et al. 2004). TRPC6 have also been found to play a central role in determining the 

angiogenic potential of glioma cells, since its inhibition affected EC tube formation in vitro by reducing the 

number of branch points (Chigurupati et al. 2010). Moreover, TRPC6 has been shown to exert pro-angiogenic 

effects by affecting vascular endothelial growth factor (VEGF)-induced calcium influx in ECs. Indeed, 

expression of a dominant negative TRPC6 significantly reduced ECs number, migration and sprouting 

(Hamdollah Zadeh et al., 2008). Interestingly, TRPC6 promoted proliferation and tubulogenesis induced by 

VEGF, but not by basic fibroblast growth factor (bFGF), in HUVECs (Ge et al. 2009). Although to date there 

are not evidences of GTPases-mediated TRPC6 functions in angiogenesis, some studies have defined an 

important role of RhoA in ECs proliferation, migration, invasion and sprouting triggered by important 

angiogenesis inducers, including VEGF (Zahra et al. 2019), thus suggesting a possible interplay between 

TRPC6 and RhoA in VEGF-induced angiogenesis.  

As well as TRPC6, also TRPC1 has been found to have a role in increasing ECs permeability through RhoA 

activation in response to thrombin stimulation. In this regard, an intriguing mechanism depicting RhoA as 

TRPC1 modulator in human pulmonary arterial endothelial cells have been proposed by Mehta and co-

worker (2003). They showed that RhoA, upon thrombin-induced activation, formed a complex with IP3R and 

TRPC1, which then translocated to the plasma membrane, where TRPC1 can mediate a store depletion-

induced Ca2+ entry and the resultant increase in endothelial permeability. Moreover, it has been 

demonstrated that RhoA-induced association of TRPC1 with IP3R was dependent on actin filament 

polymerization, since its inhibition hindered both association and Ca2+ entry (Mehta et al. 2003). It has been 

shown that also the serine/threonine phosphorylation of TRPC1 by PKCα is crucial in inducing Ca2+ influx, 

since PKCα inhibition significantly reduced Ca2+ entry and hindered the increase in endothelial permeability 

(Ahmmed et al. 2004). However, the mechanism by with PKCα integrated with RhoA in ECs to trigger TRPC1-

mediated Ca2+ influx remained to be characterized. Nonetheless, considering the previously described role 

of PKCα as a downstream effector of TRPC6 (Singh et al., 2007), it is possible that the PKCα- dependent RhoA-

induced TRPC1 activation gives rise to a positive feedback loop that overall lead to persistent increase 

endothelial permeability. This study provide an examples of pathway in which small GTPases do not act as 

TRP Ca2+-dependent effectors, but rather as modulators of TRP channel activity, influencing protein–protein 

interactions and channel gating, and thus corroborating the bidirectional nature of this complex interplay.  
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1.3.3 Conclusions and perspectives 
 

TRPs and small GTPases show a direct interplay in cancer progression, characterized by a bidirectional 

communication, whereby TRP channels have been shown to affect small GTPases activity via both Ca2+-

dependent or Ca2+–independent pathways, and conversely some small GTPases may affect TRP channels 

activity through the regulation of their intracellular trafficking to the plasma membrane or acting directly on 

channel gating (Table 7). In most cases TRP-GTPase interaction is mediated by Ca2+ signals, triggered by TRP-

mediated Ca2+ influx through the plasma membrane induced by growth factors, specific ligands or mechanical 

stimuli.  In some specific cases, like that of TRPM7, the TRP-mediated small GTPases activation/inhibition 

may be supported by Mg2+ rather than Ca2+ homeostasis regulation. Moreover, also Ca2+-impermeable TRP 

channels like TRPM4 has been found to regulated small GTPases activity, probably through an indirect control 

on other Ca2+-signalling pathways. Finally, alternative regulatory pathway which go beyond the canonical 

ones involving cation homeostasis have been characterized for TRP-mediated small GTPases regulation. For 

instance, it has been shown that some TRPs, such as TRPM8 in ECs, may act similarly to a GDI-like protein, 

inhibiting small GTPases activity by physically trapping and restraining them within a specific cellular 

compartments and thus preventing their switch to the active form that generally occurs at the plasma 

membrane. Although in most cases small GTPases act as TRP effectors, there are some evidences about a 

role of small GTPases as modulators of TRP channel activity. Indeed, it has been shown that some small 

GTPases may affect TRPs channel activity by influencing channel trafficking, gene expression, protein–protein 

interactions and channel gating. In some cases, positive feedback loop mechanisms, wherein TRP channels 

activate small GTPases which in turn increase TRPs insertion to the plasma membrane, have also been 

described. In addition, some studies have highlighted that effector/modulator roles may be interchangeable 

between TRPs and small GTPases depending on cell type. For instance, it has been shown that Rac1 may act 

as either modulator or effector of TRPV2 activity, thus determining opposite effects on cell invasion, 

depending on cell type.   

 

 

HALLMARK TRP CHANNEL  GTPase 
BIOLOGICAL 

EFFECT 
REFERENCE 

Migration  

TRPC1 

 

← 

 

RhoA 

 

↑ 

 

(Chung et al. 2015; Mehta et al. 2003) 

   

↔ 

 

Rac1 

 

↑ 

 

(Guéguinou et al. 2016) 

Ca2+ 

Ca2+ 
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TRPC5 

 

↔ 

 

Rac1 

 

↑ 

 

(Tian et al. 2010; Bezzerides et al. 2004) 

  

TRPC6 

 

→ 

 

RhoA 

 

↓ 

 

(Tian et al. 2010) 

  

TRPM4 

  

Rac1 

 

↑ 

 

(Cáceres et al. 2015) 

  

TRPM7 

 

→ 

 

RhoA 

 

↑ 

 

(Su et al. 2011) 

   

→ 

 

Rac1 

Cdc42 

  

(Su et al. 2011) 

  

TRPV4 

 

→ 

 

RhoA 

 

↑ 

 

(Adapala et al. 2013; Thodeti, 
Paruchuri, and Meszaros 2013; 

(Tomasek et al. 2006; Lee et al., 2016) 

   

→ 

 

Rac1 

 

↑ 

 

(Ou-yang et al. 2018) 

 

Invasion 

 

TRPM2 

 

↔ 

 

Rac1 

 

↑ 

 

(G. Gao et al. 2014) 

  

TRPV2 

 

← 

 

Rac1 

 

↑ 

 

(Nagasawa and Kojima 2015) 

   

┤ 

 

RhoA/ 

Rac1 

 

↓ 

 

(Laragione, Harris, and Gulko 2019) 

 
Aberrant tumour 
vascularization 

 
TRPC1 

 
← 

 
RhoA 

 
↑ 

 
(Mehta et al. 2003) 

  

TRPC6 

 

→ 

 

RhoA 

 

↑ 

 

(Singh et al., 2007) 

  

TRPM8 

 

┤ 

 

Rap1 

 

↓ 

 

(Genova et al. 2017) 

   

┤ 

 

RhoA 

 

↓ 

 

(Sun et al. 2014) 

  

TRPV4 

 

┤ 

 

Rho 

 

↓ 

 

(Thoppil et al. 2016; Adapala et al. 
2016) 

 

Table 7. TRPs-small GTPases relationship in metastatic cancer hallmarks. 

Ca2+ 

Ca2+ 

Mg2+ 

Mg2+ 

Ca2+ 

Ca2+ 

Ca2+ 

Ca2+ 
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Legend: →: TRP enhances GTPase activity; ←: GTPase enhance TRP activity; ↔: bidirectional activation; ┤: TRP inhibits 

GTPase activity; ↑: increase; ↓: decrease 

 

In addition to the examples of a direct TRP-small GTPases interaction in metastatic cancer hallmarks 

reported in this review, many studies suggest other possible signal transduction pathways associated with 

tumor progression involving both TRPs and small GTPases. For instance, they have both been implicated in 

the regulation of MMPs production through pathways like IP3K/Akt and Hsp90α-uPA-MMP2 that offer many 

points of contact in between them (Luo et al., 2016; Rybarczyk et al., 2017; Liu et al., 2018; Yang et al., 2015; 

Zhuge & Xu, 2001; Koike et al., 2000). However, to date a direct correlation between TRPs and small GTPases 

in these signal transduction pathways has not yet been established, but remains to be deeper clarified. 

Moreover, several studies have reported a role of both these two superfamilies of molecules in promoting 

another key step of the metastatic cascade that is EMT. In response to the same growth factor/cytokines-

induced signalling pathways both TRPs and small GTPases are able to induce the up-regulation of 

mesenchymal-like markers such as vimentin and the down-regulation of epithelial-like markers such as E-

cadherin through the direct regulation of transcriptional factors including STAT3, Snail and Twist (Davis et al., 

2014; Simon et al., 2000; Liu et al., 2014; Seiz et al., 2020;  Yang et al., 2015; Liu et al., 2019; Chen et al., 2017; 

Kim et al., 2018). However, a synergistic cooperation between TRPs and Rho GTPases during the early stage 

of growth-factor induced EMT is still just a speculation, since to the best knowledge of the authors a direct 

correlation between TRPs and small GTPases effects on EMT has not yet been characterized. In conclusion, 

the interplay between TRP channels and small GTPase in cancer progression is only partially investigated to 

date and further investigations are required to shed light on many other aspects of this interesting crosstalk 

in cancer not well known. 
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1.4 THERAPEUTIC APPROACHES TO TARGET PROSTATE 

CANCER 
 

 

1.4.1    Prostate cancer: diagnosis and prognosis 
 

PCa is one of the most common non-cutaneous human malignancies. Progression of PCa is generally slow 

or mild in diagnosed patients, but in its metastatic stage it is the second deadliest cancer among men with 

10% of total cancer death in Europe (Dyba et al. 2021) and  6.8% worldwide (Sung et al. 2021). Indeed, once 

the tumor escapes its primary site giving metastases, the outcome of the therapy worsens (Fig. 19). PCa has 

the highest incidence in industrialized countries with a 4% to 6% annual increase for the advanced disease 

since 2011 (Siegel et al. 2022) and led to 375,304 deaths around the world in 2020 (“World Cancer Research 

Fund International” 2022). As shown in Figure 19, the 5-year relative survival for PCa is 100% as long as it is 

diagnosed as localized or spread to the (regional) lymph nodes but drops dramatically to 32.3% for patients 

in which it has metastasized reaching distant organs such as lungs and bones. 

 

Figure 19. Prostate cancer statistics. 

Estimated new cases and deaths for prostate cancer in 2022 (a); Percentage of cases (b) and 5-Year relative survival by 

stage at diagnosis (c) relative to prostate cancer (2012-2018). Data from SEER (Surveillance, Epidemiology, and End 
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Result Program), National Institute of the U.S. Department of Health and Human Services (“National Cancer Institute -

Surveillance, Epidemiology, and End Result Program” 2022). 

 

PSA serology is of course the most important screening tool for detecting PCa and recurrence, as well as 

monitoring response to therapies because blood PSA levels are elevated in both local and metastatic PCa. 

PSA is also known as KLK3 (the third member of the serine protease kallikrein family) and it has been 

extensively studied as a biomarker for the detection and follow-up of PCa although it is not an excellent 

tumor marker as it lacks both selectivity and specificity (Van Haute, De Ridder, and Nilius 2010). Indeed, PSA 

levels are variable and not always directly correlated to cancer staging. For instance, PSA levels are high in 

patients with BPH whereas decrease in the late metastatic phase (Shariat et al. 2004). For this reason, PSA is 

often detected in combination with other blood biomarkers such as transforming growth factor-beta 1 (TGF-

β1), human glandular kallikrein 2 (hK2), urokinase plasminogen activator (uPA), interleukin-6 as well as their 

receptors (uPAR and IL-6R) (Shariat et al. 2011). 

Following an abnormal digital rectal examination or detection of elevated PSA levels in the blood, PCa 

diagnosis is then confirmed by transrectal ultrasound (TRUS)-guided core-needle biopsy, generally well-

tolerated by patients. The biopsy can then be followed by pelvic magnetic resonance imaging (MRI), 

computed tomography (CT), bone scan, and most recently positron emission tomography (PET)/CT scan to 

determine if cancer has spread to surrounding regions and stage cases of advanced PCa (Trabulsi et al. 2020). 

PCa patients are then classified as low, intermediate, or high-risk localized cancer or locally advanced cancer 

according to some parameters reported in Table 8, like PSA level, International Society of Urologic 

Pathologists (ISUP) grade, pathological tumor-node-metastasis (pTNM) classification, and Gleason score. In 

particular, the latter corresponds to the sum of two numbers indicating the most representative glandular 

differentiation patterns observed in the biopsy samples through a value ranging from 1 (for the least 

aggressive most differentiated tumor pattern) to 5 (for the most aggressive showing no glandular 

differentiations tumor pattern) (Gleason, Mellinger, and Ardving 1974) (Fig. 20). Consequently, the final 

Gleason Score ranges from 6 (very low-risk PCa) to 10 (very high-risk PCa). The ISUP classification is a new 

system developed in the United States as a modification of the Gleason score system easier to understand 

and more accurate for predicting how quickly cancer will spread and the chance of death. This classification 

assigns tumors a grade ranging from 1 for the least aggressive to 5 for the most aggressive forms. In 

particular, ISUP grade 1 corresponds to Gleason Score 3+3, grade 2 to Gleason 3+4, grade 3 to 4+3, grade 4 

to 4+4 and grade 5 to 4+5, 5+4, and 5+5. As for the TNM system, it was proposed by the American Joint 

Committee on Cancer (AJCC) and categorizes tumors in terms of size (T1-T4), lymph node involvement (NX, 

N0, N1), and presence of metastases (M0-M1).  
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Low risk Intermediate risk High risk 

Localized PCa 

PSA < 10 ng/mL 10-20 ng/mL > 20 ng/mL 

Gleason score < 6 7 > 7 

ISUP grade 1 2-3 4-5 

Clinical stage T1-T2a T2b-T2c T3a 

Locally advanced 
PCa 

Clinical stage 
T3b 

or cN1 (lymph node metastasis) 
(any PSA, any Gleason score) 

Table 8. Prostate cancer stages and classification. 

Figure 20. Representative histological staining on PCa tissues. 

(a) Schematic example of the histological differences corresponding to each Gleason grade (from 1 to 5); 

Representation of tissues assigned to Gleason grades from 1 to 5: (b) Gleason score 3+3 (ISUP Grade Group 

1); (c) Gleason score 3+4 (ISUP Grade Group 2); (d-g) Gleason score 4+4 (ISUP Grade Group 4); (h-l) Gleason 

score 5+5 (ISUP Grade Group 5); Gleason score 5+4 (ISUP Grade Group 5);  

Image adapted from (Gordetsky and Epstein 2016). 
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Taking into account the androgen-dependency of PCa, the first-line standard treatment is androgen 

ablation either by surgical or chemical castration or by administration of androgen receptor inhibitors like 

Bicalutamide (Casodex®, AstraZeneca) approved in 1995 and currently used as monotherapy to treat PCa in 

its earlier stages or in combination with gonadotropin-releasing hormone (GnRH) analogs to treat advanced 

PCa (Wellington and Keam 2006). In this regard, the discovery that surgical orchiectomy is effective in 

countering metastatic PCa by leading to androgen ablation earned the Nobel Prize to Huggins and Hodges in 

1966 (Huggins and Hodges 1972). However, the effectiveness of this treatment is limited in time and some 

patients relapse due to the growth and spread of cancer cells with an acquired lethal resistant phenotype 

(Déliot and Constantin 2015). Consequently, regarding low-risk prostate cancer, the significant increase in 

cases diagnosed following a broader screening of the population opened a debate on the potential benefits 

and harms of early treatment versus active surveillance (Osuchowski et al. 2021). By contrast, over the past 

decade, the cases of advanced prostate cancer diagnosed increased from 3.9% to 8.2% (Siegel et al. 2022) 

and the treatment options are very limited as tumors inescapably become refractory to hormonal treatments 

and may give rise to bone metastases that are difficult to treat.  

 

 

1.4.2    Conventional therapeutic approaches  
 

Based on the tumor classification, there are currently several therapeutic alternatives to countering PCa. 

The two types of therapeutic approaches recommended by the European Association of Urology (UAE) for 

patients with low-risk prostate cancer are deferred treatment and active treatment. In the first case, one of 

the modalities recommended above all for patients with a life expectancy of fewer than 10 years is watchful 

waiting, as it allows to avoid the complications associated with the side effects of the treatments. 

Alternatively, active surveillance with frequent and continuous follow-up by monitoring PSA levels, multi-

parametric MRI, and biopsies is recommended for patients with a longer life expectancy. 

As for active treatments, the main ones are: radical prostatectomy (RP), radiation therapy (RT) with or 

without image-guided radiotherapy (IGRT), hormonal therapy, proton beam therapy, and brachytherapy 

(BT). The latter provides for the temporary or permanent implantation of sealed radioactive seeds (125I or 

103Pd) to prostate tissue. In combination with RT, brachytherapy has been shown to be effective in treating 

patients with intermediate-risk and high-risk diseases as in 85% of cases it increases the overall survival rate 

by 10 years, reduces the development of metastasis by 10%, and leads to tumor-specific mortality rate less 

than 5% (Zaorsky et al. 2017). An interesting comparison between a group of patients undergoing active 
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monitoring with patients undergoing RP or RT showed that the former had higher rates of disease 

progression and metastases more frequently, but overall survival rates were the same (Hamdy et al. 2016). 

By contrast, patients with localized high-risk PCa can be treated with RP, RT, and long-term androgen 

deprivation therapy (ADT), which ensure the best long-term effects. In particular, the treatment for high-

risk patients that produces the best results in terms of survival is undoubtedly RP. However, for RP to be 

applied, the tumor must not have infiltrated the pelvic wall or urethral sphincter and its volume must be 

small (Gunnarsson et al. 2019). Furthermore, it should also be taken into account that all types of radical 

prostatectomy can cause postoperative incontinence and erectile dysfunction as side effects (Haglind et al. 

2015). In addition, taking into account the high risk of lymph node metastases, extended pelvic lymph node 

dissection (ePLND) is also recommended although not often performed (Fossati et al. 2017). 

The other widely used therapeutic approach in the case of high-risk patients is RT. In this context, photon-

based therapies such as intensity modulation radiotherapy (IMRT) or external beam volumetric arc 

radiotherapy (VMRT) characterized by a shorter application time can be used. In both cases, precise 

computer-assisted dosimetry greatly increases the efficiency of the treatment. Alternatively to photon beam, 

proton beam therapy is also used, although its clinical benefits have not yet been clearly determined (Mottet 

et al. 2021). Interestingly, it has been stated that the use of RT in combination with short-term (3–6 months) 

and long-term ADT (2–3 years) can improve overall prognosis as well as extend the recurrence-free interval 

and overall patient survival rate (Denham et al. 2011; Mottet et al. 2021).  

Several therapies have proven effective to inhibit PCa progression and have been approved in the past 

decade. Among them, chemotherapeutic agents including Docetaxel (Taxotere®, Sanofi-Aventis) and 

Cabazitaxel (Jevtana®, Sanofi-Aventis), radium-233 as radiotherapeutic that targets the bone, compounds 

targeting the androgen receptor–signaling pathway or androgen synthesis like Enzalutamide (Xtandi®, Pfizer) 

and Abiraterone acetate (Zytiga®, Janssen) respectively, as well as PARP inhibitors that interfere with DNA 

repair in tumor cells (Olaparib commercialized as Lynparza® by AstraZeneca and Rucaparib sold under the 

brand name Rubraca®, ClovisOncology), and the autologous cell-based cancer vaccine, Sipuleucel-T 

(Provenge®, Dendreon Pharmaceuticals). Regarding the use of anti-angiogenic agents to counter metastatic 

PCa, although promising results have been obtained in pre-clinical models, clinical trials performed on 

tyrosine kinase inhibitors like Sorafenib and Sunitinib failed the endpoints (Martínez-Jabaloyas et al. 2013; 

Dror Michaelson et al. 2009; Michaelson et al. 2014; Aragon-Ching et al. 2009; Steinbild et al. 2007). In 

addition, other alternative therapies like cryotherapy, high-intensity focused ultrasound, and photodynamic 

therapy (PDT) are currently under investigation to target PCa. However, unfortunately, patients with 

metastatic castration-resistant prostate cancer (mCRPC) still have a poor prognosis with a median life 

expectancy of <3 years. Indeed, no effective treatments are available for mCRPC which continues to account 
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for more than 250,000 cancer deaths worldwide, annually (Siegel et al. 2022). In this context, TRP channels 

can be very promising therapeutic tools for future perspectives (Yang and Kim 2020).  

 

1.4.3    TRP channels as innovative therapeutic targets 
 

One possibility to improve actual clinical treatment modalities consists in combining existing cancer drugs 

with each other or with new pharmaceutical agents. Among them, the target of ion transporting proteins is 

proving to be of clinical relevance (Imbrici et al. 2018). As evidence of this, many FDA-approved drugs that 

target ion channels are currently used to treat a variety of pathological conditions and are being evaluated 

for cancer repurposing (Prevarskaya, Skryma, and Shuba 2018) (Table 9). Nowadays, drug repositioning - that 

is, finding new uses for old drugs - is, in fact, a very popular strategy due to its high efficiency, low cost, and 

reduced risks. 

 

 
FDA-approved or clinically tested 

Cancer Repurposing 

Drug 
Primary 
target 

Usage/condition 
Cancer-
relevant 
target 

Cancer 
hallmark 
affected 

Cancer type 
effective 

Ref. 

Amitriptyline 

Serotoninergic, 
dopaminergic, 

adrenergic, 
cholinergic 

systems 

Tricyclic 
antidepressant 

Kv10.1 
(EAG1) 

Metastasis GBM 
(Martínez et 

al. 2015) 

DHP Ca2+ 
channels 

antagonist 
(amlodipine, 
cilnidipine, 
felodipine, 

manidipine) 

Cav1 Antihypertensive 
Cav1.1, 
Cav1.3 

Migration, 
invasion 

Breast, 
pancreatic 

(Min et al. 
2011) 

Imipramine 

Serotoninergic, 
dopaminergic, 

adrenergic, 
cholinergic 

systems 

Tricyclic 
antidepressant 

Kv10.1 
(EAG1) 

Proliferation, 
apoptosis 
resistance 

SCLC, 
pancreatic, 

MCC 

(Jahchan et al. 
2013) 

Lidocaine Nav1.5, Nav1.7 
Local anesthetic, 
antiarrhythmic 

Nav1.5 
Invasion, 

metastasis 
Breast, colon 

(House et al. 
2015) 

NCT01916317 

Phenytoin Nav1 Antiepileptic Nav1.5 
Proliferation, 

apoptosis 
resistance 

Breast 
(Nelson et al. 

2015) 
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Promethazine 

Serotoninergic, 
dopaminergic, 

adrenergic, 
cholinergic 

systems 

Neuroleptic 
antihistamine 

Kv10.1 
(EAG1) 

Proliferation, 
apoptosis 
resistance 

SCLC, 
pancreatic, 

MCC 

(Jahchan et al. 
2013) 

Ranolazine Nav1 
Antiarrhythmic, 
chronic angina 

Nav1.5 
Invasion, 

metastasis 
Breast 

(Driffort et al. 
2014) 

Ropivacaine Nav1.7 Local anesthetic Nav1.5 
Invasion, 

metastasis 
Colon 

(Baptista-Hon 
et al. 2014) 

Senicapoc KCa3.1 Sickle cell anemia 
KCa3.1  

(IK, Gardos) 

Proliferation, 
migration, 
invasion, 

angiogenesis 

Colon, 
melanoma, 

glioma 

(Ataga et al. 
2008; 

D’Alessandro 
et al. 2013; 
Grgic et al. 

2005; Köhler 
et al. 2000; 
Tajima et al. 

2006)  

Thiorizadine 

Serotoninergic, 
dopaminergic, 

adrenergic 
systems 

Antipsychotic 
Kv10.2 
(EAG2) 

Metastasis MB 
(X. Huang et 

al. 2015) 

Table 9. Potential repurposing of FDA-approved drugs against ion channels in cancer therapy. 

GBM: glioblastoma multiforme; DHP: dihydropyridine; SCLC: small cell lung cancer; MCC: Merkel cell carcinoma; MB: 

medulloblastoma. 

Adapted from (Prevarskaya, Skryma, and Shuba 2018) 

 

At the same time, the development of new efficient drug delivery systems can help overcome some 

limiting problems related to chemotherapeutic agents, improving their bioavailability at the desired sites of 

action while reducing negative side effects (Senapati et al. 2018). 

 

“Drugable” target  

Among the newly discovered ion channels, the TRP family is arguably the most appealing, proving to be a 

promising target for drug discovery (Kaneko and Szallasi 2014). The ubiquity of expression of TRP channels in 

almost all the cells of the human body and the wide spectrum of physiological processes in which they have 

been proven to be involved explains the recent huge hope for the development of new drugs targeting these 

fascinating channels (Nilius and Szallasi 2014; Moran 2018).  
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Early drug discovery efforts to target TRP channels have focused on pain (Patapoutian, Tate, and Woolf 

2009) but to date, they have broadly expanded into other therapeutic areas covering diseases such as 

asthma, anxiety, cardiac hypertrophy, obesity, and metabolic disorders as well as cancer thanks to the 

remarkable discoveries made on the implication of TRP channels in various pathological conditions (Fig. 21). 

Figure 21. TRP channels in diseases. 

Scheme representing putative roles of TRP channels in the pathogenesis of several human disorders 

affecting nervous (Vennekens, Menigoz, and Nilius 2012; Morelli et al. 2013); gastrointestinal (Holzer 

2011), genito-urinary (Skryma et al. 2011), respiratory (Preti, Szallasi, and Patacchini 2012), 

cardiovascular (Watanabe et al. 2013), and immune systems (Schwarz 2007; Smith and Nilius 2013) 

as well as skin diseases (Caterina and Pang 2016), metabolic disorders including obesity and diabetes 

(Zhu et al. 2011; Suri and Szallasi 2008) and pain (Nozazde et al. 2016; Dai 2016).  

CNS: central nervous system; GI: gastrointestinal. 

Image remade from (Kaneko and Szallasi 2014). 

One of the advantages offered by TRP-targeted drug development is the possibility to obtain truly 

selective modulators thanks to the relatively low sequence homology among family members and the 

remarkable differences in their 3D structure. For the same reason, it is neither possible nor opportune to 

extrapolate any consideration from one channel to another (Moran 2018). In this regard, recent advances 
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associated with cryo-EM have enabled near-atomic resolution structures for many TRPs, thus facilitating and 

improving the efficiency of drug design studies. Moreover, the prevalent TRP localization at the plasma 

membrane makes them promising pharmacological targets.  

Nowadays, numbers of small molecules modulating different TRP have entered clinical trials for different 

diseases (Tsagareli and Nozadze 2020; Kaneko and Szallasi 2014). Considered the most recent discovery of 

the implication of TRP channels in cancer compared to other pathologies, it is not surprising that among the 

drugs currently in the clinical phase only one has specifically an anti-tumor purpose. Moreover, not 

surprisingly, most of the compounds currently in clinical studies are agonists or antagonists of TRP channels 

better and longer characterized for their role in nociception, that is TRPV1, TRPV3, TRPM8, and TRPA1. The 

only regards TRPV6, whose inhibitor has recently entered clinical trials for cancer treatment. However, all 

the information obtained from research on TRP-related analgesic drugs undoubtedly may represent an 

excellent starting point for being translated into clinical pharmacological research centered on other human 

pathologies including cancer. Currently, seven antagonists and five agonists of TRPV1, one antagonist of 

TRPV3 and one of TRPV6, five antagonists of TRPA1, as well as two agonists for TRPM8 are being under clinical 

investigations (Table 10). 
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Channel action Drug Company Disease Status 
ClinicalTrials.gov 

identifier 

TRPV1 

ag
o

n
is

t 

capsaicin N.A. Pain Launched  

 NGX-4010 

Acoda 
Therapeutics Inc/ 
Astellas Pharma 
Inc 

Post-herpetic neuralgia Launched  

 zucapsaicin 
Sanofi-Aventis 
Canada Inc 

Osteoarthritis Registered  

 zucapsaicin 
Winston 
Pharmaceuticals 
Inc 

Cluster headache Phase 3 NCT000338339 

 MCP-101 Mt Cook Pharma Overactive bladder Phase 2 N.A. 

 siRNA SYL-1001 Sylentis Sau Ocular pain Phase 2 NCT01776658 

 

an
ta

go
n

is
t 

DWP-05195 
Daewoong 
Pharmaceutical 
Co Ltd 

Neuropathic pain Phase 2 NCT01557010 

 XEN-D0501 Provesica Ltd Overactive bladder Phase 2 N.A. 

 Mavatrep 
Johnson & 
Johnson 
Pharmaceutical 

Osteoarthritis / Pain Phase 1 NCT00933582 

 PHE-377 PharmEste SRL Neuropathic pain Phase 1 N.A. 

 MR-1817 
Mochida 
Pharmaceutical 
Co Ltd 

Pain Phase 1 NCT00960180 

 PAC-14028 
Pacific 
Pharmaceuticals 
Co Ltd 

Atopic dermatitis/  
IBD 

Phase 1 NCT01638117 

 SB-705498 
GlaxoSmithKline 
plc 

Pruritus Phase 1 NCT01673529 

TRPV3 GRC-15300 
Glenmark 
Pharmaceuticals 
Ltd / Sanofi 

Neuropathic pain/ 
Osteoarthritis 

Phase 2 NCT01463397 

TRPV6 SOR-C13  Cancer Phase 1 NCT01578564 

TRPA1 GRC-17536 
Glenmark 
Pharmaceuticals 
Ltd 

Diabetic neuropathy / 
Respiratory disorders 

Phase 2 NCT01726413 

 CB-625 
Cubist 
Pharmaceuticals/ 
Hydra Biosciences 

Inflammatory disease /  
Pain 

Phase 1 N.A. 

 
 

HX-100 Hydra Biosciences 
Diabetic neuropathy / 
Asthmatic diseases 

Phase 1 N.A. 

 
 

GDC-0334 Genentech, Inc.  Phase 1 NCT03381144 
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Table 10. Drugs targeting TRP channels in clinical trials. 

N.A.: not assigned; IBD: inflammatory bowel disease; MPO: D-3263 

 

However, it should be noted that only 5 of the 28 TRP channels identified in mammals have currently 

reached the clinical stage of drug development. This is mainly due to some inherent problems that hinder 

the translation of basic research results into clinical applications. Indeed, despite notable advances in the 

clinical application of TRP channels, some challenges faced by these compounds in clinical practice remain to 

be overcome (Koivisto et al. 2021; Tsagareli and Nozadze 2020; Kaneko and Szallasi 2014). In this context, 

one of the main intrinsic problems of TRP channels relates to the high risk of adverse effects associated with 

their wide range of tissue distribution and their polymodal activation of gating. For example, the clinical 

development of TRPV1 antagonists is hampered by the fact that they caused hyperthermia and increased the 

heat pain threshold in human volunteers (Moran et al. 2011; Kaneko and Szallasi 2014; Dai 2016; Moran 

2018; Moran and Szallasi 2018). Similarly, the topical activation of TRPV4 by GSK1016790A in the skin may 

improve barrier function promoting intracellular junction development (Kida et al. 2012), but its systemic 

administration led to endothelial failure and cardiovascular collapse (Willette et al. 2008). For TRP channels 

showing opposite actions in a wide range of diseases depending on their localization, this issue may represent 

an even bigger problem. For instance, suppression of TRPM4 may, on one hand, be useful for the treatment 

of multiple sclerosis (Schattling et al. 2012) and anaphylaxis (Smith and Nilius 2013), but, on the other hand, 

may lead to cardiac arrhythmias and hypertension (Abriel et al. 2012). The goal will be to find a way for 

exploiting the ‘fair face’ of TRP channels without revealing the ‘ugly face’, using Nilius' terminology (Nilius 

2013). 

As regards the employ of TRP agonists to locally desensitize TRP channels in pain management, although 

severe adverse effects have not been reported, they could risk inducing initial irritation or even degeneration 

of the sensory nerves. It should be noted that in traditional Chinese medicine formulations containing 

shogaol, menthol, and cinnamaldehyde known for the activation of TRPV1, TRPM8 and TRPA1 respectively 

TRPM8 

ag
o

n
is

t 
Menthol 

National Research 
Centre for the 
Working 
Environment 

Carpal tunnel 
syndrome / N.A. 

NCT01716767 

Biofreeze Neck pain NCT01542827 

ph5 Eucerin 
University 
Hospital Muenster 

Dry Itchy Skin N.A. NCT00669708 

MPO 
University 
Hospital Brest/ 
Beiersdorf 

Atopic dermatitis   N.A NCT03610386 

D-3263 Dendreon Cancer Phase 1 NCT00839631 
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have long been used topically or orally to relieve headache, menstrual pain, neuralgia, and arthralgia. 

Additionally, capsaicin is contained in many formulations (creams, occlusive patches, and liquid) currently 

used in the treatment of chronic painful conditions such as diabetic neuropathy, post-herpetic neuralgia and 

other painful ailments (Dai 2016; Moran 2018; Moran and Szallasi 2018). Therefore, the advantages and 

disadvantages of using TRP channels as new therapeutic targets compared to currently available therapeutic 

options must be carefully evaluated from time to time. 

Second, another possible problem of drug discovery against TRP channels is associated with their 

heteromerization (not uncommon (Cheng, Sun, and Zheng 2010)). Indeed, heteromers can have distinct 

pharmacological properties and are not easily reproducible in heterologous expression systems (Kaneko and 

Szallasi 2014). 

Finally, when it comes to inherited human disorders caused by TRP mutations, another problem to 

consider about the use of TRP channels as therapeutic targets is the fact that disorders caused by gain-of-

function mutations can be clinically addressed more easily than those associated with loss-of-function 

mutations. Indeed, in the first case, such as the Familial Episodic Pain Syndrome (FEPS) caused by a point 

mutation on the TRPA1 gene (Kremeyer et al. 2010), small compounds able to antagonize the channel 

function could offset its overactivation; conversely, in the second case, loss-of-function mutations, especially 

truncation types, are difficult to target with small drugs and may require less validated approaches such as 

gene therapy to restore the physiological function of the TRP channel. This is the case, for example, of the 

loss of TRPML1 function in type IV mucolipidosis, which has proved more difficult to treat (Dong et al. 2008).  

Regarding cancer therapy, as previously mentioned only two compounds targeting TRP channels have 

already reached clinical trials. However, the notions obtained to date on other therapeutic indications can 

represent an excellent starting point for the development of new first-rate anticancer drugs. Moreover, a 

new strategy taking advantage of the up-regulation of some TRP channels in cancer cells has been proposed. 

Basically, TRP channels could be used just as a target for delivering toxic chemicals or radioactive nuclide at 

the desired site by exploiting a tight-binding agonist or an anti-TRP antibody (Prevarskaya, Zhang, and Barritt 

2007). A peptide-doxorubicin "prodrug" was tested in vivo and was shown to significantly reduce tumor 

burden following its specific activation by PSA-induced cleavage of the peptide sequence (L-377,202) (DeFeo-

Jones et al. 2000; Garsky et al. 2001). Interestingly, the peptide-doxorubicin was found to be less cytotoxic 

on off-target cells and 15 times more effective than doxorubicin on target tumor cells that secrete PSA 

(DeFeo-Jones et al. 2000; Garsky et al. 2001). A similar approach has also been proposed to target TRPV1 by 

covalently binding capsaicin to a PSA-clearable peptide (Prevarskaya, Zhang, and Barritt 2007). 

Certainly, we are still in the early stages of understanding the disease-causing dysfunctions of the TRP 

channels. Therefore, resolving more TRP structures as well as a better understanding of the molecular 
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mechanisms that link to TRP channels with cancer development and progression is essential to optimize the 

development of new anti-tumor drugs and thus improve the prognosis of different cancers including PCa. 

Furthermore, to at least partially overcome the problem associated with unacceptable side effects, it is 

important to study tissue-specific targeting strategies. In this context, the use of nanodelivery systems 

discussed at the end of this chapter could be particularly appealing. 

 

 

TRPA1 in clinic: current and perspectives 

 

Clinical investigations 

To date, five TRPA1 antagonists have reached the clinical stage of development basically for pain relief 

(Table 10). Among these studies, that about ODM-108 (ClinicalTrials.gov: NCT02432664) although did not 

show safety problems at the doses administered, was interrupted due to the complex pharmacokinetics 

displayed by the molecule (Koivisto et al. 2018). By contrast, CB-625 by Cubist Pharmaceuticals and Hydra 

Biosciences is revealing good potential for acute surgical pain. Moreover, several pieces of evidence linking 

TRPA1 to non-neurogenic airway inflammation suggest that selective TRPA1 antagonists might be potential 

new therapeutic tools for the treatment of respiratory diseases like asthma and COPD (Belvisi, Dubuis, and 

Birrell 2011). Consistently, GRC-17536 manufactured by Glenmark (ClinicalTrials.gov: NCT01726413) and HX-

100 by Hydra Biosciences currently undergoing clinical phases 2 and 1 respectively revealed good potential 

to treat not only pain associated with diabetic peripheral neuropathies but also respiratory disorders such as 

asthma. Finally, GDC-0334 by Genentech has recently entered safety, tolerability, pharmacokinetics, and 

pharmacodynamics clinical trials (Chan et al. 2021) (ClinicalTrials.gov: NCT01726413). 

 

Patents on TRPA1 antagonists 

In the last decade, a significant number of patent applications related to TRPA1 have been published 

thanks to the great interest aroused by the therapeutic potential of this channel in the treatment of pain, 

airway respiratory, and dermatological diseases (Chen and Terrett 2020) (Table 11). Among the most 

relevant, a disclosure by the biotech company Algomedix (Herz and Kesicki 2015) seems to potentially contain 

promising TRPA1 antagonists for the treatment of various types of acute and/or chronic pain and the 

company is planning to start clinical trials on lead drug candidates shortly.  

One of the major players in the search for TRPA1 antagonists is definitely Glenmark Pharmaceuticals. 

Indeed, in addition to GRC-17536, currently undergoing clinical investigations (phase 2) on patients suffering 
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from diabetic neuropathies and asthma, the company has two other patent applications on 

thienopyrimidinedione compounds to be used, alone or in combination with analgesic agents, for the same 

clinical indications (Glenmark Pharmaceuticals 2015; 2016). 

TRPA1 antagonists can also find use in the treatment of itching sensation by exploiting their spectrum of 

action different from TRPV1 antagonists. Consistently, some TRPA1 antagonists have been proposed for 

dermatological applications including atopic dermatitis (AD) (Galderma Research & Development 2018) by 

the skin health company Galderma as well as by academic groups from Duke University which proposed a 

formulation containing TRPA1 and TRPV4 inhibitors to topically target dermatological disorders (University 

2016; Duke University 2017). About that, Mandom Corporation, mainly involved in the market of skin and 

hair products, has recently published a patent application for structurally unique compounds characterized 

by linear alkyl groups which significantly increase their skin permeability (Mandom Corporation 2018).  

In the last seven years, Genentech has published eight patent applications for TRPA1 antagonists (Chan 

et al. 2021) and Almirall also proposed a series of TRPA1 antagonists useful to treat pain, pruritus, 

inflammatory dermatological diseases, as well as respiratory disorders (Almirall 2015; 2017a; 2017b). Quite 

interestingly,  EA Pharma recently filed a patent containing 51 sulfonamide derivatives (EA Pharma Co. 2017) 

to treat gastrointestinal diseases through the inhibition of TRPA1. 

In addition, Kao Corporation proposed compounds with distinct structural features compared to the 

majority of known TRPA1 antagonists (Kao Corporation 2015), and Eli Lilly and Company which acquired 

Hydra Biosciences’ program on TRPA1 published a patent application relating to the use of xanthine-based 

compounds for pain and respiratory diseases (Eli-Lilly and Company 2019). 

Finally, Pfizer published a series of carboxamide-containing TRPA1 antagonists with potential applications 

in pain and pruritus, which, however, were recently proved to induce TRPA1-mediated Ca2+ influx, thus acting 

as reversible TRPA1 agonists (Chernov-Rogan et al. 2019) (Table 11). Moreover, in an earlier patent, Pfizer 

reported the discovery of a pre-clinical TRPA1 agonist, PF-4840154 with peculiar features compared to most 

well-known endogenous electrophilic TRPA1 agonists, basically acting as a non-covalent binder (Ryckmans et 

al. 2011) (Table 1 in Chapter 1.1.2).   

The most recent patent applications on TRPA1 antagonists are well-reviewed and discussed more in detail 

in Chen and Terrett 2020. 

 

Drug repurposing/repositioning 

Regarding TRPA1 antagonists, it has recently been shown that pyrazolone derivatives, such as antipyrine, 

dipyrone, and propiphenazone, selectively reduce AITC-evoked calcium currents in TRPA1-expressing cells 
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(Nassini et al. 2015). Similarly, Non-Steroidal Anti-Inflammatory Drugs (NSAIDs), such as diclofenac, 

ketorolac, and lornoxicam (xefocam) seem to inactivate or desensitize TRPA1 channel (Tsagareli et al. 2018). 

Interestingly, it has been found that ibuprofen-acyl glucuronide, which is one of the most used NSAIDs 

ibuprofen’s reactive compound, inhibits the pro-algesic activity of TRPA1, whereas its parent compound 

ibuprofen doesn’t (De Logu et al. 2019). These findings shed new light on the mechanisms by which ibuprofen 

exerts its antinociceptive/antihyperalgesic and anti-inflammatory activity, providing new insights into the 

development of drugs targeting TRPA1 in pain relief. 

 

Patented TRPA1 antagonists 

Compound Structure 
IC50  

(μM) 
Actions Developer Ref. 

A-967079 

 

0.067  Abbott 
(Perner et al. 

2009) 

HC-030031 

 

5-6  
Hydra 

Biosciences 
(Hydra 

Biosciences 2007) 

GRC-17536* 

 

< 0.05  
Glenmark 

Pharmaceuti
cals 

(Glenmark 
Pharmaceuticals 

2010) 

AP-18 

 

3.1  Novartis 
(Patapoutian and 

Jegla 2007) 

AZ465 

 

  AstraZeneca 
(Nyman et al. 

2013) 

AM-0902 
 

0.131  Amgen 
(Schenkel et al. 

2016) 
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A-967079 

 

0.067  Pfizer  

Heterocyclic 
amides 

 

0.007  
Janssen 

Pharmaceuti
cal 

(Janssen 
Pharmaceutical 

2010) 

CB-625*    

Cubist 
Pharmaceuti

cal Hydra 
Biosciences 

 

HX100*    
Hydra 

Biosciences 
 

ODM-108    
Orion 

Pharma 
 

GDC-0334* 

 

  Genentech (Chan et al. 2021) 

 

 

0.05-5 

-Acute/ 
Chronic pain 
 
-Respiratory 
diseases 

Algomedix 
(Herz and Kesicki 

2015) 

 

 

0.1-1 

-Acute/ 
Chronic pain 
 
-Respiratory 
diseases 
 
-Skin 
inflammation 
 
-Pruritus 

Almirall 
(Almirall 2015; 
2017a; 2017b) 

 

# 

 

# 
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-Skin 
inflammation 
 
-Pruritus 
 
-Pain 

Duke 
University 

(University 2016; 
Duke University 

2017) 

Sulfonamide 
derivatives 

 

0.0036 -GI diseases EA Pharma 
(EA Pharma Co. 

2017) 

Xanthine-
based 
compounds 

 

0. 0476 

-Pain 
 
-Respiratory 
diseases 
 

Eli Lilly and 
Company 

(Eli-Lilly and 
Company 2019) 

   
-Actopic 
Dermatitis 

Galderma 

(Galderma 
Research & 

Development 
2018) 

Substituted 
sulfonamides  

0.00269  

Genentech 

(Hoffmann, 
LaRoche, and 

Genentech 2018) 

Cyclic ether-
based 
compounds 

 
0.00042 
(90 min) 

 
(Hoffmann, 

LaRoche, and 
Genentech 2019) 

Thienopyrimid
inedione 
compounds 

 

0.001 

-Pain 
Glenmark 

Pharmaceuti
cals 

(Glenmark 
Pharmaceuticals 

2015) 

-Diabetic 
neuropathy 

(Glenmark 
Pharmaceuticals 

2016) 
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2.3 

-Skin and 
mucous 
membranes 
irritation 

Kao 
Corporation 

(Kao Corporation 
2015) 

 

 

 -Skin diseases 
Mandom 

Corporation 
(Mandom 

Corporation 2018) 

*currently in clinical stages of development 

# : representative structures 

Drug repositioned 

 
Diclofenac 
Ketorolac 
(NSAID) 

 

  -Inflammation 

 

 

Patented TRPA1 agonists 

Composition Structure 
EC50 
(μM) 

Actions Developer Ref. 

Carboxamide-based 
compounds 

 

0.006 
-Pain 
 
-Pruritus 

Pfizer (Pfizer 2016) 

Drug repositioned 

General anesthetics 

(Isoflurane)  
180   (Matta et al. 2008) 

Acetaminophen 

(Paracetamol) 
 

1.3-2.2   
(Nassini et al. 2010; 

Andersson et al. 2011) 
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Dihydropyridines 

(vasodilators) 

 

0.5-4   (Fajardo et al. 2008) 

Table 11. Patented TRPA1 antagonists/agonists and drug repositioning. 

GI: gastro-intestinal; NSAID: Non-steroidal anti-inflammatory drugs  
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TRPM8 in clinic: current and perspectives 

 

Clinical investigations 

Taking into account the significant difference in TRPM8 expression levels between malignant and non-

malignant prostate tissues, TRPM8 could address the need for a more sensitive and specific biomarker in 

PCa diagnosis and staging and can be considered a potential and promising competitor to PSA currently in 

use. (Prevarskaya, Skryma, et al. 2007). Indeed, unlike PSA mRNA levels, TRPM8 mRNA transcripts in 

malignant prostate biopsy specimens were found significantly higher compared to normal samples (Fuessel 

et al. 2003; Schmidt et al. 2006; Kiessling et al. 2003). Moreover, it has been shown that TRPM8 levels could 

also give information about PCa staging and prognosis since it strongly correlates with tumor relapse after 

radical prostatectomy (Henshall et al. 2003). Accordingly, the TRPM8 activator WS-12 has been proposed as 

a diagnostic marker for prostate cancer by incorporating radiohalogens (Beck et al. 2007; Boonstra et al. 

2016). 

From the therapeutic point of view, TRPM8 has been proposed as a molecular target for immunotherapy 

of PCa. Indeed, an immunogenic peptide derived from TRPM8 (HLA-A*0201) and recognized by cytotoxic T 

lymphocytes (CTL) from PCa patients has been identified and characterized in clinical trials (Phase I) for its 

ability to activate CTL when loaded on autologous dendritic cells (DC) and to effectively lysate LNCaP cells 

(Fuessel et al. 2006; Kiessling et al. 2003). 

 In addition, in the last two decades, several studies have focused on the development and optimization 

of small molecules targeting TRPM8 functionality. Countless TRPM8 agonists and antagonists have been 

developed through structure-activity relationship (SAR) studies aimed to improve the selectivity and 

efficiency against TRPM8. As regards TRPM8 activators, topical menthol reached clinical trials as an analgesic 

in patients with carpal tunnel syndrome (ClinicalTrials.gov: NCT01716767) and neck pain (ClinicalTrials.gov: 

NCT01542827) (Table 10).  Other very recent clinical studies are currently evaluating the efficacy of menthol-

based TRPM8 agonists as therapeutic agents in combination with other drugs (Ständer et al. 2017; Misery et 

al. 2019). As an example, a lotion containing two TRPM8 agonists has been proposed to treat chronic pruritus 

due to dry skin  (ClinicalTrials.gov: NCT00669708), and a cream containing only menthoxypropanediol (MPO 

– Table 3 in Chapter 1.1.2) is being evaluate for its anti-itching effects on patients with AD. 

Interestingly, in 2009 an enteric-coated selective TRPM8 agonist, D-3263, entered a clinical Phase 1 

dose-escalation study (ClinicalTrials.gov: NCT00839631) (Table 10), revealing a good potential in stabilizing 

patients with advanced PCa by inducing cell death in TRM8-expressing cancer cells through a Ca2+/Na+-

dependent action (Genovesi et al. 2022). This important study together with that on the TRPV6 antagonist 

SOR-C13, being the first and only to have reached the clinical stage to date for the applications of TRP 
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channels in cancer therapy, could pave the way for the development of other drugs that exploit a similar 

approach based on the up-regulation of TRP channels in different types. of cancer, such as TRPC6 in 

glioblastoma and TRPV2 in ovarian cancer (Kaneko and Szallasi 2014).  

Regarding TRPM8 antagonists, despite numerous have been developed as a potential treatment for 

pain, inflammation, migraine, and cancer (Pérez De Vega et al. 2016; Izquierdo et al. 2021), only 3 have 

reached the clinical stage of development (González-Muñiz et al. 2019). Among them, PF-05105679 and 

AMG-333 had been proposed for the treatment of migraine but they have not passed phase I studies (Table 

4 in Chapter 1.1.3) (Gaston and Friedman 2017). By contrast, Cannabidivarin is currently in phase II clinical 

assays (Gaston and Friedman 2017; De Petrocellis et al. 2011). The main problem associated with this class 

of compound is their low selectivity against TRPM8 due to the simultaneous activation of other TRP channels 

such as TRPA1 and TRPV1 (González-Muñiz et al. 2019).  

 

Patents on TRPM8 modulators 

In the last few years, numbers of TRP modulators have been patented by pharmaceutical and biotech 

companies as well as academic groups trying to improve their selectivity and efficiency against TRPM8 for 

clinical purposes (González-Muñiz et al. 2019; Izquierdo et al. 2021) (Table 12).  

Patented TRPM8 agonists 

In 2017 Hoag disclosed a topical analgesic composition mainly comprising menthol and eucalyptol as well 

as other natural plant extracts with anti-inflammatory properties mediated by the inhibition of the enzyme 

cyclooxygenase 2 (COX-2) for the treatment of inflammatory and painful diseases (Hoag 2017). 

 Melior Pharmaceuticals I, Inc. included different TRPM8 agonists such as icilin, menthol, WS3, and WS23 

in different preparations containing an activator of Lyn kinase for potential applications in metabolic 

disorders (obesity, prediabetes, and type II diabetes) by reducing blood glucose levels, weight gain, or fat 

depot levels (Reaume et al. 2018).  

The multinational chemical company BASF extended some previous patents by expanding the use of 

TRPM8 modulators from skin applications (Subkowski et al. 2010; Surburg et al. 2011) to bladder weakness 

and cancer treatment (Subkowski et al. 2013). 

Finally, in recent years some DIPA- (Wei 2015) and DAPA-derivatives (Yang et al. 2017) have been 

developed as TRPM8 activators and patented as topical agents for the treatment of mild forms of dry eye 

disease (DED) (TR: ISRCTN24802609 and ISRCTN13359367 respectively). This class of compounds has also 

been proposed in a more recent patent as potential agents to treat lower gastrointestinal tract disorders 

(Wei 2017). 
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Patented TRPM8 antagonists  

Since 2017, a considerable number of patents have been filed for new and more potent inhibitors of 

TRPM8 as therapeutic agents in the treatment of pain, neurodegeneration of migraine, ischemia, psychiatric 

disorders, urological dysfunctions, and associated pain hypersensitivity (Weyer and Lehto 2017; González-

Muñiz et al. 2019).  The Kissei Pharmaceutical Co. has recently patented KPR-2579 and analogs (Hirasawa, 

Kawamura, and Kobauashi 2016; Hirasawa et al. 2018b; 2018a) which in reducing the afferent hyperactivity 

of the bladder and icilin-induced wet dog shakes in rats without causing any cardiovascular side effects or 

changes in body temperature at the effective dose in the nanomolar range (Kobayashi et al. 2017; Aizawa et 

al. 2018).  

Similarly, the naphthyl-derivative DFL00014817 was found effective in an overactive bladder rat model 

displaying nanomolar potency (IC50 = 7.23 nM), good pK properties although selectivity towards TRPM8, 

TRPA1, TRPV1, and TRPV3 (Beccari et al. 2017). Some other examples are aromatic carboxamides patented 

by Mitsubishi Tanabe Pharma Corporation for the treatment of different types of chronic pain (Kato et al. 

2017); 4-hydroxy-2-phenyl-1,3-thiazol-5-yl methanone derivatives (Aramini, Bianchini, and Lillini 2017) and 

DFL23448 (Dompe Farmaceutici S.p.A.), which reduce icilin-induced wet-dog shakes, block bladder 

overactivity and prolong the storage phase of micturition by selectively blocking TRPM8 (Moriconi et al. 

2013); RQ-00434739 (structure not disclosed) and imidazolinone derivatives (RaQualia Pharma Inc. - 

(Shishido and Ohmi 2017). RQ-00434739 is currently a promising drug for bladder disorders as, without 

affecting body temperature, it has been shown to be effective in reducing oxaliplatin-induced cold allodynia 

in rats and monkeys and icilin-induced wet dog shaking in rats blocking l-menthol-induced C-fiber 

hyperactivity and inhibiting prostaglandin E2-induced hyperactivity of primary bladder afferent nerves in rats 

(Aizawa et al. 2019).  

In a 2017 patent, the commercially available TRPM8 antagonist SML0893, was administered alone or in 

combination with other substances to treat or prevent ocular pain or discomfort (Abelson, Corcoran, and 

Lnea 2017). Finally, in a new invention, sulfonamide compounds were used to treat or prevent vasomotor 

symptoms, such as hot flashes, because they lowered core body temperature (Palumbo 2017). 

 

Drug repurposing/repositioning 

In the context of drug repositioning, the anthelminthic drug Praziquantel (PZQ) has recently proved to 

modulate TRPM8 activity with selectivity in the micromolar range (Babes et al. 2017). More specifically, PZQ 

displays a partial agonist/antagonist activity on the channel by activating it or inhibiting TRPM8 in the absence 

and the presence of menthol respectively. Therefore, the vasodilator effect exerted by PZQ in mesenteric 

vessels can be associated with TRPM8 activation taking into account TRPM8 involvement in the regulation of 
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vascular tone (Johnson et al. 2009). Similarly, the immunosuppressant Tacrolimus revealed a role in inducing 

TRPM8-mediated Ca2+ influx within sensory neurons in different species (Arcas et al. 2019). Another example 

of drug repurposing is given by Riluzole, a commercial drug used in the treatment of amyotrophic lateral 

sclerosis. Riluzole has proved to significantly reduce cold and mechanical allodynia induced by oxaliplatin by 

indirectly suppressing TRPM8 overexpression in DRG neurons probably through the inhibition of sodium and 

calcium channels (Yamamoto et al. 2018).  

 

Patented TRPM8 agonists 

Compound Structure 
EC50 
(μM) 

Actions Developer Ref. 

DIPA derivatives 

 
0.9 

DED / 
 
GI 
disorders 

 (Wei 2015; 2017) 

DAPA analogues 

 

1.7 

Decahydronaphtho[1,2-
c]chromene 

and 
Dihydropyrido[2,1a]isoi
ndolone derivatives 

 

n.d.  BASF 
(Subkowski et al. 2010; 

Surburg et al. 2011; 
Subkowski et al. 2013) 

Triazole-based menthol 
derivatives 

 ~ 1 DED 

 (Ferrer Montiel, A.V. 
Fernandez Carvajal, A. 
Belmonte Martinez et 

al. 2017) 

menthol-based 
carboxamides and 
esters 

 ~ 10  

Procter and 
Gamble 

Company 

(Yelm et al. 2017; Wos 
et al. 2017) 

Cubebol 
and derivatives 

 

~ 10  Firmenich SA 
(Velazco, Wuensche, 
and Deladoey 2000; 

Legay et al. 2016) 

 

 

0.2*10-3  Senomyx, Inc. 
(Priest et al. 2012; 

Chumakova et al. 2014) 

Menthol, eucalyptol +  
anti-inflammatory plant 
extracts 

  
Topic 
analgesic 
pain 

 

(Hoag 2017) 
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icilin, menthol, WS3, 
WS23 + Lyn kinase 
activator 

   

Melior 
Pharmaceutic

als I, Inc. (Reaume et al. 2018) 

Drug repositioned 

Compound Structure 
EC50 
(μM) 

Actions Developer Ref. 

Praziquantel (PZQ) 

 

25  

 

(Johnson et al. 2009) 

Tacrolimus 

 

  

 

(Arcas et al. 2019) 

Riluzole 

 

  

 

(Yamamoto et al. 2018) 

Patented TRPM8 antagonists 

Compound Structure 
EC50 
(μM) 

Actions Developer Ref. 

KPR-2579 and  
analogues 

 

0.008 
Overactive 
bladder 

Kissei 
Pharmaceutical 

Co. 

(Hirasawa, Kawamura, and 
Kobauashi 2016; Hirasawa 

et al. 2018b; 2018a; Aizawa 
et al. 2018) 

DFL00014817 

 

0.007 
Overactive 
bladder 

 (Beccari et al. 2017) 

Aromatic 
carboxamides 

 

0.004 Chronic pain 
Mitsubishi 

Tanabe Pharma 
Corporation 

(Kato et al. 2017) 

4-hydroxy-2-
phenyl-1,3-
thiazol-5-yl 
methanone 

 

   
(Aramini, Bianchini, and 

Lillini 2017) 

DFL23448 

 

0.01 
Overactive 
bladder 

Dompe 
Farmaceutici 

(Moriconi et al. 2013) 
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RQ-00434739 n.d.  
Bladder 
disorders  

 (Aizawa et al. 2019) 

Imidazolinone 
derivatives 

 

3  
RaQualia 

Pharma Inc 
(Shishido and Ohmi 2017) 

SML0893 

 

 
Ocular pain 
or 
discomfort 

 
(Abelson, Corcoran, and 

Lnea 2017) 

Sulfonamide 
compounds 

 

   (Palumbo 2017) 

Cubebol-derived 
unsaturated 
menthol 
benzoate  

2  Firmenich SA 
(Velazco, Wuensche, and 

Deladoey 2000) 

Tryptamine 
derivatives 

 

0.2*10-3   
(Bertamino et al. 2016; 

2018) 

β–lactam 
derivatives 

 

42*10-3   
(De La Torre-Martínez et al. 

2017) 

Table 12. Patented TRPM8 agonists/antagonists and drug repositioning. 

GI: gastro-intestinal; DED: dry eye disease  
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Peptide therapy 

Among other strategies, peptides against ion channels/receptors could be powerful pharmaceutical 

agents for the treatment of several diseases. Interestingly, three peptidomimetics targeting the αIIbβ3 

integrin have been approved by FDA and are currently used in therapy as Eptifibatide (Integrilin, COR 

Therapeutics), Tirofiban (Aggrastat, Merck), and the chimeric 7E3 Fab (Abciximab, Repro) (Bledzka, Smyth, 

and Plow 2013; Kuo, Chung, and Huang 2019). Employing both peptides acting directly or indirectly on 

different ion channels including TRP channels as well as peptides engineered from protein-protein 

interactions between ion channels and regulatory protein could represent a reliable and innovative approach 

(Tsagareli and Nozadze 2020). As an example, some successful peptide agents, already in the clinics or under 

clinical trials, seems a reliable approach has been developed for pain management (Pérez de Vega, Ferrer-

Montiel, and González-Muñiz 2018). Moreover, peptides engineered from protein-protein interactions (PPI) 

among pain-related receptors and regulatory proteins also led to new therapeutic approaches for pain 

management. 

In this context, considering the growing number of ‘signalplexes’ and ‘channelosomes’ formed by TRP 

channels with a wide range of intra- cellular proteins, drug discovery is lately becoming interested and turning 

to the possible manipulation of these interactions. As an example, blocking the interplay between TRPV1 and 

the scaffolding A-kinase anchoring protein AKAP79 was found effective in inhibiting inflammatory 

hyperalgesia by preventing the PKA- and PKC-dependent sensitization of TRPV1 (Btesh et al. 2013; Fisher, 

Btesh, and McNaughton 2013). Indeed, it has been demonstrated that peptide antagonists to TRPV1–AKAP79 

binding built based on the critical residues mediating TRPV1-AKAP79 interaction, can effectively abrogate 

inflammatory hyperalgesia in vivo without affecting pain thresholds (Btesh et al. 2013; Fisher, Btesh, and 

McNaughton 2013). Therefore, these peptides could represent a valid alternative strategy to treat pain 

sensation after inflammation avoiding the side effects related to hyperthermia and decreased sensitivity to 

painful levels induced by the direct blocking of TRPV1.  

The intriguing research on the interactome of TRP channels could also have great potential in cancer 

therapy. Indeed, direct targeting of PPI involving TRP channels could minimize side effects by specifically 

activating/inhibiting only the cellular pathways associated with a specific interaction (Mabonga and Kappo 

2019; Scott et al. 2016). Some examples of PPI inhibitors currently undergoing clinical stages of development 

for cancer treatment are reviewed in (Scott et al. 2016).  

To date, no PPI modulators related to ion channels have been approved for human treatment. However, 

several in vivo data strongly support the great therapeutic potential of peptides capable of impairing the 

association between ion channel and their interactors (Fisher, Btesh, and McNaughton 2013; Schulie et al. 

2020; Brittain et al. 2011; Fischer et al. 2013; Tu, Chang, and Bikle 2005). As regards TRP channels, a synthetic 
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peptide mimicking the PLC-γ1 SH2 domains and revealing an anti-tumoral activity in breast cancer (Katterle 

et al. 2004), has been found to interact with TRPC1 (Tu, Chang, and Bikle 2005). Similarly, a peptide designed 

on the γ-aminobutyric acid type A (GABAA) receptor-associated protein (GABARAP) has recently been 

proposed as a good candidate to promote TRPV1-associated suppression of breast cancer progression 

(Saldías et al. 2021) due to its direct interaction with TRPV1 (Laínez et al. 2010). Furthermore, the design of 

peptides able to promote TRPV1-TRPA1 interaction has been proposed as promising candidates to treat pain 

(Weng et al. 2015).  

Overall, growing pieces of evidence suggest that the manipulation of protein-protein interactions 

involving TRP channels could represent a reliable approach to improving current therapeutic strategies for 

fighting cancer (Mabonga and Kappo 2020; Corbi-Verge and Kim 2016). Therefore, a deeper mechanistic 

understanding of these interactions is critical for improving the specificity and selectivity of this innovative 

approach. 

However, despite its high specificity, the use of peptides also has limitations to be taken into consideration 

such as their poor cell/tissue specificity and membrane penetration capacity (Scott et al. 2016). Moreover, 

targeting PPIs is more complicated than targeting enzymes or receptors due to the broad and less structured 

interface of these interactions (Scott et al. 2016). Combining PPI-targeted bioactive peptides with cell-

penetrating peptides (CPP) has been shown to be a good strategy to overcome these challenges as it 

improves cellular uptake and biocompatibility while keeping side effects low in vivo (Habault and Poyet 2019; 

Xie et al. 2020; Kang et al. 2020). Another strategy could involve the employ of nanodelivery systems able to 

enhance the bioavailability of lipophilic drugs, as discussed in the next section (Ray et al. 2017). 
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Nanodelivery systems 

Although in recent years great advances have been made in biomedical research leading to the discovery 

and development of many new drugs, currently the main limitation aroused by pharmaceutical and biotech 

industries is represented by the ability to translate these advances into clinical efficacy, that is to reduce the 

gap between “drug discovery” and “drug delivery” (drug distribution) (Rosenblum et al. 2018; Parveen, Misra, 

and Sahoo 2012). As extensively discussed in the previous chapters, carefully targeted approaches are 

necessary to minimize potential side effects due to the multifunctional roles of TRP channels. Furthermore, 

nanodelivery systems can help to improve the solubility and therefore the bioavailability/pharmacokinetic 

profile of lipophilic drugs, thus optimizing their therapeutic action in the desired sites. 

The use of many drugs is, indeed, currently limited by factors such as poor solubility and stability in 

biological fluids, rapid degradation in vivo and reduced plasma half-life, as well as non-specific distribution 

and the subsequent need for administration at high doses. This also applies to many TRP agonists and 

antagonists, since, as shown in Tables 11 and 12 for TRPA1 and TRPM8, they are mainly highly hydrophobic 

aromatic compounds. For this reason, in recent decades an ever-increasing interest has been directed to the 

development of new systems for the delivery of diagnostic and therapeutic agents, leading to the affirmation 

of drug delivery as an independent and multidisciplinary research field (Dang and Guan 2020; Lu and Qiao 

2018).  

The development of nanotechnologies has had a significant impact on the field of drug delivery 

(Rosenblum et al. 2018). Indeed, the incorporation of both diagnostic and therapeutic agents into 

nanocarriers was found not only to increase their solubility and stability in biological fluids but also to improve 

their pharmacokinetic profile and distribution in peripheral tissues. Consequently, once incorporated into 

such systems the fate of the drug in vivo is no longer dependent on its properties but on those of the carrier, 

which can be suitably controlled (Fig. 22). 
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Figure 22. Properties of nanoparticles and their impact on systemic delivery. 

a) Physical-chemical properties of nanoparticles (NP) that may affect different processes in vivo including the interaction 

with serum proteins (b), blood circulation (c), biodistribution (d), vascular extravasation and tissue penetration (e), tumor 

cell targeting (f), and drug release (g). 

NP: nanoparticles; ID: injected dose 

Image from (Shi et al. 2017) 

 

Based on the shape, size, and surface characteristics of the nanocarrier used, it is possible to modify and 

control the ADME of the drug: the nanocarriers protect it from any type of chemical-enzymatic degradation 

and increase its permanence in the systemic circulation, thus allowing its absorption even in the peripheral 

districts as well as a prolonged and controlled release over time (Parveen, Misra, and Sahoo 2012) (Fig. 22). 

Furthermore, nanocarriers may also offer the advantage of significantly reducing side effects associated with 

a non-specific distribution of the drug thanks to targeted delivery (Fig. 22). In the case of anticancer 

diagnostics and therapy, for example, the preferential accumulation of the nanosystem in correspondence 
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with the tumor tissues is underlying a passive targeting mechanism, associated with the sub-micrometric 

dimensions of the nanocarriers and the pathophysiological characteristics of tumor tissues. The latter is, in 

fact, generally characterized by a greater permeability of blood vessels and by the lack of an efficient 

lymphatic drainage system, which together define the so-called "EPR effect" ("enhanced permeability and 

retention") (Fang, Islam, and Maeda 2020) (Fig. 23). Therefore, unlike the free drug, which diffuses in a non-

specific way, the extravasation of the nanocarriers is favored only in correspondence with the fenestrations 

typically exhibited by the tumor vascular endothelium (gap junctions ranging in size between 100 nm and 2 

μm - (Fang, Islam, and Maeda 2020)). Then, the inefficiency of the lymphatic drainage system contributes to 

favoring the further retention of the nanosystem at the tumor site. However, this type of targeting has some 

limitations, as its effectiveness depends on several variables that make it difficult to control. First, the degree 

of vascularization and the porosity of the vessels vary according to the type of tumor and the progress of the 

neoplastic tissue, and therefore the EPR effect is not always effective (Park et al. 2019); moreover, EPR can 

lead to the development of “multi-drug resistance” (MDR) by the tumor cells (Peer et al. 2007). However, the 

employ of nanocarriers allows overcoming these limits by realizing an active targeting of the 

therapeutic/diagnostic agent. Basically, the surface of such nanosystems may be functionalized with 

targeting agents (antibodies, peptides, nucleic acids, vitamins, or carbohydrates) able to specifically binding 

macromolecules selectively exposed on the surface of target cells (Yu, Park, and Jon 2012). In this way, 

following extravasation, the nanocarriers will be recognized, selectively bound, and internalized by the tumor 

cells, optimizing the release of the drug at the target site and therefore the effectiveness of the treatment 

(Fig. 23) (Peer et al. 2007). 
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Figure 23. Passive and active targeting of nanoparticles.  

