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Abstract 

  

Prostate cancer (PCa) is the most frequent and the third deadliest cancer in men in Europe. 

This pathology has the distinctive feature of being hormone-sensitive, and androgen-deprivation 

is often the first line of treatment for non-operable tumors. Although this therapy allows to 

significantly reduce PCa growth, it will inescapably lead to the development of an aggressive 

hormone-resistant cancer for which curative treatments are still lacking. There is thus a strong 

need to develop new markers and more efficient therapeutic strategies. 

Cancer stem cells (CSC) represent a rare subset of cancer cells possessing stem-like properties. 

As a consequence, these cells are mostly quiescent, but highly tumorigenic when they activate. 

CSCs have thus been linked to tumor dormancy as well as relapse when they reactivate. The 

mechanisms regulating CSC dormancy/activation transition are therefore a critical question in 

cancer research. 

Previous studies showed the importance of Orai proteins in PCa. Orai1 has first been 

implicated in apoptosis regulation through its involvement in store-operated calcium channels 

(SOC). In another study, Orai1 was shown to be involved in advanced prostate cancer cell 

proliferation via its association with Orai3 isoform to form arachidonic acid-regulated channels 

(ARC). However, the role of Orai1 remains to be studied in the context of proliferation of hormone-

sensitive prostate cancer cells and PCa CSC physiology. 

Moreover, in order to bypass current targeting limitations of Orai1, we aimed to identify a 

partner protein able to regulate Orai1 in PCa. Indeed, the importance of partner proteins in the 

regulation of ion channel activity has been well documented. For this purpose, we focused on the 

Sigma 1 receptor (S1R), a chaperone protein capable of ion channel regulation. Interestingly, S1R 

expression is increased in PCa and this protein can bind many different pharmacological 

compounds currently used in other clinical applications. This study thus aimed to first study the 

role of Orai1 in PCa and CSC physiology, and then characterize the role of S1R as a new regulator 

of Orai1 in PCa. 

 

This work led to the identification of new roles for Orai1 in cancer. We first show that Orai1 

is a key regulator of CSC transition between the quiescent state of dormancy and the active 

proliferative state via the NFAT pathway. The expression and activity of Orai1 are downregulated 

in CSCs as compared to their non-stem cancer cell counterpart, and this will push the cells towards 

dormancy at the expense of proliferation. These results thus suggest that Orai1 could represent a 

new interesting marker to determine PCa aggressiveness and identify the highly tumorigenic CSC 

population. Interestingly, we confirmed these results in melanoma CSCs, showing that Orai1 

regulation of CSC quiescence/activation could be a trend not limited to prostate. 
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In this work, we also investigated new ways to target Orai1 through the S1R. We show 

here that the S1R directly interacts with Orai1 in plasma membrane, increasing its activity, and 

modulating PCa cell proliferation. Finally, we characterized the regulation of Orai1 and S1R 

expression by androgen, which dramatically affects their presence and role throughout PCa 

progression. 

 

To summarize, our results led to the identification of a key regulator of PCa proliferation 

(Orai1) and propose an alternative method for its targeting through the identification of a new 

partner protein: the S1R. These results could therefore lead to the development of new markers 

and innovative therapeutic strategies by combining the clinically validated S1R modulators with 

ion channel pharmacology. 
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Résumé 

 

Le cancer de la prostate (CaP) est le cancer le plus fréquent et le troisième plus mortel 

chez l’homme en Europe. Le CaP a la particularité d’être hormono-sensible ; ainsi la première 

ligne de traitement pour les tumeurs non opérables consiste en une privation d’androgènes. 

Malheureusement, ce traitement conduit inévitablement à un échappement thérapeutique et au 

développement d’un cancer hormono-résistant agressif pour lequel il n’existe pas de traitement 

curatif à l’heure actuelle. Il y a donc un réel besoin clinique d’identifier de nouveaux marqueurs et 

de proposer des stratégies thérapeutiques plus efficaces. 

Les cellules souches cancéreuses (CSC) représentent une sous population de cellules 

cancéreuses présentant des propriétés de cellules souches. Les CSCs sont ainsi principalement 

quiescentes, mais elles sont hautement tumorigènes lors de leur activation. Les CSCs sont donc 

associées aux phénomènes de dormance tumorale, puis de rechute suite à leur réactivation. Les 

mécanismes régulant la transition dormance/prolifération constituent donc une question centrale, 

et leur identification permettrait de développer de nouvelles approches thérapeutiques. 

L’importance des protéines Orai dans le CaP a déjà été montrée lors de précédentes 

études. Constituant majeur du SOC (store-operated calcium channel) dans les cellules 

cancéreuses prostatiques, Orai1 joue ainsi un rôle clé dans les mécanismes d’apoptose. Cette 

protéine canal a également été impliqué dans la prolifération des stades avancés du CaP par sa 

participation dans les canaux activés par l’acide arachidonique (ARC, arachidonic acid-regulated 

channels). Cependant, le rôle du canal Orai1 dans la prolifération pendant les stades précoces 

hormono-sensibles du CaP, ou son éventuelle implication dans le contrôle de la transition 

dormance/prolifération des CSC prostatiques, restaient inconnus. 

Parallèlement, au vu du rôle clé d’Orai1 dans le CaP et pour répondre aux limitations de 

son ciblage direct, nous avons cherché à identifier ses éventuelles protéines partenaires. En effet, 

de plus en plus d’études montrent l’importance de ces protéines dans la régulation des canaux 

ioniques. Nous nous sommes ainsi intéressés au récepteur Sigma 1 (S1R), précédemment 

identifié comme un partenaire de plusieurs familles de canaux ioniques. De manière intéressante, 

il voit son expression augmenter dans le CaP, et il possède de nombreux modulateurs 

pharmacologiques utilisés en clinique. Ce travail avait donc un double objectif : étudier le rôle 

d’Orai1 dans le CaP et les CSC prostatiques, et caractériser fonctionnellement le rôle du S1R en 

tant que nouveau partenaire du canal Orai1. 

 

Ces travaux ont ainsi permis d’identifier de nouveaux rôles du canal Orai1 dans le cancer. 

Nous avons tout d’abord mis en évidence l’importance d’Orai1 dans le contrôle de la transition 

entre l’état quiescent et l’état prolifératif des CSCs prostatiques grâce à la voie de signalisation 

NFAT. En effet, l’expression et l’activité d’Orai1 chutent dans les CSCs par rapport aux cellules 



  6 

cancéreuses non souches, et cette diminution va orienter les CSCs vers la dormance aux dépens 

de la prolifération. Ces résultats suggèrent donc qu’Orai1 constituerait un nouveau marqueur 

permettant d’évaluer l’agressivité du PCa et d’identifier une sous-population de CSCs hautement 

tumorigènes. Le ciblage d’Orai1 pourrait également permettre le développement de thérapies 

spécifiques visant les CSCs. De plus, ces résultats ont été confirmés dans un autre modèle, les 

CSCs de mélanome, ce qui montrerait que le rôle d’Orai1 dans la transition entre quiescence et 

prolifération serait généralisable au-delà du modèle prostatique. 

En parallèle, pour faciliter le ciblage d’Orai1, nous nous sommes intéressés au S1R dans 

le contexte du CaP. Nos travaux montrent que le S1R interagit directement avec Orai1 dans la 

membrane plasmique, et module positivement l’entrée capacitive de calcium (ECC) de canaux 

SOC, impactant ainsi la prolifération des cellules cancéreuses prostatiques. Nous avons 

également mis en évidence la régulation de l’expression de ces protéines par les androgènes, 

impactant dramatiquement leur présence et rôle dans l’évolution du CaP. 

 

Nos résultats ont donc permis l’identification d’un acteur central du contrôle de la 

prolifération du CaP (Orai1), et la caractérisation d’une nouvelle protéine partenaire du canal 

Orai1 dans le CaP : le S1R. Ces résultats pourraient à terme permettre de développer des 

thérapies innovantes, notamment grâce à l’utilisation conjointe de modulateurs pharmacologiques 

du S1R cliniquement validés, et de modulateurs des canaux calciques. 
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I. Prostate in health and disease 

1. Prostate physiology 

a. Anatomy and function 

The prostate is a walnut sized muscular gland of the male reproductive system located directly 

below the bladder and above the pelvic floor muscles, behind the pubic symphysis and in front of 

the rectum. 

The prostate anatomic model established by John McNeal (McNeal 1988) divides the gland in four 

anatomically and functionally distinct areas surrounded by a capsule (Figure 1): 

• Central zone: representing approximately a quarter of the gland, this proximal area is 

located at the base of the prostate, surrounding the ejaculatory ducts. 

• Peripheral zone: constituting 70% of the prostate gland, this large area posteriorly 

envelops the central zone, extends caudally to the apex of the prostate and wraps around 

the urethra bellow the seminal colliculus. 

• Transitional zone: representing less than 5% of the total gland in healthy prostate, this 

region is constituted by two lobes wrapped around the urethra between the bladder and 

the seminal colliculus. 

• Anterior fibromuscular stroma: small non-glandular zone constituting about 5% of the 

gland, located anteriorly to the urethra. 

Figure 1: Zonal anatomy of the prostate 

Adapted from Baylor College of Medicine 1990, based on McNeal 1988. 
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As pictured in Figure 1, the prostate surrounds the proximal part of the urethra, called the prostatic 

urethra. This particular localization allows it to fulfill its dual role of prostate fluid secretion and fluid 

propelling during ejaculation and urination. 

The main function of this gland is to produce the prostate fluid which makes up a third of the total 

semen volume. This liquid is composed of ions and enzymes such as the prostate specific antigen 

(PSA) which helps semen liquefaction. Prostate fluid helps the proper functioning of sperm cells 

and is therefore an important factor for men fertility. 

The muscle component of the prostate helps ensure proper fluid excretion. First, during urination, 

prostate muscles contract in order to block ejaculatory ducts and help urine to go along the urethra 

from the bladder to the penile end. Prostate muscles also participate in the ejaculation process, 

with the help of bladder muscles, to block the upper part of the urethra leading to the bladder in 

order to avoid retrograde semen reflux to the bladder and ensure a proper propelling towards the 

external orifice at the penile end of the urethra. 

b. Histology 

The prostate tissue is composed of a fibromuscular stroma with glandular epithelia, both separated 

by a basal lamina. 

The prostate epithelium is organized in glandular acini secreting the prostate fluid into the luminal 

space. Each acinus is composed by a luminal cubic layer of secretory epithelial cells followed by 

a layer of basal cells and neuroendocrine cells (Figure 2; Barron and Rowley 2012). The basal 

cells constitute the unspecialized proliferating compartment of the acini; these cells will 

differentiate into secretory cells or, in rare case, undergo neuroendocrine differentiation. 

The acini are surrounded by a fibromuscular stroma composed of a collagen-rich extracellular 

matrix containing fibroblasts, smooth muscle cells, blood vessels, autonomic nerves and immune 

cells. 

c. Regulation by androgens 

Through the androgen receptor (AR), androgens regulate key physiological processes in prostate 

epithelia such as proliferation, survival, differentiation and secretion (Dehm and Tindall 2006). 

Indeed, the suppression of the androgen stimuli leads to prostate atrophy due to a decreased 

epithelial cell proliferation and increased epithelial cell death (English et al. 1989; Wright et al. 

1996). This shows the importance of androgens in the regulation of the life and death balance of 

prostate cells. Thus, the deregulation of this equilibrium can lead to pathological processes such 

as prostate cancer (see section I.2.). 

Androgens are a type of steroid hormones mainly produced in the testes. This production is 

regulated by the hypothalamic luteinizing hormone (LH)-releasing hormone (LHRH) and 

downstream LH produced by the anterior pituitary. The main androgen is testosterone, produced 

by Leydig cells in testes (Miller and Auchus 2011). Testosterone reaches the bloodstream where 

it is transported bound to the liver-produced sex hormone binding globulin (SHGB) or human 



  41 

serum albumin (HSA) (Zheng et al. 2015). When testosterone reaches prostate cells, it is 

transformed into dihydrotestosterone (DHT), a more potent AR activator (Askew et al. 2007), by 

the 5-reductase (Steers 2001). 

The AR is a 110 kDa nuclear receptor that can act as a transcription factor upon ligand binding. 

Unbound AR is located in the cytoplasm, complexed to chaperone proteins. Upon androgen-

binding, the receptor is translocated to the nucleus where it dimerizes and regulates specific genes 

expression by binding androgen response elements (ARE) (Heinlein and Chang 2004). 

In addition to genomic regulation, the AR can also have rapid non-genomic effects including the 

modulation of signaling pathways within minutes of ligand binding (Foradori et al. 2008). 

 

 

2. Prostate cancer 

The prostate can be affected by three main conditions: 

• Prostatitis: a chronic or acute inflammation of the prostate, often, but not exclusively, due 

to bacterial infection. 

• Benign prostatic hyperplasia (BPH): a nonmalignant growth of the prostate gland common 

in aging men. Indeed, most men present histologic features of BPH by 90 years. This 

hyperplasia takes place in the epithelia and stroma of the transition zone. This enlargement 

compresses the urethra causing lower urinary tract symptoms with obstruction and 

Figure 2: Cellular components of the prostate 

Barron and Rowley 2012 
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increased frequency. BPH being mostly promoted by androgen stimuli, 5-reductase 

inhibitors are used to alleviate the symptoms. 

• Prostate cancer (PCa): an adenocarcinoma that develops preferentially, but not 

exclusively, in the peripheral zone of the prostate.  

Here, we will focus on the PCa, that will be described below. 

a. Facts and figures 

With an estimated 1,276,106 new cases and 358,989 deaths in 2018, PCa is the second most 

frequent and fifth deadliest cancer worldwide (GLOBOCAN 2018, GCO, IARC). This pathology 

has more impact in developed countries, were it ranks as the most frequent and the third deadliest 

malignancy. This is due to the fact that this cancer has been linked with old age, and the ageing 

of the world’s population will increase its prevalence in the coming years. 

As indicated above, the main risk factor for PCa is age, it is the most diagnosed cancer in old men 

with an incidence rate of nearly 60% in men older than 65 years. Other risk factors include 

ethnicity, with the highest incidence in African-American men (SEER, NIH). Family history and 

dietary habits have also been linked to PCa development (Rawla 2019). 

b. Development 

PCa most probably arises from preneoplastic lesions called prostatic intraepithelial neoplasia 

(PIN) accompanied by genomic instability and key cellular events. This progression is 

characterized by a progressive loss of differentiation status, loss of basal lamina, accumulation of 

genetic alterations, development of neovascularization and increased proliferation. Although this 

affects epithelial cells, the stroma has been shown to be implicated as well during PIN formation. 

Indeed, the reactive stroma, i.e. the stroma adjacent to PINs and prostatic tumors, has been 

shown to play a crucial role in PCa development (Barron and Rowley 2012). 

PCa develops progressively, first locally within the gland. The tumor will then spread across the 

capsule surrounding the prostate to spread to local structures such as seminal vesicles. The next 

step will be lymph node invasion. In the most advanced stages, PCa spreads via blood circulation 

to form metastasis in distant organs with a preference for liver, bones and lungs. 

c. Diagnostic and prognosis 

The most common symptoms of PCa are lower urinary tract symptoms such as blockages and 

increased frequency, but they do not manifest in every patient as PCa can be asymptomatic and 

indolent in its early stages. 

However, PCa early diagnosis is important as it can impact patient survival. Numbers show a 

100% 5-year survival rate in patients diagnosed with localized PCa, but survival is decreased to 

30% in patients with metastatic PCa at diagnosis (SEER, NIH). 

The first elements taken into account for PCa diagnosis are age and the symptoms briefly 

described above. Then, there are three steps for PCa diagnosis: 
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• Digital rectal exam: allows the detection of an abnormal growth of the posterior peripheral 

zone of the prostate that is near the rectal wall. 

• PSA levels: as mentioned above, PSA is an androgen-dependent protein secreted by 

prostate glands (Kim and Coetzee 2004). This antigen can be found in high concentrations 

in blood during PCa, and was thus proposed as a PCa marker in the 1990s (Catalona et 

al. 1991). Since then, PSA has been the most used biomarker for this pathology. However, 

this is a controversial marker that can lead to false positives due to its variable expression. 

PSA have shown to be uncorrelated to PCa stages, and high PSA levels can be found in 

patients with BPH. Thus, PSA blood levels should be interpreted with caution. As a 

consequence, in some countries, recommendations have been made against routine PSA 

screening in elderly men. However, this marker is still widely used today to follow and help 

detect PCa. PSA can also be combined with the monitoring of other specific markers to 

increase its accuracy in PCa detection. Generally, patients with PSA levels > 4 ng/ml will 

be directed to the next step of PCa diagnosis. 

• The final and essential step for PCa diagnosis is the biopsy to validate the diagnosis and 

grade the PCa. 

Further imaging can be required to fully diagnose the pathology, such as bone scans to assess 

bone metastasis for example. 

PCa advancement is then determined by clinical staging and histological grading. Those crucial 

steps will allow to evaluate the prognosis and define the optimal therapeutic strategies for the 

patient. 
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d. Histological grading 

Histopathological grading is essential for staging. The recommended grading system is the 

Gleason score which evaluates the differentiation of the tissue (Gleason and Mellinger 1974). The 

tissue differentiation pattern is divided in five grades (Figure 3): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• Grade 1: small, defined, uniform, round acini with defined borders closely arranged 

together. 

• Grade 2: the glands are well defined, but bigger and more spaced due to increased stroma. 

• Grade 3: undefined glands of variable sizes, loss of margins and stroma invasion. 

• Grade 4: most of the glands are fused, but some defined glands are still present. 

• Grade 5: sheets of tumor cells, no apparent gland or any tissue structure. 

The final Gleason grade is the sum of the two most prevalent grades in the sample, the primary 

followed by the secondary. 

  

Figure 3: Gleason histological patterns of PCa 

Gleason and Mellinger 1974 
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e. Clinical staging 

The TNM (tumor, node, metastasis) classification method was first proposed in 1977 (Ammon et 

al. 1977) and revised in 2010 by the American Joint Committee on Cancer (Cheng et al. 2012). 

This staging initially relies on three criteria: primary tumor size and extent (T), local lymph node 

invasion (N) and distant metastasis development (M). The Gleason score (G) has later been 

added as a fourth component. This method defines four stages of PCa, from I to IV, with increasing 

aggressiveness (Figure 4): 

• Stage I: small tumor, no lymph node invasion (N0), no metastasis (M0), Gleason 2-4. 

• Stage IIA: the tumor is slightly bigger, N0, M0, Gleason 6-7 or lower. 

• Stage IIB: the tumor is spread but localized within the prostate, N0, M0, any Gleason. 

• Stage III: extracapsular tumor extension, N0, M0, any Gleason. 

• Stage IV: the tumor invades structures other than seminal vesicles, possible lymph node 

invasion (N0-1), possible distant metastasis (M0-1), any Gleason. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Clinical staging of PCa 

PQD® Cancer Information Summaries, NIH 
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f. Treatment 

Different therapeutic options are available depending on PCa staging. 

As stated above, prostate cells proliferation/death balance is regulated by androgens, and PCa 

arises in part from the deregulation of this equilibrium. As a consequence, historically, androgen 

depletion was the first treatment developed for PCa (Denmeade and Isaacs 2002). The effect of 

androgen depletion therapy (ADT) on PCa was first showed in the 1940s by Charles Huggins 

(Huggins et al. 1941). Thus, throughout the decades, many different strategies have been 

developed to deprive prostate tumors of androgens. Currently, two main strategies of chemical 

castration are used to treat the patients: non-steroidal anti-androgens such as Bicalutamide 

(Casodex®) and LHRH agonists. However, studies showed that ADT is not able to cure PCa and 

has just palliative properties. Indeed, this treatment will inescapably lead to resistance and 

development of androgen-resistant aggressive tumors called castration resistant PCa (CRPC) for 

which there are no curative treatment available as of today (Feldman and Feldman 2001). But, 

recent studies showed that androgen deprivation can be useful when combined to other 

therapeutic strategies. 

PCa can have a slow development, thus, for low grade localized tumors, the preferred option will 

be expectant management. 

For a localized tumor of higher risk, the first line of treatment will be surgical removal by radical 

prostatectomy. 

If the tumor is locally advanced, radiotherapy is the most used treatment. There are two main 

approaches: brachytherapy and external beam radiation. Brachytherapy, the implantation of small 

radioactive seeds directly in the prostate gland, has shown to be effective for PCa treatment 

(Ragde et al. 2000). External beamed radiation is a widely used technique today that has been 

highly improved by recent technological advances. It has been shown that combination with 

androgen deprivation increases its efficiency (Pilepich et al. 1995). 

Finally, cytotoxic chemotherapy has been used to treat advanced metastatic PCa. Different 

combinations have been proposed with agents such as docetaxel and doxorubicin. Interestingly, 

studies showed that the monitoring of PSA levels during chemotherapies could help predict 

response to treatment. 

g. Mechanisms of resistance 

As indicated above, PCa can resist treatment and develop into CRPC. Several mechanisms have 

been proposed to explain this resistance on the basis of the selection of a clone with survival 

advantages. Indeed, the androgen deprivation will target androgen-sensitive PCa cells, but it will 

also select an androgen-independent subpopulation that has the ability to proliferate without 

androgen stimulus. These mechanisms can be categorized in two main subsets: androgen-

dependent or androgen-independent mechanisms (reviewed in Crona and Whang 2017). 
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For the mechanisms involving the AR (reviewed in Waltering et al. 2012), there can be AR 

overexpression (Chen et al. 2004) or AR mutations affecting ligand affinity (Veldscholte et al. 

1990) for example. It has also been shown that the AR could be activated by factors other than 

androgens (Culig et al. 1994). Constitutive AR splice variants have also been documented in 

CRPC (Kallio et al. 2018). 

PCA cells can use other strategies to evade treatment, such as apoptosis inhibition and cell 

proliferation activation via androgen-independent pathways (reviewed in Crona and Whang 2017). 

Among them, one can find glucocorticoid receptor upregulation and the neuroendocrine 

differentiation. 

Another hypothesis to explain PCa relapse is the existence of cancer cells with stem-like 

properties. 
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II. Cancer stem cells 

Stem cells are undifferentiated, long-living cells that are unique in their ability to produce, 

by asymmetric division, a stem cell (SC) daughter in order to maintain the stem cell pool and a 

transient amplifying daughter that is destined to differentiate after several divisions. SC 

quiescence is crucial to protect their pool from exhaustion under conditions of diverse stresses 

and to ensure lifelong tissue preservation (Cheng et al. 2000; Cheung and Rando 2013). 

Increasing evidence supports the idea that cancer is driven by cancer stem cells (CSCs) (Nguyen 

et al. 2012; Reya et al. 2001). The CSC hypothesis states that not all tumor cells are equal in the 

sense that only a rare subset of cancer cells could be able to reconstitute a tumor mass: CSCs. 

According to this model, conventional therapies would only result in the elimination of dividing 

cancer cells with limited proliferative potential. These therapies would however spare the 

quiescent CSCs, which can be activated to proliferate and lead to metastatic tumor relapse after 

diverse periods of tumor dormancy (Coller et al. 2006). According to this model, the rare subset 

of CSCs would be responsible for tumor initiation, growth and relapse. CSCs have been identified 

for many cancer types, including PCa. 

Although PCa cells derive from the luminal epithelial cell-type, studies showed that PCa initiating 

CSCs arise from basal cells (Goldstein et al. 2010). Basal cells are less differentiated cells that do 

not express the AR and the PSA. Through a combination of specific markers, prostate CSCs were 

isolated by different teams (Collins et al. 2005; Hurt et al. 2008; Patrawala et al. 2007). This rare 

subset representing less than 0.1% of the total cells showed increased invasive and self-renewal 

properties. 

The proper characterization of prostate CSCs is still lacking, de facto preventing their targeting for 

therapeutic purposes. 
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III. Calcium channels 

Calcium is the most tightly regulated ion within the cells and represents a highly versatile 

second messenger controlling key physiological processes. As a consequence, any disruption of 

calcium homeostasis via calcium channel expression and/or activity remodeling leads to abnormal 

processes. Calcium channels have thus been implicated in the hallmarks of cancer (Monteith et 

al. 2017; Prevarskaya et al. 2018). 

Calcium signaling can have a plethora of consequences, depending on its specific spatial and 

temporal pattern (Berridge et al. 2003). The cytosolic calcium concentration is very low (around 

100 nM free calcium), when in comparison, extracellular concentration is in the millimolar range 

(1-2 mM). Within the cell, calcium will be mainly stored in the endoplasmic reticulum (ER, 0.1-1 

mM), and in other organelles to a lesser extent. The calcium signaling toolkit is also composed of 

highly sensitive calcium-binding effectors, allowing specific and effective signaling in response to 

calcium variations. As a consequence, calcium signaling events can have drastic and diversified 

effects within the cells. 

The first component of calcium signaling is represented by calcium channels that are mainly 

present at the plasma membrane (PM). Among them one can find the TRP (transient receptor 

potential) family comprised of more than 30 members (Clapham et al. 2001). This highly diverse 

family contains members with variable calcium permeability, as well as activation properties. Other 

important PM calcium channels are the store-operated channels (SOC), also known as calcium 

release-activated calcium channels (CRAC). Constituted by Orai and STIM, these channels 

represent the major calcium entry pathway in non-excitable cells, called the store-operated 

calcium entry (SOCE) (reviewed in Derler et al. 2016; Prakriya and Lewis 2015) (Figure 5). 

ER also plays a crucial role in calcium homeostasis. Among the calcium channels found in the 

ER, there is the IP3R (inositol 1,4,5-trisphosphate receptor). This channel is activated by the IP3 

generated through the activation of a G-protein-coupled receptor (GPCR) or a tyrosine kinase 

receptor (TKR) at the plasma membrane, and associated phospholipase C (PLC). Its activation 

will lead to transient ER calcium store depletion into the cytoplasm. Cytosolic calcium can reenter 

the ER via the sarcoplasmic/endoplasmic reticulum calcium ATP-ases (SERCA). 

Other organelles can also take part in calcium signaling. For example, in mitochondria, calcium 

uptake from the mitochondrial calcium uniporters (MCU) can regulate cell physiology and 

metabolism. 
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Figure 5: Simplified view of the calcium signaling 

Prakryia and Lewis 2015 

An agonist (Ag) binds to its receptor (R), either a G protein coupled receptor (GPCR) or a tyrosine-

kinase receptor (TKR). The receptor will activate the phospholipase C (PLC) and produce IP3 (inositol 

1,4,5-trisphosphate) from PIP2 (phosphatidylinositol 4,5-bisphosphate). The IP3 binds and activates 

its receptor (IP3R) at the ER, leading to a Ca2+ release from the ER to the cytoplasm, activating the 

SOC channels. Calcium leak channels are constitutively activated and leak calcium from the ER to 

the cytoplasm. 

Also depicted on this diagram are the experimental procedures to activate the SOC channels: 

intracellular Ca2+-chelation (EGTA), SERCA pump inhibition (thapsigargin), ER Ca2+ release 

(ionomycin). 
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IV. Store-operated calcium channels 

As stated above, SOC channels are responsible for the SOCE, also called capacitative 

calcium entry (CCE). This particular calcium entry has been documented since the 1980s (Putney 

2011; Putney 1990), but its mechanisms remained obscure until its molecular characterization 

almost 20 years later. Indeed, SOC channels are composed of two distinct proteins: Orai, the 

channel unit, and its activator STIM, an ER calcium sensor. There are three Orai isoforms and two 

STIM isoforms. In PCa, SOC channels have been shown to be constituted of Orai1 and STIM1. 

We therefore focused on these two isoforms in our studies. 

1. STIM1 

Stromal interaction molecule (STIM) was first identified in a screen for adhesion molecules 

in pre-B cells (Oritani and Kincade 1996). Its role was unknown for almost 10 years, until it was 

identified as a component of the SOC channels. Indeed, STIM acts as a calcium sensor in the ER 

(Liou et al. 2005; Roos et al. 2005). 

There are two STIM isoforms, STIM1 (74k Da) and STIM2 (84 kDa), with relatively high homology. 

Even though both isoforms are ubiquitously expressed, STIM1 is generally expressed at higher 

levels, as it is the case in PCa cells. Moreover, the two isoforms can have distinct physiological 

roles. As stated above, STIM1 is the major component of SOC channels in PCa cells. 

STIM1 is a type I single pass ER membrane protein with its N-terminal (Nt) end residing within ER 

lumen, whereas its C-terminal (Ct) end is in the cytoplasm (reviewed in Soboloff et al. 2012). On 

its luminal domain, STIM1 possesses a calcium-binding EF-hand associated to a sterile -motif 

(SAM) domain, essential for its role as an ER calcium sensor. On its cytoplasmic side, STIM1 has 

three coiled-coil domains constituting the Orai1-activating small fragment (OASF) (detailed in 

Figure 6). Within the OASF, one can find the CAD/SOAR (CRAC-activation domain/STIM-Orai 

activating region) domain, containing the minimum fragment required for Orai1/STIM1 interaction. 
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2. Orai1 

Orai, the channel unit of SOC channels, was identified a year after STIM1 (Feske et al. 

2006; Prakriya et al. 2006). Over all, three highly homologous isoforms of Orai can be found 

(Orai1-3). Among them, Orai1 often presents the highest expression levels and is the best 

characterized. 

Orai1 (33 kDa) is constituted by four transmembrane domains with both extremities facing the 

cytoplasm. Both C- and N-termini are required for STIM1 interaction (McNally et al. 2013), as 

shown in Figure 7. The crystal structure of drosophila Orai revealed an hexameric association to 

form a functional channel (Figure 7C) (Hou et al. 2012). The pore is constituted by the extended 

transmembrane Orai1 N-terminal domain (ETON), the first transmembrane domain (TM1) and the 

calcium accumulating region (CAR). 

The channel formed by Orai1 is one of the most Ca2+-selective channels, presents an inward 

rectification and an extremely low conductance (around 10 fS in 2 mM Ca2+). In addition, SOC 

channels present low permeability for large ions with a PCs/PNa  0.1 (Lepple-Wienhues and 

Cahalan 1996). 

Figure 6: Molecular structure of STIM1 

Soboloff et al. 2012 

Molecular domains of STIM1, with the key residues underlined. At the Nt end, we have a signal 

peptide (SP), cleaved during translation. On its luminal domain, STIM1 possesses a Ca2+-binding EF-

hand domain conferring calcium sensor abilities. This is followed by a SAM (sterile -motif) domain 

and a single transmembrane domain (TMD). The cytosolic domain of STIM1 contains three coiled-

coil regions (CC1-3). SOAR (STIM-Orai activating region) is the sequence required to activate Orai1 

via its underlined KIKKKR sequence. The SOAR is comprised of four  helices (S1-4) spanning 

from the CC2 to the CC3. The SOAR is located within the CAD (CRAC-activation domain), which is 

part of the OASF (Orai1-activating small fragment) together with the CC1. Upstream of the SOAR 

and within the CC1, one can find the C3 SOAR-inhibitory helix. Downstream of the SOAR, one can 

find the ID (inhibitory domain) responsible for the characteristic fast Ca2+-dependent inactivation of 

Orai1. At the Ct end, STIM1 contains a proline/serine-rich domain (PS), a microtubule-interacting 

domain (TRIP for threonine-arginine-isoleucine-proline) and a lysine-rich domain (K) that allows 

interaction with the phospholipids of the PM. 
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3. SOC activation mechanism 

SOC channels have a unique activation mechanism. These channels are activated by ER 

calcium depletion detected by STIM1. This process is highly dynamic and involves the remodeling 

of both Orai1 and STIM1 in the PM and the ER membrane respectively. 

In basal conditions, STIM1 is associated in dimers homogeneously distributed in the ER. The 

sensor binds calcium in the ER lumen via its EF-hand domain, stabilizing the EF-SAM structure 

in an inactive state. This process is reinforced by interactions in the cytoplasmic domains involving 

CC1 and CAD domains (Muik et al. 2009; Zhou et al. 2013): CC1 binds and retains the CAD 

domain, forming an inhibitory clamp (Figure 8). 

Figure 7: Molecular structure of Orai1 

Adapted from Derler et al. 2016 and Prakriya and Lewis, 2015 

A. Orai1 molecular structure; key residues are highlighted. Orai1 possesses 4 transmembrane 

domains (TM1-4). The pore of Orai1 is composed of the extended transmembrane Orai1 N-terminal 

domain (ETON), found upstream the first TM, and the Ca2+ accumulating region (CAR) found between 

TM1 and TM2. B. Topology of Orai1. Orai1-3 are highly conserved in their transmembrane regions 

(TM) but differ in their N- and C-termini, as showed in the compared sequences. The putative 

interaction sites with STIM1 are indicated in thick orange lines at both Nt and Ct. Yellow lines indicate 

the sites of gain of function mutations leading to STIM1-independent Orai1 activation. Red lines show 

loss-of function mutations. In black are the mutations affecting ion selectivity. The purple line shows 

the region regulating the Ca2+-dependent inactivation. C. Hexameric assembly of Orai subunits based 

on the crystallography of drosophila Orai. Colors are the same as in A. 
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STIM1 is activated by the loss of calcium binding to its EF-hand due to ER calcium store depletion. 

Calcium release triggers the unfolding of the EF-SAM domain resulting in conformational changes 

in both luminal and cytosolic parts of STIM1. In this process, the EF-SAM domain exposes 

hydrophobic surfaces allowing STIM1 oligomerization (Luik et al. 2008; Stathopulos and Ikura 

2013). On the cytoplasmic side, the inhibitory clamp formed by CC1 interacting with CAD is 

released, allowing CAD exposition for Orai1 activation (Covington et al. 2010; Fahrner et al. 2014). 

As a consequence, the cytosolic end of STIM1 extends towards the PM to bind Orai1 (Muik et al. 

2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 8: STIM1 activation sequence 

Soboloff, et al. 2012 

The colors for STIM1 domains are the same as in Figure 5. In resting STIM1 dimer, the TM domains 

(green) are separated. The EF-SAM domains (yellow and dark blue) are separated and bound to 

calcium. CC1 (light blue) binds and inhibits the CAD domain (in purple, inhibitory clamp), maintaining 

the cytosolic domain in a compact configuration. After ER store depletion, the calcium release from 

the EF-SAM domains triggers STIM1 activation. The TM and the EF-SAM domains of the dimer bind 

together, releasing the inhibitory clamp, allowing STIM1 extension in the cytoplasm towards the PM. 

STIM1 dimers oligomerize and diffuse to ER-PM junctions. The lysine-rich Ct end of STIM1 (green 

circle) binds PIP2 at the PM (red circle). The Orai1/STIM1 interaction is shown on the left, with the 

SOAR of STIM1 binding to the Ct extension of Orai1. 
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In the meantime, Orai1 and STIM1 move by diffusion within their respective membranes to 

accumulate at ER-PM junctions (Wu et al. 2014; Wu et al. 2006a). This clustering of Orai1 and 

STIM1 will lead to the formation of characteristic structures called puncta (Figure 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When STIM1 oligomers reach the ER-PM junctions, the lysine-rich region at the Ct end of STIM1 

binds PIP2 (phosphatidylinositol 4,5-bisphophate) at the PM (Liou et al. 2007). Then, STIM1 binds 

and activates Orai1. STIM1 Ct has been shown to be sufficient to activate Orai1 (Huang et al. 

2006). A few years later, the OASF was shown to be the minimal required fragment for Orai1 

binding and activation (Kawasaki et al. 2009; Muik et al. 2009; Park et al. 2009; Yuan et al. 2009). 

Within the OASF, the CAD domain directly interacts with Orai1 Ct end, as well as the Nt end to a 

lesser extent. The coupling between STIM1 and Orai1 Ct, called the STIM1/Orai1 association 

pocket (SOAP), has been well resolved (Stathopulos et al. 2013). The interaction between STIM1 

and Orai1 Nt has been debated, and although STIM1 binding has not been ruled out, recent 

studies show that Orai1 Nt can in fact bind the loop between Orai1’s TM2 and TM3, stabilizing the 

protein (Fahrner et al. 2018; Yeung et al. 2018). 

  

Figure 9: STIM1 and Orai1 co-clustering 

Adapted from Prakriya and Lewis, 2015 

A. Confocal images of mCherry-STIM1 and GFP-Orai1 in HEK-293 cells in resting conditions (top) or 

after calcium store depletion (bottom). B. Diagram showing STIM1 and Orai1 co-clustering 
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Electrophysiology studies show that the hexameric channel formed by Orai1 is only fully functional 

when all six Ct are bound to STIM1 (Yen and Lewis 2018) (Figure 10A). There are currently two 

models proposed for STIM1/Orai1 binding: the monomeric or the dimeric model (Yen and Lewis 

2019) (Figure 10B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

While the exact mechanisms of SOC channel gating remain to be identified, as the open state of 

Orai1 has not been resolved to this day, three putative gating models are proposed (reviewed in 

Qiu and Lewis 2019). 

 

4. SOC inactivation mechanism 

The SOC channels are characterized by an important feedback mechanism: Ca2+ entering 

the channel leads to a rapid Ca2+-dependent inactivation (CDI). This is a two-step process with a 

fast CDI (FCDI) and a slow CDI (SCDI) component (reviewed in Parekh 2017). 

FCDI happens in a matter of milliseconds and is mediated by the inhibitory domain of STIM1 (also 

called CRAC modulatory domain, CMD) (Derler et al. 2009; Lee et al. 2009; Mullins et al. 2009). 

Figure 10: STIM1 and Orai1 binding models 

Yen and Lewis, 2019 
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Evidence suggests that this regulation takes place via an interaction with the Nt end of Orai1 

(Mullins and Lewis 2016). 

SCDI is observed minutes after channel opening, via Ca2+-calmodulin (CaM) interaction with the 

CAD domain of STIM1,  disrupting the Orai1/STIM1 complex (Li et al. 2017). 

Furthermore, CDI has been shown to be regulated by SARAF, an ER resident protein that interacts 

with the CAD domain of STIM1 in the presence of Orai1/STIM1 complexes (Palty et al. 2012) 

(reviewed in Cao et al. 2015). 

 

5. SOC modulation 

The SOC channels can be modulated by multiple factors, as discussed below. 

SOC activity can be regulated through phosphorylation: Orai1 can be inhibited via phosphorylation 

by the protein kinase C (PKC) (Kawasaki et al. 2010), and studies showed that STIM1 diffusion to 

the ER-PM junctions can be slowed down by phosphorylation. 

Orai and STIM can be modulated by reactive oxygen species via cysteine residues (reviewed in 

Bogeski et al. 2012). Orai3 has been shown to be less sensitive than Orai1, due to the absence 

of some cysteine residues. 

SOC channels have also been shown to be sensitive to pH (Mancarella et al. 2011) and 

temperature variations (Xiao et al. 2011). 

Another major component in the regulation of SOC channel activity is the interaction with other 

proteins. Indeed, SOC binding to SARAF and CaM were already described above, but both Orai1 

and STIM1 have been shown to interact with other proteins. For example, the cytoplasmic CRAC 

regulatory protein 2A (CRACR2A) has been shown to directly bind STIM1 and Orai1, promoting 

their association (Srikanth et al. 2010). This protein is inhibited by Ca2+-binding on its cytosolic EF-

hand. 

