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INTRODUCTION




CHAPTER 1: Anatomy and Function of the pancreas
I. Anatomy of the pancreas

The pancreas is an essential extended digestive gland, considered the second-largest
glandular organ in the body (weighing 75-100 g), driving the blood glucose homeostasis and
the secretion of enzyme-rich pancreatic juice required for food digestion. It is located
retroperitoneally, in the upper left abdomen, posterior to the stomach, surrounded on the right
by the duodenum, and on the left by the spleen. The pancreas is divided into four parts
connected to several large blood vessels: head, neck, body, and tail. The head is situated at the
junction where the stomach communicates with the first part of the small intestine, surrounded
by the concave part of the duodenum, lying on the inferior vena cava and renal vein. The neck
of the pancreas is situated anterior to the portal vein, containing the superior mesenteric and
splenic veins. The body is found anterior to the aorta, the superior mesenteric artery, the left
suprarenal gland, the left kidney, and the splenic vein. At last, the tail of the pancreas is extended
to the left, close to the spleen, related to the splenic helium and the left colic flexure (“Anatomy
and Functions of the Pancreas,” n.d.; “Anatomy and Histology of the Pancreas,” n.d.; Talathi
etal., 2021). Near to the tail, debuts the main pancreatic duct carrying the pancreatic secretions,
also called duct of Wirsung, draining the lobules of the gland, continuing until the head of the
pancreas, where it joins the common bile duct and releases the pancreatic juice into the
descending part of the duodenum. Additionally, in some cases, an accessory pancreatic duct is
presented to the main duct called the duct of Santorini, which communicates with the main duct,

aiding to release the pancreatic enzymes (Bockman, 1992) (Figure 1).
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Figure 1: The anatomy of the pancreas. A) Anterior view, B) Posterior view (Longnecker,

2014).

Acting as a mixed gland, the pancreas is functionally divided into two components: the

exocrine and endocrine glands.

II.  Functions of the pancreas
II.1) The endocrine function of the pancreas

The endocrine compartment of the pancreas represents only 1-2% of the total pancreatic
mass. Although its minor repartition compared to the rest of the pancreas, the endocrine
pancreas plays a vital role in maintaining the normal blood glucose levels by the secretion of
an antagonistic pancreatic hormone pair, including insulin and glucagon. The endocrine part is
constituted by the islets of Langerhans, which are highly vascularized to ensure a direct release
of the pancreatic hormones into the bloodstream. A healthy pancreas contains between 500 000

to several million islets, each composed of a small cluster of endocrine cells, and each cell type
12



is responsible for the secretion of a single hormone type. The endocrine cells defining the islet
are divided into four categories: a-cells, B-cells, 6-cells, and PP-cells. The B-cells are the major
cell type constituting the islet, corresponding to approximately 75% of total cellular islet
content, producing and secreting the hypoglycaemic hormone insulin after stimulation by
elevated blood glucose levels. Insulin is an anabolic hormone that facilitates glucose uptake
converting it into either glycogen through glycogenesis either lipids through lipogenesis. The
second most abundant cell type in the islet is the a-cells, representing 20% of the islet, having
as a role to produce and secrete the hyperglycaemic hormone glucagon, after stimulation by
low blood glucose levels. Glucagon, contrary to insulin, is a catabolic hormone, stimulating the
conversion of glycogen to glucose via glycogenolysis to be released in the bloodstream. The
other 4% of the islet comprises the d-cells, secreting the pancreatic somatostatin hormone,
inhibiting the other two hormones, insulin and glucagon. The resting 1% is composed of the
PP-cells, also known as F cells, driving the secretion of pancreatic polypeptide hormone, known
to play a role in the appetite by the regulation of the gastric emptying, intestinal motor activity,

and glucagon secretion (Da Silva Xavier, 2018; Piro et al., 2018) (Figure 2).

I1.2) The exocrine function of the pancreas

The major part of the pancreas is comprised of the exocrine gland involved in the
secretion of the pancreatic digestive enzymes, ions, and water into the duodenum of the
gastrointestinal tract, representing approximately 95% of the total pancreatic mass. The two
main components of the exocrine pancreas are the acinar and ductal cells. The acinar cells are
organized into clusters named the acini forming pancreatic lobules. The lumen of the acini is
linked to the ductal system by small ducts, inter-connecting the lobules by larger intercalated
ducts draining into the main pancreatic duct. The acinar cells are synthesizing, storing, and
secreting the digestive enzymes that constitute the pancreatic juice into the lumen space. On the
apical region of these cells are found the zymogen granules storing the digestive enzymes. In
contrast, the basolateral membrane contains the hormonal (e.g., secretin, cholecystokinin) and
neurotransmitter (e.g., acetylcholine) receptors involved in the exocytosis of the digestive
enzymes into the lumen space. These enzymes fall into four categories: proteases, amylases,
lipases, and nucleases, many of them are stored and secreted in their inactive form to avoid
acinar cell digestion and cause injuries leading to pancreatitis (Pandol, 2015, 2010). Once

secreted, the digestive enzymes are carried by the pancreatic main and accessory ducts into the

13



duodenum of the gastrointestinal tract. To assure the enzymes' transport, the pancreatic duct
cells from the ductal system contain carbonic anhydrase, permitting the secretion of bicarbonate
ions (HCO3"), which create a flux necessary for the transport into the intestine. The high
concentration of the secreted bicarbonate ions (up to 140 mM) is important for the neutralization
of the acidic gastric chyme delivered to the duodenum from the stomach, providing the optimal
pH environment for the digestive enzymes' activity. The secretion of this large HCO3" amount
is initiated by the hormone secretin released in response to the acidic chyme present in the
duodenum (Lee et al., 2012; Ogami and Otsuki, 1998). Another cell type of the exocrine
pancreas is the centroacinar cells, located at the junction of the acini and the small pancreatic
ducts. These cells have ductal and stem cell characteristics, likely implicated in the generation

of the different pancreatic cell types (Figure 2).

Common bile duct r— Jejunum
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Celis producing
insulin
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pancreatic
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Figure 2: Pancreas structure: a) Anatomical compartments of the pancreas, b) Cellular
components of the endocrine and exocrine pancreas (“Anatomy and Functions of the Pancreas,”

n.d.).

A minor cell type of the normal pancreas that has received increased interest from the
pancreatic research field during the last decades is the pancreatic stellate cells (PSCs). These
cells have a star-shaped morphology, located in the periacinar space, encircling the base of the

acini with their long cytoplasmic extensions, but they can also be founded in the periductal and
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perivascular space (Apte et al., 1998; Bachem et al., 1998; Omary et al., 2007). Moreover, they
can be presented in the endocrine pancreas, surrounding the islets of Langerhans (Zha et al.,
2014a; Zhou et al., 2019). PSCs participate mainly in maintaining the normal pancreatic tissue
architecture (Apte et al., 2012). However, reports from the last several years have shown that

their role is much more crucial than that, especially in pancreatic diseases (Figure 3).

islot Acinar Zymogen PaSC Centroacinar Ductal
cefl  granule cel call

Figure 3: Principal localisation of the pancreatic stellate cells in the exocrine pancreas

(Omary et al., 2007).

CHAPTER 2: Pancreatic Stellate Cells (PSCs)
I. Discovery, origin, and characterization of PSCs

The term “stellate cells” was described for the first time by Karl Wilhelm Von Kupffer in
1876, who observed star-shaped cells in the perisinusoidal spaces of the liver, calling them
“Sternzellen” (Wake, 1971). Almost a century later, in 1951, Ito observed that the hepatic
stellate cells (HSCs) store lipid droplets in their cytoplasm. A few years after, in 1982, Watari
et al. identified a similar cell type in the pancreas of two weeks-vitamin A loaded mice by a
blue-green vitamin A emitted autofluorescence followed ultraviolet light excitation at 328nm,
naming them vitamin-A storing cells (VASCs) (Watari et al., 1982). Subsequently, Ikejiri found
that these cells are present in human and rat pancreatic sections of healthy pancreata, observing
a positive but sparse vitamin A autofluorescence. The same author observed that VASCs were
also located in fibrotic areas, surrounded by collagen fibers, in human pancreatic specimens of

chronic pancreatitis (Ikejiri, 1990). It is only in 1998 that the term of pancreatic stellate cells
15



was given to these VASCs by Bachem et al. This scientific group, together with the Apte-
Wilson group, reported a ground-breaking work in the advancement of the pancreatic field,
developing a method of PSC’s isolation using density gradient centrifugation, culture, and
characterization, from human and rat pancreas (Apte et al., 1998; Bachem et al., 1998). Five
years later, immortalized rat and human PSC cell lines started to be generated using SV (simian
vacuolating virus) 40 large T antigen-induced transformation, followed by the expression of
human telomerase for the human PSCs (Jesnowski et al., 2005; Masamune et al., 2003). These
cell lines have a phenotype of activated PSCs, providing a tool for better understanding PSC’s
pathophysiology. The first human immortalized PSC cell line was provided by Jesnowski et al.
in 2005, almost 20 years after their discovery, originated from patient with chronic pancreatitis,

called RLT-PSCs (Jesnowski et al., 2005).

All these reports and tools permitted at a first place to better localized and characterized the
PSCs in the healthy pancreas. Under physiological conditions, PSCs exist in an inactive
quiescent state, representing only 4-7% of the pancreatic resident cells, and they are found
within the periacinar intra- et inter-lobular regions, surrounding the basolateral membrane of
the acinar cells (Apte et al., 2012). They can also be situated at the periphery of the blood
capillaries, in the perivascular regions surrounding the basal lamina of the endothelial cells, and
in periductal regions surrounding the ductal cells. Morphologically, except the perinuclear
vitamin A-storing lipid droplets in their cytoplasm, they contain a large nucleus, few
mitochondria, a well-developed rough endoplasmic reticulum, and abundant free ribosomes.
They have star-shaped bodies, long extending cytoplasmic projections, and show no-detectable
expression of alpha-smooth muscle actin (aSMA). Functionally, they are characterized by a
limited proliferation, migration, and extracellular matrix (ECM) and growth factors’ synthesis

potentials (Apte et al., 1998; Bachem et al., 1998; Ikejiri, 1990; Watari et al., 1982).

Quiescent PSCs can be identified by the expression of the intermediate filament proteins
desmin and glial fibrillary acidic protein (GFAP), which along with the lipid droplets, permit
to distinguish the quiescent PSCs from the normal pancreatic fibroblasts. Although GFAP is a
characteristic protein of astrocytes, its expression has been shown to be specific to quiescent
PSCs, using GFAP-LacZ transgenic mice model, where GFAP promoter activity was
exclusively detected in PSCs within the normal pancreas (Ding et al., 2009). Furthermore,
quiescent PSCs can also be defined by the expression of vimentin, nestin, nerve growth factor
(NGF) and neural cell adhesion molecule (NCAM) (Apte et al., 2013; Haas et al., 2009; Habisch
et al., 2010; Lardon et al., 2002). However, these proteins are expressed by many other cell
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types in the organism, including myocytes, neural cells, fibroblasts, and endothelial cells,
limiting their use as specific quiescent markers of PSCs. Recently, Nielsen er al. have
established two others more specific to PSCs quiescent markers, including adipophilin which
is located to the vacuole-like structure of quiescent PSC’s cytoplasm, and cytoglobin (Nielsen
etal., 2017). Despite all the identified markers, the most consistent marker for PSC’s quiescence
remains their cytoplasmic storage of vitamin A lipid droplets, which participate in maintaining
the inactive quiescent phenotype. Vitamin A and all-trans retinoic acid have been demonstrated
to inhibit the expression of the principal PSC activation marker, the aSMA, and diminish the
type I collagen synthesis (McCarroll et al., 2006). Nevertheless, the mechanisms implicated in
the regulation and accumulation of the lipid droplets remain to be elucidated, even though the
study of Kim et al. reported a role of albumin in the formation of lipid droplets in the quiescent
PSCs. The authors showed that transfection of activated PSCs, which have lost their vitamin A
lipid droplets with albumin-expressing plasmids, restored the quiescent PSC phenotype
inducing vitamin A lipid droplets formation (Kim et al., 2010, 2009).

Moreover, given the 99.9% gene expression profile shared between PSCs and HSCs, and
the fact that PSCs can express both mesenchymal and ectodermal markers as described above,
their embryologic origin has been the subject of debate (Buchholz et al., 2005; Paulo et al.,
2013). Initially, it was discussed that PSCs might originate from two cell lineages according to
their localization, the one being the fibroblast and the other one the pericyte of the blood
capillaries. PSCs found in the intra- and inter-lobular spaces were thought to originate from
fibroblasts, whereas the ones situated in the perivascular space were originated from pericytes
adhered to the endothelial cells (Watari et al., 1982). Other studies have been based on the
elevated homology between PSCs and HSCs, suggesting that since HSCs are known to have a
mesodermal origin, then PSCs also evolved from the same origin. In addition, in the healthy
pancreas but as well as during sustained pancreatic fibrosis, which results in chronic pancreatitis
(CP) and pancreatic cancer (PC), PSCs have been demonstrated to derive from the bone marrow
(Scarlett et al., 2011). Reports using sex-mismatched bone marrow transplantation from
transgenic male mice expressing green fluorescent protein to female wild-type mice revealed
the presence of desmin- and lipid droplet-positive bone marrow-derived cells in the pancreas,
suggesting that these cells contribute to PSC’s quiescent population. The rate of bone marrow-
derived PSC cells increased, reaching approximately 20% of the total PSC population, after
induction of CP by repeated injections of the cholecystokinin analogue, caerulein (Sparmann et

al., 2010; Watanabe et al., 2009). The bone marrow-derived PSC population in the CP model
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was detected by the presence of the main activator marker of PSC, the aSMA, and the presence
of Y chromosome in their nucleus, indicating that bone marrow is also a source of activated
PSCs (Sparmann et al., 2010). However, so far, no direct evidence has been provided

identifying the exact origin of PSCs.

Primarily detected within the exocrine pancreas, PSCs were recently identified in the rodent
and human pancreatic islets of Langerhans as well and were called islet stellate cells (ISCs)
(Zha et al., 2014). Interestingly, ISCs present some morphological and functional differences
compared to the typical PSCs. They have less lipid droplets in their cytoplasm, and
consequently, they appear to be more easily activated by different stimulators. Nevertheless,
once activated, they have lower proliferative and migratory abilities than the activated PSCs
(Zha et al., 2014, 2016). Furthermore, single-cell transcriptomics suggested that ISCs could
likely be a subtype of PSCs, influencing islet functionality (Zha et al., 2016). Regarding to these
recent findings, the characterization and function of ISCs in the healthy and diseased pancreas

need to be further elucidated.

II.  Role of PSCs in the healthy pancreas

Although most of the research reports have been focusing on the investigation of PSCs’ role
during pathophysiological conditions, their role in the healthy pancreas should not be
overlooked. Under physiological conditions, quiescent PSCs have a moderate capacity of
synthetising and secreting matrix metalloproteinases (MMPs) and tissue inhibitors of matrix
metalloproteinases (TIMPs), establishing a balance between ECM production and degradation.
Through the regulation of this ECM turnover, PSCs maintain the normal architecture of the

pancreas (Phillips et al., 2003).

Several studies have revealed a role of quiescent PSCs in innate immunity, demonstrating
the expression of Toll-like receptors (TLR) on their surface, known to be involved in the
recognition of pathogen-associated molecular patterns (PAMPs). PSCs have been shown to
express TLR2, which is implicated in the recognition of PAMPs of gram-positive bacteria, and
TLR4 recognising lipopolysaccharides of gram-negative bacteria (Vonlaufen et al., 2007). They
also have TLR3 on their surface, responsible for the detection of produced double-stranded
RNA during viral replication, and TLRS, involved in the identification of bacterial flagella.
These findings indicated that quiescent PSCs might participate in innate immunity by the

phagocytosis of exo- and endogenous antigens (Masamune et al., 2008; Nakamura et al., 2011).
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However, contrary to their HSCs counterparts, quiescent PSCs have not been demonstrated to
express antigen-presenting cell marks, like major histocompatibility complex class II
molecules, suggesting that they might not be implicated in the acquired immunity (Shimizu et

al., 2012) (Figure 4).

Besides their role in ECM turnover and innate immunity, some studies have evoked a role
of quiescent PSCs as stem/progenitor cells. Mato et al. reported that mitoxantrone-resistant
cells isolated and selected from pancreata of lactating rats possessing the ATP binding cassette
G2 transporter (ABCG?2 transporter), exhibited PSC phenotype (Mato et al., 2009). Indeed,
ABCG?2 transporter is known now to be one of the stem/progenitor cell markers, playing an
important role in innate and acquired multidrug resistance. In this study, ABCG2 transporter
was found to be expressed in vitamin A-storing positive and GFAP positive cells, which were
able to differentiate into insulin and c-peptide producing cells, conferring to quiescent PSCs a
role as stem/progenitor cells (Mato et al., 2009). Moreover, quiescent PSCs are expressing the
stem/progenitor marker nestin, which is a type VI intermediate filament protein, acting as
essential transcriptional factor for the generation of endocrine cells, initially detected in neural
stem cells. Additionally, Zha et al. established that activated PSCs and ISCs were able to
differentiate into adipocyte-like cells detected by Oil-Red O staining and into osteoblast-like
cells identified with Alizarin Red S staining (Zha et al., 2016). Interestingly, Kordes et al.
supported these findings demonstrating that activated PSCs possess a regenerative potential.
The authors transplanted culture-activated PSCs isolated from enhanced green fluorescent
protein-expressing rats into wild type rats that have undergone partial liver depletion, and they
noted that these PSCs differentiated into functional hepatocytes and cholangiocytes leading to

the reconstitution of large host liver areas (Kordes et al., 2012).

III.  Role of PSCs in pancreatic fibrosis

Fibrosis is defined as a pathological wound-healing process due to an excessive
accumulation of ECM proteins resulted from the interruption of ECM synthesis and degradation
balance, leading to the formation of a fibrous connective tissue replacing the normal
parenchymal tissue. Hence, progressive pancreatic fibrosis is a main pathological feature of two
major pancreatic diseases, including chronic pancreatitis and pancreatic ductal adenocarcinoma
(PDAC). One of the key effectors playing a central role in pancreatic fibrogenesis are the

activated PSCs (Apte et al., 2011, 2004; Habisch et al., 2010).

19



III.1) Phenotypical and functional activation features of PSCs

During pancreatic injury or inflammation, quiescent PSCs undergo morphological and
functional transformations acquiring a myofibroblast-like phenotype and become activated.
The transition of PSCs from the quiescent to the activated state is morphologically accompanied
by the acquisition of a spindle-like shape, nuclear enlargement, enhanced prominence of ER
network, loss of vitamin A lipid droplets from the cytosol and an increased aSMA expression.
These changes were first well studied by the culture of primary isolated PSCs. Bachem et al.,
as many other scientific groups, showed that at the beginning early primary cultured PSCs
contained numerous vitamin A lipid droplets, which decreased in size and number within 4-8
days of culture until they completely disappear (Bachem et al., 1998; Omary et al., 2007).
Simultaneously PSCs started to express aSMA, whose expression progressively increased
within few days of culture, and they produced large amounts of type I and type III collagen and
also of fibronectin and laminin, defining their trans-differentiation to activated PSC. This
important ECM protein deposition by activated PSCs contribute to the increase of ECM
stiffness (Apte et al., 2013; Bachem et al., 1998).

Functionally, upon activation, PSCs acquire high proliferative and migratory potentials.
Additionally, besides the elevated ECM component synthesis, activated PSC excessively
secrete MMPs, especially MMP-2, -9 and -13, as well as TIMPs, in particular TIMP-1 and -2,
to disrupt the ECM turnover leading to ECM remodelling and promoting pancreatic cancer cell
invasiveness via the basement membrane degradation (Phillips et al., 2003). Furthermore,
activated PSCs synthetise and secrete diverse growth factors, such as PDGF, FGF, TGF-p1,
CTGF, activin-A, shown to be involved among others in the ECM remodelling (Shek et al.,
2002). In addition, they produce and release various proinflammatory cytokines, including IL-
1B, IL-6, IL-15, IL-32, TNF-0, and chemokines, involving the monocyte chemoattractant
protein-1 (MCP-1, also called CCL2), neutrophil chemotactic factor IL-8 and RANTES
(regulated on activation, normal T cell expressed and secreted) (Andoh et al., 2000; Bynigeri et
al., 2017; Erkan et al., 2012; Habisch et al., 2010; Omary et al., 2007). Through the secretion
of all these cytokines and chemokines, activated PSCs participate among others to the
recruitment of inflammatory cells exacerbating the existent pancreatic inflammation. They are
also able to express cell adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-

1), promoting the adhesion of the inflammatory recruited cells by the PSCs, or even they can
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mediate pancreatic inflammation by the synthesis of cyclooxygenase 2 (COX-2) enzyme
(Masamune et al., 2002c). Moreover, along with the augmented aSMA expression, they
produce the vasoconstrictor peptide Endothelin-1 (ET-1) conferring to activated PSCs elasticity
and increased contractile potential, contributing to the modulation of the vascular and ductal
tones (Masamune et al., 2005b). Activated PSCs could participate in the epithelial-
mesenchymal transition (EMT) too during PDAC through the production and secretion of the
ECM protein periostin (Fukushima et al., 2008).

A novel function of activated PSCs as proangiogenic factors was reported by the
elevated PSC-induced vascular endothelial growth factor (VEGF) expression, as well as some
angiogenesis-related molecules’ expression. These later included Flt-1 (fms-related tyrosine
kinase 1) and Flk-1 (fetal liver kinase 1) VEGF receptors, angiopoietin-1 and its receptor Tie-
2 (tyrosine kinase with immunoglobulin and EGF homology domains), as well as vasohibin-1
(Masamune et al., 2008a). Furthermore, PSC-induced VEGF generation has been found to be
increased under hypoxia conditions, while conditioned media from hypoxia-treated activated
PSCs induced angiogenesis in vitro and in vivo, reflecting the synergistic relationship between
activated PSCs and its surrounding microenvironment (Erkan et al., 2009). Indeed, during CP
and PDAC, pancreatic tissue is characterized by a chronic hypoxia and increased pancreatic
ductal hypertension, suggesting a role of activated PSCs in the maintenance of this pathological
microenvironment and thus the exacerbation of pancreatic fibrosis. Beyond this function, very
recently Shao et al. reported a role of activated PSC in the metabolism of glucose, and
particularly in glycolysis, mediated by the caveolin-1-reactive oxygen species (ROS)
signalling. The authors demonstrated an up-regulated expression of the glucose transporter
Glutl, and the glycolytic enzymes hexokinase-2, 6-phosphofructokinase, and pyruvate kinase
1sozyme type M2 leading to lactate increased production, which in turn is up taken by the PCCs

(Shao et al., 2020).

Another proposed function of activated PSCs is their capacity to internalize by
phagocytosis necrotic and apoptotic acinar cells, as well as apoptotic neutrophils, using a
WBN/Kob model of spontaneous CP and a bile-duct ligation model of acute pancreatitis.
Shimizu et al. demonstrated that additionally to this mechanism, necrotic acinar cells’
engulfment promotes in turn PSCs necrotic death themselves, suggesting that activated PSCs
might play a protective role in early stages of pancreatic injury inhibiting disease progression

(Shimizu et al., 2005).
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Following these findings, it is believed that activated PSCs might have two fates during
pancreatic injury and inflammation. When the inflammation and injury are limited or single,
activated PSCs aid to the restoration of pancreas integrity through ECM protein synthesis, and
then they might undergo apoptosis or revert to their quiescent state. However, the extended or
repeated inflammation and injury perpetuates PSCs activation resulting to an excessive ECM
protein deposition accompanied by loss of cellular components, including acinar cells, and thus

to pancreatic fibrosis development (Masamune and Shimosegawa, 2009).

Besides the above-mentioned functions of activated PSCs, these multifunctional cells
seem to also affect the endocrine part of the pancreas, during CP and type 2 diabetes, since their
number was found to be increased within the islets of Langerhans, contributing to islets fibrosis.
Zang et al. characterized these activated PSCs within the Langerhans islets, as ISCs, highly
expressing aSMA and producing type I and III collagen as well as fibronectin. Furthermore,
the same authors established that activated PSCs cause B-cells dysfunction, decreasing insulin
mRNA expression and secretion, and inducing B-cells apoptosis (Zang et al., 2015). In addition,
it has been demonstrated that hyperglycaemia, a central feature of diabetes, resulted usually by
decreased insulin production from B-cells, aggravates the noxious effects of activated PSCs on
B-cells, revealing a positive feedback loop between activated PSCs and dysfunctional -cells
(Lee et al., 2017; Zha et al., 2014). In contrast, another study presented that activated PSCs
increase insulin secretion from mice B-cells, and that culture supernatants from INS-1 (rat
insulinoma cell line used for PB-cell dysfunction studies) cells reduced PSC-induced
proinflammatory cytokines and ECM proteins. However, more studies are required to
determine the exact role of activated PSCs within the Langerhans islets, and thus in pancreas’

endocrine function under fibrosis-induced conditions (Li et al., 2014) (Figure 4).
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Figure 4: Illustrative summary of quiescent and activated PSC’s functions (Zhou et al.,

2019).

II1.2) Paracrine and microenvironmental stimulation of PSCs

Activation of PSCs is triggered among others by various cytokines and growth factors
produced during pancreatic injury and inflammation by the neighbour cells, including acinar,
inflammatory, platelets, endothelial, ductal and cancer cells, exacerbating pancreatic fibrosis
development (Apte et al., 2011, 2004). The most common identified growth factors and
cytokines showed to be involved in PSC’s activation through the modulation of at least one of

PSC’s activation features are presented below (Figure 5).
» Transforming growth factor-p1 (TGF-$1):

TGF-B1 is defined as the most important factor involved in PSC’s activation and thereby in
pancreatic fibrosis, known to induce PSC’s profibrogenic phenotype, stimulating PSC-induced
ECM proteins, including type I and III collagen, fibronectin, and laminin, promoting PSC-
induced ECM synthesis (Apte et al., 1999; E. Schneider et al., 2001; Shek et al., 2002).
Moreover, it increases aSMA expression, the main activation marker of PSCs and MMP2
production by the PSCs (Haber et al., 1999). Other studies have showed that TGF-B1 is involved

in the enhancement of PSC’s proliferation through the TGF-B1-induced platelet-derived growth
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factor (PDGF) secretion (Kordes et al., 2005). More about TGF-B1 role in the activation of
PSCs and the related signalling pathways will be discussed in Chapter 4.

> Platelet derived-growth factor (PDGF):

PDGF has been referred as the most potent mitogenic factor for PSCs since it induces their
proliferation but also stimulates their migration and type I collagen as well as fibronectin
synthesis (Apte et al., 1999; E. Schneider et al., 2001). Furthermore, PDGF stimulates the
activation of the nicotinamide adenine dinucleotide phosphate oxidase (NADPH) which is
involved in the reactive oxygen species (ROS) generation, shown, as reported below, to be
another stimulator of PSC’s activation (Hu et al., 2007). Another demonstrated function of
PDGEF is its ability to stimulate PSC-induced MMP-3 and MMP-13 expression (Kordes et al.,
2005).

» Interleukin 1p (IL-1p):

IL-1P is principally secreted by the inflammatory leukocytes in the inflamed pancreas, but
it can also be released by the acinar cells during pancreatitis, leading to PSC-increased aSMA

expression and thus PSCs activation (Manohar et al., 2017).
> Interleukin 6 (IL-6):

IL-6 is a proinflammatory cytokine, often produced by many cell types in response to IL-
1B and TNF-a stimulation, shown to be detected in high levels within the serum of patients with
CP or PDAC. It has been found to stimulate PSC’s activation modulating aSMA expression
and promoting TGF-B1 expression and secretion (Shimada et al., 2002; Zheng et al., 2021).

» Tumor necrosis factor- a (TNF-a):

TNF-a is another proinflammatory cytokine, produced during the early stages of CP,
detected in high amounts in patient’s blood and pancreatic inflamed tissue, and its level in the
serum was correlated to the severity of pancreatitis. It has been established by in vitro and in
vivo studies that TNF-a participates in the stimulation of PSC’s proliferation, aSMA expression

and PSC-induced type I collagen synthesis (Mews et al., 2002; Michalski et al., 2007).

Moreover, microenvironmental factors presented in the inflamed fibrotic pancreatic tissue
during CP and PDAC are also capable to activate PSCs, either by synergetic or competitive
effects, either independently of each other. Among them, the most important factors are

described below.
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> Ethanol:

Ethanol and its metabolite acetaldehyde are recognized as one of the major risk factors
causing CP (Apte et al., 2011). Indeed, it has been demonstrated that ethanol can directly
activate PSCs by promoting aSMA expression and increasing type I collagen synthesis (Casini
et al., 2000). This direct responsiveness of PSCs to ethanol is due to PSC’s capacity to
metabolize ethanol into acetaldehyde through the alcohol dehydrogenase activation, resulting
to oxidative stress generation, that subsequently induces lipid peroxidation (Apte et al., 2000).
In turn, as described below, oxidative stress also perpetuates PSC’s activation (Casini et al.,
2000). Additionally, ethanol can upregulate the PDGF-induced NADPH oxidase activity
leading to the increase of PSC’s proliferation (Hu et al., 2007). Moreover, it has been suggested
that ethanol intake from PSCs might favour their survival, since it has been reported to inhibit
PSC’s apoptosis enhancing thus their activation. Ethanol can also act in a synergistic way with
the lipopolysaccharide (LPS) increasing further the inhibitor effect on PSC’s apoptosis,
suggesting that both together exacerbate PSC’s activation (Vonlaufen et al., 2011).
Interestingly, McCarroll et al. have demonstrated that vitamin A is unable to fully maintain
PSC’s quiescence in the presence of ethanol, proposing a role of ethanol in PSC’s quiescent-
activated transition (McCarroll et al., 2006). Additionally, Masamune et al. have shown that the
nonoxidative ethanol metabolite, palmitic acid ethyl ester can also influence PSC’s activation

stimulating PSC-induced IL-8 secretion (Masamune et al., 2010).
» Oxidative stress and reactive oxygen species (ROS):

Another proposed stimulator of PSC’s activation is the exogenous hydrogen peroxide
(H202), a principal cellular ROS inducer leading to oxidative stress generation within PSCs,
found to promote aSMA expression and PSC’s migration. Moreover, exposure to the iron
sulphate/ascorbic acid pro-oxidant complex induced increase of aSMA and type I collagen
expression contributing to PSC’s activation, whereas these effects were reduced by the
application of the antioxidant chemical DA-9601 (Apte et al., 2000; Kikuta et al., 2006, 2004;
Yoo et al., 2005).

> Pressure:

During CP and PDAC, pancreatic tissue pressure is much more elevated than in the healthy
pancreas (Jalleh et al., 1991). Asaumi et al. established that externally elevated applied pressure
(80 mmHg) resulted to PSC’s activation by increasing aSMA, type I collagen et TGF-$1

expression. Furthermore, the authors have shown that elevated pressure generates ROS, also
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reported to be involved in PSC’s activation, illustrating an example of synergetic interaction
between different stimulating factors in order to perpetuate PSC’s activation (Asaumi et al.,
2007). The study of Watanabe et al. supported these findings, demonstrating that additionally
to these effects, high pancreatic pressure can stimulate PSC’s proliferation, as well PSC-

induced TGF-B1 and type I collagen secretion (Watanabe et al., 2004).
» Hyperglycemia:

Several studies have reported that PSC’s exposure to high glucose led stimulation of PSC’s
proliferation, increase of aSMA expression and of the ECM protein connective tissue growth
factor (CTGF) (Nomiyama et al., 2007). Hyperglycemia also participates in the exacerbation of
PDAC favouring the interaction between activated PSCs and PCCs. In addition, Hong et al.
demonstrated that hyperglycemia induces ISC’s activation as well, promoting islet fibrosis

(Hong et al., 2007).
» Hypoxia inducible factor-1o (HIF-1a):

The hypoxic microenvironment is a characteristic feature of pancreatic tissue during CP and
PDAC (Koong et al., 2000; Patel et al., 1995). These oxygen changes surrounding PSCs
microenvironment are sensed by the PSC-produced HIF-1a factor, which then translocates to
PSCs nucleus inducing VEGF transcription (Ide et al., 2006). HIF-1a has also been found to
upregulate the hepatoma-derived growth factor gene preventing PSC’s apoptosis, promoting
indirectly PSC’s activation. Therefore, PSC-produced HIF-1a suggests that activated PSCs

might serve as oxygen-sensing cells in the inflamed pancreas (Masamune et al., 2008).
» Angiotensin II (Ang II):

Except its presence in the cardiovascular system, Ang II was found to be highly
expressed in the pancreas under pathological conditions, including CP and PDAC. PSCs are
able to respond to Ang II by the expression of angiotensin II receptor (AT1) on their surface,
but they do not produce Ang II themselves (Reinehr et al., 2004). Ang II binding to ATl
stimulates PSC’s proliferation on the one side through epidermal growth factor receptor
transactivation and on the other side via the inhibition of SMAD3 and SMAD4 nuclear
accumulation by stimulating SMAD7 expression (Hama et al., 2006) (this mechanism will be
better descripted in Chapter 4). Moreover, PSC treatment with losartan, an AT1 antagonist,
caused PSC’s apoptosis, suggesting a role of Ang II through its AT1 in PSC’s survival, and

consequently in sustaining PSC’s activation (Liu et al., 2005).
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II.3) Autocrine stimulation of PSCs

Besides PSC’s activation by paracrine and microenvironmental signals, PSCs
themselves can mediate and sustain their own activation through autocrine loops, implying that

even in the absence of external stimuli, PSCs can remain in their activated state (Figure 5).

Aoki et al. have revealed the presence of two autocrine loops preserving the activation
of PSCs, the one loop formed between PSC induced -TGF-f1 and -IL-6 secretion, and the other
loop between PSC induced -TGF-f1 and -IL-1p secretion. Using TGF-B1, IL-6 or IL-1f3-
neutralizing antibodies independently, the authors have demonstrated that the expression and
secretion of one of the cytokines stimulates the expression and secretion of the other one, but
through different signalling pathways. This mutual stimulation is achieved through the
expression of TGF-B1, IL-6, and IL-1f receptors on the cell surface of activated PSCs. TGF-
B1/IL-6 autocrine loop is driven by the SMAD2/3 and ERKI1/2-dependent pathways,
respectively, while TGF-B1/IL-1PB autocrine loop is mediated by the SMAD3 and ERK1/2-
dependent pathways, respectively (Aoki et al., 2006, 2006).

Another autocrine stimulation that might occur is through PSC-induced PDGF
secretion. Activated PSCs are characterized by an increased PDGF receptor expression on their
cell surface, suggesting that in addition to the PDGF-paracrine stimulation, secreted PDGF from
PSC can bind to its receptor, further promoting PSC’s proliferation and migration, through an
autocrine manner. Moreover, activated PSCs express endothelin type A receptors (ETa),
indicating that secreted ET-1 from activated PSCs is able to bind to its own receptor located on
the cell surface, stimulating PSC’s contraction and migration (Jonitz et al., 2009; Masamune et
al., 2005). Additionally, secreted activin A from PSCs, a member of the TGF-f3 family has been
also reported to proceed autocrine properties, by binding to the expressed TGF-f receptors on
activated PSC’s surface leading to the augmentation of TGF-B1 and type I collagen expression
and secretion (Ohnishi et al., 2003). Interestingly, Masamune et al. have been shown that
activated PSCs express NADPH (nicotinamide adenine dinucleotide phosphate) oxidase, a
major enzyme involved in the production of ROS, implying that activated PSCs themselves can
be a source of ROS, further stimulating aSMA and type I collagen expression and PSC’s
migration (Apte et al., 2000; Masamune et al., 2008).

This capacity of activated PSCs to maintain their own activation through an autocrine

stimulation, even in the absence of initial paracrine or microenvironment stimuli, could in part
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explain the persistence of CP progression even when the pathogenic stimulus is eliminated.

Subsequently, CP persistence constitute one of the major risk factors for PDAC development.
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Figure 5: Recapitulative scheme of PSC’s activation through paracrine and autocrine

stimulations (McCarroll et al., 2014).

II1.4) Signalling pathways involved in PSC’s activation

Since the discovery of PSC’s crucial role in pancreatic fibrosis development, multiple
signalling pathways and molecules have been identified to drive the occurred dynamic and
orchestrated changes during PSC’s activation, following paracrine, microenvironmental (e.g.,
pressure) or autocrine stimulation. Cross-talks between the different signalling pathways aid to

sustain the activation of PSCs (Figure 6).

One of the major signalling pathways by which mammalian cells respond to
extracellular stimuli, that has received the most attention from PSC’s research is the mitogen-
activated protein kinase (MAPK) pathway. This signalling pathway, known to regulate

numerous cell functions including cell division, survival, apoptosis and protein synthesis or
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secretion, is composed of three MAPK members, the extracellular signal-regulated kinase 1/2
(ERK1/2), the c-jun N-terminal kinase (JNK) and the p38 MAP kinase, found to be activated
during CP and PDAC (Apte et al., 2007; Chang and Karin, 2001; Sahin et al., 2016). In response
to extracellular stimuli, these kinases are activated by phosphorylation, translocating to the
nucleus where they phosphorylate and activate transcription factors. It has been reported that
all of the three MAPK are implicated in PSC’s activation processes, each MAPK regulating
different PSC’s functions. However, all of them can be activated in response to ethanol,

acetaldehyde, and oxidant stress (Kikuta et al., 2004, 2006; Masamune et al., 2002).

The ERK1/2 kinase has been found to be phosphorylated from the early stage of PSC’s
activation preceding aSMA expression increase (Jaster et al., 2002; Watanabe et al., 2004).
Moreover, ERK1/2 has been demonstrated to stimulate PSC’s proliferation and migration in
response to PDGF, defined as the most potent mitogen in PSCs (Jaster et al., 2002; Masamune
et al., 2003). Except PDGF, ERK1/2 drives PSC’s proliferation also in response to other
microenvironment stimuli, including pressure, trypsin, galectin-1, and angiotensin II (Hama et
al., 2004; Masamune et al., 2006, 2005; Watanabe et al., 2004). This latter stimulates ERK1/2-
mediated proliferation through the transactivation of EGFR. In addition, ERK1/2 is implicated
in the modulation of PSC-induced MMP production, and particularly of MMP-1 synthesis, in
response to IL-1P and TNF-a stimulation (Tasaki et al., 2003). Activation of ERK1/2 has been
also shown to drive rodent PSC-induced TGF-B1 expression, in response to exogenous TGF-
B1 stimulation, suggesting the involvement of a stimulatory TGF-f1 autocrine loop (Ohnishi et
al., 2004), and also in response to IL-6 (Aoki et al., 2006) and IL-10 (Aoki et al., 2006) resulting
to PSC sustained activation and TGF-Bl-induced ECM deposition. Another study have
investigated this hypothesis, demonstrating an activation of ERK1/2 after TGF-p1 stimulation
and a decrease of TGF-B1-induced aSMA and fibronectin expression when ERK1/2 pathway
is inhibited, implying an indirect role of ERK1/2 kinase in the modulation of aSMA and

fibronectin expression (Xu et al., 2018).

The second member of the MAPK family, the JNK, has been reported to respond to
PDGF, TGF-B1 and to IL-1PB stimulation, as ERK1/2 (Masamune et al., 2004). Indeed,
inhibition of JNK curbed PDGF-mediated PSC proliferation, and reduced TGF-B1-induced
aSMA and fibronectin expression. Whereas the third member of the MAPK, the p38 MAP
kinase has been suggested by Masamune et al. to induce the activation of quiescent PSCs
through the modulation of aSMA expression. The authors have used freshly isolated quiescent
rat PSCs that they cultivate in the presence and absence of the SB 203580 p38 MAP kinase
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pharmacological inhibitor. After 7 days of treatment, they noted that inhibition of p38 MAP
kinase prevented the activation of cultivated PSCs defined by weak aSMA expression and the
persistence of the lipid droplets, while withdrawing of the inhibitor triggered PSC’s activation
increasing aSMA expression (Masamune et al., 2003). Furthermore, as for the other two MAPK
members, IL-1B and PDGF activate the p38 MAP kinase, and thus implying a role in the
stimulation of PDGF-induced PSC’s proliferation, whereas inhibition of p38 MAP kinase
reduced aSMA expression, and PSC-induced MCP-1 and type I collagen expression. In
addition, p38 MAP kinase increases the expression of aSMA and stimulates type I collagen
production in response to ethanol, acetaldehyde, and oxidative stress (Kikuta et al., 2004, 2006;

Masamune et al., 2002; McCarroll et al., 2003).

Another essential signalling pathway known to drive multiple cells processes,
demonstrated to modulate PSC’s activation is the phosphatidylinositol-3-kinase (PI3K)
/protein-kinase B (AKT) pathway (McCarroll et al., 2004). Masamune et al. have established
that PDGF triggers PI3K/AKT phosphorylation leading to the stimulation of PSC’s migration
but not proliferation (Masamune et al., 2003). AKT phosphorylation drives PSC’s migration
also following periostin stimulation (Erkan et al., 2007). Whereas Schwer et al. have
demonstrated that blockage of PI3K/AKT activation, using carbon monoxide releasing
molecule-2 inhibited PSC’s proliferation, inducing a cell cycle arrest in GO/G1 phase through
the down-regulation of cyclin D1 and E expression (Schwer et al., 2013). Additionally, Zhang
et al. have reported that the tumor suppressor PTEN (phosphatase and tensin homolog), which
has the ability to inhibit AKT activity, induced cyclin D1 down-regulation resulting to the
diminution of PSC’s proliferative potential, suggesting an indirect role of AKT pathway in the
promotion of PSC’s proliferation (Zhang et al., 2018). Furthermore, AKT phosphorylation
mediates the proinflammatory PSC-induced IL-32 expression in response to IL-1p3, TNF-a or
IFN-y (interferon-y) stimulation (Nishida et al., 2008). Supplementary to these findings, Duluc
et al. have shown that activation of one of the AKT downstream effectors, namely mTOR
activation stimulates the capacity of activated PSCs (also called cancer-associated fibroblasts)
to synthetize and secrete various proteins, notably IL-6 production and secretion, during PDAC

(Duluc et al., 2015).

A third crucial signalling pathway implicated in the modulation and perpetuation of
PSC’s activation is the TGF-B1 pathway, shown to be the most potent profibrotic factor causing
pancreatic fibrosis. Ohnishi ef al. have studied the role of SMAD2 and SMAD3, two principal
downstream effectors of TGF-f1 signalling in rodent PSCs. Using dominant-negative
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SMAD?2/3 mutant, the authors revealed an inhibition of PSC’s activation reflected by the
reduction of aSMA expression, and paradoxically by the enhancement of PSC’s proliferation.
When they co-expressed SMAD?2 with the dominant-negative mutant, they noted that aSMA
expression increased, and thus that PSC’s activation was restored, implying a role of SMAD?2
in the regulation of aSMA expression. Whereas, when they co-expressed SMAD3 with the
dominant negative mutant, they observed an attenuation of PSC’s proliferation, suggesting that
SMAD?3 regulates negatively PSC’s proliferation (Ohnishi et al., 2004). In addition, TGF-p1-
mediated SMAD?2/3 pathway has been shown to induce the expression of COX-2 by activated
PSCs (Aoki et al., 2007). Interestingly, TGF-B1-mediated SMAD3 pathway stimulates IL-1f3
expression, which in turn through the ERK1/2 pathways induces TGF-1 expression, forming
a TGF-B1/IL-1p autocrine loop (Aoki et al., 2006). Another existing autocrine loop is the one
between TGF-B1 and IL-6 mediated by the SMAD2/3 and ERK1/2 pathways. Indeed, TGF-1
stimulates IL-6 expression and secretion through the SMAD2/3 pathway, and in turn IL-6
induces TGF-B1 expression and secretion through the ERK1/2 pathway (Aoki et al., 2006). The
involvement of TGF-B1 signalling pathways, including the canonical SMAD pathway and non-
canonical pathway, in PSC’s activation, and thus pancreatic fibrogenesis will be presented in

Chapter 4.

Other studies have provided evidence of Ras homolog gene family (Rho) and Rho-
associated protein kinase (ROCK/Rho kinase) importance in PSC’s activation processes, and
particularly in cytoskeleton reorganization. Indeed, during PSC activation the formation of
stress fibers increases permitting the recruitment of aSMA which is an isoform of the
cytoskeletal protein actin (Takai et al., 1995). The role of Rho and its downstream effector, Rho
kinase, in this process has been demonstrated using the Y-27632 Rho kinase inhibitor
(Masamune et al., 2003). Treatment of activated PSCs with Y-27632 caused stress fibers
disassembly resulting to morphological changes, reflected by the obtention of an elongated,
fusiform shape, and consequently inhibited PSC’s activation. Furthermore, Y-27632 treatment
of activated PSCs led to the reduction of aSMA expression, proliferation, type I collagen
synthesis, and chemotaxis (Masamune et al., 2003). These findings reported the important role
of Rho/Rho kinases in PSC’s activation processes as well as in actin cytoskeleton and actin
stress fibers organization and consequently in PSC’s morphology. In addition, inhibition of
Rho/Rho kinase pathway has been shown to diminish ET-1-induced contraction and migration
in activated PSCs, suggesting an indirect involvement of Rho/Rho kinase in these activation

processes (Masamune et al., 2005).
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Shinozaki et al. have established a role of the indian hedgehog (IHH), one of the three
members constituting the hedgehog pathway, in the promotion of PSC’s migration via a
chemotactic and chemokinetic manner, without affecting PSC’s proliferation, aSMA
expression nor type I collagen expression (Shinozaki et al., 2008). Indeed, after [HH binding to
its receptors, smoothened and patched-1, found to be expressed on PSC’s surface, it augments
MMP-1 expression and permits MMP-1 transport to the plasma membrane leading to ECM
degradation (Shinozaki et al., 2008). In parallel, MMP-1 activates other MMPs, such as MMP-
2, MMP-3, and MMP-13, expanding ECM degradation (Yana and Seiki, 2002). This
remodelling aid to facilitate cell movements and so to enhance PSC’s migration. On the other
side IHH-mediated PSC migration has been demonstrated to be attenuate by TIMP2 (Shinozaki
et al., 2008).

Another signalling molecule presenting a role in the regulation of PSC’s activation is
the transcription nuclear factor-xB (NF-«B), known to control, among others, cytokine
production and cell survival. However, an alteration of NF-kB activity leads to development of
pathologies, including cancer, inflammation, and autoimmune disease. The activity of NF-kB
has been shown to be elevated and to persist in activated PSCs compared to quiescent PSCs,
indicating that the regulation of its activity is disrupted. This high persistent NF-kB activity was
induced by TNF-a, IL-1p and galectin-1 (a B-galactoside-binding protein) stimulations, which
are soluble factors presented in the inflamed microenvironment surrounding the activated PSCs
(Masamune et al., 2006). In response to these stimulation, NF-kB promotes the expression of
IL-6, IL-8, MCP-1 and ICAM-1, all of them being a characteristic of activated PSC secretory
potential (Andoh et al., 2000; Masamune et al., 2002; Shimada et al., 2002).

Nevertheless, signalling molecules that inhibit PSC’s activation have also been
identified. Among them, the most studied is the peroxisome proliferator activated receptor-y
(PPAR-y). PPAR-y is nuclear hormone receptor which heterodimers with the retinoic acid X
nuclear receptor, mainly found to be expressed in adipose tissue regulating the lipid metabolism
(Tontonoz and Spiegelman, 2008). Reports using PPAR-y ligands, such a troglitazone, have
revealed a reduction of PSC’s proliferative capacity, aSMA expression, type I collagen
synthesis and MCP-1 production, implying that PPAR-y negatively regulates PSCs activation
maintaining them into their quiescent state (Jaster et al., 2005; Kulkarni et al., 2011; Masamune

et al., 2002; Shimizu et al., 2002; van Westerloo et al., 2005).
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Figure 6: Representation of the principal signalling pathways found to be involved in

PSC’s activation or inhibition (Jin et al., 2020).

IIL.5) Heterogeneity of activated PSCs

During PDAC, activated PSCs constitute the major source of cancer-associated
fibroblasts (CAF), participating in the formation of the dense desmoplastic stroma surrounding
PPCs. Therefore, a lot of research studies are referring activated PSCs as CAFs in pancreatic
carcinogenesis, revealing the existence of more than one distinct subtype of activated PSCs, or
so called CAFs in PDAC. The discovery of different activated PSCs subpopulation underlines

their intra- and inter-tumor heterogeneity (Norton et al., 2020; Pereira et al., 2019).

According to their spatial localization within the tumor, Ohlund et al. have revealed in
mouse and human PDAC tissue, the existence of two different activated PSCs subpopulation.
The one subtype, called myCAF is located in the periglandular region, in tight contact with the
PCCs and found to become activated via juxtacrine interactions with the PCCs, having
myofibroblastic features. myCAFs are characterized by high aSMA expression and an up-
regulation of TGF-B1 responding genes, including type I collagen and CTGF but by low
expression of inflammatory mediators, possessing mostly contractile and stroma remodelling
potentials. The second subtype, called iCAF is situated distantly of PCCs and becomes activated
through the secreted paracrine factors from PCCs. iCAFs have an inflammatory and secretory

33




phenotype, defined by increased cytokine and chemokine expression, particularly of IL-6 and
IL-11, but also by low levels of aSMA expression. Interestingly the authors have demonstrated
that both myCAFs and iCAFs can dynamically transit from myofibroblastic to inflammatory
phenotype and vice versa, highlighting the plasticity of activated PSCs (Ohlund et al., 2017)
(Figure 7). Additionally, Bernard et al. have established that iCAFs are involved in PDAC
development and progression through the promotion of an immunosuppressive
microenvironment, whereas myCAFs are implicated in the high-grade intraductal papillary

mucinous neoplasms precursors of PDAC (Bernard et al., 2019).

Furthermore, Neuzillet ef al. have identified four other subtypes of activated PSCs
associated with PDAC prognosis and classify according to their ability to express aSMA and
vimentin, to produce ECM components, to proliferate and to their immune-related signature.
The PSC subtype shown to correlate with a good prognosis of PDAC, was determined by the
expression of podoplanin in PSC’s plasma membrane and characterized by an immunogenic
profile and ECM synthesis, named subtype C. The second PSC subpopulation, called subtype
B, was defined by myosin-11 expression within PSC’s cytoplasm, which is a member of the
myosin heavy chain family. The subtype B presents low proliferative potential but increased
aSMA and vimentin expression, as well as ECM synthesis, and is associated to an intermediate
PDAC prognosis. The other PSC subtype linked to an intermediate to poor PDAC prognosis is
depicted by periostin secretion and is found at the invasive front of the tumour. Contrary to
subtype B, this subtype, named subtype A, has a high proliferative ability, produces ECM
components, but has low aSMA and vimentin expression. The last identified subpopulation,
correlated to a poor PDAC prognosis, called subtype D, is mainly characterized by elevated
aSMA and vimentin expression, ECM remodelling and low proliferative capacity (Neuzillet et

al., 2019) (Figure 8).

These findings highlighted the dynamic complexity of activated PSCs in PDAC,
suggesting that some PSC’s subtypes promote PDAC progression and spreading, resulting to
shorter patient survival and thus poor PDAC prognosis. Whereas other PSC’s subtypes might
have mostly a “protective” role enhancing PDAC prognosis. However, the intra et inter-tumour
heterogeneity of activated PSCs might not be limited only to the above cited subpopulations.
Other subtypes might exist and be distinguished regarding to the cytokine production, cell
surface marker expression, cell signalling, gene expression profile and their interaction with

PCC:s or the other cell types of the tumour microenvironment.
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Figure 7: Conclusive scheme of Ohlund et al. work showing the two major discovered
phenotypes of activated PSCs, called myCAFs for the PSCs having a myofibroblastic
phenotype and iCAFs for that having an inflammatory phenotype (Ohlund et al., 2017).
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Figure 8: Illustration of the other four major activated PSC’s subpopulations, classified

depending on their influence in PDAC prognosis (Neuzillet et al., 2019).
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CHAPTER 3: Role of PSCs in pancreatic diseases
I. Pancreatitis
I.1) Chronic pancreatitis (CP)

Excessive pancreatic fibrogenesis, known now to be principally mediated by the
activated PSCs, is the main consequence of chronic pancreatitis development and progression
(Apte et al., 2011; Kloppel et al., 2004). Indeed, CP is a progressive necro-inflammatory
pancreatic disease causing an irreversible destruction of the exocrine and endocrine pancreatic
tissues accompanied by loss of pancreatic acinar and islets cells, which are consequently
replaced by fibrous tissue disrupting pancreatic normal functions. Initially CP development is
in general asymptomatic and then is manifested by recurrent episodes of acute pancreatitis,
followed at a later stage by intermittent or constant pain, ductal dilatation, and pancreatic
calcification. At the final stage of CP, most of patients present exocrine and endocrine
insufficiency accompanied by maldigestion and diabetes, respectively. However, despites
intensified research studies, CP treatment remains a challenge since no effective therapy other
than supportive care has been found to stop pancreatic fibrosis progression (Spanier et al.,

2008).

In the developed countries, the principal etiological factor causing CP is alcohol abuse,
accounting for approximately for 70-80% of all CP cases. Nevertheless, in approximately 20%
of the cases the real cause is unknown, and thereby are considered as idiopathic CP. In addition,
there are other risk factors leading to CP development, all classified according to the TIGAR-
O system into six categories, including toxic-metabolic (T), idiopathic (I), genetic (G),
autoimmune (A), recurrent acute pancreatitis (R), and obstructive (O) aetiologies (Etemad and
Whitcomb, 2001). Moreover, another classification system divided CP into 7 categories based
on the prevalence of each risk factor, the clinical stage and the severity of the disease, named
the M-ANNHEIM system (Schneider et al., 2007). This system subclassified the multiple (M)
risk factors inducing CP into alcohol consumption (A), nicotine consumption (N), nutritional
factors (N), hereditary factors (H) efferent pancreatic duct factors (E), immunological factors

(I), and miscellaneous and metabolic factors (M) (Schneider et al., 2007).

At the molecular level, CP pathogenesis can be explained in part by the generated free
radicals within pancreatic acinar cells (PACs) due to the alcohol- or its metabolites-induced
oxidative stress, resulting to lipid oxidation. Therefore, this promotes the activation of

transcription factors, such as NF-kB, involved in the expression and secretion of
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proinflammatory cytokines and chemokines causing PAC death. Furthermore, the non-
oxidative alcohol metabolism can induce the accumulation of fatty acid ethyl esters in PAC,
found to provoke organelle damages, like lysosome fragility, leading to acinar cell dysfunction
(Haber et al., 2004, 1993). Another cause responsible for CP pathogenesis is the ductal
obstruction induced by the increased protein concentration and viscosity of the pancreatic juice.
Indeed, alcohol modifies PAC’s secretory function resulting to protein hypersecretion, and thus
to the formation of protein plugs within the pancreatic duct. These proteins plugs can induce
the formation of calculi, containing Ca** carbonate precipitates, contributing to pancreatic

duct’s obstruction (Tsujimoto et al., 2008).

However, besides alcoholic CP, repetitive episodes of acute pancreatitis (AP)
characterized by pancreatic tissue autogestion can lead to severe CP. During AP, there is a
dysregulated activation of pancreatic enzymes secreted by the PAC, including aberrant trypsin
activation, resulting to PAC’ auto-destruction and loss by necrosis and apoptosis (Bateman et
al., 2002) but also to inflammatory cell infiltration. Therefore, recurrent episodes of AP cause
a replacement of the cellular component by non-cellular fibrous tissue and an induction of
sustained inflammation, corresponding to CP development. In fact, the divers liberated
cytokines in response to the inflammatory injury will stimulate PSC’s activation setting the
stage for pancreatic fibrogenesis, and consequently promoting ECM deposition (Apte et al.,

2016).

Additionally, sustained CP-induced inflammation can alter the ductal epithelium
microenvironment increasing the risk of neoplastic transformations due to an augmentation of
the ductal cell proliferation and genomic damages, defining CP as predisposing factor for
pancreatic cancer development (Binkley et al., 2004; Raimondi et al., 2010). This CP-induced
inflammation can also contribute to the development of pancreatic cancer through the formation
of preneoplastic pancreatic intraepithelial lesions (mPanINs) triggered from PACs’
dedifferentiation and increase of their sensitivity to K-RAS mutation-induced transformations

by inhibition of the senescence process (Guerra et al., 2011).
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I.2) Role of activated PSCs in pancreatitis

Activation of PSCs occurs as an early event of AP- and CP-induced necro-inflammation
and it has been shown that activated PSCs communicate with their neighbour PACs
participating in the amplification of the necro-inflammatory reaction and thereby destruction of

PACs (Masamune et al., 2009).

Besides the previous-cited activation properties, it has been reported that once activated
PSCs express both, type 1 and 2 of cholecystokinin (CCK) receptors (CCK1 and CCK2) (Berna
et al., 2010; Phillips et al., 2010). Indeed, upon CCK exposure, activated PSCs produce and
secrete acetylcholine, which then binds to PACs’ muscarinic receptors stimulating digestive
enzymes release, such as amylase, implying a CCK-elicited acetylcholine release mechanism
mediated by activated PSCs and stimulating PAC’s secretion (Phillips et al., 2010). However,
a maintained PSC’s activation will trigger an enhanced acinar secretory activity leading to

protein hypersecretion and thus protein plugs formation obstructing the pancreatic ducts.

Another study conducted by Gryshchenko et al. identified a necrotic amplification loop
between activated PSCs and PAC (Gryshchenko et al., 2018). The authors have demonstrated
that ethanol, fatty acid ethyl esters, or certain bile acids generate excessive Ca** signals in PACs
which activate PAC intracellular trypsin inducing PAC autodigestion and consequently PAC
necrosis. This process permits trypsin’s release from the zymogen granules into the interstitial
fluid, where it acts on the neighbour activated PSCs generating Ca* signals which stimulate
nitric oxide (NO) synthase activation leading to NO formation (Jakubowska et al., 2016). In
turn, the PSC-generated NO diffuses into the adjacent PACs promoting PAC necrosis which
provokes additional trypsin release, by mechanisms not yet known, and thus creating a vicious
destructive circle (Gryshchenko et al., 2018) (Figure 9). This necrotic loop mediated in part by
the activated PSC-generated NO could explain the observed high serum nitrite/nitrate levels in
patients with pancreatitis responsible for the decreased velocity of pancreatic microcirculation
(Hegyi and Rakonczay, 2011). This suggests that the elevated NO synthesis by activated PSCs
might participate in duct’s vascular tone modification resulting to blood capillaries
vasodilation, known in general to be regulated by endothelial-produced NO (Rees et al., 1989).
Thereafter, PSC-induced PAC necrosis will recruit the inflammatory cells which in turn will
produce and secrete high amounts of proinflammatory cytokines conducting from the one side
to further PSC’s activation and from the other side increasing pancreatic inflammation, and

hence further exacerbating pancreatic fibrogenesis.
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Figure 9: Activated PSCs’ interaction with pancreatic acinar cells creates a necro-

inflammatory amplification loop exacerbating pancreatic acinar cells’ necrosis, promoting thus
their replacement by an acellular fibrotic tissue. FA, ethanol and/or bile acids trigger excessive
Ca* signals in PACs leading, on the one side, to mitochondria depolarization followed by a
diminution of ATP production, and, on the other side, to trypsin activation, both resulting to
PACs’ necrosis. This is manifested by the release of trypsin and kallikrein from the necrotic
PACs, which in turn will stimulate Ca** signal generation in PSCs. The generated from PSCs
Ca”" signals will then induce nitric oxide production, which in turn will act on PACs promoting
their necrosis. TLCS: taurolithocholic acid sulphate; FA: fatty acids, ZGs: zymogen granules;
ATP: adenosine triphosphate; BK: bradykinin; (Gryshchenko et al., 2018).

II. Pancreatic ductal adenocarcinoma (PDAC)
II.1) Development and progression of PDAC

Among all types of pancreatic cancer, pancreatic ductal adenocarcinoma (PDAC) is the
most common type, representing 90% of all pancreatic malignancies (Hidalgo, 2010; Kleeff et
al., 2016). PDAC constitute one of the most lethal cancers, currently representing the 4™ cause
of cancer-related deaths in the world, with a 5-year survival rate less than 8% (“Cancer Facts
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& Figures 2019 | American Cancer Society,” n.d.). Its genesis can be triggered by multiple risk
factors, including smoking, alcohol abuse, diabetes, age, and CP. Actually, it has been shown
that patients with more than 5 years of CP have 14-fold increased risk to develop PDAC,
implying that CP progression represents a precancerous lesion for PDAC development (Pandol
et al., 2012). Besides environmental factors, genetic predispositions related to gene mutations
(e.g.: BRCAI for breast cancer 1, BRCA2 or PRSS1 for serine protease 1 gene mutations) can
also conduct to PDAC development It is expected that PDAC-related cases and deaths will
increase by more than two-fold within the next ten years (Bray et al., 2018). Its poor prognosis
is mainly due to PDAC asymptomatic progression, associated with an early-stage metastatic

spread and strong chemoresistance (Hidalgo, 2010; Oettle, 2014).

PDAC principally occurs in the head of the pancreas, and rapidly infiltrates the surrounding
tissues, including the spleen, the lymphatic tissues and peritoneal cavity. This PDAC infiltration
is accompanied by early metastasis into the lungs and liver, even when the primary tumour is
still approximatively 10 mm in size, decreasing patient’s survival rate. Furthermore, what
renders PDAC treatment even harder is its heterogeneity within the same tumour, since
according to the tumour region, the tumour grade or differentiation degree the lesion varies.
Indeed, PDAC arises from three types of non-invasive precursor lesions, followed by genetic
alterations, resulting to the development of a fully invasive tumour. These lesions include
pancreatic intraepithelial neoplasms (PanINs), mucinous cystic neoplasms (MCN), and
intraductal papillary mucinous neoplasms (IPMN), and they have different origins. PanINs have
been shown to mostly originate from acinar or centroacinar cells, particularly from the
transdifferentiation of those cells into cells with ductal identity, but in some cases PanINs can
also originate directly from ductal cells. While IPMNs arise mostly from the ductal epithelium,
and especially from the progenitor niche of the ductal epithelium (Yamaguchi et al., 2018).
Among these lesions, PanINs are the most common lesion found in the intralobular pancreatic
ducts, presenting approximatively 90% of the cases. Moreover, according to the severity of the
induced architectural disorganization and nuclear atypia by the lesions as well as the aberrant
cell proliferation, PanINs are classified into three grades from I to III, where grade I is the less
severe and grade III ultimately transforms into invasive PDAC (Figure 10). PanINs are
accompanied by genetic abnormalities, with the K-RAS gene mutation being the most frequent,

presented in 90% of PDAC tumors (Hezel et al., 2000).

However, despites the early metastatic and invasive fate of PDAC, the therapeutic treatment
inefficiency arises essentially from the dense fibrotic stroma (desmoplasia), which can account
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for 90% of the total tumour volume, surrounding the pancreatic cancer cells (PCC), thus
preventing the drug delivery (Norton et al., 2020; Vennin et al., 2018). The cellular component
of pancreatic desmoplasia is essentially constituted by cancer-associated fibroblasts (CAFs) or
so-called activated pancreatic stellate cells (PSCs), which are in permanent dialogue with the
PCCs providing them with an optimal heterogeneous microenvironment that aids the tumour’s
development and progression (Tang et al., 2013; Thomas and Radhakrishnan, 2020; von Ahrens
et al., 2017). Therefore, reducing PSC-induced activation factors might be the key for

improving PDAC chemotherapeutic efficiency.
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Figure 10: Stages of PDAC development, including the precancerous non-invasive
precursor lesions (PanINs, IPMN and MCN) and their origins. PanIN: pancreatic intraepithelial
neoplasia; [IPMN: intraductal papillary mucinous neoplasm; MCN: mucinous cystic neoplasm;

IPMC.: intraductal papillary mucinous carcinoma (Modified from Mazur and Siveke, 2012).
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II.2) Role of activated PSCs in PDAC

Activated PSCs are well known now to be involved in a dynamic dialogue with the
PCCs, promoting PDAC’s initiation, progression, aggressiveness, and chemoresistance (Apte
and Wilson, 2012; Hanahan and Weinberg, 2011; Vonlaufen et al., 2008). In fact, co-cultures
of PCCs and PSCs have demonstrated that activated PSCs stimulate the proliferation and
migration of the PCCs, and consequently they reduce PCC’s apoptosis (Hwang et al., 2008;
Vonlaufen et al., 2008a; Xu et al., 2010). Other reports using a sex mismatch mouse model or
engineered fluorescent PCC and PSC cell lines, have established that activated PSCs not only
accompany the migrating PCCs but they also favour the development of metastatic colonies
(Suetsugu et al., 2015, 2012). These findings reveal that activated PSC’s potential is not limited
only to their enhanced proliferative and migratory capacities, but they can also travel in the
blood circulation together with the PCCs, intravasating or extravasating blood vessels, and

hence disseminating into distant organs (Xu et al., 2010).

Moreover, the excessive ECM deposition induced by activated PSC-produced type I
collagen, fibronectin, or laminin, reflected by an increase of ECM stiffness, influences PCCs
phenotype (Lu et al., 2014). For example, increased type I collagen secretion from activated
PSCs have been shown to promote PCC’s migratory, metastatic, adhesive abilities as well as
their survival via the B1 integrin-focal adhesion kinase (FAK) signalling pathway (Drifka et al.,
2016). Additionally, the B1 integrin-FAK pathway drives PSC’s radio-protective effect on
PCCs irradiation decreasing PCC’s sensitivity to fractionated radiotherapy, as observed by p1
integrin and FAK knocking down in PCCs co-cultured with PSCs (Cabrera et al., 2014; Mantoni
et al., 2011). At the same time, PSC-mediated exorbitant ECM deposition augments the
interstitial pressure, restricting the blood flow, inflammatory cell infiltration and oxygen
availability, and thus providing the ideal environment for PDAC development and progression,
but also preventing chemotherapeutic agents’ delivery to PCCs. Another protein implicated in
ECM remodelling established to enhance PDAC spreading, is the secreted MMP-2 from
activated PSCs. Indeed, the assessment of observed xenograft tumor formations in an
immunodeficient mouse host has demonstrated that ECM degradation mediated by MMP-2

stimulates PCCs migration and invasion (Koikawa et al., 2018) (Figure 11).
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Figure 11: Dynamic bidirectional communication between activated PSCs and

pancreatic cancer cells, influencing each once behaviour (Vonlaufen et al., 2008).

Besides these effects on PCCs behaviour, activated PSCs can also induce epithelial-
mesenchymal transition (EMT) in PCCs, reflected by a diminution of epithelial markers
expression, such as E-cadherin and consequently an augmentation of mesenchymal markers
expression, like N-cadherin and vimentin (Kikuta et al., 2010; Tian et al., 2016). Therefore, the
acquisition of a mesenchymal phenotype in PCCs following the EMT further promotes their
migratory and invasive properties as well as increases their resistance to apoptosis (Thiery et
al., 2009). Furthermore, it has been reported that activated PSC favour the acquisition of stem-
cell like phenotype in PCCs, illustrated by the expression of stem cell markers in PCCs, such
as nestin and ATP-binding cassette sub-family G member 2 (ABCG2), and their enhanced
ability to form spheroids, when co-cultured with PSCs in vitro, implying that PSCs might
constitute a niche for PC stem cells (Hamada et al., 2012). Along with these capacities, activated
PSCs promote T lymphocytes apoptosis and thereby inhibit their infiltration in the tumor
microenvironment, and in parallel they activate mast cells and myeloid-derived suppressor
cell’s differentiation, aiding PCCs to escape the host immunosurveillance (Ene-Obong et al.,

2013; Ino et al., 2013).
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This dynamic dialogue between activated PSCs and PCCs promoting PDAC spreading
is notably modulated by PSC-secreted cytokines and growth factors. For instance, activated
PSCs secrete hepatocyte growth factor (HGF), which binds and activates its protooncogenic
tyrosine kinase c-Met receptor located at PCC’s membrane, rising their proliferative, migratory,
and invasive potential, as well as their apoptosis resistance (Patel et al., 2014). Another example
is the secretion of the chemokine stroma derived factor-1 (SDF-1) from activated PSCs, which
acts through its canonical receptor CXCR4 expressed in PCCs, participating in the evasion of
gemcitabine-induced apoptosis in PCCs, further supporting their survival (Gao et al., 2010; Wei
et al., 2018; Zhang et al., 2015). Indeed, gemcitabine administration is the principal
conventional agent used for PDAC treatment. This mechanism was found to be mediated by
the activation of ERK1/2, AKT and FAK pathways in PCCs, followed by an upregulation of
IL-6 secretion from PCCs (Zhang et al., 2015). In addition to SDF-1, fibronectin release from
activated PSCs has also been demonstrated to be involved in PCC’s gemcitabine resistance via
the activation of the ERK1/2 pathway. Furthermore, it has been demonstrated that PSC-induced
T lymphocyte apoptosis is driven by the PSC-secreted galectin-1, a B-galactoside-binding
protein, providing an immunosuppressive tumor microenvironment (Tang et al., 2015).
Moreover, secreted proangiogenic factors from activated PSC, such as IL-8, VEGF, PDGF,
FGF and periostin, have been established to stimulate endothelial cells’ growth and thus
angiogenesis (Erkan et al., 2009; Xu et al., 2010). Periostin has also been established to
participate in the augmentation of PCC’s chemoresistance and in the enhancement of their
metastatic capacity through the ERK/c-Myc and EGF receptor/AKT pathways (Fukushima et
al., 2008). Other studies have reported an important role of PSC-secreted IL-6 in the
transformation of non-invasive PanIN cells into invasive PCCs thought the activation of the
STAT3 (Signal Transducer and Activator of Transcription 3) signalling pathway, indicating
that activated PSCs trigger PDAC genesis even from the early precursor stage (Mace et al.,
2013). Another report highlighting the involvement of PSCs from the very early stage of PDAC
development, has demonstrated that inhibition of PSC-secreted COX-2 declines the progression
of non-invasive PanINs lesions to neoplastic lesions, in a mouse model of PDAC (Yoshida et

al., 2005, 2004).

However, the interaction between activated PSCs and PCCs is bidirectional, and
therefore PCCs also influence PSC’s behaviour (Apte et al., 2015; Bachem et al., 2005). Indeed,
PCC-secreted cytokines increase PSC's proliferation, migration, ECM and MMP synthesis, and

their inflammatory profile, hence promoting and sustaining PSC’s activation (Apte et al., 2012,
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1999; Ferdek and Jakubowska, 2017; Jaster and Emmrich, 2008). For instance, PCC-secreted
PDGF and COX-2 stimulate PSC’s proliferation, whereas PCC-secreted TGF-B1 and FGF
stimulate PSC-induced ECM production and secretion (Bachem et al., 2005; Koninger et al.,
2004; Tjomsland et al., 2016; Vonlaufen et al., 2008a). Moreover, PSC’s proliferation and
MMP expression has been found to increase from the precancerous stage, as shown by PSC’s

exposure to conditioned medium from PanINs cells (Pandol et al., 2012).