Images from (Peer et al. 2007) 

However, it should be noted that, despite the number of successful pre-clinical studies, among the 

passively targeted nanocarriers proposed only a few have been approved for clinical use in cancer therapy, 

whereas none of the actively targeted nanocarriers are currently on the market (Table 13) (Shi et al. 2017; 

Piscatelli et al. 2021). 

 

Commercial 
name 

Platform Active drug Indications 
Year and place 

of approval 

Doxil™/Caelyx™ PEG-liposomes doxorubicin 
HIV-related Kaposi’s sarcoma / 
ovarian cancer / 
multiple myeloma 

1995 

US 

DaunoXome™ liposomes daunorubicin HIV-related Kaposi’s sarcoma 1996 

DepoCyt liposomes cytarabine 
refractory Kaposi’s sarcoma / 
recurrent breast and ovarian cancer 

1999 

Onco TCS liposomes vincristine 
relapsed aggressive non-Hodgkin’s 
lymphoma 

1999 

Abraxane™ albumin  NP paclitaxel 
metastatic breast, lung and pancreatic 
cancer 

2005 

Marqibo™ liposomes vincristine sulfate acute lymphoblastic leukaemia 2012 
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Onivyde™/ 
MM-398™ 

PEG-liposomes irinotecan 
combinatorial therapy of metastatic 
pancreatic cancer 

2015 

Myocet™  liposomes doxorubicin 
combinatorial therapy of recurrent 
breast and ovarian cancer 

2000 

Europe 

Mepact™ liposomes mifamurtide 
high-grade resectable non-metastatic 
osteosarcoma 

2009 

NanoTherm Iron oxide NP NA glioblastoma 2011 

Vyxeos™ liposomes 
cytarabine & 
daunorubicin 

acute myeloid leukaemia 2017 

Genexol-PM™ 
PEG-polymeric 
micelle 

paclitaxel 
metastatic breast and ovarian cancer / 
NSCLC 

2006 Korea 

SMANCS™ Polymer conjugate neocarzinostatin Liver and renal cancer 1993 Japan 

Table 13. Approved nanodelivery systems with anticancer indications. 

NP: nanoparticles; NA: not applicable; NSCLC: non-small cell lung cancer 

 

Despite the precise definition of nanomaterials, i.e. objects with size in a range between 1 and 100 nm, 

in the context of drug delivery the term nanocarriers often refers to systems with dimensions between 10 

and 1000 nm (Parveen, Misra, and Sahoo 2012). Based on their shape and composition, different types of 

nanocarriers can be distinguished (Fig. 22): 

 Inorganic nanocarriers 

- ceramic nanoparticles 

- magnetic nanoparticles 

- gold nanoparticles 

- quantum dots 

 Organic nanocarriers 

- polymer nanostructures 

- dendrimers 

- lipid vesicular nanosystems (micelles, liposomes, ethosomes, niosomes) 

- lipid nanoparticles and nanocapsules 

In the context of cancer diagnostics and therapy, in order to allow rapid and effective translation from 

research to the clinical phase, the nanocarrier must have some fundamental characteristics: 

- It must be soluble or be in a colloidal state in an aqueous environment 
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- It must have a low aggregation rate, good storage stability, and an adequate half-life in circulation 

- It must exhibit a higher uptake efficiency in target cells than in healthy tissues 

- It must be made of biocompatible, well-characterized, and easily functionalizable materials 

As shown in Table 13,  all nanocarriers currently approved by the Food and Drug Administration (FDA) or by 

the European Medicines Agency (EMA) are organic nanosystems since they exhibit greater biocompatibility 

than those of inorganic nature (Table 13 and Fig. 24). More precisely, these are liposomes and polymer 

nanoparticles. The characteristics and main advantages of lipid nanocarriers for therapeutic purposes will be 

mentioned in the next section. 

 

 

Lipid nanoparticles 

 

Compared to polymer nanoparticles, lipid nanocarriers have further advantages, including higher 

biocompatibility and a wider versatility of the materials that can be used for their synthesis (Battaglia and 

Gallarate 2012). The first lipid system for drug delivery developed in the 1950s was an oil-in-water 

nanoemulsion, the use of which, however, is limited by problems of physical instability induced by the drug, 

which tends to come out quickly from lipid droplets. This drawback was overcome with the subsequent 

development, in the 1960s, of vesicular lipid nanosystems: the confinement of the therapeutic/diagnostic 

agent within these structures made it possible to reduce its release rate, allowing the development of more 

stable nanocarriers (Fig. 24). 

Figure 24. Historical development of nanonystems. 

Image from (Piscatelli et al. 2021) 

Micelles and liposomes are spherical vesicular structures made up of phospholipids, which, in the case of 

liposomes, are organized to form a phospholipid bilayer that encloses an aqueous internal cavity. These 
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systems have the advantage of allowing the trapping of both lipophilic drugs (within the phospholipid bilayer) 

and hydrophilic (within the aqueous core) and have been extensively investigated in recent decades in the 

pharmaceutical and cosmetic fields (Naseri, Valizadeh, and Zakeri-Milani 2015). Some liposomal formulations 

are currently on the market. However, many of their potential applications are limited by some disadvantages 

(Naseri, Valizadeh, and Zakeri-Milani 2015) including:  

- poor physical stability 

- low encapsulation efficiency 

- rapid blood clearance due to the action of the reticuloendothelial system (RES)  

- phenomena of absorption and intermembrane transfer due to interactions with the cell surface 

- susceptibility to heat and some types of radiation that make sterilization difficult 

- costs associated with their synthetic development 

- difficulty in scale-up 

Since the 1970s nanocarriers with a particle structure have been developed to overcome the limitations 

associated with vesicular systems such as the lack of stability over time (Grimaldi et al. 2016). Indeed, the 

greater structural rigidity gives nanoparticles greater chemical-physical stability. Lipid nanoparticles are then 

distinguished, based on their structure, into two families: nanospheres, characterized by a homogeneous 

structure, and nanocapsules, which instead exhibit a typical core-shell structure (Battaglia and Gallarate 

2012). The main advantages associated with the use of lipid nanoparticles compared to other traditional 

nanocarriers are good biocompatibility, low cytotoxicity, elimination of organic solvents in the preparatory 

processes, the possibility of production on an industrial scale, modulation of drug release, broad application 

spectrum (oral, dermal, intravenous, etc.) (Battaglia and Gallarate 2012). In particular, in this Ph.D. thesis two 

specific types of lipid nanocarriers have been investigated, i.e. solid lipid nanoparticles (SLN) and quatsomes 

(QS). 

Many chemotherapeutic and diagnostic agents have been efficiently incorporated into nanoparticles of 

various natures and, as demonstrated by the results obtained by various research groups, these nanosystems 

have revealed a wide potential in anticancer therapy and detection (Subramaniam, Siddik, and Nagoor 2020).  

As regards TRP channels, it has been reported that curcumin-loaded nanoparticles are effective in targeting 

PCa growth through TRPA1 activation (Yallapu et al. 2014). 

Moreover, we have recently described the incorporation of the TRPM8 agonist WS12 into lipid 

nanocapsules (LNC) with a hybrid structure between polymeric nanocapsules and liposomes consisting of an 

oily liquid core surrounded by a layer of lecithins and hydrophilic surfactant (Grolez et al. 2019). The aim was 

to improve WS12 solubility in aqueous solutions and thus its applicability in vivo. Interestingly, we found that 
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beyond increasing its apparent aqueous solubility by a factor of at least 60, the incorporation in such as 

nanosystem increases the affinity of the lipophilic agonist for TRPM8 by 10 times. Functionalization of LNC 

using an antibody against the prostate-specific membrane antigen (PSMA) could further enhance this 

pharmacological tool by allowing a specific target to the prostate and thus limiting the possible side effects 

of TRPM8 activation in other organs (Yallapu et al. 2014). The same type of nanodelivery system was found 

promising to enhance the Hypericin-induced production of singlet oxygen (1O2) in PDT application (Barras et 

al. 2013). Similarly, the incorporation of Hypericin into SLN has been shown to improve in vitro the physical-

chemical properties of this photosensitizer (Lima et al. 2013) as well as others (Navarro et al. 2014). Indeed, 

the incorporation of PS within nanoparticles not only enhances their solubility in physiological conditions by 

shielding their hydrophobicity but also improves their spectroscopic properties probably due to the increased 

stabilization of the molecule within the lipidic microenvironment. 

 

 

 

1.4.4    Photodynamic therapy in prostate cancer 
 

Fundamentals 

The use of light as a therapeutic device has a long history, which begins with heliotherapy practiced in 

ancient Egypt, China, and India. Following the reintroduction of phototherapy by Reiki in 1855, the interest 

in this therapeutic approach, as a non-invasive treatment method, has significantly intensified in the fields of 

oncology, dermatology, ophthalmology, and microbiology, until approval by the FDA (1993) of the first drug 

used for PDT, a hematoporphyrin derivative known under the trade name of Photofrin® (Dougherty et al. 

1998). 

PDT is characterized by three key elements, whose combination leads to the destruction of the target 

tissue:  

1) a photochemically active drug called photosensitizer (PS),  

2) a non-thermal light source that emits at a specific wavelength  

3) molecular oxygen dissolved in the tissue  

As shown in Figure 25, the treatment begins with the administration of PS, which, after a certain time 

interval called “drug-to-light interval” (DLI) which may vary from hours to several days, is selectively excited 

with a light radiation corresponding to the maximum absorption wavelength of the PS. More specifically, the 

PS is irradiated via laser or LED through optical fibers. To allow deeper penetration of light into the tissue, 
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the PS must absorb in the region of the electromagnetic spectrum corresponding to the so-called 

transparency window of the tissues (650-900 nm) (Dąbrowski et al. 2016). Upon irradiation, PS may be 

embedded within or on the surface of a tumor, move freely through the tumor's vascular system, or may 

adhere to organelles within cancer cells or be generated in them although less commonly in Clinical PDT (i.e. 

protoporphyrin IX is formed in mitochondria following administration of 5-aminolevulinic acid (5-ALA)).  

 

Figure 25. Key steps and biological mechanisms underlying PDT treatment. 

Image from (Dąbrowski et al. 2016) 

 

Irradiation of tumor tissue can lead to three main biological consequences: 

1) Direct cell death due to necrosis, apoptosis, and/or autophagy (Dąbrowski and Arnaut 2015; 

Castano, Demidova, and Hamblin 2004) 

2) Occlusion of intra- and peri-tumor blood vessels (Preise, Scherz, and Salomon 2011) 

3) Stimulation of the immune system and induction of pro-inflammatory processes (Gollnick 

and Brackett 2010) 

All these biological processes are caused by the oxidative stress induced by the PS at the cellular level. 

Basically, the PS, after being excited by the light radiation, dissipates part of the energy acquired through the 

so-called intersystem conversion pathway (ISC), which, via the excited triplet state, ultimately results in the 

formation of ROS and 1O2 (Fig. 26). The latter may exert its oxidizing activity throughout the cell volume 
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(average distance 150 nm) by oxidizing and/or oxygenating the functional groups of various biologically 

relevant macromolecules such as proteins, sugars, lipids and nucleic acids (Silva et al. 2016). On the contrary, 

the photo-damage induced by the other ROS that originates from the type I photochemical process (O2
●-, 

OH●, H2O2), is limited to the cellular compartment in which PS is localized, as these radical species, despite 

being extremely reactive, have a very short diffusion radius (1 nm) and a short lifetime due to the 

sophisticated cellular systems responsible for their neutralization. 

 

 Figure 26. Jabłoński diagram illustrating the photophysical principles of PDT. 

The incident light radiation promotes the passage of an electron of the PS molecule from the 

fundamental S0 to the excited singlet state S1 or S2; then, the unstable excited state dissipates 

the absorbed energy via ISC, which foresees the spin inversion of the excited electron and its 

consequent passage to a state of multiplicity of spin 3 (excited state of singlet → excited state 

of triplet); starting from the triplet state, the excess energy can be then dissipated through the 

transfer of electrons/hydrogen (type I process) or energy (type II process) to the molecular O2 

present in the surrounding environment. 

S: discrete singlet states; T: triplet states; IC: internal conversion; ISC: intersystem crossing. 

Image from (Dąbrowski et al. 2016) 

 

As previously mentioned, the oxidative damage caused at the target tissue can lead to direct cell death 

due to necrosis, apoptosis and/or autophagy, occlusion of intra- and peri-tumor blood vessels, and/or 

stimulation of the immune system with the consequent induction of pro-inflammatory processes. The 

contribution of each process to the final destruction of the target tissue and the final therapeutic efficacy of 

the treatment depends on several factors (Dąbrowski et al. 2016), including: 
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- subcellular localization of the PS 

- binding of the PS to albumin and/or blood lipoproteins 

- pharmacological dose 

- duration of the DLI 

- fluence rate of light 

- O2 concentration in the tumor 

The photophysical and photochemical features, which define a good PS are: 

- Ability to absorb electromagnetic radiation within the range of wavelengths that define the 

so-called tissue transparency window (650-850 nm) 

- High molar extinction coefficients 

- Low quantum yield of fluorescence 

- Good chemical-physical stability and photostability 

- High quantum yield of 1O2 or ROS production 

Furthermore, the PS should exhibit stability in body fluids, a preferential distribution in tumor cells, low 

cytotoxicity in the dark and high cytotoxicity following light excitation, a pharmacokinetic profile that allows 

the use of an appropriate DLI, and a reasonable body clearance which would disadvantage any phototoxic 

side effects in healthy tissues and hypersensitivity to light after PDT treatment (Dąbrowski and Arnaut 2015; 

Dąbrowski et al. 2016). 

The main PS studied and approved for clinical applications of PDT are porphyrins, chlorines, 

bacteriochlorines, and phthalocyanines (Fig. 27), all derived from the tetrapirrolic macrocycle typical of many 

natural pigments such as hematin (porphyrins), chlorophyll (chlorophyll) and bacteriochlorophyll 

(bacteriochlorin). 

 

Figure 27. Structures of selected porphyrins (porfimer sodium), chlorins (verteporfin) and bacteriochlorins (redaporfin) 

currently in clinical use. 
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These molecules have many of the characteristics that define a good PS mentioned above, but also have 

some disadvantages including a low molar extinction coefficient (in the case of Porphyrins and Chlorines), 

which leads to the need to use high doses of PS, a low tissue penetration, poor tumor selectivity, a long half-

life and low clearance with consequent non-negligible side effects affecting healthy tissues (Dąbrowski and 

Arnaut 2015; Dąbrowski et al. 2016). As an example, Photofrin®, the first photosensitizing agent approved 

for PDT by the FDA in 1993, in addition to being able to cause inflammatory reactions and intense necrosis 

at the treated site, it causes widespread and prolonged photosensitivity in the patient, which can last up to 

several weeks after the treatment (Dougherty, Cooper, and Mang 1990). For this reason, in recent years 

research has focused on the development of more effective PS. In this context, polymethine dyes (PMD) 

which will be discussed later, have proved to be promising candidates. 

 

PDT in prostate cancer 

Currently, significant shortcomings and uncertainties surround PDT as a treatment for low-grade prostate 

cancer due to the open debate about the benefits of active surveillance over the harms associated with early-

stage treatment. Indeed, in 2020  the Oncologic Drugs Advisory Committee within the FDA voted against 

approval of padeliporfin di-potassium (water-soluble Tookad®) for PDT treatment of localized PCa in the 

United States, not considering it significantly more effective than active surveillance (Todak 2020; “FDA 

Briefing Document Oncologic Drugs Advisory Committee Meeting NDA 212578/S000 Padeliporfin Di-

Potassium (TOOKAD) Applicant: Steba Oncology, Inc” 2020). 

However, this methodology continues to be vigorously studied and refined to improve treatment parameters 

and its success while reducing side effects of concern to oncologists. Of note, this type of focal therapy is only 

appropriate for patients with localized prostate cancer and not in cases of advanced metastatic diseases that 

have already affected surrounding structures such as nodes, seminal vesicles, and extracapsular extensions 

(Valerio et al. 2014). 

Currently, most PS used in clinical trials for PCa are vascular rather than tissue-based excited by low-

power laser or LED within minutes following intravenous administration. The main advantages associated 

with vascular PS are faster clearance and reduced photosensitivity. Moreover, in contrast to other PDT 

applications exploiting flat tip fibers conically, in PDT PCa treatment the light is delivered by optical fibers 

possessing a cylindrical diffusion tip for spherical illumination (Shafirstein et al. 2017). As depicted in Figure 

28, the optical fibers are placed within plastic catheter needles that are positioned in the prostate gland via 

the perineum (Moore, Pendse, and Emberton 2009). More specifically, catheter placement is accomplished 

by TRUS or MRI using a BT template and to ensure precise positioning, patients undergo general anesthesia 
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before the procedure so that they remain immobile. Using vascular PS, the DLI is in the order of minutes. For 

instance, Moore et al. reported a continuous illumination at 753 nm for 22 min 15 s to activate the vascular 

padeliporfin 10 min after administration (Moore, Pendse, and Emberton 2009). Furthermore, depending on 

the morphology of the tumor, the number of light applications, and consequently the total procedure time 

may vary. 

 

Figure 28. Diagram depicting prostate PDT apparatus. 

The main PS currently evaluated for prostate PDT are summarized in Table 14. 

 

Photosensitizers Type 
λex 

(nm) 

Drug 
dose 

(mg/Kg) 

Light 
dose 

 

Drug-Light 
Interval 

Side effects Stage Ref. 

Temoporfin 
(mTHPC) 
(Foscan® 
m-
tetrahydroxyphenyl 
chloride) 

Tissue
-based 

652 

0.15 
20/50 

J 
3 days 

prolonged 
photosensitivity 

I 

(Nathan et al. 
2002) 

0.15 
50-
100 
J/cm 

2-5 days 
(Moore et al. 

2006) 

5-aminolevulinic 
acid (5-ALA) derived 
protoporphyrin IX 

Tissue
-based 

635  20 
250 
J/cm 

4 h n.d.  
(Zaak et al. 

2003) 

Motexafin lutetium 
(MLu) 

Vascul
ar 

732  

0.5-2 
25-
100 

J/cm2 
3-24.6 h Low grade 

(Grade I) 
genitourinary 
side-effects 

I 

(Verigos et al. 
2006) 

0.5-2 
25-
150 
J/cm 

24 h (Du et al. 2006) 

Padoporfin 
(Tookad®) Vascul

ar 
763  2 

32 
J/cm2 

20 min 

lessening of 
voiding function 
and recto-
urethral fistula 

 

(Trachtenberg 
et al. 2008; 

Trachtenberg et 
al. 2007) 

Padeliporfin 
(water soluble 
Tookad®) 

Vascul
ar 

753  4-6 
200-
300 
J/cm 

10 min 
prostatitis, 
acute urinary 
retention 

II 

(Azzouzi et al. 
2013; 2017; 

Eymerit-Morin 
et al. 2013; 
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Barret et al. 
2013; Moore et 
al. 2015; Lebdai 

et al. 2015; 
2017; Taneja et 
al. 2016; Gill et 

al. 2018; 
Noweski et al. 

2019) 

Table 14. Photosensitizers in clinical studies for prostate PDT. 

Recently, several PDT conjugates have been proposed for treating prostate carcinoma. Among them, a 

novel unsymmetrical phthalocyanine conjugated with a cyclic arginine-glycine-aspartic acid sequence 

(RGDyK) was found promising for its high selectivity towards ανβ3 integrin overexpressed by cancer cells as 

well as by tumor blood vessels (Luan et al. 2016). Then, chemical conjugation between the AR antagonist 

abiraterone and a cyanine used for cancer imaging and photodynamic therapy in the past (IR-780) has been 

proposed (Yi et al. 2016). Moreover, nano-assemblies combining 5-ALA and squalene (Babič et al. 2018) or 

protoporphyrin IX mixed with polyamines highly produced by rapidly growing cells have been proved to lead 

to better acinar adenocarcinoma selectivity and superior photodynamic therapy efficiency (Fidanzi-Dugas et 

al. 2017). Similarly, the combination of PS like pyropheophorbide A (PheoA) and bacteriochlorophyll with a 

long-circulating peptide (LC-Pyro) to prolong plasma circulation time and PSMA to address selective targeting 

of the prostate has proved to be a very promising approach (Harmatys et al. 2018; Overchuk et al. 2020). 

Indeed, combining targeting, selectivity and pharmacokinetic properties greatly increases treatment 

efficiency providing a significant improvement in pharmacokinetics and tumor accumulation (Harmatys et al. 

2018). Other examples of PSMA-targeted photosensitizer conjugates have been proposed such as PSMA 

inhibitors coupled to porphyrin dyes like Ppa-CTT-54 (Liu, Wu, and Berkman 2010; Liu et al. 2009) or 

IRDye700DX (Wang et al. 2016; Chen et al. 2017). PSMA-1-IR700DX conjugates revealed a good potential in 

delaying tumor growth and prolonging survival in prostate adenocarcinoma mouse models (Watanabe et al. 

2015; Lütje et al. 2014). PSMA-targeted PDT has not yet reached the stages of clinical development but is 

very promising. The main problem associated with this type of conjugates is that they can only be exploited 

for PSMA-positive tumors as they are ineffective in the absence of this specific membrane antigen. Finally, 

encouraging results come from the use of curcumin and some curcuminoids with improved tissue 

penetration on PDT treatment of LNCaP PCa cells (Kazantzis et al. 2020). Of note, curcumin is also known for 

its action as a TRP activator.  

Despite the promising results obtained with the use of some PS, certainly including Padeliporfin, however, 

it remains to be determined whether the progression of the disease is reduced compared to active 

surveillance. Notably, as opposed to RT approaches, precise computer-aided dosimetry cannot be exploited 
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in PDT since light intensity can be reduced by scattering and absorbing processes involving tissues (Kim and 

Darafsheh 2020). Moreover, the efficiency of the process may be affected by interactions occurring between 

PS molecules and/or rapid bleaching which leads to lower ROS yields. Not to mention the main problem 

associated with the PDT of cancer which is the characteristic hypoxia of tumor tissues. Moreover, the 

penetration of light through tissues, the oxygen concentration within the prostate and the dynamic 

interactions occurring between light, PS, and O2 during PDT treatment are highly variable (Kim and Darafsheh 

2020). Hence, great inter- and intra-patient variability was observed in several clinical studies (Du et al. 2006; 

Trachtenberg et al. 2008). Taking into account all the parameters that may influence treatment efficiency 

including the photosensitizer dosage (mg/kg of body mass), the light dose (in J or J/cm), and the drug-light 

interval as well as all the complex interactions that can occur between them, the precise impact of PDT on 

patients is difficult to measure and predict.  

Finally, PS are also employed for photodynamic diagnosis (PDD) helping to detect cancerous lesions and 

delineate tumor margins for resection (Bochenek et al. 2019). For example, PSMA-PS conjugates appear 

promising for intraoperative near-infrared (NIR) fluorescence imaging purposes, helping to perform a 

complete resection of PCa with negative surgical margins (Yossepowitch et al. 2014; Lütje et al. 2014; Eiber 

et al. 2017). 

 

 

Polymethine dyes as new class of photosensitizer  

The term "polymethine dyes" (PMD) was introduced by Koening in 1922 to indicate a class of colored 

organic compounds characterized by the presence, in their structure, of a chain of methine groups (-CH=) 

conjugated, generally in trans configuration (Fig. 29). In accordance with the theory of the triad of Daehne, 

they represent one of the three main types of conjugated systems (Daehne and Koenig 1922), i.e. systems 

consisting of pairs of π bonds alternating with single bonds, in which the interaction between the π bonds 

leads to a partial overlap of the p orbitals belonging to the two carbon atoms joined with a simple bond, 

giving rise to an electronic delocalization (Fig. 29). By virtue of this electronic delocalization, PMDs are 

resonant hybrids. Unlike the other conjugated systems (polyenes and aromatics), PMD have an electron-

donor group (D) and an electron-acceptor group (A) at the two ends of the polymethine chain: due to the 

mesomeric effect, the delocalized π electrons move between D and A, giving a positively or negatively 

charged molecule (cationic or anionic PMD). 
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Figure 29. General structure of polymethine dyes. 

n: number of vinyl groups that make up the polymethine chain 

Image from (Li, Zhao, and Zhang 2020) 

 

In recent years, some PMD belonging to the family of cyanines and squaraines have revealed a good 

potential in PDT applications, thanks to their excellent photophysical properties and remarkable quantum 

efficiency of 1O2 production. Moreover, their great structural variability and the possibility of directing their 

synthesis in such a way as to obtain molecules with the desired chemical-physical properties has further 

increased the great interest in PMD for PDT (Dąbrowski and Arnaut 2015). However, due to their relatively 

recent investigation in this field, no PMD is currently in clinical trials. 

Atchison et al. identified two iodinated cyanines showing good phototoxicity following light beam 

irradiation and low cytotoxicity in the dark both in vitro and in a mouse model of pancreatic cancer (Atchison 

et al. 2017). Furthermore, cyanines revealed an interesting preferential distribution in tumor tissues, thus 

providing potential for high specificity of targeting in vivo. In agreement with other data reported in the 

literature, this study by Atchison et al. also highlighted that the introduction of a heavy atom like iodine in 

the heterocyclic ring significantly improves 1O2 production efficiency and consequently increases the 

photodynamic activity of the PMD (Redmond et al. 1997); by contrast, in the absence of the heavy atom, 

PMD have lower yields of inter-system conversion and decay from the excited state mainly through the 

singlet path (Redmond et al. 1997). 

The nature of the substituents was found to affect not only PMD activity but also their uptake and 

intracellular localization, as it determines the degree of lipophilicity/hydrophilicity of the molecule. In this 

regard, a key role is played by the nature and length of the alkyl chain linked to the quaternary N atom (N-

alkyl chain). In particular, chains that are too short or too long cause a rapid elimination of the molecule from 

the body because either they do not give the molecule a degree of lipophilicity sufficient to allow the crossing 
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of the cell membrane (too short) or they hinder its crossing due to the formation of aggregates(too long). 

Therefore, intermediate chains such as N-butyl seem to confer to the molecule the characteristics of uptake 

and mitochondrial localization that are ideal for PDT applications (Shi, Wu, and Pan 2016; Onoe et al. 2014).  

Squaraines have a lower synthetic development than cyanines because they are more recent, but they 

too have revealed a great application potential in the field of PDT (Ramaiah et al. 1997; 2002; 2004; Rapozzi 

et al. 2010; Avirah et al. 2012; Soumya et al. 2014; Shafeekh et al. 2014; Serpe et al. 2016). In fact, in addition 

to exhibiting intense (ε ≈ 105 M-1cm-1) absorptions in the near-infrared region some squaraines, suitably 

substituted, have been shown to possess excellent photophysical properties and remarkable quantum 

efficiency of 1O2 production (Ramaiah et al. 1997). Furthermore, this class of molecules revealed poor 

cytotoxicity in the dark and the ability to promote, on the other hand, a strong dose-dependent photo-

induced toxic effect on various tumor cell lines (Rapozzi et al. 2010). The structure-localization-activity 

relationships shown by the squaraines are very similar to those found with cyanines (Soumya et al. 2014; 

Serpe et al. 2016). As regards, for example, the so-called "heavy atom effect", Ramaiah et al. have shown 

that when the terminal heterocycle is replaced with a heavy atom the phototoxicity of the molecule is more 

marked (Soumya et al. 2014). This effect was also confirmed by a recent study conducted by Serpe et al. on 

a new class of squaraines based on the indolenine ring (Serpe et al. 2016). This study, in addition to confirming 

the effect that the introduction of a halogen within the indolenine ring has on the photodynamic activity of 

this class of compounds, has also highlighted the role played in this regard by the length of the N-alkyl chain: 

only the molecules with a side chain consisting of four carbon atoms (C4) lead to a significant decrease in cell 

growth following irradiation. This is probably due to the fact that the greater lipophilicity of the structure 

facilitates the cellular uptake of the molecule, as observed in the case of cyanines (Onoe et al. 2014). 

Furthermore, also in this case, the PS showed a preferential accumulation in the mitochondria. In conclusion, 

from a SAR (structure-activity relationship) point of view, it is clear that the pharmacological activity of PMD 

is notably influenced not only by the presence of a heavy atom in the terminal donor group but also by the 

hydrophilic-lipophilic balance of the molecule (Serpe et al. 2016). Furthermore, by increasing the length of 

the polymethine bridge it is possible to shift the absorption of the PMD to gradually increasing wavelengths 

until it falls perfectly within the range of the so-called “tissue transparency window” mentioned in the 

previous section. 

Taking into account their peculiar spectroscopic properties together with their preferential accumulation 

in cancer cells (Luo et al. 2011; Yang et al. 2010; Tan et al. 2012), PMD have also proved useful tools for cancer 

imaging, allowing to detect not only large tumor areas but also metastases and circulating tumor cells (Yang 

et al. 2010; Zhang et al. 2010). For this reason, PMD are defined as native multifunctional probes (Luo et al. 

2011), as they can act simultaneously as imaging agents and targeting. 
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The main challenges associated with the biomedical application of PMD are due to their structural 

characteristics. In particular, the presence of extensive conjugated domains and highly hydrophobic aromatic 

structures result in poor solubility and low chemical stability, especially in aqueous solutions. Moreover, the 

more the dye absorption is shifted to wavelengths close to infrared and suitable for biomedical application, 

the less stable its structure is. Therefore, the main application limitations associated with PMD NIR are the 

tendency to form aggregates, the sensitivity to photobleaching, and the tendency to chemical degradation 

when in solution. A valid approach to overcome this limit and improve PMD bioavailability is represented by 

their incorporation into different nanoparticle systems. To date, several studies have reported the efficient 

incorporation of PMD into organic nanoparticles, such as micelles (Kirchherr, Briel, and Ma 2009; Sreejith et 

al. 2015), liposomes (Zhang et al. 2014) and lipid nanoparticles (Texier et al. 2009; Jacquart et al. 2013; Mérian 

et al. 2015). 
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Context: biomedical challenges 
 

The development of metastases is currently the leading cause of cancer death worldwide. Prostate 

cancer is no exception. Indeed, although the 5-year relative survival for PCa is 100% as long as it is diagnosed 

as localized, it drops dramatically to 32.3% for patients in whom it has metastasized, thus making prostate 

cancer the second deadliest cancer among men (“National Cancer Institute -Surveillance, Epidemiology, and 

End Result Program” 2022; Siegel et al. 2022). Hence the need for more sensitive diagnostic methods that 

allow early diagnosis of the neoplasm and new and innovative treatment methods that reduce the onset of 

relapses and the development of metastasis as well as allow even the most advanced metastatic forms to be 

effectively treated. For instance, in the conventional treatment of localized prostate tumors, radical 

prostatectomy may have severe side effects including incontinence and erectile dysfunction (Haglind et al. 

2015), and androgen deprivation therapy (ADT) may lead to untreatable androgen-independent relapses. For 

patients with metastatic castration-resistant prostate cancer (mCRPC), no effective treatments are currently 

available and their median life expectancy is less than 3 years (Siegel et al. 2022). My Ph.D. project fits into 

the context of the need to develop new therapeutic strategies to more effectively fight prostate cancer. 

Understanding the mechanisms by which tumor metastases can spread throughout the body is critical to 

improving the prognosis of mCRPC patients. Metastasis is generally defined as the spread of malignant cells 

from the primary tumor through the lymph or blood circulation to establish secondary growth in a distant 

organ. We know that the ability to migrate is a fundamental prerequisite for a cancer cell to effectively escape 

the primary tumor, invade adjacent tissues, and then enter circulation. At the same time, the migration of 

endothelial cells is also necessary to ensure the formation of new tumor vessels that allow the diffusion of 

oxygen and nutrients to the new tumor sites. Therefore, tissue invasion and angiogenesis, which are two of 

the main hallmarks of cancer, both underlie the migratory capacity of epithelial and endothelial cancer cells 

(Hanahan and Weinberg 2011). Ca2+ signaling is certainly implicated in tumor progression as well as in the 

regulation of angiogenesis due to its central and multifaceted role in the control of cell motility and 

proliferation (Monteith, Prevarskaya, and Roberts-Thomson 2017). Hence not surprisingly, in recent years, 

an ever-increasing interest has been directed to the study of ion channels and their implications in the 

development of cancer, so much so as to lead to the definition of cancer hallmarks as “oncochannelopathies” 

(Prevarskaya, Skryma, and Shuba 2018). Interestingly, many FDA-approved drugs targeting Ca2+ channels 

currently used to treat a variety of pathological conditions are being evaluated for cancer repurposing 

(Prevarskaya, Skryma, and Shuba 2018). Among the ion channels, the superfamily of TRP channels has 

attracted particular interest, revealing an appealing de-regulation during cancer development and 

progression (Nilius et al. 2007). This deregulation causes a significant alteration of the spatial and temporal 
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patterns of the intracellular distribution of Ca2+ and consequently interferes with multiple downstream 

effectors involved in the pathophysiology of cancer, which influence tumor growth, invasion, and 

vascularization (Prevarskaya, Skryma, and Shuba 2018). For this reason, several TRP proteins have been 

proposed as valuable markers in predicting the progress of cancers and potential targets for pharmaceutical 

treatment of many tumor forms including PCa (Tsavaler et al. 2001; Fuessel et al. 2003; Wissenbach, 

Niemeyer, and Flockerzi 2004; Yang and Kim 2020).  

However, a big challenge in cancer therapy, beyond the discovery of new molecular targets, is represented 

by the ability to translate new research findings into clinical efficacy, that is to reduce the gap between “drug 

discovery” and “drug delivery”. Indeed, the development of new innovative anticancer therapies is mainly 

hindered by the fact that therapeutic agents including TRP activators/inhibitors often suffer of poor solubility 

and stability in physiological conditions thus compromising their bioavailability and therapeutic action in vivo. 

This is, for example, the case of most photosensitizers proposed for the photodynamic treatment (PDT) of 

some types of tumors including PCa, which has recently emerged as a useful therapeutic approach to improve 

the outcome of conventional therapies and reduce the development of metastatic cancer stages. The 

translation of many drugs into clinical practice is also dramatically hampered by the risk of adverse effects 

associated with the non-specific distribution of therapeutic agents in healthy tissues. Both these challenges 

could be efficiently overcome by the use of nanodelivery systems, which can improve the solubility and the 

pharmacokinetic profile of lipophilic drugs as well as drive their delivery to the tumor, thus optimizing drug 

bioavailability and therapeutic action in the desired sites while limiting side effects. 

 

Aims  
 

In this context, the main general objective of my Ph.D. thesis was to explore the potential of TRP channels 

as innovative targets to treat metastatic PCa. More specifically, the first aim was to delineate the molecular 

mechanisms involving TRP in PCa progression. For this purpose, I investigated the role of TRP channels 

regulating Ca2+ signature in PCa cells and PCa vasculature focusing on the channels that affect cell migration, 

a common key step in tumor vascularization and invasion. Secondly, taking into account the challenges faced 

in clinical practice by many therapeutic agents, I focused on the development of new tools to improve drug 

delivery. In particular, I assessed the use of lipid nanoparticles to increase the solubility of a new class of 

polymethine dyes that are emerging as promising candidates for PDT applications as well as cancer imaging.  
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For greater clarity, the results of my Ph.D. project have been divided into two main chapters which will be 

briefly described below (1. Functional role of TRP channels in prostate cancer progression; 2. Lipid 

nanoparticles as drug delivery systems: incorporation of polymethine dyes) and will be matched in Chapters 

3 and 4. The first chapter is about the functional characterization of TRP channels’ roles in PCa progression 

(Chapters 3.1 and 4.1): it is divided into two different subsections referring respectively to the impact of TRP 

in PCa angiogenesis (Chapters 3.1.1 and 4.1.1) and PCa invasion (Chapters 3.1.2 and 4.1.2). The second 

chapter includes data on the development of lipid nanoparticles as drug delivery systems (Chapters 3.2 and 

4.2). Below is a more detailed description of the specific aims of the thesis. 

 

1. Functional role of TRP channels in prostate cancer progression 

1.1 Role of TRPA1 in prostate cancer angiogenesis 

During the first year of my Ph.D. I took part in a project already in progress on the role of TRP channels in 

prostate cancer angiogenesis contributing to a research article published on “Cancers” in July 2019 

(Bernardini et al., “TRANSIENT RECEPTOR POTENTIAL CHANNEL EXPRESSION SIGNATURES IN TUMOR-

DERIVED ENDOTHELIAL CELLS: FUNCTIONAL ROLES IN PROSTATE CANCER ANGIOGENESIS”, Cancers, 2019 Jul 

9; 7(11):956; doi: 10.3390/cancers11070956). In particular, through a qPCR screening of endothelial cells 

derived from human prostate cancer (PTEC), previously characterized in our laboratories (Fiorio Pla et al. 

2014), four "prostate-associated" TRP genes were found significantly and specifically deregulated in PTEC 

(TRPA1, TRPV2, TRPC3, and TRPC6). My first aim was to validate this signature in PTEC both at the protein 

level and from a functional point of view. Then, looking at the functional role of the four ‘prostate-associated’ 

channels in PTEC, I mainly focused on the role of TRPA1 in controlling cell motility, thus deepening TRPA1 

involvement in PCa angiogenesis (see Chapter 3.1.1 and Chapter 4.1.1). In particular, I contributed to the 

aforementioned publication by performing cell cultures, Western Blot analyses, Ca2+ imaging experiments 

and Transwell migration assays (see Materials and Methods in Chapter 4.1.1). 

1.2 Role of TRPM8 in prostate cancer invasion 

Starting from the second year of my Ph.D. I focused on the role of TRP channels in prostate cancer 

invasion. More specifically, I deepened the intriguing role of TRPM8 previously established by our groups in 

regulating the motility of epithelial prostate cancer cells (Bidaux et al. 2007; Gkika et al. 2010; Gkika et al. 

2015; Grolez et al. 2019; Grolez et al. 2019). Starting from the evidence of an inhibitory effect of TRPM8 on 

PCa cell migration, which has been the subject of the laboratory of Cell Physiology in Lille for several years, I 

investigated the mechanism through which TRPM8 may exert this function on PCa cells. In particular, I 
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focused on the possible interaction between TRPM8 and the small GTPase Rap1A, which plays a key role in 

controlling cell adhesion and motility and which we previously found to interact with TRPM8 in endothelial 

cells thus affecting cell migration (Genova et al. 2017). These results made up the bulk of my Ph.D. work and 

were recently published in an article I contributed to as first author (Chinigò et al., “TRPM8-RAP1A 

INTERACTION SITES AS CRITICAL DETERMINANTS FOR ADHESION AND MIGRATION OF PROSTATE AND OTHER 

EPITHELIAL CANCER CELLS”, Cancers, 2022 April 30, 14(9):2261; doi: 10.3390/cancers14092261). 

Finally, to further support TRPM8 as a promising candidate for blocking the progression of PCa to its lethal 

metastatic form, we evaluated the role of TRPM8 in vivo using an orthotopic xenograft mouse model. These 

data have been recently accepted for publication by the “International Journal of Molecular Sciences” and I 

participated in the publication as second author (Grolez et al., “TRPM8 AS AN ANTI-TUMORAL TARGET IN 

PROSTATE CANCER GROWTH AND METASTASIS DISSEMINATION” International Journal of Molecular 

Sciences, 2022 Jun 15, 23(12):6672; doi: 10.3390/ijms23126672). 

Briefly, I contributed to this project by performing cell cultures, Western Blot analyses, plasmid cloning 

and cell transfection procedures, co-immunoprecipitation and active Rap1 pull-down assays, Live-cell and 

Ca2+ imaging experiments, random and transwell migration assays, adhesion assays, micro-fluidic co-coltures, 

cell viability tests and confocal analyses (see Materials and Methods in Chapter 3.1.2). 

These two studies will be included in Chapter 3.1.2 and discussed in Chapter 3.1.2. 

 

2. Lipid nanoparticles as drug delivery systems: incorporation of polymethine dyes for 

Photodynamic Therapy. 

During my Ph.D. I also took part in a project concerning another innovative therapeutic approach to target 

PCa in its early localized stage, i.e. photodynamic therapy (Osuchowski et al. 2021). This project has been 

conducted in collaboration with the Department of Organic Chemistry of the University of Turin which 

synthesized new organic dyes belonging to the family of polymethine dyes (PMD) which revealed a great 

potential as photosensitizers for PDT application (Serpe et al. 2016; Ciubini et al. 2019). In this context, I 

mainly focused on the characterization of nanodelivery systems suitable for improving the solubility and 

therefore the in vivo bioavailability of this new class of photosensitizers. In particular, I incorporated two 

PMD into solid lipid nanoparticles (SLN) and characterized them from a physicochemical as well as biological 

point of view. These data were recently published in an article of which I am the first author (Chinigò et al., 

“POLYMETHINE DYES-LOADED SOLID LIPID NANOPARTICLES (SLN) AS PROMISING PHOTOSENSITIZERS FOR 

BIOMEDICAL APPLICATIONS”, Spectrochimica Acta Part A: Mol Biomol Spectrosc., 2022 April 15, 271:120909; 

doi: 10.1016/j.saa.2022.120909”). I contributed to this publication by performing all the experiments, from 
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the synthesis and physico-chemical characterization of the nanosystems to cellular assays and confocal 

analysis (see Materials and Methods in Chapter 3.2). Furthermore, I actively contributed to a project on the 

incorporation of PMD into another type of lipid nanoparticles, namely quatsomes, conducted in collaboration 

with the Institut de Ciència de Materials of Barcelona (Bordignon et al., “QUATSOMES AS POWERFUL 

NANOVESICLES FOR PHOTODYNAMIC THERAPY”, article in preparation). The results of the incorporation of 

PMD into lipid nanoparticles will be included in Chapter 3.2 and discussed in Chapter 4.2. 

 

 

Research project management 

I performed my Ph.D. project in co-tutorship between the Laboratory of Cellular and Molecular 

Angiogenesis (DBIOS) of the University of Turin (Italy) under the supervision of Prof. Alessandra Fiorio Pla and 

the Laboratory of Cell Physiology (INSERM U1003) of the University of Lille (France) where I spent one year 

under the supervision of Prof. Dimitra Gkika (current affiliation: Laboratory of Cancer Heterogeneity, 

Plasticity, and Resistance to Therapies, Centre Oscar Lambret, University of Lille). The complementary 

background competencies of the two research units, allowed me to study in-depth the physiopathological 

roles of TRP channels affecting both PCa invasion and angiogenesis. Indeed, the Laboratory of Cell Physiology 

of the University of Lille headed by Natalia Prevarskaya boasts great expertise on TRP channels and Ca2+ signal 

in cancer with a particular focus on PCa and the identification of new prognostic and therapeutic agents 

which make it a Laboratory of Excellence in Ion Channels Science and Therapeutics. At the same time, the 

Laboratory of Cellular and Molecular Angiogenesis of the University of Turin headed by Luca Munaron, is 

specialized in tumor vascularization with a focus on Ca2+ signals regulating endothelial cells’ physiopathology. 

Thanks to the solid collaboration between these two laboratories, which has been going on for several years, 

during my three-year traineeship as Ph.D. student I was able to contribute to the field of TRP channels in 

cancer with the publication of two reviews as first author and three research articles including one as first 

author. 

Furthermore, at the University of Turin, I had the opportunity to carry out a research project started during 

my Master's Degree in collaboration with the Department of Organic Chemistry of the University of Turin. In 

particular, the project on PDT was conducted in collaboration with Prof. Claudia Barolo, Nadia Barbero 

(Department of Organic Chemistry), and Prof. Sonjia Visentin (Department of Molecular Biotechnology and 

Health Sciences). Finally, the development of lipid nanosystems for drug delivery involved collaborations with 

the Institut de Ciència de Materials of Barcelona and the Turin company Nanovector Srl specialized in drug 
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delivery. This side research project led to the publication of a research article of which I am the first author 

and the writing of three other manuscripts currently in preparation.  
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Abstract 
 

Background: Transient receptor potential (TRP) channels control multiple processes involved in cancer 

progression by modulating cell proliferation, survival, invasion and intravasation, as well as, endothelial cell 

(EC) biology and tumor angiogenesis. Nonetheless, a complete TRP expression signature in tumor vessels, 

including in prostate cancer (PCa), is still lacking. Methods: In the present study, we profiled by qPCR the 

expression of all TRP channels in human prostate tumor-derived ECs (TECs) in comparison with TECs from 

breast and renal tumors. We further functionally characterized the role of the ‘prostate-associated’ channels 

in proliferation, sprout formation and elongation, directed motility guiding, as well as in vitro and in vivo 

morphogenesis and angiogenesis. Results: We identified three ‘prostate-associated’ genes whose expression 

is upregulated in prostate TECs: TRPV2 as a positive modulator of TEC proliferation, TRPC3 as an endothelial 

PCa cell attraction factor and TRPA1 as a critical TEC angiogenic factor in vitro and in vivo. Conclusions: We 

provide here the full TRP signature of PCa vascularization among which three play a profound effect on EC 

biology. These results contribute to explain the aggressive phenotype previously observed in PTEC and 

provide new putative therapeutic targets. 

Keywords: tumor angiogenesis; calcium channel; migration; TRP; prostate cancer 

 

 

Introduction 
 

Transient receptor potential (TRP) channels form a 28-member superfamily of nonselective channels 

mostly permeable to both monovalent and divalent cations, which is subgrouped into six main families, 

namely, TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin), and 

TRPA (ankyrin). Despite their structural similarities, TRP channels are polymodal molecular sensors and are 

activated by a range of external stimuli (including temperature, light, sound, chemicals, and touch) and 

changes in local microenvironment [1]. These observations suggest that the physiologically relevant stimulus 

for any given TRP is governed by the specific cellular context, which dramatically changes during 

carcinogenesis [2]. 

Indeed, TRP-activated signaling pathways have profound effects on a variety of physiological and 

pathological processes, including cancer [3,4]. Accumulating evidence demonstrates that the development 

of some cancers involves ion channels, thereby classifying these diseases as a special type of ‘channelopathy’, 

called ‘oncochannelopathy’ [2,4,5]. Several studies have demonstrated that TRP channels control multiple 
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aspects of cancer progression at all stages and modulate Ca2+-regulated pathways such as cell proliferation 

and survival, migration and angiogenesis [2,6]. It is therefore not surprising that the expression of some TRP 

channels is altered during tumor growth and metastasis, and consequently a TRP expression signature could 

characterize the phenotype of a tumor, including prostate cancer (PCa) [7]. Several studies have identified 

and proposed TRP channels as new prognostic and therapeutic targets for PCa [8–12]. In particular, we 

proposed that at least five TRP members (namely, TRPM8, TRPV6, TRPC6, TRPV2 and TRPA1) could be of 

particular interest in PCa therapy since their expression and function define and modulate specific stages of 

PCa progression (for a review see [5]). 

Nevertheless, little is known about the role of TRP channels in PCa angiogenesis, even though the crucial 

role of vascularization in tumor growth, invasion into surrounding tissues and metastasis is well studied. 

Indeed, as for other cancers, tumor angiogenesis is a well-recognized hallmark of aggressive PCa progression 

[13]. Immunohistochemical staining on normal and tumor tissues from the prostate showed that the 

endothelial cell (EC) population is enriched in PCa tissues compared to that in normal tissues, whereas the 

EC population decreases upon castration and gradually recovers with time [14]. A growing number of studies 

implicate TRP channels in EC biology, as well as in tumor angiogenesis. Several members of the TRP 

superfamily (i.e., TRPC1, TRPC4, TRPC6, TRPM7, TRPV1, TRPV4 and TRPM8) appear to be heterogeneously 

expressed in different EC types and have a key role during multiple functions in ECs, including cell 

proliferation, survival, motility and tubulogenesis in vitro [15–17]. However, until now, most available data 

focus on the function of a single channel rather a global view of the regulation of all TRP channels in PCa 

development and angiogenesis [16]. 

The definition of a specific expression pattern is of particular interest, as it is now evident that specific 

stages of cancer progression, such as angiogenesis, are not caused by mutations in the trp genes but rather 

by altered expression of the wild-type protein [4]. Indeed, the aim of this study is to profile the expression of 

TRP channels during PCa angiogenesis and to identify the specific molecular modulators of this process, 

thereby identifying novel therapeutic targets. We have therefore analyzed the complete expression profile 

of all trp channels in prostate tumor-derived ECs (TEC). To verify the PCa specificity of the molecular 

candidates identified, we also profiled trp expression signatures in ECs derived from breast and renal tumors. 

We identified four ‘prostate-associated’ genes whose expression is significantly and specifically deregulated 

in prostate TECs relative to normal ECs. Most importantly, we functionally characterized the role of the 

‘prostate-associated’ trp channels (i.e., trpa1, trpv2, and trpc3) upregulated in TECs in the modulation of key 

biological processes occurring during angiogenesis, such as EC proliferation, motility, regulation of 

tubulogenesis in vitro and angiogenic sprouting in vivo. 
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Materials and Methods 
Chemicals and Drugs 

Naltriben methanesulfonate hydrate (NTB), was resuspended in DMSO to a final concentration of 25 

mM and stored at −20°C, according to the manufacturer’s instructions. Allyl isothiocyanate (AITC) was diluted 

in DMSO to a final concentration of 10 mM and stored at −20 °C, according to the manufacturer’s instructions. 

L-α-Lysophosphatidylcholine from soybean (LPC) was diluted in ethanol to a final concentration of 20 mM 

and stored at −20 °C, according to the manufacturer’s instructions. 1-Oleoyl-2-acetyl-sn-glycerol (OAG) was 

diluted in DMSO to a final concentration of 100 mM and stored at −20 °C, according to the manufacturer’s 

instructions. All drugs were purchased from Sigma-Aldrich (St Louis, MO, USA). Fura2-AM calcium probe used 

in calcium imaging experiments was purchased from (Invitrogen Ltd., Waltham, MA, USA) and dissolved in 

DMSO to a final concentration of 1 mM and stored at −20 °C. 

Cell Cultures and Transfection 

Normal glomerular ECs (GEC), breast tumor ECs (BTEC), renal tumor ECs (RTEC) were isolated and 

characterized as described by Bussolati et al. [19,20,45]. Prostate tumor ECs (PTEC) primary cultures were 

isolated and characterized as previously described [18]. Normal human prostatic microvascular ECs (HPrMEC) 

were purchased from ScienCell Research Laboratories (Carlsbad, CA, USA). HMECs were obtained from the 

derma using an anti-CD31 antibody and MACS. HMECs from the derma were immortalized by the infection 

of primary cultures with a replication-defective adeno-5/SV40 virus as previously described [46,47]. All 

endothelial cells were cultured in EndoGRO MV-VEGF medium (Merck Millipore, Darmstadt, Germany) 

containing 5% fetal bovine serum (FBS). All cell cultures were maintained in incubator (37 °C and 5% CO2 

atmosphere), using Falcon™ plates as supports (about 5000 cells/cm2) and were used at passage 3 to 12 (for 

HMEC, GEC, BTEC, and RTEC) or at passage 1 to 5 (for HPrMEC and PTEC). TECs (BTEC, RTEC and PTEC) were 

cultured on coating of 1% gelatin. When specified, experiments were performed using DMEM, Dulbecco’s 

modified eagle medium (Sigma-Aldrich), with 4500 mg/L glucose, 15 mM HEPES and sodium bicarbonate. 

DMEM was supplemented with 2% L-glutamine, 0.5% gentamicin, and 0, 2, or 10% FBS. HMEC cells were 

transfected with NucleofectorTM (Amaxa, Gaithersburg, MD, USA) for Human Primary Endothelial Cells with 

2 μg of each construct: human pcDNA3TRPA1 [43], human pcDNA3TRPV2 [11], human pcDNA3.1TRPC3 

(Addgene, Watertown, MA 02472, USA plasmid #25902), human pcDNA3TRPC6 (already present in our 

laboratory), mouse pcDNA3.1TRPM7 (kind gift from Prof. Thomas Guderman). Control experiments were 

performed by transfecting the empty vector. For siRNA-mediated silencing, PTEC were plated in six-well 

dishes at a concentration of 6 × 104 cells per well (3 wells/condition) the day before oligofection. Oligofection 

(Oligofectamine, Thermo Fisher Scientific, Waltham, MA, USA) of siRNA duplexes was performed according 



  Results__TRP channels and PCa angiogenesis 

 

200 

 

to manufacturer’s protocol. Briefly, PTEC were transfected twice (at 0 and 24 h) with 200 pmol siLuc (control, 

siCNTRL), siTRPA1 or siTRPV2. siRNA against Luciferase (siLuc; Eurogentec, Seraing, Belgium) was used for 

control silencing. 24 or 48 h after the second oligofection, PTEC were lysed or tested in functional assays. The 

siTRPA1 sequence is 5′-GGUGGGAUGUUAUUCCAUA(dTdT)-3′ [43], and the siTRPV2 sequence is 5′-

UAAGAGUCAACCUCAACUAdTdT (dTdT)-3′ [32]. 

Generation of Immortalized PTEC 

Primary prostate-derived TEC (PTEC) were infected (at passage 2) with a retrovirus containing a pBABE-

puro-hTERT plasmid (Addgene plasmid #1771) [48] and selected using the antibiotic resistance (1 μg/mL 

puromycin, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) for two weeks. hTERT mRNA was always 

upregulated in hTERT PTEC as compared with wild type PTEC, as shown in Figure S4c. 

Flow Cytometry 

hTERT PTEC were detached from plates with a non-enzymatic cell dissociation solution (Sigma-Aldrich), 

washed and stained (30 min at 4 °C) with the following fluorescein isothiocyanate (FITC)-, phycoerythrin (PE)-

, or allophycocyanin (APC)-conjugated antibodies: CD31 (BD Bioscience, Franklin Lakes, NJ, USA), CD105 (from 

MiltenyiBiotec, Bergisch Gladbach, Germany), VEGFR1 (R&D Systems, Minneapolis, MN, USA). Isotypes (all 

from MiltenyiBiotec, Bergisch Gladbach, Germany) were used as negative controls. Cells were subjected to 

cytofluorimetric analysis (FACScan Becton Dickinson, Franklin Lakes, NJ, USA) every other passage. 

In Vivo Angiogenesis 

Wild type outbred OF1 mice were purchased from Charles River (Wilmington, MA, USA). Sub-retinal 

injections were performed in three-day-old anesthetized mice by injecting 0.5 µL DMSO (control), 500 µM AITC 

or 500 µM HC030031. Six-day-old mice were sacrificed by decapitation according to the CNRS 

recommendation and eyes were enucleated. Retinal cups were dissected under binoculars and briefly fixated 

using 4% PFA in PBS before whole mount immunostaining. Flat mount retinas were incubated overnight at 4 °C 

with the rabbit anti-mouse type IV collagen (ab6586, 1 mg/mL, 1:500, Abcam, Cambridge, UK). After washes, 

retinas were then incubated with the fluorescent secondary antibody donkey anti-rabbit A594 (Invitrogen, 2 

mg/mL, 1:500). Retinas were finally washed and mounted in Mowiol before imaging with an AxioImager Z1-

Apotome (Carl Zeiss, Marly le Roi, France). All pups derived from a litter were used in one experiment. 

Experiments were performed two times with six retinas per treatment. The distances between the 

established retina vascular plexus and the extended vascular sprouts were measured for each condition. VM 

was authorized to perform experimentation on animals (#59-35066) and experimental procedure has been 
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deposited to Ministère de l’enseignement supérieur et de la Recherche (French government research 

department), as per regulations. 

Isolation of CD31 Positive Cells from Retinas 

Retinas were harvested from six-day-old mouse pups previously sacrificed by decapitation. Retinas were 

digested with type I collagenase (2 mg/mL, Life Technologies) and DNAse I (10 µg/mL, Roche Life Science, 

New York, NY, USA) in DMEM for 40’. Cell suspensions were then incubated with 25 µL magnetic beads 

(Dynabeads Sheep anti-Rat IgG, Life Technologies) previously coated with 1.5 µg anti-CD31 antibody (rat anti-

mouse CD31, Becton Dickinson). CD31+ cells were isolated following manufacturer’s instructions. Isolated 

cells were centrifuged and suspended in Trizol for total RNA isolation and RT-qPCR analysis. 

Patients and Tissues 

Formalin-fixed paraffin-embedded tissue samples containing both normal and tumor areas were 

obtained from 10 patients treated by radical prostatectomy for prostate cancer. Patients were aged 62 to 70 

years old, with PCa classified as ISUP group 2 in 6 cases and group 3 in 4 cases. Serial 3 µm sections of the 

paraffin blocks were used for immunohistochemistry. Written informed consents were obtained from 

patients in accordance with the requirements of the medical ethic committee, Comité de Protection des 

Personnes of Tours Universitary Hospital of the 18th of February (DC-2014-2045). 

Immunohistochemistry 

Slides were deparaffinized, rehydrated, and heated in citrate buffer pH 6 for antigenic retrieval. After 

blocking for endogenous peroxidase with 3% hydrogen peroxide, the following antibodies were incubated: 

TRPA1 (#ACC-037 1:500, 1 h, Alomone Labs, Jerusalem, Israel), TRPV2 (SAB1101376 Sigma, 1:1000, 1 h), 

TRPC3 (#ACC-016 Alomone, 1:500, 1 h), TRPC6 (#ACC-017 Alomone, 1:300, 1 h). Immunohistochemistry was 

performed using the streptavidin-biotin-peroxidase method with diaminobenzidine as the chromogen (Kit 

LSAB, Dakocytomotion, Glostrup, Denmark). Slides were finally counterstained with haematoxylin. Negative 

controls were obtained after omission of the primary antibody or incubation with an irrelevant antibody. For 

cryo-sections, retinas were fixed overnight with 4% PFA, rinsed in PBS and then incubated with 30% sucrose 

before OCT embedding. Retina sections were blocked and permeabilized in PBS 0.25% triton, 5% FBS, 1% BSA 

for 2 h and incubated overnight at 4 °C with the rabbit anti-TRPA1 antibody (#ACC-037 Alomone, 1:100) and 

the rat anti-CD31 (Becton Dickinson, 1/100). After washes, sections were incubated with secondary antibody 

donkey anti-rabbit A488 and donkey anti-Rat A594 for 2 h at room temperature. Sections were then washed 

and stained with DAPI before mounting in Mowiol. Sections were imaged with a Carl Zeiss AxioImager Z1-

Apotome. 
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Total RNA Extraction and Reverse Transcription 

Total RNAs were extracted from cultured cells by Nucleospin RNA II kit (Clontech Laboratories, Mountain 

View, CA, USA) according to manufacturer's protocol, and subjected to reverse transcription as previously 

described [49]. 

Quantitative Real-Time PCR 

Real-time qPCR of cDNA was done using qPCR SsoFast™ EvaGreen® Supermix (Bio-Rad, Hercules, CA, 

USA) on the CFX96 Real-Time PCR Detection System (Bio-Rad). The primers for trp channels were designed 

on the functional region of the channels using Primer3 software (PREMIER Biosoft, Palo Alto, CA, USA) and 

efficiency was validated on trp-coding plasmids and cell lines expressing the channels (Table 1). 

 

TRP Channel 
PCR Product Length (nt) 

Gene NCBI Reference Sequence 

trpv1 NM_080704.3 101 

trpv2 NM_016113.4 94 

trpv3 NM_001258205.1 118 

trpv4 NM_021625.4 99 

trpv5 NM_019841.6 114 

trpv6 NM_018646.5 118 

trpc1 NM_001251845.1 118 

trpc3 NM_001130698.1 112 

trpc4 NM_016179.2 90 

trpc5 NM_012471.2 111 

trpc6 NM_004621.5 95 

trpc7 NM_020389.2 110 

trpm1 NM_001252020.1 91 

trpm2 NM_003307.3 100 

trpm3 NM_020952.4 113 

trpm4 NM_017636.3 93 

trpm5 NM_014555.3 117 

trpm6 NM_017662.4 117 

trpm7 NM_017672.5 109 

trpm8 NM_024080.4 113 

trpa1 NM_007332.2 95 

trpp2-pkd2 NM_000297.3 110 
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trpp3-pkd2l1 NM_016112.2 110 

trpml1-mcoln1 NM_020533.2 117 

trpml2-mcoln2 NM_153259.3 91 

trpml3-mcoln3 NM_018298.10 96 

Table 1. Primers for trp channels were designed on the functional region of the channels. Primer3 was used to select the 

best primer couple for each gene. Primer couples were chosen in order to detect all functional variants described in NCBI. 

The sequences for the actin and hprt primers are: 5’-CAGCTTCCGGGAAACCAAAGTC-3’ and 5’-

AATTAAGCCGCAGGCTCCACTC-3’ for 18s; 5’-GGCGTCGTGATTAGTGATGAT-3’ and 5’-

CGAGCAAGACGTTCAGTCCT-3’ for hprt. For the qPCR on cDNA from mice retina the following primers were 

used: 5’- GCAGGTGGAACTTCATACCAACT-3’ and 5’-CACTTTGCGTAAGTA CCAGAGTGG-3’ for trpa1; 5’-

CTGCAGGCATCGGCAAA-3’ and 5’-GCATTTCGCACACCTGGAT-3’ for CD31; 5’-GCCATGGATGACGATATCGCTG-

3’ and 5’-GCCATGGATGACGATATCGCTG-3’ for actin. 18s and hprt (hypoxanthine-guanine 

phosphoribosyltransferase) were used as internal controls to normalize variations in RNA extraction and RT 

efficiency. In order to quantify relative gene expression (Figure 1d, Figure S1a,c,d), the delta-delta Cycle 

threshold ( CT) method was used, calculating the difference between the normalized expression values of 

tumor and normal samples: 2−∆∆𝐶𝑇 , where ΔΔCt = (ΔCT 𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒,tumor – ΔC𝑇 𝑟𝑒𝑓 𝑔𝑒𝑛𝑒,tumor) −

(mean ΔCT 𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒,normal – mean ΔCT 𝑟𝑒𝑓 𝑔𝑒𝑛𝑒,normal). In dispersion graphics (Figure 1e), values are 

expressed as mean 𝐿𝑜𝑔10 (
𝐶𝑇,𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒

𝐶𝑇,18𝑠
) of at least three independent experiments. All screened ECs did not 

show differences in the expression of the two internal controls used for the screening, 18s and hprt (Figure 

S1a), showing that there were no significant variations in the amount of input cDNA that could interfere with 

the differential profiling. Prior to the definition of the TEC differential profile, we had to assess the correct 

healthy counterpart to be used for PTEC. We therefore plotted the mRNA expression of two normal EC cell 

lines, namely dermal HMEC and prostatic HPrMEC, of the different trp channels (expressed as the Logarithm 

of the corrected qPCR threshold cycle (CT) values). As shown in Figure S1b, the values are very poorly 

correlated: most of the values of HMEC are stable in contrast to the values of HPrMEC, showing the necessity 

of a prostate specific EC model as healthy counterpart for our studies. In light of these results, we decided to 

use HPrMEC as the healthy counterpart of PTEC. 

Western Blot 

Conditions for SDS–PAGE and western blotting were as previously described [8]. Polyvinylidene fluoride 

membranes were properly blocked in 5% bovin sieric albumin (BSA) in TNT buffer (0.1 M Tris-Cl pH 7.5, 150 

mM NaCl, 0.1% Tween-20) for 30 s and then incubated over night with anti-TRPA1 (#ACC-037, Alomone, 

1:200), anti-TRPC3 (#ACC-016, Alomone, 1:500), anti-TRPC6 (#ACC-017, Alomone, 1:200), or anti-TRPV2 
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(SAB1101376, Sigma, 1:500), anti-β-actin (A5316, Sigma, 1:1000) primary antibodies, following 

manufacturer’s instructions. The membrane was then washed using TNT containing 0.1% Tween 20 and 

incubated with the appropriate HRP-conjugated secondary antibodies (SantaCruz, Dallas, TX, USA). 

Membranes were treated with either Femto or Dura enhanced chemiluminescence (ECL) reagents 

(ThermoFisher, Thermo Fisher Scientific, Waltham, MA, USA) for 1 or 5 minutes respectively, and exposed by 

Amersham Imager 600 (GE Healthcare, Little Chalfont, UK). To quantify the differences in protein expression, 

the ratio between TRP channels and actin expression was evaluated using Fiji, ImageJ software 

(https://imagej.net/Fiji). 

Calcium Imaging 

Cells were seeded on gelatin-coated glass coverslips at a density of 5000 cells/cm2 at 24 h before the 

experiments. Cells were starved in DMEM 5% FBS for at least 2 h before the experiments. Cells were next 

loaded (45 s at 37 °C) with 2 μM Fura-2 AM, for ratiometric cytosolic calcium concentration ([Ca2+]i) 

measurements. During experiments, cells were maintained in standard extracellular solution of the following 

composition: 154 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, 5.5 mM glucose. Solution pH 

was adjusted to 7.35 using NaOH. 4 h before experiments cells were starved in DMEM 2% FBS. Fluorescence 

measurements were made using a Polychrome V spectrofluorimeter (TILL Photonics, Munich, Germany) 

attached to an Olympus ×51 microscope (Olympus, Tokyo, Japan) and Metafluor Imaging System (Molecular 

Devices, Sunnyvale, CA, USA). [Ca2+]i was measured using ratiometric probe Fura-2-AM and quantified 

according to Fiorio Pla et al. [50]. 

Cell Viability and Proliferation Assay 

Cells were transfected by NucleofectorTM (Amaxa, Gaithersburg, MA, USA) with 2 μg of each construct 

and plated (1600 cells/well) on 96-well plates in EndoGRO MV-VEGF medium. 20 h after transfection, cells 

were starved in DMEM containing 2% FBS for 4 h. After starvation, EndoGRO MV-VEGF and DMEM 2% FBS 

with or without agents to be tested were added (12 wells/condition) to cutured cells. EndoGRO MV-VEGF 

was used as positive control, whereas 2% FBS served as negative control. 24, 48 and 72 h after treatments, 

cells were washed with PBS and colored using the CellTiter 96 AQueous Non-Radioactive cell proliferation 

assay (Promega, Madison, WI, USA). Assays were performed by adding 40 μL of MTS-containing solution to 

each culture well and absorbance was recorded at 495 nm in a microplate reader (Dinnex Technologies 

MR422, Thermo Labsystems, Philadelphia, PA,USA) after 2 and 4 h of incubation. 