 

6. SOC pharmacology 

The complex activation mechanism of SOC channels allows its pharmacological targeting 

at different levels. Several SOC inhibitors have thus been developed, acting via either STIM1 

inhibition, Orai1 inhibition or STIM1/Orai1 coupling inhibition (reviewed in Tian et al. 2016). Some 

of them will be briefly described below. 

a. Lanthanides 

Orai1 can be inhibited by trivalent cations such as La3+ and Gd3+ (Hoth and Penner 1993), but 

lanthanides can also inhibit other Ca2+ channels including members of the TRP family. 

b. 2-aminoethyldiphenyl borate (2-APB) 

2-APB has been widely used to study SOC channels. At low concentrations, this compound 

increases SOC activity, whereas high concentrations can have an inhibitory effect. 



  58 

However, this compound can also affect the activity of SERCA pumps and ion channels of the 

TRP family. 

c. 3,5-bis(trifluoromethyl)pyrazole (BTP2) 

Also known as YM-58483, BTP2 inhibits SOCE through an unknown mechanism. However, it has 

been shown to modulate other calcium channels of the TRP family. 

d. Synta66 

A more recent compound similar to BTP2, Synta66, appears to be relatively specific. This inhibitor 

has been widely used in recent years to inhibit SOC channels. 

e. GSK compounds 

Other recent pyrazole derivatives, the GSK-5503A and GSK-7975A, are thought to inhibit SOCE 

via pore geometry alteration. Interestingly, these compounds have been shown to have little to no 

effect on other channels, except for TRPV6 (TRP vanilloid member 6). 

f. RO2959 

This Roche compound is another relatively selective pyrazole derivative inhibiting SOCE through 

an unknown mechanism. 

 

7. Gene expression regulation via SOC channels 

SOCE can have various long-term or short-term effects on cell physiology. One of the most 

documented long-term effect is the regulation of gene expression via the activation of the NFAT 

(nuclear factor of activated T cell) transcription factor (TF) (Hogan et al. 2003; Müller and Rao 

2010). This pathway was first identified in immune cells (Feske et al. 2001), but was later shown 

to be present in most cell types, regulating various cellular processes. The NFAT family comprises 

five members: NFATc1 (also known as NFATc and NFAT2), NFATc2 (also known as NFATp and 

NFAT1), NFATc3 (also known as NFATx and NFAT4), NFATc4 (NFAT3) and NFAT5. Among 

these five members, only the first four are regulated by Ca2+. 

All NFAT proteins share a similar structure and are comprised of a regulatory domain (NFAT 

homology region, NHR) containing the transactivation domain (TAD), serine-rich regions (SRR), 

serine-proline-X-X repeat motifs (SP1-3) and docking sites. The NHR is followed by a DNA-binding 

domain (Rel-homology domain, RHD) and the Ct domain (Figure 11A). 

In basal conditions, NFATs are phosphorylated and restricted to the cytoplasm. Upon SOCE, the 

rise in cytosolic Ca2+ will lead to the activation of calcineurin (CN), a CaM-dependent 

serine/threonine phosphatase. CN will then dephosphorylate NFAT on 13 of its phosphorylated 

residues, exposing its nuclear localization sequence (NLS) (Figure 11B) (Okamura et al. 2000). 

Within the nucleus, NFAT is inactivated by phosphorylation via multiple kinases on its SRR and 

SP regions. These kinases fall in two different categories, depending on their localization. Export 

kinases are within the nucleus and allow the nuclear export of NFAT. Among these kinases, one 

can find the glycogen synthase kinase 3 (GSK3) (Beals et al. 1997), the casein kinase 1 (CK1) 
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(Okamura et al. 2004) and the dual-specificity tyrosine-phosphorylation regulated kinase 

(DYRK1). Maintenance kinases (CK1 and DYRK2) are cytoplasmic, and further phosphorylate 

NFAT in order to keep it in the cytoplasm. In the nucleus, NFAT has been shown to form a complex 

with NRON (non-coding RNA repressor of NFAT), IQGAP1 (IQ motif containing GTPase activating 

protein), CK1, GSK3 and DYRK (Sharma et al. 2011).  

 

 

 

 

Figure 11: NFAT structure and activation pathway 

Adapted from Müller and Rao 2010 

A. Molecular structure of NFAT. The regulatory domain (NFAT homology region, NHR) contains a 

transactivation domain (TAD), docking sites, serine-rich motifs (SRR1-2, SP1-3, KTS) and a nuclear 

localization signal (NLS). B. Ca2+ entering the cell through SOC channels binds and activates the 

CaM, which in turn activates the phosphatase calcineurin (CN). CN dephosphorylates NFAT, 

allowing its nuclear translocation. In the nucleus, NFAT can cooperate with MAPK-activated 

transcription factors such as AP-1 to regulate gene expression. Within the nucleus, NFAT can be 

phosphorylated by casein kinase (CK1), dual specificity tyrosine phosphorylation-regulated kinase 

1 and 2 (DYRK) and glycogen synthase kinase 3 (GSK3) resulting in its nuclear exclusion. The 

activity of CN can be inhibited by CABIN1 (CN-binding protein 1), AKAP79 (A-kinase anchor protein 

79), DSCR1 (Down’s syndrome critical region 1); or pharmacological inhibitor cyclosporine A (CsA) 

and FK506. NFAT can interact with scaffolding proteins such as NRON (non-coding RNA repressor 

of NFAT). NFAT can be inhibited by other mechanisms such as caspase 3 cleavage. 
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NFAT can be regulated by other mechanisms, such as cytoplasmic Homer binding (Huang et al. 

2008), cleavage by caspase 3 (Wu et al. 2006b), ADP-ribosylation by poly-ADP-ribose polymerase 

(PARP) (Olabisi et al. 2008), ubiquitylation by murine double minute 2 (MDM2) (Yoeli-Lerner et al. 

2005) or sumoylation (Terui et al. 2004). 

Various inhibitors have been identified for CN: calcineurin-binding protein 1 (CABIN1) (Sun et al. 

1998), the A-kinase anchor protein AKAP79 (Coghlan et al. 1995) and a DSCR (Down’s syndrome 

critical region) (Rothermel et al. 2000).  

Interestingly, Orai1 has been shown to be a more potent inducer of NFAT than Orai3. In this study, 

authors show that AKAP79 scaffolding protein brings CN in close contact with CaM and Orai1, 

facilitating the signaling pathway leading to NFAT activation (Kar et al. 2014). 

NFATc2 and NFATc3 have been shown to have distinct kinetics: NFATc2 shows sustained 

nuclear translocation, whereas NFATc3 exhibits transient activation (Yissachar et al. 2013). 

Furthermore, although local Ca2+ variations are sufficient to activate NFATc2, NFATc3 requires a 

nuclear Ca2+ rise via the IP3R as well to be activated (Kar et al. 2016; Kar and Parekh 2015). 

Once in the nucleus, NFAT can regulate gene expression by working as a dimer. NFAT can also 

interact with other TF, such as AP1 (activator protein 1), formed by the association of Fos and Jun 

(Jain et al. 1992). This versatility allows for the regulation of a wide set of genes implicated in 

various cellular processes. NFAT thus plays a role in many physiological and pathological 

processes. Indeed, NFAT has been shown to play a role in cancer, as we will briefly describe 

bellow (reviewed in Mancini and Toker 2009). 

 

8. SOC and cancer 

A growing number of studies show the importance of SOC channels in cancer (reviewed 

in Fiorio Pla et al. 2016). These channels have been shown to have both pro- and anti-tumor roles. 

Depending on the signature of the Ca2+ signal, SOCE can influence cell fate via different Ca2+-

regulated pathways and have both long-term and short-term effects as shown in Figure 12 

(Monteith et al. 2017).  

As previously stated, SOC channels can regulate gene expression via the NFAT pathway 

(reviewed in Pan et al. 2013), but other TF as well, such as CREB (cAMP response element 

binding protein) (König et al. 2013) and NFB (nuclear factor kappa B) (Berry et al. 2018). Via 

these TF, SOCE can, for example, increase the expression of genes implicated in the cell cycle, 

allowing a long-term increase in cell proliferation. Indeed, NFATc1 has been shown to have a pro-

proliferative transforming potential in fibroblasts (Neal and Clipstone 2003; Robbs et al. 2008), 

pancreatic carcinoma (Buchholz et al. 2006), Burkitt lymphoma and T-cell acute lymphoblastic 

leukemia (Pham et al. 2005). On the other hand, NFATc2 activates other signaling pathways 

inducing cycle arrest and apoptosis (Robbs et al. 2008). NFAT has also been implicated in other 
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oncogenic mechanisms such as migration and angiogenesis (reviewed in Mancini and Toker 

2009). 

 

 

SOC channels can also have short-term effects. For example, SOCE can regulate focal adhesion 

kinases (FAK) and Src kinases, key regulators of the focal adhesion assembly/disassembly, 

essential for cell migration. This is the case in breast cancer (BCa) (Yang et al. 2009a), melanoma 

(Sun et al. 2014) and esophageal squamous cell carcinoma (Zhu et al. 2014). 

Moreover, Orai proteins have been implicated in cancer through SOC-independent mechanisms: 

store-independent activation of Orai1 by secretory pathway Ca2+-ATPase 2 (SCPA2) increases 

proliferation (Feng et al. 2010). 

Figure 12: Calcium signaling and cancer 

Adapted from Monteith et al. 2017 

a. The amplitude and duration of the Ca2+ signal can determine cell fate (amplitude modulation, 

AM). b. The frequency of Ca2+ oscillations can also determine the outcome of the Ca2+ signaling 

(frequency modulation, FM). c. Localized and transient Ca2+ signals can activate cell migration. d. 

ER Ca2+ content can modulate ER stress and cell death. e. Ca2+ transfer from the ER to the 

mitochondria can determine autophagy and cell death. f. Moderate levels of Ca2+ in mitochondria 

modulates metabolism, whereas sustained increase can lead to cell death. g. Local calcium 

elevations can lead to specific TF activation in Ca2+ microdomains and gene regulation. 
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Interestingly, tumor microenvironment (TME) has been shown to regulate SOC activity via reactive 

oxygen species (Frisch et al. 2019). Moreover, cancer-associated hypoxia can lead to the 

acidification of the TME, modulating SOC channel activity. TME can also influence cancer cells 

via the secretion of growth factors (GF) that can activate SOC channels through RTK or GPCR 

activation and IP3 production. 

Orai1 and STIM1 have been shown to regulate cancer cell proliferation in lung cancer (Hou et al. 

2011), clear renal cell carcinoma (Kim et al. 2014), cervical cancer (Chen et al. 2011), glioblastoma 

(Liu et al. 2011), non-small cell lung cancer (SCLC) (Zhan et al. 2015) and esophageal squamous 

cell carcinoma (Zhu et al. 2014). 

SOC have been extensively studied in BCa. High STIM1 levels and low STIM2 expression have 

been associated with poor prognosis (McAndrew et al. 2011). Moreover, Orai3 is overexpressed 

in BCa, due to its regulation by estrogens (Motiani et al. 2013). In this context, Orai3 participates 

in SOCE, increasing proliferation, apoptosis resistance and migration, via NFAT-regulated 

transcription and modulation of the FAK (Faouzi et al. 2013; Motiani et al. 2013). A similar role 

was documented for Orai3 in non-small-cell lung adenocarcinoma. 

Interestingly, recent studies showed that SOC channels could regulate CSC physiology (Aulestia 

et al. 2018; Lee et al. 2016; reviewed in Terrié et al. 2019). 

In PCa, NFAT was shown to regulate cell proliferation via TRPV6/Orai1 (Raphaël et al. 2014) and 

Orai3/Orai1 (Dubois et al. 2014), but not canonical SOC channels. Orai3, a protein known to form 

with Orai1 the ARC (arachidonic acid-regulated channels) store-independent channels 

(Thompson and Shuttleworth 2013), has been shown to be overexpressed in aggressive PCa 

(Dubois et al. 2014). Such remodeling disrupts the equilibrium of Orai channels and favors cell 

progression to a more aggressive pro-proliferative phenotype. Authors show that in aggressive 

PCa, Orai3 recruits Orai1 to form ARC channels leading to increased cell proliferation through 

activation of the NFAT pathway. This recruitment of Orai1 negatively regulates the SOCE, 

inhibiting PCa apoptosis sensitivity (Flourakis et al. 2010). 
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V. The sigma 1 receptor 

1. Identification and function 

Initially identified as an opioid receptor (Martin et al. 1976), the sigma 1 receptor (S1R, 25 

kDa) can actually bind many different compounds. This unique protein has no homology with other 

Mammalian proteins. Unlike what its name suggests, the S1R does not act like a receptor in the 

way that ligand binding will lead to the activation of a signaling pathway. Instead, ligands will trigger 

a conformational change or a translocation of the S1R, which will in turn modulate its activity. This 

protein has been shown to act as a chaperone protein, able to bind and modulate many different 

proteins. Mostly known as an ER resident protein preferentially located in the mitochondria-

associated membranes (MAM), the S1R has been extensively studied as a modulator of ER stress 

and ER-mitochondria Ca2+ signaling, particularly in neurons (reviewed in Hayashi and Su 2007; 

Penke et al. 2018; Su et al. 2016). Interestingly, the S1R is also able to translocate to the 

cytoplasm and the PM. Moreover, several studies showed that the S1R was able to modulate ion 

channels via direct or indirect interaction. 

 

2. S1R structure 

The structure of the S1R is still debated to this day. Initially thought to contain 2 TMD 

(Aydar et al. 2002; Hayashi and Su 2007), a recent study provided evidence of a single TMD 

(Schmidt et al. 2016). The orientation of the S1R has been disputed as well (Aydar et al. 2002; 

Hayashi and Su 2007), and although the crystal structure of the S1R indicated a cytoplasmic Ct, 

with the Nt residing in the lumen, a recent study showed otherwise (Mavylutov et al. 2018). 

Moreover, the S1R has been shown to function in different orders of oligomerization, depending 

on the cellular context (Gromek et al. 2014; Mishra et al. 2015; Schmidt et al. 2016). 

 

3. S1R and cancer 

The S1R has been shown to be overexpressed in cancer a long time ago (John et al. 1998; 

Vilner et al. 1995b), however, the ligands used in these studies were not quite specific of the S1R, 

and therefore precluded the identification of its roles in this pathology. This caveat was later 

overcome in some cancers with a more specific approach (Aydar et al. 2006). Several studies 

using S1R ligands showed that the chaperone protein could have a pro-survival effect in cancer 

cells (Achison et al. 2006; Spruce et al. 2004; Vilner et al. 1995a). However, the precise role(s) of 

the S1R remain(s) to be studied in cancer. Interestingly, a growing number of studies show that 

the S1R can have an effect in cancer cell physiology through the modulation of ion channels 

(reviewed in Soriani and Rapetti-Mauss 2017). 

The S1R has first been shown to modulate potassium channels in cancer. The S1R drives BCa 

and colorectal cancer migration via the regulation of calcium homeostasis through SK3 channel 

(small-conductance calcium-activated K+ channel) modulation (Gueguinou et al. 2017; Guéguinou 
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et al. 2016). The S1R can also regulate voltage-gated potassium channels such as hERG 

channels (human ether-à-go-go-related gene) in leukemic cells (Balasuriya et al. 2014; Crottès et 

al. 2011; Kinoshita et al. 2012). In SMLC and T-cell leukemia, the S1R has also been shown to 

regulate proliferation via Kv1.3 potassium channel modulation (Renaudo et al. 2004). 

The S1R has also been linked with Nav1.5 sodium channels in a BCa cell line (Balasuriya et al. 

2012). 

Finally, the S1R regulates cell cycle via volume-regulated chloride channel modulation in SMLC 

and T-cell leukemia (Renaudo et al. 2007).  

The S1R has been shown to regulate more types of ion channels in neurons or other cell types, 

however some of these targets have not been investigated in cancer yet. This is the case for SOC 

channels (Srivats et al. 2016). 

 

4. S1R pharmacology 

The S1R can bind many different ligands and thus possesses a rich pharmacology (Chu 

and Ruoho 2016). Indeed, many antipsychotics show high to moderate affinity for the S1R. The 

S1R can also bind neurosteroids such as progesterone. To this day, no endogenous ligand has 

been clearly identified, but among the candidates one can find the DMT (N,N-dimethyltryptamine) 

(Fontanilla et al. 2009; Frecska et al. 2013; Mavlyutov et al. 2012). Interestingly, the enzyme 

responsible for DMT production, INMT (indolethylamine-N-methyltransferase), is overexpressed 

in PCa (Larkin et al. 2012). 

  



  65 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aims of the thesis 
 

  



  66 

  



  67 

Prostate cancer (PCa) is the most frequent and the third deadliest cancer in men in 

developed countries. As described before, there is still a need to develop new markers, more 

reliable than the controversial PSA, and able to better discriminate between the different stages 

of PCa progression. There is also a general need for new therapeutic strategies, especially for 

aggressive advanced stages. In our work, we focused on cancer stem cells (CSC), a rare subset 

of cancer cells with stem cell properties. CSCs are highly aggressive and resistant to conventional 

therapies (Nguyen et al. 2012; Reya et al. 2001), and have been proposed as the origin of tumor 

relapse. A better understanding of CSC regulation could therefore allow to address several 

clinically relevant issues, and potentially to target them in the context of the development of new 

therapeutic strategies. 

Calcium is a highly versatile second messenger that can determine cell fate depending on its 

signaling properties. Although a few studies indicated the implication of calcium in the regulation 

of stemness, its role in this particular context is just beginning to unfold. However, calcium 

signaling has been shown to be in all the hallmarks of cancer (Monteith et al. 2017; Prevarskaya 

et al. 2018). This fact was confirmed by our laboratory, we showed the involvement of several 

calcium channels in prostate carcinogenesis, and the associated signaling pathways. Our first 

general aim was thus to study the calcium signature of prostate CSCs in order to identify the key 

calcium channels regulating their physiology. As previously stated, SOC channels have been 

shown to influence cancer cell physiology in many different cancer types. However, neither the 

role of SOCE in PCa cell proliferation, nor its possible implication in CSC physiology had been 

documented before this work. Indeed, although some data showed the possible implication of 

NFAT in CSC regulation (Horsley et al. 2008), its implication and roles remained to be studied. 

Finally, as mentioned above, although the pharmacology of the SOC channels is extensive, it only 

allows for inhibition. However, more and more studies show the importance of partner proteins in 

the regulation of ion channels (Gkika et al. 2015; Harteneck 2003; Radhakrishnan et al. 2010). It 

would thus be interesting to take advantage of these protein to indirectly modulate ion channels. 

Therefore, the second general objective of this project was to study the S1R, a chaperone protein 

that has been shown to modulate several ion channels in cancer (Soriani and Rapetti-Mauss 

2017), as a potential modulator of the SOC channels in PCa. 
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I. Characterization of the calcium signature of stem-like cancer cells 

The first objective of this work was to study the calcium signature of a rare subset of cancer 

cells presenting stem-like properties. To do so, we used two different models allowing us to isolate 

cells with stem-like properties in both prostate cancer and melanoma cell lines. 

After the initial characterization of our models, we studied their calcium signature, with the aim of 

finding a common one. We used the technique of RT-qPCR that allowed us to compare the levels 

of mRNA expression of several key actors of calcium signaling between the stem-like cancer cells 

and their non-stem counterpart. 

After this identification of the gene(s) differentially expressed between stem- and non-stem cancer 

cells, our next objective was to confirm our results at the functional level using calcium imaging, 

and to identify the effects on this (these) pathway(s) on cancer cell physiology. For this purpose, 

we used functional tests such as sphere formation assays, associated we the modulation of our 

targets to evaluate their role on the stemness of our cells (see section 1 of the results). 

 

II. The S1R as a potential partner protein of calcium channels in PCa  

1. Study of the S1R expression in PCa 

Previous studies showed that the S1R is overexpressed in many cancers, including PCa 

(Aydar et al. 2006; Vilner et al. 1995b). We first aimed to confirm those results using human 

samples and PCa cell lines. We also performed experiments to determine if the expression of the 

S1R can be modulated by androgens, a critical factor in PCa cell regulation (see sections 2.1 and 

2.2 of the results). 

The expression of Orai and STIM have been previously studied in PCa samples. Interestingly, a 

previous study showed a possible regulation of Orai1 by androgens (Flourakis et al. 2010). Our 

objective was to confirm those results and verify the possibility of androgen-regulation for the other 

Orai/STIM isoforms implicated in PCa (see sections 2.3 of the results). 

 

2. Functional and physiological impacts of the S1R on SOC channels in PCa cells 

Our next goal was to evaluate the effects of the S1R on SOC activity in PCa cells by using 

patch-clamp to record the SOC currents and calcium imaging to measure the SOCE (see section 

2.4 of the results). 

After characterizing the functional effects of the S1R on SOC channels, we then aimed to decipher 

its mechanisms by studying S1R subcellular localization and protein-protein interactions (see 

sections 2.5 and 2.6 of the results). 

SOC channels have been studied in different cancers, and they have been shown to be implicated 

in different hallmarks of cancer (Fiorio Pla et al. 2016). In PCa cells, previous studies have shown 

the implication of SOC channels in apoptosis resistance (Flourakis et al. 2010). Another study 

implicated Orai1 and Orai3 in PCa cell proliferation via their direct association to form the ARC 
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channels (Dubois et al. 2014). In light of these previous results, our aim was to study the effect of 

the S1R/SOC interaction on PCa cell proliferation, quiescence and apoptosis resistance (see 

sections 2.7 to 2.11). 

 

3. Regulation of other calcium channels by the S1R in PCa 

Finally, we aimed to study the potential effects of the S1R on the activity of other calcium 

channels previously shown by our lab as being implicated in PCa. 

To do so, we performed some initial experiments in HEK-293 cells, in order to test the effect of 

S1R overexpression or inhibition on the activity of two calcium channels. We thus studied TRPV6 

(transient receptor vanilloid 6), implicated in PCa cell proliferation and apoptosis (Raphaël et al. 

2014), and TRPM8 transient receptor melastatin 8), a key regulator of PCa cell migration (Gkika 

et al. 2010) (see sections 2.12 and 2.13 of the results). 
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I. Biological materials 

In this section, we will detail the different samples and cells we used for this work. Overall, 

we used immortalized human cell lines for our studies, as well as two sets of human samples. 

 

1. Human samples 

We used two different sets of human samples to study S1R expression pattern in prostate 

cancer at protein and mRNA levels. 

a. Tissues 

We used 17 human prostate samples: 

• 2 samples of healthy prostates (obtained from bladder cancer patients). 

• 6 samples of benign prostatic hyperplasia (BPH). 

• 6 samples of Gleason 7 prostate cancer. 

• 3 samples of Gleason 9 prostate cancer. 

The samples were obtained thanks to our collaboration with Pr Gosset and Dr Mihalache from 

Groupement des Hôpitaux de l'Institut Catholique de Lille, processed and stained automatically 

with a Ventana BenchMark XT (Roche). Paraffin-embedded prostate sections were subjected to 

standard deparaffinization (EZ prep solution, Ventana, Roche) followed by antigen retrieval using 

citrate buffer at 95°C. Samples were pretreated with basic Tris solution for 60 minutes with the 

CC1 program (Ventana). Endogenous peroxidase activity was blocked with hydrogen peroxide (8 

minutes), and samples were exposed to primary antibodies (see Table 4; 32 minutes). Signal was 

amplified with the Amplification kit (Ventana, Roche), endogenous biotin activity was blocked with 

the Endogenous biotin blocking kit (Ventana, Roche). Samples were incubated with horse radish 

peroxidase (HRP)-coupled secondary antibodies. Signal was detected with 3,3’-diaminobenzidine 

tetrahydrochloride and an IVIEW-DAB detection system (N760-500, Ventana, Roche). Tissues 

were counterstained with hematoxylin and the Bluing reagent (Ventana, Roche). After dehydration 

and xylene baths, slides were mounted for microscopy and analyzed with a Zeiss Axioscope 

microscope. 

b. cDNA 

We obtained cDNAs from 13 patients with prostate cancer (in collaboration with Cancéropôle 

Grand Ouest, Pr Gaëlle Fromont-Hankard; Gleason 6 to 9). For each patient, two separate 

samples were taken after histopathological analysis: one from a healthy part of the prostate, and 

another one from a cancerous area. The samples were then processed, subjected to qPCR (see 

section III) and analyzed by Dr Dimitra Gkika. 
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2. Cell lines 

For this study, we used different immortalized cell lines that will be described below. First 

the HEK-293 model cell line allowed us to easily characterize the functional effect of the S1R on 

calcium channels. Then, we used more physiologically relevant models: prostate cancer and 

melanoma cell lines to study SOCE in cancer. 

a. HEK-293 model cell line 

We first used the well characterized cell line HEK-293 (human embryonic kidney) (purchased form 

the American Type Culture Collection (ATCC)). These cells express both S1R and SOC channels, 

thus enabling the study of their interaction in an endogenous context. Moreover, they can be easily 

transfected, thus allowing either the modulation of expression of our proteins of interest, or the 

heterologous expression of other channels and proteins. 

b. Prostate cancer cell lines 

For this study, we used two different prostate cancer cell lines (purchased from ATCC): 

• The LNCaP (lymph node carcinoma of the prostate) cell line was established from the 

lymph node of a patient with prostate cancer. These cells express the androgen receptor 

(AR) and the prostate specific antigen (PSA) and are therefore considered as a common 

model for the androgen-sensitive stage of prostate cancer development. (van Bokhoven et 

al. 2003; Horoszewicz et al. 1980). 

• The PC3 (Prostate Cancer 3) cell line was established from a bone metastasis of a patient 

with prostate cancer. These cells do not express the AR or the PSA and are therefore 

considered as a common model for the androgen-resistant stage of prostate cancer 

development (van Bokhoven et al. 2003; Kaighn et al. 1979). 

We also used a PC3 clone stably expressing Luciferase (PC3-Luc) and a PC3 clone stably 

expressing luciferase and TRPM8 channel (PC3-M8-Luc) developed in our laboratory by Dr 

Guillaume Grolez. 

c. Melanoma cell line 

We used the human cutaneous melanoma cell line HBL which was established from a nodular 

malignant melanoma by the team of Pr Ghanem (Ghanem et al. 1988) (the cell line was a kind gift 

from the Pr Ghanem’s lab). For our studies, we used a stable clone expressing H2B-GFP 

developed by our collaborators from Dr Renata Polakowska’s team, described below (see section 

I.5.a.). 

 

3. Adherent culture conditions 

HEK-293 cells were maintained in DMEM GlutaMaxTM high glucose medium (Gibco, Life 

Technologies) supplemented with 10 % fetal bovine serum (FBS; Gibco, Life Technologies) at 

37°C in a humidified atmosphere containing 5 % CO2. 
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Cancer cells were grown in the same conditions with RPMI-1640 medium (Gibco, Life 

Technologies) supplemented with 2 mM L-glutamine (Gibco, Life Technologies) and 10 % FBS. 

To study the androgen-dependence of our proteins in prostate cancer, we cultivated cells in 

steroid-deprived conditions. To do so, we used RPMI-1640 medium without phenol red, 

supplemented with 2 mM L-glutamine and 10% charcoal-stripped FBS. 

When needed, cells were washed with PBS (phosphate-buffered saline; Gibco, Life Technologies) 

and dissociated using 0.05 % Trypsin-EDTA and mechanical trituration. 

Cells were counted under a microscope with a 10x objective using a hemocytometer. We used 

Trypan blue (0.2 %, 2 minutes) exclusion to exclude dead cells. 

For long term conservation, we froze cells in the RecoveryTM cell culture freezing medium (Gibco, 

Life Technologies) at the concentration of 107 cells/ml. 

 

4. Sphere formation 

CSCs derived from solid tumors (such as melanoma and prostate cancer) have the 

particularity to be able to survive and proliferate in non-adherent cell culture, as opposed to the 

non-stem adherent cancer cells. In such culture conditions, CSCs will proliferate and form a 

sphere. Thus, suspension cell culture allows us to increase the proportion of CSC in our cancer 

cell population and to test the stemness of our cells through their ability to form spheres. 

To generate spheres, cells were grown in 24-well plates (2 x 103 cells/well) treated with 5mg/ml 

poly(2-hydroxyethyl methacrylate) (pHEMA, Sigma) in 95% ethanol preventing cell adhesion. 

Cells are maintained in DMEM-F12 medium (Gibco, Life Technologies) supplemented with 20 

ng/ml epidermal growth factor (EGF) (Stem cells technologies), 20 ng/ml recombinant human 

basic fibroblast growth factor (rHu bFGF) (PromoKine-PromoCell GmbH) and 2% B-27TM serum 

free supplement (Gibco, Life Technologies). 

After 7 days, spheres were pelleted by centrifugation and dissociated (500 µl of Trypsin-EDTA per 

24-well plate). Before dissociation, spheres can be counted under microscope (Leica DMi8) to 

determine the sphere forming unit (SFU), in %, using the following formula: 

 

SFU = (number of spheres/number plated cells) x 100 
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5. Identification of quiescent/slow cycling cells and FACS sorting 

a. Melanoma 

For the tracing of slow cycling melanoma cells, we used the previously described HBL H2B-GFP 

cell line stably expressing the tetracycline-inducible histone 2B (H2B) fused with a green 

fluorescent protein (GFP) (Ostyn et al. 2014). With this construct, after 24 hours of treatment with 

1 µg/ml tetracycline (Sigma), all nuclei are GFP-positive. Then, following tetracycline removal from 

the medium, the GFP signal will be diluted by two after each cell division as pictured in Figure 1. 

After 7 days of dilution in sphere forming conditions (see section I.4.), the GFP-positive 

subpopulation (GFPhi) and its GFP-negative counterpart (GFPlo) were isolated by fluorescence-

activated cell sorting (FACS) using a FACSAriaTM III instrument (BD Biosciences). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1: GFP dilution in HBL H2B-GFP cells 

Flow cytometry profiles of the GFP signal dilution at days (D) 0, 2, 4 and 7 in HBL H2B-GFP cells 

after tetracycline induction (1 µg/ml, 24 hours). The non-induced HBL are used as the GFP-

negative control reference population (black line) to gate the GFP-positive subset (green). The 

numbers indicate the percentage of GFP-positive cells (± SEM) in the total population. Adapted 

from Ostyn et al. 2014. 
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b. Prostate 

To detect quiescent/slow cycling prostate cancer cells, PC3 cells resuspended in serum-free 

RPMI-1640 (106 cells/ml) were stained with 1 µl/ml of VybrantTM DiI (1,1'-Dioctadecyl-3,3,3',3'-

tetramethylindocarbocyanine perchlorate, or DiIC18(3)) labeling solution (InvitrogenTM, 

ThermoFisher Scientific) for 25 min at 37°C. Labelled cells will then dilute the DiI with each cellular 

division as shown in Figure 2. Cells were then washed and used for sphere formation assay (see 

section I.4.). After 7 days of label dilution, the DiI-positive (DiIhi) and negative (DiIlo) subpopulations 

are isolated by FACS as described above (see section I.5.a.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These experiments were carried out with the help of Dr Pilar Flamenco. 

  

Figure 2: DiI dilution in PC3 cells 

On the left, flow cytometry profiles of the DiI signal dilution at days (D) 0, 4 

and 7 in PC3 cells. The unlabeled PC3 cells are used as the GFP-negative 

control reference population (grey) to gate the DiI-positive subset (shades of 

red). On the right, bars show the percentage of DiI-positive cells in the total 

population. 
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II. Transfection 

Transfections allowed us to modulate the expression of our proteins of interest. We first 

used this technique to strongly decrease the expression of target proteins using siRNA. With this 

technique, we were also able to deliver plasmids to our cells. We used different constructs that 

enabled us to perform protein overexpression, heterologous expression of wild type, mutated or 

modified proteins fused to fluorescent proteins or tags for example. 

We used lipofection to deliver siRNA, and either lipofection or nucleofection to deliver plasmids to 

our cells depending on the experimental design. Compared to nucleofection, lipofection is less 

efficient but gentler, making it the preferred method for sensitive cells and/or stressful conditions. 

1. siRNA lipofection 

siRNAs (50-100 nM) were lipofected using the HiPerFect reagent (Qiagen) according to 

manufacturer’s instruction. We performed a reverse transfection for 96-well plates and a fast-

forward transfection for bigger volumes. Reagent volumes were optimized for our cells as follows: 

0.5 µl per well for a 96-well plate, 9 µl per well for a 6-well plate, 15 µl for a 60 mm dish, 30 µl for 

a 100 mm dish. This protocol led to a good inhibition of our proteins, as shown in Figure 3 for S1R 

where we were able to obtain a 70% inhibition of protein expression with three distinct siRNA 

sequences. 

The siRNAs (custom, designed by Dr Dimitra Gkika, Eurogentec) used for our study are described 

in Table 1. For every siRNA silencing, we used a siRNA targeting the luciferase (siLuc), a gene 

not expressed in Mammalian cells as a control. For experiments combining luciferase and siRNAs, 

we used a scramble siRNA as control (siNeg; Eurogentec). 

 

 

 

 

 

 

 

Name Sequence 

siLuciferase 5’-CUUACGCUGAGUACUUCGA (dTdT)-3’ 

siAR 5’-GACUCAGCUGCCCCAUCCA (dTdT)-3’ 

siOrai1 5′-UGAGCAACGUGCACAAUCU (dTdT)-3′ 

siOrai3 5′-UUGAAGCUGUGAGCAACAUA (dTdT)-3′ 

siS1R 5’-GGAUAUCCAUGCUUAUGUA (dTdT)-3’ 

siS1Rb 5’- CCATCATCTCTGGCACCTT (dTdT)-3’ 

siS1Rc 5’- GCTGAGATCTCGGATACCA (dTdT)-3’ 

siSTIM1 5’-GGCUCUGGAUACAGUGCUC (dTdT)-3’ 

siSTIM2 5’-AACUGAGAAGCAGUUGGUCUG (dTdT)-3’ 

 Table 1: Name and sequence of siRNAs 

Figure 3: siS1R validation 

Western blot analysis of S1R expression in LNCaP 

cells 3 days after lipofection with siLuc, siS1R, 

siS1Rb or siS1Rc (50 nM). S1R expression is 

normalized with ß-actin. 
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2. Plasmid transfection 

For plasmid transfections, we used an empty pcDNA4 or pmaxGFP plasmid (Lonza) as 

control. The amount of plasmid, ranging from 0.5 to 3 µg, was adjusted depending on the number 

of cells, the transfection method and the experimental design. We used either commercial 

plasmids, kind gifts from collaborators or plasmids created in our laboratory (seeTable 2). 

a. Plasmid lipofection 

Different lipofection reagent were used depending on the cell line.  

For LNCaP cells, we used the Lipofectamine® 3000 (ThermoFisher Scientific) according to 

manufacturer’s instruction. Lipofectamine volume was optimized to 2 µl per well for a 6-well plate 

and 3.5 µl for a 60 mm dish. 

PC3 cells were lipofected according to manufacturer’s instructions using the X-tremeGENE 9 DNA 

Transfection Reagent (Roche) with a 3:1 ratio (µl of reagent : µg of plasmid). 

For HEK-293 cells, we used the X-tremeGENE HP DNA Transfection Reagent (Roche) according 

to manufacturer’s instructions with a 3:1 ratio. 

b. Plasmid nucleofection 

Nucleofection is an electroporation-based transfection method developed by Amaxa and 

marketed by Lonza. This method makes possible, in a reproducible and efficient way, to introduce 

plasmids, siRNAs and other nucleic materials directly into the nucleus of the cells. Practically, 

transfection was carried out on cells in suspension. After trypsinization and counting, 106 cells 

were pelleted, resuspended in 100 µl of transfection buffer (V buffer for HEK-293 cells, R Buffer 

for LNCaP cells). For the detection of transfected cells during patch-clamp experiments, 0.25 µg 

of pmax-GFP (Lonza) plasmid were added to the buffer. The suspension obtained was then placed 

in an electroporation cuvette, and transferred into the NucleofectorTM (Amaxa, Lonza) where it was 

subjected to an electrical stimulation whose parameters are built-in and optimized for each cell 

line. 500 µL of warm culture medium was then added in order to increase cell recovery, and 

cuvettes were left for 5 minutes in an incubator prior to their seeding in culture dishes. Functional 

studies were typically performed 24 hours after nucleofection. 
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Plasmid Origin 

pCMV-hS1R-cMyc Dr O. Soriani 

pcDNA4-hS1R-cMyc Laboratory 

phS1R-eGFP Dr O. Soriani 

phS1R-mCherry Dr O. Soriani 

pVLL-hS1R-SYFP Laboratory 

rS1R-V1 Dr T.P. Su 

pVLL-hOrai1-mTurq Laboratory 

pVLL-hOrai3-SYFP Laboratory 

pVLL-hSTIM1-mTurq Laboratory 

luc2P-NFAT-RE Promega 

NFATc3-mCherry Laboratory 

NFATc3-eGFP Laboratory 

ER-DsRed Laboratory 

pcDNA4-hAR Laboratory 

pcDNA4-hTRPM8 Laboratory 

pcDNA4-hTRPV6 Laboratory 

Table 2: List and origin of plasmids 
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III. Transcriptomics 

We used transcriptomic methods to study the expression of our genes of interest. Gene 

expression was quantified at mRNA level by quantitative PCR after total RNA extraction and 

reverse transcription (RT). 

 

1. RNA extraction 

Total RNA was extracted with the NucleoSpin® RNA Plus kit (Macherey Nagel), or the 

NucleoSpin® RNA XS kit (Macherey Nagel) for small samples, according to the manufacturer’s 

instructions. RNA quality was verified by checking the integrity of ribosomal RNAs (28S rRNA and 

18S rRNA) on a 2 % agarose gel, and sample concentration was determined by absorption at 260 

nm. 

When needed, extracted samples were purified using the NucleoSpin® RNA Clean-Up kit 

(Macherey Nagel). 

 

2. Reverse transcription 

The extracted total RNA was then subjected to a reverse transcription (RT) to synthetize 

the complementary deoxyribonucleic acid (cDNA). For this purpose, 2 µg of extracted RNA was 

incubated with 3 µM [d(N)6] random hexamers (used as primers for the RT) (Invitrogen) at 70°C 

for 10 minutes followed by 30 seconds on ice to denature RNAs and allow primer annealing. RT 

was then performed by adding 2.5 mM MgCl2, 10 mM dNTP (2.5 mM per dNTP), 50 U MuLV, 20 

U RNase inhibitor in the PCR buffer II (Applied Biosystems, Life Technologies). A first incubation 

at room temperature allowed primer extension (15 minutes). The samples were then incubated for 

30 minutes at 42°C, the optimal polymerization temperature for the RNA-dependent DNA 

polymerase MuLV. The samples were then placed at 70°C for 10 minutes to stop the reaction. 