Within sight of activated PSC’s primordial role in PDAC genesis and the exacerbation
of pancreatic fibrosis, or so-called desmoplastic reaction in PDAC, a stromal activity index has
been developed as a prognostic tool for PDAC severity reflected by PSC’s activation, and thus
the grade of fibrotic process activity. This stromal activity index is defined by the ratio of aSSMA
expression to the density of type I collagen deposition. Therefore, a high stromal activity index

is associated with a weaker patient prognosis (Erkan et al., 2008).

All these properties and potentials defined activated PSCs not only as pro-fibrogenic
cells implicated in pancreatic stroma development but as multifunctional cells, indispensable

for CP and PDAC development, progression, and aggressiveness (Figure 12).
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Figure 12: Brief illustration of activated PSC’s crucial role in the development and
progression of PDAC. Indeed once activated, PSCs communicate tightly with the pancreatic
cancer cells (PCCs) through the secretion of various cytokines and growth factors leading
among others to the promotion of PCCs’ proliferation, migration, invasion but also chemo- and
radioresistance. In turn, PCCs stimulate/exacerbate PSCs’ activation promoting their
proliferative, migratory, and secretory abilities, and notable the secretion of type I collagen and
fibronectin. Moreover, activated PSCs participate in PDAC development and progression
through their communication with the nerve cells, the endothelia cells and the immune cells via
the secretion of neurotrophic factors (e.g., NGF), angiogenic factors (e.g., VEGF) and cytokines
(e.g., IL-6), respectively. CSC: cancer stem cells; CXCL: chemotactic chemokine ligand;
CXCR: chemotactic chemokine receptor; EMT: epithelial mesenchymal transition; FGF:
fibroblast growth factor; IFNy: interferon gamma, IL: interleukin, NGF: nerve growth factor,
MDSC: myeloid derived suppressor cells, TGFp: transforming growth factor beta; TNFa:
tumor necrosis factor alpha; VEGF: vascular endothelial growth factor (Mekapogu et al., 2019).
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CHAPTER 4: Functional features of activated PSCs: focus on cell proliferation and

cytokine secretion
I.  Cell proliferation

One of the main functional characteristics of activated PSCs is their enhanced capacity to
proliferate. However, a disruption of the balance between cell proliferation and cell death leads
to tissue homeostasis interruption, causing different pathologies, including fibrosis and cancer
(Feitelson et al., 2015; Fukumoto et al., 2019; Johnson and DiPietro, 2013). Therefore, together
with the ECM remodelling, the high proliferative potential of PSCs could partially explain why

once activated, PSCs lose their ability to maintain pancreatic tissue homeostasis.

Cell proliferation is defined as the process leading to the generation of an increased number
of cells, through the ability of a mother cell to divide into two daughter cells under the tight
control of cell cycle. This latter is composed of four major distinct phases, namely G1, S, G2
and M phase. G1 phase, also called first gap phase, corresponds to the most important phase of
the cell cycle, since during this step a cell undergo G1/S checkpoint, which determines whether
the cell will continue or exit from the cell cycle (Norbury and Nurse, 1992). During G1 phase,
the cell prepares its entry to the S phase, increasing its size, becoming metabolically active, and
replicating its centrosomes. However, if the cell is not ready to proceed to the S phase, either it
rests in G1 until it passes the restriction point, known also as G1/S checkpoint, either it exits
the cell cycle entering in the GO resting phase. Once the G1/S checkpoint is passed, extracellular
signals, such as mitogenic factors are no longer necessary for stimulating the cell cycle
progression, and thus proliferation (Pardee, 1974). The cell then enters the S phase where it
completes the centrosome replication started during G1 phase, playing a role in DNA separation
during the M phase, and synthesizes and replicates its DNA to give 4N chromosomes at the end
of the phase. Afterwards, the cell moves to the G2 phase or in other words second gap phase,
where it continues to grow synthetizing proteins and organelles, preparing its division in the M
phase. Actually, the G2 phase contains the second checkpoint of the cell cycle, named G2/M
DNA damage checkpoint, assuring that the entirety of the cell DNA has been properly
replicated without any damages, before permitting the cell mitosis. These three phases
constitute the interphase, where the cell pass the most time of the cell cycle, undergoing controls
and reparations before entering in the last phase, named M phase. During this highly regulated
phase, also called mitosis, the cell divides its duplicated DNA and cytoplasm to produce two

daughter cells containing the same genetic material as their mother cell (Novék et al., 2003).
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For a proper cell division, five types of checkpoints have been described to occur during
the cell cycle progression (Barnum and O’Connell, 2014). A checkpoint controlling the cell
size, arising at the first and second gap phase (G1 and G2), ensuring an adequate cell growth
indispensable for regulation of the genetic and nutrient distribution. A checkpoint monitoring
DNA replication during the S phase, followed by a DNA damage responses checkpoint
occurring during the G2/M transition, verifying, and repairing any detected DNA lesions.
Additionally, a S-M dependency checkpoint arises repairing post-replication errors that have
not been corrected by the previous checkpoints, assuring that mitosis is not initiated until the
DNA is correctly and completely replicated. Last, a mitotic spindle checkpoint takes place
during mitosis checking that each chromosome is properly attached to the spindle before
permitting the separation of the duplicated chromosomes (Barnum and O’Connell, 2014).
However, if the detected damages and errors during the cell cycle progression are irreparable,

the cell undergo a programmed cell death, most of the times through the apoptosis pathway.

I.1) Cyclin and Cyclin-Dependent Kinases (CDKs)

In addition to the checkpoints, there are two groups of intracellular regulatory molecules
that either promote either interrupt cell cycle progression. The cyclins and cyclin-dependent
kinases are the molecules responsible for the cell progression through the checkpoints. Indeed,
the CDKs are part of the serine/threonine kinase family, forming complexes with their
regulatory cyclin subunit to become activated. Among the 21 identified CDKs within the human
genome, the most related to the cell cycle regulation are CDK1-6. The CDKs are constitutively
expressed but their activation depends on the availability of their binding regulatory cyclin
subunit, and also on the induced phosphorylation of the cyclin/CDK complex in response to
mitogenic stimuli (Malumbres, 2014; Whittaker et al., 2017). Therefore, the first CDKs
involved in the cell cycle progression after mitogenic stimulation occurring in G1 phase are the
CDK4 and CDK6, which bind to cyclin D forming the cyclin D/CDK4/6 complex, inducing the
phosphorylation of the tumor suppression protein retinoblastoma (pRb). Indeed, in
resting/quiescent cells pRb is found in its dephosphorylated state, associated to the E2F
(Eucaryotic Elongation Factor 2) transcription factor, blocking E2F translocation to the nucleus
and thus its transcriptional activity (Duronio and Xiong, 2013). Consequently, pRb
phosphorylation by the cyclin D/CDK4/6 complex induces the dissociation of the pRb-E2F

complex, promoting E2F nuclear translocation and gene transcription indispensable for the
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G1/S transition, including genes encoding for cyclin E. In turn, pRb is further phosphorylated
by the cyclin E/CDK2 complex occurring during the GI1/S checkpoint. However, a
dysregulation of this restriction checkpoint results to developmental and pathological disorders
due to the uncontrolled cell division, including fibrosis and cancer. Furthermore, E2F also
stimulates the transcription of genes encoding for cyclin A, which accumulates during S phase
binding to the CDK2, whereas it binds to CDK1 during the S/G2 transition. During G2 phase,
cyclin B mRNA and protein levels increase, which allows CDKI1 binding to cyclin B,
stimulating the expression of genes implicated in mitosis progression preparing the M phase
and thus promoting the G2/M transition (Malumbres, 2014; Whittaker et al., 2017) (Figure 13,
Figure 14).
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Figure 13: Variation of cyclins’ expression according to their role and implication in

the cell cycle phases (“Cell Cycle Checkpoints | Biology for Majors 1,” n.d.).

I.2) Cyclin-Dependent Kinase Inhibitors (CKIs)

Besides the cyclin/CDK complexes responsible for the promotion of cell cycle
progression, molecules preventing cell division until problematic conditions are resolved, also
play an essential role. These molecules, called cyclin-dependent kinase inhibitors (CKI) block
cell cycle progression principally in G1 phase reducing the activity of the cyclin/CDK

complexes. They intervene among others in response to cellular stress, absence of growth
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factors, DNA mutations or to stimulate the cell differentiation, limiting an aberrant cell
proliferation. CKIs are divided into two main families, containing the CDK4/6 inhibitor
proteins (INK4) and the CDK-interacting protein/kinase inhibitory proteins (CIP/KIPs). The
INK4 family is constitute by p16™K42 p]5INK4 5 18INKde and p19NK4d occurring during the G1
phase (Cénepa et al., 2007; Malumbres and Barbacid, 2009). The CIP/KIP family is composed
of p21€™®1, p27XP! and p52K1F2, negatively regulating cyclin E/CDK2, cyclin A/CDK2, cyclin
A/CDKI1 and cyclin B/CDKI1 complexes, and thus participating in all four cell cycle phases
(Harper et al., 1993; Sherr and Roberts, 1995; Xiong et al., 1993). On the other side, these
proteins positively modulate the cyclin D/CDK4/6 complex, promoting cell cycle progression

in the early G1 phase (Malumbres and Barbacid, 2009) (Figure 14).
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Figure 14: Summary of cyclin/cyclin-dependent kinases (CDK) and cyclin dependent

kinase inhibitors (CKI) involvement during the cell cycle progression (Strauss et al., 2012).

II. Cell survival

Tissue homeostasis is not only relying on an adequate controlled proliferation but also on a
proper cell death permitting to eliminate old and dysfunctional or harmed cells. In general, there
are three major types of cell death: apoptosis (type I), autophagy (type II) and necrosis (type
III). Apoptosis and autophagy are considered as programmed cell deaths whereas necrosis is a
sudden non-programmed cell death. Among these types of cell death, apoptosis has been linked

to the development of various pathologies. Indeed, resistance to apoptosis has been found to
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exacerbate the severity of the fibrotic outcomes (Johnson and DiPietro, 2013; Kisseleva and
Brenner, 2008) and to promote cancer development and progression (Cory and Adams, 2002;

Hamacher et al., 2008).

II.1) Apoptosis

Under physiological conditions, apoptosis is a finely controlled process, responsible for
the elimination of mutated, damaged, or useless cells, occurring during embryogenesis and in
any other step of human’s life. This genetically programmed cell death is characterized by an
exposure of phosphatidylserine to the outer layer of the plasma membrane, a diminution of the
cellular volume caused by nucleus and chromatin’s condensation but also to membrane’s
blebbing, followed by a nuclear fragmentation and DNA cleavage by caspases. Moreover,
during apoptosis, cytochrome C is released from mitochondria in the cytoplasm where it
activates caspases. This is due to a perturbation of the mitochondrial membrane reflected by
depolarization of the mitochondrial potential and consequently permeabilization of the
mitochondrial membrane with opening of the mitochondrial permeability transition pore
(MPTP). Together these events induce cell fragmentation into several apoptotic bodies, which
will be then eliminated by macrophages (Jin and El-Deiry, 2005; Kroemer et al., 2009; Wyllie
et al., 1984).

Apoptosis activation can be induced through two different pathways, an intrinsic
pathway, and an extrinsic pathway (Fulda and Debatin, 2006). Both pathways activate proteins
basically not functional, namely initiator caspases 8 and 9, which act as precursors for the
effector caspases 3,6 and 7, leading to the cleavage of target proteins such as proteins of the
Bcl2 family or even cell cycle regulators like p21, p27 or Rb, and thus inducing apoptotic cell
death (Jin and El-Deiry, 2005).

I1.2) Intrinsic apoptosis pathway

The intrinsic or also known as mitochondrial pathway is triggered mainly by the
mitochondria in response to death stimuli, such as oxidative stress (ROS), ER stress and DNA
damage. These death stimuli induce a depolarization of the mitochondrial potential resulting to
MPTP opening which leads to the release of pro-apoptotic proteins like cytochrome C, pro-
caspase 9 and Apaf-1 (apoptotic protease activating factor-1) from the mitochondrial

52



intermembrane space into the cytoplasm (Kwong and Molkentin, 2015; Li and Yuan, 2008).
Once in the cytoplasm cytochrome C and Apaf-1 interact forming a complex called
“apoptosome” which induces the cleavage of the inactive pro-caspase 9 to active caspase 9,
cleaving and activating in turn the effector pro-caspases 3 and 7. In addition, MPTP opening
releases also pro-apoptotic and anti-apoptotic proteins of the Bcl-2 family sharing Bcl-2
homology domains, shown to regulate apoptosome’s formation. The pro-apoptotic proteins
include the Bax, BID and Bak proteins, while the anti-apoptotic proteins contain the Bcl-2, Bcl-
x1 and Mcl-1 proteins (Hengartner, 2000; Jin and El-Deiry, 2005; Suhaili et al., 2017). Pro-
apoptotic proteins like Bax are recruited at the outer mitochondrial membrane promoting
cytochrome C release in the cytoplasm, whereas anti-apoptotic proteins such as Bcl-2 block
Bax inhibiting the mitochondrial permeabilization (Crompton, 2000; Wei et al., 2001).
Consequently, apoptosis depends on the ratio between pro- and anti-apoptotic protein
expression since high expression of Bax promotes apoptosis, while elevated expression of Bcl-

2 prevents apoptosis (Figure 15).
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Figure 15: Representation of the two principal apoptotic pathways, including the

intrinsic or mitochondrial pathway and the extrinsic pathway (Patergnani et al., 2020).

I1.3) Extrinsic apoptosis pathway

The extrinsic pathway mediates apoptosis through the activation of specific death
receptors belonging to the TNFR (tumor necrosis factor receptor) family, carrying the death
signal inside the cell. The TNFR family is composed of the TNFR1 and TNFR2 receptors which
are activated after binding of TNF-o, of the Fas receptors, activated after FasL binding, and of
the TRAIL (TNF-related apoptosis-inducing ligand) receptors, activated after TRAIL binding.
Once the receptor is activated, adaptor proteins such as FADD (Fas-associated death domain)
and TRADD (TNF receptor-associated death domain) are recruited from the receptor activating
the initiator caspases 8 which in turn will activate the effector caspases 3,6 and 7 by cleveage.
Moreover, caspase 8 is able to active by cleavage the BID factor, a pro-apoptotic Bcl-2 protein
that once activated interacts with Bax, another protein of Bcl-2 family permitting its
translocation from the cytoplasm to the outer mitochondrial membrane where it triggers the
intrinsic apoptosis pathway (Ashkenazi, 2008; Li et al., 1998). Therefore, the extrinsic
apoptosis pathway can also induce the activation of the intrinsic apoptosis pathway (Figure
15).
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III. TGF-B1 secretion
III.1) TGF-p1 signalling in CP and PDAC

The most potent fibrogenic cytokine known to be involved in PSC's activation and PSC-
induced fibrosis and pancreatic tumorigenesis and desmoplasia is the transforming growth

factor-p1 (TGF-B1) (Kim et al., 2018; Kulkarni et al., 2011; Eric Schneider et al., 2001).

III.1.1) Importance of TGF-B1 in pancreatic desmoplasia and cancer

TGFB mammalian family is composed of three different isoforms, TGF-f1, -B2, and -p3,
sharing 75% sequence homology and structural similarity (Wakefield and Hill, 2013). Amongst
these, TGF-B1 has been found to be the most abundantly expressed and secreted isoform,
controlling a plethora of cellular processes, including cell proliferation, protein expression,
biosynthesis, and turnover of the ECM, as well as apoptosis (Massagué, 2012). Most
importantly, TGF-B1 signalling has been shown to be a critical regulator of pancreatic fibrosis
development and PDAC evolution, acting as a linking factor in PSC-PCC crosstalk (Lohr et al.,
2001; Satoh et al., 1998).

III.1.2) TGF-p1-induced pancreatic desmoplasia

TGF-B1-induced fibrotic processes are well demonstrated now to be mainly targeted by the
activated PSCs within the pancreatic tumor microenvironment (Pickup et al., 2013). This is due
to the potential of TGF-B1 to transform the quiescent PSCs into activate PSCs, principally by
inducing an increase of aSMA expression. After TGF-f1 stimulation, activated PSCs
strengthen their ability to synthesize all ECM important proteins, especially type I collagen,
fibronectin, and proteoglycans, conferring a strong rigidity to the tumour stroma (Lee et al.,
1995; Shek et al., 2002). For example, in cultured PSCs, TGF-B1 exposure augmented up to
10-fold fibronectin gene expression and up to 8-fold its protein secretion. Whereas Vogelmann
et al. have found that TGF-B1 overexpressing transgenic mice present morphological features
of chronic pancreatitis, the major precursor of PDAC, since the 14" day after birth, developing
a pancreatic fibrous tissue mainly composed of PSC-induced type I collagen (Vogelmann et al.,
2001). At the same time, TGF-Bl-induced PSC's fibrosis inhibits ECM degradation by
decreasing the expression and secretion of MMPs, particularly of MMP1, MMP3 and MMP9

(Tjomsland et al., 2016). Moreover, TGF-B1-mediated pancreatic fibrosis downregulates
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MMPs by inhibiting their enzymatic activity through TIMPs' expression and secretion, leading
to the regulation of ECM turnover. Furthermore, TGF-B1 is involved in the enhancement of
PSC's proliferation through the stimulation of mitogenic factors' expression and secretion, such
as PDGF (Masamune et al., 2003). However, where TGF-B1 has a significant direct effect on
the promotion of PSC's proliferation still an unresolved issue, contrarily to hepatic stellate cells,

the counterparts of PSCs, where it clearly increases their cell proliferation (Shen et al., 2003).

Once activated, in turn, PSCs trigger TGF-B1 synthesis and secretion, creating an autocrine
stimulatory feedback loop to sustain their activation but also to perpetuate TGF-B1-induced
ECM deposition (Apte et al., 1999; Kruse et al., 2000). This vicious cycle between TGF-B1-
mediated PSC's activation and PSC-induced TGF-B1 secretion exacerbates the desmoplastic
reaction, responsible for the formation of the dense fibrotic tissue. These mechanisms could
partially explain the elevated mRNA and protein levels of TGF-B1, observed during PDAC,
notably in the fibrotic areas. In addition, high TGF-B1 expression has been associated to a

poorer patient's survival and spreading of PCCs (Park et al., 2019).

III.1.3) TGF-p1-mediated PDAC progression

PCCs express and secrete high amounts of TGF-f1, and this overexpression becomes
strongest in the most advanced stages of PDAC. Therefore, chronic elevated PCC-derived TGF-
B1 expression correlates with tumor progression, aggressiveness, and poorer prognosis (Friess
etal., 1993; Javle et al., 2014). In contrast, it has been shown that low circulating levels of TGF-
B1 extend patient's survival. The tumorigenic effect of TGF-B1 results from TGF-B1-enhanced
PCC proliferation, migration, invasion, and survival, particularly during later stages of PDAC
(Glazer et al., 2017; Gupta and Maitra, 2016). Moreover, PCC-induced TGF-$1 overexpression
stimulates the production of other mitogenic growth signals, including PDGF, and FGF, leading
to further promotion of tumorigenesis and progression. Additionally, it promotes the EMT of
PCC, occurring to enhanced PCC's migratory ability (Morrison et al., 2013). In cooperation
with the high PSC-derived TGF-B1, it participates to the exacerbation of PDAC development
through the excessive PSC/TGF-Bl-induced ECM deposition and tissue fibrosis, the
perpetuation of immune and inflammatory functions, and the increased chemoresistance (Lohr

etal., 2001).

However, TGF-f1 has a dichotomous effect on pancreatic tumour initiation and

progression. In non-neoplastic epithelial cells and in the earliest stages of PDAC, TGF-B1 acts
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as a tumour growth suppressor via the inhibition of cellular proliferation. Whereas, during
PDAC progression, it becomes a tumour growth promoter by stimulating PCCs oncogenic
properties, including PCC proliferation and inducing EMT (Ellenrieder et al., 2001). The
complexity and dual role of TGF-B1 vary regarding the tumour microenvironment, PSC-PCCs
crosstalk, and PCCs behaviour. Hence, the multiple aberrations of TGF-B1 signalling observed
in PCCs, could partially explain why TGF-B1 loses its anti-tumoral and antiproliferative
properties during pancreatic tumorigenesis. Indeed, several mutations of the TGF-f1
transduction pathway have been identified in PDAC. The most well-characterized detected
mutation is the loss of SMAD4, one of the downstream effectors of TGF-B1 signalling cascade,
shown to be deleted in at least 50% of PDAC, and thus leading to TGF-f1-diminished inhibition
of cell cycle progression (Fan et al., 2016). It has been established that SMAD4 can be either
homozygously deleted or inactivated by an allelic loss of counterparts in PDAC (Cicenas et al.,
2017). Besides, SMAD4 gene alteration, mutations in the gene of type I and type II TGFB1
receptors have also been found, most of which are frameshift resulting in the production of a
truncated protein with absented intracellular and transmembrane domains, observed in
approximately 5% of cases (Subramanian et al., 2004; Wagner et al., 1998). Therefore, the
suppressed TGF-B1 capacities to decrease tumour cell growth and proliferation are due on the
one hand, to disruptions of its own transduction signalling pathway, and on the other hand, to
TGF-B1 ability to promote PCC-secreted mitogenic factors and so PCC proliferation. However,
it is still less elicited where TGF-B1 can directly promote PCCs as well as activated PSCs

proliferation.

I11.2) TGF-p1 mechanism in the control of cell proliferation

To date, the molecular mechanisms driving the proliferative potential of TGF-B1 remain
less defined than those leading to cytostasis. TGF-B1 exerts its antiproliferative effect
principally through two sets of mechanisms, involving stimulation of cyclin-dependent kinase
inhibitors and eliminating growth-promoting transcription factors during cell cycle progression.
This latter is composed mainly of four distinct phases, including G1 phase, DNA synthesis
corresponding to S phase, G2 phase, and cell division controlled by M phase. The cell cycle
process from G1 to S phase is controlled by the activation of cyclin-dependent kinases (CDKs),

including CDK2, 4 and 6, and cyclins, as cyclin D and E. CDK2 needs to bind cyclin E to
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phosphorylate its substrates, while CDK4 or CDK6 binds to cyclin D, permitting the G1/S
transition. Nevertheless, CDK inhibitors disrupt CDK-cyclin complexes resulting in a cell cycle
arrest in G1 phase. TGF-1 interferes in cell cycle arrest blocking G1/S transition by inducing
the expression of p15, p21, and p27- CDK inhibitors. Additionally, TGF-1 can also augment
p27 activity without modifying its expression, in part because TGF-B1-increased p15 disrupts
the existing p27-CDK4/6-cyclin D complex, releasing p27. Indeed, p27 is inactive within the
p27-CDK4/6-cyclin D complex, but when it is released, it binds to the CDK2-cyclin E complex
inhibiting its activity. Furthermore, TGF-B1 can also directly suppress the expression of
mitogenic transcriptional factors, particularly of c-myc, and cell differentiation inhibitors, as
Id1, 2 and 3. It is known that c-myc promotes cell growth and proliferation by its binding to the
promoters of CDK inhibitors, e.g., p15 and p21, blocking thus their activation. Therefore, TGF-
B1-induced c-myc downregulation prevents cells from entering a growth-promoting state. The
Id1 cell differentiation suppressor decreases p21 expression and simultaneously increases the
inactivation of the retinoblastoma protein through its phosphorylation, abolishing the repression
CDK2-cyclin E activity, which is inverse by TGF-B1 stimulation. Besides these mechanisms,
TGF-B1 represses the expression and activity of the CDK tyrosine phosphatase Cdc25A,
involved in promoting G1/S and G2/M transitions. Hence, all these multiple TGF-B1-induced
mechanisms are due to TGF-B1's ability to activate distinct downstream signalling pathways

(Kim et al., 2018b; Morikawa et al., 2016; Truty and Urrutia, 2007; Zhang et al., 2017).

III.3) TGF-PB1 canonical signalling pathway

The classic signalling pathway of TGF-B1, or so-called TGF-f1 canonical signalling
pathway, consists of TGF-1 assembling into specific functional ligand-receptor complexes.
Initially, latent circulating TGF-B1 undergo proteolytic cleavage and dissociation to become
activated and form a TGF-B1 dimer complex to bind the type II TGF-B1 receptor (TGFRII)
homodimer. The association of TGF-1 to TGFRII allows the recruitment of type I TGF-p1
receptor (TGFRI) dimer. Both TGFRs are cell surface receptors possessing an intracellular
serine/threonine kinase activity, and the TGFRII-induced phosphorylation of TGRI on multiple
serine residues in its glycine-serine domain leads to its activation. Moreover, TGF-B1 possesses
a high affinity for TGFRII and cannot bind to isolated TGFRI. Thus, a functional, active

signalling complex requires an activated TGF-B1 dimer ligand associated with two TGFRI and
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two TGFRII, forming a heterotetrameric complex. After that, the active complex
phosphorylates specific SMAD transcription factors playing a pivotal role in TGF-f1-related
signal transduction to modulate the transcription of defined genes. The SMADs family is
classified into three functional groups: the receptor-regulated Smad (R-Smad) (Wu et al., 2001),
the common-mediator Smad (Co-SMAD) (Shi et al., 1997), and the inhibitory Smad (I-Smad)
(Itoh et al., 2001). The activated TGFRI specifically phosphorylates the R-Smads (especially
Smads-2 and -3), which then oligomerize with the Co-Smad, Smad4 to form a functional
transcriptional complex, and subsequently, translocate to the nucleus where it regulates the
transcription of the target genes. In activated PSCs, phosphorylated Smad2 and Smad3 combine
with Smad4, forming a dynamic complex that enters PSC's nucleus, inducing the transcription
of type I collagen and fibronectin through its interaction with coactivators and/or corepressors,
and thus promoting PSC-induced desmoplasia in PDAC. However, the last category of Smads,
the I-Smads (Smad 7), acts as an attenuator of inhibitor of TGF-B1 signalling. Indeed, TGF-B1
stimulation results in Smad7 translocates from the nucleus to the plasma membrane, where it
directly binds to TGFRI, competing with Smad2/Smad3 resulting in the inhibition of TGFRI-
induced phosphorylation, and so to the association with Smad4. Under transient TGF-B1
stimulation, Smad7 undergoes ubiquitination to be degraded, ending hence the negative
feedback loop, but the continued TGF-B1 stimulation will further activate Smad7 preventing its
degradation (Finnson et al., 2020; Liu et al., 2018; Truty and Urrutia, 2007).

Furthermore, TGF-f1/Smad canonical signalling pathway has been demonstrated to play a
predominant role in PDAC development and progression. David et al. have established that
PDAC cell phenotypes depend on the presence of Smad4 factor (David et al., 2016). They have
shown from the one side that Smad4-positive PCCs expressing Smad2/3/4 complex promotes
the EMT by the TGF-B1/Smad-mediated EMT-associated transcription factors, such as Snail.
On the other side, Smad4-positive PCCs repress Kriippel-like transcription factor 5 (KLF5),
known to promote the activation of Smad2/3 pathway resulting in tumor progression.
Additionally, in the absence of KLFS5, the same Smad2/3 pathway drives PCC's apoptosis

preventing tumour development (He et al., 2018).

Moreover, in transgenic mutant Kras-driven PDAC mouse models, loss of Smad4 by
homozygous or heterozygous gene deletion was correlated with a more aggressive tumour
phenotype. Taken together, these findings suggest that SMAD4 negatively controls PCC's
behaviour at the late stages of PDAC, thus limiting PDAC's progression (Leung et al., 2013).
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In accordance with these data, it has been demonstrated that reduced levels of TGFRII also led

to a more aggressive form of PDAC (Lu et al., 1997).

However, TGF-B1/Smad signalling influences activated PSC's behaviour as well. Contrary
to PCCs, Smad4 positively regulates activated PSCs by initiating the transcription of the
plasminogen activator inhibitor 1 (PAI-1), leading to the production of ECM proteins. It has
also been illustrated that the I-Smad7 plays an inhibitory role in PSC's activation by its
association to TGFRI, and subsequently blocking the phosphorylation of Smad2/3 and TGF-1
signal translocation to the nucleus, preventing PSC's activation (Lee et al., 2008; Qian et al.,
2010). This factor can also decrease the TGF-f1-mediated overexpression of TIMPs, abolishing
TGF-B1/PSC-induced type I collagen synthesis and ECM deposition (He et al., 2009).
Nevertheless, Smad7 mRNA expression has been shown to be decreased by angiotensin 11
through the protein kinase C pathways, promoting TGF-f1-mediated PSC proliferation (Hama
et al., 2006).

III.4) TGF-p1 non-canonical signalling pathways

Although TGF-B1 canonical transduction pathway through the activated TGF-
B1/TGFRII/TGFRI complex and the transcription factors Smad2/3/4 has received the most
attention, this activated complex can also lead to activation of Smad-independent, non-
canonical pathways. Activation of these TGF-B1 non-canonical pathways can induce stand-
alone signalling responses but can also directly or indirectly synergize or antagonize with the
Smad canonical pathway and broaden the diversity of TGF-B1 signalling responses. Among
them, MAPK, especially ERK1/2 and PI3K/AKT pathways, have been shown to play a critical

role in pancreatic fibrosis and cancer development (Finnson et al., 2020; Zhang, 2017, 2009).

II1.4.1) ERK1/2 pathway

Initially, TGF-B1 has been thought to activate ERK1/2 pathway through the observed
rapid TGF-B1-induced activation of Ras GTPase, leading to the recruitment of Raf kinase to
the plasma membrane, and therefore to the activation of ERK1/2 through MEK1/2. ERK1/2
phosphorylation requires activation of receptor tyrosine kinases RTK, which, once activated by
their binding growth factors (e.g., EGF), recruits the Grb2/Sos complex bringing Sos to the
plasma membrane. Growth factor receptor-binding protein 2 (Grb2) is a docking adaptor
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protein that binds to the guanine nucleotide exchange factor Sos, which becomes activated by
phosphorylated RTK, and in its turn, it activates Ras leading to GDP-GTP exchanges. The
Grb2/Sos complex binds to the phosphorylated tyrosine residues of RTK either through the
SH2 domain of Grb2 either through the RTK-phosphorylated Shc (Src homology domain 2
containing) adaptor protein, permitting Ras binding to Raf, which then initiates the
MAPK/ERK1/2 cascade. Moreover, TGFRI and TGFRII can also phosphorylate Shc directly
and recruit the Shc/Grb2/Sos complex or indirectly after Src phosphorylation (proto-oncogene
tyrosine-protein  kinase Src), respectively, resulting in sequential activation of
Ras/Raf/MEK/ERK cascade. TGFRII and TGFRI can undergo autophosphorylation on tyrosine
residues at a much lower level than serine/threonine autophosphorylation. Hence, TGF-B1 is
involved in ERK1/2 non-Smad signalling pathway through the tyrosine phosphorylation of Shc,
even though it has been established that TGF-f1-induced ERK1/2 phosphorylation kinetic vary
according to the cell type and context. Indeed, TGF-B1 stimulation can rapidly activate ERK1/2
within 5-10 min, a time frame comparable to ERK1/2 phosphorylation by mitogenic growth
factors, such as EGF, suggesting a direct TGF-f1-induced mechanism. However, it can also
induce a delayed ERK1/2 response, with ERK1/2 phosphorylation peak occurring hours after
TGF-B1 stimulation, involving an indirect TGF-f1-mediated mechanism. The direct and

indirect TGF-B1-mediated ERK1/2 phosphorylation mechanisms remain to be elucidated.

In turn, ERK1/2 can directly phosphorylate Smad2 and Smad3 occurring to their
inhibition, partially explaining how the oncogenic Ras overrides TGF-f1-mediated growth
arrest in cancer cells, including PCCs. Furthermore, ERK1/2 modulates TGF-B1-induced
biological functions via the phosphorylation of its substrates, as AP-1 (activator protein-1) or
p53 (tumor protein 53) transcription factors, which interact and cooperate with Smads factors

to regulate gene's expression (Truty and Urrutia, 2007; Zhang, 2017, 2009) (Figure 16).

These mechanisms could explain how TGF-f1-induced ERK1/2 activation promotes
TGF-B1-mediated EMT and thus tumor growth in the late stages of pancreatic tumorigenesis.
Besides, TGF-B1-mediated PCC's adherens junction disassembly and PCCs motility require
ERK1/2 phosphorylation. Therefore, TGF-B1-induced Shc-Grb2 activation of ERK1/2 is a
crucial component for TGF-B1 pro-oncogenic activity, enhancing PCC's migration and

invasion.
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Figure 16: Illustration of TGF-B1-mediated ERK1/2 non-canonical signalling pathway
(Zhang, 2009).

I1.4.2) PI3K/AKT pathway

Besides ERK1/2, TGF-B1 activates PI3K/AKT non-canonical pathway through both
Smad-dependent and Smad-independent mechanisms. The TGF-B1-Smad2/3 independent-
induced PI3K/AKT activation necessitates the kinases activities of TGFRI and TGFRII, which
were found to be indirectly associated with the p85 regulatory subunit of PI3K. This latter was
reported to be constitutively associated with TGFRII while requires TGF-1 stimulation to bind
TGFRI. Additionally, TGF-B1 is able to directly activate PI3K, by the phosphorylation of its
downstream effector AKT, and indirectly through TGF-a expression and subsequently EGF
receptor signalling activation. Moreover, TGF-B1 induces activation of an AKT downstream
effector, the mammalian target of rapamycin (mTOR) which phosphorylates the S6 kinase
(S6K) and the eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) to regulate proteins'
synthesis involved in TGF-B1-induced EMT of PCCs. Supplementary to this effect, TGF-1
activates the mTOR complex 2 (mTORC?2), enhancing cytoskeletal reorganization, RhoA (Ras

homologous protein A) activation, and cell migration. In turn, the activated mTORC?2 promotes
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AKT activation at a late stage of TGF-B1-induced EMT of PCCs. Conversely, TGF-f1-Smad
dependent pathway leads to PI3K/AKT signalling downregulation by expressing the
phosphoinositide lipid phosphatase SHIP.

On the other hand, activated AKT can antagonize Smad-mediated effects, as reported
by the direct physical interaction between AKT and Smad3. The formation of this complex
prevents TGFRI-induced Smad3 phosphorylation and nuclear translocation and hence protects
cells from TGF-B1-Smad induced growth inhibition and apoptosis. Besides its association with
Smad3, AKT can abolish TGF-f1-Smad mediated growth inhibition via the phosphorylation of
forkhead transcription factor (FoxO). Indeed, FoxO has been demonstrated to form a complex
with Smad3 and Smad4, indispensable for TGF-B1-mediated p21 and p15 CDK inhibitors
expression, leading to cytostasis in G1 phase. However, FoxO phosphorylation by AKT
suppresses its activity by inhibiting FoxO translocation to the nucleus and thereby preventing
FoxO/Smad3/Smad4 complex formation (Figure 17). This mechanism suggests that the ratio
of activated Smads and activated Akt determines whether within the same cell type, TGF-1
stimulation will promote cell proliferation, cell-cycle arrest, or apoptosis, partially explaining
the dual role of TGF-B1 during pancreatic tumorigenesis. All these pieces of evidence indicate
a crucial role of PI3K/AKT non-canonical pathway, not only in TGF-B1-mediated EMT of
PCCs but also in TGF-B1-induced cytoskeleton reorganization and cell migration of PCCs.
Furthermore, the cooperation between TGF-1-mediated Smad canonical pathway and TGF-
B1-induced AKT non-canonical pathway defines PCC's behaviour leading either to their growth
inhibition or promotion. However, although PI3K/AKT pathway is known to play an essential
role in TGF-Bl-mediated fibroblast proliferation and morphological transformation to
myofibroblast, to date, there is no clear evidence of its role in PSC's activation and proliferation
(Finnson et al., 2020; Kim et al., 2018b; Morikawa et al., 2016; Truty and Urrutia, 2007; Zhang
et al., 2017; Zhang, 2017, 2009).
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Figure 17: Illustration of TGF-Bl-mediated PI3K/AKT non-canonical signalling
pathway (Zhang, 2009).

Due to TGF-B1's signalling complexity, the autocrine and paracrine mechanisms by
which TGF-B1 regulates PCCs and PSCs, promoting PDAC and desmoplasia progression,
require further studies to define the most effective way to target TGF-B1 or its downstream
effectors therapeutically. However, several strategies have already been employed to block
TGF-B1 signalling pathways in fibrosis. These ones consist of using molecules that inhibit the
activation of latent TGF-B1, neutralizing anti-TGF-B1 antibodies, antisense oligonucleotides
directed against TGF-B1, decorin, which is an ECM protein blocking TGF-B1 signalling,
adenoviral expressed Smad7, and soluble TGFRII. Unfortunately, the dual role of TGF-B1
during pancreatic tumorigenesis and its unclear yet role in PSC's proliferation requires more
caution in using these strategies, highlighting the necessity to better understand the involved

molecular mechanism.
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CHAPTER 5: Ca?* signalling
I. Ca** signalling and Ca?* ion channels

Ca’* is one of the most abundant ions in our body, acting as a universal versatile intracellular
second messenger involved in the regulation of various signalling pathways controlling divers
physiological processes including cell proliferation, cell death, gene expression, protein
secretion, cellular metabolism and so on (Berridge et al., 1998; Carafoli et al., 2001; Giorgi et
al., 2012; Roderick and Cook, 2008). To coordinate all these processes, Ca>* functions through
a Ca”* signalling toolkit permitting to amplify and regulate Ca?* signals in term of space, time,
frequency, and amplitude, representing together what we call the Ca®* signature (Berridge et

al., 1998).

Under resting physiological conditions in eukaryotic cells, the intracellular free Ca**
concentration is approximately 100 nM, whereas the extracellular Ca** concentration is higher,
varying between 1 and 2 mM (Berridge, 2003; Petersen, 2002). To maintain this cellular Ca*"
homeostasis, the cell uses two sources to control the intracellular Ca** concentrations. It either
uses the extracellular Ca** which enters the cell through different Ca** channels and/or
transporters present at the plasma membrane, either utilizes the stored intracellular Ca** which
is released from the organelles, particularly from the ER, the Golgi apparatus, or mitochondria.
However, in response to external or internal stimuli, the intracellular Ca”" concentration is
modified by Ca**-induced influx through the plasma membrane Ca®* channels and transports,
or through a Ca”* store released mechanism. This modification results to an increase of the
intracellular Ca®* concentration, indispensable for the regulation of Ca’**-mediated cellular
processes either inducing their activation or inhibition (Clapham, 2007; Parkash and Asotra,
2010). However, to preserve cell’s Ca?* physiological concentration, the Ca** augmentation is
counteracted by Ca** outflux via Ca®* exchangers, Ca’>* ATPase pumps or Ca’*-buffering

proteins.

A sustained increase of intracellular Ca** concentration or alteration of Ca®* signature can
be lethal for the cell or cause carcinogenesis. To avoid this cellular fate, Ca®* signals are often
delivered as briefs transients illustrated by Ca** spikes, or even with low signal amplitude. In
addition, when the activation or inhibition of a cellular process requires a longer period of Ca**
signals transmission, then repetitive Ca>* signals occur reflected by Ca** oscillations having a
different frequency or duration according to the cellular process (Dolmetsch et al., 1997; Pande

etal., 1996; Porter et al., 1998; Stewart et al., 2015). For instance, spontaneous Ca’* oscillations
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are essential for the cell cycle progression, during the G1/S and G2/M phase transition,
promoting the activation of transcription factors such as activator protein 1 or the nuclear factor
of activated T-cell (NFAT) (Patergnani et al., 2020; Rao, 2009). Nevertheless, the regulation of
Ca?" signals is much more complex than that and necessity a coordinated Ca** signalling toolkit,
ensuring adequate Ca®* signal management. An escapement of Ca’* signals’ regulation
provoking an alteration of the Ca’* signature due most of the times to an aberrant expression or
function of at least one component of the Ca* signalling toolkit causes various pathologies
including fibrosis and cancer (Marchi and Pinton, 2016; Prevarskaya et al., 2014; Radoslavova

et al., 2020).

I.1) Principal membrane proteins regulating Ca?* homeostasis

Intracellular Ca®* homeostasis is maintained and regulated by Ca** permeable channels,
pumps, exchangers, and transporters, located at the plasma membrane or at the ER and
mitochondrial membrane, mediating either the Ca** influx either the Ca** outflow. Among these

Ca** regulators, the most important are described below (Figure 18).

I.1.1) Plasma membrane Ca** regulators
> PMCA (Plasma Membrane Ca>* ATPase) pumps
PMCA pumps function with the energy obtained from ATP (adenosine triphosphate)

hydrolysis, extruding Ca** from the cell, against its electrochemical gradient, and therefore
permitting to restore the physiological intracellular Ca®* concentration. Indeed, for each ATP
hydrolysed molecule one Ca?* ion is transported into the extracellular milieu. In mammalian
cells, there are 4 isoforms of PMCA, namely PMCA1-4, with PMCA1 and 4 to be ubiquitously
expressed, whereas PMCA?2 and 3 are more specifically expressed. Structurally, these pumps
are constituted of 10 transmembrane segments, cytoplasmic N- and C- terminal regions and two
large cytoplasmic loops. These latter contain binding sites for ATP, as well as acidic
phospholipid binding domain (PL) and calmodulin binding domain (CaMBD) (Bobe et al.,
2005; Strehler et al., 2007; Strehler and Zacharias, 2001).
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> Na*/ Ca?* exchangers (NCX)

NCX exchangers are antiporter membrane proteins, which using the energy of Na®
electrochemical gradient permit to export one Ca** ion outside the cell in exchange of 3 Na*
that are imported inside the cell, rapidly decreasing the intracellular Ca** concentration. In
contrast to PMCAs, they have a lower affinity for Ca** and when the intracellular Na*
concentration increases they switch their activity driving Na* flow outside the cell and hence
allowing Ca”* entry in the cell. These exchangers are ubiquitously expressed but more
abundantly expressed in the cardiac and neural cells and exist in three isoforms (Beaugé and
DiPolo, 2005; Blaustein and Lederer, 1999; Carafoli et al., 2001, 1999; Philipson and Nicoll,
2000).

» Ca?* channels

There are two main types of Ca** plasma membrane channels, the voltage-dependent Ca**
channels (VDCCs), which are activated by the membrane potential depolarization and the
voltage-independent Ca** channels. The VDCCs or also known as voltage-gated Ca®* channels
(VGCCs) are classified in two categories based on their threshold of activation (Simms and
Zamponi, 2014), including the low voltage-activated channels (LVA) and the high voltage-
activated channels (HVA). The LVA channels are activated following small depolarizations of
approximatively -60 mV, while HVA need increased depolarizations to become activated,
superior of -30 mV(Ertel et al., 2000; Simms and Zamponi, 2014). On the other side, the
voltage-independent Ca®* channels can be activated by neurotransmitters or hormone agonist
such as acetylcholine or glutamate constituting the ROCs (Receptor-Operated Channels), or by
intracellular second messenger like diacylglycerol or arachidonic acid composing the SMOCs
(Second Messenger-Operated Channels). Other voltage-independent Ca®* channels can be
activated by the depletion of ER Ca** stores, which once released it generates Ca**-release
activated Ca®* currents (CRAC) through the SOCs (Store-Operated Channels) (McFadzean and
Gibson, 2002; Parekh and Putney, 2005; Tsien and Tsien, 1990). Among these channels, SOCs
represent one of the major Ca®* entry pathways in non-excitable cells and therefore are so far

the best studied in the field of cancer.
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I.1.2) ER membrane Ca?* regulators
» SERCA (Sarco-Endoplasmic Reticulum Calcium ATPase) pumps

SERCA pumps are transporting Ca>* ions against their electrochemical gradient from the
cytoplasm into the ER, through ATP hydrolysis. For each hydrolysed ATP molecule, 2 Ca%*
ions enter into the ER lumen, permitting to fill the ER stores in Ca**. They thus belong to the
ATPase family, located at the ER membrane, and encoded by 3 different genes (SERCAI-3),
each of which produces various isoforms. Moreover, these pumps have been shown to be
irreversible inhibited by Thapsigargin, which is widely use in experimental protocols in order
to induce a depletion of the ER Ca** stores by blocking the refuelling of ER in Ca** through the
SERCA pumps (Lytton et al., 1991; Martonosi and Pikula, 2003; Misquitta et al., 1999).

» Inositol 1,4,5-trisphosphate receptors (IP3R)

IP3R, contrary to SERCA pumps, are acting as Ca®* release channels, driving Ca®* influx
from the ER into the cytoplasm upon inositol IP3 stimulation. Indeed, activation of the plasma
membrane G protein-coupled receptors (GPCRs) after ligand binding activates the
phospholipase C enzyme (PLC), which then hydrolyses PIP2 (phosphatidylinositol-4,5-
biphosphate) into DAG (diacylglycerol) and IP3. Thereafter IP3 will bind to its IP3R located at
the ER triggering Ca** release from the ER. IP3R are homotetrameric channel complexes where
their C-terminal portion corresponds to the channel function domain, they are ubiquitously

expressed and contain 3 isoforms (IP3R1-3) (Wright and Wojcikiewicz, 2016).
» Ryanodine receptors (RyRs)

RyRs act like IP3R, releasing Ca?* from the ER into the cytoplasm. RyRs are
homotetrameric proteins, existing in three isoforms (RyR1-3), and as their name indicates, they
are sensitive and activated by ryanodine at nanomolar concentrations, while higher
concentrations (>100 uM) of ryanodine have an inhibitory effect on RyRs. These receptors also
contain a cytoplasmic Ca®* binding sites, which in response to low cytoplasmic Ca** levels
induce a RyR-mediated Ca®* release, whereas a rise of the intracellular cytoplasmic Ca**
concentration lead to RyR closing, preventing thus ER Ca* store depletion (Buck et al., 1992;
Fill and Copello, 2002; Lanner et al., 2010; Sarkozi et al., 2017; Seidel et al., 2015).
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I.1.3) Mitochondrial membrane Ca?* regulators
> Mitochondrial Ca?* Uniporter (MCU)

MCU represents the major Ca?* regulator in mitochondria, situated at the inner
mitochondrial membrane allowing Ca?* uptake from the cytoplasm into the mitochondria,
which is mediated by mitochondrial membrane potential. In resting cells, the mitochondrial
Ca’* concentration remains the same as in the cytoplasm (~100 nM), and it increases to trigger
cellular biological processes like apoptosis and ATP production (Arnaudeau et al., 2001; Patron

etal., 2014).
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Figure 18: Illustration of Ca** signalling toolkit actors (Patergnani et al., 2020).
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II.  Store-Operated Ca** channels (SOCs)

One of the most common mechanisms driving Ca** entry within the non-excitable cells
occurs after activation of the plasma membrane G protein-coupled receptors (GPCRs) which
then activates the phospholipase C (PLC) enzyme. Once activated PLC cleave the
phosphatidylinositol 4,5-bisphosphate (PIP2) into DAG and IP3. The produced IP3 then binds
to its IP3R at the ER membrane triggering Ca** outflow from the ER to the cytoplasm.
Subsequently the decreased ER Ca®* content promotes extracellular Ca>* influx though the
activation of plasma membrane Ca** channels named Store-Operated Ca** Channels (SOCs) in
a process known as Store-Operated Ca** entry (SOCE). This latter involves principally two
types of protein, the Orai proteins forming the pore of the channel and the Stim (Stromal
Interaction Molecule) proteins sensing the ER Ca®" depletion (Berridge and Irvine, 1984;

Prakriya and Lewis, 2015; Srikanth and Gwack, 2012).

II.1) Orai channels

Orai channels are highly selective Ca®* channels, comprised of 3 Orai protein isoforms,
namely Orail, Orai2 and Orai3. The three isoforms are closely related and share sequence
homologies, but they differ in their N- and C-terminal regions. Indeed, Orail and Orai2 share
60.3% sequence homology, while Orail and Orai3 share 63.2% homology, and Orai2 with
Orai3 have 66.4% homology (Feske et al., 2006; Lis et al., 2007; Prakriya and Lewis, 2015).
These channels have been firstly discovered in 2006 by Feske and co-workers in T
lymphocytes, studying the molecular mechanisms of severe combined immunodeficiency
disorder (SCID) (Feske et al., 2006). The authors have found that this genetic disorder was
characterized by a dysregulation of T lymphocyte activation which was associated to a
diminution of the Ca** entry through the CRAC (Ca** release-activated channels) due to a
mutation (R91W) of Orail protein (Feske, 2011; Feske et al., 2006). Even thought, more and
more studies have started to be interested on the role and functionality of the other 2 Orai
isoforms (Orai2 and Orai3), Orail channel remains so far, the best- and most- studied CRAC
channel, shown to be one of the major SOCE actors in different cell types (Guzman et al., 2014).

For these reasons, during our study, we have mostly focused on Orail channel.

Orail Ca”* channel is a protein composed of 303 amino acids, encoded by the FLJ14466,
located at the chromosome 1224, having 4 transmembrane segments, as well as cytoplasmic

N- and C- terminal regions. The C-terminus contains the “coiled-coil” domain, driving the
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interaction of Orail with its activation protein STIM, while the N-terminus contains a proline/
arginine- rich domain, unlike Orai2 and Orai3, which they do not have this domain in their N-
terminus (Frischauf et al., 2008; Gwack et al., 2007; McNally et al., 2009). Additionally, Orai3
presents a significantly shorter C-terminal region, compared to Orail and Orai2. Another
particularity of Orail channel, compared to its two other homologues, is the possession of
glycosylation sites at the asparagine residues (Asp223) (Gwack et al., 2007) and
phosphorylation sites at the serine residues (Ser27-30) (Kawasaki et al., 2010). To become
functional Orail form an homo- or hetero-tetramer complex, and recently shown also to form
an homo-or hetero-hexamer complex with other Orail proteins or it can associate with its other
two homologues, Orai2 and Orai3, participating in SOCE (Cai et al., 2016; Frischauf et al.,
2008; Gwack et al., 2007) (Figure 19).
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Figure 19: Structure of STIM proteins (STIM1, STIM?2) and of the three Orai isoforms
(Orail, Orai2, Orai3) forming the Store-Operated Channels (Frischauf et al., 2008).

Orail channel activity was identified by their capacity to generate Ca”* release-activated
Ca®* (CRAC) currents inducing SOCE. Orail-mediated CRAC current is generated after ER

Ca** depletion sensed by its activation protein STIM located generally at the ER membrane.
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However, 15-25% of STIM proteins can also be expressed at the plasma membrane (Spassova
et al., 2006; Zhang et al., 2005). These proteins are composed of a unique transmembrane
domain, an intra-ER N-terminal region which contains a “EF-Hand” domain detecting the
variations of the ER Ca?* concentration, and a cytoplasmic C-terminal region having two
“coiled-coil” domains permitting its interaction with Orail (Johnstone et al., 2010; Muik et al.,
2008). In addition, STIM proteins include two isoforms, STIM1 and STIM2, with STIM1 and
STIM1-Orail interaction being the best-studied hitherto and with STIM2 having two times less
affinity for Ca’* (Brandman et al., 2007). Indeed, ER Ca®* concentration decrease induces a
release of the fixed Ca?* at the “EF-Hand” domain allowing STIM1 oligomerization with four
STIM1 proteins through their N-terminus, forming “puncta” near to the plasma membrane
(Liou et al., 2005; Luik et al., 2008). This mechanism is reversible once ER Ca?* stores are
refilled. The formed STIM1 “puncta” interact physically through their C-terminus with the C-
terminus of Orail, activating thus Orail channel, which once activated it generates CRAC
current permitting Ca** ions passage through Orail channel and thus a Ca* influx, and all this
process is called SOCE (Soboloff et al., 2006; Wang et al., 2010) (Figure 20). In fact,
electrophysiologically, CRAC current is characterized by a high selectivity for Ca?*, exhibiting
an inward rectification and elevated intracellular Ca** concentration inhibit CRAC current (Li
et al., 2007; Lis et al., 2007; Mercer et al., 2006). Nevertheless, it is the interaction between
Orail and STIM1 that is the crucial element for SOCE, since the inhibition of one and/or both
actors abolish SOCE, even when ER Ca?* depletion occurs (Soboloff et al., 2006).

72



ORAI/TRPC ©
Complex

0

¥ Agonist

Store-operated
Ca?* signaling

Figure 20: Representation of Orail/STIM1- and TRPC1-mediated SOCE process (B et
al., 2012).

Furthermore, CRAC currents have been reported to also be generated by Orai2 and
Orai3, but with lower current peak, with Orai2 generating only 50% and Orai3 generating 20%
of Orail-generated CRAC current (DeHaven et al., 2007; Lis et al., 2007; Yoast et al., 2020).
Indeed, studies have demonstrated that Orai2 and Orai3 can heteromerize with Orail, regulating
CRAC current generation, and consequently SOCE (Yoast et al., 2020). This interaction was
supported by Gwack et al. work, showing a physical interaction between all three Orai isoforms
by co-immunoprecipitation experiments using tagged overexpressed Orai proteins. Other
studies utilizing the FRET (Fluorescence Resonance Energy Transfer) approach have shown
that the physical interaction between the three Orai isoforms is not stimulated by the ER Ca**
depletion (Gwack et al., 2007). Moreover, the functional involvement of Orai2 and Orai3 has
been suggested measuring the SOCE of mast cells from Orail knockout mice, which showed
only 50% reduction of SOCE, implying that the other two Orai isoforms might interfere and
regulate SOCE (Vig et al., 2008). Additionally to these findings, other works have established
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that when Orail isoform expression is altered, then the other two isoforms take over the SOCE
regulation. For instance, T lymphocytes from Orail knockout mice expressed high Orai2
mRNA levels and presented an intact cell proliferation (Vig et al., 2008). These data indicate
that Orai2 might regulate SOCE in the absence of Orail expression, as well as the Orail -
mediated cellular processes, acting as a negative modulator of SOCE. Conversely, Tsvilovskyy
et al. have measured an increased SOCE in mast cells from Orai2 knockout mouse, suggesting
that in the absence of Orai2, Orail increases its capacity to generate CRAC currents and thus
SOCE (Tsvilovskyy et al., 2018). On the other side, using DNA constructs that express different
combinations of Orail/Orai3 subunits, Kappel et al. have showed that depending on the number
and position of Orai3 units within the Orail/Orai3 complex, CRAC current properties are not
the same (Kappel et al., 2020). These few non-exhaustive cited examples, as well as other
studies not mentioned here, showing the interaction between Orail and Orai3 or Orai2, indicate
that depending on the relative expression levels of each of the three Orai isoforms, they might
possess different stoichiometric properties mediating their ability to heteromerize with each

other, within a specific cell type (Yoast et al., 2020) (Figure 21).
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Figure 21: Suggested Orai isoforms homo and/or heterohexamerisation depending on their

stoichiometry (Yoast et al., 2020).
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III. TRPCI1 channels

TRPC1 channels are part of the TRP (Transient Receptor Potential) channel superfamily
initially identified in drosophila (Wes et al., 1995; Zhu et al., 1995). The TRP channels contain
three major subfamilies including the TRPC (canonical), TRPV (vanilloid) and TRPM
(melastatin) (Ramsey et al., 2006). The TRPC subfamily is comprised of four groups depending
on channel’s sequence homology, including TRPC1 group, TRPC2 group, TRPC3/6/7
group,and TRPC4/5 group. Among all TRP channels, TRPC1 has been up until now the most
studied (Ramsey et al., 2006).

TRPC]1 channel functions as a non-selective Ca** channel, inducing Ca®* and Na* influx.
Structurally, it is constituted of four subunits, each subunit having six transmembrane segments,
and intracellular N- and C-terminal regions. The pore of the channel is found between the fifth
and sixth transmembrane segment, forming a P loop, containing an extracellular putative cation
selectivity filter (Beech, 2005; Dohke et al., 2004; Ramsey et al., 2006). In general, TRPC1
channel requires four proteins coming together around a central selectivity cation filter and gate,
forming a homotetrameric structure. Moreover, TRPCI1 can also associated with other isoforms
of its subfamily, such as TRPC4 and TRPCS, constituting heterotetrameric structures
(Brownlow and Sage, 2005; Goel et al., 2002; Hofmann et al., 2002; Striibing et al., 2001). In
its C-terminus, TRPCI1 contains a highly conserved TRP box (EWKFAR TRP box), a
calmodulin (CaM) binding domain and an IP3R binding domain, while, Brazer et al. have
identified a caveolin-1 binding domain in its N-terminus (Figure 22) (Boulay et al., 1999;
Brazer et al., 2003; Rosado and Sage, 2000; Singh et al., 2002). In addition, TRPC1 channel
has mostly been found in compartments of the plasma membrane with close apposition to the
superficial ER structures (Golovina, 2005; Wang et al., 1999; Xu and Beech, 2001). Other
reports have localized TRPC1 in lipid raft domains rich in cholesterol, suggesting a role of
TRPCI1 in the regulation of lipid rafts’ integrity and phosphatidylserine transmembrane
distribution (Bergdahl et al., 2003; Brownlow et al., 2004; Kunzelmann-Marche et al., 2002;
Lockwich et al., 2000). However, TRPC]1 can also be found in intracellular membranes, such
as in the membrane of ER or Golgi apparatus (Chen and Barritt, 2003; Goel et al., 2006, 2002;
Uehara, 2005; Wang et al., 1999).
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Figure 22: TRPCI1 channel structure (Rychkov and Barritt, 2007).

Functionally, TRPC1 has been proposed to be involved in two Ca* entry mechanisms,
either through a TRPC1-related SOCE mechanism either through a mechanical stretch-induced
TRPC1 activation mechanism triggering a Ca®" influx. Therefore, TRPC1 can act both as
SOCE-mediated channel and as a mechanosensitive channel, even though its dual functional

role remains debated (Dietrich et al., 2014; Rychkov and Barritt, 2007).

So far, the most attention has been given to TRPC1 involvement in SOCE. Liu et al. have
reported that TRPC1 silencing decreased SOCE in human salivary gland cells, suggesting a
contribution of TRPCI in this process (Liu et al., 2003). Additionally, Worley et al. have
established an interaction between TRPC1 and STIM1 following ER Ca** depletion (Lee et al.,
2014; Shi et al., 2017; Worley et al., 2007; Yuan et al., 2007), while Cheng et al. have
demonstrated that Orail through SOCE-generated Ca®* signals mediates TRPC1 activation and
its interaction with STIM1 in human salivary gland cells (Cheng et al., 2011). Other reports
have also established an interaction of TRPC1 with the IP3R after ER Ca** depletion (Lockwich
et al., 2000; Rosado et al., 2002; Rosado and Sage, 2001, 2000). In addition to this finding,
Yuan et al. have reported that indeed TRPC1-IP3R association is prior to ER Ca?* depletion,

and that the interaction between these two actors is mediated by the homer adaptor protein
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(Yuan et al., 2003). Furthermore, it has been established that as for Orail-STIM1-mediated
SOCE, high intracellular Ca?* concentration inactive TRPC1 channel through a mechanism
involving CaM, as shown using the CaM inhibitor calmidazolium (Rosado et al., 2002; Singh

et al., 2002; Tang et al., 2001; Vaca and Sampieri, 2002).

However, there are also some evidences demonstrating that TRPC1 permits Ca** influx in
response to mechanical stretch. Maroto et al. have revealed a fraction giving high
mechanosensitive cation channel (MscCa) activity, containing TRPC1 channels, recorded by
patch-clamp, after sub-fractionating frog oocyte plasma membrane proteins (Maroto et al.,
2005). The same authors have showed that TRPCI1 inhibition injecting TRPCI-specific
antisense RNA abolished MscCa current, whereas human TRPC1 expression in CHO-K1
(chinese hamster ovary) cells which normally do not present MscCa activity, showed an
increased MscCa current. More recent studies have reported a role of TRPCI1 as a
mechanosensitive channel driving Ca®* in response to stretch in MDCK-F (madin-darby canine
kidney) cells, synoviocytes and mouse PSCs modulating the migratory cell behaviour (Fabian

et al., 2012; Fels et al., 2016).

Nevertheless, further experiments are required to understand how the two above-cited
activation mechanisms converge on the same channel, and whether the choice of one of the two
proposed TRPC1-mediated Ca?* influx mechanisms depend on the given physiological context

or on the cell type.
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Known as the key effector of pancreatic fibrosis and pancreatic
cancer’s desmoplastic stromal reaction development,
activated pancreatic stellate cells (aPSCs) are attracting more
and more the attention of pancreatic research. Since a few
years, a crucial role of Ca®* signaling in PSC’s activation
processes has emerged. Although most of the work on PSCs
and Ca®* signaling has been carried on aPSCs, because once
seated in culture, they become activated within 2-5 days, there
are also some studies focusing on the role of Ca* in quiescent
pancreatic stellate cells (QPSCs). In this mini-review, we
reported all findings on Ca?* signaling in gPSCs and aPSCs, in
relation to pancreatic fibrosis and cancer promotion.
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Introduction

Pancreatic stellate cell’s research is receiving, since sev-
eral years, increased attention due to the crucial role of
PSCs in the development of pancreatic fibrosis (PF) and
cancer (PC) [1]. Initially characterized as resident quies-
cent vitamin A storing cells of the exocrine pancreas, they
undergo transformations during pancreatic injury in order
to become activated [2]. The aPSCs are responsible for
the extracellular matrix (ECM) deposition, leading to the
creation of a dense fibrotic stroma, presented during PF
and PC [2,3]. Despite, the well studied hitherto mecha-
nisms participating in PSC’s activation, still much has to

be learned, especially regarding the processes triggering
their transition from the quiescent to the activated state.

Ca®" acts as a universal intracellular second messenger
implicated in the regulation of myriad biological pro-
cesses, including protein secretion, gene expression, cell
proliferation, migration, contraction and cell death, as
well as cell differentiation [4,5]. Several studies have
already elucidated the importance of Ca** signals in PSCs
pathophysiology, suggesting its role in the modulation of
PSC’s phenotype transition. Here, we summarized what
is already known about Ca®* signaling in qPSCs and
aPSCs, focusing on extracellular agents and ion channel’s
mediated-Ca®* signals, in PF and PC context.

How important pancreatic stellate cells are for
pancreatic pathophysiology?

The role of PSCs in the healthy and diseased pancreas has
been underestimated for a long time. In the normal
healthy pancreas, PSCs represent only 4-7% of the
pancreas’ total cell number, existing in a so-called quies-
cent state [6]. Under physiological conditions, qPSCs are
characterized by their ability to store retinoid-containing
cytoplasmic lipid droplets, having periacinar space loca-
tion but also founded in perivascular and periductal
regions [2,6]. The presence of retinoids participates in
their quiescent state maintenance by inhibiting a-SMA
expression [7]. Even though to be in an inactive state,
qPSCs play a crucial role in maintaining pancreatic tissue
architecture by modulating the ECM turnover though
ECM protein degradation and synthesis [8]. Furthermore,
the expression of toll-like receptors (TLLRs 2-5) in rat
qPSCs, suggests that they are also implicated in innate
immunity [9]. However, it is still unknown whether
human qPSCs possess TLRs as well since they are hardly
accessible.

Nevertheless, in response to pancreatic injury or inflam-
mation, qPSCs undergo morphological and functional
transformations to become activated. This transition is
highlighted by the acquisition of a myofibroblast-like
phenotype. This latter is characterized by an increased
expression of a-SMA and excessive ECM component’s
production and secretion, especially type I collagen syn-
thesis, as well as intensive proliferative, migratory, and
contractile abilities. All these properties define aPSCs as
the major actor involved in the development of PF,
resulting from the presence of ECM large protein amount
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[10]. PF is the main feature of three pancreatic diseases :
acute (AP), chronic pancreatitis (CP) and pancreatic
ductal adenocarcinoma (PDAC), and is caused by the
exacerbated activation of PSCs, inducing an increased
deposition and reduced degradation of ECM [11,12].
Nonetheless, during pancreatic damage, a variety of
extracellular stimuli including cytokines (e.g. : interleu-
kin [IL]-1, IL-6, IL-8 and tumor necrosis factor-a), and
growth factors (e.g. : platelet-derived growth factor
[PDGF] and transforming growth factor B [TGFB]) trig-
ger PSC’activation [13-16]. Alcohol metabolites [17],
trypsin, thrombin, fatty and bile acids [18%,19%,20°,21°°],
endothelin-1 (E'T-1) [22], angiotensin IT (ATII) [23] and
hypoxic conditions [24] participate in PSC’s activation as
well. In turn, aPSCs are capable of an autocrine stimula-
tion by secreting cytokines and growth factors, to main-
tain their activated state [10,13,14,25]. Moreover, aPSCs
are in permanent dialogue with their neighbor cells,
involving pancreatic acinar cells (PACs) during pancrea-
titis [18°] and pancreatic cancer cells (PCCs) during
PDAC [26]. PSC’s interplay with PACs and PCCs
strengthens the poor prognosis of pancreatitis and PDAC,
respectively. Throughout AP, aPSCs are responsible for
the perpetual PACs necrosis leading to the replacement
of the pancreatic cellular component by non-cellular
fibrotic tissue, caused by the necrotic amplification
loop between PACs and aPSCs [27]. This phenomenon
conducts to extended AP resulting in CP, that signifi-
cantly increases the risk of PDAC development
[18°,19°,20%,28,29]. Furthermore, in PDAC, and in hepa-
tocellular carcinoma, activated stellate cells have the
particularity of constituting the chief source of Cancer-
Associated Fibroblasts (CAFs). During PDAC, the pan-
creatic CAFs (pCAF) or aPSCs are liable for more than
80% of the pancreatic tumor mass, representing the main
component of the dense fibrotic stroma leading to the
desmoplastic reaction, tightly surrounding the PCCs [30].
aPSCs enhance PDAC spreading by raising PCCs prolif-
eration, migration and invasion to form early distant
metastases. In this line, aPSCs not only provide the ideal
microenvironment for pancreatic tumor development and
progression, but they also feed the tumor by the paracrine
stimulation of PCCs through cytokines and growth factors
secretion. Since recently, few studies have identified the
existence of more than one distinct aPSC/pCAF sub-
types, underlining their inter- and intra-tumor heteroge-
neity. This latter is defined from the cell surface marker
expression, cell signaling, cytokine production, aPSC-
PCC interactions, and gene expression, which differs
between each subtype [31]. Among others, Ohlund
et al.’s study, is of important interest, proposing two main
aPSC subpopulations according to their spatial location.
One subpopulation that interacts directly with the PCCs,
characterized by high a-SMA expression, called myofi-
broblastic CAFs, and one located more distantly from the
PCCs, defined by high IL-6, IL.-11 and leukemia inhibi-
tory factor expression and low a-SMA expression, called

inflammatory CAFs [32]. Neuzillet ¢z a/. highlighted the
importance of such aPSC heterogeneity by identifying
four more pCAF subpopulations, classified depending on
their : «-SMA and vimentin expression, ECM production,
proliferation rate, immunogenic profile and role in PDAC
prognosis [33]. All these recent studies brought a new
feature of aPSC functioning, showing that according to
the subtype, they can promote more or less PDAC
progression. In addition, they restrict oxygen availability
maintaining the ideal hypoxic conditions for the tumor, as
well as they limit inflammatory infiltration and delivery of
chemotherapeutic agents increasing PDAC chemoresis-
tance. Contrary to PACs, there is a positive amplification
loop between aPSCs and PCC in order to stimulate
PDAC propagation [34-38]. It seems that aPSCs are
the key link between these three pancreatic diseases
and therefore understanding and limiting PSC’s activa-
tion may be the key for their medical treatment.

Distinguished Ca2* signaling between
quiescent and activated PSCs

Impaired Ca** homeostasis is one of the critical events
triggering pancreatic failure, leading to AP, CP, or PDAC.
However, the involvement of Ca®* signaling in PSC’s patho-
physiology remains relatively little explored hitherto. Won
et al. [21°°] were the first to investigate the Ca®* signature in
mouse PSCs from healthy pancreas and a model of chronic
pancreatitis, showing evidence of distinguished intracellular
Ca** signaling between qPSCs and aPSCs.

Believed for a longtime to exist in a « quiescent » state
under physiological conditions, gPSCs are far away from
beingreally «inactive», since they can generate Ca** signals
in response to extracellular stimuli. Won e /. [21°°] nicely
demonstrated that qPSCs can produce Ca®" signals in
response to the muscarinic agonist carbachol, ATTI,
ATP, and bradykinin (BK). This latter finding was sup-
ported by Gryshchenkoezal. [19°], showing that, qPSCs can
respond to BK concentrations (100 pM), close to the ones
present during AP (140 pM), through the activation of BK
type 2 receptor. Once linked to its receptor, BK generates a
biphasic Ca** response, in qPSCs, represented by an initial
large cytosolic Ca®* transient signal followed by a sustained
Ca“* plateau. The Ca®" transient signal is caused by Ca**
release from the endoplasmic reticulum (ER) stores, after
phospholipase C (PL.C) and inositol trisphosphate receptor
(InsP3R) activation, while the Ca?* plateau is induced by
Ca?* entry through Ca®* release-activated Ca?* (CRAQ)
channels. BK-elicited Ca** signals in qPSCs may playakey
role in PSC transformation into the activated state, since
once activated, they respond to a much higher concentra-
tion of BK, involving BK type 1 receptor, which is a
hallmark of inflammatory diseases, such as pancreatitis
[18°,19°]. Moreover, BK-mediated Ca** signaling changes
in aPSCs, inducing only a single cytosolic Ca®* transient
signal. Furthermore, qPSCs but also aPSCs, are capable of
producing sustained toxic cytosolic Ca®* signals in response
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tobile acids (BAs), such as sodium cholate and taurocholate,
activating intracellular InsP3R-Ca** release and thus Ca**
entry via CRAC channels [20°]. In turn, BK and BAs-
induced cytosolic Ca** and hydrogen peroxide-mediated
Ca?*, activates the Ca**/calmodulin-dependent enzyme
nitric oxide synthase in order to produce a diffusible nitric
oxide-mediated inflammatory response, acting on the PAC
neighbor cells. This phenomenon triggers an amplification
loop by promoting PAC’s death and increasing PSC-stim-
ulating factor’s secretion from dying PACs and therefore
aggravate AP, rising the risk to transform into CP [39°].
Another example of different Ca** signaling toolkit
between qPSCs and aPSCs, is their responsiveness to
ATP. Indeed, aPSCs are approximately threefold more
sensitives to ATP than qPSCs. Won ezal. [21°°] established
that ATP-mediated Ca** signals are initiated near to the
nucleus and propagated into it, increasing nucleoplasmic
Ca** concentrations in aPSCs, which stimulates their pro-
liferation during CP. In accordance with these data, some
other authors reported that ATP but also UTP and UDP-
induced intracellular Ca** signals through several types of
purinergic receptors P2X and P2Y in aPSCs. Hennigs ¢z a/.
[40] demonstrated that P2X, and P2Y, (shown to be upre-
gulated in CP) are the most abundantly expressed isoforms
in aPSCs. Interestingly, Haanes ¢z a/. [41] completed these
findings, by reporting the importance of ATP-induced Ca**
signals mediated by P2X; shown to be overexpresed and
playingan importantrole in aPSCs proliferation, in CP. The
authors concluded that depending on ATP concentration,
P2X; can drive PSC’s proliferation (at low ATP concentra-
tion) or death (at high ATP doses). These could explain, in
part, the high sensitivity of aPSCs to ATP compared to
qPSCs, so they can maintain their activated state by pro-
moting their proliferation in a Ca**-dependent manner,
leading to pancreatic fibrosis development. Giannuzzo ez a/.
[42] highlighted the significance of P2X; also in collagen’s
deposition during the desmoplastic reaction in PDAC.
Nevertheless, contrary to qPSCs, only aPSCs produce
prominent nuclear Ca®* signals in response to protease-
activated receptors 1 driven by thrombin and PDGF,
stimulating PSC proliferation [21°°]. Furthermore, E'T-1
and ATTI, have been reported to be implicated in fibrosis
progression by increasing Ca**-dependent contractility and
proliferation of aPSCs. Moreover, only aPSCs can evoke
intracellular Ca** signals in response to ET-1 through ET s
receptor [22], while both qPSCs and aPSCs respond to
ATl via AT receptor [23]. In contrast, some other agents,
like melatonin [43,44] or the pesticide dimethoate [45],
impair PSC’s viability even though they promote Ca**
mobilization from the ER.