For siRNA-mediated silencing on hTERT PTEC, Oligofection (Oligofectamine, Life Science) of siRNA 

duplexes was performed twice (at 0 and 24 h) with 200 pmol siLuc (control, siCNTRL) or siTRPV2 (see also 

“Cell cultures and transfection” section). 6 h after the second pulse hTERT PTEC were plated (2500 cells/well) 
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on 96-well plates in EndoGRO MV-VEGF medium. Proliferation was evaluated using Cell Proliferation ELISA, 

BrdU (colorimetric, Roche) following manufacturer instruction. Briefly, 48 h after the first pulse, cells were 

labelled with BrDU 10 µL/well overnight. ELISA assay was performed by adding Add 100 µL/ well anti-BrdU-

POD working solution for 90 minutes and subsequently adding 100 µL/well Substrate solution until color 

development is sufficient for photometric detection (5–30 min). Absorbance was measureed the absorbance 

of the samples in the microplate reader at 370 nm (reference wavelength: approx. 492 nm). 

Scratch-Wound Healing Assay 

Cells were transfected by NucleofectorTM with 2 μg of each construct, as previously described, and 

plated (10 × 104 cells/well) using EndoGRO MV-VEGF on 24-well culture plates coated with 1% gelatin. 20 h 

after transfection, cell monolayers were starved for 4 h in DMEM 0% FBS. Motility assay was performed by 

generating a wound in the confluent cellular monolayers by means of a P10-pipette tip. Floating cells were 

removed by two washes in PBS solution, and monolayers were treated with test conditions (in duplicate). 

Complete EndoGRO 5% FBS was used as positive control, whereas DMEM 0% FBS served as negative control. 

Experiments were performed using a Nikon Eclipse Ti (Nikon Corporation, Tokyo, Japan) inverted microscope 

equipped with a A.S.I. MS-2000 stage and a OkoLab incubator (to keep cells at 37 °C and 5% CO2). Images 

were acquired at 2 h time intervals for 5 time points, using a Nikon Plan 4×/0.10 objective and a CCD camera. 

Within two subsequent time points, MetaMorph software (Molecular Devices) was used to measure the 

distance covered by cells to close the “wound area” (four field measurements for each image, at least 10 

fields for each condition analyzed in each independent experiment) and to calculate migration rate (%). 

Random Migration Assay 

HMEC were transfected by NucleofectorTM with 2 μg of each construct. Cells were plated (1.5 × 104 

cells/well), using EndoGRO MV-VEGF for HMEC on 24-well culture plates coated with 1% gelatin. 20 h after 

transfection, cells were starved for 4 h in DMEM 0%. EndoGRO 5% FBS was used as positive control, whereas 

DMEM 0% FBS was the negative control for HMEC. Experiments were performed using the same set-up 

described for the wound healing assays but using a Nikon Plan 10×/0.10 objective. Images were acquired for 

10 h every 10 min using MetaMorph software. Image stacks were analyzed with ImageJ software and at least 

500 cells/condition were tracked. Migration rate (μm/s) is obtained by measuring the distance covered by 

cells between two subsequent time points after conversion of pixels to micrometers. Directional migration 

index, or cell persistence, was calculated as the Euclidean distance from the initial position of each cell to the 

final point of its path (i.e., straight line from initial to final positions) divided by the total path length (sum of 

the distances covered between each acquisition). The value obtained was then normalized to the total 
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duration of the cell tracking and then multiplied by the square root of the cell tracking duration, as previously 

described [49]. 

Cell Attraction Assay 

HMEC (10 × 104 cells/well) and PTEC (5 × 104 cells/well) were plated in 24-well plates (2 wells/condition) 

using EndoGRO MV-VEGF medium. After 24 h, Transwell® permeable supports (6.5 mm inserts with an 8 µm 

pore polycarbonate membrane) were equilibrated for 20 s at 37 °C using RPMI 0% FBS medium. The 

equilibrated Transwell® inserts were then placed over the wells containing the previously plated HMEC and 

PTEC. PC3 cells (5 × 104 cells/insert) were seeded in the Transwell® inserts using RPMI 0% FBS and incubated 

for 24 h. Transwell® inserts were then washed in PBS twice and fixed in methanol for 30’. PC3 cells were then 

colored with 0.5% Crystal Violet in methanol for 20 s at room temperature and after washed in PBS. PC3 cells 

that did not migrate thought the membrane pores were removed from the upper side of the membrane using 

a cotton bud. PC3 cells that migrated thought the membrane pores were then counted using an Eclipse Ti-E 

Nikon microscope with a 10×/0.25 NA Plan objective. 

2D chemotaxis assay 

6 µL of PC3 cell suspension (3 × 106 cells/mL) were plated in the observation area (3 observation 

areas/chamber) of a µ-Slide Chemotaxis chamber (ibidi GmbH, Gräfelfing, Germany) using RPMI 10% FBS 

medium and incubated to allow cell attachment. After 6 h, 65 µL of control medium (EndoGRO basal medium) 

were added to the right reservoirs of the chamber (3 right reservoirs/chamber). 65 µL of control basal 

medium or PTEC/HMEC/TRPC3-overexpressing HMEC conditioned medium were added to the left reservoirs 

of the chamber (3 left reservoirs/chamber). Experiments were performed using the same set-up described 

for the wound healing assays with a Nikon Plan 10×/0.10 objective. Images of the observations chambers 

were acquired for 10 h every 10 min using MetaMorph software. Image stacks were analyzed with ImageJ 

software. 

In Vitro Tubulogenesis 

In vitro formation of capillary-like structures was studied on growth factor-reduced Matrigel (Corning, 

Corning, NY, USA) for HMEC and a solution of 40% growth factor-reduced Matrigel and 60% Collagen-I 4 

mg/mL gel obtained by mixing 1 M HEPES, 37 g/L NaHCO3, and 5 mg/mL collagen-I in a 1:1:8 ratio (Cultrex 

3D Culture Matrix Rat Collagen I, Amsbio) for PTEC-hTERT. HMEC were transfected by NucleofectorTM with 

2 μg of each construct, as previously described. 24 h after transfection, cells were seeded (3.5 × 104 cells/ 

well) onto Matrigel-coated 24-well plates in growth medium containing treatments (in duplicate). For siRNA-

mediated silencing on PTEC-hTERT, Oligofection (Oligofectamine, Life Science) of siRNA duplexes was 
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performed twice (at 0 and 24 h) with 200 pmol siLuc (control, siCNTRL) or siTRPA1 (see also “Cell cultures 

and transfection” section). EndoGRO 5% FBS was used as positive control and DMEM 10% FBS as negative 

control. Cell organization onto Matrigel was periodically observed with the same set-up as the one used for 

wound healing and migration assays using a Nikon Plan 10×/0.10 objective. Images were acquired at 2 h time 

intervals (10 time points) using MetaMorph software. In order to quantify tubulogenesis images, we used 

the Angiogenesis Analyzer plugin of the ImageJ software, developed by Gilles Carpentier (ImageJ 

contribution: Angiogenesis Analyzer. ImageJ News, 5 October 2012). Angiogenesis Analyzer allows the 

analysis of cellular networks by the detection of different characteristics and constitutive elements of 

tubules. In order to measure differences in cell ability to from pseudo-capillary structures in vitro, we 

quantified the number of master junctions and the total master segments length. Master junctions are 

defined as portions of tree delimited by two junctions, none exclusively implicated with one branch. The total 

master segment length is the sum of the length of the detected master segments in the analyzed area, where 

master segments are the elements delimited by two master junctions. 

Statistical Analysis 

Statistical analysis was performed using R 3.4.2 software and Kaleidagraph Software (Synergy Software, 

Reading PA, USA). Statistical significance between populations was determined by Student’s t-test (for 

normal populations) or non-parametric Wilcoxon-Mann-Whithney test. Differences with p-values < 0.05 

were considered statistically significant. Heatmap: A heatmap was generated to represent and visualize the 

relative expression pattern of TRP genes. Figure 1a was produced with Complex Heatmap package 1.14.0. 

(https://bioconductor.org/packages/release/bioc/html/ComplexHeatmap.html). Euclidean distance and 

Ward’s aggregation criterion were used to perform the hierarchical classification of the channels. The color 

key displayed in heatmap was prepared by putting the color breaks to log2 fold change values as follows: 

red, −4 to −2; black, −2 to +2 and green, 2 to 4. Normalization of relative expressions patterns: all 

experiments, except the ones involving TRPP2, were carried with at least two technical and three biological 

replicates for each experimental condition. For TRPP2, only two biological replicates were used. All initial 

values (ΔΔCT) were log2 transformed in order to stabilize the variance and directly observe the log2 fold 

changes (log2FC). Values of technical replicates were averaged before the log2 transformations. Relative 

expression pattern was obtained by subtraction of the healthy counterpart to the log2-averages of each 

biological sample. Differential analysis: Differential analysis of ΔΔCT between PTEC1-3 samples and HPrMEC 

samples was performed with non-parametric Wilcoxon tests for unpaired data, without averaging technical 

replicates. In order to take into account the multiple testing issue, raw p-values were adjusted using the 

Benjamini-Hochberg method [51], which controls the false discovery rate (FDR). Differences with adjusted p-
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values < 0.05 were considered statistically significant except for Figure 1b for which significance was at 0.1 

(Figure 1b).  

 

 

 

Results 
 

1. Identification of the Trp Expression Signature Associated with PTEC 

To define a complete ‘TRP signature’ for the PCa endothelium, we performed gene expression profiling 

of TRP channels by means of real-time qPCR in TECs from the prostate and compared the profiles to those of 

breast and renal tumors. For this purpose, we designed primers targeting the functional region for all 

members of the TRP channel superfamily (ankyrin 1, trpa1; canonical 1-7, trpc1-7; melastatin 1-8, trpm1-8; 

vanilloid 1-6, trpv1-6; polycystin 2-3, trpp2-3; and mucolipin 1-3, trpm1-3).  

We screened three primary human TEC primary cell lines derived from the prostate (PTEC1-3, 

corresponding to three different patients), which were previously characterized in our laboratory [18]. We 

also screened TECs from breast and renal tumors (designated BTEC and RTEC, respectively) [19,20]. 

Expression profiles of TECs were compared to those of several normal human ECs, namely, human umbilical 

vein ECs (HUVECs), human microvascular ECs from derma (HMECs), glomerular ECs from the kidney (GECs), 

and the commercially available human prostatic microvascular ECs (HPrMEC, ScienCell Research 

Laboratories, Carlsbad, CA 92008, US). 

Differential analysis by the CT method and fold change analysis of the expression values resulting from 

the qPCR screening were used to select ‘prostate-associated’ genes that are deregulated during PCa 

angiogenesis (Figure 1c). 

The ΔΔCT method was applied to calculate the relative trp expression level in both normal ECs and TECs. 

ΔΔCT values in TECs were normalized to different normal ECs: PTEC1-3, BTEC and RTEC expression profiles 

were compared to those of HPrMEC, HMEC and GEC respectively (Figure 1a). As shown in the heatmap 

(Figure 1a), the complete profiling of trp channel expression revealed several genes that are deregulated 

between normal ECs and TECs. Notably, compared to those in HPrMEC six genes are significantly deregulated 

in PTEC1-3 (Figure 1b), and among these, trpa1 is the only upregulated gene (Figure 1d, Figure S1c). To 

identify a specific profile for PCa vascularization, we compared the expression profiles of TECs from PCa to 

those of TECs from breast and renal cancers. Four mRNA (i.e., trpc1, trpc4, trpm1, and trpml1) are 

downregulated in all TECs compared to that in normal ECs; moreover, trpm7 is downregulated in PTEC and 

RTEC but upregulated in BTEC (Figure 1a, Figure S1c). Based on differential statistical analysis, trpa1 is the 
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only ‘prostate-associated’ gene (Figure 1c). In fact, in RTEC, trpa1 expression is barely detectable, and trpa1 

is downregulated relative to that in renal GECs; in BTEC, trpa1 is expressed at low levels, being downregulated 

relative to that in HPrMEC and upregulated relative to that in other normal ECs (HUVEC, HMEC and GEC) 

(Figure 1d). We further analyzed the expression profiles in PTEC, in comparison with HPrMEC (Figure 1e). 

Notably, twelve genes display at least 2-fold change in their expression relative to those in HPrMEC in at least 

two patient-derived PTEC (Figure 1e, blue and red dots, Figure 1c). Among these genes, trpa1, trpv2, and 

trpc3 are specifically upregulated in PTEC but not in the other TECs (Figure 1d). 
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Figure 1. Identification of the trp expression signature in PTEC. 
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(a) Heatmap showing the relative mRNA expression of the trp genes in TECs of different origins. TEC expression 

normalized based on normal endothelial counterparts: PTEC1-3 expression is normalized against HPrMEC expression, 

while BTEC and RTEC expression is normalized against HMEC and GEC expression, respectively. (b) Differential analysis 

of PTEC1-3 and HPrMEC highlighted six genes (i.e., trpa1, trpc1, trpc4, trpm1, trpm7, and trpml1) that are differentially 

deregulated (adjusted p-value < 0.1, red line), while the other genes did not show significant deregulation. (c) Differential 

analysis identified six genes that are differentially deregulated (panels a,b), and twelve genes displayed at least 2-fold 

change in their expression in at least two patient lines (panel e). Among these, four channels (trpa1, trpv2, trpc3 and 

trpc6) were selected as ‘prostate-associated’. (d) Real-time qPCR analysis of mRNA expression shows that trpa1, trpv2, 

trpc3 and trpc6 are deregulated in PTEC1-3 relative to those in normal HPrMEC, and the deregulation is observed only 

in the prostatic tissue but not in the other normal ECs or TECs tested. Values are expressed as the mean CT values ± 

SEM of at least three independent experiments. *: p-value < 0.05. (e) Scatter plots showing the expression of trp channels 

in PTEC1 (left panel), PTEC2 (central panel) and PTEC3 (right panel) relative to that in HPrMEC, as determined by real-

time qPCR. Gray dots indicate genes with less than 2-fold change in PTEC relative to those in HPrMEC. Blue dots indicate 

genes with more than 2-fold change in at least one PTEC line relative to those in HPrMEC. Red dots showing the four 

‘prostate-associated’ genes (i.e., trpa1, trpv2, trpc3, and trpc6), with more than 2-fold change in at least 2 PTEC lines 

out of three. Correlation values for trp channels are expressed as Log (C_(T,gene x)/C_(T,18s)) in primary PTEC (x-axis) 

and normal HPrMECs (y-axis). 

In particular, trpa1, already identified by differential analysis (Figure 1b,c), is strongly upregulated in 

PTEC1-3 relative to that in HPrMEC (51.72-fold increase) (Figure 1d, Figure S1d), as well as relative to that in 

HUVEC and HMEC (where channel expression is barely detectable) and GEC. Trpv2 is upregulated by greater 

than 2-fold (2.47-fold increase) in PTEC1 and PTEC3 (PTEC1,3) relative to that in HPrMEC (Figure 1d, Figure 

S1d) and is overall markedly upregulated compared to that in other normal ECs while; however, in other TECs 

(RTEC and BTEC) and in normal HMEC, trpv2 expression is barely detectable (Figure 1d). Trpc3 is strongly 

upregulated in PTEC1,3 (39.38-fold increase) relative to that in normal HPrMEC (Figure 1d, Figure S1d), and 

this up-upregulation is also consistent relative to that in HUVEC and HMEC (Figure 1d). Trpc3 is 

downregulated in RTEC relative that in the normal GEC, while in BTEC trpc3 is downregulated relative to that 

in HMEC but upregulated relative to that in HUVEC and HPrMEC (Figure 1d). The only trp gene showing a 

specific downregulation in PTEC is trpc6, being 34-fold downregulated compared to that in HPrMEC (Figure 

1d, Figure S1d). No significant change in trpc6 expression is observed between RTEC and GECs, while BTEC 

display upregulation of trpc6 relative to that in all normal ECs (HUVEC, HMEC, andGEC) but not to HPrMEC 

(Figure 1d). 

These data therefore highlight four channels, namely, trpa1, trpv2, trpc3 and trpc6, as ‘prostate-

associated’ (Figure 1c), displaying at least 2-fold change in expression compared to that in normal ECs (Figure 

1e, red dots); additionally, these genes show differential regulation in PTEC compared with those in other 

TECs (Figure 1d). 
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2. TRPA1, TRPV2, TRPC3 and TRPC6 Expression in PCa Patients 

Given that we identified trpa1, trpv2, trpc3 and trpc6 as ‘prostate-associated’ genes that are deregulated 

in PTEC compared to that in normal HPrMEC, we further studied their expression at the protein level in vivo 

by immunohistochemistry on PCa tissues (Figure 2a,b) from ten patients (see materials and methods section) 

and in vitro by western blotting on proteins extracted from PTEC1-3 (Figure S2). Immunohistochemical 

analysis highlighted TRPA1 expression in human PCa tissues, showing positive TRPA1 staining in intratumoral 

ECs (Figure 2aaii). In particular, endothelial expression of TRPA1 was observed in tumor areas in all patient 

tissues (n = 10/10), with negative staining on cancer cells in 8 out of 10 patient samples (Figure 2aaii). In the 

normal areas of the tissues, we observed focal positive staining in epithelial cells with diffuse staining in ECs 

in all patients (Figure 2aai). We quantified TRPA1 expression by western blotting in PTEC and compared it to 

the expression in HPrMEC confirming TRPA1 upregulation in all PTEC with a mean increase by 1.78-fold 

(Figure S2a). 

Immunohistochemical analysis in PCa patient samples confirmed TRPV2 overexpression in intratumoral 

ECs, showing positive expression in seven of 10 patient samples (Figure 2abii), with variable expression in 

tumor cells (Figure 2abii). However, TRPV2 expression was not detected in ECs in histologically normal areas 

(n = 0/10) (Figure 2abi). The expression pattern at the protein level was confirmed by western blotting, 

showing TRPV2 overexpression in PTECs compared to that in HPrMEC (Figure S2b), in accordance with the 

mRNA levels in the different PTEC (Figure S1d). 

Immunohistochemistry did not confirm TRPC3 expression patterns in PTEC mRNA profiling, revealing 

negative TRPC3 staining in ECs in all normal areas (n = 10/10 patients) (Figure 2aci), but only one tumor area 

(n = 1/10) showed faint positive TRPC3 staining in ECs (Figure 2acii). Nevertheless, trpc3 already shows a 

certain degree of variability since it is overexpressed in two PTEC (PTEC1,3) out of three. The overexpression 

pattern detected mRNA profiling was confirmed by western blotting, showing an upregulation in all PTECs 

(Figure S2c). 
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Figure 2. Protein expression of ‘prostate-associated’ genes in PTEC and HPrMEC. 

(a) (panel ai, ×20) TRPA1 expression in normal areas: focal positive staining in epithelial cells (red arrows) and diffuse 

staining in ECs (blue arrows). (panel aii, ×20) In tumor areas, TRPA1 expression is observed in all cases (n = 10/10) in ECs 
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(blue arrows), with negative staining in tumor cells (red arrows). (panel bi, ×40) In histologically normal areas, TRPV2 

expression is not observed in ECs (n = 0/10) (blue arrows) or epithelial cells (red arrows). (panel bii, ×40) Positive 

endothelial TRPV2 expression was observed in 7 of 10 cases in the tumor areas (blue arrows), with positive staining in 

cancer cells in 4 cases (red arrow). TRPC3 expression: (panel ci, ×40) all normal tissues showed negative staining (n = 

10/10) in ECs (blue arrows) with focal positive staining in epithelial cells (red arrow). (panel cii, ×10) Only one tumor (n = 

1/10) showed faint positive TRPC3 staining on ECs (blue arrow), whereas cancer cells were positive (red arrows) in all 

cases. (panel di, ×20) TRPC6 expression was observed in ECs in histologically normal tissues (n = 6/10), (panel dii, ×40) 

whereas TRPC6 expression was absent in cancer cells in 7 out of 10 patient samples (red arrows). (b) Summary of 

endothelial and epithelial expression of the four ‘prostate-associated’ candidates in both normal and tumor areas for 

the ten patient samples used for immunohistochemical analysis. The patients were 62 to 70 years old, with PCa classified 

as ISUP group 2 in six cases and group 3 in four cases. Ca2+- imaging traces in response to TRPA1, TRPV2 and TRPC3 

agonists respectively (c) 20 µM AITC), (d) 10 µM LPC and (e) 50 µM OAG in PTEC1 (black), PTEC2 (blue) and PTEC3 (red) 

but not in HPrMEC (green).Traces represents mean ± SEM of cells in the recorded field of one representative experiment. 

Lower panel: histogram showing peak amplitude of TRP agonist-mediated Ca2+ responses (mean ± 95% CI of different 

cells in the field from at least 3 independent experiments). Statistical significance and ****: p-value < 0.0001 (Kruskal-

Wallis test). 

As previously stated, we also identified trpc6 as a ‘prostate-associated’ downregulated gene. 

Immunohistochemistry for TRPC6 confirmed the qPCR data, as expression of the channel was observed in 

ECs in normal areas (n = 6/10) (Figure 2adi), while a negative staining was obtained in ECs in all tumor areas 

(n = 10/10) (Figure 2adii). TRPC6 expression was absent in cancer cells in 7/10 patient samples (Figure 2adii). 

However, PTEC showed variable expression of TRPC6 at the protein level, as western blotting analysis showed 

no change in TRPC6 expression at the protein level in PTEC relative to that in HPrMEC (Figure S2d). 

Overall, except for TRPC3, the results obtained are consistent at the protein level and the mRNA level 

determined by qPCR screening, thereby establishing ‘prostate-associated’ TRP channels as valid candidates 

to study at the functional level by defining their role in TEC physiology. We have further studied functional 

expression of TRPA1, TRPV2 and TRPC3 since up-regulation in mRNA and protein levels do not necessarily 

correspond to increased channel activity. Ca2+ imaging experiments on the three primary cells PTEC 1, 2 and 

3 using the agonists of TRPA1 (Figure 2c), TRPV2 (Figure 2d) and TRPC3 (Figure 2e) showed a significant 

increased Ca2+ influx as compared to HPrMEC in accordance with the over-expression of these channels in 

PTECs. 

 

3. ‘Prostate-Associated’ TRPV2 Enhances EC Viability 

We functionally characterized the role of the three “prostate-associated” overexpressed TRP channels (namely, 

trpa1, trpv2, and trpc3) in TECs. We first assessed the effect of the overexpression of the selected TRP channels in cell 

viability, a key process in stalk cells during angiogenic sprouting [6,7]. For this purpose, we used HMECs as a cellular 

model to study the function and role of the selected ‘prostate-associated’ channels (trpa1, trpv2, and trpc3) since they 

exhibit a low or barely detectable expression as shown by qPCR (Figure 1d). For all experiments, we verified the 
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overexpression and activity of the channels by western blotting and Ca2+ imaging experiments, respectively, using the 

following channel activators: AITC for TRPA1; LPC for TRPV2; and OAG for TRPC3 (Figure S3). Of the three TRP channels 

analyzed, only TRPV2 significantly increased basal HMEC viabiity by approximately 55% relative to control cells, as 

evaluated by MTS assays (Figure 3a). 

To study the functional role of the channels in PTEC, we immortalized PTEC (hTERT PTEC) by retroviral transfection 

with telomerase reverse transcriptase (hTERT). To validate the new cell model we performed flow cytometric analysis 

to confirm endothelial markers expression (Figure S4a). Similarly, to primary PTEC, hTERT PTEC expressed the following 

endothelial markers: Endoglin, Type I membrane glycoprotein (CD105), Platelet EC adhesion molecule (CD31, PECAM-

1), and Vascular Endothelial Growth Factor Receptor1 (VEGFR1, Figure S4a). CD105 and CD31 expression was also 

confirmed at the mRNA level by qPCR (Figure S4b). Phenotype maintenance was confirmed by flow cytometry analysis 

of endothelial markers expression at passage 7 (Figure S4a). In addition, androgen receptor (AR) expression was 

detected in hTERT PTEC (Figure S4e), as previously reported for primary PTEC [18]. In line with this last study, hTERT 

PTEC cell lines were resistant to sorafenib (Figure S4d), an anti-angiogenic drug currently used in the treatment of 

several cancers. 
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Figure 3. TRPV2 modulates EC viability. 

(a) The ‘prostate-associated’ channels were overexpressed in HMEC to test their effect on cell viability. Of all channels, 

only TRPV2-overexpression positively modulated proliferation in HMEC, 48 hours after transfection. Statistical 

significance *: p-value < 0.05 and **: p-value < 0.005 vs HMEC. (b) Treatment with the ‘prostate-associated’ channel 

agonists shows that 10 µM LPC induces an increase in hTERT PTEC viability 48 h after treatment. Agonists were added 

to the basal growth medium. Data represent the mean ± SEM of a minimum of three independent experiments. Statistical 
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significance ***: p-value < 0.005 vs. control basal medium. (c) Silencing of TRPV2 expression significantly reduced hTERT 

PTEC viability, under both basal conditions and LPC stimulation and reverted the LPC-induced increase in PTEC viability 

observed in control cells. Statistical significance **: p-value < 0.005. (d) TRPV2 downregulation 48 h after siRNA 

transfection was verified by western blotting in hTERT PTECs. Histogram showing the quantification of TRPV2 expression 

relative to actin represented as the mean ± SEM of a minimum of three independent experiments. (e) Downregulation 

of TRPV2 expression was also studied in Ca2+ imaging experiments 48 h after siRNA transfection by stimulation with 10 

µM LPC in control and TRPV2-silenced hTERT PTEC. Each trace represents the ratio (340/380 nm) of a single cell in the 

field in one representative experiment. 

We further validated trp channel expression and function in hTERT PTEC as compared with PTEC3 (from 

which the cells were immortalized), HPrMEC and HMEC. Immortalized hTERT PTEC showed equal expression 

of trpa1, trpv2, trpc3 and trpc6 as compared with PTEC3 cells (Figure 4a). hTERT PTEC protein expression was 

validated by immunoblot and compared with HPrMEC (Figure 4b). Induction of the endogenous TRPV2, 

TRPA1 and TRPC3/TRPC6 channels activity in PTEC was functionally validated by Ca2+ imaging experiments. 

Stimulation of hTERT PTEC cells with the agonists of TRPA1, TRPV2 and TRPC3 (20 µM AITC, 10 µM LPC and 

50 µM OAG respectively) induced sustained Ca2+ influx and increased significantly the maximum amplitude 

of response in comparison with that in HPrMEC, which barely express the channel proteins (Figure 4c).  
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Figure 4. hTERT PTEC validation as cellular model for TEC studies. 

a) Real-time qPCR analysis validating equal amount of mRNA expression if trpa1, trpv2, trpc3 and trpc6 in hTERT PTEC 

compared to PTEC1-3, as well as deregulated expression compared to HMEC and HPrMEC. Values are expressed as the 
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mean ΔΔCT values ± SEM of three independent experiments. (b) Representative immunoblots blots (n = 3) showing 

similar TRPA1, TRPV2 and TRPC3, and TRPC6 expression in hTERT PTEC compared to PTEC1, 2 and 3. β-actin was used as 

a loading control. (c) Ca2+- imaging traces in response to TRPA1, TRPV2 and TRPC3 agonists respectively 20 µM AITC), 10 

µM LPC and 50 µM OAG in HMEC (red), HPrMEC (green) and hTERT PTEC (black). Traces represents mean ± SEM of all 

cells in the recorded field of one representative experiment. Lower panel: histogram showing peak amplitude of TRP 

agonist-mediated Ca2+ responses (median ± 95% CI of different cells in the field from at least three independent 

experiments). Statistical significance *: p-value < 0.05, **: p-value < 0.005 and ****: p-value < 0.0001 (Kruskal-Wallis 

test.). 

Similarly HMEC stimulation with AITC and LPC show barely no Ca2+ responses; however OAG promoted 

a significant increase in [Ca2+]i probably due to the non-specific activity of OAG and possible activation of 

TRPC6 (Figure 4c, Figure S4e). Altogether, these data show that hTERT PTEC are suitable as a PTEC model for 

the study of the selected TRP candidates in cell processes important for EC physiology, such as cell viability, 

migration, chemotaxis and tubulogenesis. We next assessed whether the activation of the endogenous trpa1, 

trpv2, and trpc3 channels affected the viability of hTERT PTEC. In line with the overexpression results in HMEC 

(Figure 3a), only treatment with 10 µM LPC (a TRPV2 agonist) induced an increase of approximately 45.5% in 

hTERT PTEC viability compared to that under control conditions (Figure 3b), confirming the role of 

endogenous TRPV2 as a positive modulator of EC proliferation. Silencing of TRPV2 expression significantly 

reduced availability in hTERT PTEC, under both basal conditions and LPC stimulation (Figure 3c). The role of 

TRPV2 in cell proliferation was confirmed by means of BrDU assay (Figure S4g). Downregulation of TRPV2 

expression was verified by Ca2+ imaging experiments 48 hours after siRNA transfection after stimulating 

control and TRPV2-silenced (siTRPV2) hTERT PTEC with 10 µM LPC (Figure 3e,f). Mean TRPV2 downregulation 

of 44.3% was verified 48 hours after siRNA transfection by means of western blotting (Figure 3d). 

 

4. ‘Prostate-Associated’ TRPA1 Expression Promotes EC Migration 

Cell migration is one of the key steps involved in sprouting angiogenesis that enables endothelial tip cells 

to function as motile guidance structures that dynamically extend filopodia to explore signals in the tumor 

microenvironment for directional vessel growth [21]. We thus investigated the role of the four ‘prostate-

associated’ channels in EC migration. For this purpose, we overexpressed the channels in HMECs to analyze 

their effect on EC motility by means of scratch wound healing assays. Among the three candidates, 

overexpression of TRPA1 significantly increased migration in HMEC compared to that in non-transfected cells 

(Figure 5a). The increase in migration rate was significant from 2 h onward and peaked after 8 hours in TRPA1-

overexpressing HMEC compared to that in control cells. 

We further investigated the endogenous role of TRPA1 in hTERT PTEC motility, as this channel is strongly 

up regulated in PTEC compared to that in normal ECs (Figures 1,2). To achieve this goal, we tested the effect 

of TRPA1 silencing in hTERT PTEC by wound healing experiments (Figure 5b). Compared to siCNTRL 
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transfection, down regulation of TRPA1 expression in PTEC by means of siRNA transfection induced a 

significant decrease of 23% in cell migration (siTRPA1) (Figure 5b). Moreover, TRPA1 inhibition by treatment 

with the channel inhibitor (20 µM HC030031) induced a 41% decrease in migration in control hTERT PTEC 

(siCNTRL) but not in TRPA1-silenced hTERT PTEC (siTRPA1) (Figure 5b). Next, endogenous functional 

expression of TRPA1 in hTERT PTEC and HMEC was tested by Ca2+ imaging. [Ca2+]i significantly increased in 

hTERT PTEC but not in HMEC following stimulation with the TRPA1 channel agonist AITC (20 µM) (Figure 5d). 

On the other hand, silencing of TRPA1 expression in hTERT PTEC significantly reduced AITC-mediated [Ca2+]i 

by 3.26-fold (Figure 5d). Similarly, treatment with two different concentrations (10 µM and 20 µM) of the 

TRPA1 inhibitor HC030031 dramatically decreased AITC-induced channel activity in hTERT PTEC (Figure 5e). 

Mean TRPA1 downregulation of 36.8% was verified via western blotting in PTEC 48 h after siRNA transfection 

(Figure 5c). 
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Figure 5. TRPA1 increases EC migration. 

(a) The ‘prostate-associated’ channels were overexpressed in HMECs to test their effect on cell migration. Expression of 

TRPA1 increased the migration of HMEC relative to control cells in basal medium, as observed by wound healing 
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experiments. Lines show the mean value ± SEM of one out of three independent experiments (24 h after transfection). 

Statistical significance **: p-value < 0.005 and ***: p-value < 0.0005 vs. HMEC. (b) Histogram showing the % migration 

in wound healing experiments of PTEC transfected with control siRNA (siCNTRL) or siRNA against TRPV2 (siTRPV2), under 

both basal conditions and 8 h after treatment with TRPA1 inhibitor HC030031. Statistical significance **: p-value < 0.005 

and ***: p-value < 0.0005 vs. HMECs. (c) TRPA1 downregulation 48 h after siRNA transfection was verified by western 

blotting. Histogram shows quantification of TRPA1 expression relative to actin represented as the mean + SEM of a 

minimum of three independent experiments. *: p-value < 0.05. (d) Downregulation of TRPA1 expression was verified 72 

h after siRNA transfection in Ca2+ imaging experiments by stimulation with 20 µM AITC in control PTEC (siCNTRL, black 

trace) and in PTECs transfected with siRNA against TRPA1 (siTRPA1, red trace). (e) TRPA1 activity is inhibited when PTEC 

are treated with a TRPA1 channel inhibitor (20 µM HC030031) based on Ca2+ imaging experiments. For experiments in 

c, d and e traces show the mean value ± SEM of all cells in the recorded field of one representative experiment (left 

panel); histograms represent the quantification of the peak amplitude after treatment with AITC (c,d) or different doses 

of the channel inhibitor (10 or 20 µM HC030031) in Ca2+ imaging experiments (e, right panel). 

 

5. ‘Prostate-Associated’ TRPC3 Promotes PCa Cell Attraction 

TECs have been shown to exert a chemoattractive effect on cancer cell, thus guiding cancer metastasis 

[22]. We thus considered a possible role of the three ‘prostate-associated’ channels that are upregulated in 

PTEC (trpa1, trpv2 and trpc3) in the cross-talk between TECs and PCa cells. In this regard, we showed that 

hTERT PTEC exert a significantly stronger attractive effect on PCa cells (PC3) in co-culture experiments than 

do normal ECs (HMEC) (Figure 6a). Moreover, we overexpressed TRPA1, TRPV2 and TRPC3 channels in HMEC 

and investigated the effect on PC3 cell attraction. TRPC3 overexpression in HMEC induced a significant 

increase of 219% in PC3 cell attraction compared to that in control cells, mimicking the effect of PTEC that 

endogenously overexpress the channel (Figure 6a). However, TRPA1 and TRPV2 overexpression in HMECs did 

not alter PC3 cell attraction compared to that in control HMEC in co-culture experiments (Figure 6a central 

panel), supporting a specific role for TRPC3 in PCa cell attraction. 

We further explored the role of TRPC3 in PCa cell attraction by chemoattraction assays in the presence 

of hTERT PTEC, TRPC3-overexpressing HMEC, or control HMEC conditioned media (Figure 6b). We observed 

that compared to HMEC conditioned medium, hTERT PTEC conditioned medium (24-h conditioning) 

increased PC3 cell migration speed (Figure 6b,c, left panel). Moreover, compared to control HMEC 

conditioned media, the conditioned medium from TRPC3-overexpressing HMEC significantly promoted PC3 

migration via enhancing the directional persistence index but not the speed (Figure 6b,c, central and right 

panels). These data, together with the results from the transwell migration experiments, confirm that TRPC3 

expression is correlated with PCa cell attraction by TECs. 
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Figure 6. TRPC3 has a role in PCa cell attraction. 
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(a) PC3 cells were used to study the effect of TRPA1, TRPV2 and TRPC3 on cancer cell attraction. Control HMEC, 

channel-overexpressing HMEC or hTERT PTEC were plated in multiwell plates, and PC3 cells were plated in the upper 

chamber of 8 µm-pore culture inserts. hTERT PTEC or TRPC3-overexpressing HMEC (HMEC C3) increased PC3 cells 

migration through the membrane, quantified 24 h after plating. Each dot indicates the cell number in a single field 

normalized to PC3 cell count; results are presented as normalized values against co-cultured HMEC, while the 

continuous line represents the median value of normalized cells/field for each condition (n = 10). The graph shows 

one representative experiment out of three. Statistical significance: ** p-value < 0.005; *** p-value < 0.0005. Right 

panel shows the schematic representation of the migration assays used to study PC3 cell migration in co-culture 

with either hTERT PTEC, TRPA1/V2/C3-overexpressing HMEC, or control HMEC. (b) Chemotaxis chambers were used 

to study hTERT PTEC-directed migration in the presence of hTERT PTEC-, TRPC3-overexpressing HMEC-, HMEC- or 

non-conditioned (non-cond) media. Compared to HMEC conditioned medium, PTEC conditioned medium (24-h 

conditioning) increased PC3 cell speed (c, left panel), while compared to control HMEC conditioned medium, the 

conditioned medium from TRPC3-overexpressing HMECs significantly promoted PC3 migration via directional 

persistence index and not on the speed (c, central and right panels). Statistical significance: * p-value < 0.05, ** p-

value < 0.005 and *** p-value < 0.0005. 

 

6. TRPA1 Promotes Vascular Network Formation and Angiogenic Sprouting both In Vitro and In Vivo 

The results described above indicate that TRPA1 is a modulator of PTEC migration, raising the question 

of whether this channel also affects tubulogenesis or in vivo angiogenesis. To investigate this point, we tested 

TRPA1 and other TRP candidates for their ability to organize into capillary-like structures in vitro. 

Interestingly, among all the ‘prostate-associated’ channels, a significant increase in the capillary-like structure 

formation was observed in TRPA1-overexpressing HMEC relative to that in control cells (Figure 7a, Figure S5). 

In particular, for TRPA1 overexpression, we observed a strong and significant increase in the number of 

master segments and a concomitantly significant decrease of number of isolated segments, two important 

parameters of EC organization during network formation (Figure 7a, right panel). The role of endogenous 

TRPA1 was subsequently studied on hTERT PTEC capillary-like structure formations: both TRPA1 inhibitor 

HC030031 treatment or TRPA1 down regulation strongly and significantly decreases the number of master 

segments and a significantly increase the number of isolated segments (Figure 7a, right panels). These results 

suggest that in addition to playing an important role in cell migration, TRPA1 exerts a marked effect on in 

vitro EC morphogenesis, which is one of the key features required for new vessel formation (Figure 7a). 

To further confirm the role of TRPA1 in vessel morphogenesis, we performed in vivo experiments by 

using the well-established in vivo angiogenesis model of postnatal mouse retina. Endogenous TRPA1 is 

diffusely expressed in postnatal mouse retina but clearly co-localizes with CD31 staining, indicating that 

TRPA1 is expressed in ECs (Figure 7b). Moreover, TRPA1 expression was detected by qPCR in CD31-positive 

cells isolated from the whole retina, confirming its expression in retinal ECs (Figure 7c). Subretinal injection 

of AITC or HC030031 did not alter the overall development of the vascular plexus 3 days after treatment but 

disturbed the vascular front. Indeed, the front of the growing vasculature appeared more uneven after 
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injection of the TRPA1 agonist AITC in the subretinal space. This was illustrated by a significant increase of 

26.8% in the length of the sprouts (Figure 7e, upper graph, white bars). In addition, when vascular sprouts 

were counted and classified in terms of their length (<70 µm, 70–150 µm or >150 µm), the number of longer 

sprouts (>70 µm) was increased after AITC injection (Figure 7f), confirming the irregular growth front of the 

retinal vascular plexus when TRPA1 is activated. In contrast, the retina vascular front was straighter when 

the TRPA1 inhibitor HC030031 was injected in the vitreous, confirmed by a 14.1% reduction in the length of 

the vascular sprouts (Figure 7e, lower graph, white bars) and by an increase in the number of the shorter 

sprouts (<70 µm) and a decrease in the number of longer sprouts (Figure 7f, lower panel). These data 

demonstrate an important role of TRPA1 in vascular remodeling (as demonstrated by capillary-like 

morphology in Matrigel), as well as in vascular sprouting in vivo in the retina. Therefore, we detected an 

important role of TRPA1 (Figure 7a) by overexpression or inhibition of its basal activity using the TRPA1 

blocker HC030031, (Figure 7d) further supporting the role of TRPA1 in vascular remodeling. 
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Figure 7. TRPA1 promotes in vitro tubulogenesis and in vivo angiogenesis.  
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(a) left panels:TRPA1-overexpressing HMEC display increased in vitro tubulogenesis in Matrigel compared to control 

cells; right panels: TRPA1-downregulating hTERT PTEC display decreased in vitro tubulogenesis in Matrigel/collagenI 

substrate compared to control cells; bar graphs show the quantification of number of master segment and the number 

of isolated segments of control HMECs and TRPA1-overexpressing HMECs. Three independent experiments were 

performed 24 h after overexpression or after II oligofection pulse. (b) Endogenous TRPA1 is diffusely expressed in 

postnatal mouse retina but clearly co-localizes with CD31 staining, indicating that TRPA1 is found in ECs. (c, upper panel): 

analysis of CD31 levels by qPCR in a fraction of CD31-enriched cell population isolated from the mouse retina (CD31+) 

compared to the depleted cell population (CD31−); (c, lower panel): analysis of TRPA1 mRNA expression by qPCR in a 

fraction of CD3-enriched cell population isolated from the mouse retina (CD31+) compared to the depleted cell 

population (CD31−). Values are expressed relative to actin expression. Statistical significance *: p-value < 0.05, **: p-

value < 0.005 and ***: p-value < 0.0005 vs. control. (d) Subretinal injection of AITC or HC030031 did not alter the overall 

development of the vascular plexus 3 days after treatment, but the front of growing vasculature became uneven after 

injection of the TRPA1 agonist AITC in the subretinal space. (e, upper panel) This was illustrated by a significant increase 

of 26.8% in the length of sprouts (white bars): quantification of tip cell length during mouse retinal angiogenesis shows 

that compared to that in controls, tip cell length increased significantly 3 days post-intravitreous injection of 200 µM 

AITC. (e, lower panel): Treatment with TRPA1 inhibitor (200 µM HC030031) induced a decrease in tip cell length. Cell 

lengths were either classified into three groups according to ranges (<70 µm, 70–150 µm, >150 µm) or considered 

altogether (total). Bars represent the mean ± SEM of each length range or total grouping. (f, upper panel): Percentage 

of tip cells with each length range shows that treatment with AITC induces a decrease in the number of short tip cells 

(<70 µm) and an increase in the number of medium and long tip cells (>70 µm). (f, lower panel): Inhibition of TRPA1 with 

HC030031 induces the opposite effect, increasing the number of short tip cells and decreasing the number of medium 

and long tip cells. 

 

The significant role of TRPA1 in sprouting angiogenesis intrigued us to evaluate a possible activity of this 

channel in chemoattraction. In order to verify this hypothesis, we performed migration transwell assays 

stimulating hTERT PTEC cells in the presence of 20 µM AITC in the lower compartment. Figure 8 clearly shows 

a chemoattractive effect in cell stimulated with TRPA1 agonist as compared to control (Figure 8a). We next 

evaluated whether this chemoattractive role was due to specific activation of TRPA1 on migrating cells. 
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Figure 8. TRPA1 is implicated in PTEC chemotaxis and function in tip-like cells. 

(a) hTERT PTEC were plated in the upper chamber of 8 µm-pore culture inserts in the presence or absence of 20 μM AITC. 

AITC significantly increased hTERT PTEC chemoattraction through the membrane, quantified 24 h after plating. Each dot 

indicates cell number in a single field normalized to hTERT PTEC cell count; results are presented as normalized values 

against CNTRL hTERT PTEC (median ± 95% CI of normalized cells in the field cells from 4 independent experiments). 

Statistical significance ****: p-value < 0.0001 (Mann-Whitney test). (b) TRPA1-mediated Ca2+ responses in migrating 

(tip-like) versus non-migrating cells (inner cells). Upper panel: representative field showing 20 μM AITC-induced Ca2+ 

responses in hTERT PTEC plated on Matrigel/collagen substrate. Representative image in pseudocolor showing regions 
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of interest (ROIs) representing “tip-like” cells (red ROIs) or “inner” cells (gray ROIs) at the peak of AITC-induced response 

(t = 375 seconds as indicated in panel c, dotted line). Middle panel: each trace represents the ratio (340/380 nm) of a 

single cell in the field from one representative experiment (n = 5 experiments). Lower panel: bar plot showing peak 

amplitude of AITC-mediated Ca2+ responses (median ± 95% CI of different cells in the field from 5 independent 

experiments). Statistical significance and **: p-value < 0.01 (Mann-Whitney test). (c) Representative images of hTERT 

PTEC plated on Matrigel/collagen substrate showing phase contrast (upper panel), DAPI (middle panel) and TRPA1 

expression in green (lower panel). 

For this purpose we performed Ca2+ imaging experiments on hTERT PTEC forming capillary-like 

structures. Interestingly we observed a specific distribution of TRPA1 activity in hTERT PTEC plated on 

Matrigel/collagen substrate as compared to 2D culture dishes (Figure 8b). 20 µM AITC induced a strong 

increase in [Ca2+]i only in cells engaged in migration (here called “tip-like” cells to recall “tip” cell organization 

in vessel morphogenesis, Figure 8b,c). These data are in agreement with the role of TRPA1 in vessel 

morphogenesis and cell migration suggesting an active role for the channel in sprouting angiogenesis and tip 

cells activation. 

 

 

 

Discussion 

The present study provides a full TRP channel expression signature in TECs from PCa by shedding light 

on their expression profile and the role of the most prominent TRP channels in tumor angiogenesis. We 

identified four ‘prostate-associated’ genes (i.e., trpa1, trpv2, trpc3, and trpc6), which were deregulated in 

previously isolated and characterized PTEC [18] compared to those in ECs derived from the healthy prostate. 

Among them, three ‘prostate-associated’ channels (TRPA1, TRPV2, and TRPC3) were overexpressed during 

PCa angiogenesis and showed proangiogenic activity by exerting effects on the principal EC properties during 

angiogenesis, particularly EC proliferation, to support sprout formation, directed motility guiding, sprout 

elongation and in vitro and in vivo morphogenesis regulation. 

The study of global changes in trp channel expression patterns during physiopathological transitions and 

disease progression is important for understanding the development of many pathologies, such as cancer 

[16]. Moreover, a molecular trp signature of a particular cancer could represent a promising prognostic tool 

for several cancer types. In this regard, several studies have been recently performed, and microarray-

assisted expression profiling has identified several ion channel genes (including trp channels) to be 

differentially expressed in tumor tissues relative to those in normal tissues and to contribute to various 
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extents to pathophysiological hallmarks in breast cancer [23], lung adenocarcinoma [24], glioma [25] or 

pancreatic ductal adenocarcinoma [26]. 

Here, we show that TRPV2 is a positive modulator of TEC viability, since LPC-mediated activation of 

endogenous TRPV2 in PTEC resulted in increased viability and proliferation, and downregulation of the 

channel by siRNA transfection reverted this effect. These data underline a basal role for TRPV2 even in the 

absence of agonist stimulation. We confirm the different patterns of trpv2 mRNA expression obtained by 

qPCR in PCa vessels by immunohistochemistry on tissues obtained from radical prostatectomies in patients 

(7 cases out of 10). Even though TRPV2 transcript expression has been reported in human pulmonary artery 

[27] and umbilical vein [28] ECs, its role in these cells is not described. In circulatory organs, TRPV2 is mainly 

expressed in smooth muscle cells and participates in mechanosensation [28]. Our study showed, for the first 

time, a role for TRPV2 in tumor angiogenesis by clearly demonstrating the channel as a positive modulator 

of EC viability and proliferation. TRPV2 has been previously indirectly implicated in angiogenesis since 

activation of the channel in fibroblasts by its synthetic cannabinoid agonist (O-1821) was correlated with 

altered angiogenesis in a mouse model of arthritis [29]. The proangiogenic role we described here for TRPV2 

adds another aspect to the tumorigenic properties of TRPV2, since this channel has been positively correlated 

with tumor progression to the castration-resistant phenotype in PCa [11] and with tumor grade and stage in 

bladder cancer [30]. In both these urogenital cancers, basal and agonist-induced activity of TRPV2 increased 

the migratory potential of cancer cells. Lysophospholipids and adrenomedullin stimulate insertion of the 

channel into the plasma membrane, and the subsequent TRPV2-mediated Ca2+ influx increases invasiveness 

of tumor cells via the direct regulation of key proteases such as MMP2, MMP9, and cathepsin B [11,31,32]. 

However, in this study, we demonstrated that TRPV2 activation can result in different physiological effects 

depending on the cell type, since activation of endothelial TRPV2 enhanced cell proliferation rather than cell 

motility. Because agonists of TRPV2 are implicated not only in tumor progression but also in angiogenesis 

[33–36, we can speculate that TRPV2 activity could be targeted in both TECs and normal ECs. The use of 

TRPV2 as an antitumor target is certainly an exciting prospect in drug research but should be considered with 

caution for cancers other than PCa. 

The tumor microenvironment, including the vascular endothelium, plays a critical role in the different 

phases of tumor progression leading to invasion. The crosstalk between cancer cells and ECs is therefore 

crucial for both angiogenesis and cancer invasion. Several studies have reported the importance of 

endothelial-mediated release of growth factors in cancer chemoattraction. In this regard, TECs have been 

shown to exert a chemoattractive effect on cancer cells, thus guiding cancer cell metastasis in different 

cancer types [22,37,38]. In line with this, in directed migration experiments, we demonstrate that compared 

to normal HMEC, PTEC have a strong effect on PCa cell attraction. Our results indicate that this effect may be 
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due to the expression of TRPC3, which is maintained at high levels in PTEC and downregulated in HMECs. 

Consistent with this observation, TRPC3 (but not TRPA1 or TRPV2) overexpression in HMEC induced an 

increase in cell attraction compared to that in control cells. Additionally, PTEC conditioned medium but not 

HMEC conditioned medium attracted PC3 in directional migration experiments. Moreover, similarly to PTEC 

conditioned medium, conditioned medium from TRPC3-overexpressing HMECs promoted directional 

migration of PC3 cells. Although the molecular mechanism underlying EC-driven crosstalk with cancer cells 

has not been elucidated and requires further studies, we can speculate that TRPC3-mediated Ca2+ signaling 

in TECs may promote the release of growth factors or chemokines, which in turn promote cancer cell 

migration, as Ca2+ signals are known as key players in EC activation in the tumor microenvironment, one of 

the most relevant steps in tumor progression [4,39]. 

Finally, we demonstrate that TRPA1 is an important positive modulator of vessel morphogenesis, 

activating sprouting angiogenesis in vivo and EC migration and tubulogenesis in vitro. We show that 

endogenous TRPA1 increased wound healing in PTEC and that this effect was inhibited with the 

downregulation of the channel by siRNA transfection. In line with this, TRPA1 overexpression in HMECs 

increased cell migration and tubulogenesis in vitro. Most importantly, TRPA1 activation increased 

angiogenesis in mouse retina, while pharmacological inhibition of TRPA1 caused a decrease in the number of 

retinal tip cells. Interestingly, the role of Ca2+ signals in sprouting angiogenesis has been recently reported in 

vivo in a zebrafish model [40]. Yokota and coworkers visualized Ca2+ dynamics in ECs during sprouting 

angiogenesis in zebrafish, demonstrating that intracellular Ca2+ oscillations occur in ECs exhibiting angiogenic 

behavior. Dll4/Notch signaling regulates these Ca2+ oscillations and is required for the selection of stalk and 

tip cells during both arterial and venous sprouting [40]. Although whether Dll4/Notch signaling regulates Ca2+ 

stores or Ca2+ channels directly or not remains to be delineated, our study suggests TRPA1 as a possible 

mediator of this pathway, as its activation is clearly involved in vessel sprouting in vivo. In line with these 

observations we have shown here that TRPA1 agonist induced a strong increase in [Ca2+]i only in cells engaged 

in migration which we could call “tip-like” cells to recall “tip” cell organization in vessel morphogenesis. These 

data suggest an active role for the channel in sprouting angiogenesis and tip cells activation. Moreover 

endothelial TRPA1, it has been previously shown to be selectively expressed in cerebral arteries where it 

plays a role in vasodilation [41]. Indeed, Ca2+ influx via endothelial TRPA1 channels elicits vasodilation in 

cerebral arteries by a mechanism involving Ca2+-activated K+ channels and inwardly rectifying K+ channels in 

rat myocytes [42]. TRPA1 has also been recently shown to be involved in PCa growth, as its activation by 

triclosan, a well-established endocrine disruptor, resulted in cytosolic Ca2+ influx inducing VEGF secretion by 

stromal cells, which in turn stimulated epithelial cell proliferation [43]. Moreover, TRPA1 activation by 

resveratrol induces Ca2+ entry, leading to growth factor expression, possibly via the Calcineurin/NFAT 
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pathway, and secretion of HGF and VEGF, which modulate PCa cell growth, migration and resistance to 

apoptosis [44]. 

In summary, we performed a complete expression profiling and functional screening that clearly 

identified four ‘prostate-associated’ genes that are deregulated during PCa vascularization, three of which 

play profound effects on EC biology. In particular, three out of the selected ‘prostate-associated’ channels 

are overexpressed in PCa ECs and have marked effects on the main EC properties including proliferation 

(TRPV2), TEC-mediated crosstalk with cancer cells (TRPC3) and angiogenesis (TRPA1). The expression profile 

and functional data could indeed explain the specific transition of PCa to its aggressive phenotype. PTEC have 

been previously shown to exhibit aggressive phenotypes typical of TECs: indeed, PTEC have a higher 

migration rate than normal HMECs and are able to form capillary-like structures both in vitro and in 

xenografts in SCID mice [18]. These results could be of great importance to explain, at least part, the 

aggressive phenotype previously observed in PTEC relative to that in normal HUVEC and HMEC [18] and 

provide new putative therapeutic targets. 

 

Conclusions 

We performed a complete expression profiling and functional screening that clearly identified four 

‘prostate-associated’ genes that are deregulated during PCa vascularization, three of which have profound 

effects on EC biology. In particular, three out of the selected ‘prostate-associated’ channels are 

overexpressed in PCa ECs and have marked effects on the main EC properties including proliferation (TRPV2), 

TEC-mediated crosstalk with cancer cells (TRPC3) and angiogenesis (TRPA1). The expression profile and 

functional data could indeed explain the specific transition of PCa to its aggressive phenotype. PTEC have 

been previously shown to exhibit aggressive phenotypes typical of TECs: indeed, PTEC have a higher 

migration rate than normal HMECs and are able to form capillary-like structures both in vitro and in 

xenografts in SCID mice [18]. These results could be of great importance to explain, at least part, the 

aggressive phenotype previously observed in PTEC relative to that in normal HUVEC and HMEC [18] and 

provide new putative therapeutic targets. 
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Supplementary Materials 
 

 

Figure 1S. Assessment of external and internal controls of real-time qPCR used for the normalization of expression 

data. 



  Results__TRP channels and PCa angiogenesis 

 

238 

 

(a) Bar plot showing the relative amount of 18s and hprt mRNAs in normal ECs (HMEC, GEC, and HPrMEC), and in TECs 

(PTEC1, PTEC2, PTEC3, RTECs, and BTEC). Values are expressed as the mean DDCT values ± SEM of at least three 

independent experiments. (b) Scatter plots showing the mRNA expression profiles of HPrMEC and HMEC for trp channels, 

as determined by real-time qPCR. Correlation values for trp channels are expressed as 𝐿𝑜𝑔 (
𝐶𝑇,𝑔𝑒𝑛𝑒 𝑥

𝐶𝑇,18𝑠
) in normal primary 

HPrMEC (x-axis) and normal HMEC (y-axis). (c) Real-time qPCR analysis of mRNA expression showing that three trp genes 

(i.e., trpc1, trpc4, and trpml1) are downregulated in all TECs compared to their normal counterparts, while trpm1 is 

downregulated in PTEC and BTEC but upregulated in RTEC and trpm7 is downregulated in PTEC and RTEC but upregulated 

in BTEC. Values are expressed as the mean DDCT values ± SEM of at least three independent experiments. (d) mRNA 

expression profiles from real-time qPCR analysis normalized against the profile in HPrMEC. Values are expressed as the 

mean DDCT values±SEM. of at least three independent experiments. Statistical significance *: p-value<0.05. 

 

 

 

Figure 2S. Assessment of external and internal controls of real-time qPCR used for the normalization of expression. 

Representative blots showing TRPA1 (n=2) (a), TRPV2 (n=4) (b), TRPC3 (n=2) (c), and TRPC6 (n=2) (d) expression in 

HPrMEC and PTEC3. Numbers represent quantification of channel expression relative to actin. TRPV2 and TRPC3 channels 

show differential expression in PTEC2 and PTEC3. In accordance with the mRNA expression data (Fig. 2A), compared to 

those in HPrMEC, TRPV2 and TRPC3 are downregulated in PTEC2 at protein level. 

 



  Results__TRP channels and PCa angiogenesis 

 

239 

 

 

Figure 3S. hTERT PTEC characterization. 

(a) Representative cytofluorimetric analysis of the expression of endothelial markers (CD105, CD31, VEGFR1) in hTERT 

PTECs at passage 7. (b) Representative qPCR analysis of the expression of endothelial markers (CD31 and CD105) in 
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control (total renal tumor cells, CNTRL), primary PTEC and hTERT PTEC at passage 7. (c) hTERT PTEC show that hTERT 

mRNA is upregulated compared with that in wild-type PTECas detected by qPCR experiments. (d) Validation of ‘prostate-

specific’ channels and androgen receptor (AR) (e) Cell viability experiments showed that hTERT PTEC are resistant to 1 

μM sorafenib 48 hours after treatment. Proliferation was detected by MTS assays at 48 hours after transfection. Data 

represented the mean ± SEM of a minimum of three independent experiments. Statistical significance *: p-value<0.05. 

(f) expression in HMEC and hTERT PTEC. Actin (42 kDa) was used as a loading control. (g) Cell proliferation experiments 

showed that TRPV2 downregulation in hTERT PTEC significantly inhibits cell proliferation. Proliferation was detected by 

BrDU assays at 48 hours after siTRPV2 downregulation. Data represented the mean ± SEM of a minimum of three 

independent experiments. Statistical significance ***: p-value<0.0005. 
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Figure 4S. Validation of ‘prostate-specific’ channel overexpression in HMECs for their functional characterization in 

ECs. 

Each panel shows Ca2+ imaging and western blotting results, with relative quantifications, of control HMECs and HMECs 

overexpressing the ‘prostate-specific’ channels. As a control, HMEC were transfected with the empty vector. Ca2+ imaging 

experiments of control HMEC and HMEC-overexpressing the channels show differential channel activity. Peak amplitude 
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was evaluated as the mean value±SEM recorded after channel activation with 20 µM AITC for TRPA1 (a) and 10 µM LPC 

for TRPV2 (c). For TRPC3 (e), each trace represents the ratio (340/380 nm) of a single cell in the field in one representative 

experiment recorded after channel activation with 50 µM OAG based on at least three independent experiments. Calcium 

imaging was performed 24 and 48 hours after transfection. (b, d and f) Western blots show one representative 

experiment performed 24 hours after transfection. Relative quantifications are the mean ± SEM of at least three 

independent experiments. Statistical significance *: p-value<0.05, **: p-value<0.005 and ***: p-value<0.0005 vs HMECs. 

 

 

 

Figure 5S. Validation of ‘prostate-specific’ channel in tubulogenesis in vitro. 

(a) Among all the ‘prostate-specific’ channels, no effect on the capillary-like structure formation was observed for TRPV2- 

or TRPC3-overexpressing HMECs compared to control cells. Bar graphs show the quantification of total master segment 
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length and the number of master junctions of control HMEC and TRPV2- or TRPC3-overexpressing HMEC. Three 

independent experiments were performed 24 hours after transfection. (b) representative images of CNTRL or TRPA1-

overexpressing HMEC 20h after Matrigel seeding; (c) representative images of CNTRL or TRPA1-downregulating hTERT 

PTEC 20h after  Matrigel/collagenI substrate seeding .
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Abstract 

Emerging evidence indicates that 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. Functional 

interaction of the two proteins was assessed by active Rap1 pull-down assays and live-cell imaging 

experiments. Molecular modelling 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 deepens our knowledge on the mechanism through which TRPM8 would exert a 

protective role in cancer progression and provides new insights on the possible use of TRPM8 as a new 

therapeutic target in cancer treatment. 

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

 

 

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 on the mechanisms through which the primary tumour 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 which subtends coordination between cytoskeleton remodelling, 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 proteins expression have been associated with the development and progression of several 
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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 

[38], but decrease with tumour progression to the late androgen-insensitive invasive stage [39,40]. This 

specific expression pattern is attributable to an androgen-dependent regulation of TRPM8 [41,42]. More 

specifically, TRPM8 turned out to be a primary androgen response gene [42,43], since testosterone 

androgen-receptor complex (AR) is able to directly promote TRPM8 transcription 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 [41]. More specifically, it has been shown that at low 

concentration, 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 [41]. Consequently, the 

anti-androgen therapy by downregulating the expression of AR not only greatly reduces the expression of 

TRPM8 but it also affects the inhibitory action on the control of channel activity, leading PCa cells to an 

androgen-independent stage in which they relapse with a more aggressive phenotype [40,41]. Consistent      

with these data, we previously revealed a protective role played by TRPM8 in prostate cancer progression, 

thanks to its ability to inhibit PCa cells migration in vitro and in vivo [41,44–46]. Although some data suggest 

a role of the Ca2+-dependent inactivation of the focal-adhesion kinases (FAK) [47], 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 [48]. 
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Indeed, endoplasmic reticulum (ER) TRPM8 expression in ECs inhibits cell migration via a direct binding with 

Rap1A with a subsequent inhibition of inside-out β1-integrin signalling [48].  

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 [45]. 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 in view of possible 

and successful use of TRPM8 as a pharmaceutical target in the treatment of advanced stages of metastatic 

cancer. 

 

 

 

Materials and Methods 
Chemicals and drugs 

Icilin used as a specific TRPM8 agonist was purchased from Tocris (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 (United Kingdom), dissolved in DMSO to a final concentration of 1 mM, and 

stored at -20°C. Thapsigargin was purchased from Sigma Aldrich (Italy), dissolved in DMSO to a final 

concentration of 2 mM, and stored at -20°C.  

Molecular modelling 

As the N- and C-tail of TRPM8 structure was not totally solved by cryo-EM [49], we modelled this 

tetrameric structure by homology modelling. For this, BLASTP was used to obtain templates similar to the 

TRPM8 sequence. One template was identified with similarity of over 30% and corresponds to the cryo-EM 

structure of TRPA1 (Resolution: 4.2 Å, PDB ID: 3J9P) [50]. Using the sequence of TRPM8 and the identified 

templates, we performed the modelling of one monomer then the full tetrameric form using Modeller [51]. 

The global structure was subsequently minimized to remove steric clashes. 
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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) [52]. This prediction was obtained using a protein-protein 

algorithm and more specifically the ClusPro2.0 [53] and InterEvDock [54] 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 [55,56] for Cytoscape [57,58] and Z-scores ≥ 3 were considered as central residues. 

These residues were shown to be essential for the folding or function of a structure [59,60], therefore 

constituting good candidates for mutagenesis experiments. Here, we focused on the residues at the 

interface, central for 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. 

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 [41]. Cell lines were grown in monolayers using 

FalconTM plates in RPMI 1640 (Invitrogen Ltd, UK), MEM (Euroclone, Italy) and DMEM High Glucose 

(Euroclone, Italy) growth medium supplemented with 10% of fetal bovine serum (Pan Biotech), L-glutamine 

(5 mM; Sigma-Aldrich, 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, US) 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. 

Molecular biology 

The constructs used for this work were His-tagged-hTRPM8pcDNA4 [61], 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 [62].  
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Simple and double mutagenesis for TRPM8 (E207A and Y240A) and Rap1A (K31A and Y32A) are 

summarized in table 1 and were done by site-directed mutagenesis using in vitro mutagenesis (QuikChange 

Site-directed Mutagenesis kit, Agilent Technologies-Stratagene products and Q5® Site-Directed Mutagenesis 

Kit); 

 

Vector Mutatio

n 

Fw primer Rv primer Kit used 

pGEX-TRPM8 Nt E207A caatggccacaatattcgcctctgaactc

ctgctg 

cagcaggagttcagaggcgaatattgtggc

cattg 

Agilent 

kit 

pGEX-TRPM8 Nt Y240A cttgtgaagtcatccataagggcctgggc

taaaaaatagccctc 

gagggctattttttagcccaggcccttatgg

atgacttcacaag 

Agilent 

kit 

pCDNA4-TRPM8 E207A caatggccacaatattcgcctctgaactc

ctgctg 

cagcaggagttcagaggcgaatattgtggc

cattg 

Agilent 

kit 

pCDNA4-TRPM8 Y240A cttgtgaagtcatccataagggcctgggc

taaaaaatagccctc 

gagggctattttttagcccaggcccttatgg

atgacttcacaag 

Agilent 

kit 

pCMV-TNT-Rap1A K31A gaatcttctatcgttgggtcatatgcttca

acaaaaattccctgaacaaac 

gtttgttcagggaatttttgttgaagcatatg

acccaacgatagaagattc 

Agilent 

kit 

pCMV-TNT-Rap1A Y32A cttctatcgttgggtcagctttttcaacaa

aaattccctgaacaaactgaac 

gttcagtttgttcagggaatttttgttgaaaa

agctgacccaacgatagaag 

Agilent 

kit 

pCMV-TNT-Rap1A K31A gaatcttctatcgttgggtcatatgcttca

acaaaaattccctgaacaaac 

gtttgttcagggaatttttgttgaagcatatg

acccaacgatagaagattc 

Agilent 

kit 

pCMV-TNT-Rap1A Y32A cttctatcgttgggtcagctttttcaacaa

aaattccctgaacaaactgaac 

gttcagtttgttcagggaatttttgttgaaaa

agctgacccaacgatagaag 

Agilent 

kit 

peGFP-Rap1A-N17 K31A agttcagaggcgaatattgtgg cctgctgatggtgttatc NEB 

peGFP-Rap1A-N17 Y32A tttagcccaggcccttatggatgac aaatagccctcagcatcg NEB 

pMT2SM-HA-Rap1A K31A gaatcttctatcgttgggtcatatgcttca

acaaaaattccctgaacaaac 

gtttgttcagggaatttttgttgaagcatatg

acccaacgatagaagattc 

Agilent 

kit 

pMT2SM-HA-Rap1A Y32A cttctatcgttgggtcagctttttcaacaa

aaattccctgaacaaactgaac 

gttcagtttgttcagggaatttttgttgaaaa

agctgacccaacgatagaag 

Agilent 

kit 

pMT2SM-HA-Rap1A 

N17 

K31A gaatcttctatcgttgggtcatatgcttca

acaaaaattccctgaacaaac 

gtttgttcagggaatttttgttgaagcatatg

acccaacgatagaagattc 

Agilent 

kit 

pMT2SM-HA-Rap1A 

N17 

Y32A cttctatcgttgggtcagctttttcaacaa

aaattccctgaacaaactgaac 

gttcagtttgttcagggaatttttgttgaaaa

agctgacccaacgatagaag 

Agilent 

kit 
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Table 1.1 Primers sequences used for single and double mutagenesis of TRPM8 (E207A and Y240A) and Rap1 (K31 and 

Y32A). 