 

3. Quantitative PCR 

Real-time quantitative PCR (polymerase chain reaction; qPCR) allows for the relative 

quantification of gene expression. This technique uses a fluorescent nucleic acid dye that 

incorporates in the DNA synthetized by the polymerase allowing for monitoring of the amplification 

in real time. Here, we used the SsoFastTM EvaGreen® (Bio-Rad) supermix. The unbound 

EvaGreen® dye has a weak fluorescence that increases strongly when bound to DNA. To quantify 

gene expression, we used specific primer couples (custom designed by Dr Dimitra Gkika, 

Eurogentec) targeting the cDNA of mRNAs of interest (see Table 3). The primer couples were 

previously tested on serial dilution of cDNA or specific plasmid and we selected primers and 

conditions with an efficiency close to 100%. 

The reaction was carried out in 20 µl volume, with 20-50 ng of cDNA, 300 nM primer concentration, 

with the CFX96 Real-Time PCR detection system (Bio-Rad). 
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qPCRs were performed in three steps: denaturation, amplification cycles and melting curve.  We 

used a qPCR supermix featuring the hot-start system: the polymerase’s enzymatic site is blocked 

by antibodies to avoid non-specific elongation. The first step of denaturation (30 seconds at 95°C) 

leads to the removal of these antibodies, activating the polymerase for the PCR. This first step 

was followed by 40 cycles of amplification: strand dissociation (5 seconds at 95°C) followed by 

annealing and extension (5 seconds at 60°C). The strong fluorescence emitted by the DNA-bound 

EvaGreen® dye was recorded at the end of each cycle. After the 40 cycles of amplification, we 

performed a melt curve of the amplicons (a ramp from 65°C to 95°C with an increment of 0.5°C, 

5 seconds per step) to validate the specificity of the reaction. 

HPRT and r18S were used as internal control to normalize variations in RNA quality and RT 

efficiency. To quantify the results, we used the comparative threshold cycle method described by 

Livak and Schmittgen (Livak and Schmittgen 2001). 

 

 

Gene Forward sequence Reverse sequence 

RN18S 5’-CAGCTTCCGGGAAACCAAAGTC-3’ 3’-AATTAAGCCGCAGGCTCCACTC-5’ 

AR 5’- GCAGGAAGCAGTATCCGAAG-3’ 3’- CTCTCGCCTTCTAGCCCTTT-5’ 

HPRT 5’-GGCGTCGTGATTAGTGATGAT-3’ 5’-CGAGCAAGACGTTCAGTCCT-5’ 

ORAI1 5’-ATGGTGGCAATGGTGGAG-3’ 3’-CTGATCATGAGCGCAAACAG-5’ 

ORAI3 5’-GGCCAAGCTCAAAGCTTCC-3’ 3’-CCTGGTGGGTACTCGTGGT-5’ 

SIGMAR1 5’-CAGTACGCTGGGCTGGAC-3’ 3’-GAGCAGCACATACTCGGACA-5’ 

STIM1 5’-TGTGGAGCTGCCTCAGTATG-3’ 3’-CTTCAGCACAGTCCCTGTCA-5’ 

STIM2 5’-GACGTCAGTATGCAGAACAG-3’ 3’-GACCAACTGCTTAGTTC-5’ 

 

  

Table 3: Name and sequence of primers 
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IV. Proteomics 

We used different techniques based on the immunodetection of proteins to study protein 

expression levels, intracellular localization and interactions. First, Western blot (WB) allowed us 

to study gene expression at protein level. We also used WB-derived techniques such as 

biotinylation to test the presence of proteins at the cell surface and coimmunoprecipitation (coIP) 

to investigate protein complexes. 

We also performed immunocytochemistry (ICC) to identify protein expression patterns and 

subcellular localizations. 

 

1. Western blot and associated techniques 

We used the technique of Western blot (WB) to study protein expression. Here, cells are 

lysed in order to isolate and analyze the protein content. This technique relies on electrophoresis 

to separate protein according to their molecular weight and immunoreactivity to detect proteins of 

interest. 

We also coupled WB to other techniques to study protein interactions and localizations. We used 

coimmunoprecipitation to study protein complexes and biotinylation to study the presence of 

proteins at cell surface. 

a. Protein extraction 

Cells were washed in PBS and lysed in RIPA buffer (10 mM Tris, 150 mM NaCl, 2 % sodium 

deoxycholate, 2 % Triton X100, pH 7.2) in the presence of an anti-protease cocktail (10 % v:v; 

Sigma). The sample was then centrifugated (10 minutes at 12,000 g) to isolate the total protein 

lysate in the supernatant. 

The protein content of each sample was measured with the colorimetric BCA assay kit 

(Bicinchoninic assay; Pierce, ThermoFisher Scientific) using a standard curve of bovine serum 

albumin (BSA). 

b. Western Blot 

The protein extracts were analyzed by electrophoresis in denaturing conditions using the SDS-

PAGE technique (sodium dodecyl sulfate polyacrylamide gel electrophoresis). 

The samples (usually 40-50 µg) were prepared in the denaturing Laemmli loading buffer (200 mM 

Tris, 25 mM DTT, 4 % SDS, 2 % sucrose, bromophenol blue, pH 6.2) and heated at 37°C for 30 

minutes. The concentration of the polyacrylamide gel was chosen according to the molecular 

weights of the proteins of interest. We used 4 – 20% gradient gels to study a wide range of protein 

weights (Bio-Rad). Migration was performed with fixed voltage in a Tris/glycine buffer (25 mM Tris, 

192 mM glycine, 0.1 % SDS, pH 8.4). After electrophoresis, proteins were transferred on a 

methanol-activated (5 minutes) polyvinydilene fluoride membrane (PVDF; Amersham, GE 

Healthcare) by semi-dry transfer (G2 fast blotter, ThermoFisher Scientific). After the transfer, the 

membrane was blocked in 5 % milk prepared in Tris-NaCl-Tween buffer (TNT; 15 mM Tris, 140 
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mM NaCl, 0.05 % Tween 20, pH 7.4) during 1 hour, gently rocking, to prevent non-specific binding. 

We then exposed the membrane to the primary antibody targeting the protein of interest (see 

Table 4 for antibodies; time and temperature of exposition were antibody-dependent) prepared in 

1 % milk TNT. After three washes in TNT, membranes were exposed to a peroxidase-coupled 

secondary antibody (anti-mouse or anti-rabbit; Jackson Laboratories) prepared at 1:20,000 

dilution in 1 % milk TNT during 1 hour, gently rocking, followed by three TNT washes. To detect 

the signal, membranes were exposed to an enhanced chemiluminescence (ECL) horse radish 

peroxidase (HRP) substrate (we used three different substrates, depending on the amount of 

protein and expected signal intensity: West Pico, West Dura and West Femto; ThermoFisher 

Scientific). The chemiluminescent signal resulting from HRP activity was recorded by a CCD-

based imager (Amersham Imager 600, GE Healthcare). Relative quantification of proteins was 

obtained by densitometry using ImageJ software (NIH) (Schneider et al. 2012) and an appropriate 

control protein such as ß-actin, calnexin or GAPDH. 

c. Coimmunoprecipitation 

By coupling specific antibodies to beads, coimmunoprecipitation (coIP) allows for the isolation of 

a specific protein. This crucial step of immunoprecipitation is performed in specific conditions 

preserving the integrity of protein complexes. Thus, by immunoprecipitating a specific protein, we 

are able to study the other proteins it directly or indirectly interacts with.  

Specific antibodies (1 µg) or control IgGs were incubated with 40 µl of Protein A/G agarose beads 

(Pierce, ThermoFisher Scientific) in 500 µl of IP buffer (150 mM NaCl, 20 mM NaH2PO4, pH 8) for 

1 hour at 4°C, in rotation. During this step, antibodies are bound to agarose beads thanks to a 

fusion protein of antibody binding domains of protein A and G. We then added protein samples 

(see section IV.1.a.) in equal amounts (0.5-1 mg) for 12 hours at 4°C, in rotation. Samples were 

then centrifugated (2 minutes at 2,000 g) to isolate two protein fractions: 

• The immunoprecipitated fraction: pelleted fraction representing the protein of interest 

and any directly or indirectly interacting protein at the time of protein extraction. 

• The supernatant containing all the other proteins of our sample. 

After three washes in IP buffer, we used different methods to elute the protein samples from the 

immunoprecipitated fraction. We first used an acidity-based method with a 10 minutes incubation 

in a glycine buffer at pH 2.6 followed by the addition of equal amounts of a Tris buffer at pH 8 to 

cancel the acidity. After centrifugation, we retrieved the supernatant containing the proteins of 

interest. This procedure was repeated once, and the two elutions were pooled for WB analysis. 

This gentle elution allows the retrieval of most of the proteins of interest without the antibodies 

used for the coIP. This method was used to study S1R and Orai1 which molecular weights are 

close to the light chain of denaturated antibodies. When used, this elution was followed by a 

regular elution in Laemmli loading buffer without dithiothreitol (DTT) (10 minutes at 50°C). With 

this harsher elution, we were able to retrieve all the remaining proteins, but the samples were 
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contaminated by fragments of antibodies used for our experiment. A final elution was then 

performed, as a control, using Laemmli buffer (5 minutes at 96°C). All the samples were then 

prepared for WB analysis as previously described (see section IV.1.b.). 

To validate the reproducibility of our results, we performed reverse coIPs, targeting each protein 

of interest belonging to the same complex. 

d. Biotinylation 

Biotinylation uses the high affinity properties of biotin towards neutravidin, coupled with 

precipitation principles to isolate the proteins expressed at cell surface. 

Cells were plated in 100 mm dishes (TPP) and used at 60-80 % confluence. After two washes 

with PBS-B (PBS supplemented with 1 mM MgCl2 and 0.5 mM CaCl2; pH 8), cells were incubated 

with biotin (0.5-1 mg/ml; EZ-Link NHS-LC-LC-Biotin, ThermoFisher Scientific) for 30 minutes at 

4°C. During this time, biotin conjugates to the proteins exposed at cell surface. Cells were then 

washed twice with 0.1 M glycine (in PBS-B) to quench the unbound biotin. After a PBS wash, cells 

were lysed with lysis buffer (section IV.1.a.) for 1 hour at 4°C gently rocking. Cell lysate was then 

pelleted (10 minutes at 14,000 g) and we collected the supernatant containing the proteins. Protein 

concentration was measured as previously described (see section IV.1.a.). We exposed 0.5-1 µg 

protein to agarose bead coupled with neutravidin (Pierce NeutrAvidinTM Agarose, ThermoFisher 

Scientific) for 12 hours at 4°C, in rotation. With its strong affinity for neutravidin, the biotin binds to 

agarose beads allowing for the precipitation of the biotinylated fraction of our total protein lysate. 

This technique thus allowed us to isolate two protein fractions after centrifugation (2 minutes at 

2,500 g): 

• The biotinylated fraction: pelleted fraction representing the proteins expressed at cells 

surface coupled with the biotin-neutravidin-agarose beads. 

• The non-biotinylated fraction: supernatant containing the proteins not exposed at cell 

surface. 

The biotinylated fraction was washed five times in lysis buffer and prepared for WB analysis as 

previously described (see section IV.1.b.) in order to study the presence of our proteins of interest 

at the cell surface. 

 

2. Immunocytochemistry 

Immunocytochemistry (ICC) relies on the same principle of protein detection by specific 

antibodies, but without cell lysis. In this technique, cells are preserved and fixed with or without 

permeabilization and immunoreacted to detect specific proteins. Here, we performed 

immunofluorescence (IF) using primary or secondary antibodies coupled with fluorescent proteins. 

Samples were then analyzed by confocal microscopy or flow cytometry, depending on the 

experiment. 

We used different protocols, depending on the target protein and/or the analysis method. 
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a. Standard protocol 

Cells were prepared depending on the experiment. We used dissociated cells for flow cytometry 

analysis. For microscopy, cells were grown on 10mm slides in 12-well plates (2 x 104 cells per 

well). 

When needed, plasma membrane was stained using Alexa 488-coupled wheat germ agglutinin 

(WGA; 2.5 µg/ml, 10 minutes at 37°C) prior to cell fixation. 

Cells were washed in PBS and fixed in 4% paraformaldehyde (20 minutes). Samples were then 

blocked with 1.2 % gelatin, 0.1 % Triton X100, 0.2 % glycine, 10 % donkey serum (in PBS, 30-60 

minutes at room temperature). Cells were then washed thrice with 1.2 % gelatin in PBS and 

exposed to the primary antibody at appropriate dilution in 1.2 % gelatin 0.1 % Triton X100 in PBS 

(see Table 4; 12 hours at 4°C). After three washes in PBS-gelatin, fluorescent protein-coupled 

secondary antibody was added at 1:2,000 dilution for 1 hour in 1.2 % gelatin 0.1 % Triton X100 in 

PBS (anti-mouse or anti-rabbit coupled to Alexa 488, Alexa 546, Alexa 594, Alexa 633 or Cy5; 

Life Technologies). 

For flow cytometry analysis, cells were placed in 500 µl PBS and analyzed using a CyAnTM ADP 

(Beckman Coulter) analyzer or a LSRFortessaTM (BD) analyzer. 

For confocal microscopy, nuclei were stained using DAPI or Hoechst 33342 (5 minutes, 0.5 µg/ml) 

and slides were mounted in Glycergel® (Dako, Agilent) or Vectashield® (Vector Laboratories). 

Slides were analyzed using a Zeiss LSM 700 confocal microscope. 

b. Specific protocol for S1R 

To study the S1R, we used a specific protocol adapted from Hayashi et al. 2011. 

Cells were washed and fixed as previously described (see section IV.2.a.). Samples were then 

permeabilized with 0.1 % NP-40 (in PBS; 10 minutes). The free PFA was quenched with a 10 mM 

glycine solution (in PBS, pH 7.2; 10 minutes). This was followed by antigen retrieval using 6 M 

urea (in 0.1 M Tris, pH 9.5; 10 minutes at 80°C). After this step, the sample was blocked in 10 % 

milk (in PBS, 1 hour). After PBS washes, the sample was exposed to the primary antibody 

targeting the S1R at 1:500 dilution, prepared in 0.2 % BSA (in TBST (Tris-buffered saline with 

Tween 20; 25 mM Tris base, 137 mM NaCl, 3 mM KCl, 0.05% Tween 20, pH 7.4), 12 hours at 

4°C). The sample was then washed three times (TBST, 10 minutes) and exposed to the secondary 

antibody targeting coupled with a fluorescent protein (see section IV.2.a.). 

The samples were then prepared for confocal microscopy as described above (see section 

IV.2.a.). 
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Antigen Species Technique Dilution 
Size 

(kDa)  
Supplier Reference 

AR Rabbit WB 1:400 110 Santa Cruz sc-816 

ß-actin Rabbit WB 1:2,000 42 Sigma A-2066 

Calnexin Mouse WB 1:2,000 90 Millipore MAB3126 

CBP Rabbit IF 1:50 - Santa Cruz discontinued 

CD44-FITC Mouse Flow Cy 1:500 - Immunotools 21810443 

GAPDH Mouse WB 1:2,000 36 Santa Cruz ab8245 

Ki67 Rabbit IF 1:50 - Abcam ab15580 

Ki67 Mouse IHC 1:100 - Dako MIB-1 

Ki67-Alexa488 Rabbit Flow Cy 1:50 - Abcam ab197234 

Melan A Mouse IF 1:50 - Santa Cruz sc-20032 

NFATc1 Rabbit IF 1:100 - Abcam ab25916 

NFATc3 Mouse IF 1:50 - Abcam ab219063 

Orai1 Rabbit WB 1:500 35 Alomone ACC-060 

Orai1 Mouse IF 1:500 - OriGene TA320060 

Orai1 Mouse Flow cy 1:100 - OriGene TA320060 

PCNA Mouse WB 1:500 30 Santa Cruz sc-56 

PSA Mouse WB 1:500 28 Santa Cruz sc-69664 

PSA Rabbit IHC 1:500 - Dako A0562 

STIM1 Mouse WB 1:1,000 80 Alomone ACC-063 

S1R Mouse WB 1:500 25 Santa Cruz sc-137075 

S1R Mouse IF/IHC 1:500 - Santa Cruz sc-166392 

 

 

 

  

Table 4: List of antibodies used for western blot (WB), immunofluorescence (IF), 

immunohistochemistry (IHC) or flow cytometry (Flow Cy) 
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V. Functional studies 

In this section, we will describe the different techniques used to functionally characterize 

our models. 

First, we studied the activity of calcium channels with two complementary techniques, patch-clamp 

and calcium imaging. 

We used confocal microcopy to study the dynamic subcellular localization of target proteins. The 

FRET-derived TD-FLIM imaging technique allowed us to analyze protein-protein interactions. 

We then used different techniques to study cell physiology. First, we assessed cell viability, 

proliferation and cell death with specific assays and flow cytometry. We also evaluated the 

migration potential of our cells with the random migration assay. 

Finally, we performed in vivo experiments to assess the tumorigenic potential of our models. 

 

1. Calcium signaling 

We used two different techniques to study the activity of calcium channels in our cells. 

First, the electrophysiology technique of patch-clamp in its whole-cell configuration allowed us to 

record the current generated by our channels of interest. 

We also performed calcium imaging using a ratiometric Ca2+ dye allowing us to measure cytosolic 

calcium levels. 

a. Patch-clamp 

The patch clamp technique was used to record transmembrane ion currents (Neher and Sakmann 

1976). Generally speaking, this technique consists in applying a glass (borosilicate, World 

Precision Instruments) pipette (with a diameter in the micrometer range) to the surface of a cell 

using a MP-225 micromanipulator (Sutter Instruments). The pipettes (2-5 MΩ resistance) were 

obtained with a pipette puller (P-97, Sutter Instrument Company) and polished using a microforge 

(MF-900, Narishige, World Precision Instruments). After establishing a contact between the cell 

and the micropipette, a slight negative pressure is applied with an air pressure/vacuum application 

system connected to the pipette holder in order to electrically isolate a fragment (patch) of 

membrane in the pipette. The vacuum is maintained until a tight contact (or seal) is obtained 

between pipette and cell membrane. This process is monitored using a patch-clamp set-up (PC-

9 amplifier, Heka Elektronik) and the Heka Pulse software, following pipette resistance as a 

reflection of the quality of this contact. When resistance was in the giga ohm order (GΩ), the 

contact (qualified as a giga seal), was considered as good enough to proceed with the next step 

consisting in “breaking” plasma membrane through short applications of negative pressure. We 

thus reach the “whole cell” configuration, allowing us to record the activity of all channels located 

in plasma membrane (illustrated in Figure 4).  
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(Augustine et al. 2015) 

 

 

Membrane potential was clamped at 0 mV in all our experiments, and cells were subjected to 

voltage ramps ranging from -100 mV to +100 mV every 2 seconds for SOC recordings, and every 

5 seconds for TRPV6/TRPM8 recordings. Time courses of current amplitude were thus generated, 

and corresponding figures are presented in the manuscript at -100 mV for SOC and TRPV6, and 

at +100 mV for TRPM8. At the end of each recording, cell capacitance was determined using the 

built-in Cslow compensation function of Heka Pulse software, and currents were normalized as to 

be expressed as current density (pA/pF). 

For patch-clamp experiments, cells were plated in 35 mm dishes (Nunc), and the solutions we 

used are presented below, in Table 5 and Table 6. 

  

Figure 4: Schematic representation of the four main patch-clamp configurations 

Adapted from Augustine et al., 2015 
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 SOC TRPV6 TRPM8 

CsCl 150 mM 150 mM 150 mM 

BAPTA 10 mM 10 mM  

EGTA   8 mM 

HEPES 10 mM 10 mM 10 mM 

CaCl2   4 mM 

MgCl2 6 mM 6 mM 1 mM 

 

 

 

 SOC TRPV6 A TRPV6 B TRPM8 

NaCl 150 mM 150 mM 150 mM 150 mM 

KCl 5 mM 5 mM 5 mM 5 mM 

HEPES 10 mM 10 mM 10 mM 10 mM 

EDTA   100 µM  

Glucose 10 mM 10 mM 10 mM 10 mM 

CaCl2 10 mM 10 mM 0 mM 2 mM 

MgCl2    1 mM 

TEA-Cl 10 mM 10 mM 10 mM 10 mM 

 

 

 

 

 

b. Calcium imaging 

Cytosolic calcium content was monitored using the calcium imaging technique with the ratiometric 

Ca2+ dye Fura2-AM (Interchim). Fura2 is coupled with acetoxymethyl ester (AM) groups allowing 

the dye to enter the cells. The dye is then retained within the cytoplasm after the AM group is 

cleaved by endogenous esterases. 

Fura2 is composed by a fluorophore coupled to a Ca2+-chelating structure derived from EGTA. 

This indicator emits at 510 nm, but it has two different excitation wavelengths depending on its 

bound or unbound state: unbound Fura2 is excited at 380 nm whereas Ca2+-bound Fura2 is 

excited at 340 nm. Thus, the ratio between the fluorescence recorded after sequential excitation 

at 340 nm and 380 nm (F340/F380) allows us to monitor cytoplasmic Ca2+ variations. 

Cells were plated on 30 mm diameter coverslips (VWR) and incubated with Fura2-AM (2 µM, in 

the culture medium, for 45 minutes). Fura2-loaded cells were then washed twice and placed in an 

extracellular solution of the following composition (in mM) : 150 NaCl, 5 KCl, 10 HEPES, 10 

glucose, 1 MgCl2, 2 CaCl2). Cells were then washed and placed in a calcium-free extracellular 

solution. 

Table 5: Composition of the intracellular solutions used during patch-clamp experiments 

We adjusted the pH at 7.2 with CsOH, and the osmolarity at 290 mOsmol with D-mannitol. 

Table 6: Composition of the extracellular solutions used during patch-clamp experiments 

We adjusted the pH at 7.3 with NaOH and the osmolarity at 320 mOsmol with D-mannitol. 

For TRPV6 recordings, we used two distinct solutions: a solution with 10 mM CaCl2 (solution A) 

to follow Ca2+ entry in the cells, and a divalent free solution (DVF, solution B) allowing Na+ to 

permeate TRPV6 and leading to bigger currents. 
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Experiments were performed with an inverted microscope (Nikon Eclipse Ti) coupled to a DG4 

illumination system (Sutter Instruments), a charge-coupled device (CCD) camera (QImaging). 

Experiments were monitored with the Metafluor Imaging System (Molecular Devices). 

Results are shown as the F340/F380 ratio representing intracellular calcium contents.  

 

2. Confocal microscopy 

We performed dynamic confocal studies to study S1R localization and NFAT nuclear 

translocation. We also used the imaging technique of TD-FLIM to study direct interactions between 

our proteins of interest. 

Prior to confocal imaging experiments, cells were plated on FluoroDishTM (World Precision 

Instruments). 

a. Dynamics (S1R/NFAT) 

The dynamic confocal studies were carried out by Dr Dmitri Gordienko. To do so, experimental 

chambers with the cells were placed on the stage of Axiovert 200M inverted microscope attached 

to an LSM 510 META laser-scanning unit (Zeiss). The confocal microscope was assisted by the 

LSM 510 software (Zeiss). During time series protocol, the x-y confocal images were acquired at 

0.1–0.5 Hz using a Zeiss plan-Apochromat 40x 1.3 NA (numerical aperture) or 63x 1.4 NA oil-

immersion objectives. The illumination intensity was attenuated to 0.5-6 % (depending on the laser 

line) with an acousto-optical tunable filter (Zeiss). To optimize signal quality the pinhole was set to 

provide a confocal optical section 0.5–1.8 µm, depending on experimental protocol. To avoid any 

bleed-through of the fluorescence signal in multi-staining experiments, fluorochromes with well 

separated excitation and emission spectra were used and imaging was performed using the 

frame-by-frame multitrack mode of the confocal scanner: sequential acquisition via well-separated 

optical channels of the x-y images produced by fluorescence of different fluorochromes. The 

photomultiplier gain and offset in each optical channel were set individually to achieve similar 

signal intensity at each channel and remove sub-signal noise from the images. 

For some experiments, plasma membrane was stained with the CellMaskTM Deep Red 

(InvitrogenTM) according to manufacturer’s instructions. When needed, cytoplasmic calcium 

contents were monitored with Cal-590. 

b. Time domain – fluorescence lifetime-imaging microscopy (TD-FLIM) 

We used the Förster resonance energy transfer (FRET)-based imaging technique of TD-FLIM 

(time domain – fluorescence-lifetime imaging microscopy) to study protein-protein interactions. 

These experiments were carried out in collaboration with Dr Alessandro Furlan and Dr Laurent 

Héliot from the PhLAM laboratory (Physique des Lasers, Atomes et Molécules, Lille). 

This technique is based on the FRET principle of energy transfer between two fluorophores in 

close proximity with spectral overlap. Its high dependence on distance (FRET only occurs at 2-10 

nm of distance) makes it a widely used technique to study protein-protein interactions. 
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Classically, FRET is performed with a CFP/YFP (cyan fluorescent protein and yellow fluorescent 

protein) pair which has a good spectral overlap as pictured in Figure 5: the emission of the CFP 

overlaps with the absorption of the YFP. In this context, if the two proteins are in close proximity, 

the donor (CFP) emission is transferred to the acceptor (YFP). To study interactions between two 

proteins of interest, each of the FP is fused to one of the protein. For our experiments, we used a 

modified CFP/YFP pair with enhanced fluorescent properties: mTurquoise and super YFP. We 

fused the fluorescent protein (FP) to our protein of interest, separating the two with a small linker 

allowing for FP movement, using the pVLL (variable length linker) plasmid (Bidaux et al. 2018b). 

 

 

 

 

 

 

 

 

 

 

There are different ways to record FRET efficiency: intensity and lifetime. We used the FLIM-

FRET lifetime-based method that allows for a more accurate measurement avoiding FP bleed-

through. Moreover, this technique is independent of donor concentration. The fluorescence 

lifetime is the average time the FP remains in the excited S1 state before returning to the S0 

ground state. Fluorescence lifetime is an intrinsic characteristic of the FP, independent of its 

concentration and dependent on the molecular environment. Thus, when FRET occurs the 

fluorescence lifetime of the donor will be shortened. To perform these experiments, we used the 

time-domain FLIM method, TD-FLIM, in which the sample is excited by a pulsed laser and the 

fluorescence decay is recorded by high-speed detectors.  

FLIM was performed with an A1 Nikon confocal head (Nikon Instruments) mounted on an inverted 

microscope (Nikon Eclipse Ti). A pulsed diode laser (PDL) 800-B (PicoQuant GMBH), delivered 

20 MHz repetitive rate pulses at 405 nm. The confocal pinhole was set to 1 Airy, for a 0.921 µm 

optical slice. Single photons originating from the illuminated voxel were collected through a 40x 

1.25 NA water-immersion objective and detected through a 483/32 single-bandpass filter 

(Semrock) on single photon avalanche photodiodes (SPAD) (PDM Series; PicoQuant GMBH). 

Arrival time of single photons was measured with a time-correlated single photon counting 

Figure 5: CFP and YFP spectra 

Absorbance (Abs) and emission (Em) spectra of CFP (blue) and YFP (yellow). The spectral 

overlap between the two FP in shown in green. 
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(TCSPC) card (HydraHarp 400; Picoquant GMBH). Image size was setup to 128 x 128 pixels. 

Data were acquired using both SymPhoTime software (PicoQuant GMBH) and NIS software 

(Nikon Instruments). Since the statistical determination of the distribution of single photon arrival 

times requires a minimum of 100 photons per pixel which was reached in about 120 frames, 

therefore 120 frames were acquired at 2 Hz for each TCSPC recording. 

 

3. Cell viability and proliferation 

Cell viability and proliferation was assessed by a colorimetric cell viability assay coupled 

to cell counting. 

We used the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium) assay based on a tetrazolium salt that is processed into a formazan dye soluble 

in culture media by mitochondrial oxidoreductases in metabolically active cells. This reaction 

needs the presence of phenazine methosulfate (PMS), that will act as an electron acceptor. To 

perform the experiment, we used the CellTiter 96® AQueous MTS reagent powder (Promega) and 

PMS powder (Sigma), prepared according to manufacturer’s instructions. Cells were plated on 

transparent 96-well plates (TPP), with 6 to 12 wells per condition. The MTS/PMS mix was added 

directly into the medium and cells were incubated for 90 minutes, at 37°C, in the dark. We then 

measured the absorbance at 490 nm with a TriStar2 LB 942 microplate reader (Berthold) after 

thorough homogenization. Values were normalized with the absorbance of cell-free wells 

containing culture medium incubated with the MTS/PMS mix. 

The results obtained with the MTS assay were validated with cell counting (described in section 

I.3.). 

 

4. Cell cycle 

We studied cell cycle using different staining methods coupled with flow cytometry analysis. First, 

PI allowed us to have a first reading of cell cycle and cell death. We then coupled this staining 

with ki67 immunodetection to identify the quiescent cells. Finally, the EdU assay allowed to 

specifically detect the cells in the S phase of the cell cycle. 

a. Propidium iodide 

Propidium iodide (PI) is a membrane-impermeable DNA dye used to evaluate cell DNA content. 

This intercalating agent binds DNA at the concentration of one molecule every 4-5 base pair, 

allowing the separation of the cells in 4 phases according to their DNA content: 

• subG1 (sub-gap 1): fragmented DNA (<2n DNA). Represents necrotic or apoptotic cells. 

• G0/G1 (gap 0, gap 1): 2n DNA content. Represent the quiescent state (G0) or the first step 

of cell division before DNA replication (G1). 

• S (synthesis): between 2n and 4n DNA. Represents the phase of DNA replication. 

• G2/M (gap 2, mitosis): 4n DNA. Represents the final steps of the cell cycle. 
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PI staining thus allowed us to analyze cell cycle, and to evaluate cell death by the amount of 

fragmented DNA represented by the subG1 subset. 

To perform the experiment, cells were dissociated and washed in PBS. Cells were then 

resuspended in 50-100 µl PBS and fixed in 70% ice-cold ethanol (30 minutes, -20°C). Fixed cells 

were washed in PBS and treated with 1:500 RNase Cocktail™ Enzyme Mix (15 min; 1 U 

ribonuclease A, 40 U ribonuclease T1) for 15 minutes to remove RNA that PI is also able to bind. 

Cells were then stained with 50 µg/ml PI for 30 minutes and analyzed by flow cytometry using a 

CyAnTM ADP (Beckman Coulter) analyzer or a LSRFortessaTM (BD) analyzer. Cells were gated on 

singlets to avoid any misinterpretation in DNA content due to cell aggregates. 

b. PI-ki67 double staining 

The PI staining alone does not allow the specific identification of quiescent cells. To identify this 

subset, we counterstained the cells with an antibody targeting the ki67, a protein specifically 

expressed during cell proliferation. This double staining allowed us to separate the cells in the G0 

quiescent phase from the cells in the first step of the cell cycle preceding DNA replication (G1). 

Cells were prepared and fixed as previously described (see section V.4.a) and stained with an 

Alexa488-coupled ki67 antibody (see Table 4). Cells were then prepared for PI staining and 

analyzed by flow cytometry as described above (see section V.4.a). 

c. EdU assay 

As stated above, the PI staining does not allow a precise separation of cells between the different 

phases of the cell cycle. To have a better reading of the cell cycle, we used the EdU (5-ethynyl-

2’-deoxyuridine) assay. EdU is a thymidine analog that is incorporated in newly synthetized DNA 

during the replication phase of the cell cycle (S phase). This method is an improved version of the 

BrdU assay (5-bromo-2’-deoxyuridine) allowing for easier and faster detection of proliferating 

cells. We used the Click-iTTM EdU Alexa FluorTM 647 assay kit (InvitrogenTM, ThermoFisher 

Scientific) based on click chemistry. The counterstaining with PI allows the separation between 

the different phases of cell cycle as described previously, with a more precise detection of the S 

phase by EdU. EdU incubation conditions were adjusted as follows: 5 x 105 cells per sample; 3 

hours for PC3 cells and 4 hours for LNCaP cells. Cells were then fixed with ethanol as previously 

described (see section V.4.a) and Click reaction was performed according to manufacturer’s 

instructions. Cells were then subjected to PI counterstaining when needed and analyzed by flow 

cytometry as previously described (see section V.4.a). 

 

5. NFAT-Luciferase assay 

In order to assess NFAT activity, we transfected our cells with the luc2P-NFAT-RE plasmid 

(see section II.2.). This construct is composed of the luciferase gene preceded by an NFAT 

response element. Thus, luciferase expression is proportional to NFAT activity in transfected cells. 

Luciferase activity was assessed 48 hours after transfection by the Luciferase Assay System 
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(Promega), according to manufacturer’s instructions with a TriStar2 LB 942 microplate reader 

(Berthold). 

 

6. Apoptosis 

Morphonuclear analysis allowed us to detect apoptotic cells with characteristic fragmented 

nucleus. We stained the nuclei with Hoechst 33342, a cell permeable DNA dye that binds the 

minor groves of DNA with a higher affinity for adenine and thymine-rich regions. 

Cells were fixed on microscopy slides in cold methanol for 20 minutes (-20°C), rinsed and stained 

with Hoechst 33342 (0.5 µg/ml in PBS, 20 minutes; InvitrogenTM, ThermoFisher Scientific). The 

slides were then mounted in Glycergel® (Dako, Agilent). 

Samples were observed using a DMi8 (Leica) inverted microscope. We analyzed five random 

fields per condition using the Cell counter feature of ImageJ software (NIH) (Schneider et al. 2012). 

 

7. Cell migration 

We used random cell migration to study the effect of S1R on cell migration. With this 

technique, cells are plated at low density and followed with videomicroscopy. 

Cells were plated at low density (104 cells/well) in 1 % gelatin-coated 24-well plates 24 hours 

before the experiment. The plate was then placed in a videomicroscope (Eclipse Ti-E, Nikon) 

equipped with a cage incubator (Okolab) maintaining the temperature at 37°C with 5 % CO2. We 

selected five positions at random in each well and acquired an image every 10 minute for 10 hours 

with an 10x objective. 

Images were processed with the MtrackJ plugin (Meijering et al. 2012) on the ImageJ software 

(NIH) (Schneider et al. 2012). We only analyzed individual cells which stayed within the acquisition 

field during the 10 hours without dividing. 

 

8. In vivo studies 

We performed sub-cutaneous xenografts in immunodeficient mice to assess tumorigenic 

potentials. These experiments were carried out with the help of Dr Yasmine Touil, and following 

guidelines validated by the local ethics committee. Tumor growth was measured twice a week and 

estimated in mm3 using the following formula: 

 

Tumor volume (mm3) = (length x width x width) / 2 

 

Mice were sacrificed before tumors reached 10 % of the animal’s weight. Tumors were then 

extracted and preserved for further analysis. 

For our studies, we used two different experimental protocols. 
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a. Cancer stem cell validation 

We used in vivo experiments to confirm the increased tumorigenicity of our subpopulations with 

stem-like properties. To do so, we injected a very low number of cells (103 cells per mice) in 6 

weeks old Nod-SCID-Gamma mice (we used females for melanoma and males for prostate cancer 

cells; the mice model was developed by Jackson Laboratories and purchased from Charles River). 

After FACS (see section I.5), cells were prepared in 50 % Matrigel® basement membrane matrix 

growth factor reduced, phenol red free (Corning) and 50 % PBS, and injected sub-cutaneously in 

the right flank of the animal. 

b. S1R 

We performed xenografts experiments to study the role of the S1R in tumor growth. 24 hours after 

transfection with siRNA, LNCaP or PC3 cells were prepared in 50 % Matrigel® basement 

membrane matrix high concentration, phenol red free (Corning) and 50 % PBS, and injected (3 x 

106 cells per mice for LNCaP; 106 cells per mice for PC3) in the right flank of male NMRI Nude 

mice (6-8 weeks old). 

 

VI. Data analysis and statistics 

All results are expressed as mean ± SEM. Statistical significance was assessed using Student’s t 

test. For multiple comparisons, we performed a one-way analysis of variance (ANOVA) with 

Turkey’s test. A p value < 0.05 was considered as significant. p values are shown as: *p<0.05; 

**p<0.01; ***p<0.01. 

Figures and statistical analysis were done using the Graphpad Prism 7 software and the Origin 

6.1 software (OriginLab Corporation). 

Flow cytometry data were analyzed using the FlowJo v10 software (BD). 
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Despite the establishment of the crucial role played by cancer stem cells (CSCs) in cancer 

progression, the mechanisms controlling CSCs quiescence/activation states remain poorly 

understood. Our aim was therefore to investigate the potential involvement in these phenomena 

of calcium channels previously identified as key players in cancer progression. 

Prostate cancer (PC3) and melanoma (HBL) cell lines were used to generate tumour 

mimicking spheres from which quiescent/slow cycling cells with CSCs properties were sorted by 

FACS. Control and CSC-like cells were then further characterized by RT-qPCR, 

immunofluorescence, confocal microscopy, calcium imaging and flow cytometry. 

We present here initial evidence that calcium channel Orai1 expression is down-regulated 

in prostate cancer and melanoma subpopulations presenting CSC-like properties. The low level 

of Orai1 is functionally associated with a major decrease in store-operated calcium entry and 

cytosolic calcium concentration. This in turn down-regulates the Ca2+-calcineurin-NFAT/CBP 

signalling pathway. Furthermore, we demonstrate that the impairment of Orai1 activity in non-stem 

cells effectively increases stemness-defining sphere-forming capacity and expansion of the stem 

cell-like pool in both prostate cancer and melanoma cell lines. We also show that Orai1 

suppression endows CSC-like cells with a chemotherapy-resistant phenotype. 

Our findings therefore uncover a previously unknown Ca2+-dependent regulatory 

mechanism governing CSC reactivation, and potentially associated with their propagation and 

consequent cancer relapse. 
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1. Orai1 expression and function decrease in prostate cancer cells with 

stem-like properties 

Stem cells are mostly quiescent and rarely divide, displaying a slow cycling profile. This 

property has allowed their characterization as label retaining cells (LRCs) (Pece et al. 2010). We 

used the androgen-resistant prostate cancer PC3 cell line, labelled with a vital DiI dye to 

distinguish quiescent LRCs from the cycling population. Cycling cells dilute this dye by half with 

each cell division. After 7 days of dilution, about 15 % of the population was still DiI-positive (see 

section I.5.b. of the Material and Methods). In conjunction with the DiI labelling technique, we also 

used CD44, a well-known cell surface marker of prostate CSCs, shown to be enriched in sphere-

forming cells (Garraway et al. 2010; Patrawala et al. 2007). The double labelling and sphere-

forming capacity ensured an accurate identification of quiescent and/or slow cycling prostate stem-

like cells. We isolated a subpopulation of CD44hi/DiIhi prostate stem-like cells (2.9 ± 0.8 %) by 

sorting dissociated sphere cells (Figure 1A). As shown in Figure 1B, after 7 days of dilution, the 

remaining DiI-positive cells exhibit a decreased expression of epithelial differentiation markers 

such as vimentin and E-cadherin. Moreover, when injected in small number (103 cells) in 

immunodeficient mice, the DiIhi subpopulation is more aggressive, as shown by a faster tumor 

growth than with DiIlo cells (Figure 1C), and an increased mean tumor weight upon sacrifice (Figure 

1D, 1,245 ± 121.3 mg vs 603.7 ± 32.36 mg). Taken together, our results show that the DiIhi 

subpopulation presents CSC-like properties, namely slow cell cycling and increased 

tumorigenicity. 
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Figure 1: CD44-positive PC3 LRCs present stem-like properties 

A. Two-color flow cytometry analysis of PC3 cells labelled with DiI and CD44 after 7 days of DiI 

dilution in spheres. The double positive population is shown in red. Representative image from 7 

independent experiments. B. Confocal microscopy of PC3 total population after 7 days of DiI 

dilution in spheres. Shown are: DiI fluorescence (red) and immunofluorescence (green) with anti-

Vimentin (left) or anti-E-cadherin (right) antibodies, nuclei were stained with Hoechst 33342 (blue). 