Ca?* signaling and ion channels in aPSCs
Ca®** entry is controlled by a large number of
Ca**-permeable ion channels localized at the plasma
membrane and PSCs have been shown to also express
a number of Ca*" channels.

lon channels and pancreatitis

Zhang et al. [46°°] were the first to report the presence of
transient receptor potential (TRP) channels, particularly
TRPV4 in aPSCs from rat model of CP. The authors
found an upregulated TRPV4 expression in CP compared
to control, which is in concordance with the observed
increased and sustained intracellular Ca** mobilization.
Their study revealed that TRPV4-mediated Ca**
mobilization is enhanced by tumor necrosis factor-a
stimulation, showing the importance of cytokines in
Ca®* signaling modulation in the aPSCs activation. A
few years after, Gryshchenko ez a/. [19°], pharmacologi-
cally identified the presence of CRAC channels, suggest-
ing a CRAC-mediated Ca** entry in both qPSCs and
aPSCs. Their findings were clearly supported by Waldron
et al. [47°°], who highlighted the expression of Orail,
Orai2, and Stim1 proteins, the main constituent of CRAC
channels, in aPSCs of AP model. Using a CRAC channel
inhibitor, they observed an inhibition of TLR-mediated
fibro-inflammatory signals, leading to a decrease expres-
sion, among others, of IL-6, T'GFg;, type I collagen, and
a-SMA, proposing a crucial role of CRAC-mediated Ca**
entry in cytokine expression from aPSCs in AP.

lon channels and PDAC

Several reports have been focusing on the role of PSC-
expressed ion channels in the context of PDAC as well.
Fels er al. [48°°] firstly established a role of TRPC1 ion
channel in the activation of PSCs, under high-pressure
application, which is one of the PDAC microenvironment
features and one of PSC’s activator stimuli, thereby
perpetuating fibrosis formation. They demonstrated that
pressure induces TRPC1 activation allowing Ca** influx
into PSCs in order to regulate their migration and
enhance their activated behaviour. Similar to pressure,
it has been shown by Nielsen ez a/. [49°°] that hypoxia,
another hallmark of PDAC microenvironment, known to
activate PSCs, induces activation of TRPC6 leading to an
increase of Ca** influx, which promotes aPSC’s migration
and promigratory factor’s secretion by aPSCs. The report
of Storck ez al. [50°°] brought evidence of cooperative
regulation of PSC’s migration, mediated by TRPC3
(shown to be upregulated in the PDAC stroma) and
the calcium-activated potassium channel K¢,3.1, under
PDGF stimulation, known to activate PSCs. The authors
demonstrated that Ca** entry through TRPC3 is involved
in neighboring K¢,3.1 channel’s activation, resulting in
increased PDGF-stimulated migration of PSCs. These
data confirm, once more, the importance of cytokines in
the regulation of PSC’s Ca** signaling. The key role of
PDAC microenvironment on PSC’s ion channels-medi-
ated Ca** influx in the perpetuation of cancer progression,
was also documented by Kuntze ¢7 a/. [51°°]. Their work
determined the impact of Piezol-mediated Ca®* influx on
PSC’s pathophysiology, under acidification conditions,
also characteristic of PDAC microenvironment. Indeed
Piezol activity is reduced upon acidification leading to
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Figure 1
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Concluding model that distinguish the Ca?* signature between quiescent (qQPSCs) and activated PSCs (aPSCs). In response to pancreatic injury or
inflammation gPSC undergo transformations to become activated. During this transition, the cell surface expression and function of several
receptors and ion channels are modified. gPSCs are characterized by bradykinin type 2 receptor activation, while in aPSCs, bradykinin activates
type 1 receptor. Moreover, aPSCs are defined by an overexpression of P2Y, receptor, P2X, and P2X; channels, as well as TRPC3 and TRPV4
channels. However, both gqPSCs and aPSCs express AT1 receptors, NTCP transporters and CRAC channels but only aPSCs express ETp

receptor.

ATII = angiotensin Il, AT1 = angiotensin Il type 1 receptor, BK = bradykinin, B1 = bradykinin type 1 receptor, B2 = bradykinin type 2 receptor, BAs = bile
acids, CRAC = Ca**release-activated Ca®* channels, ER = endoplasmic reticulum, ET-1 = endothelin-1, ET = endothelin type A receptor, InsP3R = inositol
trisphosphate receptor, NO = nitric oxide, NTCP = sodium-taurocholate cotransporting polypeptide, P2Y = purinergic receptors, P2X = purinergic channels,
TRPC = transient receptor potential-canonical channels, TRPV = transient receptor potential-vanilloid channels.

Ca®* influx decrease. The reduction of Piezo 1 activity
would be due to the protonation in order to protect aPSCs
from cell death and promote their migration into well-
perfused invasive tumor regions where Piezol can be
fully functional. Therefore, under physiological pH, the
increased Piezol mediated-Ca®* influx enhances PSC’s
migration and myosin light chain isoform 9 phosphoryla-
tion, leading to aPSC’s cytoskeletal architecture modifi-
cation, which, in turn, increases aPSC’s motility.

Conclusion

To summarize, pancreatic injury or inflammation induces
a disequilibrium in PSC’s composition, leading to an
increased number of aPSCs, due to the transition of
gPSCs to aPSCs. Taken together, it seems that in both
qPSCs and aPSCs, Ca®* signaling is initiated through the
canonical pathway, involving InsP3R-mediated Ca**
release from the ER, under diverse extracellular stimuli.

Moreover, in aPSCs, ion channels-mediated Ca®* influx
appears to be a key effector for the development and
progression of PF and PDAC, as summarized in the
conclusion scheme (Figure 1). Hence, controlling the
transition of qPSCs to aPSCs will limit pancreatic fibrosis
formation and so PF and PDAC promotion. May the
answer to this challenge is laying on the management
of PSC’s intracellular Ca®* by using a combination of two
or more ion channel inhibitors.
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PURPOSE OF THE
THESIS
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The impact of PSC’s activation in pancreas pathophysiology has been disregarded for a
long time. Currently, activated PSCs are well known for their prominent role in pancreatic
fibrogenesis, representing a key pathological feature of CP and PDAC, two major pancreatic
diseases having a poor prognosis. Additionally, CP is defined as one of the main risk factors

leading to PDAC development.

PSCs reside in an inactive-quiescent state in the healthy pancreas, having a vitamin-A
lipid-storing phenotype, accounting only for 4-7% of the pancreas total cell population. In their
quiescent state, PSCs participate in the maintenance of pancreatic tissue architecture, sustaining
the ECM turnover. However, upon pancreatic injury or inflammation, PSCs undergo
transformations to become activated, obtaining a myofibroblast-like phenotype. PSC’s
activation is principally characterized by vitamin A lipid droplets disappearance, increased
aSMA expression, excessive ECM protein synthesis, acquisition of high proliferative and
migratory abilities, and an abundant cytokine and growth factors secretion, including TGF-1
and IL-6 (Ferdek and Jakubowska, 2017; Masamune and Shimosegawa, 2009). Moreover,
external environmental stimuli, such as high pressure or hypoxia, and soluble paracrine factors,
including cytokines, can induce PSC activation. Therefore, sustained pancreatic lesions or
microenvironmental stimulations perpetuate PSC’s activation leading to the development of
dense fibrotic tissue, observed during both CP and PDAC. Moreover, throughout PDAC,
activated PSCs are liable for more than 80% of the pancreatic tumor mass and are in permanent
communication with the PCCs. This dynamic dialogue between activated PSCs and PCCs
affects importantly PCC’s behavior resulting in PDAC spreading and consequently promoting
treatment inefficiency. In this line, activated PSCs not only provide the ideal microenvironment
for PDAC development and progression, but they also feed the tumor by PCC’s paracrine
stimulation via the secretion of diverse cytokines and growth factors, including TGF-B1 and IL-

6 (Habisch et al., 2010).

Furthermore, it has been well established that intracellular Ca’* acts as a second
messenger that mediates multiple biological processes, such as cell proliferation, survival,
migration, protein secretion, and gene expression. However, disruption of Ca** homeostasis
results in the development of various pathologies, including fibrosis and cancer. Several studies
have revealed that Ca* signature is modified in activated PSCs compared to quiescent PSCs,
suggesting an essential role of intracellular Ca* signalling in the regulation of PSC’s activation
(Won et al., 2011). This observation indicates that plasma membrane Ca** channels permitting

Ca**entry within PSCs might be tightly related to the Ca**-altered signature in activated PSCs,
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and, thus in the modulation of PSC’s activation processes. In this line, our collaborators have
previously shown that Ca’* influx through the stretch-activated Ca?>* channel TRPCI is
implicated in the regulation of PSC’s migration (Fels et al., 2016). Additionally, another study
pharmacologically identified the presence of Store-Operated Ca** channels in PSCs, known as
one of the major Ca** entry pathways in non-excitable cells, but without reporting their role in
PSC’s activation. Consequently, up until now, the involvement of Ca** and Ca®* channels in
the modulation of the molecular and cellular mechanisms characterizing PSC’s activation

remains poorly known due to the limited existing data.
Hence, the aims of the present work were divided into two main parts:

1) Evaluating the role Store-Operated Ca®* Channels and particularly Orail channel in
PSC’s activation processes, focusing on cell proliferation, survival, and cytokine

secretion, as well as the related signalling pathways.

2) Understanding the role of the mechanosensitive Ca?*-permeable TRPC1 channel in
PSC’s activation and the underlying mechanisms during normal and elevated pressure

conditions.
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METHODS
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I. Cell culture
I.1) Cellular models

We have used two different cell lines of human-activated PSCs from different origins,

the PS-1 cell line and the RTL-PSC cell line, during this thesis work.

The PS-1 cell line was isolated from the pancreas of a healthy donor by the group of Pr
Hemant M. Kocher from the Queen Mary University of London (Froeling et al., 2009). This
cell line was immortalized using a retrovirus containing cDNA encoding human telomerase
reverse transcriptase (hTERT), followed by a cell selection using the antibiotic puromycin.
Although PS-1 cells originate from a normal healthy pancreas, they present in vitro all the

characteristics of activated PSCs, and they are so considered activated (Froeling et al., 2009).

The RLT-PSC cell line was the first immortalized human cell line of activated PSCs to
be generated (Jesnowski et al., 2005). This cell line derives from the pancreas of a patient with
chronic pancreatitis, immortalized using the SV40 large T antigen in conjunction with the

hTERT, and the cell selection was realized using the antibiotic geneticin G418 for four weeks.

The third used cellular model is the pancreatic cancer cell line MIA PaCa-2, provided
by ATCC (ATCC CRL-1420™) and initially originated from the pancreas’ tail and body of a
65-year-old Caucasian male with pancreatic ductal adenocarcinoma, that had also infiltrated the
periaortic area (Yunis et al., 1977). This cell line was used to study the interaction between
pancreatic stellate cells and pancreatic cancer cells using the conditioned medium of PSCs, as

described further below.

I.2) Cell culture conditions

Both human-activated PSC cell lines were cultured in Dulbecco’s Modified Eagle
Medium/ Nutrient Mixture F-12 (DMEM/F12, Gibco, Thermo Fischer Scientific, France)
supplemented with 10% of Fetal Bovine Serum (FBS, Pan Biotech, Dominique Dutscher,
France) without any antibiotics, in T75 (surface of 75 cm?) plastic culture flasks. PS-1 cells
were used up to a maximum of passage 55, while RLT-PSCs were used not more than passage

28 for the different experiments.

MIA PaCa-2 cells were cultured in DMEM high glucose medium (DMEM, Gibco,
Thermo Fischer Scientific, France), supplemented with 10% FBS (Gibco, Thermo Fischer
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Scientific, France) and 2 mM of L-Glutamine (Gibco, Thermo Fischer Scientific, France),
without any antibiotics, in T25 ( surface of 25 cm?) plastic culture flasks. These cells were used

until maximum passage 30 for the different experiments.

All cell lines were maintained at 37°C in a humidified atmosphere with 5% CO-, under
normoxic conditions, in pre-treated plastic flasks facilitating their cell adhesion, and the cell
culture medium was changed every 48 hours renewing the nutrient intake. Furthermore, the
FBS utilized for each cell culture medium was previously decomplemented at 56°C for 30

minutes.

Once the cells had reached 80% of their confluency within the flask, they were split into
a new flask to maintain them in culture. All the manipulations of cell culture, as well as all the
cell treatments, were performed under a cell culture hood of class II (Faster BH-EN-2003-S) in
order to ensure sterile conditions and avoid any potential contaminations. The culture medium
of the confluent flask was then removed, cells were rinsed with PBS (Phosphate Buffered
Saline, Sigma, France) solution ( 5 ml for the T75 flask and 2.5 ml for the T25 flask), and
thereafter a trypsin-EDTA (Ethylenediaminetetraacetic acid) (0.05%, Gibco, Thermo Fischer
Scientific, France ) solution (1.5 ml for the T75 flask and 1 ml for the T25 flask) was added to
the cells placing the flask in the incubator at 37°C. The trypsin solution will permit the cell
dissociation since trypsin is a proteolytic enzyme hydrolyzing the esters of basic amino acids
(lysine and arginine), cleaving hence the adhesion transmembrane proteins. RLT-PSCs and
MIA PaCa-2 cells were kept for 5 minutes in trypsin at 37°C to be detached and dissociated,
while PS-1 needed 7 minutes. The effect of trypsin was then neutralized by adding a complete
culture medium (3.5 ml for the T75 flask and 3 ml for the T25 flask) as the FBS contains trypsin
inhibitors and resuspending the cells by ten repetitive pipettings to dissociate mechanically
better the cells. After dissociation, the cells were counted using the Malassez counting chamber
and seeded into new flasks until they reached 80% of confluency again. 2%10° cells were seeded
in a T75 flask for PS-1 and 8*10* cells for RLT-PSCs since they have a higher proliferative
potential than PS-1, and 6%10* cells were plated in a T25 flask for MIA PaCa-2 in order to be

confluent after one week of culture.

I.3) Freezing and Thawing procedures

When they reached 80% of confluency, cells were detached using the trypsin-EDTA

solution and counted as described above. 2*#10° cells were transferred into a sterile tube and
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centrifuged at 1100 rpm for 7 minutes to pellet the cells, then the supernatant was removed, and
the cells were resuspended in 1 ml of freezing medium containing 95% of FBS and 5% of
DMSO (Dimethyl sulfoxide, Sigma-Aldrich, France) per cryogenic freezing vial. The vials
were next placed in the freezing container CoolCell™ (Biocision, Dutscher, Thermo Fischer
Scientific, France) at -80°C for 48 hours, permitting slow and progressive freezing of the cells,

and after they were placed in the storage boxes in -80°C for long term conservation.

To thaw the cells, the freezing vial was heated either in the water bath at 37°C or
manually until the cells were thawed, and then 1 ml of DMEM/F12 for PSCs and of DMEM
for MIA PaCa-2 (without FBS) was added to the vial dissociating the cells with gentle and slow
pipetting. Thereafter the totality of the vial volume was transferred into a 50 ml tube containing
20 ml of DMEM/F12 for PSCs and DMEM for MIA PaCa-2 (without FBS) to dilute the DMSO
contained in the freezing medium, and cells were centrifuged at 1100 rpm for 7 minutes. After
centrifugation, the supernatant was discarded, the cells were resuspended with complete culture
medium and seeded into a T75 flask for PSCs and T25 flask for MIA PaCa-2 containing their
complete medium, and placed in the incubator at 37°C. The day after, the medium was changed
to eliminate any no attached cells. Cells were maintained in culture and they were used for

experiments only two weeks after their thawing.

I.4) Conditioned medium

The dialogue between activated PSCs and pancreatic cancer cells (PCCs) and the role
of Ca®* in this inter-communication has been assessed using the conditioned medium (CM)
produced by the activated PSCs. To obtain this conditioned medium which contains all the
factors secreted by the activated PSCs, PS-1 cells and RLT-PSCs have been cultivated in their
classic complete culture medium in T75 flasks until reaching 80% of confluency. Subsequently,
the media was removed, cells were washed with PBS to eliminate any resting of FBS, and a
new medium was added to the PSCs. This new medium corresponds to the culture medium of
MIA PaCa-2 cells, namely to DMEM medium but without FBS, so the secreted from PSCs’
factors can be distinguished from the factors contained in the FBS and in which PSCs were
cultivated for 48 hours. Afterward, the so-called conditioned medium (CM) from the PS-1 cells
and RLT-PSCs is collected, filtered using a 0.22 um pore size sterile filter, and stored at -80°C
until usage. We will call this latter CM with a physiological Ca** concentration since the Ca®*

concentration of the commercial DMEM media is 1.8 mM. To evaluate the role of Ca" in the
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interplay between activated PSCs and PCCs, we simultaneously generated a low Ca?* (0.2 mM
Ca?*) CM from PSCs using the Ca** chelator EGTA (Ethylene glycol-bis(B-aminoethyl ether)-
N,N,N', N'-tetraacetic acid)). We calculated the optimal concentration of EGTA (1.6 mM of
EGTA) to add in the DMEM medium in order to decrease the media Ca’* concentration to 0.2
mM using the max-chelator software

somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/CaMgATPEGTA-NIST.htm.

Similarly, we cultivated the 80% PS-1 and RLT-PSCs confluent cells in this FBS free-DMEM
medium with low Ca?* concentration (0.1 mM) for 48 hours and then collected the low Ca?*
CM as described previously. After that, these CMs with physiological and low Ca**
concentrations from PSCs were used to cultivate MIA PaCa-2 cells for 48 hours and 72 hours
to study the effect of the PSCs secreted factors in physiological and low Ca®* concentration on
PCCs behavior. Before replacing the classic complete medium of MIA PaCa-2 with the PSC-

CM, the cells were washed with PBS to eliminate any trace of resting FBS.

I.5) Cell Transfection

Transient silencing of the protein-coding genes of interest was performed with the most
commonly used RNA interference, namely the small (or short) interfering RNA (siRNA). This
latter is a synthetic RNA duplex designed to specifically target a particular messenger
ribonucleic acid (mRNA) for degradation, thus leading to the inhibition of the protein of
interest. To introduce the specific siRNA for each target gene and hence protein into cells, we
used the electroporation method consisting of generating an electrical pulse which creates
temporary pores in the cell membrane allowing the passage of siRNA into the cell. The
electroporation was performed using nucleofection technology (Nucleofector™ II, Amaxa
Biosystems, Lonza, Aubergenville, France) and according to the manufacturer’s protocol. All
cell lines (PSCs and MIA PaCa-2) were efficiently transfected with the Nucleofector Kit L from
Lonza (reference: VVCA-1005). Indeed, after trypsinization, 1*#10° or 1.5*%10° cells were
transferred into a 2 ml Eppendorf tube and were pellet after 7 minutes of centrifugation at 1500
rpm or 200g. The supernatant was then removed, and 100 ul of supplemented transfection kit
L was added in each Eppendorf tube, as well as 4 pug of scrambled siRNA (negative duplex
control used as control, Eurogentec, France) or of siRNA directed against the protein of interest
(Eurogentec, France or Dharmacon Research, Chicago). However, for siStim1 2 pg of siRNA

was sufficient to obtain an efficient protein inhibition. The initial concentration of all used
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siRNAs was 40 uM, and all of their sequences are listed in Table 1. The whole mix (cells with
transfection buffer and siRNA) was transferred into the transfection cuvette, and the
electroporation was carried out using the nucleofector device cited above. Moreover, the
transfection efficiency depends also on an adequate transfection program. The adapted program
for PSCs was the BHK-21 (X-031), and for MIA PaCa-2, the program Panc-1 (X-005). Once
the electroporation was done, 400 ul of culture medium was added to each transfection cuvette.
Thereafter the whole volume was transferred into a 2 ml Eppendorf tube, in which 500 ul or 1
ml (depending on the number of transfected cells, for 1* 10%cells, 500 ul of medium were added,
while for 1.5%10° cells, 1 ml was added) more were added and incubated for 10 minutes at 37°C
before seeding the transfected cells into the Petri dishes. All the carried-out experiments were

performed 72 hours after the siRNA transfection.

Table 1: siRNA sequences used for transfection.

No siRNA name Sequence (all in the 5'-to-3'direction

1 siCtrl duplex negative control, Eurogentec # SQ-SIRNA-20007

2 siOrail CGUGCACAAUCUCAACUCG

3 siOrai2 GG ACUGGAUGAcCUUCUCCU

4 siOrai3 GGGUCAAGUUUGUGCCCAU

5 siStim1 GGAGGAUAAUGGCUCUAUU

6 siTRPC1 ON-TARGET plus SMART pool siRNA, Dharmacon Research,

Chicago, IL # L-004191-000005
7 siaSMA GGGCUGUUUUCCCAUCCAU
8 siSmad?2 GUCCCA UG AA AAGACUUAA

I.6) Cell treatments and stimulations

All the applied cell treatments or stimulations during the different experimental
procedures of this thesis work are listed in the below table (Table 2). For the long-term
treatments (48 hours or 72 hours), cells were first seeded into the Petri dishes for 24 hours to

adhere to the plastic support before treating them with different chemicals. 24 hours after
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plating the cells, the culture medium was changed and replaced by a fresh medium containing

the corresponding treatment with the corresponding concentration indicated in the below table

for the treatment-indicated time. All the cell treatments and cell stimulations were realized
within the classic culture medium of PSCs (DMEM/F12 supplemented with 10% FBS) except
for the TGF-B1 treatment, where cells were cultivated and treated in DMEM/F12 medium

supplemented with 1% FBS. Furthermore, for all the studies performed to investigate the

phosphorylated form of a protein, cells were FBS-starved overnight and stimulated with 10%

FBS-containing media and/or with the corresponding chemical the day of the carried-out

experiment.

Table 2: Chemicals used for the experiments.

No Chemical Solvent Stock Used Treatment Chemical
name solution | concentrati time reference and
on supplier
1 TGF-B1 DMEM | 1 pg/ml 20 ng/ml 48h Sigma, #H8541
F12
1bis TGF-p1 DMEM | 1 pg/ml 5 ng/ml 30 min Sigma, #H8541
F12
2 LY 294002 DMSO 20 mM 20 uM 72h Sigma, #1.9908
3 SB 431542 DMSO | 100 mM 80 uM 72h Sigma, #616464
4 U 0126 DMSO 10 mM 10 uM 72h Sigma, #U120
5 EGTA Culture 0.5M 1.3 mM 30min and Sigma, #324626
medium 72h
6 W7 H20 5 mM 20 uM 72h Tocris, # 61714-
27-0
7 Thapsigargin | DMSO 10 mM 1 uM 2-3 min Sigma, # T9033
8 SKF 96365 DMSO 10 mM 10 uM 72h Sigma, # S7809-
SMG
8bis SKF 96365 DMSO 10 mM SuM 10 min Sigma, # S7809
9 2 APB H20 20 mM 50 uM 10min and | Sigma, #100065
(2- 72h
Aminoethoxy-
diphenyl
borate)
10 MBCD Culture | powder 5 ng/ml 24h Sigma, #C4555
medium
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II.  Cell viability, proliferation, and mortality
II.1) MTT colorimetric assay

The MTT test for 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide is a
colorimetric assay permitting the assessment of the cell viability by measuring the cellular
metabolic activity. The yellow tetrazolium salt of MTT is reduced to purple insoluble formazan
crystals by the mitochondrial succinate dehydrogenase reflecting the mitochondrial respiratory
activity and thus the cellular energy capacity, characteristic only of the viable cells. The MTT
(Sigma-Aldrich, France) powder used for the experiments was solubilized in the culture
medium (0.5 mg/ml). To perform this assay, cells were seeded in 6-well plates (8%10* per well
for PS-1 cells and 6%10* for RLT-PSCs and MIA PaCa-2 cells), and the cell viability was
assessed 72 hours after siRNA transfection or treatment with the different chemicals. The
culture medium of the cells was discarded, and cells were incubated with 800 ul per well of the
dissolved in the media MTT, for 45 minutes, at 37°C, in the dark because the MTT is a
photosensitive molecule, to be converted into formazan. After 45 minutes of incubation, the
purple formazan crystals were dissolved by replacing the medium with 800 ul of DMSO per
well, resulting in a more or less colored solution. The volume of DMSO was then divided into
4 and placed in the wells (200 ul per well) of a 96-well plate, and the absorbance of the obtained
colored solution was measured at 550 nm using the spectrophotometer Infinite P200 PRO™
TECAN. Consequently, the optical density obtained using the Tecan-i-control software reflects

the proportion of living cells.

I1.2) Trypan Blue dye exclusion assay

The Trypan Blue staining assay is used to quantify the number of viable and dead cells
within a cell suspension. This is due to the capacity of the trypan blue dye to penetrate the cells
through porous membranes, characteristic of dead cells, and color the cytoplasm in blue,
whereas it cannot cross the intact membrane of the living cells. Hence the number of blue-
stained cells reflects the number of dead cells, while the uncolored cells correspond to the viable
and proliferative cells within a cell population. This exclusion assay was carried out on PSCs
plated in 35 mm Petri dishes (8#10* cells per dish for PS-1 cells and 6%10* for RLT-PSCs) for
72 hours after siRNA transfection or after cell treatment with the different chemicals. The cell
medium was removed and kept in a 2 ml Eppendorf tube to preserve the possible dead cells

contained in the media, and cells were detached using 400 ul of trypsin-EDTA for 5 and 7

94



minutes for PS-1 cells and RLT-PSCs respectively, at 37°C. The trypsin activity was then
neutralized using the conserved cell medium corresponding to each condition, and cells were
kept in suspension. Next, 200 ul of cell suspension was added in 50 ul of trypan blue solution
(0.4%, Sigma-Aldrich, France), in the volume ratio of 4:1, and after homogenization, dead and
alive cells were counted using the Malassez counting chamber. For each condition, cells were
counted six times to determine the rate of cell death and cell proliferation for each condition.
Firstly, the total cell number was quantified using the formula: Total cell number = number of
cells * 4 * 1900 (which corresponds to the 400 ul of the added trypsin-EDTA and to the 1.5 ml
of the collected, conserved cell medium). After that, the cell mortality rate was obtained using
the formula: Percentage of dead cells = (number of blue-stained cells/number of total cells) *
100 (normalized or not to the control condition), and the cell proliferation rate using the
formula: Rate of cell proliferation = number of alive cells * 4 * 1900, normalized to the control

condition.

I1.3) Flow cytometry
I1.3.1) Cell cycle analysis

Flow cytometry is a laser-based technique utilized to detect and measure several
biophysical and biochemical parameters of a cell population or particles in suspension, such as
the granularity, size, number, profile, function, and phenotype. This technique also can measure
the optical and fluorescence characteristics of a cell population or particles in suspension, for
example, by using fluorescent antibodies or dyes. The flow cytometer contains an optical
detection system and a laser beam in front of which the cells pass one by one in a constant flow.
The light scattering from the cells which is linked to their structural and morphological
properties, and the emitted fluorescence coming from the amount of the fluorescent probe
bound to the cells, are then measured by sensors which transmit the information to a computer
for analysis. Based on this principle, we used flow cytometry to assess the cell proliferation.
Indeed, we utilized the Propidium lodide (PI), a fluorescent stoichiometric DNA-binding dye
that intercalates between adjacent DNA base pairs to determine the cell distribution of a
population in the different cell cycle phases (GO/G1, S, and G2/M). PI is excited by a laser of
488 nm wavelength, and its emitted fluorescence is detected at 631 nm. After the excitation of
PI (FL2 filter), the intensity of the emitted fluorescence is represented in graphic form according

to the number of cells passed in front of the optical detector (Count). Hence, the intensity of the
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fluorescence detected at 631 nm is proportional to the DNA content of the cell, which varies
from one phase of the cell cycle to the other, permitting to quantify the percentage of cells in
each phase. Notably, the G2/M phase contains two times more DNA than the GO/G1 phase. To
evaluate the cell cycle distribution, 1*#10% PS-1 cells were transfected with siCtrl, siOrail,
siStim1, siTRPCI1 or siasSMA independently, and plated in 100 mm dishes for 72 hours. After
72 hours of post-transfection, cells were rinsed with 3 ml of PBS and detached using 1 ml of
trypsin-EDTA solution per dish for 7 minutes at 37°C. The trypsin activity was then stopped
by adding 3 ml of complete culture medium per dish, and cells were collected in a 15 ml tube,
following centrifugation of 7 minutes at 1000 rpm. Thereafter, the supernatant was removed,
the cell pellet was resuspended in PBS, and cells were centrifuged again for 7 minutes at 1000
rpm. This procedure was repeated one more time before the supernatant was definitively
eliminated. Cells were next resuspended in 150 ul of PBS containing 5 mM EDTA, to which
350 pl of cold absolute ethanol (99.8%, Sigma-Aldrich, France) was added drop by drop to fix
the cells. The whole suspension was gently vortexed and stored at 4°C for at least 6 hours and
not more than 2 weeks. After the cell fixation step, necessary for the permeabilization of the
cell membrane facilitating afterwards the PI entry within the cells, the cell suspension was
pelleted by centrifugation of 7 minutes at 1000 rpm. Cells were then resuspended in 100 pl of
PBS-5 mM EDTA and treated with 2 ul of RNAse A (20 mg/ml, Sigma-Aldrich, France) for
30 minutes at ambient temperature to avoid any PI binding to presented RNAs. Before
analyzing the samples by the flow cytometer (Accuri® C6 BD), 100 pul of PBS-5 mM EDTA
solution containing 50 pg/ml of PI was added to each sample and the emitted from the PI
fluorescence was measured after excitation at 488 nm with the FL-2 laser filter. The obtained
cell cycle profiles were after analyzed by calculating the cell percentage in each phase with the

Cyflogic software.

I1.3.2) Apoptosis analysis

Apoptosis, a programmed cell death process, can be assessed using specific markers of
apoptotic cells that are conjugated to a fluorophore by flow cytometry. Such a specific marker
is Annexin V, an intracellular protein that binds to the phospholipid phosphatidylserine in a
calcium-dependent manner. In healthy cells, phosphatidylserine is found on the inner leaflet of
the plasma membrane. However, during early apoptosis, this phospholipid translocates to the
outer leaflet of the plasma membrane, making its detection possible by using fluorochrome-
labeled Annexin V. To distinguish the apoptotic from the necrotic cells, another marker is
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needed to be used, such as the Propidium lodide (PI) that binds to DNA. Indeed, during
apoptosis analysis, cells are either fixed or permeabilized, thus, the PI will be able to penetrate
and stain only cells that have lost their plasma membrane integrity, a phenomenon that occurs
during late-stage apoptosis and necrosis. Hence the early apoptotic cells will be labeled only

with Annexin V, whereas the late apoptotic cells and the necrotic cells will be stained with PI.

We performed our experiments using the fluorochromes FITC (fluorescein) Annexin V
and PI from the PE Annexin V Apoptosis Detection Kit (BD Biosciences Pharmingen, France).
Before analyzing the apoptosis, 1* 10° PS-1 cells were transfected with siCtrl, siOrail, siTRPC1
or siaSMA independently and seeded in 100 mm Petri dishes for 72 hours. Thereafter, the
culture medium from each condition containing the detached cells was removed and conserved
in a 15 ml tube. Cells were washed with 3 ml of PBS (also collected in the 15 ml tube
corresponding to each condition) and detached using 1 ml of trypsin-EDTA for 7 minutes at
37°C. The trypsin activity was neutralized, and cells were resuspended using the collected from
each 15 ml tube medium of the corresponding condition. The cells were then pelleted by
centrifugation of 7 minutes at 1000 rpm, and the supernatant was discarded. The pelleted cells
were resuspended in 1 ml of PBS, transferred to a 1.5 ml Eppendorf tube, and centrifuged again
at 1000 rpm for 7 minutes. This washing step with PBS was repeated one more time. After the
last centrifugation, the pelleted cells were resuspended in 100 pl of 1x apoptosis binding buffer
(diluted 1:10 in PBS) and 2.5 pl of FITC Annexin V, and 2.5 pl of PI (50 pug/ml) staining
solutions were added to each Eppendorf tube. The whole mix was incubated for 15 minutes in
a dark place at room temperature, then 400 ul of 1x apoptosis binding buffer was added to each
tube, and samples were directly analyzed by flow cytometry (Accuri® C6 BD). During the
analysis, each detected cell by the cytometer was classified according to its fluorescence
labeling to viable, apoptotic or necrotic. The cells stained either with Annexin V or PI (Annexin
V -/ PI -) correspond to the viable cell population, while the ones labeled only with Annexin V
but not with PI (Annexin V+/PI-) correspond to the early apoptotic cell population. In addition,
the cells stained only with PI (Annexin V-/PI+) correspond to the necrotic cell population,
whereas the ones labeled with both Annexin V and PI (Annexin V+/PI+) correspond to the cells

in late-stage apoptosis and/or in necrosis.
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III. Molecular Biology Techniques
III.L1) RNA extraction

PSCs (PS-1 and RLT-PSCs) were seeded in 60 mm Petri dishes at the density of 5%10°
cells for PS-1 and 2*10° cells for RLT-PSCs (for 72 or 96 hours of culture) until the end of the
transfection time-point or the cell treatment. Petri dishes were then placed on ice and brought
under the fume hood where the workspace was cleaned with RNase AWAY Reagent solution
(Molecular Bioproducts) to avoid any RNA degradation from the existing on the work surface
RNAses. The culture medium was after that removed, cells were rinsed with PBS and 1 ml of
Trizol solution (TRI-Reagent® solution, Sigma-Aldrich, France) was added per dish to lyse the
cells. After 2 minutes of cell lysis, the Trizol solution containing the lysed cells was transferred
to a 1.5 ml Eppendorf tube, to which 200 pl of 1-Bromo-3-Chloropropane (Sigma-Aldrich) was
added to separate the nucleic acids (RNA and DNA) from the proteins. To mix the 2 solutions,
the Eppendorf tubes were vortexed for 3 minutes at room temperature and then centrifuged at
12 000 g for 15 minutes at 4°C. After the centrifugation, 3 distinguished phases were formed
inside the tube, an upper clear aqueous phases containing the nucleic acids, an intermediate
white phase containing the proteins and a lower organic phase containing the lipids. The upper
phase was carefully collected and transferred into a new Eppendorf tube, whereas the rest of
the mix was discarded. Thereafter, 500 ul of isopropanol (Sigma-Aldrich) was added in each
tube to collect the RNAs by alcohol-based precipitation, followed by a slow manual shaking.
After that tubes were kept for 10 minutes at room temperature before being centrifuged again
at 12000 g for 10 minutes at 4°C. At the end of the centrifugation, a pellet was formed
corresponding to the RNAs, thus the supernatant was discarded, and 500 ul of 70% ethanol
were carefully added (without disrupting the pellet). The tubes were centrifuged at 7500 g for
7 minutes and the ethanol was then discarded. This washing step was repeated one more time
before letting the RNA pellet to dry completely under the fume hood. Once the pellet was
completely dry, 22 ul of RNase free sterile water was added to each tube to dilute the RNA
pellet. After that, the RNA concentration was quantified by measuring its absorbance at 260 nm
(wavelength of nucleic acids absorbance) with the NanoDrop 2000 spectrophotometer.
Simultaneously the absorbance at 280 nm (corresponding to the wavelength of protein
absorbance) and at 230 nm (corresponding to the wavelength of solvent absorbance) was
measured. The purity then of the extracted RNA was determined using the ratios A260/A280

reflecting the protein contamination, and A260/230 reflecting the solvent contamination. Only
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the samples having ratios higher than 1.8 were considered as pure and thus used for the

experiments.

III.2) Reverse transcription-polymerase chain reaction (RT-PCR)

After the RNA extraction, the obtained and quantified RNA was retro-transcribed into
complementary DNA (cDNA) using the High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems). For our experiments 2 ug of RNA per sample diluted in RNase free
water to a final volume of 13.2 ul and transferred into a 0.2 ml heat-resistant tube, was retro-
transcribed into cDNA. To each sample was then added 6.8 ul of RT mix containing 2 ul of RT
buffer, 2 ul of Random primers, 0.8 ul of deoxynucleotide triphosphates (ANTPs), 1 ul of
RNase inhibitor and 1 pl of the reverse transcriptase Multiscribe™. The heat-resistant tubes
containing a final volume of 20 pl each were placed into the thermocycler for the reverse
transcription of the RNA to cDNA. This procedure was performed in 3 steps, a first step of
primers’ hybridization for 10 minutes at 25°C, then a step of retro-transcription for 2 hours at
37°C and a final step of the reverse transcriptase deactivation for 5 minutes at 85°C. After that

step, the obtained cDNAs were stored at -20°C until use.

III.3) Quantitative polymerase chain reaction (qQPCR)

The quantification of the genes of interest in our samples was realized with the
quantitative PCR (qPCR) technique. qPCR permits the amplification and quantification of
specific DNA sequences using fluorescent probes and specific forward and reverse primers for
each gene of interest (all the primers used for our experiments are listed in Table 3). All the
gPCR experiments were performed at the Regional Resource Center in Molecular Biology
(CRRBM) in Amiens. The obtained from the RT-PCR cDNA were diluted 1:20 in RNase free
water before being used for the qPCR experiments. Then 2 ul of each cDNA sample was added
in a 384 well plate, followed by the addition of 0.5 ul of forward primer and 0.5 ul of reverse
primer, both concentrated at 10 uM, and 1.6 ul of RNase free water, per well. Thereafter, 4.6
ul of the SYBR green buffer, containing the fluorescent SYBR green probe (ABsolute™ QPCR
SYBR® Green Mixes kit, ABgene), was added to each well to reach a total volume of 9.2 pl per
well. Indeed, SYBR green is a fluorescent probe having the ability to intercalate between the

double-strands of DNA emitting a fluorescence at 550 nm. Hence, the intensity of the emitted
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fluorescence is proportional to the produced number of amplicons during the qPCR, and it is
measured at the end of the extension phase of each cycle. Once the wells were filled, the 384
well plate was sealed using a heat sealer device, then centrifuged for 60 seconds and placed in
the thermocycler Light Cycler (LightCycler® 480, Roche Molecular System) for 40
amplification cycles. Each cycle contained 3 phases, a first phase of denaturation at 95°C (10-
15 minutes) to melt the double-stranded DNA into single strands, followed by a hybridization
phase at 60°C (2-60 seconds) where the primers bind to DNA and a last phase of elongation at
72°C (4-120 seconds) where the PCR enzymes synthesize the complementary strand of the
exposed single-stranded DNA. After the end of the qPCR, the gene expression was quantified
based on the cycle threshold (Ct) corresponding to the number of cycles at which the fluorescent
probe SYBR linked to the PCR amplification was detected. The Ct level, thus, is inversely
proportional to the amount of the targeted nucleic acids (genes) in the sample (for example the
lower the Ct lever the greater the expression of the target gene). At the end, the transcriptional
expression of the genes of interest was normalized to the expression of the housekeeping gene
HPRT1 (hypoxanthine phosphoribosyl transferase 1) using the Pfaffl method (Pfaffl et al.,
2002).

Table 3: Human primers sequences used for the qPCR experiments.

No Primer Forward Reverse
name
1 HPRT1 | AGTTCTGTGGCCATCTGCTT | CAATCCGCCCAAAGGGAA
CT

2 B-actin CA GA GC AAGAGAGGCATC ACGT ACAT GG CT GG GG TG
CT

3 ORAI1 AG GT GATG AGCCTC AA CG CT GA TC AT GA GC GC AA AC
AG AG

4 ORAI2 ACCTGGAACTGGTCACCT | ATGGCCACCATGGCAAAGC
CT

5 ORAI3 CCAAGCTCAAAGCTTCCA CAAAGAGGTGCACAGCCA
GCC CCA

6 STIM1 CTTCAGCACAGTCCCTGT TG TG GAGCTGCCTCAGTA
CA TG

7 | TRPC1 | GAGGTGATGGCGCTGAAGG | GCACGCCAGCAAGAAAAG
C
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8 IL-6 AGACAGCCACTCACCTCT |TTCTGCCAGTGCCTCTTTGC
TC AG TG

9 IL-11 CT GT GG GG AC AT GA ACTG AGGGTCTG GG GA AACTCG
TG

10 | TGF-Bl1 AC AT CAACGCAGGGTTCA GA AGTT GG CATG GT AG CC
CT CT

11 | ColAl TC TG CG AC AA CG GC AAGG GACGCCGGTGGTTTCT TG
TG GT

12 | oSMA |CCGACCGAATGCAGAAGGA | ACAGAGTATTTGCGCTCC
GA A

13 | SMAD2 | GTTCCTGCCTTTGCTGAGAC | TCTCTTTGCCAGGAATGCTT

IV.  Cell Biology Techniques
IV.1) Western Blotting
IV.1.1) Protein extraction

PSCs (PS-1 and RLT-PSCs) or pancreatic cancer cells (MIA PaCa-2) were cultured in
60 mm Petri dishes (5%10° cells for PS-1, and 2*10° cells for RLT-PSCs or MIA PaCa-2) or in
100 mm Petri dishes for the Co-immunoprecipitation experiments (1.5 10° for PS-1 cells) for
72 or 96 hours. Cells were then placed on ice; the culture medium was removed, and cells were
washed twice with cold PBS (3 ml per 60 mm Petri dish and 5 ml per 100 ml dish). Thereafter
cells were incubated with complete RIPA buffer (60 pl of RIPA for the 60 mm Petri dishes and
110 pl for the 100 mm dishes) for 30 minutes on ice. The RIPA buffer was composed of 1 %
Triton X-100, 1 % sodium deoxycholate, 0.1 % SDS (Sodium Dodecyl Sulphate), 150 mM
sodium chloride and 20 mM PO4Na2/K (pH 7.2), and it was supplemented before cell
incubation with protease inhibitor cocktail (Sigma-Aldrich), 0.5 mM sodium orthovanadate
(phosphatase inhibitor) and 2 mM EDTA. After 30 minutes of incubation, the Petri dishes were
scratched on ice using scrapers to detach the cells, and then the whole cell lysate was transferred
into 1.5 ml Eppendorf tube. The tubes were centrifuged for 15 minutes at 15 000 rpm at 4°C to

separate the proteins (found in the supernatant) from the cellular debris. After centrifugation
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the supernatant was collected to a new Eppendorf tube and proteins were dosed using the
Bradford colorimetric method (Bio-Rad DC Protein Assay Kit) in 96 well plates. Before the
dosage, proteins were diluted 1:5 into water and 5 pl of the diluted proteins was added per well,
followed by the addition of 25 pl of a reagent mixture (1 ml of reagent A for 20 ul of reagent
S) and 200 ul of reagent B. The 96 well plate was then protected from light and incubated under
slow agitation for 20 minutes at room temperature. After that the optical densities of the
obtained coloration of each sample were measured using a plate reader (spectrophotometer,
Infinite P200 PRO™ TECAN) at 620 nm and the Tecan i-control software. The protein
concentration was determined using a standard curve established from known BSA (Bovine

Serum Albumin) concentrations. All proteins were stored at -20 °C until use.

IV.1.2) Gel electrophoresis

All the Western Blotting experiments were performed using 30 pg of proteins per
condition, except for the Co-immunoprecipitation experiments where 500 ug of proteins per
condition were used. The protein lysates containing 30 pug of proteins were completed with 5x
Laemmli (62.5 mM Tris-base, 10 % glycerol, 2.3 % SDS, 5 % p-mercaptoethanol and
bromophenol blue) and 1x Laemmli (diluted in water) buffer to reach a final volume of 39 pl.
Samples were then denatured for 10 min at 95°C. After denaturation the whole sample volume
was loaded into the wells (39 ul per well) of a polyacrylamide gel (PAG), followed by an one-
dimensional electrophoresis performed into a Bio-Rad system according to the SDS-PAGE
method (Sodium Dodecyl Sulphate — Polyacrylamide Gel Electrophoresis). For our
experiments, PAGs with different percentages (10 % and 12 %) were made by the chemical
polymerization of an acrylamide / bis-acrylamide mixture to separate the proteins according to
their molecular weight, covered on the top with a 5 % stacking gel. Simultaneously with the
protein loading, a molecular weight marker (Bio-Rad) was also loaded in a separate well in
each PAG to follow the protein migration. The SDS-PAGE was then completed using a
migration running buffer (10 % Tris-glycine, 1 % SDS at 10 % and 18 MQ water) during 1
hour at 200 Volts permitting the migration of the negatively charged proteins and their

separation according to their molecular weight.

After the end of the migration, proteins were transferred from the PAG to a
nitrocellulose membrane through a liquid transfer during 2 hours at 60 Volts on ice. This step

was realized using a transfer buffer that contained 10 % Tris-glycine, 20 % methanol and 18
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MQ water. Once the transfer was terminated, the nitrocellulose membrane containing the
transferred proteins was incubated for 5 minutes in 1x Ponceau S staining solution under slow
agitation to labelled in red the proteins. This step was done to verify whether the protein transfer
was efficiently performed. The nitrocellulose membrane was then incubated with 3 % BSA
diluted in TBS (Tris Buffered Saline) containing 0.1 % Tween-20 (TBS-T), for 1 hour under
slow agitation in room temperature to prevent the non-specific binding of the antibodies.
Thereafter, the nitrocellulose membrane was incubated with the primary antibody (which was
diluted in 3% BSA + TBS-T) overnight at 4°C or during 2 hours at room temperature, under
slow agitation. All the primary antibodies used for our experiments as well as their dilution are

listed in Table 4.

The day after or after 2 hours of incubation at room temperature, the primary antibody
was removed, and the membrane was washed at least 3 times with TBS-T, with 7 minute high
agitation between each washing. The membrane was next incubated with the suitable secondary
antibody anti-IgG (diluted in 3 % BSA + TBS-T, table 4) coupled to a horseradish peroxidase
enzyme (HRP), for 1 hour under slow agitation at room temperature. Afterwards, the membrane
was washed again 3 times with TBS-T (7 minutes each) under high agitation and with a 4" last
wash only with TBS. The recognized by the secondary antibody proteins were then revealed by
chemiluminescence using the ECL reagent (Enhanced ChemilL.uminescence, Ozyme) with the
ChemiDoc XRS device (Bio-Rad). Indeed, the ECL contains luminol and hydrogen peroxide
which interact with the HRP conjugated to the secondary antibody permitting hence the signal
emission of the target protein, which is then captured by the ChemiDoc and analysed by the
Quantity One® software. Protein expression was quantified by densitometry analysing and
measuring the emission signal intensity using the Quantity One® software. After quantification,
the expression level of each protein of interest was normalized to the housekeeping protein

expression GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) or tubulin.
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Table 4: Antibodies used for Western Blot and Co-immunoprecipitation experiments.

No Antibody name Primary antibody Primary antibody Secondary
dilution reference and supplier | antibody dilution
1 pAKT 1/500 Cell signalling, #9271S 1/2000
2 AKT 1/500 Cell signalling, 1/2000
#92725S
3 pERK1/2 1/500 Cell signalling, #9101S 1/2000
4 ERK1/2 1/500 Cell signalling, #9102S 1/2000
5 pSMAD2 1/1000 Abcam, #ab188334 1/3000
6 SMAD?2 1/1000 Abcam, #ab40855 1/3000
7 ORAIl 1/250 Sigma, # 08264 1/3000
8 ORAI3 1/200 Sigma Prestige, 1/3000
#HPAO015022
9 STIM1 1/1000 Cell signalling, #5668S 1/3000
10 TRPC1 1/1000 Abcam, #ab51255 1/3000
11 aSMA 1/1000 Abcam, # ab7817 1/3000
12 GAPDH 174000 Abcam, #ab8245 1/5000
13 Tubulin 1/1000 Sigma, #SAB4500087 1/3000

IV.2) Co-Immunoprecipitation

Co-Immunoprecipitation is a method utilized to reveal the physical interaction between

two proteins through the recognition of a target protein antigen using a specific antibody. The

formed antibody-protein complex is precipitated out of a solution by binding to a solid

substrate, such as magnetic or agarose beads. For all the co-immunoprecipitation experiments

we used protein A magnetic beads (PureProteome™, Millipore), which were precleaned using

complete RIPA buffer (containing protease inhibitor cocktail, sodium orthovanadate and

EDTA) and with the help of the magnetic rack (Millipore). For each sample 100 ul of

precleaned protein A magnetic beads were used, 50 ul for the pre-fixation step and 50 pl for
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the antibody binding step. After calculating the total volume of the magnetic beads needed for
all the experimental conditions, beads were washed twice with complete RIPA using the
equivalent volume of the total beads’ volume (for example for 300 ul of beads 300 ul of
complete RIPA are added). After the last wash, beads were kept into complete RIPA on ice, in
an equivalent volume of the initial total beads’ volume. Simultaneously, protein samples were
prepared with a volume corresponding to 500 pg of proteins per condition and completed with
RIPA (complete) buffer to reach a final volume of 300 ul per sample. Thereafter, each protein
sample was incubated with 50 pl of precleaned magnetic beads for 90 minutes at 4°C under
slow agitation. This step corresponds to the non-specific protein pre-fixation to the beads in the
absence of the specific antibody. After the 90 minutes of incubation, the beads were removed,
and the specific antibody was added to each sample (all the used antibodies are listed in Table
5). However, each time a control sample without the specific antibody was made to confirm the
specificity of the beads. The samples were the incubated overnight at 4°C under slow agitation.
The next day the formed antigen-antibody complex was precipitated by adding 50 ul of
precleaned magnetic beads to each sample, followed by an incubation of 1 hour at 4°C under
slow agitation. The supernatant was then removed, and the beads of each sample were washed
twice with 100 ul of complete RIPA buffer. After that, the beads were resuspended in 50 pl of
1x Laemmli and proteins were denatured for 10 minutes at 95°C. At the end, the beads were

discarded, and the protein samples were loaded in SDS-PAGE for standard Western Blot.

Table 5: Antibodies used as Co-immunoprecipitation antibody.

No | Antibody Co- Primary Co-IP and Secondary
name immunoprecipitation | antibody primary antibody antibody
(Co-1P) dilution reference and dilution
antibody dilution supplier
1 SMAD?2 1/100 1/500 Abcam, 1/2000
#ab40855
2 | pPSMAD2 1/100 1/500 Abcam, 1/2000
#ab188334
3 ORAIl 1/100 1/250 Sigma, # 08264 1/2000
4 TRPC1 1/100 1/500 Abcam, 1/2000
#ab51255
5 aSMA 1/200 1/1000 Abcam, # ab7817 1/3000
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No Secondary Reference and supplier Type
antibody name
1 | Anti-Mouse IgG | Cell signalling #7076S HRP-linked

2 | Anti-Rabbit IgG | Cell signalling #7074P2 HRP-linked

IV.3) Immunofluorescence

Immunofluorescence is another technique of protein detection based on the use of
antibodies conjugated to fluorescent dyes. These experiments were carried out on PSCs cultured
on glass coverslips to avoid any autofluorescence emission. 2%10* non-transfected PS-1 cells
and 1*10* non-transfected RLT-PSCs were plated on 14 mm autoclaved glass coverslips for 72
hours, priorly placed in a 12 well plate. After 72 hours of culture, the medium was removed,
and cells were gently rinsed twice with filtered PBS (500 ul per well). Cells were then fixed
using 4 % of paraformaldehyde diluted in filtered PBS for 20 min at room temperature. The
fixation solution was after that removed and cells were carefully washed twice with PBS
followed by 1 minute of slow agitation. Cells were next permeabilized using 0.1 % of saponin
diluted in filtered PBS for 10 minutes at room temperature, followed by 3 successive washes
with filtered PBS of 1-minute gentle shaking. After the last wash, the coverslips were
transferred to a humidified protected from light chamber, where cells were incubated with 5 %
of BSA diluted in filtered PBS (blocking solution) for 45 minutes at room temperature to
prevent the non-specific binding of the antibodies. Thereafter, the blocking solution was
removed, and cells were incubated with the primary antibody diluted in 5 % BSA+ filtered PBS
(60 ul per coverslip) overnight at 4°C (all the used antibodies are detailed in Table 6). The next
day the primary antibody was removed, the coverslips were washed 3 times with filtered PBS
(100 pl per coverslip) and cells were incubated with the secondary antibody (diluted in 5 %
BSA + filtered PBS) conjugated to a fluorophore for 45 minutes at room temperature in the
dark. The secondary antibodies utilized for our experiments were the secondary AlexaFluor®
550 conjugated antibody (IgG DyLight, Thermo Fischer Scientific) and the secondary
AlexaFluor® 488 conjugated antibody (Invitrogen). AlexaFluor® 550 was used for all the anti-
rabbit primary antibodies, while AlexaFluor® 488 was used for all the anti-mouse primary
antibodies. All the double labelings were made in a sequential manner incubating the following
primary antibody after the washing of the first secondary antibody. Afterwards, cells were

rinsed 3 times with filtered PBS (100 pl per coverslip) and then the nucleus was labelled using
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a DAPI (4',6-diamidino-2-phenylindole) solution (1 pg/ml, 60ul per coverslip, Sigma-Aldrich)
for 10 minutes at room temperature in the dark. DAPI solution was after that removed, cells
were washed twice with filtered PBS (100 ul per coverslip) and the coverslips with the labelled
cells were then mounted on glass slides using the mounting medium ProLong® Gold Antifade
Mountant (Thermo Fisher Scientific). After drying of the mounting medium, the glass slides
were analyzed by confocal microscopy where the fluorescence image acquisition was made
using the LSM710 confocal microscope and the ZEN software (Carl Zeiss Microlmaging). The

acquired images were after that analyzed with the Fiji Image J software.

Table 6: Antibodies used for immunofluorescence staining.

No Antibody name | Primary antibody Primary antibody Secondary
dilution reference and supplier antibody
dilution
1 TRPCI(rabbit) 1/200 Alomone, #ACC-010 1/200
2 TRPCI (mouse) 1/50 1/50

Santa Cruz, # sc-133076

3 ORAIl 1/100 ProSci'¥, # 3F6HS 1/100
4 pSMAD2 1/100 Abcam, #ab188334 1/100
5 aSMA 1/1000 Abcam, # ab7817 1/1000

IV.4) Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA dosage is a high-sensitive quantitative method used to measure the amount of
proteins or antibodies presented in a biological sample, such as the cell culture supernatant, the
serum plasma, and cell/tissue lysates, based on an antigen-antibody reaction (like the
immunoprecipitation principle). For our experiments we utilized two ELISA kits, one for the
detection of the secreted TGF-B1 in the cell culture supernatant, and one for the detection of the
secreted IL-6. The TGF-f1 ELISA kit was supplied by Sigma-Aldrich (reference: RAB0460)
while the IL-6 ELISA kit was provided by Invitrogen (# 88-7066-86). The whole experimental

procedure was strictly realized according to the technical protocol provided by the supplier.
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All the ELISA dosages were performed on cell culture supernatants from transfected or
treated PS-1 cells for 72 or 96 hours. Cells were plated in 100 mm Petri dishes (1*106 cells) or
60 mm dishes (5*105) for 72 or 96 hours, and then the supernatant from each condition was
collected in 15 ml tubes and centrifuged for 5 minutes at 1100 rpm to eliminate all the cellular
debris. The collected supernatant was then aliquoted in 2 ml Eppendorf tubes and stored at -
80°C until use. Before performing the experiments, a “test” dosage for each cytokine was done
in order to determine the appropriated dilution of each cytokine to use according to the detection
sensitivity of each kit. After testing several dilutions (cascade dilutions) for TGF-B1 and IL-6,
we determined a supernatant dilution of 1:16 as optimal for TGF-B1 dosage (Sigma-Aldrich)
and of 1:800 for IL-6 (Invitrogen). These dilutions can vary with the use of different ELISA
kits but also with the cellular density. Briefly after determining the optimal dilution to use, 100
ul of the diluted supernatant was added, per well, in a specific capture antibody coated (with
TGF-B1 or IL-6) 96 well plate, and then the plate was incubated overnight at 4°C under gentle
agitation. During this step the target protein (TGF-B1 or IL-6) present in the supernatant will
bind to the wells by the immobilized antibody. However, for TGF-1 dosage, a supplementary
step was done before incubation of the diluted supernatant. All the samples were treated with 1
N HCI for 10 minutes at room temperature to activate the latent TGF-B1 to its immunoreactive
form, and then were neutralized with 1.2 N NaOH/0.5 N HEPES, followed by the sample
incubation in the pre-coated 96 well plate. The next day, wells were carefully washed (4 washes)
and then incubated with 100 ul (per well) of diluted biotinylated detection antibody specific for
the target protein for 1 hour at room temperature under slow agitation. Thereafter, wells were
carefully washed (4 washes) and incubated with 100 pl (per well) of HRP (horseradish
peroxidase) -conjugated streptavidin solution which will detect the biotinylated bound antibody
for 45 minutes at room temperature under gentil agitation. The wells were then again washed
(6 times) and 100 pl of TMB (3, 3', 5, 5'-tetramethylbenzidine) substrate solution which will
detect the HRP was added to each well for 30 minutes at room temperature under slow agitation.
The detection of HRP by the TMB substrate will permit the obtention of a blue coloration that
is proportional to the amount of the target protein (TGF-B1 or IL-6) bound to the streptavidin-
biotinylated HRP complex. At the end, 50 ul of stop solution was added to each well to stop
the reaction changing the blue coloration to yellow, and the absorbance of this yellow coloration
was measured at 450 nm with a plate reader (spectrophotometer, Infinite P200 PRO™
TECAN). TGF-B1 and IL-6 concentrations were then quantified taking in consideration the

dilution factor of each cytokine and using the obtained equation from each standard curve.
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Indeed, for each used 96 well plate, a standard curve was done following the technical protocol

given by the supplier.

V. Calcium imaging

Calcium imaging is a technique used to measure in real-time the fluctuations of the
intracellular Ca®* levels in living non-fixed cells using Ca**-sensitive fluorescent probes. One
of the most utilized probes is the Fura2 probe coupled to an acetoxymethyl ester group (Fura2-
AM) permitting to the dye to cross the cell plasma membrane. Once Fura2-AM is inside the
cell, the acetoxymethyl ester group will be cleaved by cellular esterases forming the
pentacarboxylate Ca®* indicator Fura2 which cannot anymore exit the cell. The particularity of
Fura2 is that it is a ratiometric Ca”* fluorescent sensor having 2 excitation wavelengths, at 340
nm and at 380 nm, and a same emission wavelength at 510 nm. The binding of Fura2 to free-
Ca®* induces an increase of the excitation wavelength fluorescence at 340 nm while the non-
binding to Ca®* induces an augmentation of the excitation wavelength fluorescence at 380 nm,
both measured at the same emission wavelength. Hence, the ratio of both excitation wavelength
fluorescence (F340/F380) emitted at the same wavelength (510 nm) reflects the intracellular

Ca** concentration.

To perform this type of experiment, PS-1 cells (8*10* cells) and RLT-PSCs (6*10* cells)
were seeded on 30 mm autoclaved glass coverslips priorly placed in 35 mm Petri dishes each.
The use of glass coverslips is important for the Ca®* imaging measurements to avoid any
possible emitted autofluorescence from the plastic material of the Petri dishes. After 72 hours
post-transfection or post-proliferation, the culture medium was removed and cells were loaded
with 3 uM Fura2-AM (Sigma-Aldrich) in extracellular saline solution (ECSS) (145 mM NaCl,
5 mM KCI, 10 mM HEPES, 5 mM D-glucose, 2 mM CaCl, and 1 mM MgCl) at pH 7.4, for
45 minutes at 37°C in the dark. After Fura2 incubation, the extracellular saline solution (ECSS)
containing the probe was discarded and cells were washed 3 times and kept in ECSS at pH 7.4
until the beginning of the fluorescence measurement. The washed coverslips were then removed
from the culture Petri dishes and were placed onto pierced bottom Petri dishes using silicone
grease. Thereafter, the coverslips were transferred into a perfusion chamber on a Zeiss inverted
microscope equipped for fluorescence and Fura2 fluorescence was excited alternatively at 340
nm and 380 nm using the monochromator polychrome IV (TILL Photonics, Planegg,

Germany). Fluorescence fluctuations were then captured using a Cool SNAP HQ camera
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(Princeton Instruments) after filtration through a long-pass filter (510 nm emission wavelength)
and were analyzed using the Metafluor software (version 7.1.7.0, Molecular Devices). During
the whole experimental procedure, cells were continuously perfused with ECSS at room
temperature in the dark, maintaining a stable flow rate of 1 ml/min and a chamber volume of

700 pl.

The SOCE of PSCs was measured by a 2 minute-perfusion of ECSS (containing 2 mM
CaCl; and 1 mM MgCl) which was after removed by an aspiration pump, followed by 2-minute
perfusion of Ca®*-free ECSS (containing only 1 mM MgCI2). Thereafter, the Ca**-free ECSS
was replaced by Ca?*-free ECSS containing 1 uM Thapsigargin (Sigma-Aldrich), perfused until
to reach a peak of the fluorescence ratio, and then replaced again with only Ca**-free ECSS
until the 15™ minute of the signal acquisition. Indeed, Thapsigargin is an irreversible inhibitor
of the sarco-/endoplasmic reticulum Ca**-ATPase (SERCA) pump inducing indirectly a Ca>*
release from the endoplasmic reticulum. After the Ca*t depletion, a 2mM Ca*-ECSS solution
(also containing 1 mM MgCl) was perfused for 10 minutes in order to measure the
Thapsigargin-induced SOCE, and then a Ca**-free ECSS was again perfused as a control for 10
minutes. At the end of the experiments, we were able to obtain 2 types of information, one on
the basal Ca?* concentration of the cells which was reflected by the measurement of the basal
fluorescence ratio obtained during the first 2 minutes of the ECSS (2 mM CaCl> + 1mM MgCl»)
perfusion, and another information on the SOCE. These informations were obtained after

analyzing the acquired signals using the Origin 7.0 software (OriginLabs Corporation).

VI.  Statistical analysis

All the presented data within this work are illustrated as mean + SEM (Standard Error of
Mean), followed by the number of the used cell passages (referred as N) and the total number
of the used cells (referred as n). All the experiments were carried out with at least 3 different
cell passages, except of some preliminary illustrated data. The mean values of the different
experimental groups were analyzed by Student’s #-test, one-way ANOVA or two-way ANOVA
performed with Bonferroni or Tukey’s post hoc test, for multiple comparison and depending to
the compared conditions, using the GraphPad Prism software (version 5 and 7). Differences
between the values were considered as significant when p-value was less than 0.05 (p < 0.05).
The p-values < 0.05, < 0.01, < 0.001 and <0.0001 are represented as *, ** *¥* and ****

respectively.
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Part N°1:

Orail channel regulates human activated pancreatic stellate cell's proliferation and

TGFp1 secretion through the AKT signalling pathway
Summary:

PDAC is characterized by an excessive dense desmoplastic stroma surrounding the
PCCs, which accounts for up to 80% of the total tumour volume, liable for the early tumour
spreading and resistance to existing treatments. The major cellular component of this fibrotic
tissue is the activated PSCs, found to be in permanent communication with the PCCs, providing
them with the ideal microenvironment leading to PDAC development and progression. Even
though these cells exist in a quiescent state in the normal pancreas, during pancreatic
carcinogenesis, they become activated acquiring, among others, an increased aSMA expression
and ECM synthesis, high proliferative and migratory capacities, and they also abundantly
secrete diverse cytokines (Ferdek and Jakubowska, 2017). Among the PSC-secreted cytokines,
TGF-B1 has been demonstrated to play a crucial role in pancreatic fibrous tissue development

and in PSC's activation through existing autocrine loops (Kruse et al., 2000).

In addition, most of the above-cited cellular processes are known to be controlled by the
intracellular second messenger Ca** in various cell types. Indeed, one of the principal Ca** entry
pathways in non-excitable cells is the SOCs, mainly constituted of the channel pore-forming
Orail protein and the Ca®*-sensing stromal interaction molecule STIM1. However, so far, the
role of SOC-mediated Ca** entry in the regulation of PSC's activation processes has not yet
been elucidated. We thus aimed to investigate, at a first place, the role of SOC-mediated Ca*t
entry, mainly focusing on Orail-mediated Ca®* entry, in activated PSC's proliferation, TGF-B1
synthesis, and secretion, as well as the associated signalling mechanisms. We evaluated these
activation processes using two human activated PSC cell lines of different origin, namely PS-1
and RLT-PSCs. Indeed, the PS-1 cell line is isolated from a healthy donated human pancreas
(Froeling et al., 2009), whereas RLT-PSC cell line is originated from a pancreatic tissue
resection of patient with chronic pancreatitis (Jesnowski et al., 2005). Simultaneously, we
wondered whether Orail and Orail-mediated Ca®* entry could be involved in TGF-B1-mediated

autocrine PSCs stimulation using the PS-1 cells.

We firstly evaluated the functional expression of the Orail channel in both used human
cellular models of activated PSCs, PS-1 and RLT-PSCs, after Orail silencing for 72h, using the
siRNA approach. We then measured Orail-mediated Ca** entry by Ca**-imaging, applying a
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Tg-induced SOCE protocol, and we found that Orail channel mediates SOCE in both PS-1 and
RLT-PSCs. We thereafter sought to know whether the functionally expressed Orail channel
plays an important role in PSC's activation, assessing two main PSC's activation processes, the
cell proliferation, and cytokine expression and secretion. Among the known PSC-expressed and
secreted cytokines, we chose to focus on TGF-B1 since it is the major profibrotic cytokine,
shown to have a crucial role in PSC's activation and in the dialogue between activated PSCs
and PCCs. On the one hand, the invalidation of Orail for 72h resulted in a similar decrease of
the proliferation rate in PS-1 and RLT-PSCs, quantified by MTT colorimetric assay,
demonstrating a role of Orail in the modulation of activated PSC's proliferation. Moreover, we
wanted to know by which cell cycle phase Orail mediates PSC proliferation. To address this
question, we assessed the cell cycle phase distribution by flow cytometry in 72h siCtrl and
siOrail PS-1 transfected cells, and we revealed a cell cycle arrest illustrated by a cell
accumulation in GO/G1 phase. On the other hand, Orail knocking induced a similar decrease
of TGF-B1 mRNA expression in both PS-1 and RLT-PSCs, as quantified by qPCR, and
diminished TGF-B1 secretion measured by Elisa assay in PS-1 cells, indicating that Orail

mediates TGF-B1 expression and secretion in activated PSCs.

We then wondered by which signalling pathway Orail could regulate these two PSC's
activation processes. Based on the already well-defined signalling pathways shown to drive
PSC's activation, we chose to evaluate three of the major pathways, namely the AKT, ERK1/2,
and SMAD?2 pathway (Masamune and Shimosegawa, 2009). Among them, Orail was able to
only activate the AKT signalling pathway in PS-1 and RLT-PSCs, suggesting that Orail is
probably implicated in the regulation of activated PSC's proliferation and TGF-B1 expression
and secretion through the AKT pathway. To further assess this hypothesis, we treated PS-1 non-
transfected cells with the AKT pharmacological inhibitor LY 294002, and as for siOrail
transfected cells, we noted a reduction of their proliferation rate, as well as TGF-B1 expression
and secretion. However, to determine whether all these mechanisms are driven by the Orail-
mediated Ca”* influx in activated PS-1 cells, we reduced the extracellular Ca>* concentration,
and we first evaluated the impact on AKT phosphorylation, observing a decrease of its
activation in the low Ca**-conditions (0.1 mM) compared to the physiological Ca**-conditions
(1.4 mM). We then investigated the impact of siOrail transfected cells under 0.1 mM Ca**
conditions on PSC's proliferation, revealing an additive effect in siOrail-reduced proliferation
in low Ca**-conditions compared to siOrail-decreased proliferation in 1.4 mM Ca** conditions,

due to an increase of the cell mortality. At the same time, we did not observe any difference in
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TGF-B1 secretion between siOrail cells under low Ca?* -conditions and the ones in
physiological Ca?* -conditions, indicating that Orail-mediated Ca®* influx mediates PSC-

induced TGF-B1 secretion and in part PSC’s proliferation.

Interestingly, we identified that Orail-induced TGF-B1 secretion in PS-1 cells is
involved in an autocrine feedback loop promoting Orail-mediated PSC’s proliferation.
Additionally, we also found that TGF-f1 activates the Orail-mediated AKT pathway and
increases the Orail-mediated Ca?* influx. We could associate the stimulatory effect of TGF-B1
on Orail/AKT-dependent proliferation to TGF-Bl-induced Orail mRNA and protein

expression increase, and consequently to TGF-B1-promoted Orail functional expression.

Taken together, these data revealed a novel role of Orail channel in the regulation of
PSC’s activation processes and highlighted the importance of TGF-B1 in the maintenance of
PSC’s activation, summarized in the below scheme (Figure 23) and better detailed in the
following publication: Radoslavova S., Folcher A., Lefebvre T., Kondratska K., Guénin S.,
Dhennin-Duthille 1., Gautier M., Prevarskaya N., and Ouadid-Ahidouch H. (2021). Orail
Channel Regulates Human-Activated Pancreatic Stellate Cell Proliferation and TGFp:
Secretion through the AKT Signaling Pathway. Cancers 13, 2395.
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Simple Summary: Activated pancreatic stellate cells (aPSCs), the main source of cancer-associated
fibroblasts in pancreatic ductal adenocarcinoma (PDAC), are well known as the key actor of the
abundant fibrotic stroma development surrounding the tumor cells. In permanent communication
with the tumor cells, they enhance PDAC early spreading and limit the drug delivery. However,
the understanding of PSC activation mechanisms and the associated signaling pathways is still
incomplete. In this study, we aimed to evaluate the role of CaZ*, and Orail CaZ* channels, in two
main PSC activation processes: cell proliferation and cytokine secretion. Indeed, Ca* is a versatile
second messenger implicated in the regulation of numerous biological processes. We believe that
a better comprehension of PSC Ca?* -dependent activation mechanisms will bring up new crucial
PDAC early prognostic markers or new targeting approaches in PDAC treatment.

Abstract: Activated pancreatic stellate cells (aPSCs), the crucial mediator of pancreatic desmopla-
sia, are characterized, among others, by high proliferative potential and abundant transforming
growth factor g1 (TGFp1) secretion. Over the past years, the involvement of Ca?* channels in
PSC pathophysiology has attracted great interest in pancreatic cancer research. We, thus, aimed
to investigate the role of the Orail Ca?* channel in these two PSC activation processes. Using the
siRNA approach, we invalided Orail expression and assessed the channel functionality by Ca®*
imaging, the effect on aPSC proliferation, and TGFg; secretion. We demonstrated the functional
expression of the Orail channel in human aPSCs and its implication in the store-operated Ca®* entry
(SOCE). Orail silencing led to a decrease in aPSC proliferation, TGFg1 secretion, and AKT activation.
Interestingly, TGFg1 induced a higher SOCE response by increasing Orail mRNAs and proteins and
promoted both AKT phosphorylation and cell proliferation, abolished by Orail silencing. Together,
our results highlight the role of Orail-mediated Ca®* entry in human aPSC pathophysiology by
controlling cell proliferation and TGFp1 secretion through the AKT signaling pathway. Moreover, we
showed a TGFg1-induced autocrine positive feedback loop by promoting the Orail/AKT-dependent
proliferation via the stimulation of Orail expression and function.