Gene overexpression in PC3 cells was obtained using LipofectamineTM 3000 reagents (Invitrogen Ltd, 

UK), according to manufacturer’s instructions, in RPMI 1640 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). 

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, US); 1% Triton X-100, 1% Na deoxycholate, 150 mM NaCl, 10 mM NaKPO4, 

pH 7.2) and anti-protease inhibitor cocktail (Sigma-Aldrich P2714, Italy; 1:10). Lysates were vortexed, kept 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) following the 

manufacturer’s instructions.  

30 μg 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, US) at 130 mV-150 

mV. Quick transfer on Polyvinylidene fluoride membranes (PVDF) membranes at 3A, 2.5 V for 15 min was 

followed. 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 1862344; 1:1000 in TBST 5% BSA 0.02% sodium azide), rabbit anti-TRPM8 (Ab 109308; 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; 1:10 000 in TBST 

1% BSA and anti-rabbit HRP Santa Cruz Biotechnology, 2054; 1:15 000 in TBST 5% BSA). Chemiluminescence 

assays were conducted using the Western Lightning Plus-Enhanced Chemiluminescence Substrate 

(PerkinElmer, 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). 
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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 [45]. 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, US). Briefly, the coding sequences 

of the proteins of interest were inserted in the pCMV-TNT vectors (Promega, US) 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 4X 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., France) starting from 0mV to 130 mV. Quick transfer on PVDF membranes at 2.5 V for 20 

min was followed. Membranes were then blocked 2h in TNT (0.1 M Tris-Cl, 150 mM NaCl, 0.1% Tween 20, 

pH 7.5) 5% BSA and analysed by immunoblotting using rabbit anti-Rap1 (Thermo Fisher Scientific, US, MA5-

15052; 1:500 in 1.5% BSA) or mouse anti-GFP (Clontech 632380; 1:1000 in 1% milk) antibody for Rap1 

detection. Membranes were incubated with primary antibodies overnight at 4°C in agitation, washed 3 times 

with TNT 1X (15 mM Tris, 140 mM NaCl, 0,05% Tween, pH = 7.4) and incubated 1h with anti-rabbit secondary 

antibody (Santa Cruz Biotechnology, Inc; 1:20 000 in 2% BSA) or anti-mouse secondary antibody (Santa Cruz 

Biotechnology, Inc; 1:50 000 in 1% milk). Chemiluminescence assays were conducted using the SuperSignal 

West Dura chemiluminescent substrate (Thermo Fischer Scientific, US). 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. 

Co-Immunoprecipitation assay 

PC3M8 were seeded in 100 mm dishes (30x104 cells/dish) and, 48 h after plating, 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, 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 (Thermo Fisher Scientific, 

US) 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, US), previously 

extensively washed in 500 μl IP buffer.  
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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., 

France) starting from 90mV to 130 mV. Total lysate for positive control was prepared with 50 μg of proteins 

suspended in SDS loading buffer. Quick transfer on PVDF membranes at 3A, 2.5 V for 15 min was followed. 

Membranes were then blocked 1 h in TNT 5% milk and analysed by immunoblotting using mouse anti-GFP 

(Clontech 632380; 1:1000 in 1% milk) antibody for Rap1’s detection, and rabbit anti-myc (Abcam 9106; 

1:1000 in 1% milk) or rabbit anti-TRPM8 (Ab 109308; 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 3 times with TNT 1X, and incubated 1 h with secondary antibody (1:50000 in 1% milk). 

Chemiluminescence assays were conducted using the SuperSignal West Dura chemiluminescent substrate 

(Thermo Fischer Scientific, US). Each experiment was repeated at least three times. 

Proximity Ligation Assay (PLA) 

Proximity Ligation Assays (PLA) were performed using Duolink (R) In Situ Red - Starter Kit Goat/Rabbit 

(Sigma-Aldrich). PC3 cells were seeded (10x104 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 1h 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, Inc.) in bottom glass dishes. 

Live-cell imaging experiments 

To study the endogenous activity of Rap1, we performed a set of live-cell GTPase activity 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 (1µg plasmid for transfection).  

Cells were seeded on bottom glass dishes coated with 1% gelatin (5x104 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, Ltd, UK) in RPMI 1640 0% FBS growth medium. 24 h after transfection, cells were 
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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.  

 Images were acquired using ZEN software and analysed offline with ImageJ. As a direct indication of 

Rap1 activation, we measured the relative cytoplasmic translocation of GFP-RBDRalGDS, as previously 

described [63]. 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 encroachment [48]. 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 analysed for each experimental condition. Statistical analysis 

of the data was performed using Kruskal-Wallis test with post-hoc Dunn’s test. 

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 [48]. 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 transfected (or co-

transfected in ratio 1:1) with Rap1 mutant plasmids or TRPM8 double mutant (see conditions in Results). 

Pulled-down was 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, US) at 130 mV. Quick transfer on PVDF membranes at 3A, 2.5 V for 15 min was 

followed. Membranes were then blocked 30 min in TBST 5% BSA and analysed by immunoblotting using 

rabbit anti-Rap1 (Thermo scientific 1862344; 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 3 times 

with TBST 1X, and incubated 1 h with secondary antibody (anti-rabbit HRP Santa Cruz Biotechnology 2054; 

1:15 000 in TBST 5% BSA). Chemiluminescence assays were conducted using the Western Lightning Plus-ECL 

(PerkinElmer). 

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 one sample 

paired t-test or RM one-way ANOVA without Geisser-Greenhouse correction and with Dunnett’s post-hoc 

test.  
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Cytosolic and ER Ca2+ imaging 

Cells were seeded on glass coverslips at a density of 0.5x104 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 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 cytosolic calcium concentration ([Ca2+]i) 

measurements as previously described [64]. 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, 5.5 mM glucose (NaOH to adjust pH to 7.4). Fluorescence measurements were made using a 

Polychrome V spectrofluorimeter (TILL Photonics, Munich BioRegio, 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 

independent experiments were performed. The IgorPro software (Wavematrix, Lake Oswego, OR, USA) was 

used to further analyze fluorescence traces and to calculate the peak amplitude (fluorescence intensity ratio, 

measured at 510 nm), determined by the difference between the maximum and minimum values of 

fluorescence intensity recorded in about 300s upon agonist administration. We used the agonist-induced 

slope change as a criterion to distinguish a cell response to an agonist from the background noise. In PC3 

overexpressing TRPM8, only responsive cells were considered for the analysis. Kruskal-Wallis test with post-

hoc Dunn’s test was used for the statistical evaluation of the data. 

ER Ca2+ signals were monitored by transfecting the cells with the GEM-Cepia1er plasmid (1μg), a Ca2+ 

biosensor targeted to the ER. pCIS GEM-Cepia1er was a gift from Masamitsu Iino (Addgene plasmid #58217; 

http://n2t.net/addgene:58217; RRID:Addgene_58217) [65]. 24h after GEM-Cepia1er transfection, images 

were acquired at a magnification of 40X (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, 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 (ΔF/F0). Consequently, a significant 
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decrease in the ΔF/F0 ratio revealed an ER Ca2+ store depletion. The well-known sarco/endoplasmic reticulum 

Ca2+ ATPase (SERCA) inhibitor thapsigargin (2 μΜ) 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. 

Random migration assay 

Cells were seeded in 24-well culture plates coated with 1% gelatin (3x104 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 analysed with ImageJ software, and about 400 cells/condition from three 

independent experiments were tracked manually using MtrackJ plugin. Cells that exited the imaged field or 

doubled during the time-lapse acquisition interval were excluded from the analysis. Migration rate (μm/min) 

is obtained by measuring the distance covered by cells between two consequent time points after conversion 

of pixel to micrometers. Kruskal-Wallis test with post-hoc Dunn’s test was used for the statistical evaluation 

of the data. 

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 equilibrated 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  (2.5x104 

cells/insert) in the 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 (4X 

objective). 
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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 (0.3x104 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 4X objective and cell nuclei counted using an homemade automatic 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 Kruskal-Wallis test with post-hoc Dunn’s test. 

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 Ltd, 

UK), according to manufacturer’s instructions. 6 h after transfection, the cells were detached, counted 

accurately, and plated (0.5x104 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 transfection), cell viability was 

assessed using CellTiter-Glo® Luminescent Cell Viability Assay (Promega, USA), following manufacturer’s 

instructions. Luminescence was recorded using a microplate reader (FilterMax F5, Multi-Mode Microplate 

Reader, Molecular 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 

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) for 30 min. After 

incubation, cells were washed twice with Hanks' Balanced Salt Solution (HBSS) 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, 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 
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acquired on the three coordinates of the space (XYZ planes) with a resolution of 0.081 μm x 0.081 μm x 0.299 

μm and were processed and analyzed with ImageJ software (Rasband, W.S., U.S. National Institutes of Health, 

Bethesda, MA) 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). 

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 (0,2M 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 3 

washing steps, slides were incubated with the corresponding secondary antibodies: Rhodamine Red-X -

labeled anti-goat (Jackson ImmunoResearch, dilution: 1:50) and Alexa Fluor 488-labeled anti-rabbit (Jackson 

ImmunoResearch, dilution: 1:500). Nuclei were counterstained with DAPI (Invitrogen, Life Technologies, 

Ghent, Belgium). Confocal imaging was performed using an LSM 880 confocal microscope (Carl Zeiss 

AiryScan, Munich, Germany). 

Bioinformatic analysis 

Detection of mutations 

We retrieved TCGA MuTect2 mutational data from the UCSC Xena databases [66] Using an ad-hoc 

pipeline [67] 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 [68][69]. 

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 in "Breast", "Prostate" and "Uterus" cohorts: 

• GTEx samples labelled as "Breast" and TCGA samples labelled as "TCGA-BRCA" composed the "Breast" 

dataset; 

• GTEx samples labelled as "Prostate" and TCGA samples labelled as "TCGA-PRAD" composed the "Prostate" 

dataset; 
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• GTEx samples labelled as "Uterus" or "Cervix Uteri" and TCGA samples labelled as "TCGA-UCEC" composed 

the "Uterus" dataset. 

The samples were labelled as "healthy", "metastatic", or "not metastatic" based on these criteria 

("Metastatic" labelling): 

• 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 labelled as "metastatic"; 

• If the sample was labelled as having AJCC stage "IV" or equivalent, it was labelled as "metastatic"; 

• If the sample was labelled with a FIGO stage of "III" or "IV", it was labelled as "metastatic"; 

• If the sample was from the GTEx cohort, it was labelled as "healthy"; 

• All other samples were labelled 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 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 said cohort was computed with the 

Kruskal-Wallis Rank Sum Test followed by Dunn's All-Pairs Rank 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 bioinformatic analysis, as well as further information on how to reproduce 

the analysis is available on GitHub gists at this url [70]. 

Statistical analysis 

Data are normalized and expressed as means ± SEM when data are normally distributed and as median 

± interquartile range when they don’t show a normal distribution (Shapiro-Wilk normality test). Statistical 

analyses were performed using GraphPad Prism software 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 (1way or 2way ANOVA-

Kruskal Wallis test) followed by Tukey's or Dunn's multiple comparisons post-hoc test to compare more than 
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two conditions to each other in GST pull-down, Ca2+ imaging, and live-cell imaging experiments. Student’s t-

test or Mann-Whitney test were used to evaluate significance between only two different conditions within 

one experiment (GST pull-down, immunoprecipitation assay, PLA, active Rap1 pull-down, random migration, 

and adhesion performed on TRPM8 wt and TRPM8 Y905A/TRPM8 E207A Y240A). One sample t-test 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. 
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Results 

 

1. TRPM8 inhibits PC3 migration and adhesion regardless of channel activity 

Random migration assays performed on PCa cells from bone metastasis (PC3) confirmed 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) (fig. 1a, 1c). 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 inactive pore 

mutant (Y905A), which completely impairs channel activity (fig. S1). As shown in fig. 1b and 1c, cell migration 

was significantly inhibited in PC3 overexpressing TRPM8 Y905A both in the presence and absence of the 

channel agonist. 

To better characterize TRPM8 inhibitory role, we performed adhesion assays transfecting 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, overexpression 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 (fig 1d). In the absence of the agonist, overexpression of TRPM8 pore mutant affected cell 

adhesion to the same extent as TRPM8 wt (fig. 1e), confirming that the biological effect of TRPM8 on PC3 

cells migration and adhesion are not imputable to the pore function of TRPM8 protein (fig. 1b, 1e). However, 

interestingly icilin (10 µΜ) stimulation did not inhibit cell adhesion in PC3 cells overexpressing TRPM8 pore 

mutant (fig. 1e), suggesting a Ca2+ involvement. 
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Figure 1. TRPM8 inhibits cell migration and adhesion independently of its channel activity. 

(a) Quantification 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 ± 
SEMof 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). 
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(d) Quantification of adhesion assays on PC3 overexpressing TRPM8 treated or not with icilin (10 μΜ). 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 μΜ). 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). 
 
 

2. TRPM8 inhibits Rap1’s activity by intracellularly sequestering GDP-bound Rap1 

Given the interaction between Rap1A and TRPM8 previously demonstrated [45,48], we further assessed 

whether Rap1 activation is involved in TRPM8-mediated inhibition of PC3 cells migration by using two distinct 

approaches. We first performed pull-down assays for GTP-bound Rap1, using GST-RalGDS, which binds active 

Rap1-GTP (fig. 2a i). PC3 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 empty vector (fig. 2a ii). At the same time, TRPM8 

overexpression doesn’t affect the total amount of Rap1 (fig. 2a ii and S2). 

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 [62,63]. 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 [48]. 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 didn’t change upon icilin treatment (fig. 2b ii 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 a partial recovering after 10 min (fig 2b ii on the bottom). 
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Figure 2. TRPM8 decreases Rap1 activation. 

(a i) Active Rap1 pull-down assay on PC3 and PC3 overexpressing TRPM8 . (ii) 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).  

(b i) 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. (b ii) 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 inhibitory role of TRPM8 on Rap1 activation is compatible with TRPM8 localization 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 [48]. On the other hand, when overexpressed in PC3, TRPM8 is located at least 

in part at the PM [44], 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 (fig. 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 (fig. 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 [48]. 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. 
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Figure 3. TRPM8 ER localization. 

(a) Representative confocal fluorescence images of PC3 cells 24h 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 
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at 561 nm), and light blue in merged image (on the right) indicates overlapped regions; below: zoom on a region of 

interest indicated by 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 ΔF/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 24h 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 white box. Scale bar: 10 μm. 

 

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 

modelling approach has been used. First of all, as the C-tail was not solved for TRPM8 structure, we modelled 

this tetrameric structure by homology modelling. 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 algorithm and more specifically the ClusPro2.0  webservers. The docking 

was performed on one monomer of TRPM8 structure, removing the trans-membrane part of the protein for 

the calculation. After docking poses were obtained, we superimposed all these poses to 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 (fig. 4a). For 

this purpose, a residue centrality analysis (RCA) and mapping of central residues were performed on the best-

scored docking poses TRPM8 and Rap1A (fig. S3). The two best docking poses of InterEvDock and three 

docking poses of ClusPro were used for residue interaction network generation followed by residue centrality 

analysis. 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 residues are displayed in stick in the structure (fig. 4c) 

and proposed for site-directed mutagenesis.  

To deepen the clinical relevance of our findings we investigated the presence of point mutations on the 

key residues identified by molecular modelling in real patients. For the purpose, we used mutational data 

from the TCGA consortium. The full workflow and results of this analysis are shown in fig. 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 
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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 RAP1A gene. 

 

Figure 4. Identification of the residues involved in TRPM8-Rap1 interaction. 

(a i) Model of the interaction between TRPM8 (brown surface) and Rap1A (blue surface) obtained after docking 

simulation. (ii) 90° rotation view of the same model showing the tetrameric form of the TRPM8 receptor and the four 
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interacting Rap1 proteins. (iii) Focus on residues identified as hotspots after the residue centrality analysis performed on 

the best docking poses 3.4. (b) Workflow followed to investigated the presence of point mutations relative to residues 

identified by molecular modeling in real patients (n= 10,182). 

 

4. Characterization of the residues involved in TRPM8-Rap1 interaction. 

4.1 Role of the residue Y32 in the interaction of GDP-bound Rap1 with TRPM8 cytosolic N-terminal tail. 

As described above, molecular modelling experiments identified two putative critical amino acid residues 

on Rap1 sequence for the Rap1-TRPM8 interaction: lysine (K) 31 and tyrosine (Y) 32 (fig. 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 (fig. 5a and S4). Results showed that Rap1 

N17 mainly directly interacts with TRPM8 cytosolic N-terminal tail (Nt), in agreement with previous data [48], 

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 (fig. 5a ii). 

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 immunoblotted with anti-GFP antibody for Rap1 detection and anti-myc antibody for TRPM8 

detection (fig. 5b i). We show that TRPM8 and Rap1 N17 interact in intact prostate cancer cells, validating 

docking analyses since the point mutation of Y32 in Rap1 sequence significantly weakened the intracellular 

interaction with TRPM8 (fig. 5b ii).  

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 [71]. 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 (fig. 5c). Consistently, TRPM8 and Rap1 N17 co-overexpression reverted the TRPM8-

mediated inhibition of PC3 adhesion (fig. 5d). More in detail, in the presence and in the absence of icilin we 
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observed a significant inhibition of cell adhesion both in cells that overexpress TRPM8 alone as previously 

observed (fig. 5d and 1d) 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 didn’t affect PC3 cells adhesion both in the 

presence and in the absence of icilin  (fig. 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.  

Next, before functionally validating the involvement of K31 and Y32 in Rap1 sequence in mediating the 

interaction with TRPM8 sequence, we evaluated their possible effects on Rap1 activation (fig. 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. 
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Figure 5. Rap1 mutants’ characterization. 

(a i) 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 anti-Rap1 antibody and one 



  Results__TRP channels and PCa invasion 

 

271 

 

representative experiment of three is shown. (a ii) Quantification of Rap1-TRPM8 tails interaction normalized on the 

input. Values are normalized on Rap1 N17-M8     Nt 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). 

(b i) 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). (b ii) Quantification of Co-IP experiments on TRPM8 and 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). 

(c i) Active Rap1 pull-down assay on PC3 stably overexpressing TRPM8 transfected with Rap1 mutants (8 μg). (c ii) 

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 (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). 

(e i) Active Rap1 pull-down assay on PC3 transfected with Rap1 mutants (8 μg). (e ii) 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).  

 

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 modelling analyses 

identified two amino acid residues in TRPM8 sequence that may be involved in the binding with Rap1: 

glutamate (E) 207 and tyrosine (Y) 240 (fig.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 (fig. 6a i), Rap1 N17 K31A (fig. 6a ii) and Rap1 N17 Y32A (fig. 6a iii). Indeed, both E207A and Y240A 

mutations significantly reduced the interaction between TRPM8 Nt wt and Rap1 N17 (fig. 6a, * symbols). 

Moreover, our data showed that this reduction is even more pronounced in the presence of Rap1 N17 Y32A 

(fig. 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 (fig. 6a, # symbols). Overall, these data strongly validated molecular modelling predictions, 

confirming that all the mutations combined (E207A Y240 on TRPM8 sequence and Y32A on Rap1 N17 
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sequence) led to a complete loss of TRPM8-Rap1 interaction (fig.6a iv). 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 (fig. 6b) and Co-IP experiments (fig. 6c). As shown in figures 6b and 6c, TRPM8 double mutant still 

inhibits the interaction between TRPM8 Nt cytosolic tail and the inactive Rap1 N17. Moreover, we further 

validated 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 (fig. 6d). 



  Results__TRP channels and PCa invasion 

 

273 

 

Figure 6. TRPM8 mutants’ characterization. 
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(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 (a 

i), Rap1 N17 K31A (a ii) and Rap1 N17 Y32A (a iii). 5% of the lysates were used for the input of the GST pull-down. 

Western blotting was performed with anti-Rap1 antibody and one representative experiment out of three is shown. (a 

iv) Quantification of Rap1 N17-TRPM8 tails interaction normalized on the input. Values are normalized on Rap1 N17-

M8-Nt ratio and data are expressed as mean ± SEM. Statistical significance versus Rap1 N17-TRPM8-Nt, ***: P < 0.001; 

****: P < 0.0001; statistical significance versus Rap1 N17 K31-TRPM8-Nt, $$: P < 0.01 (Student’s t-test). 

(b i) 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. (b ii) 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). 

(c i) 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). (c ii) 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). 

(d i) 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). (d ii) 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).  

 

 

5. TRPM8 E207 Y240 residues revert Rap1-mediated inhibition of cancer cell adhesion and migration. 

Given the validation of TRPM8 double mutant showing that E207 and Y240 residues are key players in 

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 µΜ) 

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 (fig. 7a), demonstrating that mutations didn’t alter 

channel activity (not significance between TRPM8 and TRPM8 E207A Y240A – fig. 7a ii).  

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) (fig. 7b). The results 

showed that TRPM8 double mutant significantly reverts the inhibition of PC3 cell adhesion induced by TRPM8 

wt (fig. 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 doesn’t affect PC3 cells migration speed 

revealing a significant difference compared to TRPM8 wt (fig. 7c). Aiming to ascertain that this lower 

inhibitory effect exhibited by the double mutant on migration and adhesion underlies a less marked inhibition 
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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 on 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 (fig. 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 (fig. 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 (fig. 7e on the top) in agreement 

with the results previously obtained (fig. 2b). 
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Figure 7. TRPM8 mutant’s functional validation. 
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(a i) 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 

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). (a ii) 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 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 versus 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). 

(c i) 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). (c ii) 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). 

(d i) Active Rap1 pull-down assay on PC3 overexpressing TRPM8 wt and TRPM8 E207A Y240A (4 μg). (d ii) 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). 

(e i) Live-cell imaging by confocal microscopy of PC3 overexpressing 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 enlargement of the 

inset (white box) for each time point. (e ii) 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 median ± 

interquartile range. Statistical significance versus t=0, **: P < 0.005 (Kruskal-Wallis test with Dunn’s post-hoc test). 

 

 

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. To this purpose, 

we assessed TRPM8 double mutant on two other tumor cell lines (fig. 8) that do not express TRPM8 

endogenously (fig. S2a). 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 

(fig. S2 a i), and Ca2+ imaging analyses (fig. S2b). 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 (fig. 8a i, M8 E207A Y240A vs wt in HeLa: **, p<0.01; fig. 8a ii 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 
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affected by either TRPM8 wt or TRPM8 E207A Y240A (fig. 8b i). Conversely, TRPM8 wt decreases cell 

migration in MCF-7 cells, while TRPM8 E207A Y240A does not (fig. 8b ii), thus suggesting an involvement of 

TRPM8-Rap1 interaction in the control of the migratory phenotype of breast cancer similarly to prostate 

cancer (fig. 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 (fig. S5b), cell viability is not affected in MCF-7 (fig. S5a ii) or in PC3 (fig. S5a i). 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 didn’t 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% (fig. S5a iii). 

 

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 < 
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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 expression in the cancer 

types for which we studied protein-protein interaction, we used transcriptional data from TCGA and GTEx 

databases to performe 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 “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 to 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 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, respectively. 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 post-hoc Dunn’s test). Otherwise, ANOVA and Tukey’s HSD post-hoc test 

were performed. 

 

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 [44,45]. These findings are consistent with an androgen-dependency of 

TRPM8 expression which results in a strong TRPM8 down-regulation during PCa progression [41,42,72]. 

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 [48]. Our data confirmed the key role played by TRPM8 in inhibiting 

metastatic PCa cells’ migration (fig. 1c) and also revealed a role of the channel in the regulation of PC3 cells 

adhesion (fig. 1a). Consistently with data obtained in ECs [48], TRPM8 seems to exert its inhibitory effect on 

PCa cells’ migration independently from its channel function (fig. 1b, 1e). 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 (fig. 1d, 1e). On the contrary, 
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the migratory features of PC3 cells transfected with both TRPM8 wt and TRPM8 Y905A didn’t show any 

differences either 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 [48]. 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 [73,74] 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 [75,76] or to their coupling with other partner 

proteins that does not necessarily involve their pore activity [13,48,77].  

In this regard, among different interactors of TRPM8 [45], 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 

signalling pathway is well-known [78,79]. The interaction between TRPM8 and Rap1 was further supported 

by the partial punctate co-localisation outside the nucleus of the two proteins shown in prostate clinical 

samples in Supplementary fig. S6. 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 specifically, 

TRP channels were found to affect small GTPase activity via both Ca2+-dependent and Ca2+–independent 

pathways. Conversely, small GTPases may act as TRP channels 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 [48], 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 

(fig. 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 (fig. 3c and 5a-b). 

GST pull-down on in vitro translated Rap1 proteins had previously shown that 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) [48]. This interaction was further confirmed in the cellular context in PC3 cells (fig. 

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 [48]. 

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 interaction. Small GTPases are 

known to exert their effects on cellular behaviour mainly through a rigorous spatiotemporal regulation to 

which they and their effectors/modulators are subjected [80–82]. In particular, Rap1A in its active form is 



  Results__TRP channels and PCa invasion 

 

282 

 

present at the PM, where its activation occurs allowing the β1-integrin signalling induction [71,79,83], 

whereas in its nucleotide-free form it is present into cytoplasmic vesicles, but not at the PM [62]. Therefore, 

the retention of inactive Rap1 would be more consistent with its intracellular localization in close proximity 

to both TRPM8 and ER. Our analysis on TRPM8-Rap1A N17 complexes revealed a partial co-localization with 

PC3 ER membrane (fig. 3c), in agreement with previous results obtained in ECs [48]. In PCa it has been 

extensively highlighted a dual localization of TRPM8 long isoform (130 kD), both on the PM (TRPM8PM) and 

the ER (TRPM8ER). This dual localization in the prostate not only is determined by the epithelial cell phenotype 

and by the androgen status [42,72] 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 apoptosis of advanced PCa metastatic cells 

[84,85], being capable of influencing the filling of ER stores [61], strictly related to the apoptosis-resistant cell 

phenotypes, characteristic of advanced prostate cancer [84,86,87]. Our results show that TRPM8ER fraction 

plays a role in PCa cells’ motility, similarly to ECs [48]. On the other hand, this would not exclude a possible 

Ca2+-mediated involvement of TRPM8PM fraction previously suggested [44]. 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 (see graphical 

abstract – Fig.10). The mechanism here 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, resulted partially reverted in the presence of overexpressed Rap1 N17 (fig. 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, TRPM8-Rap1A interplay 

shown here is not the only example of TRPM8 interaction with an inactive GTPase. Indeed, it has been 

previously described a direct interaction between TRPM8 and the G-protein subunit Gαq even when inactive, 

which ultimately results in the inhibition of TRPM8 gating [88]. Contemporary, the menthol-mediated 

activation of TRPM8 was found to exert a metabotropic activity through the functional and structural 

interaction with Gαq [89]. Overall, there is a close bidirectional interaction between TRPM8 channel and 

GTPase proteins supported by direct physical interactions: depending on the case, TRPM8 can act as both 

modulator and effector of this functional coupling.  
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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 modelling 

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 itself an intrinsic function on Rap1 activation, increasing it also in PC3 cells in the 

absence of TRPM8 (fig. 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 [90–92]. 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 GTPase cycle. More in detail, it has been 

shown that substantial rearrangements 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 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 [90]. Moreover, molecular dynamics simulations 

and Markov state models suggested that alteration of the Y32 chemical environment may cause notable 

changes in conformation and dynamics of residues surrounding the active site [91]. 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, the affinity for regulators (GEF and GAP) as well as that for effectors 

[91]. 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 signalling 

[92,93]. Taking into account the highly conserved catalytic domain in the Ras-superfamily and the common 

conformational dynamics shared by Rap1 with Ras proteins [90], 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.  

As regards the putative residues identified by molecular modelling in TRPM8 sequence, i.e. glutamate 

(E) 207 and tyrosine (Y) 240, both the residues revealed a central role in the interaction with Rap1 N17 (fig. 

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 

is combined to Rap1 N17 Y32A. Although a significant functional difference between TRPM8 wt and TRPM8 
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E207A Y240A on both cell adhesion and cell migration inhibition is evident, TRPM8 E207A Y240A still inhibits 

PC3 cells adhesion (Fig. 7b, 7c). 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 (fig. 1e). Another possible explanation is that the two mutations on 

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 behaviours 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 didn’t affect the icilin-induced Ca2+ flux through the channel, neither qualitatively 

(fig. 7a i) nor quantitatively in terms of signal peak amplitude or percentage of responding cells (fig. 7a ii). 

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 [94]. 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 (fig. 1a-d, 2b, 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 [49,95]. 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 mammalian TRPM8 channels (83% sequence identity 
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with human TRPM8), including cold- and menthol-sensitivity and pronounced dependence on 

phosphatidylinositol 4,5-bisphosphate (PIP2) [49]. 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 favours the bond of the other [95]. 

Therefore, the binding of PIP2 and icilin/WS12 triggers global conformational rearrangements in 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 [49,95]. Consequently, icilin is likely to favour 

and stabilize conformational changes in TRPM8 N-terminal cytosolic tail where binding to Rap1A occurs, due 

to the structural rearrangements associated with PIP2 binding, and thus may improve TRPM8-Rap1A physical 

and functional coupling. 

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 [48]. 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 (fig. 8). The same is also true for the migratory behavior of 

breast cancer, but not for that of the cervical. 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 (fig. 

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 potential 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 [96]. 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 [97]. 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 combination of PPI-targeted bioactive peptides 

with cell-penetrating peptides (CPPs) successfully revealed good cellular uptake and biocompatibility with 

low side effects in vivo [98–100]. 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 currently used in therapy as Tirofiban [101]. 
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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 [102–

105]. In this context, a synthetic peptide based on PLC-γ1 SH2 domains, found to interact with TRPC1 [106], 

revealed an anti-tumoral activity in breast cancer [107]. Similarly, a peptide mimicking the γ-aminobutyric 

acid type A (GABAA) receptor-associated protein (GABARAP) which interacts with TRPV1 [108] has been 

proposed as a good candidate to promote TRPV1-associated suppression of breast cancer progression [109]. 

Furthermore, the design of peptides able to promote TRPV1-TRPA1 interaction could be a promising 

treatment for pain therapy [110]). Overall, growing evidence supports the use of peptidomimetics to improve 

currently FDA-approved approaches to fighting cancer [111,112]. 

Figure 10. Graphical abstract. 

Scheme summarizing the mechanism through which TRPM8 inhibits cell adhesion and migration thanks to the 

direct interaction with the small GTPase Rap1A. 
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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 signalling 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. 

 

Author Contributions: Conceptualization, G.C., D.G. and A.F.P.; methodology, G.C., G.P.G., A.B., M.L., J.D.R., L.V., F.A.R., 

D.G., A.F.P.; software, A.B., G.B., M.L., J.D.R., L.V., F.A.R.; formal analysis, G.C., G.P.G., M.A., M.B., J.C., G.B., L.V., F.A.R; 

investigation, G.C., G.P.G., M.A., M.B., A.R.C, M.B., J.C., G.B., A.F.P., D.G,; resources, R.A.T., J.D.R., A.F.P., and D.G.; data 

curation, G.C., G.P.G., M.A., M.B., G.B., M.L., Q.L., A.F.P., D.G.; writing—original draft preparation, G.C.; writing—review 

and editing, G.C., A.R.C., D.G. and A.F.P.; visualization, G.C., D.G., A.F.P, J.D.R.; supervision, A.F.P. and D.G.; project 

administration, A.F.P. and D.G.; funding acquisition, A.F.P. and D.G. All authors have read and agreed to the published 

version of the manuscript.  

Funding: DG is supported by the Institut Universitaire de France (IUF) and France Berkley Fund. GC is supported by 

University of Torino as part of the PhD Program in Complex Systems for Life Sciences. AFP and GC are supported by 

Italian Ministry of Instruction, University and Research (MIUR), PRIN grant “Leveraging basic knowledge of ion channel 

network in cancer for innovative therapeutic strategies (LIONESS)” (grant number 20174TB8KW) and are part of the 

Associated International Laboratory (CaPANCInv). 

Acknowledgments: We thank Dr. Bidaux for providing TRPM8Y905A pore mutant plasmid and Dr. Masamitsu Iino for 

providing pCIS GEM-Cepia1er plasmid. We thank Mathilde Lebas , Dr. Elodie Richard and Plateforme d'Imagerie BICeL 

(Campus Cité Scientifique), Dr. Marta Gai and the Open Lab of Advanced Microscopy at the Molecular Biotechnology 

Center (OLMA@MBC) for technical support.  

Conflicts of Interest: The authors declare no conflict of interest 

 

References 

1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN 

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA. Cancer J. Clin. 2021, 71, 209–249, 

doi:10.3322/caac.21660. 

2. Gardel, M.L.; Schneider, I.C.; Aratyn-Schaus, Y.; Waterman, C.M. Mechanical integration of actin and adhesion dynamics in cell 

migration. Annu. Rev. Cell Dev. Biol. 2010, 26, 315–333, doi:10.1146/ANNUREV.CELLBIO.011209.122036. 



  Results__TRP channels and PCa invasion 

 

288 

 

3. Parsons, J.T.; Horwitz, A.R.; Schwartz, M.A. Cell adhesion: integrating cytoskeletal dynamics and cellular tension. Nat. Rev. Mol. 

Cell Biol. 2010, 11, 633–643, doi:10.1038/NRM2957. 

4. Gkika, D.; Prevarskaya, N. TRP channels in prostate cancer : the good , the bad and the ugly ? Asian J Androl. 2011, 13, 673–

676, doi:10.1038/aja.2011.18. 

5. Fiorio Pla, A.; Gkika, D. Emerging role of TRP channels in cell migration: From tumor vascularization to metastasis. Front. Physiol. 

2013, 4 NOV, 1–12, doi:10.3389/fphys.2013.00311. 

6. Bernardini, M.; Fiorio Pla, A.; Prevarskaya, N.; Gkika, D. Human transient receptor potential (TRP) channels expression profiling 

in carcinogenesis. Int. J. Dev. Biol. 2015, 59, 399–406, doi:10.1387/ijdb.150232dg. 

7. Lastraioli, E.; Iorio, J.; Arcangeli, A. Ion channel expression as promising cancer biomarker. Biochim. Biophys. Acta - Biomembr. 

2015, 1848, 2685–2702, doi:10.1016/j.bbamem.2014.12.016. 

8. Litan, A.; Langhans, S.A. Cancer as a channelopathy: Ion channels and pumps in tumor development and progression. Front. 

Cell. Neurosci. 2015, 9, 1–11, doi:10.3389/fncel.2015.00086. 

9. Chinigò, G.; Castel, H.; Chever, O.; Gkika, D. TRP Channels in Brain Tumors. Front. Cell Dev. Biol. 2021, 9, 

doi:10.3389/fcell.2021.617801. 

10. Tsavaler, L.; Shapero, M.H.; Morkowski, S.; Laus, R. Trp-p8, a novel prostate-specific gene, is up-regulated in prostate cancer 

and other malignancies and shares high homology with transient receptor potential calcium channel proteins. Cancer Res. 2001, 

61, 3760–3769. 

11. Shapovalov, G.; Ritaine, A.; Skryma, R.; Prevarskaya, N. Role of TRP ion channels in cancer and tumorigenesis. Semin. 

Immunopathol. 2016, 38, 357–369, doi:10.1007/s00281-015-0525-1. 

12. Iamshanova, O.; Fiorio Pla, A.; Prevarskaya, N. Molecular mechanisms of tumour invasion: regulation by calcium signals. J. 

Physiol. 2017, 595, 3063–3075, doi:10.1113/JP272844. 

13. Vrenken, K.S.; Jalink, K.; van Leeuwen, F.N.; Middelbeek, J. Beyond ion-conduction: Channel-dependent and -independent roles 

of TRP channels during development and tissue homeostasis. Biochim. Biophys. Acta - Mol. Cell Res. 2015, 1863, 1436–1446, 

doi:10.1016/j.bbamcr.2015.11.008. 

14. Bödding, M. TRP proteins and cancer. 2007, 19, 617–624, doi:10.1016/j.cellsig.2006.08.012. 

15. Van De Graaf, S.F.J.; Hoenderop, J.G.J.; Bindels, R.J.M. Regulation of TRPV5 and TRPV6 by associated proteins. Am. J. Physiol. 

Renal Physiol. 2006, 290, doi:10.1152/AJPRENAL.00443.2005. 

16. Gkika, D.; Mahieu, F.; Niliur, B.; Hoenderop, J.G.J.; Bindels, R.J.M. 80K-H as a new Ca2+ sensor regulating the activity of the 

epithelial Ca2+ channel transient receptor potential cation channel V5 (TRPV5). J. Biol. Chem. 2004, 279, 26351–26357, 

doi:10.1074/JBC.M403801200. 

17. Gkika, D.; Topala, C.N.; Hoenderop, J.G.J.; Bindels, R.J.M. The immunophilin FKBP52 inhibits the activity of the epithelial Ca2+ 

channel TRPV5. Am. J. Physiol. Renal Physiol. 2006, 290, doi:10.1152/AJPRENAL.00298.2005. 

18. Gkika, D.; Topala, C.N.; Chang, Q.; Picard, N.; Thébault, S.; Houillier, P.; Hoenderop, J.G.J.; Bindels, R.J.M. Tissue kallikrein 

stimulates Ca(2+) reabsorption via PKC-dependent plasma membrane accumulation of TRPV5. EMBO J. 2006, 25, 4707–4716, 

doi:10.1038/SJ.EMBOJ.7601357. 

19. Sinkins, W.G.; Goel, M.; Estacion, M.; Schilling, W.P. Association of immunophilins with mammalian TRPC channels. J. Biol. 

Chem. 2004, 279, 34521–34529, doi:10.1074/JBC.M401156200. 

20. Chang, Q.; Hoefs, S.; Van Der Kemp, A.W.; Topala, C.N.; Bindels, R.J.; Hoenderop, J.G. The beta-glucuronidase klotho hydrolyzes 

and activates the TRPV5 channel. Science 2005, 310, 490–493, doi:10.1126/SCIENCE.1114245. 

21. Chinigò, G.; Fiorio Pla, A.; Gkika, D. TRP Channels and Small GTPases Interplay in the Main Hallmarks of Metastatic Cancer. 

Front. Pharmacol. 2020, 11, 1–16, doi:10.3389/fphar.2020.581455. 

22. Guéguinou, M.; Harnois, T.; Crottes, D.; Uguen, A.; Deliot, N.; Gambade, A.; Chantôme, A.; Haelters, J.P.; Jaffrès, P.A.; Jourdan, 

M.L.; et al. SK3/TRPC1/Orai1 complex regulates SOCE-dependent colon cancer cell migration: A novel opportunity to modulate 

anti- EGFR mAb action by the alkyl-lipid Ohmline. Oncotarget 2016, 7, 36168–36184, doi:10.18632/oncotarget.8786. 

23. Bezzerides, V.J.; Ramsey, I.S.; Kotecha, S.; Greka, A.; Clapham, D.E. Rapid vesicular translocation and insertion of TRP channels. 

Nat Cell Biol. 2004, 6, 709–720, doi:10.1038/ncb1150. 

24. Singh, I.; Knezevic, N.; Ahmmed, G.U.; Kini, V.; Malik, A.B.; Mehta, D. Gαq -TRPC6-mediated Ca 2+ Entry Induces RhoA Activation 

and Resultant Endothelial Cell Shape Change in Response to Thrombin. J. Biol. Chem 2007, 282, 7833–7843, 

doi:10.1074/jbc.M608288200. 

25. Tian, D.; Jacobo, S.M.P.; Billing, D.; Rozkalne, A.; Gage, S.D.; Anagnostou, T.; Pavenstädt, H.; Hsu, H.; Schlondorff, J.; Ramos, A.; 

et al. Antagonistic regulation od actin dynamics and cell motility by TRPC5 and TRPC6 channels. Sci Signal. 2010, 3, 1–25, 

doi:10.1126/scisignal.2001200.Antagonistic. 



  Results__TRP channels and PCa invasion 

 

289 

 

26. Su, L.; Liu, W.; Chen, H.; An, O.G.A.; Habas, R.; Runnels, L.W.; N-, J. TRPM7 regulates polarized cell movements. Biochem J 2011, 

434, 513–521, doi:10.1042/BJ20101678. 

27. Tomasek, J.J.; Vaughan, M.B.; Kropp, B.P.; Gabbiani, G.; Martin, M.D.; Haaksma, C.J.; Hinz, B. Contraction of myofibroblasts in 

granulation tissue is dependent on Rho / Rho kinase / myosin light chain phosphatase activity. Wound Repair Regen. 2006, 14, 

313–320, doi:10.1111/j.1743-6109.2006.00126.x. 

28. Adapala, R.K.; Thoppil, R.J.; Luther, D.J.; Paruchuri, S.; Meszaros, J.G.; Chilian, W.M.; Thodeti, C.K. Cellular Cardiology TRPV4 

channels mediate cardiac fi broblast differentiation by integrating mechanical and soluble signals. J. Mol. Cell. Cardiol. 2013, 

54, 45–52, doi:10.1016/j.yjmcc.2012.10.016. 

29. Lee, W.H.; Choong, L.Y.; Mon, N.N.; Lu, S.; Lin, Q.; Pang, B.; Yan, B.; Sri, V.; Krishna, R.; Singh, H.; et al. TRPV4 regulates breast 

cancer cell extravasation, stiffness and actin cortex. Sci. Rep. 2016, 6, 1–16, doi:10.1038/srep27903. 

30. Ou-yang, Q.; Li, B.; Xu, M.; Liang, H. TRPV4 promotes the migration and invasion of glioma cells via AKT/Rac1 signaling. Biochem. 

Biophys. Res. Commun. 2018, 503, 876–881, doi:10.1016/j.bbrc.2018.06.090. 

31. Gao, G.; Wang, W.; Tadagavadi, R.K.; Briley, N.E.; Love, M.I.; Miller, B.A.; Reeves, W.B. TRPM2 mediates ischemic kidney injury 

and oxidant stress through RAC1. J Clin Invest. 2014, 124, 4989–5001, doi:10.1172/JCI76042.us. 

32. Laragione, T.; Harris, C.; Gulko, P.S. TRPV2 suppresses Rac1 and RhoA activation and invasion in rheumatoid arthritis fibroblast-

like synoviocytes. Int. Immunopharmacol. 2019, 70, 268–273, doi:10.1016/j.intimp.2019.02.051. 

33. Mehta, D.; Ahmmed, G.U.; Paria, B.C.; Holinstat, M.; Voyno-Yasenetskaya, T.; Tiruppathi, C.; Minshall, R.D.; Malik, A.B. RhoA 

interaction with inositol 1,4,5-trisphosphate receptor and transient receptor potential channel-1 regulates Ca2+ entry: Role in 

signaling increased endothelial permeability. J. Biol. Chem. 2003, 278, 33492–33500, doi:10.1074/jbc.M302401200. 

34. Chung, H.K.; Rathor, N.; Wang, S.R.; Wang, J.Y.; Rao, J.N. RhoA enhances store-operated Ca2+ entry and intestinal epithelial 

restitution by interacting with TRPC1 after wounding. Am. J. Physiol. - Gastrointest. Liver Physiol. 2015, 309, G759–G767, 

doi:10.1152/ajpgi.00185.2015. 

35. Nagasawa, M.; Kojima, I. Translocation of TRPV2 channel induced by focal administration of mechanical stress. Physiol. Rep. 

2015, 3, 1–12, doi:10.14814/phy2.12296. 

36. Sun, J.; Yang, T.; Wang, P.; Ma, S.; Zhu, Z.; Pu, Y.; Li, L.; Zhao, Y.; Xiong, S.; Liu, D.; et al. Activation of cold-sensing transient 

receptor potential melastatin subtype 8 antagonizes vasoconstriction and hypertension through attenuating RhoA/Rho kinase 

pathway. Hypertension 2014, 63, 1354–1363, doi:10.1161/HYPERTENSIONAHA.113.02573. 

37. Thoppil, R.J.; Cappelli, H.C.; Adapala, R.K.; Kanugula, A.K.; Paruchuri, S.; Thodeti, C.K. TRPV4 channels regulate tumor 

angiogenesis via modulation of Rho/Rho kinase pathway. Oncotarget 2016, 7, 25849–25861, doi:10.18632/oncotarget.8405. 

38. Tsavaler, L.; Shapero, M.H.; Morkowski, S.; Laus, R. Trp-p8, a novel prostate-specific gene, is up-regulated in prostate cancer 

and other malignancies and shares high homology with transient receptor potential calcium channel proteins. Cancer Res. 2001, 

61, 3760–3769. 

39. Feldman, B.J.; Feldman, D. The development of androgen-independent prostate cancer. Nat. Rev. Cancer 2001, 1, 34–45, 

doi:10.1038/35094009. 

40. Henshall, S.M.; Afar, D.E.H.; Hiller, J.; Horvath, L.G.; Quinn, D.I.; Rasiah, K.K.; Gish, K.; Willhite, D.; Kench, J.G.; Gardiner-Garden, 

M.; et al. Survival analysis of genome-wide gene expression profiles of prostate cancers identifies new prognostic targets of 

disease relapse. Cancer Res. 2003, 63, 4196–4203. 

41. Grolez, G.P.; Gordiendko, D. V.; Clarisse, M.; Hammadi, M.; Desruelles, E.; Fromont, G.; Prevarskaya, N.; Slomianny, C.; Gkika, 

D. TRPM8-androgen receptor association within lipid rafts promotes prostate cancer cell migration. Cell Death Dis. 2019, 10, 

652, doi:10.1038/s41419-019-1891-8. 

42. Bidaux, G.; Roudbaraki, M.; Merle, C.; Crépin, A.; Delcourt, P.; Slomianny, C.; Thebault, S.; Bonnal, J.L.; Benahmed, M.; Cabon, 

F.; et al. Evidence for specific TRPM8 expression in human prostate secretory epithelial cells: Functional androgen receptor 

requirement. Endocr. Relat. Cancer 2005, 12, 367–382, doi:10.1677/erc.1.00969. 

43. Zhang, L.; Barritt, G.J. Evidence that TRPM8 is an androgen-dependent Ca2+ channel required for the survival of prostate cancer 

cells. Cancer Res. 2004, 64, 8365–8373, doi:10.1158/0008-5472.CAN-04-2146. 

44. Gkika, D.; Flourakis, M.; Lemonnier, L.; Prevarskaya, N. PSA reduces prostate cancer cell motility by stimulating TRPM8 activity 

and plasma membrane expression. Oncogene 2010, 29, 4611–4616, doi:10.1038/onc.2010.210. 

45. Gkika, D.; Lemonnier, L.; Shapovalov, G.; Gordienko, D.; Poux, C.; Bernardini, M.; Bokhobza, A.; Bidaux, G.; Degerny, C.; 

Verreman, K.; et al. TRP channel-associated factors are a novel protein family that regulates TRPM8 trafficking and activity. J. 

Cell Biol. 2015, 208, 89–107, doi:10.1083/jcb.201402076. 

46. Grolez, G.P.; Hammadi, M.; Barras, A.; Gordienko, D.; Slomianny, C.; Völkel, P.; Angrand, P.O.; Pinault, M.; Guimaraes, C.; Potier-

Cartereau, M.; et al. Encapsulation of a TRPM8 Agonist, WS12, in Lipid Nanocapsules Potentiates PC3 Prostate Cancer Cell 

Migration Inhibition through Channel Activation. Sci. Rep. 2019, 9, 1–15, doi:10.1038/s41598-019-44452-4. 



  Results__TRP channels and PCa invasion 

 

290 

 

47. Yang, Z.H.; Wang, X.H.; Wang, H.P.; Hu, L.Q. Effects of TRPM8 on the proliferation and motility of prostate cancer PC-3 cells. 

Asian J. Androl. 2009, 11, 157–165, doi:10.1038/aja.2009.1. 

48. Genova, T.; Grolez, G.P.G.P.; Camillo, C.; Bernardini, M.; Bokhobza, A.; Richard, E.; Scianna, M.; Lemonnier, L.; Valdembri, D.; 

Munaron, L.; et al. TRPM8 inhibits endothelial cell migration via a nonchannel function by trapping the small GTPase Rap1. J. 

Cell Biol. 2017, 216, 2107–2130, doi:10.1083/jcb.201506024. 

49. Yin, Y.; Wu, M.; Zubcevic, L.; Borschel, W.F.; Lander, G.C.; Lee, S.Y. Structure of the cold- And menthol-sensing ion channel 

TRPM8. Science (80-. ). 2018, 359, 237–241, doi:10.1126/science.aan4325. 

50. Paulsen, C.; Armache, J.; Gao, Y.; Cheng, Y.; Julius, D. Structure of the TRPA1 ion channel suggests regulatory mechanisms. 

Nature 2015, 520, 511–517, doi:10.1038/NATURE14367. 

51. Sali, A.; Blundell, T. Comparative protein modelling by satisfaction of spatial restraints. J. Mol. Biol. 1993, 234, 779–815, 

doi:10.1006/JMBI.1993.1626. 

52. Nassar, N.; Horn, G.; Herrmann, C.A.; Scherer, A.; McCormick, F.; Wittinghofer, A. The 2.2 Å crystal structure of the Ras-binding 

domain of the serine/threonine kinase c-Raf1 in complex with RaplA and a GTP analogue. Nature 1995, 375, 554–560, 

doi:10.1038/375554a0. 

53. Kozakov, D.; Hall, D.; Xia, B.; Porter, K.; Padhorny, D.; Yueh, C.; Beglov, D.; Vajda, S. The ClusPro web server for protein-protein 

docking. Nat. Protoc. 2017, 12, 255–278, doi:10.1038/NPROT.2016.169. 

54. Quignot, C.; Rey, J.; Yu, J.; Tufféry, P.; Guerois, R.; Andreani, J. InterEvDock2: an expanded server for protein docking using 

evolutionary and biological information from homology models and multimeric inputs. Nucleic Acids Res. 2018, 46, W408, 

doi:10.1093/NAR/GKY377. 

55. Brysbaert, G.; Lorgouilloux, K.; Vranken, W.; Lensink, M. RINspector: a Cytoscape app for centrality analyses and DynaMine 

flexibility prediction. Bioinformatics 2018, 34, 294–296, doi:10.1093/BIOINFORMATICS/BTX586. 

56. Brysbaert, G.; Mauri, T.; de Ruyck, J.; Lensink, M. Identification of Key Residues in Proteins Through Centrality Analysis and 

Flexibility Prediction with RINspector. Curr. Protoc. Bioinforma. 2019, 65, doi:10.1002/CPBI.66. 

57. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.; Wang, J.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: a software 

environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504, 

doi:10.1101/GR.1239303. 

58. Su, G.; Morris, J.; Demchak, B.; Bader, G. Biological network exploration with Cytoscape 3. Curr. Protoc. Bioinforma. 2014, 47, 

8.13.1-8.13.24, doi:10.1002/0471250953.BI0813S47. 

59. Amitai, G.; Shemesh, A.; Sitbon, E.; Shklar, M.; Netanely, D.; Venger, I.; Pietrokovski, S. Network analysis of protein structures 

identifies functional residues. J. Mol. Biol. 2004, 344, 1135–1146, doi:10.1016/J.JMB.2004.10.055. 

60. del Sol, A.; Fujihashi, H.; Amoros, D.; Nussinov, R. Residues crucial for maintaining short paths in network communication 

mediate signaling in proteins. Mol. Syst. Biol. 2006, 2, doi:10.1038/MSB4100063. 

61. Thebault, S.; Lemonnier, L.; Bidaux, G.; Flourakis, M.; Bavencoffe, A.; Gordienko, D.; Roudbaraki, M.; Delcourt, P.; Panchin, Y.; 

Shuba, Y.; et al. Novel role of cold/menthol-sensitive transient receptor potential melastatine family member 8 (TRPM8) in the 

activation of store-operated channels in LNCaP human prostate cancer epithelial cells. J. Biol. Chem. 2005, 280, 39423–39435, 

doi:10.1074/jbc.M503544200. 

62. Bivona, T.G.; Wiener, H.H.; Ahearn, I.M.; Silletti, J.; Chiu, V.K.; Philips, M.R. Rap1 up-regulation and activation on plasma 

membrane regulates T cell adhesion. J. Cell Biol. 2004, 164, 461–470, doi:10.1083/jcb.200311093. 

63. Bivona, T.G.; Quatela, S.; Philips, M.R. Analysis of Ras Activation in Living Cells with GFP-RBD. Methods Enzymol. 2006, 407, 

128–143, doi:10.1016/S0076-6879(05)07012-6. 

64. Bernardini, M.; Brossa, A.; Chinigo, G.; Grolez, G.P.; Trimaglio, G.; Allart, L.; Hulot, A.; Marot, G.; Genova, T.; Joshi, A.; et al. 

Signatures in Tumor-Derived Endothelial Cells : Functional Roles in Prostate Cancer Angiogenesis. 2019, 1–29. 

65. Suzuki, J.; Kanemaru, K.; Ishii, K.; Ohkura, M.; Okubo, Y.; Iino, M. Imaging intraorganellar Ca2+ at subcellular resolution using 

CEPIA. Nat. Commun. 2014, 5, 1–13, doi:10.1038/ncomms5153. 

66. 66. https://xenabrowser.net/datapages/?dataset=GDC-

%0APANCAN.mutect2_snv.tsv&amp;host=https%3A%2F%2Fgdc.xenahubs.net&amp;removeHub=https%0A%3A%2F%2Fxena.

treehouse.gi.ucsc.edu%3A443. 

67. https://github.com/MrHedmad/Edmund. 

68. https://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG000001164%0A73;r=1:111542218-111716691. 

69. https://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG000001444%0A81;r=2:233917373-234019522. 

70. https://gist.github.com/MrHedmad/a53eb36ff1233e45bc638008912c0d35. 

71. Reedquist, K.A.; Ross, E.; Koop, E.A.; Wolthuis, R.M.F.; Zwartkruis, F.J.T.; Van Kooyk, Y.; Salmon, M.; Buckley, C.D.; Bos, J.L. The 

small GTPase, Rap1, mediates CD31-induced integrin adhesion. J. Cell Biol. 2000, 148, 1151–1158, doi:10.1083/jcb.148.6.1151. 



  Results__TRP channels and PCa invasion 

 

291 

 

72. Bidaux, G.; Flourakis, M.; Thebault, S.; Zholos, A.; Beck, B.; Gkika, D.; Roudbaraki, M.; Bonnal, J.L.; Mauroy, B.; Shuba, Y.; et al. 

Prostate cell differentiation status determines transient receptor potential melastatin member 8 channel subcellular 

localization and function. J. Clin. Invest. 2007, 117, 1647–1657, doi:10.1172/JCI30168. 

73. Pillozzi, S.; Brizzi, M.F.; Bernabei, P.A.; Bartolozzi, B.; Caporale, R.; Basile, V.; Boddi, V.; Pegoraro, L.; Becchetti, A.; Arcangeli, A. 

VEGFR-1 (FLT-1), β1 integrin, and hERG K+ channel for a macromolecular signaling complex in acute myeloid leukemia: Role in 

cell migration and clinical outcome. Blood 2007, 110, 1238–1250, doi:10.1182/blood-2006-02-003772. 

74. Negri, S.; Faris, P.; Maniezzi, C.; Pellavio, G.; Spaiardi, P.; Botta, L.; Laforenza, U.; Biella, G.; Moccia, D.F. NMDA receptors elicit 

flux-independent intracellular Ca2+ signals via metabotropic glutamate receptors and flux-dependent nitric oxide release in 

human brain microvascular endothelial cells. Cell Calcium 2021, 99, doi:10.1016/j.ceca.2021.102454. 

75. Desai, B.N.; Krapivinsky, G.; Navarro, B.; Krapivinsky, L.; Carter, B.C.; Febvay, S.; Delling, M.; Penumaka, A.; Ramsey, I.S.; 

Manasian, Y.; et al. Cleavage of TRPM7 Releases the Kinase Domain from the Ion Channel and Regulates Its Participation in Fas-

Induced Apoptosis. Dev. Cell 2012, 22, 1149–1162, doi:10.1016/j.devcel.2012.04.006. 

76. Faouzi, M.; Kilch, T.; Horgen, F.D.; Fleig, A.; Penner, R. The TRPM7 channel kinase regulates store-operated calcium entry. J. 

Physiol. 2017, 595, 3165–3180, doi:10.1113/JP274006. 

77. Joly, D.; Ishibe, S.; Nickel, C.; Yu, Z.; Somlo, S.; Cantley, L. The polycystin 1-C-terminal fragment stimulates ERK-dependent 

spreading of renal epithelial cells. J. Biol. Chem. 2006, 281, 26329–26339, doi:10.1074/JBC.M601373200. 

78. Bos, J.L. Linking Rap to cell adhesion. Curr. Opin. Cell Biol. 2005, 17, 123–128, doi:10.1016/j.ceb.2005.02.009. 

79. Boettner, B.; Van Aelst, L. Control of cell adhesion dynamics by Rap1 signaling. Curr. Opin. Cell Biol. 2009, 21, 684–693, 

doi:10.1016/j.ceb.2009.06.004. 

80. Moissoglu, K.; Schwartz, M.A. Spatial and temporal control of Rho GTPase functions. Cell. Logist. 2014, 4, e943618, 

doi:10.4161/21592780.2014.943618. 

81. Yarwood, S.; Cullen, P.J.; Kupzig, S. The GAP1 family of GTPase-activating proteins : spatial and temporal regulators of small 

GTPase signalling. Biochem. Soc. Trans. 2006, 34, 846–850. 

82. Cherfils, J.; Zeghouf, M. Regulation of small GTPases by GEFs, GAPs, and GDIs. Physiol. Rev. 2013, 93, 269–309, 

doi:10.1152/physrev.00003.2012. 

83. Carmona, G.; Go, S.; Orlandi, A.; Ba, T.; Jugold, M.; Kiessling, F.; Henschler, R.; Zeiher, A.M.; Dimmeler, S.; Chavakis, E. Role of 

the small GTPase Rap1 for integrin activity regulation in endothelial cells and angiogenesis. 2009, 113, 488–497, 

doi:10.1182/blood-2008-02-138438.The. 

84. Prevarskaya, N.; Zhang, L.; Barritt, G. TRP channels in cancer. Biochim. Biophys. Acta - Mol. Basis Dis. 2007, 1772, 937–946, 

doi:10.1016/j.bbadis.2007.05.006. 

85. Skryma, R.; Mariot, P.; Bourhis, X.L.; Coppenolle, F. V; Shuba, Y.; Vanden Abeele, F.; Legrand, G.; Humez, S.; Boilly, B.; 

Prevarskaya, N. Store depletion and store-operated Ca2+ current in human prostate cancer LNCaP cells: involvement in 

apoptosis. J. Physiol. 2000, 527 Pt 1, 71–83. 

86. Abeele, F. Vanden; Skryma, R.; Shuba, Y.; Van Coppenolle, F.; Slomianny, C.; Roudbaraki, M.; Mauroy, B.; Wuytack, F.; 

Prevarskaya, N. Bcl-2-dependent modulation of Ca2+ homeostasis and store-operated channels in prostate cancer cells. Cancer 

Cell 2002, 1, 169–179, doi:10.1016/S1535-6108(02)00034-X. 

87. Vanoverberghe, K.; Abeele, F. Vanden; Mariot, P.; Lepage, G.; Roudbaraki, M.; Bonnal, J.L.; Mauroy, B.; Shuba, Y.; Skryma, R.; 

Prevarskaya, N. Ca2+ homeostasis and apoptotic resistance of neuroendocrine-differentiated prostate cancer cells. Cell Death 

Differ. 2004, 11, 321–330, doi:10.1038/sj.cdd.4401375. 

88. Zhang, X.; Mak, S.; Li, L.; Parra, A.; Denlinger, B.; Belmonte, C.; McNaughton, P.A. Direct inhibition of the cold-Activated TRPM8 

ion channel by Gα q. Nat. Cell Biol. 2012, 14, 850–858, doi:10.1038/ncb2529. 

89. Klasen, K.; Hollatz, D.; Zielke, S.; Gisselmann, G.; Hatt, H.; Wetzel, C.H. The TRPM8 ion channel comprises direct Gq protein-

activating capacity. Eur. J. Physiol. 2012, 463, 779–797, doi:10.1007/s00424-012-1098-7. 

90. Matsumoto, S.; Miyano, N.; Baba, S.; Liao, J.; Kawamura, T.; Tsuda, C.; Takeda, A.; Yamamoto, M.; Kumasaka, T.; Kataoka, T.; et 

al. Molecular Mechanism for Conformational Dynamics of Ras·GTP Elucidated from In-Situ Structural Transition in Crystal. Sci. 

Rep. 2016, 6, 1–12, doi:10.1038/srep25931. 

91. Khaled, M.; Gorfe, A.; Sayyed-Ahmad, A. Conformational and Dynamical Effects of Tyr32 Phosphorylation in K-Ras: Molecular 

Dynamics Simulation and Markov State Models Analysis. J. Phys. Chem. B 2019, 123, 7667–7675, doi:10.1021/acs.jpcb.9b05768. 

92. Kano, Y.; Gebregiworgis, T.; Marshall, C.B.; Radulovich, N.; Poon, B.P.K.; St-Germain, J.; Cook, J.D.; Valencia-Sama, I.; Grant, 

B.M.M.; Herrera, S.G.; et al. Tyrosyl phosphorylation of KRAS stalls GTPase cycle via alteration of switch I and II conformation. 

Nat. Commun. 2019, 10, doi:10.1038/s41467-018-08115-8. 

93. Bunda, S.; Heir, P.; Srikumar, T.; Cook, J.; Burrell, K.; Kano, Y.; JE, L.; G, Z.; B, R.; M, O. Src promotes GTPase activity of Ras via 

tyrosine 32 phosphorylation. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, E3785–E3794, doi:10.1073/PNAS.1406559111. 



  Results__TRP channels and PCa invasion 

 

292 

 

94. van de Graaf, S.F.J.; Chang, Q.; Mensenkamp, A.R.; Hoenderop, J.G.J.; Bindels, R.J.M.  Direct Interaction with Rab11a Targets 

the Epithelial Ca 2+ Channels TRPV5 and TRPV6 to the Plasma Membrane . Mol. Cell. Biol. 2006, 26, 303–312, 

doi:10.1128/mcb.26.1.303-312.2006. 

95. Yin, Y.; Le, S.C.; Hsu, A.L.; Borgnia, M.J.; Yang, H.; Lee, S.Y. Structural basis of cooling agent and lipid sensing by the cold-activated 

TRPM8 channel. Science (80-. ). 2019, 363, doi:10.1126/science.aav9334. 

96. Mabonga, L.; Kappo, A.P. Protein-protein interaction modulators: advances, successes and remaining challenges. Biophys. Rev. 

2019, 11, 559–581, doi:10.1007/s12551-019-00570-x. 

97. Scott, D.E.; Bayly, A.R.; Abell, C.; Skidmore, J. Small molecules, big targets: Drug discovery faces the protein-protein interaction 

challenge. Nat. Rev. Drug Discov. 2016, 15, 533–550, doi:10.1038/nrd.2016.29. 

98. Habault, J.; Poyet, J.L. Recent advances in cell penetrating peptide-based anticancer therapies. Molecules 2019, 24, 1–17, 

doi:10.3390/molecules24050927. 

99. Xie, J.; Bi, Y.; Zhang, H.; Dong, S.; Teng, L.; Lee, R.J.; Yang, Z. Cell-Penetrating Peptides in Diagnosis and Treatment of Human 

Diseases: From Preclinical Research to Clinical Application. Front. Pharmacol. 2020, 11, 1–23, doi:10.3389/fphar.2020.00697. 

100. Kang, R.H.; Jang, J.E.; Huh, E.; Kang, S.J.; Ahn, D.R.; Kang, J.S.; Sailor, M.J.; Yeo, S.G.; Oh, M.S.; Kim, D.; et al. A brain tumor-

homing tetra-peptide delivers a nano-therapeutic for more effective treatment of a mouse model of glioblastoma. Nanoscale 

Horizons 2020, 5, 1213–1225, doi:10.1039/d0nh00077a. 

101. Bledzka, K.; Smyth, S.S.; Plow, E.F. Integrin alphaIIbbeta3: from discovery to efficacious therapeutic target. Circ. Res. 2013, 112, 

1189–1200, doi:10.1161/CIRCRESAHA.112.300570.Integrin. 

102. Fisher, M.; Btesh, J.; McNaughton, P. Disrupting Sensitization of Transient Receptor Potential Vanilloid Subtype 1 Inhibits 

Inflammatory Hyperalgesia. J. Neurosci. 2013, 33, 7407–14, doi:10.1523/JNEUROSCI.3721-12.2013. 

103. Schulie, A.J.; Yeh, C.Y.; Orang, B.N.; Pa, O.J.; Hopkin, M.P.; Moutal, A.; Khanna, R.; Sun, D.; Justic, J.A.; Aizenman, E. Targeted 

disruption of Kv2.1-VAPA association provides neuroprotection against ischemic stroke in mice by declustering Kv2.1 channels. 

Sci. Adv. 2020, 6, 1–14, doi:10.1126/sciadv.aaz8110. 

104. Brittain, J.M.; Duarte, D.B.; Wilson, S.M.; Zhu, W.; Ballard, C.; Johnson, P.L.; Liu, N.; Xiong, W.; Ripsch, M.S.; Wang, Y.; et al. 

Suppression of inflammatory and neuropathic pain by uncoupling CRMP-2 from the presynaptic Ca2+ channel complex. Nat 

Med. 2011, 17, 822–829, doi:10.1038/nm.2345.Suppression. 

105. Fischer, A.; Rosen, A.C.; Ensslin, C.J.; Wu, S.; Lacouture, M.E. Pruritus to anticancer agents targeting the EGFR, BRAF, and CTLA-

4. Dermatol. Ther. 2013, 26, 135–148, doi:10.1111/dth.12027. 

106. Tu, C.L.; Chang, W.; Bikle, D.D. Phospholipase Cγ1 is required for activation of store-operated channels in human keratinocytes. 

J. Invest. Dermatol. 2005, 124, 187–197, doi:10.1111/j.0022-202X.2004.23544.x. 

107. Katterle, Y.; Brandt, B.H.; Dowdy, S.F.; Niggemann, B.; Zänker, K.S.; Dittmar, T. Antitumour effects of PLC-γ1-(SH2)2-TAT fusion 

proteins on EGFR/c-erbB-2-positive breast cancer cells. Br. J. Cancer 2004, 90, 230–235, doi:10.1038/sj.bjc.6601506. 