Scale bar: 20 µm. Representative images. C, D. Kinetics of tumor growth in male NSG mice injected 

(s.c.) with DiIhi or DiIlo PC3 cells (3 mice per condition), and corresponding tumor weights upon 

sacrifice. **p<0.01; ***p<0.001 
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The importance of calcium in cell physiology has been clearly stated in many cellular 

models (Clapham 2007; Monteith et al. 2017), but not in stem cells. We used RT-qPCR to evaluate 

the expression of Orai1 and STIM1, the main components of the store-operated calcium entry in 

prostate cancer (Dubois et al. 2014). The analysis determined a 3-fold decrease in Orai1 

expression in CD44hi/DiIhi CSC-like prostate cells when compared to the CD44lo/DiIlo major 

subpopulation (Figure 2A). Interestingly, this was associated with a 3-fold decrease in STIM1 

expression. The difference in Orai1 expression was confirmed at protein level using 

immunofluorescence and confocal microscopy (Figure 2B). 

 

  

Figure 2: Orai1 expression is decreased in prostate cancer cells with stem-like properties 

A. Real-time quantitative PCR showing the expression of Orai1 and STIM1 in PC3 DiIlo/CD44lo and 

PC3 DiIhi/CD44hi FACS-sorted subpopulations (n=3 and n=4 respectively). B. Confocal microscopy of 

PC3 cells. After 7 days of DiI dilution, cells were immuno-reacted with anti-CD44 antibody and then 

sorted. Shown are DiI fluorescence (orange) and indirect CD44 (green) and Orai1 (red) 

immunofluorescence, Hoechst 33342-stained nuclei are in blue. Scale bar: 20 µm. Representative 

images of 4-6 fields from 3 independent experiments. Bars show the average ± S.E.M of fluorescence 

intensities measured in PC3 cells. Data from three experiments. **p<0.01; ***p<0.001 
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The functional relevance of Orai1 and STIM1 expression decrease on store-operated 

calcium entry (SOCE) was examined using the calcium imaging technique (Kondratska et al. 

2014). Values corresponding to the difference between the peak ratio and level before calcium 

add-back (referred to as ratio deltas) in non-stem (DiIlo) and stem-like (DiIhi) PC3 cells were 

respectively: 8.22 ± 0.28 and 5.97 ± 0.17 (Figure 3A). Summarized in Figure 3B, these data 

demonstrate that capacitative calcium entry in stem-like cells was significantly lower than in non-

stem PC3 cells, a result associated with a significant decrease in basal calcium level (Figure 3C). 

Ratio values were: 1.28 ± 0.03 (DiIlo) and 1.15 ± 0.02 (DiIhi). 

 

  

Figure 3: Orai1 function is decreased in prostate cancer cells with stem-like properties 

A. Time course of cellular responses observed with calcium imaging technique. Thapsigargin and 

calcium add-backs are indicated by bars. B. Histogram summarizing deltas of ratio observed in A after 

calcium addition. C. Histogram presenting basal calcium levels in DiIlo and DiIhi PC3 cells as observed 

in A. *p<0.05; ***p<0.001. 
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2. Orai1 expression and function are also down-regulated in melanoma 

cells with stem-like properties 

To check whether low Orai1/calcium is restricted to prostate cancer stem-like cells, we 

used an unrelated model, melanoma. Our collaborators previously generated a Tet-ON controlled 

Histone 2B-GFP (H2B-GFP) fusion construct (Ostyn et al. 2014) (see section I.5.a of the Material 

& Methods). We then labeled, isolated and characterized LRCs in this HBL melanoma cell line. 

After 7 days of dilution, the remaining GFP-positive cells (GFPhi) show weak expression of the 

Melan A differentiation marker and Ki67 proliferation marker as compared to the GFP-negative 

cells (GFPlo) (Figure 4A). Moreover, when injected in small number (103 cells) in immunodeficient 

mice, the GFPhi subpopulation displays a higher tumorigenic potential than the GFPlo, as shown 

by the 2-fold increase in tumor growth (Figure 4B) and mean tumor weight upon sacrifice (Figure 

4C, 753.8 ± 57.81 mg vs 353.9 ± 78.83 mg). Our results therefore show that the GFPhi 

subpopulation presents stem-like properties, namely slow cell cycling and increased 

tumorigenicity. 

 

  

Figure 4: HBL LRCs present stem-like properties 

A. Representative confocal microscopy images of HBL H2B-GFP total population after 7 days of GFP 

dilution in spheres. Shown are: H2B-GFP fluorescence (green) and immunofluorescence with anti-

Melan A (white) and anti-Ki67 (red) antibodies, nuclei were stained with Hoechst 33342 (blue). Scale 

bar: 20 µm. B, C. Kinetics of tumor growth in female NSG mice injected (s.c.) with GFPhi or GFPlo HBL 

H2B-GFP cells (4 mice per condition), and corresponding tumor weights upon sacrifice. ***p<0.001. 
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As in prostate cancer, RT-qPCR analysis showed a 3-fold lower Orai1 expression in the 

subpopulation of GFPhi stem-like cells than in the GFPlo non-stem major subpopulation (Figure 

5A). This variation was specific to Orai1 transcript, since the expression of STIM1 did not differ 

between these two subpopulations. Confocal fluorescent immunocytochemistry (Figure 5B) 

confirmed that Orai1 expression was strongly decreased in the GFPhi subpopulation as compared 

to GFPlo cells. 

  

Figure 5: Orai1 expression is decreased in melanoma cells with stem-like properties 

A. RT-qPCR showing relative expression of Orai1 and STIM1 in HBL GFPlo and GFPhi FACS-sorted 

subpopulations (n=8 and n=3 respectively). B. Confocal microscopy of HBL GFPlo and GFPhi cells. 

Sorted cells were immuno-reacted with anti-Orai1 antibody (red), H2B-GFP fluorescence is in green 

and Hoechst 33342-stained nuclei are in blue. Scale bar: 20 µm. Representative images of 4-6 fields 

from 3 independent experiments. Bars show the average ± S.E.M fluorescence intensities measured 

in cells from three independent experiments. *p<0.05; ***p<0.001. 
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As presented in Figure 6A and 6B, GFPhi HBL cells exhibited less SOCE than non-stem 

GFPlo cells. Ratio deltas obtained during capacitative calcium entry in non-stem (GFPlo) and stem-

like (GFPhi) HBL cells were respectively: 1.59 ± 0.12, 1.11 ± 0.12. In agreement with the observed 

decrease in SOCE, the GFPhi HBL cells exhibited a small, albeit extremely significant, reduction 

in their basal calcium level when compared to GFPlo cells (Figure 6C). Ratio values were: 1.205 ± 

0.001 (GFPlo) and 1.157 ± 0.001 (GFPhi). Our results therefore associate melanoma stem-like 

phenotype with a general decrease in calcium level and Orai1 expression. 

 

 

 

 

 

 

 

 

Taken together, our data indicate that a sub-population of cells exhibiting stem cell-like 

properties in two unrelated cancer models express low Orai1 levels and show a decrease in SOCE 

and basal calcium concentration.  

  

Figure 6: Orai1 function is decreased in melanoma cells with stem-like properties 

A. Time course of calcium imaging in response to SERCA pump inhibitor thapsigargin in the absence 

of extracellular calcium. Thapsigargin and calcium add-backs are indicated by bars. B. Histogram 

summarizing deltas of ratio observed in A after calcium addition. C. Histogram presenting basal 

calcium levels in GFPlo and GFPhi HBL cells as observed in A. *p<0.05; ***p<0.001. 
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3. Orai1 is involved in SOCE in both non-stem and stem-like 

subpopulations 

Although Orai1 is generally accepted as being ubiquitously involved in SOCE, we used 

siRNA against this channel to confirm its importance in our models’ SOCE. 

As shown in Figure 7A, a 3-day treatment with Orai1 siRNA (siOrai1) in non-stem PC3 cells 

significantly reduced SOCE when compared to cells treated with control siRNA (siLuc). Ratio 

deltas were: 8.22 ± 0.29 (siLuc) and 1.28 ± 0.16 (siOrai1). We obtained similar results in the PC3 

stem-like subpopulation (Figure 7B), where ratio deltas were 5.99 ± 0.26 (siLuc) and 3.12 ± 0.19 

(siOrai1). Those results, summarized in Figure 7C, confirm the importance of Orai1 in the SOCE 

in prostate cancer as previously shown (Dubois et al. 2014), and indicate that the involvement of 

Orai1 is maintained in the stem-like subpopulation. 

 

  

Figure 7: Orai1 is a key actor in non-stem and stem-like PC3 cells SOCE 

A, B. Time courses of calcium ratios after 3 days of treatment with siRNA targeting Orai1 (siOrai1) or 

Luciferase (siLuc). Thapsigargin and calcium add-backs are indicated by bars. C. Histogram 

summarizing deltas of ratio observed in A and B after calcium addition. ***p<0.001. 
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Although Orai1 implication in melanoma has been well documented (Stanisz et al. 2016; Umemura 

et al. 2014), no data were available about HBL cells. We therefore checked whether Orai1 was 

also a key actor of SOCE in this melanoma cell line. In the non-stem GFPlo major subpopulation, 

siOrai1 significantly reduced SOCE (Figure 8A) with ratio deltas of 2.98 ± 0.27 (siLuc) and 1.39 ± 

0.20 (siOrai1). We confirmed the involvement of Orai1 in the GFPhi subpopulation as well (Figure 

8B) with ratios of 1.85 ± 0.13 (siLuc) and 0.66 ± 0.07 (siOrai1). Our results, summarized in Figure 

8C, confirm that Orai1 is a key element in SOCE in both stem-like and non-stem HBL cells.  

 

 

  

Figure 8: Orai1 is a key actor in HBL cells SOCE 

A, B. Time courses of calcium ratios after 3 days of treatment with siRNA targeting Orai1 (siOrai1) or 

Luciferase (siLuc). Thapsigargin and calcium add-backs are indicated by bars. C. Histogram 

summarizing deltas of ratio observed in A and B after calcium addition. ***p<0.001. 
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4. Orai1 inhibition increases a pool of cells with stem-like properties 

Having defined the involvement of Orai1 in our models, we examined the effect of its 

inhibition on cell fate determination. 

As shown in Figure 9A, the Orai1 inhibitor BTP2 (10 µM) almost completely abrogated SOCE in 

non-stem (DiIlo) and stem-like (DiIhi) prostate cancer cells with ratio deltas of 8.34 ± 0.77 vs 0.05 

± 0.10 for DiIlo and 6.60 ± 0.34 and 0.05 ± 0.01 for DiIhi. We then evaluated the effect of BTP2 

during sphere formation. For this purpose, we labelled the PC3 cells with DiI and added 1 µM of 

BTP2 in the medium during sphere formation. After 7 days of DiI dilution in sphere forming 

condition, flow cytometry analysis determined that BTP2 induces an increase in the size of the 

DiIhi subpopulation (Figure 9B, 19.61 ± 0.5 % vs 17.08 ± 0.68 %). This suggests that the inhibition 

of Orai1 increases the number of quiescent/slow cycling cells during sphere formation. 

Interestingly, spheres treated with BTP2 exhibited a significantly greater ability to form secondary 

spheres than control spheres (Figure 9C), thus confirming that a decrease in Orai1 activity 

effectively raises the pool of stem-like prostate cancer cells. 

 

  

Figure 9: Orai1 inhibition increases stemness in prostate cancer cells 

A. Histograms summarizing deltas of calcium ratios observed in the presence or absence of 10 µM 

BTP2 after calcium addition. B. Histogram showing the percentage of DiI positive cells after 7 days of 

sphere formation with or without 1 µM BTP2 determined by flow cytometry (n=8). C.  Quantification of 

SFU after 7 days of sphere formation with BTP2 or control. *p<0.05; **p<0.01; ***p<0.001. 
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Similarly, in HBL cells, BTP2 (10 µM) strongly inhibited SOCE in both GFPlo and GFPhi 

subpopulations. Ratio deltas, summarized in Figure 10A, were as follows: 5.53 ± 0.21 (GFPlo 

control), 0.06 ± 0.02 (GFPlo BTP2); 1.76 ± 0.10 (GFPhi ctrl), 0.18 ± 0.04 (GFPhi BTP2). 

Subsequently to a 24-hour tetracycline-induction, BTP2 (1 µM) was added to sphere cultures. 

After 7 days of GFP dilution in spheres, flow cytometry analysis showed that BTP2 increases the 

GFPhi subpopulation as it was reported above for prostate cancer cells (Figure 10B, 14.56 ± 2.08 

vs. 7.74 ± 1.04). We then confirmed those results by testing the secondary sphere forming 

capacities of treated cells. As expected, Orai1 inhibition led to an increased capacity to form 

second generation spheres (Figure 10C). 

 

 

 

 

 

 

In summary, our results suggest that Orai1 plays a critical role in the control of SOCE in 

both melanoma and prostate cancer cells, and that low Orai1 expression level and activity are 

linked to a stem-like phenotype in both models. 

  

Figure 10: Orai1 inhibition increases stemness in melanoma cells 

A. Histograms summarizing deltas of calcium ratios observed in the presence or absence of 10 µM 

BTP2 after calcium addition. B. Histogram showing the percentage of GFP positive cells after 7 days 

of sphere formation with or without 1 µM BTP2 determined by flow cytometry (n=8). C.  Quantification 

of SFU after 7 days of sphere formation with BTP2 or control. *p<0.05; **p<0.01; ***p<0.001. 
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5. Orai1 regulates quiescence via calcineurin-NFAT modulation 

Our data suggest that Ca2+ entry via Orai1 controls the quiescence of a subpopulation of 

cells with stem-like properties by modulating SOCE. We have also shown that even in the absence 

of outside stimulation, stem-like cells have a lower level of basal calcium correlated to decreased 

Orai1 expression and activity. To explore the mechanistic relationship between Ca2+, Orai1 and 

quiescence, we examined the calcineurin-NFAT pathway downstream of Orai1. 

As shown in Figures 11A and B, NFATc1, the major NFAT isoform in melanoma cells (Horsley et 

al. 2008; Levin-Gromiko et al. 2014), is predominantly located in the nucleus of proliferating HBL 

GFPlo cells, while its distribution is homogenous throughout GFPhi quiescent cells. When added 

to the medium during melanosphere formation, FK506, a calcineurin inhibitor that blocks NFAT 

nuclear translocation, augments the number of sphere forming units (Figure 11C, 5.17 ± 0.42 % 

vs. 3.03 ± 0.25 %). This demonstrates the NFAT inactivation increases the pool and quiescence 

of melanoma stem-like cells. 

We performed the same experiments on prostate cancer cells were NFATc3 is the predominant 

isoform (unpublished data). As previously observed with melanoma, NFAT inhibition during 

sphere formation led to an increased sphere forming capacity (Figure 11D, 5.16 ± 0.63 % vs. 3.13 

± 0.40 %). These results show that the calcineurin-NFAT pathway is a key actor of 

quiescence/proliferation transition in both melanoma and prostate cancer cells. 
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Figure 11: Orai1 regulates quiescence via calcineurin-NFAT modulation 

A. Confocal microscopy of HBL GFPhi and GFPlo cells. Sorted cells were immuno-reacted with anti-

NFATc1 antibody (red), nuclei were stained with Hoechst 33342 (blue), H2B-GFP fluorescence is 

shown in green. Representative images of 4-6 fields from 3 independent experiments. B. 

Representative images of cellular distribution of NFATc1 in GFPhi cells (top) and GFPlo cells (bottom). 

For each panel, galleries on the left show images of Hoechst 3342-stained nuclei fluorescence (blue), 

H2B-GFP fluorescence (green), NFATc1 immunofluorescence (red) and their overlay. On the right, 

spatial profiles of GFP (green curve), NFATc1 (red curve) and Hoechst 33342 (blue curve) 

fluorescence along the yellow line shown on the overlay image (left), respectively. Note the 

predominant translocation of NFAT to the nuclei in GFPlo cells. C. Histogram of SFU in HBL cells after 

7 days of treatment with 10 µM FK506 (n=6). D. Histogram of SFU in PC3 cells after 7 days of 

treatment with 10 µM FK506 (n=5). *p<0.05; **p<0.01. 
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While investigating for molecular targets of NFAT that could control the quiescence of the 

subpopulation of cells with stem-like properties, we concentrated on NFAT-controlled CBP 

(Matsubara et al. 2010), a transcriptional co-activator, and an important regulator of stemness in 

different cell types (Chitilian et al. 2014; Ring et al. 2014; Wang et al. 2013). As shown in Figure 

12A, CBP expression was higher in DiIhi than in DiIlo prostate cancer cells and this expression was 

further increased by BTP2 and FK506. Similar data were obtained with HBL cells (Figure 12B). 

This CBP upregulation was accompanied by Orai1 and NFAT inactivation, demonstrating their 

inverse relationship and thereby implying that Orai1-instigated signaling negatively regulates CBP 

linked to melanoma and prostate stem-like cells quiescence. 

 

 

 

 

6. Chemotherapeutic stress induces quiescence and is associated with a 

decrease in Orai1 expression 

The CSCs hypothesis portends that CSCs possess increased resistance to chemotherapy 

and thus serve as a reservoir for tumor repopulation after therapy (Alison et al. 2012). While recent 

studies have provided evidence that therapy resistance relates to the ability of CSCs to enter 

quiescence (Borst 2012; Ehninger et al. 2014; Touil et al. 2014), the underlying mechanistic 

relationship remains to be understood. Because our data point to the importance of Orai1 in 

controlling CSCs quiescence and Orai1 has been linked to apoptosis (Cui et al. 2013; Dubois et 

al. 2014; Henke et al. 2013), we investigated in our models whether cells with stem-like properties 

enter quiescence in response to DNA damage and stress-inducing chemotherapeutics, and 

whether this correlates with Orai1 expression levels. 

  

Figure 12: CBP is upregulated in cell populations with stem-like properties 

A, B. Histograms showing the percentage of CBP-positive cells in PC3 DiIlo and DiIhi subpopulations 

and HBL GFPlo and GFPhi respectively in control conditions or after treatment with 1 µM BTP2 or 10 

µM FK506. *p<0.05; **p<0.01. 



  116 

We treated melanoma cells with 100 µM 5-fluorouracil (5-FU) or 40 µM oxaliplatin during 24 hours. 

This treatment significantly increased the quiescent G0 subpopulation from 12.17 ± 1.53 % in 

control to respectively 33.73 ± 4.50 % and 31.98 ± 5.19 % in 5-FU and oxaliplatin-treated cells 

respectively (Figure 13A). Moreover, the Orai1lo subpopulation increased from 3.97 ± 0.78% in 

control to 23.56 ± 2.74% and 32.0 ± 2.2 % respectively in 5-FU and oxaliplatin treated cells (Figure 

13B). As shown in Figure 13C, this Orai1lo subpopulation was mainly in the G0 phase of the cell 

cycle. 

 

 

We are currently performing similar experiments to confirm these results in prostate cancer cells 

with docetaxel (DoceT, 10 nM). 

 

 

Taken together, our results confirm that Orai1 downregulation induces cellular quiescence 

and suggest that this ability endows CSCs with a chemotherapeutic-resistant phenotype.  

Figure 13: Chemotherapy induces quiescence and is associated with a decrease in Orai1 

expression 

A. HBL cells were treated with 100 µM 5-FU or 40 µM oxaliplatin. After 24 h, the percentage of 

quiescent cells was determined by flow cytometry and Ki67/IP staining (n=5). B. Orai1lo subpopulation 

was analyzed by flow cytometry after 5-FU or oxaliplatin treatment (24 h, n=3). C. Cell cycle 

distribution gated in Orai1lo subpopulation. 5-FU and oxaliplatin 24 h treatments increases the 

quiescent Orai1lo subpopulation (representative results from three independent experiments). 

**p<0.01; ***p<0.001. 
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As stated in the introduction, calcium channels play a major role in prostate cancer (PCa), 

the most frequent and third deadliest cancer in men in developed countries. Among them, the 

store-operated channels (SOC), constituted by Orai1 and STIM1, have been shown to regulate 

apoptosis-sensitivity and, as described above, the quiescence/proliferation transition of cancer 

cells with stem-like properties. Unfortunately, SOC targeting is currently limited, with only the 

possibility of inhibition. We thus aimed to identify a partner protein to bypass these shortcomings. 

We took interest in the sigma 1 receptor (S1R), whose ability to modulate ion channels has been 

well documented over the years. Interestingly, the S1R has been shown to be overexpressed in 

many cancers, including PCa. Recent studies using overexpression in HEK-293 cells showed that 

S1R could modulate SOC activity, but there has been no such report in PCa, or in an endogenous 

setting. 

We used hormone-sensitive (LNCaP) and resistant (PC3) PCa cell lines to show that S1R 

expression is regulated by androgens in PCa at both protein and mRNA levels. We also confirmed 

the previously reported regulation of Orai1 by androgens. Using specific techniques such as patch 

clamp, calcium imaging, confocal microscopy and TD-FLIM, we report here that upon store-

operated calcium entry (SOCE) activation, the S1R translocates to the plasma membrane and 

interacts with Orai1, increasing SOC activity. These results were confirmed in both overexpressing 

and endogenous models of PCa. Finally, through the roles of SOC in PCa cells, this S1R 

modulation leads to an increased PCa cell proliferation associated with a decrease in the pool of 

cancer cells presenting stem-like properties and an enhanced sensitivity to apoptosis. 

Our results uncover a new role for S1R in PCa, as a modulator of SOC and regulator of 

cell proliferation, and of tumor growth. We also present preliminary results showing that S1R is 

able to regulate other calcium channels implicated in prostate carcinogenesis, such as TRPV6 

and TRPM8, reinforcing the importance of this chaperone protein in PCa. 
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1. The S1R is overexpressed in PCa 

Previous studies showed that the S1R is overexpressed in many cancers, including PCa 

(John et al. 1998; Vilner et al. 1995b). 

We used two different sets of patient samples to study the expression of the S1R in PCa at both 

mRNA and protein levels. In a first set of samples, immunohistochemistry experiments showed 

that the S1R is expressed in healthy prostate. S1R expression is slightly increased in benign 

prostatic hyperplasia (BPH), and further increased in PCa, in correlation with aggressiveness as 

shown by the stainings obtained on Gleason 7 and 9 (Figure 1A). It is important to note that all 

our cancer samples are hormone-sensitive PCa, as confirmed by the strong PSA staining. 

Figure 1: S1R expression is increased in prostate cancer 

A. From top to bottom are shown immunohistochemistry staining of S1R, PSA and Ki-67, on healthy 

prostate, benign prostatic hyperplasia (BPH), Gleason 7 PCa and Gleason 9 PCa. Representative 

images (respectively n=2, n=6, n=6, n=3). B. RT-qPCR results showing S1R mRNA expression levels 

normalized on r18S in 13 PCa biopsies. For each patient, two separate samples were compared after 

histopathological analysis: healthy prostate tissue and prostate cancer. C. Summary of the results 

presented in B. **p<0.01 
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We were able to confirm S1R overexpression in PCa with a second set of samples in which we 

compared mRNA levels between healthy prostate tissue and prostate cancer in 13 patients with 

hormone-sensitive PCa (Gleason 6 to 9). RT-qPCR results show that, for every patient, S1R 

mRNA expression is higher in PCa tissue than in its healthy counterpart (Figure 1B). The mean 

expression of all 13 patients presented in Figure 1C shows a significant 3-fold overexpression of 

the S1R in PCa, with relative expressions of 1.20 ± 0.19 in healthy tissue and 3.90 ± 0.83 in 

cancer, confirming previously reported data. 

We then examined the expression of the S1R in PCa cell lines by RT-qPCR and western 

blot. Our results show a strong expression of the S1R in LNCaP cells at both mRNA and protein 

levels (Figures 2A and 2B). Interestingly, the more aggressive PCa cell line PC3 presented a 

weaker expression of the S1R. 

 

 

 

 

 

 

 

 

2. S1R expression is positively regulated by androgens in PCa 

The main difference between the LNCaP and PC3 cell lines is their dependence to 

androgens. Indeed, LNCaP are hormone-sensitive cells that express the androgen receptor (AR). 

These cells require androgens to proliferate and express classical androgen-regulated prostate 

markers such as the prostate specific antigen (PSA) (Schuurmans et al. 1988; Young et al. 1991). 

On the other hand, PC3 are hormone-resistant cells that do not express the AR nor the PSA (van 

Bokhoven et al. 2003). We thus investigated the possibility of S1R expression being regulated by 

androgens in PCa cells. 

To do so, we treated the LNCaP hormone-sensitive cells with Casodex® (Bicalutamide), a 

pharmacological inhibitor of the AR. We also placed LNCaP cells in steroid-deprived medium with 

or without the addition of dihydrotestosterone (DHT), the active form of testosterone. After 3 days, 

Casodex® (10 µM) led to a strong decrease in S1R mRNA and protein expression (Figure 3A and 

3B). When LNCaP cells were placed in steroid-deprived medium, S1R mRNA and protein levels 

were decreased as well, and the addition of 100 nM DHT in the medium led to a significant 

Figure 2: S1R expression in prostate cancer cell lines 

A. RT-qPCR results of S1R mRNA expression normalized on r18S in LNCaP and PC3 cells (n=4). 

B. On the left, representative image of a western blot experiment showing calnexin-normalized 

expression of AR and S1R in LNCaP and PC3 cells. On the right, S1R protein expression normalized 

on calnexin measured by western blot (n=3). ***p<0.001 
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increase in S1R expression. Interestingly, this regulation seems to be indirect, as shown by the 

absence of effect after 4 hours of treatment in Figure 3C. To confirm the implication of the AR in 

this regulation, we used a siRNA targeting the receptor to strongly decrease its expression in 

LNCaP cells. After 3 days of treatment, specific AR inhibition decreased the S1R mRNA 

Figure 3: Androgens regulate S1R expression in PCa cells 

A-B. LNCaP cells grown for 3 days in normal medium with or without 10 µM Casodex®, or in steroid-

deprived medium with or without 100 nM DHT. A. r18S-normalized S1R mRNA expression obtained 

by RT-qPCR (n=5). B. S1R protein expression normalized on calnexin, PSA expression was used as 

a control for androgen modulation, representative western blot experiment from three independent 

experiments. C. r18S-normalized S1R mRNA levels in LNCaP cells 4 hours after steroid-deprivation, 

with or without addition of 100 nM DHT (n=3). D-E. LNCaP cells, 3 days after transfection with a control 

siRNA (siLuc, 50 nM) or siAR (50 nM) in 2 % FBS medium. D. r18S-normalized S1R mRNA expression 

(n=3). E. On the left, representative western blot experiment showing S1R and AR expressions, 

calnexin was used as a control. On the right, S1R protein expression normalized on calnexin (n=3). F-

G. PC3 cells 3 days after transfection with an empty vector (Ctl) or the AR. F. r18S-normalized S1R 

mRNA expression (n=4). G. On the left, representative western blot experiment showing S1R and AR 

expressions, ß-actin was used as a control. On the right, S1R protein expression normalized on ß-

actin (n=3). *p<0.05; **p<0.01; ***p<0.001 
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expression from 1 to 0.59 ± 0.08 (Figure 3D). This was accompanied by a significant decrease in 

S1R protein level (Figure 3E). 

We confirmed these results in another PCa cell model by re-expressing the AR in the hormone-

resistant PC3 cells that do not express this receptor. As shown in Figures 3F and 3G, the re-

expression of AR in these cells significantly increased the weak expression of the S1R after 3 

days by at least 2-fold at both protein and mRNA levels. 

Taken together, these results show that S1R expression is positively regulated by androgens in 

PCa cells. It is well known that androgen signaling is hyperactivated in hormone-sensitive PCa, 

cells and this could thus be responsible for the S1R overexpression we previously showed (Figure 

1). These results also suggest that S1R expression would significantly drop in androgen-resistant 

PCa (castration-resistant PCa, CRPC), suggesting that the S1R could be an interesting marker 

for late stages of PCa. 

 

3. Androgens regulate Orai1 expression, but not Orai3 and STIM1 

Orai and STIM isoforms have been previously studied in PCa. The expression of Orai1 

and STIM1, the major components of store-operated channels (SOC) in our models, remains 

unchanged in PCa (Dubois et al. 2014; Raphaël et al. 2014). Interestingly, a previous study also 

suggested that Orai1 could be regulated by androgens in PCa (Flourakis et al. 2010), similarly to 

our results above for the S1R. We thus repeated our experiments to confirm Orai1 regulation by 

androgens and to study the sensitivity of Orai1’s activator, STIM1, to these steroids.  

As shown in Figure 4A, Orai1 mRNA expression is significantly down-regulated in androgen-

deprived culture conditions via both AR pharmacological inhibition and steroid removal from the 

medium. In steroid-deprived culture conditions, the addition of 100 nM DHT leads to a significant 

increase of Orai1 mRNA expression from 0.57 ± 0.08 to 0.90 ± 0.06. This result was confirmed at 

protein level (Figure 4B). As previously shown for the S1R, no effect was detected on Orai1 mRNA 

levels after 4 hours of treatment (Figure 4C), hinting at an indirect regulation. As it was previously 

shown, AR knockdown by siRNA decreases Orai1 mRNA expression (Figure 4D). AR re-

expression in PC3 cells further confirmed those results by significantly increasing Orai1 mRNA 

from 1 to 1.33 ± 0.10 (Figure 4E). 
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Orai3 was shown to be overexpressed in PCa, but this channel does not participate in SOC 

(Dubois et al. 2014). We also studied the expression of the Orai3 isoform in our model and found 

that Orai3 can be repressed by steroids other than androgens. Indeed, while Casodex® and DHT 

had no effect on Orai3 expression, the removal of steroids from the culture medium led to a 

significant 2-fold increase in Orai3 mRNA levels (Figure 4F). 

Finally, as shown in Figure 4G, steroids did not have any effect on STIM1 mRNA expression in 

LNCaP cells after 3 days of treatment. 

These results show that among the Orai and STIM isoforms implicated in PCa physiology, only 

Orai1 is regulated by androgens as previously suggested (Flourakis et al. 2010). Interestingly, 

Orai1 regulation by androgens presents a profile similar to the one we have identified for the S1R. 

 

Figure 4: Androgens regulate Orai1 but not Orai3 and STIM1 in PCa cells 

A-B. LNCaP cells grown for 3 days in normal medium with or without 10 µM Casodex®, or in steroid-

deprived medium with or without 100 nM DHT. A. r18S-normalized Orai1 mRNA expression obtained 

by RT-qPCR (n=5). B. Orai1 protein expression normalized on calnexin, PSA expression was used as 

a control for androgen modulation, representative western blot from three independent experiments. 

C. r18S-normalized Orai1 mRNA levels in LNCaP cells 4 hours after steroid-deprivation, with or without 

addition of 100 nM DHT (n=3). D. r18S-normalized relative Orai1 mRNA expression LNCaP cells, 3 

days after transfection with a control siRNA (siLuc, 50 nM) or siAR (50 nM), in 2 % FBS medium (n=3). 

E. r18S-normalized Orai1 mRNA expression in PC3 cells 3 days after transfection with an empty vector 

(Ctl) or the AR (n=4). F. r18S-normalized Orai3 mRNA expression in LNCaP treated as in A-B (n=4). 

G. r18-normalized STIM1 mRNA levels in LNCaP grown in normal or steroid-deprived medium (3 days; 

n=4). *p<0.05; **p<0.01. 
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4. The S1R positively regulates SOC channels in PCa cells 

Although S1R overexpression has been documented in many cancers, its precise role 

remains to be elucidated. Unlike what its name suggests, this protein does not act as a receptor, 

but as a chaperone able to bind and regulate many proteins (Su et al. 2016). Among its targets, 

some ion channels have been shown to be regulated by the S1R (Soriani and Rapetti-Mauss 

2017). SOC channels having been implicated in cancer as key players of migration, proliferation, 

as well as apoptosis (reviewed in Fiorio Pla et al. 2016), we therefore investigated the possible 

regulation of the SOC channels by the S1R in PCa cells. 

Patch-clamp recordings of the IP3-activated SOC current presented in Figures 5A and 5B show 

that the overexpression of human S1R (hS1R) increases SOC activity in LNCaP cells. This result 

was confirmed using the calcium-imaging technique (Figure 5D): S1R overexpression also led to 

an increased store-operated calcium entry (SOCE). 

Surprisingly, a previous study conducted in HEK-293 with the overexpression of the rat S1R 

(rS1R) has shown that the S1R inhibits SOC channels (Srivats et al. 2016), a result in apparent 

contradiction with our own. We thus tested the rS1R construct used for this study in our PCa cells, 

and we were able to confirm its inhibitory effect on SOC (Figure 5C). These results thus indicate 

that the hS1R and the rS1R have opposite effects of SOC channel activity. However, S1R 

sequence is highly conserved between the two species, with 93% of homology. Interestingly, 

sequence alignment showed that most of the modified residues are located within the putative 

transmembrane region of the S1R. We thus built a human/rat chimera construct by switching this 

region of interest between the two species, and we are currently assessing its effect on SOC 

channels. 

Since our main question was to elucidate the role of the S1R in human PCa cells, for the rest of 

this study, we worked with the human variant of the S1R. 
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Figure 5: Human S1R overexpression increases SOC channel activity in LNCaP cells 

A. Representative traces of control (light grey) and IP3-activated (100 µM) ISOC recorded in LNCaP 

cells transiently transfected with human S1R (S1R, in blue) or an empty vector (Ctl, in grey). The 

corresponding stimulation protocol is presented in the upper panel. B-C. Average time courses of IP3-

evoked ISOC in LNCaP cells, currents are monitored at -100 mV. Peak ISOC is typically reached between 

25-40 seconds. B. LNCaP cell transiently transfected with an empty vector (control) or human S1R 

(hS1R). C. LNCaP cells transiently transfected with an empty vector or rat S1R (rS1R). D. Time course 

of calcium ratios obtained by calcium imaging. Thapsigargin and calcium addbacks are indicated by 

bars. 
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As reported above, S1R expression is already quite high in LNCaP cells (Figure 2A and 2B). We 

thus used RNA interference to evaluate the role of endogenous S1R on SOCE in these cells. As 

expected, S1R knockdown led to a significant decrease in SOC channel activity as shown in 

Figure 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One of the particularity of the S1R is its ability to bind many different compounds (reviewed 

in Chu and Ruoho 2016). It has been reported that upon ligand binding, the S1R can translocate, 

detach from protein or interact with new targets. We thus investigated the effect of different S1R 

ligands on SOC channels. We tested two S1R agonists, Igmesine and SKF-10047. As shown in 

Figure 7, acute treatment with S1R agonists (1 µM) increased SOC current and SOCE in LNCaP 

cells. This shows that upon ligand binding, the S1R can modulate SOC channel activity with a fast 

kinetic as the agonist were added mere minutes before SOC activation by either IP3 or ER store 

depletion. 

We then examined the effect of S1R ligands on SOC activity after chronic exposition, by adding 

them to the culture medium for 7 days. The results first results presented in Figure 8 show that 

long term exposition to S1R agonists (1 µM) increased SOC activity in LNCaP cells. 

Taken together, these results show that SOC channel activity can be regulated via S1R 

pharmacological modulation, opening interesting new perspective for their targeting. 

 

 

 

  

 

 

Figure 6: Endogenous S1R inhibition decreases SOC activity in LNCaP cells 

A-B. LNCaP cells transfected with a control siRNA (siLuc, 50 nM) or siS1R (50 nM, 3 days). A. Average 

time courses of IP3-evoked ISOC. B. Time course of calcium ratios obtained by calcium imaging. 

Thapsigargin and calcium addbacks are indicated by bars. 
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Figure 7: Acute exposition with S1R agonists increases SOC activity 

A-B. LNCaP cells treated with 1 µM igmesine at t=0. C. LNCaP cells treated with 1 µM SKF-10047 at 

t=0. A. Average time course of IP3-evoked ISOC. B-C. Time courses of calcium ratios obtained by 

calcium imaging. Thapsigargin and calcium addbacks are indicated by bars. 

 

Figure 8: Chronic exposition with S1R agonists increases SOC activity 

A. LNCaP cells treated with 1 µM igmesine at for 7 days. B-C. LNCaP cells treated with 1 µM SKF-

10047 for 7 days. A-B. Average time courses of IP3-evoked ISOC. C. Time course of calcium ratios 

obtained by calcium imaging. Thapsigargin and calcium addbacks are indicated by bars. 
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Although S1R expression and SOCE are weaker in PC3 cells, were able to show that the positive 

modulation of the S1R on SOC channel activity was also present in these cells, to a lesser extent 

(Figure 9). Since SOC activity is too small to be recorded by patch-clamp in PC3 cells, only SOCE 

is shown, monitored through calcium imaging. 

 

All of our results show the effect of the S1R on induced SOC channel activity. We therefore also 

used ionomycin, a calcium ionophore, to evaluate the ER Ca2+ stores of our cells by calcium 

imaging. Indeed, as SOCE is the main Ca2+ entry pathway in non-excitable cells, ER Ca2+ content 

can reflect the basal SOC channel activity in our cells. Our results show that S1R overexpression 

significantly increased ER calcium content in both LNCaP (Figure 10A) and PC3 cells (Figure 

10B), thus confirming our hypothesis that basal SOC activity is also increased by S1R 

overexpression. 

Figure 9: S1R is a positive modulator of SOCE in PC3 cells 

A-B. Time course of calcium ratios obtained by calcium imaging. Thapsigargin and calcium addbacks 

are indicated by bars. A. PC3 cells transiently transfected with an empty vector (Control) or the S1R. 