Keywords: activated pancreatic stellate cells; Orail channel; TGFg1; cell proliferation; AKT activation
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1. Introduction

Extensive desmoplastic stroma is the central pathological feature of pancreatic ductal
adenocarcinoma (PDAC), responsible for the tumor’s development, progression, metastasis,
and treatment resistance. This fibrotic stroma is mainly composed of cancer-associated
fibroblasts (CAFs), also called pancreatic stellate cells (PSCs). Indeed, activated PSCs are
the orchestrators of fibrotic desmoplasia development and the major source of CAFs in
PDAC [1-4].

In the healthy pancreas, PSCs are stromal vitamin A lipid-storing cells residing in an
inactive-quiescent state that accounts for 4-7% of the organ. Quiescent PSCs are known
to maintain pancreatic tissue architecture by sustaining the balance between extracellular
matrix (ECM) secretion and degradation. However, in response to pancreatic injury,
inflammation, or carcinogenic processes, PSCs undergo morphological and functional
modifications to acquire a myofibroblast-like phenotype and become activated. This
transition is followed by a loss of vitamin A-containing lipid droplets, an increase in alpha-
smooth muscle actin (xXSMA) expression, and ECM secretion, such as type I collagen. PSC
activation induces the enhancement of their proliferative and migratory potentials, leading
to the development of the dense fibrotic tissue surrounding the pancreatic cancer cells
(PCCs) and disrupting the drug delivery [5-8]. Indeed, during PDAC, this desmoplastic
reaction formed by the PSC-induced fibrotic tissue accounts for 80% of the tumor’s total
volume. In fact, it is well known that activated PSCs establish a dynamic dialogue with
the PCCs, and profoundly affect the tumor cell behavior by promoting PCCs proliferation,
migration, and invasion to enhance PDAC early spreading [4,9].

PSC activation is also characterized by abundant secretion of various cytokines,
chemokines, and growth factors, such as the transforming growth factor g1 (TGFg1) [10,11].
TGFg1 is well known now as the profibrotic critical regulator of pancreatic fibrosis, which
drives PSC activation through the regulation of xSMA expression, cell proliferation, and
ECM synthesis, mainly by type I collagen synthesis [12-14]. This TGFg;-mediated au-
tocrine loop contributes to the sustained activation of PSCs [15-17].

All these cellular processes implicated in PSC activation are controlled by intracellular
signal transduction pathways [10,18,19]. Among these pathways, the serine-threonine
kinase AKT has been reported to regulate PSC proliferation and cell cycle progression.
Schwer et al. have demonstrated that blockade of the PI3K/AKT pathway with carbon
monoxide releasing molecule-2 (CORM-2) inhibited PSC proliferation and induced the
cell cycle arrest in the GO/G1 phase [20]. Moreover, Zhang et al. highlighted the effect of
the tumor suppressor PTEN (phosphatase and tensin homolog), known to reduce AKT
phosphorylation, on the inhibition of PSC proliferation and apoptosis [21]. Furthermore,
Nishida et al. have shown the involvement of PI3K/AKT in the regulation of platelet-
derived growth factor-induced PSC migration [10,18].

Moreover, most of the biological processes, including cell proliferation, survival,
migration, or protein secretion, are driven by intracellular Ca?*, which acts as a universal
second messenger. A few studies have revealed that intracellular Ca* signaling is also
crucial for the regulation of PSC physiology. Won et al. were the first to demonstrate
that Ca®* signaling is different between quiescent and activated PSCs. Activated PSCs
were characterized by transient elevations of intracellular Ca* in response to thrombin
or trypsin, which were absent in quiescent PSCs. They have also reported that nuclear
Ca?* signals are essential for promoting activated PSC proliferation [22]. Therefore, one
of the major Ca?" entry pathways in non-excitable cells is the store-operated calcium
channels (SOCs), also known as Ca®* release-activated Ca** (CRAC) channels. SOCs
are mainly composed of the pore-forming Orail protein and the Ca®* -sensing stromal
interaction molecule STIM1, and they become activated after endoplasmic reticulum (ER)
Ca?* depletion [23]. A recent study has pharmacologically identified the presence of
CRAC channels in mice PSCs [24]. These data were supported by Waldron et al., who
demonstrated the expression of Orail, Orai2, and STIM1 in mice PSCs [25].
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Although many studies have been focused on the molecular and cellular mecha-
nisms of PSC activation, a very limited number of data is available on the role of Ca?*
and SOCs channels in the regulation of PSC activation and the associated signaling path-
ways. In the present study, we focused on two principal PSC activation hallmarks, (i) cell
proliferation and (ii) cytokine secretion, particularly TGFg; secretion. We aimed to in-
vestigate the role of Ca?* entry through the Orail channel in the regulation of these two
processes and the associated molecular mechanisms. We showed, for the first time, that
the Orail channel is expressed and functional in human-activated PSCs. Moreover, we
demonstrated that Orail-Ca" entry is essential for human-activated PSC proliferation and
TGFpg1 secretion by triggering the activation of the AKT signaling pathway. Interestingly,
TGFp; treatment induced an autocrine positive feedback loop, which led to the enhance-
ment of PSC Orail/AKT-dependent proliferation through the regulation of Orail activity
and expression.

2. Results
2.1. Functional Expression of Orail Channel in PS-1 and RLT Human-Activated PSCs

At first, the activated state of PS-1 and RLT human immortalized PSCs was determined
by the presence of xSMA expression, the main activation marker of PSCs, using Western
blot experiments (Figure 1(Aa,Da), respectively). We, therefore, investigated Orail channel
expression, also by Western blotting, which revealed its presence in the PS-1 (Figure 1(Ab))
and RLT (Figure 1(Db)) human-activated PSCs, and by immunofluorescence staining for
PS-1 (Figure S1A).

To establish whether Orail channels are functional too in PS-1 and RLT cells, we
performed Ca?* - imaging experiments using Fura2/AM fluorescent probe. Since, it is
well known that Orail is one of the key players of store-operated Ca®* entry (SOCE) in
the majority of cell types, we evaluated this possibility by using the siRNA approach.
Orail protein expression was decreased by 60.54 & 4.40% in PS-1 cells (N = 3, p < 0.001,
Figure 1(Ba,Bb)), and by 38.38 £ 13.26% in RLT cells (N = 3, p < 0.05, Figure 1(Ea,Eb)),
72 h post-transfection. We then measured the SOCE after an endoplasmic reticulum (ER)
Ca?* depletion induced by thapsigargin (Tg), which acts as an irreversible inhibitor of the
sarco/endoplasmic reticulum Ca?*-ATPase (SERCA) pump. Orail silencing reduced SOCE
by 67.81% (siCtrl: 100 % 2.52%, siOrail: 32.19 + 1.36%, N = 5, p < 0.001, Figure 1(Ca,Cb))
in PS-1 cells, and by 72.65% (siCtrl: 100 £ 3.54%, siOrail: 27.35 £ 1.55%, N =3, p < 0.001,
Figure 1(Fa,Fb)) in RLT cells. Moreover, in both, PS-1 and RLT cells, Orail knocking
down decreased the CaZ* basal fluorescence ratio, by 5.93% (siCtrl: 100 £ 1.25%, siOrail:
94.07 £ 0.84%, N =5, p < 0.001, Figure S1(Ba)) and by 17.17% (siCtrl: 100 % 1.42% siOrail:
82.83 £ 1.51%, N =3, p < 0.001, Figure S1(Bb)), respectively. However, contrary to PS-1 cells
(siCtrl: 100 £ 4.21%, siOrail: 101.35 & 3.53%, N =5, Figure 1(Ca,Cc)), Orail inhibition led to
21.80% reduction in the Ca?* ER depletion induced by Tg, in RLT cells (siCtrl: 100 =+ 2.61%,
siOrail: 78.20 & 5.60%, p < 0.001, N = 3, Figure 1(Fa,Fc)).

These results showed that the Orail channel is functionally expressed, and it participates
in the SOCE as well as the regulation of Ca2* basal concentration in human-activated PSCs.

To investigate whether SOCE is already induced by the PS-1 cell culture conditions
(with cell medium containing 10% fetal bovine serum (FBS)), we performed Ca?* imaging
experiments after overnight FBS deprivation. Indeed, it is well known that FBS can induce
a Ca®* ER depletion by acting on the inositol triphosphate receptor, which will promote
STIM1 translocation to the cell membrane in order to activate Orail protein and so permit
the SOCE [26-29]. We so measured SOCE after perfusion of 1 uM Tg and 10% FBS, and we
observed that both Tg and FBS-induced Ca?* ER depletion triggering a SOCE. However,
FBS stimulation led to a lower SOCE (30% decrease) compared to Tg stimulation (Tg:
100 £ 2.94%, FBS: 73.41 &+ 2.37%, N = 3, p < 0.001, Figure S1(Ca,Cb)). These data revealed
that, in our culture conditions, Orail is activated and leads to SOCE that regulates CaZt
basal concentration.
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Figure 1. Orail channel is functionally expressed in human-activated PSCs by regulating the store-operated Ca®* entry

(SOCE). (A,D) Protein expression of xSMA, the principal marker of PSC activation (Aa,Da), and Orail channel (Ab,Db),
by Western blot, 72 h post-proliferation, in PS-1 (A) and RLT (D) human-activated PSCs. (B,E) Evaluation of Orail siRNA
72 h post-transfection efficiency by Western blot. Illustrative Western blot of Orail protein inhibition (Ba,Ea), with the
quantification (Bb, Eb), in both PS-1 (B) and RTL (E) PSCs. Western blotting results were first normalized to the referent

protein GAPDH and then to the control (N = 3, * p < 0.05, *** p < 0.001, Student’s t-test). (CF) Assessment of Orail
channel’s function in siOrail transfected PS-1 (C) and RLT (F) cells, using calcium imaging, 72 h post-transfection. SOCE

was measured after endoplasmic reticulum release induced by 1 uM of thapsigargin, illustrated by representative traces

(Ca,Fa) of SOCE measurements in both cell lines. All histograms are represented as the average = SEM normalized to the

control, of SOCE (siCtrl: n = 210, siOrail: n = 189, N =5 for PS-1 cells, (Cb)) (siCtrl: n =91, siOrail: n = 80, N = 3 for RLT
cells, (Fb)), and of endoplasmic reticulum release induced by 1 uM Thapsigargin (siCtrl: n = 210, siOrail: n = 184, N = 5 for
PS-1 cells, (Cc)) (siCtrl: n =91, siOrail: n = 80, N = 3 for RLT cells, (Fc)) (* p < 0.001, NS: no significant, Student’s t-test, n:

number of cells, N: number of passage).
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2.2. Orail Is Involved in Human-Activated PSC Proliferation and TGF g1 Secretion

We next wondered whether the Orail channel could drive some of PSCs activation
processes. We chose to focus on PSC proliferation and cytokine secretion, which are two
of the main activation hallmarks of PSCs. After 72h of Orail silencing, we assessed PS-1
and RLT’s cell proliferation by MTT colorimetric assay and we found that Orail knock-
down decreased by 37.12% PS-1’s cell proliferation rate (siCtrl: 100 £ 4.89%, siOrail:
62.88 £ 2.04%, N=4, p < 0.001, Figure 2A), and by 31.39% RLT’s cell proliferation (siCtrl:
100 = 3.80%, siOrail: 68.61 & 6.21%, N = 3, p < 0.001, Figure 2A). We next performed cell
cycle analysis on PS-1 cells using flow cytometry (Figure 2(Ba,Bb)). Orail silencing induced
a cell cycle arrest in GO/G1 phase (siCtrl: 77.18 £ 0.65%, siOrail: 82.10 & 1.06%, N =3,
p < 0.001), followed by a decrease in cell number in S phase (siCtrl: 8.37 £ 0.37%, siOrail:
512 £ 0.46%, N = 3, p < 0.01), without affecting the G2/M phase (siCtrl: 14.44 £ 0.61%,
siOrai: 12.76 £ 0.80%, N = 3, Figure 2(Ba,Bb)). Simultaneously, we checked if the observed
effect may be caused by an increase of cell mortality, which was evaluated by Trypan blue
colorimetric assay. In both PS-1 and RLT PSCs, we did not reveal any significant effect on
cell mortality (Figure S2C,D). In accordance with this data, apoptosis analysis on PS-1 cells,
using the Annexin V/IP staining, confirmed the absence of any effect on cell mortality
(Figure S2(Ea,Eb)).

Another characteristic of PSC activation is the abundant secretion of TGF g1 multifunc-
tional cytokine [6,30]. To test whether Orail could be involved in the modulation of TGF g4
expression and secretion, we first quantified TGFg; mRNA expression after 72 h of Orail
protein inhibition in both PS-1 and RLT cells. Orail knock-down led to 69.71% TGFgq
mRNA decrease in PS-1 cells (siCtrl: 100 £ 24.45%, siOrail: 30.29 £ 10.25%, N = 3, p < 0.05,
Figure 2(Ca)), and to 53.95% mRNA decrease in RLT cells (siCtrl: 100 & 16.87%, siOrail:
46.05 £ 12.59, N = 3, p < 0.05, Figure S2B). We then evaluated the impact of Orail in the
TGFp secretion process by ELISA assay (Figure 2D) in PS-1 cells. We observed no effect
on TGFg secretion 72 h after Orail silencing, but we found a 41.31% decrease in TGFp4
secretion after 96 h of siOrail transfection (siCtrl: 100 £ 9.49%, siOrail: 58.69 + 12.30%,
N =3, p <0.05, Figure 2D). Simultaneously, we have also looked at TGFg1 mRNA expres-
sion to see whether the effect of Orail silencing persists 96 h post-transfection. However,
even though we observed a tendency of TGFg1 mRNA decrease, it remained no significant
(siCtrl: 100 = 20.95%, siOrail: 58.67 &+ 14.19%, N = 3, Figure 2(Cb)).

These results demonstrated the involvement of the Orail channel in human-activated
PSC proliferation by regulating cell cycle progression in the G1 phase and G1/S transition
and TGFp secretion.

2.3. Orail Regulates the Activation of AKT But Not of ERK1/2 and SMAD?2 in
Human-Activated PSCs

Since the discovery of PSCs, accumulating studies have been focused on the inves-
tigation of the signal transduction pathways implicated in PSC activation [10,18]. AKT,
ERK1/2, and SMAD?2 phosphorylation have been reported to be three of the main signaling
pathways involved in PSC activation processes [18,31-33]. Hence, we sought to determine
whether Orail regulates one of these signaling pathways. We, therefore, evaluated AKT,
ERK1/2, and SMAD2 phosphorylation levels after 72 h of siOrail transfection, by Western
blotting, in both PS-1 (Figure 3) and RLT cells (Figure S4). Silencing of Orail induced
a 61.4% decrease in AKT phosphorylation after 10% FBS stimulation (Figure 3(Aa,Ab)),
without affecting the AKT total protein amount (Figure S3A) in PS-1 cells. Similar experi-
ments performed on ERK1/2 and SMAD?2 activation showed that Orail silencing failed to
affect ERK1/2 (Figure 3(Ba,Bb)) and SMAD2 (Figure 3(Ca,Cb)) phosphorylation as well
as ERK1/2 total protein amount (Figure S3B). However, under 0% FBS conditions, the
SMAD?2 total protein amount was decreased in the siOrail transfected cells, without any
alteration in 10% FBS conditions (Figure S3C). Interestingly, 72 h Orail knocking down led
to a 46.8% reduction of AKT phosphorylation, in RLT cells, without modifying ERK1/2
and SMAD? activation, and either the total protein amount of each one (Figure S4A-C).
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Figure 2. Orail modulates human-activated PSC proliferation and TGFg1 secretion. (A) Effect of
Orail silencing on PS-1 cell proliferation, assessed 72 h post-transfection by MTT assay (*** p < 0.001,
N =4, Student’s t-test). (B) Implication of Orail in PS-1 cell cycle progression. Cell distribution
(G0/G1, S and G2/M phase) was examined by flow cytometry 72 h after transfection, with propidium
iodide staining (*** p < 0.001, NS: no significant, N = 3, two-way ANOVA followed by Bonferroni
post hoc test, (Ba) and represented by an illustrative cell cycle profile 72 h after Orail inhibition (Bb).
(C) Impact of Orail knocking down on TGFg1 mRNA expression, evaluated by qPCR, 72 h (Ca) and
96 h (Cb) post-transfection. (D) Role of Orail inhibition on TGFp secretion, assessed by ELISA
assay, 96 h post-transfection (* p < 0.05, N = 3, Student ¢-test). Values were normalized to control and
reported as mean + SEM.
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Figure 3. Orail mediates AKT activation but not ERK1/2 nor SMAD2 phosphorylation in human-
activated PSCs. (A) Involvement of Orail in AKT phosphorylation in PS-1 cells. Representative
Western blot showing the effect of Orail inhibition after FBS starvation of transfected cells overnight.
Cells were then stimulated 10 min with FBS to evaluate the impact of Orail on AKT activation (Aa).
AKT phosphorylation was quantified by the ratio of phosphorylated AKT form/total AKT protein
(siCtrl + 10 min FBS: 5.63 4 0.99-fold, siOrail + 10 min FBS: 2.18 4 0.69-fold, (Ab). (B) Assessment of
ERK1/2 activation after Orail knocking down in PS-1 cells. Representative Western blot showing
the effect of Orail silencing on ERK1/2 activation, using the protocol described above (Ba). ERK1/2
phosphorylation was quantified by the ratio of phosphorylated ERK1/2 form/total ERK1/2 protein
(Bb). (C) Evaluation of Orail silencing on SMAD2 phosphorylation. Representative Western blot
showing the effect of siOrail transfected cells on SMAD?2 activation (Ca), with the quantification
using the ratio of phosphorylated SMAD?2 form/total SMAD2 protein (Cb). All values were first
normalized to the referent protein GAPDH and then to the 0% FBS control condition. All experiments
were realized 72 h post-transfection. Values were reported as mean + SEM (** p < 0.01, NS, at least
N = 3, two-way ANOVA followed by Bonferroni post hoc test).
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2.4. AKT Signaling Pathway Mediates Human-Activated PSC Proliferation and TGF g1 Secretion

Up until now, very few studies have demonstrated the involvement of the PI3K/AKT
signaling pathway in PSC proliferation, without showing a direct role in the regulation of
this process [21]. We thus investigated the potential direct implication of the AKT pathway
in the modulation of PS-1 proliferation. To determine this, we treated PS-1 for 72 h with the
pharmacological inhibitor of PI3K/AKT pathway LY 294002 and evaluated the effect on
both AKT phosphorylation and cell proliferation. LY 294002 treatment drastically reduced
AKT activation by 83.68 £ 3.20% (N = 3, p < 0.001, Figure 4(Aa,Ab)). PS-1 treatment
with LY 294002 induced a 59.58% decrease in the proliferation rate, revealing that AKT
pathway mediates PS-1 cell proliferation (Ctrl: 100 £ 4.60%, LY 294002: 40.42 £ 2.06%,
N =4, p <0.001, Figure 4B).
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Figure 4. AKT signaling pathway controls PSC proliferation and TGFp 1 secretion. (A,B) Inhibition
of AKT activation after 72 h cell treatment with the PI3K/AKT pharmacological inhibitor LY 294002
(20 uM) decreased PS-1 cell proliferation. Representative Western blot of AKT reduced phospho-
rylation by LY 294002 treatment (Aa) and the quantification as previously described (Ab) (N =3,
*** p < 0.001, Student t-test). All values were first normalized to the referent protein GAPDH and
then to the control condition, reported as mean £ SEM. Cell proliferation was evaluated after 72 h of
treatment by MTT assay (N = 4, *** p < 0.001, Student t-test) (B). (C,D) Effect of AKT inhibition on
TGFp1 mRNA expression (C) and secretion (D) after 72 h LY 294002 treatment (* p < 0.05, ** p < 0.01,
N = 3, Student t-test). Values were normalized to control and reported as mean + SEM.
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Moreover, some studies established the involvement of the AKT pathway in TGFg
mRNA and protein expression in hepatic stellate cells, suggesting that TGFg1 might be
regulated by the AKT pathway [34]. However, there is no evidence yet of this mechanism
in PSCs. We then assessed whether the AKT pathway plays a role in TGFg; mRNA
expression and secretion using the pharmacological inhibitor LY 294002. We observed
a 32.96% reduction in TGFg; mRNA (Ctrl: 100 £ 10.44%, LY 294002: 67.04 + 3.75%,
N =3, p < 0.05) after the pharmacological inhibition of AKT pathway (Figure 4C). These
results were completed with the evaluation of TGFg; secretion using the ELISA assay. In
accordance with the mRNA transcripts, LY 294002 treatment induced 35.41% decrease in
TGFg1 secretion (Ctrl: 100 4 6.83%, LY 294002: 64.59 £ 6.92%, N = 3, p < 0.01, Figure 4D)

Taken together, these data suggested that Orail regulates PSC proliferation and TGFg
secretion, probably through the activation of the AKT signaling pathway.

2.5. TGF g1 Promotes Orail-Mediated Ca®* Entry and Increases Both Orail mRNA and Protein
Expression in Human-Activated PSCs

TGFg1 has been reported to be involved in the fibrosis mediated by PSC activation [35]
and the autocrine regulation of PSCs [15]. Several reports have already demonstrated the
involvement of TGFg1 in the regulation of some cell types’ intracellular mechanisms, in-
cluding lung, embryonic fibroblasts, and pancreatic cancer cells, through a Ca?* -dependent
pathway [36-38]. Indeed, it has been shown for a long time that TGFg; can modulate
Ca?* signaling by stimulating the Ca?* influx and thus by increasing the cytoplasmic Ca?*
concentration [36]. According to these findings, we wondered whether TGFg1 could also
mediate the Ca?* influx in PS-1 human-activated PSCs by promoting Orail-mediated Ca®*
entry. To evaluate this hypothesis, we performed Ca?* imaging experiments where we
perfused TGFg1 on siCtrl and siOrail transfected cells and measure the SOCE response.
Interestingly, we noted a 14% increase in SOCE after TGFpg perfusion on siCtrl trans-
fected cells compared to the siCtrl non-perfused with TGFp; cells. However, we did
not remark any difference in Orail knock-down cells, perfused and non-perfused with
TGFp1, inferring an effect of TGFpg1 on Orail-mediated Ca?* entry (siCtrl: 100 £ 3.33%,
siCtrl+ TGFpg1: 114.14 £ 3.07%, siOrail: 21.74 £ 1.19%, siOrail+ TGFpg1: 24.96 £ 0.92%,
N =3,p <0.001, p > 0.05, Figure 5(Aa,Ab)). We then supposed that the short-term effect of
TGFp1 on Orail-mediated Ca?* entry might be due to a long-term effect of this cytokine on
Orail mRNA and protein expression. We thus treated PS-1 cells for 48 h with TGFg, in
the presence of low-FBS conditions (1%), and we observed that both, Orail mRNA and
protein expression were increased following TGFp1 treatment. gPCR experiments revealed
a 2.87-fold increase in Orail mRNA transcripts in TGFg treated cells (Ctrl: 1 4= 0.36-fold,
TGFg1: 2.87£ 0.66-fold, N = 3, p < 0.05, Figure 5(Ba)). Furthermore, it is known that the
store-operated Orail-mediated Ca?* entry is promoted by the intracellular STIM1 protein.
Consequently, we quantified in parallel the impact of TGFg1 treatment on STIM1 mRNA
expression, finding a comparable increase in STIM1 mRNAs as for Orail (Ctrl: 1 £ 0.34-
fold, TGFg1: 2.94 £ 0.68-fold, N = 3, p < 0.05, Figure 5(Bb)). These data suggest that TGFp4
stimulates store-operated Orail-mediated Cay, entry modulating the expression of both
main SOCE actors, Orail and STIM1. Similarly, Western blotting experiments showed a
1.52 £ 0.15-fold rise of Orail protein level in treated compared to non-treated with TGFg1
cells (N = 3, p < 0.05 Figure 5(Ca,Cb)).
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Figure 5. TGF g enhances Orail-mediated Ca”* entry and increases both Orail mRNA and protein
expression. (A) TGFg1 (5 ng/mL) perfusion was applied to investigate the effect of TGFg1 on Orail
activity. siCtrl and siOrail 72 h-transfected cells were pre-treated for 5 min with 1 uM of Thapsigargin
before use for SOCE measurements in Ca?* - imaging. Illustrative traces of SOCE measurements
(Aa) and the quantification of perfused and non-perfused siCtrl and siOrail transfected cells (siCtrl:
n =133, siCtrl + TGFgq: n = 163, siOrail: n = 102, siOrail + TGFgq: n =122, N = 3, ** p < 0.001,
one-way ANOVA followed by Bonferroni multiple comparison test, n: number of cells, N: number of
passages, (Ab). All values were normalized to siCtr]l non-treated with TGFgq condition and reported
as mean + SEM. (B,C) Impact of 48 h TGFg1 treatment (20 ng/mL) in the presence of low-FBS
conditions (1%) on Orail and STIM1 (B) mRNA and Orailprotein expression (C). Quantification of
Orail (Ba) and STIM1 (Bb) mRNA transcripts 48 h post-TGFg treatment (* p < 0.05, N = 3, Student
t-test) (B). Representative Western blot showing the effect of TGFg 1 treatment on Orail expression
(Ca) with the quantification (Cb) (* p < 0.05, N = 3, Student t-test). All values were first normalized to
the referent protein GAPDH and then to the control condition, reported as mean 4+ SEM.

2.6. TGF g1 Enhances Orail/AKT-Dependent Proliferation Through an Autocrine Positive
Feedback Loop in Human-Activated PSCs

We thereafter wondered whether TGFg could also be involved in the promotion of
the Orail/AKT-dependent proliferation. Indeed, TGFg1 is known to have a dual role in
cell proliferation, since according to the cell type, it can induce an inhibition or stimulation
of cell proliferation. Furthermore, it has been shown to enhance the hepatic stellate cell’s
proliferation, known as counterparts of PSCs [34]. However, its role in PSC proliferation
and proliferation-related signaling pathways remains little know. We hence started by
assessing the impact of TGFg1 on Orail-mediated AKT activation after inhibiting Orail
expression. For that, we FBS-starved siCtrl and siOrail cells overnight and then stimulated
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them 30 min with TGFg1 (Figure 6(Aa,Ab)). As expected, TGFpg1 stimulation increased
by 1.68 £ 0.23-fold (N =4, p < 0.05, Figure 6(Ab)) the AKT phosphorylation in the siCtrl
cells compared to the no-stimulated siCtrl cells. Moreover, we revealed a 42.37% decrease
in AKT activation in siOrail (0.97 & 0.18-fold) compared to siCtrl stimulated with TGF g4
cells (N =4, p < 0.05, Figure 6(Ab)), whereas no significant effect was observed in siOrail
stimulated and no-stimulated with TGFg1 cells. These results inferred the involvement of
TGFg1 in the stimulation of Orail-mediated AKT phosphorylation.
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Figure 6. TGFg1 promotes Orail/AKT-dependent proliferation through an autocrine positive feed-
back loop in human-activated PSCs. (A) TGFg stimulation decreased AKT phosphorylation in Orail
knocked-down cells. Orail knocked-down cells were FBS-starved overnight and then stimulated
30 min with TGFg1, 72 h post-transfection. Representative Western blot of TGFp stimulation on
Orail knocked-down mediated AKT activation (Aa) and the quantification (* p < 0.05, at least N = 3,
two-way ANOVA followed by Bonferroni post hoc test, (Ab). All values were first normalized to
the referent protein GAPDH and then to siCtrl non-treated with TGFg1 condition and reported as
mean 3 SEM. (B,C) Involvement of TGFg1 in PS-1 cell proliferation and survival. Transfected cells
were treated 48 h with TGFg; (20 ng/mL) within an FBS-free medium, and the proliferation rate,
as well as the mortality rate, were evaluated by Trypan blue assay, 72 h post-transfection (* p < 0.05,
*** p <0.001, NS, N = 3, one-way ANOVA followed by Bonferroni multiple comparison tests). All
values were normalized to siCtrl non-treated with TGFg condition and reported as mean + SEM.
Cell mortality was calculated using the formula: % of cell death = number of dead cells/number of
total cells, reported as mean &+ SEM for each condition.
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Therefore, we wanted to evaluate if TGFg1 promotion of Orail-mediated AKT activa-
tion regulates PS-1 cell proliferation or survival. After treating siCtrl and siOrail transfected
cells 48 h with TGFg1, we found that TGFg; enhanced by 38.55% the cell proliferation of
siCtrl cells compared to the non-treated ones (N = 3, p < 0.05, Figure 6B). In addition, TGF g4
treatment did not reveal any effect on the proliferation rate of siOrail cells compared to the
non-treated siOrail cells (siCtrl: 100 + 9.63%, siCtrl + TGFg1: 138.55 £ 11.91%, siOrail:
61.45 & 6.85%, siOrail + TGFg1: 61.45 & 8.81, N = 3, p > 0.05, Figure 6B). Simultaneously,
the Trypan blue colorimetric assay showed the no involvement of TGFg; in PS-1"s cell
mortality and so in cell survival (siCtrl: 26.18 £ 2.97%, siCtrl + TGFm: 16.70 £ 3.92%,
siOrail: 32.22 + 6.05%, siOrail + TGFg: 23.11 £ 6.07, N = 3, p > 0.05, Figure 6C). It should
be noted that the impact of TGFg1 on these two cellular processes was investigated under
0% FBS conditions since the 1% FBS was still preventing its action on cell proliferation and
survival Hence, 0% FBS conditions induced an elevation of the basal cell death.

TGFp; is also known to be an important profibrotic factor due to its ability to regulate
aSMA expression, the main activation marker of PSCs [15]. Furthermore, it has been
shown that ion channels, particularly TRPC6, can regulate xSMA expression as well, in
human-activated hepatic stellate cells, counterparts of PSCs [39], and human intestinal
myofibroblasts [40]. In these later, TRPC6 interacts with xSMA, too, to form a protein
complex. According to these data, we hypothesized that Orail could modulate xSMA
expression or form a complex with it. However, Orail silencing failed to induce any
significant decrease in xSMA protein expression (p > 0.05, N = 3, Figure S5(Aa,Ab)), and
neither to interact with xXSMA (N = 3, Figure S5(Ba,Bb)). To confirm these findings, we next
investigated whether Orail-mediated TGFpg; expression and secretion might be involved
in the regulation of xSMA expression. We thereby treated siCtrl and siOrail transfected
cells 48h with TGFp1, in the presence of low-FBS conditions. As expected, TGFg treatment
of siCtrl cells induced a 3.82 + 0.54-fold increase in «SMA expression, as quantified by
Western blotting, compared to siCtrl non-treated cells (p < 0.05, N = 4, Figure S5(Ca,Cb)).
However, treatment of siOrail transfected cells with TGFg; did not reveal any significant
difference in XSMA expression compared to the siCtrl TGFg, treated cells (p > 0.05, N = 4,
Figure S5(Ca,(Cb)), indicating that Orail-induced TGFg1 expression and secretion is not
implicated in the modulation of xSMA expression.

Based on these data, we can conclude that TGFBl is involved in an autocrine positive
feedback loop by the promotion of Orail-dependent AKT phosphorylation, leading to PS-1
cell proliferation enhancement through the stimulation of Orail-mediated Ca®* entry and
the increase in Orail mRNA and protein expression.

2.7. Ca?* Entry Through Orail Regulates AKT-Dependent Proliferation and TGF g1 Secretion in
PS-1 Human-Activated PSCs

It is well known that most of the signaling pathways are regulated by the Ca* second
messenger. Moreover, it has been demonstrated that Ca?* modulates a myriad of biological
processes, including cell proliferation or cytokine secretion [41,42]. To determine whether
CaZ* and, more specifically, Ca?* entry through Orail regulates AKT activation, as well
as Orail/AKT-dependent proliferation and TGF 1 secretion in PS-1 cells, we reduced the
physiological extracellular Ca?* concentration. We started by evaluating the impact of
extracellular Ca®* modification on AKT phosphorylation after overnight FBS starvation of
PS-1 non-treated cells. As expected, 30 min treatment with low Ca?* -conditions (0.1 mM
Ca?* ) led to 65.60% decrease in AKT activation, compared to the physiological Ca?*
-conditions (1.4 mM Ca?" ) (N = 3, p < 0.05, Figure 7(Aa,Ab)).
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Figure 7. Ca?* entry through Orail regulates AKT-dependent proliferation and TGFp; secretion
in PS-1 human-activated PSCs. (A) Effect of extracellular Ca?* decrease on AKT activation, 72 h
post-proliferation, after overnight FBS starvation of no transfected cells. Then PS-1 cells were pre-
treated for 30 min with 1.3 mM EGTA in order to reduce the extracellular Ca2* concentration (0.1 mM
Ca?t), with (+) and without (-) 10 min of 10% FBS stimulation. Representative Western blot of low
extracellular Ca?* concentration impact on AKT phosphorylation (Aa). AKT activation was evaluated
as described previously, by the ratio of phosphorylated AKT form/total AKT protein (1.4 mM Ca®*
+10 min FBS: 8.5 + 2.52-fold, 0.1 mM Ca?* + 10 min FBS: 2.92 4 0.46-fold, N = 3, * p < 0.05, NS,
two-way ANOVA followed by Bonferroni post hoc test, (Ab). Values were first normalized to the
referent protein GAPDH and then to the 0% FBS + 1.4 mM Ca?* condition, reported as mean + SEM.
(B) Evaluation of siOrail transfected PS-1 cells’ proliferation after 72 h of 1.3 mM EGTA treatment
by MTT assay. (C) Impact of Orail knocked-down cells, treated with low Ca?* condition, on cell
survival, assessed by Trypan blue assay. Cell mortality was calculated using the formula: % of cell
death = number of dead cells/number of total cells, reported as mean 3= SEM for each condition.
(D) Similarly, TGFg secretion was measured in Orail knocked-down PS-1 cells, in the presence of
low-Ca?* conditions, by ELISA assay. All values were normalized to 1.4 mM Ca?* control condition
(except for the mortality rate) and reported as mean + SEM (*** p < 0.001, * p < 0.05, NS, N = 3,
one-way ANOVA followed by Bonferroni multiple comparison test).
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We thereafter wanted to establish whether Orail-mediated Ca?* entry is involved
in the modulation of PS-1 cell proliferation and TGFp secretion. We thus incubated
siCtrl and siOrail transfected cells for 72 h with low and physiological Ca?* -conditions.
Interestingly, we noticed a more important effect on the proliferation rate of siOrail cells
treated with low Ca?* -conditions compared to the ones in physiological Ca?* -conditions
(siCtrl 1.4 mM Ca?*: 100 + 3.45%, siCtrl 0.1 mM Ca®*: 68.29 = 2.27%, siOral 1.4 mM Ca*:
60.58 + 2.19%, siOrail 0.1 mM Ca?*: 37.69 + 1.59, N = 3, p <0.001, Figure 7B). We could
explain this result, in part, by the increased mortality, due to the low Ca?* -conditions in
the siOrail transfected cells, quantified by Trypan blue colorimetric assay (siCtrl 1.4 mM
Ca®*: 5.97 4 0.55%, siCtrl 0.1 mM Ca?*: 10.91 + 1.93%, siOrail 1.4 mM Ca?*: 7.93 4 1.18%,
siOrail 0.1 mM Ca?*: 21.84 + 1.83, N = 3, p < 0.001, Figure 7C). Moreover, TGFp secretion
remained similar, between Orail knocked-down cells treated with low Ca%*-conditions and
with physiological Ca?* -conditions (siCtrl 1.4 mM Ca?*: 100 + 8.77%, siCtrl 0.1 mM Ca2*:
67.79 + 4.43%, siOrail 1.4 mM Ca?*: 46.43 4 8.91%, siOrail 0.1 mM Ca?*: 49.66 + 3.96%,
N =3, p > 0.05, Figure 7D).

Together, these data suggested that Ca?* entry through Orail mediates AKT activation
in order to regulate PS-1 cell proliferation and TGFg1 secretion.

3. Discussion

Since, Won et al. first characterized the Ca?* signaling events present in PSCs in
2011, relatively few reports have continued to investigate the importance of Ca?* and Ca?*
channels in PSC activation hallmarks [22]. While it is well known that PSC activation
mediates pancreatic tumor’s desmoplastic reaction, this study is one of the first pieces of
evidence showing the functional expression and role of the Orail-Ca?* channel in human
PSCs’ activation processes. We demonstrated, for the first time, that Ca* entry through the
Orail channel promotes activated PSC proliferation by controlling cell cycle progression
in G0/G1 phase, as well as G1/S transition and TGFp1 secretion, via the activation of the
AKT signaling pathway. Moreover, we found that TGFg1 enhances PSC proliferation via
an autocrine positive feedback loop, which involves TGFg1 mediated Orail-dependent
AKT activation through the increase of Orail expression.

Whereas there is a very limited number of studies focusing on the importance of Orail-
CRAC channels in pancreatic cancer, we have previously demonstrated the functional
expression of Orail in several pancreatic ductal adenocarcinoma cell lines [43]. However,
the Orail-CRAC channel has only recently been identified in PSCs [24,25]. CRAC channels
were initially discovered in mouse quiescent PSCs by Gryshchenko et al., using the 2APB
and GSK-7975A SOC pharmacological inhibitors, where they have shown that SOCs
mediate bradykinin-elicited Ca?* signals [24]. The same authors have then investigated
the effect of GSK-7975A inhibitor in mouse activated PSCs in acute pancreatitis conditions,
which seemed to prevent the increased responsiveness of PSCs to trypsin, known to be
involved in PSC activation [24]. A year later, Waldron et al. have highlighted the presence of
CRAC channels in mouse immortalized activated PSC cell line by demonstrating a marked
expression of Orail and STIM1, the key actors of SOCs [25]. Our study strengthened
these data by using a more specific approach leading to Orail protein silencing by siRNA
transfection, showing Orail channel involvement in SOCE but also in the regulation of
the CaZ* basal concentration in human-activated PSCs. Nevertheless, there is no direct
evidence of Orail function in PSC activation hallmarks so far.

Our results demonstrated an essential role of Orail-mediated Ca?* entry in the regula-
tion of human-activated PSC proliferation, known to be involved in fibrotic desmoplasia
development. The relationship between Ca?* entry through the SOCs and cell proliferation
has been demonstrated for a long time in many cell types, such as neural progenitor cells,
osteoblasts, kidney cells, endothelial cells, and cancer cells, but not in PSCs [41,44—47].
Indeed, a decrease in SOCE amplitude is related to cell cycle arrest [48-50]. However,
although the involvement of the Orail channel in cell proliferation is well established, most
of the research evidence has shown that Orail mediates the G2/S phase of the cell cycle,
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especially in cancer cells [51-54]. Nevertheless, some other studies have proven that Orail
can control G1/S transition in several cell types by downregulating the Cyclin E-CDK2
complex, known to be involved in this cell cycle phase transition, but not necessarily the
G2/M transition [55]. These findings are in agreement with our data, showing that the
knocking down of Orail in activated PSCs induced a cell number accumulation in G0/G1
phase and thus a decrease in G1/S transition, without affecting the G2/M phase.

Activated PSCs are also characterized by their ability to produce and secrete a variety
of cytokines and growth factors, such as TGFg1, leading to the perpetuated activation of
PSCs but also participating in the permanent dialogue with the pancreatic cancer cells [5].
Although the implication of Orail-mediated Ca* entry has been well illustrated in immune
cell’s cytokine production and secretion, some other studies showed the involvement of
Orail in cytokine synthesis in bronchial cells, spinal astrocytes, and microglia [42,56,57].
However, the first study of Orail-mediated Ca?* entry involvement in fibro-inflammatory
gene expression in activated PSCs emerged only in 2019. In this report, the researchers used
the SOCE inhibitor CM4620 (>10-fold selectivity for Orail vs. Orai2), providing novel data
on SOCE mediated fibro-inflammatory gene expression, including TGFg1, within mouse
activated PSCs, after lipopolysaccharide (LPS) stimulation [25]. This later is known to
induce Orail-mediated SOCE and cytokine production in mesenchymal cells. In agreement
with these data, we demonstrated in the current work that Ca?* entry through Orail
mediates TGFg1 expression and secretion, the main profibrotic cytokine implicated in the
desmoplastic reaction, in human-activated PSCs.

Furthermore, PSCs’ activation and cell functions are under the control of multiple
signaling pathways and molecules, entraining dynamic cellular modifications [18]. One
of the key intracellular pathways shown to be crucially involved in the regulation of PSC
activation processes is the PI3K/AKT pathway [31]. Indeed, AKT is a serine-threonine
kinase, initiator of PI3K cascade, described to play an important role in the development
of pancreatic fibrosis by modulating PSC proliferation, migration, collagen production as
well as growth factors and cytokine secretion [58-60]. Schwer et al. have reported that
inhibition of the AKT pathway, using carbon monoxide releasing molecule-2, disrupted PSC
activation by inducing a translational inhibition. This phenomenon caused inhibition of
PSC proliferation due to the down-regulation of cyclin D1 and E protein expression and the
interruption of G1/S cell phase progression [20]. In addition, Zhang et al. have shown that
reduction in AKT activity by the tumor suppressor PTEN led to cyclin D1 down-regulation
and inhibition of cell proliferation in human and rodent activated PSCs [21].

Moreover, according to the literature, AKT pathway activation requires Ca®* influx.
It has been demonstrated that Ca®* entry through Orail induces AKT phosphorylation
in order to stimulate cell proliferation in several cell types, such as esophageal squa-
mous cancer cells, colorectal and non-small lung cancer cells [46,61,62]. Furthermore,
it has recently been established that Orail inhibition, using the RP4010 CRAC channel
inhibitor, decreased pancreatic cancer cell proliferation through the down-regulation of the
AKT/mTOR signaling pathway [63]. However, we were the first to illustrate activation of
the AKT pathway via Orail-mediated Ca?* entry resulting in cell proliferation enhance-
ment in human-activated PSCs. In our study, on the one hand, Orail silencing decreased
AKT phosphorylation without affecting ERK1/2 and SMAD?2 activation, which are two
of the main pathways modulating PSC activation. On the other hand, low extracellular
Ca?* concentration led to an inhibition of AKT phosphorylation and PSC proliferation,
suggesting that Orail-mediated Ca?" entry is indispensable for AKT activation in order
to stimulate PSC proliferation. This data, on the primordial role of the AKT pathway
in the regulation of PSC proliferation, was also confirmed using the known PI3K/AKT
pharmacological inhibitor LY294002.

However, the high mitotic index of activated PSCs alone is insufficient to induce
pancreatic fibrogenesis during chronic pancreatitis and pancreatic cancer, leading to dense
fibrotic desmoplasia development. To date, the most potent fibrogenic factor involved in
PSC-mediated fibrosis, as well as in the interaction with the pancreatic cancer cells, is the
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TGFg1. This pleiotropic cytokine promotes PSC activation by regulating «-SMA expression,
type I collagen synthesis, and cell proliferation in an autocrine manner. Indeed, in turn,
activated PSCs trigger TGFg1 auto-synthesis to maintain their activation. Ohnishi et al.
have reported that TGFg expression and secretion are mediated through the activation
of the ERK1/2 pathway in rat-activated PSCs [32,64]. In contrast, TGFg; mRNA and
protein expression are regulated by the PI3K/AKT pathway in human-activated hepatic
stellate cells, counterparts of PSCs, which is in line with our findings in human-activated
PSCs [34]. We have shown that PSC treatment with LY294002 significantly decreases TGF g4
mRNA expression and secretion, suggesting that TGFg1 synthesis and secretion in human-
activated PSCs is AKT-dependent. Interspecies differences could explain TGFg1 synthesis
and secretion-dependent pathway discordance between rat and human-activated PSCs.
Besides AKT-dependent TGFp; secretion, we have demonstrated that Ca®* is essential
for this process since extracellular Ca?* reduction led to decreased-TGFp; secretion. In
addition, we proposed in this study a mechanism by which Ca?* influx through Orail
regulates TGFgq secretion via an AKT-dependent pathway. When we inhibited Orail
expression under low extracellular Ca?* concentrations, we did not observe any additional
effect on TGFp1 secretion compared to Orail knocked-down cells under physiological
extracellular Ca?* concentrations. These findings suggested that Ca* entry through Orail
induces AKT phosphorylation to promote TGFg secretion in human-activated PSCs.
The most interesting finding in this report is the identification of a TGFgi-mediated
autocrine positive feedback loop, promoting PSC Orail/AKT-dependent proliferation
through Orail activity and expression increase, leading to a perpetuated PSC activation.
Alink between TGFg1 and Orail has previously been reported in airway smooth muscle
cells, showing a SOCE stimulation due to Orail mRNA expression increase, promoted by
TGFp1 long-term exposure [65]. Following these findings, we were the first to illustrate
that TGFp; treatment induced a rise of Orail mRNA and protein amounts in human-
activated PSCs, leading to Orail-mediated Ca®* entry promotion. Indeed, the TGFp;
effect on Orail activity was observed only by TGFg; perfusion in our cellular model.
Furthermore, several studies have demonstrated a stimulatory role of TGF; on Ca®* entry
in a context-dependent manner. For example, TGFg; long- but not short-term treatment
has been shown to increase voltage-operated channel-mediated Ca®* entry in hepatic
stellate cells [66], whereas TGFgq short treatment was sufficient to promote CaZ* influx
through TRPC6 in intestinal myofibroblasts [40]. Additionally, TGFg; perfusion raised
Ca?* release from the endoplasmic reticulum and so the SOCE in pancreatic cancer cells,
suggesting its crucial involvement in pancreatic cancer as well [38]. Furthermore, we
have provided evidence that TGF;-mediated Orail-Ca?* entry and expression stimulate
Orail/AKT activation and proliferation. Cell treatment with exogenous TGFg1 increased
AKT phosphorylation in siCtrl transfected cells, while this rise of AKT activity was partially
absent in Orail-knocked-down cells under TGFg treatment. It has already been established
by Tsang et al. that TGFg1 can activate the AKT pathway by increasing its phosphorylation
in rat-activated PSCs [67], and these data were confirmed here in human-activated PSCs.
Moreover, we have reported a role of TGFg1 in the promotion of PSC proliferation through
Orail-mediated AKT activation. Indeed, PSC proliferation increased after TGFg treatment
compared to non-treated cells, while Orail silencing abolished the stimulatory effect
of TGFg1 on PSC proliferation. Unlike our results, most of the studies conducted on
PSCs have shown an inhibitory effect of TGFg1 on PSC proliferation. These reports have
been realized on rat-activated PSCs, demonstrating that TGF g1 inhibits PSC proliferation
through a Smad3-dependent pathway and by an accumulation of the G1 phase inhibitors
p21 and p27, inducing GO/GI1 cell cycle arrest [68]. TGFgq has been shown to induce both
growth promotion and inhibition within the same cell type, depending on the context
but also on the abundance or activity of extracellular TGFg; ligands, which could partly
explain TGFg1 promoted proliferation in our human-activated PSCs [13,69,70]. Elsner et al.
have reported an indirect stimulatory effect of TGFg1 on rat-activated PSC proliferation
through the AKT pathway, using the multi-kinase inhibitor sorafenib [71]. TGFg1 has been
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shown to regulate cell growth through a Smad-dependent and Smad-independent pathway.
The latter consisted of AKT activation [17]. Indeed, it has been reported that TGFg1-
induced AKT phosphorylation inhibits Smad3-mediated growth inhibition by binding to
and sequestering Smad3 in the cytosol, leading to growth promotion, a mechanism that
could justify our present results [72,73].

4. Conclusions

Taken together, this is the first study revealing the important role of the Orail channel
in PSC physiology, suggesting a role in fibrotic desmoplasia development, the main fea-
ture of PDAC. We suggest in this report that Orail can be involved in maintaining PSC
activation to perpetuate pancreatic fibrosis by promoting PSC proliferation and TGFg4
expression and secretion through an AKT-dependent pathway. More importantly, we show
that secreted TGFp1 from activated PSCs induces an autocrine positive feedback loop by
stimulating Orail-mediated Ca?* entry and increasing Orail expression. This later results
in the promotion of Orail-dependent AKT phosphorylation and thus to PSC proliferation
enhancement to exacerbate pancreatic fibrosis development (Figure 8). Therefore, com-
pounds that inhibit PSC proliferation by targeting Orail activity directly or the downstream
effectors by inhibiting PI3K/AKT pathway or TGFg1 synthesis and/or secretion may have
the potential to become a new approach for PDAC treatment or limit the drug resistance.
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Figure 8. Conclusive scheme: Endoplasmic reticulum Ca?* store depletion activates Orail channel
permitting SOCE. CaZ* entry through Orail activates AKT phosphorylation, which stimulates human-
activated PSC proliferation and TGFg 1 expression and secretion, enhancing PSC activation to promote
pancreatic fibrosis, and so pancreatitis and pancreatic cancer. In turn, TGFg 1 secretion stimulates
Orail-mediated Ca?* entry by simultaneously increasing Orail mRNA and protein expression in
order to stimulate Orail/AKT-dependent proliferation, maintaining PSC activation.
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5. Materials and Methods
5.1. Cell Culture

The PS-1 pancreatic human stellate cell line was generously given by Pr Hemant
M. Kocher from the Queen Mary University of London. PS-1 cells were isolated from a
healthy donated human pancreas and immortalized with retroviruses containing cDNA
encoding human telomerase reverse transcriptase (h\TERT) and selected with puromycin,
as previously described [74]. RLT PSCs were established from a chronic pancreatic tissue
resection and immortalized with SV40 large T antigen and the catalytic subunit of hTERT,
as previously described [75]. PS-1 and RLT PSCs were grown in Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F12, Gibco, Thermo Fischer Scientific,
Ilikirch, France) supplemented with 10% Fetal Bovine Serum (FBS, Pan Biotech, Dominique
Dutscher, Brumath, France). Cells were maintained at 37 °C in a humidified atmosphere
containing 5% CO,, and the cell culture medium was changed every 48 h.

5.2. Cell Transfection and RNA Interference

Cells were transfected with small interfering RNA (siRNA) by electroporation, using
the nucleofection technology (Amaxa Biosystems, Lonza, Aubergenville, France). PS-1 and
RLT cells (10°) were transiently nucleofected according to the manufacturer’s protocol with
4 ng of scrambled siRNA as a control (siCtrl: duplex negative control, Eurogentec) or with
siRNA directed against Orail (siOrail: 5-CGUGCACAAUCUCAACUCG-3/, Eurogentec).
All the experiments were performed 72 h after the siRNA transfection.

5.3. Chemicals and Reagents

Pharmacological inhibitors and cytokines used to study the signaling pathways were
the following: LY-294002 (20 uM, 72 h, Sigma-Aldrich, St. Quentin Fallavier, France),
and transforming growth factor-g; human (20 ng/mL for 48 h treatment and 30 min
stimulation, 5 ng/mL for perfusion, Sigma-Aldrich). The chemical ethylene glycol-bis
(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA, 1.3 mM, 72 h treatment and 30 min
stimulation, Sigma-Aldrich) was used to chelate extracellular Ca?*. The optimal EGTA
concentration in order to reach 0.1 mM of extracellular Ca?* was determined using
the max-chelator software (https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/
maxchelator/CaMgATPEGTA-TS.htm, accessed on 10 October 2019)

5.4. Cell Proliferation Assay

PS-1 and RLT cells were seeded in 6-well plates (8 x 10* cells per well for PS-1,
6 x 10* cells per well for RLT), and cell proliferation was assessed 72 h after siRNA
transfection or treatment with pharmacological inhibitors or TGFg1 cytokine, as described
above, by MTT assay. Cells were incubated with the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, Sigma-Aldrich, Inc.) solubilized in culture medium
(0.5 mg/mL), for 45 min at 37 °C in the dark, to be converted to an insoluble formazan. To
dissolve the formazan crystals, the culture medium was replaced by dimethyl sulfoxide
(DMSO, Sigma-Aldrich, Inc.), and the absorbance was measured at 550 nm using an Infnite®
200 Pro reader (Tecan Trading AG, Madnnedorf, Switzerland).

5.5. Cell Cycle Analysis

DNA cellular content quantitation by flow cytometry was used for cell cycle evalua-
tion. Cells transfected (1 x 10°) with siOrail or siCtrl, were firstly fixed with cold absolute
ethanol (>99.8%, Sigma-Aldrich) for at least 6 h at 4 °C. Then, cells were pelleted, resus-
pended in PBS-5 mM EDTA, treated with 20 mg/mL RNAseA (Sigma-Aldrich) for 30 min
at ambient temperature, and stained with 50 mg/mL of propidium iodide (Sigma-Aldrich,
St. Quentin Fallavier, France). Samples were then analyzed by flow cytometer (Accuri®,
Dominique Dutscher, Brumath, France), and the cell percentage in different phases was

calculated using Cyflogic software.
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5.6. Cell Mortality

PS-1 cells were grown in 35 mm Petri-dishes at a density of 8 x 10* cells, and RLT cells
at a density of 6 x 104, for 72 h, after siRNA transfection, and then cell death was measured
by trypan blue assay. Cells were removed by trypsinization, diluted in trypan blue solution
(Sigma-Aldrich), and counted six times using the standard Malassez cell method. The
number of cell mortality was obtained using the formula: rate of cell death = number
of dead cells/number of total cells, normalized to control. This colorimetric assay also
provided us the number of cell proliferation, obtained using the formula: rate of cell
proliferation = number of alive cells * 4 * 1900, normalized to control.

5.7. Apoptosis Analysis

The apoptosis process was assessed by studying the cell surface of phosphatidylserine
exposure on the outer leaflet of the plasma membrane, an early marker of apoptotic cell
death. Both detached and adherent cells were collected, washed twice in ice-cold PBS,
and resuspended in 1x binding buffer (BD Biosciences Pharmingen, Le Pont de Claix,
France). Apoptotic cells were determined using a PE Annexin V Apoptosis Detection Kit
staining (BD Biosciences Pharmingen), which consisted of adding FITC Annexin V and
propidium iodide (PI) to the cell preparations and incubating them for 15 min at 25 °C in
the dark. Binding buffer was then added to each tube, and the samples were analyzed by a
flow cytometer (Accuri®). Compensation and quadrants were set up using the following
controls: unstained cells, cells stained only with FITC Annexin V, and cells stained only
with PL

5.8. Calcium Imaging

Store-operated calcium entry (SOCE) was measured by calcium imaging using the
ratiometric probe Fura-2/AM. Transfected cells (8 x 10 for PS-1 and 6 x 10* for RLT) were
plated on glass coverslips in 35 mm Petri-dishes and loaded with 3 uM Fura-2/AM (Sigma-
Aldrich) in extracellular saline solution for 45 min at 37 °C before Ca?* measurement.
After Fura-2 incubation, cells were washed three times and kept in the extracellular saline
solution containing 145 mM NaCl, 5 mM KCl, 10 mM HEPES, 5 mM glucose, 2 mM CaCl,,
and 1 Mm MgCl,, at pH 7.4. The coverslip was transferred onto a perfusion chamber on a
Zeiss microscope equipped for fluorescence. Fura-2 fluorescence was excited alternatively
at 340 and 380 nm using a monochromator (polychrome IV, TILL Photonics, Planegg,
Germany) and captured by a Cool SNAPHQ camera (Princeton Instruments, Evry, France)
after filtration through a long-pass filter (510 nm emission wavelength). Signal acquisition
and analysis were obtained with Metafluor software (version 7.1.7.0, Molecular Devices,
St. Grégoire, France). The intracellular Ca?* concentration was derived from the ratio of
the fluorescence intensities for each of the excitation wavelengths (F340/Fsgp). Cells were
continuously perfused with the saline solution, and all recordings were performed at room
temperature. SOCE was induced after 1 pM Thapsigargin (Sigma-Aldrich) stimulation in
Ca?*-free solution for 11 min, followed by 2 mM Ca?* perfusion for 10 min. The flow rate
of the whole-cell chamber perfusion system was set to 1 mL./min, and the chamber volume
was 700 pL.

5.9. gRT-PCR

Total cellular RNA was extracted by the standard Trizol reagent (Sigma-Aldrich)
method, and RNA concentration and purity were determined by using a spectrophotome-
ter (NanoDrop 2000, Wilmington, NC, USA). Then, cDNA was synthesized with a Multi-
Scribe™ Reverse Transcriptase kit (Applied Biosystems, Carlsbad, CA, USA) from 2 pg of
RNA. For the real-time PCR, sense, and antisense PCR primers specific to Orail (forward
5-AGGTGATGAGCCTCAACGAG-3' and reverse 5'-CTGATCATGAGCGCAAACAG-3'),
TGFp, (forward 5'-ACATCAACGCAGGGTTCACT-3' and reverse 5'-GAAGTTGGCAT-
GGTAGCCCT-3"), and HPRT1 (forward 5-AGTTCTGTGGCCATCTGCTT-3' and reverse
5'-CAATCCGCCCAAAGGGAACT-3') were used. Real-time PCR was performed on a



Cancers 2021, 13, 2395

20 of 24

LightCycler System (Roche, Basel, Switzerland) using LightCycler 480 SYBR Green I PCR
master mix (Life Science, Roche). Orail and TGFg; mRNA expression were normalized to
the endogenous gene control (HPRT1) and compared to the siCtrl sample, using the Pfaffl
method [76].

5.10. TGF g1 Dosage Assay

Enzyme-Linked Immunosorbent Assay kit for TGFg1 quantitative measurement from
cell culture supernatant was realized according to the technical protocol provided by the
supplier (Sigma-Aldrich). All samples dosed for TGFg; were treated 10 min with 1 N
HCl at room temperature to activate latent TGFg; to the immunoreactive form and then
neutralized with 1.2 N NaOH/0.5 N HEPES. The absorbance from the colorimetric reaction
corresponding to the TGFg; quantity contained in the supernatant was read at 450 nm.

5.11. Western Blotting and Co-Immunoprecipitation

Cells were lysed in RIPA buffer (1% Triton X-100, 0.1% sodium deoxycholate, 150 mM
NaCl, 10 mM PO4Na2/K, pH = 7.4) containing protease inhibitor cocktail (Sigma-Aldrich),
5 mM sodium orthovanadate and 2 mM EDTA. Protein concentration was determined by
the Bicinchoninic Acid protein assay (Bio-Rad, Marnes-La-Coquette, France). For stan-
dard Western blotting, 30 png of denatured protein lysate from each sample was loaded
in SDS-PAGE, separated by the denaturing SDS-PAGE, and transferred onto a nitrocel-
lulose membrane (Dominique Dutscher, Brumath, France). The primary antibodies used
were: anti-Orail (1:250, Sigma-Aldrich), anti-aSMA (1:1000, Abcam), anti-GAPDH (1:4000,
Abcam), anti-SMAD?2 (1:1000, Abcam), anti-p-SMAD2 (phospho 5255) (1:1000, Abcam),
anti-ERK1/2 (1:500, Cell Signaling), anti-p-ERK1/2 (Thr202/Tyr204) (1:500, Cell Signaling),
anti-Akt (1:500, Cell Signaling) and anti-p-Akt (Ser473) (1:500, Cell Signaling). The sec-
ondary antibodies used were coupled to horseradish peroxidase, which permitted protein
band detection through an enhanced chemiluminescence kit (Ozyme). Protein bands were
quantified using the densitometric analysis option in the Bio-Rad image acquisition soft-
ware (Quantity One), and all experiments results were normalized to the GAPDH, used as
a control referent protein.

Co-immunoprecipitation experiments were realized with 500 ng of protein lysates,
precleared for 1 h 30 with proteins A sepharose magnetic beads (Millipore, PureProteome™)
and then incubated overnight with the primary antibody. The dilution of primary antibod-
ies used for the co-immunoprecipitation experiments was anti-Orail 1:100 (Sigma-Aldrich)
and anti- «SMA 1:200 (Abcam). Then, the antigen-antibody complex was precipitated
with protein A sepharose magnetic beads (Millipore, PureProteome™) for 1 h. After
denaturation, proteins were used for a standard Western blot, as described above.

5.12. Statistical Analysis

All data are presented as mean + SEM (standard error of the mean), n corresponds
to the number of cells, and N refers to the number of cell passages. All experiments were
performed at least with three different cell passages. Statistically significant differences
were determined with paired or unpaired ¢-test or with one-way or two-way ANOVA and
post hoc Bonferroni test for multiple comparisons, depending on the compared conditions,
using GraphPad Prism version 5 (GraphPad Software, La Jolla, CA, USA). Differences
between the values were considered significant when p < 0.05. The p-values < 0.05, <0.01,
and <0.001 are represented as *, **, and ***, respectively.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ cancers13102395/s1, Figure S1: (A) Localization of Orail channel in PS-1 visualized by confocal
microscopy, 72h post-proliferation. (B) Orail channel mediates the Ca2+ basal concentration in both,
PS-1 and RLT human activated PSC cell lines. (C) SOCs channels are opened in cell culture conditions
due to the permanent ER-Ca2+ depletion induced by FBS. Figure S3: Orail knocking-down impacts
SMAD:? total protein expression without affecting AKT and ERK1/2 in PS-1 human activated PSCs,
Figure S4: Orail modulates AKT activation but not ERK1/2 nor SMAD2 phosphorylation in RLT
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human activated PSCs, without affecting their total protein amount. Figure S5: Orail channel neither
regulates xSMA expression nor colocalizes with xSMA in human activated PSCs.
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Figure S1. (A) Localization of Orail channel in PS-1 visualized by confocal microscopy, 72h post-proliferation. (B) Orail
channel mediates the Ca?*basal concentration in both, PS-1 and RLT human activated PSC cell lines. Quantification of
Ca? basal concentration in PS-1 cells (B-a) (siCtrl: n = 210, siOrail: n = 189, N = 5) and RLT cells (B-b) (siCtrl: n = 92,
siOrail: n =80, N = 3), after 72h of Orail inhibition. Histograms are represented as the average + SEM normalized to the
control. (C) SOCs channels are opened in cell culture conditions due to the permanent ER-Ca? depletion induced by
FBS. Illustration of representatives SOCE measurement traces, after perfusion of 1 uM Thapsigargin and 10% FBS, in
PS-1 no-treated cells, 72h post-proliferation (C-a). Cells were starved overnight, the day before the experiments. SOCE
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quantification was normalized to the control condition (Thapsigargin) (C-b). FBS perfusion induced a lower SOCE than
Thapsigargin perfusion (Thapsigargin: n =87, FBS: n="78, N = 3). All values were reported as mean + SEM. (*** p <0.001,
Student’s t-test, n: number of cells, N: number of passage).
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Figure S2. Orail is involved in the regulation of RLT-PSC’s proliferation and TGFp1 expression without affecting the
human activated PSC’s survival. (A) Effect of Orail inhibition on RLT cell proliferation, 72 h post-transfection, evaluated
by MTT assay. (B) Involvement of Orail in the modulation of TGFg1 mRNA expression in RLT cells, assessed by qPCR,
after 72 h of siOrail transfection. (C,D) Impact of Orail inhibition on PS-1 and RLT cell mortality, evaluated by Trypan
Blue assay, 72h post-transfection. (E) Measurement of total apoptosis rate using annexin V staining in PS-1 siOrail trans-
fected cells (E-a), with a representative apoptosis profile after 72h of Orail silencing (E-b). Values were normalized to
control and reported as mean + SEM, each experiment was performed at least in triplicate. (*** p <0.001, * p <0.05, NS,
N = 3, Student t-test).
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Figure S3. Orail knocking-down impacts SMAD?2 total protein expression without affecting AKT and ERK1/2 in PS-1
human activated PSCs. Quantification of AKT (A), ERK1/2 (B), and SMAD?2 (C) total protein expression in siOrail trans-
fected cells. All values were first normalized to the referent protein GAPDH and then to the 0% FBS control condition.
All experiments were performed 72 h post-transfection. Values were reported as mean + SEM (** p <0.01, NS, at least N
=3 two-way ANOVA followed by Bonferroni post hoc test).
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Figure S4. Orail modulates AKT activation but not ERK1/2 nor SMAD2 phosphorylation in RLT human activated PSCs,
without affecting their total protein amount. (A) Implication of Orail in AKT phosphorylation in RLT cells. Representa-
tive Western blot showing the effect of Orail inhibition after FBS starvation of transfected cells overnight (A-a). Cells
were then stimulated 10 min with FBS to evaluate the impact of Orail on AKT activation. AKT phosphorylation was
quantified by the ratio of phosphorylated AKT form/total AKT protein (siCtrl+10 min FBS: 3.92 + 0.43-fold, siOrail+10
min FBS: 2.09 + 0.13 fold, (A-b) and in parallel, the effect on the total protein expression was measured (A-c). (B) Assess-
ment of ERK1/2 activation and total protein amount after Orail knocking down in RLT cells. Representative Western
blot showing the effect of Orail silencing on ERK1/2 activation, using the protocol described above (B-a). ERK1/2 phos-
phorylation was quantified by the ratio of phosphorylated ERK1/2 form/total ERK1/2 protein (B-b), as well as the total
protein expression (B-c). (C) Evaluation of Orail silencing on SMAD2 phosphorylation (C-b) and SMAD?2 total protein
expression (C-c). Representative Western blot showing the effect of siOrail transfected cells on SMAD?2 activation (C-
a), with the quantification using the ratio of phosphorylated SMAD2 form/total SMAD2 protein (C-b). All values were
first normalized to the referent protein GAPDH and then to the 0% FBS control condition. All experiments were realized
72 h post-transfection. Values were reported as + SEM (* p < 0.05, NS, N = 3, two-way ANOVA followed by Bonferroni
post hoc test).
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Figure S5. Orail channel neither regulates aSMA expression nor colocalizes with aSMA in human activated PSCs. (A)
Orail silencing did not affect aSMA protein expression. Representative Western blot showing the impact of 72h Orail
inhibition on aSMA expression (A-a) and the quantification (A-b) (NS, N = 3, Student t-test). The values were first nor-
malized to the referent protein GAPDH and then to the control condition, reported as mean + SEM. (B) Representatives
Western blot of Orail and aSMA expression after immunoprecipitation experiments using anti-aSMA (B-a) and anti-
Orail antibodies (B-b) (N = 3), showing the absence of physical interaction between the two proteins. (C) Effect of 72 h
Orail knocked-down cells, treated 48h with TGFp1 (20 ng/mL), in the presence of low-FBS conditions (1%), on aSMA
expression. Representative Western blot of aSMA expression (a) and the quantification (b) (* p <0.05, ** p <0.01, NS, N
=4, one-way ANOVA followed by Bonferroni multiple comparison test). The values were first normalized to the referent
protein GAPDH and then to the control condition, reported as mean + SEM.



Complementary Results:
I.  Role of Orail channel in activated PSC cell lines
1) PS-1cell line
1.1)  Physical interaction between Orail and STIMI1 in lipid rafts

We have established above that SOCE in PS-1 cells is in part mediated by Orail. Indeed,
it is well known that in most of the non-excitable cells, SOCE is driven by the translocation of
STIMI to the plasma membrane where it interacts with Orail in order to activate Orail channel
and permit the Ca”* entry (Prakriya and Lewis, 2015). To investigate whether Orail interacts
physically with STIM1 in PS-1 cells as well, triggering SOCE, and whether this association
takes place in the lipid rafts of the plasma membrane, we performed co-immunoprecipitation
experiments treating the cells 24h with MPBCD, known to destabilize the plasma membrane
cholesterol. In fact, it has been previously reported that lipid rafts domains are indispensable
for the formation of heteromultimeric complexes between STIM1 proteins and Orail channels,
modulating SOCE activation, in human platelets (Dionisio et al., 2011; Jardin et al., 2008).
According to these findings, we used Orail immunoprecipitation antibody to assess the
association between STIM1 and Orail. We found that the two SOCE partners interacted
physically, and that this association is partially located in the lipid rafts (MBCD: 27.30 = 5.25%
decrease of STIMI1-Orail interaction, N=3, Figure 24). To validate this data, co-
immunoprecipitation experiments using this time a STIM1 immunoprecipitation antibody are
required, and also Ca®* imaging experiments to investigate whether disruption of lipid rafts

perturbates partially the SOCE in PS-1 cells.
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Figure 24: Orail channel interacts with STIM1 protein, and this interaction
partially occurs in the lipid rafts, in PS-1 cells. 24h treatment of non-transfected PS-1 cells
with 5 ng/ml of MBCD, used for destabilizing the plasma membrane cholesterol, partially
interrupted Orail-STIM1 interaction in the lipid rafts, as quantified using anti-Orail
immunoprecipitation antibody and revealed subsequently by Western blot (**p<0.01, N=3,
Student’s #-test). All values were normalized to the control condition and reported as mean

+SEM.