108. Laínez, S.; Valente, P.; Ontoria‐Oviedo, I.; Estévez‐Herrera, J.; Camprubí‐Robles, M.; Ferrer‐Montiel, A.; Planells‐Cases, R. GABA 

A receptor associated protein (GABARAP) modulates TRPV1 expression and channel function and desensitization. FASEB J. 2010, 

24, 1958–1970, doi:10.1096/fj.09-151472. 

109. Saldías, M.P.; Maureira, D.; Orellana-Serradell, O.; Silva, I.; Lavanderos, B.; Cruz, P.; Torres, C.; Cáceres, M.; Cerda, O. TRP 

Channels Interactome as a Novel Therapeutic Target in Breast Cancer. Front. Oncol. 2021, 11, 621614, 

doi:10.3389/FONC.2021.621614. 

110. Weng, H.J.; Patel, K.N.; Jeske, N.A.; Bierbower, S.M.; Zou, W.; Tiwari, V.; Zheng, Q.; Tang, Z.; Mo, G.C.H.; Wang, Y.; et al. 

Tmem100 Is a Regulator of TRPA1-TRPV1 Complex and Contributes to Persistent Pain. Neuron 2015, 85, 833–846, 

doi:10.1016/j.neuron.2014.12.065. 

111. Mabonga, L.; Kappo, A.P. Peptidomimetics: A Synthetic Tool for Inhibiting Protein–Protein Interactions in Cancer. Int. J. Pept. 

Res. Ther. 2020, 26, 225–241. 

112. Corbi-Verge, C.; Kim, P.M. Motif mediated protein-protein interactions as drug targets. Cell Commun. Signal. 2016, 14, 1–12, 

doi:10.1186/s12964-016-0131-4. 

 

© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

 

  



  Results__TRP channels and PCa invasion 

 

293 

 

Supplementary Materials 

 

 

Figure S1. Validation of TRPM8 pore mutant. 

 (a i) Ca2+-imaging traces in response to TRPM8 agonist (10 μM icilin) in PC3 (grey), PC3 transiently overexpressing 

TRPM8 (red) and PC3 transiently overexpressing the pore mutant TRPM8 Y905A (green). Traces represent mean ± SEM 

of cells in the recorded field of one representative experiment (n=33 for PC3, n=24 for M8 and n=25 for M8 Y905A). ( ii) 

Scatter dot plot showing peak amplitude of icilin-mediated Ca2+ responses (median with interquartile range of different 

cells in the field from at least 5 independent experiments). All cells were considered for PC3 and PC3 overexpressing 

TRPM8 Y905A analysis, only icilin-responsive cells were considered for PC3 overexpressing TRPM8 (n=225 for PC3, n=135 

for M8 and n=159 for M8 Y905A). Statistical significance versus PC3 or PC3 overexpressing TRPM8, ****: P < 0.0001 

(Kruskal-Wallis test with post-hoc Dunn’s test).  

(b) Representative immunoblot showing TRPM8 expression (rabbit anti-TRPM8 Ab109308 1:800) in PC3 cells, PC3 cells 

overexpressing TRPM8 wt (0.625 μg) and PC3 cells overexpressing TRPM8 Y905A (0.625 μg). β-actin (mouse anti-β-actin 

Sigma-Aldrich A5316 1:1000) was used as a loading control; the specific bands referring to TRPM8 expression are framed 

and indicated by the arrows.  

The full uncropped blot is reported on the right. Samples order (from left to right): 1) PC3 CNTRL; 2) PC3+TRPM8 wt; 3) 

PC3+TRPM8 Y905A; 4) MCF-7 CNTRL; 5) MCF-7+TRPM8 wt; 6) MCF-7+TRPM8 E207A Y240A; 7) HeLa CNTRL; 8) 

HeLa+TRPM8 wt; 9) HeLa+TRPM8 E207A Y240A. 
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Figure S2. Original uncropped blot referring to Fig. 2ai. 

Samples order (from left to right): 1) GTP ϒs: 2) GDP; 3) PC3 CNTRL (pulled-down PD); 4) TRPM8 (PD); 5) empty; 6) PC3 

CNTRL (total lysates TL); 7) TRPM8 (TL). 
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Figure S3. TRPM8 and Rap1A basal expression in PC3, MCF-7, and HeLa cell lines. 

(a i) Representative immunoblot showing TRPM8 (rabbit anti-TRPM8 Ab109308 1:800) and Rap1 (rabbit anti-Rap1 

Thermo Fisher scientific 1862344) expression in PC3, MCF-7, and HeLa cells wt and overexpressing exogenous TRPM8 wt 
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(0.625 μg). The specific bands referring to TRPM8 expression are framed and indicated by the arrows. β-actin (mouse 

anti-β-actin Sigma-Aldrich A5316 1:1000) was used as a loading control and to normalize and quantify (ii) the 

endogenous amount of Rap1 within cells overexpressing or not TRPM8 (n=3). The original uncropped blots are reported 

below; samples order in blots 1-3 (from left to right): 1) PC3 wt; 2) PC3+TRPM8; 3) empty; 4) MCF-7 wt; 5) MCF-7+TRPM8; 

6) empty; 7) HeLa wt; 8) HeLa+TRPM8; samples order in blot 4 (from left to right): 1) HeLa wt; 2) Hela+TRPM8 (10 μg); 

3) HeLa+TRPM8 (30 μg); 4) 3) HeLa+TRPM8 (20 μg). 

(b) Ca2+-imaging traces in response to TRPM8 agonist (10 μM icilin) in MCF-7 (i) and HeLa (ii), transiently overexpressing 

or not TRPM8. Traces represent mean ± SEM of cells in the recorded field of one representative experiment (n=38 for 

MCF-7 wt, n=29 for MCF-7 M8; n=22 for HeLa CNTRL, n=29 for HeLa M8). 
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Figure S4. RCA of the interaction between TRPM8 and Rap1A. 

The numbering here is slightly modified for TRPM8 by 142 thus His117 is actually His259. Colored in red are the residues 

considered as central (Z score ≥ 3) in at least one of the five selected docking models. Only central residues at the interface 

are colored. Chain A corresponds to TRPM8 while B is used for Rap1A. 
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Figure S5. Role of K31 and Y32 in mediating the direct interaction between the inactive (GDP-bound) form of Rap1 

and TRPM8 N terminus. 

a) GST blots relative to GST pull-down assay described in Fig. 5a (GST-TRPM8 N-terminal tail (M8-Nt), GST-C-terminal 

tail (M8-Ct), or GST incubated with in vitro translated Rap1 N17 (i), GFP-Rap1 N17 K31A (ii) and GFP-Rap1 N17 Y32A (iii). 

The interaction of Rap1 mutants with GST-fused TRPM8 N- and C-terminal tail was detected using anti-Rap1 antibody 
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and anti-GST antibody was used as control for the loading of GST-fused TRPM8 N- and C-terminal tail. One representative 

experiment of three (the same shown in fig. 5a) is shown. 

b) Original uncropped blots referring to GST pull-down assays reported in Fig. 5ai, 6ai, aii, and aiii; samples order (from 

left to right): 1) MW marker; 2) input; 3) MW marker; 4) GST; 5) TRPM8 Ct-GST; 6) TRPM8 Nt-GST; 7) TRPM8 E207A Nt-

GST; 8) TRPM8 Y240A Nt-GST. 

c) Original uncropped blots referring to Co-IP experiment reported in Fig. 5bi; samples order (from left to right): 1) MW 

marker; 2) GFP (total lysates TL); 3) Rap1 N17-GFP (TL); 4) Rap1 N17 K31A-GFP (TL); 5) Rap1 N17 Y32A-GFP (TL); 6) MW 

marker; 7) GFP (immuno-precipitated IP); 8) Rap1 N17-GFP (IP); 9) Rap1 N17 K31A-GFP (IP); 10) Rap1 N17 Y32A-GFP 

(IP). 

d) Original uncropped blots referring to the active Rap1 pull-down assays reported in Fig. 5ci and 5ei; samples order 

(from left to right): 1) GTP ϒs: 2) GDP; 3) TRPM8+Rap1 N17 Y32; 4) TRPM8+Rap1 N17; 5) TRPM8; 6) Rap1 N17 Y32; 7) 

Rap1 N17; 8) PC3 CNTRL; 9) Rap1 wt; 10) Rap1 K31A; 11) Rap1 Y32A. 

 

 

Figure S6. Original uncropped blots referring to Fig. 6 and 7. 

a) Original uncropped blots referring to GST pull-down assays reported in Fig. 6bi; samples order (from left to right): 1) 

MW marker; 2) input; 3) GST; 4) TRPM8 Ct-GST; 5) TRPM8 Nt-GST; 6) TRPM8 E207A Y240A Nt-GST.  

b) Original uncropped blots referring to Co-IP experiment reported in Fig. 6ci; samples order (from left to right): 1) MW 

marker; 2) Rap1 N17; 3) TRPM8; 4) TRPM8+Rap1 N17; 5) TRPM8 E207A Y240A+Rap1 N17.  

c) Original uncropped blots referring to the active Rap1 pull-down assays reported in Fig. 7di; samples order (from left 

to right): 1) GTP ϒs: 2) GDP; 3) PC3 CNTRL (pulled-down PD); 4) TRPM8 (PD); 5) TRPM8 E207A Y240A (PD); 6) empty; 7) 

PC3 CNTRL (total lysates TL); 8) TRPM8 (TL); 9) TRPM8 E207A Y240A (TL). 
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Figure S7. TRPM8-Rap1A interaction in cancer cells viability. 

(a) Cell viability of PC3 (i), MCF-7 (ii) and HeLa (iii) cells 24, 48, and 72 h after transfection with 0.625 μg of TRPM8 wt or 

TRPM8 E207A Y240A (M8 DM). Data are normalized on the CNTRL (cells transfected with empty vector) at 24 h and are 

represented as mean ± SEM. Data refer to a pool of 3 independent experiments (eight replicates for each experiment). 

Statistical significance: * p< 0.05, ** p< 0.01, *** < 0.001 **** P< 0.0001 (Kruskal-Wallis test with post-hoc Dunn’s test).  

(b) Immunoblot showing TRPM8 overexpression (rabbit anti-TRPM8 Ab109308 1:800) in PC3 (i), MCF-7 (ii) and HeLa (iii) 

cells 24, 48, and 72 h after transfection with 0.625 μg of TRPM8 wt; The specific bands referring to TRPM8 expression 

are framed and indicated by the arrows; the original uncropped blots are reported below; samples order in blot 1 (from 

left to right): 1) PC3 wt; 2) PC3+TRPM8 24 h after transfection; 3) PC3+TRPM8 48 h after transfection; 4) PC3+TRPM8 72 

h after transfection; 5) empty; 6) MCF-7 wt; 7) MCF-7+TRPM8 24 h after transfection; 8) MCF-7+TRPM8 48 h after 

transfection; 9) MCF-7+TRPM8 72 h after transfection; ; samples order in blot 2 (from left to right): 1) HeLa wt; 2) 

HeLa+TRPM8 24 h after transfection; 3) HeLa+TRPM8 48 h after transfection; 4) HeLa+TRPM8 72 h after transfection.  
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Figure S8. TRPM8-Rap1A interaction in healthy and cancerous prostate tissues.  

Representative confocal micrographs of healthy prostate tissue and prostate adenorcarcinoma (Gleason 5) microarrays 

(Biomax Inc.) stained for Rap1A (green - anti-Rap1A ABIN2854404 ) and TRPM8 (red - anti-TRPM8 ABIN572229). Nuclei 

are counterstained with DAPI (blue). Scale bar: 10 μm.  
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Abstract 

In the fight against prostate cancer (PCa), TRPM8 is one of the most promising clinical targets. Indeed, several 

studies highlighted TRPM8 key involvement in PCa progression due to its impact on cell proliferation, viability 

and migration. However, data from the literature face some contradictions on the precise role of TRPM8 in 

prostatic carcinogenesis and are mostly based on in vitro studies. The purpose of this study was to clarify the 

role played by TRPM8 in PCa progression. We used a prostate orthotopic xenograft mouse model, showing 

that TRPM8 overexpression dramatically limited tumor growth and metastasis dissemination in vivo. 

Mechanistically, our in vitro data revealed that TRPM8 inhibits tumor growth by affecting cell proliferation 

and clonogenic properties of PCa cells. Moreover, TRPM8 impacts on metastatic dissemination mainly 

impairing cytoskeleton dynamics and focal adhesion formation through the inhibition of Cdc42, Rac1, ERK, 

and FAK pathways. Lastly, we proved the in vivo efficiency of a new tool based on lipid nanocapsules 

containing WS12 in limiting the TRPM8-positive cells’ dissemination in metastatic sites. Our work strongly 

supports the protective role of TRPM8 on PCa progression, providing new insights for the potential 

application of TRPM8 as a therapeutic target in PCa treatment.  

Keywords: prostate cancer; tumor growth; metastasis dissemination; TRPM8; Rho signaling; ERK; FAK; cell 

proliferation; trans-endothelial migration; invasion  

 

 

 

Introduction 

In Western industrialized countries, prostate cancer (PCa) is the most frequently diagnosed cancer and 

the second most common cause of death among men [1]. In its first stages, PCa develops slowly and remains 

localized, while in later stages the prostate capsule barrier can be crossed and the tumor becomes invasive, 

often leading to metastasis in lymph nodes and later mainly in the bone, liver, and lung [2].  

Since metastases are the leading cause of cancer-related death, the deepest knowledge about the 

mechanisms supporting cancer metastasis is crucial in the fight against cancer. Malignant cell transformation 

is the result of enhanced proliferation, aberrant differentiation, and an impaired ability to die [3]. These 

alterations finally result in abnormal tissue growth, which can eventually turn into an uncontrolled expansion 

and invasion, characteristic of cancer. Moreover, to escape from the primary site and colonize distant organs, 

cancer cells must acquire a more aggressive migratory and invasive phenotype. In this context, several studies 

pinpointed the central role played by calcium (Ca2+) and ion channels in all the processes associated with the 
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metastatic cascade [4–7]. In particular, members of the Transient Receptor Potential (TRP) ion channel 

superfamily were implicated in all the hallmarks of cancer, and their expression levels correlated with the 

emergence and/or progression of numerous epithelial cancers [8,9]. In addition, it should be noted that 

besides their transcriptional and translational regulation, ion channel trafficking to the cell surface, as well 

as plasma membrane stabilization, define channel activity. Therefore, modulation of TRP channels 

expression/activity on one of these levels may affect intracellular Ca2+ concentrations and consequently, 

processes involved in carcinogenesis, such as proliferation, apoptosis, and migration [10]. 

In recent decades several lines of evidence highlight a key involvement of the TRP channel TRPM8 in 

prostate cancer. First, TRPM8 expression varies during cancer progression with a strong expression in the 

initial PCa stages and loss of expression in the late and more aggressive stages. This differential expression 

makes TRPM8 a good diagnostic/prognostic marker and, indeed, it is currently used as a clinical marker in 

some countries [11,12]. Second, several in vitro studies reported anti-proliferative [13–15], pro-apoptotic 

[15,16], and anti-migratory [15,17,18] effects of TRPM8 in PCa cells. However, although an anti-proliferative 

role was suggested for TRPM8 in vivo [14], other studies reported a pro-proliferative role in vitro [16,19,20]. 

More precisely, these in vitro studies reported a decrease in the proliferation rate of several PCa cell lines 

when TRPM8 was inhibited by pharmacological blockers and, to a lesser extent, by siRNA against the channel. 

Indeed, TRPM8 blockers and siRNA reduced the proliferation in LNCap and DU-145 cells, but not in PC3 cells 

and PNTA1 cells. Taking into account the broad action of pharmacological blockers and the uncorrelated 

effects between TRPM8 knock-down expression and cell proliferation, it is difficult to speculate on the 

physiological relevance of the channel in that case. This data in addition to the antitumorigenic effect of 

TRPM8 observed in subcutaneous xenograft model in mice [14] illustrate the need of further studies to better 

confirm and clearly delineate the anti-metastatic role played by TRPM8 in PCa progression. 

To shed light on these contradictory data and further support the protective role of TRPM8 in vivo, in this 

study, we explored the effects of TRPM8 overexpression on PCa progression both in vitro and in vivo using a 

prostate orthotopic xenograft mouse model. In particular, we evaluated the impact of TRPM8 on primary 

tumor growth and metastatic dissemination further investigating the molecular mechanisms underlying 

TRPM8 effects on PCa progression. These findings may provide new insight in view of a potential application 

of TRPM8 as a therapeutic target in the treatment of PCa using channel-targeting nanotechnologies. 

 

 

 



  Results__TRP channels and PCa invasion 

 

305 

 

Materials and Methods 
Cell culture 

Human prostate cancer cells from bone metastasis (PC3, ATCC®) with stable luciferase overexpression 

(PC3-luc) and PC3 with TRPM8 and luciferase overexpression (PC3-M8-luc) were used in this study. Cells were 

obtained by stable transfection with pcdna4-TRPM8 and/or pcdna3-luciferase vectors. In order to obtain 

stable clones, transfected cells were selected using 100µg/ml zeocin (InvivoGen) and/or 700µg/ml geneticin 

(Sigma-Aldrich) every two passages. PC3 cells were grown in RPMI (Invitrogen) supplemented with 10% of 

fetal bovine serum (Pan Biotech), L-glutamine (5 mM; Sigma-Aldrich), and PenStrep® (100 mg/ml; Sigma-

Aldrich). 

Human microvascular endothelial cell line (HMEC-1, ATCC®) was cultured in EndoGRO™ MV-VEGF 

complete medium (Merck Millipore), supplemented with L-glutamine (5 mM; Sigma-Aldrich), and PenStrep® 

(100 mg/ml; Sigma-Aldrich). 

Lipid nanocapsules formulation 

Lipid nanocapsules (LNC) were formulated with a mixture of LabrafacTM Lipophile WL 1349 

(caprylic/capric triglyceride), Phospholipon® 90G (soybean lecithin at 97.1% of phosphatidylcholine), and 

Solutol® HS15 (a mixture of free polyethylene glycol 660 and polyethylene glycol 660 hydroxystearate) 

generously provided by Gattefosse S.A.S. (Saint-Priest, France), Phospholipid GmbH (Köln, Germany), and 

Laserson (Etampes, France), respectively. Type I ultrapure water was obtained from a Milli-Q plus system 

(Millipore, Paris, France). WS-12 was obtained from Tocris (Bio-Techne SAS, France). Other chemical reagents 

were obtained from Sigma-Aldrich (Saint-Quentin Fallavier, France) and solvents were obtained from Thermo 

Fischer Scientific (Illkirch, France) and used as received. 

Formulation of LNC-WS12 for in vivo experiments: LNC of size 25 nm were prepared with slight 

modifications in water using a phase inversion method of an oil/water system, as described by Heurtault et 

al. [11]. Typically, the oil phase containing Labrafac (2.52 g), Solutol (4.08 g) and Phospholipon 90G (0.375 g) 

was mixed with the appropriate amounts of WS-12 (29 mg, 1% of Labrafac+Phospholipon 90G), Milli-Q water 

(5.4 mL) and NaCl (660 mg), and heated under magnetic stirring up to 70 °C. The mixture was subjected to 3 

temperature cycles from 26 to 76 °C under magnetic stirring. The mixture was then cooled to 45 °C before 

the addition of 28.2 mL of cold ultrapure water (0 °C). The formulation was stirred at room temperature for 

another 10 min and was stored in the fridge at 4 °C overnight before purification. Empty LNC were formulated 

without WS12. The LNC suspensions were purified by dialysis (12000-14000 Da, 4 times) during 2 days in NaCl 

solution (9 g/L). The purified LNC suspensions were sterilized using syringe filters (0.22 µm) in a sterile plastic 

tube. 
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The drug loading of purified LNC suspensions were quantifed by high performance liquid 

chromatography (HPLC). High performance liquid chromatography (HPLC) analysis was carried out on a 

Shimadzu LC2010-HT (Shimadzu, Tokyo, Japan) using a 5 µm C18AQ Uptisphere® X-serie 300 Å, 250×4.6 mm 

column (Interchim, Montluçon, France) heated to 30 °C. The mobile phase consists of a mixture of eluent A 

(formic acid 0.1% in H2O) and eluent B (formic acid 0.1% in acetonitrile) at a flow rate of 1 mL/min. The 

isocratic flow (eluent 1) was for 1 min, the linear gradient was 0 to 80% of eluent B in 10 min and further 80% 

of eluent B for 4 min. The detection was performed at 254 nm. Diluted LNC solutions (by 10) were analyzed 

by injecting of 40 µL into the column. A stock solution of WS-12 was prepared at 1 mg/mL in DMSO for the 

calibration curve. Concentrations of 5, 10, 20, 40, 80 and 120 µg/mL of WS-12 in DMSO were prepared from 

this stock and injected (40 µL) into the column. A calibration curve (Y = 127869*X + 40563, r² = 0.9999, LOD 

= 1.36 µg/mL, LOQ = 4.13 µg/mL) was obtained by linear regression of drug concentration (X, µg/mL) versus 

the peak area (Y). 

In vivo tumor models 

Ten-week-old male NMRI Nude Mice (Charles River Laboratories) were injected into the prostate with 

2×106 PC3-luc or PC3-M8-luc cells (12 mice/condition) suspended in 30 μl PBS while under isoflurane 

anesthesia. Animal weight was measured every week for 5 weeks and the tumor growth was monitored using 

bioluminescence (BLI) measurement. To measure BLI, mice were injected with d-luciferin intraperitoneally 

(150 mg/kg) for 10 min before bioluminescence imaging (ΦimagerTM; BIOSPACE Lab). Photons emitted by 

cancer cells were counted and expressed in counts per minute (c.p.m.). At necropsy after 5 weeks, ex vivo 

BLI measurement for each collected organ was performed using d-luciferin intraperitoneal injection 

(150 mg/kg) and results were expressed in counts per minute (c.p.m.). 

Unanesthetized twelve-week-old male NSG Mice (Charles River Laboratories) were placed into a plastic 

restraining device and injected with 5×106 PC3-luc or PC3-TRPM8-luc cells suspended in 150 μl PBS (15 mice 

were injected with PC3-Luc cells, 9 mice with PC3-M8-Luc clone 5 and 6 mice with PC3-M8-Luc clone 2 cells). 

Cells were injected into the lateral tail vein through a 25-gauge needle, as previously described [51]. Tumor 

growth was measured every week for 5 weeks using d-luciferin intraperitoneal injection (150 mg/kg) for 10 

min before bioluminescence imaging and results were expressed in counts per minute (c.p.m). At necropsy, 

ex vivo BLI measurement for each collected organ was performed, as described above. 

To test the toxicity of lipid nanocapsules (LNC), fourteen-week-old male NMRI Nude Mice (Charles River 

Laboratories) grafted orthotopically with 2×106 PC3-M8-luc cells (3 mice/condition) were injected into the 

lateral caudal vein with empty or WS-12-loaded LNC labeled with DiI at three different concentrations (10, 1, 

or 0.1 mg/kg diluted in NaCl), free WS-12, or in the solvent (NaCl), for control three times per week for three 
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weeks. After 3 weeks, mice were sacrificed and the presence of LNC in organs was analyzed using DiI imaging 

on lysates. 

Intracardiac manipulations were performed on 52 six-week-old male NMRI Nude Mice (Charles River 

Laboratories) bred and housed at the “Small Animal Imaging Center” of the TAAM Unit at the CNRS (Orléans, 

France) according to referral n°1166 from CECCO n°3 and APAFIS authorization #19911. The mice were 

anesthetized with an air/2% isoflurane mixture (Piramal, CSP) and then injected in the left ventricle with 

2×106 PC3-luc clone 11 or PC3-TRPM8-luc clone 2 cells suspended in 100 μL PBS. Starting from D1, mice 

received 200 μL of a solution containing 2.7% DMSO (control group) or 200 μL containing 0.130 mg of the 

TRPM8 inhibitor M8B hydrochloride (Bio-techne) diluted in 1X PBS containing 2.7% of DMSO (treated group). 

Treatments were administered intraperitoneally 3 times a week up to D50. To assess the quality of the 

injection of cells into the left ventricle and then to perform imaging of tumor proliferation, bioluminescence 

imaging was performed with an Ivis® Lumina device (Perkin Elmer, USA). Anesthetized mice were imaged by 

bioluminescence on both the ventral and the dorsal side once a week for 8 weeks upon injection of luciferin 

(Perkin Elmer, France, supplied by CIPA) at a dose of 2 mg/mouse. 

Histology, immunostaining and morphometric analyses 

Mouse tissue samples were fixed in 4% PFA overnight at 4 °C, dehydrated, and embedded in paraffin 

(for 8 μm serial sections). Histology was performed by Trichrome staining (histology core facility of Lille). 

Before immunofluorescence experiments, the sections underwent deparaffinization: incubation in xylene 2 

times x 10 min, then rinsed with 100% ethanol (2 times x 3 minutes), and rehydrated in a decreasing gradient 

of Ethanol/H20 (100%, 96%, 70%, 30% 5 minutes each) and finally transferred to PBS. The sections were 

blocked for 30 minutes in blocking buffer (PBS + 10% Donkey serum + 0.3% triton X100), then incubated with 

primary antibodies in blocking buffer overnight at 4 °C. After three rinses in PBS, the sections were incubated 

for 90 min at RT with secondary antibodies diluted in blocking buffer. Finally, the sections were rinsed three 

times in PBS before nuclear staining with DAPI (1:200 in PBS) and mounting with Mowiol. Im-munostainings 

were performed using the following primary antibodies: Rb-Anti Ki67 (Ab 15580, 1:100); Goat anti-TRPM8 

(Antibodies ONLINE, 1:100) 

Sections were then incubated with the appropriate fluorescently conjugated sec-ondary antibodies (Dk 

anti Gt Alexa 488 1:400 Molecular Probes, Dk and Rb Rodhamine 1:250 Jakson Immunoresearch). Nuclei were 

counterstained with DAPI (Invitrogen, Life Technologies, Ghent, Belgium). For morphometric analyses, 

mosaic tile images were taken by Axio Scan, Z1 (Zeiss, Jena, Germany) with a ×20 dry objective (NA 0,8). 

Images were processed with ZEN software (Zeiss Efficient Navigation) and analyzed using the NIH Image J by 

a sequential operations allowing the tumor area identification, necrotic area identification and cell counting. 

For each necrotic area, the number of total cells (stained with DAPI) was counted using a fixed threshold, 
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watershed and analyze particles from 30 to 5000 pixel2. Tumor proliferation was defined as the Ki67+ area 

and expressed as a percentage of the total nuclei (DAPI+). Apoptosis was measured by TUNEL following 

manufacturer instruction (DeadEnd™ Fluorometric TUNEL System). Ki67 + cells or apoptotic cells were 

counted as GFP channel, using a fixed threshold, watershed and analyze particles from 30 to 5000 pixel2. The 

complete macro is reported in supplementary material as Github. 

Confocal imaging was performed using an LSM700 confocal microscope (Carl Zeiss, Munich, Germany). 

Flow cytometry assay  

Cells were harvested, washed with PBS, and fixed with cold 70% ethanol for 30 minutes. After rinsing 

with PBS, cells were incubated with an RNase cocktail (Invitrogen) in PBS for 15 minutes, followed by 50 

µg/ml propidium iodide (PI; Sigma Aldrich) for 30 minutes at room temperature. After incubation, cells were 

placed on ice before being analyzed by flow cytometry. Data were acquired with a CyAn ADP flow cytometer 

(Beckman Coulter) using FL3 channel (488nm excitation, and 640DLP - 613/20 filters). Analysis was performed 

using Summit software. 

Apoptosis assay 

Tumor apoptotic cell death was detected and quantified via DeadEndTM Fluorometric TUNEL System Kit 

(Promega) according to the manufacturer’s instruction. For apoptosis analysis of tumor sections, mosaic tile 

images covering an entire tumor section were acquired and the TUNEL+ area was expressed as a percentage 

of the total tumor area analyzed. 

Clonogenic assay 

The ability of the cells to form clones was assessed using a clonogenicity test. PC3-luc and PC3-M8-luc 

cells were cultured in a 6-well plate at a confluence of 800 cells/well for 2 weeks. The medium containing 

different treatment conditions (WS12 at 1 and 10 nM, empty LNC, WS12-loaded LNC at 1 and 10 nM, icilin at 

10 µM, and M8B at 1 µM) was changed every three days during the time of the experiment. After 2 weeks of 

incubation, the clones obtained were rinsed with PBS, fixed with methanol, and stained with Crystal violet 

(Santa Cruz). The number of clones present in each well was counted using the ImageJ software [52] and 

each condition was normalized to the control condition. 

Time-lapse video microscopy  

Cells were seeded at low density and kept at 37°C under 5% CO2 in an incubator chamber for time-lapse 

video recording (Okolab). Cell movements were monitored with an inverted microscope (Eclipse Ti-E; Nikon) 

using a 10X/0.25 NA Plan objective lens.  
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Images were acquired every 10 minutes for a time-lapse of 10 hours with a CCD video camera using NIS-

Element software (Nikon). Image stacks were analyzed with ImageJ software and at least 100 cells/condition 

were manually tracked using the MtrackJ plugin. We excluded dividing cells as well as cells that exited the 

imaged field during the time-lapse acquisition period. The mean speed parameter was considered for the 

data analyses. At least 6 fields for each condition were analyzed in each independent experiment. At least 

three independent experiments were performed for each experimental condition. 

Invasion assay 

Cells were harvested from the culture dish, 5×104 cells in 200 μL of 2% serum medium were transferred 

to the Transwell inserts coated with Matrigel® (the top compartment, 8-μm pore size, Corning), and 1 mL of 

10% serum medium was placed in the lower chamber. Following incubation at 37 C̊ for 22 hours in a cell 

culture incubator, cells on the upper surface of the filters were removed with cotton swabs, filters were 

washed with PBS, fixed in methanol, and stained with crystal violet. Cells that had moved to the lower surface 

of the filter were counted under the microscope. Migrated cells in each field were quantified. Results are 

presented as relative migration by setting the migrating cell number of control cells as 100. 

Trans-endothelial migration assay 

To analyze the ability of PC3 and PC3 M8 cells to migrate through an endothelial cell monolayer, we 

used a video microscopic in vitro “extravasation” assay. In brief, a thin basement membrane-like matrix 

(consisting 1X RPMI, 10 mmol/l HEPES, 0.04 mg/ml laminin, 0.04 mg/ml fibronectin, and 0.32 mg/ml collagen 

IV, adjusted to pH 7.4) is layered onto thick collagen I layer (containing 1X RPMI, 10 mmol/l HEPES, and 0.8 

mg/ml collagen I, adjusted to pH 7.4 and incubated overnight at 37°C in a 12.5 cm2 flask) for one hour at 

room temperature. Afterward, 1.7×106 HMEC cells are added to the collagen double-layer and incubated for 

7–10 days at 37°C, and 5% CO2. The medium is replaced every 2 days, and when the cells reach confluency, 

10 ng/ml TNF-α are added. The next day, 3×105 PC3 or PC3-M8 cells and 100 ng/ml epidermal growth factor 

(EGF) are added with or without senicapoc (30 μmol/l, dissolved in DMSO). Trans-endothelial migration is 

monitored for 13.5 hours using a ZEISS microscope Axiovert 40C, linked to a video camera (Hamamatsu, 

Germany). Images are taken in 5-minutes intervals. The analysis is performed using ImageJ. All PC3 and PC3 

M8 cells within the given visual field are counted in the first image of the stack (t=0). Then individual cells are 

tracked. The criterion for trans-endothelial migration is that PC3 or PC3-M8 cells not only settle between but 

they clearly move underneath the endothelial cells. For these cells, the time point of intrusion into the 

endothelium is set to represent the beginning of trans-endothelial migration. For the final analysis, the 

number of transmigrated cells is normalized to the number of PC3 or PC3-M8 cells at t=0. Three independent 

experiments were performed for each experimental condition. 
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Microfluidic co-cultures 

Blood-vessel formation: The OrganoPlate® 2-lanes (MIMETAS, 9603-400B) containing 96 chips (4.5 mm 

long gel and perfusion channels - 200 μm × 120 μm (w×h)) was used to reproduce tubular endothelial 

structures that mimic blood vessels in a microfluidic system [53]. In all experiments rat tail collagen type I 

(Nalgene) was used as extracellular matrix (ECM) for the cells (in the gel channel). A stock collagen type I 

solution (5 mg/ml) was neutralized with 10% NaHCO3 (37 g/l) and 10% HEPES buffer (1 M) (Sigma Aldrich) to 

obtain a final concentration of 4 mg/ml. NaHCO3 and HEPES were mixed in a 1:1 ratio (v/v) and then collagen 

I was added in a volume corresponding to 4 times the volume of the initial mix (final volume ratio 1:1:8 

HEPES/ NaHCO3/Collagen I). Some attracting factors such as FCS and VEGF were added to the ECM. The 

neutralized collagen was kept on ice and used within 10 minutes. 2μl of the neutralized collagen was added 

into the inlet of each gel channel and then the device was incubated for 30 minutes at 37°C and 5% CO2 to 

allow collagen polymerization; the device was removed from the incubator and kept sterile at room 

temperature right before cell loading. HMEC cells were dissociated, pelleted and resuspended in complete 

medium (EndoGRO™ MV-VEGF, Merck Millipore) at a density of 2×107 cells/ml. 2 μl of the cell suspension 

was dispensed into the perfusion channel inlet followed by the addition of 50 μl of culture medium to prevent 

dehydration of the cell suspension. The OrganoPlate® was placed on its side with gel channels at the bottom 

and incubated (37° C, 5% CO2), to allow cells to adhere. After the cells were attached to the gel, the device 

was rotated back into an upright position and 50 μl of the medium was added to the medium outlet. The 

device was then placed on a rocking platform (Perfusion rocker, MIMETAS) for continuous perfusion (7° 

inclination, 8 minutes cycle time). The culture medium was refreshed three times a week and right before 

each experiment. 

Extravasation assay: After transfection with TRPM8 and/or GFP plasmid, PC3 cells were inserted into the 

tubule (0.2×104 cells/line) and the co-culture was imaged 16 hours after PC3 injection using a Leica TCS SP5 

confocal system (Leica Microsystems) with magnification 200X. DAPI (1:1000 for 15 minutes, Invitrogen, Life 

Technologies) was used for nuclear staining and actin was labelled with Rodhamine-phalloidin (1:1000 for 15 

minutes, Invitrogen, Life Technologies). The cells that passed through the tubule were counted and they were 

distinguished into three zones: cells that have passed the tubule and are in the collagen I matrix, cells that 

are integrated into the tubule, and cells that rested into the tubule. 

Western blot analysis 

Cells were seeded in Petri dishes with the appropriate medium and grown to a confluency of 80%. Before 

cell lysis, Petri dishes were kept on ice and washed twice with ice-cold PBS. Cells were lysed with RIPA Buffer 

(25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing the 

following protease inhibitors: 2 mg/ml aprotinin, 1 mM Na orthovanadate, 0.1 mM PMSF and 10 mM sodium 
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fluoride. Lysates were centrifuged at 4°C for 10 minutes at 12 000 g. Protein concentrations were determined 

using a Bicinchoninic Acid Kit (BCA kit, Sigma) following the manufacturer's instructions. 50 µg of the sample 

were resuspended in SDS sample buffer, heated at 95°C for 5 minutes, and separated on 10% pre-cast SDS 

gel (Biorad). Polyvinylidene fluoride membranes were properly blocked and then incubated overnight with 

ERK1/2 (1:1000, #9102, Cell Signaling), phospho-ERK1/2 Thr402/Tyr204 (1:1000, #9101, Cell Signaling), AKT 

(1:3000, #9272, Cell Signaling) and Phospho-Akt-Ser473 (1:2000, #4508, Cell Signaling) antibodies. The 

membrane was then washed with TBS containing 0.1% Tween 20 and incubated with the appropriate 

horseradish-peroxidase-conjugated antibodies (SantaCruz). Chemiluminescence assays were conducted 

using the SuperSignal West Dura chemiluminescent substrate (Thermo Fischer Scientific). 

Cell signaling pathway assays 

Cell signaling activation pathways were analyzed using western blot techniques to study the 

phosphorylation levels of ERK and FAK using antibodies described above. To quantify the differences in 

protein phosphorylation, the ratio between non-phosphorylated and phosphorylated protein expression was 

evaluated using ImageJ software. Cdc42, Rac1, and RhoA activation was evaluated using G-LISA® activation 

assay kit for Cdc42, Rac1, and RhoA (G-LISA® CDC42 Activation Assay Biochem KitTM, G-LISA® Rac1 Activation 

Assay Biochem KitTM, G-LISA® RhoA Activation Assay Biochem KitTM; Cytoskeleton). Manufacturer’s 

instructions were followed for each kit. 

Statistical analysis 

Data are expressed as means ± SEM. The statistical significance of differences between groups was 

determined by analysis of variance (ANOVA) followed by pairwise comparison using Tukey’s or Bonferroni’s 

method for in vivo assay, flow cytometry, apoptosis, clonogenic assay, invasion, migration assay, and cell 

signaling pathway assays. Student t-test was used to analyze trans-endothelial migration assay. Differences 

with a P < 0.05 were considered statistically significant. Statistical analyses were performed using GraphPad 

Prism 6 software (GraphPad Corporation). 
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Results 

1. TRPM8 overexpression inhibits prostate tumor growth in vivo  

To investigate the role played by TRPM8 in prostate tumor growth, we performed an in vivo study using 

mice with a prostate orthotopic graft of PCa cells from bone metastases stably overexpressing (PC3-M8-luc), 

or not (PC3-luc), TRPM8 channel. We have used two separate clones, named cl2 and cl5, for the PC3-M8-luc 

assays. These clones were obtained after transfection of PC3-M8 cells with a pcdna-3 luciferase plasmid and 

then selected using geneticin. Bioluminescence based on the luciferase activity was measured weekly to 

follow PC3 cell growth and we showed that overexpression of TRPM8 inhibits prostate tumor growth (Fig. 1A 

and B). More precisely, the overexpression of TRPM8 induced a significant decrease in PCa growth already 

evident 4 weeks after the orthotopic graft and equal to 93.34 ± 1.81% in PC3-M8-luc cl5 and to 98.04 ± 0.48% 

in PC3-M8-luc cl2 5 weeks later (Fig. 1A and B).  

Following mice sacrifice, prostate tumors were recovered, weighed, and analyzed (Fig 1C-E). In 

accordance with bioluminescence measurements, we found that TRPM8 overexpression decreased tumor 

weight by 42.89 ± 7.73 % in PC3-M8-luc cl5 grafts (175.08 ± 23.90 mg for PC3-M8-luc cl5 tumor against 348.6 

± 48.52 mg for PC3-luc tumor) and by 66.31 ± 5.79 % in PC3-M8-luc cl2 grafts (95.83 ± 6.99mg for PC3-M8-

luc cl2 tumor against 348.6 ± 49.52 mg for PC3-luc tumor) (Fig. 1C). The comparison of the tumor area 

between PC3-luc and PC3-M8-luc grafts also confirmed the inhibitory role of TRPM8 in PCa growth, showing 

a reduction of the tumor area of 79.91 ± 3.28% in PC3-M8-luc cl5 and 64.24 ± 3.41% in PC3-M8-luc cl2 (Fig. 

1D). Immunofluorescence and histological analyses were further performed to verify TRPM8 expression in 

our prostate orthotopic tumor model (Fig. 1E). As shown in figure 1E, the prostatic glandular architecture of 

PC3-luc orthotopic grafts is severely disorganized when compared to the TRPM8 grafts. 
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Figure 1. TRPM8 overexpression inhibits prostate primary tumor growth in vivo.  

A) Images showing bi-oluminescence from mice grafted with PC3-luc and two clones of TRPM8-overexpressing PC3-M8-

luc cells (cl2 and cl5) 5 weeks after orthotopic graft. B) Quantification of bioluminescence from PC3-luc or PC3-M8-luc 
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mice xenografts 5 weeks after grafting (n=12 mice/condition; statis-tical significance **** = p <0.00001, 2-way ANOVA 

with post-hoc Bonferroni test. C) Weight (mg) of prostate tumor from mice 5 weeks after grafting with PC3-luc or PC3-

M8-luc (n= 12 mice/condition). D) Quantification of the relative tumor area from PC3-luc or PC3-M8-luc grafts in mice 

(n=51 for PC3-luc; n=34 for PC3-M8-luc cl5, and n=63 for PC3-M8-luc cl2; statistical sig-nificance, **** = p <0.00001, 

ordinary one-way ANOVA with post-hoc Tukey’s test). E) Histologi-cal analysis of tumors from PC3-luc and PC3-M8-luc 

mouse xenografts. Immunofluorescence for TRPM8 is represented in green and immunofluorescence for DAPI in blue. 

 

2. TRPM8 overexpression inhibits cell proliferation and cell clones’ formation  

To better clarify the mechanism underlying the TRPM8-mediated inhibition of PCa growth observed in 

vivo, we performed histological and immunofluorescence analyses on prostatic tissues extracted from mouse 

xenografts. In particular, we quantified proliferation and apoptotic markers that could account for the large 

difference observed between PC3-luc and PC3-M8-luc orthotopic grafts (Fig. 2). The proliferation rate in 

xenografted mice prostates was assessed by KI67 staining showing that TRPM8 overexpression significantly 

decreased the proliferative fraction of PC3 cells by 55.7 ± 7.87 % and 88,2 ± 15,87 % in PC3-M8-luc cl 5 and 

2, respectively (Fig. 2A and B). Consistently, TRPM8 overexpression in PC3 cells revealed a cell cycle arrest at 

G0/G1 transition with an increase of 6.97 ± 1.21 % of PC3-M8-luc cells in G0/G1 phase compared to PC3-luc 

cells in vitro (Fig. 2C). However, this percentage of cell cycle arrest is too limited to explain the large difference 

found in tumor size and volume due to TRPM8 overexpression (Fig. 1). Therefore, we next evaluated 

apoptosis in mice cancerous prostates by using the TUNEL assay. As shown in figure 2D, PC3-luc grafts, unlike 

PC3-M8-luc grafts, include apoptotic and necrotic areas. In agreement, TUNEL quantification ex vivo revealed 

a significant decrease of the apoptotic area in PC3-M8-luc tumors from both the clones compared to PC3-luc 

tumors by 95.44 ± 14.48 % (Fig. 2D). However, the same assay performed in vitro on PC3 cells revealed that 

TRPM8 overexpression did not induce a significant difference in the number of apoptotic cells (Fig. 2F). This 

evidence suggests that TRPM8 prevents prostate tumor growth by reducing proliferation rate, without 

inducing apoptosis. 
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Figure 2. TRPM8 overexpression affects cell proliferation but not apoptosis.  
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A) Representative images of Ki67 staining in prostate tumor from PC3-luc or PC3-M8-luc orthotopic grafts. B) 

Quantification of Ki67 staining on tumors from PC3-luc or PC3-M8-luc grafts. Data are expressed as Ki67 positive cells/µm 

(n=34 for PC3-luc; n=28 for PC3-M8-luc cl5, and n=21 for PC3-M8-luc cl2; statistical significance: **** = p <0.0001, 

ordinary one-way ANOVA with post-hoc Tukey’s test). C) Flow cytometry assay with propidium iodide on PC3-luc and 

PC3-M8-luc (n=5 independent assay; statistical significance: **** = p <0.0001, 2-way ANOVA with post-hoc Sidak test). 

D) Images representing apoptotic fraction (green signal) in tumors from PC3-luc and PC3-M8-luc grafts (necrotic areas 

were subtracted on tumor from PC3-luc grafts). Cells were labeled with DAPI (blue signal). E) Quantification of apoptotic 

area in tumors from PC3-luc and PC3-M8-luc grafts. Data are expressed as TUNEL positive cells/µm (n=30 

images/condition; statistical significance: **** = p< 0.0001, ordinary one-way ANOVA with post-hoc Tukey’s test)., F) 

Apoptosis assay on PC3-luc and PC3-M8-luc cell lines using TUNEL kit. 

 

Beyond proliferation and apoptosis, cell capability to form clones plays a crucial role in tumor growth. 

We therefore performed clonogenic assays with PC3-luc and PC3-M8-luc (Fig. 3A). As shown in figure 3A i, 

TRPM8 overexpression led to a significant (by 64.12 ± 8.99 %) decrease in the cellular capacity to form clones. 

Moreover, TRPM8 stimulation with WS12 (10 nM) or icilin (10 µM) further compromised PC3-M8-luc cells’ 

capability to form clones (by 17.97 ± 3.40 % and 27.51 ± 6.61 %, respectively, Fig. 3A iii), whereas no effects 

were detected on PC3-luc control cells after agonist treatment (Fig. 3A ii). Accordingly, TRPM8 inhibition with 

the M8B (1µM) antagonist restored the PC3-M8-luc capability to form clones and increased it by 36.27 ± 3.52 

% (Fig. 3A iii). To further support these in vitro data, analysis of tumors from PC3-luc and PC3-M8-luc 

orthotopic grafts by DAPI staining was performed. As shown in figure 3B, a higher density of PC3-luc cells was 

detected as compared to PC3-M8-luc cells in tumor areas (Fig 3 B). More precisely, cell density quantification 

performed tumor by tumor revealed that, in PC3-luc grafts, cell density was 82.8 ± 14.80 % higher than in 

PC3-M8-luc cl5 grafts and 41.95 ± 3.27 % higher than in tumors from PC3-M8-luc cl2 grafts (2.42*10-3 

cells/µm2 in PC3-luc tumors, 3.8*10-4 cells/µm2 in PC3-M8-luc cl5 tumors, and 1.28*10-3 cells/µm2 in PC3-M8-

luc cl2 tumors) (Fig. 3C). Collectively, our data on PC3-luc and PC3-M8-luc cell lines in vitro as well as in 

xenografted mice prostates demonstrate that the decrease in tumor growth induced by TRPM8 

overexpression (Fig. 1) is partly attributable to the TRPM8-induced cell cycle arrest at G0/G1 phase as well as 

to its strong inhibition on PCa cells’ clone formation capabilities. 
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Figure 3. TRPM8 overexpression inhibits clone’s formation capability.  

A) In vitro clonogenic assay on PC3-luc and PC3-M8-luc. Cells were seeded at 5*104 cells/well during two weeks and 

treated (A ii and A iii) or not (A i) with WS-12 (100 nM), icilin (10 µM) or M8-B (1µM). The number of clones was quantified 
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and normalized on control condition (n=6 independent experiments; statistical significance: ** = p <0.01, *** = p <0.001, 

unpaired Student t-test). B) Images representing DAPI staining in tumor from PC3-luc or PC3-M8-luc grafts. C) 

Quantification of cells density in tumors from PC3-luc or PC3-M8-luc grafts. Tumor cell density is expressed as number 

of cell/µm2 (n=50 images/condition; statistical significance: *** = p<0.001, ordinary one-way ANOVA with post-hoc 

Tukey’s test). 

 

3. TRPM8 overexpression inhibits PCa cell dissemination in vivo and constitutes an efficient anti-
migratory target for nanocapsules  

To further characterize TRPM8 role in PCa progression, the metastatic dissemination of PC3-luc and PC3-

M8-luc from orthotopic grafts shown in figure 1 was analyzed by bioluminescence imaging. As shown in figure 

4, we found a higher metastatic rate in mice grafts with PC3-luc as compared to those grafted with TRPM8-

overexpressing PC3-M8-luc cancer cells (Fig. 4). In particular, we observed metastases in different sites such 

as lung, liver, pancreas or kidney which were significantly less abundant in PC3-M8-luc xenografts (Fig. 4A-

D). Nevertheless, based on these in vivo experiments, we cannot conclude whether TRPM8 overexpression 

acts also on metastasis dissemination because of the large difference in terms of tumor growth between PC3-

luc and PC3-M8-luc orthotopic grafts. 
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Figure 4. TRPM8 overexpression inhibits PCa cells’ metastatic dissemination.  

Representative images of bioluminescence in lung (A i), liver (B i), pancreas (C i) and kidney (Di) from mice 5 weeks after 

orthotopic grafts with PC3-luc or PC3-M8-luc. Quantification of bioluminescence in lung (A ii), liver (B ii), pancreas (C ii) 
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and kidney (D ii) from mice 5 weeks after orthotopic grafts (n=11 mice/condition; statistical significance: * = p <0.05; ** 

= p <0.01, Mann-Whitney test). 

 

Therefore, we injected PC3-luc and PC3-M8-luc into the tail vein of the mice to more clearly define the 

role played by TRPM8 on PCa cells dissemination and organ colonization in vivo. As shown in figure 5A, PC3-

luc cells markedly disseminated into the mice resulting in the development of metastatic tumour 5 weeks 

after injection, while the injection of PC3-M8-luc cells did not induce any development of metastases (Fig. 

5A). More precisely, looking at total mice bioluminescence data (Suppl. 1A), metastasis development was 

reduced by 97.32 ± 1.75 % after PC3-M8-luc cl2 injection and by 99.45 ± 0.44 % after PC3-M8-luc cl5 injection 

in comparison with control (PC3-luc) injection. As revealed by bioluminescence imaging performed in 

different organs after mice sacrifice, PC3-M8-luc injection resulted in very restricted tumor colonization in 

prostate, liver, kidney, and lung in contrast with PC3-luc (Fig. 5B-E). To further validate TRPM8 involvement 

in PCa cell dissemination in vivo, we injected PC3-luc and PC3-M8-luc intracardially into the left ventricle of 

NMRI nude mice. Mice were then injected intraperitoneally three times per week with the TRPM8 inhibitor 

M8B or its solvent for the control group. As shown in figure 5F, we found a significant difference between 

mice grafted with PC3-luc and PC3-M8-luc in terms of bioluminescent foci, indicating a strong reduction in 

tumor cell dissemination carried out by TRPM8 (Fig. 5F). Furthermore, TRPM8 inhibition with M8B led to a 

partial recovery of PCa cells capability to migrate and disseminate through the body. Indeed, we found that 

mice injected with PC3-M8-luc and treated with M8B for 50 days displayed a significantly higher 

bioluminescence signal compared to their untreated littermates (Fig. 5F), confirming once again the role of 

TRPM8 played in this process.   

Next, to evaluate the possible involvement of TRPM8 on PCa blood intra- and/or extravasation, trans-

endothelial migration assays were performed. As shown in figure 5G, TRPM8 overexpression significantly 

decreases by 33.85 ± 8.28 % the ability of PCa cells to pass through a monolayer of endothelial cells (statistical 

significance between PC3 and PC3-M8: p-value = 0.004). To further validate this finding, MIMETAS “Organ-

on-chip” technology was used allowing us to compare PC3 and PC3-M8 cells’ behavior within HMEC 3D micro-

vessels in a standardized microfluidic platform (Fig. 5H). This assay demonstrated TRPM8 capability to affect 

the trans-endothelial process reducing PC3 extravasation by 71.90 ± 5.68 %.  
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Figure 5. TRPM8 overexpression in PC3 inhibits metastatic dissemination. 

 PC3-luc or PC3-M8-luc cells were engrafted into NSG mice by tail-vein injection and tumor burden was noninvasively 

monitored by measuring the bioluminescence signal generated upon subcutaneous administration of luciferin. A) 
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Representative bioluminescence images  of PC3-luc and PC3-M8-luc in mice, 5 weeks after intravenous injection into the 

tail vein (n=5 mice/condition). (B-E) Quantification of bioluminescence signal in liver (B), lung (C), kidney (D), and prostate 

(E) 5 weeks after PC3-luc or PC3-M8-luc tail-vein injection (n=5 mice/condition; statistical significance: ** = p< 0.01, *** 

= p< 0.001, **** = p< 0.0001, ordinary one-way ANOVA with post-hoc Tukey’s test). F) Quantification of bioluminescence 

in mice after intracardiac injection of PC3-luc or PC3-M8-luc cells in the presence or absence of TRPM8 antagonist M8B 

(n=5 mice/condition; statistical signif-icance versus PC3 luc: ** = p< 0.01, statistical significance versus PC3M8 luc: $ = 

p< 0.05, Student’s t-test). G) Trans-endothelial assay on PC3 and PC3-M8 cells treated or not with WS12 (10 nM). Data 

are shown as the number of cells migrated under the endothelial barriers over time (n=5). H) Immunofluorescent staining 

of microfluidic co-cultures performed on “Organ-on-Chip” systems (Scale bar = 100 μm). Left and central panels: 

representative confocal images and 3-D reconstruction of cells’ extravasation (GFP-tagged cells in green, vessels stained 

with phalloidin in red, and nu-clei stained with DAPI in blue); Right panel: quantification of PC3 or PC3-M8 extravasated 

into the matrix (n=12; statistical significance: ** = p<0.01, unpaired t-test). 

 

Once the anti-metastatic role played by TRPM8 in PCa dissemination was confirmed, we investigated 

the possibility to use TRPM8 as a therapeutic target in PCa treatment. To do that, a formulation previously 

developed and characterized [21] containing the TRPM8 agonist WS12 incorporated into lipid nanocapsules 

(LNC-WS12) was used. First, we evaluated the biocompatibility and biodistribution of LNC in vivo after 

injecting them at three different concentrations (0.1, 1, and 10 mg/kg) into the mice tail vein three times a 

week for 3 weeks (Fig. 6A). Empty LNC or LNC containing WS12 were not toxic since they didn’t increase mice 

mortality nor change their behavior during the treatment. Concerning the LNC biodistribution, both empty 

LNC (Fig. 6A i) and LNC-WS12 (Fig. 6A ii) displayed a preferential accumulation in the liver, the spleen, and 

the kidney, and in the prostate at the two highest at doses (1 and 10 mg of LNC/kg but not with 0.1 mg/kg). 

Since the highest dose tested (10 mg/kg) showed a strong accumulation in the liver and the lowest (0.1 

mg/kg) was early undetectable in the prostate, we chose 1 mg/kg for further in vivo investigations in our 

prostate orthotopic xenografted mouse model. Three days following PC3-M8-luc injection, mice were treated 

3 times per week for 5 weeks with empty LNC or LNC-WS12 (1 mg/kg); mice treated with free WS12 or vehicle 

(CTRL) were used as control. After sacrifice, organs were analyzed by bioluminescence in the primary 

prostatic tumor as well as in metastatic sites such as liver, lungs, and kidney (Fig. 6B-E). Regarding the primary 

tumor site, only free WS12 decreased PC3-M8-luc cells in the prostate by 58.64 ± 16.47 % compared to the 

control condition although no statistical significance was detected (treated with the vehicle i.e. empty LNC). 

On the other hand, in the liver and lungs, the treatment with LNC-WS12 was the most efficient since it 

decreased the presence of PC3-M8-luc cells by 82.54 ± 17.45 % and by 73.56 ± 26.43 %, respectively. Finally, 

concerning the kidney, free WS12 or LNC-WS12 treatment displayed the same effect with a decrease of PC3-

M8-luc cells by 78.93 ± 21.06 % in mice treated with free WS12 and 65.99 ± 34.01 % in mice treated with 

LNC-WS12. Overall, our results clearly show that activation of TRPM8 by WS12, either free or encapsulated 

in LNC, can effectively reduce the metastatic dissemination of PC3-M8-luc in mice, supporting an anti-

metastatic role of the TRPM8 channel in PCa progression. 
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Results observed in vivo were further validated in vitro through random migration assays, which 

confirmed that TRPM8 overexpression significantly reduces cell migration speed by 35.51 ± 1.06 % (Fig. 6F). 

Moreover, we showed that TRPM8 activation by both free WS12 and LNC-WS12 further decreases in vitro 

cell migration while no effect was observed on PC3-luc cells lacking TRPM8 expression (Fig. 6F). Interestingly, 

encapsulation of WS12 into LNC resulted in a 10% additional reduction in cell migration. Besides migration, 

cancer cells need to cross extracellular matrix to reach the bloodstream and colonize a new site other than 

primary tumor. To study the effect of TRPM8 on PC3 cell invasion, matrigel-coated transwell assays were 

performed (Fig. 6G). Treatment of PC3-M8-luc cells with LNC-WS12 reduced cell invasiveness more potently 

than with free WS12, and this effect was even more pronounced than in simple migration assays. Indeed, the 

activation of TRPM8 by WS12 in its free form reduced the invasiveness of PC3-M8 cells by 13.06 ± 1.32%, 

while the stimulation of TRPM8 by WS12 encapsulated in LNC reduced it by 32.72 ± 1.83%. No effect on 

invasion was observed in PC3-luc cells (Suppl. 1B). 
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Figure 6. Effects of lipid nanocapsules (LNC) containing a TRPM8 agonist on migratory and invasive properties.  
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A) Biodistribution of empty LNC (A i) and LNC WS-12 (A ii) labeled with DiI on mice. Mice were injected 3 times per week 

for 3 weeks with 10, 1 or 0.1 mg/kg of LNC. Bio-distribution was quantified using DiI concentration per mg of protein in 

each organ (n=5 mice/condition; statistical significance: **** = p<0.0001, 2-way ANOVA with post-hoc Tukey’s test). B-

E) Bio-luminescence quantification in mice prostate (B), liver (C), lung (D), and kidney (E) after PC3-M8-luc xenografts 

and treatment with free WS12, LNC-WS12 or empty LNC 3 times per week for 5 weeks (n=3 mice/condition). F) Random 

migration assay on PC3 cells stably expressing TRPM8, treated or not with free WS12 or LNC-WS12 (1 or 10 nM) (n=3 

independent experiments with globally at least 100 cells/condition; statistical significance between PC3 and PC3-M8 in 

each condition: * = p< 0.05; statistical significance between PC3-M8 not treated and PC3-M8 treated with 1 and 10 nM 

of LNC-WS12: # = p< 0.05, 2-way ANOVA with post-hoc Tukey’s test). G) Invasion assay of PC3-M8 cells on Matrigel® 

transwell (n= 3 independent experiments at least; statistical significance versus PC3-M8 cells not treated used as control: 

** = p<0.01, RM one-way ANOVA with post-hoc Tukey’s test). 

 

4. TRPM8 activation inhibits different signaling pathways leading to a global reduction of tumor 
growth and metastasis dissemination  

To better elucidate the intracellular pathways underlying the TRPM8 inhibitory effect on PCa growth 

and metastasis dissemination observed both in vitro and in vivo, we evaluated different signaling pathways. 

First, we evaluated the possible impact of TRPM8 overexpression and/or activation on the secretion of matrix 

metalloproteinases (MMPs) like gelatinases MMP-2 and 9, well-known in promoting cell migration and 

invasion. However, MMP-2 and MMP-9 secretion was not affected by TRPM8 overexpression nor activation 

(Fig. 7A and B). Next, we investigated the involvement of small Rho GTPase due to their well-established role 

in the regulation of cell migration [22]. Activation of small Rho GTPase including Cdc42, Rac1, and RhoA upon 

TRPM8 overexpression and/or activation was investigated in vitro showing that TRPM8 induced a significant 

decrease of GTP-bound (active) Cdc42 (Fig. 7C) and Rac1 (Fig. 7D) activation, while it did not affect RhoA 

activity (Fig. 7E). More precisely, TRPM8 overexpression reduced Cdc42 and Rac1 activity by 24.64 ± 7.91% 

and 15.26 ± 5.17 %, respectively, but that inhibition became significant only after TRPM8 activation by LNC-

WS12 (Fig. 7C and D).  
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Figure 7. TRPM8 doesn’t affect MMPs secretion but modulates Rho-GTPases signaling pathway.  

A-B) MMP-9 (A) and MMP-2 (B) secretion in PC3-luc and PC3-M8-luc treated with WS12 (10 nM), empty LNC, or LNC-

WS12 (10 nM); Data are express as mean ± SEM of 6 independent experi-ments (statistical significance: ordinary one-

way ANOVA with post-hoc Tukey’s test); C-E) Acti-vation of Cdc42 (C), Rac1 (D) and RhoA (E) in PC3-luc and PC3-M8-luc 

treated with WS12 (10 nM), empty LNC, or LNC-WS12 (10 nM). Data are normalized to the CTRL (PC3-luc) and ex-press 

as mean ± SEM of 5 independent experiments for each condition (statistical significance: * = P <0.05, ** = P <0.01, 

ordinary one-way ANOVA with post-hoc Tukey’s test). 

 

Finally, we checked if TRPM8 overexpression and/or activation could affect cell migration through the 

regulation of focal adhesion. For this purpose, we investigated whether TRPM8 had an impact on 

extracellular signal-regulated kinases (ERK) and focal adhesion kinase (FAK) phosphorylation (Fig. 8A and 8B, 

respectively). ERK1/2 and FAK phosphorylation was evaluated by western blot and indicated that TRPM8 

overexpression and activation with free WS12 (10 nM) was not sufficient to regulate ERK and FAK activation 

(Fig. 8). However, TRPM8 activation by LNC-WS12 (10 nM) induced a significant decrease of FAK 

phosphorylation by 36.4 ± 2.6% and 26.9 ± 2.5 %, respectively (Fig. 8A ii and 8B ii).  
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Figure 8. TRPM8 affects ERK and FAK phosphorylation assessed by western blot.  

Representative blots showing ERK (Ai) and FAK (Bi) phosphorylation in PC3-luc and PC3-M8-luc cells treated with WS12 

(10 nM), empty LNC, or LNC-WS12 (10 nM); Quantification of ERK (Aii) and FAK (Bii) phosphorylation normalized to the 

control condition (n=3 independent assays, * = P< 0.05; *** = P< 0.001, two-way ANOVA with post-hoc Tukey’s test). 

 

 

 

 

Discussion 

A central role in the regulation of PCa cell progression has been previously ascribed to TRPM8, making 

it one of the most promising clinical targets in PCa therapy. Currently, TRPM8 is already used as a clinical 

diagnostic/prognostic marker in some countries [11,12]. Indeed, TRPM8 channel expression changes during 

PCa progression, revealing an up-regulation in the early stages of both benign prostate hyperplasia and 

malignant prostate carcinoma followed by a down-regulation and a silencing during late metastatic stages of 

PCa after the hormonal therapy against androgens [23–25]. This is mainly due to the genomic and non-

genomic androgen-dependence of TRPM8 [26,27]: during the anti-androgen therapy, some cells become able 

to escape this treatment by acquiring a more aggressive androgen-independent phenotype with the 

subsequent loss of TRPM8 expression/activity. Consistently with this expression profile, several studies 
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suggested a protective role of TRPM8 in metastatic PCa progression due to its inhibitory impact on PCa cell 

proliferation, viability, and migration [28]. However, some data reported in the literature are contradictory 

and, furthermore, most of them are based on in vitro studies. In this work, we clarified the role played by 

TRPM8 on PCa progression in vivo mainly focusing on its effects on tumor growth and metastasis 

dissemination.  

TRPM8 revealed an effect on cell proliferation in prostate tumor cells but not in normal prostate cells 

[20]. However, the role of TRPM8 in the regulation of PCa proliferation and apoptosis was assessed by 

different groups using several in vitro experiments which led to contradictory conclusions. In particular, data 

from literature reported opposite effects of TRPM8 on the proliferation of different PCa cell lines according 

to their androgen sensitivity. More specifically, TRPM8 was found essential for cell survival and cell 

proliferation in PCa cells sensitive to androgens like LNCaP in vitro [16,20,29], whereas displayed an anti-

proliferative and pro-apoptotic effect on androgen-insensitive PCa cells such as PC3 and DU-145 cells [13–

15]. This androgen receptor (AR)-dependency of TRPM8’s role in proliferation has also been observed in cells 

from other cancers such as colon, osteosarcoma, and lung cancer [30–32]. In this context, our in vivo 

investigations support the anti-proliferative role of TRPM8 in PC3 cells, in line with the only other in vivo 

study on TRPM8 reported in the literature by Zhu and co-workers [33]. Indeed, we found that in mice grafted 

with luminescent PC3 cells overexpressing TRPM8, prostate tumor growth dramatically decreases starting 4 

weeks after the orthotopic graft. TRPM8 expression not only reduces tumor weight and area but also affects 

its histological features, helping to maintain a well-defined glandular tissue. Notably, up to date, no data 

were available on the tumorigenesis of PCa cells grafted in the prostate. Mechanistically, our in vitro data 

revealed that the inhibition of tumor growth observed in vivo is accompanied by a reduction of the 

proliferative cell fraction and by an increased cell cycle arrest in G0/G1 phase induced by TRPM8 

overexpression. These findings are in agreement with previous data showing that TRPM8 activation by 

menthol in DU145 cells [15] and TRPM8 overexpression on PC3 [13] induced G0/G1 cell cycle arrest down-

regulating cyclin-dependent kinase (Cdk)4 and Cdk6 [13]. Moreover, a significant Proliferating Cell Nuclear 

Antigen (PCNA) decrease in the presence of TRPM8 has been detected in vivo [14]. Nevertheless, contrasting 

results showed that TRPM8 pharmacological inhibition by BCTC impairs DU145 cell cycle progression 

downregulating key proteins including protein kinase B, cyclin D1, Cdk2, and Cdk6 and upregulating others 

like glycogen synthase kinase 3β [34]. Moreover, MAPK pathways seem to may be also involved in the 

aforementioned pro-proliferative action of TRPM8 in DU145 cells [34]. In this contradictory landscape, our in 

vitro and in vivo data further support the anti-proliferative role of TRPM8 in PCa progression. In addition, we 

observed a concomitant reduction in the apoptotic and necrotic areas ex vivo from PC3-M8 tumors compared 

to PC3 tumors. However, no differences were observed in vitro in terms of apoptosis between PC3 and 
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TRPM8-overexpressing PC3 cells. Therefore, we can conclude that TRPM8 is not directly involved in the 

control of cell apoptosis and that the difference observed in the apoptotic fraction ex vivo would rather be 

the result of normal tumor growth of PC3 with a necrotic area at the center and an apoptotic area next to it. 

On the contrary, TRPM8 inhibition or suppression in LNCaP cells leads to the induction of pro-apoptotic 

pathways supporting a TRPM8-mediated anti-apoptotic mechanism in androgen-sensitive PCa cells [16]. This 

role may be explained by the androgen-dependent expression of TRPM8 in the ER of LNCaP, from where 

TRPM8 was shown to induce plasma membrane (PM) store-operated channels (SOC) currents [29], sufficient 

to induce the apoptotic process [35]. In this context, it has also been demonstrated that LNCaP cells express 

also a short (19 kDa) TRPM8 isoform, sM8α, able to negatively regulate TRPM8 full-length channels by 

interaction [36] thus inhibiting apoptosis [37]. 