B. PC3 cells were incubated or not with 1 µM SKF-10047 (added at t=0). 

 

Figure 10: S1R overexpression increases ER calcium content in PCa cells 

A-B. Time course of calcium ratios obtained by calcium imaging. Ionomycin addbacks are indicated 

by bars. A. LNCaP cells transiently transfected with an empty vector (Control) or the S1R. B. PC3 cells 

transiently transfected with an empty vector (Control) or the S1R. 
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5. The S1R translocates to the plasma membrane (PM) upon SOCE 

activation 

SOC channels are mainly composed of two proteins: the pore-forming channel unit Orai 

and its activator STIM. Orai is located at the plasma membrane (PM), allowing calcium entry from 

outside of the cell into the cytoplasm when activated. STIM, on the other hand, is inserted in the 

endoplasmic reticulum (ER) membrane. In order to decipher the mechanism of SOC regulation by 

the S1R, we first investigated its subcellular localization. The S1R is indeed mainly known as an 

ER resident protein, preferentially located in the mitochondria-associated membranes (MAM) 

(Hayashi and Su 2007). But this localization is not exclusive, and studies have shown that the S1R 

is able to translocate to other regions upon specific signaling or ligand binding. Presence of the 

chaperone in the plasmalemmal ER region and in the PM have thus been reported (Su et al. 2016; 

Su et al. 2010). 

We first performed biotinylation experiments to isolate the proteins that are located in the PM. As 

shown in Figure 11, the S1R can be found in PCa cells’ PM in basal conditions. Interestingly, when 

we performed the same experiment after SOC activation through ER calcium store depletion, the 

S1R presence increased at cell surface. However, biotinylation is carried out in non-denaturing 

conditions, meaning that the S1R could not be directly in the PM, but simply part of a complex 

containing a PM-resident protein. For example, the ER-resident STIM can also be detected by 

biotinylation through its interaction with Orai. 

 

 

 

 

We conducted additional experiment to study S1R localization in LNCaP cells upon SOCE. Using 

fluorescent constructs, we were able to study the dynamic localization of the S1R in live cells 

during SOC channel activation by confocal microscopy. We used a SIR-eGFP fusion protein, the 

ER-DsRed construct to visualize the ER (DsRed fluorescent protein fused to an ER-localization 

signal) and the membrane was stained with the CellMaskTM dye. We then followed S1R 

localization within the cells in basal conditions and during the activation of SOCE. Pictured in 

Figure 12 are representative images from the beginning of the experiment, with intact ER Ca2+ 

Figure 11: S1R presence increases in the 

biotinylated fraction upon SOCE activation 

Western blot image showing S1R expression in the 

total protein lysate (left) and biotinylated fraction 

(right) in basal conditions or after ER Ca2+ store 

depletion (50 µM CPA in a calcium-deprived 

extracellular solution, 2 hours). Representative 

image from three independent experiments. 
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stores, and at the end of the experiment with depleted ER Ca2+ stores. In basal conditions, most 

of the S1R is inside the cell, colocalizing with the ER, and we can see little colocalization with the 

PM (Figures 12A-C). Interestingly, after ER store depletion, S1R seem to redistribute in clusters 

colocalizing with the PM (Figures 12D-F), resembling the characteristic puncta of Orai/STIM co-

clustering observed upon SOC channel activation (Liou et al. 2005; Zhang et al. 2005). 

 

 

 

  

Figure 12: Dynamic confocal studies show that S1R translocates to the PM during ER Ca2+ 

store depletion 

Representative confocal images of LNCaP cells expressing S1R-eGFP (green), ER-DsRed (red) 

and CellMask Deep Red PM stain (pink). A-C. Basal conditions, with intact ER calcium stores. D-

F. Cells after ER calcium store depletion (50 µM CPA, 1-2 hours). A, D. Whole cell, overlay on the 

right. B, E. Images zoomed-in on a membrane portion indicated by the white box in whole cell 

images (A, D). C, F. Color profile of the fluorescence intensity along the blue line traced on the 

image on the left. 
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However, the overexpression of a protein can lead to aberrant clustering and localization. Our 

next step was therefore to detect endogenous S1R in LNCaP cells in basal conditions and after 

ER Ca2+ store depletion by immunofluorescence. The representative confocal images presented 

in Figure 13 show that, while we were also able to detect small amounts of S1R colocalizing with 

the PM in basal conditions (Figure 13A-C), a strong PM translocation of the S1R was observed 

after ER calcium store depletion (Figure 13D-F). 

 

 

Altogether, these results show that the S1R translocates toward PM upon SOC channel activation. 

Although our experiences cannot definitively conclude on S1R insertion within the plasma 

membrane itself due to their limitations in terms of spatial resolution, it is however clear that the 

S1R translocates to a region at least tightly associated with PM. 

 

Figure 13: Endogenous S1R translocates to the PM during ER Ca2+ store depletion 

Representative confocal images of LNCaP cells immunoreacted with anti-S1R antibody (red), PM was 

stained by Alexa488-coupled wheat-germ agglutinin (WGA, in green), nucleus was stained with DAPI 

(blue). A-C. Basal conditions, with intact ER calcium stores. D-F. Cells after ER calcium stores 

depletion (50 µM CPA, 2 hours). A, D. Whole cell overlay. B, E. Images zoomed-in on a membrane 

portion indicated by the white box in whole cell images (A, D). C, F. Color profile of the fluorescence 

intensity along the blue line traced on the image on the left. 
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6. The S1R directly interacts with Orai1 to modulate SOCE 

Our next step to decipher how the S1R is able to modulate SOC channels was to 

investigate protein-protein interactions. 

To do so, we first performed co-immunoprecipitations experiments targeting the S1R and Orai1. 

As shown in Figure 14, endogenous Orai1 and S1R coimmunoprecipitate, showing that they 

(directly or indirectly) interact together. In these same experiments, we were also able to detect 

STIM1 (data not shown), a protein known to interact with Orai1 (Park et al. 2009). 

 

 

 

 

 

 

 

 

 

 

In order to determine whether Orai1 and S1R interact directly, we then used the FRET-based 

technique of TD-FLIM (time domain – fluorescence lifetime imaging microscopy). For this purpose, 

we fused each of our protein of interest to one of the following two fluorescent proteins (FP) with 

spectral overlap: mTurquoise, the donor, and sYFP, the acceptor. When the constructs are 

expressed in the cell, FRET will only occur if the target proteins directly interact with each other, 

bringing the two FP close together. In TD-FLIM experiments, we monitor the fluorescence lifetime 

of the donor FP that will decrease in the occurrence of FRET. Thus, a significant decrease in 

fluorescence halftime shows a direct interaction between the two proteins studied. 

We first examined the interaction between the S1R and STIM1, the two ER resident proteins. The 

results presented in Figure 15A show a significant decrease in the donor fluorescence half-time 

when both construct were expressed within the cell as compared to the donor alone (S1R, here), 

representing a direct interaction between the two proteins in basal conditions. Interestingly, this 

interaction was lost upon SOC channel activation via ER calcium store depletion (50 µM CPA) as 

shown by the fluorescence lifetime increase back to the basal level. 

It is important to note that in these experiments, we used a construct with the sYFP fused with the 

N-terminal ER luminal extremity of STIM1. The loss of interaction between the two proteins 

therefore confirms our previous results showing that S1R leaves ER upon SOC activation, as it is 

well known that STIM1 stays in the ER throughout SOCE. However, in order to completely rule 

out the possibility that S1R and STIM1 still interact together after SOC activation, we have built a 

Figure 14: The S1R and Orai1 are found within 

the same protein complex 

Western blot images showing S1R and Orai1 

expression levels in coimmunoprecipitation 

experiments in LNCaP cells. S1R was 

immunoprecipitated on the left panel and Orai1 on 

the right panel. For each experiment, the first line 

was loaded with the immunoprecipitated fraction, 

the second line with the total protein lysate and the 

third line with the beads alone. Representative 

image from three independent experiments. 
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construct of the sYFP fused with the C-terminus of STIM1, and we are currently testing this 

construct in TD-FLIM experiences. 

In a second set of experiments, we studied the interaction between Orai1 and the S1R. This time, 

we could not detect any direct interaction in the basal conditions (Figure 15B). However, our 

results confirm that Orai1 and S1R interact together when SOC channels are activated through 

ER store depletion. 

Taken together, these results show that in basal conditions, the S1R is mainly located in the ER 

where it interacts with STIM1. Then, upon SOC activation, S1R dissociates from STIM1 and 

translocates to the PM to interact with Orai1. This interaction between Orai1 and S1R in the PM 

then leads to an increased SOCE. 

In PCa cells, Orai3 has been shown to inhibit SOCE by oligomerizing with Orai1 to form 

arachidonic acid-regulated calcium channels (ARC) (Dubois et al. 2014). We thus used the FLIM 

technique to determine if the S1R affect this interaction. As expected, we detected a strong 

interaction between Orai1 and Orai3 when the two constructs were expressed in our cells, and 

this interaction was significantly decreased upon SOC activation (Figure 15C). Interestingly, the 

overexpression of the S1R also decreased Orai1/Orai3 interaction, and this effect was more 

pronounced with concomitant ER store depletion. 

Figure 15: TD-FLIM experiments show that S1R interacts with STIM1 and Orai1 

Top panel shows TD-FLIM recordings of the fluorescence lifetime of the donor FP in LNCaP cells 

transfected with the fluorescent constructs. For each histogram, the first bar shows the basal 

fluorescence lifetime of the donor expressed alone in the cells. Each experiment was conducted in 

basal conditions and after ER Ca2+ store depletion (CPA, 50 µM). Schematic illustrations of the results 

are depicted at the bottom. A. Experiment with S1R-mTurquoise as a donor, STIM1-sYFP as an 

acceptor. B. Experiments with Orai1-mTurquoise as a donor, S1R-sYFP as an acceptor. C. 

Experiments with Orai1-mTurquoise as a donor, Orai3-sYFP as an acceptor. These experiments 

were conducted with or without overexpression of the S1R. 
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These results suggest that the S1R could increase SOCE in part by promoting Orai1 to take part 

in SOC channels rather than in ARC channels.  

Unfortunately, the difficulties of S1R immunostaining did not make it possible to confirm these 

results with endogenous proteins using the antibody-based proximity-ligation assay. However, for 

all our TD-FLIM experiment, we limited the amount of transfected plasmid as much as possible to 

limit abnormal localization due to an excess of proteins. 

 

7. The S1R increases PCa proliferation 

 Our next step was to study the effect of the S1R in PCa cell physiology. Because of the 

implication of the SOC channels in PCa proliferation we showed above, we first focused on this 

cellular process.  

We first used the MTS and Trypan blue viability assays to evaluate the effect of S1R on LNCaP 

cells. Our results show that S1R inhibition (siRNA, 50 nM, 4 days) significantly decreased the MTS 

readings as compared to the control condition (siLuc) (Figure 16A). Live cell counting with the 

Trypan blue exclusion method first showed that S1R inhibition did not induce cell death (data not 

shown). Moreover, the results we obtained indicate that the total number of cells was significantly 

decreased after 4 days in siS1R-transfected cells as compared to siLuc-transfected cells (Figure 

16B). Taken together, these results show that the inhibition of the S1R decreases LNCaP cell 

proliferation. To confirm these data, we used the EdU assay to study cell cycle. As shown in Figure 

16C, S1R inhibition significantly decreased the number of cells in the S phase of the cell cycle. 

Furthermore, siS1R significantly decreased the expression of the proliferation marker PCNA 

(proliferating cell nuclear antigen) (Figure 16D). 

We then performed in vivo experiments with subcutaneous xenografts of LNCaP cells transfected 

with control siLuc or siS1R in male NMRI Nude mice. As presented in Figures 16E and F, the 

tumors generated by the siS1R-transfected cells were detected significantly later with a mean 

latency of detection of 61.67 ± 9.45 days as compared to 39.0 ± 2.6 days in control. Moreover, 

tumor growth was significantly decreased, nearly reaching a plateau towards the end of the 

experiment. 

We confirmed our results with the PC3 cells using the same techniques. Indeed, S1R knockdown 

in these cells also significantly decreased cell proliferation assed by MTS assay (Figure 17A), 

Trypan blue cell counting (data not shown) and EdU assay (Figure 17B). These results were 

confirmed with in vivo tumor growth as well. Although tumors were detected in the same timeframe 

for both control and siS1R, tumor growth was significantly reduced when we inhibited the S1R as 

shown in Figure 17C, a result confirmed by the endpoint tumor weights (Figure 17D).  

Overall, our data show that the S1R plays an important role in the regulation of PCa cell 

proliferation. 
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Figure 16: SIR inhibition decreases LNCaP cell proliferation and in vivo tumor growth 

A. Optical density results of MTS viability assay, 4 days after transfection with a control siRNA (siLuc, 

50 nM) or siS1R (n=3). B. Live cell counting (normalized to control condition) using Trypan blue, 4 

days after siRNA transfection (n=13). C. Number of cells in S phase assessed by EdU assay, 4 days 

after siRNA transfection (n=3). D. Protein expression of the PCNA proliferation marker assessed by 

western blot, 4 days after transfection with a control siRNA (siLuc) or S1R) targeting siRNAs (siS1R 

and siS1Rb). Representative image on the left, mean results on the right (n=4). E. Tumor growth in 

NMRI Nude mice subcutaneously injected with LNCaP cells transfected with siLuc or siS1R (50 nM) 

16 hours prior to injection, 6 mice per condition. F. Latency of tumor detection in in vivo experiments 

showed in E. *p<0.05; ***p<0.001. 
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8. The S1R modulates PCa proliferation via SOC channels 

We previously showed that Orai1 can regulate prostate CSC quiescence/proliferation 

transition, and that the S1R is a positive modulator of SOC channel in PCa cells. We therefore 

investigated whether the effect of the S1R on PCa cell proliferation implicated SOC channels. To 

do so, we inhibited the S1R and Orai isoforms, independently and in combination, and we 

assessed their impact on cell proliferation and viability with the MTS assay (Figure 18). 

Our results first show that both Orai1 and Orai3 are implicated in LNCaP cell proliferation (Figure 

18B) as it was previously reported (Dubois et al. 2014). Interestingly, Orai3 inhibition had 

significantly more effect than Orai1 inhibition alone, and similar effect than combined Orai1/Orai3 

inhibition. Having confirmed the implication of Orais in PCa proliferation, we then combined their 

inhibition with S1R inhibition. 

First, when compared to S1R inhibition alone, Orai1 inhibition further decreased LNCaP cell 

proliferation from 0.56 ± 0.03 to 0.31 ± 0.04 (Figure 18C). Interestingly, the combined inhibition of  

Figure 17: SIR inhibition decreases PC3 cell proliferation and in vivo tumor growth 

A. Result obtained by MTS viability assay, 4 days after transfection with a control siRNA (siLuc, 50 

nM) or siS1R (n=3). B. Number of cells in S phase determined by EdU assay, 4 days after siRNA 

transfection (n=3). C. Tumor growth in NMRI Nude mice subcutaneously injected with PC3 cells 

transfected with siLuc or siS1R (50 nM) 16 hours prior to injection (n=3 and n=9 respectively). D. 

Tumor weights upon sacrifice of the mice showed in C. *p<0.05; **p<0.01; ***p<0.001. 
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S1R and Orai1 did not show any additive effect, i.e. did not decrease cellular proliferation any 

further. This result suggests that S1R’s effect on LNCaP cells proliferation involves the SOC 

channels. 

As previously stated, Orai3 recruits Orai1 to form ARC channels leading to SOCE inhibition. Those 

store-independent channels were previously shown to regulate PCa cell proliferation (Dubois et 

al. 2014). As our previous results indicate that the S1R is able to decrease Orai1/Orai3 association 

(Figure 15C), we wanted to see how they impacted PCa cell proliferation. As shown in Figure 18D, 

Orai3’s effect on cell proliferation was significantly greater than S1R’s with values of 0.20 ± 0.03 

and 0.56 ± 0.03 respectively. However, the combined inhibition of Orai3 and the S1R increased 

cell proliferation as compared to Orai3 inhibition alone from 0.20 ± 0.03 to 0.33 ± 0.03. Taken 

Figure 18: Effect of combined inhibition of the S1R and Orais 

Optical density result obtained by MTS viability assay, 7 days after siRNA transfection (50 nM), siLuc 

was used as a control (n=4). A. Global results with all the conditions, detailed in B-D. All conditions 

are significantly different to control (siLuc) with p<0.001. B. Comparison of Orai1 and Orai3 inhibition 

alone, and together. C. Comparison of S1R and Orai1 inhibition alone, and together. D. Comparison 

of S1R and Orai3 inhibition alone, and together. *p<0.05; **p<0.01; ***p<0.001. 
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together, our results support the idea that the S1R inhibits Orai3/Orai1 association to form ARC 

channels and decreases Orai3-mediated proliferation. 

Reinforcing this hypothesis, the triple inhibition of Orai1, Orai3 and the S1R significantly decreased 

cell proliferation as compared to the double inhibition of Orai3 and the S1R from 0.33 ± 0.03 to 

0.25 ± 0.02 (p<0.05) (Figure 18A). Moreover, this triple inhibition was not significantly different 

from the combined inhibition of both Orai isoforms, showing that the S1R does not seem to 

influence PCa cell proliferation in the absence of Orai1 and Orai3. 

It is important to note that these first results obtained with the MTS viability assay can also reflect 

altered cellular viability or mitochondrial activity. We are currently confirming these results with cell 

cycle and viability analysis (PI, EdU). 

Although we have previously shown the importance of S1R alone in PCa growth, we are currently 

conducting in vivo experiments to confirm these results combined with Orai isoforms modulations. 

 

9. The S1R modulates NFATc3 nuclear translocation 

The Ca2+-activated calcineurin-NFAT pathway has been shown to regulate PCa cells 

proliferation by our laboratory (Dubois et al. 2014; Raphaël et al. 2014; Thebault et al. 2006). As 

this transcription factor is a downstream target of the calcium entering the cells through SOCE, 

we evaluated its regulation by the S1R in our cells. 

We used the NFATc3-mCherry construct to follow its cellular localization by confocal microscopy. 

When LNCaP cells were transfected with siS1R, NFATc3 nuclear translocation events were 

significantly decreased in basal conditions as shown by the representative images in Figure 19A 

& B, and the mean results in Figure 19C. 

To confirm these results, we used a reporter construct with the luciferase gene preceded by an 

NFAT response element. By expressing this construct in our cells, endogenous NFAT activation 

leads to luciferase production, allowing to assess NFAT activity by measuring the luminescence 

produced by luciferin substrate processing. Confirming our previous results, S1R inhibition by 

siRNA significantly reduced NFATc3 activity in both LNCaP and PC3 cells (Figure 19D). 

We also conducted dynamic studies of NFATc3 nuclear translocation upon SOCE using the 

NFATc3-eGFP fusion protein. Interestingly, S1R inhibition drastically affected NFATc3 nuclear 

translocation dynamics in our cells. As pictured in Figure 20, S1R knockdown accelerates SOCE-

induced translocation of NFATc3 to the nucleus but curtails its nuclear retention. Indeed, the 

results summarized in Figure 20C clearly show that S1R inhibition leads to a rapid but transient 

NFATc3 nuclear translocation as compared to the control where the translocation is slower but 

sustained. 

These results show that the S1R plays a crucial role in NFATc3 signaling. Indeed, NFAT activity 

as a transcription factor is highly dependent on the time spent activated within the nucleus. The 

highly transient NFAT translocation we witnessed with S1R inhibition would drastically change its 
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role within the nucleus and consequently shape the cellular response. This is well illustrated by 

our results presented in Figure 19D. 

The S1R receptor thus seems to be a key protein allowing a sustained NFATc3 nuclear 

translocation. Taken together, our results show that the S1R regulated PCa cell proliferation via 

the SOC channels and their downstream regulation of NFATc3 translocation.  

 

Figure 19: S1R inhibition decreases NFATc3 nuclear translocation and activity 

A-C. NFATc3 nuclear translocation in basal conditions in LNCaP cells transfected with the 

NFATc3-mCherry construct (48 h), with Hoechst 33342-stained nuclei, followed by confocal 

microscopy. A. Representative images of NFATc3 translocation (top). On the bottom are showed 

fluorescence intensities along the white line represented in the images above. B. Representative 

images of NFATc3 localization in LNCaP cells transfected with control siLuc or siS1R (50 nM, 3 

days). C. Mean results of NFATc3-mCherry translocation. D. Luciferase activity represented by the 

luminescence measured after incubation on total cell lysates with luciferin (normalized on control) 

in LNCaP cells (left, n=6) and PC3 cells (right, n=5), four days after transfection with either siNeg 

(control scramble siRNA) or siS1R (50 nM), 2 days after transfection with the luc2P-NFAT-RE 

construct. 
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Figure 20: The S1R affects the dynamics of SOCE-induced nuclear translocation and retention 

of NFATc3 in LNCaP cells 

The Ca2+ store depletion in LNCaP cells expressing NFATc3-eGFP was achieved by 20 min 

incubation in Ca2+-free solution supplemented with 0.1 mM EGTA and 50 µM CPA. Following CPA 

washout, SOCE was activated by Ca2+ readmission (blue bars). A-B. Kinetics of SOCE-induced 

ddddd 
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10. The S1R modulates prostate cancer cell quiescence via Orai1 

As we previously reported, Orai1 plays a key role in the regulation of the 

quiescence/proliferation transition of prostate cancer cells presenting stem-like properties via the 

NFAT pathway. We thus wanted to check if the S1R could also have an effect in this particular 

subtype of cancer cells. Using our model of prostate LRCs, we are currently testing the effect of 

the S1R on PCa cell quiescence. To do so, we transfected PC3 cells with siRNAs targeting Orai1 

or the S1R, and placed the cells in sphere forming conditions. Our preliminary results shown in 

Figure 21 indicate that the inhibition of the S1R in PCa spheres increases the DiI-positive stem-

like subpopulation after 7 days of sphere formation. Interestingly, the effect of S1R inhibition was 

similar to the one obtained with Orai1 inhibition, suggesting the involvement of the same pathway. 

 

 

 

  

Figure 21: S1R inhibition increases the quiescent 

DiI-positive subpopulation 

Histogram showing the percentage of DiI positive cells after 7 days 

of sphere formation with cells transfected with 100 nM of either 

control siLuc, siOrai1 or siS1R, determined by flow cytometry (n=2). 

 

Ca2+ responses in the nuclear region (red trace) and outside of the nucleus (wine trace), reported by 

relative changes in Cal-590 fluorescence (ΔF/F0; left axis), to the dynamics of NFATc3 translocation 

to the nucleus (olive trace), reported by the ratio of eGFP fluorescence inside and outside of the 

nucleus (FNucleus/FCytosol; right axis), in LNCaP cells pre-treated with either siLuc (A) or siS1R (B) for 

48 hours. The plots are related to corresponding cells (images left) by the numbers (cyan). The 

galleries (bottom) show every 6th image of Cal-590 and eGFP fluorescence, as indicated. C. The plot 

(left) relates mean traces of self-normalized eGFP fluorescence ratio (R/Rmax, where R = 

FNucleus/FCytosol and Rmax is the maximum of R detected in particular cell) obtained from siLuc- (green; 

n=18) and siS1R-treated (olive; n=12) cells.  The bar diagram plot (right) compares corresponding 

fractions of the maximal response (Rmax) remaining at the 60th min of the imaging protocol (57 min 

after stimulation). ***p<0.001. 
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11. The S1R participates in apoptosis 

Previous studies have shown that SOC channels are key regulators of PCa cell apoptosis 

(Flourakis et al. 2010). Indeed, extended activation of the SOC channels can lead to cytosolic Ca2+ 

accumulation that can then trigger apoptosis. 

Flow cytometry analysis of cell DNA content (PI staining) indicated that S1R inhibition (siRNA, 48 

h prior to cell death induction) significantly increased LNCaP cell resistance to thapsigargin-

induced apoptosis (2 µM, 24 h), as shown by the decreased number of cells with fragmented DNA 

assessed by PI staining and flow cytometry (18.20 ± 0.82 % to 14.66 ± 0.94 %; Figure 22A). This 

result was confirmed by morphonuclear detection of apoptotic nuclei where the number of 

apoptotic cells was decreased from 16.67 ± 1.06 % to 9.42 ± 1.03 % (Figure 22B). 

Interestingly, we obtained preliminary results indicating that the pro-apoptotic effect of the S1R 

can also be found in response to docetaxel (DoceT), a chemotherapy drug widely used to treat 

PCa (Figure 22C). 

  

Figure 22: S1R inhibition increases apoptosis resistance in LNCaP cells 

A-C. LNCaP cells transfected with either siLuc or siS1R (50 nM, 48 h). A-B. Cells were treated with 2 

µM thapsigargin for 24 h, or DMSO (at equivalent volume) as a control. A. Flow cytometry results of 

cell cycle analysis in PI stained cells. Histogram show the number of cells (% from the total population) 

in the SubG1 phase with fragmented DNA (n=4). B. Histogram show the percentage of apoptotic cells 

assessed by morphonuclear analysis of Hoechst 33342-stained cells. C. Flow cytometry results of cell 

cycle analysis in PI stained cells. Histogram show the number of cells (% from the total population) in 

the SubG1 phase with fragmented DNA. LNCaP cells were treated with docetaxel (DoceT, 10 nM, 24 

h) or DMSO as a control (n=2). **p<0.01; ***p<0.001. 
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12. The S1R is also able to modulate the activity of TRPV6 

Previous studies have shown that calcium channels other than Orais play key roles in 

prostate carcinogenesis (Monteith et al. 2017). Among them, we can find TRPV6 (transient 

receptor potential vanilloid 6). Absent in healthy prostate and BPH, TRPV6 is upregulated with 

PCa and correlates with aggressiveness (Fixemer et al. 2003; Wissenbach et al. 2004). Previous 

results showed that this channel is implicated in PCa cell proliferation and apoptosis via its late 

recruitment to participate in SOCE (Lehen’kyi et al. 2007; Raphaël et al. 2014). Indeed, authors 

showed that upon SOC channel activation, TRPV6 is recruited to the PM and contributes to 

increase cell proliferation and enhance apoptosis resistance.  

Because of the effect of the S1R on SOCE, we investigated the effect of this chaperone protein 

on TRPV6 activity. Our preliminary results show that S1R overexpression strongly inhibits TRPV6 

activity in HEK-293 cells (Figure 23). 

 

 

 

 

 

 

These results show that S1R modulation of SOCE in PCa is more complex than we initially 

thought, as the S1R is able to shape the SOCE in additional ways via TRPV6. It would therefore 

be interesting to elucidate the modalities and physiological consequences of this modulation in 

prostate cancer. 

  

Figure 23: The S1R decreases TRPV6 activity 

in HEK-293 cells 

Results of whole-cell patch-clamp experiments in 

HEK-293 cells transiently transfected with TRPV6 

alone (black) or with the S1R (blue). Average time-

course of Ca2+ ITRPV6 with 10 mM Ca2+, followed by 

Na+ ITRPV6 in divalent free solution, currents are 

monitored at -100 mV. 
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13.  The S1R increases TRPM8 activity, enhancing its antimigratory effect 

in PCa 

The TRPM8 (transient receptor potential melastatin 8) calcium channel is mainly known as 

a cold receptor in the peripheral nervous system, but it was originally identified in prostate 

(Tsavaler et al. 2001). Interestingly, TRPM8’s expression is positively regulated by androgens 

(Bidaux et al. 2007), and as a consequence, this channel is overexpressed in androgen-sensitive 

PCa, but its expression is decreased after androgen-deprivation therapy (Henshall et al. 2003). 

Moreover, TRPM8 was shown to have an inhibitory role on PCa cell migration (Gkika et al. 2010; 

Yang et al. 2009b). 

We performed patch clamp experiments to study the effect of the S1R on TRPM8 activity in HEK-

293 cells transiently transfected with TRPM8. As shown in Figure 24, the overexpression of the 

S1R increases TRPM8 activity in these cells.  

 

 

 

 

 

 

 

We then used a PC3 cell line stably expressing TRPM8 developed in our laboratory to show that 

this effect was also found in PCa cells. Indeed, the inhibition of the S1R by siRNA led to a 

decreased calcium entry by TRPM8 in response to menthol activation (Figure 25A). 

As previously stated, TRPM8 inhibits PCa cell migration, and as expected, the inhibition of the 

S1R by siRNA lead to an increased migration of PC3-M8 cells (Figure 25B). We also 

overexpressed the S1R in this cell model and confirmed its anti-migratory through the modulation 

of TPM8 activity (Figure 25C). 

 

Figure 24: The S1R increases TRPM8 activity 

in HEK-293 cells 

Results of whole-cell patch-clamp experiments in 

HEK-293 cells transiently transfected with 

TRPM8 alone (black) or with the S1R (blue). 

Average time-course of ITRPM8 sequentially 

activated by cold (22°C), icilin (10 µM) and 

menthol (200 µM), currents are monitored at 

+100 mV. 
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Taken together, our results suggest that the expression of both S1R and TRPM8 in early hormone-

dependent prostate cancer could have a protective effect by preventing PCa migration. Then, 

when PCa progresses towards advanced hormone-resistant stages, the strong decrease in 

TRPM8 and S1R expressions could favor cancer cell migration and subsequent metastasis 

development. This hypothesis, while promising, will need further studies that are however beyond 

the scope of this work. 

  

Figure 25: The S1R increases TRPM8-mediated inhibition of PCa cell migration 

A. Time course of calcium ratios obtained by calcium imaging in PC3-TRPM8 cells transfected with 

siLuc or siS1R (50 nM, 3 days), menthol application is indicated by the bar. B-C. Average cell migration 

speed in random migration assays on PC3-TRPM8 cells transfected with siLuc or siS1R (B, n=3)  or 

with an empty vector or the S1R in (C,n=3). 
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Discussion 
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In this work, we first identified a calcium-dependent signaling pathway governing cancer 

cell stemness. We also show that this same pathway, implicating the SOC channels and NFAT, 

is able to regulate PCa cell proliferation. Interestingly, our data indicate that this pathway can be 

regulated by the S1R via direct interaction with STIM1 and Orai1, offering new SOC-targeting 

possibilities. 

 

I. Orai1/NFAT pathway is a key player of the proliferation/quiescence transition  

In this study, we first present new data supporting the idea of cytoplasmic calcium presiding 

over CSCs’ determination toward either proliferation or quiescence. Using two cancer models as 

different as neural crest-derived melanoma and epithelial prostate cancer, we conclude that the 

Orai1 calcium channel and its classic downstream calcineurin-NFAT signaling, are the key actors 

responsible for a Ca2+-mediated switch between stem-like cells quiescence and activation in stem-

like cells. 

Furthermore, our data suggest that Orai1/calcineurin/NFAT signals exert their regulatory function 

by cooperating with CBP transcriptional coactivator, which segregates with an inactive 

Orai1/NFAT signal. This suggests that the CBPhi/Orai1lo/NFATinactive phenotype is a new marker 

for melanoma and prostate stemness.  

It has been suggested that calcium channels display a functional specificity in the activation of 

Ca2+-dependent transcription factors and gene expression. Consistent with this hypothesis, NFAT 

translocation and NFAT-dependent gene expression have been shown to be dependent on Orai1-

mediated Ca2+ entry (Kar et al. 2014; Ong et al. 2012). NFAT is regulated by the Ca2+ concentration 

achieved locally near the Orai1 channel, likely due to a co-localization of calmodulin-calcineurin-

NFAT within the Orai1-associated nanodomain, in such a way that Ca2+ entering via Orai1 can be 

locally detected by the calcium sensor. It has been proposed that NFAT activation, strictly 

dependent on Orai1, follows an ‘‘all-or-none’’ mode. If an insufficient number of Orai1 channels 

are activated, NFAT dephosphorylation is not completed and nuclear translocation does not occur 

(Ong et al. 2012). Our result that NFAT is predominantly localized in the nucleus of proliferating 

cells, whilst its distribution is mainly in the cytoplasm in quiescent cells, could therefore be 

explained by the reduced number of activated Orai1 channels in a quiescent stem-like cell 

population. 

We show that when activated, NFAT cooperates with CBP to control quiescence and the pool of 

stem-like cells. The influence of CBP in CSC’s fate does not appear to be exceptional. CBP and 

its homolog p300 protein were shown to balance self-renewal and differentiation of hematopoietic 

stem cells (Rebel et al. 2002), to maintain the self-renewal and pluripotency of embryonic stem 

cells (Fang et al. 2014) and to govern quiescence, proliferation and differentiation of normal and 

tumor stem cells (Kida and Kahn 2013; Wang et al. 2013). Our study mechanistically links CBP to 

calcium signaling and suggests that CBP interacts with the NFAT transcription factor to balance 
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stem-like cells’ quiescence/activation state and determine stem or non-stem cells’ fates. Thus, we 

provide one possible explanation of how Ca2+ is capable of contributing to cellular processes as 

diametrically opposed as quiescence, proliferation and differentiation. 

Interestingly, inhibitors of Orai1 (BTP2), as well as calcineurin (FK506), both inactivated NFAT 

and significantly increased the stem-like cells compartment encompassing both quiescent G0 and 

slow cycling cells at the expense of the fast proliferating cell compartment, thus demonstrating 

that Orai1-signaling activates quiescent cells with stem-like properties and stimulates their exit 

from the stem cell compartment. As these phenotypic changes are accompanied by variations in 

Ca2+ influx and its intracellular concentration, it becomes clear that Orai1 is at the top of the 

signaling network that controls stem like cells’ cycling activity and determines their fate. We are 

currently confirming these results using Orai1 targeting siRNAs. Evidence corroborating this 

interpretation is provided by a direct relationship between Orai1/SOCE and entry into quiescence 

of melanoma and prostate stem-like cells in response to stress-inducing chemotherapeutics. This 

is an important observation given that Orai1 function was linked to apoptosis (Cui et al. 2013; 

Flourakis et al. 2010; Henke et al. 2013), so its downregulation may represent an important 

mechanism of drug resistance acquired by cellular retraction into a reversible quiescence, an 

attribute of stem cells (Borst 2012). This result is in agreement with a previous report (Jia et al. 

2011), where it was shown that PCa cells overexpressing the stem cells marker SOX2, were 

exhibiting a reduced expression of Orai1 as well as a decreased SOCE. As in our case, these 

features were associated with a higher resistance of cells to apoptotic inducers, confirming that 

the Orai1lo phenotype is a new marker of stemness, at least in melanoma and PCa. 

Various studies have clearly stated that inhibition of Orai1 blocks both SOCE and proliferation in 

cancer cells (Dubois et al. 2014; Umemura et al. 2014). Our data suggest that, rather than a 

decrease in cell proliferation as in non-CSCs, a loss of SOCE in CSCs elicits an increase in their 

quiescence. Therefore, while targeting Orai1 would eradicate proliferating cells, it would also 

increase the pool of drug-resistant CSCs constituting a reservoir of dormant tumor-initiating cells 

underlying tumor dormancy. If controlled, Orai1-inactivation would therefore offer an anticancer 

therapy by chronic tumor cell dormancy, potentially preventing tumor relapse. On the other hand, 

Orai1 activation would force the cell towards a proliferative phenotype, allowing their targeting by 

conventional chemotherapy. 

Interestingly, our data show a common mechanism for quiescence regulation of both melanoma 

and PCa stem-like cells. It would be interesting to see if this mechanism can be observed in other 

CSC models. 
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II. The S1R, a new partner of SOC channels in PCa 

1. S1R expression is regulated by androgens in PCa cells 

We show here for the first time that S1R expression is regulated by androgens in PCa 

cells. We have confirmed at mRNA and protein levels that the S1R is overexpressed in PCa using 

two different cohorts of human samples. Interestingly the removal of the androgen stimulus 

significantly decreases the expression of the S1R in PCa cells. The S1R has been shown to bind 

neurosteroids such as progesterone, but there is no evidence of testosterone binding (Su et al. 

1988). Our experiments show that both DHT and the AR are required to maintain high S1R 

expression in androgen-sensitive LNCaP cells. Moreover, our results here indicate that this 

regulation is not direct, as 4 hours of treatment do not affect S1R mRNA levels. Moreover, these 

results were confirmed by reintroducing the AR in the androgen-resistant PC3 cell line, which led 

to a significant increase in S1R expression. Interestingly, when S1R sequence was first analyzed, 

authors identified a steroid responsive element (Prasad et al. 1998). Additional studies will 

however be needed to understand how the androgens are able to regulate S1R expression in PCa 

cells. 

Interestingly, a recent study showed that the S1R, acting as a chaperone protein, is able to 

stabilize the AR in PCa cells (Thomas et al. 2017). Authors show that S1R inhibition leads to 

inactivation and degradation of the AR, thus affecting PCa physiology. When combined with our 

results, these data suggest the existence of a positive feedback mechanism maintaining a strong 

expression of the S1R in androgen-sensitive PCa cells via AR signaling. It is important to note 

that, in our hands, S1R inhibition by siRNA did not cause the loss of AR or the development of an 

androgen-deprived (i.e. neuroendocrine) phenotype in LNCaP cells, suggesting that although AR 

stabilization may decrease, the associated signaling pathway remains sufficient to maintain a 

strong AR expression and a differentiated phenotype. A plausible explanation for this absence of 

effect of a siRNA targeting S1R could be the relatively high expression level of this protein in 

LNCaP cells. Indeed, generation of LNCaP cells stably expressing a shRNA against S1R showed 

us the difficulty to reduce S1R expression to a low enough level associated with phenotypic 

changes. We hope that the generation of a KO LNCaP cell model using CRISPR/Cas9 technology 

(clustered regularly interspaced short palindromic repeats/CRIPR-associated protein 9; in 

collaboration with Dr Soriani, iBV Nice, France) will allow us to overcome this caveat, and will 

provide us with a clean background in which we will further decipher the interaction between AR 

and S1R. 

Our results show that the S1R is overexpressed in the early androgen-sensitive stages of PCa in 

correlation with aggressiveness, and then, during ADT, the expression of the S1R decreases 

(Figure 1). However, the expression in androgen-resistant PCa cells evading ADT remains to be 

determined using human samples. PCa cells can evade ADT in different ways, via either AR-

dependent or independent pathways (reviewed in Crona and Whang 2017). Thus, the study of 
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S1R in CRPC samples could lead to mixed results, dependent on the dominant mechanism of 

resistance in the tumor tested. 

 

2. Orai1 expression is regulated by androgens in PCa cells 

A previous study showed that the expression of Orai1 could also be androgen-sensitive in 

PCa cells. Our results clearly confirm Orai1 dependence on androgens, with treatments such as 

steroid removal or direct AR inhibition (siRNA or Casodex®) leading to Orai1 down-regulation in 

LNCaP cells, and reintroduction of the AR in PC3 cells increasing Orai1 expression (Figure 1). It 

is well known that prostate CSCs are less differentiated and express little to no AR. Indeed, 

through the AR, androgens promote the differentiation and proliferation of prostate epithelial cells. 

This was recently confirmed in a study, along with the identification of the mechanisms responsible 

for AR degradation in prostate CSCs, maintaining their stemness (Vummidi Giridhar et al. 2019). 

This work is therefore in good accordance with our results on prostate stem-like cells, where we 

showed that quiescent cells exhibit low Orai1 expression and activity. This decrease could also 

be associated, in a more physiological context (i.e. tumors), to a down-regulation of the AR and 

androgens. 