1.2)  Orail modulates IL-6 secretion

We have demonstrated in the current publication that Orail through the Orail-mediated
Ca®* entry is involved in the modulation of TGF-B1 expression and secretion, in PS-1 cells.
Additionally, to TGF-B1, we investigated the role of Orail in the regulation of IL-6, which is
another crucial proinflammatory cytokine implicated in activated PSC-mediated desmoplasia
(Apte et al., 1999; Shimada et al., 2002). Moreover, IL-6 has been found to be elevated in the
serum of PDAC patients and mostly detected in advanced tumor stage, and also in CP patients,
correlating with patient’s poor prognosis (Holmer et al., 2014)(R et al., 2008). Therefore,
despite being an important PDAC and CP marker, IL-6 could become a potential therapeutic
target. Interestingly, we observed that 72h Orail knocking down diminished by 41.09% IL-6
secretion assessed by Elisa assay (siCtrl: 100 + 12.16%, siOrail: 58.91 + 8.51%, p<0.05, N=4,
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Figure 25 B), but did not modify IL-6 mRNA expression (siCtrl: 100 + 38.42%, siOrail: 91.11
+24.63%, p>0.05, N=4, Figure 25 A). According to the effect of 96h Orail inhibition on TGF-
B1 secretion, it appears that Orail regulates with the same importance both, TGF-f1 and IL-6
secretion, implying that Orail inhibition might attenuate PSC-mediated TGF-B1 and IL-6
secretion in CP and PDAC patients. In contrast it seems that there is a time-lapse in Orail-
mediated TGF-B1 and IL-6 secretion, suggesting that Orail firstly drives IL-6 secretion and
lately TGF-B1 secretion. In consistence with our data, Waldron et al. have demonstrated that
inhibition of Orai proteins, using the Orai inhibitor CM4620 significantly decreased
lipopolysaccharide-mediated IL-6 and TGF-f1 mRNA expression in mouse PSCs, supporting
our hypothesis of using Orail inhibitors in order to decrease these cytokines’ production in CP

and PDAC patients (Waldron et al., 2019).

ns
1.4+ *

1.4 -

c - S 1.24
L = 1.2 t
? g8
o % 1.04 = ©
= L @ o
& o ] [
X2 os S 5

-1}
=] 0 Q
% N 0.6 © =
x5 ©
£ E 0.4 = £
=]
5 8 021 2
0.0-

siCtrl siOrai1 siCtrl siOrai1

Figure 25: Orail modulates IL-6 secretion but not mRNA expression in PS-1. A)
Effect of Orail silencing on PS-1’s IL-6 mRNA expression, assessed 72h post-transfection by
qPCR (NS: no significant, N=4, Student’s ¢-test). B) Evaluation of Orail impact on IL-6
secretion by Elisa assay (*p<0.05, N=4, Student z-test), 72h post-transfection. Values were
normalized to control and reported as mean + SEM. qPCR values were first normalized to the

referent gene HPRT]1.
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1.3) External TGF-B1 stimulation activates AKT non-canonical signalling
pathway, without affecting ERK1/2 non-canonical nor Smad canonical pathways in PS-1

cells

As described in the introduction, TGF-B1 can drive its cellular responses through Smad
-dependent and -independent pathways. We have demonstrated that in PS-1 cells, TGF-1
promotes Orail-mediated proliferation through the AKT non-canonical pathway. To exclude
the hypothesis that TGF-B1 might also modulate the other common Smad independent pathway,
ERK1/2, but also the classical Smad dependent pathway, we treated PS-1 cells for 48h under
low FBS conditions (1%) and then assessed the phosphorylation of AKT, ERK1/2 and SMAD?2.
As expected, TGF-B1 treatment induced a 1.42 + 0.17-fold increase of AKT activation (p<0.05,
N=4, Figure 26 A-B), but it did not lead to the phosphorylation of ERK1/2 (TGF-f1: 0.81 +
0.13-fold, p>0.05, N=4, Figure 26 A, C) nor of SMAD2 (TGF-B1: 0.97 + 0.3-fold, p>0.05,
N=4, Figure 26 A, D), indicating that in PS-1 cells TGF-B1 long-term stimulation acts mainly
through the AKT pathway. However, it has been shown that the phosphorylated AKT can form
a complex with Smad3, the other Smad factor known to be phosphorylated by TGFRI triggering
TGF-B1 cytostatic effect. The direct interaction between the phosphorylated AKT and Smad3,
induces a diminution of Smad3 phosphorylation and hence nuclear accumulation, consequently
decreasing TGF-B1/Smad3-mediated cytostatic effect and indirectly promoting cell
proliferation (Conery et al., 2004; Remy et al., 2004). In our above publication we have
demonstrated that TGF-B1 stimulates AKT phosphorylation, promoting PS-1 cell proliferation.
But what if the observed effect is due to subsequent inhibition of Smad3 mediated TGF-$1
cytostatic effect by the activation of AKT pathway? To determine this, it would be interesting
to evaluate whether AKT and the phosphorylated form of AKT interacts with Smad3 in PS-1
cells, performing co-immunoprecipitation experiments, and simultaneously evaluate whether

AKT inhibition influences Smad3 phosphorylation.
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Figure 26: Impact of 48h TGF-f1 treatment (20 ng/ml) in the presence of low-FBS

conditions (1%) on AKT, ERK1/2 and SMAD?2 activation. A) Representative Western blot

showing the effect of TGF-B1 treatment on AKT, SMAD2 and ERK1/2 phosphorylation. Each

protein’s phosphorylation was quantified using the ratio phosphorylated protein form/total

protein. The quantification of AKT, ERKI1/2, and SMAD2 activation are represented

respectively in (B), (C) and (D) (*p<0.05, N=4, Student ¢-test). All values were firstly

normalized to the referent protein GAPDH, and then to the 1% FBS control condition. All

experiments were realized 72h post-proliferation. Values were reported as mean + SEM.
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14) TGF-p1 treatment increases aSMA, IL-6, type I collagen and TGF-$1
mRNA in PS-1 cells

We have also established in the current report that TGF-B1 through an autocrine positive
feedback loop stimulates Orail mRNA expression. However, simultaneously, we investigated
whether TGF-B1 impacts the mRNA expression of aSMA and type I collagen in the human PS-
1, known to be upregulated under TGF-B1 treatment in rodent PSCs (Apte et al., 1999). Indeed,
TGF-B1 increased by 24.1 &+ 8.21-fold aSMA mRNA expression (p<0.05, N=3, Figure 27 A)
and by 50.63 + 40.23-fold the type I collagen mRNA expression (p<0.05, N=3, Figure 27 B).
Moreover, it has been reported that external TGF-1 promotes its own mRNA production, and
that it is involved in an autocrine loop promoting IL.-6 mRNA expression, in rodent PSCs (Aoki
et al., 2006; Ohnishi et al., 2004). Hence, we assessed whether this was the case in human PSCs
too, by quantifying IL-6 and TGF-B1 mRNAs in PS-1 48h treated with TGF-B1 cells. We found
an 8.34 + 1.6-fold increase of IL-6 mRNA expression (p=0.0012, N=3, Figure 27 C) and 12.42
+ 1.86-fold augmentation of TGF-f1 mRNAs (p=0.0001, N=3, Figure 27 D), suggesting that
TGF-B1 stimulates its own synthesis in human PSCs, as in the rodent PSCs, as well as IL-6
production. However, to determine whether it exist an autocrine loop between TGF-f1 and IL-
6, within which the production of each cytokine stimulates the synthesis and secretion of the
other cytokine, experiments with IL-6 treatment are required in order to assess the impact on
TGF-B1 mRNA expression and secretion. Moreover, the impact of TGF-1 treatment on IL-6
secretion is needed to be quantified. The usage of TGF-f1 and IL-6 neutralizing antibodies
could strengthen these data. To complete our results, it would be worth to evaluate the related
signalling pathways starting from what its already demonstrated in rodent PSCs, namely the
evaluation of SMAD2/3 and ERK1/2 pathway (Aoki et al., 2006). Even though these data won’t
provide novel evidence of PSC-mediated autocrine regulation, they will confirm that this
mechanism can be extrapolated to human PSCs or maybe reveal the involvement of further

signalling pathways.
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Figure 27: External TGF-p1 stimulates aSMA, type I collagen, IL-6 and TGF-1
mRNA expression in PS-1 cells. The effect of PS-1 48h treatment with 20 ng/ml TGF-1 in
low FBS conditions (1% FBS) on aSMA (A), type I collagen (B), IL-6 (C), and TGF-$ (D)
mRNA expression was quantified by qPCR, respectively, (¥*p<0.05, ** p=0.0012, ***
p=0.0001, N=3, Student ¢-test). All values were first normalized to the referent gene HPRT1,

and then to the control condition, reported as mean £ SEM.

1.5) Pharmacological inhibition of AKT by LY 294002 does not affect Orail and

aSMA protein expression in PS-1 cells

The main finding of the above study was the involvement of Orail in the regulation of
activated PSC's proliferation and TGF-B1 expression and secretion through the AKT pathway.
Consequently, we wondered whether AKT pathway could induce a positive feedback loop by
modulating Orail protein and mRNA expression in order to enhance PS-1's proliferation and
TGF-B1 expression and secretion. Thus, we treated PS-1 cells for 72h with the AKT
pharmacological inhibitor LY294002, and then investigate its effect on Orail protein and
mRNA expression. We observed that either Orail protein (L'Y294002: 0.65 +0.15-fold, p>0.05,
N=3, Figure 28 A-B) nor mRNA expression (Ctrl: 100 + 12.10%, LY294002: 95.29 + 12.71%,
p>0.05, N=4, Figure 28 D) was modified following the LY294002 treatment, although there

was a slight tendency of Orail protein decrease. In parallel, knowing from our data that Orail
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does not mediate aSMA expression in PS-1 cells, and that Orail activates the AKT signalling,
we wanted to confirm that this pathway was not involved in the regulation of aSMA expression
either. As expected, Western blotting and qPCR experiments did not reveal any significant
effect in the protein (LY294002: 1.18 £ 0.08-fold, p>0.05, N=3, Figure 28 A, C) and mRNA
(Ctrl: 100 £ 11.42%, LY294002: 75.19 £ 12.41%, N=4, p>0.05, Figure 28 E) aSMA
expression PS-1 treated with 1L.Y294002 cells. Therefore, these data, indicates that TGF-$1-
induced Orail mRNA and protein expression is mediated through an AKT-independent

pathway, which remains to be elucidated.
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with the PI3K/AKT pharmacological inhibitor LY 294002 (20 uM), did not impact Orail (B)
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and aSMA expression (C), as evaluated by Western blot, respectively (NS: no significant, N=4,
Student z-test). D-E) Decrease of AKT phosphorylation applying 72h treatment with LY
294002 did not influence Orail (D) and aSMA (E) mRNA expression, quantified by qPCR,
respectively (NS: no significant, N=4, Student ¢-test). All values were first normalized to the
referent protein GAPDH or referent gene HPRTI, and then to the control condition, reported

as mean = SEM.

2) RLT-PSC cell line
2.1) Orail drives IL-6 mRNA expression

Since, we have demonstrated that Orail modulates IL-6 secretion in PS-1 cell, we wanted
to investigate whether this is the case in RLT-PSCs. We thus started by evaluating the mRNA
expression of IL-6 in 72h siOrail transfected RLT-PSCs cells compared to the siCtrl ones. The
almost complete Orail mRNA abolished expression (siCtrl: 100 £ 14.47%, siOrail: 4.48 +
0.65%, N=3, p<0.0001, Figure 29 A) led to 70.83% decrease of IL-6 mRNA expression (siCtrl:
100 £22.56%, siOrail: 29.17 = 5.07%, p=0.0057, N=3, Figure 29 B), suggesting an important
role of RLT-PSCs in the regulation of IL-6 mRNA expression.
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Figure 29: Orail channel modulates IL-6 mRNA expression in RLT-PSCs. A)
Quantification of Orail invalidation efficiency by qPCR (****p<0.0001, N=3, Student z-test).
Evaluation of Orail silencing in IL-6 mRNA expression by gPCR (**p=0.0057, N=3, Student
t-test). All values were reported as mean = SEM normalized first to the HPRT1 referent gene

and then to the control condition.
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2.2) Orail negatively regulates aSMA expression

We have shown in PS-1 cells that Orail does not influence the expression of aSMA, but
what about its effect in RLT-PSCs cells? In contrast to PS-1, we detected a 2.74 + 0.44-fold
augmentation of aSMA expression followed the 72h invalidation of Orail in RLT-PSCs
(p<0.05, N=3, Figure 30 A-B). We, therefore, wondered whether Orail could mostly drive the
acquisition of an inflammatory profile in RLT-PSCs by modulating the expression of IL-6
(shown above), and when it is down-regulated RLT-PSCs revert mostly to a myofibroblastic
phenotype by increasing their expression of aSMA. Actually, Ohlund et al. have reported that
there are two principal subtypes of PSCs, one subtype having a myofibroblastic phenotype
expressing abundantly aSMA and other subtype presenting mostly an inflammatory profile
with an abundant secretion of IL-6. Importantly, both subtypes are capable to revert from a
myofibroblastic to inflammatory subtype and vice-versa, depending on the microenvironmental
factors (Ohlund et al., 2017). Consequently, to determine whether Orail drives mostly activated
RLT-PSCs to the acquisition of an inflammatory phenotype, further experiments are needed to
be performed, including measurement of IL-6 secretion in siOrail RLT-PSCs but also other
inflammatory cytokines known to participate in the inflammatory phenotype acquisition such

as IL-11, or chemokines as CXCL1 and CXCL2 (Ohlund et al., 2017).
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Figure 30: Orail channel regulates negatively aSMA expression in RLT-PSCs. A)
Representatives Western blot of 72h Orail knocked-down RLT-PSC cells effect on aSMA
expression with the quantification (B) (*p<0.05, N=3, Student z-test). All values were reported
as mean = SEM normalized first to the GAPDH referent protein and then to the control

condition.
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II.  Role of Orai2, Orai3, and STIM1 in human activated PSC’s SOCE, proliferation,

and survival

We have highlighted in the above study the functional expression of Orail and Orail-
mediated SOCE, and its crucial role in the regulation of human activated PSC's proliferation
without affecting cell survival. But what about the other SOC actors' involvement in this PSC

activation process?

1) Expression profile of SOC in PS-1 and RLT-PSC cell lines

Waldron et al. were the first to clearly demonstrated the mRNA expression of Orail,
Orai2, and STIMI in mouse activated PSCs, but since then, nothing has been reported about
SOCs expression in human activated PSCs (Waldron et al., 2019). Hence, we looked at the
mRNA and protein expression profile of SOCs, focusing on Orail, Orai2, Orai3 and STIM1
expression, in both of our cell line models PS-1 and RLT-PSCs, 72h post-proliferation. We
showed the mRNA and protein expression of Orail and STIM1, the main regulators of SOCE,
in both PS-1 and RLT-PSCs (Figure 31 A-D). Indeed, they seem to be the most expressed
compared to Orai2 and Orai3 in PS-1 cells (Figure 31 A-B) and compared to Orai3 in RLT-
PSCs (Figure 31 D). However, the mRNA and protein expression of STIM2 need to be elicited
in both cell lines, as well as Orai2 expression in RLT-PSCs. We then proceeded to the

evaluation of each actor’s function independently, 72h following their silencing.
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RLT-PSCs by qPCR (A and C, respectively, N=3) and Western blot (B and D, respectively,
N=3). mRNA values were normalized to the referent gene HPRT1 and Western blot values to

the referent protein actin.

2) Role of STIM1 in PS-1 and RLT-PSC cell lines
2.1) Effect of STIMI1 silencing in PS-1 and RLT-PSC SOCE

Using the siRNA approach, we inhibited STIM1 expression for 72h and performed after
that Ca?* imaging experiments using the Fura2/AM fluorescent probe. STIM1 was almost fully
knocked down at the protein level in PS-1 (Figure 32 A, N=1) and RLT-PSC (siSTIM1: 85.79
+ 2.66%, N=2, Figure 32 E) cells. Similarly, its expression was almost completely abolished
at the mRNA level as well in both, PS-1 (siCtrl: 100 = 11.56%, siSTIM1: 6.96 + 0.26%, N=2,
Figure 32 B) and RLT-PSC (siCtrl: 100 £ 15.79, siSTIM1: 14.21 £ 2.66%, N=2, Figure 32 F)
cells. We then measured the SOCE by using the classical protocol with Tg. STIM1 inhibition
decreased SOCE by 63.53% in PS-1 cells (siCtrl: 100 + 2.26%, siSTIM1: 36.47 + 2.70%,
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p<0.0001, N=3, Figure 32 C-D) and by 50.39% in RLT-PSC cells (siCtrl: 100 + 4.05%,
siSTIM1: 49.61 +£4.77%, p<0.0001, N=3, Figure 32 G-H). Interestingly, the siSTIM1-induced
SOCE diminution in PS-1 was comparable to the siOrail-induced SOCE decrease (67.81%
diminution), suggesting that SOCE in these cells is mainly mediated by the Orail-STIM1
association. Whereas in RLT-PSCs, the SOCE decrease resulted from STIMI1 silencing was
less important than the siOrail-induced SOCE diminution (72.65% reduction), suggesting that
in these cells, Orail probably mediates SOCE by its interaction also to STIM2. This latter has
been demonstrated to form hetero-oligomers with its homologue STIM1 to trigger SOCE, but
it can also promote SOCE independently to STIM1 (Brandman et al., 2007; Dziadek and
Johnstone, 2007; Ong et al., 2015; Subedi et al., 2018). However, other studies have established
that STIM2 acts as a negative regulator of SOCE by inhibiting STIM1 activity (Soboloff et al.,
2006). Consequently, to evaluate whether STIM2 mediates SOCE in RLT-PSCs but also in PS-
1 either by interacting with STIMI, either by having STIM1-independent effect or either by
negatively modulating SOCE, a simultaneous invalidation of both STIM1 and STIM?2 is
required, as well as a STIM2 independent knocking down, to assess the impact on SOCE in
both cell lines. Furthermore, co-immunoprecipitation experiments are needed to assess if
STIM?2 interacts physically with Orail and STIM1, and whether this interaction is interrupted

when one of the proteins is silenced.
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Figure 32: STIM1 decreases SOCE in both PS-1 and RLT-PSCs. A-D) Assessment
of STIM1 role in SOCE, using STIM1 knocked down PS-1 cells, 72h post-transfection. STIM 1
silencing efficiency was determined by Western blot (N=1) (A) and qPCR (B) (N=2)
respectively. C) SOCE was measured after endoplasmic reticulum release induced by 1 uM of
Thapsigargin, as described previously. Representatives traces of SOCE measurements (C) and
SOCE quantification (D) (siCtrl: n=107, siSTIM1: n=99, N=3, ****p<0.0001, Student z-test).
E-H) Involvement of STIM1 protein in SOCE, in 72h siSTIM1 transfected RLT-PSC cells.
STIM1 inhibition efficiency was determined by Western blot (E) and qPCR (F) (N=2). G-H)

SOCE was measured as described previously. Representative traces of SOCE measurements
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(G) and SOCE quantification (H) (siCtrl: n=32, siOrai3: n=46, N=1). All values were reported
as mean + SEM normalized to the control (n: number of cells, N: number of passage). Western

blot values were first normalized to the referent protein tubulin and then to the control condition.

2.2) Impact of STIM1 knocking-down in PS-1 and RLT-PSC' s proliferation,

survival and aSMA expression

We next aimed to assess whether STIM1 could play a role in one of the principal PSCs
activation processes we are interested in, the cell proliferation, regarding in parallel the PSC's
survival. We evaluated both processes by Trypan Blue colorimetric assay, 72h after STIMI1
knocking down, in PS-1 and RLT-PSC cells. Unfortunately, STIM1 invalidation did not reveal
any significant effect either in PS-1 (siCtrl: 100 = 11.86%, siSTIM1: 81.43 + 8.29%, p>0.05,
N=3, Figure 33 A) nor RLT-PSC’s (siCtrl: 100 £ 6.78%, siSTIM1: 93.37 + 4.88%, p>0.05,
N=3, Figure 33 F) proliferation. We, moreover, used the flow cytometry approach to analyse
the cell cycle progression in case there was an effect that we could miss with the Trypan Blue
assay in PS-1 cells. Consisting with the Trypan Blue results, we did not observe a significant
difference in the cell cycle phases when cells were transfected with siSTIM1 (G0/G1 phase:
siCtrl: 77.83 £ 1.16%, siSTIM1: 75.27 + 1.44%, S phase: siCtrl: 6.95 + 0.65%, siSTIM1: 8.61
+ 1.08%, G2/M phase: siCtrl: 15.21 + 0.72%, siSTIM1: 16.11 £ 0.61%, p>0.05, N=3, Figure
33 B-C). In accordance with these data, the simultaneous investigation of cell mortality did not
show any effect, either in PS-1 (siCtrl: 100 = 7.87%, siSTIM1: 78.98 + 9.77%, p>0.05, N=3,
Figure 33 D) either in RLT-PSC cells (siCtrl: 100 + 10.13%, siSTIM1: 96.51 £9.11%, p>0.05,
N=3, Figure 33 G). Nevertheless, these findings are in contradiction with our data showing
that Orail-mediated Ca** entry drives both PS-1 and RLT-PSCs’ proliferation. Indeed, we were
expecting to observe an effect on activated PSC’s proliferation when STIMI1 is invalided,
indicating that Orail/STIM1-mediated SOCE is responsible for the regulation of this process
in both PSC cell lines. Therefore, the absence of STIMI1 effect on PSC’s proliferation following
its invalidation might be compensated by STIM?2 expression, since it has been demonstrated
that the ratio of STIM1/STIM2 expression could play a role in STIM1 activity. Precisely, a low
STIM1/STIM2 expression ratio, with an increased STIM2 expression has been reported to
partially compensate STIM1 function and generates a small SOCE (Liou et al., 2005; Stanisz
et al., 2014). Consequently, it would be interesting to evaluate the STIM1/STIM2 ratio in both
PS-1 and RLT-PSCs, as well as the impact of STIM2 in both PSC cell lines’ proliferation, in
order to clarify whether the prevented STIMI effect following its inhibition on PSC’s is due to
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a compensatory effect of STIM2. Moreover, a double STIM1/STIM2 silencing will permit to
reveal whether there is an additive effect on PSC’s proliferation when inhibiting both STIM
isoforms compared to their independent knocking down, and thus confirm or not this

hypothesis.

Furthermore, consistent with our findings on Orail, we wondered whether STIM1 could
be implicated in the modulation of aSMA expression, the main activation marker of PSCs. As
for Orail silencing, we did not observe any effect on the protein expression of aSMA after 72h
inhibition of STIM1, in PS-1 cells (Figure 33 E, N=1), either in RLT-PSCs (siSTIM1: 0.94 +
0.32-fold, N=2, Figure 33 H), although more experiments are needed to be performed to

confirm this result.
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Figure 33: STIM1 does not mediate human activated PSC’s proliferation nor
survival. A) Effect of STIM1 silencing on PS-1 cell proliferation, assessed 72h post-
transfection by Trypan blue assay (NS: no significant, N=3, Student’s 7-test). B) Assessment of
STIMI1 knocking down in PS-1 cell cycle progression. Cell distribution (GO/G1, S and G2/M
phase) was examined by flow cytometry 72h after transfection, with propidium iodide staining
(NS: no significant, N=3, two-way ANOVA followed by Bonferroni post hoc test). C)
[lustrative representation of cell cycle profile 72h after Orail inhibition. D) Impact of STIM1
knocking down on PS-1 survival measured by Trypan blue assay (NS: no significant, N=3,
Student’s #-test). E) Quantification of STIM1 involvement in aSMA expression by Western blot
(N=1). F-G) Evaluation of STIM1 role in RLT-PSCs’ proliferation (F) and survival (G) by
Trypan blue assay (NS: no significant, N=3, Student’s #-test). H) Impact of STIM1 silencing on
aSMA expression quantified by Western blot (N=2). Values were normalized to control and
reported mean as + SEM. Western blotting values were first normalized to the referent protein

tubulin and then to the control condition.

3) Role of Orai3 in PS-1 and RLT-PSC cell lines
3.1) Effect of Orai3 invalidation in PS-1 and RLT-PSC SOCE

We performed the same type of experiments to assess whether Orai3, the second most
studied isoform of Orai channels, is involved in SOCE in PS-1 and RTL-PSC cells since it has
been reported to often participate in this process in different cell types, including cancer cells
and in particular breast cancer cells (Ay et al., 2013; Bhattacharya et al., 2018; Faouzi et al.,
2016; Motiani et al., 2010). Thus, we invalidated Orai3 for 72h, evaluated the efficiency of this
silencing, and measured the SOCE, as described above in both cell lines. At the mRNA level,
Orai3 was inhibited by 52.84% in PS-1 cells (siCtrl: 100 £ 23.43%, siOrai3: 47.16 + 6.94%,
N=3, p<0.05, Figure 34 B) and by 63.36% in RLT-PSC cells (N=1, Figure 34 H). At the
protein level, the knockdown efficiency was more important in PS-1 cells, inducing a 76%
decrease of Orai3 (N=1, Figure 34 A) compared to RLT-PSCs where only 30% of Orai3 protein
were inhibited (N=1, Figure 34 G). Nevertheless, more experiments are required to validate
Orai3 inhibition efficiency in RLT-PSCs. We then quantified the SOCE response, and we found
that Orai3 acts similarly in both cell lines, as its silencing induced approximately 17% increase
of SOCE in PS-1 (siCtrl: 100 + 3.11%, siOrai3: 118.70 + 4.66%, N=3, p<0.001, Figure 34 E-
F) and RLT-PSCs (siCtrl: 100 + 4.33%, siOrai3: 116.80 + 3.22%, N=1, Figure 34 1-J). To
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eliminate the hypothesis that the observed effect may be due to an upregulation of the other two

Orai isoforms, we checked the mRNA levels of Orail and Orai2 in PS-1, without observing

any alteration (Orail: siCtrl: 100 + 11.58%, siOrai3: 76.90 + 9.72%, p>0.05, N=3, Figure 34

C) (Orai2: siCtrl: 100 +

19.08%,

siOrai3: 114.80 +

19.36%, p>0.05, N=3, Figure 34 D).

Together, these results brough the first evidence that Orai3 might act as a SOCE negative

regulator in activated PSCs. Indeed, very recent published studies have demonstrated a similar

effect of Orai3 in PDAC and lung cancer cell lines (Daya et al., 2021; Dubois et al., 2021).
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Figure 34: Orai3 channels are not involved in SOCE in human activated PSCs. A-
F) Assessment of Orai3 channel in SOCE, in Orai3 knocked down PS-1 cells, 72h post-
transfection. Orai3 silencing efficiency was determined by Western blot (N=1) (A) and qPCR
(B) respectively. Simultaneously Orail (C) and Orai2 (D) mRNA expression was evaluated in
siOrai3 PS-1 cells (*p<0.05, NS: no significant, N=3, Student #-test). SOCE was measured after
endoplasmic reticulum release induced by 1 uM of Thapsigargin, as described previously.
Representative traces of SOCE measurements (E) and SOCE quantification (F) (siCtrl: n=99,
siOrai3: n=93, N=3, ***p<0.001, Student ¢-test). G-J) Involvement of Orai3 channel in SOCE,
in 72h siOrai3 transfected RLT-PSC cells. Orai3 inhibition efficiency was determined by
Western blot (G) and qPCR (H) (N=1). SOCE was measured as described previously.
Representative traces of SOCE measurements (I) and SOCE quantification (J) (siCtrl: n=32,
siOrai3: n=46, N=1). All values were reported as mean + SEM normalized to the control (n:

number of cells, N: number of passage).

3.2) Role of Orai3 in PS-1 and RLT-PSC's proliferation and survival

As for STIM1, we next investigated the impact of Orai3 knocking down in the modulation
of cell proliferation and survival. By Trypan Blue colorimetric assay, we quantified the
proliferation and the mortality rate of PS-1 siOrai3 transfected cells and compared them to the
PS-1 siCtrl transfected cells. We noticed that Orai3 silencing induced 39.33% decrease of PS-
1 proliferation (siCtrl: 100 £ 5.47%, siOrai3: 60.67 + 3.83%, p<0.0001, N=3, Figure 35 A),
without any significant modification in the cell survival (siCtrl: 100 + 11.92%, si1Orai3: 87.75
+ 17.10%, p>0.05, Figure 35 B). In accordance with these data, a recent study from our lab
reported that Orai3 knocking down impairs PCC’s proliferation blocking the cell cycle
progression in G2/M phase, but it also induces an increase of PCC’s death (Dubois et al., 2021).
Furthermore, we observed that Orai3 silencing changed PS-1 cell shape, giving them an
elongated morphology (Figure 35 C), mostly noted during the migration process, contrary to
the observed flattening morphology of siOrai3 transfected PCCs (Dubois et al., 2021),
supporting that Orai3 is involved in PS-1 cell survival. Moreover, the percentage of siOrai3-
decreased PS-1 proliferation was comparable to the one found after Orail inhibition, suggesting
that the two Orai isoforms might have a competitive effect on PS-1. However, Orai3 does not
seem to have the same impact on RLT-PSC's proliferation, extrapolated by the measured cell
metabolic activity using MTT colorimetric assay. It appears that Orai3 inhibition either slightly
increases either does not regulate RLT-PSC's proliferation (N=1, Figure 35 D), needing further
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experiments to clarify its effect. Moreover, visually, in contrast to PS-1 cells, we did not note

any modification in the morphology of siOrai3 transfected RLT-PSCs.
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Figure 35: A-C) Orai3 modulates PS-1 cells’ proliferation and morphology but not
survival. A) Impact of Orai3 inhibition on PS-1 cell proliferation, assessed 72h post-
transfection by Trypan Blue assay (****p<0.0001, N=3, Student ¢-test). B) Effect of Orai3
silencing in PS-1 mortality, evaluated by Trypan Blue assay, 72h post-transfection. C) Influence
of Orai3 knocking down in PS-1 cell morphology. D) Orai3 does not seem to effect RLT-PSCs’
proliferation, assessed by MTT colorimetric assay (N=1). Values were normalized to control
and reported as mean = SEM, each experiment was performed at least in triplicate.

(**+**p<0.0001, NS: no significant, N=3, Student #-test).
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4) Effect of Orai2 silencing in PS-1 SOCE

Lastly, we assessed the impact of the less common Orai isoform, Orai2 in PS-1 SOCE.
Following the validation of siOrai2 mRNA transfection efficiency, we proceeded to quantify
the SOCE response. qPCR experiments showed a 69.22% diminution of Orai2 mRNA, 72h
post-transfection in PS-1 (siCtrl: 100 + 8.66%, siOrai2: 30.78 £+ 20.28, p<0.05, N=3, Figure 36
A). Surprisingly, SOCE measurement in siOrai2 transfected cells revealed a more than 2-fold
increase of Ca** entry than the control cells (siCtrl: 100 = 2.32%, siOrai2: 233.80 + 6.95%,
p<0.0001, N=3, Figure 36 C-D). This might be due to the observed important Tg-induced ER
Ca’* release in siOrai2 transfected PS-1 cells (siCtrl: 100 + 4.83%, siOrai2: 255.34 + 8.52%,
p<0.0001, N=3, Figure 36 E). We thought that the important observed effect might be due to
an upregulation of Orail expression since it is the only Orai isoform among the three that
mediates SOCE in PS-1. We so checked the Orail mRNA levels in siOrai2 cells compared to
the siCtrl cells, but we did not reveal any significant effect, although there was a slight tendency
to Orail mRNA increase (siCtrl: 100 = 13.05%, siOrai2: 121.40 + 24.27%, N=3, Figure 36 B).

However, it is also worth to verify whether there is any modification in Orai3 mRNAs.
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N: number of passage).
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Part N°2:

TRPC1 channels regulate the activation of pancreatic stellate cells through ERK1/2 and

SMAD?2 pathways and perpetuate their pressure-mediated activation
Summary:

Overlooked for too long, activated PSCs are well notorious now for their orchestrator
role in pancreatic fibrogenesis, constituting a central pathological feature of two major
pancreatic diseases, chronic pancreatitis and pancreatic cancer. Indeed, in the normal pancreas,
PSCs are in a quiescent state, but under pancreatic injury, inflammation, or external
environmental stimuli, such as elevated pressure and cytokine stimulation, they become
activated. This activation is accompanied, among others, by the acquisition of an enhanced
proliferative and migratory potential, as well as induced abundant cytokine and growth factors
secretion, like IL-6 and TGF-B1 (Ferdek and Jakubowska, 2017; Masamune and Shimosegawa,
2009). Once activated, PSCs are phenotypically characterized by an increased level of aSMA

expression.

Furthermore, we have previously demonstrated that ion channels, particularly the
mechanosensitive Ca?* channel TRPC1, can participate in the modulation of pressure-induced
PSC activation by regulating their migratory abilities. Indeed, TRPC1 senses the mechanical
forces induced by the elevated environmental pressure present during chronic pancreatitis and
pancreatic cancer, which activates its channel function, permitting the Ca** influx into PSCs to
modulate their migration (Fels et al., 2016). Based on these promising findings, we aimed in
this study to better understand the role of TRPC1 in PSC's activation processes and the
underlying mechanisms, using mouse primary TRPC1-KO PSCs and a human cell line of

activated PSCs where we transiently inhibited TRPCI.

We have firstly demonstrated that TRPCI1 expression is required for the pressure-
mediated PSC's activation, as reflected by the expression degree of the main PSC's activation
marker, aSMA. We noted that TRPC1-KO PSCs present significantly lower aSMA expression
levels under high-pressure conditions than the wild-type PSCs, suggesting that TRPC1 might
play an essential role in the modulation of aSMA. To clarify this aspect, we used a human cell
line model of activated PSCs where we observed that the transient knocked down of TRPCI
using the siRNA approach decreased aSMA expression. We then wanted to investigate how
TRPCI could drive this process, and knowing that TRPC channels have the ability to modulate

aSMA expression as a consequence of their physical association with aSMA (Kurahara et al.,
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2015), we performed co-immunoprecipitation experiments to assess this possibility. We found
that TRPC1 interacts directly or indirectly with aSMA in human activated PSCs and the
phosphorylated active form of SMAD?2 transcription factor (pSMAD2), shown to drive aSMA
expression in rodent PSCs (Ohnishi et al., 2004), modulating human PSC's activation.
Moreover, we revealed a strong regulatory link between TRPC1, aSMA, and pSMAD2 within
the formed complex, since the silencing of each actor independently interrupted the physical

association of the other two partners.

Simultaneously, we determined whether TRPC1 functional expression is crucial for
human pressure-induced PSC's activation, as so far, its function was established only in mouse-
activated PSCs. In accordance with our previous results in mouse pressure-induced PSC's
activation (Fels et al., 2016), we detected an increased Ca** influx measured by Mn** quench
imaging in siCtrl transfected cells under pressurization, whereas this influx was significantly
diminished in siTRPC]1 transfected cells. Moreover, the difference in the Ca”* influx between
TRPC1 knocked down and siCtrl cells persist even under physiological pressure conditions,
suggesting that TRPC1 is basally activated in human activated PSCs, and its activity is
promoted by pressurization. This result could be explained by the observed augmentation of

pressure-induced TRPC1 protein expression.

We subsequently sought to know through which signalling pathways TRPCI1 could
mediate PSC's activation, and thus aSMA expression. After overnight FBS starvation of
siTRPC1 and siCtrl transfected cells, followed by 10 min stimulation with 10% FBS, we
evaluated the phosphorylation of three majors signalling pathways involved in PSC's activation
(Masamune and Shimosegawa, 2009). We observed that TRPC1 can activate the ERK1/2 and
SMAD?2 pathways, this latter probably through its interaction within the formed protein
complex. Based on this hypothesis, we have also noted that only the pharmacological inhibition
of SMAD?2 but not ERK1/2 affected aSMA expression, highlighting the strong link between
TRPC1, aSMA, and pSMAD?2.

Once we established the TRPC1-mediated signalling pathways, we wanted to know in
which PSC's cellular activation responses TRPC1 was involved, probably through the
regulation of ERK1/2 and SMAD?2 pathways. We then focused on investigating three principal
PSC activation potentials, including 1) the cell proliferation, ii) the IL-6 secretion, and iii) PSC's
stiffness. We, therefore, demonstrated that TRPCI1 invalidation significantly reduced activated
PSC's proliferation assessed by MTT colorimetric assay, eliciting a cell cycle arrest in GO/G1
phase defined by flow cytometry without affecting their survival as confirmed by Trypan Blue
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colorimetric assay and apoptosis measurement. In addition, evaluation of IL-6 secretion by
Elisa assay revealed that TRPCI is involved in IL-6 secretion as well, as TRPClsilencing
decreased its secretion. TRPC1 modulates these two mechanisms probably by both ERK1/2,
and SMAD?2 pathways since the pharmacological inhibition of each pathway independently led

to the diminution of activated PSC's proliferation and IL-6 secretion.

Moreover, PSC-induced IL-6 secretion was four times higher under pressurization and
importantly abolished in TRPC1-KO PSCs. Indeed, pressure-induced PSC's activation
enhanced not only IL-6 secretion but also increased PSC's stiffness, which was restored in

TRPC1-KO PSCs under pressurization.

Together all these findings brought new evidence of TRPCl's role in PSC's
mechanosignalling and activation processes, summarized in the below scheme (Figure 37) and
better detailed in the following published report: Radoslavova S.", Fels B.", Petht Z., Gruner
M., Ruck T., Meuth S., Folcher A., Prevarskaya N., Schwab A., and Ouadid-Ahidouch H.
(2022). TRPC1 channels regulate the activation of pancreatic stellate cells through
ERK1/2 and SMAD2 pathways and perpetuate their pressure-mediated activation. Cell
Calcium 106 (2022) 102621.
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ARTICLE INFO ABSTRACT

Keywords:

TRPC1 channels
Pancreatic stellate cells
Activation

Pancreatic stellate cell (PSC) activation is a major event occurring during pancreatic ductal adenocarcinoma
(PDAC) development. Up to now mechanisms underlying their activation by mechanical cues such as the
elevated tissue pressure in PDAC remain poorly understood. Here we investigate the role of one potential
mechano-transducer, TRPC1 ion channel, in PSC activation. Using pre-activated human siTRPC1 and murine
TRPC1-KO PSCs, we show that TRPC1 promotes aSMA (a-smooth muscle actin) expression, the main activation
marker, in cooperation with the phosphorylated SMAD2, under normal and elevated pressure. Functional studies
following TRPC1 silencing demonstrate the dual role of TRPC1 in the modulation of PSC proliferation and IL-6
secretion through the activation of ERK1/2 and SMAD2 pathways. Moreover, pressurization changes the me-
chanical behavior of PSCs by increasing their cellular stiffness and emitted traction forces in a TRPC1-dependent
manner. In summary, these results point to a role of TRPC1 channels in sensing and transducing the characteristic
mechanical properties of the PDAC microenvironment in PSCs.

Pancreatic ductal adenocarcinoma
High-pressure

1. Introduction leads to a change of their phenotypical and functional properties. They

transform to a more myofibroblast-like phenotype, defined by a high

Activated pancreatic stellate cells (PSCs) are the main source of the
extensive fibrotic stroma that characterizes pancreatic ductal adeno-
carcinoma (PDAC). It accounts for up to 90% of the total tumor mass
[1-3]. Therefore, PSCs have become the subject of intensive research in
order to elucidate their therapeutic potential in the improvement of
PDAC treatment.

In the healthy pancreas, PSCs exist in a quiescent vitamin-A lipid-
storing state. They are involved in the maintenance of pancreatic tissue
architecture by regulating the extracellular matrix (ECM) turnover [4].
However, during PDAC development PSCs become activated which
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(H. Ouadid-Ahidouch).
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expression of a-smooth muscle actin (adSMA) and loss of Vitamin
A-containing lipid droplets [5]. Activated PSCs are also characterized by
increased proliferative and migratory activity as well as by enhanced
secretion of cytokines, growth factors and ECM proteins [5-7]. PSCs can
maintain their activation through autocrine positive feedback loops and
paracrine interactions with the pancreatic cancer cells [3,8,9]. The
intense mutual communication between PSCs and pancreatic cancer
cells leads to the perpetuation of PSC activation as well as to the pro-
motion of the tumorigenic potential of the cancer cells [3,10,11].

PSCs can also be activated by the PDAC microenvironment which
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contains an abundant amount of cytokines and growth factors secreted
from stromal cells including PSCs as well as from cancer cells [12-14].
Among these, interleukin-6 (IL-6) has been shown to be overexpressed in
PDAC microenvironment [15]. IL-6 levels correlate with patients’ poor
survival rate [16]. In addition, the altered mechanical properties of the
PDAC microenvironment strongly contribute to PSC activation. This
includes the elevated tissue pressure which is up to 10 times higher than
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in the healthy pancreas [17-19].

However, the activation of PSCs by mechanical cues is not yet well
understood. There is evidence that ion channels implicated in mecha-
nosensation may be involved in the activation cascade of PSCs [20].
These ion channels are sensors that transduce mechanical forces into
intracellular biochemical signals, mainly via the conduction of Ca®*
ions. This results in different cellular responses including cell

Fig. 1. Pressure accelerates mouse PSC
activation TRPC1-dependently. A) Typical
aSMA staining in freshly isolated, quiescent
WT-PSCs directly after isolation (t = Oh), at
t = 48h and t = 120h. Upper panel: control
conditions; lower panel: pressure (A+100
mmHg). Pressure incubation leads to
earlier and more pronounced aSMA
expression. B) Quantification of the time
course of aSMA expression in PSCs under
control conditions and upon culturing them
at an elevated ambient pressure. PSC acti-
vation is accelerated by an increased
ambient pressure during the first 48h after
isolation (indicated by §; N(0-48h) = 4-5, N
(72-120h) = 3, n = 104-347; §, *p<0.05,
control vs. pressure). C) Pressurization
(indicated by the grey shading) accelerates
the increase of «SMA in WT but not in
TRPC1-KO PSCs within the first 48h (N
(WT) = 4-5, N(KO) = 3; n = 183-347;
*p<0.05, control vs. pressure).
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proliferation, migration, apoptosis or protein expression, and secretion
[21]. One of the candidate channels involved in mechanosensation is
TRPC1 (canonical transient receptor potential), a member of the large
family of TRP channels [22]. We have previously demonstrated that
mechanical forces generated by high pressure augment Ca>" influx into
murine PSCs via TRPC1 activation. This in turn leads to the increase of
migration which reflects PSC activation [19].

Several signal transduction pathways such as the extracellular signal-
regulated kinases (ERK1/2) or the mothers against decapentaplegic
homolog 2 (SMAD2) pathway have been linked to PSC activation in
response to environmental stimuli [17,23-25]. However, so far, the role
of mechanical forces transduced by TRPC1 into intracellular signals in
the modulation of PSC activation as well as the underlying mechanisms
are by and large unknown.

Here we demonstrate the role of TRPC1-dependent mechanisms in
PSC activation by an elevated pressure. We identify signaling pathways
by which TRPC1 channels regulate aSMA expression, cell proliferation,
IL-6 secretion and shape the mechanical properties of PSCs themselves.

2. Results
2.1. Pressure accelerates initial activation of murine PSCs

The transition of PSCs from a quiescent to an activated state is trig-
gered among others by mechanical stimuli such as pressure [17,19]. We,
therefore, first started by using primary PSCs from murine WT and
TRPC1-KO PSCs and tested whether increased pressure is able to
accelerate the initial activation of freshly isolated, quiescent PSCs. PSC
activation can be monitored by an increase of aSMA expression (Fig. 1
A). When PSCs are cultured in the presence of an elevated ambient
pressure, aSMA expression rises faster than under control conditions
(24h: Ctr 23.7 + 1.8 a.u. vs. pressure 53.1 + 3.5 a.u.; 48h: Ctr 147.3 +
13.7 a.u. vs. pressure 225.0 + 23.4 a.u., Fig. 1 B). PSCs under pressuri-
zation remain activated when cultured for a time period of 5 days as
evidenced by an increased aSMA expression at t = 120h (Fig. 1 A-B).
However, the accelerated activation in response to an elevated ambient
pressure is absent in TRPC1-KO PSCs after 24h (TRPC1-KO control 26.4
+ 1.8 a.u. vs pressure 23.7 £+ 1.1 a.u.; Fig. 1 C). It is strongly attenuated
after 48h (TRPC1-KO control 188.0 + 20.2 a.u. vs pressure 124.3 + 12.0
a.u.). These data suggest that pressure-induced PSC activation is in part
TRPC1-dependent.

During activation PSCs typically lose Vitamin A-containing lipid
droplets, which can be stained with NileRed [1]. Activation of quiescent
freshly isolated PSCs is at least in part due to culturing them on
unphysiologically stiff tissue culture plastic [26]. This activation leads to
a steady decrease of NileRed positive cells within the first days of culture
(Supplementary Figure 1 A). Their relative number is reduced from 60.5
+5.0 % (t = 24h) to 27.5 + 2.8 % (t = 120h, Supplementary Figure 1 A).
When PSCs are cultured at an increased atmospheric pressure, the
decrease of NileRed positive cells is markedly accelerated during the
first 24h (t = 24h: 42.2 + 5.2 %). It reaches the same low level as control
cells after 120h (27.6 + 3.2 %).

Furthermore, the mechanical properties of the PDAC microenviron-
ment are modulated by the excessive ECM deposition resulting in the
increase of PDAC tissue stiffness, which consequently leads to the in-
crease of PDAC tissue pressure [27]. Such an unphysiologically high
stiffness is also observed on the cell culture plastic support. This phe-
nomenon induces and maintains PSCs in an activated state [26]. We
therefore wondered whether TRPC1 silencing could also influence aSMA
expression in already pre-activated human PSC cell line (PS-1) when
they are cultured in cell culture plastic dishes. Indeed, knocking down of
TRPC1 for 72h leads to a decrease of aSMA expression by 58.4 + 10.8 %
(Supplementary Figure 1 B-D). This finding suggests that aSMA
expression is also partly TRPC1-dependent in pre-activated human PSCs.
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2.2. Physical association and colocalization between TRPC1, aSMA and
PSMAD?2 in pre-activated human PSCs

After showing a link between TRPC1 and oSMA expression in
pressure-induced activation of murine PSCs and pre-activated human
PSCs, we wondered whether TRPC1 channels could be colocalized with
aSMA. Furthermore, knowing that aSMA expression is mediated by the
SMAD2 pathway [25], we simultaneously sought to know whether
TRPC1 channels could be linked to ®SMA through the phosphorylated
active form of SMAD2 (pSMAD2). To determine this, we used the
pre-activated human PSC cell line PS-1 and analyzed the colocalization
of TRPC1, aSMA and pSMAD2 by immunofluorescence. We quantified
the colocalization degree of these three proteins with Pearson’s corre-
lation coefficient using Fiji ImageJ software. Indeed, when the coeffi-
cient value lies between 1 and 0.5, this reflects an important
colocalization between the two proteins. According to this and as shown
in Fig. 2 A-C we noted a “partial” colocalization between TRPC1, aSMA
and pSMAD2, suggesting that they might be interacting with each other.
To confirm this hypothesis, we performed co-immunoprecipitation fol-
lowed by Western blot experiments using anti-TRPC1, anti-aSMA and
anti-pSMAD2 antibodies to evaluate the interaction between the three
partners. We found that TRPC1, aSMA and pSMAD2 form a direct or
indirect physical interaction network within pre-activated human PSCs
(Fig. 2 D).

2.3. Mutual regulation between TRPC1, aSMA and pSMAD2 within the
formed protein complex in pre-activated human PSCs

We then wanted to determine whether TRPC1-aSMA-pSMAD2 as-
sociation in pre-activated human PSCs depends on the protein expres-
sion level of each partner. To this end, we silenced each actor
independently for 72h, using the siRNA approach and evaluated the
interaction level between the two other partners by co-
immunoprecipitation and Western blot experiments. 72h of TRPC1
silencing decreases the interaction between aSMA and pSMAD2 by 41.8
+ 14.9 % (Fig. 3 A) and by 40.7 + 16.3 % (Fig. 3 B), when immuno-
precipitated with pSMAD2 and aSMA antibodies, respectively. The in-
fluence of knocking-down SMAD2 on the protein complex is more
prominent since it induces a 60.8 + 8.6 % (Fig. 3 C) and 52.4 + 16.1 %
(Fig. 3 D) diminution of xSMA and TRPC1 association, using TRPC1 and
aSMA immunoprecipitation (IP) antibodies, respectively. Contrary to
SMAD2, the effect of xSMA inhibition is less pronounced, leading to 38.8
+ 12.8 % (Fig. 3 E, with pSMAD2 IP antibody) and 22 + 4.1 % (Fig. 3 F,
with TRPC1 IP antibody) decrease of TRPC1-pSMAD2 interplay. This
heterogeneous influence of each partner on the complex constitution
shows that TRPC1, aSMA and pSMAD2 participate at different degrees
in the complex assembly, in pre-activated human PSCs. In parallel, we
assessed the 72h siRNA transfection efficiency of each protein by
Western blotting. TRPC1 protein expression was diminished by 84.3 +
5.4 % (Supplementary Figure 1 B-C), SMAD2 expression by 61.9 + 9.4 %
(Supplementary Figure 2 A), and aSMA by 98.6 + 0.6 % (Supplementary
Figure 2 B). Thus, the decrease in the complex formation is not directly
proportional to the degree of knock-down of any of the three proteins
which argues for a more complex interaction of them.Taken together
these data reveal a strong regulatory link between TRPC1, aSMA and
pSMAD2 within the formed protein complex.

2.4. Elevated external pressure increases TRPCI1 channel function in pre-
activated human PSCs

We have previously demonstrated that elevated pressure drives Ca*
influx throught TRPC1 channel activation in mouse PSCs [19]. Ac-
cording to these findings, we wondered whether an elevated external
pressure would rise ®SMA and TRPC1 expression in pre-activated human
PSCs. This would then lead to an increased TRPC1-mediated Ca" influx
and to an extended PSC activation. To investigate this hypothesis, we
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Fig. 2. TRPC1 co-localizes and interacts with «SMA and the phosphorylated form of SMAD2 (pSMAD2) in pre-activated human PSCs. A1-2) Immunofluorescence
staining of TRPC1 (red), aSMA (green) and their merge in PS-1 cells. A3) The colocalization intensity was measured using Pearson’s correlation coefficient with Fiji
ImageJ software. Each immunofluorescence image was displayed as an intensity-scatter plot, where the x-axis represents the green labeled protein and the y-axis the
red labeled protein, both related by the white linear regression line in the scatter plot. The closer Pearson’s R value is to 1, the stronger the positive linear rela-
tionship, and thus the colocalization between the two proteins is. B1-3) The same experiments were performed to visualize pSMAD2 (red) and «aSMA (green)
colocalization as well as C1-3) TRPC1 (green) and pSMAD2 (red) colocalization. All image acquisitions were performed by confocal microscopy. D) Representative
Western blot of TRPC1, pSMAD2 and aSMA expression after immunoprecipitation with D1) anti-pSMAD2, D2) anti-aSMA and D3) anti-TRPC1 antibodies (NT: no-
treated cells, at least N=3).
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pre-incubated PS-1 cells under high pressure (A+100 mmHg) for 24 and
48 hours and evaluated TRPC1 and aSMA expression by Western blot-
ting. 24h of elevated pressure raises TRPC1 protein level 1.4 + 0.1-fold
(Fig. 4 A-B). However, after 48h of stimulation, pressurization drasti-
cally reduces TRPC1 expression by 0.5 + 0.1-fold (Fig. 4 A-B), sug-
gesting the existence of an autoprotective cellular mechanism.
Simultaneously, we noticed a trend of aSMA expression to rise at 24h
post-pressurization (1.4 + 0.03-fold) which becomes significant at 48h

(4.2 £+ 0.3-fold, Fig. 4 A/C). Interestingly, the rise of aSMA expression
occurs only after that of TRPC1 (Fig. 4 A/C).
We next sought to know whether the pressure-induced increase of

TRPC1 expression is correlated with an augmentation of its channel
activity. As TRPC1 proteins are non-selective Ca?*-permeable cation
channels, we performed Mn?" quenching experiments to measure the
Ca®" influx after TRPC1 silencing. We compared Ca®" influx under
control conditions with that following pressurization (A+100 mmHg).
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Under control conditions the Mn?" entry rate is reduced from 0.27 +
0.01 AF/Fo/min in siCtrl transfected cells to 0.17 4 0.01 AF/Fy/min in
siTRPC1 transfected cells (Fig. 4 D). Elevated external pressure enhances
Ca2" influx in siCtrl cells inducing an increase of Mn>" entry rate to 0.38
+ 0.02 AF/Fo/min (Fig. 4 D). However, the Mn?" entry rate of pres-
surized siTRPC1 PSCs is at the same low level (0.23 + 0.01 AF/Fy/min,
Fig. 4 D) as in non-pressurized siCtrl cells under control conditions.
These results suggest that TRPC1 channels contribute to the pressure-
induced Ca?" entry into pre-activated human PSCs.

Based on these results, we can conclude that elevated external
pressure increases the functional expression of TRPC1 channels, which
in turn stimulates TRPC1-dependent aSMA expression and leads to an
enhanced TRPC1-dependent Ca?* entry.

2.5. TRPC1 mediates the activation of SMAD2 and ERK1/2 pathways in
pre-activated human PSCs

PSC activation is a dynamic mechanism that is coordinated and
triggered by several intracellular signaling pathways [28]. Hence, we
speculated that except being involved in aSMA and pSMAD2 interplay,
TRPC1 might increase aSMA expression through the activation of one of
these signaling pathways in pre-activated human PSCs. We therefore
investigated whether the phosphorylation of ERK1/2 and SMAD2
modulates human PSC activation through the regulation of the main
activation marker aSMA. We treated PS-1 cells with an inhibitor of
ERK1/2 (U 0126; 10 uM) or SMAD2 (SB 431542; 80 uM) activity for 72h.
We first evaluated the efficiency of the inhibitors by Western blot.
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Treatment with U 0126 reduces ERK1/2 phosphorylation by 31.9 + 6 %
(Supplementary Figure 3 A), whereas SB 431542 treatment induces a
37.4 £ 9.3 % decrease of SMAD2 phosphorylation (Supplementary
Figure 3 B). We revealed that SMAD2 inhibition with SB 431542 reduces
aSMA protein expression by 76.9 + 5.5 % (Fig. 5 B). In contrast, the
inhibition of ERK1/2 phosphorylation with U 0126 fails to affect aSMA
expression (Fig. 5 A).

We then wanted to know whether TRPC1 is able to activate one of
the above-cited signaling pathways in order to regulate «aSMA expres-
sion. We therefore inhibited TRPC1 expression for 72h and assessed
SMAD2, ERK1/2 as well as AKT phosphorylation levels by Western
blotting. PS-1 cells were kept in FBS(Fetal Bovine Serum)-free media
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overnight and then stimulated with 10 % FBS for 10 min. As expected,
TRPC1 silencing leads to a decrease of SMAD2 phosphorylation by 57.8
% (siCtrl + 10 min FBS: 1.6 &+ 0.1-fold, siTRPC1 + 10 min FBS: 0.7 &
0.2-fold, Fig. 5 C), suggesting that TRPC1 might be involved in this
process through its interaction with pSMAD2. Interestingly, knocking-
down TRPCI channels also induces a diminution of ERK1/2 activation
by 38.7 % (siCtrl + 10 min FBS: 6.4 + 0.4-fold, siTRPC1 + 10 min FBS:
4.0 + 0.7-fold, Fig. 5 D). However, it fails to affect AKT phosphorylation
(Fig. 5 E). Importantly, for none of the three signaling pathways, TRPC1
silencing influences the total amount of the respective unphosphory-
lated protein (Fig. 5 C, D & E, right panels).

These results demonstrate that TRPC1 channels stimulate the

Fig. 5. TRPC1 channels drive human

DMSO SB 431542 kDa

PSC activation through the phosphory-

40 lation of SMAD2 and ERK1/2 pathways.

A-B) aSMA expression is regulated by

the SMAD2 pathway but not ERK1/2
pathway in pre-activated human PSCs.
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aSMA after U 0126 treatment and its
quantification. B) SMAD2 pathway in-
hibition with the SB 431542 (80 pM)
decreases aSMA expression. Represen-
tative Western blot of aSMA after SB
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activation of SMAD2 and ERK1/2 signaling pathways, and that they
probably mediate ®SMA expression through the SMAD2 pathway in pre-
activated human PSCs.

2.6. TRPC1 channels regulate pre-activated human PSC proliferation
through an ERK1/2- and SMAD2- dependent pathway

We next sought to know whether TRPC1 channels are involved in
typical features of activated PSCs, namely in the proliferation and
secretion of growth factors and cytokines [4,5]. We found that TRPC1
silencing inhibits cell proliferation by ~60 % (siCtrl: 100 + 2.3 %,
siTRPC1: 43 + 1.5 %, Fig. 6 A). We then assessed in which cell cycle
phase TRPC1 channels are mostly involved in order to modulate PSC
proliferation. Using flow cytometry we noted an increase of cells in
GO0/G1 phase (siCtrl: 77.2 + 0.7 %, siTRPC1: 86.1 + 0.6 %) and a
decrease of cells in S phase (siCtrl: 8.4 + 0.4 %, siTRPC1: 3.9 + 0.6 %) as
well as G2/M phase of the cell cycle phases (siCtrl: 14.4 + 0.6 %,
siTRPC1: 10 + 0.6 %, Fig. 6 B-C). This points to a cell cycle arrest in

100+
90+
80+

703
20%

1.2 —kE®
1.0
0.8
0.6
0.4+
0.2
0.0

/

(normalized to control)

*kk

Cell Calcium 106 (2022) 102621

G0/G1 phase. To rule out an effect of silencing TRPC1 channels on cell
death, we used Trypan Blue colorimetric assay and an Annexin V /
Propidium Iodide apoptosis assay. Both techniques reveal no significant
effect of TRPCL1 silencing on cell death (siCtrl: 100.0 + 13.9 %, siTRPC1:
87.2 + 19 %, Supplementary Figure 4 A) or apoptosis (siCtrl: 3.3 + 0.5
%, siTRPC1: 6.5 + 1.8 %, Supplementary Figure 4 B-C).

In parallel we evaluated whether one of the TRPCl-mediated
signaling pathways, namely SMAD2 and ERK1/2 is involved in the
regulation of PSC proliferation. Inhibition of either ERK1/2 or SMAD2
pathways using the pharmacological inhibitors U 0216 and SB 431542,
respectively, produces a comparable effect on PS-1 cell proliferation.
Blocking ERK1/2 or SMAD?2 activity decreases the proliferation rate by
approximately one third (ERK1/2: Ctrl: 100 + 4.6 %, U 0126: 66.3 + 2.2
%, Fig. 6 D, and SMAD2: Ctrl: 100 + 4.7 %, SB 431542: 61.2 + 1.2 %,
Fig. 6 E).

Taken together, these data show the involvement of TRPC1 in the
modulation of pre-activated human PSC proliferation by driving the cell
cycle progression in G1 phase and G1/S transition, probably through

Fig. 6. Role of TRPCl channels,
ERK1/2 and SMAD2 pathways in the
regulation of pre-activated human PSC
proliferation. A-C) TRPC1 channels
regulate pre-activated human PSC
proliferation. A) Effect of TRPC1
knock-down on PS-1 cell proliferation,
assessed 72h post-transfection by MTT
assay (***p<0.001, N = 4, Student’s t-
test). B) Impact of TRPC1 on PS-1 cell
cycle progression. Cell cycle distribu-
tion (G0O/G1, S and G2/M) was exam-
ined by flow cytometry with
propidium iodide staining 72h after
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both ERK1/2 and SMAD2 pathways. %, siTRPC1: 42.6 + 4.7 %, Fig. 7 A).

Subsequently, we also studied the impact of ERK1/2 and SMAD2
inhibition on IL-6 secretion. Inhibition of the two pathways indepen-
dently elicits similar effects on IL-6 secretion. PS-1 treatment with the
ERK1/2 blocker U 0126 leads to 40.1 % diminution of IL-6 secretion
(Ctrl: 100.0 + 15.7 %, U 0126: 59.9 + 5.7 %, Fig. 7 B), and the SMAD2
blocker SB 431542 elicits a decrease of IL-6 secretion by 67.9 % (Ctrl:
100.0 £ 12.4 %, SB 431542: 32.1 £+ 10.6 %, Fig. 7 C).

Together these data suggest that TRPC1 channels regulate IL-6

2.7. TRPCI channels regulate IL-6 secretion through the ERK1/2 and
SMAD2 pathways in pre-activated human PSCs

We focused on IL-6 which is one of the most abundantly secreted
cytokines by activated PSCs [29]. We measured the cytokine secretion
by ELISA assay after 72h of TRPC1 silencing. TRPC1 knock-down causes
a diminution of IL-6 secretion by more than 50 % (siCtrl: 100.0 &+ 13.5
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Fig. 7. TRPCI channels regulate IL-6 secretion probably through both ERK1/2- and SMAD2-dependent pathways. In turn, the secreted IL-6 promotes PSC migration
via an autocrine feedback loop. A) Silencing of TRPC1 decreases IL-6 secretion. Pharmacological inhibition of B) ERK1/2 pathway with U 0126 (10 uM) and of C)
SMAD?2 activity using the SB 431542 inhibitor (80 uM) decreases IL-6 secretion. All values were normalized to the control condition and reported as mean + SEM
(***p<0.001, *p<0.05, N = 3, each experiment was performed at least in triplicate, Student’s t-test). D-E) Pressurizing PSCs stimulates TRPC1-dependent IL-6
secretion. D) IL-6 secretion was analyzed after PSCs were cultured at increased ambient pressure (A+100 mmHg) for 24h. IL-6 secretion was normalized to the
respective control groups. Secretion of IL-6 is markedly increased in pressurized WT PSCs. In contrast, TRPC1-KO PSCs do not respond to increased pressure with
elevated cytokine secretion (N = 6; *p<0.05 WT vs. TRPC1-KO, control vs. pressure). E) Autocrine effects of IL-6 on PSCs migration were analyzed in the absence
(control) or presence of IL-6 for a 6h period. Trajectories of individual WT PSCs normalized to common starting points are shown. The grey circles represent the mean
translocation of the cells covered during the course of the experiment. F) IL-6 (10 ng/uL) increases the migration velocity of WT PSCs, but not of TRPC1-KO PSCs. G)
Structure index of WT but not of TRPC1-KO PSCs is reduced after stimulation with IL-6 indicating a more extended morphology of the PSCs (N = 4, n = 50-63;
*p<0.05, control vs. cytokine).
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secretion of pre-activated human PSCs probably through both, ERK1/2
and SMAD2 signaling pathways.

2.8. Autocrine effects of IL-6 on murine PSC migration

We next studied whether pressure-induced activation of PSCs also
leads to altered secretion of the pro-inflammatory cytokine IL-6 in a
TRPC1-dependent way. IL-6 secretion of WT PSCs increases following
24h of pressurization. Notably, TRPC1-KO PSCs do not respond to the
pressure treatment with an increased cytokine secretion (Fig. 7 D). Thus,
IL-6 secretion of pressurized WT PSCs is significantly higher than that of
the PSCs from TRPC1-KO littermates.

To evaluate the autocrine effect of pressure-induced cytokine
secretion on PSCs, we performed migration experiments in the absence
and presence of IL-6 (10 ng/pL). Stimulation with IL-6 leads to increased
PSC migration. The trajectories of individual PSCs are depicted in Fig. 7
E. IL-6 accelerates the migration velocity of WT PSCs (Ctrl: 0.23 + 0.01
um/min vs. IL-6: 0.29 £ 0.02 um/min), but not of TRPC1-KO PSCs (Ctrl:
0.24 £ 0.01 pm/min vs. IL-6: 0.25 + 0.01 um/min, Fig. 7 F). Accelerated
migration is accompanied by changes of PSC morphology. IL-6-treated
WT PSCs acquire a more elongated shape as evidenced by a decrease
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of the structure index (Ctrl: 0.32 4 0.02 vs. IL-6: 0.25 4 0.02). This is not
the case in TRPC1-KO PSCs (Ctrl: 0.27 + 0.02 vs. IL-6: 0.25 + 0.01,
Fig. 7 G).

2.9. Impact of TRPC1 channels on murine PSC function under pressure

Finally, we determined the mechanical properties of PSCs themselves
and analyzed the elasticity of PSC lamellipodia using the nano-
indentation method (Fig. 8 A). Bulk stiffness of WT PSCs rises upon
pressure treatment from 1.25 + 0.12 kPa to 1.75 + 0.15 kPa (Fig. 8 A-B).
In TRPC1-KO cells there is no change in bulk stiffness following pres-
surization (1.38 & 0.11 vs. 1.1 & 0.09 kPa). Thus, WT PSCs are ~30 %
stiffer (A +0.68 kPa) than TRPC1-KO PSCs after culturing them at an
elevated pressure.

Increase in cell stiffness of pressurized WT PSCs is accompanied by
an increased traction force exerted onto the surrounding matrix. We
analyzed this by traction force microscopy (Fig. 8 C). Pressure leads to
an increase of force exerted by each PSC by 61.5 % (WT Ctrl 179.4 +
17.3 pPa per cell; pressure 291.5 + 25.9 pPa per cell). This effect cannot
be observed in TRPC1-KO PSCs (Fig. 8 D; Ctrl: 212.0 + 22.8 pPa per cell;
pressure 153.0 + 27.6 pPa per cell).
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Fig. 8. Pressure incubation increases stiffness and traction forces TRPC1-dependently. A) Scheme of AFM measurements. After approaching the cell surface the
flexible cantilever encounters the cortical actin layer. The bending of the cantilever is detected by a reflected laser beam on a photodiode. Analysis of force-distance
curves evaluates distinct slopes, indicating actin cell mechanics. B) AFM-based measurements of cell stiffness reveal increased cortical stiffness in pressure-treated WT
PSCs, but not in TRPC1-KO cells (N = 4-5, n = 45-60, *p<0.05, WT vs. TRPC1-KO). C) Scheme of traction force microscopy. Traction forces are measured by
quantifying the displacement of microbeads embedded in the underlying hydrogel. Cell traction on the gel is assessed by acquiring images of the gel/microbeads
before and after removing the cell. D) Pressure-stimulated WT cells exert higher forces onto the underlying matrix than under control conditions. Traction forces of
TRPC1-KO PSCs are not affected by pressurization (N = 3, n = 8-11, *p<0.05, WT vs. TRPC1-KO).
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The results shown in Fig. 8 clearly demonstrate that TRPC1 channels
do not only contribute to sensing mechanical cues from the microenvi-
ronment. They also modulate the mechanical output of PSCs.

3. Discussion

PSC activation plays a crucial role in PDAC development and pro-
gression since the dense PSC-derived fibrotic stroma encloses the cancer
cells and provides them with essential cytokines, growth factors, and
nutrients indispensable for their early spreading [6,30]. This PSC-driven
encapsulation is in part responsible for the 10-fold increased tissue
pressure observed in PDAC which in turn activates and/or maintains
PSC activation through a positive mechanical feedback cycle [31].
Therefore, it seems that interrupting the mechanical activation of PSCs
might be a potential route in the battle against PDAC.

In the current study we highlighted the importance of TRPC1
channels in PSC activation and function. We focused especially on the
impact of an elevated pressure which is a characteristic mechanical
feature of PDAC microenvironment. We showed that TRPC1 channels
mediate in part PSC activation under high pressure by promoting aSMA
expression in mouse and human PSCs (Figs. 1 & 4). In turn, the elevated
pressure changes the mechanical behavior of PSCs themselves by
increasing their stiffness and the emitted traction forces in a TRPC1-
dependent manner (Fig. 8). We also reported for the first time that
TRPC1 channels regulate aSMA expression by cooperating with the
phosphorylated form of SMAD2 (Figs. 2 & 3). Moreover, we demon-
strated that TRPC1 modulates i) PSC proliferation via the G1/S and S/G2
cell cycle phase transition, and ii) IL-6 secretion, through an ERK1/2-
and SMAD2-dependent pathway (Figs. 5, 6 & 7).

TRPC1 channels belong to the large family of TRP channels. They are
non-selective cation channels that play among others a significant role in
Ca?* homeostasis, notably by regulating the Store-Operated Calcium
Entry (SOCE) in association with Orail and STIM1 proteins, and they are
relevant in the metastatic cascade in cancer [32-34]. However contro-
versial debate evidence shows that TRPC1 mediates Ca®* influx not only
following an endoplasmic reticulum Ca?* depletion promoting SOCE
but also in response to mechanical stimulation in several cell types
[35-39]. Indeed, more recently we showed that SOCE through Orail
channels plays a crucial role in the modulation of PSC activation in
PDAC [40]. In addition, we previously demonstrated that TRPC1 drives
Ca?" influx into murine PSCs in response to an elevated ambient pres-
sure supporting the evidence that TRPC1 is involved in mechanosensa-
tion [19]. We confirmed these data for pre-activated human PSCs,
showing the increased functional expression of TRPC1 under elevated
pressure conditions (Fig. 4). Nevertheless, it will be interesting to
evaluate in future studies whether TRPC1 channels could have a dual
role in PSC by participating also in the SOCE through their interaction
with Orail and/or STIM1 proteins leading to the regulation of PSC
activation.

More importantly, we revealed that TRPC1 channels contribute to
the altered cell functions in response to the pressure stimulus. The
increased hydrostatic pressure renders WT-PSCs stiffer in a TRPC1-
dependent manner. Such cell stiffening in response to elevated hydro-
static pressure has also been shown in endothelial cells. This was linked
to Ca®*-mediated myosin activation and increased actin polymerization
driven by mechanosensitive ion channels. The molecular nature of these
channels, however, remained elusive [41]. Furthermore, we demon-
strated that this TRPC1-mediated PSC stiffening following pressuriza-
tion is accompanied by higher tension forces exerted by PSCs to the
surrounding extracellular matrix (ECM) (Fig. 8). These changes of PSC
mechanics might lead to mechanical reorganization of the PDAC
microenvironment, and thus further promote PDAC progression. This
idea is supported by previous observations from our laboratory. Acti-
vation of Piezol, a mechanosensitive channel, leads also to increased
PSC-induced tension on the surrounding ECM that facilitates PSC
migration and detachment [42]. Our present study provides mechanistic
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insight into how TRPC1 channels mediate these cellular mechanical
changes in PSCs in response to pressure.

We observed that the increasing hydrostatic pressure clearly accel-
erates the initial activation of murine PSCs within the first 48h as evi-
denced by the increasing expression of ®SMA, which is considered as the
main activation marker of PSCs [6]. At later time points the effect of
elevated pressure levels off so that control and pressurized PSCs reach
the same level of activation (Fig. 1). This can be explained by the ex vivo
activation of freshly isolated PSCs that is triggered by the stiff substrate
of cell culture dishes and the ensuing positive autocrine feedback
stimulation of activated PSCs [26,43]. Notably, the pressure-induced
acceleration of the activation is absent in TRPC1-KO PSCs. So far,
there is few evidence of which mechanosensory proteins play a role in
the activation of quiescent PSCs [44]. Based on our results, TRPC1
channels are also one of the mechanosensory proteins driving at least in
part the transdifferentiation of quiescent to activated PSCs in response to
altered mechanical conditions. Moreover, TRPC1-mediated PSC activa-
tion through the expression of aSMA might also participate in the
reorganization of aSMA into stress fibers, which could explain in part
how TRPC1 channels mediate PSC stiffening and -increased traction
forces in response to pressurization.

TRPC1 channels regulate aSMA expression in human PSCs by phys-
ically interacting with «SMA. This protein network is supported by the
phosphorylated (= active) form of SMAD2 that colocalizes and physi-
cally associates with both TRPC1 and aSMA. Interestingly, the knock-
down of one of these three proteins each has a varying effect on the
interaction of the remaining 2 partners. This argues for a different de-
gree of participation of each partner within the complex. Consequently,
TRPC1 silencing leads to a reduction of SMAD2 phosphorylation as well,
suggesting that it acts as a positive upstream regulator of the SMAD2
pathway (Fig. 2 & 3). This latter is one of the major signaling pathways
that control PSC activation, mainly through the regulation of aSMA
expression [25]. Thus, we revealed for the first time that TRPC1 medi-
ates/maintains PSC activation by regulating «SMA expression through
its interaction with the TRPC1-dependently phosphorylated form of
SMAD2.

Besides the high aSMA expression, activated PSCs are characterized
by an increased proliferative and secretory potential [1,3]. In the pre-
sent work, we revealed that inhibition of TRPC1 channels results in a
decrease of PSC proliferation. The involvement of TRPC1 in the regu-
lation of cancer cell proliferation is well described [45,46]. Knowledge
on its role in cancer-associated fibroblasts, i.e. also in PSCs has been
missing so far. We showed that TRPC1 channels regulate the prolifera-
tion of PSCs by controlling the cell cycle progression in G1 and G2
phases (Fig. 6).

Furthermore, we noted that TRPC1 knock-down in human PSCs de-
creases IL-6 secretion. The impact on IL-6 secretion by TRPC1 channels
is even more pronounced when mouse PSCs are exposed to increased
pressure. IL-6 is a very important pro-inflammatory cytokine in PDAC.
High IL-6 concentrations have been found in PDAC cell lines but also in
the serum of patients with PDAC. The elevated IL-6 serum level is
correlated with PDAC severity [16,47,48]. In addition, secretion of IL-6
by the activated PSCs promotes pancreatic cancer cell migration and
epithelial-mesenchymal transition [49,50]. Here, we showed that the
secreted IL-6 can also impact PSC activation through an IL-6-mediated
positive autocrine feedback loop. Treatment with IL-6 augments
TRPC1-dependently PSC migration velocity which is accompanied by
the acquisition of a more elongated cell shape (Fig. 7).