Beyond cell proliferation and apoptosis, another cell hallmark that may affect tumor growth is the 

clonogenic ability of cells. This process seems to contribute the most to the marked differences observed in 

vivo between tumors from PC3 and PC3-TRPM8 orthotopic grafts. Indeed, we showed that the 

overexpression and especially the activation of TRPM8 significantly inhibit PCa cells’ clone formation 

capabilities. This finding was further supported by the decreased tumor cell density observed ex vivo from 

PC3-TRPM8 tumors with respect to PC3 tumors. The inhibition of Cdc42 and Rac1 activity we observed after 

TRPM8 overexpression and/or activation could account for such a decrease. Indeed, negative dominant 

expression of Rac1 or Cdc42 (Rac1-N17 or Cdc42-N17) in kidney cells (MDK cells) was shown to decrease cell-

to-cell adhesion explaining the reduced clonogenic ability and tumor cell density [38,39]. Similarly, the active 

mutant of Rac1 (Rac1-V12) increases paracellular permeability and expression of E-cadherin to promote cell-

to-cell adhesion [39,40]. Taken together, the effects of TRPM8 on clonogenic cell ability and, to a lesser 

extent, on cell proliferation may explain the inhibition on prostate tumor growth observed in vivo. However, 

also the tumor microenvironment must be taken into-account in this kind of considerations since it could 

affect tumor growth via paracrine signaling [41]. The tumor microenvironment is composed of immune cells 

and fibroblasts which can be modulated by tumor cells and transformed into cancer-associated fibroblasts 

(CAF). By this transformation, CAF may secret VEGF or interleukin-6 (IL-6) thus affecting angiogenesis and 

tumor growth [42]. Cellular context could also be involved in the definition of TRPM8 role in cancer 

progression. Interestingly, an intriguing association between TRPM8 overexpression and a strong reduction 

of VEGF and microvascular density (MVD) has been suggested in vivo [14], thus highlighting a possible 

TRPM8-mediated anti-angiogenic additional contribution to the observed reduction of tumor growth in vivo. 

Therefore, TRPM8 could be considered a useful target to block PCa growth by using TRPM8 antagonists like 

capsazepine [16], BCTC [20], cannabigerol [43] as well as TRPM8 agonist including menthol [15,16] and D-

3263 [44], according to cancer stages. Nanocarriers loaded with TRPM8 agonists such as WS-12 could 
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therefore be used in early cancer stages when TRPM8 is highly expressed in order to avoid tumor cell 

dissemination. 

The high cancer-related mortality is mainly due to tumor metastasis. This process mainly relies on cancer 

cells migration followed by intra- and extravasation into the blood and lymphatic circulation. In this regard, 

TRPM8 has already been studied and characterized outlining a protective anti-migratory role of TRPM8 in 

vitro [13,15,17,18,21,27,45]. Here, by using orthotopic prostate xenografts and lateral caudal vein injection 

of PC3 and PC3-TRPM8 in immunocompromised mice, we further demonstrated that TRPM8 exerts an 

inhibitory action on PCa cells migration in vivo as well. Indeed, we showed that TRPM8 overexpression 

reduces PC3 cells’ colonization in primary and distant sites like the liver, kidney, and lung. This outcome is at 

least partially attributable to the inability of PC3 overexpressing TRPM8 to disseminate to different 

metastatic sites through the bloodstream by overcoming the vascular barrier. Indeed, in vitro trans-

endothelial migration assays demonstrated that TRPM8 overexpression strongly inhibits intra- or 

extravasation of PC3 cells through a monolayer of endothelial cells. This lack of intra- or extravasation due to 

TRPM8 overexpression could be explained by the TRPM8-induced inhibition of cell adhesion which we have 

previously described in endothelial cells [18], confirming what had been observed in PCa epithelial cells [14]. 

Indeed, in endothelial cells, TRPM8-mediated inhibition of cell migration occurs through the direct 

interaction of the channel with the small GTPase Rap1A and the consequent inhibition of the integrin inside-

out pathway, blocking cell adhesion and migration [18]. The TRPM8-mediated inhibition of cell adhesion 

could also explain in part the decrease we observed in the clonogenic ability of PC3 cells overexpressing 

TRPM8. TRPM8 overexpression by itself inhibits PCa cell migration and TRPM8 activation by endogenous and 

exogenous agonists like prostate-specific antigen (PSA), icilin, menthol, and WS12 further enhances the 

inhibitory effect of metastatic PCa cells’ motility [13,14,17,21].  

During metastasic dissemination, cancer cells secrete matrix metalloproteinases (MMPs) to degrade the 

extracellular matrix, facilitating their migration and invasion. Mechanistically, TRPM8 doesn’t affect the 

invasion process since TRPM8 overexpression nor activation affected MMP-2 and MMP-9 secretion in PC3 

cells. However, TRPM8 revealed an active role in another key aspect of cell migration, which is the cell 

capability to create focal adhesion to promote cell movement. This process is regulated by several proteins 

including some small GTPase belonging to the Rho superfamily like Cdc42, Rac1, and RhoA. These proteins 

are located at the front of the cell and are responsible for the formation of protrusions and focal adhesions 

essential for cell adhesion and migration [22]. Interestingly, we found that TRPM8 activation reduced Cdc42 

and Rac1 activity, but not that of RhoA. Taking into account the roles played by Cdc42, Rac1 protein, and 

their effectors in epithelial-to-mesenchymal transition (EMT) through cytoskeleton remodeling [46], the 

TRPM8-mediated inhibition on cell invasiveness we observed might be explained as a decrease of EMT 
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through Rac1 and Cdc42 inhibition. Moreover, we showed that TRPM8 activation also inhibits the 

phosphorylation of two important kinases involved in focal adhesion formation, i.e. ERK and FAK. These 

findings are in line with other studies reporting a TRPM8-mediated inhibition of DU145 [15] and PC3 cell’s 

motility supported by the down-regulation of phospho-FAK without changing the non-phospho-FAK [13,14]. 

In addition, we have recently demonstrated that inactivation of TRPM8 by low doses (10 nM) of testosterone 

significantly increases FAK phosphorylation consequently promoting cell migration [27]. Interestingly, newly 

identified partner proteins of the channels like PSA, TRP channel–associated factors 1 (TCAF1), and AR were 

shown to affect TRPM8 expression on the plasma membrane, its opening state, and thus the TRPM8-

mediated inhibitory effect on cell migration [17,45,47]. Consistently, the short TRPM8 isoform sM8α, 

expressed by LNCaP, promotes cell migration acting as an inhibitory partner protein of full-length TRPM8 

[37]. Nevertheless, a contrasting study showed that pharmacological inhibition of TRPM8 by BCTC may 

reduce the speed of PCa DU145 cells[34]. However, most lines of evidence, including the present study, 

strongly suggest an anti-migratory role of TRPM8, shedding light on the possibility to use TRPM8 agonists like 

PSA, WS12, and icilin to counteract the metastasis of prostate cancer [17,21].  

Since TRPM8 activation reduces the migratory PCa cell potential further than the simple overexpression 

of the channel, we aimed to develop a molecular tool to target TRPM8 for PCa treatment. In this context, we 

have recently described the synthesis and the functional characterization of lipid nanocapsules (LNC) 

containing the TRPM8 agonist WS12 [21]. Nanocarriers were developed and used in several forms such as 

liposomes, virosomes, solid lipid nanoparticles, polymeric nanoparticles, or protein conjugates to improve 

drug bioavailability and targeting in cancer therapy [48]. For example, nanoparticles containing the TRPA1 

activator, curcumin, efficiently target PCa growth [49]. The LNC we developed are composed of an oily liquid 

core containing our compound of interest and surrounded by a layer of lecithin and hydrophilic surfactants, 

which gives them a hybrid structure between polymeric nanocapsules and liposomes (lipoprotein-like 

structure) [50]. We showed that WS12 encapsulation into LNC potentiates TRPM8 activation and 

subsequently the TRPM8-mediated inhibition of PCa cells migration in vitro [21]. Indeed, the use of 

nanocarriers not only allows the use of a 10 times lower agonist concentration for the activation of TRPM8, 

but also ensures more efficient cellular delivery by overcoming the problem associated with the 

hydrophobicity of most activators of TRPM8. Here, we further support the applicability of this therapeutic 

approach in vivo by injecting LNC-WS12 in our prostate orthotopic xenografted mouse model. We 

demonstrated that LNC-WS12 efficiently block PCa cell dissemination in particular in the liver and lung where 

LNC were accumulated after lateral caudal vein tail injection. However, this tool seems to be not very efficient 

to target primary tumors in the prostate due to the low distribution of LNC on the prostate when injected at 

1 mg/kg. Nevertheless, due to their distribution in metastatic sites (lung or liver), LNC-WS12 could be used 
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to target metastasis dissemination in patients with prostate cancer before anti-androgenic therapy and the 

subsequent loss of TRPM8 expression [23]. As we have demonstrated that TRPM8 activation inhibits PCa cell 

trans-endothelial migration, LNC-WS12 could also be efficient to target extravasation of circulating tumor 

cells if TRPM8 expression is maintained in these cells. Moreover, as mentioned above, since some studies 

suggest a correlation between TRPM8 role on prostate cancer progression and the androgen-dependent 

state of PCa cells, the efficacy of LNC-WS12 needs to be tested on androgen-dependent PCa cells.  

Overall, this study reinforces the hypothesis that activating TRPM8 could play a protective role in 

prostate cancer progression, thus supporting its potential application as a powerful therapeutic target 

antagonizing metastatic transition of PCa. 

 

 

 

Conclusions 

Our in vitro and in vivo results shed light on the role of TRPM8 on PCa AR-negative tumor growth and 

metastasis dissemination. In particular, we showed that TRPM8 overexpression decreased proliferation and 

clonogenic properties of PCa cells resulting in dramatically limited tumor growth in orthotopic graft mice. In 

addition to its role on prostate tumor growth, TRPM8 was shown to inhibit PCa cells migration and invasion, 

leading to a reduced prostate metastasis dissemination in mice. Mechanistically, we demonstrated that 

TRPM8 activation acts on cytoskeleton dynamics and focal adhesions formation involving the Rho GTPase 

signaling and, in particular, the inhibition of Cdc42 and Rac1 as well as that of phosphorylation of ERK and 

FAK. Moreover, we applied lipid nanocapsules (LNC) loaded with TRPM8 agonist, WS12, that can limit the 

TRPM8-positive cells’ dissemination in metastatic sites with better efficiency than treatment with the agonist 

in its free form. Overall, our results confirm an anti-proliferative and anti-migratory role of TRPM8 on 

metastatic PCa cells and support the potential therapeutic use of TRPM8 to target PCa progression and PCa 

metastatic dissemination. 
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Supplementary Materials 
 

Figure S1. PC3-luc or PC3-M8-luc intravenous injection on mice and invasion assay 

A) Quantification of bioluminescence 5 weeks after PC3-luc or PC3-M8-luc intravenous injection on the mice tail (n= 6 

mice/condition; statistical significance: **** = P <0.0001, ordinary one-way ANOVA with post-hoc Bonferroni test). B) 

Invasion assay using Matrigel® transwell with PC3 cells. Data are normalized to the control and express as mean ± SEM 

(n=3 independent experiments at least; statistical significance: RM one-way ANOVA with post-hoc Tukey’s test). 
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Abstract 
 

Polymethine dyes (PMD) have proved to be excellent candidates in the biomedical field for potential 

applications in both diagnostic and therapeutic. However, PMD application in biomedicine is hindered by 

their poor solubility and stability in physiological conditions. Therefore, the incorporation of these dyes in 

nanosystems could be important to prevent the formation of dye aggregates in aqueous environment and to 

protect their photophysical characteristics.  In the present work, two PMD based on the benzoindolenine ring 

(bromine benzo-cyanine-C4 and bromine benzo-squaraine-C4) were incorporated into Solid Lipid 

Nanoparticles (SLN) to solubilize and stabilize them in aqueous solutions. Obtained SLN showed a high 

incorporation efficiency for both PMD (≈90%) and not only preserved their spectroscopic properties in the 

NIR region even under physiological conditions but also improved them. Viability assays showed good 

biocompatibility of both empty and loaded nanocarriers while the cellular uptake and intracellular 

localization showed the effective internalization in MCF-7 cells, with a partial mitochondrial localization for 

CY-SLN. Moreover, in vitro phototoxicity assay showed that cyanine loaded-SLN (CY-SLN) is more photoactive 

than the free dye. 

 

Keywords: polymethine dyes, solubility, nanocarrier, SLN, optical imaging, photodynamic activity 

 

 

Introduction 

In the last two decades, strong interest has been attracted to bioimaging and therapeutics of near-

infrared (NIR) probes. These dyes, thanks to their emission in the NIR region of the electromagnetic spectrum 

(650-900 nm), which is characterized by minimal scattering of the excitation light and low self-fluorescence 

of biological molecules, allow deeper tissue penetration with minimal background interference [1]. Among 

NIR fluorescent probes, NIR polymethine dyes (PMD), such as pentamethine and heptamethine cyanines (CY) 

and squaraines (SQ), have been extensively studied for many biomedical applications [1], including in vivo 

optical imaging [2], thanks to their peculiar spectroscopic properties, the easiness in designing, and the 

simplicity of synthesis of most of PMD and the known structure-properties relationships [3,4]. Some NIR PMD 

have been shown to enhance in vivo characterization of tumors, by significantly improving tumor 

visualization and allowing detection and identification of small pre-neoplastic lesions and metastasis [2,5]. 

Moreover, it has recently been shown that a unique group of NIR fluorescent heptamethine cyanine 

preferentially accumulate in cancer cells without the need for chemical conjugation in many different types 
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of cancer cells including cultured, circulating and disseminated tumor cells [6–8] , as well as in preclinical 

models, including mice and dogs [6–10]. More interestingly, many studies have recently highlighted an 

intrinsic anticancer activity of some PMD, which may be used as efficient agents for photothermal and 

photodynamic therapy (PDT) [1,11], alternative strategies for the treatment of both oncological and non-

oncological diseases [12]. Indeed both cyanine [13–15] and squaraine [16–22] derivatives have shown 

excellent light-induced toxicity on different types of tumors. Moreover, from data reported in literature, it 

seems that the presence of a heavy atom in the heterocyclic ring of these dyes leads to greater photodynamic 

activity, due to the enhancement of the inter-system conversion process, which underlies the singlet oxygen 

production [15,21,22].  

However, the main challenges in the biomedical application of NIR PMD are associated with their 

structural characteristics, which result in poor solubility and low chemical stability, especially in aqueous 

solutions [23–27]. In order to overcome this limit, a valid alternative to the synthetic approach is represented 

by their incorporation into different nanoparticle systems, which may solubilize or shield hydrophobicity of 

this class of compounds and, therefore, overcome bioavailability challenges [1,28,29]. Indeed, PMD can be 

successfully loaded into organic nanoparticles, such as micelles [30,31], liposomes [32] and lipid nanoparticles 

[33–35]. Among these organic nanosystems, in the last decades, solid lipid nanoparticles (SLN) have proved 

themselves excellent candidates for the targeting and delivery of various diagnostic [36,37] and therapeutic 

[38] agents, including photosensitizers (PS) [39,40]. Besides the biocompatibility of the excipients used for 

their formulation and the possibility of being synthesized through relatively simple and inexpensive 

processes, SLN also possess great kinetic stability [38]. Very few examples of incorporation of PMD within 

SLN are currently reported in literature, regarding indocyanine green (ICG) and some cyanine derivatives 

based on the indolenine ring (DiO, DiI, DiD, DiR and IR-780) [34,35,37]. 

Here, we investigated the possibility of using SLN to increase solubility and stability of some NIR PMD in 

aqueous solutions in view of possible future applications in the biomedical field. In particular, we entrapped 

into SLN two symmetrical polymethine dyes (CY and SQ) based on an identical heterocyclic moiety, i.e. a 

bromo-functionalized benzoindolenine ring. The two dyes differ in the polymethine bridge resulting in a 

positively charged dye (CY) and a zwitterionic one (SQ) which, in turn, provoque quite different solubility 

properties in an aqueous solution at physiological pH. In particular, the SQ dye, designed following the 

successful series of Br-indolenine squaraines showing excellent PDT activity [21], suffers from a very low 

solubility in aqueous media, preventing its use for biological applications. In the present paper, we showed 

that SLN not only allow to solubilize PMD in aqueous solution, as aimed but even enhance their spectroscopic 

performances, making PMD-SLN potential and appealing candidates for in vivo imaging and/or PDT 

applications. 
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Materials and Methods 
Materials 

All the chemicals for SQ and CY synthesis were purchased from Merck and were used without any further 

purification. Epikuron® 200 (soybean lecithin with a phosphatidylcholine content ≥92% - Cargill) was 

purchased from AVG (Italy), trilaurin and benzylalcohol from Fluka, 2-phenylethanol and PEG-40 stearate 

(Myrj 52) from Sigma Aldrich. NaCl was supplied by ACEF (Italy). Only freshly distilled water and ultra-pure 

water (Milli-Q, Millipore, USA) were used. Absolute Ethanol, Tetrahydrofuran and Acetonitrile (HPLC grade) 

were purchased from Scharlab (Italy). 

NovaChem Surfactant 100 (special mix of non-ionic and ionic detergents for Asymmetric Flow Field-Flow 

Fractionation (AF4) applications) was purchased from Postnova Analytics GmbH (Germany). 

Synthesis 

(CY) was synthesized as previously reported by some of us [41]. To obtain (SQ), compound 2 (0.45 g, 0.95 

mmol) and squaric acid (0.05 g, 0.48 mmol) were introduced in a 10-20 mL microwave vial with a toluene/n-

butanol mixture (1:1, 14 mL) and heated at 160 °C for 30 min. After solvent evaporation, Flash column 

chromatography with 100% CH2Cl2 allowed removing all the impurities. Then elution of 100% acetone 

afforded the squaraine as blue-green crystals (28%). 

MS (ESI) [M-H]-: 765.08  

1H NMR (200 MHz, DMSO-d6) δ: 8.31 (s, 2H), 8.22-8.15 (m, 2H), 8.02 (d, J = 8 Hz, 2H), 7.79-7.69 (m, 4H), 5.89 

(s, 2H), 4.22 (m, 4H), 1.94 (s, 12H), 1.78 (m, 4H), 1.35 (m, 4H), 0.96 (t, J = 6 Hz, 6H). 

13C NMR (50MHz, DMSO-d6) δ: δ 182.02, 171.28, 139.71, 134.54, 132.13, 131.39, 130.48, 128.61, 126.88, 

123.93, 117.82, 111.03, 86.58, 50.88, 43.60, 29.24, 26.61, 20.16, 13.70. 

All microwave reactions were performed in single-mode Biotage Initiator 2.5. TLC were performed on silica 

gel 60 F254 plates. ESI-MS spectra were recorded using LCQ Thermo Advantage Max spectrometer, with 

electrospray interface and ion trap as mass analyzer. The flow injection effluent was delivered into the ion 

source using N2 as sheath and auxiliary gas. 1H NMR (200 MHz) and 13C NMR (50 MHz) spectra were recorded 

on a Bruker Avance 200 NMR. 

Solid Lipid Nanoparticles (SLN) preparation 

Blank (BLK-SLN) and dye-loaded SLN (CY-SLN and SQ-SLN) were prepared in collaboration with Nanovector 

s.r.l. (Turin, Italy). SLN were prepared by oil-in-water (O/W) warm microemulsion method reported 

elsewhere [42,43], slightly modified. Briefly, a warm microemulsion was formed by mixing at temperature 
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above lipids melting point (52° C) an oily phase (lipids and short chain alcohols) with an aqueous phase 

containing the surfactants. When clear microemulsion was formed, it was dispersed into water at the same 

temperature (ratio 1:10 v/v) under mechanical stirring (1900 rpm) and left under stirring to achieve room 

temperature. Dye-loaded SLN were prepared in the same way by adding the PMD (cyanine or squaraine) to 

the oil phase of the microemulsion. Obtained SLN dispersions were then washed (3X) by tangential flow 

filtration (TFF) (Vivaflow 50, RC membrane, 100 KDa MWCO, Sartorius Stedim Italy S.r.l.) for purification, all 

residual solvents were finally reduced at regulatory acceptable concentrations [44]. Each formulation (BLK-

SLN, CY-SLN and SQ-SLN) was prepared in triplicate to verify the reproducibility of the synthesis procedure 

and increase the reliability of data.  

Physicochemical characterization 

Determination of particle size and surface charge 

The average dimension of SLN was evaluated by batch mode Dynamic Light Scattering (DLS), while Zeta 

potential was measured by Laser Doppler Velocimetry (LDV). For size measurement, SLN dispersions were 

diluted 1:100 in ultrapure water, whereas for zeta potential measurements samples were diluted 1:50 in NaCl 

1mM. All measurements were carried out on Zetasizer-Nano ZS (Malvern Instruments, UK), in triplicate, at 

25°C. 

Asymmetric Flow Field-Flow fractionation (AF4) characterization 

To deeper characterize SLN’s size distribution, they were analyzed by AF2000 Asymmetric Flow Field-

Flow Fractionation (AF4) instrument (Postnova Analytics GmbH, Germany), which was coupled online to an 

SPD-20A UV–vis spectrophotometer (Postnova), and a Zetasizer Nano ZS (Malvern Instruments). AF4 was 

performed in a PMMA channel with a spacer of 350 μm width at the inlet, lined with a regenerated cellulose 

membrane (cut off 10 KDa). Filtered (0.1 μm Durapore membrane) 0.05% NaCl solution in ultrapure water 

added with 0.05% Novachem Surfactant 100 was used as the carrier. Samples were diluted 1:2 in the carrier 

and then manually injected into the system (20 μl). Channel tip flow and focus flow was set to 1 mL/min. The 

flow rate to the detector was kept at 0.5 mL/min, and the cross flow was set to decrease from 1 mL/min to 

0.1 mL/min in 20 min and then to remain constant at 0.1 mL/min for 20 min. The UV detector was set at 280 

nm with a sensitivity of 0.001, and the acquisition time for each autocorrelation function in the Zetasizer 

Nano detector was 3 seconds. The intensity of scattered light (kcount/s) and ζ-average mean diameter (nm) 

were elaborated using Zetasizer Nano Software. The dimensional range for each analyzed sample was 

obtained from the integration of the DLS distribution curve. 

 

https://www.postnova.com/solutions/biopharmaceutical/proteins/92-enviromental/nanoparticles/applications/88-postnova-analytics-2013-2.html
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Entrapment efficiency and chemical composition 

Dyes entrapment efficiency was calculated as the ratio between dye concentration in SLN dispersion  

before washing (BW) by TFF and after 3 washing cycles (A3W) according to the following equation: 

𝐸𝐸 (%) =
[𝑑𝑦𝑒]𝐴3𝑊

[𝑑𝑦𝑒]𝐵𝑊
 × 100 

Washing steps were performed by addition and removal of a fixed amount of water, equal to the volume of 

dispersion. 

Dye concentration was determined after SLN disruption by dilution in tetrahydrofuran (1:100). Absorbance 

at 692 nm and 672 nm for cyanine and squaraine samples respectively was measured (UV-visible 

spectrophotometer - HITACHI UH5300). Dyes concentration inside SLN was calculated through the 

construction of an appropriate calibration line on known concentrations of the dye dissolved in 

tetrahydrofuran/H2O (99:1). A linear fit was applied to determine the molar extinction coefficient (ε) as the 

slope of the line. The analysis was performed in duplicate and the results were considered acceptable once 

the difference between the determined log ε was less or equal to 0.02 in relevancy to their average. 

Phosphatidylcholine (PC) content was also determined by HPLC-UV analysis using a method previously 

described [45], to confirm the final composition of SLN (i.e. after washing steps) and their chemical stability 

overtime.  

Optical properties of dyes and dye-loaded SLN 

Absorbance spectra were recorded on HITACHI UH5300 spectrophotometer (quartz cuvettes, 1 cm 

pathway length) in ethanol with increasing water content (from 0% to 90%) for dyes’ spectroscopic 

characterization and in 100% ultrapure water for dye-loaded SLN. Cyanine’s molar extinction coefficient (ε) 

in absolute ethanol was obtained from Ciubini et al. [41], whereas squaraine’s molar extinction coefficient 

(ε) in absolute ethanol was determined as reported in the same paper [41]. A certain amount of dye (5–7 mg) 

was dissolved in 10 ml of absolute ethanol. Three diluted solutions in absolute ethanol were prepared by 

taking aliquots of the stock solution. The diluted solutions were measured by UV–Vis spectroscopy and the 

absorbance intensities of each solution at the λmax were plotted versus the sample concentration. A linear fit 

was applied to determine the molar extinction coefficient (ε) as the slope of the line. The analysis was 

performed in duplicate. Results were considered acceptable once the difference between the determined 

log ε was less or equal to 0.02 in relevancy to their average.  

Fluorescence measurements were recorded on a HORIBA FluoroLog2 (Jobin-Yvon) fluorimeter.  

Diluted solutions with absorbance around or lower than 0.1 units were used to avoid the presence of 

aggregates. Because of the low Stokes shift (20 nm for CY and 6 nm for SQ), typical of this class of compounds, 

emission spectra were obtained by exciting dyes at the wavelength corresponding to the hypsochromic 



  Results__Lipid nanoparticles for drug delivery 

 

344 

 

shoulder showed in absorption spectra (λex= 620 nm and 640 nm for cyanine and squaraine respectively). 

Dyes’ fluorescence spectra were recorded in ethanol with increasing water content (from 0% to 90%) and 

dye-loaded SLN’s emission spectra in 100% ultrapure water. Fluorescence lifetimes (τf) were measured in 

DMSO using a nanoLED source (emission at 636 nm, Horiba Jobin-Yvon) and a single photon counting 

detector (TBX04 Horiba Jobin-Yvon). Fluorescence quantum yields (φ) were determined in DMSO using the 

same instrument with the integrating sphere Quanta-φ (Horiba) and De Mello method. Values reported in 

results correspond to the average of three independent measurements. 

Cell culture and cell viability assay 

Human microvascular endothelial cell line (HMEC-1, American Type Culture Collection ATCC) were 

cultured in EndoGRO™ MV-VEGF complete medium (Merck Millipore), complemented with 0.5% gentamicin 

antibiotic and 5 mM L-glutamine; human breast adenocarcinoma cell line (MCF-7, ATCC) were cultured in 

Dulbecco's Modified Eagle's Medium-high glucose (DMEM from Euroclone), complemented with 10% Fetal 

Bovine Serum (FBS from Euroclone), 0.5% gentamicin antibiotic and 5 mM L-glutamine. All cell cultures were 

maintained in an incubator at 37 °C and 5% CO2 atmosphere, using Falcon™ plates as supports. 

 For cell viability, cells (0.5·104 cells/well) were seeded in 96-well plates (Sarstedt, Germany). After 18 

h of incubation at 37°C, different dyes concentrations of dye-loaded SLN dispersions (from 10 nM to 1 μM), 

were added for 24 and 48 h to the culture medium. In order to compare the cytotoxicity of the dye in the 

free form or after encapsulation, cytotoxicity of cyanine in the free form was tested (diluted from a stock 

1mM in DMSO). SQ alone was not tested due to its insolubility in these conditions. For each condition, eight 

replicates were performed. Cytotoxicity was assessed 24 and 48 h after SLN treatment using CellTiter 96 

AQueous Non-Radioactive cell proliferation assay (Promega, USA) following manufacturer’s instruction. 

Briefly, MTS was added (10%) to the culture medium and kept in an incubator for 2 h. Cells without SLN and 

incubated with complete medium or basal medium without serum and grow factor (EndoGRO starve for 

HMEC samples and DMEM 0% FBS for MCF-7 samples) were used as positive and negative controls, 

respectively. Absorbance was then recorded at 490 nm (soluble formazan absorbance) using a microplate 

reader (FilterMax F5, Multi-Mode Microplate Reader, Molecular Devices). Absorbance values obtained were 

then analyzed with Excel software (Office, Microsoft) to determine the mean absorbance for each condition 

after subtraction of the average background (absorbance value of cell medium alone treated with MTS was 

considered as background). Absorbance values obtained are directly proportional to the number of viable 

cells. 
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Photodynamic treatment and phototoxicity assay 

To evaluate the photodynamic activity, MCF-7 cells were plated in 96 well plates (0.5·104 cell/well in 200μL 

of DMEM 10% FBS) and after 6 h were treated with CY-SLN, SQ-SLN and CY at different concentrations (from 

10 to 200 nM). Cells were incubated O/N at 37°C and 5% CO2 and then were irradiated with a light beam 

intensity of 8 mW/cm2 for 15 min. For cell irradiation, a compact LED array-based illumination system with a 

homogeneous illumination area was used. The system was specifically designed and produced by Cicci 

Research s.r.l (Italy) for in vitro PDT tests on cells grown in standard multiwell plates (96-wells). The proposed 

illumination system includes a RED-LED array (light source with excitation wavelength: 640 nm, and 

irradiance: 8 mW/cm2) composed of 96 LEDs in a 12 × 8 arrangement. In addition, both LED-array and 96-

multiwell plates were placed into a case to isolate the system during irradiation. 24 h, 48 h and 72 h after 

LED treatment MTS assay were performed in order to evaluate cell viability. For each monitored time (24 h, 

48 h and 72 h) two 96-well plates were prepared: one plate was treated with the light beam and the other 

one was used as control (not irradiated).  

Cellular uptake and intracellular localization 

Cells (50·104 cells/dish) were seeded in 10 cm diameter Petri dishes and after three days culture media 

were removed and replace with fresh culture media. Cells were incubated for 2 h, 6 h, O/N and 24 h with 

fresh culture media containing the same concentration (100 nM) of cyanine in the free form (CY) or 

encapsulated into SLN (CY-SLN) and of squaraine encapsulated into SLN (SQ-SLN). Following incubation at 

37°C, the medium was removed, cells were trypsinized and the pellet was washed twice with PBS. Proteins 

were subsequently extracted using 50 μL of RIPA buffer (Pierce® RIPA Buffer, Thermo scientific) and left 1 h 

on ice. Then cell lysates were sonicated and left on ice for 1 h. After quantification by the BCA Protein Assay 

proteins were diluted in ethanol to a final concentration of 1 μg/μL. Then cell lysates were diluted 1:10 in 

ethanol to a final volume of 1 mL and fluorescence emission of the sample was recorded on a 

spectrofluorimeter (FluoroLog2, Jobin-Yvon - HORIBA). 

To assess the intracellular localization of dye-loaded SLN we used Calcein and MitoTracker Red (Molecular 

probes®, Invitrogen), in order to label and track the whole cellular volume and mitochondria in live cells, 

respectively. Briefly, 10·104 cells were left to attach for 24 h on glass coverslips in a 6-well plate (Sarstedt, 

Germany) and then incubated O/N with growth medium containing 100 nM of the dye incorporated into SLN 

(CY-SLN or SQ-SLN) or of the dye in the free form (CY). After incubation, cells were washed and then incubated 

with Calcein (250 nM) or MitoTracker Red (250 nM) for 30 min. After incubation, wells were washed twice 

with Hanks' Balanced Salt Solution (HBSS) in order to wash off the excess probe and fixed in 4% 

paraformaldehyde (PAF) at 37°C for 2 min. Coverslips were then mounted onto a glass slide by DABCO MIX 

(purchased from Sigma-Aldrich) and observed using a Leica TCS SP8 confocal system (Leica Microsystems, 
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Germany) equipped with a HCX PL APO 63X/1.4 NA oil-immersion objective. Cyanine and squaraine dyes 

were excited with a HeNe laser at 633 nm, whereas Calcein and MitoTracker Red were excited with DPSS 

laser at 561 nm in order to simultaneously detect the probes. Images were acquired on the three coordinates 

of the space (XYZ planes) with a resolution of 0.081 μm x 0.081 μm x 0.299 μm and were processed and 

analyzed with ImageJ software (Rasband, W.S., U.S. National Institutes of Health, Bethesda, MA). 3D images 

with Calcein allowed assessing whether dyes are within the cell or not and Mitotracker Red signals allowed 

to understand whether dyes co-localize with cell mitochondria (Pearson’s correlation coefficient was 

measured by using ImageJ JACoP plugin). 

Statistical analysis 

Data are shown as the average of three independent experiments ± SEM (standard error mean). 

Statistical analyses were performed using Graph-Pad Prism 6.0 software (La Jolla, CA, USA). Statistical 

significance between populations was determined by analysis of variance (1way ANOVA-Kruskal Wallis test) 

followed by post-hoc Dunn's multiple comparisons test. Differences with p-values <0.05 were considered 

statistically significant and *: p-value < 0.05, ***: p-value < 0.0005, ****: p-value < 0001. 

 

 

 

Results and discussion 

 

1. Synthesis of polymethine dyes 

The synthesis of symmetrical brominated pentamethine cyanine and squaraine dyes involved the 

condensation of the quaternary heterocyclic salts (2), bearing an activated methyl group, with a 

malonodialdehyde derivative and squaric acid, respectively. Compound 1 was obtained from 7-bromo-1,1,2-

trimethyl-1Hbenzo[e]indole exploiting the Fischer indole synthesis by reacting (6-bromonaphthalen-2-yl) 

hydrazine with 3-methylbutan-2-one in glacial acetic acid, as previously described [41]. The quaternization 

of the benzoindolenine ring to get compound 2, performed under microwave irradiation, led to an increased 

acidity of the methyl group which enabled the following condensation reaction (Fig. 1 A) to obtain CY and 

SQ. The synthesis of the symmetrical cyanine dye is already reported in our previous work [41], while the 

symmetrical squaraine dye was synthesized in a one-step reaction under microwave heating following our 

well-established method for indolenine-based squaraines [46] by reacting two equivalents of quaternary 

heterocyclic salts with squaric acid (Fig. 1 A). 
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Figure 1. PMD and SLN. 

A) PMD synthesis: (i) acetonitrile, iodobutane, MW, 45 min, 155 °C; (ii) sodium acetate, acetic anhydride, N-((1E,2E)-3-

(phenylamino)allylidene)benzenaminium chloride, MW, 10 min, 130 °C; (iii) squaric acid, toluene/n-butanol, MW, 30 

min, 160 °C. B) Schematic representation of dye-loaded SLN synthesized. 

 

2. Solid Lipid Nanoparticles (SLN) preparation and physicochemical characterization 

Solid Lipid Nanoparticles (SLN) and dye-loaded SLN were prepared as reported in the experimental 

section.  Results of SLN physico-chemical characterization through batch mode dynamic light scattering (DLS) 

after the purification procedure (A3W) are reported in Table 1. BLK-SLN exhibited a mean diameter of 171 

nm and a polydispersity index (PDI) lower than 0.20, which indicates the homogeneity of size distribution. 

On the other hand, the characterization of dye-loaded SLN (CY-SLN and SQ-SLN) revealed higher sizes due to 

the presence of the PMD within the nanoparticles and slightly higher PDI that remained anyway lower than 

0.30. A schematic representation of the dye-loaded SLN synthesized is represented in Figure 1 B. It is 

important to highlight that synthesized particles have a mean diameter around 200 nm, which is very 

interesting in cancer applications. Indeed, previous studies on liposomes of different mean size [47] set at 

200 nm the threshold size for more effective extravasation of nanoparticles into the tumor tissues via the 

leaky vessels by the enhanced permeability and retention (EPR) effect [48]. Moreover, the presence of the 

steric stabilizer PEG-40 stearate into the formulation will probably improve the bioavailability of the 

nanosystem in body fluids and its pharmacokinetic profile after administration for further potential in vivo 

studies [49]. Indeed, PEG chains sterically stabilize nanoparticles and increase their plasma half-life, reducing 

binding to serum proteins and other opsonic factors [50]. Moreover, both blank and dye-loaded SLN showed 
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good stability under storage at different temperatures (4, 25 and 40 °C): as shown in Figure S1 A, size and PDI 

of all SLN did not change over 30 days from their synthesis at all three investigated temperatures. 

Regarding the ζ-potential, BLK-SLN showed a value of -11.6 mV, comparable to other SLN prepared 

with triglycerides [51], suggesting good stability of the dispersion. Comparing ζ-potentials measured on the 

loaded SLN (Table 1), we observed a significant difference between the two formulations: SQ-SLN showed a 

negative ζ-potential as well as BLK-SLN, whereas CY-SLN showed an inversion of ζ-potential, which becomes 

positive.  Considering the structures of the two PMD (Fig. 1 B) and the positive charge associated with the 

cyanine dye, the inversion of the potential observed in the case of CY-SLN can be due to a partial localization 

of the dye on the particle surface. This effect has been also described for other cyanine dyes incorporated in 

lipid nanocarriers [52]. 

 

SLN Size (nm) PDI ZP (mV) EE (%) PC (mg/mL) 

BLK-SLN 170.9 ± 22.84 0.152 ± 0.052 -11.6 ± 4.9 - 11.05 ± 1.50 
CY-SLN 194.7 ± 27.43 0.258 ± 0.036 +7.8 ± 2.2 89.2 ± 0.4 11.60 ± 1.00 
SQ-SLN 203.4 ± 18.43 0.250 ± 0.052 -6.6 ± 2.3 88.9 ± 7.4 9.96 ± 1.78 

Table 1. Physicochemical properties of BLK-SLN, SQ-SLN and CY-SLN.  

PDI: polydispersity index; ZP: zeta potential, EE: entrapment efficiency; PC: phosphatidylcholine (mean ± SD, n = 3). 

 

Finally, in order to deepen the physico-chemical characterization and to verify the effective size 

distribution of the formulation obtained through batch mode DLS, SLN were also analyzed by Asymmetric 

Flow Field-Flow-Fractionation (AF4), an elution-based particle separation technique that allows to separate, 

detect and measure any sub-populations eventually present in the colloidal sample. This technique is based 

on the application of a force field (cross flow) perpendicular to the particle transport direction, which allows 

smaller particles to be transported faster and eluted earlier [53]. AF4 analysis confirmed that all 3 types of 

SLN prepared were characterized by one main population: the fractograms reported in Figure 2, show an 

upward trend of hydrodynamic size over the elution peaks. The diameters calculated by analysis of light 

scattered signals corresponding to peak elution were respectively 143 nm for BLK-SLN (Fig. 2 A), 182 nm for 

CY-SLN (Fig. 2 B) and 157nm for SQ-SLN (Fig. 2 C). The elution volume (mL), corresponding to the elution time 

(min), and peak width are displayed in Table 2. 

The difference with respect to the diameter obtained from the batch mode DLS measurement may be 

due to the different ionic composition of the buffer used in AF4, compared to ultrapure water used for the 

batch mode. Indeed, the different ionic and surfactant composition of the medium alters the nature of the 

ionic sphere that surrounds the surface of nanoparticles and, consequently, their hydrodynamic radius, which 

includes not only the diameter of the nanoparticle itself but also the ions included within the slipping plane, 
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which move together to it in Brownian motion. Moreover, a small shoulder was detected before the elution 

peak of CY-SLN (6.5 mL <elution volume <10.6 mL). Nevertheless, because of the low intensity of the peak 

close to the noise threshold, this signal is not attributable to the presence of a sub-population of SLN within 

the sample; it probably indicates the formation of small micellar systems (64 nm) induced by the surfactants 

present in the elution medium used (Novachem 0.05% + NaCl 0.05%) and probably related to the different 

surface characteristics showed by positive ζ-potential of CY-SLN compared with the other formulations [54]. 

 

Figure 2. SLN AF4 characterization. 

AF4-DLS fractograms of BLK-SLN (A), CY-SLN (B) and SQ-SLN (C) (red dots: z-average mean diameter in nm; green curve: 

intensity of scattered light in kcount/s; yellow line: noise threshold).  

 

 

SLN type Ζ-average mean 
diameter (nm) 

Elution volume (mL) 
(initial-final) 

Peak width (nm) 

BLK-SLN 143 10.5-16 32.0 
CY-SLN 182 12.5-21 27.2 
SQ-SLN 157 11-20 25.2 

Table 2. Particle size obtained from DLS analysis of AF4 fractograms, elution volume (mL) and peak width. 

 

The entrapment efficiency of SLN was very high for both dyes, with values close to 90% (Table 1), 

showing the efficacy of this type of lipid carrier for the incorporation of hydrophobic molecules. Moreover, 

the PC concentrations displayed in Table 1 confirmed the final composition of SLN and negligible losses during 

the purification process, as PC content after 3 washes was about 90% compared to that of non-washed 

formulations. 
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3. Dyes and dye-loaded SLN optical characterization 

CY and SQ dyes show a narrow absorption band in the NIR, perfectly matching the phototherapeutic 

window (Fig. 3 A). CY (Fig. 3 A-I) and SQ (Fig. 3 A-II) show similar optical properties in absolute ethanol with 

an absorbance maximum at 688 (CY) and 668 (SQ) nm, preceded by a hypsochromic shoulder typical for PMD 

[28] (at about 620 and 640 nm respectively) and emission maxima at 708 (CY) and 674 nm (SQ). CY and SQ 

exhibit high molar extinction coefficients (2.08 ·105 and 2.52 ·105 L·mol−1 cm−1, respectively, in ethanol) and 

good quantum yields in organic solvent (36% and 31% respectively in DMSO). The higher molar extinction 

coefficient showed by SQ as compared to CY is due to the greater rigidity of squaraine derivatives’ 

polymethinic bridge, which reduces photoisomerization phenomena leading to a more stable structure and 

an optimization of its optical properties with respect to the corresponding cyanine derivative [55].  

 However, both dyes are poorly soluble in aqueous solutions and this compromises their applicability 

in the biomedical field. Indeed, as shown in Figures 3 B and 3 C, absorption spectra of CY (Fig. 3 B-I) and SQ 

(Fig. 3 C-I) in ethanol show a significant change in shape and intensity upon increasing the water content 

from 0 to 90%, leading to the bleaching of their fluorescent properties (Fig. 3 B-II for CY and Fig. 3 C-II for SQ). 

The modifications of the absorption spectra upon water addition suggest the rapid aggregate formation of 

the two dyes in aqueous conditions. This phenomenon is particularly evident in the case of SQ dye, which 

exhibits a lower solubility than CY in aqueous solution due to its zwitterionic structure. 

Interestingly, the incorporation of the PMD into SLN allows to preserve their standard spectroscopic 

properties even in aqueous solution (Fig. 3 D and 3 E). Indeed, dye-loaded SLN reproduce the same 

spectroscopic profile exhibited by the dyes not encapsulated in organic solvent with a small bathochromic 

shift (Table 3). The absorption below 600 nm, shown by dye-loaded SLN, may be due to the Rayleigh 

scattering from nanoparticles and it is more pronounced in the case of SQ-SLN because of the lower 

dyes/lipids (w/w) ratio as compared to CY-SLN’s one. The quantum yield shown by SQ incorporated into SLN 

in H2O is even higher than that exhibited by the dye not encapsulated in DMSO (52% versus 31%) (Table 3). 

We also evaluated and compared the fluorescence lifetime (τf) of the dyes not encapsulated and the dye 

incorporated into SLN. Fluorescence lifetimes (τf) of dyes not encapsulated show mono-exponential decay 

and are in the nanoseconds range, accordingly with previous results [41]. As regards dye-loaded SLN, the 

mono-exponential trend of the τf indicates a homogeneous dispersion of the dyes within the lipidic 

nanosystem in both formulations. Moreover, τf recorded for dye-loaded SLN in aqueous solution are similar 

to those obtained for not encapsulated-dyes in organic solvent. Interestingly, squaraine into SLN shows again 

enhanced optical performances with respect to its not encapsulated form with a fluorescence lifetime even 

doubled (2.571 versus 1.382). This means that the SQ derivative into SLN gives rise to prolonged fluorescence 

emission, probably due to an increased stabilization of the fluorophore by the lipidic microenvironment. 
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Finally, we investigated the stability of the optical properties of the dyes into SLN. Both CY-SLN and SQ-SLN 

showed good stability until 30 days after formulation (at 4°C and 25°C) and only a small decrease in 

fluorescence intensity was observed keeping the sample at 40°C (condition of accelerated stability) for 30 

days (Fig. S1 B). 

These results clearly show that the incorporation of PMD into SLN allows a successful preservation 

of their optical characteristics, making them suitable candidates for optical imaging. 

 

 

Figure 3. Dyes and dye-loaded SLN optical characterization. 

A) Normalized absorption (abs) and emission (em) spectra of CY (I) and SQ (II) in absolute ethanol. Insets show dyes’ 

structures. B) Changes in the absorption spectra (I) and in the emission spectra (II) of CY (5*10-6 and 5*10-7 M respectively 

in absolute ethanol) upon increasing content of water from 0 to 90%. λex for emission spectra = 620 nm. C) Changes in 

the absorption spectra (I) and in the emission spectra (II) of SQ (3*10-6 and 3*10-7 M respectively in absolute ethanol) 

upon increasing content of water from 0 to 90%. λex for emission spectra = 640 nm.  D) Normalized absorption (I) and 
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emission (II) spectra of CY encapsulated into SLN (CY-SLN) in 100% water. Dot lines represent normalized absorption (I) 

and emission (II) spectra of CY in the free form in absolute ethanol. E) Normalized absorption (I) and emission (II) spectra 

of SQ encapsulated into SLN (SQ-SLN) in 100% water. Dot lines represent normalized absorption (I) and emission (II) 

spectra of SQ in the free form in absolute ethanol. 

 

 absorbance emission 

 λmax (nm) ε λmax (L mol-1cm-1) λmax  (nm) φfl (%) τf (ns) 

 EtOH/H2O EtOH EtOH/ H2O DMSO H20 DMSO H20 

CY 688 2.08 · 105 708 36 - 1.570 ± 0.004 - 
CY-SLN 698 - 717 - 36 - 1.372 ± 0.004 

SQ 668 2.52 · 105 674 31 - 1.382 ± 0.003 - 
SQ-SLN 678 - 682 - 52 - 2.571 ± 0.004 

Table 3. Optical properties of not encapsulated-dyes (CY and SQ) in organic solvent and dye-loaded SLN (CY-SLN and SQ-

SLN) in aqueous solution. λmax(abs), λmax(em): dyes absorption and emission maxima, respectively, ε: molar extinction 

coefficient at the absorption maximum, φfl: fluorescence quantum yield, τf: fluorescence lifetime. 

 

4. In vitro cell viability of CY-SLN and SQ-SLN 

We investigated the inherent cytotoxicity of BLK-SLN, CY-SLN and SQ-SLN using the MTS viability assay 

on MCF-7 cells. BLK-SLN showed good biocompatibility (Fig. 4 A-I), starting to affect cell viability 24 h after 

treatment only at the highest lipid concentration tested (about 100 μg/mL, corresponding to a dye 

concentration of 1.5 μM and 1 μM for CY and SQ, respectively). Regarding dye-loaded SLN, cell viability was 

tested by varying dyes’ concentration into SLN in the nanomolar range, in order to identify the maximum 

concentration at which treatment can be administered without inducing cytotoxicity. CY cytotoxicity in its 

free form was also tested and Figure 4 A shows that CY (Fig. 4 A-II) started to affect cell viability from a 

concentration of 400 nM 24 h after treatment. Surprisingly, once incorporated into SLN CY cytotoxicity 

increased starting from a concentration of 200 nM 24 h after treatment although with partial recovery at 48h 

(Fig. 4 A-III). On the contrary, SQ-SLN (Fig. 4 A-IV) are less cytotoxic and do not affect cell viability until a dye 

concentration of 1 μM. To check the cell-type specificity of the observed CY-SLN cytotoxic effect, we 

measured CY-SLN cytotoxicity also on endothelial cells (HMECs) and, surprisingly, CY-SLN do not show the 

same cytotoxic profile shown on MCF-7 (Fig. S2). Indeed, HMECs treated with 200 nM of CY-SLN still show a 

slight increase in cell viability as compared to the control even 48 h after treatment (Fig. S2). Similar results 

were also found testing BLK-SLN cytotoxicity on HMECs at lipid concentrations corresponding to those used 

for CY-SLN treatment (Fig. S2). On the other hand, the cytotoxicity of CY not encapsulated did not show any 

differences between the two cell types, at least in the concentration range investigated (till 200 nM) (Fig. S2). 

These results indicate that SLN’s and CY-SLN’s cytotoxicity is cell type-dependent and it may also suggest that 

tumor cells may be more sensitive to the dye-loaded nanosystem than normal cells. For the subsequent 
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characterizations of our nanosystems on tumor cell model (MCF-7) we used SLN with dye concentrations of 

100 nM, in order to avoid results affected by any cytotoxic effects (Fig. 5 A-I). 

 

Figure 4. In vitro cytotoxicity of CY-SLN and SQ-SLN on MCF-7. 

Cell viability assays on MCF-7 24 h and 48 h after treatment with different concentrations of BLK-SLN (I), free CY (II), CY-

SLN (III) and SQ-SLN (IV). For BLK-SLN concentrations refer to phosphatidylcholine content ([PC] from 1.03 to 103 μg/mL), 

whereas for dye-loaded SLN concentrations refer to dyes incorporated into SLN (from 10 to 1000 nM). Data are 

normalized on CNTRL+ (MCF-7 untreated) at 24 h and are represented as mean ± SEM. Data refer to a pull of at least 3 

independent experiments (eight replicates for each experiment). Statistical significance versus CNTRL+:  *** P< 0.001, 

**** P< 0.0001 (Kruskal-Wallis test with post-hoc Dunn’s test).  
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5. In vitro photoactivity of CY-SLN and SQ-SLN 

In vitro phototoxicity results, illustrated in Figure 5 A-II, do not show any phototoxic effects of not 

encapsulated CY (100 nM) on MCF-7, but interestingly, highlight a photoactivity of CY after encapsulation 

into SLN (100 nM) (Fig. 5 A-II). This result may be due to the lower possibility of aggregation of CY 

encapsulated into SLN, which leads to an increase in the lifetime of the triplet state leading to a more efficient 

photoactivity. Alternatively, the photoactivity of CY-SLN could be due to a higher local concentration of the 

dye due to the nanoencapsulation. Notably, BLK-SLN did not show any phototoxicity, meaning that the 

decrease in cell viability after light beam treatment is exclusively due to the activity of the dye (Fig. 5 A-II). 

Our results are in agreement with other studies about potential PS loaded into SLN, that have shown how 

the incorporation of these highly hydrophobic molecules in lipid nanoparticles may increase their 

photostability and also their singlet oxygen production capacity [39,40].  On the other hand, it has to be 

noticed that the same CY previously tested in its not encapsulated form resulted in a significant phototoxic 

activity at 10 nM on HT-1080 [41]. Surely the higher energy fluency rates applied in the previous work (18.0 

J/cm2 versus 7.2 J/cm2) can at least partially explain the difference in the observed results. However, this 

difference is probably also attributable to a cell line-dependent sensibility to PMD treatment that emerged 

even in the dark: indeed, HT-1080 cells showed significant cytotoxicity starting from 100 nM [41], whereas 

MCF-7 viability was not affected by CY till 400 nM (Fig. 5 A-II). Regarding the squaraine derivative, it was not 

possible to investigate its phototoxicity in the not encapsulated form because of its insolubility in aqueous 

solutions. However, SQ-SLN do not show any phototoxic effects at the concentration investigated (100 nM) 

(Fig. 5 B-I), suggesting that this nanosystem could be used as potential diagnostic tools for in vivo fluorescence 

imaging, but not as a therapeutic tool in photodynamic treatment. On the contrary, preliminary data on CY-

SLN suggest that they may be tested in photodynamic treatment of some types of cancer, thanks to its 

negligible cytotoxicity in the dark and its moderate activity after light beam treatment, enhanced by its 

incorporation in lipid nanocarriers (Fig. 5 A-I and II). 
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Figure 5. Dyes and dye-loaded SLN in vitro phototoxicity. 

A) Cell viability assays on MCF-7 O/N treated with 100 nM CY (in free form or encapsulated into SLN) kept in the dark (I) 

or 24 h, 48 h and 72 h after LED irradiation (640 nm, 7.2 J/cm2) (II).  B) Cell viability assays on MCF-7 O/N treated with 

100 nM SQ (encapsulated into SLN) kept in the dark (I) and 24 h, 48 h and 72 h after LED irradiation (640 nm, 7.2 J/cm2) 

(II). Data are normalized on CNTRL at 24 h and represented as mean ± SEM. Data refer to 4 independent experiments 

(eight replicates for each experiment). Statistical significance versus CNTRL (MCF-7 untreated with dyes): * P< 0.05, *** 

P< 0.001, **** P< 0.0001; statistical significance between free dyes and dye-loaded SLN: §§§ P< 0.001, §§§§ P< 0.0001 

(Kruskal-Wallis test with post-hoc Dunn’s test). 

 

6. Cell uptake and intracellular localization 

As mentioned in the introduction, the development of good diagnostic and therapeutic agents in 

biomedicine requires a setup of positive interactions between the molecule and the cellular system. Indeed, 

the nanosystem must be internalized efficiently and with reasonable timing by the target cell to reach a good 

drug delivery performance. Therefore, we investigated the cellular uptake and the intracellular localization 

of SLN. The cell uptake timings of the synthesized fluorescent nanosystems were analyzed by measuring the 
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fluorescence intensity relative to cell lysates after incubation of MCF-7 cells with CY-SLN and SQ-SLN (dyes 

concentration: 100 nM) for four different incubation times (2 h, 6 h, O/N and 24 h). An efficient time-

dependent accumulation of the dyes was observed in cells treated with dye-loaded SLN, with an appreciable 

uptake starting from 2 h in both samples (Fig. 6 A-I: CY-SLN, λem = 708 nm; Fig. 6 A-II: SQ-SLN, λem = 674 nm). 

CY-SLN uptake reaches a plateau after O/N incubation (Fig. 6 A-I). The tailing of the peak observed after 24 h 

incubation is most likely due to the presence of phenol red (λem = 674 nm at pH 7) in the culture medium. In 

order to compare the cell uptake of CY not encapsulated and CY-loaded SLN, we performed the same assay 

on MCF-7 cells treated with 100 nM of CY in culture media for four different incubation times (Fig. S3). At 

100 nM, it seems that the presence of the nanocarrier slows down the internalization of the dye. Indeed, 

comparing Figure 6 A-I and Figure S3 A it results evident that the fluorescence intensities related to the not 

encapsulated dye are strongly more intense than those relating to the incorporated dye. However, it is 

difficult to establish a replicable ratio between the two signals because it changes with sample and biological 

variability (n=3).  

In order to verify the effective internalization of the nanosystem into the cell, excluding the possibility 

that fluorescence signals recorded from cell lysates came from particles attached on the cell surface, we 

performed confocal laser scan microscopy experiments on MCF-7 cells treated O/N with 100 nM of dyes 

incorporated into SLN. The whole cellular volume was labeled using Calcein (red signals in Fig. 6 B and S3 B) 

and images were acquired on the three coordinates of the space (XYZ), allowing to reconstruct the 3D cellular 

volume and therefore to check whether dyes fluorescent signals were included within the cellular volume or 

not. Figure 6 B clearly shows that both types of loaded-SLN are internalized by MCF-7 after O/N incubation. 

Indeed, in cells treated with CY-SLN (Fig. 6 B-I) or SQ-SLN (Fig. 6 B-II) several fluorescent spots were detected 

(λex = 633 nm) within the cell volume labeled with Calcein. Results obtained from samples treated with not 

encapsulated cyanine show, instead, a greater amount of intracellular labeling and a more widespread and 

delocalized signal of the dye on the entire cell volume as compared to CY-SLN (Fig. S3 B), suggesting higher 

internalization of the free CY. This result may be explained on one hand by the cationic nature of CY, which 

may promote its interaction with the cell surface and on the other hand by the overexpression of organic 

anion-transporting polypeptide (OATP) channels in tumor cells, which may increase its internalisation [2]. On 

the contrary, the incorporation of the cyanine derivative into the lipid nanoparticle not only may limit its 

interaction with the plasma membrane, partially masking the positive charge associated with the dye, but 

also alters its molecular internalization mechanism, which, in fact, in this case, is mediated by an endocytotic 

mechanism [56]. Finally, comparing CY (Fig. S3 B) and CY-SLN (Fig. 6 B-I) signals it is also possible to detect 

the greater compartmentalization of cyanine signal when incorporated within the nanoparticle system: 
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compared to the non-specific and diffuse signal given by the dye in its free form, incorporation into a solid 

lipid matrix allows to obtain a more localized signal. 

 It has been suggested that mitochondria are a major subcellular site for photosensitizer localization 

and that both cyanine and squaraine dyes localize in mitochondria organelles [2,21]. We, therefore, further 

investigated the subcellular localization of CY-SLN, staining MCF-7 mitochondria with MitoTracker Red (red 

signals in Fig. 6 C and S3 C) and evaluated its co-localization with the dye. Figure 6 C shows that CY-SLN is 

mainly located in close proximity to mitochondrial regions. A partial co-localization with mitochondria was 

observed also for not encapsulated CY as shown in Figure S3 C, although a more widespread signal of the dye 

on the entire cell volume was observed. These data suggest that the cyanine derivative, both in its free form 

and encapsulated into SLN, partially associates with the mitochondria once it has penetrated into the cells 

and this could be linked to its photodynamic activity (Fig. 5 A-II and [41]). 
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Figure 6. Dye-loaded SLN uptake and intracellular localization. 

A) Fluorescence intensity relative to MCF-7 cellular lysates after incubation with 100 nM CY-SLN (I) or SQ-SLN (II) for 

increasing time intervals (2 h, 6 h, O/N and 24 h). Emission spectra were recorded excitating CY-SLN and SQ-SLN at 620 

and 640 nm, respectively. Insets show the trend over time of fluorescence intensity normalized on the control (untreated 

cells). Data refer to one representative experiment of at least three. On the right a scheme representing cell uptake 

assay. 

B) Representative confocal fluorescence images of MCF-7 cells incubated O/N with either CY-SLN (I) or SQ-SLN (II) at the 

same concentration (100 nM).  Red signal refers to calcein (excitation at 561 nm) and blue/green signal refers to CY-SLN 

and SQ-SLN respectively (excitation at 633 nm). For each image zoom on a region of interest (indicated by white box) 

with orthogonal views are reported. Scale bar: 5 μm. 
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C) Representative confocal fluorescence images of MCF-7 cells incubated O/N with CY-SLN (100 nM). Blue signal in panel 

I refers to CY-SLN (excitation at 633 nm) and red signal in panel II refers to MitoTracker Red (excitation at 561); panel III: 

merged image of panel I and II (pink for overlapped regions); below: zoom on a region of interest indicated by white box. 

Scale bar: 5 μm. 

 

 

Conclusions 

We successfully incorporated two polymethine dyes (a cyanine CY and a squaraine SQ) based on bromo 

benzoindolenine ring into SLN in order to overcome their solubility issues in aqueous solutions. Dye-loaded 

SLN displayed a homogeneous size of <200 nm and high entrapment efficiency, preserving dyes’ excellent 

spectroscopic properties. This study is the first example in the literature of incorporation of a squaraine 

derivative into SLN, which not only allows the solubilization of this dye (completely insoluble in water), but 

even enhances its spectroscopic performances with higher φfl. These data, together with the low cytotoxicity 

of the system and its efficient cellular uptake, suggest that SQ-SLN may be a suitable and appealing candidate 

as diagnostic agent in in vivo optical imaging. On the other hand, CY-SLN, beyond the good optical properties 

shown, led to a photoactivity on MCF-7 cells. Moreover, CY-SLN seem to have a good uptake and a partial 

mitochondrial localization, suggesting their potential application as PS for photodynamic anticancer 

treatment. 

In summary, SLN are a valuable delivery strategy for PMD in biomedical applications, although further 

investigation on in vivo models is needed in order to assess the real applicability of these nanosystems in 

both diagnostic and therapeutic fields. 
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Supplementary Materials 
 

 

Figure S1. SLN stability. 

A) Change overtime of size and PDI of BLK-SLN (I), CY-SLN (II) and SQ-SLN (III) at three different storage temperature 

(4°C, 25°C and 40°C). B) Change overtime of fluorescence intensity of CY-SLN (I) and SQ-SLN (II). Data are expressed as 

mean ± SEM (n=3). 
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Figure S2. In vitro cytotoxicity of CY-SLN and SQ-SLN on HMEC. 

Cell viability assays on HMEC 24 h and 48 h after treatment with different concentrations of BLK-SLN, free CY and CY-

SLN. For dye-loaded SLN concentrations refer to dyes incorporated into SLN (from 10 to 200 nM) whereas for BLK-SLN 

concentrations refer to phosphatidylcholine content ([PC] from 0.67 to 13.4 μg/mL corresponding to that of loaded-SLN 

tested. Data are normalized on CNTRL+ at 24 h and are represented as mean ± SEM. Data refer to at least 3 independent 

experiments (eight replicates for each experiment). Statistical significance versus CNTRL+ (HMEC untreated with dyes):  

*** P< 0.001, **** P< 0.0001 (Kruskal-Wallis test with post-hoc Dunn’s test). 
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Figure S3. CY uptake and intracellular localization. 

A) Fluorescence intensity relative to MCF-7 cellular lysates after incubation with either CY (continuous lines) or CY-SLN 

(dot lines) at the same concentration (100 nM) for two different time intervals (6 h and O/N). Data refer to one 

representative experiment of three. 

B) Representative confocal fluorescence images of MCF-7 cells incubated O/N with CY (100 nM).  Blue signal in panel I 

refers to dye-loaded SLN (excitation at 633 nm) and red signal in panel II refers to Calcein (excitation at 561 nm); panel 

III: merged image of panel I and II (pink for overlapped regions); panel IV: zoom on panel III with orthogonal views. Scale 

bar: 5 μm. 

C) Representative confocal fluorescence images of MCF-7 cells incubated O/N with CY (100 nM). Blue signal in panel I 

refers to CY (excitation at 633 nm) and red signal in panel II refers to MitoTracker Red (excitation at 561); panel III: 

merged image of panel I and II (pink for overlapped regions) with zoom on a region of interest (indicated by white box). 

Scale bar: 5 μm.        

2022 Elsevier B.V. All rights reserved.  
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Introduction 

Photodynamic Therapy (PDT) is a minimally invasive localized clinical treatment which has been 

developed in order to treat many diseases including several types of cancer.  PDT is based on the presence 

of three components: a photosensitizer (PS), light and molecular oxygen. Its studies on cells and animals 

started in 1960s and led to the clinical approval by the FDA of the first photosensitizer, Photophrin, in 1995. 

[1] [2] In PDT PSs are exposed to light at a specific wavelength, depending on the nature of the molecule in 

use. After the irradiation, the light is absorbed by the PS, causing the conversion from its ground state (singlet 

state) to an excited singlet state. Then, the PS can lose energy and return to the ground state or, alternatively, 

the singlet state can undergo intersystem crossing (ISC), with the formation of an excited triplet state, caused 

by spin conversion of the electron in the higher energy orbital. From this triplet state the molecule can relax 

and go back to the singlet state via two different routes: 1) the molecule can reduce the substrate forming 

radicals, which then reacts with oxygen producing oxygenated radicals (Reactive Oxygen Species, ROS), 

known as Type I reaction, or 2) the PS can react directly with molecular oxygen, producing singlet oxygen 

(1O2), known as Type II reaction [3]. These reactions also explain the importance of oxygen’s presence in PDT. 

Both products then react with cells leading them to apoptosis or necrosis, causing damages in tumor-

associated vascular structures and contributing to stimulate the immune response in the host [4] [5]. 

It is therefore clear the paramount importance of the choice of the right PS. An ideal PS must be non-

cytotoxic in the dark but highly cytotoxic after selective irradiation, photo- and chemically stable, non-

mutagenic, selective against neoplastic tissues, present an high degree of purity and should absorb light 

between 600 and 800 nm to promote a deeper tissue penetration and minimize light scattering by tissues [6] 

[7]. Many PSs have been approved for clinical use during the last 25 years and are now commercialized for 

different applications (Photofrin, Ameluz, Metvix, Foscan, Laserphyrin, Visudyne and Redaporfin) and many 

others are under clinical trial [8,9]. Even if many of these approved molecules show a porphyrin-based 

structure, at present different molecules such as Squaraine dyes and Cyanine dyes [10, 11, 12] have been 

shown to have improved characteristics and can represent promising alternatives as PSs. These molecules 

show longer absorption wavelengths, higher selectivity and higher purity compared to the so-called “first 

generation PSs” such as Photofrin [8]. Moreover Squaraines have been proved to have an high clearance rate 

in vivo and good selectivity against neoplastic tissues [10]. 

Despite the important advances made in the development of improved molecules and formulations, 

targeting PSs to tumors to avoid the damage of surrounding tissues remains a big challenge. Furthermore, 

PSs often show high photosensitivity and low hydrophilicity, leading them respectively to photodegradation 

and aggregation in aqueous media [13]. In order to improve the PSs performances and to protect the 
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molecules from photodegradation, many conjugation strategies have been tested, leading to the 

development of several delivery systems, including both organic and inorganic nanoparticles [14].  

Regarding organic nanoparticles, the research has been mainly focused on liposomes and polymeric micelles. 

These vesicles’ components form amphiphilic structures in water, enabling the encapsulation of the PS in the 

hydrophobic core and improving their solubility by exposing their hydrophilic surface to the aqueous 

environment. Moreover, the carrier can be functionalized with targeting agents, [15-19] or exploit passive 

targeting with enhanced permeation and retention effect (EPR) [20], leading to a selectivity improvement 

and providing good results in PDT efficiency. However, one of the main problems of lots of these formulations 

is represented by the lack of stability over time [21]. Since many vesicles, like liposomes, tend to change 

morphology and leak the PS over time, they require complex formulations and coatings [22] to overcome 

these aspects. 

To this end, in the present work we employed a different nanovesicle system, namely Quatsomes 

(QS), as nanocarriers. QS are thermodynamically stable monodispersed nanometric vesicles composed by 

sterols and quaternary ammonium surfactants [23]. These sterols and surfactants self-assemble in water, 

forming amphiphilic spherical nanometric structures with high homogeneity. This kind of vesicles has been 

proved to remain stable for years [23, 24, 25], representing a promising nanocarrier able to overcome 

stability problems. As a first trial, a well-performing squaraine in PDT, Br-Sq-C4, already tested in a previous 

study by some of us, has been used as a photosensitizer and incorporated inside QSs. The amount of the 

incorporated dye resulted too low and almost no effect on cell viability was observed. Moreover, some 

problems correlated to the dye leaking from the nanosystem were also detected. Therefore, to improve the 

formulation and the PDT activity, we designed and synthesized a similar squaraine bearing longer alkyl chains, 

i.e. Br-Sq-C12, improving its compatibility with the longer chains of the surfactants and thus the incorporation 

efficiency. Thus, we have prepared QS composed of Cholesterol (Chol) and Sterealkonium Chloride (STK) at 

different concentrations of Br-Sq-C12. These formulations have been proved to have high dye loading 

efficiency even at the higher tested concentrations. This incorporation efficiency can enable the use of lower 

amounts of nanovesicles since they can carry higher PSs concentrations, lowering the carriers’ cytotoxicity 

due to the presence of quaternary ammonium surfactants. The formulations under study have been 

characterized and interrogated in vitro for the cytotoxicity and PDT efficiency. 
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Materials and Methods 
Synthesis of Br-Sq-C12 dye 

All the chemicals were purchased from Merck, Alfa Aesar or TCI and were used without any further 

purification. All microwave reactions were performed in single-mode Biotage Initiator 2.5. TLC were 

performed on silica gel 60 F254 plates. 1H NMR (600 MHz) spectra were recorded on a Bruker Avance 600 

NMR in CDCl3. 