We also performed experiments to study STIM1 and Orai3 expressions in PCa. STIM1, whose 

expression remains unchanged in PCa (Dubois et al. 2014), does not appear to be regulated by 

AR, DHT or steroids in general (Figure 1). Orai3, on the other hand, has been shown to be 

overexpressed in PCa, in correlation with aggressiveness. Our results show that neither 

Casodex® nor DHT impacted this channel’s expression, whereas steroids seemed to have an 

effect (Figure 1). Indeed, steroids removal from the culture medium significantly increased Orai3 

expression in androgen-sensitive LNCaP cells. However, steroids, more precisely estrogens, have 

been shown to positively regulate the channel’s expression in BCa cells (Motiani et al. 2013). It 

would thus be interesting to perform additional experiments in order to understand what happens 

in PCa cells regarding Orai3 modulation. 

Altogether, these data allow us to present a potential expression profile of Orai1, Orai3, STIM1 

and the S1R during PCa progression towards late androgen-resistant stages (Figure 1). However, 

due to the difficulties to obtain samples of patients with CRPC, data are lacking for the advanced 

stages. It would be especially interesting to confirm our in vitro data on patients undergoing 

androgen-removal treatments, and to follow the expression of these proteins during the onset of 

castration resistance. This is indeed a necessary step before proposing any of these proteins as 

new markers, and to potentially target them during the different stages of PCa progression. 
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(Witte 2009) 

 

3. The S1R positively modulates SOC channels in PCa cells 

In the second part of this study, we identified a new partner protein for SOC channels in 

PCa: the S1R. 

Our data here show that in basal conditions, the S1R binds STIM1 in the ER. Then, upon SOC 

channel activation via ER calcium store depletion, the S1R translocates towards the PM and 

interacts with Orai1. Our current results point towards a dissociation between the S1R and STIM1 

upon SOC activation, but further characterization will be necessary to conclude on this point 

because our current construct do not take into account the dramatic conformational change STIM1 

undergoes to activate Orai1. From our results so far, two hypotheses can be outlined: during SOC 

activation. S1R could stay bound to STIM1, and the two proteins could diffuse together towards 

ER-PM junctions where both S1R and STIM1 bind Orai1. Another hypothesis would be the loss 

of the STIM1/S1R interaction during the conformational change STIM1 undergoes during its 

activation, this loss of interaction could trigger S1R translocation towards the PM to interact with 

Orai1 independently of STIM1. 

Furthermore, our results indicate that through its interaction with Orai1, the S1R is able to increase 

SOC channel activity and SOCE in PCa cells. This result comes in opposition with a recent finding 

showing that the S1R inhibits SOC channels (Srivats et al. 2016). However, our data shows that 

the hS1R is capable of positive SOC modulation, as opposed to the rS1R, used for the study cited 

Figure 1: Expression profile of our proteins of interest during PCa progression 

Adapted from Witte 2009 

Ad 
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above, which exerts an inhibitory effect in our cells. The origin or this difference is unclear, as the 

S1R is highly conserved between the two species and sequence alignment did not allow us to 

understand its opposed effect on SOC in our cells. To better understand this mechanism, we are 

currently building a rat/human chimera of the S1R that we will characterize functionally using 

patch-clamp and calcium imaging. 

The precise mechanism by which the S1R is able to increase SOC activity remains to be 

elucidated. Our results indicate that the S1R could have both fast and long-term effects on SOCE. 

It would be interesting to do additional experiments to better understand these effects. Using the 

microscopy technique of FCCS (fluorescence cross-correlation spectroscopy) that follows the 

movement of fluorescent proteins within a small volume, we could see if the S1R influences STIM1 

and/or Orai1 diffusion towards ER-PM junctions. This technique could also indicate if STIM1/S1R 

or Orai1/S1R move together during SOCE activation. We are currently conducting experiments to 

see if the S1R is able to affect STIM1 and Orai1 expressions at both mRNA and protein levels, as 

well as Orai1 presence at the PM. Indeed, the S1R has been shown to positively regulate ion 

channels by helping their maturation within the ER and their trafficking towards the PM (Crottès et 

al. 2011). We are also planning to perform TD-FLIM experiments to evaluate the effect of the S1R 

on Orai1/STIM1 coupling. 

Interestingly, our results show that although S1R expression is low in androgen-resistant PC3 

cells, due to the absence of the AR, S1R also has a significant effect on SOCE in these cells as 

well, reinforcing its importance. 

Finally, our data show that the S1R decreases Orai1/Orai3 interaction. As previously reported, 

Orai1/Orai3 heteromers may form the store-independent ARC channels in PCa cells (Dubois et 

al. 2014). The S1R could thus favor the recruitment of Orai1 to form homohexamers participating 

in SOCE at the detriment of ARC channels. These results show that the S1R should decrease 

ARC channel activity in PCa cells. However, this effect on ARC activity still needs to be confirmed, 

as we were not able to reproductively record any arachidonic acid-activated current or associated 

calcium entry in our cells. 

Together with expression profiles, these data allow us to draw a profile of SOC and ARC activity 

during the initial stages of PCa development (Figure 2). In untreated androgen-sensitive PCa, 

Orai3 overexpression increases ARC channel activity. Although Orai1 and STIM1 expressions 

remain unchanged, S1R overexpression will allow a strong SOC channel activity. Then, during 

ADT, both S1R and Orai1 expressions will drop, whereas Orai3 expression remains unchanged. 

As a consequence, SOC activity would drop and ARC activity would increase leading to the 

oncogenic switch previously described (Dubois et al. 2014). 
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4. S1R modulates PCa proliferation via the SOC/NFAT pathway 

Finally, our results show that through its modulation of the SOCE, the S1R regulates PCa 

proliferation, quiescence and apoptosis. 

Previous studies showed that S1R pharmacology can modulate cell proliferation and apoptosis in 

other cancers (Brent et al. 1996; Brent and Pang 1995; Kim and Maher 2017; Moody et al. 2000; 

Spruce et al. 2004; Vilner et al. 1995a). However, in these studies, no precise mechanism was 

identified. Here, we first show that S1R inhibition (siRNA) decreases PCa cell proliferation in vitro 

and tumor growth in vivo, without affecting basal viability. Furthermore, we show that Orai1 

inhibition further decreases PCa cell proliferation and that the combination with S1R inhibition has 

no additive effect. These results, that we are currently validating in vitro (cell cycle) and in vivo, 

show that, in LNCaP cells, the S1R modulates proliferation via SOC channels. Furthermore, our 

results indicate that the S1R has a dramatic impact on NFAT nuclear translocation. Indeed, S1R 

inhibition prevents sustained nuclear translocation of NFATc3, the major isoform involved in PCa 

cells, and the time NFAT spends active in the nucleus plays a critical role to determine which set 

of genes it will activate. These results show how the S1R can shape cell fate via the NFAT 

transcription factor. Interestingly, it was recently shown that the NFAc3 isoform translocation 

requires both calcium from sub-plasmalemmal microdomains and calcium mobilization from the 

nuclear envelope via the IP3R (Kar et al. 2016). As the role of the S1R in IP3R modulation has 

been extensively documented (Su et al. 2016), it comes to question how the S1R modulates NFAT 

activation in PCa cells: via its positive modulation of the SOC channels, of the IP3R, or both? We 

performed confocal dynamic experiments to evaluate NFATc3 translocation in LNCaP with or 

without IP3R inhibition (xestospongin C) and saw no effect on NFATc3 nuclear translocation. 

Figure 2: Activity profiles of SOC and ARC channels during PCa progression 

Adapted from Witte 2009 

Ad 
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These results show that IP3R are not required to induce NFATc3 translocation in our cells, and 

that the S1R modulates NFAT via direct interaction with Orai1 and SOCE modulation. 

Furthermore, as previously mentioned, the S1R is able to stabilize the AR in PCa cells. Thus, S1R 

inhibition can also decrease PCa cell proliferation and tumor growth by reducing AR signaling 

(Salvino et al. 2017; Thomas et al. 2017). However, the fact that S1R knockdown also inhibits in 

vitro proliferation and in vivo tumor growth in AR-lacking PC3 cells strengthen the importance of 

the SOC/NFAT pathway in the control of proliferation. 

Moreover, we show that S1R inhibition increases apoptosis resistance by limiting SOCE, an 

important factor to trigger apoptosis via cellular calcium overload. These results are in line with 

previous reports showing that decreased SOCE leads to apoptosis resistance in PCa cells 

(Flourakis et al. 2010). 

Finally, we present first results showing that SOCE modulation by the S1R could also regulate 

stem-like cell quiescence via the mechanism characterized in the first part of this work, although 

additional experiments will be needed to confirm it. 

Taken together our data thus show that, through SOC modulation, the S1R plays a critical role in 

PCa cell physiology. 

On the other hand, a previous study showed that ARC channels were also able to regulate PCa 

cell proliferation via the NFAT pathway (Dubois et al. 2014). As previously stated, our results show 

that the S1R reduces Orai1/Orai3 interaction, indicating that the S1R could limit ARC-regulated 

PCa cell proliferation. We present first data here supporting this possibility: we show that Orai3 

inhibition decreases PCa cell proliferation significantly more than combined S1R/Orai3 inhibition. 

To better understand what happens, it is essential to put these data in perspective with the 

expression profiles and consequent channel activities we have identified so far during PCa 

evolution (Figure 3). Our data indicate that during androgen-sensitive PCa, the strong SOC 

channel activity will lead to a high proliferation associated with an elevated sensitivity to apoptosis. 

However, during ADT, the balance between SOC/ARC activities will switch towards a predominant 

ARC profile (the oncogenic switch described by Dubois and colleagues) due to AR signaling 

impairment. As a result, PCa cell will present a more aggressive profile with high proliferation 

associated with apoptosis resistance. Moreover, by decreasing Orai1 expression, ADT could favor 

the development of highly aggressive stem-like PCa cells. 
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5. S1R modulates other calcium channels in PCa cells 

S1R being a chaperone protein, it can target and modulate other proteins, leading to a situation 

more complex than the “simple” modulation of Orais in PCa. 

The regulation of IP3R by the S1R has been well documented over the years in neurons (Su et al. 

2016). As regulators of the ER calcium content, IP3R can have a key role in SOC channels 

modulation. It would thus be interesting to investigate the relationship between IP3R and the S1R 

in the context of PCa. Although we ruled out IP3R implication in the regulation of NFAT 

translocation, it would be interesting to determine if the effect of the S1R on apoptosis is also partly 

mediated by IP3R. Interestingly, IP3R have been shown to be implicated in PCa apoptosis 

resistance via androgens signaling (Boutin et al. 2015). 

Moreover, we showed preliminary results indicating that the S1R could also inhibit the TRPV6 

channel, a secondary participant of SOCE that has been shown to regulate proliferation and 

apoptosis in PCa (Lehen’kyi et al. 2007; Raphaël et al. 2014). These data show that the S1R has 

a more complex effect on general SOCE in PCa than initially expected. TRPV6, absent in healthy 

prostate, is expressed in high levels in PCa cells in correlation with aggressiveness (Fixemer et 

al. 2003; Wissenbach et al. 2004) (Figure 4). Although the androgen-dependency of this channel 

has been debated, there has been no evidence of direct modulation of TRPV6 by the AR. The 

regulation of TRPV6 by the S1R should therefore be studied to better understand the general 

effect of the S1R on SOCE and its physiological consequences. If TRPV6 inhibition by the S1R is 

confirmed in PCa, we could hypothesize that in hormone-resistant advanced PCa, when SOCE is 

Figure 3: Physiological consequences of the SOC/ARC balance during PCa progression 

Adapted from Witte 2009 

Ad 
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strongly decreased due to the decreased expression of both S1R and Orai1, TRPV6 could 

participate to the regulation of PCa proliferation. 

We also obtained results indicating that the S1R is able to increase TRPM8 activity. Furthermore, 

our data indicate that this modulation enhances TRPM8’s anti-migratory effects in PCa cells 

(Gkika et al. 2010; Yang et al. 2009b). Interestingly, TRPM8’s expression has been shown to be 

regulated by androgens in PCa cells, and thus present an expression profile similar to the S1R’s 

(Bidaux et al. 2007; Henshall et al. 2003) (Figure 4). Moreover, TRPM8 has been shown to have 

many different isoforms, some of them crucial for ER-mitochondria calcium signaling (Bidaux et 

al. 2018a), the main subcellular localization of the S1R. Further investigation will be necessary to 

elucidate TRPM8 regulation by the S1R and understand its consequences. 

 

Altogether, these data show that the S1R, through the modulation of various proteins, has a 

complex role in PCa that we are only starting to unravel (Figure 5). 

 

Figure 4: TRPV6 and TPM8 expression profiles during PCa progression 

Adapted from Witte 2009 

Ad 
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6. The S1R: a new pharmacological target for PCa treatment? 

For all of the reasons mentioned above, the S1R is an exciting new target for PCa treatment. As 

stated before, the S1R can bind many different compounds, some already used in clinics. We 

show in this study results indicating that S1R ligands such as Igmesine and SKF10047 are able 

to increase SOCE in PCa, either during acute or chronic treatments. These first results indicate 

that S1R pharmacology could have an interesting potential allowing to increase SOCE channel 

activity. It would thus be interesting to validate the effects of S1R ligands in PCa cell physiology 

both in vitro and in vivo, to developpe new therapeutic strategies for the treatment of PCa. S1R 

ligands have already been tested in different cancers, showing various effects on cell proliferation 

and viability (Brent et al. 1996; Brent and Pang 1995; Kim and Maher 2017; Moody et al. 2000; 

Spruce et al. 2004; Vilner et al. 1995a). The potential of S1R targeting has been recently 

investigated in PCa, as it was shown to stabilize the AR (Salvino et al. 2017). In this study, authors 

show a decreased PCa cell proliferation and tumor growth using small S1R inhibitors, showing 

the potential of a therapy targeting this chaperone protein. Thus, if S1R ligands prove to be potent 

regulator of PCa cell physiology in vitro and in vivo, new anticancer therapeutic strategies could 

be proposed with the S1R ligands already clinically used. Moreover, S1R modulation could also 

be useful to increase the efficiency of ion channel targeting.  

To this day, no endogenous ligand of the S1R has been clearly identified, but among the 

candidates one can find the DMT (N,N-dimethyltryptamine) (Fontanilla et al. 2009; Frecska et al. 

2013; Mavlyutov et al. 2012). Interestingly, the enzyme responsible for DMT production, INMT 

(indolethylamine-N-methyltransferase), is overexpressed in PCa, in correlation with 

Figure 5: Potential roles of the S1R in PCa 

Positive regulations are in blue, negative regulations are in red. 
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aggressiveness (Larkin et al. 2012). Further investigation of this potential endogenous compound 

and its enzyme are crucial to fully understand S1R regulation and roles during PCa progression. 
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III. General conclusion and perspectives 

Altogether, our results shed light on the central role of the SOC/NFAT pathway in the 

regulation of prostate cancer cell proliferative state and switch to the quiescent state. Interestingly, 

we show that this pathway is directly regulated by the S1R chaperone protein, opening new 

therapeutic perspectives. Moreover, our preliminary data indicate that the S1R is able to modulate 

the activity of other calcium channels implicated in PCa cells, such as TRPV6 and TRPM8. 

Overall, our results show that it would be possible to modulate calcium channel activity by targeting 

the S1R in PCa cells. According to these data, S1R activation would first lead to an increased PCa 

cell proliferation via SOC channels and the NFAT pathway. However, it would also activate the 

quiescent cancer cells with stem-like properties, pushing them towards proliferation. Moreover, 

our results indicate that S1R activation could also sensitize PCa cells to apoptosis and cell death 

by increased SOCE, enhancing chemotherapy efficiency. Finally, our preliminary data indicate 

that S1R activation could also increase TRPM8 activity and limit PCa cell migration. Thus, S1R 

receptor activation combined with chemotherapy could increase chemotherapy efficiency and, by 

activating the CSC cells, S1R activation could also allow their elimination by chemotherapy, 

avoiding relapse. Moreover, these effects would be strengthened via AR stabilization, increasing 

PCa cell proliferation and leading to the differentiation of PCa stem-like cells with a loss of stem 

properties. 

All of these elements show that S1R plays a complex role in PCa that we only began to unfold. 

However, it is clear from our results that the inhibition of S1R decreases PCa cell proliferation and 

tumor growth and increases apoptosis-resistance. 
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During my PhD, I have participated to several collaborative projects, either in the lab or 

abroad, that will be presented in this section. 

First, I will briefly summarize an ongoing project initiated in collaboration with Sakai’s 

laboratory (IIS, UTokyo, Japan). The aim of this project is to identify the calcium signature of 

hepatocytes undergoing differentiation. For this project, I obtained a 3 months fellowship from the 

JSPS (Japan Society for the Promotion of Science). My main results and hypothesis are presented 

in the following section (section 1). 

I will then present the published papers I have co-authored, with first a review on the role 

of TRPM8 channel in prostate cancer (section 2), followed by three research papers I have 

collaborated to during my PhD (sections 3-5). 

 

  



  184 

  



  185 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Identification of the calcium signature during hiPS 

differentiation into mature functional hepatocytes 

Lucile Noyer, Mathieu Dannoy, Dimitra Gkika, Myriam L Bernier, Yasuyuki Sakai, Loic 

Lemonnier, Eric Leclerc  
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 Within the frame of a collaboration with Japan, I have obtained a fellowship from the Japan 

Society for the Promotion of Science (JSPS) to work on a research project aiming to identify the 

calcium signature of hepatocytes undergoing differentiation. For this purpose, I was hosted in 

2018 by Pr Yasuyuki Sakai’s laboratory (Institute of Industrial Science, University of Tokyo) where 

I worked with the team of Dr Eric Leclerc for three months. 

 

Background 

Liver is a key organ for drug metabolism and elimination. The evaluation of liver 

metabolism thus constitutes an essential part of drug development. Currently, the most used in 

vitro liver models are cell lines and primary rat hepatocytes. However, those models present 

important limitations. There is indeed a need for more physiologically relevant models. Moreover, 

mature hepatocytes do not proliferate, thus preventing cellular expansion, and drastically limiting 

the available material. One of the approaches to improve current liver models is the use of micro-

scale bioreactors that can mimic in vivo-like physiological conditions. The Yasuyuki Sakai 

laboratory, my host in Japan, has developed biochips with micro-flow that allow 3D tissue 

organization, high oxygenation, dynamic nutrient supply and waste removal. Biochips provide a 

specific microenvironment that has been showed to permit higher hepatocyte functionality of 

mature hepatocytes as compared to plated culture. Thus, liver biochips are a promising tool for 

predictive toxicology. 

On the other hand, the scientific community has been looking for other cell sources to 

address the scarcity of mature hepatocytes. The generation of functional liver cells from human 

induced pluripotent stem cells (hiPSC) differentiation seems to be a promising strategy. hiPSC are 

able to proliferate indefinitely while keeping their ability to differentiate in different cell types 

(pluripotency). Several studies showed encouraging results, but, to this day, the generation of fully 

differentiated hepatocytes form hiPSC remains a major challenge. Indeed, the current 

differentiation protocols lead to the production of hepatocyte-like cells expressing specific adult 

liver markers and exhibiting hepatic functions (Si Tayeb, 2010). However, those cells still harbor 

signs of immaturity. To address this issue, my host laboratory in Japan is currently working on the 

differentiation of hiPSC in biochips. They have shown that the differentiation in biochips allows a 

more complex multicellular differentiation more representative of liver physiology (Leclerc, 2017). 

However, the hepatocyte-like cells still shown signs of immaturity. There is thus a strong need to 

develop the current knowledge on hepatocyte differentiation in order to improve the current 

protocols. 

My host laboratory in France is specialized in the study of calcium channels and calcium 

homeostasis. Calcium is the most tightly regulated ion within the cell and represents a highly 

versatile second messenger controlling key physiological processes. Indeed, previous studies 

conducted in my lab have shown that calcium channels can control cell proliferation and 
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differentiation. Other studies have also shown the importance of calcium homeostasis and calcium 

channels in hepatocyte physiology (reviewed in Rychkov and Barritt, 2011; Barritt, 2008). Indeed, 

some studies have reported the presence of functional store-operated channels (SOC) in mature 

hepatocytes with an important role in the regulation of bile flow. The expression of TRP (Transient 

Receptor Potential) calcium channels was also described in these cells, but without defining their 

exact role. Moreover, previous work in our lab showed that SOC and TRPC6 (TRP Canonical 6) 

channels control malignant hepatoma cell proliferation (El Boustany, 2008). However, so far, very 

few studies have focused on the implication of calcium channels in hepatocyte differentiation. In 

fact, to this day, TRPM7 (TRP Melastatin 7) is the only calcium channel that has been studied in 

this context. This channel shows a decreased expression and activity in mature non-proliferating 

rat hepatocytes and is thus believed to participate in hepatocyte proliferation. There is therefore a 

flagrant lack of data on human and primary cells, as many of those studies have been conducted 

in rat hepatocytes and/or immortalized cell lines. A better understanding of the calcium signaling 

in human hepatocyte differentiation could allow us to increase the current knowledge on the 

subject and to improve the current protocols. 

The frame of this fellowship was to start a collaborative project between our two labs with 

the goal to investigate the calcium signature in hiPSC differentiation in hepatocytes. 

 

Research methodology 

For this study, we used hiPSC provided from the stem cell bank of the Institute of Medical 

Science of the University of Tokyo (TkDN-4M clones; Takayama, 2010). 

After a step of initial expansion, we followed a previously published 4 step differentiation protocol 

adapted from Si Tayeb (2010) to produce hepatocyte-like cells. For the final step of the 

differentiation, the cells were either kept on Petri dish, or detached and seeded in a biochip (Figure 

1). Each differentiation step requires specific culture conditions, and medium was changed daily 

during the whole process. 

The effectiveness of the differentiation protocol was evaluated through the determination of the 

expression levels of specific mature hepatocyte markers (Albumin, AFP, HNF-4; by RT-qPCR). 

Samples were collected at the end of each differentiation step in order to investigate their 

calcium signature. 

For that purpose, we first used RT-qPCR and specific primers to assess the expression of 35 

genes known to be involved in calcium homeostasis: Orai channels and their activators STIMs; 

IP3Receptors; TRP channels. As a control, we used commercially available samples of total RNA 

from human livers. 

Secondly, we investigated the calcium signature associated with hepatocyte differentiation, by 

applying protocols routinely used in my French host lab. In order to monitor intracellular calcium 

stores, we applied on the cells ionomycin (5µM), a calcium ionophore. In order to follow the 
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process of capacitive calcium entry, which represents one of the main calcium entry pathway in 

non-excitable cells, I used thapsigargin (2 µM). Changes in intracellular calcium concentration 

were monitored using a specific fluorescent calcium dye (Fluo-4) and confocal microscopy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results 

This project allowed us to identify the calcium signature associated with each stage of 

hiPSC differentiation into hepatocyte-like cells. 

First, we validated the differentiation experiment using a specific hepatic marker, albumin (RT-

qPCR). As shown in Figure 2A, albumin is not expressed in hiPSC, and its expression increases 

throughout the differentiation process, thus confirming that is was successful. 

Secondly, we evaluated the content of the intracellular calcium stores that are mainly comprised 

of the endoplasmic reticulum with confocal microscopy. As pictured in Figure 2B, cellular calcium 

stores vary between each differentiation step, showing a fine tuning of the calcium homeostasis 

throughout the whole differentiation process. 

Finally, we assessed the level of expression of 35 genes involved in calcium homeostasis (Orais, 

STIMs, IP3Rs, TRPs; RT-qPCR) at each step of the differentiation into hepatocyte-like cells. In 

Figures 2C & 2D we show the first heat maps obtained from the expression of the 26 most relevant 

calcium markers. Those results will allow us to identify the set of calcium channels involved in 

each differentiation step prior to further investigation. 

We also compared three different culture conditions for the final step: Petri dish and two different 

types of biochips. 

Figure1 : General experimental procedure 

Leclerc, 2017 
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During this fellowship, we obtained a large amount of data that we are still analyzing. 

Moreover, we also have access to microarray data from previous experiments performed before 

my stay in Japan (Leclerc, 2017). These data will provide us additional information that we will use 

to fine-tune the final analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All those results will allow us to define a general calcium signature of the cell during each 

step of the differentiation process into hepatocyte-like cells. After careful processing, these data 

will be valorized via the publication of a paper currently in preparation. 

 

B A 

D C 

Figure 2: Step by step results obtained on 3 hiPSC differentiations in hepatocytes 

A. Expression of the hepatic marker Albumin obtained by RT-qPCR (mRNA levels as a ratio to ß-

actin control, normalized on iPS condition). B. Endoplasmic reticulum calcium content measured by 

confocal microscopy (Fluo-4 probe) as a ratio of fluorescence (F) on basal fluorescence (F0), after 

addition of ionomycin (5µM) at 100s. C. Heatmap of relative mRNA expression levels during 

hepatocyte differentiation. D. Heatmap of relative mRNA expression levels comparing differentiation 

protocols and human total liver RNA. 



  191 

 

References 

Barritt GJ, Chen J, Rychkov RY. Ca(2+)-permeable channels in the hepatocyte plasma membrane 

and their roles in hepatocyte physiology. Biochim Biophys Acta. 1783(5):651-72. 2008. 

El Boustany C, Bidaux G, Enfissi A, Delcourt P, Prevarskaya N, Capiod T. Capacitative calcium 

entry and transient receptor potential canonical 6 expression control human hepatoma cell 

proliferation. Hepatology. 47(6):2068-77. 2008. 

Leclerc E, Kimura K, Shinohara M, et al. Comparison of the transcriptomic profile of hepatic human 

induced pluripotent stem like cells cultured in plates and in a 3D microscale dynamic environment. 

Genomics. 2017 Jan;109(1):16-26. 

Rychkov GY, Barritt GJ. Expression and function of TRP channels in liver cells. Adv Exp Med Biol. 

704:667-86. 2011. 

Si Tayeb K, Noto KF, Nagaoka M, et al. Highly efficient generation of human hepatocyte-like cells 

from induced pluripotent stem cells. Hepatology. 2010 Jan;51(1):297-305. 

Takayama N, Nishimura S, Nakamura S, et al. Transient activation of c-MYC expression is critical 

for efficient platelet generation from human induced pluripotent stem cells. J Exp Med. 2010 Dec 

20; 207(13):2817-2830. 

  



  192 

  



  193 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. TRPM8 and prostate: a cold case? 

Lucile Noyer1,2*, Guillaume P Grolez 1,2*, Natalia Prevarskaya1,2, Dimitra Gkika1,2*, 

Loic Lemonnier1,2* 

 

1: Inserm, U1003, Laboratory of Cell Physiology, University Lille Nord de France, 59655 Cedex, Villeneuve 

d'Ascq, France. 

2: Laboratory of Excellence, Ion Channels Science and Therapeutics, Villeneuve d'Ascq, France. 

 

*: Equal contribution 

 

Invited Review 

 

Pflugers Arch. 2018 Oct;470(10):1419-1429. 

doi: 10.1007/s00424-018-2169-1. 

Epub 2018 Jun 20. 

Available at: https://link.springer.com/article/10.1007%2Fs00424-018-2169-1  

  

https://link.springer.com/article/10.1007%2Fs00424-018-2169-1


  194 

  



  195 

While originally cloned from the prostate in 2001, transient receptor potential, melastatin 

member 8 (TRPM8) has since been identified as the cold/menthol receptor in the peripheral 

nervous system. This discovery has led to hundreds of studies regarding the role of this channel 

in pain and thermosensation phenomena, while relegating TRPM8 involvement in cancer to a 

secondary role. Despite these findings, there is growing evidence that TRPM8 should be carefully 

studied within the frame of carcinogenesis, especially in the prostate, where it is highly expressed 

and where many teams have confirmed variations in its expression during cancer progression. Its 

regulation by physiological factors, such as PSA and androgens, has proved that TRPM8 can 

exhibit an activity beyond that of a cold receptor, thus explaining how the channel can be activated 

in organs not exposed to temperature variations. With this review, we aim to provide a brief 

overview of the current knowledge regarding the complex roles of TRPM8 in prostate 

carcinogenesis and to show that this research path still represents a "hot" topic with potential 

clinical applications in the short term. 

 

Key words: TRPM8, prostate, cancer, calcium, migration 
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Introduction 

TRPM8 (Transient Receptor Potential, Melastatin member 8) channel stands apart from 

other TRP channels since, even though this channel is considered to be the predominant detector 

of cold temperatures in vivo [4, 22, 23], it is also expressed in sensory fibers innervating visceral 

organs [52, 82] and in epithelia such as the prostate, bladder, testis and skin [25, 61, 65]. A weak 

expression was also observed in the liver and pulmonary smooth muscle cells [19]. The broad 

expression pattern of TRPM8 implies that, aside from cold sensing, this channel has additional 

important functions and modes of activation. 

TRPM8 cDNA was initially cloned during a screen for mRNA up-regulated in prostate cancer, and 

it is not exclusively overexpressed in malignant tissue of the prostate but also in other primary 

cancers, including melanoma, colorectal adenocarcinoma and breast carcinoma [65]. In the 

prostate, TRPM8 expression increases in both benign prostate hyperplasia and in prostate 

carcinoma cells, which both presented high androgen levels [65], and anti-androgen therapy 

greatly reduced the expression of TRPM8 [37]. It appears that the androgen dependency of 

TRPM8 expression is related to the differentiation degree of prostate epithelial cells [11, 13]. 

Furthermore, hormonal regulation by androgens apparently defines TRPM8 localization. Channel 

expression on the plasma or endoplasmic reticulum (ER) membrane depends on the 

differentiation and oncogenic status of prostate epithelial cells, probably mediated by two isoforms 

that are differentially regulated by androgens [11]. Highly differentiated prostate epithelial luminal 

cells express functional plasma membrane TRPM8, while endoplasmic reticulum TRPM8 remains 

functional irrespective of the prostate cells' differentiation status [11]. Although TRPM8 is 

considered a promising target for pharmaceutical, immunological, and genetic interventions in 

prostate cancer treatment [81], its biological function and physiological modulators in this organ 

remain elusive. With this review, we aim to give a brief overview of the current knowledge we and 

others have gathered over the years regarding the involvement of TRPM8 in prostate cancer and 

to show that this research still represents a “hot” topic with potential clinical applications in the 

short-term. 

 

I. TRPM8 modulation: from neuronal cold menthol receptor to prostate-

specific regulation 

TRPM8 pharmacological modulators 

Many chemical compounds are known to activate TRPM8. The most well-known of these 

are menthol, eucalyptol, and chemicals that elicit sensations of cold [54], while various other 

substances exist, such as the supercooling icilin, the selective agonists WS-12 and CPS-369, 

which are two menthol derivatives, and D-3263 [5, 6, 15, 21, 24, 49, 54]. Experimental evidence 

has shown that activation of TRPM8 is induced by all these compounds through different 

mechanisms and different binding sites in the TRPM8 channel due to the chemical structure of 
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these compounds and of TRPM8. This channel, like all TRP channels, is comprised of six 

transmembrane (TM) domains with cytoplasmic N and C-termini, and the functional channel is 

formed by the homotetrameric assembly of four subunits [48, 76, 78]. Concerning the distinct 

mechanisms of TRPM8 activation induced by different compounds, it has been shown that TRPM8 

activation by icilin depends on intracellular Ca2+ levels, in contrast to its activation by menthol and 

WS-12, which are effective even in the absence of intracellular Ca2+ [21, 49]. Despite their 

different mechanisms for activating TRPM8, chemical compounds generally serve as positive 

allosteric modulators. More specifically, since activation of TRPM8 is also voltage-dependent, 

agonists shift the activation threshold towards more negative potentials, whereas antagonists 

exert their effect by shifting the voltage dependence of TRPM8 activation towards more positive 

potentials [17, 26, 68]. Regarding the selectivity of TRPM8 to the three most well-known and 

commonly used compounds, menthol, icilin, and WS-12, it has already been shown that the EC50 

for menthol is 10.4 μM and that the EC50 for icilin is 10 times less (1.4 μM) and 100 times less for 

WS-12 (EC50 = 193 nM) [15]. In view of these EC50, WS-12 clearly appears to be the most potent 

agonist of TRPM8. In terms of specificity, WS-12 also emerges as the most specific agonist, with 

no reported activation of other channels induced by this compound so far. In contrast, it has been 

reported that menthol and icilin can activate other TRPs and ion channels. For example, it has 

been shown that menthol can activate the TRPA1 channel [38, 71] and the TRPV3 channel [43]. 

Moreover, menthol was also shown to induce calcium release from the ER and Golgi via a TRPM8-

independent pathway when applied at high concentrations, probably through lipid membrane 

destabilization [44]. Concerning icilin specificity, it has been shown that icilin can also activate 

TRPA1 channels [39, 62]. Taking into account its high sensitivity and high selectivity for TRPM8, 

WS-12 appears to be the most efficient TRPM8 agonist and could therefore be used as a 

therapeutic agent targeting TRPM8 during prostate carcinogenesis. A great number of TRPM8 

antagonists have also been characterized over the years; these molecules exhibit various levels 

of specificity towards this channel. Among these TRPM8 inhibitors are BCTC, thio-BCTC, 

capsazepine, SKF96365, AMTB, and M8-B [6, 41, 46, 50]. They have been shown to block 

TRPM8 activity with IC50 of 0.8 ± 1 μM, 3.5 ± 1 μM, 18 ± 1 μM, 40 ± 1 μM, 65 ± 8 nM, and 10.9 ± 

2.6 nM, respectively [6, 46, 51, 53]. In terms of their specificity towards TRPM8, M8-B and AMTB 

are currently the most specific antagonists of TRPM8 [41, 50], with no reported effect on any other 

TRP channels so far. In contrast, BCTC, thio-BCTC, and capsazepine were shown to also inhibit 

TRPV1 [6, 70] with IC50 of 34.9 ± 19.4 nM, 54.3 ± 21.8 nM, and 2.6 ± 1.2 μM, respectively [6], 

making them better TRPV1 inhibitors than TRPM8 inhibitors. Moreover, capsazepine was also 

reported to inhibit TRPV4 with an IC50 of 18.6 μM [67]. Finally, SKF96365, while blocking TRPM8 

activity, is a long-known inhibitor of capacitative calcium entry in store-depleted cells [63], as well 

as a partial inhibitor of TRPC3 and TRPC6 channels when used at concentrations in the 

micromolar range [36]. 
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TRPM8 structure-function relationship 

Concomitant to the identification of TRPM8 chemical modulators, many teams were trying 

to determine the channel’s structure and to uncover key residues conferring sensitivity to these 

modulators. The main approach used was point mutagenesis based on predictive models derived 

from the structures of other available channels, such as potassium channels. From these early 

experiments, a general consensus appeared regarding the key amino acids involved in TRPM8 

response to its main activators. Namely, R842, Y745, and Y1005 were associated with menthol 

binding [47, 69], while N799, D802, and G805 were proposed to bind icilin [21]. Interestingly, 

during these studies, Y745 was shown to be not only important for the menthol-induced activation 

of the channel but also for some of its inhibitors, especially SKF96365 and to a lesser extent 

capsazepine, clotrimazole, and econazole [47]. The goal of our own experiments was to better 

understand the structure-function relationship inside the TRPM8 pore region. To do this, we used 

a homology model of the human TRPM8 pore region based on the then newly released TRPV1 

structure obtained by cryo-electron microscopy (cryo-EM). Predictions made from this model were 

then confirmed by functional studies of the mutants thus generated [11]. Our results show that the 

previously undescribed point mutation Y908A induces a nearly complete loss of sensitivity to cold 

and menthol while preserving responsiveness to icilin. This would indicate that the TRPM8 P-helix 

region is important for cold/menthol sensitivity and that the conformational shift elicited by these 

two stimuli is different from the one induced by icilin. Since then, the first cryo-EM TRPM8 structure 

has been published using the collared flycatcher Ficedula albicollis TRPM8 [76]. While promising, 

this initial structure is based on a channel presenting 83% sequence identity with its human 

counterpart, so it will need to be confirmed with the latter, and a highly resolved density map of 

the pore region will be required before the next step can be taken to study the impact of TRPM8 

chemical modulators on its structure and determine once and for all how they interact. 

Endogenous agonists of TRPM8 in the prostate 

A key aspect of the modulation of TRPM8 activity is the question of its regulation by 

endogenous factors. Indeed, as indicated before, TRPM8 was initially cloned in the prostate, 

where its primary agonist in the peripheral nervous system, i.e., cold, is unlikely to play any 

physiological role. Early on, several teams showed that, similarly to many other TRP channels, 

TRPM8 is positively modulated by PIP2 [42, 60]. In line with those results, PLCδ4 was recently 

identified as a negative modulator of TRPM8 activity in neurons, with its activation leading to a 

localized depletion of PIP2 [79]. Despite these promising data, signaling pathways leading to the 

activation of TRPM8 through an increase in PIP2 production have been considered as a potential 

way to modulate channel activity in the long term rather than as a way to acutely open the channel 

in response to agonists. However, our results have shown that lysophospholipids (LPLs) could 

represent more direct agonists of TRPM8. Indeed, we observed the activation of iPLA2 in TRPM8-

overexpressing HEK cells in response to depletion of ER calcium stores, which led to the 

production of lysophosphatidylinositol (LPI) and lysophosphatidylcholine (LPC) as well as the 
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subsequent activation of TRPM8 [66]. Our excised patch clamp experiments indicate that this 

activation most likely represents a direct effect of LPI and LPC on the channel lipid 

microenvironment. Indeed, both LPLs are known to incorporate into the plasma membrane, where 

they can act as cup formers that bend the membrane and therefore create a force that is able to 

mechanically open channels such as TREK [45]. Altogether, our results suggest that any 

stimulation of ER calcium store depletion could potentially lead to TRPM8 activation. However, in 

the case of PLC activation, the balance between its positive effect through IP3 production and 

IP3R-mediated ER calcium release and its negative effect via the concomitant decrease in PIP2 

concentration would probably induce variable responses depending upon the immediate 

surroundings of TRPM8. It would therefore be highly interesting to further explore the nature of 

the microdomains in TRPM8 in order to better understand its responses to the physiological 

agonists and growth factors that induce PLC activation and/or depletion of ER calcium stores. 