All these PSC activation processes are coordinated and controlled by
multiple dynamic intracellular signaling pathways [28]. According to
our results, TRPC1 channels are crucial for the activation of two of the
major signaling pathways underlying PSC activation: the ERK1/2 and
SMAD2 pathways. Our data highlight the involvement of TRPC1 in the
regulation of PSC proliferation and IL-6 secretion through the activation
of both ERK1/2 and SMAD2 pathways (Fig. 5, 6 & 7). Such a role of
TRPC1-mediated ERK1/2 and SMAD2 pathways has not been known in
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the modulation of IL-6 secretion.

4. Conclusion

In conclusion, our study discloses the importance of TRPC1 channels
through their mechanosensing ability in PSC activation. Many of the
TRPC1-dependent effects appear to involve ERK1/2 and SMAD2-
dependent pathways. We suppose that TRPC1 might regulate these
two pathways in a Ca?"-dependent and/or a Ca?*-independent manner.
The ERK1/2 pathway is often activated by the Ca®"/calmodulin com-
plex, whereas the SMAD2 pathway has been shown to be inactivated by
this complex [51]. Furthermore, we showed that TRPC1 channels
colocalize and interact physically with «SMA and the phosphorylated
active form of SMAD2, resulting in the regulation of «SMA expression.
More importantly, we demonstrated that high pressure increases tran-
siently TRPC1 expression leading to a further promotion of PSC prolif-
eration, «aSMA expression and IL-6 secretion in the sense of a positive
feedback. This positive feedback cycle also involves the
TRPC1-dependent mechanical output of PSCs (Fig. 9). Although not
shown in the current study it is conceivable that increased tension
exerted by PSCs onto the extracellular matrix contributes to maintaining
their mechanical activation. Finally, the increased tension could ease the
migration and invasion of pancreatic cancer cells along the straightened
matrix fibers. In such a scenario TRPC1 channels in PSCs would ulti-
mately contribute to PDAC progression.

5. Materials and methods

5.1. Animals

Experiments were performed with primary murine pancreatic stel-
late cells (PSCs). PSCs were isolated from 8-12 weeks old male/female
129Sv/C57BL/6J WT and TRPC1-KO mice [52]. Experimental protocols

Increasing pressure

ERK1/2

mechanical
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were approved by the local committee for animal care (ref no.
84-02.05.50.15.010).

5.2. Isolation of murine PSCs

Primary murine pancreatic stellate cells were isolated as described
previously [19,53]. Mice were anaesthetized with isoflurane and sacri-
ficed by subsequent cervical dislocation. The pancreata were removed
and briefly washed in cold balanced salt solution (GBSS, Pan-Biotech
GmbH) before homogenization. Homogenates were then transferred to
3 mL GBSS with 0.1 % collagenase P (Roche Applied Science) and
incubated at 37°C for 25 min on a shaker. After re-suspending and
adding GBSS to a final volume of 8 mL cells were centrifuged (8 min,
220 x g), re-suspended in pre-warmed cell culture media (DMEM/F12,
Sigma Aldrich; 10 % Fetal Calf Serum-Gold, GE-Healthcare; 1 % pen-
icillin/streptomycin, Biochrom) and seeded onto a FCS-Gold-coated
tissue culture dish. Cells were incubated for 2h in the incubator, with
subsequent forceful washing steps with warm culture media. After each
washing step cells were observed under the microscope to ensure
optimal purity. Freshly isolated PSCs were incubated for 5-6 days until
first passaging. Cells were used for experiments after two passages. Ex-
periments analyzing the pressure effect on the initial activation of PSCs
were done with freshly isolated PSCs within 6h after the isolation.

5.3. PSC cell lines

Activated human pancreatic stellate cell line, PS-1 was obtained from
a healthy donated human pancreas and immortalized as previously
described [54]. PS-1 cells were kindly provided by Pr Hemant M.
Kocher, from the Queen Mary University of London. Cells were cultured
in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F12, Gibco, Thermo Fischer Scientific, France) supplemented
with 10 % of Fetal Bovine Serum (FBS, Pan Biotech, Dominique

Fig. 9. Conclusive scheme: Increased hy-
drostatic pressure enhances TRPC1 channel
expression and activation resulting in an
increased Ca®" influx into PSCs. Pressure-
mediated TRPC1 activation modulates PSC
activation by promoting aSMA expression
and PSC proliferation in cooperation with
the phosphorylated form of SMAD2. More-
over, the increased pressure promotes
TRPCl-mediated IL-6 secretion through an
ERK1/2 and SMAD2-dependent pathway,
which in turn accelerates PSC migration
forming an IL-6 mediated autocrine feed-
back loop. Furthermore, PSCs increase their
cellular stiffness, migratory capacities, and
exerted tension forces in response to the
elevated pressure in a TRPCl-dependent
manner, forming a mechanical feedback
loop.

extracellular
matrix
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Dutscher, France). PS-1 were kept at 37°C in a humidified atmosphere
with 5% CO; and cell culture medium was changed every 48 hours.

5.4. Cell transfection and RNA interference

Small interfering RNAs (siRNA) were introduced into cells by elec-
troporation, using the nucleofection technology (Amaxa Biosystems,
Lonza, Aubergenville, France). 10° cells were transfected according to
the manufacturer’s protocol with 4 ug of scrambled siRNA as control
(siCtrl: duplex negative control, Eurogentec), or with siRNA directed
against TRPC1 (siTRPC1, ON-TARGET plus SMART pool siRNA, Dhar-
macon Research, Chicago, IL), a-SMA (siaSMA: 5- GGGCU-
GUUUUCCCAUCCAU-3’, Eurogentec) or Smad2 (siSmad2: 5'-
GUCCCAUGAAAAGACUUAA-3’, Eurogentec). Cells were used for the
experiments 72h after the siRNA transfection.

5.5. Chemical reagents

Pharmacological inhibitors used to study the signaling pathways,
after 72h of treatment, were the following: U 0126 monoethanolate (10
uM, 72h, Sigma-Aldrich) and SB 431542 (80 uM, 72h, Sigma-Aldrich).

5.6. Pressure incubation

Pressure incubation of WT and TRPC1-KO PSCs was performed in a
custom-made pressure chamber at +100 mmHg / +13.3 kPa above
ambient atmospheric pressure (760 mmHg / 101.3 kPa) for at least 24h
and up to 120h. A 29lexiglas chamber, fitting into a standard cell culture
incubator, was pressurized with a humidified atmosphere using an air
pump system and monitored continuously with a digital barometer. For
control experiments, cells were incubated in the same chambers at at-
mospheric pressure (760 mmHg / 101.3 kPa). Increasing the ambient
pressure in the chamber by 13 % (with respect to the atmospheric
pressure) produces no measurable changes of the medium pH [19].

5.7. Cell proliferation assay

MTT colorimetric assay was used to assess the cell proliferation using
6-well plates (8 x 10 seeded PS-1 cells per well), 72 hours post siRNA
transfection or post pharmacological treatment with inhibitors. The 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma-Aldrich, Inc.) was solubilized in culture medium (0.5 mg/mL),
before cell incubation at 37°C in the dark for 45 min. Once entered in the
cells, MTT is converted to formazan crystals, which are thereafter dis-
solved by culture medium replacement with dimethyl sulfoxide (DMSO,
Sigma-Aldrich, Inc.) giving a violet staining. The absorbance was read at
550 nm using the Infinite® 200 Pro reader (Tecan Trading AG).

5.8. Cell cycle analysis

Cell cycle evaluation was performed by quantifying the cellular DNA
content by means of flow cytometry. 72h siTRPC1 or siCtrl transfected
cells (1 x 10%) were fixed with cold absolute ethanol (> 99.8%, Sigma-
Aldrich) at 4°C for a minimum of 6h. Then they were pelleted, resus-
pended in 5 mM EDTA / PBS, treated with 20 mg/mL RNAse A (Sigma-
Aldrich) at room temperature for 30 min, and stained with propidium
iodide (50 mg/mL, Sigma-Aldrich). Thereafter, samples were directly
analyzed by flow cytometer (Accuri®) and the cell percentage in each
cell cycle phase was determined using the Cyflogic software.

5.9. Cell mortality

Trypan Blue exclusion assay was used to evaluate PS-1 cell death.
Cells were seeded in 35 mm petri-dishes (8 x 10* cells) for 72h after
siRNA transfection. Then they were trypsinized, diluted in Trypan Blue
solution (Sigma-Aldrich) and counted six times using Malassez’s cell
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counting method. Cell mortality was determined using the formula
below: rate of cell death = number of dead cells / number of total cells,
normalized to each control condition.

5.10. Apoptosis analysis

The cell surface exposure of phosphatidylserine on the outer leaflet
of the plasma membrane was utilized to assess apoptosis, since this is an
early marker of apoptotic cell death. Cells (detached and adherent cells)
were collected 72h after the siRNA transfection, pelleted, washed twice
with ice-cold PBS and resuspended in 1 x binding buffer (BD Biosciences
Pharmingen). Following the PE Annexin V Apoptosis Detection Kit
staining protocol (BD, Biosciences Pharmingen), we added FITC
Annexin V and propidium iodide (PI) to the cell preparations and
incubated them at 25°C in the dark for 15 min. Binding buffer was then
added to each tube and samples were directly analyzed by the flow
cytometer (Accuri®) in order to determine the percentage of apoptotic
cells. The following controls were used to set up the compensation and
quadrants: unstained cells, cells stained only with FITC Annexin V and
cells stained only with PIL.

5.11. Migration assay

In order to evaluate whether the cytokine secretion of PSCs causes
their autocrine activation, we performed live-cell imaging experiments
to monitor PSC migration as described previously [19] . PSCs were
seeded in coated tissue culture flasks (~27.000 cells per flaks, 12.5 cm?)
as described before [55]. The matrix coating mimics desmoplastic re-
gions in PDAC. Polymerization of the desmoplastic matrix was done
overnight in the tissue culture incubator prior to seeding PSCs. Prior to
the experiment, culture medium was changed to HEPES-buffered RPMI
(Sigma-Aldrich) without or with addition of IL-6 (10 ng/uL), flasks were
sealed and transferred to preheated (37°C) microscopy chambers. Cell
migration was recorded over 6h in 5 min intervals using time-lapse
video microscopy. Afterward cell outlines were segmented with the
Amira Imaging Software Version 2.2 (Template Graphics Software,
Mercury Communication Systems, Carlsbad, US), a self-made Java
program and the National Institutes of Health Image J Software (http://r
sb.info.nih.gov/ij/). Based on segmented cell contours, migratory ve-
locity (in pm/min) was calculated as the movement of the cell center as a
function of time. To evaluate the effect on cell morphology, structure
index was calculated. More circular PSCs have an index close to 1 and
more elongated, star-shaped cells tend towards 0.

5.12. Western blot and Co-immunoprecipitation

RIPA buffer (1% Triton X-100, 0.1% sodium deoxycholate, 150 mM
NaCl, 10 mM PO4Na2/K, pH=7.4) supplemented with protease inhibi-
tor cocktail (Sigma-Aldrich), 5 mM sodium orthovanadate and 2 mM
EDTA, was added to lyse the cells. Thereafter, the Bicinchoninic Acid
protein assay (Bio-Rad) was utilized to determine the protein concen-
tration of the sample. Each sample was loaded (30ug of protein lysate
were used for standard Western blotting) and separated by the dena-
turing SDS-PAGE, and then transferred onto nitrocellulose membrane
(Hybond, GE Healthcare). Blocking of the nonspecific binding sites was
done with 3% bovine serum albumin at room temperature for at least 1h,
followed by overnight incubation of the membranes with the primary
antibody at 4°C. The primary antibodies used were anti-TRPC1 (1:1000,
Abcam, #ab51255), anti-aSMA (1:1000, Abcam, #ab7817), anti-
GAPDH (1:4000, Abcam, #ab8245), anti-SMAD2 (1:1000, Abcam,
#ab40855), anti-p-SMAD2 (phospho S255) (1:1000, Abcam,
#ab188334), anti-ERK1/2 (1:500, Cell Signaling, #9102), anti-p-ERK1/
2 (Thr202/Tyr204) (1:500, Cell Signaling, #9101), anti-Akt (1:500, Cell
Signaling, #9272) and anti-p-Akt (Ser473) (1:500, Cell Signaling,
#9271). The secondary antibodies used, were coupled to horseradish
peroxidase, leading to protein band detection through an enhanced
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chemiluminescence kit (Ozyme). The Bio-Rad image acquisition soft-
ware (Quantity One) was used for the quantification of protein bands via
a densitometric analysis option, and all the results were normalized to
GAPDH as reference protein.

For co-immunoprecipitation experiments, precleared protein A
sepharose magnetic beads (Millipore, PureProteome™) were incubated
with 500 ug of protein lysate (per condition) at 4°C for 90 min. The
beads were then removed, and the samples were incubated with the
primary antibody at 4°C overnight. The dilutions of primary antibodies
used for the co-immunoprecipitation experiments were anti-TRPC1 and
anti-p-SMAD2 (phospho S255) 1 :100 (Abcam) and for anti- aSMA 1
:200 (Abcam). The next day the antigen-antibody complex was precip-
itated with protein A sepharose magnetic beads (Millipore, Pure-
Proteome™) at 4°C for 1h. After denaturation, proteins were used as for
standard Western blot.

5.13. Immunostainings

Primary murine PSCs: Directly after isolation PSCs were seeded onto
poly-L-lysine coated coverslips (30.000 cells on 20 mm coverslips). They
were given a 2h time period for adhesion. This time point, in total 6h
after the isolation of pancreata, marked the starting point (t = Oh) of the
experiments which examined the time course of PSC activation. PSCs
fixed at t = Oh were considered as quiescent PSCs. Samples from the
control group (ambient pressure) and the pressurized group were
collected at t = 24h, 48h, 72h and 120h.

PSCs were washed twice with PBS and fixed with 3.5 % para-
formaldehyde at room temperature for 1h. Fixation was stopped with
0.1 mM glycine for 10 min. For Vitamin A stainings, cells were incubated
with 25 uM Nile Red in a wet chamber for 15 min as described earlier
[53]. After washing with PBS, cell nuclei were stained with DAPI (1
ug/mL), and coverslips were mounted on glass slides.

For aSMA stainings, fixed PSCs were rinsed with PBS and per-
meabilized using 0.5 % Triton-X100 in PBS for 10 min. PSCs were
blocked with 10 % normal goat serum for 1h and subsequently incu-
bated with the primary antibody against ®SMA (anti-mouse, 1:400 in
blocking solution, Sigma Aldrich, #A2547) overnight at 4°C. The cov-
erslips were then washed with PBS and incubated with appropriate
secondary Alexa488-conjugated antibody (1:400 in blocking solution
for 1h). Cell nuclei were stained with DAPI (1 pg/mL), and coverslips
were mounted on glass slides. For image acquisition we used an Axiovert
200 microscope (40 x) connected to a RT-SE-Spot camera (Visitron
Systems) and controlled by Metaview software.

PS-1 cells: They were first gently washed twice with PBS solution
(pH=7.4, Sigma-Aldrich) and then fixed using 4 % paraformaldehyde
diluted in PBS at room temperature for 20 min. Cells were after per-
meabilized with 0.1 % of saponin diluted in PBS for 10 min, washed
three times with PBS, blocked with 5 % bovine serum albumin diluted in
PBS (blocking solution) for 45 min and then incubated with the primary
antibody at 4°C overnight. We used the following primary antibodies:
anti-TRPC1 (1:200; Alomone Labs - anti-rabbit, #ACC-010) and anti-
TRPC1 (1:50; Santa Cruz - anti-mouse, #sc-133076), anti-p-SMAD2
(phospho S255; 1:200; Abcam, #ab188334) and anti-aSMA (1:1000;
Abcam, #ab7817). Thereafter, the coverslips were incubated at room
temperature with the secondary antibody for 45 min. For TRPC1 (anti-
rabbit) and p-SMAD2 detection, a secondary AlexaFluor® 550 conju-
gated antibody (1:200; IgG DyLight, Thermo Fischer Scientific, #
84541) was used, and for aSMA and TRPC1 (anti-mouse) detection, a
secondary AlexaFluor® 488 conjugated antibody (Invitrogen, # A-
11029) was used at 1:1000 and 1:50 dilution, respectively. Both, pri-
mary and secondary antibodies were diluted in the blocking solution.
The immunofluorescence staining was made in a sequential way for the
double labeling. At the end DAPI (1 pg/ml, Sigma-Aldrich) staining was
used to mark the nucleus, before mounting coverslips on glass slides. The
fluorescence image acquisition was made with a confocal microscope
LSM710 and ZEN software (Carl Zeiss Microlmaging) and images were
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analyzed with Fiji Image J software.
5.14. Cytokine quantification

For quantification of cytokine secretion, cell culture supernatants of
pressurized and control WT and TRPC1-KO PSCs (pre-activated, passage
2 after isolation) were collected after 24h of stimulation. The concen-
tration of the pro-inflammatory cytokine interleukin-6 (IL-6) was
measured with the LEGENDplex Kit (Biolegend) according to the man-
ufacturer’s instructions as described before [56].

PS-1 cell culture supernatants were collected 72h after siRNA
transfection or treatment with the pharmacological inhibitors and used
for enzyme-linked immunosorbent assay (ELISA) to quantify IL-6. IL-6
supernatant concentration was measured based on the technical proto-
col provided by the suppliers (Invitrogen, # 88-7066-86). The absor-
bance obtained by the colorimetric reaction revealing IL-6 quantity in
the supernatant was measured at 450 nm.

5.15. Ca®" influx measurements

Ca?" influx into the cells was quantified using the Mn?* quench
technique as described before [19,42,55,57]. Mn®" influx largely
mimics Ca2* entry as it enters cells via similar pathways. In contrast to
Ca%* jons, Mn%" ions quench the fluorescence emission of the Ca®*
sensitive dye Fura-2 AM which we employed for these experiments. The
Mn?*-induced decrease of the Fura-2 AM fluorescence intensity is
largely proportional to the transmembrane influx of Ca%™.

PS-1 cells were stained with 6 uM of the Ca®" indicator Fura-2-AM
(#F1221, Thermo Fisher Scientific, Inc., Waltham, US) at 37°C in
HEPES buffered solution for 20 min. PS-1 were visualized using an ionic
imaging setup consisting of a fluorescence microscope, a high-speed
shutter and a polychromator (Visitron Systems, Puchheim, Germany).
The proper isosbestic excitation wavelength, at which the emission is
Ca?* independent, was determined in pilot experiments to be 357 nm
and fluorescence emission was recorded at 510 nm. Images were ac-
quired in 10 sec intervals. Each experiment started with an initial 3 min
incubation in Ringer’s solution, followed by another 3 min incubation in
a Ca?"-free, Mn>" supplemented Ringer’s solution (Mn?* Ringer’s). The
Mn?* concentration in Mn?" Ringer’s was 400 uM.

Data analysis was performed by measuring fluorescence intensities
over the whole cell area and correcting it for background fluorescence.
The extracted fluorescence intensity F was normalized to the initial
fluorescence intensity Fy determined under control conditions in the
presence of Ringer’s solution (F/Fp). For each cell, the slope of linear
regression (AF/Fo/min) was calculated before and after Mn2* applica-
tion over intervals of 30 sec. Subsequently, the slope after Mn?* appli-
cation was subtracted by the slope in the presence of Ringer’s solution to
correct for potential photobleaching. The inverse value of the Mn?*
quench was determined which directly correlates with Ca®* influx.

5.16. Atomic force microscopy (AFM)

AFM measurements were performed using a Nanowizard III micro-
scope (JPK Instruments) equipped with the SmallCell™ closed liquid cell
(JPK Instruments). The elasticity of PSCs was measured by nano-
indentation spectroscopy [58]. We used silicon nitride gold-coated
cantilevers (Novascan Technologies) with 10 pm polystyrene spherical
probes (0.03 N/m nominal spring constant) for all experiments. Canti-
levers were manually calibrated prior to each measurement.

Force—distance curves were obtained with a tip velocity of 1 um/s
and loading forces of 300 pN. We analyzed the first 100 nm strain of the
force-indentation curve, as this part is known to correspond to the
cortical actin cytoskeleton [59,60]. Eight to ten force-distance curves
were obtained for each cell, and 15 cells were measured in each
experiment (4 to 5 repeated experiments). Elasticity values were
calculated from force-distance curves with the Protein Unfolding and
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Nano-Indentation Analysis Software PUNIAS3D version 1.0 release 2.3
and data were presented as absolute data values (‘Young’s modulus’).

5.17. Traction Force Microscopy

Traction Force Microscopy (TFM) quantifies the forces imposed by
the cells onto the surrounding matrix. PSCs were seeded on hydroxyl
acrylamide gels with a calculated stiffness of 10 kPa. The hydroxyl
acrylamide gels contained 2 x 107 microbeads per mL (FluoSpheres 1
pm, Invitrogen, Carlsbad, USA) to monitor matrix traction. Gels were
crosslinked to Poly-L-Lysin by using the UV-light activated Sulfo-
SANPAH (0.5 mg/mL, Sigma Aldrich). After seeding, PSCs were incu-
bated in a humidified pressure chamber for 24h, as described [19].
Fluorescence images of the embedded microbeads were taken with a
Zeiss Axiovert 25 microscope. The traction force can be measured by
deformations caused by adherent stellate cells which are recorded by
taking images of the gel/microbeads before and after removing the cell
with 0.05 % trypsin. Image analysis quantifies the beads displacement
using the particle image velocimetry (PIV) method as described [61].

5.18. Statistical analysis

All data are presented as mean values (+ S.E.M), with n corre-
sponding to the number of cells and N referring to the number of cell
passages or mice. All experiments were realized at least with three
different cell passages or with cells from at least three mice. Tests for
normality (unpaired Student’s t test), one-way ANOVA or two-way
ANOVA performed with Tukey’s or Bonferroni post hoc test, for multi-
ple comparisons, depending to the compared conditions, were applied
using GraphPad Prism version 5 or 7. Statistical significance was
assumed when p < 0.05.
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Supplementary Figure 1: A) Quantification of lipid droplets in mouse PSCs using the Nile
Red labelling. Time course of lipid droplets staining from 24h to 120h after isolation. Under
control conditions the percentage of Nile Red-positive PSCs steadily decreases as they become
activated. Pressure incubation (grey shading) accelerates this activation after 24h (N=4-5, n=5-
9, **p<0.01, *p = 0.05 (timepoints), §p<0.05 (control vs. pressure) Student’s z-test). B-D)
TRPC1 knock-down efficiency and its impact on aSMA expression in pre-activated

human PSCs. B/C) Evaluation of TRPC1 siRNA efficiency in PS-1 cells 72h post-transfection



by Western blot. [llustrative Western blot of TRPC1 protein knock-down in PS-1 cells with the
quantification. B/D) Assessment of TRPC1 silencing on aSMA protein expression after 72h of
transfection by Western blot. Illustrative Western blot of aSMA expression following TRPC1
knock-down in PS-1 cells. All results of Western blotting were first normalized to the reference
protein GAPDH and then to the siCtrl condition, reported as mean + SEM (N=4, ****p<(.0001,
**p =0.0017, Student’s z-test).
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Supplementary Figure 2: SMAD2 and aSMA siRNA efficiency 72h post-transfection in
pre-activated human PSCs. A) Protein expression of SMAD?2 72h after siSmad2 transfection
quantified by Western blot in PS-1 cells. Illustrative Western blot of SMAD?2 protein knock-
down with the quantification. B) Evaluation of siaSMA efficiency in PS-1 cells 72h post-
transfection by Western blot. [llustrative Western blot of aSMA protein knock-down with the
quantification. All results of Western blotting were first normalized to the reference protein
GAPDH and then to the siCtrl condition, reported as mean + SEM (N=5 for siSmad2, N=3 for
siaSMA, ****p<0.0001, ***p = 0.0002, Student’s z-test).
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Supplementary Figure 3: Pharmacological inhibition of ERK1/2 and SMAD2 activation
in PS-1 cells after 72h cell treatment with the U 0126 and SB 431542 inhibitors,
respectively. A) Assessment of ERK1/2 phosphorylation following 72h treatment of PS-1 cells
with the U 0126 (10 uM) inhibitor by Western blot. Representative Western blot of reduced
ERK1/2 phosphorylation by U 0126 treatment and the quantification as described above in this
article. B) Evaluation of the reduction of SMAD?2 activation after 72h treatment of PS-1 cells
with the SB 431542 (80 uM) inhibitor by Western blot. Illustrative Western blot of inhibited
SMAD?2 phosphorylation by SB 431542 treatment with the quantification as described above.
All values were first normalized to the reference protein GAPDH and then to the control
condition, reported as mean + SEM (N=5 for U 0126, N=4 for SB 431542, ***p = 0.0007, **p
=(0.0069, Student’s #-test).
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Supplementary Figure 4: TRPC1 channels do not affect PS-1 cell survival. A) Evaluation
of cell mortality after TRPC1 knock-down for 72h by Trypan blue assay in PS-1 cells. B) Total
apoptosis rate was measured by flow cytometry using annexin V / propidium iodide staining
72h after TRPC1 knock-down. C) Representative flow cytometric histograms showing Annexin
V-FITC fluorescence collected by the emission FL1 filter (represented in the x-axis) and the
Propidium Iodide fluorescence collected by the emission FL2 filter (represented in the y-axis).
Values were normalized to the siCtrl condition and reported as mean + SEM (N=3, each

experiment was performed at least in triplicate, NS: no significant, Student 7-test).



Complementary Results in PS-1 cells:
1) TRPC1- aSMA-pSMAD2 cooperation
1.1) Physical interaction between TRPC1, aSMA, and SMAD2

We have shown in the above work that TRPCI can directly or indirectly interact with
aSMA and the phosphorylated active form of SMAD2 (pSMAD?2), maintaining PS-1's
activation, and that each partner is involved with a different participation degree in the formed
complex. However, before determining that pSMAD?2 was implicated in this protein network,
we first checked whether the non-phosphorylated form of SMAD2 could participate and
influence this association. Indeed, previous studies have shown that TRPC (1,4,6) channels can
regulate aSMA expression, in hepatic stellate cells, intestinal myofibroblasts and murine
fibroblasts (Iyer et al., 2015; Kurahara et al., 2015; Sassoli et al., 2016). Moreover, in intestinal
myofibroblasts, TRPC6 is also able to interact and form a complex with aSMA, participating
in the maintenance of myofibroblast’s activation (Kurahara et al., 2015). Additionally,
myofibroblast activation has been reported to be mediated by the SMAD?2/3 signalling pathway,
and ion channels including TRPC1 have been shown to activate this pathway (Roach et al.,
2014; Sassoli et al., 2016; Um et al., 2020). However, Ohnishi et al. have demonstrated that
SMAD?2 transcription factor but not SMAD3 mediates rodent PSC’s activation through the
modulation of aSMA expression (Ohnishi et al., 2004). We, thereby, knocked down aSMA and
TRPC1 independently, and we evaluated the association of SMAD2-TRPC1 and SMAD2-
aSMA, respectively, by co-immunoprecipitation experiments. The silencing of aSMA
diminished by 36.40 + 8.79% the interaction between SMAD?2 and TRPC1 (N=2, Figure 38 A)
whereas TRPCI1 invalidation decreased by 41.90 + 14.20% the association between SMAD?2
and aSMA (N=2, Figure 38 B). SMAD2 seems to associate approximatively with the same
affinity to TRPC1 and aSMA, even though more co-immunoprecipitation experiments are
needed to be performed to confirm these results, especially using SMAD2 as
immunoprecipitation antibody. These data show that both the non-phosphorylated inactive and

phosphorylated active form of SMAD2 can form a complex with TRPC1 and aSMA.
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Figure 38: TRPC1, aSMA and SMAD2 form a complex, and their interaction is
disrupted when TRPC1 or aSMA are inhibited, in PS-1 cells. A) Effect of 72h aSMA
knocking down on the interaction between SMAD2 and TRPCI, using an anti-TRPCI
immunoprecipitation antibody (N=2). B) Impact of 72h TRPC1 silencing on SMAD2-aSMA
association using anti-aSMA immunoprecipitation antibody (N=2). All values were normalized

to the control condition and reported as mean +SEM.

1.2) TRPC1, aSMA, and pSMAD?2 form a complex in the lipid rafts

Thereafter, we kept focusing on the active pSMAD2 form, and we sought to know
whether the physical interaction between the three partners takes place, at least partially, in the
lipid rafts. It is known now that TRPCI can be localized in cholesterol-rich membrane
microdomains called lipid rafts rich and participate in the maintenance of lipid rafts ‘integrity
regulating phosphatidylserine transmembrane distribution (Kunzelmann-Marche et al., 2002).
We thus hypothesized that its interaction with aSMA and pSMAD2 might occur, at least in
part, within the lipid rafts. To assess this hypothesis, we treated PS-1 cells for 24h with the
plasma membrane cholesterol destabilizer MBCD, and 72h post proliferation, we evaluated
TRPC1-aSMA-pSMAD?2 association by co-immunoprecipitation experiments using the
pSMAD2 immunoprecipitation antibody. We noted that under MBCD treatment, the interaction
between TRPC1 and pSMAD?2 was decreased by 48.05 + 16.68% (N=2, Figure 39 A-B), while

the impact on aSMA-pSMAD?2 association was more important, reducing their interaction by
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63.02 £ 11.71% (p=0.0058, N=3, Figure 39 A-C). Although these data remain yet preliminary
and require validation, they give evidence that the complex formation between TRPC1, aSMA,
and pSMAD?2 takes partially place in the lipid rafts and confirms that each partner participates

with a different degree to form the complex.
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Figure 39: TRPC1 and aSMA interacts with the active phosphorylated form of
SMAD?2 (pSMAD?2), and their interaction partially occurs in the lipid rafts, in PS-1 cells.
A-C) 24h treatment of non-transfected PS-1 cells with 5 ng/ml of MBCD, used for destabilizing
the plasma membrane cholesterol, partially interrupted TRPC1-pSMAD2 (B) (N=2) and
aSMA-pSMAD2 (C) (p=0.0058, N=3, Student’s ¢-test) interaction in the lipid rafts, as
quantified using anti-pSMAD2 immunoprecipitation antibody and revealed subsequently by

Western blot. All values were normalized to the control condition and reported as mean £SEM.

2) TRPC1 modulates IL-6 and IL-11 but not TGF-1 mRNA expression

Another role of TRPCI in the activation processes of PSCs revealed by our current report
is its involvement in the regulation of IL-6 secretion. Supplementary to this finding, we
quantified whether TRPC1 can also modulate the synthesis of this proinflammatory cytokine,

evaluating IL-6 mRNA expression. 72h TRPC1 silencing led to 63.63% reduction of IL-6
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mRNAs (siCtrl: 100 + 9.63%, siTRPC1: 36.37 + 9.88%, p=0.0027, N=3, Figure 40 A),
indicating TRPC1’s role in IL-6 production as well. Simultaneously, we assessed the impact of
TRPC1 knocking down in the modulation of IL-11 synthesis, which is a member of the IL-6
cytokine family, shown to have a fibrogenic activity (Ng et al., 2020; Schafer et al., 2017;
Widjaja et al., 2019), additional to its pro-inflammatory potential. We noted that TRPCI
invalidation diminished by 44.24% the mRNA expression of IL-11 (siCtrl: 100 + 1.58%,
siTRPC1: 55.76 £ 11.53%, p<0.05, N=3, Figure 40 B), suggesting that TRPCI1 plays a role in
activated PSC's inflammatory cytokines synthesis. Moreover, it would be interesting to
investigate whether TRPC1-induced IL-6 and IL-11 production participate in perpetuating
PSC's activation through an autocrine positive feedback loop. However, we have established in
the above report that TRPC1 regulates also aSMA expression in PS-1 cells. Could it be possible
that this channel drives simultaneously PS-1’s inflammatory and myofibroblastic phenotype
acquisition? The two main PSC subpopulations described by Ohlund et al. are characterized
from the one side by an elevated IL-6 and IL-11 synthesis and secretion, and a low aSMA
expression, corresponding to the inflammatory PSC subpopulation located in distantly from the
PCCs. From the other side, the second subtype is characterized by a high aSMA expression and
low inflammatory cytokine secretion (IL-6 and IL-11) located in a close proximity to PCCs,
corresponding to the myofibroblastic PSC subpopulation (Ohlund et al., 2017). Additionally,
the authors have showed that each subpopulation can revert to the other subpopulation
according to the microenvironmental factors or their interaction with the PCCs. To answer this
question, it would be better to overexpress TRPC1 channel in PS-1 cells and then compared the
ratio of aSMA/IL-6 and aSMA/IL-11 expression to determine whether TRPC1 mediates mostly
PS-1 myofibroblastic or inflammatory phenotype acquisition. To further investigate this aspect,
it would be interesting to inhibit and conversely overexpress TRPC1 channel in PS-1 cells and
co-culture them with PCCs. Besides, even though we have shown that TRPC1 does not regulate
TGF-B1 secretion in PS-1 cells, we checked whether it could be involved in the modulation o
TGF-B1 mRNA expression. In accordance with our data on TGF-B1 secretion, TRPCl1
inhibition failed to affect TGF-B1 synthesis (siCtrl: 100 £+ 36.23%, siTRPC1: 72.48 + 22.31%,
p>0.05, N=3, Figure 40 C).

195



**
1.4+
1.2+ E - *
s b4 -
SE 10 7k 2
®e o
oo 2 1.04
£T o8- %
) o += 0.84
® ] °
§§ 0.6 % $ 0.6
% T 0.4 E T 04
¢ 5 o2 - g
] -
g 8o 5 2 024
0.0 ~ oo
siCtrl siTRPC1 siCtrl siTRPC1
C c 16- ns
-
wE
2E o
X 101
g T 0.8
& N o6
ET
;g 0.4+
® € 024
= 0.0
siCtrl siTRPC1

Figure 40: TRPC1 channel mediates IL-6 and IL-11 mRNA expression in PS-1
Assessment of TRPCI1 silencing in IL-6 (A) (**p=0.0027, N=3, Student z-test), IL-11 (B)
(*p<0.05, N=3, Student ¢-test) and TGF-B1 (C) (NS: no significant, Student 7-test) mRNA
expression by qPCR. All values were reported as mean + SEM normalized first to the HPRT1

referent gene and then to the control condition.

3) Impact of the other two complex partners, pSMAD2 and aSMA, on TRPC1

expression
3.1) SMAD?2 but not ERK1/2 pathway regulates TRPC1 expression

We have established that TRPC1 drives the activation of SMAD2 pathway, probably
via its interaction with the phosphorylated active form of SMAD2, and ERK1/2 activation
pathway. We, then, wanted to know whether the phosphorylation of SMAD?2 could modulate
in its turn the protein expression of TRPCI1. Therefore, we treated PS-1 cells 72h with the
pharmacological inhibitor of SMAD2 pathway, SB 431542, and we observed a 59.99 + 4.95%
reduction of TRPC1 expression (N=2, Figure 41 A-B), suggesting the existence of a positive
loop between TRPC1 and pSMAD2-mediated protein expression, probable due to their physical

interaction. However, the result of pSMAD2 inhibition on TRPCI expression must be
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strengthened with more experiments. Moreover, since TRPCI1 has the ability to modulate
ERK1/2 pathway too in PS-1 cells, and as we have previously demonstrated that its downstream
effector ERK1/2 can mediate TRPC1 expression via a positive feedback loop in MCF7 breast
cancer cells (El Hiani et al., 2009), we verified whether this loop could also exist in PS-1 cells.
Inhibition of ERK1/2 signalling pathways by 72h PS-1 cells treatment with its pharmacological
inhibitor, U 0126, failed to induce any significant difference in TRPCI protein expression (U
0126: 68.53 = 13.05%, p>0.05, N=3, Figure 41 C-D), excluding the above hypothesis.
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Figure 41: A-B) Pharmacological inhibition of SMAD2 pathway with SB 431542 (80
uM) for 72h seems to decrease TRPCI1 expression. Representative Western blot of TRPC1
expression after 72h treatment with SB 431542 (A) and its quantification (B) (N=2). C-D)
ERK1/2 pathway inhibition with the U 0126 (10 uM) pharmacological inhibitor did not
influence TRPC1 expression. Representative Western blot of TRPC1 expression after U 0126

treatment for 72h (C) and its quantification (D) (NS: no significant, N=3, Student’s z-test). All

values were firstly normalized to the referent protein (GAPDH) and then to the control

condition, reported as mean +SEM.
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3.2) aSMA modulates TRPC1 expression

Subsequently, we investigated the involvement of the other complex's partner, aSMA,
in the modulation of TRPC1 protein and mRNA expression. After 72h knocking down of
aSMA, we first quantified the transfection efficiency by Western blotting, which almost wholly
abolished aSMA protein expression (siaSMA: 1.38 £+ 0.62%, p<0.0001, N=3, Figure 42 A-B).
Likewise, to pSMAD2 inhibition, aSMA silencing decreased the expression of TRPCI1
similarly, inducing a 60.92 + 17.41% diminution (p<0.05, N=3, Figure 42 A-C). Additionally,
we evaluated if the invalidation of aSMA affected TRPC1 mRNA expression, without
observing any significant impact (siCtrl: 100 £ 42.76%, siaSMA: 108.20 + 34.70%, p>0.05,
N=3, Figure 42 D). Together, these data show that each actor mediates the protein expression
of the other two partners within the formed complex, highlighting the strong link between

TRPC1, aSMA, and pSMAD?2.
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Figure 42: aSMA regulates TRPC1 protein expression. A) Knocking down of aSMA
reduced TRPC1 expression. Representative Western blot of aSMA inhibition efficiency as well
as its effect on TRPC1 expression after 72h of transfection. B) Quantification of aSMA
silencing efficiency (****p<0.0001, N=3, Student’s t-test)and C) the effect on TRPC1 protein
expression (*p<0.05, N=3, Student’s z-test). D) aSMA knocking down does not affect TRPC1
mRNA expression, assessed by qPCR (NS: no significant, N=3, Student’s t-test). All values
were firstly normalized to the referent protein (GAPDH) or referent gene (HPRT1), and then to

the control condition, reported as mean £ SEM.

4) Effect of pSMAD2 and aSMA on TRPC1-mediated cellular activation processes
4.1) SMAD?2 but not ERK1/2 pathway mediates IL-6 mRNA expression

As mentioned previously, we have demonstrated that TRPC1 mediates not only IL-6
secretion but also its mRNA expression. Furthermore, in the above work, we showed that both,
SMAD?2 and ERK1/2 pathways control IL-6 secretion. We, thus, sought to know if one of these
signalling pathways or both regulate IL-6 mRNA expression, as it does TRPC1. Indeed, Aoki
et al. have already demonstrated that IL-6 expression in rodent PSCs is mediated by the
SMAD?2/3 signalling pathway (Aoki et al., 2006). In consistence with their finding, independent
PS-1 72h treatment with the SB 431542 and U 0126 pharmacological inhibitors decreased
SMAD?2 and ERK1/2 activation, respectively, revealing the implication only of SMAD2
pathway in IL-6 mRNA modulation. Indeed, SB 431542 treatment resulted to 45.32% decrease
of IL-6 mRNA expression (Ctrl: 100 + 11.10%, SB 431542: 54.68 + 10.92%, p<0.05, N=4,
Figure 43 A), while U 0126 treatment did not influence its mRNAs (Ctrl: 100 + 20.13%, U
0126: 86.55 +16.14%, p>0.05, N=4, Figure 43 B).
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Figure 43: SMAD2 but not ERK1/2 signalling pathway modulates IL-6 mRNA
expression in PS-1. A) Effect of SMAD2 pathway inhibition on IL-6 mRNA expression, after
treating PS-1 cells for 72h with the pharmacological inhibitor SB 4315432 (80 uM), quantified
by qPCR (*p<0.05, N=4, Student’s ¢-test. Impact of ERK1/2 decreased activity on PS-1’s IL-6
mRNA expression, using the pharmacological inhibitor U 0126 (10 uM) for 72h by gPCR (NS:
no significant, N=4, Student’s 7-test). Values were normalized first normalized to the referent

gene HPRT1 and then to the control condition, reported as mean £ SEM.

4.2) oaSMA drives PS-1's proliferation, survival, and IL-6 secretion

We have displayed so far the role of TRPC1 and its complex partner pPSMAD?2 in the
modulation of PS-1 cell proliferation and IL-6 expression and secretion, but what about the role
of the third complex partner in these PSC's activation processes? We, thus, firstly assessed the
impact of aSMA knocking down on PS-1 proliferation by Trypan Blue assay and cell cycle
progression by flow cytometry. 72h silencing of aSMA led to 45.81% reduction of PS-1
proliferation (siCtrl: 100 £ 6.89%, siaSMA: 54.19 + 4.43%, p<0.0001, N=4, Figure 44 A),
inducing a cell arrest in the GO/G1 phase (siCtrl: 77.18 £+ 0.65%, siaSMA: 92.11 £ 0.66%,
p<0.0001, N=3, Figure 44 B-C), and subsequently an important decrease of S (siCtrl: 8.37 +
0.37%, siaSMA: 2.21 + 0.25%, p<0.0001) and G2/M (siCtrl: 14.43 £ 0.61%, siaSMA: 5.66 +
0.49%, p<0.0001) phases. Interestingly, during the proliferation rate measurement, we noted a
change in siaSMA transfected cell's morphology, resulting in the acquisition of a more circular
phenotype, suggesting that cell survival might also be affected (Figure 44 D). Consequently,
we evaluated by Trypan Blue whether the inhibition of aSMA diminished in parallel the cell
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survival. Indeed, we found a 35.40% augmentation of the mortality rate in siaSMA transfected
cells (siCtrl: 100 + 11.50%, siaSMA: 135.40 + 11.07%, p<0.05, N=4, Figure 44 E) compared
to the siCtrl cells, indicating that aSMA expression is indispensable for both, cell proliferation

and survival of activated PSCs.

Thereafter, we investigated the role of aSMA in the modulation of IL-6 mRNA
expression and secretion. Unfortunately, aSMA invalidation failed to impact IL-6 expression,
although there was a clear tendency of IL-6 mRNA decrease (siCtrl: 100 + 61.18%, siaSMA:
18.13 + 4.61%, p>0.05, N=3, Figure 45 A). However, due to the high variability of siCtrl
samples, as reflected by the elevated standard error of the mean, these experiments should be
repeated since this could induce a bias in the interpretation of the results. On the other side, as
TRPCI1 and pSMAD2, aSMA was involved in the mediation of IL-6 secretion too. The
silencing of aSMA reduced by 50.66% the secretion of IL-6 (siCtrl: 100 + 18.95%, siaSMA:
49.34 £ 6.99, p=0.0250, N=4, Figure 45 B), comparably to siTRPC1-induced decrease.

Taken together, these data illustrate the role of aSMA in the regulation of activated
PSC's proliferation, survival, and IL-6 secretion, highlighting one more time the importance of

the TRPC1-aSMA-pSMAD?2 formed complex in the modulation of PSC's activation processes.
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Figure 44: aSMA mediates PS-1 cell proliferation and survival. A) Effect of aSSMA
silencing on PS-1 cell proliferation, assessed 72h post-transfection by Trypan blue assay
(****p<0.0001, N=4, Student’s t-test). B) Assessment of aSMA knocking down in PS-1 cell
cycle progression. Cell distribution (GO/G1, S and G2/M phase) was examined by flow
cytometry 72h after transfection, with propidium iodide staining (****p<0.0001, N=3, two-
way ANOV A followed by Bonferroni post hoc test). C) Illustrative representation of cell cycle
profile 72h after Orail inhibition. D) Decrease of aSMA expression modifies PS-1 cell
morphology. E) Impact of aSMA knocking down on PS-1 survival measured by Trypan blue
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assay (*p<0.05, N=4, Student’s ¢-test). Values were normalized to control and reported as mean

+ SEM.
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Figure 45: aSMA modulates IL-6 secretion but not mRNA expression in PS-1 cells.
Evaluation of aSMA silencing in IL-6 mRNA expression by gqPCR (A) (NS: no significant,
N=3, Student #-test) and IL-6 secretion measured by Elisa assay (B) (*p=0.0250, N=4, Student
t-test). All values were reported as mean £ SEM normalized to the control condition. gPCR

values were first normalized to the HPRT1 referent gene and then to the control condition.

5) Identification of a Ca**-dependent and -independent mechanisms

Furthermore, we have demonstrated that PS-1 proliferation and IL.-6 secretion are controlled
by the ERK1/2 pathway as well, whereas only SMAD?2 pathway drives aSMA expression,
suggesting that the two signalling pathways might act through two different or complementary

mechanisms.

5.1) ERK1/2 activation is Ca?"/calmodulin-dependent while SMAD2

phosphorylation is Ca**-independent

Knowing that Ca®* and its downstream target effectors activate multiple signalling
pathways to trigger the cellular responses, we sought to know whether SMAD?2 and ERK1/2
activation require Ca”* stimulation in PS-1 cells. We cultured non-treated PS-1 cells for 72h
and then stimulated them for 10 min with 10% FBS culture medium containing physiological

(1.4 mM) or low (0.1 mM) Ca** concentrations. The day before the experiment, cells were FBS
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starved overnight. Interestingly, we noticed that the reduced extracellular Ca>* concentration
impacted just the activation of ERK1/2 pathway, diminishing by 3.26-fold its phosphorylation,
compared to the physiological Ca** conditions (10% FBS+1.4 mM Ca?*: 8.77 + 0.88-fold, 10%
FBS+ 0.1 mM Ca*": 5.50 + 0.47-fold, p=0.0023, N=3, Figure 46 A-B). Whereas SMAD2
phosphorylation was not influenced by the extracellular Ca’* concentration decrease (10%
FBS+1.4 mM Ca*": 1.46 + 0.47-fold, 10% FBS+ 0.1 mM Ca*": 1.4 + 0.34-fold, p>0.05, N=3,
Figure 46 C-D). These data exhibited that ERK1/2 pathway is activated through a Ca?*-

dependent mechanism, while SMAD2 via a Ca**-independent mechanism.

To further elucidate these findings, we studied the involvement of calmodulin (CaM),
known to be one of the most common Ca**-activated downstream effectors, using the
pharmacological calmodulin antagonist W 7. Following the previous results, we observed that
72h treatment of PS-1 cells with W 7 decreased by 51.80 + 15.64% ERK1/2 phosphorylation
(p=0.0296, N=3, Figure 47 A-B). Surprisingly, W 7 treatment promoted SMAD?2 activation,
augmenting by 12.30 £ 2.51% its phosphorylation (p=0.0082, N=3, Figure 47 C-D). In fact,
Zimmerman et al. have found that SMAD? transcription factor contains a CaM binding domain
to its N-terminal region, and Wicks and workers supported the link between SMAD?2 and CaM
association showing that the downstream effector of CaM, the CaM dependent protein kinase
IT phosphorylates SMAD?2 factor (Wicks et al., 2000; Zimmerman et al., 1998). Wicks et al.
have additionally identified that SMAD?2 factor possess putative RXXS and SXD consensus
CaM kinase II binding sites, where CaM kinase II binds triggering SMAD2 phosphorylation
and blocking its nuclear accumulation, and consequently promoting SMAD2 activity
independently to TGF-B1 (Wicks et al., 2000), in human embryonic kidney fibroblasts (HEK-
293 cells). Therefore, these finding could justify our observed effect on SMAD2
phosphorylation after treating PS-1 cells with the CaM inhibitor, W7, supporting
simultaneously the existence of a similar mechanism in human activated PSCs. Moreover, it is
well know that TRPCI1 activation is inhibited by CaM binding to its C-terminal region, in the
presence of high intracellular Ca®* concentration (Rosado et al., 2002; Singh et al., 2002; Tang
et al., 2001; Vaca and Sampieri, 2002). We could then hypothesize that TRPCI channel
mediates both ERK1/2 and SMAD2 phosphorylation to regulate PSC’s proliferation and IL-6
secretion, using two antagonistic mechanisms. For instance, we suggest that when intracellular
Ca’" concentration is low, TRPC1-mediated Ca* influx activates the ERK1/2 pathway through
a CaM-dependent pathway. Whereas, when the intracellular Ca** concentration becomes

higher, TRPCI1 uses an alternative CaM-dependent mechanism, independently to TRPCI1-
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mediated Ca?* influx to modulate PSC’s proliferation and IL-6 secretion, passing through its
association with SMAD?2 factor and thus its activation. However to investigate this hypothesis,
simultaneous TRPC1 silencing using ERK1/2, SMAD2, CaM inhibitors, independently, is
required, assessing the impact on PSC’s proliferation and IL-6 secretion when using siTRPC1
transfected cells in the presence of ERK1/2 or SMAD?2 inhibitors, and respectively the impact
on ERK1/2 and SMAD?2 phosphorylation when TRPCI1 is knocked down in the presence of

CaM inhibitors.
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Figure 46: TRPC1 regulates ERK1/2 and SMAD2 phosphorylation through a
calcium dependent / independent manner, respectively. A-D) Effect of Ca** on ERK1/2 and
SMAD? activation, after a FBS starvation of no transfected PS-1 cells, over-night. Then PS-1
cells were pre-treated for 30 min with 1.3 mM EGTA to reduce the extracellular calcium
concentration (0.1 mM Ca?*) with and without 10% FBS or 10 more minutes. Representative
western blot of extracellular Ca®* concentration decrease on ERK1/2 (A) and SMAD2 (C)
phosphorylation. The ratio of phosphorylated protein form/ total protein expression was used
to quantify ERK1/2 (B) and SMAD2 (D) activation. All the experiments were performed 72h
post-proliferation. (**p=0.0023, NS: no significant, N=3, two-way ANOVA followed by
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Bonferroni post hoc test). All values were firstly normalized to the referent protein (GAPDH)

and then to the 0% FBS control condition, reported as mean +SEM.
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Figure 47: Activation of ERK1/2 but not SMAD2 by calmodulin, after 72h cell
treatment with the calmodulin pharmacological inhibitor W 7 (25 uM). Representative
Western blot of ERK1/2(A) and SMAD2 (B) phosphorylation and its quantification as
described above, for ERK1/2 (C) and SMAD?2 (D), respectively. (**p<0.01, *p<0.05, N=3,
Student’s z-test). All values were firstly normalized to the referent protein (GAPDH) and then

to the control condition, reported as mean +SEM.

5.2) ERK1/2 pharmacological inhibition increases SMAD2 mRNA expression

We then thought that ERK1/2 and SMAD2 pathways might compete or modulate each
other to mediate PS-1's proliferation and IL-6 secretion. Indeed, as mentioned in the
introduction part, in several cell types, ERK1/2 can directly phosphorylate Smad2, inhibiting
its activity (Zhang, 2017). This possible direct crosstalk between the two pathways could
partially justify the observed effect with W 7 on Smad2 phosphorylation, probably due to the

inhibition of the calmodulin-mediated ERK1/2 activation, supporting our above emitted
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hypothesis. Additionally, we found that ERK1/2 pharmacological inhibition with U 0126
increased SMAD2 mRNA expression by 30.40% (Ctrl: 100 £4.71%, U 0126: 130.40 £ 10.19%,
p=0.0220, N=3, Figure 48), suggesting that ERK1/2 might negatively regulate SMAD2
expression, and consequently its activation. However, to verify this hypothesis, we should
evaluate the activation of SMAD2 under U 0126 treatment and reversibly the phosphorylation
of ERK1/2 under SB 431542 treatment to determine whether each pathway negatively regulates

the other one.
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Figure 48: Pharmacological inhibition of ERK1/2 pathway using the U 0126 inhibitor
increase SMAD2 mRNA expression, quantified by qPCR (p<0.05, N=3, Student #-test). All
values were reported as mean + SEM normalized first to the HPRT1 referent gene and then to

the control condition.

5.3) aSMA functional expression is Ca** and SOCE independent

According to the above results, indicating the presence of a SMAD2-Ca?* independent
mechanism and the fact that the SMAD2 pathway mediates aSMA expression in PS-1 cells, we
wanted to determine whether its expression was also Ca**-independent. We, so, reduced the
extracellular Ca®* concentration to 0.1 mM using the EGTA and treated PS-1 cells under this
condition for 72h. As expected, the low Ca”* conditions did not reveal any significant effect on

oaSMA expression compared to the physiological conditions (1.4 mM Ca®"), although we
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remarked a slight tendency to its expression increase (0.1 mM Ca®*: 1.33 + 0.22-fold, p>0.05,
N=3, Figure 49 A-B).

To support this data, we used the SKF 96365 SOCE inhibitor to decrease the cellular
Ca" influx, as we have already demonstrated that the Ca** influx in PS-1 cells is mainly
modulated by the Orail-mediated SOCE and by the mechanosensitive TRPC1 channel, and
evaluated the impact on aSMA expression.72h treatment of PS-1 with SKF 96365 failed to
induce any significant difference (SKF 96365: 0.83 + 0.11-fold, p>0.05, N=3, Figure 49 C-D),
confirming that aSMA expression is Ca?* and SOCE independent. These findings provide
evidence that TRPC1 and SMAD2 pathway regulates aSMA expression through a Ca**
independent mechanism. However, using a mechanosensitive TRPC1 channel inhibitor, such
as GsMTx4, would strengthen and clarify the idea that TRPC1 modulates aSMA expression
independently to its Ca?* channel function. Moreover, to elucidate whether TRPC1-mediated
SMAD?2 pathway is responsible for the regulation of aSMA expression, probably due to their
physical interaction within the formed complex, experiments using siTRPCI1 transfected cells

treated with SB 431542 should be performed.

Besides aSMA SOCE-independent expression, we tested in parallel whether its
expression is indispensable for the SOCE-mediated Ca®" influx. After silencing aSMA for 72h,
we measured the SOCE response following the previous described protocol, and we noted a
minimal decrease of 10.54% in SOCE (siCtrl: 100 +2.50%, siaSMA: 89.46 +3.92%, p=0.0183,
N=5, Figure 49 E-F), suggesting that aSMA expression is not essential for the SOCE-mediated

Ca”" influx.
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Figure 49: aSMA expression is Ca**- and SOCE- independent in PS-1 cells. A-B)
Decrease of extracellular calcium concentration (0.1 mM) using 1.3 mM EGTA for 72h, did
not impact aSMA expression. Representative Western blot of aSMA expression after treating
the cells with EGTA (A) and its quantification (B). C-D)72h treatment of aSMA with the SOCE
pharmacological inhibitor SKF 96365 (10 uM) did not affect aSMA expression protein
expression, as illustrated by representative Western blot (C) and the quantification (D). All
values were firstly normalized to the referent protein (GAPDH) and then to the control
condition, reported as mean £SEM. (NS : no significant, N=3, Student’s #-test). E-F) Impact of
aSMA in SOCE, evaluated using 72h siaSMA transfected PS-1 cells. SOCE was measured as
described previously. Representative traces of SOCE measurements (E) and SOCE

quantification (F) (siCtrl: n=249, siaSMA: n=139, N=5, p=0.0183, Student #-test). All values
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were reported as mean £ SEM normalized to the control (n: number of cells, N: number of

passage).

6) TRPCI1 channel mediates SOCE

Nevertheless, albeit the minor role of aSMA in the SOCE-mediated Ca** influx, we
assessed whether its complex partner TRPC1 could play an important role in this process. In
addition, it is well known from the literature that except its function as a mechanosensitive
channel, TRPC1 can also drive the Ca** influx through a SOCE mechanism, in part by its
interaction to STIM1 (Ambudkar et al., 2017; Cheng et al., 2011). We, hence, measured the
SOCE response in 72h siTRPC1 transfected cells, and interestingly we detected a 37.72%
reduction of the SOCE compared to the siCtrl transfected cells (siCtrl: 100 £ 2.80%, siTRPC1:
62.28 £ 1.73%, p<0.0001, N=4, Figure 50 A-B). Furthermore, TRPC1 knocking down feebly
affected the ER-Ca®* depletion, reflected by the measurement of Tg response, inducing a
12.99% diminution of this response compared to the control condition (siCtrl: 100 + 3.87%,
siTRPC1: 87.01 £3.27%, p=0.0152, N=4, Figure 50 A-C). These results exposed an additional
potential function of the TRPC1 channel in SOC-mediated Ca?* entry through a mechanism
that remains to be defined. It would be also worth to assess whether TRPC1 interacts physically
with STIM1 in order to support our hypothesis of TRPC1 being a component of the SOCE in
PS-1 cells as well.
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Figure 50: TRPC1 channel regulates the Store-Operated Calcium Entry (SOCE)
and Thapsigargin-induced ER-Ca?** depletion in PS-1 cells. A) Representative traces of
SOCE measurements by Ca2" imaging. Measurements were performed 72h after siCtrl or
siTRPC1 transfection. B-C) SOCE (B) (siCtrl : n=141, siTRPC1 : n=112, N=3) and ER Ca’**
release induced by 1 uM Thapsagargin (C) (siCtrl : n=92, siTRPCI : n= 69, N=3) (*p<0.05,
*#%p<0.001, NS: no significant, Student’s #-test) values are respectively represented as
histograms of averages + SEM normalized the siCtrl condition (n: number of cells, N: number

of passage).
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CONCLUSION AND
PERSPECTIVES
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This thesis work represents one of the first studies of both laboratories (LPCM UR-
UPJV 4667 and Inserm U1003- PhyCell) on the assessment of Orail and TRPCI1 channels’
involvement in human PSC’s activation processes. We could determine through this work the
importance of Ca%t entry, mediated via two different Ca?* channels, namely Orail and TRPC1,

in two major PSC’s activation processes, including cell proliferation and cytokine secretion.

We have demonstrated on the one side that Orail channels mediate Ca®* entry in human
activated PSC through a SOCE process, triggered by the interaction of Orail with STIM1, in
part within the lipid rafts. The increased intracellular Ca** concentration, followed the SOCE,
activates then the AKT pathway by promoting AKT phosphorylation. Once activated, the AKT
pathway stimulates PSC’s proliferation through the cell cycle progression in G1/S phase, and
TGF-B1 mRNA expression and secretion. However, the downstream effectors of AKT pathway
implicated in these two processes remain to be investigated. Additionally, Orail mediates in
part IL-6 secretion but not expression through a mechanism that needs to be identified.
Interestingly, the secreted TGF-B1 enters in a positive feedback loop, enhancing in its turn Orail
mRNA et protein expression, and also STIM1 mRNA expression, which is reflected by an
increase of Orail/STIMI-mediated SOCE. TGF-B1-promoted SOCE rises intracellular Ca**
concentration activating the AKT pathway and hence stimulating even more PSC’s

proliferation creating a vicious circle, which perpetuates PSC’s activation.

One the other side we have shown that Ca* entry through TRPC1 channels is mainly
mediated via a SOCE-independent mechanism, involving the mechanosensitive channel
component of TRPCI. Indeed, in response to elevated external pressure, one of pancreatic
fibrosis’ feature, TRPC1 becomes further activated triggering a more important Ca*" influx,
partly explained by the observed increase of its expression under pressurization. We have
suggested that TRPC1-mediated Ca** influx activates ERK1/2 pathway through a calmodulin-
dependent mechanism stimulating PSC’s proliferation and IL-6 secretion. In parallel, TRPC1
is able to activate another important signalling pathway in PSC’s activation, the SMAD2
pathway through its interaction with SMAD2. We speculate that the association of SMAD?2 to
TRPC1 induces SMAD2 phosphorylation and thereby activation. Interestingly, we have
established that TRPC1 not only forms a complex with the active phosphorylated form of
SMAD2 (pSMAD?2) but also with aSMA, the principal activation marker of PSCs, and that the
three actors are involved in protein network constituting a TRPC1-aSMA-pSMAD?2 complex.
Importantly, within this complex, each partner regulates the expression of the other partners,

suggesting the establishment of a dynamic communication between the three proteins. Showing
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that inhibition of SMAD2 pathway and aSMA knocking down diminish IL-6 secretion and
PSC’s proliferation, as TRPCI invalidation does, we could propose that the TRPC1-aSMA-
pSMAD?2 complex mediates these two processes. To confirm this hypothesis, more experiments
are required, inhibiting at least two actors of the complex simultaneously and evaluating the
effect on IL-6 secretion and PSC’s proliferation. Moreover, our data demonstrated that ERK1/2
inhibition upregulated SMAD2 mRNA expression, implying a role of ERK1/2 as a negative
regulator of SMAD?2 activation. This hypothesis could also explain the observed increase
SMAD?2 phosphorylation when treating the cells with a CaM inhibitor, suggesting that CaM-
ERK1/2 pathway modulates negatively SMAD2 activation. Indeed, Wicks et al. have
previously demonstrated that CaM-kinase II inhibits SMAD?2 activation by blocking its
accumulation in the nucleus and thus its effect. The same authors have reported that SMAD?2
contains CaM-kinase II binding sites, which supports partly our data, even though more
experiments are needed to clarify this aspect (Wicks et al., 2000). Furthermore, except IL-6
secretion, TRPC1 also modulates IL.-6 and IL-11 mRNA expression, which is another member
of the IL-6 inflammatory cytokines family, suggesting that TRPC1 might mostly drive the
inflammatory phenotype of PSCs, as these two cytokines are characteristic markers of the

iCAFs PSC phenotype, as defined by Ohlund et al. (Ohlund et al., 2017) (Figure 51).
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activation processes.
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During our work, we have also been interested in the other two Orai isoforms, Orai2
and Orai3. We have demonstrated that both Orai2 and Orai3 increase SOCE when they are
invalided independently, without impacting the mRNA expression of the other isoforms.
However from these finding we cannot conclude whether Orai2 and Orai3 act as negative
regulators of Orail, whether they interact with Orail to form heterohexamers or whether they
are involved in Ca®* entry through a SOCE- independent mechanism (Yoast et al., 2020). To
answer these questions, double inhibition of the Orai isoforms will need to be perform, or even
using double Orai isoform mutants, evaluating their interaction by co-immunoprecipitation
experiments, proximity ligation assay, and effect on SOCE by Ca®" imaging or patch clamp
experiments. Furthermore, we have observed that Orai3 silencing influences PSC’s
proliferation and morphology suggesting a potential role also in PSC’s migration, by a
mechanism that requires more experiments to be identified. Since Orai3 impacts PSC’s
proliferation, it will be worth to verify the effect of Orai2 as well in this process in order to
investigate whether Orai isoforms’ stoichiometries could have an impact on the regulation of
PSC’s proliferation. In parallel, it would be interesting to evaluate whether Orai2 and Orai3
could play arole in TGF-B1 expression and secretion, as it does their homologue, Orail (Figure

52).
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Besides clarifying the above-cited points, the next step will be to study the role of these
channels, namely Orail and TRPCI in the interaction between activated PSC and PCC. As
demonstrated by numerous reports, activated PSC plays a primordial role in the development
and progression of PDAC, mainly through their dynamic dialogue with the PCCs. Better
understanding the molecular mechanisms involved in this communication might permit to
identify new and more efficient therapeutic targets. Therefore, disrupting this dynamic dialogue

might be the key for improving patient’s prognosis.

We have started by investigating whether Ca®* could play a role in activated PSCs and
PCCs inter-communication, using conditioned medium (CM) from activated PSCs. We
cultivated independently PS-1 and RLT-PSCs during 48h in physiological Ca** (1.8 mM)/FBS-
free DMEM medium, which is the basic medium we use for MIA PaCa-2 culture in the
laboratory, the pancreatic cancer cell line we utilized during these preliminary experiments.
Simultaneously, we also cultivated PS-1 and RLT-PSCs in low Ca** (0.2 mM)/ FBS-free
DMEM medium. After 48h of culture, the PS-1 and RLT-PSC CM was collected and filtered.
We then, replaced in parallel the classic culture medium of MIA PaCa-2 with the collected
physiological Ca** and low-Ca?* PS-1 and RLT-PSC CM, letting MiaPaCa-2 growing in these
media for 48h and 72h. Afterwards, we assessed the effect on their viability by MTT
colorimetric assay. As expected, we observed an augmentation of MIA PaCa-2 viability in the
presence of both PS-1 and RLT-PSC CM, but interestingly we noted a time-lapse between the
two PSC cell lines’ CM effect. PS-1 CM increases MIA PaCa-2 after 48h of culture whereas
RLT-PSCs effect occurs lately, at 72h of culture (MIA PaCa-2+1.8 mM Ca**: 100 + 5.07%,
MIA PaCa-2+0.2 mM Ca*": 72.54 + 4.96%, MIA PaCa-2+ RLT CM 1.8 mM Ca*": 147.50 +
15.68%, MIA PaCa-2+ RLT CM 0.2 mM Ca**: 142.70 + 1.45%, N=3, Figure 53 D). More
importantly, it seems that the low Ca®>* CM from PS-1 and RLT-PSCs does not have the same
influence. PS-1 low Ca’** CM induces a decrease of MIA PaCa-2 viability after 48h ( MIA
PaCa-2 +1.8 mM Ca”": 100 + 4.60%, MIA PaCa-2 + 0.2 mM Ca>*: 68.33 + 7.13%, MIA PaCa-
2 +PS-1 CM 1.8 mM Ca**: 142.70 % 8.09%, MIA PaCa-2 + PS-1 CM 0.2 mM Ca**: 107.30 +
7.80%, N=3, Figure 53 A) and 72h of culture (MIA PaCa-2 +1.8 mM Ca®*: 100 +4.28%, MIA
PaCa-2 +0.2 mM Ca**: 81.82 + 6.56%, MIA PaCa-2 + PS-1 CM 1.8 mM Ca**: 189.60 + 5.39%,
MIA PaCa-2 + PS-1 CM 0.2 mM Ca’*: 144.80 + 3.19%, N=3, Figure 53 C). Whereas RLT
low Ca** does not affect MIA PaCa-2 viability (MIA PaCa-2 +1.8 mM Ca**: 100 + 4.47%, MIA
PaCa-2+0.2 mM Ca’*: 64.64 + 6.81%, MIA PaCa-2 + RLT CM 1.8 mM Ca**: 121.30 + 14.19%,
MIA PaCa-2 + RLT CM 0.2 mM Ca**: 170.40 £ 3.10%, N=3, one-way ANOVA followed by
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Bonferroni multiple comparison test, Figure 53 B). This data indicates that PS-1-MIA PaCa-2

interaction is partially Ca**-depend, while RTL-PSC-MIA PaCa-2 interaction is Ca*-

independent. This finding highlights the existence of more than one PSC subpopulation,

supporting that different PSC’s subpopulation have a different impact on PCCs’ behavior, and

thus on PDAC prognosis.
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Figure 53: The interaction between PCC and PSCs is partly Ca?*-dependent. A/C)
Evaluation of MIA PaCa-2 viability by MTT colorimetric assay 48h (A) (**p<0.005,
*EEp<0.0001, N=3) et 72h (C) (*p=0.0446, ***p=0.0002, ****p<0.0001, N=3) post-
incubation with PS-1 physiological Ca** CM (1.8 mM Ca2+) and low Ca** CM (0.2 mM),
respectively. PS-1 and RLT-PSCs CM was obtained by 48h culture in FBS-free DMEM
medium supplemented or not with the Ca®** chelator EGTA (1.6 mM), used for decreasing
PSCs> CM Ca** concentration. B/D) Assessment of MIA PaCa-2 viability after 48h (B)
(**p=0.0052, ****p<0.0001, N=3) et 72h (D) (*p=0.0290, ***p=0.0002, ****p<0.0001, N=3)
of culture with RLT-PSC physiological Ca’>* CM and low Ca®* CM, respectively. All values
were normalized to the MIA PaCa-2 + 1.8 mM Ca** control condition and reported as mean
sem. Statistical analysis was performed using one-way ANOVA followed by Turkey multiple

comparison test.

Since it seems that MIA PaCa-2 and PS-1 interaction is partially Ca®* dependent, we
wondered whether the inhibition of one of the SOCE major actors could influence this dialogue.
We started by assessing the involvement of STIM 1. We so invalided STIM1 expression in MIA
PaCa-2 cells and 24h post-transfection we incubated the cell with PS-1 CM. Interestingly, we
observed that STIM1 knocking down in MIA PaCa-2 diminished the efficiency of PS-1 CM on
MIA PaCa-2 (MIA PaCa-2 siCtrl: 100 £ 0.50, MIA PaCa-2 siSTIM1: 97.84 + 5.30%, MIA
PaCa-2 siCtrl+ PS-1 CM: 178.90 + 8.19%, MIA PaCa-2 siSTIM1 + PS-1 CM: 150.10 + 1.20%,
N=3, one-way ANOVA followed by Bonferroni multiple comparison test, Figure 54 C),
implying that STIM1 might be in part involved in the inter-communication between MIA PaCa-
2 and PS-1.

However, given that the utilization of CM implies an indirect communication between
the two cell types (PSCs and PCCs), it would be more interesting to use culture models
permitting a direct communication study. For instance, using 3D culture models of organoids
from PCCs in a direct co-culture with PSCs could strengthen more our future data. Even though,
these data remain preliminary, they are promising for evaluating Orail and TRPCI role in the
communication between PCCs and PSCs. Even more interesting would be to investigate the
impact of each channel’s-mediated cytokine (Orail-mediated TGF-B1 secretion and TRPCI-
mediated IL-6 secretion) from PSCs to PCCs, and vice-versa, since their interaction is
bidirectional. These future experiments could answer the question whether modulating Orail
and/or TRPC1 expression and/or activity either only in PSCs or PCCs either in both cell types
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or their proposed downstream effectors can be used as a novel therapeutic target for improving

PDAC patient’s care.
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Figure 54: STIM1 plays a role in the interaction between PCCs and PSCs. A/B)
Evaluation of STIM1 knocking down efficiency in MIA PaCa-2 cells after 96h of transfection.
Representative Western blot of STIMI1 silencing (A) with the quantification (B)
(****p<0.0001, N=3, Student ¢-test). Values were first normalized to the referent protein
GAPDH and then to the siCtrl condition, reported as mean + SEM. C) Investigation of PS-1
CM impact on siSTIMI transfected MIA PaCa-2 cells’ viability. MIA PaCa-2 cells were
transfected with siCtrl and siSTIM1, and 24h post-transfection they were cultivated in PS-1
CM for 72h, before quantifying the effect on their viability by MTT colorimetric assay
(**p=0.0016, ****p<0.0001, N=3, one-way ANOV A followed by Turkey multiple comparison
test). All values were normalized to the MIA PaCa-2 siCtrl condition and reported as mean +

SEM.
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Introduction

La persistance de la fibrose est une caractéristique majeure de la pancréatite chronique
(PC) et du cancer du pancréas (CP). Elle provoque une altération des fonctions du pancréas,
entralnant une grave détérioration de la qualité de vie des patients. Biologiquement, cette
fibrose est principalement médiée par les cellules stellaires pancréatiques activées (CSP) (Apte
et al., 2012; Jaster et Emmrich, 2008; Kloppel et al., 2004). En effet, I'activation exacerbée des
CSP s’accompagne par un dépot important de matrice extracellulaire (MEC) conduisant au
développement de la fibrose pancréatique (FP). Par conséquent, les CSP sont devenues I'objet
de recherches intensives en tant que cible thérapeutique potentielle pour le traitement de la

fibrose pancréatique, ainsi que pour le traitement de la PC et CP.