 

 

Scheme 1. Synthesis of Br-Sq-C12 dye. (i) anhydrous acetonitrile, iodododecane, MW, 60 min, 155 °C; (ii) squaric acid, 

toluene/n-butanol (1:1), MW, 30 min, 160 °C. 

 

Quaternarization synthesis of indolenine 5-bromo-1-dodecyl-2,3,3-trimethyl-3H-indol-1-ium iodide 

5-bromo-2,3,3-trimethyl-3H-indole (1) (500 mg, 2.1 mmol), iodododecane (1.6 mL, 6.3 mmol) and anhydrous 

acetonitrile (10 mL) were introduced in a reaction vial, sealed with a crimp cap and heated in microwave 

system at 155 °C for 60 min. At the end of the reaction, acetonitrile was removed in the rotavapor and diethyl 

ether (200 mL) was then poured to precipitate a white-brownish solid which was washed with diethyl ether 

and filtered (287 mg, 25.5 % yield). 

1H NMR (600 MHz, CDCl3): δ 7.78 (dd, J = 8.6, 1.8 Hz, 1H), 7.73 (d, J = 1.8 Hz, 1H), 7.57 (d, J = 8.6 Hz, 1H), 4.65 

(t, 2H), 2.99 (s, 3H), 1.68 (s, 6H), 1.24 (m, 20H), 0.87 (t, J = 7.0 Hz, 3H). 

13C NMR The compound solubility proved too low to record a 13C NMR spectrum. 

Synthesis of Br-Sq-C12 

Compound 2 (287 mg, 0.54 mmol), 4-dihydroxycyclobut-3-ene-1,2-dione (30.8 mg, 0.27 mmol) and 5 mL of 

a mixture of toluene and n-butanol (1:1) were introduced inside a sealed MW vial and heated up to 160 °C 

for 30 min. The solution turned blue, and the TLC (Pet. Ether:Acetone 8:2) showed reaction completion. After 

solvent evaporation, a column chromatography (Pet. Ether:Acetone 70:30) afforded Br-Sq-C12 as a golden 

solid (140 mg, yield=60%). 
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1H NMR (600 MHz, CDCl3): δ 7.44 (s, 2H), 7.41 (d, J = 8.3 Hz, 2H), 6.83 (d, J = 8.3 Hz, 2H), 5.94 (s, 2H), 3.92 (s, 

4H), 1.77 (s, 12H), 1.24 (m, 40H), 0.87 (t, J = 6.9 Hz, 6H). 

13C NMR The compound solubility proved too low to record a 13C NMR spectrum. 

Synthesis of Dye-loaded Chol/Stk QS by DELOS-susp 

All the formulations described were prepared using the DELOS-susp method [26]. In every preparation 80.40 

mg of Cholesterol (PanReac ApplyChem) and 85.50 mg of Stearalkonium (TokyoChemical Industry CO. LTD) 

(ratio 1:1) were added to the organic phase, composed of ethanol (HPLC grade purity, Avantor Performance 

Materials Poland S.A.) and a solution of dye in ethanol to reach a total concentration of dye of 200 and 300 

μM, in a total volume of organic phase of 3.11 mL. Then CO2 in the supercritical state was added into the 

reactor (7.3 mL of volume) to obtain a single-phase solution. After 1 h the solution was depressurized in 25.11 

mL of water MilliQ.  

The ethanol and the not-incorpored dye were removed by diafiltration, using the KrosFlo® Research IIi TFF 

System (KR2i) (Repligen, Waltham USA). The column in use was a 100 kDa cut-off mPES hollow fibber column 

(C04-E100-05-N & C02-E100-05-N, Repligen, Waltham, USA). 

Determination of the Dye concentration and loading in Dye-loaded QS 

The concentration of dye entrapped in QS was determined by measuring the UV-vis absorbance using an UV-

vis spectrophotometer (V-780, Jasco) and a high precision cell (Hellma Analytics) with a pathlength of 1 cm.  

All the samples were diluted in ethanol in order to disrupt the membrane and release all the entrapped dye 

molecules. The concentration of Br-Sq-C12 was determined using the Lambert-Beer law (A = ε l C), knowing 

that ε (Br-Sq-C12) in EtOH = 290484 M-1 cm-1. 

The dye-loading coefficient was determined by lyophilization of the samples (LyoQuest-80, Telstar) at 193 K 

and 5 Pa for 5 days. Then the samples were weighted and the loading in mass was determined through 

Equation 1. 

𝑑𝑦𝑒 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =  
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑦𝑒

𝑚𝑎𝑠𝑠 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 − 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑦𝑒
 

 

Spectroscopic characterization of free Br-Sq-C12 and Dye-Loaded QSs 

UV–Vis spectroscopy 

UV–Vis spectra were recorded on a Cary 300 Bio spectrophotometer (Varian, Santa Clara, CA, USA) and a V-

780 (Jasco), by using solvents with different polarity in order to investigate the solvatochromic behavior of 

both the Br-Sq-C12 and Dye-Loaded QSs. UV–Vis measurements were carried out in the range of 500–800 
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nm using quartz cuvettes (1 cm pathway length) and were recorded at room temperature. The powders were 

solubilized and analyzed after proper dilutions in acetone, absolute ethanol (EtOH), methanol (MeOH), 

double distilled water (ddH2O) and Dimethyl sulfoxide (DMSO). 

 

Determination of molar extinction coefficient 

In order to evaluate the molar extinction coefficient of the Br-Sq-C12, a stock solution (0.5 mM) in Ethanol 

was prepared and then different diluted solutions were obtained by taking proper aliquots of the stock 

solution. The diluted solutions were measured by UV–Vis spectroscopy (Cary 300 Bio spectrophotometer) in 

the range of 500–800 nm using quartz cuvettes with a 1 cm pathway length.  

The absorbance intensities of each solution at the λmax were plotted versus the sample concentration. A linear 

fit was applied to determine the molar extinction coefficient (ε) as the slope of the line. The analysis was 

performed in duplicate. The obtained data were considered acceptable when the difference between the 

measured log ε was less or equal to 0.02 in respect to their average.  

Fluorescence spectroscopy 

Fluorescence emission measurements were acquired in steady state mode and recorded in the range of 595–

750 nm using a Horiba Jobin Yvon Fluorolog 3 TCSPC fluorimeter equipped with a 450-W Xenon lamp and a 

Hamamatsu R928 photomultiplier, by using solvents with different polarity in order to investigate the 

solvatochromic behavior of both the Br-Sq-C12 and Dye-Loaded QS. The excitation wavelength was different 

depending on the solvents and was set at the squaraine hypsochromic shoulder previously recorded at the 

UV–Vis spectra. The powders were solubilized and analyzed after proper dilutions in acetone, absolute 

ethanol (EtOH), methanol (MeOH), double distilled water (ddH2O) and Dimethyl sulfoxide (DMSO). 

The excitation and emission slits were 5 nm and 5 nm, respectively.  

Fluorescence quantum yields (QY) were determined using the same instrument with Quanta-φ integrating 

sphere and De Mello method. The QY were evaluated in absolute Ethanol for the Br-Sq-C12 and in ddH2O for 

the Dye-Loaded QSs. 

Diluted solutions with absorbance around or lower of 0.1 units were used to avoid the presence of 

aggregates. The final result is an average of three independent measurements of different dye solutions. 

Fluorescence lifetimes (LT) were measured by the time correlated single photon counting method (Horiba 

Jobin Yvon) using a 636 nm Horiba Jobin Yvon NanoLED as excitation source and an impulse repetition 

frequency of 1 MHz positioned at 90° with respect to a TBX-04 detector. Lifetimes were calculated using DAS6 

decay analysis software. The LT were evaluated in absolute Ethanol for the Br-Sq-C12 and in ddH2O for the 

Dye-Loaded QSs. 
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Physicochemical Characterization and stability of Dye-Loaded QS 

Dynamic Light Scattering (DLS) 

The mean size and size distribution of the QS loaded with Br-Sq-C12 200 and 300 μM (QS_Sq_200 and 

QS_Sq_300) were determined by DLS using a Zetasizer Ultra (Malvern Instruments). All the measurements 

were performed using a fluorescence filter in order to avoid the light absorbance by the samples since the 

instrument exploits a 633 nm laser.  

By analyzing the fluctuations of light scattered, the diffusion coefficient (D) of the particles was determined, 

and then, using the Stokes-Einstein equation (Equation 2), their hydrodynamic diameter (dh) was calculated, 

with the Boltzmann constant (k), the temperature (T), and the viscosity of the solvent (η). 

 

𝐷 =  
𝑘𝑇

3𝜋𝜂𝑑ℎ
 

Equation 2 – Stokes-Einstein equation 

DLS also provides the so-called “polydispersity index” (PDI), which is related to the standard deviation of the 

gaussian distribution of the nanoparticles population.  

All the measurements were performed in triplicate to ensure the reliability of the results.  

Electrophoretic Light Scattering (ELS) 

ζ-potential (z-pot) measurements were performed with a Zetasizer Ultra (Malvern Instruments) using an 

incident light ray at 633 nm and measuring the scattered light at 13°. A DTS1070 folded capillary cell (Malvern 

Instruments) was used, applying a voltage of 40 mV between the gold electrodes.  

The z-pot value (ζ) was calculated using the Helmholts-Smoluchowski equation (Equation 3), which employs 

the relative permittivity of the electrolyte solution (εrs), the electric permittivity of vacuum (ε0), and the 

viscosity (η) of the dispersant. 

𝑈𝑒 =  
𝜀𝑟𝑠𝜀0𝜁

𝜂
 

Equation 3 - Helmholts-Smoluchowski equation 

All the measurements were performed in triplicate to ensure the reliability of the results.  

Cryogenic transmission electron microscopy 

Cryogenic transmission electron microscopy (cryo- TEM) images were acquired with a JEOL JEM microscope 

(JEOL JEM 2011) operating at 200 kV under low-dose conditions. 
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The sample was deposited onto the holey carbon grid and then was immediately vitrified by rapid immersion 

in liquid ethane. The vitrified sample was mounted on a cryo-transfer system (Gatan 626) and introduced 

into the microscope. Images were recorded on a CCD camera (Gatan Ultrascan US1000).  

We performed Cryo-TEM in order to confirm the data obtained during the physicochemical characterization 

of the samples. Working in cryogenic conditions allowed us to preserve the stability and the physicochemical 

characteristics of the samples thanks to the process of vitrification [27] of the samples in liquid nitrogen.  

Having microscopic images of the samples also allowed us to measure the real nanoparticles’ diameters, 

since DLS can only provide hydrodynamic diameters values. Hydrodynamic diameters values differs from real 

diameters values because the first parameter takes in account the solvation sphere that forms around the 

particles due to the surface charge and the ions present in solution [28] [29]. 

The images were analyzed with the Digital Micrograph 1.8 software. 

We used the software  Fiji ImageJ 1.52a (Bethesda) to measure the real particles’ diameters and to edit them. 

The geometric diameter of the Quatsomes was measured by analyzing more than 150 single vesicles for each 

sample using Fiji ImageJ 1.52a. 

 

Evaluation of ROS generation ability with DPBF and DCFH 

1,3-Diphenylisobenzofuran (DPBF) was used as scavenger molecules to evaluate Reactive Oxygen Species 

(ROS) generation, by following the protocol previously described in the literature. In fact, DPBF rapidly reacts 

with 1O2 forming the colourless o-dibenzoylbenzene derivative. The 1O2 scavenger activity can be monitored 

through a decrease in the electronic absorption band of DBPF at 415 nm. Stock solutions were prepared in 

DMSO, absolute ethanol and phosphate buffer (2 mM, pH 7.4) respectively for DPBF, Br-Sq-C12 and 

QS_Sq_300. Each solution was then diluted in phosphate buffer (2 mM, pH 7.4) to obtain the final desired 

concentration (25 μM for DPBF, 2.5 μM for Squaraine and the proper amount of QS_Sq_300 containing 2.5 

μM of Squaraine), placed in a 1 cm quartz cell and irradiated at various time intervals under stirring in an 

aerated solarbox (Solarbox 3000e, 250 W xenon lamp, CO.FO.ME.GRA). Light was filtered in an optical filter 

with a 515 nm cut-off, to avoid the DPBF degradation. At predefined time points (30, 60, 90, 120 and 180 

sec) absorption spectra were recorded on a Cary 300 Bio spectrophotometer instrument. The decrease in the 

DBPF absorption contribution at 415 nm was plotted as a function of the irradiation time. 
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Biological Assays 

Cell culture, cell viability and photo-toxicity assay 

Human Breast Adenocarcinoma cell line (MCF-7, ECACC) was cultured in DMEM High Glucose 

(Euroclone, Italy) growth medium complemented with 10% Fetal Bovine Serum (Euroclone, Italy), 100 mg/mL 

PenStrep (Sigma-Aldrich, Italy), and 2 mM L-glutamine (Sigma-Aldrich, Italy). Cells were cultured in a 

humidified incubator (HeraCell 150, Heraeus) with 5% CO2 at 37°C, using Falcon™ plates as supports.  

To investigate QS’s cytotoxicity, MCF-7 cells (0.5·104 cells/well) were seeded in 96-well plates 

(Sarstedt, Germany). 6h after plating cells were treated with QS-Blank at two different membrane 

components’ (Chol + Stk) final concentration (10 μg/mL and 2 μg/mL). 24h, 48h, and 72h after treatment, cell 

viability was assessed using CellTiter 96® AQueous Non-Radioactive cell proliferation assay (Promega, USA) 

according to the manufacturer’s instructions. Briefly, 2h after MTS incubation at 37°C, absorbance at 490 nm 

was recorded using a microplate reader (FilterMax F5, Multi-Mode Microplate Reader, Molecular Devices). 

Absorbance values were normalized on the control at 24h and analyzed as being proportional to the number 

of viable cells. Similarly, the cytotoxicity of QS (2 μg/mL) loaded with increasing dye concentrations (Table 1) 

was assessed. 

To evaluated the photodynamic effect of Br-Sq-C12-loaded QS, MCF-7 cells (0.5·104 cells/well) were 

seeded in 96-well plates. 6h after plating cells were treated with Br-Sq-C12-loaded QS at the concentrations 

reported in Table 1 and Br-Sq-C12 in its free form at the same concentrations. After O/N incubation at 37°C 

and 5% CO2, the cells were irradiated for 15 min with a RED-LED array (96 LEDs in a 12 × 8 arrangement, 

excitation wavelength: 640 nm, and irradiance: 8 mW/cm2) specifically designed and produced by Cicci 

Research s.r.l (Italy). Cell viability was assessed 24h, 48h, and 72h after irradiation using CellTiter 96® 

AQueous Non-Radioactive cell proliferation assay (Promega, USA) as described above. The photodynamic 

effect of Br-Sq-C12-loaded QS was evaluated by comparing the viability of cells treated with Br-Sq-C12-

loaded QS or with the same concentration of Br-Sq-C12 in its free form upon irradiation. For each condition, 

eight technical replicates were set up and three independent experiments were performed. 

 

 

QS_Sq_300 

(2,0 μg/mL 

membrane 

components) 

Br-Sq-C12 

QS_Blank 

(2 μg/mL 

membrane 

components) 

Dye 

concentration 

(nM) 

85.3 85.3 0 
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Exposure time 

(min) 
15 15 15 

Dilution rate 1:2130 - 1:2397 

Table 1. Concentrations (nM) and dilution rates of quatsomes, and exposure times used in PDT tests. 

Statistical analysis 

Data are shown as the average values of three independent pulled experiments ± standard error 

mean (SEM). Statistical analyses were performed using Graph-Pad Prism 6.0 software (La Jolla, CA, USA). 

Statistical significance between different conditions was determined performing t-test or Mann-Whitney test 

according to populations’ distribution (normal or not-normal, respectively). Differences with p-values <0.05 

were considered statistically significant and *: p-value < 0.05, ***: p-value < 0.0005, ****: p-value < 0001. 

 

 

 

 

Results and discussion 
 

1. Synthesis of Bromine-Squaraine-C12 

The present work started with a preliminary study based on the Quatsomes loading with squaraine Br-Sq-C4, 

an indolenine-based dye quaternarized with a four-carbon atom chain. Although this dye resulted in an 

efficient photosensitizer in PDT [Serpe et al. 2016; Dereje et al. 2022], its poor solubility and low chemical 

stability, especially in aqueous solutions limit its wider use and application. To overcome this drawback, a 

promising approach is represented by the incorporation into nanoparticle systems to shield its 

hydrophobicity improving the solubility in physiological conditions. To this purpose, the authors previously 

reported the incorporation of the same dye and similar structures into different nanoparticle systems proving 

the effectiveness of this strategy.  

As reported in the SX, the incorporation into QSs resulted in a limited amount of encapsulated dye as well as 

dye leaking problems (nearly 70% of Br-Sq-C4 was released after one month). To improve this system, a new 

squaraine bearing a longer alkyl chain, i.e. Br-Sq-C12, was developed, providing a higher hydrophobicity and 

promoting its stable incorporation in vesicular membranes. This study outlined the importance of the 

hydrocarbon chain length for the stabilization of the dye in a vesicular membrane. 
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The synthesis of Br-Sq-C12 dye (Scheme 1) started with the quaternarization of the bromoindolenine ring (1), 

synthesized as reported in [Serpe 2016], to get compound 2. This reaction was performed under microwave 

irradiation and led to an increased acidity of the methyl group promoting the following condensation 

reaction. The final dye was then obtained in a one-step reaction under microwave heating following our well-

established method for indolenine-based squaraines [Barbero 2015 Organic Letters]. 

 

2. Preparation of Bromine-Squaraine-C12 loaded Quatsomes for PDT 

Stearalkoniumk/Cholesterol (ratio 1:1) Quatsomes (Stk/Chol QS) loaded with Bromine-Squaraine-C12 (Br-Sq-

C12) were prepared  by DELOS-susp methodology [26] and loaded with two different concentrations of Br-

Sq-C12. As a result, we obtained a first batch of QS encapsulating a theoretical concentration of Br-Sq-C12 of 

200 μM (QS_Sq_200) and a second batch, encapsulating a theoretical concentration of dye of 300 μM 

(QS_Sq-C12) (Figure 1). In addition, blank QS were also prepared for sake of comparison with the PS-loaded 

nanovesicles. All formulations were diafiltrated in order to remove the ethanol and the non-entrapped dye 

or free membrane components from the solution, finally obtaining three batches of water-suspended filtered 

nanovesicles (see Materials and methods section for details). 

Figure 1. Br-Squaraine-C12 loaded QS.  

Br-Squaraine-C12 loaded QS components (a); schematic composition of the dye-loaded quatsomes (b); graphic 

representation of the products (c) 
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All formulations showed a very similar membrane components concentration, and so a similar membrane 

composition (Table 2). Sample QS_Sq_200 showed a higher average dye encapsulation percentage (~80%), 

while sample QS_Sq_300 showed, as expected, a higher dye loading in mass (L), with a real dye concentration 

of ~200 μM inside the vesicles. It’s important to underline that, even if L it’s higher in sample QS_Sq_300, the 

dye encapsulation seems to be more efficient at the lower concentration, with a higher dye loading 

encapsulation percentage. This can be due to the chemical structures and their interactions in the 

membrane, as well as reaching the saturation point of dye concentration at the nanovesicle membrane. 

 

Sample 

Theoretical dye 

concentration 

(μM) 

Real dye 

concentration 

(μM) 

Average dye 

encapsulation 

(%)* 

Dye 

loading in 

mass ** L 

Theoretical 

membrane 

components 

(mg/mL) 

Real 

membrane 

components 

(mg/mL) 

QS_Blank / / / / 5.88 4.79 

 

QS_Sq_200 

 

200 

 

159.02 

 

79.51 

 

3.20E-2 

 

5.88 

 

4.42 

 

QS_Sq_300 

 

300 

 

200.33 

 

66.78 

 

4.19E-2 

 

5.88 

 

4.26 

       

*calculated as 
𝑟𝑒𝑎𝑙 𝑑𝑦𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑑𝑦𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
    

**calculated as 
𝑚𝑔 𝑜𝑓 𝑑𝑦𝑒

𝑚𝑔 𝑜𝑓 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠
 

Table 2. Summary of the parameters obtained by lyophilization and UV-vis spectroscopy on PMD-loaded quatsomes 

 

 

 

 

3. Spectroscopic characterization 

The photochemical properties of both the squaraine dye and dye-loaded QSs in solution are summarized in 

Table 3.  
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Samples Br-Sq-C12 QS_Sq_200 QS_Sq_300 

P
a

ra
m

et
er

s 

𝛆   

(⋅ 105 M cm-1) 
2.93)   

λex max 

(nm) 

Not soluble1), 

6432), 6403), 6384), 6505) 

6441), 6432), 6403), 6374), 

6525) 

6441), 6432), 6403), 6374), 

6525) 

λem max 

(nm) 

Not soluble1), 

6512), 6493), 6454), 6605) 

6551), 6532), 6493), 6474), 

6625) 

6551), 6532), 6493), 6474), 

6625) 

QY  

(%) 
263) 31) 21) 

𝞃  

(ns) 
1.08 · 10-9 (100%)3) 

t1 = 1.43 · 10-9 (11%)1) t1 = 1.86 · 10-9 (16%)1) 

t2 = 2.66 · 10-9 (89%)1) t2 = 2.93 · 10-9 (84%)1) 

χ 1.033) 1.021) 1.001) 

Table 3. Photochemical properties of Br-Sq-C12, QS_Sq_200 and QS_Sq_300. 

1)  Water; 2) Acetone; 3) Ethanol; 4) Methanol; 5) DMSO. 

 

 

Br-Sq-C12 shows an absorption maximum at around 640 nm in ethanol (Figure 2) with a very high molar 

extinction coefficient (290,000 M−1cm−1). The UV-Vis spectrum is characterized by a narrow absorption band 

in the NIR, essential requirement for the PDT treatment, and a characteristic hypsochromic shoulder typical 

for polymethine dyes. The main absorption peak is associated to the π→π* HOMO–LUMO transitions, mainly 

localized on the squarainic core; on the other hand, the shoulder at higher energy can be ascribed to the 

HOMO-LUMO+1 transition. As already observed for other SQs, Br-Sq-C12 shows an excellent fluorescence 

emission with a maximum emission at 649 nm when dissolved in ethanol, although both the absorption and 

the fluorescence emission are completely quenched when dissolved in water due to an aggregation caused 

quenching (ACQ) effect. As shown in Figure 2, the loading into QSs fully overcomes this drawback, increasing 

the solubility of the dye in aqueous media, with an absorbance and fluorescence emission maxima at 644 nm 

and 655 nm, respectively. 
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Figure 2. Absorbance and fluorescence spectra of a) free Br-Sq-C12 in ethanol and b) dye-loaded QSs in water. 

 

The solvatochromic effect on both the dye and dye-loaded QSs absorption and emission spectra was also 

investigated and reported in Table 3. In general, neither the absorption maxima nor the band shape have 

been affected by the solvent polarity. A slight difference has been observed in the absorption peak maxima 

in protic or aprotic solvents; in fact, DMSO induced a 15 nm bathochromic shift in comparison to MeOH 

suggesting a higher polarity of the ground state compared to the excited state. It is worth to notice that both 

the absorbance and emission maxima of the dye-loaded QSs, irrespective of the amount of incorporated dye, 

are very close to the values obtained with the free Br-Sq-C12, suggesting that the association with the QS did 

not change the energies and relative probabilities of the electronic transitions. Fluorescence lifetime and 

quantum yield of Br-Sq-C12 in ethanol are in the ranges typical for squaraines in organic media. Specifically, 

Br-Sq-C12 fluorescence lifetime showed monoexponential decay and is in the ns range, as already observed 

for several squaraines. 

By comparing the values obtained for QS_Sq_200 and QS_Sq_300 in water, a bi-functional equations were 

necessary to fit the decay curves, suggesting that two different types of interactions occurred with the QSs. 

Specifically, one fluorescence lifetime is slightly longer, while the other ones (ca. 85%) increased of ca. 2.7 

times compared to the free dye. This longer decay could be ascribed to the decrease in rotational/twisting 

degrees of freedom, confirming a good degree of dye entrapment into the QS vesicles. On the other hand, 

the shorter lifetime could be due to the presence of a small amount of free dye on the QS surface, leading to 

a detrimental effect caused by the interaction with highly polar media, such as water. 

 

4. Physicochemical and Photophysical properties 

QS_Sq_200 and QS_Sq_300 were interrogated with DLS to determine the mean hydrodynamic diameter and 

polydispersity index (PDI) at certain dilution (SI). Average hydrodynamic diameter (z-average), PDI and z-
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potential average values are summarized in Table 4. Both samples showed similar hydrodynamic diameters 

(~90 nm) and PDI values (<0,2) (Figure 1a), demonstrating that the population of nanoparticles is highly 

homogeneous. Also, the values are very similar to the ones obtained from the characterization of blank 

Quatsomes (QS_Blank), confirming the good reproducibility of the synthesis technique and the fact that the 

morphology of the vesicles is not affected by dye encapsulation. Z-potential values are comparable between 

the dye-loaded samples too and abundantly positive (~70 mV), due  to the positive charge of Stearalkonium 

and Br-Sq-C12. This high positively surface charge contributes to the colloidal stability of the nanovesicles 

[27]. In addition, we performed transmission electron microscopy in cryogenic conditions (Cryo-TEM) in order 

to confirm the data obtained during the physicochemical characterization of the samples using the DLS. 

Sample QS_Sq_200 showed high homogeneity in the distribution (Figure 1e and f), as already demonstrated 

by the low PDI values obtained in DLS. From the analysis of the images, we estimate an average geometric 

diameter value of the dye loaded QS of 66 ± 20 nm, which differs about 30 nm from the hydrodynamic 

average diameters observed in DLS (~90 nm). The Cryo-TEM images of sample QS_Sq_300 (Figure 1e and f) 

confirmed a good homogeneity and, in  this case, the real diameters average value measured is 58 ± 18 nm.  

 

Sample 
z-average 

(nm) 

z-average 

standard 

deviation 

(nm) 

PDI 

PDI 

standard 

deviation 

Average 

geometric 

diameter 

(nm) 

z-potential 

(mV) 

z-potential 

standard 

deviation 

(mV) 

QS_Blank 85 1 0.23 0,01 - 92 3 

 

QS_Sq_200 

 

92 

 

1 

 

0.19 

 

0,01 66 ± 20 

 

67 

 

2 

 

QS_Sq_300 

 

89 

 

0.14 

 

0.17 

 

0,01 58 ± 18 

 

75 

 

2 

Table 4. Summary of DLS and ELS measured parameters.  

All values were measured with the same set up (Values obtained by the analysis of diafiltrated samples at dilution 1:10). 

 

 

Sample QS_Sq_200 showed high homogeneity in the distribution, as proved by the PDI values obtained in 

DLS (~0,2). From the analysis of the images we manage to measure an average value of diameter of the dye 

loaded QS of 66 ± 20 nm, which differs about 30 nm from the hydrodynamic average diameters observed in 

DLS (~90 nm).  
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The Cryo-TEM images of sample QS_Sq_300 (Figure 3e and f) also confirm the high homogeneity of the 

population of nanoparticles (PDI < 0,2). In this case the real diameter's average value measured is 58 ± 18 

nm.  

It’s also possible to observe a big dark formation (Figure 3e) which is most likely an artifact.  

These values and conclusions are just indicative and to confirm the data obtained in the previous 

measurements, however it’s important to keep in mind that Cryo-TEM is not a representative technique 

because it just measures a small volume of the sample. 

 

  

Figure 3. Physicochemical and Photophysical properties of QS-Sq. 

Size distribution in DLS of QS_Sq_200 and QS_Sq_300 (a); UV-vis absorbance spectra of QS_Sq_200 and QS_Sq_300 in 

water (c); cryo-TEM images of sample QS_Sq_200 (e) and QS_Sq_300 (f).  

All the presented data refers to diafiltrated samples. 
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5. Evaluation of colloidal stability and photostability 

Previous works on QS have already demonstrated the long colloidal stability, up to a year, of those vesicles 

[23] [24] [25].  In this work we evaluated the stability on time and photostability of the dye-loaded QS with 

DLS and fluorescence spectroscopy, respectively. The obtained data proved the dye-loaded nano-vesicular 

systems to be very stable during at least 10 weeks, with constant Z-average values around 90 nm and 

optimally low PDI values, always around 0,2 (Figure 4a). In agreement, the Z-potential values (around +70 

mV) demonstrated the high stability of the dye-loaded QS (Figure 4b). As mentioned before, the highly 

positive Z-potential is very likely to contribute to the colloidal stability of the systems [27].  

Similarly, photostability was evaluated with periodical UV-vis absorbance measurements up to 3 months. We 

noticed a lowering of the main absorbance peak at 644 nm during time for both samples in study (Figure 4c), 

indicating a decrement on the PS concentration at the QS. 

The residual dye concentration encapsulated in QS was quantified again 4 months after the production, and 

the obtained values were 126,09 μM for sample QS_Sq_200 and 181,77 μM for sample QS_Sq_300, resulting 

in a percentual of dye leaking, respectively, of 20,7% and 9,3% in 4 months. 

In order to understand better the phenomenon we followed the variation of the peaks’ amplitude in time 

(ratio peak/shoulder), which can be indicative of the formation of dye aggregates (top right graphs in Figure 

4e and f).  

Sample QS_Sq_200 presented a continuous decrease in amplitude for both peaks (Figure 4e), as observed 

for sample QS_Sq_300 too (Figure 2f). In both cases the ratio peak/shoulder was stable around 1,4 during 

the whole 10 weeks’ time (top right graphs in Figure 2e and f) demonstrating that there is no significative 

dye aggregation out of the QS. 

In view of the obtained results we could also assume that the stability of the dyes is not compromised in a 

major way by the inclusion in QS’ membrane at the obtained loadings (0,032 for QS_Sq_20 and 0,042 for 

QS_Sq_300).  
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Figure 4. Colloidal stability and photostability of QS-Sq. 
DLS bar plot, showing hydrodynamic diameters (z-average) as bars and PDI ad dots (a); ELS bar plot (b)Trend of variation 

of main absorbance (b); trend of variation of the maximum absorbance peaks in time for both samples (c); dye leaking 

percentage during 4 months (d); maximum absorbance peak and shoulder trend in time for sample QS_Sq_200 (ratio 

peak/shoulder trend showed on top-right) (e); maximum absorbance peak and shoulder trend in time for sample 

QS_Sq_300 (ratio peak/shoulder trend showed on top-right)(f). 
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6. ROS production 

A preliminary evaluation of the ability of both the Br-Sq-C12 and QS_Sq_300 to generate reactive oxygen 

species (ROS) was carried out by using 1,3-diphenylisobenzofuran (DPBF) as a probe. In fact, DPBF rapidly 

reacts with ROS generated by the light activated dye, forming the colorless o-dibenzoylbenzene derivative, 

resulting from the disappearance of DPBF's characteristic absorption band at 415 nm.  

The decrease in the DPBF absorption band at 415 nm, as a function of the irradiation time, has been 

compared to the values obtained by irradiating a standard, the efficient and well-known ROS generator 

Bengal Rose (BR). As shown in Figure 5, both the free squaraine and the squaraine loaded into QSs possess 

faster and higher ROS generation ability, compared to the BR. In particular, Br-Sq-C12 is able to promote the 

complete decay of DPBF absorption within 180 seconds, while the same result was obtained in 10 min for 

reference BR. This fast ROS generation could be ascribed to the presence of bromine which may facilitate the 

singlet to triplet state intersystem crossing, due to the well-known heavy atom effect. Moreover, the 

entrapment of the dye into the QSs seems not to interfere with the ability of the dye to rapidly generate ROS, 

essential requirement for the PDT activity. 

Figure 5. Comparative generation of reactive oxygen species (ROS) by QS_Sq. 

 

7. Cytotoxicity and PDT assays 

Despite the outstanding properties of QS, the remarkable cytotoxicity of quaternary ammonium 

surfactants including Stk could represent a challenge in their in vivo application (Zhang et al., 2015). 

Therefore, to assess QS biocompatibility, we first performed cell viability assays on MCF-7 cells treated with 

two different concentrations of blank QS, i.e. 10 and 2 μg/mL (Stk/Chol). As shown in figure 6,  QS diluted to 
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a final membrane components’ concentration of 10 μg/mL revealed marked cytotoxicity starting 24 h after 

treatment and occurring up to 72 h (Fig. 6a ). On the contrary, QS at 2 μg/mL showed a good biocompatibility 

on MCF-7 cells (Fig.6b), proving to be significantly less toxic than 10 μg/mL (Fig. 6c). Consequently, for further 

investigations on the photoactivity of Br-Sq-C12-loaded QS we selected this membrane components’ 

concentration (2 μg/mL) to limit any non-targeted cytotoxicity provided by the carrier itself.  

Once selected the optimal blank QS’s concentration, we preliminarily tested different loading 

concentrations of Br-Sq-C12. In particular, we synthesized QS loaded with a theoretical dye-concentration of 

50 μM (QS_Sq_50), 100 μM (QS_Sq_100), 200 μM (QS_Sq_200), and 300 μM (QS_Sq_300) corresponding to 

a real dye concentration of 10 nM, 33 nM, 68 nM, and 85.3 nM respectively (after dilution to 2 μg/mL 

membrane components). Interestingly, the newly synthesized Sq-loaded nanosystem is slightly more 

cytotoxic as compared with the unloaded QS at 2 μg/mL although still highly biocompatible compared to SQ 

at 10 μg/mL (Fig. 6c). This effect is in agreement with previously reported polymethine dyes loaded in solid 

lipid nanoparticles (Chinigò et al., 2022). Interestingly, all the formulations revealed a significant increase in 

cell cytotoxicity after light beam irradiation (Fig. 7), which was not observed treating the cells with the same 

concentration of the dye in its free form. As expected, the photo-activity of the nanosystem is increasing with 

concentration of the incorporated dye. In particular, QS_Sq_50 proved to induce significant phototoxicity 

only starting from 72 h after light beam treatment, whereas QS_Sq_100 and QS_Sq_200 displayed a marked 

photo-induced cytotoxic effect already 24 h after the treatment (Fig. SX). The photoxicity activity of the Sq-

loaded quatsome system is reported in Fig. 7: MCF-7 cells treated O/N with QS_Sq_300 (corresponding to 

85.3 nM dye effective concentration) revealed a significant reduction in cell viability after light beam 

irradiation which didn’t occur when the cells were treated by same concentration of the dye in its free form 

(Fig. 7b).  

In agreement with previous data obtained on other types of nanosystems (Chinigò et al., 2022), our results 

clearly demonstrated that the encapsulation within QS highly enhanced dye’s photoactivity. It is likely that 

the nanocarrier, by significantly increasing the local concentration of the dye, in addition to reducing its 

aggregation phenomena, improves its overall spectroscopic properties. Furthermore, taking into account our 

results on ROS production (Fig. 3), it is also possible to hypothesize that the relative low photoactivity of the 

dye in its free form observed in vitro on MCF-7 cells may be due to a failure of the molecule to enter the cell, 

facilitated, on the other hand, by its incorporation into the nanoparticle system.   

Of note, the squaraine’s concentration usually employed for PDT studies ranges from 1 to 100 μM (Serpe 

et al., 2016; Rapozzi et al., 2010; Shafeekh et al., 2014). Here, we demonstrated that the use of a nanocarrier 

system allows to use a much lower concentration of photo-active dye (up to 10-1000 times lower than usual). 

Taken together our in vitro results seems to support the applicability of QS as nanocarriers for PDT application 
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and highlighted the importance to achieve high dye-loaded nanostructures to optimize their photoactive 

properties. However, further efforts are needed to optimize the biocompatibility of these nanosystems with 

a view to future biomedical applicability. 

Figure 6. In vitro cytotoxicity of QS and QS-Sq. 

Cell viability assays on MCF-7 O/N treated with QS_blank at two different concentrations of membrane components 

(Chol + Stk): 10 μg/mL (a) and 2 μg/mL (b). Data refer to one experiment representative of three. Data are normalized 

on CNTRL at 24 h and represented as mean ± SEM. Statistical significance versus CNTRL (MCF-7 untreated): * P< 0.05, 

**** P< 0.0001 (t- test or Mann-Whitney test); (c) Percentage of cytotoxicity 24, 48, and 72 h after treatment with 10 

μg/mL (brown dots) and 2 μg/mL (beige dots) of QS_blank; light blue and blue dots refer to 2 μg/mL QS loaded with 

different Sq concentrations. Data are expressed as mean ± SEM of three independent experiments (each dot represents 

one independent experiment). Statistical significance versus QS_blank 2 μg/mL: * P< 0.05, ** P< 0.01 (RM one-way 

ANOVA with Dunnett’s post-hoc test). 
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Figure 7. In vitro phototoxicity of QS and QS-Sq. 

Cell viability assays on MCF-7 O/N treated with different concentrations of Br-Sq-C12 in its free form (Sq)  or incorporated 

into 2 μg/mL QS (QS_Sq) 24 h, 48 h, and 72 h after LED irradiation (640 nm, 7.2 J/cm2). Data are normalized on their own 

CNTRL (Br-Sq-12 samples on irradiated cells not treated; QS_Sq samples on irradiated cells treated with QS blank) at 24 

h (dot line) and represented as mean ± SEM of three independent experiments. Statistical significance between Sq and 

QS_Sq: * P< 0.05 (paired t- test or Wilcoxon test). 
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4.1.1    TRPA1 channel to target PCa angiogenesis  

Angiogenesis is one of the main hallmarks of cancer (Hanahan and Weinberg 2011) since the formation 

of new blood vessels is crucial to provide oxygen and nutrients to the tumor as well as to allow metastatic 

cells to access the bloodstream, allowing them to spread and colonize new sites. PCa, like other highly 

vascularized solid tumors, is extremely dependent on neovascularization and some tyrosine kinase inhibitors 

like Sorafenib and Sunitinib have been proposed as anti-angiogenic agents to counter metastatic PCa. 

However, although the promising results obtained in pre-clinical models, these molecules failed the 

endpoints in clinical trials (Martínez-Jabaloyas et al. 2013; Michaelson et al. 2009; Michaelson et al. 2014; 

Aragon-Ching et al. 2009; Steinbild et al. 2007). Hence, the need for novel anti-angiogenic targets. In this 

regard, TRP channels have attracted a lot of interest in recent years. Indeed, they were found widely 

expressed in endothelial cells (EC) and aberrant TRP channels expression and/or activity has been correlated 

with abnormal tumor vascularization. More specifically, some TRP channels have been related to multiple 

steps of the angiogenic process since they have proved to affect EC cell adhesion and cell migration, vascular 

remodeling, permeability, tone, and mechanosensing, as well as in vitro angiogenesis (Fiorio Pla and Gkika 

2013; Munaron 2015). This is basically due to the high sensitivity of some TRP channels to both pro-

angiogenic signals and subtle changes in the local microenvironment (Negri et al., 2020;  Brossa et al. 2019). 

However, although at least 14 TRP channels were found to be expressed in EC and endothelial progenitor 

cells (EPC) (Negri et al. 2020), to date, only TRPV4 has been directly associated with prostate angiogenesis 

(Adapala et al. 2016; Thoppil et al. 2016; Cappelli et al. 2019). Moreover, until now, most available data focus 

on the function of a single channel in cancer development and angiogenesis. In order to increase the chances 

of success in identifying new anti-angiogenic targets, we aimed to obtain a global view of the regulation of 

all TRP channels in PCa angiogenesis. For this purpose, we used primary Human Prostate Tumor-derived 

Endothelial Cells (PTEC) previously characterized in our labs (Fiorio Pla et al. 2014). PTEC were proved to be 

a good model to study the efficacy of anti-angiogenic therapies since they showed expression of androgen 

and vascular endothelial cell growth factor receptors as well as angiogenic properties including a higher 

migration rate than normal EC and the ability to form capillary-like structures both in vitro and in xenograft 

in SCID mice (Fiorio Pla et al. 2014). By profiling the expression of TRP channels in PTEC before I started my 

Ph.D., we identified four "prostate-associated" genes characterized by a specific de-regulation accompanied 

by a functional role in PTEC.  Among them, I focused on the role played by TRPA1 in controlling EC motility. 
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Indeed, the up-regulation of TRPA1 in PTEC compared to the healthy counterpart (HPrMEC) correlates with 

a higher migratory phenotype. An involvement of TRPA1 in prostatic angiogenesis had been previously 

suggested by the evidence that TRPA1 activation increase the secretion of VEGF and HGF through a Ca2+-

dependent Calcineurin/NFAT pathway in PCa-associated fibroblasts (CAF) and the simultaneously rescue co-

cultured PCa cells from apoptosis (Vancauwenberghe et al. 2017). Moreover, TRPA1 also revealed a role in 

promoting VEGF secretion by stromal cells, which in turn stimulated PCa cell proliferation and tumor growth 

(Derouiche et al. 2017). Our study further confirmed this hypothesis demonstrating, for the first time, the 

direct involvement of TRPA1 in PCa angiogenesis and, in particular, in controlling PTEC motility (Bernardini 

et al. 2019). Indeed, we found that TRPA1 promotes PTEC migration, vascular network formation, and 

angiogenic sprouting both in vitro and in vivo. More specifically, we hypothesized a chemoattractive function 

of TRPA1 during tip cells’ activation (Bernardini et al. 2019). Indeed, in sprouting angiogenesis endothelial tip 

cells function as motile guidance structures that dynamically extend filopodia to explore signals in the tumor 

microenvironment for directional vessel growth (Eilken and Adams 2010). The role of Ca2+ dynamics during 

sprouting angiogenesis has been recently demonstrated in a zebrafish model, showing that Ca2+ oscillations 

regulated by Dll4/Notch signaling occur in EC exhibiting angiogenic behavior and are required for the 

selection of stalk and tip cells during both arterial and venous sprouting (Yokota et al. 2015). Although 

whether Dll4/Notch signaling regulates Ca2+ stores or Ca2+ channels directly or not remains to be delineated, 

our results suggest TRPA1 as a possible positive mediator of this pathway.   

To note, besides TRPA1 we identified other two TRP channels which are overexpressed in PTEC and 

showed proangiogenic activity which are TRPV2, and TRPC3. In particular, we observed that TRPV2 increases 

PTEC viability and proliferation, thus adding another feature to the tumorigenic properties of TRPV2 that 

have been previously correlated to an enhanced migratory potential of castration-resistant PCa cells 

(Bernardini et al. 2019). Our data confirmed a previous indirect implication of TRPV2, whose activation in 

fibroblasts revealed the ability to impair the angiogenic process in a mouse model of arthritis (Laragione et 

al. 2015). Therefore, TRPV2 appears a very promising candidate to target PCa, due to its potential function 

on both PCa progression and angiogenesis. As regards TRPC3, we found that it plays a role in controlling the 

crosstalk between cancer cells and EC in PCa (Bernardini et al. 2019). More specifically, it seems to be 

involved in the chemoattractive effect exerted by EC on cancer cells in different tumor types (Feng et al. 

2017).  

Overall, the molecular trp signature we profiled during PCa vascularization could represent a promising 

prognostic tool in addition to providing new putative therapeutic targets against PCa angiogenesis.  

In this regard, the translation of TRPA1 as an anti-angiogenic candidate in the clinic does not seem so 

unrealistic. Indeed, currently, four TRPA1 antagonists have reached the clinical stage of development 
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although basically for pain relief. Moreover, the countless patents filed in recent years on TRPA1 inhibitors 

bode well for the future potential use of this channel in the therapy of advanced PCa.  

 

4.1.2    TRPM8 channels to target PCa invasion 

In recent decades, the work undertaken by the Laboratory of Cell Physiology of the University of Lille 

outlined a key role played by TRPM8 in prostate carcinogenesis. Indeed, after a strong up-regulation in the 

initial PCa stages, TRPM8 expression results dramatically reduced during late metastatic stages in androgen-

independent prostate cancer (Grolez and Gkika 2016; Gkika and Prevarskaya 2009). This expression profile is 

mainly due to the genomic and non-genomic regulation of TRPM8 by androgens (Zhang and Barritt 2004; 

Bidaux et al. 2005; Grolez et al. 2019). Consistently, a protective role of TRPM8 in metastatic prostate cancer 

has been suggested (Grolez and Gkika 2016; Gkika and Prevarskaya 2011). More specifically, TRPM8 was 

found to impair the motility of PCa cells (Gkika et al. 2010; Wang et al. 2012; Gkika et al. 2015). In addition, 

anti-proliferative and pro-apoptotic functions of TRPM8 have been described in androgen-insensitive PCa 

cells such as PC3 and DU-145 cells (Yang et al. 2009; Zhu et al. 2011; Wang et al. 2012; Zhang and Barritt 

2004). By contrast, contradictory data referred to a pro-proliferative effect of TRPM8 in PCa cells sensitive to 

androgens like LNCaP (Zhang and Barritt 2004; Valero et al. 2011; Valero et al. 2012). Thus, it seems that 

TRPM8 exerts opposite effects on PCa growth according to the androgen sensitivity of the tumor. However, 

most of the data reported in the literature on TRPM8 impact on PCa growth are based on in vitro 

observations. Therefore, we used a prostate orthotopic xenograft mouse model to shed light on the role of 

TRPM8 in vivo, and, in agreement with the only other in vivo study reported in the literature (Zhu et al. 2011), 

we found that TRPM8 overexpression in PC3 cells significantly reduce tumor growth (Grolez et al. 2022). 

Mechanistically, this inhibitory action is the result of the TRPM8-mediated induction of cell cycle arrest in 

G0/G1, in agreement with previous studies (Yang et al. 2009; Zhu et al. 2011; Wang et al. 2012). Conversely, 

the channel seems not directly involved in the control of cell apoptosis, at least in androgen-insensitive PC3 

cells. Indeed, data on androgen-insensitive LNCaP cells reported an anti-apoptotic effect of TRPM8 (Zhang 

and Barritt 2004). This effect is likely induced by the triggering of store-operated channels (SOC) currents on 

the plasma membrane (PM) by TRPM8 isoform expressed in LNCaP ER (Thebault et al. 2005; Wertz and Dixit 

2000) as well as by the inhibitory action exerted by the short TRPM8 isoform sM8α on the full-length isoform 

present on the PM (Bidaux et al. 2012; Peng et al. 2015). In addition, we observed that the inhibition of tumor 

growth supported by TRPM8 in vivo may be also due to the reduction of PC3 cells’ clone formation capabilities 

(Grolez et al. 2022). In this regard, the inhibition of Cdc42 and Rac1 could explain the reduced tumor cell 

density observed ex vivo thanks to the inhibition of cell-to-cell adhesion (Rojas et al. 2001; Takaishi et al. 

1997; Braga et al. 1999). 
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Furthermore, our in vivo data further supported the protective role exerted by TRPM8 on PCa metastasis. 

Indeed, we demonstrated that TRPM8 overexpression inhibits metastatic dissemination in vivo by reducing 

PC3 cells’ colonization both in primary and distant sites including the liver, kidney, and lung. Moreover, we 

found that the reduced number of metastases formed in the presence of TRPM8 correlated with an impaired 

ability of PC3 to cross the vascular barrier and thereby colonize distant sites across the bloodstream (Grolez 

et al. 2022). Previous in vivo observations had suggested an additional TRPM8-mediated anti-angiogenic 

contribution to PCa progression based on an interesting correlation between TRPM8 overexpression and a 

strong reduction in VEGF and microvascular density (Zhu et al. 2011). Moreover, our group recently stated 

an anti-migratory function of TRPM8 in EC mediated by the inhibition of the small GTPase Rap1A that is 

crucial in the promotion of cell adhesion, thus supporting an anti-angiogenic role of this channel during 

cancer progression (Genova et al. 2017). In this regard, we have shown that the anti-migratory protective 

role shown by TRPM8 in prostate cancer cells underlies the same molecular mechanism observed in EC. 

Indeed, we demonstrated that TRPM8 directly interacts with the small GTPase Rap1A in PCa cells as well as 

in EC (Chinigò et al. 2022). This interaction leads to the intracellular retention of Rap1A in its inactive form, 

thus preventing its activation and translocation to the PM with the subsequent inhibition of cell adhesion 

pathway via the β1-integrin signaling. This mechanism could at least partially explain the reduced clonogenic 

capacity as well as the lack of intra- or extravasation through a monolayer of EC we observed in PC3 cells 

overexpressing TRPM8 (Grolez et al. 2022). The Ca2+-independent interplay between TRPM8 and Rap1A is 

just one of the interesting examples of an involvement of ion channels in physio-pathological conditions that 

goes beyond their channel functions (Vrenken et al. 2015; Pillozzi et al. 2007; Negri et al. 2021). Indeed, in 

recent years growing interest has been shown in signaling pathways that underlie the interaction of TRP 

channels with different partner proteins (Vrenken et al. 2015; Genova et al. 2017; Joly et al. 2006) and, in 

particular, for the close bidirectional interplay involving TRP channels and small GTPase in all phases of the 

metastatic cascade which in some cases are independent of Ca2+ signals (Chinigò, Fiorio Pla, and Gkika 2020). 

Indeed, it has been largely demonstrated that on one hand, TRP channels may affect small GTPase activity 

via both Ca2+-dependent and Ca2+–independent pathways, and on the other hand, small GTPases may act as 

TRP channels effectors as well as regulators, by modulating channel gating, trafficking, gene expression, and 

protein-protein interactions (Chinigò, Fiorio Pla, and Gkika 2020). In the case of TRPM8, for example, its direct 

interaction was found not only with Rap1A but also with other GTPases in their inactive form including the 

G-protein subunit Gαq, which leads to the inhibition of TRPM8 gating and, in turn, may be subject to TRPM8-

mediated metabotropic regulation (Zhang et al. 2012; Klasen et al. 2012). Going deeper into the 

characterization of TRPM8-Rap1A interaction in PCa, we identified and functionally validated the residues 

involved in it (Chinigò et al. 2022). As previously observed in EC, we confirmed that also in PC3 cells the 
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interaction occurs between the N-terminal tail of TRPM8 and the inactive form of Rap1A in close proximity 

to ER membranes. More in detail, we demonstrated that the glutamate 207 and the tyrosine 240 in TRPM8 

sequence as well as the tyrosine 32 localized in the switch I region of Rap1A play a central role in mediating 

such interaction (Chinigò et al. 2022). Curiously, we observed that, although the pore-independence of this 

pathway, the presence of the agonist icilin further increased the TRPM8-mediated inhibition of Rap1 and PC3 

cells’ migration/adhesion (Chinigò et al. 2022). This observation seems to suggest an active role of icilin in 

promoting TRPM8-Rap1 interaction, probably due to global conformational rearrangements triggered by the 

binding of the agonist in TRPM8 transmembrane domain that are propagated to the cytosolic domain where 

the interaction with Rap1A occur (Yin et al. 2018; 2019). Finally, the importance of the residues we identified 

as crucial for TRPM8-Rap1A interaction and the subsequent effects on cell migration and adhesion have also 

been confirmed in other cancer cells including breast (MCF-7) and cervical (HeLa) cancer cells, thus suggesting 

a broader spectrum of action of TRPM8 as a Rap1 inhibitor, although with a different impact in terms of 

control of cell adhesion and migration according to the cancer type (Chinigò et al. 2022). Moreover, we have 

verified that none of these residues are mutated in cohorts of patients of all the types of cancer analyzed by 

us (Chinigò et al. 2022). This bodes well for the potential use of the TRPM8 sequence, or, more simply, a 

peptide sequence that mimics the N-terminal tail involved in functional interaction with Rap1 to prevent 

and/or block cancer metastasis. Indeed, it is interesting to point out that our findings on the mechanistic of 

the molecular mechanism underlying the anti-metastatic role of TRPM8 in PCa progression, shed light on the 

possibility to use TRPM8 not only as a “drugable target” but also as a target for the development of 

peptidomimetics. Acting directly on specific protein-protein interactions is, nowadays, an intriguing field of 

research with great potential in cancer therapy as it allows to minimize side effects by targeting only the 

cellular pathways associated with a specific interaction (Mabonga and Kappo 2019; 2020; Tsagareli and 

Nozadze 2020). Some examples of peptidomimetics that aim to impair some protein-protein interactions 

involving TRP channels are already present in the literature (Btesh et al. 2013; Fischer, Btesh, and 

McNaughton 2013; Weng et al. 2015; Katterle et al. 2004; Tu, Chang, and Bikle 2005; Saldías et al. 2021) and 

could represent a reliable and innovative approach for future perspectives in cancer therapy (Scott et al. 

2016; Saldías et al. 2021). 

Interestingly, we found that TRPM8-mediated inhibition of PCa invasiveness is not only related to Rap1A 

but also involves other small GTPase including Cdc42 and Rac1 (Grolez et al. 2022), well-known for their role 

in mediating focal adhesions formation as well as epithelial-to-mesenchymal transition (EMT) by regulating 

cytoskeleton remodeling (Noren et al. 2000; Millar, Janes, and Giangreco 2017). Indeed, we observed that 

TRPM8 inhibits the expression of Cdc42 and Rac1 and inhibits the phosphorylation/activation of ERK and FAK, 

two crucial kinases involved in focal adhesion formation, in line with other studies (Yang et al. 2009; Zhu et 
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al. 2011; Wang et al. 2012). By contrast, there is no evidence of an impact of TRPM8 on cell invasion as its 

overexpression didn’t affect the production of matrix metalloproteinases (MMPs) like MMP-2 and MMP-9 in 

PC3 cells (Grolez et al. 2022). Overall, the reduced metastatic dissemination mediated by TRPM8 in vivo can 

be explained by its ability to impair PCa cell adhesion and migration mainly through the Ca2+-independent 

inhibition of Rap1A and β1-integrin signaling and the Ca2+-dependent impairment of focal adhesion formation 

(Chinigò et al. 2022; Grolez et al. 2022).  

All these new mechanistic findings provide new insights for the development of innovative and effective 

tools targeting TRPM8 to block PCa progression and improve the prognosis of the currently incurable mCRPC 

phenotypes. To note, all our experiments both in vitro and in vivo confirmed that TRPM8 overexpression by 

itself is able to inhibit PC3 cell migration while TRPM8 activation further enhances the inhibitory effect on 

metastatic PCa cells’ motility as previously reported (Yang et al. 2009; Zhu et al. 2011; Gkika et al. 2010; 

Grolez et al. 2019). This increases the hope of being able to use TRPM8 agonists such as PSA, WS12, and icilin 

to counteract prostate cancer metastases, but also suggests the possibility to use other approaches like gene 

therapy or the administration of therapeutic peptide mimicking the channel or part of its structure to use 

TRPM8 as a molecular target. Altogether, our findings strongly support TRPM8 as one of the most promising 

clinical targets in PCa therapy. More specifically, peptide therapy could help in improving the prognosis of 

patients with the more aggressive androgen-independent phenotype induced by androgen deprivation, 

whereas TRPM8 activation by specific agonists/antagonists could be used in the treatment of earlier phases 

according to cancer stages and androgen sensitivity. 

However, from a clinical perspective, we must not forget the problems associated with the administration 

of therapeutic agents, be they small molecules or peptides. Indeed, TRP channels’ activators/inhibitors, due 

to their intrinsic lipophilicity, often suffer from poor solubility and stability in physiological conditions thus 

compromising their bioavailability and therapeutic action in vivo. Moreover, a targeted delivery could be 

necessary to minimize undesirable side effects very common due to the multifunctional roles and the wide 

expression of TRP channels in many different districts of the body. In this context, the development of 

efficient nanodelivery systems can be as crucial as the identification of new molecular targets in cancer 

therapy. As an example, nanoparticles containing the natural anti-cancer curcumin have been proposed to 

efficiently reduce PCa growth (Yallapu et al. 2014). In this context, our group has very recently developed a 

molecular tool based on lipid nanocapsules containing WS12 (LNC-WS12) to target TRPM8 for PCa treatment 

(Grolez et al. 2019). The incorporation of WS12 into this kind of hybrid structure between polymeric 

nanocapsules and liposomes significantly increases the solubility of the molecule and allows 10 times lower 

agonist concentration to use for the activation of TRPM8 (Grolez et al. 2019). Interestingly, we demonstrated 

the applicability of this nanosystem in vivo, by showing that the injection of LNC-WS12 in a prostate 
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orthotopic xenografted mouse model efficiently reduced PCa cell dissemination in particular in the liver and 

lung. Therefore, our tool could be useful for blocking the spread of metastases in patients who have not yet 

lost sensitivity to androgens and thus TRPM8 expression (Tsavaler et al. 2001), although its efficiency on 

androgen-dependent PCa cells needs further investigations to be confirmed. By contrast, due to the low 

distribution of LNC we observed in the prostate (when injected at a concentration of 1 mg/kg but), LNC-WS12 

are not efficient to target primary tumors. In this regard, improving the nanosystem with some strategies of 

active targeting towards the prostate like the functionalization of LNC using an antibody against PSMA could 

help to overcome this issue thus extending its applicability also for localized PCa patients. This approach 

would allow at the same time limiting the possible side effects of TRPM8 activation in clinical applications.  
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In the same vein used in the studies on TRPM8, we decided to start investigating the possibility of using 

lipid nanosystems to increase the solubility of a class of near-infrared (NIR) probes that have recently 

revealed an excellent potential in in vivo optical imaging as well as in photodynamic therapy (PDT). PDT is an 

innovative therapeutic strategy that could help avoid undesirable side effects associated with other 

treatment approaches and the development of metastatic stages in PCa as well as in other cancer types, thus 

improving the outcome of therapy. 

In recent years, the Department of Organic Chemistry of the University of Turin has synthesized a new 

class of NIR polymethine dyes (PMD) characterized by easiness in designing, simplicity of synthesis, and 

peculiar spectroscopic properties. In particular, they focused on the synthesis of cyanines (CY) and squaraines 

(SQ) based on the indolenine ring, with particular attention to the study of the structure-activity relationship 

(Serpe et al. 2016; Ciubini et al. 2019). Indeed PMD exhibit a strong structure-properties relationship that 

allows for obtaining dyes with the desired properties by simply tuning their structure. As an example, it is 

possible to produce dyes with absorption/emission in the NIR region of the electromagnetic spectrum (650-

900 nm), corresponding to the so-called “therapeutic window”, simply by extending the length of the 

polymethine bridge. Dyes with absorption in the NIR are optimal for biomedical applications since they allow 

deeper tissue penetration with minimal background interference due to the minimal scattering of the 

excitation light and low self-fluorescence of biological molecules in that region (Yi et al. 2014). Interestingly, 

beyond the capability to improve tumor visualization, allowing the detection of small pre-neoplastic lesions 

and metastasis (Moon et al. 2003; Shi, Wu, and Pan 2016), some PMD revealed a preferential accumulation 

in cancer cells without the need for chemical conjugation and an intrinsic anticancer activity suitable for PDT 

applications (Luo et al. 2013; Tan et al. 2012; Ramaiah et al. 2004; Avirah et al. 2012; Soumya et al. 2014). In 

this regard, it has been demonstrated that the presence of a heavy atom in the heterocyclic ring of these 

dyes significantly improves their photodynamic activity basically by enhancing the inter-system conversion 

process and thus singlet oxygen production (Atchison et al. 2017; Ramaiah et al. 1997). 

 Consistently, in a previous work, we reported the activity of a bromine-substituted squaraine based on 

the (Br-SQ-C4) with a promising photoactivity (Serpe et al. 2016). However, as well as other PMD, Br-SQ-C4 

is inclined to photodegradation and aggregation in aqueous media due to its intrinsic low hydrophilicity 

(Kwiatkowski et al. 2018). Thus, we employed a lipid-based nanovesicle system, namely Quatsomes (QS), to 
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improve its performance in physiological conditions for future applications in vivo. To improve the efficiency 

of drug incorporation into QS we had to extend the length of the alkyl chain linked to the quaternary N atom 

from 4 to 12 carbon atoms (Br-SQ-C12). Moreover, we optimized the formulation by incorporating different 

dye concentrations into different amounts of Cholesterol (Chol) and Sterealkonium Chloride (STK), the main 

components of QS formulations. Indeed, the cytotoxicity associated with quaternary ammonium surfactants 

composing QS such as Stk could represent a challenge in their in vivo application. Once fixed QS concentration 

to 2 μg/mL due to the reasonable biocompatibility showed by this formulation, we tested different loading 

concentrations of the dye using theoretical dye concentrations ranging from 50 to 300 μM and corresponding 

to a real concentration from 10 to 85.3 nM respectively. Interestingly, all the formulations were found to 

significantly increase cell cytotoxicity after light beam irradiation, thus demonstrating that the incorporation 

of Br-SQ-C12 allows the use of lower doses of the dyes to obtain a suitable photodynamic activity. Indeed, 

Br-SQ-C12-loaded QS were photoactive starting from a concentration of the dye at least 10 times less 

compared to the dye in its free form. Of note, the squaraine’s concentration usually employed for PDT studies 

ranges from 1 to 100 μM (Serpe et al. 2016; Rapozzi et al. 2010; Shafeekh et al. 2014) but we demonstrated 

that the use of a nanocarrier system allows using a concentration of photo-active dye up to 10-1000 times 

lower than usual. 

Similarly, we showed that the encapsulation of PMD within another type of lipid nanocarrier named solid 

lipid nanoparticles (SLN) highly enhanced the dye’s photoactivity (Chinigò et al. 2022b). More specifically, a 

bromo benzoindolenine cyanine (Br-BCY-C4) which didn’t show any phototoxicity in its free form became 

photoactive upon incorporation into SLN. Our results are in agreement with data in the literature reporting 

how the incorporation of other promising photosensitizers into SLN improves their physical-chemical 

properties (Lima et al. 2013; Navarro et al. 2014). A possible explanation, in addition to the higher local 

concentration of the dye due to the confinement within a nanoparticle, is that the nanocarrier, disfavouring 

the aggregation phenomena of the compound within the lipid microenvironment, prolongs the life of the 

triplet state thus leading to a more efficient photoactivity. Interestingly, we observed that the cytotoxic 

profile of PMD-SLN is cell-type specific (Chinigò et al. 2022b). More specifically, we found that endothelial 

cells are less sensitive to the nanosystems compared to cancer cells and this could represent a good 

advantage for future biomedical applications since it might allow for limiting possible side effects.  

We efficiently incorporated into SLN also a bromo benzoindolenine squaraine (Br-BSQ-C4), which is 

completely insoluble in water in its free form due to the high hydrophobicity of the structure (Chinigò et al. 

2022b). Unlike the cyanine derivative, this molecule did not show any photoactivity. However, characterizing 

the optical properties of this nanosystem, we observed that the incorporation of Br-BSQ-C4 into SLN not only 

allows its solubilization in physiological conditions but also significantly enhances its spectroscopic 
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properties. Indeed, once encapsulated the dye exhibits a higher quantum yield (52% versus 31%) and a 

fluorescence lifetime even doubled (2.571 versus 1.382) (Chinigò et al. 2022b). This means that Br-BSQ-C4-

loaded SLN gives rise to higher and prolonged fluorescence emission compared to the dye not incorporated 

probably due to an enhanced stabilization of its structure offered by the lipid microenvironment. Therefore, 

this nanosystem, although not applicable as a therapeutic tool in photodynamic treatment, could be 

considered a good diagnostic candidate for in vivo fluorescence imaging. Overall, we demonstrated that SLN 

allow the solubilization of PMD in aqueous solutions preserving and further enhancing their spectroscopic 

properties. Moreover, SLN revealed high entrapment efficiency, good biocompatibility as well as efficient 

cellular uptake, thus supporting PMD-loaded SLN as suitable and appealing candidates for both diagnostic 

and therapeutic purposes.  

Taken together our in vitro results seems to support the applicability of lipid nanocarriers including QS 

and SLN for PDT application and highlighted the importance to achieve high dye-loaded nanostructures to 

optimize their photoactive properties. However, further efforts are needed to optimize the biocompatibility 

of dye-loaded QS with a view to future biomedical applicability. Moreover, the 

bioavailability/pharmacokinetic profile in vivo of these nanosystems must be investigated in order to 

evaluate their real applicability in both diagnostic and therapeutic fields. 
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This Ph.D. project aimed to answer, at least in part, to the urgent need to deepen our knowledge on the 

mechanisms through which tumors can spread throughout the body, since metastases are currently the 

leading cause of cancer death worldwide. In particular, I focused on the functional role of TRP channels in 

PCa progression aiming to identify some promising candidates to treat advanced PCa. Since metastasis 

fundamentally involves cell migration, I mainly focused on TRP channels which affect the migratory 

phenotype of both PCa and PTEC cells. 

As regards TRP channels involved in EC migration, I identified TRPA1 as a promising candidate to target 

PCa angiogenesis thanks to its active role in promoting cell migration thus contributing to the more aggressive 

phenotype shown by tumor-derived compared to normal EC from the prostate. Therefore, TRPA1 antagonists 

could be explored for future anti-angiogenic therapy of PCa. 

As regards the involvement of TRP channels in prostate cancer cells invasiveness, I deepened the 

previously suggested protective role of TRPM8. We confirmed the anti-metastatic role of the channel in vivo 

and furthermore we characterized one of the mechanism through which it occurs. Interestingly, we found 

that the process is, at least in part, independent from the channel function and involves a direct interaction 

with the small GTPase Rap1A. Our results strongly support TRPM8 as a promising clinical target in PCa 

therapy. More specifically, TRPM8 activation by specific agonists/antagonists could be used in the treatment 

of earlier phases according to cancer stages and androgen sensitivity, whereas peptide therapy could help in 

improving the prognosis of patients with the more aggressive androgen-independent phenotype 

characterized by the loss of TRPM8 expression. As future perspectives, we would like to test the possibility 

to use TRPM8 not only as a “drugable target” but also as target for the development of a peptide that, 

mimicking the TRPM8 sequence involved in the interaction with Rap1A, could be used as a therapeutic tool 

in the treatment of metastatic PCa. 

As regards the second aim of my Ph.D. project concerning the use of lipid nanocarriers to fill the gap 

between “drug discovery” and “drug delivery” our data support the applicability of QS and SLN as suitable 

nanocarriers for the employ of PMD in biomedical applications including PDT. Certainly, further in vivo 

investigations are needed to confirm our data. Furthermore, I’m currently involved in an ongoing project 

aimed to investigate the molecular mechanism underlying the photo-induced toxicity of PMD. In particular, 

we are interested in studying the involvement of Ca2+ signals in ROS production and cell death pathways 

triggered by light beam irradiation. This study could give new insights for the optimization of PMD-based 

tools as therapeutic agents. 
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Abstract 
 

Malignant glioma including glioblastoma (GBM) is the most common group of primary brain tumors. 