Early detection of prostate cancer is associated with direct palpation and an increase in PSA 

(prostate-specific antigen) blood levels. More generally, PSA, the third member of the serine 

protease kallikrein family, represents a highly versatile tool used to monitor the emergence, the 

recurrence, and the responsiveness to therapies of prostate cancer. However, there is no clear 

role attributed to PSA during prostate cancer progression. Based on a previous report showing 

that kallikreins can modulate TRP channel activity through a B2R (bradykinin 2 receptor)-

dependent mechanism [32], we investigated the potential role of PSA on TRPM8. Our results 

show that, at a concentration found in prostate lumen, PSA can stimulate TRPM8 through two 

distinct pathways. Indeed, long-term treatments were shown to increase the number of channels 

found in the plasma membrane, thus leading to increased TRPM8 responses to its classical 

agonists, cold, menthol, and icilin. Moreover, an acute application of PSA was also shown to 

induce TRPM8 activation through a B2R-dependent pathway. To our knowledge, this was the first 

indication of an endogenous agonist of TRPM8 in prostate cells, and we were then able to link 

PSA to an inhibition of cell migration [33]. There is little doubt regarding the existence of other 

endogenous modulators of TRPM8, and more efforts should be devoted to their identification in 

order to better understand the function of TRPM8 in the context of prostate cancer progression. 
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II. Pathophysiological impact of TRPM8 in prostate carcinogenesis 

TRPM8 inhibits cell migration 

As mentioned above, TRPM8 expression is strongly up-regulated in numerous cancers, 

including prostate cancer, while it is dramatically reduced during metastasis [37, 65, 75]. This 

expression pattern makes it an interesting candidate as a diagnostic marker for detection of cancer 

and as a prognosis marker for evaluating the outcome of epithelial cancers [80]. We propose that 

TRPM8 could also have a protective role in metastatic prostate cancer [30, 35], since recent data 

show that it blocks cancer cell migration in prostate cells [33, 34, 74, 83]. In particular, 

overexpression of TRPM8 in prostate cancer cells reduces cell motility through the inactivation of 

FAK (focal adhesion kinase) [74]. FAK is a non-receptor protein tyrosine kinase that localizes in 

cellular focal adhesions or cell contacts within the extracellular matrix, participates in growth factor 

receptor-mediated signaling pathways, and plays essential roles in cell survival, proliferation, 

migration, and invasion. Moreover, it seems that, outside of any stimulation, the presence of 

TRPM8 on the plasma membrane is sufficient to reduce migration, suggesting that the basal 

activity of TRPM8 is possibly affecting FAK phosphorylation, while activation of TRPM8 by icilin, 

one of its agonists, further reduces cell motility [33]. As mentioned before, the well-known prostate 

cancer marker PSA, which is secreted in the prostatic acini and is therefore in contact with the 

extracellular portion of TRPM8, activates the channel and decelerates cell migration by inducing 

its plasma membrane accumulation [33]. We could thus speculate that PSA activation of TRPM8 

could sustain dormancy of prostate hyperplasia by reducing cell mobility and migration. In line with 

this assumption is the gradual loss of plasma membrane TRPM8 during tumor progression 

towards the late and invasive prostate cancer stage [37]. Furthermore, two other studies 

demonstrate that TRPM8 significantly inhibits migration in PC3 cells through the inactivation of 

FAK [74, 83]. In addition, overexpression of TRPM8 induced significant cell cycle arrest in the 

G0/G1 stage and facilitated the apoptosis of cells induced by starvation. 

TRPM8 and angiogenesis 

It was recently shown that TRPM8 expression has a negative effect on angiogenesis. 

Indeed, nude mice transplanted with prostate cancer cells overexpressing TRPM8 develop tumors 

that are less vascularized than control tumors. The lower microvascular density of TRPM8 

xenografts can be explained by their lower expression of FAK and VEGF, one of the most potent 

angiogenic factors [83]. Our recent results further show the mechanism underlying the anti-

angiogenic effect of TRPM8 through the trapping of the small GTPase, Rap1, and subsequent 

inhibition of endothelial cell migration [28]. More precisely, in addition to the loss of TRPM8 

expression in refractory cancer, we have shown that its expression is also dramatically down-

regulated in tumor-derived endothelial cells when compared to their healthy counterparts. In 

endothelial cells, TRPM8 only presents a reticular localization, in contrast to its dual localization 

in both reticular and plasma membranes in epithelial cells. Our data indicate that TRPM8 plays 
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the same role in both cell types, independently of its cellular localization, as overexpression or 

activation of the channel by its agonists inhibited cell adhesion and migration in both models. In 

this study, the role of TRPM8 was shown in healthy endothelial cells from macro- (human umbilical 

vein endothelial cells) and micro-circulation (human microvascular endothelial cells), suggesting 

a similar mechanism for prostate vasculature. These experimental data were also supported by a 

modeling approach showing that cell adhesion and migration are strictly dependent on basal 

TRPM8 activity and on its expression levels rather than its localization. Importantly, we have 

shown that the expression and constitutive activity of TRPM8 are sufficient to exert its functional 

effects, inhibiting endothelial cell adhesion to the extracellular matrix and, therefore, endothelial 

cell migration. We further unraveled the molecular mechanism underlying this inhibitory effect by 

showing that TRPM8 acts as a Rap1 GTPase inhibitor. Rap is a small G protein that is implicated 

in a variety of integrin-mediated “inside-out” signaling events [18, 20, 40, 58]. Rap1 cycles between 

inactive GDP-bound forms and active GTP-bound forms [16]. TRPM8 interacts preferentially with 

the GDP-bound state of Rap1, thus preventing its cytoplasm-plasma membrane trafficking. In turn, 

this mechanism impairs the activation of a major inside-out signaling pathway that triggers the 

conformational activation of integrins and, consequently, cell adhesion, migration, in vitro 

endothelial tube formation, and vessel sprouting [28]. One of the most interesting novelties of this 

work was the pore-independent function of TRPM8 on endothelial migration, since inhibition of 

migration using a dead-pore mutant TRPM8 channel was still observed to an extent similar to the 

one observed with wild-type TRPM8. These data raise the question of the possible roles of TRPM8 

agonists, such as icilin and menthol, on channel function apart from pore gating. Indeed, these 

modulators could lead to conformational changes, inducing major rearrangements in the channel’s 

interactome. The recent resolution of the structure of TRPM8 will without doubt facilitate the 

understanding of allosteric coupling between channel domains and TRPM8 partner proteins. 

Taken together, these results suggest that TRPM8 could play a protective role in prostate cancer 

progression by reducing both cell migration and angiogenesis, making this channel an attractive 

target for therapeutics, with several regulatory agents that could be used to prevent the metastatic 

evolution of prostate cancer when diagnosed. In support of this hypothesis, a preclinical assay 

with a TRPM8 agonist (D-3263) shows that TRPM8 activation decreases mice prostate 

hyperplasia [24]. Moreover, recent advances in pharmacology and biotechnology have 

demonstrated the use of nanocarriers to deliver pharmacological compounds using plasma 

membrane protein targeting [77]. In this way, nanocarriers targeting membrane receptors such as 

HER2 and EGFR [29, 59] or targeting ion channels by using curcumin, a TRPA1 activator [73], 

were developed and used in the context of breast and prostate cancer treatment. Due to its plasma 

membrane localization, the TRPM8 channel is a promising target for nanocarriers, and as such, 

TRPM8 agonist encapsulation into nanocarriers could be developed to improve the delivery of 

TRPM8 agonists and the anti-metastatic effect induced by TRPM8 activation. 
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III. The next level in TRPM8 modulation: localization, partner proteins, and 

short isoforms 

Intracellular localization of TRPM8 in ER membranes 

Over the years, our understanding of how ion channels work has greatly evolved, from a 

model where they are simply inserted into the plasma membrane waiting to be activated to a 

complex array of microdomains including channels, various receptors, and their associated 

signaling pathways, specific lipids, and cytoskeleton elements, the whole of which contributes to 

the formation of a “channel signalplex” associated with complex physiological responses (for 

review, see [56, 57]). Among the many structures found in these signalplexes, partner proteins 

have been shown to control the insertion of TRP channels into the plasma membrane [72], as well 

as their activity [31, 32]. This question was of particular interest for TRPM8 in the context of 

prostate cancer. Indeed, an early report showed that in androgen-dependent human prostate 

cancer LNCaP cells, TRPM8 was almost exclusively located in ER membranes, with no detectable 

activity in the plasma membrane as proved by the absence of any classical TRPM8 current in 

response to cold and menthol application [64]. After ruling out the possibility of a mutation in 

TRPM8 in LNCaP and showing that the channel cloned from LNCaP cells can be found in the 

plasma membrane when expressed in a heterologous system such as HEK293, we were left with 

the possibility of a retention factor keeping the channel in ER membranes. Moreover, activation of 

this intracellular TRPM8 induces an ER calcium release leading to the activation of SOC (store-

operated calcium channels), which could in turn impact cell proliferation and apoptosis resistance. 

The presence of the ER-bound TRPM8 has since then been confirmed [2, 3], but these studies 

did not discriminate between the physiological impact of the two localizations, if any. However, 

they linked plasma membrane localization to a higher apoptosis rate and suggested that cancer 

progression could be associated with the internalization of the channel through 

ubiquitination/degradation. There is therefore a clear need to further study the impact of TRPM8 

intracellular localization on prostate cancer cells in order to understand how all these mechanisms 

lead to cancer progression before eventually proposing treatments targeting this channel. 

TRPM8 partner proteins 

As indicated before, partner proteins could be important when explaining the intracellular 

distribution of channels or even in controlling their activity. However, no such partners had been 

described for TRPM8 when we tried to address this issue. To identify these partners within the 

frame of prostate cancer, we used a GST pull-down strategy where N- and C-termini of human 

TRPM8 were exposed to mice prostate lysates. Proteins interacting with TRPM8 extremities were 

then identified by mass spectrometry, leading to the creation of a database of several hundred 

proteins. As it would have been difficult at that time to screen all those proteins for their effect on 

TRPM8 activity, we selected a few of them based on available literature and tested the impact of 

their overexpression and silencing on TRPM8. From these experiments, we have identified EAPA2 
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(experimental autoimmune prostatitis antigen 2) as a promising target. Indeed, this protein was 

initially described as being specifically expressed in the prostate and as being potentially regulated 

by androgens, two traits that are particularly interesting in regard to our knowledge of how TRPM8 

is modulated during prostate cancer progression [27]. By sequence homology with mouse EAPA2, 

we were then able to identify two previously unknown human proteins that we named TCAF1 and 

TCAF2, for TRP channel-associated factors 1 and 2 [34]. While we have shown that both TCAF1 

and TCAF2 induce a similar increase in TRPM8 translocation to the plasma membrane, we were 

surprised to see that they induce opposite effects on the channel’s activity. Indeed, TCAF1 

increases TRPM8 activity, whereas TCAF2 inhibits it, and this difference arises from a key domain 

missing in TCAF2, namely, a PI3K homology domain only found in the TCAF1 C-terminus. We 

have shown that a mutant of TCAF1 lacking this PI3K homology domain exhibits properties 

resembling those of TCAF2, suggesting that the activating effect of TCAF1 on TRPM8 is most 

likely due to the channel being phosphorylated. Moreover, the expression pattern of TCAF1 during 

prostate cancer progression closely resembles that of TRPM8, with an initial increase during the 

early androgen-dependent stages and a strong decrease when the cancer becomes androgen-

independent. Finally, we have shown that the physiological impact of TCAFs is to modulate cell 

migration in conjunction with TRPM8, even if our observations suggest that TCAFs could also 

interact with other partners. Taken together, our data show that both TCAFs promote TRPM8 

translocation to the plasma membrane and that TCAF1 is necessary for channel activation, 

probably through phosphorylation, while TCAF2 prevents its activity. To our knowledge, this was 

the first report describing partner proteins for TRPM8, and our data support the idea that TCAFs 

could be targeted independently from TRPM8 in order to prevent prostate cancer cell migration. 

TRPM8 short isoforms 

Another level of complexity in TRPM8 regulation was revealed when we started identifying 

short isoforms of the channel in prostate cancer cells. Indeed, on top of the “normal” full-length 

channel of 128 kDa, shorter truncated TRPM8 proteins were shown in our models. Most notably, 

we have characterized two short isoforms cloned from prostate cancer epithelial cells [9]. These 

two splice variants, named TRPM8α and TRPM8β, possess two and one alternate ATG, 

respectively, leading to the synthesis of two short proteins of 6 and 18 kDa, named sM8-6 and 

sM8-18, respectively. These short isoforms correspond to fragments of the TRPM8 N-terminus, a 

cytosolic domain, suggesting that they are primarily found in cytosol. Interestingly, both isoforms 

are absent from DRG neurons but can be found in other tumors such as melanoma, colon cancer, 

and endometrial adenocarcinoma, an observation that raises the question of their potential role in 

cancer but for which there is currently no response. When we tried to determine the functional 

impact of these isoforms, we observed a complex modulation of TRPM8. Indeed, while they both 

induced a significant decrease in TRPM8 activity in response to its agonists cold, menthol, and 

LPI, their effects on icilin-induced currents were the opposite, with sM8-6 increasing and sM8-18 

decreasing current amplitude. Moreover, our biotinylation experiments have shown that the 
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overexpression of both isoforms resulted in a small increase in the amount of TRPM8 found in the 

plasma membrane, therefore ruling out the possibility that isoforms inhibit TRPM8 activity by 

preventing its translocation to cell surface. To understand these results, we tried to determine 

whether the short isoforms can directly bind the channel, using FRET (Förster resonance energy 

transfer) as our main technical approach. Our results show that sM8-6 and sM8-18 both bind the 

C-terminus of the full-length TRPM8, with little to no interaction with the channel N-terminus, and 

that this interaction is temperature dependent, i.e., inhibited by cold. Moreover, at the single-

channel level, sM8-6 and sM8-18 were both shown to stabilize the channel in a closed state, 

making its activation by cold and agonists more difficult. Our interpretation of these results is that 

both isoforms share the same core property of binding to the TRPM8 C-terminus and that this 

interaction results in a conformational change that stabilizes the channel in a closed state. Upon 

cold application, TRPM8 undergoes a conformational change resulting in the dislodgement of the 

isoforms, as suggested by the loss of FRET signal. However, how these conformational changes 

lead to an increase in the response to icilin remains an open question for which additional studies 

will be required. While this last point still needs to be addressed, recent work by Peng et al. has 

confirmed that these short isoforms have a physiological impact on prostate cancer cells. Indeed, 

overexpression of sM8-18 leads to an increase in prostate cancer cell migration and invasiveness 

through the activation of MMP-2 [55]. This effect could also result from sM8-18 inhibiting full-length 

TRPM8, as we have shown that the channel negatively regulates migration [34], even if the 

interaction between short isoforms and ER-located TRPM8 has not yet been confirmed. 

More recently, other types of short TRPM8 isoforms have been identified in prostate cancer cells 

[12, 14]. The most important ones appear to be truncated channels lacking the N-terminal section 

of the protein as well as the first two transmembrane domains, resulting in channels with four 

transmembrane domains instead of the usual six, notated 4TM-TRPM8 or eTRPM8 due to their 

exclusive localization in ER membranes. These isoforms are very similar to those previously 

described in keratinocytes, where they control the balance between proliferation and 

differentiation by modulating the shuttling of calcium between ER and mitochondria in a cold-

dependent manner [10, 13]. In the prostate, we have identified at least three 4TM-TRPM8 isoforms 

of 35, 38, and 40 kDa found in ER membranes and showed their localization in MAMs 

(mitochondria-associated membranes), where they work as calcium leak channels that deplete 

ER calcium stores and increase mitochondria calcium content, leading to increased ATP 

production. Electrophysiological studies of purified 4TM-TRPM8 in giant unilamellar vesicles 

indicate that these isoforms represent fully functional channels that respond to classical TRPM8 

modulators (e.g., icilin, menthol, WS12, BCTC). While their similarities make them difficult to study 

due to a lack of specific modulators, their physiological functions appear to be the control of 

proliferation and apoptosis, mostly through their interaction with sM8 isoforms. Indeed, silencing 

of sM8 isoforms resulted in an increase in p21 expression associated with an inhibition of 

proliferation and an increase in apoptosis, most likely due to oxidative stress and protein unfolding 
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in mitochondria in primary human prostate cancer cells, as well as in cell lines [12]. Interestingly, 

the effect of sM8 silencing was highly dependent on the type of TRPM8 isoforms expressed in the 

cells, indicating the potential presence of a very complex array of interactions and physiological 

responses depending on the expression of different isoform subtypes. 

 

Conclusion 

While originally cloned in the prostate in 2001 [65], TRPM8 has since then been identified 

as the cold/menthol receptor in the peripheral nervous system [49]. This discovery led to hundreds 

of studies regarding the role of this channel in the peripheral nervous system and the associated 

pain and thermosensation phenomena, while relegating the involvement of TRPM8 in cancer to a 

secondary place and relative neglect. Despite this fact, there is growing evidence that TRPM8 

should be carefully studied within the frame of carcinogenesis, especially in the prostate, where it 

is highly expressed and where many teams have confirmed variations in its expression during 

cancer progression. With this review, we show that TRPM8 plays a critical role in many 

pathophysiological processes (Fig. 1) and that this diversity comes from the presence of many 

isoforms of the channel. Since these isoforms have been neglected so far in most models, 

including neurons, it is our hope that this work will prompt more teams to start investigating them 

in their respective models in order to better understand their general roles beyond the ones 

described here in the prostate. 

Among many other points that still need to be addressed, the question of endogenous modulators 

of TRPM8 in the prostate and of their mechanisms of action is a critical one. Evidence of regulation 

by physiological factors such as PSA, androgens, and LPL has proved that TRPM8 can exhibit an 

activity beyond that of cold receptor, thus explaining how the channel can be activated in organs 

not exposed to temperature variations. The exact nature of this regulation is still a matter of intense 

debate, as is the physiological impact of TRPM8 activation in prostate cancer cells. Indeed, while 

TRPM8 expression is generally acknowledged as being androgen-dependent, direct modulation 

of the channel by testosterone has been reported by Zakharian’s team [1]. In their hands, 

testosterone and its active form DHT (dihydrotestosterone) directly bind to TRPM8 and open it, 

with EC50 of 64.9 pM and 21.4 nM, respectively. The physiological relevance of this discovery is 

still unclear since the same team then showed that this direct effect of steroids, when applied at a 

non-physiological concentration of 1 μM on TRPM8, disappears in the presence of the androgen 

receptor (AR) [2]. Indeed, since AR and TRPM8 expression are closely linked in prostate cancer 

cells, this would mean that, if this hypothesis is correct, TRPM8 activity would constantly be 

repressed by steroids, leading to an increase in cell migration [33, 34]. This apparent contradiction 

will need to be addressed before validating the concept of TRPM8 targeting in the treatment of 

prostate cancer, but an interesting possibility is that even if steroids indeed inhibit TRPM8 activity, 

agonists such as PSA and LPLs could still bind the channel and induce a conformational change 
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that could be sufficient to activate the signaling pathway leading to the inhibition of cell migration 

[28]. 

As stated above, the physiological function of TRPM8 in prostate cancer cells is not yet completely 

understood, and literature shows controversial data presenting the channel as controlling 

proliferation, apoptosis, survival, and/or migration depending on cell type and investigator. 

However, very few studies thus far have considered TRPM8 short isoforms or the impact of their 

localization beyond the plasma membrane. Since tools such as siRNA will target a large number 

of isoforms beyond the wild-type channel, one should be extremely careful when drawing 

conclusions from TRPM8 silencing. Indeed, siRNA targeting the N-terminal region of TRPM8 will 

not only affect the wild-type channel but also sM8 isoforms. On the other hand, siRNA targeting 

the pore region will prevent wild-type and 4TM-TRPM8 expression. Knowing that these isoforms 

have distinct impacts on cell fates, a close study of their respective abundance in any given cell 

type should be considered a necessity prior to drawing any conclusion. Similarly, while we have 

shown that 4TM-TRPM8 and wild-type TRPM8 exhibit the same core properties in terms of 

responsiveness to classical TRPM8 agonists and antagonists, it is still too early to say that they 

are perfectly identical in regard to their pharmacology. Further studies will need to address that 

point in order to make sure that a compound designed to block cancer cell migration and 

angiogenesis does not stimulate proliferation. 

A final point we wish to make is about the recent publication of the first cryo-EM TRPM8 structure 

[76]. Indeed, for many years, TRP channel structures remained elusive, and most hypotheses 

relied on comparative models using other available crystal structures. While this first structure 

offers new information regarding the spatial organization of TRPM8 N- and C-termini, the pore 

region and other critical parts of the channel were not sufficiently resolved to be described. We 

therefore hope that the next technological developments in cryo-EM will provide the scientific 

community with a complete structure of TRPM8 in the years to come, which will better define the 

domains of the channel and shed light on the activation mechanisms of agonists such as menthol 

and WS-12. Indeed, when generalized, cryo-EM technology will provide us with a powerful tool 

allowing for the understanding of the interplay between wild-type TRPM8, 4TM-TRPM8, short 

isoforms, partner proteins such as TCAFs, AR, and steroids. 
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Purpose 

Malignant hyperthermia (MH) is a pharmacogenetic disorder arising from uncontrolled muscle 

calcium release due to an abnormality in the sarcoplasmic reticulum (SR) calcium-release 

mechanism triggered by halogenated inhalational anesthetics. However, the molecular 

mechanisms involved are still incomplete. 

 

Methods 

We aimed to identify transient receptor potential vanilloid 1 (TRPV1) variants within the entire 

coding sequence in patients who developed sensitivity to MH of unknown etiology. In vitro and in 

vivo functional studies were performed in heterologous expression system, trpv1−/− mice, and a 

murine model of human MH. 

 

Results 

We identified TRPV1 variants in two patients and their heterologous expression in muscles of 

trpv1−/− mice strongly enhanced calcium release from SR upon halogenated anesthetic 

stimulation, suggesting they could be responsible for the MH phenotype. We confirmed the in vivo 

significance by using mice with a knock-in mutation (Y524S) in the type I ryanodine receptor 

(Ryr1), a mutation analogous to the Y522S mutation associated with MH in humans. We showed 

that the TRPV1 antagonist capsazepine slows the heat-induced hypermetabolic response in this 

model. 

 

Conclusion 

We propose that TRPV1 contributes to MH and could represent an actionable therapeutic target 

for prevention of the pathology and also be responsible for MH sensitivity when mutated. 

 

 

Full text available at: https://www.nature.com/articles/s41436-018-0066-9  
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Previous studies showed the effects of resveratrol (RES) on several cancer cells, including 

prostate cancer (PCa) cell apoptosis without taking into consideration the impact of the tumor 

microenvironment (TME). The TME is composed of cancer cells, endothelial cells, blood cells, and 

cancer-associated fibroblasts (CAF), the main source of growth factors. The latter cells might 

modify in the TME the impact of RES on tumor cells via secreted factors. Recent data clearly show 

the impact of CAF on cancer cells apoptosis resistance via secreted factors. However, the effects 

of RES on PCa CAF have not been studied so far. We have investigated here for the first time the 

effects of RES on the physiology of PCa CAF in the context of TME. Using a prostate cancer CAF 

cell line and primary cultures of CAF from prostate cancers, we show that RES activates the N-

terminal mutated Transient Receptor Potential Ankyrin 1 (TRPA1) channel leading to an increase 

in intracellular calcium concentration and the expression and secretion of growth factors (HGF 

and VEGF) without inducing apoptosis in these cells. Interestingly, in the present work, we also 

show that when the prostate cancer cells were co-cultured with CAF, the RES-induced cancer cell 

apoptosis was reduced by 40%, an apoptosis reduction canceled in the presence of the TRPA1 

channel inhibitors. The present work highlights CAF TRPA1 ion channels as a target for RES and 

the importance of the channel in the epithelial-stromal crosstalk in the TME leading to resistance 

to the RES-induced apoptosis. 

 

 

Full text available at: https://onlinelibrary.wiley.com/doi/full/10.1002/mc.22642  
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Members of the transient receptor potential (TRP) ion channel family act as polymodal 

cellular sensors, which aid in regulating Ca(2+) homeostasis. Within the TRP family, TRPM8 is 

the cold receptor that forms a nonselective homotetrameric cation channel. In the absence of 

TRPM8 crystal structure, little is known about the relationship between structure and function. 

Inferences of TRPM8 structure have come from mutagenesis experiments coupled to 

electrophysiology, mainly regarding the fourth transmembrane helix (S4), which constitutes a 

moderate voltage-sensing domain, and about cold sensor and phosphatidylinositol 4,5-

bisphosphate binding sites, which are both located in the C-terminus of TRPM8. In this study, we 

use a combination of molecular modeling and experimental techniques to examine the structure 

of the TRPM8 transmembrane and pore helix region including the conducting conformation of the 

selectivity filter. The model is consistent with a large amount of functional data and was further 

tested by mutagenesis. We present structural insight into the role of residues involved in intra- and 

intersubunit interactions and their link with the channel activity, sensitivity to icilin, menthol and 

cold, and impact on channel oligomerization. 

 

Full text available at: https://www.cell.com/biophysj/fulltext/S0006-3495(15)00998-4  

https://www.cell.com/biophysj/fulltext/S0006-3495(15)00998-4
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Introduction 

 

I. Physiologie et pathologies de la prostate 

1. Physiologie 

a. Anatomie et fonction 

La prostate est une glande accessoire de l’appareil reproducteur masculin. Cette glande 

fibromusculaire est divisée en quatre parties anatomiquement et fonctionnellement distinctes : 

zone centrale, zone périphérique, zone de transition et stroma fibromusculaire antérieur. 

Cette glande fibromusculaire remplit deux fonctions :  

• Les cellules exocrines de la prostate produisent le liquide prostatique, composant un tiers 

du liquide spermatique. 

• La composante musculaire de la prostate aide à l’expulsion des liquides par l’urètre.  

b. Histologie 

D’un point de vue histologique, le tissu prostatique est composé d’un stroma fibromusculaire et 

de glandes épithéliales. Chaque acinus est formé d’une couche de cellules épithéliales luminales 

exocrines et d’une couche de cellules basales.  

c. Régulation par les androgènes 

L’épithélium prostatique a la particularité s’être sous dépendance hormonale. En effet, les 

androgènes régulent la survie, la prolifération, la sécrétion et la différenciation des cellules 

épithéliales prostatiques. La perturbation des signaux androgéniques peut conduire à des 

processus pathologiques tels que le cancer de la prostate (CaP) via la dérégulation de l’équilibre 

entre la prolifération et la mort cellulaire. Les androgènes sont principalement produits dans les 

testicules, sous régulation hypothalamique. Ces hormones agissent au niveau des cellules 

prostatiques via les récepteurs aux androgènes (RA). 

 

2. Le cancer de la prostate 

a. Chiffres 

Le CaP est le cancer le plus fréquemment diagnostiqué chez l’homme en Europe, et il représente 

actuellement la troisième cause de mortalité par cancer. Le développement de cette pathologie 

étant fortement lié à l’âge, sa prévalence ne cesse d’augmenter avec le vieillissement de la 

population. 

b. Développement 

Le CaP se développe à partir de lésions précancéreuses épithéliales (preneoplastic intraepithelial 

neoplasia, PIN) accompagnées d’une instabilité génomique. Ce cancer se développe d’abord 

localement au sein de la glande. Lorsque le CaP devient invasif au-delà de la capsule prostatique, 
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il atteint d’abord les vésicules séminales et la vessie, puis les ganglions lymphatiques, et enfin 

des organes distants tels que les os via la circulation sanguine. 

c. Diagnostic et pronostic 

Le diagnostic précoce du CaP permet d’augmenter considérablement les chances de survie du 

patient. En effet, les taux de survie à cinq ans sont de 100% pour les patients atteints d’un cancer 

localisé au moment du diagnostic, mais chutent à 30% pour un cancer détecté à un stade avancé 

métastatique. Le diagnostic de cette pathologie repose actuellement sur trois éléments : 

• Le toucher rectal : permet de détecter une masse anormale au niveau de la zone 

périphérique postérieure. 

• Le taux de PSA : la PSA (prostate specific antigen) est une protéine spécifiquement 

sécrétée par l’épithélium prostatique sous le contrôle des androgènes. La concentration 

sanguine de PSA augmente lors du CaP. Néanmoins, sa concentration peut aussi 

augmenter lors de pathologies bénignes telles que l’hyperplasie bénigne de la prostate 

(HBP), ce qui en fait un marqueur contesté. 

• Biopsie et analyse histopathologique : étape essentielle afin de poser le diagnostic d’un 

CaP. 

d. Grade histologique 

La détermination du grade histologique permet de poser le diagnostic et de déterminer 

l’agressivité du cancer. Pour cela, la méthode de Gleason est appliquée. Cette technique évalue 

l’état de différenciation du tissu, une note élevée représentant un cancer agressif peu différencié. 

e. Classification de la tumeur 

La tumeur est ensuite classée selon la méthode TNM (tumor, node, metastasis) afin d’évaluer son 

agressivité et d’adapter l’approche thérapeutique. Cette classification prend en compte la nature 

de la tumeur (T ; taille, envahissement), l’invasion des ganglions lymphatiques locaux (N) et la 

présence de métastases (M). 

f.  Traitements 

Le CaP peut avoir un développement très lent. Ainsi, pour les tumeurs à faible risque, la 

surveillance active peut être la meilleure option. Pour une tumeur localisée à risque, la première 

ligne de traitement est la chirurgie. Lorsque cette option n’est pas possible, plusieurs approches 

thérapeutiques sont possibles, en fonction de l’avancement de la pathologie : 

• Radiothérapie : employée pour le traitement de tumeur à invasion locale. On retrouve 

deux approches, la curiethérapie et la radiothérapie externe. 

• Castration chimique : la suppression des signaux androgénique permet de stopper la 

croissance tumorale. Malheureusement, ce traitement conduit inévitablement à un 

échappement thérapeutique et au développement de tumeurs agressives résistantes 

à la castration pour lesquelles il n’y a pas de traitement curatif à l’heure actuelle. 

• Chimiothérapie : utilisée pour les cancers avancés métastatiques. 
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g. Mécanismes de résistance 

Lors de la suppression androgénique, les cellules cancéreuses prostatiques peuvent mettre en 

place plusieurs stratégies pour résister au traitement. Parmi celles-ci on retrouve de nombreux 

mécanismes impliquant le RA. En effet, par mutation, épissage alternatif ou surexpression, les 

cellules cancéreuses prostatiques résistantes sont capable de proliférer en l’absence des 

androgènes.  

Un autre mécanisme proposé est l’existence de cellules souches cancéreuses. 

 

 

II. Les cellules souches cancéreuses 

Les cellules souches cancéreuses (CSCs) représentent une sous-population de cellules 

cancéreuses indifférenciées ayant la capacité de se diviser de façon asymétrique, permettant le 

maintien de leur population et le développement de la tumeur. De plus, ces cellules sont 

résistantes aux thérapies conventionnelles et peuvent entrer en quiescence en cas de stress. Ce 

phénomène permettrait notamment d’expliquer les récidives suite à l’activation des CSCs 

quiescentes après une phase de dormance plus ou moins longue, ainsi que la résistance de 

certains cancers, dont celui de la prostate, aux chimiothérapies. Les mécanismes mis en jeu dans 

la transition entre la quiescence et la prolifération constituent une question centrale de l’étude des 

CSCs aujourd’hui. Il a ainsi été montré que des mécanismes touchant l’homéostasie calcique 

peuvent être impliqués dans le contrôle de la transition entre prolifération et quiescence dans 

plusieurs modèles de CSCs. 

La caractérisation des mécanismes calciques présidant à l’orientation des CSCs vers la 

quiescence ou la prolifération représente donc une étape indispensable qui pourrait permettre, 

sur le long terme, de les cibler spécifiquement afin de développer des approches thérapeutiques 

efficaces, notamment pour les stades tardifs androgéno-résistants du cancer de la prostate. 

 

 

III. Les canaux calciques 

Le calcium est un second messager intervenant dans de nombreux phénomènes 

cellulaires tels que la prolifération, la migration, la sécrétion… Par conséquent, des altérations de 

l’homéostasie calcique, résultant notamment de variations d’expression et/ou d’activité de canaux 

calciques, ont été impliquées dans différentes pathologies comme le cancer. 

La signalisation calcique résulte de l’action coordonnée de canaux calciques 

membranaires présents au niveau de la membrane plasmique ou d’organites tels que le réticulum 

endoplasmique (RE) et de protéines sensibles au calcium. Dans les cellules non-excitables, on 

retrouve deux grandes familles de canaux calciques : les canaux de la grande famille des TRP 

(transient receptor potential) et les canaux SOC (store-operated channels). Contenant la majorité 
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du calcium intracellulaire, le RE joue un rôle clé dans la signalisation calcique. La signalisation du 

RE est gouvernée par les récepteurs à l’IP3 (inositol 1,4,5-trisphosphate ; RIP3), les canaux de 

fuite et les pompes SERCA (sarcoplasmic/endoplasmic reticulum calcium ATP-ase).  

 

 

IV. Les canaux SOC (store-operated channels) 

Situés au niveau de la membrane plasmique, ces canaux sont responsables de l’entrée 

capacitive de calcium (ECC, ou SOCE pour Store-Operated Calcium Entry). Ces canaux sont 

activés suite à la vidange des stocks calciques du RE, la réserve majeure de calcium cellulaire. 

Cette activation se fait via la protéine STIM1 (Stromal Interaction Molecule 1, 74 kDa) ancrée dans 

le RE qui, grâce à son motif EF-hand, fixe le calcium présent à l’intérieur de l’organite. Lorsque 

STIM1 ne fixe plus de calcium, il s’oligomérise et se relocalise dans les régions du RE proches 

de la membrane plasmique afin de lier et d’activer les protéines canal Orai1 (33 kDa), 

responsables du courant SOC. Les protéines Orai1, chacune constituée de quatre segments 

transmembranaires, s’oligomérisent en homohexamère pour former le canal calcique SOC, ce qui 

provoque une entrée dite capacitive de calcium permettant de reconstituer les stocks calciques 

réticulaires.  

Les canaux SOC ont été impliqués dans de nombreux phénomènes cellulaires tels que la 

prolifération. En effet, après fixation de facteurs de croissance, les récepteurs de type tyrosine 

kinase (TKR) ou couplés aux protéines G (RCPG) peuvent, entre autres, activer la phospholipase 

C (PLC) qui va transformer le PIP2 (phosphatidyl inositol 4,5-bisphosphate) en diacylglycérol 

(DAG) et IP3. L’IP3 provoquera une sortie du calcium réticulaire via l’activation des RIP3, induisant 

l’ECC. Le DAG, quant à lui, va stimuler la protéine kinase C (PKC) activant, là aussi, les canaux 

SOC. Le calcium entré dans le cytoplasme suite à l’activation des canaux SOC va se fixer à la 

calmoduline, puis le complexe calcium-calmoduline va activer la phosphatase calcineurine. La 

calcineurine pourra alors déphosphoryler le facteur de transcription NFAT (Nuclear Factor of 

Activated T-cells), permettant le démasquage de ses séquences de localisation nucléaire et donc 

sa translocation dans le noyau. NFAT pourra alors induire la transcription de gènes impliqués, 

entre autres, dans la prolifération. En plus de ces effets au long terme sur l’expression génique, 

les canaux SOC peuvent également avoir des effets à court terme en modulant d’autres voies de 

signalisation. 

Par ses effets à long et court terme, les canaux SOC ont été impliqués dans différent cancers. 

Par exemple, les canaux SOC modulent la migration des cellules cancéreuses mammaires par la 

régulation des adhésions focales. Les canaux SOC ont également été impliqués dans le contrôle 

de la prolifération et de l’apoptose dans différents cancers, par des actions à long ou court terme. 

De précédents travaux ont montré que les canaux SOC jouent un rôle clé dans le déclenchement 

de l’apoptose des cellules cancéreuses prostatiques. D’autres travaux ont mis en évidence 



  235 

l’implication d’Orai1 et de son isoforme Orai3 dans la prolifération des cellules cancéreuses 

prostatiques via la formation de canaux ARC (arachidonic acid-regulated channels) et l’activation 

de la voie NFAT. Cependant, le rôle des canaux SOC dans la prolifération des cellules 

cancéreuses prostatiques n’a pas été étudié.  

Enfin, bien qu’il existe de nombreux modulateurs pharmacologiques des canaux SOC, seul 

leur inhibition est actuellement possible. De nombreuses études ont montré l’importance des 

protéines partenaires dans la régulation des canaux ioniques. Une alternative serait donc de cibler 

les canaux SOC indirectement via une protéine partenaire.  

 

 

V. Le récepteur Sigma 1 (S1R) 

Initialement identifié comme un récepteur aux opioïdes, le récepteur Sigma 1 (S1R) répond 

en réalité à de nombreuses molécules. Cette protéine de 25 kDa ne possède d’homologie avec 

aucune autre protéine présente chez les Mammifères. Le S1R est constitué d’au moins un 

segment transmembranaire permettant son insertion au niveau de la membrane plasmique, et du 

RE. Contrairement à ce que son nom indique, le S1R n’agit pas comme un récepteur. En effet, 

cette protéine a un rôle de chaperonne et va ainsi lier et moduler de nombreuses protéines. De 

plus, la liaison au ligand va avoir des effets complexes influençant les interactions protéiques du 

S1R ou encore sa localisation cellulaire.  

Le S1R a été impliqué dans différentes pathologies pour la plupart neurologiques, mais de 

nombreuses études ont également associé ce récepteur au cancer. En effet, il voit son expression 

augmenter dans de nombreux cancers, notamment celui de la prostate, et ce proportionnellement 

à l’agressivité tumorale. La modulation de l’activité du S1R pourrait donc être prometteuse pour 

le traitement du cancer, mais le rôle du S1R dans ce contexte reste pour le moment assez flou. 

Récemment, de plus en plus d’études lui montrent un rôle de protéine partenaire permettant la 

régulation de canaux ioniques, notamment dans le cancer. 
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Problématique et but du travail 

 

Ces travaux sont divisés en deux parties, la première portant sur le rôle des canaux SOC 

dans la physiologie des cellules souches cancéreuses. Le deuxième versant de ce projet a porté 

sur l’étude du S1R en tant que protéine partenaire des canaux SOC dans le cancer de la prostate. 

Les canaux SOC semblent en effet jouer un rôle central dans le contrôle de la prolifération des 

cellules cancéreuses, et leur ciblage directement ou indirectement via le S1R pourrait permettre 

de développer des nouvelles approches thérapeutiques. 

 

Pour se faire, ce projet est divisé en plusieurs points : 

 

I. Le rôle des canaux SOC dans les cellules souches cancéreuses 

1. L’isolation des CSCs 

2. L’expression et l’activité des canaux SOC dans les CSCs 

3. Le rôle des canaux SOC dans les CSCs 

 

II. L’étude du S1R, une protéine partenaire d’Orai1 dans le cancer de la prostate 

1. L’expression du S1R dans le cancer de la prostate 

2. La modulation de l’activité d’Orai1 par le S1R 

3. Les impacts physiopathologiques des modulations par le S1R 
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Résultats 

 

I. La voie Orai1/NFAT régule la transition quiescence/prolifération des 

cellules cancéreuses 

Cette première partie porte sur l’étude des canaux SOC dans les cellules souches 

cancéreuses de deux modèles différents : le cancer de la prostate et le mélanome.  

 

1. L’expression et la fonction d’Orai1 sont diminués dans les CSC prostatiques 

Les CSC ont la caractéristique d’être majoritairement quiescentes et de ne se diviser que 

rarement. Ceci nous permet d’isoler les CSC par le principe de rétention de marqueur (LCR, pour 

label retaining cells). 