Dans des conditions physiologiques, les CSP se trouvent dans un état quiescent et
permettent le stockage de gouttelettes lipidiques de vitamine A. Les CSP représentent 4-7% des
cellules qui constituent le pancréas et sont impliquées dans le maintien de 1'architecture du
pancréas en régulant le renouvellement de la MEC. Cependant, lors d'une lésion pancréatique
ou d'une inflammation, les CSP s'activent en acquérant un phénotype myofibroblastique. Elles
expriment fortement I’alpha actine du muscle lisse (aSMA) et perdent en revanche leur
gouttelettes lipidiques. Les CSP activées sont également caractérisées par des capacités accrues
de prolifération, de migration, de sécrétion des cytokines et des protéines de la MEC (Apte et
al., 2013; Bynigeri et al., 2017; Ferdek et Jakubowska, 2017; Masamune et Shimosegawa, 2013;
Masamune et al., 2009). Une fois activées, les CSP maintiennent et perpétuent leur propre
activation par des secrétions autocrines mais également paracrines provenant des cellules
voisines (Ferdek and Jakubowska, 2017; Shimada et al., 2002). Ceci est dii a la communication
étroite des CSP activées avec les cellules voisines, y compris les cellules acineuses
pancréatiques lors de la pancréatite (Gryshchenko et al., 2018) et les cellules cancéreuses
(Allam et al., 2017) lors du CP, favorisant ainsi le développement d’un tissu fibreux dense. Au
cours du CP, par exemple, le dialogue permanent et dynamique entre les CSP activées et les
cellules cancéreuses favorise la formation d’un stroma fibreux dense entourant la tumeur, qui
peut représenter plus de 80% de la masse tumorale totale (Neesse et al., 2013; Thomas et
Radhakrishnan, 2020). Ceci empéche, par conséquent, 1’arrivée d’agents chimiothérapeutiques

au niveau de la tumeur, tout en augmentant la chimiorésistance du CP.

Les CSP peuvent également étre activées par différentes cytokines et facteurs de
croissance, secrétés par les cellules acineuses pancréatiques, les cellules cancéreuses, ou encore
les CSP elles-mémes (Apte et al., 1999; Mews et al., 2002; Schneider et al., 2001). Parmi ces
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cytokines et facteurs de croissance, le TGF-B1 (transforming growth factor-beta 1) est bien
connu pour étre le régulateur majeur de la fibrose pancréatique, notamment par son effet sur
’activation des CSP. En effet, le TGF-B1 stimule 1’expression de I’aSMA (marqueur principal
d’activation des CSP), leur prolifération ainsi que la production des protéines de I’'MEC,
notamment le collagene de type I (Kim et al., 2018; Omary et al., 2007). Une autre cytokine
d’importance majeure est I’IL-6 (interleukine-6) qui est secrétée lors de la PC et le CP, et
associée a une survie courte de patients (van Duijneveldt et al., 2020). Cette cytokine favorise
I’expression de I’aSMA, la sécrétion du collagene de type I mais également celle du TGF-f1.
Les CSP activées secretent elles-mémes du TGF-B1 et d’IL-6, leur permettant de maintenir
ainsi leur propre activation via cette positive boucle autocrine (Aoki et al., 2006; Mews et al.,
2002). En outre, la modification des propriétés mécaniques du microenvironnement survenue
lors de la PC et le CP, contribue aussi a 1’activation des CSP. En effet, lors de la fibrose
pancréatique, la pression de la tumeur canalaire pancréatique et de son environnement tumoral
augmente jusqu’a 10 fois plus que dans le pancréas sain. L’augmentation de cette pression
active les CSP en stimulant leur prolifération, I’expression de I’aSMA et la sécrétion du

collagene de type I (Fels et al., 2016 ; Provenzano et Hingorani, 2013 ; Watanabe et al., 2004).

Par ailleurs, une grande partie des processus biologiques, tels que la prolifération, la
migration, la survie cellulaire, I’expression des genes ou encore la sécrétion des différentes
protéines, sont connus pour étre régulés par un second messager universel qui est le calcium
(Ca”") intracellulaire (Radoslavova et al., 2020). L’entrée du Ca* dans la cellule est assurée par
la présence des canaux calciques au niveau de la membrane plasmique. Les canaux calciques
de type SOC (Store-Operated Channels), autrement connus sous le nom des canaux CRAC
(Calcium Release-Activated Channels), constituent I’une des principales voies d’entrée du Ca**
dans les cellules non excitables. Ces canaux SOC sont principalement constitués de la protéine
Orail, qui forme le pore du canal, et de la protéine réticulaire STIM1 (STromal Interaction
Molecule 1), et ils s’activent a la suite d’une déplétion des stocks calciques du réticulum
endoplasmique (Son et al., 2016). Le Ca®* semble étre également crucial pour la régulation des
processus biologiques dans les CSP. Won ez al. ont été les premiers a démontrer en 2010 que
les CSP activées ont une signature calcique différente des CSP quiescentes. En effet les CSP
activées présentent des élévations transitoires du Ca®" intracellulaire en réponse a la thrombine
ou a la trypsine, qui sont absentes dans les CSP quiescentes (Won et al., 2011). En outre, une
autre étude menée en 2016, a suggéré la présence des canaux CRAC dans les CSP murines en

utilisant des inhibiteurs pharmacologiques (Gryshchenko et al., 2016). Ces données ont
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récemment été confirmé par Waldron et al, qui ont clairement démontré I’expression d’Orail
et STIM1 dans les CSP murines (Waldron et al., 2019). Néanmoins, jusqu’a présent,
I’importance de I’entrée du Ca®* via les canaux SOC dans la régulation de processus

d’activation des CSP humaines, n'a pas encore été élucidée.

Le Ca®* peut également entrer dans les cellules via des canaux calciques
mécanosensibles qui agissent comme des capteurs de la force mécanique en la convertissant,
ensuite, en signaux biochimiques intracellulaires par la conduction des ions calciques. Ceci
résulte a des différents processus cellulaires, tels que la prolifération et migration cellulaire,
I’apoptose ou encore I’expression et sécrétion des protéines. Ces canaux calciques impliqués
dans la mécanotransduction semblent jouer également un réle important dans la activation des
CSP (Kuntze et al., 2020). L un des canaux calciques impliqués dans la mécanotransduction est
le canal calcique TRPC1 qui fait partie de la grande famille des canaux TRP (Transient
Receptor Potential). En effet, il a précédemment ét¢ démontré par nos collaborateurs en
Allemagne, que les forces mécaniques générées par 1’augmentation de la pression interstitielle
du microenvironnement fibrotique lors de la PC ou du CP, sont détectées par le canal TRPC1
en induisant son activation. L’activation de TRPC1 va ensuite permettre 1’influx du Ca®* a
I’intérieur des CSP murines et aura pour conséquence la modulation de leur migration (Fels et
al., 2016). Cependant, I’implication du canal TRPC1 dans les CSP humaines reste jusqu’a

présent non connue.

Objectifs

Jusqu’a présent le role du Ca®* et des canaux calciques dans la régulation des
mécanismes moléculaires et cellulaires modulant 1’activation des CSP reste treés peu connu en
raison de la quantité limitée des études existantes. Par conséquent, les objectifs de ce projet de

these ont été divisés en deux grands axes :

1) Evaluer le role des canaux calciques de type SOC et en particulier du canal Orail dans
les processus d'activation des cellules stellaires pancréatiques humaines, en se focalisant
sur la prolifération cellulaire, la survie et la sécrétion de cytokines, tout en explorant les

voies de signalisation associées.
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Article publié: Orail Channel Regulates Human-Activated Pancreatic Stellate Cell
Proliferation and TGFp1 Secretion through the AKT Signaling Pathway. Cancers, 2021.

Silviya Radoslavova, Antoine Folcher, Thibaut Lefebvre, Kateryna Kondratska, Stéphanie
Guénin, Isabelle Dhennin-Duthille, Mathieu Gautier, Natalia Prevarskaya and Halima Ouadid-

Ahidouch

2) Mieux appréhender le role du canal calcique TRPC1, connue pour étre impliqué dans la

mécanotransduction, dans les processus d’activation des CSP humaines.

Article publié: TRPC1 channels regulate the activation of pancreatic stellate cells through

ERK1/2 and SMAD2 pathways and perpetuate their pressure-mediated activation. Cell
Calcium, 2022

Silviya Radoslavova“, Benedikt Fels®, Zoltan Pethd, Matthias Gruner, Tobias Ruck, Sven G.
Meuth, Antoine Folcher, Natalia Prevarskaya, Albrecht Schwab and Halima Ouadid-Ahidouch

Résultats et Discussion

Partie 1 : Le canal calcique Orail régule la prolifération et la sécrétion de TGF-p1 des

CSP humaines activées via la voie de signalisation dépendante d’AKT

Nous nous sommes focalisés, au cours de cette premiere partie de la these, sur le role de
I’un des acteurs principaux de SOC, qui est le canal Orail, dans quelques processus majeurs de
’activation de CSP, a savoir leur prolifération et survie ainsi que 1’expression et sécrétion du
TGF-B1 par les CSP. Cette premiere partie a alors été réalisée sur deux lignées cellulaires
immortalisées des CSP humaines activées d’origine différente. La lignée PS-1 isolée a partir
d’un pancréas humain sain (Froeling et al., 2009), tandis que la lignée RLT-PSCs obtenue suite
a une résection pancréatique d’un patient atteint de pancréatite chronique (Jesnowski et al.,

2005).

L’expression fonctionnelle du canal Orail ainsi que son extinction via ’ARN
interférence (siRNAs, siCtrl vs siOrail) ont été étudiées en qPCR (niveau d’ARNm) et en
Western Blot (niveau protéique). L’entrée du Ca** médiée par Orail a été mesurée en imagerie
calcique grace a la sonde fluorescente et ratiométrique Fura2-AM, et en utilisant la

thapsigargine (Tg) qui est inhibiteur irréversible de la pompe sarco/réticulo-endoplasmique
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Ca**-ATPase (SERCA). Ce protocole expérimental a pour conséquence la déplétion des stocks
calciques du réticulum endoplasmique permettant ainsi la translocation de la protéine STIM1 a
la membrane plasmique ou elle va interagir avec le canal Orail afin de I’activer permettant
I’influx du Ca®". L’inhibition d’Orail a de ce fait induit une diminution de I’entrée du Ca®*
mesurée en imagerie calcique dans les deux lignées de CSP humaines. De plus, nous avons
constaté que les CSP transfectées avec siOrail présentent une concentration basale en Ca**
(reflétée par le ratio de la fluorescence basale) moins importante que les CSP transfectées avec
siCtrl, suggérant qu’Orail module également la concentration basale en Ca®* dans les CSP

humaines.

Nous avons ensuite cherché a savoir si 1’expression fonctionnelle d’Orail joue un role
important dans I’activation de CSP humaines, en évaluant d’abord leur prolifération suite a
I’inhibition d’Orail. La prolifération cellulaire a été étudiée dans un premier temps par le test
colorimétrique au MTT aprés 1’invalidation génique d’Orail dans les deux lignées de CSP
pendant 72h. Nous avons observé que cette invalidation entraine un effet similaire dans les PS-
1 et RLT-PSCs en diminuant le taux de leur prolifération de 37,12% et de 31,39%
respectivement. Par la suite, nous avons réalisé des expériences de cytométrie en flux afin de
déterminer dans quelles phases du cycle cellulaire Orail est impliqué. Les CSP transfectées
avec siOrail ont montré une accumulation des cellules en phase GO/G1 et une diminution du
pourcentage cellulaire en phase S sans modification du nombre de cellules dans la phase G2/M
du cycle cellulaire. Simultanément, nous avons vérifié si I’effet observé sur la prolifération n’est
pas aussi di a un effet d’Orail sur la survie des CPS. Nous avons évalué la mortalité cellulaire
par le test d’exclusion au Bleu de Trypan et en cytométrie en flux par I’analyse du taux de
cellules apoptotiques grace au marquage avec 1’Annexine V et I’lodure de Propidium.
L’inhibition d’Orail n’a révélé aucun effet significatif sur la mortalité de PS-1 et RLT-PSCs

montrant que Orail impact uniquement la prolifération des CSP.

L’activation des CSP est également caractérisée par I’acquisition d’une capacité accrue
de production et de sécrétion de nombreuses cytokines afin de maintenir leur propre activation
et participer au dialogue avec les cellules acineuses lors de la PC et cancéreuses lors du CP.
Parmi ces cytokines, nous avons choisi de nous focaliser sur 1’étude de 1’expression et sécrétion
du TGE-B1 (transforming growth factor), connu pour &tre la principale cytokine pro-fibrotique
impliquée dans le développement de la fibrose pancréatique ainsi que dans 1’activation de CSP
et leur communication avec les cellules cancéreuses (Ferdek and Jakubowska, 2017). Nous

avons donc quantifié I’expression d’ARN messager (ARNm) du TGF-B1 par qPCR, 72h apres

225



I’invalidation génique d’Orail dans les CSP, et nous avons constaté une diminution de ces
transcrits. Afin de voir si cette diminution de I’expression de TGF-B1 est corrélée avec une
diminution de sa sécrétion par les CSP, nous avons mesuré le TGF-B1 secrété par dosage
d’immunoabsorption enzymatique (ELISA). Cependant, nous avons observé une diminution de
sa sécrétion 96h apres 1’inhibition d’Orail, indiquant qu’Orail module 1’expression et la

sécrétion de TGF-B1 dans les CSP.

Nous nous sommes ensuite intéressés aux voies de signalisation activées par Orail. Les
voies de signalisation impliquées dans ’activation des CSP ont été bien définies (Masamune
and Shimosegawa, 2009). Parmi celles-ci, nous avons choisi d’étudier les voies de signalisation
d’AKT, d’ERK1/2 et de SMAD?2 (Jaster et al., 2002; Masamune et al., 2003; Ohnishi et al.,
2004). Nous avons alors évalué la phosphorylation de chacune de ces protéines, par Western
Blot, et avons observé une diminution de la phosphorylation uniquement de la protéine AKT
dans les CSP transfectées avec siOrail comparées a celles transfectées avec siCtrl. Ceci suggere
qu’Orail module probablement la prolifération ainsi que I’expression et sécrétion de TGF-1
par la voie AKT. Nous avons voulu valider cette hypothese en utilisant un inhibiteur
pharmacologique de la voie AKT, le LY 294002, car jusqu’a présent aucune étude n’avait
montré 1’implication directe de cette voie dans la régulation de la prolifération de CSP. Le
traitement, de 72h, avec cet inhibiteur a révélé une réduction de la prolifération des CSP, ainsi
que de I’expression et sécrétion de TGF-B1, confirmant I’implication de la voie AKT dans ces

processus.

Cependant, afin de déterminer si c’est le Ca** entrant via le canal Orail qui contrdle
tous ces processus et non pas Orail en tant que protéine, nous avons réduit la concentration
physiologique extracellulaire en Ca®>* dans le milieu de culture des CSP, et avons évalué
I’impact sur la voie AKT. Cela a induit une diminution de I’activation d’AKT traduite par la
réduction de sa phosphorylation dans les conditions de faible concentration en Ca®* (0,1 mM)
comparées aux conditions physiologiques en Ca** (1,4 mM), et une diminution de la
prolifération. Par la suite, nous avons voulu établir si c’est I’influx calcique médié par Orail
qui est impliqué dans la régulation de la prolifération des CSP et la sécrétion de TGF-B1. Nous
avons alors cultivé des CSP transfectées avec siCtrl et siOrail dans un milieu de culture
contenant 1,4 mM et 0,1 mM Ca** pendant 72h. Nous avons observé une prolifération plus
faible des cellules transfectées avec siOrail et cultivées en 0,1 mM Ca®" par rapport a la
prolifération des CSP cultivées en 1,4 mM Ca®*. Cet effet additif sur la prolifération pourrait

étre expliqué par une augmentation significative de la mortalité cellulaire des CSP transfectées
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avec siOrail et cultivées en 0,1 mM Ca**. En parallele, nous avons quantifié la sécrétion de
TGF-B1 et nous n’avons pas observé de différences significatives dans la réduction de sa
sécrétion par les CSP transfectées avec siOrail en 1,4 mM Ca®*eten 0,1 mM Ca* Ces résultats
suggerent que I’entrée du Ca**, médiée par Orail, régule la prolifération de CSP humaines ainsi

que la sécrétion de TGF-B1 via I’activation de la voie AKT.

La sécrétion de TGF-B1 par les CSP activées a également été rapportée pour jouer un
role essentiel dans le maintien de leur activation via des boucles de régulation autocrines (Apte
et al., 1999). De plus, un lien entre le TGF-B1 et le canal Orail a précédemment été montré
dans les cellules musculaires lisses des voies aériennes. Dans cette étude, les auteurs ont montré
que le traitement par TGF-B1 induit une augmentation des ARNm d’Orail, ce qui a pour
conséquence 1’augmentation de I’entrée du Ca®* via Orail (Gao et al., 2013). Nous nous
sommes par conséquent demandé si le TGF-B1 secrétée par les CSP activées pourrait a son tour
moduler I’entrée du Ca®* via Orail. Afin d’investiguer cette hypothése, des CSP transfectées
avec siCtrl et siOrail pendant 72h, ont été prétraitées pendant 10 minutes avec de la
thapsigargine pour dépléter les stocks calciques du réticulum endoplasmique. Par la suite,
’entrée du Ca®* médiée par Orail a été mesurée en perfusant du TGF-B1. La perfusion du TGF-
Bl a induit une augmentation significative (de 14%) de 1’entrée du Ca®* dans les CSP
transfectées avec siCtrl. Cette augmentation n’était plus observée dans les CSP transfectées
avec siOrail. Ce résultat indique que le TGF-B1 stimule I’entrée du Ca** via Orail. Nous avons
alors supposé que I’effet observé a court terme du TGF-B1 sur I’entrée du Ca** via Orail
pourrait étre lié a un effet a long terme de cette cytokine au niveau d’ARNm et de la protéine
d’Orail. Nous avons ainsi traité les CSP avec du TGF-B1 pendant 48h en réduisant le sérum du
milieu de culture (1% SVF), et nous avons constaté une augmentation importante de

I’expression d’Orail au niveau transcriptionnel et protéique.

Le TGF-B1 est connu pour avoir un double rdole dans la régulation de la prolifération
cellulaire. En effet, selon le type cellulaire il peut induire soit une inhibition soit une stimulation
de la prolifération. Cependant, son role dans la prolifération des CSP ainsi que dans les voies
de signalisation associées, reste peu connu. Nous avons, de ce fait, commencé par étudier
I’implication du TGF-B1 dans I’activation de la voie AKT médiée par Orail. Apres 72h de
transfection, les CSP transfectées avec siCtrl et siOrail ont été stimulées pendant 30 minutes
avec du TGF-B1 et ensuite la phosphorylation de I’AKT a été quantifiée par Western Blot.
Comme attendu, nous avons constaté une augmentation de 1’activation d’AKT dans les CSP

transfectées avec siCtrl et stimulées avec du TGF-B1 comparées aux non stimulées. Toutefois,
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aucun effet additif n’a été observé dans la réduction de la phosphorylation d’AKT dans les CSP
transfectées avec siOrail stimulées et non stimulées avec du TGF-B1. Ces résultats montrent

I’implication du TGF-B1 dans I’activation de la voie AKT médiée par Orail.

Nous avons ainsi voulu savoir si la stimulation de la voie AKT par le TGF-B1 est liée a
un effet sur la prolifération des CSP. Pour cela nous avons traité les CSP transfectées avec siCtrl
et siOrail, avec du TGF-B1 pendant 48h, et nous avons remarqué une augmentation de la
prolifération des CSP transfectées avec siCtrl et traitées avec du TGF-f1 comparées aux non
traitées. Cette augmentation de la prolifération par le TGF-B1 n’est plus observée sur des CSP

transfectées avec siOrail.

L’ensemble de ces résultats met en évidence, pour la premiere fois, le role du canal
Orail ainsi que de I’entrée calcique médiée par Orail dans la régulation de processus
d’activation des CSP, et notamment dans la modulation de leur prolifération et de la sécrétion
de TGF-B1. Ces données révelent également que le TGF-B1 secrété par les CSP, via une boucle
de rétrocontrdle positive, favorise encore plus la prolifération médiée par Orail. Cet effet
autocrine de TGF-B1 est traduit par une augmentation de I’expression fonctionnelle d’Orail, ce

qui stimule encore plus la phosphorylation d’AKT et par conséquent la prolifération des CSP.

Partie 2 : Role du canal calcique TRPC1 dans P’activation des CSPs

La deuxieme partie de ce travail de these a été dédiée a mieux appréhender le role du
canal calcique TRPCI dans I’activation des CSP, notamment en réponse a des conditions de
pression élevée. En effet, I’augmentation de la pression tissulaire pancréatique est un événement
caractéristique qui survient lors de la fibrose pancréatique sévere présente dans la PC et le CP.
Cette pression est 10 fois plus élevée que dans le pancréas sain (Provenzano and Hingorani,
2013). En outre, il a précédemment été démontré par 1’équipe du Pr Albrecht Schwab en
Allemagne que les forces mécaniques crées par 1’élévation de cette pression tissulaire
pancréatique sont détectées par le canal calcique TRPCI en induisant son activation.
L’activation de TRPC1 va ensuite permettre 1’influx du Ca>* a I’intérieur des CSP murines et
aura pour conséquence la modulation de leur migration (Fels et al., 2016). Cependant, le role
du canal TRPC1 dans les CSP humaines reste jusqu’a présent inconnu. Par conséquent, en
collaboration avec 1’équipe du Pr Schwab nous avons cherché a mieux comprendre

I’importance de ce canal dans les processus d’activation de CSP. Pour réaliser cette étude, des

CSP primaires murines dont lesquelles le gene de TRPC1 a été inactivé (TRPC1-KO) ainsi que
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la lignée cellulaire des CSP humaines PS-1 dont lesquelles le canal TRPC1 a été inhibé de

maniere transitoire par siRNA (siCtrl vs siTRPC1) ont été utilisées.

I1 a été démontré que la pression élevée présente dans le microenvironnement fibrotique
de la PC et du CP, stimule 1’activation des CSP (Watanabe et al., 2004). Nous avons alors, dans
un premier temps, cherché a savoir si I’expression de TRPC1 est indispensable pour I’activation
des CSP induite par des conditions de pression élevée. En utilisant des CSP primaires murines
sauvages (WT) et TRPC1-KO cultivées dans des conditions contrle et de pressurisation
(A+100 mmHg), nous avons quantifié par immunofluorescence le niveau d’expression de
I’aSMA, connue pour étre le principal marqueur d’activation des CSP. Nous avons constaté
que les CSP-WT présentent une accélération de I’augmentation de 1’expression d’aSMA dans
des conditions de pression élevée comparées a celles en condition contrdle. Cependant cette
accélération de I’activation traduite par I’augmentation d’aSMA est absente dans les CSP
TRPC1-KO en conditions de pression élevée, suggérant que 1’activation des CSP induite par la
pressurisation est, en partie, modulée par le canal TRPC1. Cette partic d’expériences a été

réalisée par nos collaborateurs en Allemagne.

L’élévation de la pression tissulaire durant la fibrose pancréatique est entre autres
provoquée par 1’augmentation de la rigidité tissulaire, elle-méme induite par le dépdt excessif
de protéines de la matrice extracellulaire (MacCurtain et al., 2021). Une telle rigidité élevée est
également observée sur le support plastique de boites de pétri de culture cellulaire (Lachowski
et al., 2017), ce qui induit et maintient 1’activation des CSP. Afin de mieux comprendre le rdle
de TRPC1 dans I’activation des CSP, nous avons par la suite utilisé la lignée des CSP humaines
pré-activées, la lignée PS-1, lorsqu’elles sont cultivées sur le support plastique de boites de pétri
de culture cellulaire. Nous avons alors inhibé I’expression de TRPC1 pendant 72h par
transfection de siRNA (siCtrl vs siTRPC1) dans les PS-1 et nous avons regardé 1’expression
protéique d’aSMA en Western Blot. L’invalidation de TRPC1 a induit une diminution
importante (de 58,4%) de I’expression d’aSMA dans les CSP humaines pré-activées, suggérant

que son expression est en partie dépendante de la présence du canal TRPCI.

Aprés avoir montré qu’il y a un lien entre I’expression de TRPCI et I’expression
d’aSMA dans CSP murines cultivées dans des conditions de pression élevée et les CSP
humaines pré-activées, nous nous sommes demandés si TRPC1 pourrait étre colocalisé avec
I’aSMA. Par ailleurs, comme I’expression d’aSMA est connue pour étre modulée par la voie
de signalisation de SMAD?2 dans les CSP de rat (Ohnishi et al., 2004), nous avons cherché a
savoir si le canal TRPC1 pourrait €tre 1i€ a la protéine aSMA via la forme active/phosphorylée
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de SMAD?2 (pSMAD?2). Pour répondre a ces questions, nous avons évalué la colocalisation de
TRPC1, d’aSMA et de pSMAD2 en immunofluorescence par microscopie confocale en
utilisant la lignée de CSP pré-activées PS-1. Nous avons pu quantifier la colocalisation entre
ces trois acteurs en utilisant le coefficient de corrélation de Pearson qui a révélé une
colocalisation partielle entre TRPC1, aSMA et pSMAD?2, indiquant qu’il y a peut-&tre aussi
une interaction physique entre ces trois protéines. Afin de vérifier cette hypothese, nous avons
réalisé des expériences de Co-immunoprécipitation en utilisant des anticorps contre TRPC1,
aSMA et pSMAD2 qui nous ont permis de mettre en évidence une interaction physique directe
ou indirecte entre les trois acteurs dans les CSP humaines pré-activées. Nous avons ensuite
voulu évaluer I’importance de la présence de chaque acteur au sein du complexe protéique
formé. Pour cela nous avons invalidé indépendamment chaque protéine pendant 72h (siCtrl vs
siTRPC1 vs siaSMA vs siSmad2) et nous avons quantifié son interaction avec les deux autres
protéines par Co-immunoprécipitation et en Western Blot. Ces expériences ont révélé que les
trois acteurs ensemble (TRPC1, aSMA et pSMAD?2) sont indispensables pour la formation du
complexe protéique car I’absence d’un acteur, interrompe ’interaction entre les deux autres

protéines.

Simultanément, nous avons complété nos données en étudiant 1’expression
fonctionnelle de TRPC1 dans les CSP humaines pré-activées dans des conditions de pression
élevée, car jusqu’a présent celle-ci a été évaluée uniquement dans les CSP murines (Fels et al.,
2016). Nous avons alors cultivé les PS-1 dans des conditions de pression élevée (A+100 mmHg)
pendant 24h et 48h, et nous avons quantifié¢, en premier lieu, I’expression de TRPCI1 mais
¢galement d’aSMA, en Western Blot. Cette pressurisation a induit une augmentation de
I’expression protéique de TRPC1 et d’aSMA dans les PS-1. Afin de voir si cette augmentation
protéique de TRPC1 est corrélée a une stimulation plus importante de sa fonction canal, nous
avons mesuré 1’influx calcique en imagerie calcique. Nous avons cultivé des CSP humaines
transfectées avec siCtrl et siTRPC1 dans des conditions de pression élevée et contrdle pendant
24h, et ensuite nous avons mesuré 1’influx calcique en appliquant un protocole de quench
manganese. Nous avons constaté une augmentation importante de I’influx calcique dans les
CSP transfectées avec siCtrl en condition de pressurisation comparées a celles en condition
contrdle. Cependant, cet influx calcique a été fortement réduit dans les CSP transfectées avec
siTRPCI en condition de pressurisation mais également en condition contrdle. Ces résultats
suggerent que le canal TRPCI a une activité basale dans des conditions physiologiques dans

les CSP humaines pré-activées, et que cette activité devient encore plus importante dans des
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conditions de pression élevée. Cette partie du travail a été réalisée en collaboration avec

I’équipe du Pr Schwab en Allemagne.

Nous avons, par la suite, cherché a savoir si TRPC1 module 1’activation des CSP,
notamment par la régulation de I’expression d’aSMA (le principal marqueur d’activation des
CSP) via I’une de voies de signalisation impliquées dans I’activation des CSP. Parmi ces voies,
il a été démontré que les voies d’ERK1/2 et de SMAD?2 favorisent I’activation des CSP en
réponse a de stimuli environnementaux (Jaster et al., 2002; Ohnishi et al., 2004; Watanabe et
al., 2004). Nous avons alors examiné si la phosphorylation d’ERK1/2 et de SMAD2 peut
moduler I’activation des CSP humaines pré-activées via la régulation de I’expression d’aSMA.
Pour cela nous avons inhibé chaque voie indépendamment en traitant les CSP humaines avec
des inhibiteurs pharmacologiques pendant 72h et avons observé que seule I’inhibition de la voie
SMAD?2 induit une réduction de I’expression d’aSMA. En parallele, nous avons remarqué, de
maniere intéressante, que 1’inhibition de TRPC1 induit une réduction de la phosphorylation de

la protéine SMAD?2 mais aussi de la protéine ERK1/2.

Une fois que nous avons €tabli les voies de signalisation modulées par TRPCI, nous
nous sommes demandés si TRPC1 pourrait étre impliqué dans la régulation d’autres processus
d’activation de CSP. Nous avons alors choisi de se focaliser sur deux processus majeurs, a
savoir la prolifération des CSP et la sécrétion de cytokines. Apres avoir inhibé TRPC1 pendant
72h, nous avons observé une réduction de 60% de la prolifération des CSP humaines, mesurée
par le test colorimétrique au MTT. Cette diminution était associée a une accumulation des CSP
transfectées avec siTRPCI1 dans la phase GO/G1, et une réduction du pourcentage de cellules
dans les phases S et G2/M du cycle cellulaire. Simultanément, nous avons regardé si 1’'une des
voies de signalisation médiées par TRPCI, les voies ERK1/2 et SMAD2, sont également
impliquées dans la modulation de la prolifération des CSP humaines. En inhibant
pharmacologiquement et indépendamment chacune de voies pendant 72h, nous avons remarqué
un effet inhibiteur de la prolifération des CSP similaire. Ces données montrent I’implication du
canal TRPC1 dans la régulation de la prolifération des CSP probablement via 1’activation des

voies de signalisation d’ERK1/2 et de SMAD?2.

Nous avons également étudié le role du TRPCI1 dans la modulation de la sécrétion de
cytokines par les CSP, en se focalisant en particulier sur la sécrétion de I’interleukine-6 (IL-6).
En effet, I’'IL-6 représente 1’une des cytokines pro-inflammatoires les plus secrétées par les CSP
activées et elle joue un role trés important dans le microenvironnement fibrotique du pancréas.
I1 a été démontré que la concentration d’IL-6 dans le sérum des patients atteints de PC ou de
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CP est tres élevée, et que cette augmentation corrélée avec la sévérité de la pathologie chez les
patients (Biffl et al., 1996; Okada et al., 1998). Nous avons alors inhibé I’expression de TRPC1
pendant 72h et nous avons mesuré, par dosage ELISA, le taux de sécrétion d’IL-6 par les CSP.
L’invalidation de TRPC1 a induit une diminution, supérieure a 50%, de la sécrétion d’IL-6. En
parallele, vous avons vérifié si les deux voies de signalisation modulées par TRPC1 sont
également impliquées dans la modulation de la sécrétion d’IL-6, en les bloquant
pharmacologiquement. L’inhibition de la voie ERK1/2 a réduit la sécrétion d’IL-6 de 40% alors
que celle de SMAD2 a induit une diminution de 68%. De plus, nous avons constaté, par des
expériences réalisées par nos collaborateurs, que la sécrétion d’IL-6 par les CSP-WT murines
en conditions de pressurisation est de 4 fois plus importante que celle des CSP-WT en
conditions contréle. De méme, comme pour les CSP humaines transfectées avec siTRPCI, les
CSP TRPC1-KO murines en conditions de pression élevée secretent beaucoup moins d’IL-6
comparées aux CSP-WT dans les mémes conditions. Ces résultats montrent I’implication du
TRPC1 dans la régulation de la sécrétion d’IL-6, probablement via I’activation des voies

ERK1/2 et SMAD2.

Ensemble, tous ces données apportent des nouvelles connaissances sur le role du canal
TRPC1 dans les processus d’activation des CSP dans des conditions qui miment le

microenvironnement pathologique.

Conclusion

Ce travail de these, réalisé en co-direction entre le laboratoire LPCM UR-UPJV 4667 a
Amiens et le laboratoire PhyCell-Inserm U1003 a Lille, représente la premiere étude effectuée
sur I’implication des canaux calciques Orail et TRPC1 dans les processus d’activation des CSP
humaines. Au cours de ce travail, nous avons pu déterminer I’importance de ces deux canaux
calciques dans la physiopathologie des CSP, et notamment dans les processus de prolifération

cellulaire et de sécrétion des cytokines.

Nous montrons, d’une part, que le canal Orail est exprimé et fonctionnel dans les CSP
humaines, en modulant 1’influx du Ca®* dans les CSP. Cette entrée du Ca’* induit une
augmentation de la concentration intracellulaire en Ca** participant 4 la phosphorylation et ainsi

a D’activation de la voie de signalisation AKT. Une fois activée, la voie AKT stimule la
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prolifération de CSP, en régulant la transition de la phase G1/S du cycle cellulaire, et elle
stimule également I’expression et sécrétion de TGF-B1 par les CSP. Cependant, les effecteurs
impliqués en aval de la voie AKT et qui participent a la régulation des ces processus d’activation

de CSP restent a étre élucidés.

De maniere intéressante, nous avons mis en évidence que le TGF-B1 secrété par les CSP,
module a son tour I’activation des CSP, via une bouche de rétrocontrdle positive. En effet, une
fois secrété, le TGF-B1 induit une augmentation de 1’expression du canal Orail au niveau
transcriptomique et protéique, ce qui favorise I’entrée du Ca** via ce canal dans les CSP. Ceci
a pour conséquence une augmentation plus importante de la concentration intracellulaire en
Ca?*, ce qui favorise la phosphorylation d’AKT et la prolifération des CSP, formant un cercle

vicieux qui maintient I’activation des CSP (schéma récapitulatif).

D’autre part, nous montrons une augmentation de I’influx du Ca** via TRPC1 par des
forces mécaniques qui découlent de la pression élevée présente dans le microenvironnement
fibrotique du pancréas. En effet, la pressurisation induit une augmentation de 1’expression
protéique de TRPC1, ce qui favorise une entrée calcique importante via les canaux TRPC1. Nos
résultats montrent que cet influx calcique médié par TRPC1 active ERK1/2 et stimule la

prolifération et la sécrétion d’IL-6 par les CSP.

Par ailleurs, TRPC1 forme un complexe protéique avec la forme phosphorylée de
SMAD2 (pSMAD?2). De plus, au sein de ce complexe, chaque acteur module I’expression
protéique des autres partenaires suggérant la présence d’'une communication dynamique entre
les trois protéines. Nous supposons alors que TRPC1 via la formation de ce complexe protéique
TRPC1-aSMA-pSMAD?2 régule également la prolifération des CSP et la sécrétion d’IL-6 par
les CSP (schéma récapitulatif). Cependant, cette hypotheése nécessite d’étre confirmée par
d’autres expériences, notamment en inhibant simultanément 1’expression de deux acteurs du

complexe et en évaluant I’effet sur la prolifération et la sécrétion d’IL-6.

En conclusion générale, I’ensemble de ces travaux a permis de mieux comprendre le
role de canaux calciques et notamment des canaux Orail et TRPC1 dans I’activation des CSP.
Les connaissances acquisses pourront permettre d’étudier I’implication de ces canaux dans
I’interaction des CSP avec les cellules cancéreuses pancréatiques lors du CP ou encore les

cellules acineuses lors de la PC.
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Abstract: In the battle against cancer cells, therapeutic modalities are drastically limited by intrinsic
or acquired drug resistance. Resistance to therapy is not only common, but expected: if systemic
agents used for cancer treatment are usually active at the beginning of therapy (i.e., 90% of primary
breast cancers and 50% of metastases), about 30% of patients with early-stage breast cancer will have
recurrent disease. Altered expression of ion channels is now considered as one of the hallmarks of
cancer, and several ion channels have been linked to cancer cell resistance. While ion channels have
been associated with cell death, apoptosis and even chemoresistance since the late 80s, the molecular
mechanisms linking ion channel expression and/or function with chemotherapy have mostly
emerged in the last ten years. In this review, we will highlight the relationships between ion channels
and resistance to chemotherapy, with a special emphasis on the underlying molecular mechanisms.

Keywords: ion channels; cancer; chemoresistance

1. Introduction

Cancers cells have the ability to develop resistance to traditional therapies. Drug resistance
may be intrinsic (i.e., present before chemotherapy exposure), but tumor cells can also acquire drug
resistance. Indeed, although systemic agents used for cancer treatment (cytotoxic, hormonal, and
immunotherapeutic agents) are usually active at the beginning of therapy (90% of primary breast
cancers and 50% of metastases for instance), about 30% of patients with early-stage breast cancer
will have recurrent disease. Resistance to therapy is not only common, but expected [1]. Tumor
cells from recurrent tumors exhibit increased resistance to chemotherapeutic drugs [2], and exposure
to chemotherapeutic drugs can promote development of drug resistance in tumor cells, leading to
subsequent failure of the chemotherapeutic treatment [3], thus drastically limiting effective therapeutic
modalities. Residual tumor cells are detected post-treatment in most cancer patients, and these cells are
thought to remain in a quiescent state for years before resuming growth, resulting in tumor recurrence.
Deciphering molecular mechanisms of this acquired cellular resistance is therefore mandatory for
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predicting tumor resistance and to allow discovery of new treatments. Several mechanisms underlying
cell resistance have been identified so far. Among those, membrane transporters and ion channels
have been shown to play key roles in chemosensitivity. These include [4]:

- Decreased activity of the uptake transporters, or alternatively enhanced efflux for water-soluble
drugs (such as cisplatin)

- Increased drug efflux mediated by energy-dependent transporters. For hydrophobic drugs
(such as vinblastine, doxorubicin, and paclitaxel), entry occurs largely by diffusion across the
membrane, although this process can also be critically enhanced by transport proteins

- Indirect mechanisms by which transporters and channels affect chemosensitivity by modulating
apoptosis pathways or the efficiency of drug diffusion along electrochemical gradients into cells

This review will more specifically focus on ion channels. Altered expression of ion channels is now
considered as one of the hallmarks of cancer [5], and several ion channels have been linked to cancer
cell resistance. While some ion channels have been associated with chemoresistance since the 80s [6],
extensive description of molecular mechanisms involved in chemoresistance is more recent (early
2000s [7], with the vast majority of scientific articles being published after 2010). In this review, we will
highlight the relationships between channels (calcium, potassium, magnesium and chloride channels)
and resistance to chemotherapy, with special emphasis on the underlying molecular mechanisms.

2. Calcium Channels

2.1. Plasma Membrane Ca** Channels

Calcium (Ca®*) is a well-known ubiquitous second messenger regulating a wide variety of
physiological functions [8,9], including cell death [10]. Disruption of Ca?* homeostasis was reported in
many pathological conditions, including cancer [11,12]. There is a ~10,000-fold concentration gradient
for Ca?* across the plasma membrane, and three major classes of membrane-associated proteins
directly involved in Ca?* regulation: channels, pumps (ATP-ases), and exchangers. These proteins
have different cellular and tissue distribution and their regulation occurs through multiple signalling
pathways ([13] for review). Extracellular Ca?* can enter cells by several classes of channels, including:

- Voltage-operated channels, activated by membrane depolarization

- Second messenger-operated channels, activated by small messenger molecules such as inositol
phosphates, cyclic nucleotides, and lipid-derived messengers (diacyl-glycerol, arachidonic acid
and its metabolites)

- Receptor-operated channels, activated by direct binding of a neurotransmitter or hormone agonist

- Store-operated channels (SOC), activated by depletion of intracellular Ca®* stores [14]

SOC Entry (SOCE) is one of the main calcium entries in non-excitable cells, and typically allows
calcium influx through the plasma membrane, subsequently to endoplasmic reticulum depletion.
This ubiquitous SOCE pathway is not only necessary to refill internal calcium stores, but also to
activate downstream signalling cascades [15,16]. Apoptosis is also potentially triggered when a large
and sustained rise in cytosolic calcium occurs through SOCE (mediated by store-operated channels
SOCs [17-19]). Actors of this mechanism include depletion sensors (STIM reticular proteins, the STIM1
and STIM2 isoforms), as well as plasma membrane channels. Among these, Orai channels represent
highly selective calcium channels (with 3 distinct Orai isoforms described to date, Orail, Orai2 and
Orai3), while TRP (Transient Receptor Potential) channels are non-selective calcium channels.

Ca?* entries can also occur without any stimulation, suggesting that some Ca?* channels are
constitutively active in resting conditions. Interestingly, these basal Ca®* influxes are linked to
malignant transformation, but the underlying molecular mechanisms are far from being understood
([20], for review).
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In addition, under certain conditions, Ca?* can enter cells via the Na*/Ca2* exchanger (NCX)
operating in reverse mode. Cytosolic calcium concentration can also rise following endoplasmic
reticulum depletion (see Section 2.2. Intracellular Calcium Stores below).

Chemoresistance has been first associated with Ca?* channel activity in the 80s. Blockade of Ca®*
channels was associated with the enhancement of anticancer drug cytotoxicity ([21], for review). It was
notably demonstrated that combination of verapamil (a calcium channel blocker) with antineoplastic
agents was able to potentiate the efficacy of chemotherapeutic agents in drug-sensitive malignancies,
and was also able to confer chemosensitivity in resistant tumor cells [22]. However, there was
inconclusive evidence for the role of Ca?* ions and Ca?* channels in the modulation of chemoresistance,
and furthermore, there was no evidence that Ca>* channels blocking activity per se was necessary for
the reversal of drug resistance [21]. Although Ca?* channels blockers have been studied in combination
with chemotherapeutic drugs for several decades, it is noteworthy that the mechanism of action for
these Ca?* blockers in inhibiting the growth of some drug-resistant tumors was entirely independent
of Ca?* channels modulation, and instead appeared to be related to non-specific interactions with the
MultiDrug Resistance-1 (MDR1) protein ([23] for review). For instance, Kiwit et al. have shown that
calcium antagonists did not influence chemoresistance in gliomas that do not express MDR1. On the
other hand, addition of calcium antagonists to the adjuvant chemotherapy could overcome primary
chemoresistance only in tumors expressing the multidrug-resistant phenotype [24].

Since the beginning of the 2010s, a growing number of studies have shown a clear link between
Ca?* channels expression (and/or function) and sensitivity to chemotherapeutic drugs. Many calcium
channels are involved in chemoresistance, against a number of chemotherapeutic drugs, in a large
variety of cancers. We will more specifically focus on the main calcium entry, SOCE, and its key actors,
the Orai and TRP channels.

2.1.1. Orai/Stim Mediated SOCE and Chemoresistance

Depending on cancer cell lines and chemotherapeutic drugs, SOCE can lead to increased or
decreased resistance. First, because each cell line differentially express Orai and Stim proteins.
Second because both Orail and Stim1 were shown to regulate the activity of a number of intracellular
effectors including PKC (32 [25], PKC 6 [26], extracellular signal-related kinases ERK1/2 [27], and both
cytoplasmic kinase Pyk2 and calpain [28]. Third, both Orail and Stim1 were shown to have SOCE
independent functions. For instance, the Secretory Pathway Ca?*-ATPase SPCA?2 can activate Orail
independently of ER calcium stores or Stim proteins [29]. Within such a complex regulatory network
and the role of Orail /Stim1 downstream targets in both pro-survival and pro-apoptotic processes, the
resistance of each cell line is likely to depend on the activated signalling pathway [30].

Increased Resistance Conferred by the Overexpression of Stim and Orai Proteins

Numerous studies have now established a clear link between the Orai/Stim complex and cell
resistance, although the mechanisms are not always accurately described. For instance, Stim1-mediated
SOCE protects osteosarcoma cells from undergoing cisplatin-induced apoptosis. Knockdown of Stim1
effectively sensitizes cells to cisplatin via promoting Endoplasmic Reticulum (ER) stress-mediated
apoptosis [31]. In pancreatic adenocarcinoma, both Stiml and Orail mediate SOCE and have a
pro-survival anti-apoptotic role, as Orail and/or Stim1 silencing by siRNA enhance 5-Fluoro-Uracile
(5-FU) and gemcitabine induced apoptosis [30]. Mechanisms by which the Orai/Stim complex
affects chemoresistance include MDR transporters and intracellular signalling pathways (Figure 1).
The overexpression of the transporter MDR1 is one of the best known mechanisms by which breast
cancers cells develop chemoresistance [32]. It has notably been shown that high salts were able to
induce MDR1 mediated treatment resistance in breast cancer cells through SOCE [33]. It has also
been shown that Orail and Stim1 expression are increased in chemoresistant ovarian carcinoma
cells, associated to an increase of SOCE. During the acquisition of the chemoresistant phenotype,
Orail expression is upregulated by the Akt signalling pathway, leading to an increase of SOCE [34].
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Furthermore, Orail expression is also elevated in hepatocellular carcinoma (HCC) tissues, and
contributes to a chemoresistant phenotype. Orail-mediated Ca* entry is able to block 5-FU-induced
autophagic cell death in HepG2 cells via activation of the PI3K/Akt/mTOR signalling pathway [35].
In human gastrointestinal stromal tumors, Orail is able to mediate tumor-promoting SOCE via c-KIT
and the ERK pathway [36]. Whilst far less studied than its sibling Orail, Orai3 protein deserves special
attention, because of (i) its exclusive presence in mammals [37], (ii) its receptivity to pharmacological
modulation [38], and (iii) its recent emergence in the cancer field, especially in breast cancer. Many data
establish now a clear link between Orai3 and chemoresistance (Figure 1). Orai3 was primarily described
as involved in proliferation, cell cycle progression, and Estrogen Receptor positive (ER") breast cancer
cells survival [39]. In these cells, SOCE is dependent on Orai3 expression, whereas Estrogen Receptor
negative (ER™) cells depends on Orail [40]. In such ER™ cells, Bhattacharya et al. [41] have shown that
Orai3 and Stim1 were able to mediate TGF-3 induced expression of Snail, a transcriptional repressor
protein known to mediate Epithelial to Mesenchymal Transition (EMT), a cell state transition process
implicated in drug resistance [32]. This process was AKT and NF-«B (p65)-dependent [41]. In ER*
breast cancer cells, Orai3-dependent survival was found to be transduced—at least in part—via the
ERK and c-myc pathway [42]. Overexpression of Orai3 protein in ER" breast cancer cells revealed
consistent chemoresistance against cisplatin, 5-FU and paclitaxel treatments. The main effect of Orai3
upregulation was a SOCE-induced downregulation of the tumor suppressor protein p53, leading
to reduced apoptosis [43]. The complete pathway leading to p53 downregulation was extensively
deciphered: increased SOCE is able to activate PI3K, but not Akt. Instead, the Sgkl pathway is
specifically activated, leading to Mdm? activation and p53 downregulation. Sgkl activation is also
responsible for the inactivation of the Sek-1 kinase, and therefore to an hypo-phosphorylated and thus
activated Nedd4.2 ubiquitin ligase, able to decrease p53 protein expression [43]. All these results are
summarized in Figure 1 and in Table S1.

Figure 1. Chemoresistance pathways involving Orai calcium channels. Orai calcium channels are able
to modulate sensitivity to chemotherapy. Processes known to alter chemoresistance are highlighted
in bold. These include calcium overload, MultiDrug Resistance (MDR), autophagy, modulation of
signalling pathways (MAPK and PI3K-Akt/Sgk), transcription factors (NF-«B, c-myc, p53), and EMT
(Epithelial to Mesenchymal Transition). Processes initiated by Orail and Orai3 are summarized by
purple and blue arrows, respectively. The dashed arrows are not different from plain arrows, except
that they cross other arrows.

Reduced Resistance Conferred by the Overexpression of Stim and Orai Proteins

Resistance to apoptosis can also be acquired through a remodeling of the Ca?* protein network that
will reduce the likelihood of cytosolic Ca?* overload. In androgen-independent, apoptosis-resistant
prostate cancer cells, such remodeling was shown to involve reduced SOCE via downregulation
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of Orail or Stim1 proteins, and adaptation of the ER to the conditions of reduced Ca?* storage
and uptake [18,44]. In prostate cancer cells, low Orail expression was shown to contribute to the
establishment of an apoptosis-resistant phenotype, irrespective of the apoptosis-inducing stimulus [17].
Orai3 overexpression in prostate cancer cells is able to impair the Orail-mediated SOCE and causes
prostate cancer cell resistance [45].

2.1.2. Transient Receptor Potential (TRP) Channels

Transient Receptor Potential (TRP) channels are non-selective cation channels that can allow Ca%*
influx. The major groups of TRP channels include, among others, TRPM (Melastatin), TRPV (Vanilloid),
and TRPC (Canonical). These channels have been associated with chemoresistance in many cancers
since a decade [46,47].

TRPV—It has recently been shown that 5-FU induced breast cancer cell death was up-regulated
by TRPV1 activation [48]: Ca?* entry through TRPV1 is able to decrease chemoresistance. Nabissi et
al. have shown that treatment with the TRPV2 agonist cannabidiol, by enhancing TRPV2 expression
and activation, increased the chemosensitivity of human glioblastoma cells to the cytotoxic effects of
various chemotherapeutic agents commonly used in the treatment of glioblastoma (temozolomide,
carmustine and doxorubicin). Abrogation of chemoresistance was obtained by increased calcium
influx through TRPV2 channel leading to a calcium-dependant cell death [49]. Moreover, cannabidiol
and the proteasome inhibitor bortezomib synergise to increase cytotoxicity in multiple myeloma cell
lines through TRPV2 activation [50]. Taken together, these data suggest that TRPV2 activation can
potentiate the effects of cytotoxic drugs in various cancer types.

TRPM—In gastric cancer, Almasi et al. have shown that TRPM2 channel expression is negatively
correlated with overall patient survival. Moreover, TRPM2 downregulation sensitized gastric cancer
cells to paclitaxel and doxorubicin. Indeed, TRPM2, by activating both Akt and JNK signalling
pathways, promote gastric cancer cell survival [51]. It has been shown that TRPM2 knockdown
activates alternative pathway of cell death in breast cancer cells, leading to enhanced cytotoxicity
after treatment with doxorubicin or N-methyl-N’-nitro-N-nitrosoguanidine [52]. In a similar manner,
knockdown of TRPMS8 was able to enhance epirubicin-induced apoptosis in osteosarcoma cells,
and this effect was mediated through impaired regulation of intracellular Ca?* concentration and the
Akt-GSK-3f3 pathway [53].

TRPC—Downregulation of TRPC1 was shown to contribute to drug resistance in ovarian cancer,
possibly by regulating autophagy [54]. Autophagy can be also mediated by TRPC5 and promotes drug
resistance via CaMKKf3 / AMPKa&/mTOR pathway in breast cancer cells [55]. The TRPC5 channel has
been largely associated with drug resistance in several cancers. TRPC5 can regulate Ca>* homeostasis
by forming a store-operated channel or a store independent channel. In addition, TRPC5-mediated
Ca®* entry is elicited by several physiological messengers, including reduced thioredoxin, protons,
sphingosine-1-phosphate, lysophospholipids, NO and Ca?* itself (see [56] for review). TRPC5 can
confer chemoresistance to anticancer drugs in breast cancer. It has been shown that TRPC5 was
essential for MDR1 induction in drug-resistant cancer cells [57], notably through activation of the
transcription factor NFATc3 [58]. TRPC5 might even act as a non-invasive chemoresistance marker,
since increasing circulating exosomes-carrying TRPC5 predicts chemoresistance in metastatic breast
cancer patients [59]. In colorectal cancer, TRPC5 overexpression induces the Wnt/ 3-catenin signalling
pathway and the up-regulation of MDR1 [60]. The same team demonstrated the essential role of
glycolysis in TRPC5 induced chemoresistance in human colorectal cancer cells by maintaining Ca?*
homeostasis [61].

In HCC cells, inhibiting TRPC6 enhanced the efficacy of doxorubicin. Moreover, Ca** was found
to be essential in mediating mechanisms of EMT, HIF-1« signalling and DNA damage repair, conferring
multidrug resistance in HCC cells. Multidrug resistance was attributed to the sustained accumulation
of intracellular free Ca* induced by TRPC6 overexpression. The pathway by which TRPC6 is able
to induce multidrug resistance in these cells was demonstrated to be STAT3-dependent [62]. In a
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variety of other cancer cell lines (breast, prostate, bone, skin, lung), TRPC6 expression was on the
contrary shown to lead to Ca?*-dependent apoptotic death and activation of apoptotic genes. Using
the antineoplastic drug GaQ3 (an organic derivative of gallium), Madan et al. demonstrated that
these apoptotic pathways were activated by the transcriptional upregulation of TRPC6 (and hence
intracellular calcium) by p53 [63].

Mechanisms concerning the involvement of TRP channel in chemoresistance are provided in
Table S1.

2.1.3. Voltage-Gated Calcium Channels and Chemotherapy

Voltage-gated calcium channels (VGCC) are expressed throughout the body and perform several
key physiological functions. In small cell lung cancer (SCLC), cells expressing the voltage-dependent
calcium channel 261 subunit (isolated from SCLC cell lines or patient-derived xenograft models)
exhibit cancer stem cells characteristics and chemotherapeutic resistance. Treatment with etoposide
enhanced the cell populations expressing «251 in vitro and in vivo. Chemoresistance in these SCLC
cell lines was shown to be mediated by the ERK pathway [64]. Moreover, the suppression of expression
or activity of T-type Ca?* channel induce apoptosis and hence allow resistance of ovarian cancer cells
to chemotherapeutic treatments [65]. Apoptosis was accompanied by decreased Akt phosphorylation
and alterations in FOXO and FOXM1 expression. Table S1 succinctly summarizes this information.

2.2. Intracellular Calcium Stores

Like extracellular calcium, intracellular calcium plays a decisive role in chemoresistance processes.
Several intracellular organelles are implicated in such mechanisms, notably endoplasmic reticulum
(ER) and mitochondria. Due to its closed proximity to the mitochondria, Ca?* transport mechanisms
from the ER to the mitochondria are allowed by the interaction of inositol 1,4,5-trisphosphate receptor
(IP3R), the Glucose-Regulated Protein 75 and the Voltage-Dependent Anion Channel (VDAC) and the
Mitochondrial Calcium Uniport (MCU). Since the MCU is the primary mediator of the mitochondrial
Ca’* uptake, its expression and function in cancer processes have been extensively investigated over
the last ten years. Overexpression of MCU has been correlated to breast cancer progression [66], but
its role in chemoresistance processes remains poorly understood. The amount of Ca?* transferred
from the ER to mitochondria impacts the sensitivity of cells to apoptotic stimuli and their resistance to
apoptosis [67]. Moreover, it has been demonstrated that cancer cells escape cell death by lowering the
ER CaZ*-store, due to a Ca* transfer between ER and mitochondria [68].

2.2.1. Intracellular Ca>* Channels Expression Is Associated to Chemoresistance

Due to the close interaction with mitochondria, and its role in the regulation of mitochondrial
Ca2* load, IP3R expression and/or activation have been associated to cancer cell survival and
chemoresistance [69]. In bladder cancer cells, IP3R1 expression level has been inversely correlated
to cisplatin-resistance: resistant cells express reduced IP3R1 level, and IP3R1-knockdown prevents
apoptosis, leading to cisplatin resistance. On the other hand, IP3R1 overexpression in resistant cells
induces apoptosis and increases sensitivity to cisplatin [70]. Conversely, high IP3R expression levels
were associated to low resistance of epithelial pulmonary lung cancer cells to cisplatin treatment [71].

As a key regulator of the ER-mitochondrial interaction, the anti-apoptotic Bcl-2 protein is the
subject of utmost attention. The Bcl-2-family members, which are generally divided into three
categories (anti-apoptotic proteins, pro-apoptotic executioners and pro-apoptotic BH3-only proteins),
act at two different intracellular compartments: the mitochondria and the ER [72]. Mechanistically,
anti-apoptotic family members prevent cell death by sequestering the BH3 domains and by preventing
their interaction with pro-apoptotic Bax/Bak proteins [73,74]. Small molecules (like BH3 mimetics)
can disrupt this interaction, resulting in apoptotic cell death of cancer cells. Bcl-2 expression has
been correlated to tumor growth enhancement and to chemoresistance [75] by increasing the passive
Ca®* leak from the ER [76]. Interestingly, the anti-apoptotic protein Bcl-2 expression level seems
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to be a determinant for cancer cell sensitivity to cisplatin [77]. In non-small cell lung cancer and
bladder cancer, cisplatin sensitivity could be enhanced by downregulating Bcl-2 [78,79]. In addition,
Bcl-2 downregulation in SK-OV-3 ovarian cancer cells increases Ca®* levels in the cytosol and in the
mitochondria, as well as the number of ER-mitochondrial contact points after cisplatin treatment,
thereby increasing the sensitivity to the chemotherapeutic agent [80].

2.2.2. Chemotherapy Modulates Intracellular Ca?* Channels Activity

Numerous studies have demonstrated that intracellular channels/transporters/pumps expression
is altered in cancers, leading to intracellular Ca** homeostasis perturbation. However, the impact
of chemotherapeutic agents on the activity of these intracellular Ca?* channels is less described.
Zhang et al. established that paclitaxel accelerates spontaneous Ca?* oscillations by increasing the
IP;R opening frequency in the presence of Neuronal Calcium Sensor-1, a Ca?* binding protein [81].
Moreover, Boutin et al. have demonstrated that PKA-induced IP3R1 over-activation triggers
[Ca%*]gr decrease: this mechanism allows the prostate cancer cell line LNCAP to survive androgen
deprivation [82]. Recently, Kang et al. demonstrated that Trifluoperazine, a well-known antipsychotic
drug with anticancer effects [83-86], inhibits glioblastoma invasion by binding to the Ca?*-binding
protein, calmodulin subtype 2 (CaM2). This binding dissociates CaM2 from IP3R1 and IP3R2 leading
to massive and irreversible Ca?* release from intracellular stores by IP3R1 and IP3R2 subsequent
opening [87].

2.2.3. Signalling Pathways Involved in Chemoresistance Related to Intracellular Ca?* Channels

Mechanisms of intracellular Ca?* pathways involved in chemoresistance are poorly understood,
but few teams have succeeded in deciphering the communication between ER and mitochondria in
such processes. In ovarian cancer cells, TAT-fused inositol 1,4,5-trisphosphate receptor-derived peptide
(TAT-IDP®), which targets the BH4 domain of Bcl-2, enhances the cytotoxicity of cisplatin by stimulating
Ca?* efflux from the endoplasmic reticulum (ER) into the cytosol and the mitochondria, which further
increased cisplatin-induced ER stress-mediated apoptosis by enhancing calpain-1 expression and by
activating the mitochondrial apoptotic pathway [88]. Conversely, Bcl-2 attenuates cisplatin-induced
Ca?* release from the ER into the cytosol and the mitochondria, thus inhibiting cisplatin-induced
ER stress-mediated apoptosis and activation of the mitochondrial apoptosis pathway. In this
context, decreased ER mitochondrial crosstalk is responsible for Bcl-2 attenuation of cisplatin-induced
mitochondrial Ca2* accumulation in SKOV3 cells [89]. All these results are summarized in Figure 2
and compiled in Table S1.

Chemoresistance mechanisms have thus been described through phosphorylations inducing
overactivation of IP3R1. Various pharmacological strategies by blocking Bcl-2 inhibition (TAT-IDPs or
Bad/BH3 mimetics) or PKA inhibitors (such as H89) have already been suggested to counteract such
chemoresistance processes [88,89].

2.2.4. Intracellular Ca>* Channels: Targets to Overcome Chemoresistance

Because of their inaccessibility to pharmacological agents, intracellular channels or receptors
do not appear as priority target to overcome chemoresistance. Nevertheless, it has been shown that
BH3 binding and the amount of Bim scaffolded by anti-apoptotic Bcl-2 proteins can be used as a
predictive marker for the apoptotic response of cancer cells to chemotherapy [90]. It is proposed that
cancer cells, in which the mitochondria contain high levels of Bcl-2 and Bim, are most sensitive to
toxic stimuli, including chemotherapeutic drugs [91,92]. Hence, from these studies, it seems that the
mitochondprial apoptotic priming can predict the tumor response to cytotoxic chemotherapy [91,92].
The mitochondrial priming state is thereby not the same in all malignancies [93]. For instance, cancers
that are highly primed are those that respond most favorably to chemotherapy (e.g., blood cancers,
including Chronic Lymphocytic Leukemia), whereas those that are unprimed respond poorly to
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chemotherapy (endometrial and renal cell carcinomas, serous borderline tumors) [90]. In the latter
cases, the therapeutic window for using chemotherapy is very limited [72]. The number of studies
published on the role of intracellular calcium channels or receptors in tumoral progression has increased
over the last ten years, and may lead to them being considered as new targets for chemotherapy.

g ¢ S res
N PKA AR, | |

Figure 2. Schematic representation of intracellular Ca?* pathways involved in chemoresistance.
Anti-apoptotic Bcl-2 protein enhances chemoresistance by a dual role at both the Endoplasmic
Reticulum (ER), by inhibiting CaZt depletion through Inositol 1,4,5-trisphosphate Receptors (IP3Rs),
and the mitochondria by inhibiting apoptotic complex Bax/Bak formation. TAT-fused inositol
1,4 5-trisphosphate receptor-derived peptide (TAT-IDP®), by inhibiting BH4 domain, enhances Ca?*
efflux from the ER through IP3Rs to mitochondrial Voltage-Dependent Anion Channel (VDAC).

3. Potassium Channels

Among ion channels, potassium channels compose the largest family, presenting 78 sequences
coding for alpha pore forming subunit [94]. Besides regulating many physiological functions
(membrane potential, cell volume, excitability ... ), their involvement in cancer progression is now
clearly established (e.g., proliferation, migration or invasiveness capacities, apoptosis resistance and
angiogenesis, see [95-97] for review). By using a K* ionophore, amphotericin B, the study reported
by Sharp et al., was one of the first showing the importance of K* flux in cisplatin resistance in ovary
carcinoma [98]. In the 2000s, Liang et al. showed that cisplatin induced biophysical modifications
of the membrane (lipid composition, fluidity), and cisplatin-resistant epidermal carcinoma cells
present hyperpolarizing membrane potential compared to the sensitive parental cells [99]. Moreover,
Marklund et al. [100,101] reported that both reduction of intracellular K* concentration or addition of
K* flux modulators (amphotericin B and bumetanide) regulated cisplatin-induced apoptosis. These
early results suggested that the activity of K* channel was associated to therapeutic resistance.
Since this demonstration, numerous groups detailed more precise mechanisms involving K* channel
in chemoresistance.

3.1. Correlation between the Expression Levels of K¥ Channels and Sensitivity to Chemotherapeutic Drugs

Several studies have reported a correlation between the expression levels of K* channels and
the sensitivity to cytotoxic drugs. Both overexpression and reduction of K* channels expression
are involved in chemosensitivity. For example, using big data analysis, Liu et al. demonstrated an
association between the reduction of KCNN3 expression (a gene encoding for the SK3 K* channel)
and drug resistance of ovarian cancer [102]. Similar associations were reported on the classically
used cisplatin [103]. Indeed, the decreased KCNMAT1 (also referred to as BKCa—Calcium activated
large conductance potassium channel—or maxi K channel) expression (involving potentially miR-31)
was described to be associated to less sensitivity to this platinum-based chemotherapy in ovarian
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cell lines. In the same way, an association between the reduction of hERG (Kv11.1) expression and
increased resistance to vincristine, paclitaxel and hydroxy-camptothecin is reported for different
cancer cells [104]. Using similar approaches, Han et al. demonstrated that the voltage activated
potassium channel Kv1.5 could participate in the cellular response of gastric cancer cells to adriamycin,
and that a downregulation of the channel expression could promote the multidrug phenotype
of these cells [105]. Additionally, the Leanza group demonstrated, in several cancer cell lines, a
similar relationship between reduced expression of Kv1.1 and Kv1.3 and decreased sensitivity to
drugs, provoking mitochondrial-induced apoptotic death [106]. Another study conducted using
small cell lung carcinoma cells demonstrated a relation between K* channel expression profile and
drug resistance [107]. More precisely, authors demonstrated that the expression level of BKCa and
Kv channels was inversely correlated to the MRP1 expression levels. They hypothesized that this
observation could be a consequence of exposition to doxorubicin, which modulate the transcription
factor c-jun (known to affect expression of both MRP1 and Kv channels). In this work, the relationship
between K* channel repression and chemosensitivity should be an acquired mechanism of resistance.

On the contrary, there are different cases described with association between overexpression and
resistance to therapy. For example, an association between an upregulation of hEagl (Kv10.1) and
TWIK-2 channels and an increase of cisplatin resistance was shown by Liang et al. [108]. However,
these authors described that channels are overexpressed but they did not obtain mechanistic association
between the channel function and the efficiency of cisplatin in the epidermal and liver carcinoma cells
tested. Arcangeli’s group showed higher levels of KCa3.1 and Kv11.1 channels in cisplatin-resistant
colorectal cancer cells compared with their cisplatin-sensitive counterparts. In resistant cells, the
treatment by riluzole (an activator of KCa3.1 and also an inhibitor of hERG) overcomes cisplatin
resistance in both in vitro and in vivo models [109]. Pardo’s group demonstrated also that, depending
on the clinical status, acute myeloid leukemia cells could express hEagl and the inhibition of this
channel improves the apoptosis induction by different chemotherapeutic drugs, suggesting the
involvement of this channel in basal resistance [110]. hEagl was also involved in chemoresistance
in ovarian cancer cells. By using immunohistochemistry on tissue samples from patients treated
with cisplatin-based adjuvant chemotherapy, Hui et al. found that a decreased hEagl expression was
correlated with a favorable prognosis and also predicts higher sensitivity to cisplatin treatment [111].
They also found that hEag1 silencing facilitated the sensitivity of ovarian cancer cells to apoptosis
induced by cisplatin through the NF-kB pathway. They thus proposed hEagl as a potential indicator
to predict chemosensitivity.

3.2. Chemotherapy Modulates K* Channel Activity

Chemotherapy can also alter the activity of K* channels without affecting their expression.
Chemotherapy drugs may increase or decrease the K* channel activity depending on cancer types and
drugs nature. In human lung epidermoid cancer cells, cisplatin activates the KCa3.1 channel without
affecting its expression levels [112]. This activating effect of cisplatin on KCa3.1 may be due to the
increase in intracellular calcium concentration by cisplatin. Results from our laboratory demonstrated
similar implication of intracellular calcium concentration on chemoresistance in breast cancer ([43],
section Ca%* channel). In addition, it has also been observed in human carcinoma HeLa-S3 cells, that
Ca?* influx through Ca?* channels is necessary for cisplatin-induced activation of a Ca?*-dependent
K* channel inhibited by charybdotoxin (BKCa channel) [113]. Also, Jirsch et al. presented in small cell
lung cancers cells an increase activity of inwardly rectifying potassium channel associated to increased
resistance [114]. The reduction of the activity of KCa3.1 has been demonstrated in both glioma cells
(13-06-MG) and colon cancer cells (LoVo) by an oxaliplatin treatment, but not with cisplatin. Indeed,
oxaliplatin decreases the KCa3.1 channel open probability [115].
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3.3. Signalling Pathways Involved in Chemoresistance Related to K* Channels

Some groups tried to further detail the cellular mechanisms linking K* channels to chemotherapeutic
resistance. Chemotherapeutic resistance could be assigned to numerous cellular processes [116].
Among them, links with K* channels were reported in the modification of apoptosis regulation, feedback
regulation through miRNA or even the relationship between tumour and microenvironment cells.

It is now well known that K* channels are involved in the regulation of the apoptosis mechanism
through the control of mitochondrial membrane potential, the regulation of cell volume and the
availability of K* regulating caspase activity [117]. Indeed, different studies report that K* channels
are located in the mitochondrial membrane where they are involved in mitochondrial functions.
Checchetto et al. reviewed the role of the major mitoK* channel types described (Kv1.3, Kv1.5, Katp,
BKCa, KCa3.1, TASK3) and their involvement in cell death [118]. For example, the calcium-activated
potassium channel KCa3.1 has been linked to the melanoma cell response in the presence of
vemurafenib [119]. It was previously demonstrated that this BRAF inhibitor promotes apoptosis
through a ROS-dependent pathway, which is prevented by the «-tocopherol. In the study by
Bauer et al., it was demonstrated that the combination of TRAM-34 with vemurafenib induced an
apoptotic pathway presenting general control through the anti-apoptotic and pro-apoptotic Bcl-2
family. Additionally, to the modification of MMP’s functions, they showed that early events are the
production of ROS, which is crucial in the apoptotic cascade of this model. TRAIL (TNF-Related
Apoptosis-Inducing Ligand) is a recent therapeutic opportunity to treat aggressive melanoma that
presents high selectivity to cancer cells but also applicability limitations due to development of
resistance. Quast et al. showed that the KCa3.1 inhibition by using TRAM-34 could also overcome
the resistance to TRAIL in melanoma cell lines [120]. The same authors also deciphered the apoptotic
pathway, which involves activation of caspases 3, 8 and 9, modification of the mitochondrial membrane
potential, a dependency to Bax, and the release of mitochondrial factors like cytochrome c, AIF and
SMAC (Figure 3). It is worth noting that the cellular response involving K* channel is very specific
of the cellular type involved. KCa3.1 channel can also be involved in cisplatin sensitivity. Using the
epidermoid cancer cell model, Lee et al. demonstrated that the activity of KCa3.1 is necessary to
the cisplatin-induced death [112]. In this model, authors showed that the channel participates in the
control of the Regulatory Volume Decrease (RVD) and caspase3/7 activity, two processes implicated
in the apoptotic mechanism. In the same manner, it has been reported that the activity of the hERG
channel is important for cisplatin-induced death of gastric cells [121]. This work demonstrated that
cisplatin exposure increases the expression of hERG and that the activity of this channel is necessary
in cisplatin-induced death of the different cell lines used. In addition, authors demonstrated that the
activity of the channel is important to the caspase dependent apoptotic pathway through the regulation
of Bax/Bcl-2 axis and active caspase 3. Their results were confirmed by using animal model where they
also demonstrated the involvement of the hERG channels in the cisplatin-induced apoptosis. Using
cisplatin-resistant colorectal cancer cell, Pillozzi et al. showed that the combined activation of KCa3.1
and inhibition of Kv11.1 by riluzole reduced the level of p-Akt and p-ERK and increased caspase-3,
demonstrating a synergic effect with cisplatin to overcome the resistance to this chemotherapeutic
agent [109]. In addition, they demonstrate that the modification of the channel activity allowed an
increase in the incorporation of platinum salt in the cell to promote its activity.