Despite standard optimized treatment consisting of extensive resection followed by 

radiotherapy/concomitant and adjuvant therapy, GBM remains one of the most aggressive human cancers. 

GBM is a typical example of intra-heterogeneity modeled by different micro-environmental situations, one 

of the main causes of resistance to conventional treatments. The resistance to treatment is associated with 

angiogenesis, hypoxic and necrotic tumor areas while heterogeneity would accumulate during glioma cell 

invasion, supporting recurrence. These complex mechanisms require a focus on potential new molecular 

actors to consider new treatment options for gliomas. Among emerging and underexplored targets, TRP 

(transient receptor potential) channels belonging to a superfamily of non-selective cation channels which 

play critical roles in the responses to a number of external stimuli from the external environment were found 

to be related to cancer development, including glioma. Here, we discuss the potential as biological markers 

of diagnosis and prognosis of TRPC6, TRPM8, TRPV4 or TRPV1/V2 being associated with glioma patient overall 

survival. TRPs-inducing common or distinct mechanisms associated with their Ca2+-channel permeability 

and/or kinase function were detailed as involving miRNA or secondary effector signaling cascades in turn 

controlling proliferation, cell cycle, apoptotic pathways, DNA repair, resistance to treatment as well as 

migration/invasion. These recent observations of the key role played by TRPs such as TRPC6 in GBM growth 

and invasiveness, TRPV2 in proliferation and glioma-stem cell differentiation and TRPM2 as channel carriers 

of cytotoxic chemotherapy within glioma cells, should offer new directions for innovation in treatment 

strategies of high-grade glioma as GBM to overcome high resistance and recurrence. 

Key words: ion channel, TRP channel, brain tumor, glioma, glioblastoma 

 

INTRODUCTION 

Malignant gliomas are the most prevalent group of primary brain tumors in adults, with an incidence of 

8.9 cases per 100,000 persons/year in the US (Ostrom et al. 2015; 2017). Glioblastoma (GBM) remains one 

of the most aggressive human cancers. Glial tumors or glioma represent a wide spectrum of malignancies 

including grades II and III oligodendroglioma, grades II and III astrocytoma and glioblastoma from initial 

classification based on anatomocytopathological criteria related to the morphotypic characteristics and 

numerous cytonuclear atypologies, accompanied by anaplasia for high-grade glioma (GBM, grade IV) (Louis 

et al. 2007; Miller and Perry 2007). The diagnosis of GBM was based on the presence of vascular micro-

proliferations signs of intense vascularisation, associated with zones of necrosis delimited by a hypoxic 

pseudopalissadic cellular zone, evidencing important intra-tumoral heterogeneity (Karsy et al. 2012; Alifieris 
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and Trafalis 2015). Now, brain tumors and glioma are classified according to the histomolecular classification 

recently published by the World Health Organization (WHO) (Louis et al. 2016), which represents a major 

clinical improvement for both diagnosis and treatments, as well as patient prognosis. The aim was to 

implement the histopathological classification with the following molecular signatures: first including 

mutation in the isocitrate dehydrogenase1/2 (IDH1/2mut) and/or the co-deletion 1p/19q associated with 

oligodendroglioma or mutation of TP53; second, the l’α-thalassemia mental retardation syndrome X-linked 

(ATX) or amplification of the epidermal growth factor receptor (EGFR) were associated with GBM IDHwt; 

finally, while the hypermethylation of the O6-methyl guanine-DNA methyl transferase (MGMT) promoter 

constitutes an important parameter of the GBM aggressiveness (Louis et al. 2016).  

Despite these molecular attempts to stratify glioma patients with the objective to allow personalization 

of the treatments, the median survival of GBM patients currently ranges from 15 to 17 months, despite a 

safe maximal surgical resection, radiation/concomitant and adjuvant alkylating-based chemotherapy by 

temolozomide (TMZ) (Stupp et al. 2005; 2009; Wen and Brandes 2009). However, more than 95% of GBM 

recur in the margin of the resection cavity, an area in which glioma tumor cells acting as a tumor reservoir 

are found (Giese et al. 2003). This invasiveness associated with X-ray and/or intrinsic or acquired 

chemoresistance of the glioma cells and the presence of an intrinsic or acquired blood-brain barrier (BBB), 

limit the effectiveness and/or the delivery of anti-neoplastic agents and justify the development of new 

strategies. In agreement, over the last decade, despite very important advances in the field of targeted 

therapy, none of them, e.g. drug/antibody or combination of small molecule inhibitors, has been shown to 

be more effective than TMZ or capable of increasing the efficacy of standard therapy in patients with primary 

or recurrent GBM (Stepanenko and Chekhonin 2018), and no curative treatment is currently identified in 

GBM. This failure may be explained at least in part by the intratumoral heterogeneity which is a conserved 

consequence of the GBM micro-environment  (Prabhu et al. 2017), referring to the physico-chemical 

characteristics and matrices interacting with the tumor. Indeed, the GBM heterogeneity is tightly related to 

angiogenic and hypoxic features as well as invasive processes, thus future strategies should consider 

targeting mechanisms associated with resistance and invasion. In particular, Watkins and co-workers showed 

that GBM cells can thus control the regulation of vascular tone, via the release of K+ through K+ channels 

activated in response to Ca2+, leading to an adaptation of cell volume to facilitate their invasion (Watkins et 

al. 2014). 

TRP (transient receptor potential) channels are a superfamily of cationic tetrameric channels, mostly 

permeable to Ca2+, involved in various physiological functions, and for the most part sustain calcium 

homeostasis and calcium signaling. Calcium-dependent mechanisms determine several aspects of brain 

tumor cell homeostasis including survival, proliferation, invasion or treatment resistance, making TRP 

channels putative potent modulators of tumorigenesis and glioma progression. Approximately 30 TRPs have 
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been identified and are classified into TRPA (ankyrin family), TRPC (canonical family), TRPM (melastatin 

family), TRPN (NomPC family), TRPML (mucolipin family), TRPP (polycystin family) and TRPV (vanilloid family) 

(Li 2017). These cationic channels have been shown to be gated by many physical or chemical stimuli 

(temperature, membrane potential, pH, hormones, vitamins …). TRP channels are expressed in various 

excitable and non-excitable cell types and are present in many organs, including brain, heart, liver, lung, 

kidney, spleen, muscle, skin, pancreas (Venkatachalam and Montell 2007). Since a decade, TRP channels have 

attracted much interest in the cancer field and tumorigenesis. Activities of TRP channels have been linked to 

cell growth, survival or migration, being involved in a plethora of cancers, especially for TRPC, TRPM and 

TRPV (Prevarskaya, Zhang, and Barritt 2007) Gkika and Prevarskaya 2009; Fiorio Pla and Gkika 2013). Recent 

research unravels the role of some TRP channels in glioma growth and progression or glioma stem-like cell 

fate determination. In this review, we will mainly focus on a new class of molecular players, TRP channels 

emerging in gliomas and for which we will develop three aspects: i) the expression profile and use as clinical 

markers; ii) the molecular mechanisms through which they act; and iii) their potential use in therapeutics. 

 

TRANSIENT RECEPTOR POTENTIAL (TRP) EXPRESSION PROFILE AND PUTATIVE 

BIOMARKERS 

Changes in expression of TRP channels have been related to cancer development and progression, thus 

making them valuable diagnostic and/or prognostic markers in several tumor types, including glioma. 

Furthermore, a strong correlation between clinical-pathological findings and mRNA and/or protein 

expression of different TRPs has been recently provided. For instance, mRNA encoding TRPC1, TRPC6, 

TRPM7, TRPM8, TRPV4 and TRPML2 appeared up-regulated in GBM tumor specimens in comparison with 

normal tissues and their expression was found to increase with glioma tumor grade with the highest mRNA 

level found in GBM patient samples (Alptekin et al. 2015;  Ding et al. 2010). These findings are consistent 

with a pro-tumorigenic role of these channels in glioma progression and aggressiveness, as described in more 

detail in the next paragraph. According to a qPCR screening of thirty-three GBM patient tumors, additional 

mRNA-encoding TRP channels including TRPM2, TRPM3, TRPV1, TRPV2 showed significantly higher 

expression levels in GBM compared with control normal brain tissues (Alptekin et al. 2015). However, other 

studies reported opposite results, more consistent with an anti-tumorigenic function of these channels, as 

confirmed by several experimental data (Amantini et al. 2007; Nabissi et al. 2010; Ying et al. 2013; Morelli et 

al. 2019). These discrepancies could be due to the relatively low number of patients considered in the first 

study (Alptekin et al. 2015), which may not be very representative enough while further investigations should 

now be reconsidered in light of the new molecular GBM patient stratification and the methylome.  
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Among more than 20 TRP channels investigated, TRPM8 showed the highest mRNA upregulation in GBM 

as compared with normal brain tissue (Alptekin et al. 2015;  Zeng et al. 2019), suggesting a pivotal function 

of TRPM8 in gliomagenesis. Moreover, TRPM8 expression in human GBM specimens and established GBM 

cell lines was found to be up-regulated at both mRNA and protein level to a variable extent (Klumpp et al. 

2017) and to be significantly correlated with worse patient overall survival (Zeng et al. 2019). Interestingly, it 

was previously reported that TRPM8 is a primary androgen-responsive gene since its promoter is located 

downstream an androgen response elements (AREs) to which androgen receptor (AR) may bind once 

activated by androgens thus promoting TRPM8 expression (Bidaux et al. 2005; Asuthkar et al. 2015). 

Therefore, TRPM8 overexpression in high-grade glioma might be associated with the documented 

upregulation of AR in GBM (Yu et al. 2015). Moreover, it has been recently found that AR may also directly 

regulate TRPM8 channel activity via protein-protein interaction and/or TRPM8 phosphorylation, further 

accentuating the close TRPM8-androgens relationship (Grolez et al. 2019; Gkika et al. 2020). Similarly to 

TRPM8, TRPV4 has been shown to positively correlate with glioma progression, since high levels of TRPV4 

gene and protein expression were associated with a poorer patient prognosis (Ou-yang et al. 2018). Thus, 

TRPM8 and TRPV4 may be currently considered promising biomarkers accompanying aggressiveness of 

glioma and signature of GBM while constituting potential therapeutic targets for future treatment options. 

TRPML2 expression was also detected in normal astrocytes and neural stem/progenitor cells and to be up-

regulated at both mRNA and protein level in glioma to a variable extent, increasing with the pathological 

grade (Morelli et al. 2016). Such observation was linked to the up-regulation of the transcriptional activator 

of the TRPML-2 gene Paired box 5 (PAX5) (Valadez and Cuajungco 2015) found in human astrocytoma and 

correlated with malignancy and pathological grade of glioma (Stuart et al. 1995).  

Moreover, the loss of TRPM3, TRPV1, TRPV2 and TRPML1 expression has been proposed as a negative 

prognostic marker for GBM patients, because of their significant and progressive down-regulation as the 

tumor grade increases. For instance, a study focusing on the role of miR-204 in high-grade glioma cell lines 

has revealed a significant down-regulation of TRPM3, due to the hypermethylation of its promoter (Ying et 

al. 2013). Interestingly, miR-204 is an intronic miRNA located between exons 7 and 8 of the TRPM3 gene and 

its loss in glioma, due to the high methylation of its host gene TRPM3, is associated with an enhancement in 

cell migration and cellular stemness (Ying et al. 2013) questioning the direct role of TRPM3 and the indirect 

regulatory functions of miR-204 via its target genes. Consistently, restoration of miR-204 in LN382T and 

SNB19 cells orthotopically xenografted in the brains of nude mice suppressed tumorigenesis and invasiveness 

and increased animal survival (Ying et al. 2013). Taken together, these findings might suggest a potential 

tumor-suppressive function of TRPM3 in glioma, but further studies are required to clarify its involvement in 

cancer development and/or progression and to establish whether TRPM3 and miR-204 might cooperate with 

each other in the pathogenesis of gliomas. Concerning TRPV1 and TRPV2, the preventing role in 
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gliomagenesis and tumor progression has been more clearly established and characterized (see next 

paragraph). First, TRPV1 and TRPV2 genes and protein expression appeared inversely correlated with glioma 

grade, showing an almost undetectable level in GBM (Amantini et al. 2007; Nabissi et al. 2010; Morelli et al. 

2016). In particular, a study performed by Nabissi and coworkers has shown that GBM and glioma stem-like 

cells (GSC) selectively express the TRPV1 5'-untranslated region (5’UTR) variant three (TRPV1v3), one of the 

four variants resulting from alternative first exon splicing (Nabissi et al. 2016). The 5’UTR can generate 

different transcripts encoding the same protein but characterized by different stability and translation 

efficacy (Audic and Hartley 2004; Gebauer and Hentze 2004; Hinnebusch, Ivanov, and Sonenberg 2016) and 

TRPV1v3 is the most stable TRPV1 5’UTR transcript. In GBM, the mRNA expression of the unique TRPV1v3 

variant correlates with the patient’s survival, suggesting that its loss or low mRNA expression may represent 

a potential marker of poor prognosis in GBM patients (Nabissi et al. 2016). Similarly, the clinical relevance of 

the overexpression of TRPV2 in GBM was confirmed through the analysis of the TRPV2-interactome based 

signature using a systematic proteomics and computational analysis approach (Doñate-Macián et al. 2018), 

predicting GBM patient overall survival. Indeed, high TRPV2 interactome protein expression was correlated 

with tumor progression, recurrence, TMZ-resistance and a poor prognosis (Doñate-Macián et al. 2018). 

Finally, also TRPML1 might have a potential role as a negative prognostic marker for GBM patients (Morelli 

et al. 2019)  since TRPML1 mRNA down-regulation or loss strongly correlates with reduced overall survival in 

GBM patients. However, additional studies are needed in order to further investigate the relationship 

between TRPML1 expression and lower glioma grades (Morelli et al. 2019). However, TRPML1 expression at 

mRNA and protein levels displayed variability within patient samples and its subcellular localization may also 

be distinct since TRPML1 is mainly expressed in the late endosome/lysosome of normal cells while found in 

endolysosomes and as dot spots in the nuclear cell compartment in glioma cells (Morelli et al. 2019). The 

mechanisms underlying this nuclear localization in tumor cells and the effects of this specific localization are 

not completely characterized, although it has been shown that TRPML1 is able to bind DNA somehow and 

thus, it might affect the transcription of some genes involved in tumor progression (Morelli et al. 2019).  

Together, these studies highlight that some TRPM, TRPV and/or TRPML channels overexpressed in glioma 

should be considered as predictive and specific biomarkers of high-grade glioma and GBM, and through 

changes in their permeability to cations they may play a role in GBM aggressiveness. 

 

MOLECULAR MECHANISMS OF TRP CHANNELS ACTION 

TRP channels have revealed a direct involvement in determining many hallmarks of glioma and GBM 

(Table 1), including some typical histological cellular abnormalities (Bomben and Sontheimer 2008), its 

relentless growth, and its intrinsic severe aggressiveness due to its high capability to diffuse into the non-
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neoplastic brain parenchyma, which contributes to treatments resistance and bad prognosis (Demuth and 

Berens 2004; Schwartzbaum et al. 2006; Liu et al. 2018). TRP channels may exert both anti-tumorigenic and 

pro-tumorigenic functions in gliomas and the main TRPs-mediated signaling pathways associated with 

gliomas progression are schematically summarized in figure 1. Most of the TRP channels involved in 

gliomagenesis and tumor progression were found to affect more than one cellular process related to 

carcinogenesis. In this chapter, we will therefore discuss the molecular mechanisms by which each TRP 

affects cancer cell behavior, subgrouping them into subfamilies. 
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BIOLOGICAL 
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POTENTIAL  

THERAPEUTIC 
TOOLS 

 
REFERENCES 

TRPC1 yes ↑ Cell growth (+) ↑ Cytokinesis  TRPC1/SPK/PI3K 

inhibitors 

(Bomben and Sontheimer 

2008) (Bomben and 

Sontheimer 2010) 

Cell migration (+) ↑Chemotaxis   (Bomben et al. 2011) 

(Lepannetier et al. 2016) 

TRPC6 low ↑ Cell growth (+) → NFAT  TRPC6/ NFAT 

inhibitors 

(Ding et al. 2010); 

(Chigurupati et al. 2010) 

Cell migration (+) → RhoA (Chigurupati et al. 2010) 

 

Angiogenesis (+) → NFAT    

   Radioresistance (+) ↑ G2/M  (Cdc25C)  (Ding et al. 2010) 

TRPM2 yes ↑ Cell death (+) ↑ ROS-induced Ca2+ 

influx  

TRPM2 gene 

insertion (+Se 

and DXT) 

(Ishii et al. 2007) (Ertilav 

et al. 2019) 

TRPM3 yes ↑/↓ n.d. n.d. n.d. (Alptekin et al. 2015) 

(Ying et al. 2013) 

TRPM7 yes ↑ Cell growth (+) ↑ STAT3/Notch  TRPM7/STAT3/ 

Notch/ALDH1 

inhibitors 

miR-28-5p  

(Liu et al. 2014) (Wan et 
al. 2019)  

 
┤miR-28-5p ┤ Rap1b 

  
Cell invasion (+) ┤miR-28-5p ┤ Rap1b  (Wan et al. 2019) 
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Stem cell renewal 
and differentiation 
(+) 

STAT3-ALDH1 ↑ 
 

(Liu et al. 2014) 

TRPM8 yes ↑ Cell migration (+) → BK channels 

RTK signaling 

 (Wondergem and Bartley 

2009; Klumpp et al. 

2017); (Wondergem et al. 

2008) 
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Cell growth (+) → BK channels → 

CaMKII ┤cdc25C ┤ 

cdc2 

MAPK signaling 

 

 
(Klumpp et al. 2017) 

 

 

(Zeng et al. 2019) 

   
Cell death (-) MAPK signaling  (Klumpp et al. 2017); 

(Zeng et al. 2019) 

   
Radioresistance (+) Supporting DNA 

repair and cell cycle 
upon genotoxic 
stress  

 (Klumpp et al. 2017) 

TRPV1 yes ↓ Apoptosis (+) → p38 MAPK  (Amantini et al. 2007) 

   
 ↑ ER stress (ATF3)  (Stock et al. 2012) 

TRPV2 yes ↓ Cell proliferation (-) ERK signalling  (Nabissi et al. 2010) 

(Morelli et al. 2012) 

   
Apoptosis (+) Fas signaling  (Nabissi et al. 2010) 

   
Cell differentiation 

(+) 

↑ GFAP and βIII-

tubulin expression 

↑ Aml-1 a (PI3K/AKT 

pathway) 

CBD (Morelli et al. 2012) 

(Nabissi et al. 2015) 

   
Drug sensitivity (+) ↑ drug uptake 

↑ drug-mediated 

apoptotic pathway 

CBD + 

TMZ/BCNU/ 

DOXO 

(Nabissi et al. 2013) 

(Nabissi et al. 2015) 

TRPV4 yes ↑ Cell migration (+) AKT/Rac1 signaling TRPV4 inhibitors 

(HC- 067047) 

(Ou-yang et al. 2018) 

TRPA1 n.d. n.d. Cell apoptosis (+) ↑ mitochondrial 

stress 

TRPA1 

activators 

(Deveci et al. 2019) 

Ca2+ 

Ca2+ 
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TRPML1 yes ↓ Cell apoptosis (+) 

Autophagy (+) 

  (Morelli et al. 2019) 

TRPML2 yes ↑ Cell proliferation 

(+) 

PI3K/AKT - ERK 1/2 

signaling 

 (Morelli et al. 2016) 

   Cell apoptosis (-)    

 

Table 1. TRP channels expression and functionality in gliomas/glioblastomas. 

Abbreviations: (+) increase (-) decrease (↑) increment (↓) reduction (→) activation (┤) inhibition 

SPK = sphingosine kinase; PI3K = phosphoinositide-3 kinase; NFAT = nuclear factor of activated T-cells; Se = selenium; 

DXT = docetaxel; STAT3 = signal transducer and activator of transcription 3; miR-28-5p = miRNA 28-5p; ALDH1 = aldehyde 

dehydrogenase1; BK = large-conductance Ca2+-activated K+ membrane ion channels; RTK = Met receptor tyrosine 

kinase; CaMKII = Ca2+/calmodulin-dependent protein kinase II; Cdc25C = M-phase inducer phosphatase 3; Cdc2 = subunit 

of the M phase-promoting factor; MAPK = mitogen-activated protein kinase; ATF3 = transcription factor-3; CBD = 

cannabidiol; ERK = extracellular signal-regulated kinase 1/2; GFAP = glial fibrillary acidic protein; Aml-1 a = acute myeloid 

leukemia variant a; AKT = protein kinase B; TMZ = temozolomide; BCNU = carmustine; DOXO = doxorubicin.  

n.d. = not determined 
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Figure 1. TRPs-mediated signaling pathways in gliomas. 

A) Anti-tumorigenic TRPs-mediated signaling pathways in gliomas. Cartoon depicting TRP channels signaling pathways 

suppressing gliomas progression through the inhibition of pro-tumorigenic pathways (in red) and/or the activation of 

anti-tumorigenic signaling pathways (in green). TRPM2 and TRPML1 upon ROS activation promote cell apoptosis 

through an increase in oxidative stress and intracellular Ca2+ concentration; due to its localization on the lysosomal 

membrane TRPML1 may also mediates the autophagic cell death pathway through the interaction with HSP; TRPA1 

under hypoxia promotes apoptosis inducing ROS formation and inhibiting antioxidants such as GSH; TRPV1 upon 

stimulation with CPS triggers the apoptotic pathway through p38 MAPK and reduces glioma expansion via ER pathway 

in a ATF3-dependent manner; TRPV2 reduces cell proliferation and enhances the Fas-induced apoptosis in an ERK-

dependent manner; TRPV2 also acts on cell differentiation since its overexpression is associated with GFAP and βIII-

tubulin increased expression and its activation by CBD promotes Aml-1 up-regulation via PI3K/AKT pathway; finally, 

TRPV2 activation by CBD can improve cell sensitivity to chemotherapeutic agents favoring drug uptake. 

B)  Pro-tumorigenic TRPs-mediated signaling pathways in gliomas. Cartoon depicting TRP channels signaling pathways 

promoting gliomas progression through the activation of pro-tumorigenic pathways (in red) and/or the inhibition of anti-

tumorigenic signaling pathways (in green). TRPC1 affects cell growth and cell proliferation mainly promoting cytokinesis 

in response to lipid activation, whereas upon stimulation with growth factors it induces chemotactic migration; TRPC6 

affects cell proliferation, tumor growth and angiogenesis likely through the Ca2+-induced activation of the calcineurin-

NFAT pathway, whereas TRPC6 effects on cell migration might rather involve Rho activation and subsequent actin 

cytoskeleton rearrangements; TRPV4 promotes cell migration and tumor invasiveness through  the AKT-mediated Rac1 

activation; TRPM8 supports glioma progression by inhibiting apoptosis through MAPK pathway and impairing the cell 

cycle through the activation of BK channels and the subsequent CaMKII-mediated inhibition of phosphatases like Cdc25C 

and Cdc2; TRPM8 effects on cell migration/invasion are also associated with BK channels activation and the function of 

TRPM8 in aggressiveness and resistance to treatment may also be potentiated by TKR-mediated HGF/SF stimulation; 

TRPM7 increases glioma cell proliferation and invasion through the down-regulation of miR-28-5p and the subsequent 

up-regulation of oncogenic signaling pathways involving AKT, ERK, IGF-1 and Rap1b; TRPM7 effects on glioma 

proliferation may also be mediated by Notch and/or JAK2/STAT3 signaling pathways and through the activation of 

STAT3; TRPM7 might also be involved in GSC renewal and differentiation thanks to the up-regulation of the well-known 

GSC marker ALDH1; the hypermethylation of TRPM3 promoter through the down-regulation of miR-204 enhances cell 

migration; TRPML2 enhances cell proliferation and slows down apoptosis improving DNA repair and inhibiting Caspase 

3 likely through PI3K/AKT and ERK1/2 pathways. 

Abbreviations: ROS = reactive oxygen species; HSP = heat shock proteins; GSH = glutathione; CPS = capsaicin; ATF3 = 

transcription factor-3; CBD = cannabidiol; GFAP = glial fibrillary acidic protein; Aml-1 = acute myeloid leukemia 

transcription factors; PI3K = phosphoinositide 3-kinases; AKT = protein-kinase B; HGF/SF = hepatocyte growth 

factor/scatter factor;  EGF = epidermal growth factor, PDGF = platelet-derived growth factor, TKR = tyrosine kinase 

receptor; NFAT = nuclear factor of activated T-cells; MAPK = mitogen-activated protein kinase; BK = big potassium 

channels; CaMKII = Ca2+/calmodulin-dependent protein kinase II; Cdc25C and Cdc2 = cell division cycle proteins;  JAK2 = 

janus kinase 2 ; STAT3 = signal transducer and activator of transcription 3; ERK = extracellular signal-regulated kinases; 

IGF-1 = insulin-like growth factor-1; GSC = glioma stem cells; ALDH1 = aldehyde dehydrogenase 1. 

 

Canonical TRPs 
It has been suggested that TRPC channels-relayed mechanisms may contribute to some of the most 

common histopathological hallmarks of GBM such as nuclear atypia and enlarged cell shape (Bomben and 

Sontheimer 2008). Glioma cell lines and surgical patient-derived tumors have revealed the expression of four 

TRP channels belonging to the TRP canonical subfamily that are TRPC1, TRPC3, TRPC5, and TRPC6. Further 
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investigations on their role in glioma cells have suggested an involvement of these channels in a Ca2+ influx 

pathway impacting cellular growth. More specifically, it has been shown that TRPC channels contribute to 

the resting conductance of glioma cells while their acute pharmacological inhibition with SKF96365 increased 

membrane resistance of glioma cells and caused a transient hyperpolarization followed by a sustain 

depolarization of the cells’ membrane (Bomben and Sontheimer 2008). Additionally, chronic application of 

the TRPC inhibitor SKF96365 (from 0 to 5 days) would lead to an almost complete growth arrest at the G2/M 

phase of GBM D54MG cell cycle, as revealed by FACS analysis (Bomben and Sontheimer 2008). In most cases 

the blockage of the cell cycle during the G2/M transition leads to cell death (Stark and Taylor 2006), or in the 

particular case of D54MG cells, TRPC inhibition was accompanied by a continued growth exhibiting 

multinuclear and enlarged cells due to incomplete cytokinesis. This phenotype might render impossible a 

dynamic adaptation of the cell volume to invade the brain parenchyma, through the narrow extracellular 

brain spaces compatible with less recurrence.  

Glioma cells display a depolarized resting membrane potential around -30 mV. Some TRPC channels 

are opened at rest and contribute to this membrane potentials (Bomben and Sontheimer 2008). Activation 

of TRPC channels can also lead to membrane potentials fluctuations by various ways. First of all, TRPC 

channels are non-selective cation channels and they directly depolarize cells following activation. In addition, 

TRP channels are functionally coupled with other ion channels, so their activation can indirectly lead to 

depolarizations or hyperpolarizations, depending on the channels involved (Gees, Colsoul, and Nilius 2010). 

In particular, major conductances of glioma cells are mediated by Ca2+-activated K+ channels (Ransom, 

O’Neal, and Sontheimer 2001) and Cl- channels such as ClC3 or ClC2 (Mcferrin and Sontheimer 2006),which 

both are modulated by TRPC channels. Glioma cells do express many types of channels and transporters 

(Molenaar 2011; Cuddapah and Sontheimer 2011), which are sensitive to membrane potential fluctuations. 

Furthermore, glioma cells have been shown to display electrical activities similar to Na+ spikes, which are 

sustained by TTX-sensitive voltage-gated Na+ channels (Bordey and Sontheimer 1998). Thus, TRPC channels 

may impact many voltage-dependent cellular processes and modulate electrical behavior of glioma cells.  

Among the TRPCs, TRPC1 and TRPC6 are those for which the mechanism of action has been best 

characterized in human malignant glioma. For instance, TRPC1 was found to act on several hallmarks of 

cancer, including growth, cell cycle and migration. Interestingly, all the TRPC1 effects on glioma cell behavior 

strictly resulted from lipid regulation, e.g. in some cases the channel activity is directly affected by lipids 

(phosphatidylinositol-(4,5)-bisphosphate PIP2, phosphoinositides, diacylglycerol, cholesterol, etc.) localized 

on the plasma membrane, in other cases, it can be by signaling pathways which lead to the production of 

specific lipids such as sphingolipids. It has been shown that the loss of TRPC1-mediated Ca2+ influx upon 

pharmacological inhibition or constitutive/inducible shRNA silencing, is associated with reduced cell 

proliferation and incomplete cell division, thus resulting in multinucleated cells similar to those found in 
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patient biopsies (Bomben and Sontheimer 2010). The important role of TRPC1 in glioma cell division has been 

also confirmed in vivo through a shRNA knockdown approach on a flank GBM cell tumor model: TRPC1 

downregulation led to a significant decrease in tumor size, most likely impairing calcium signaling during 

cytokinesis (late M-phase) (Bomben and Sontheimer 2010). TRPC1 has also revealed a role in controlling 

glioma cell migration. In particular, it has been shown that TRPC1 is essential for chemotactic migration in 

human malignant gliomas in response to chemoattractant growth factors like epidermal growth factor (EGF) 

and platelet-derived growth factor (PDGF) which affect TRPC1 activity through different signaling pathways 

(Bomben et al. 2011; Lepannetier et al. 2016). Stimulation with EGF was associated with a re-localization of 

TRPC1 channel at the leading edge of migrating D54MG glioma cells within lipid rafts, specialized membrane 

microdomains enriched in cholesterol and sphingolipids (Mollinedo and Gajate 2015). In agreement, it has 

been shown that both TRPC1 channel activity and lipid raft integrity were required for gliomas chemotaxis 

(Bomben et al. 2011). Moreover, the disruption of lipid rafts by depletion of cholesterol not only affected 

chemotaxis but also impaired TRPC currents in whole-cell recordings and decreased store-operated Ca2+ 

entry (SOCE), confirming a direct interplay between lipid rafts and TRPC1 channels and localized Ca2+ rise in 

regulating the chemotactic movement of glioma cells (Bomben et al. 2011). It must be noted that TRPC 

pharmacological inhibition through non-selective inhibitors caused an almost complete loss of chemotactic 

migration but TRPC1 knockdown through shRNA compromised directional migration but did not eliminate it 

and did not affect non-directional motility. This suggests TRPC1 specific implication in chemotactic migration 

and the potential implication of other TRPC channels in migration processes (Bomben et al. 2011). As shown 

by a more recent study by Lepannetier and coworkers, lipids are not only important for the regulation of 

TRPC1 at the membrane level, but also through their signaling. The authors shed light on another store-

independent mechanism by which TRPC1 may be activated and thus affect cell migration in GBM. In 

particular, they have shown that PDGF may induce the translocation of TRPC1 from the cytosolic 

compartment to the front of migrating cells through a mechanism requiring the phosphoinositide-3 kinase 

(PI3K) and at the same time induces the production of the lipid second messenger sphingosine-1-P (S1P) 

which in turn, activates TRPC1-mediated Ca2+ entry. Indeed, the PDGF-induced Ca2+ influx through TRPC1 can 

be partially inhibited by pretreatment of the cells with a specific inhibitor of the sphingosine kinase (SPK) 

producing S1P (Lepannetier et al. 2016). However, whether S1P directly or indirectly triggers TRPC1-mediated 

and store-independent entry of Ca2+ channel remains to be clarified (Lepannetier et al. 2016). In any case, it 

has been well established that both TRPC1 targeting to the leading edge of lamellipodia and its activation by 

S1P are essential in regulating PDGF-induced chemotaxis in U251 glioblastoma cells (Lepannetier et al. 2016).  

Another member of the TRPC subfamily specifically implicated in glioma progression is TRPC6. 

Indeed, TRPC6 was found to affect different hallmarks of GBM including tumor growth, cell survival, 

invasiveness and angiogenesis (Chigurupati et al. 2010; Ding et al. 2010). More specifically, it has been 
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demonstrated that under hypoxia, which is one of the main characteristics of GBM aggressiveness, invasion 

and resistance to treatment (Flynn et al. 2008), Notch1 activation consequently led to TRPC6 upregulation in 

primary GBM samples and cell lines (Chigurupati et al. 2010). Indeed, the inhibition/silencing of TRPC6 was 

associated with a reduction in glioma growth, invasion and angiogenesis. This Notch1-mediated induction of 

TRPC6 expression in hypoxic U373 cell line was subtype-specific, since other members of the TRPC subfamily 

were unaffected, indicating that TRPC6 is primarily responsible for the hypoxia-induced sustained increase 

in the intracellular Ca2+ concentration. Additionally, it has been proven that TRPC6 is essential for GBM cell 

survival, since its downregulation not only suppressed cell growth in vitro and reduced tumor volume in vivo, 

but also impaired clonogenic ability, induced cell cycle arrest at the G2/M phase, and enhanced the 

antiproliferative effect of ionizing radiation.  

An accelerated G2 phase progression may lead to an impaired DNA damage checkpoint and thus to 

an enhanced genomic instability, explaining the TRPC6 association with enhanced glioma cell malignancy. 

Mechanistically, TRPC6 effects on cell proliferation, tumor growth and angiogenesis seemed to be directly 

mediated by the Ca2+-induced activation of the calcineurin-NFAT pathway (Chigurupati et al. 2010), whereas 

TRPC6 effects on cell migration might rather involve Rho activation and subsequent actin cytoskeleton 

rearrangements (Singh et al. 2007). Together, these data stress a possible role of TRPC6 as a promising 

therapeutic target in the treatment of human GBM (Ding et al. 2010;  Chigurupati et al. 2010). 

 

Melastatin TRPs 
Four TRP melastatin subfamily members, TRPM2, TRPM3, TRPM7 and TRPM8, have been implicated 

in glioma cell growth, proliferation and migration. Among them, TRPM2 and TRPM3 would exert anti-

tumorigenic effects, while TRPM7 and TRPM8 may contribute to glioma malignancy. 

TRPM2 is known for its role as a sensor of oxidative stress and inductor of necrotic cell death upon 

activation by reactive oxygen species (ROS) (Naziroglu and Lückhoff 2008; Takahashi et al. 2011). TRPM2 

expression likely induced no effect on cell proliferation, migration and invasion. But in A172 human GBM 

cells the transfection with TRPM2 channels increased cell death induced by H2O2 in a Ca2+-dependent manner 

(Ishii et al. 2007) and in human GBM (DBTRG) cells, TRPM2 activation led to an increase in oxidative stress 

and intracellular Ca2+ concentration, thus promoting GBM cell death through apoptosis (Ertilav et al. 2019). 

Concerning TRPM3, which is the most recently described melastatin subfamily member, Its roles and action 

mechanisms were only recently investigated (Zamudio-Bulcock et al. 2011). Like TRPM2, TRPM3 may show a 

protective role in glioma probably via the miR-204 regulation (Ying et al. 2013), but its function needs further 

studies.  

TRPM7 also controls glioma progression through miRNA regulation in GBM cells with subsequent effects 

on cell proliferation and invasion (Wan et al. 2019). More specifically, TRPM7 expression can be associated 
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with a decreased production of miR-28-5p, a tumor suppressor inhibiting the expression of oncogenic 

signaling pathways involving protein-kinase B (AKT) (Xiao et al. 2018), ERK (J. I. A. Liu et al. 2016), and IGF-1 

(Shi and Teng 2015). Accordingly, the downregulation of miR-28-5p caused a significant increase in glioma 

cell proliferation and invasion. Among miR-28-5p targets, expression of Rap1b appeared as being positively 

correlated with TRPM7 in GBM and was up-regulated in tumor samples due to the suppression of the 

repressing role of  miR-28-5p (Wan et al. 2019). This miR-28-5p/Rap1b axis shown in gliomagenesis is not the 

exclusive signaling route in which TRPM7 acts on GBM progression. Indeed, TRPM7 may also regulate the 

Notch pathway (Liu et al. 2014), recently shown as linked with Rap1b signaling and integrin-mediated cell 

adhesion in hematopoietic stem cells (Rho et al. 2019). This can be connected with the role of TRPM7 on cell 

proliferation, migration and invasion in glioma cells and GSCs through the upregulation of JAK2/STAT3 and/or 

Notch signaling pathways (Liu et al. 2014). Moreover, TRPM7 was found to activate STAT3, which in turn 

binds to the aldehyde dehydrogenase1 (ALDH1) promoter upregulating the expression of this well-known 

GSC marker involved in many pathways maintaining stem cell-like state (Rasper et al. 2010), when expanded 

as spheroids (Liu et al. 2014). Since ALDH1 is functionally involved in self-protection, differentiation, 

expansion and proliferation (Choudhary et al. 2005; Ma and Allan 2011), this potentially means that TRPM7 

is not only implicated in proliferation, migration and invasion, but also in GSC renewal and differentiation. 

This has to be put into the context that TRPM7 channel exhibits an intrinsic kinase activity, thus supporting 

that TRPM7 effects on glioma cell growth are mediated by its channel activity while cell migration and 

invasion required its kinase domain (Wan et al. 2019). The discovery of different cellular and molecular 

targets affecting gliomas development and progression through their modulation by TRPM7 provides key 

insights for the development of novel therapeutic agents for glioma treatments. 

TRPM8 was found to affect the rate of GBM cell migration by mediating a significant increase in 

intracellular Ca2+ concentration upon stimulation with specific agonists such as menthol and icilin 

(Wondergem et al. 2008; Wondergem and Bartley 2009; Klumpp et al. 2017). It has been shown that TRPM8 

activation by icilin leads to a significant increase in the migration speed and chemotaxis of GBM cells and, 

consistently, TRPM8 downregulation by RNA interference as well as TRPM8 inhibition by the specific channel 

blocker BCTC (N-(4-tertiarybutylphenyl)-4-(3-cholorphyridin-2-yl)tetrahydropyrazine-1(2H)-carbox-amide) 

reduces cell migration rate and decreases transfilter chemotaxis (Klumpp et al. 2017). One of the possible 

mechanisms through which TRPM8-mediated Ca2+ influx may affect cell migration in glioma is by the 

activation of the large-conductance Ca2+-activated K+ ion channels (BK channels) (Wondergem and Bartley 

2009). BK channels contribute to maintaining the plasma membrane ionic fluxes essential to support cell 

shrinkage-driven cell migration (Mcferrin and Sontheimer 2006). Interestingly, BK overexpression was 

detected in human glioma cells (Ransom and Sontheimer 2001) and pharmacological inhibition of BK 

channels was shown to abolish the menthol-stimulated Ca2+ influx within the cell cytoplasm and cell 
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migration suggesting a key role of TRPM8. TRPM8 activation by agonists has been shown to increase the 

open probability of single BK channels (Wondergem and Bartley 2009; Klumpp et al. 2017).In agreement, 

ionizing radiation, known to induce the migration through a Ca2+-mediated activation of BK channels (Steinle 

et al. 2011; Edalat et al. 2016), has been shown to activate and upregulate TRPM8-mediated Ca2+ influx in 

glioma cells (Klumpp et al. 2017), thus confirming a direct and reciprocal interplay between these two 

channel families in the control of GBM migration. The function of TRPM8 in aggressiveness and resistance to 

treatment was suggested by the potentiating impact of hepatocyte growth factor/scatter factor (HGF/SF), a 

multifunctional effector of cells expressing the Met tyrosine kinase receptor (TKR), on TRPM8-induced Ca2+ 

homeostasis and cell migration.  This evidence suggests that TRPM8 might converge to a common HGF/SF 

and cMET, known to play a role in malignancy of solid tumors including glioma (Laterra et al. 1997; Birchmeier 

et al. 2003; Wondergem et al. 2008), signaling pathway leading to migration/invasion. An enhancement in 

the invasion rate of human GBM cells has also been associated with TRPM8 overexpression (Zeng et al. 2019). 

However, DBTRG cells would express two different variants of TRPM8 (Wondergem et al. 2008) as revealed 

in Western blot showing a molecular band at 130–140 kDa in the plasma membrane-enriched fraction and 

consistent with the molecular weight of TRPM8 full-length isoform (Peier et al. 2002), and a second molecular 

band at 95–100 kDa in microsome- and membrane-enriched fractions more consistent with a truncated 

TRPM8 splice variant expressed in the endoplasmic reticulum (ER) (Bidaux et al. 2007). The observed greater 

increase in menthol-induced Ca2+ influx among migrating cells compared with non-migrating cells 

(Wondergem et al. 2008), likely indicates that only migrating cells express full-length TRPM8 protein within 

the plasma membrane. However, these results have to be taken with caution in a future context of drug 

therapy, since TRPM8 was shown to have an anti-migratory activity in other cancers including prostate cancer 

and may play a role in the tumoral and tumor-derived endothelial cells (Gkika et al. 2010, 2015; Genova et 

al. 2017; Grolez et al. 2019). TRPM8 contribution to GBM progression was found to go far beyond its effects 

on cell migration and invasion, significantly affecting other determinant processes such as cell cycle, cell 

survival and radioresistance (Klumpp et al. 2017; Zeng et al. 2019). Indeed, it has been proven that TRPM8 

inhibition or knockdown impaired the cell cycle, triggered apoptotic cell death and attenuated DNA repair 

and clonogenic survival (Klumpp et al. 2017). A recent study by Zeng and coworkers have suggested an 

involvement of the mitogen-activated protein kinase (MAPK) signaling pathway in TRPM8-mediated effects 

on cell proliferation and apoptosis, since the expression of the channel was associated with the expression 

levels of important regulators of these pathways, including extracellular signal-regulated kinase (ERK), cyclin 

D1 and the apoptosis-related protein Bcl-2 in human glioma cells (Zeng et al. 2019). Moreover, it has been 

shown that TRPM8 signaling directly regulates the cell cycle, contributing to S phase progression and mitosis. 

These effects on glioma’s cell cycle are most likely mediated by intracellular signaling pathways involving the 

Ca2+/calmodulin-dependent protein kinase II (CaMKII) and some Cdc phosphatases like Cdc25C and Cdc2, 
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which control entry into, and progression through, various phases of the cell cycle (Klumpp et al. 2017). More 

specifically, the TRPM8-mediated Ca2+ entry, through the activation of BK channels, may increase the CaMKII 

activity, which in turn inhibits the Cdc2 subunit of the mitosis-promoting factor likely through the inhibitory 

phosphorylation of the Cdc25C phosphatase (Klumpp et al. 2017). Finally, TRPM8 channel might also 

modulate proliferation by dynamically control glioma resting potentials levels, which are key regulator of cell 

cycle. TRPM8 agonists have been shown to increase the Kir4.1 mediated membrane conductances of glioma 

cells (Ratto et al. 2020). Kir4.1 is an inward rectifier K+ channel, with an altered pattern of expression in 

glioma. In astrocytes, it is responsible for high potassium conductance and hyperpolarized membrane 

potential (Olsen and Sontheimer 2008). Overexpression of this channel in glioma cell lines D54MG reduces 

cell proliferation (Higashimori and Sontheimer 2007). Thus, TRPM8 channel by regulating K+ resting 

conductances of glioma cells may exert a regulation of cell cycle transitions. Moreover, TRPM8 has also been 

found to be a contributor to the genotoxic stress response of GBM upon treatment with ionizing radiation, 

restoring G1/S transition and S phase progression to levels of unirradiated cells (Klumpp et al. 2017). 

Interestingly, it has been found that ionizing radiation stimulated TRPM8 availability both in vitro and in vivo 

and that TRPM8 played a role in the re-entry in mitosis and cell division upon radiation-induced G2/M arrest, 

since its knockdown resulted in an impaired DNA repair and a decreased survival of irradiated cells (Klumpp 

et al. 2017). This, combined with the slowdown of apoptosis in irradiated GBM cells, may explain the 

enhanced radioresistance acquired by GBM cells overexpressing TRPM8, thus stressing that the key interest 

of targeting TRPM8 alone or in combination with radiotherapy for future treatments of GBM. 

 

Vanniloid TRPs 
Some TRP members of the vanilloid family have been related to gliomagenesis and progression. More 

specifically, TRPV1 and TRPV2 have revealed a protective role in glioma cells by regulating cell proliferation 

and survival, stem cell differentiation and sensitivity to drugs, whereas TRPV4 was found to increase cancer 

cell invasiveness. 

The anti-tumorigenic functional role of TRPV1 in gliomas, suggested by its marked downregulation or loss 

in patients with the shortest overall survival, has been investigated and several findings highlighted a role of 

TRPV1 in the induction of apoptotic cell death signaling in gliomas (Amantini et al. 2007; Stock et al. 2012). 

Upon exposure to low doses of the TRPV1 specific agonist capsaicin (CPS), the TRPV1-Ca2+ may sustain 

apoptosis in gliomas through the selective activation of p38 MAPK, but not ERK MAPK (Amantini et al. 2007). 

More in detail, it has been shown that CPS-mediated TRPV1 activation leads to reduced cell viability, DNA 

fragmentation, externalization of phosphatidylserine on the outer layer of the plasma membrane, 

mitochondrial transmembrane potential dissipation, and caspase 3 activation  (Amantini et al. 2007). 

Moreover, TRPV1 translation in GBM was found to be sensitive to interferon-gamma (INF-γ) and to the well-
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known autophagic inducer rapamycin (Rap), suggesting a link between TRPV1 channel and autophagy often 

related to pro-survival in tumors including GBM (Galluzzi et al. 2015) but also in migration (Coly et al. 2017). 

This biological effect might be achieved by the TRPV1-mediated induction of apoptosis previously reported 

in GBM cells (Amantini et al. 2007).  

One of the mechanisms through which the brain, especially in the juvenile phase, can protect itself against 

high-grade astrocytoma (HGAs) involves the activation of TRPV1 by neural precursor cells (NPCs), known to 

show extensive tropism for brain tumors (Mayor et al. 2001). Interestingly, NPCs accumulate at HGA 

especially in the context of the juvenile brain, exhibiting a high proliferative activity in the stem cell niche 

(Walzlein et al. 2008), and can release tumor-suppressive factors, such as endovanilloids able to activate 

TRPV1 expressed by HGA cells (Stock et al. 2012). The activation of the latter would trigger astrocytoma cell 

death through the ER pathway in a transcription factor-3 (ATF3)-dependent manner, thus reducing glioma 

expansion mostly in young brain (Stock et al. 2012). In light of these data, the inverse correlation between 

TRPV1 expression and glioma grade from I to III and the reduced or lost TRPV1 expression found in GBM 

patients is most likely a mechanism by which tumor cells may evade anti-proliferative and pro-apoptotic 

signals. This hypothesis is also supported by the finding that TRPV1 is also downregulated in GSCs (Stock et 

al. 2012), whose resistance to cytotoxic therapies and to pro-apoptotic signals is accepted (Bao, Wu, 

Mclendon, et al. 2006). Furthermore, the induction of GSCs differentiation was accompanied by TRPV1v3 

expression at a similar level than found in low-grade glioma, thus confirming a protective role of this channel 

against aggressiveness (Nabissi et al. 2016).  

TRPV2 exerts its anti-tumorigenic function on gliomas through the regulation of several signaling 

pathways involved in cell proliferation and survival, stem cell differentiation and sensitivity to drugs. 

Physiologically, the triggering of TRPV2 by agonists/activators such as growth factors, hormones and 

cannabinoids led to TRPV2 translocation from the endosome to the plasma membrane, where it mediates 

several pathways associated with cell proliferation and cell death (Liberati et al. 2014). Thus, loss or 

alterations of TRPV2 expression in cancer cells results in an impairment of these processes, as shown in 

prostate tumor-derived endothelial cells (Bernardini et al. 2019) and gliomas (Liberati et al. 2014). In gliomas, 

it has been shown that TRPV2 reduced cell proliferation and increased cell sensitivity to Fas-induced 

apoptosis in an ERK-dependent manner (Nabissi et al. 2010). Consistently, enhanced cell growth and rescuing 

from apoptotic cell death was observed when TRPV2 was silencing in U87MG GBM cells. In contrast, TRPV2 

upregulation in MZC primary glioma cells, by inducing Fas overexpression led to reduced viability and 

increased spontaneous as well as Fas-induced apoptosis (Nabissi et al. 2010). Similar findings were also 

described in GSCs, whose proliferation appeared strongly impaired by TRPV2 pharmacological inhibition or 

knocking down (Morelli et al. 2012). In GSCs, TRPV2 acts also on differentiation (Morelli et al. 2012; Nabissi 

et al. 2015). More specifically, TRPV2 overexpression was associated with glial fibrillary acidic protein (GFAP) 
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and βIII-tubulin increased expression, thus promoting a glial phenotype differentiation while inhibiting GSCs 

proliferation both in vitro and in vivo. In agreement, TRPV2 silencing or inhibition during differentiation 

impaired differentiation and reduced GFAP and βIII-tubulin expression (Morelli et al. 2012). Moreover, TRPV2 

activation through cannabidiol (CBD) was found to trigger GSCs differentiation activating the autophagic 

process, in addition to inhibiting GSCs proliferation and clonogenic capability (Nabissi et al. 2015). More 

specifically, it has been observed that CBD, through the TRPV2-mediated activation of the PI3K/AKT pathway, 

upregulated the expression of acute myeloid leukemia (Aml-1) transcription factors, known for their pivotal 

role in GBM proliferation and differentiation. Furthermore, it has also been shown that the spliced variant 

Aml-1 a, upregulated during GSCs differentiation, directly influenced the expression of TRPV2 by binding its 

gene promoter (Nabissi et al. 2015), thus establishing a positive feedback circuit, which on the whole caused 

glial differentiation.  

Conversely to TRPV1 and TRPV2, TRPV4 has revealed a pivotal role in promoting glioma progression (Ou-

yang et al. 2018). In particular, the tumorigenic potential of TRPV4 comes from its critical involvement in 

glioma cell migration and invasion. Indeed, it has been demonstrated that TRPV4-mediated Ca2+ influx upon 

stimulation with the selective agonist GSK1016790 A, is able to promote cell migration of glioma cells (Ou-

yang et al. 2018), a similar mechanism previously reported in breast cancer (Lee et al. 2017). It was 

established that TRPV4 effects on cell migration are relayed by phosphorylation of AKT (P-AKT) and activation 

of Rac1 (Ou-yang et al. 2018), a member of the Rho GTPases family known for its central role in cytoskeleton 

remodeling, cell motility and cell adhesion as well as for its involvement in the enhanced migration of several 

tumor types including GBM, colon, colorectal and ovarian cancer (Qin et al. 2017;  Guéguinou et al. 2016;  

Zhou et al. 2018;   Guo et al. 2015). Accordingly, TRPV4 blockade, induced by the specific TRPV4 inhibitor HC-

067047, was found to decrease motility and invasiveness of U87 glioma cells through a P-AKT and Rac1 

signaling pathway (Ou-yang et al. 2018). 

 

Mucolipin TRPs 
The two TRP members of mucolipin subfamily have revealed opposite effects on glioma carcinogenesis. 

TRPML1 showed a protective role against glioma progression. Indeed, it has been shown that TRPML1 

activation by its specific agonist MK6-83 reduced T98 and U251 cell line viability and increased caspase 3-

dependent apoptosis. Accordingly, TRPML1 silencing or pharmacological inhibition restored cell viability 

suppressing the Ca2+ influx responsible for apoptosis induction. Furthermore, TRPML1 may also mediate the 

autophagic cell death pathway, upon cell treatment with the ROS inducer carbonyl cyanide m-

chlorophenylhydrazone (CCCP) (Morelli et al. 2019). Indeed, high ROS levels may trigger a TRPML1-mediated 

lysosomal Ca2+ release and the subsequent enhancement of autophagy (Zhang, Yu, and Xu 2016). 

Accordingly, TRPML1 silencing or inhibition by sphingomyelin pre-treatment reverted CCCP effects. (Morelli 
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et al. 2019). In this context, it has also been demonstrated that TRPML1, through a large intraluminal loop 

between its first and second transmembrane domains, may interact with chaperone-mediated autophagy-

related proteins such as the heat shock proteins Hsc70, and Hsp40 (Venugopal et al. 2009). Therefore, 

TRPML1 may exert its cytotoxic effects through two different pathways, e.g. i) it can act as a ROS sensor on 

the lysosomal membrane and attenuate oxidative cell stress through an autophagy-dependent negative-

feedback mechanism (Zhang et al. 2016; Morelli et al. 2019) or ii) it may trigger Ca2+ release but no ROS 

production upon direct activation by its specific agonist, thus inducing apoptosis (Morelli et al. 2019). 

Moreover, the important role of TRPML1 in controlling intracellular Ca2+ homeostasis has been further 

corroborated by the recent finding of a functional localization of TRPML1 at the so-called “mitochondria-

lysosome contact sites” where it mediates a calcium flux from lysosomes to mitochondria adjuvanted by 

VDAC and MCU on the outer and inner mitochondrial membranes, respectively (Peng, Wong, and Krainc 

2020). Consequently, TRPML1 functions go beyond the regulation of lysosomal dynamics and function and, 

through the control of mitochondrial Ca2+ dynamics, can affect other Ca2+-dependent mitochondrial 

functions, including oxidative phosphorylation, motility, and ROS signaling (Peng, Wong, and Krainc 2020). 

Conversely to TRPML1, the other member of the mucolipin family, TRPML2, has revealed a pro-

tumorigenic function in glioma progression. Indeed, it has been shown that TRPML2 enhanced glioma cell 

survival and proliferation (Morelli et al. 2016). More in detail, TRPML2 suppression leads to impaired cell 

cycle, reduced cell viability and decreased proliferation (Morelli et al. 2016). In addition, its knocking-down 

was found to induce apoptosis by increasing DNA damage, Ser139 H2AX phosphorylation and caspase-3 

activation (Morelli et al. 2016). TRPML2 effects on tumor progression are probably mediated by PI3K/AKT 

and ERK1/2 pathways, since these pathways remained inactivated in TRPML2-silenced cells (Morelli et al. 

2016). Thus, TRPML2 might also be an interesting therapeutic target to control GBM cell survival and 

proliferation. 

 

THERAPEUTIC TARGETING 

Considering the altered expression and the great contribution given by TRP channels to the establishment 

and progression of glioma, they may be considered very promising new therapeutic molecular targets against 

which novel drug compounds must be developed. One of the main advantages provided by most TRPs is their 

accessibility from the extracellular side, which makes them efficient targetable sites via administration of 

specific TRPs inhibitors or blockers when these channels are overexpressed in high-grade glioma. For 

instance, some of the TRPC channels by interfering with cytokinesis pathways would be promising targets for 

the development of drugs able to interfere with the almost unrestrained growth of gliomas, making tumors 

more susceptible to surgical removal or focal radiotherapy. Moreover, the low specificity of some TRPC 



 

434 

 

modulators might allow to achieve a higher antitumor effect, through the simultaneous triggering of more 

than one channel. The progressive understanding of the molecular mechanism underlying TRPC function in 

glioma has also provided opportunities and arguments in favor of small molecule targeted therapies. Through 

studies concerning TRPC1 and its specific pharmacological inhibition, the key option by inhibiting SPK or PI3K 

inhibitors is once again here confirmed to attempt controlling GBM growth and invasiveness. Among TRPC 

channels, great potential as a promising new candidate for GBM treatment comes from TRPC6. Among TRP, 

TRPC6 is to date the only one being implicated in GBM angiogenesis suggesting that specific TRPC6 inhibitors 

could simultaneously target both cancer progression and vascularization, thereby improving the efficacy of 

standard (radio-chemotherapy) options. The barely detectable TRPC6 expression in normal glial cells should 

limit the potential side effects on normal glial cells. But a possible impact of TRPC6 blockade on neurons must 

be considered in regards to the central role of TRPC6 in neuronal functions (Tai et al. 2008; Zhou et al. 2008; 

Kim, Park, and Kang 2017). A possible strategy to overcome this problem might be the use of viral vectors as 

a drug delivery system towards glioma cells since adenovirus may target glioma cells more efficiently than 

neurons (Ding et al. 2010).  

As recurrence is due to migration and invasion (and resistance to treatment), pharmacological inhibition 

of TRPV4 might represent a potential new therapeutic approach in GBM treatment to control migratory and 

invasive capabilities of GBM cells (Ou-yang et al. 2018). One of the mechanisms through which tumor cells 

are able to sustain a prolonged survival is by the inhibition of apoptotic pathways (Thompson 1995). In this 

context, TRPA1 has been recently proposed as a new potential therapeutic target in GBM treatment. Indeed, 

TRPA1 is a ROS-sensitive cation channel and can subsequently be activated by hypoxia-induced oxidative 

stress (Naziroǧlu 2012; Takahashi et al. 2018). It has been shown that TRPA1 activation following cobalt 

chloride (CoCl2) treatment with the aim to mimic hypoxia, may increase apoptosis, inflammation and 

oxidative effects on DBTRG cells (Deveci et al. 2019). More specifically, TRPA1-mediated Ca2+ entry was 

associated with an enhancement of ROS production and mitochondrial membrane depolarization (JC-1). 

Moreover, TRPA1 activation leads to increased levels of Annexin V, cytokines IL-1β and IL-18, and caspase 3 

and 9 and decreased levels of thiol cycle antioxidants (GSH and GSH-Px) (Deveci et al. 2019). These effects 

were shown attenuated by α-lipoic acid (ALA) treatment, a physiological source of energy for cells which may 

exert both anti- and pro-oxidant functions (Moini, Packer, and Saris 2002). In glioma cells under hypoxia, ALA 

likely acts as an antioxidant agent, upregulating GSH and GSH-Px and down-regulating mitochondrial ROS 

production, thus blocking TRPA1-mediated induction of apoptotic cell death (Deveci et al. 2019). This 

suggests that targeting and activating TRPA1 or targeting TRPV1 in glioma exhibiting such expression, can 

restore apoptotic signalings and might provide new insights for the development of alternative therapies 

against glioma progression.  
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Besides being potential anti-tumor targets, TRP channels should play a role as “drug carriers” in cancer 

therapy, facilitating via the central pore chemotherapy drug uptake thus improving the efficacy of cancer 

therapies. For instance, TRPV2 activation by CBD can sensitize GBM cells to chemotherapeutic agents 

currently used, e.g. TMZ, carmustine (BCNU) and doxorubicin (DOXO) (Nabissi et al. 2013; 2015). The CBD-

induced TRPV2 activation was found to increase GSCs sensitivity to cytotoxic effects of alkylating agents like 

BCNU favoring drug uptake (Nabissi et al. 2013), in synergy with the Ca2+-dependent triggering of apoptotic 

cell death, a mechanism not found in normal astrocytes (Nabissi et al. 2015). Specifically, by using the natural 

red fluorescent DOXO, it has been demonstrated that TRPV2 overexpression in MZC glioma cells markedly 

increased DOXO uptake in a Ca2+-dependent manner, since Ca2+ chelation by EGTA completely inhibited the 

CBD-induced TRPV2-mediated increase of DOXO-positive cells (Nabissi et al. 2013). Similar findings were also 

observed in hepatocellular carcinoma in which TRPV2 activation by CBD or 2-APB (Aminoethoxydiphenyl 

borate) was found to improve DOXO permeation into tumor cells, thus corroborating an intriguing role of 

TRPV2 in increasing tumor cell sensitivity to chemotherapy drugs (Neumann-Raizel et al. 2019). Taking into 

account other evidence on the role of TRP channels as “drug carriers” thanks to the permeation of 

chemotherapy agents into the cell through their pore domain (Santoni and Farfariello 2011), it is reasonable 

to speculate that the activation of TRPV2 channel may cause a conformational change in the pore helix 

structure, which allow for intracellular nonspecific chemotherapy uptake (Nabissi et al. 2013), opening the 

route for combinatorial co-administration of TRPV2 specific agonist CBD and lower chemotherapeutic doses 

to overcome the high resistance of GBM and GSCs to chemotherapeutic agents. In this context, recent 

developments on the role of the so-called "pore turret", i.e. the region of the extracellular ring that connects 

the S5 helix to the pore helix, in controlling the upper gate of some TRP channels including TRPV2 (Dosey et 

al. 2019) have provided new insights into the role of TRPV2 as a drug target to reduce GBM chemoresistance. 

Indeed, the well-defined pore turret, in addition to allowing the coupling between the lower gate and the 

upper gate in response to intracellular stimuli stabilizing a fully open un-liganded channel, represents a 

possible and interesting binding site for extracellular modulators through which it may affect channel activity 

allowing the passage through the plasma membrane of partially hydrophilic molecules which otherwise could 

not enter the cell (Dosey et al. 2019).  

With a view to looking ahead, some data indicate that TRP channels may constitute targets of gene 

therapy. It has been recently shown that TRPM2 can promote cell death (Ertilav et al. 2019). Therefore, 

TRPM2 might represent a good candidate for gene therapy to be used for instance in combination with γ-

radiation and/or chemotherapeutic agents to improve the effectiveness of GBM treatments. Preliminary 

observations indicate that  Selenium (Se) tested on GBM cells resistant to Docetaxel (DTX) may improve the 

apoptotic efficacy of DTX through the activation of TRPM2 by oxidative stress (Ertilav et al. 2019). The 

cytotoxic effect of DTX likely comes from the formation of excessive mitochondrial ROS and Ca2+ influx into 
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the cells which causes DNA damage by triggering hyperactivation of the DNA nick sensor PARP, thus leading 

to NAD+ and ATP depletion and subsequent apoptotic cell death (Ertilav et al. 2019). In this case, Se, in 

particular, stimulated oxidative stress production in the mitochondria, which in turn activated a TRPM2-

mediated Ca2+ influx, thus supporting and enhancing the same Ca2+-dependent apoptotic pathway induced 

by DTX and other chemotherapeutic agents, as seen also in other tumor types (Hazane-Puch et al. 2016) 

(Çetin et al. 2017). Overall the combination and synergistic activity of Se and DTX in GBM expressing TRPM2 

might offer a new option for adjuvant chemotherapy as treatment of GBM. 

 

FUTURE PERSPECTIVES 

Increasing understanding of the signaling pathways involved in tumorigenesis has made it possible to 

identify a wide range of molecular targets involved in self-renewal and proliferation, angiogenesis but also in 

invasion of GBM cells. A number of therapeutic strategies have therefore been developed during the last 

decade and few of them have proven to be effective, even though anti-angiogenic treatments appear to be 

able to provide a 6 month delay for GBM patients before recurrence. It is, therefore, necessary to identify 

other therapeutic targets that can be combined with anti-angiogenic, cytotoxic, DNA repair inhibitors and/or 

immunotherapy strategies. In this context, targeting the activity of factors or components expressed by 

glioma cells themselves and by other cell types of the micro-environment would also be promising. It has 

also to be considered that main RNAseq and/or transcriptomic databases were constituted by means of the 

glioma tumor bulk composed of the different populations of GBM cells and other constituents such as 

endothelial cells, pericytes, reactive astrocytes, macrophages (M1 and/or M2), microglial, neurons, and 

potentially lymphocytes, depending on the level of heterogeneity GBM subgroup. New potential family 

targets, expressed at the plasma membrane and involved in survival, GSC differentiation, angiogenesis and 

invasion, constitute a choice option. TRP channels not systematically ubiquitously expressed, potentially 

playing pleiotropic mechanisms and being overexpressed in pathologic situations such as hypoxia in glioma 

cells deserve to be more explored, especially since they could be also expressed by other cell types belonging 

to the tumor micro-environment.  

For instance, a direct involvement of TRP channels in vascular endothelial growth factor (VEGF) signaling 

pathways affecting brain neovascularization and tumor growth it has been proven. GCSs positive for CD133 

(human prominin-1/AC 133) not only are capable of self-renewal and proliferation, but also possess the 

capability to secrete high levels of VEGF (Bao, Wu, Sathornsumetee, et al. 2006; Yao et al. 2008), known to 

play a crucial role in endothelial cell recruitment and angiogenesis of malignant human gliomas (Fischer et 

al. 2005; Bian et al. 2006). In GSCs isolated from U87 cell line the production of VEGF and the angiogenic 

CXCL8 (chemokine interleukin-8) by tumor cells appeared to be mediated by a G protein-coupled receptor 
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named formylpeptide receptor (FPR) which, upon activation, induces directional migration, growth and 

angiogenic factors production through a Ca2+ mobilization. Although a direct involvement of TRPs in this 

Ca2+-mediated mechanism has not been highlighted, a GCPR-TRP axis in many signaling pathways is 

nowadays well established (Veldhuis et al. 2015). Moreover, an interesting crosstalk between TRPM8, TRPV1 

and the VEFG receptor (VEGFR) it has been recently characterized in uveal melanoma, suggesting a good 

potential for TRPM8 as a pharmacological target for blocking brain neovascularization and tumor growth  

(Walcher et al. 2018). Indeed, it has been demonstrated that in different cell types including corneal epithelial 

and endothelial cells (Lucius et al. 2016) and uveal melanoma cells (Walcher et al. 2018) the activation of 

TRPM8 inhibits the VEGF transactivation of TRPV1 and the consequent pro-tumorigenic effects mediated by 

the VEGFR. These findings further highlighted the central role played by TRPs interactions with other TRP 

channels, other channels families like that of BK channels, and the GCPRs, in affecting signaling pathways 

directly involved in carcinogenesis and brain tumor progression. Moreover, they strongly sustain the possible 

TRPs application in anti-angiogenic therapy. 

However, to date, to the best of our knowledge TRPC6 is the only TRP channel directly implicated in GBM 

angiogenesis. TRPC6 has been found to play a key role in promoting GBM growth, angiogenesis and invasion 

under hypoxia through Notch1. (Chigurupati et al. 2010). TRPC6 knockdown or NFAT inhibition has been 

shown to reduce the number of branch points and thus impair the ability of the hypoxic U373MG to induce 

endothelial cell tube formation in vitro, suggesting a role of TRPC6 in the “vascular mimicry” played by glioma 

cells (Chigurupati et al. 2010).  

Other TRPs among those previously described to have a function in gliomas, such as TRPM2, TRPM7, 

TRPV2 and TRPV4 have also been found in brain vasculature, thus suggesting a possible double function for 

these channels in affecting glioma progression (Hatano et al. 2013; Pires and Earley 2017; Ou-yang et al. 

2018; Luo et al. 2019) and contributing to GBM angiogenesis. Regarding TRPA1 and TRPC3 not likely described 

in glioma, some studies highlighted their involvement in other brain vasculature diseases, exerting a 

protective role against ischemic damage, controlling vasodilation in brain endothelial cells (Sullivan et al. 

2016; Pires and Earley 2018). TRPC3, when overexpressed, would lead to an increase in the BBB permeability, 

leading to vasogenic edema formation (Ryu et al. 2013). 

 

CONCLUSIONS 

Taken together all these data suggest a key role of some TRP channels in high-grade glioma development 

and angiogenesis. The current activators or inhibitors directed against these channels should provide lead 

compounds and knowledge for future research in the design of drugs targeting simultaneously glioma cells 

and key components of the micro-environment such as abnormal tumoral vascularization. 
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