Nous avons tout d’abord utilisé la lignée cancéreuse prostatique PC3. Cette lignée agressive 

résistante aux androgènes et fortement dédifférenciée est souvent utilisée dans l’étude des CSC 

prostatiques. Les LRC de PC3 ont été isolées grâce à un marquage membranaire au DiI couplé 

à la reconnaissance du CD44, un marqueur spécifique des CSC prostatiques. Nous avons ainsi 

placé les cellules en culture en suspension afin d’augmenter les proportions de CSC, et nous 

avons isolé deux populations : les DiIhiCD44hi et les DiIloCD44lo. La caractérisation de ces 

populations montre que les cellules DiIhi possèdent des caractéristiques de CSC telles que la perte 

de marqueurs de différenciation et une agressivité accrue. 

Nous avons mis en évidence la chute d’expression d’Orai1 dans les CSC prostatiques par rapport 

aux cellules cancéreuses non souches (RT-qPCR et immunofluorescence). Orai1 est un 

composant majeur des canaux SOC dans notre modèle PC3, sa diminution d’expression se traduit 

ainsi par une ECC diminuée dans les cellules DiIhi par rapport aux cellules DiIlo (imagerie calcique). 

 

2. L’expression et la fonction d’Orai1 sont diminuées dans les CSC de mélanome 

Nous avons ensuite cherché à voir si la diminution d’Orai1 était limitée au cancer de la 

prostate. Pour cela, nous avons utilisé un deuxième modèle de CSC, développé par l’équipe du 

Dr Polakowska : un clone de la lignée HBL qui exprime de façon stable une construction Histone-

2B fusionnée à la GFP inductible par tétracycline (Ostyn et al. 2014). Ce clone nous a ainsi permis 

d’isoler des CSC de mélanome (sous-population GFPhi) qui perdent l’expression de marqueurs 

de différenciation et qui présentent une agressivité accrue. 

Comme dans le cancer de la prostate, les CSC HBL GFPhi expriment significativement moins 

Orai1. Nous avons mis en évidence l’importance d’Orai1 dans l’ECC des HBL souches et non 

souches par siARN. La chute d’expression d’Orai1 dans les cellules GFPhi conduit ainsi à la 

diminution basale et induite de l’ECC par rapport aux cellules de mélanome non souches HBL 

GFPlo. 
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3. L’inhibition d’Orai1 augmente la population de cellules cancéreuses avec des 

propriétés de cellules souches 

Afin de mieux comprendre le rôle de la diminution d’expression et d’activité des canaux 

SOC dans les CSCs, nous avons réalisé des expériences visant à déterminer l’impact de la 

modulation de ces canaux sur nos modèles cellulaires. Ainsi, après marquage des cellules, 

l’inhibition pharmacologique (BTP2, 1 µM) des canaux SOC pendant les sept jours de culture en 

suspension induit une augmentation du nombre de cellules quiescentes positives aux marqueurs 

(GFP ou DiI) ainsi qu’une augmentation du nombre de sphères formées (SFU, pour sphere 

forming unit), un indicateur du potentiel souche. L’inhibition des canaux SOC permet donc 

d’augmenter la population de CSCs, ce qui montre l’importance de ces canaux dans la transition 

entre la quiescence et la prolifération. 

 

4. Orai1 régule la quiescence via la voie NFAT 

Les canaux SOC dans lesquels Orai1 est impliqué peuvent réguler la prolifération via la 

voie calcium-dépendante NFAT. Nous avons montré que l’activation de NFAT est fortement 

diminuée dans nos deux modèles de CSC. De plus, l’inhibition pharmacologique de cette voie 

(FK506, 10 µM) permet d’augmenter la sous-population de CSC, avec des résultats comparables 

à l’inhibition pharmacologique du SOC indiquée précédemment. 

 

5. La quiescence induite par la chimiothérapie est associée à une chute d’expression 

d’Orai1  

 Les CSC sont particulièrement résistantes à la chimiothérapie grâce à leur capacité à 

entrer en quiescence face au stress (Borst 2012; Ehninger et al. 2014; Touil et al. 2014). Nous 

montrons ici que dans notre modèle de mélanome, un traitement avec le 5-fluorouracile (100µM) 

ou l’oxaliplatine (40µM) conduit à une forte augmentation de la proportion de cellules quiescentes. 

Cette quiescence est associée à une augmentation de la sous-population cellulaire qui exprime 

faiblement Orai1. De plus, ces cellules exprimant faiblement Orai1 sont majoritairement en phase 

G0 du cycle cellulaire. 

 

Ainsi, dans ces deux modèles de CSCs, les canaux SOC et la voie NFAT semblent jouer 

un rôle clé dans la transition entre la quiescence et la prolifération, ainsi que dans l’acquisition de 

la chimiorésistance. Cependant, les possibilités de ciblage sont actuellement limitées pour les 

canaux SOC, seule leur inhibition étant possible à l’heure actuelle. C’est pour répondre à cette 

limite, et mieux comprendre le fonctionnement de ces canaux, que nous avons cherché à identifier 

une protéine partenaire capable de réguler l’activité de ces canaux. 
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II. Le S1R : protéine partenaire d’Orai1 dans le cancer de la prostate 

 Dans cette deuxième partie, nous nous sommes intéressés à la protéine chaperonne S1R 

en tant que potentiel régulateur des canaux SOC dans le cancer de la prostate. 

 

1. L’expression du S1R dans le cancer de la prostate 

De précédentes études ont montré que l’expression du S1R est augmentée dans de 

nombreux cancer, donc celui de la prostate. 

Afin de confirmer ces résultats, nous avons étudié l’expression du S1R dans des prélèvements 

de prostates saines et cancéreuses dans deux séries de prélèvements humains. Grâce à des 

expériences de RT-qPCR, nous avons ainsi pu mettre en évidence l’augmentation de l’expression 

du S1R dans le cancer de la prostate (en collaboration avec le Pr Fromont (INSERM UMR1069 

Tours) et Dr Gkika). Cette augmentation a été confirmée au niveau protéique sur une deuxième 

série de prélèvements par immunohistochimie sur des coupes de tissus humains sains et 

cancéreux (en collaboration avec les Pr Gosset et Dr Mihalache, Hôpital St Philibert, Lille). 

Parallèlement, nous avons réalisé des RT-qPCR et des western blots afin de quantifier 

l’expression du S1R dans différentes lignées cellulaires. Nous montrons ainsi que les cellules 

cancéreuses prostatiques LNCaP expriment fortement le S1R. Cependant, l’expression du S1R 

est très fortement diminuée dans la lignée PC3. La différence principale entre ces deux lignées 

est leur sensibilité aux androgènes : les LNCaP sont sensibles aux androgènes tandis que les 

PC3 sont androgéno-résistantes car dépourvues du récepteur aux androgènes (RA). Ces 

résultats laissent donc à penser que l’expression du S1R pourrait être régulée par les androgènes. 

Pour vérifier si c’est le cas, nous avons cultivé la lignée androgéno-dépendante LNCaP en 

absence de stéroïdes. Après trois jours de traitement, nous avons pu observer une forte 

diminution de l’expression du S1R. L’ajout de la forme active de la testostérone 

(dihydrotestostérone, DHT, 100nM) en milieu dépourvu de stéroïdes permet de ré-augmenter 

l’expression du S1R de façon significative. D’autre part, l’inhibition pharmacologique du RA par le 

Casodex® (10µM) dans ces mêmes cellules induit une diminution significative d’environ 50% de 

l’expression du S1R par rapport au contrôle. Nous avons obtenu des résultats similaires par une 

inhibition du AR via siARN. Enfin, nous avons confirmé ces résultats dans un autre modèle 

cellulaire en ré-exprimant le RA dans les cellules PC3, ce qui permet d’augmenter 

significativement l’expression du S1R.  

L’ensemble de ces résultats, confirmés au niveau protéique (western blot) et ARNm (RT-qPCR), 

montrent que l’expression du S1R est androgéno-dépendante dans les cellules cancéreuses 

prostatiques. 
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2. L’expression d’Orai et STIM dans le cancer de la prostate 

 Des études précédentes se sont penchées sur l’expression d’Orai et STIM dans le cancer 

de la prostate. Il a été ainsi montré que l’expression d’Orai1 et STIM1, les constituants majeurs 

du SOC dans nos modèles, est inchangée dans le CaP. Cependant, de manière intéressante, une 

étude a suggéré que l’expression d’Orai1 pouvait être régulée par les androgènes dans les 

cellules cancéreuses prostatiques. Grâce à nos modèles, nous avons pu confirmer ces résultats 

et montrer que l’expression d’Orai1 est sensible aux androgènes, comme c’est le cas pour le S1R. 

Nous montrons également que l’expression de STIM1 est insensible aux stéroïdes, contrairement 

à Orai3 dont l’expression augmente en l’absence de stéroïdes. Il est à noter que d’après nos 

résultats, les androgènes ne semblent avoir aucun effet sur Orai3. 

 

3. Le S1R module positivement les canaux SOC dans le cancer de la prostate 

 Malgré le fait que la surexpression du S1R dans le cancer est bien connu, son rôle reste 

à ce jour peu compris. Il faut savoir que malgré ce que son nom indique, le S1R n’agit pas comme 

un récepteur, mais comme une protéine chaperonne. Parmi ses cibles, on retrouve les canaux 

ioniques. Au vu du rôle du S1R et de l’importance des canaux SOC dans le cancer, nous avons 

voulu savoir si le S1R était capable de moduler ces canaux dans le cancer de la prostate. 

Pour cela, nous avons mesuré l’activité des canaux SOC par les techniques de patch-clamp et 

d’imagerie calcique, tout en modulant le S1R. Nous avons ainsi eu recours à la surexpression du 

S1R, à son inhibition par siARN et à sa modulation pharmacologique (Igmesine, SKF 10047). Ces 

expériences nous ont permis de montrer que le S1R augmente l’activité des canaux SOC dans 

les cellules cancéreuses prostatiques. 

 

4. Le S1R se déplace vers la membrane plasmique lors de l’activation des SOC 

Les canaux SOC sont constitués de deux éléments : la protéine canal Orai1 située au 

niveau de la membrane plasmique et son activateur STIM1 inséré dans la membrane du RE. Afin 

de mieux comprendre la modulation des canaux SOC par le S1R, nous avons étudié sa 

localisation cellulaire. En effet, le S1R est majoritairement localisé au niveau du RE, mais il a 

également été retrouvé au niveau de la membrane plasmique. Le S1R pourrait donc agir à deux 

niveaux sur les canaux SOC : via STIM1 au niveau du RE et via Orai1 au niveau de la membrane 

plasmique. 

Nous avons commencé par une étude par microscopie confocale de cellules LNCaP transfectées 

avec une construction S1R-eGFP et un plasmide permettant de marquer le RE (ER-DsRed), dont 

la membrane plasmique est mise en évidence par l’utilisation d’un marquage lipophile (CellMask 

Deep Red). Ces outils nous ont permis d’avoir un suivi dynamique de la localisation cellulaire du 

S1R lors de l’activation des canaux SOC. Pour ces expériences, les canaux ont été activés par la 

vidange des stocks calciques réticulaires provoquée par de l’acide cyclopiazonique (CPA, 50µM), 
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un inhibiteur des pompes SERCA. Nous avons ainsi pu mettre en évidence la présence 

majoritairement réticulaire du S1R dans les conditions basales, puis, sa translocation au niveau 

de la membrane plasmique lors de l’activation des canaux SOC suite à la vidange des stocks 

calciques réticulaires. 

Ces résultats ont ensuite été confirmés au niveau endogène par immunofluorescence et 

biotinylation sur les cellules LNCaP. 

Ainsi, ces différentes expériences montrent que lors de l’activation des canaux SOC, le S1R, 

majoritairement localisé au niveau du RE, est transloqué au niveau de la membrane plasmique 

où il exerce une modulation positive sur les canaux SOC. 

 

5. Le S1R interagit avec les canaux SOC 

Au vu de la translocation du S1R vers la membrane plasmique lors de l’activation des 

canaux SOC, et de son effet sur ces canaux, nous avons voulu étudier l’éventuelle interaction 

entre le S1R et Orai1. Pour cela, nous avons réalisé des co-immunoprécipitations en ciblant le 

S1R et Orai1 dans les cellules LNCaP. Lors de la précipitation de la protéine S1R grâce à un 

anticorps spécifique, Orai1 est également précipité, et inversement. Ces premiers résultats 

montrent ainsi que le S1R serait capable de former un complexe protéique avec les canaux SOC. 

Afin de savoir si le S1R interagit directement avec Orai1, nous avons réalisé des expériences de 

FRET (Förster resonance energy transfer) avec la technique de TD-FLIM (time domain-

fluorescence lifetime imaging microscopy) en collaboration avec le Dr Heliot et le Dr Furlan 

(PhLAM, Lille). Grâce à l’utilisation de constructions fluorescentes de nos protéines d’intérêt, nous 

avons pu montrer que dans les conditions basales, le S1R, majoritairement localisé au niveau du 

RE, interagit avec STIM1, ce qui se traduit par une diminution du temps de demi-vie du donneur 

de fluorescence. Puis, lors de l’activation des canaux SOC (CPA, 50µM), le S1R se sépare de 

STIM1 pour aller interagir avec Orai1 au niveau de la membrane plasmique. Enfin, nous avons 

également pu montrer que le S1R contribue à diminuer l’interaction entre Orai1 et Orai3, cet effet 

étant d’autant plus marqué lors de l’activation des canaux SOC par le CPA. 

Ainsi, l’ensemble des résultats obtenus sur cette partie du projet montrent que le S1R est capable 

de se déplacer du RE vers la membrane plasmique afin d’interagir avec Orai1. Par cette 

interaction directe, le S1R contribuerait au recrutement d’Orai1 et à l’activation du courant SOC. 

De plus, nos résultats suggèrent que l’augmentation de l’activité des canaux SOC par le S1R se 

ferait au détriment des canaux ARC en prévenant l’association entre Orai1 et Orai3. 

 

6. L’inhibition du S1R ralentit la prolifération et la croissance tumorale 

Les canaux SOC ayant été impliqués dans la prolifération de différents modèles cellulaires 

via la voie calcineurine-NFAT (Parekh, 2010), nous nous sommes intéressés aux impacts des 

activités modulatrices du S1R sur la prolifération des cellules cancéreuses prostatiques. 
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Nous avons donc suivi la prolifération des cellules LNCaP et PC3 sur sept jours avec le kit de 

viabilité MTS (sel de tétrazolium) associé à un comptage cellulaire au bleu Trypan, tout en 

modulant l’expression du S1R. Nous avons ainsi pu mettre en évidence une diminution 

significative de la prolifération cellulaire après inhibition du S1R par siARN. Ces résultats ont été 

confirmés in vitro par la diminution de l’expression du marqueur de prolifération PCNA 

(proliferating cell nuclear antigen, 4 jours) et la diminution du nombre de cellules en phase S (EdU, 

4 jours). Enfin, l’effet du siS1R sur la prolifération des cellules cancéreuses prostatiques a été 

confirmé in vivo. L’injection sous-cutanée de LNCaP (3 millions, 1:2 PBS/Matrigel, souris mâles 

NMRI Nude) préalablement transfectées avec un siS1R (16h) conduit à une diminution de la 

croissance tumorale par rapport au contrôle (siLuc). Nous avons obtenu des résultats similaires 

avec les cellules PC3, confirmant l’importance du S1R dans la prolifération des cellules 

cancéreuses prostatiques. 

 

7. Le S1R régule la prolifération via Orai1 et la voie NFAT 

Nos résultats précédents montrent l’importance d’Orai1 dans la régulation de la 

prolifération des cellules cancéreuses prostatiques. Nous avons donc cherché à savoir si l’impact 

du S1R sur la prolifération des cellules cancéreuses passait par la modulation du SOC. Nos 

premiers résultats de MTS indiquent que l’inhibition conjointe d’Orai1 et du S1R (siARN) a autant 

d’effet que l’inhibition d’Orai1 seule. L’absence d’effet cumulatif entre l’inhibition d’Orai1 seule ou 

couplée avec l’inhibition du S1R laisse à penser qu’il s’agit d’une seule et même voie. 

Comme nous l’avons vu précédemment, les canaux SOC sont en amont d’une voie de 

signalisation conduisant à la prolifération cellulaire grâce à l’activation du facteur de transcription 

NFAT. Nous donc regardé si l’inhibition du S1R avait un impact sur cette voie de signalisation. 

Pour cela nous avons utilisé un rapporteur d’activité de ce facteur de transcription constitué du 

gène permettant l’expression de la luciférase sous le contrôle d’un promoteur cible de NFAT. 

Cette construction nous a permis de mettre en évidence que l’inhibition du S1R dans les cellules 

cancéreuses prostatiques conduit à une diminution de l’activité de NFAT, confirmant l’implication 

de ce dernier. Ces résultats ont été confirmés par le suivi dynamique de la translocation de NFAT 

dans nos cellules par microscopie confocale. 

 

8. Le S1R permet de réguler la quiescence des CSC prostatiques via Orai1 

Nous avons obtenu des résultats préliminaires indiquant que le S1R pourrait également 

réguler l’entrée en quiescence des CSC prostatiques via Orai1 et la voie NFAT, un résultat en 

accord avec nos données concernant le rôle du SOC dans le contrôle de la balance 

quiescence/prolifération. 
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9. Le S1R participe à l’apoptose 

 De précédents travaux ont montré que les canaux SOC régulent l’entrée en apoptose des 

cellules cancéreuses prostatiques. Ainsi, la diminution de l’expression d’Orai1 dans les stades 

androgéno-dépendants conduirait à une résistance à l’apoptose due à la forte diminution de 

l’ECC. Nous avons donc cherché à savoir si la modulation du SOC par le S1R pouvait également 

impacter la sensibilité de nos cellules à l’apoptose. Nos résultats préliminaires montrent que 

l’inhibition de l’expression du S1R (siARN) n’impacte pas la viabilité des cellules cancéreuses 

prostatiques, mais les rends plus résistantes à la mort induite par la thapsigargine (2µM, 24h) ou 

la chimiothérapie (docetaxel, 10nM, 24h).  

 

10. Le S1R est capable de moduler l’activité de TRPV6 

 Le canal calcique TRPV6 (transient receptor potential vaniloid 6) est capable de moduler 

la prolifération et l’apoptose des cellules cancéreuses prostatiques via sa participation tardive 

dans l’ECC. Nous montrons ici des résultats préliminaires indiquant que le S1R est capable 

d’inhiber l’activité de ce canal dans les cellules HEK-293. Il serait intéressant de voir si c’est 

également le cas dans les cellules cancéreuses prostatiques, et d’étudier comment cette 

régulation s’inscrit dans la modulation d’Orai1 que nous avons mis en évidence ici. 

 

11. Le S1R est également capable de moduler l’activité de TRPM8 et la migration 

 Le canal calcique TRPM8 (transient receptor potential melastatin 8) a été initialement 

identifié dans la prostate où il joue un rôle clé d’inhibiteur de la migration. De plus, l’expression de 

ce canal est sous la dépendance des androgènes. 

Nos résultats montrent, tout d’abord dans les HEK-293, que le S1R est capable d’augmenter 

l’activité de TRPM8 (patch-clamp). Nous avons confirmé ces résultats dans les cellules 

cancéreuses prostatiques PC3-TRPM8. Dans ce même modèle, nous montrons que l’inhibition 

du S1R (siARN) diminue l’entrée calcique par TRPM8 (imagerie calcique) et augmente la vitesse 

de migration. A l’inverse, la surexpression du S1R dans ces cellules réduit la vitesse de migration. 

Ces résultats indiquent que le S1R pourrait jouer un rôle dans la régulation de la migration des 

cellules cancéreuses prostatiques via la potentialisation de l’effet inhibiteur de TRPM8. 
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Discussion 

 

 

I. La voie Orai1/NFAT joue un rôle clé dans la transition 

quiescence/prolifération des CSC 

Nos résultats renforcent l’hypothèse de l’importance du calcium pour déterminer le devenir 

des CSC. En effet, nous mettons en évidence l’importance de la voie SOC/NFAT dans le contrôle 

de la quiescence dans deux modèles différents, le mélanome et le CaP. Nous proposons ainsi un 

nouveau phénotype pour détecter les cellules quiescentes avec des propriétés de cellules 

souches dans ces deux cancers : CBPhi/Orailo/NFATinactif. 

L’ECC joue un rôle clé dans l’activation du facteur de transcription NFAT via l’augmentation locale 

de calcium dans des microdomaines spécifiques réunissant les canaux SOC, la calmoduline, la 

calcineurine et NFAT. Nos résultats montrent que la diminution d’expression d’Orai1 va diminuer 

l’ECC et donc la translocation nucléaire de NFAT. L’inhibition de cette voie à différents niveaux 

(BTP2, FK506) diminue l’activité de NFAT et augmente le compartiment des cellules cancéreuses 

quiescentes possédant des propriétés de cellules souches. 

Enfin, nous montrons que la chimiothérapie, connue pour induire la quiescence, va également 

diminuer l’expression d’Orai1. Une étude précédente dans le CaP a montré que la diminution de 

l’ECC induit une résistance à l’apoptose dans les cellules cancéreuses. Ainsi, la chimiothérapie 

va augmenter la population de cellules cancéreuses quiescentes possédant des propriétés de 

cellules souches et une résistance accrue aux traitements. 

De précédentes études ont montré que l’inhibition d’Orai1 permet de diminuer la prolifération 

cellulaire. Or, nos résultats suggèrent que cette inhibition conduirait plutôt à une induction de la 

quiescence. 

Enfin, nos travaux mettent en évidence un mécanisme commun pour deux cancers différents, le 

mélanome et le cancer de la prostate. Il serait donc intéressant d’étudier d’autres cancers pour 

voir si ce phénomène peut être généralisé. 
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II. Le S1R est un nouveau partenaire des canaux SOC dans le cancer 

de la prostate 

1. L’expression du S1R est régulée par les androgènes dans le CaP 

Avec ces travaux, nous montrons pour la première fois que l’expression du S1R est sous 

le contrôle des androgènes dans les cellules cancéreuses prostatiques. Nous avons tout d’abord 

confirmé la surexpression du S1R dans le CaP androgéno-dépendant. Nos résultats montrent 

également que la suppression des androgènes ou de leur récepteur diminue fortement 

l’expression du S1R dans les cellules cancéreuses prostatiques. Des expériences 

complémentaires seront cependant nécessaires afin d’identifier les modalités de cette régulation. 

De manière intéressante, une récente étude a montré que le S1R est capable de stabiliser le RA 

dans le CaP, montrant l’existence d’une boucle de rétrocontrôle positif permettant de maintenir 

une forte expression du RA et du S1R dans le CaP androgéno-dépendant. 

Ainsi l’expression du S1R est fortement augmentée dans le CaP androgéno-dépendant, en 

corrélation avec l’agressivité. Puis, lors de la castration chimique, l’expression du S1R va chuter. 

Le devenir de l’expression du S1R reste à déterminer par l’étude d’échantillons humains. 

Cependant, nous savons que les cellules cancéreuses prostatiques peuvent avoir recours à 

différents mécanismes pour aboutir à l’échappement thérapeutique, dépendant ou non du RA. Le 

devenir de l’expression du S1R dans ces stades tardifs serait ainsi dépendant des mécanismes 

mis en place. 

 

2. L’expression d’Orai1 est régulée par les androgènes dans le CaP 

Une étude précédente a montré que l’expression d’Orai1 pourrait également être régulée 

par les androgènes dans le CaP. Nos résultats mettent en évidence une diminution de l’expression 

du canal lors de la suppression de la signalisation androgénique, confirmant ces données. Il est 

reconnu que les CSC prostatiques sont fortement dédifférenciées, principalement quiescentes et 

expriment peu ou pas de RA. Une équipe a récemment identifié les mécanismes permettant de 

limiter l’expression du RA dans les CSC prostatiques et a montré que, par l’inhibition de la 

signalisation du RA, ce mécanisme permettait le maintien de l’état souche de ces cellules. Ce 

même mécanisme permet d’expliquer la diminution d’expression d’Orai1 que nous avons mise en 

évidence dans les CSC prostatiques. 

Nous nous sommes également penchés sur la possibilité d’une même régulation pour les 

protéines Orai3 et STIM1. De précédents travaux ont montré que l’expression de STIM1 reste 

inchangée dans le CaP. Nos résultats montrent que l’expression de cette protéine est insensible 

aux androgènes. Orai3, par contre, est surexprimé dans le CaP. De plus, il a été montré que son 

expression est positivement régulée par les estrogènes dans les cellules cancéreuses 

mammaires. De manière surprenante, nos résultats montrent dans le CaP que les androgènes 

n’ont pas d’effet sur l’expression d’Orai3, mais que ce canal est surexprimé en réponse à la 
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suppression des stéroïdes du milieu de culture. Il serait intéressant d’étudier ce phénomène plus 

en détail afin de mieux comprendre la régulation d’Orai3 par les stéroïdes.  

L’ensemble de ces résultats nous a permis de déduire les profils d’expression du S1R, STIM1, 

Orai1 et Orai3 dans la progression du CaP. Cependant, la difficulté d’obtenir des échantillons de 

patients en échappement thérapeutique ne nous a pas permis d’étudier les stades les plus 

avancés de la maladie. 

 

3. Le S1R augmente l’activité des canaux SOC dans le CaP 

Nos résultats montrent que dans les conditions basales, le S1R, résident du RE, interagit 

directement avec STIM1. Puis, lors de l’activation des canaux SOC, le S1R migre vers la 

membrane plasmique pour interagir directement avec Orai1. Bien que nos résultats actuels 

indiquent une dissociation entre le S1R et STIM1 pendant l’activation des canaux SOC, des 

expériences complémentaires seront nécessaires afin de conclure sur ce point. 

Par son interaction avec Orai1, le S1R est capable d’augmenter l’activité des canaux SOC dans 

les cellules cancéreuses prostatiques. Nous montrons que ces effets sont très rapides grâce à 

des traitements pharmacologiques aigus, mais des traitements chroniques indiquent que des 

mécanismes à long terme pourraient également se mettre en place. Nous sommes en train de 

réaliser des expériences complémentaires afin de mieux comprendre ces mécanismes. 

Nos résultats présentés ici vont cependant à l’encontre d’une précédente étude qui a mis en 

évidence un rôle inhibiteur du S1R sur les canaux SOC. Cette étude menée dans les cellules 

HEK-293 a été réalisée avec la surexpression du rS1R. Nous avons donc testé ce plasmide, et 

nous montrons que dans nos cellules, le rS1R conduit également à une inhibition des canaux 

SOC, contrairement au hS1R. Cependant, le S1R est fortement conservé entre les espèces, ce 

qui ne nous permet pas pour le moment d’expliquer ces effets opposés. 

Enfin, nos résultats montrent que le S1R va diminuer l’interaction entre Orai1 et Orai3 dans nos 

cellules, indiquant qu’il pourrait diminuer l’activité des canaux ARC dans nos cellules. 

L’ensemble de ces données nous permet de déduire le profil d’activité des canaux SOC dans la 

progression du CaP. En effet, dans les stades androgéno-dépendants, suite à la forte expression 

d’Orai1 et à la surexpression du S1R, les canaux SOC sont fortement actifs. Puis, lors de la 

castration chimique, la chute d’expression d’Orai1 et du S1R va fortement diminuer l’activité des 

canaux SOC, et les canaux ARC prendraient alors le relais. 

 

4. Le S1R augmente la prolifération des cellules du CaP via la voie SOC/NFAT 

Nos résultats montrent que, via son effet sur l’ECC, le S1R module positivement la 

prolifération des cellules du CaP. 

Ainsi, l’inhibition du S1R dans les cellules cancéreuses prostatiques diminue la prolifération 

cellulaire et la croissance tumorale. L’inhibition d’Orai1 diminue d’avantage la prolifération, mais 
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l’inhibition combinée du S1R et d’Orai1 ne donne pas d’effet additif, indiquant qu’il s’agit très 

probablement d’une seule et même voie de signalisation. 

Nous montrons également que le S1R impacte fortement la localisation du facteur de transcription 

NFAT activé par les canaux SOC. En effet, l’inhibition du S1R va empêcher NFAT de rester activé 

dans le noyau, ne permettant que sa translocation transitoire. Il est connu que le temps que NFAT 

passe dans le noyau détermine les gènes qu’il pourra activer, la diminution de ce temps impactant 

donc directement le devenir cellulaire. Une étude a montré que l’activation de NFATc3, l’isoforme 

majoritaire dans nos cellules, nécessite l’action conjointe des canaux SOC à la membrane 

plasmique et des RIP3 du RE. Nos expériences montrent que, dans nos cellules, l’inhibition des 

RIP3 n’’impacte pas la translocation de NFATc3, confirmant que l’effet du S1R passe par les 

canaux SOC. 

D’autre part, des travaux ont montré que le S1R serait également capable de contrôler la 

prolifération des cellules cancéreuses prostatiques via son rôle de stabilisateur du RA. 

Une étude précédente a montré que l’inhibition des canaux SOC diminue la sensibilité à 

l’apoptose des cellules cancéreuses prostatiques. L’inhibition du S1R va conduire au même 

phénomène via son action sur l’ECC, protégeant les cellules de la mort cellulaire. 

Nous montrons également des données préliminaires indiquant que le S1R peut également 

impacter la quiescence des CSC prostatiques via la voie Orai1/NFAT que nous avons mise en 

évidence. 

Enfin, les canaux ARC peuvent, eux aussi, augmenter la prolifération via la voie NFAT. Nos 

résultats montrent que l’inhibition d’Orai3 diminue fortement la prolifération cellulaire, cependant 

l’inhibition combinée d’Orai3 et du S1R réaugmente de façon significative la prolifération, ce qui 

va dans le sens d’une potentielle inhibition des canaux ARC par le S1R. 

Pour comprendre ce qu’il se passe dans le CaP, il est essentiel de remettre ces résultats dans le 

contexte pathologique avec les profils d’expression que nous avons mis en évidence. 

Ainsi, dans les stades androgéno-dépendants, la surexpression du S1R et la forte activité des 

canaux SOC va conduire à une prolifération accrue associée à une forte sensibilité à l’apoptose. 

Par contre, lors de la castration chimique, le chute d’expression d’Orai1 et du S1R va conduire à 

une forte prolifération contrôlée par les canaux ARC, et à une résistance accrue à l’apoptose due 

à la forte diminution de l’activité des canaux SOC. Ce profil plus agressif pourrait également être 

renforcé par l’augmentation de la population de CSC due à la diminution d’expression d’Orai1. 

 

5. Le S1R est capable de réguler d’autre canaux calciques dans le CaP 

Tout d’abord, le S1R est connu pour réguler l’activité des RIP3, des canaux clé dans la 

régulation de l’homéostasie calcique au niveau du RE. Cette régulation ayant été principalement 

étudiée dans les neurones, il serait intéressant de voir si elle intervient également dans le CaP. 
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D’autre part, nos travaux montrent que le S1R serait également capable d’inhiber l’activité des 

canaux de type TRPV6, des canaux impliqués dans la régulation de la prolifération et de 

l’apoptose des cellules cancéreuses prostatiques via leur participation tardive dans l’ECC. Ces 

résultats montrent que, lors de la chute d’expression d’Orai1 et du S1R pendant la castration 

chimique, TRPV6 pourrait prendre le relais pour maintenir l’ECC. 

De plus, nous montrons également que le S1R est capable d’activer les canaux TRPM8 dans les 

cellules cancéreuses prostatiques. Cette modulation va permettre de potentialiser l’effet inhibiteur 

de TRPM8 sur la migration des cellules cancéreuses prostatiques. De manière intéressante, 

TRPM8 est positivement régulé par les androgènes et présente un profil d’expression similaire à 

celui du S1R dans le CaP. 

Le S1R est ainsi capable de réguler d’autre canaux que le SOC dans le CaP. Ainsi, le ciblage du 

S1R pourrait permettre la modulation simultanée de plusieurs canaux ioniques impliqués dans 

différents processus du PCa à différents stades de la pathologie. Des études complémentaires 

seront nécessaires afin d’évaluer le potentiel d’une telle régulation. 

 

6. Le S1R : une nouvelle cible pharmacologique dans le traitement du CaP ? 

L’ensemble de ces données montre que le S1R est une nouvelle cible thérapeutique intéressante 

pour le CaP. Cette protéine est capable de lier de nombreuses molécules, certaines déjà utilisées 

dans d’autres contextes cliniques. Nos résultats montrent que des agonistes du S1R sont 

capables d’augmenter l’activité des canaux SOC suite à un traitement aigu ou chronique. Il serait 

intéressant de tester ces molécules sur les effets physiologiques que nous avons identifiés, ainsi 

que sur les autres canaux modulés par le S1R. D’autres équipes se sont déjà penchées sur le 

potentiel thérapeutique du ciblage du S1R grâce à son activité stabilisatrice du RA. Les auteurs 

ont ainsi montré que des inhibiteurs du S1R étaient capables de diminuer la prolifération des 

cellules cancéreuses prostatiques in vitro et in vivo. 

D’autre part, aucun ligand endogène n’a été clairement identifié pour le S1R. Parmi les candidats, 

nous retrouvons le DMT (diméthyl tryptamine). De manière intéressante, une étude a montré la 

surexpression de l’enzyme productrice de DMT dans le CaP (INMT, indoléthylamine-N-

méthyltransférase). Il serait donc intéressant d’étudier l’impact de ce ligand sur le S1R afin de 

mieux comprendre le rôle de cette protéine dans le CaP. 
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III. Conclusion générale et perspectives 

Nos résultats montrent le rôle clé de la voie Orai1/NFAT dans le contrôle de la prolifération 

et de la quiescence des CSC, mais aussi dans la prolifération des cellules cancéreuses 

prostatiques. De plus, nous mettons en évidence que cette voie peut être régulée par le S1R, 

ouvrant de nouvelles perspectives thérapeutiques. De plus, nous présentons des données 

préliminaires identifiant d’autres cibles du S1R dans le CaP, telles que les canaux TRPM8 et 

TRPV6. 

L’ensemble de nos résultats montrent que le ciblage du S1R permettrait de réguler simultanément 

l’activité de différentes protéines jouant un rôle crucial dans le CaP. Ainsi, l’activation du S1R 

conduirait à une augmentation de la prolifération cellulaire via les canaux SOC et la voie NFAT. 

Cette activation permettrait aussi de sensibiliser les cellules à l’apoptose via l’ECC, augmentant 

ainsi l’efficacité de la chimiothérapie. Nos données préliminaires indiquent que l’activation du S1R 

permettrait également d’inhiber la migration cellulaire via les canaux TRPM8. Enfin, l’activation du 

S1R pourrait également permettre d’activer les CSC prostatiques, en les forçant vers un 

programme de prolifération, permettant leur ciblage par chimiothérapie. De plus, ces effets 

seraient renforcés par une stabilisation accrue du RA et l’augmentation de sa signalisation 

induisant la prolifération et la différenciation cellulaire. 
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Abstract 

Prostate cancer (PCa) is the most frequent and the third deadliest cancer in men in Europe. Cancer 

stem cells (CSC) are a rare subset of cancer cells possessing stem cell properties leading to a high resistance 

to therapy and an enhanced tumorigenicity. As a result, CSCs have been linked to tumor dormancy and 

relapse upon reactivation. Thus, the mechanisms regulating CSC dormancy/activation transition are of critical 

importance in PCa. 

Previous studies showed the importance of Orai proteins in PCa, through their roles in SOC (store-

operated channel) and ARC (arachidonic acid-regulated calcium channel) channels. But the role of Orai1 in 

PCa proliferation and CSC physiology remained to be studied. Moreover, in order to bypass current targeting 

limitations for Orai1, we aimed to identify a partner protein able to regulate Orai1 in PCa. For this purpose, we 

focused on the Sigma 1 receptor (S1R), a chaperone protein capable of ion channel regulation. Interestingly, 

S1R expression is increased in PCa and this protein can bind many pharmacological compounds currently 

used for other clinical applications. This work thus aimed to first study the role of Orai1 in PCa and CSC 

physiology, and then characterize the role of S1R as a new regulator of Orai1 in PCa. 

Our results first show that Orai1 is a key regulator of CSC transition between quiescence and 

proliferation via the NFAT pathway. Moreover, this role is not limited to PCa, since these results were also 

confirmed in melanoma CSCs. We also show here that the S1R directly interacts with Orai1 and increases its 

activity, thus modulating PCa cell proliferation. Finally, we characterized the regulation of Orai1 and S1R 

expression by androgens, which is highly significant during PCa development. 

Our results therefore allowed the identification of a key regulator of PCa proliferation (Orai1), and 

propose an alternative method for its targeting via the identification of its partner protein (S1R). These results 

could lead to the development of new markers and innovative therapeutic strategies. 

Résumé 

Le cancer de la prostate (CaP) est le cancer le plus fréquent et le troisième plus mortel chez l’homme 

en Europe. Les cellules souches cancéreuses (CSC) représentent une sous population de cellules 

cancéreuses possédant des propriétés de cellules souches qui les rendent résistantes aux thérapies et 

hautement tumorigènes. Les CSCs sont ainsi associées aux phénomènes de dormance tumorale, puis de 

rechute suite à leur réactivation. Les mécanismes régulant la transition dormance/prolifération constituent 

donc une question centrale dans la prise en charge du cancer. 

L’importance des protéines Orai dans le CaP a déjà été montrée dans de précédentes études, via leur 

implication dans les canaux de type SOC (store-operated calcium channel) et ARC (arachidonic acid-

regulated channel). Cependant, le rôle du canal Orai1 dans la prolifération du CaP, ou son éventuelle 

implication dans la physiologie des CSC, restaient inconnus. Parallèlement, pour répondre aux limitations de 

son ciblage direct, nous avons cherché à identifier ses protéines partenaires. Nous nous sommes ainsi 

intéressés au récepteur Sigma 1 (S1R), une protéine chaperonne dont l’expression augmente dans le CaP, 

et qui possède de nombreux modulateurs pharmacologiques utilisés en clinique. Ce travail avait donc un 

double objectif : étudier le rôle d’Orai1 dans le CaP et les CSC prostatiques, et caractériser fonctionnellement 

le rôle du S1R en tant que nouveau partenaire du canal Orai1. 

Ces travaux ont tout d’abord permis de mettre en évidence l’importance d’Orai1 dans le contrôle de la 

transition entre la quiescence et la prolifération des CSCs prostatiques via la voie NFAT. De plus, ces résultats 

ont été confirmés dans les CSCs de mélanome, montrant que le rôle d’Orai1 serait généralisable au-delà du 

modèle prostatique. Nous avons également montré que le S1R interagit directement avec Orai1 et module 

positivement son activité, impactant ainsi la prolifération des cellules cancéreuses prostatiques. Enfin, nous 

avons mis en évidence la régulation de l’expression de ces protéines par les androgènes, ce qui est 

d’importance cruciale dans l’évolution du CaP. 

Nos résultats ont donc permis l’identification d’un acteur central du contrôle de la prolifération du CaP 

(Orai1), et la caractérisation d’une nouvelle protéine partenaire du canal Orai1 dans le CaP : le S1R. Ces 

travaux montrent que le S1R et Orai1 pourraient constituer de nouveaux marqueurs intéressants, ainsi que 

de potentielles nouvelles cibles thérapeutiques. 
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