To the best of our knowledge, only one report described the implication of K* channel in
the modulation of the EGFR-Ras-Raf signalling pathway and an association with chemosensitivity
(Figure 3). In side population of lung cancer stem cells, Choi et al. demonstrated that the use of
different K* channel modulators affect the gefitinib efficiency to kill lung cancer cell line [122]. Indeed,
application of 4-aminopyridine (Kv blocker), TetraEthylAmmonium (Kv blocker) or flupirtine (Kv7
opener) in combination with gefitinib decreases drastically cell viability compared to the use of the
compound alone. This effect is correlated to the reduction of p-EGFR, total Ras, p-Raf and p-ERK1/2,
compared to the gefitinib condition alone.
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Figure 3. Chemoresistance pathways involving K* channels. K* channels could modulate the

sensitivity to different chemotherapies by regulating pro-survival pathways (intrinsec or extrinsec
apoptosis pathways, volume regulation, Akt/RAS/MAPK pathways, interacting with receptors or
transporters). MDR: Multidrug Resistance Protein; EGFR: Epidermal Growth Factor Receptor; CXCR4:
C-X-C Chemokine Receptor type 4; TRAILR: TRAIL Receptor; Cyt C: Cytochrome C; AIF: Apoptosis
Inducing Factor; SMAC: Second Mitochondria-derived Activator of Caspases; RVD: Regulatory
Volume Decrease.

Among the different molecular mechanisms described in the literature, some articles reported
a close link between miRNA, K* channel, and chemoresistance (Figure 3). For instance, by using
immunohistochemistry, different SCLC cell lines resistant to chemotherapeutic drugs and preclinical
in vivo model, Liu et al. demonstrated the involvement of the Kir2.1 channel in drug resistance [123].
First, they described that overexpression of the channel is responsible for the increase of the
MRP1/ABCC1 protein in the different cell lines tested and that the level of the channel and of
the MDR are correlated with clinical parameters. Second, they evaluated different putative regulators
of the channel. They have shown that (i) Kir2.1 expression is modulated by the RAS/MAPK pathway,
(ii) Kir2.1 channel is directly regulated by the miR-7, already described in the chemoresistance process.
They thus described that miR-7 (downregulated in SCLC) and RAS/MAPK pathway promote directly
the expression of Kir2.1, which that is a crucial actor in the resistance to cisplatin, adriamycin and
etoposide in the different models used in this study. Similarly, it was described in glioblastoma cell line
that reduced expression of miR-296-3p is concurrent to the increase expression of hEagl and these two
modifications are associated to an increased resistance to temozolomide, etoposide, and imatinib [124].
The authors demonstrated here that overexpression of the miRNNA drastically decreases the level of
hEagl and restores sensitivity to the drugs. On the contrary, the use of antago-miR to mimic the
cancerous conditions promotes resistance in association with an increase of the hEag1 transcription.

A study conducted by Pillozzi et al. reported an interesting relationship between cancer cells and
the microenvironment, more precisely acute lymphoblastic leukemia (ALL) cells and bone marrow
mesenchymal cells (MSC), involving hERG1 channel and resistance to chemotherapeutic drugs [125].
They demonstrated that the complex involving 31-integrin subunit, CXCR4 and hERG1 channel is
important for interactions between MSC and ALL cells, and regulates protection against drugs of
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ALL cells by MSC. They probed deeper into the mechanism by using different hERG1 inhibitors and
demonstrated that this channel is crucial for the protection of ALL by microenvironment cells. These
results are summarized in Figure 3 and in Table S1.

3.4. K* Channels: Targets to Overcome Chemoresistance

Evidence reported previously suggest that K* channels could be interesting adjuvant targets
to fight against the resistance of cancer cells. For instance, astemizole, an inhibitor of Kv10.1, has
been evaluated in combination with gefitinib on lung cancer cells [126]. In their models, the authors
demonstrated that this association enhances the mortality of cancer cells compared to the application
of separate molecules. To pursue these demonstrations, different research teams evaluate this type of
combination on preclinical models based on in vivo analyses. For example, the concomitant activation
of KCa3.1 and inhibition of hERG1 allow to overcome cisplatin resistance in colorectal cells [109].

Interestingly, some inhibitors of K* channels can induce cell death, bypassing the classical mechanisms
of chemotherapies. Indeed, Leanza et al. demonstrated that the use of mitoKv1.3 permeant inhibitors
could affect this channel at the mitochondrial level, provoking the release of cytochrome C and eliciting
the death of cancer cells [127]. This approach could be very interesting to bypass the barrier of the
deregulation of the Bax/Bcl-2 pathway.

All elements presented through this state of research about K* channel implicated in chemoresistance
suggest that it should be interesting to clinically evaluate specific modulators of this class of
ion transporters.

4. Magnesium Channels

Magnesium (Mg?*) is the second most abundant cation in the cell. The main role of Mg?* is to
act as a coenzyme in virtually all the biochemical catalytic reactions [128]. Although Mg?* status is
not systematically assessed in clinical examination, recent epidemiological data suggest that Mg?*
deficiency can be linked to an increase in cancer risk. For example, 100 mg daily decrease of Mg?*
intake is associated with a 24% increase in the incidence of pancreatic cancer [129]. Moreover, increase
of Mg?* intake is also associated with a reduction of colorectal adenoma risk [130]. Mg?* homeostasis
of the cell is mainly regulated by the expression of Mg?* transporters at the plasma membrane.
A growing number of studies show that Mg?* transporters could be involved in cancer progression.
Importantly, Mg?* cytosolic concentration is increased in doxorubicin-resistant colon cancer cells
while the Mg?* influx is reduced when compared to sensitive cancer cells [131]. This lower Mg?*
influx is due to the downregulation of TRPM6 and TRPM7 Mg2* channel expression. Interestingly,
TRPMY silencing in drug sensitive cells shifts their phenotype toward a more resistant one. These
data suggest that drug resistance is associated with alteration of Mg?* homeostasis through TRPM7
regulation in colon cancer cells (Figure 4). However, the role of TRPM7 in cancer cell resistance has
never been studied, even if its expression is clearly linked to cancer progression and reduced survival
in breast and pancreatic cancer patients [132,133]. It has also been shown that human mitochondrial
Mrs2 protein expression is upregulated in a multidrug-resistant gastric cancer cell line compared
to its non-resistant counterpart [134]. Mrs2 is located in the mitochondria inner membrane and is
responsible for Mg?* transport in the mitochondria of mammals. Interestingly, Mrs2 expression seems
positively correlated with the multidrug resistance of gastric cancer cells in vitro and in vivo. In gastric
cancer cells, Mrs2 overexpression inhibits adriamycin-induced apoptosis, probably by suppressing
Bax-induced cytochrome-C release by mitochondria. Moreover, p27 is downregulated while cyclin D1
is upregulated following Mrs2 overexpression, leading to gastric cancer cell proliferation enhancement.
Although these data suggest that Mrs2 may be a promising target against multidrug resistant gastric
cancer, the role of mitochondrial Mg?* has not been yet elucidated (Figure 4).

The only described mechanism by which magnesium is able to confer resistance was published
some 30 years ago: Mg?* was reported as essential for vincristine binding to the plasma membrane
of multidrug-resistant human myelogenous leukemia K562 cells [135]. The binding was observed at
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100 uM Mg?*, and reached a maximum effect in the 5-10 mM Mg?* range. The candidate for drug
efflux from K62 cells is the ATPase MDR1. The ATPase activity of MDR1 is indeed dependent on
Mg?*, but can also be modulated by other divalent cations, including manganese (Mn?*) and cobalt
(Co?*). On the other hand, calcium (Ca?*), zinc (Zn?*), nickel (Ni?*), cadmium (Cd?*) and copper
(Cu?*) inhibit the Mg2+-catalyzed ATP hydrolysis [136].

DRUG RELEASE
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Figure 4. Multidrug resistance is associated with an increase of intracellular free Mg?*. Intracellular
free Mg?* could promote multidrug resistance through three main potential mechanisms: ©® Mg?*
IIbinds to MDR1 leading to drug extrusion; @ Mg2+ enters into the mitochondria through Mrs2 channel
leading to Bax inhibition and resistance to apoptosis, ® Mg?* activates the nuclear PPM1D phosphatase
which alters p53 stabilization and protects cancer cells against apoptosis. Chemoresistant cancer cells

have a lower Mg2+ influx and lower amounts of TRPM6 and TRPM7 channels at the plasma membrane.

Calcium blockers verapamil and nicardipine are able to inhibit both vincristine binding to the
plasma membrane of K52 cells and drug efflux in a competitive manner, independently of the
surrounding calcium concentration [136,137]. Taken together, these findings confirm that unlike
Ca”*, Mg?" is essential for active transport of drug outside the cell [137]. Mg?* is also required for the
catalytic activity of the Protein Phosphatase Magnesium-dependent 1D (PPM1D) that confers cisplatin
resistance in ovarian and cervical cancer cell cells by deactivating p53 [138]. PPM1D promotes drug
resistance in gynecological malignancies by acting as a downstream target of Akt. Moreover, recent
studies show that mutations of PPM1D in hematopoietic stem cells confer a selective advantage to resist
apoptosis-induced by cytotoxic treatments in a context of clonal hematopoiesis prior to malignancy
development [139,140]. On the other hand, clinical data demonstrate that patients treated with
cetuximab and panitumumab, monoclonal antibodies targeting the epithelial growth factor receptor
(EGFR), develop hypomagnesemia [141-145]. All these results are summarized in Figure 4 and in
Table S1. These data suggest that hypomagnesemia is a side-effect of chemotherapy that is associated
with better clinical benefits. However, total serum Mg?* level is measured for hypomagnesemia
assessment in clinical studies and does not necessarily represents the bioactive fraction of Mg?* into
cells and tissues.

It is tempting to speculate that any modification of the Mg?* transporter expression could disturb
cytosolic Mg?* homeostasis leading to enhanced drug resistance in cancer cells. However, future
investigations are needed to better understand how Mg?* transporters are expressed and could
eventually coordinate during cancer progression from primary tumor to metastatic and multidrug
resistant cancer.
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5. Chloride Channels

The role of selective anion channels, more specifically chloride channels, has been well-described
in physiological contexts and their implications in the excitability (neurons, skeletal, cardiac and smooth
muscle), the regulation of cell volume, trans-epithelial transport, internal and external acidification,
cell cycle progression and apoptosis are the subject of numerous studies ([146] for review). However,
anion transporters were initially less studied in the cancer context until the discovery of some structural
similarities with the MDR drug transporters involved in chemoresistance. For a decade, the number
of reports has grown exponentially and different groups presented reviews about specific class of
chloride channels (e.g., CLIC1 [147]; TMEM16A [148]). Although there is no official classification, the
chloride channels are subdivided into five classes: CIC family (with 9 members), CFTR, Ca%*-activated
chloride channels, Maxi-chloride channels and Volume Regulated Chloride (VRAC) channels [149].
Like other ion channels, chloride channels and subsequent signalling pathways are involved in
tumor progression and aggressiveness through the regulation of cell motility, cell cycle progression
or apoptosis resistance. Additionally, some groups revealed the implication of chloride channels in
tumor resistance to chemotherapy. Two major trends have recently emerged: on one hand, expression
or activity reductions of VRAC induce resistance to the pro-apoptotic molecules by regulating the
apoptotic volume decrease (AVD), and on the other hand, different chloride channels are upregulated
and trigger pro-survival pathway or promote different mechanisms to reduce drugs activity.

5.1. Volume Regulated Chloride Channel Reduction and Promotion of Chemoresistance

One of the first events at the onset of the apoptosis is a variation of the cell volume due to a
modification of the ions (classically K* and Cl™), solutes and water transports, which precedes caspases
activation. Among the different transporters involved in this mechanism, the implication of VRAC
has been well established. In addition, it is strictly demonstrated that different chemotherapeutic
drugs induce cancer cell apoptosis. The reports of activity or expression reduction of the VRAC
molecular support in relation with chemotherapy sensitivity are obvious (Figure 5, left part). For
instance, it has been described that doxorubicin could affect VRAC current in MCE-7 cells and the cell
response is based on the relationship between MDR1 expression and Icj.swelr) activity [150]. In addition,
by using epidermoid cancer cell lines sensitive or resistant to cisplatin, Okada’s group demonstrates
the involvement of VRAC in the response to this drug [151-153]. The association of this type of current
to drug resistance has also been reported in lung, nasopharyngeal carcinoma or anthracyclin MDR cell
line [154-156] and was the object of specific reviews to this subject [157,158]. Interestingly, the molecular
identification of the VRAC channel, the LRCC8 family [159], occurred recently and new understanding
appeared with this highlight. Indeed, it has been shown that the specific subunit composition of the
VRAC current affects differentially the sensitivity to chemotherapeutic compounds [160].

5.2. Upregulation of Chloride Channels and Chemoresistance

As previously described, chemotherapy resistance is based on the modification of different cellular
processes (e.g., apoptosis resistance, autophagy regulation, and MDR modulation). By affecting these
processes, chloride channels have also been demonstrated to be major regulators of drug resistance
(Figure 5, right part). It has been thus demonstrated that the overexpression of CLIC1 or ANO1
are correlated to the resistance of glioblastoma cancer stem cells, ovarian or breast cancer [161-164].
In another way, Bill et al. demonstrated that ANO1 channel could be functionally linked to the EGFR
pathway and its expression level could be used as predictive biomarker to anti-EGFR therapy in head
and neck squamous cancer [165].

Chloride channel can be located at the plasma or intracellular membrane level. Weylandt et
al. demonstrated that CIC-3 could participate in the acidification of intracellular compartment in
order to promote the chelation of the etoposide in neuroendocrine tumor cells and consequently
reduce the activity of this compound [166]. Similarly, it was shown that CIC-3 could participate
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in cisplatin resistance in erythroleukemia or glioma models by modulating the pH of intracellular
compartments, such as lysosome [167,168]. In addition, Fujito et al. demonstrated that CIC-3 and
ANOI, by regulating intracellular chloride level, could control the transcription of HER2 in breast
cancer cells through the PI3K/Akt/mTOR or STAT3 pathways, depending on the cell /channel type
promoting the resistance to anti-HER2 therapies [169]. CIC-3 has also been demonstrated to participate
in cisplatin resistance by regulating the Akt pathway and the autophagy process of glioma cells [170]
or to promote the decreased answer to different compounds by regulating the overexpression of MDR1
by NF-kB and p65 signalling [171]. CLC-5 has been demonstrated to promote bortezomib resistance in
multiple myeloma cell lines by increasing the pro-survival autophagy and inhibiting the Akt-mTOR
pathway [172]. In choriocarcinoma models, sensitive or not to methotrexate and floxuridine, CLIC1
channel has been shown to be overexpressed in resistant cells and linked with the upregulation of
MRP1 in order to promote drug resistance [173]. All these results are summarized in Figure 5 and
Table S1.
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Figure 5. Chemoresistance pathways involving CI~ channels. Cl~ channels can modulate the
sensitivity to different chemotherapies by inhibiting the AVD or by modulating the prosurvival
pathways and the drugs availabilities. The dashed line separates two virtual cells presenting either
reduction activity of CI~ channels (left part) or an upregulation of C1~ channels (right part). MDR1:
Multidrug Resistance 1, VRAC: Volume Regulated Chloride Channel; AVD: Apoptosis Volume
Decrease; HER2: Human Epidermal growth factor Receptor 2; MRP1: Multidrug associated Resistance
Protein 1; EGFR: Epidermal Growth Factor Receptor.

6. Other Ion Channels

As previously described, the associations between Ca?*, K*, Mg?" or Cl~ channels with
chemoresistance present an increasing number of iterations in the bibliography. However, little
information is available regarding the involvement of other channels, water, and solute transporters in
the literature. It is however worth mentioning that voltage-gated sodium channels and ASIC channels
have been associated with chemoresistance.

6.1. Voltage-Gated Sodium Channel in the Chemoresistance Process

This class of ion channel is known to participate in tumor progression by improving cell
invasiveness capacity in different tumor types (e.g., breast, colorectal, prostate cancer [174-176]).
However, Gerard et al. described that the NG108-15 cells (“neuroblastoma x glioma” hybrid cells),
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that are resistant to doxorubicin, show a 1.66-fold increase in Na* conductance when compared to
the parental cells [177]. These results are in good agreement with those obtained by Yamashita et al.,
who showed that leukemia cells expressing a MDR phenotype present a bigger voltage-gated Na*
current compared to the sensitive ones [178]. In this study, they confirmed the association between
voltage-gated Na* current and MDR phenotype by using revertant cell lines (cell lines that lost the
acquired resistance to drug) that did not maintain the Na* conductance.

6.2. ASIC Channels in the Chemoresistance Process

It has recently been demonstrated by Zhang et al. that the ASICla channel participates in
chemotherapy resistance of HCC [179]. ASIC1a is shown to be more expressed in HCC tissues, and the
authors have deciphered a pathway involving the channel in the chemoresistance. They notably show
that ASIC1a is expressed at the plasma membrane level, where it allows a Ca?* influx, which regulates
the PI;K/ Akt pathway, protecting the cells against apoptosis in an extracellular acidic environment.

7. Conclusions

Chemoresistance is a major hurdle in cancer treatment leading to recurrence of cancer. Resistance
is a complex phenomenon involving multiple mechanisms, including activation of signalling pathways,
apoptosis resistance improvement, and increasing extrusion of therapeutic compounds, among
others mechanisms. Although many drugs/therapies are now available in oncology, resistance
to treatments impedes complete therapeutic successes and is responsible for mid- and long-term
recurrence of the disease. Ion fluxes have been reported to modulate the response of cancer cells to
several chemotherapeutic drugs [7]. Additionally, apoptosis regulation by ion channels is also well
described ([180,181] for review) and consequently, it is interesting to understand their implication in
the resistance to therapeutic compounds.

Although many papers report an association between chemoresistance and ion channel expression
and/or activity, relatively few studies provide the complete mechanism of resistance. It appears
thus necessary to improve knowledge about the different mechanisms involving ion channels, to
enable potential new therapeutic associations (including ion channel modulators) to ideally overcome
resistance to chemotherapeutic compounds.

Studies reported herein usually describe the implication of one channel in the regulation of
chemoresistance processes. However, studies about complexes of ion channels are emerging to explain
their involvement in the control of tumour progression. For example, our group demonstrated that
the Kv10.1 potassium channel and the Orail calcium channel are associated to promote survival of
breast cancer cells [182]. It was also demonstrated that the SK3 potassium channel, in association with
TRPC1 and Orail calcium channels, regulated colon cancer cell migration [183]. Based on data from
the literature, and since global ion channel expression is rather dynamically and interdependently
regulated, we propose that ion channels-dependant chemoresistance processes are likely to depend
on more complex mechanisms than only one channel and only one downstream signalling process
(Figure 6). For example, K channels can be associated with CI™ channels to regulate cell volume and
modulate apoptosis resistance. In the same manner, the association of K* channels with Ca* ones
could be very important in controlling intracellular signalling pathways or expression/repression of
transcription factors. Future research in this field should thus take relationships between ion channels
into account, and provide better description of the downstream molecular mechanisms involved
in chemoresistance.

To conclude, this emerging field can highlight new targets or new evidence for overriding
chemoresistance, but intensive work is still necessary to complete the list of actors involved,
the interdependency between some of these actors, and their exact roles in chemoresistance processes
by deciphering downstream signalling mechanisms more accurately. Ion channel blockers have
been successfully developed over decades by pharmaceutical industries to treat cardiac or psychiatric
disorders. Yet, their therapeutic potency has not been extensively investigated in clinical cancer therapy.
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Such ion channel blockers could, however, be very useful: for instance, verapamil, a CaZ* channel
blocker significantly increases the survival of patients with anthracycline-resistant metastatic breast
carcinoma when given in association with chemotherapy [184]. Moreover, mibefradil dihydrochloride,
a T-type Ca®* channel blocker, acts as a radiosensitizer by potentiating the effect of hypofractionated
radiation on patients with recurrent glioblastoma [185]. Others Na™ channel blockers, such as riluzole,
have also been described in cancer therapy for patients with brain metastases originating from
melanoma [186,187]. Hopefully, accumulating data on chemoresistance conferred by ion channels
(most of which are summarized in the present review) will help repurpose ion channels modulators in
clinical trials to improve cancer treatment.

Figure 6. Putative channel associations involved in chemoresistance. Different ion channels could
form complexes and modulate chemoresistance. In each grey box, the current description of channel
associated-chemoresistance is presented in the light part, and examples of putative ion channels
associations are suggested in the dark part.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-6694/11/3/376/s1,
Table S1. Ion channels and associated mechanisms/signalling pathways involved in chemoresistance.
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Abbreviations

AIF Apoptosis-Inducing Factor
ALL Acute Lymphoblastic Leukemia
ANO1 ANOctamin 1

ASIC Acid-Sensing Ion Channel

AVD Apoptosis Volume Decrease

Bax Bcl-2-Associated X protein



Cancers 2019, 11, 376

18 of 28

Bcl-2 B-cell lymphoma 2

BKCa Large conductance, Ca®*-activated K* channels

CFTR Cystic Fibrosis Transmembrane conductance Regulator
CIC Chloride Channel

CLIC1 Chloride Intracellular Channel 1

CXCR4 C-X-C Chemokine Receptor 4

ER Endoplasmic Reticulum

EMT Epithelial to Mesenchymal Transition

HCC HepatoCellular Carcinoma

hEagl human Ether-a-Go-Go

hERG human Ether-a-Go-Go-Related Gene

IPsR Inositol 1,4,5-trisphosphate Receptor

MCU Mitochondrial Calcium Uniport

MDR MultiDrug Resistance

miRNA micro-RNA

MMP Matrix MetalloProteinase

MRP1 Multidrug Resistance-associated Protein 1

MSC Bone Marrow Mesenchymal Cells

RVD Regulatory Volume Decrease

SMAC Second Mitochondria-derived Activator of Caspases

SK3 Small conductance, Ca?* activated K* channel 3

SOC channels Store-Operated Calcium channels

SOCE Store-Operated Calcium Entry

TAT-IDPS TAT-fused inositol 1,4,5-trisphosphate receptor derived peptide
TRAIL Tumor-necrosis-factor Related Apoptosis Inducing Ligand
VDAC Voltage-Dependent Anion Channel

VRAC Volume-Regulated Anion Channel
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Abstract

Abstract: Store Operated Calcium Entry (SOCE) is the
main route for calcium entry in breast cells. After it’s
activation by STromal Interaction Molecule (STIM) during
endoplasmic reticulum store depletion, membrane channels
ORALI are the main actors of this cell calcium entry. STIM,
ORAI and SOCE alterations might contribute to Breast
Cancer (BC) carcinogenesis. Recently, we reported the
tumor suppressor role of Signaling Lymphocytic Activation
Molecule Family member 3 (SLAMF3) on HepatoCellular
Carcinoma (HCC) progression. SLAMF3 has been shown
to regulate the activity of immune cells by modulating the
calcium influx. In this report, we aimed at exploring the
role of SLAMF3 in regulating SOCE and migration of BC
cells. We quantified and compared the expression of
SLAMF3 and STIM1 by quantitative RT-PCR in tumor and
healthy resections of 14 patients followed at the University
Hospital of Amiens. The expressions of SLAMF3 and
STIMI1 were also quantified and compared in non-invasive

T47D and invasive MDA-MB-231 cell lines by quantitative

Ca2+ entry
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RT-PCR, Western blot and flow cytometry. We determined
the Ca2+ basal entry as well as SOCE by Mn2+ quenching
and calcium imaging, respectively, in T47D and MDA-MB-
231 cells overexpressing SLAMF3 ectopically. The cell
proliferation and migration/invasion were investigated by
MTT, wound healing assay and Boyden chambers tests,
respectively. First, we report the expression of SLAMF3 in
mammary epithelial cells. We highlight the complete loss
of SLAMF3 expression in invasive BC cell lines compared
to non-invasive cells. In addition, we show that the forced
expression of SLAMF3 in invasive cells down-regulate
specifically the STIM1 expression in invasive compared to
non-invasive mammary cell lines. Interestingly, an inverse
correlation is observed between the low expression of
SLAMEF3 and the high expression of STIMI in primary
human BC tissues. Our results indicate that SLAMF3
reduces SOCE and therefore restricts BC cell migration by
decreasing STIM1 expression. Therefore, SLAMF3 might
be used as a predictive marker of BC evolution and

aggressiveness.

N
%

|

Cell migration

Proposed model of SLAMF3 implication in the regulation of Ca2+ entry through its action on STIM1/ORAI pathway. The

STIM1-dependent action of SLAMF3 decreases SOCE, controls ERK1/2 expression and activation, and BC cell migration.

Keywords: SLAMF3; Breast cancer; Calcium influx; SOCE; STIM1; Migration; Aggressiveness marker
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Abbreviation: = SLAMF3:
Activation Molecules Family 3; STIMI1: STromal

Signaling  Lymphocytic
Interaction Molecule; SOCE: Store Operated Calcium
Entry; BC: Breast Cancer; ERK1/2: Extracellular signal-
Regulated Kinases %2; HCC: HepatoCellular Carcinoma;
RTgPCR: Real Time quantitative Polymerase Chain
Reaction; 5 mRNA: messenger RiboNucleic Acid; WB:
Western Blot; MTT: Methylthiazolyldiphenyl-tetrazolium
bromide; mTOR: mammalian Target Of Rapamycin; RB:
RetinoBlastoma; PLK-1: Polo-Like Kinase-1; IFN-y:
InterFeroN-y; NK: Natural Killer; EAT-2: Ewing's
sarcoma-associated transcript 2; MAPK: Mitogen-Activated

Protein Kinase

1. Introduction

Breast cancer (BC) is one of the most common
malignancies, which caused almost 627.000 deaths
worldwide in 2018 [1]. Despite advancement in the
treatment options, this disease remains lethal, especially
when it turns invasive. Eight our of ten BC cases are
diagnosed as invasive and presence of metastasis reduces
the overall survival [2]. Understanding the regulatory
mechanisms and main actors implicated in the pathogenesis
of BC is essential to develop new targeted therapies,
predictive or diagnostic markers, and optimized patient
care. Over the past years, ion channels have emerged as
important players in cell proliferation, survival and
migration of BC cells [3]. Calcium (Ca2+) is one of the
major second messengers and its cytoplasmic concentration
([Ca2+]i) regulates many cell properties [4] including
metastatic mechanisms [5]. In unexcitable cells including
mammary cells, store-operated calcium entry (SOCE) is the
main way of calcium entry. During calcium store depletion
of endoplasmic reticulum in BC cells, SOCE is mediated by
the Ca2+ sensor STIM1 (STromal Interaction Molecule 1),

which is localized on reticular membrane [6-8], and the
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pore-forming proteins ORAI1/3 (Ca2+ channels) situated
on the plasma membrane [9-12]. STIMI1 is known to
promote Ca2+-dependent proliferation [13-17] and

migration [17-20] in many cancers including BC.

We have recently identified Signaling Lymphocytic
Activation Molecule (SLAM) family member, the
SLAME3 receptor, as a key factor, which controls the
proliferation and apoptosis of cancer cells, and the
progression of tumor masses in liver tissue [21]. We have
also reported the loss of SLAMF3 expression in
HepatoCellular Carcinoma (HCC) cells, and that induction
of SLAMF3 expression inhibited the proliferation and
blocked the cell cycle at the G2/M stage by suppressing the
MAPK ERK1/2/JNK, mTOR and RB/PLK-1 pathways [21,
22]. SLAMF3 is also expressed in immune cells [23] where
it triggers both activatory and inhibitory signals [24].
Indeed, in CD3-activated T cells, SLAMF3 activation
decreases the phosphorylation of ERK1/2 and production of
IFN-y [25]. In 3 of 17 parallel, defects in T cell activation
and IL-2 production in Ly9 (SLAME-3)-deficient mice
(Ly9-/-) suggests a crucial role of Ly9 in T cell functions
[26]. Besides, SLAM family members are also involved in
the regulation of immune response through the regulation of
Ca2+ influx. In Natural Killer cells (NK), SLAM, via
Ewing's sarcoma-associated transcript 2 (EAT-2), a SLAM
intracellular adaptor protein, induces activation of MAPK
ERK1/2 by recruitment of PLC-y that evokes Ca2+ influxes
[27].

In the present work, we investigated the link between
SLAMEF3 expression and SOCE modulation in BC. We
show a low expression of SLAMF3 in breast tumor tissues
compared to the healthy ones. Moreover, in BC cell lines,
we highlighted the specific regulatory effect of SLAMF3 on
the expression of STIM1 and on SOCE. In addition, high
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expression of SLAMF3 reduced the migratory potential of
invasive cell lines, which is Ca2+-dependent. Taken
together, our results provide evidence on the implication of
SLAMEF3 receptor in the regulation of SOCE through
STIM1 pathway in mammary tissue. We also propose high
expression of SLAMF3 in cancerous tissue as a therapeutic
strategy to control the progression and invasiveness of

cancerous mass.

2. Results

2.1. Inverse correlation between SLAMF3 and STIM1
expression in human breast cancer tissues

We have previously described that in HCC tissues [21], the

expression of SLAMEF3 is lost in tumor tissues compared to

DOI: 10.26502/jcsct. 5079087

peri-tumor tissues. Here, we observed a significantly
reduced expression of SLAMF3 mRNA in eight of fourteen
(60%) breast tumor tissues compared to peri-tumor tissues
(n=14; p<0.01; Figure 1A). Moreover, STIM1 expression
was not significantly modified in tumor tissues (n=14;
Figure 1B). We highlight a weak but significant, inverse
correlation between SLAMF3 and STIMI1
(n=14; R2=0.356; p<0.05; Figure 1C). Given the limited
number of patients, SLAMF3 and STIM1 expression did

expression

not reach significance when patients were grouped

according to either tumor grade or metastasis.
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Figure 1: Inverse correlation between SLAMF3 and STIMI1 expression in primary human breast cancer tissue samples.

SLAMEF3 (A) and STIM1 (B) mRNA expressions were quantified by quantitative RT-PCR in same extracts of resected breast

cancer tissues. The mRNA expression was compared between peritumor (pT) and tumor (T) tissues (n=14; **p<0.01, ns: non-

significant). (C) The correlation curve between SLAMF3 and STIM1 expression (R2=0.356; *p<0.05).
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2.2. SLAMF3 is expressed in human breast epithelial
cells

The results obtained with breast tumor tissues prompted us
to confirm the expression of SLAMF3 in BC cell lines.
Until now, SLAMF3 is known to be expressed in
lymphocytes [23] and in hepatocytes [21] but not in
epithelial breast cells. We investigated SLAMF3 expression
in human breast epithelial cancer cell lines by flow
cytometry and western blot. In cancerous cells, the cell
surface phenotype analysis showed that SLAMF3 is weakly
expressed on the cell surface (7.64 £ 1.80% and 0.92 +
0.07% on non-invasive T47D and invasive MDA-MB-231

DOI: 10.26502/jcsct. 5079087

triple negative cells, respectively; Figure 2A). Despite this
low expression, SLAMF3 expression appears to be
significantly lower in invasive human BC cell lines (MDA-
MB-231) compared to non-invasive cell lines (T47D)
(Figure 2B, N=3, p<0.01). Western blot analysis confirmed
the expression of SLAMF3 in human breast epithelial cells.
We found a lower SLAMF3 expression in invasive MDA-
MB-231 cells (Figure 2C). Indeed, semi-quantitative
analysis of proteins showed a reduction of SLAME3 protein
level by 37 + 7.8% in MDA-MB-231 compared to non-
invasive T47D cells (Figure 2D, N=3; p<0.01).
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Figure 2: Expression of SLAMF3 in human breast epithelial cells. (A) Analysis of SLAMF3 expression by flow cytometry in

T47D and MDA-MB-231 human BC cell lines. SLAMF3 staining (in grey) is overlaid by the negative control (in dashed

lines). Representative of three independent experiments. SLAMF3 expression (mean + SEM) as percent positive cells (%).

(N=3; *p<0.05). (C) Western blot analysis of proteins extracted from T47D and MDA-MB-231 cells stained with specific
antibody directed against SLAMF3 (mAb K12) or an anti-GAPDH antibody. Representative blots of three independent

experiments. The density as measured by semi-quantitative analysis of bands is also presented. (D) SLAMF3 expression (mean

+ SEM) from three independent experiments (N=3; **p<0.01).
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2.3. SLAMF3 decreases basal Ca2+ influx only in of SLAMF3 mRNA and protein than mock plasmid in
invasive breast cancer cells T47D (increase by 29 + 1375.508 fold) and MDA-MB-231
Previous studies have demonstrated that SLAMF3 is a cells (increase by 43.733 + 15.102 fold) (Figure 3A-B-C).
regulator of Ca2+ entry in immune cells [27]. Moreover, We found that the ectopic SLAMF3 expression reduced
Ca2+ homeostasis has been shown to regulate various Mn2+ quenching slope significantly from -0.3345 + 0.0299
cellular processes [4] and in particular, metastatic to -0.1665 + 0.0213 (n=74 and 81 cells respectively;
mechanisms [5]. Identification of SLAMF3 expression by p<0.001) only in invasive MDA-MB-231 cells (Figure 3E).
human BC cells encouraged us to investigate whether In contrast, SLAMF3 overexpression failed to modify
SLAME3 regulates Ca2+ influx in human BC cells. We Mn2+ slope quenching in non-invasive T47D cells (from -
determined the Ca2+ basal entry by Mn2+ quenching with 0.3914 + 0.0355 to -0.4059 £ 0.0387; n=97 and 118 cells
Fura Red in both T47D and MDA-MB-231cell lines respectively; p>0.05; Figure 3D. Our data suggest that
overexpressing SLAMF3 ectopically. First, we confirmed SLAME3 controls basal Ca2+ influx only in invasive breast
that forced expression of SLAMF3 resulted in higher level cancer cells.
A B C
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Figure 3: Effect of SLAMF3 overexpression on basal Ca2+ entry in human breast epithelial cells. (A-C) Confirmation of induction of
SLAME3 overexpression by quantitative RT-PCR (A) and Western blot (B-C), in T47D and MDA-MB-231 cell lines. For
quantitative RT-PCR experiments, results (mean + SEM) from three independent experiments are presented. For Western blot,
representative of two independent experiments (B), and fold changes (mean + SEM, N=2 independent experiments) in SLAMF3
expression (C) are presented (Mock: free-plasmid transfected cells; SLAMF3+: SLAMF3- plasmid transfected cells, GAPDH: protein
loading control). (D-G) Mean traces and quantification of Mn2+ quenching in T47D (D, F) and MDA-MB-231 (E, G) cells
transfected with SLAMF3 plasmid (SLAMF3: n=97; n=74, respectively) or free plasmid (Mock; n=118; n=81, respectively).

Representative data (D-E) and mean + SEM (F-G) values from three independent experiments are presented. *** p<0.001.
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2.4. SLAMF3 decreases the cell motility but not cell
proliferation only in MDA-MB-231 cells

Ion channels and in particular Ca2+ are known to be altered
in numerous cancers and play an essential role in cell
proliferation and migration [29]. Moreover, SLAMF3 has
been demonstrated as an inhibitor of cell proliferation and
migration in HCC [21, 22]. Interestingly, SLAMF3
overexpression significantly reduced the cell motility
(Figure 4A). Indeed, wound-healing area is larger in
SLAME3-over expressed condition at 24 hours (from 69.54
+ 3.84% to 82.85 + 2.93% in Mock and SLAMF3
conditions, respectively) and at 48 hours (from 33.17 +
7.25% to 56.36 £ 3.69% respectively; N=3; p<0.05; Figure

4B). Migration assays were performed by using transwell

DOI: 10.26502/jcsct. 5079087

system 48 hours post transfection of SLAMF3 and
confirmed the lower cell motility of MDA-MB-231 cells
overexpressing SLAMF3 (Figure 4C). In fact, migrating
cell number was significantly decreased by 44.91 + 5.77%
in SLAMF3 overexpressing conditions (N=3; p<0.001)
compared to mock (Figure 4D). As increased cell migration
could be also attributed to proliferative capacity of cells,
transfected cells were subjected to colorimetric MTT test
assay. MTT assay confirmed that cell proliferation was
similar in both the conditions 48 hours post transfection of
SLAMEF3 (Figure 4E), as well as at 24, 72 and 96 hours
(supplementary figure). Our results thus suggest that
SLAMEF3 represses cell migration in invasive BC cells

without affecting cell proliferation.
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Figure 4: SLAMF3 decreases MDA-MB-231 cell motility but not proliferation. Migratory capacity of SLAMEF3

overexpressing MDA-MB-231 cells compared to Mock transfected cells in wound healing (A and B) and transwell migration

assays (C and D): (A) photographs of same areas performed at 0 (T0O), 24 and 48 hours; (B) The migratory index corresponding
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to the normalization of the area scratched. Values are presented as percentage compared to TO and presented as the mean +

SEM (N=3; *p<0.05); (C) Transwell migration assays were performed in MDA-MB-231 cells 48 hours post transfection of

SLAMEF3. Photographs of one of the three experiments (C) and (D) quantification (mean + SEM) of cell migration (n=180;
N=3; ***p<0.001). (E) No effect of seeding was observed on cell proliferation as analyzed by MTT test in MDA-MB-231 cells
transfected with SLAMF3 plasmid (SLAMF3) or free plasmid (Mock), N=3. Associated Supplementary figure: analysis of cell
proliferation by MTT assays in MDA-MB-231 cells at 24, 48, 72 and 96 hours post transfection with SLAMF3 plasmid
(SLAMF3) or free plasmid (Mock) Results presented as the mean + SEM (N=3; ns: p>0.05).

2.5. SLAMF3 decreases store-operated Ca2+ entry
through STIM1 expression in invasive MDA-MB-
231breast cancer cells

We demonstrated that the ectopic expression of SLAMF3
reduces basal Ca2+ entry and cell migration in invasive BC
cells. ORAIl and STIMI regulate store-operated Ca2+
entry and are essential for BC cell migration and metastasis
[20], while ORAI3 and STIMI1 are essential for non-
invasive BC cell proliferation [30]. First, we determined the
effect of SLAMF3 overexpression on STIM1 expression by
quantitative RT-PCR in non-invasive T47D and in invasive
MDA-MB-231 cell lines, respectively (Figure 5A-B). We
observed that overexpression of SLAMF3 led to significant
decrease in STIMI1 expression (by 48 + 14.5%) only in
MDA-MB-231 (N=5; p<0.05) but not in T47D cells
(STIM1 expression changed from 1 + 0,252 % to 1.204 +
0.248 %; N=5; NS). Moreover, neither ORAI1 nor ORAI3
expression was modified in our conditions in T47D cells
(N=5; p>0.05; Figure 5C) or MDA- MB-231 cells (N=5;
p>0.05; Figure 5D). These observations prompted us to
quantify the protein level of STIM1 by western blot. The
overexpression of SLAMF3 decreased STIM1 proteins
level by 37.25 £ 9.55% (N=4; p<0.05; Figure SE). We then

Journal of Cancer Science and Clinical Therapeutics

recorded SOCE in invasive MDA-MB-231 cells 48 hours
post transfection with SLAMF3 plasmid by using Ca2+
imaging assays. We exposed cells to thapsigargin (1 uM) in
a Ca2+-free solution to deplete intracellular Ca2+ stores
and activated store-operated Ca2+ channels. SOCE-
dependent influx was then measured in the presence of 10
mM extracellular Ca2+. We observed a reduction in SOCE
(31.03 £ 6.86% reduction) in SLAMF3 overexpressed cells
compared to Mock ones (SOCE changed from 15.18 + 0.66
% to 10.47 + 1.04 %; n=40 and n=39 respectively; N=3;
p<0.001; Figure 5F-G).

SLAMEF3 activation negatively controls MAPK ERK 1/2
and JNK activation as reported in HCC [21]. Constitutive
activity of MAPK has been reported in aggressive triple-
negative BC. To explore the possible link between the
SLAME3 over-expression, SOCE and MAPK pathway, we
analyzed ERK1/2 expression and activity in SLAMF3 over-
expressing invasive MDA-MB-231 cell lines. We found
that SLAMF3 decreased the expression (reduction up to
18+3%, p<0.05) and phosphorylation of ERK1/2 (reduction
up to 24 + 1,76%; N=3; p<0.05; Figure 5 H-I).
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Figure 5: SLAMF3 decreases store-operated Ca2+ entry (SOCE) through STIM1 expression in invasive MDA-MB-231 breast
cancer cells. (A-B) Effect of SLAMF3 overexpression on STIM1 expression as analyzed by quantitative RT-PCR in T47D (A)
and MDA-MB-231 (B) cells transfected with SLAMF3 plasmid (SLAMF3) or free plasmid (Mock). The results are presented
as the mean + SEM from five independent experiments (N=5; ns: p>0.05 for T47D and *p<0.05 for MDA-MB-231). (C-D)
Expression of ORAIl1 and ORAI3 mRNA in T47D (C) and MDA-MB-231 (D) cells transfected with SLAMF3 plasmid
(SLAMF3) or free plasmid (Mock) (mean + SEM, N=5, ns: p>0.05). (E) Western blot analysis of STIMI in protein extracts
from MDA-MB-231 cells transfected with SLAMF3 plasmid (SLAMF3+) or free plasmid (Mock). GAPDH was used as a
protein loading control. Representative blot and % reduction in STIMI1 expression (mean +* SEM, N=4 independent
experiments, *p<0.05). (F) Mean traces of SOCE in SLAMF3-transfected cells (SLAME3) or free plasmid (Mock) transfected
cells and (G) quantification of the Ca2+-bound Fura Red fluorescence showing thapsigargin-activated (TG) SOCE in MDA-
MB-231 cells transfected with SLAMF3 plasmid (SLAMF3; n=39 analyzed cells) or free plasmid (Mock; n=40 analyzed cells)
in three independent experiment (N=3; *** p<(0.001). (H) Western blot and semi-quantitative, analysis of protein extracts from
MDA-MB-231 cells transfected with SLAMF3 plasmid (SLAMF3+) or free plasmid (Mock). Membranes were probed with
mAbs against ERK1/2 and phospho-ERK1/2. GAPDH was used as a protein loading control. Data from one of three
independent experiments is presented. (I) The calculated ratio of phospho-ERK1/2/ERK1/2 and ERK1/2/GAPDH (mean +

SEM, N=3 independent experiments, *p<0.05).

3. Discussion

Recently, we identified the expression of SLAMF3 in
hepatocytes. We highlighted its implication 236 in
controlling the proliferation, apoptosis and migration of
HCC [21]. The re-introduced expression of SLAMF3 in
HCC cells reduced the proliferative index and motility,
induced apoptosis by a caspases-dependent manner and
blocked the cell cycle [21, 22]. These effects were also
confirmed in vivo in mice where neither tumor appearance
nor tumor progression were observed when HCC cells
overexpressing SLAMF3 were xenografted. The potential
tumor suppressive role of SLAMF3 obtained in HCC
prompted us to check the implication of this receptor in
other solid tumors. In the present pilot study realized on 14
BC patients, we evidenced, for the first time, the expression

of SLAMEF3 in epithelial BC cells.

BC cells originate as epithelial cells to form the primary

tumor, which might acquire cellular motility and form a
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more invasive secondary tumor [31]. Several mechanisms
and factors have been reported to explain the invasiveness
behavior of cancerous cells. In the present work, we show
that SLAME3 is expressed at very low level at cancerous
cell surface compared to the total SLAMF3 protein at
intracellular level. This result suggests possible regulatory
factors in cancerous cells that prevent the membrane
expression of SLAMF3 and its tumor suppressive effect.
This mechanism might explain, in part, the immune escape
behavior of cancerous cells against the processes that
control cell proliferation and apoptosis. In addition, the
baseline expression of SLAMFS3 is different in invasive and
non-invasive BC cells. SLAMF3 expression appears to be
significantly lower in invasive MDA-MB-231 cells
compared to non-invasive T47D cells. It has been reported
that SLAMF3 activation through homophilic interactions
controls negatively MAPK ERK 1/2 and JNK activation
[21]. The MAPK Ras-ERK pathway is dysregulated in

approximately one third of human cancers, particularly
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those of epithelial origin. In aggressive triple-negative BC,
most tumors display increased constitutive phosphorylation
of MEK1/2 and ERK1/2 [32]. Taken together, our results
suggest that reduced membrane expression of SLAMF3 in
cancerous breast cells might prevent SLAMF3 homophilic
interactions and its ability to control MAPK pathway. In
this sense, we checked the ERK1/2 activation state in
SLAME3 overexpressed BC cells. Ectopic introduction of
high SLAMF3 expression decreased ERK protein
expression and its activation. Considering the fact that
STIM1 regulates Ca2+ entry in mammary cells, our results
highlight a new pathway by which SLAMF3 controls
ERK1/2 activation by controlling SOCE (see graphical

abstract).

During carcinogenesis, Ca2+ signaling in some malignant
cells is significantly remodeled in a way that compromises
normal physiological functions. Various studies strongly
suggest the important role of Ca2+ remodeling in
carcinogenesis process [33]. Remodeling of Ca2+ signaling
is the prime reason for such a transformation in cell
behavior and is caused by genetic as well as epigenetic
factors [4]. In fact, in cancerous cells, Ca2+ remodeling
promotes activation of Ca2+-dependent transcription
factors such as the Nuclear Factor of Activated T cells
(NFAT), c-myc, c-jun and c-fos. All these factors promote
hypertrophic growth via induction of Gl and GI1/S
transition by cyclins (D and E) associated to cyclin-
dependent kinases (CDK2 and CDK4) [34]. In addition, this
remodeling is implicated in conferring apoptosis resistance
to cancerous cells and in promoting cell migration and
metastasis. In breast cells, SOCE is mediated by the Ca2+
sensor STIM1 [6-8] and the pore-forming proteins
ORAI1/3 [9-12]. SOCE and its STIM/ORAI constituents
have emerged as important regulators of malignant cell

migration. Enhanced STIMI1-ORAIl-mediated SOCE
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promotes higher rate of focal adhesion turnover and fast
migration of metastatic BC cells via activation of GTPases
Ras and Rac [20]. Here, we provide evidence on the
negative regulation of SLAMF3 towards STIMI
expression. On one hand, it is further demonstrated that
metastasis potency of MDA-MB231 is drastically reduced
upon STIM1 or ORAIl knockdown [35]. On the other
hand, we show that overexpression of SLAMF3 decreases
the STIM1 expression selectively in invasive MDA-MB-
231 cell line. Taken together, our results strongly support
the potential role of SLAMF3 expression in determining the

metastatic behavior of BC.

Our results suggest that SLAMF3 controls more efficiently
the motility of invasive cells by reducing the STIMI
expression, which is highly expressed in cancerous cells.
However, the effect of SLAMF3 on SOCE is weak in non-
invasive cells compared to its effect in invasive cells. This
result strongly suggests that SLAMF3 might regulate the

Ca2+ remodeling by controlling the STIM1 expression.

Metastatic dissemination from the primary tumor site to
multiple tissues is the main cause of mortality in cancer.
Tumor cells become invasive by acquiring high migratory
potential along with the increased ability to degrade
ExtraCellular Matrix (ECM). Ca2+ signaling is critical for
regulating the cell migration and invasion. In malignant
cells Ca2+ signaling is remodeled in such a way that it
promotes the turnover of focal adhesions, enhances
contractile forces and facilitates proteolysis of ECM
components [36]. In our work, we report that high
expression of SLAMF3 decreases the motility of the
invasive cells and slow down the repopulation of empty
spaces in the performed wound test. Similarly, this
expression modulates the cell migration through the trans-

well pores and confers invasive cells a decreased ability to
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migrate. However, the links between the expression and
function of certain Ca2+ permeable channels, and cancer
cell migration, invasion and metastasis remain unclear [37,

38].

The SOC constituents, STIM1 and ORAII, are reported to
be implicated in the enhanced migration of BC cells [19,
34]. In addition to ORAI channels, it has been reported that
high pro- migratory and pro-invasion potentials have been
also ascribed to TRPV1, TRPV2, TRPV6 and TRPMS8
channels. Higher expression of TRPV2 in prostate cancer
cells or TRPMS in squamous cell carcinoma correlated with
the induction of MMP-2, MMP-9 and cathepsin B [39, 40].
Additional analysis is needed to explore the effect of
SLAME3 expression on the expression of metalloproteases
and their enzymatic activity, which might explain in part
modulatory effect of SLAMF3 on the migratory and

motility behavior of BC cells.

Altogether, our results describe, for the first time, the
expression of the SLAMF3 in mammary tissues and its
potential effect on STIM1/SOCE-dependent Ca2+ influx
and suggests its implication in the regulation of motility and
migration in BC cells. More importantly, a pilot study
based on resection samples from 14 women with BC was
realized by quantifying SLAMF3 and STIM1 mRNA
expression. Our results evidenced potential inverse
correlation between the expression of SLAMF3 and STIM1
in the same tissue sample. This result suggests reciprocal
regulation of SLAMF3 and STIMI expression, which
promotes cancer cell escape, apoptosis resistance,
aggressive behavior and metastasis propagation.
Additional experiments are required to identify the
molecular actors implicated in this negative regulation.

Moreover, the present study must be complemented with a
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bigger cohort of patients with different stages of BC and
thorough analyses of role of SLAMF3-STIM1 according to
the cancer stage, treatment and global survival. The present
work also suggests that the SLAMF3 loss, combined with
the acquired high expression of STIMI in epithelial
mammary cells could be used as a potential diagnosis
marker for tumor transformation. Moreover, restoration of
high membrane expression of SLAMF3 in cancerous cells,
which controls the Ca2+ influx and prevents, in part, the
metastatic cell migration could be exploited for the anti-

cancer therapy.

4. Material and Methods

4.1. Cell lines

Human breast epithelial cancer cell lines T47D and MDA-
MB-231 were obtained from ATCC numbers HTB-133 and
HTB-26 respectively. T47D and MDA-MB-231 BC cells
were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% Fetal Calf Serum (FCS),
2 mM of L-Glutamine and 100 pg/mL of penicillin/
streptomycin (EUROBIO, Les Ulis, France). Cells were
grown at 37°C in a humidified incubator with 5% CO,.

4.2. Patient samples

Fourteen (n=14) pairs of tumor (T) tissues and matched
peritumor (pT) tissues were obtained from BC patients
undergoing  surgical resection at Amiens University
Hospital (Amiens, France). Our protocol was approved by
the local independent ethics committee (Comité de
Protection des Personnes (CPP) Nord-Ouest, Amiens,
France) (Table 1). Patients were provided with information
on the study procedures and objectives, and all gave their
written consent for the participation. Total mRNA was

extracted using specific kits and used to test SLAMF3 and

STIM1 expression.
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Patients Age Metastasis Infiltration Grade
1 41 Y Y I
2 41 N Y 11
3 70 Y Y I
4 49 Y Y I
5 50 Y Y I
6 50 N Y I
7 49 Y Y 11
8 47 N Y I
9 39 N Y I
10 31 N Y I
11 45 Y Y I
12 NC Y Y III
13 NC Y Y III
14 NC Y Y III

Age: Years ; NC: non-communicated ; Y: yes ; N : no.

Table 1: The age and characteristics of the the patients whose samples were used in our study.

4.3. Flow cytometry analysis

Cells were collected in cold PBS/0.5% BSA, washed and
then incubated with fluorescent- 346 conjugated
primary or isotype-matched antibodies for 20 min at 4°C.
Following extensive washing (with PBS), cells were fixed
(in 1% paraformaldehyde) and 5,000 viable events were
analyzed (MACSQuant cytometer running MACSQuantify
software; Miltenyi Biotec, Paris, France). Results were
expressed as the percentage of positive cells and the MFI
ratio (the MFI obtained in the presence of specific antibody
divided by the MFI obtained with a non-specific, matched
isotype). For SLAMF?3 staining, monoclonal FITC-coupled
SLAMF3 antibody (clone HLy9.1.25) and the
corresponding IgG1-FITC isotype were used (purchased
from AbD Serotec) at 1/10 dilution.
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4.4. Western blot analysis

Cells (3 x 10° per assay) were lysed in Nonidet P40 (NP40)
buffer (1% NP40, 50 mM Tris pH 7.5, 10% glycerol, 150
mM NaCl, 1 mM EDTA, 100 mM Na3VvO0O6, 0.5 mM
phenylmethanesulphonyl fluoride (PMSF), 5 mg/mL
aprotinin, 5 mg/ml leupeptin and 2 mg/mL pepstatin)
containing protease and phosphatase inhibitors (Roche,
Meylan, France). Equal amounts of each (total extracted)
protein sample were separated by SDS-PAGE. Proteins
were transferred on to PVDF membranes (Bio-Rad,
Munich, Germany). Following blockade step, blots were
incubated with primary antibodies against SLAMEF3
(monoclonal clone K12 or 3H1998; Santa Cruz) used at
1/200; STIM1 (monoclonal anti- STIM1 (clone D88E10)
used at 1/1000; ERK1/2 (monoclonal, clone 137F5),
phospho-ERK1/2  (monoclonal, Thr202/Tyr204; clone

474



J Cancer Sci Clin Ther 2020; 4 (4): 462-479

D13.14.4E) used at 1/1000 and GAPDH (monoclonal, clone
D16H11) used at 1/1000 all purchased from Cell Signaling
Tech. The secondary antibodies were HRP- coupled anti-
mouse and anti-rabbit used at 1/10000 (Santa Cruz
Biotechnology). Blots were developed with the Enhanced
ChemiLuminescence (ECL) system (Bio-Rad, Munich,

Germany).

4.5. RNA extraction, quantitative real time PCR and
plasmid construction

Total RNA was extracted using RNeasy kit (Qiagen,
Courtaboeuf, France) and 1 ug of total RNA was reverse
transcribed into cDNA  with multiscribe reverse
transcriptase (Applied Biosystems, Villebon-sur-Yvette,
France). Quantitative PCR was performed according to the
Tagman Gene Expression protocol (Applied Biosystems)
using SLAMF3 primers previously described [21]. The
transcription of GAPDH (HUMAN GAPDH (DQ) Mix
(20x), Applied Biosystems®) was measured as an
endogenous  housekeeping  control. For  STIMI
quantification, SYBRGreen gene expression protocol was
used with the following primers: STIM1 and GAPDH [28].
Transfection of SLAMF3 was performed with pIRES-
eGFP-SLAMEF3 plasmid in BC cells and with pIRES-eGFP
as negative control. The pIRES-eGFP-SLAMF3 plasmid
permits both the gene of interest and EGFP gene to be

translated from a single bicistronic mRNA.

For SLAMF3 over-expression, 0.3 x 106 of T47D or MDA-
MB-231 cells were first seeded into six- well plates for 24
hours prior to transfection. Cells were transfected with 0.5
pg of plasmid DNA using the FuGENE HD Transfection
Reagent Kit (Promega, Charbonnieres-les-bains, France)
according to the manufacturer’s instructions and were

incubated for 48 hours at 37°C before all experiments.
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4.6. Calcium imaging

After transfection, 0.1 x 106 MDA-MB-231 cells were
directly seeded on glass coverslips, and grown for an
additional 48 hours. Cells were then incubated in culture
medium containing 2 uM Fura Red/AM (Sigma Aldrich)
for 45 minutes at 37°C before Ca2+ measurement. After
Fura Red/AM loading, cells were washed and kept in
extracellular saline solution containing the Ca2 -free
solution (in mM): NaCl 145, KCl 5, MgCI2 1, HEPES-
NaOH 10, glucose 5 and EGTA 1 at pH 7.4 The glass
coverslip was mounted in a chamber on a Zeiss (Charly-le-
Roi, France) microscope equipped for fluorescence. Fura
Red/AM fluorescence was collected upon alternate
excitation at 420 nm for the Calcium-bound Fura Red and
480 nm for the Calcium-free Fura Red, using a
monochromator (Polychrome IV; TILL Photonics, Planegg,
Germany), and captured by a Cool SNAPHQ camera
(Princeton Instruments, Evry, France) after filtration
through a long-pass filter (660 nm). Metafluor software
(version 7.0, Molecular Devices, St. Grégoire, France) was
used for acquisition and analysis. The [Ca2+]i variation is
represented as the mean of the fluorescence ratio
(F405/F480). We used classical protocol for measurement
of SOCE. Cells were perfused by Thapsigargin at 1 pM in
free calcium extracellular medium to induce reticular
calcium release, the cells were then perfused by
extracellular medium containing 10 mM Ca2+. SOCE was
quantified by the formula AFluo = Fmax-Fmin of the
measured fluorescence after the excitation at 420 nm for
calcium-bound Fura Red, during the perfusion of the 10
mM Ca2+ (FMax) followed by 0 mM Ca2+ (Fmin). All
recordings were performed at room temperature. Cells were
continuously perfused with the saline solution and
chemicals were added as indicated. Thapsigargin was

purchased from CalbioChem. The flow rate of the whole
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cell chamber perfusion system was set to 1 mL/min and the

chamber volume was 500 uL.

4.7. Manganese quenching

To estimate divalent influx through the plasma
membrane, we used the Mn2+-induced quenching of
Fura Red approach. T47D and MDA-MB-231 cells (0.1 x
10°) were seeded on glass coverslips after transfection.
Briefly, cells were loaded with 2 uM Fura Red/AM (Sigma-
Aldrich Chemie, St Quentin Fallavier, France) in the
growth medium at 37°C for 45 minutes. After a period of
one minute, the Ca2+ (2 mM) present in the perfusion
medium was replaced with 1 mM Mn2+. To measure Mn2+
flux, cells were excited at 420 nm and the emission signal
was recorded at 660 nm at one second intervals. The Mn2+
influx was estimated from the quenching of 420 nm

fluorescence.

4.8. Proliferation assay

The methylthiazole tetrazolium (MTT) salt assay was used
to check the anti-proliferative effect of SLAMF3 expression
in BC cells. At 24, 48, 72 and 96 hours, transfected cells
were rinsed and exposed for 1 hour to a 0.5 mg/mL solution
of MTT suspended in culture medium. Reduced purple
Formazan crystals were extracted with DMSO: Isopropanol

(50:50) and analyzed at a wavelength of 570 nm.

4.9. Migration assays

Cell migration was assessed using a wound healing assay
and Boyden chambers test. 24 hours after transfection,
MDA-MB-231 cells were scratched with a sterile
micropipette tip and then washed to remove floating cells
and debris. The cells were cultured in complete medium
and wound closure was photographically monitored at O
hour (TO), 24 hours (T24) and 48 hours (T48) after the

scratch. Wound closure analyses were performed by
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measuring wound area. Wound area at 24 hours and 48
hours was normalized by the wound opening at TO for each
condition. For the Boyden chambers tests, 4 x 104 MDA-
MB-231 transfected cells were seeded in the upper side of
Boyden chambers (BD Biosciences, 24-wells plates, 8 um
pore size) in 200 uL. of DMEM 10% FCS and the lower
were filled with 800 uL of DMEM 10% FCS. Cells were
incubated for 16 hours at 37°C. Then, cells were washed
twice with PBS, fixed with methanol 10min, stained with
crystal violet 5 minutes and washed thrice in water. Cells
remaining in the upper side were removed using a swab.
Migrating cells were observed with an inverted microscope.
The number of migrating cells was counted in 20 separate
fields for three Boyden chambers per condition. For
migration analysis, the number of migrating cells of
SLAMEF3 condition was normalized by the number of Mock

migrating cells.

4.10. Statistical analysis

Independent Student’s t-test was used to compare SLAMF3
and STIM1 mRNA expression in T and pT samples.
Comparison between STIM1 and SLAMF3 mRNA
expressions was performed by the Spearman correlation
test. The Mann-Whitney U test was also used to compare
STIM1 or SLAMF3 mRNA expression in Mock and
overexpressing SLAMF3 cells. Unless otherwise stated,
results are expressed as the mean + SEM. Statistical
analysis were performed with Sigma Plot software (version
11.0, Systat Software Inc., San Jose, CA, USA). The
threshold for statistically significant was set to p <0.05 for

all analysis.
5. Conclusions

Our results indicate that SLAMF3 reduces SOCE and
therefore migration of BC cells by decreasing the STIM1
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expression. SLAMF3 could be used as a predictive marker

of BC evolution and aggressiveness.
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Abstract

Duchenne muscular dystrophy (DMD) is a debilitating disorder related to dystrophin encoding gene mutations, often associated with
dilated cardiomyopathy. However, it is still unclear how dystrophin deficiency affects cardiac sarcomere remodeling and contractile
dysfunction. We employed second harmonic generation (SHG) microscopy, a nonlinear optical imaging technique that allows studying
contractile apparatus organization without histologic fixation and immunostaining. Images were acquired on alive DMD (mdx) and wild type
cardiomyocytes at different ages and at various external calcium concentrations. An automated image processing was developed to identify
individual myofibrils and extract data about their organization. We observed a structural aging-dependent remodeling in mdx cardiomyocytes
affecting sarcomere sinuosity, orientation and length that could not be anticipated from standard optical imaging. These results revealed for
the first time the interest of SHG to evaluate the intracellular and sarcomeric remodeling of DMD cardiac tissue in an age-dependent manner

that could participate in progressive contractile dysfunction.
© 2020 Elsevier Inc. All rights reserved.
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Introduction

Duchenne muscular dystrophy (DMD) is the worst muscular
dystrophy, with an incidence of one in 3500 boys at birth. It affects
muscle cell integrity leading to progressive degradation of muscle
function with no current therapy available. DMD is associated to
mutations silencing the gene encoding dystrophin. Dystrophin acts as
a sub-sarcolemmal protein linking the contractile units, namely the
sarcomeres, with the extracellular matrix. DMD mutations causing
loss-of-function of dystrophin lead to membrane integrity failure,
which affects myofiber architecture and has deleterious consequences
on the molecular motors and the sarcomeres. Structural changes of the
sarcomeres contained in DMD skeletal muscle biopsies have been
reported to be linked with muscle weakness and atrophy [1,2]. Ultra-
structure analysis of DMD skeletal muscles suggests disruption of
sarcomeric anchoring structures in early stage of the disease [3-5].
Even if the major role of dystrophin in maintaining the cardiomyocyte
sarcolemma integrity has been revealed, there is still no clear picture
on the contractile machinery network remodeling associated with
dystrophin deficiency.

Although clinical interest is often related to skeletal muscle
wasting and respiratory failure, DMD is often associated with
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progressive development of dilated cardiomyopathy (DCM). While
established in skeletal muscle, tissue architecture remodeling in
cardiac muscle remains unclear along with the occurrence of DMD-
associated DCM. Using DMD dog model, namely golden retriever
muscular dystrophy (GRMD), we have also shown that dystrophin
deficiency leads to reduced contractility of the cardiac left ventricle
[6]. Using synchrotron X-ray diffraction, we evaluated the
myofilament lattice spacing and observed that dystrophin
deficiency-induced chronic stress causes regional structural changes
leading to heart failure [7]. We have also provided evidence in a
DMD mouse model (mdx) that while overall cardiac dysfunction
leading to heart failure appears in mice of 12-month-old, the
development of DCM with aging is associated with earlier abnormal
contractile properties of the ventricular cardiomyocytes [8].

It should be noted that the majority of the studies
investigating DMD repercussion on cardiac muscle remodeling
have employed fluorescence microscopy requiring tissue
fixation and labeling with antibodies that can skew the results
and interpretations. Label-free methods that maintain tissue and
cell integrity and viability in a non-destructive manner are of
high interest for accurate quantitative evaluation of pathological
remodeling occurring in DMD.

Multiphoton microscopy has shown a great potential for in-vitro
and in-vivo label-free imaging [9] of cells and tissues. It has many
assets compared to conventional single-photon confocal microscopy
for biological applications. The multiphoton excitation is only potent
at the focusing volume of the objective (of the order of 0.1 um?),
where the intensity is sufficient to generate a nonlinear response. The
excitation spatial localization provides a significant photobleaching
decrease. In addition, second harmonic generation (SHG) provides
useful structural and optical detail of a specimen. SHG emission is at
exactly half the wavelength of the light entering the material. SHG
requires particular molecular orientation that is available in some
highly polarizable and ordered biological systems such as large
noncentrosymmetric structures. Hence, SHG microscopy has gained
great interest to perform label- and fixation-free imaging of
biological structures at the submicron scale [10] such as collagen,
microtubules, and muscle myosin [11-13].

SHG-based images of myocytes have revealed that the source of
SHG signal in the sarcomeres is not the actin or the myosin heads,
but potentially the myosin tails that assemble into a hollow shaped
rod structure forming the central core of thick myosin filaments [14].
Some more recent SHG-based studies contributed to the under-
standing of myofibrillogenesis [15], provided information on
subcellular contractions [16], or contributed to evaluate the
dystrophic skeletal muscle regeneration with a quantitative
morphometry approach [4]. Using 3D SHG microscopy, Friedrich
et al have shown that 12-month-old mdx skeletal fibers exhibit
deranged micromorphology compromising coordinated and aligned
contraction [5]. The internal disorganization in the mdx skeletal
myofibers revealed by SHG has been correlated with altered force
generation [17]. However, morphological internal changes have
never been explored in DMD cardiomyocytes by SHG microscopy.

In the present study, we employed SHG microscopy to assess
the impact of dystrophin deficiency and physiological calcium
(Ca*") concentration on the conformational changes of the
myosin filaments and cell characteristics in alive label-free mdx
cardiomyocytes at early (4-month-old) and later (12-month-old)

stage. Studies reported that at 4 months of age, the cardiac
function is normal and that dysfunction of the heart appears later
at 12 months old [8]. We developed a computational image
analysis process allowing identification of single myofibrils. We
extracted fibril-level data on the internal structure of intact
cardiomyocytes acquiring details on the organization, orientation
and sinuosity of its constituent individual myofibrils in presence
or absence of external physiological Ca**.

We observed a structural aging-dependent remodeling in mdx
cardiomyocytes affecting sarcomere alignment, orientation and
length that could not be anticipated from standard optical imaging.

Methods
Animals and myocyte preparation

C57BL/10-Dmd™* mice were obtained from a colony
maintained at a local animal facility network (RAM, Montpel-
lier) [18]. C57BL/6 mice were obtained from Janvier Labora-
tories (Le Genest-Saint-Isle, France). The animals were hosted
conventionally in controlled humidity and temperature, operat-
ing on 12 h of light and dark cycle with ad libitum food and
water. All investigations conformed to the European Parliament
Directive 2010/63/EU and were validated by the local ethics
committee (Comité d'éthique pour I'expérimentation animale
Languedoc-Roussillon, no. CEEA-LR-12078). Cardiac ventric-
ular myocytes were enzymatically dissociated using routine
procedures [19] (Figure 1, A)" In short, we performed cervical
dislocation to euthanize the mouse. The heart was then rapidly
excised and retrogradely perfused at 37 °C for 6-8 min with a
modified Tyrode solution [113 m NaCl, 4.7 mM KCL, 0.6 mM
KH2PO4, 0.6 mM Na2HPO4, 1.2 mM MgS04,12 mM
NaHCO3, 10 mM KHCO3, 10 mM Hepes, 30 mM taurine
(pH 7.4)] containing 0.1 mg-mL_1 of liberase (Roche) [8].
Isolated myocytes were then transferred to the same enzyme-free
solution. Cardiomyocytes were maintained in the Ca®*-free
solution or in solution containing 1.8 mM CaCl,. To avoid cell
movement during acquisition, we added before acquisition to the
Tyrode solution 15 mM 2,3-butanedione monoxime (BDM,
ATPase inhibitor) and 10 uM blebbistatin (myosin II inhibitor)
[20]. SHG acquisitions were performed within 2 h to avoid
structural changes due to cell degradation after dissociation.

Second harmonic generation imaging

SHG images (Figure 1, B) were recorded using a custom-
made multiphoton microscope setup based on a Tsunami tunable
Ti:Sapphire laser (Spectra-Physics, Santa Clara, US) and an
upright SliceScope microscope (MPSS-1000P) furnished with a
multiphoton galvanometer scan head (MP-2000) both from
Scientifica, Uckfield, UK. The Ti-Sa laser was operated in
pulsed mode configuration for sample excitation, in a 760-900
nm wavelength range, at 80 MHz frequency and ~100 fs pulse
duration. A Nikon CFI75 LWD-16x-W objective (NA 0.8, water
immersion) was used to focus the laser beam on the sample. The
SHG signal was recorded by a 1.4-NA oil-immersion condenser
(U-AAC, Olympus), through a 482 nm long pass dichroic mirror
(86-331, Edmund Optics) and a 447 nm high-performance band-
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Figure 1. Second harmonic generation (SHG) imaging of intact cardiomyocytes isolated from control and mdx mice. (A). Ventricular cardiomyocytes were
isolated from the heart of control and mdx mice by enzymatic and mechanical dissociation. (B) Representative SHG images on control (top panel) and mdx
(bottom panel) cardiomyocytes at different ages. Mature mdx cardiomyocytes exhibit enhanced disorder in the internal myofibrillar structure.

pass filter (48-074, Edmund Optics) and then detected by a
H7422P photomultiplier (Hamamatsu). Intensity images were
reconstructed from the SHG signal recorded in transmission.
Image acquisitions were done in 1024 x 1024 pixel resolution at
200 line/s scanning rate.

Differential interference contrast microscopy

DIC images were recorded using a Nikon Eclipse TE2000-E
inverted microscope equipped with a differential interference
contrast system, using a CFI Plan 100x oil immersion objective
having a 1.3 NA and 0.2 mm working distance.

Image analysis

The recorded images were subject of a semi-automated image
analysis process, as presented in Figure 2. During pre-
processing, first a Gaussian blur filter was applied for noise
reduction, followed by a step to find and assign all local maxima
in the filtered image corresponding to the M-line of the
sarcomeres. The detected coordinates of local maxima were
then the input of a custom-made automated algorithm aiming to
build up a highly connected network by linking every point with
each other. This network was afterwards progressively degraded
first using maximum distance and then orientation constraints.
Distance constraint threshold was defined as 2-fold the average
sarcomere length (~2 pum), while the orientation constraint was

settled to stay below £30° compared to the mean orientation of
the cell. After resolving the remained over connected nodes
(having more than two links) and end point fusions (connected
fibrils at their end), the network was clustered into single chains
of points corresponding to single fibrils.

The isolated data for every individual fibril allowed the
extraction of several fibril-level parameters such as sinuosity,
orientation deviation, double-band percentage, double-band rate,
or sarcomere length. Sinuosity was defined as the normalized
length difference between the total distance (sum of sections
between every consecutive point) and the beeline (distance
between the start and end points) (Figure 3). Orientation of a
fibril was obtained by applying a line fitting and its difference in
angle from the mean orientation was defined as its deviation
(Figure 3). Every link smaller than 1.4 um was defined as a
double-band. Under double-band percentage we defined the ratio
of double-bands in one cell, and the double-band rate is the ratio
of fibrils in one cell that contains at least one double-band. The
sarcomere length of a fibril was defined as the mean distance
between consecutive points, omitting double-bands, while cell
width measurements were done manually in Imagel.

Data analysis, statistics and interpretation

Basic image treatment and the pre-processing were done in
Fiji (an ImageJ distribution) [21], while the custom-made script
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Figure 2. Data processing work flow. After applying a Gaussian filter on the recorded SHG intensity images (step 1), the sarcomeres were detected by finding
local maxima (step 2). These were considered as nodes of a network. The obtained highly connected network (step 3) of all sarcomeres was degraded using
distance and orientation constraints (step 4) and clustered into single fibrils (step 5). This allowed the extraction of fibril-level parameters, such as orientation

dispersion, sinuosity, sarcomere length and double-band related parameters.

for the automated fibril-level data extraction was written in
Matlab (MathWorks, Natick, USA).

Statistical analysis was carried out using SigmaPlot (Systat
Software, San Jose, USA). The significance was determined by
unpaired Student 7 test and two-way ANOVA followed by a Holm-
Sidak post hoc test, respectively. All data are reported as box plots,
with interquartile range from 25% to 75%, where the middle line
represents the median, while the red square is the mean of the data.
We considered a statistical difference when P < 0.05.

Results

The SHG signal of control and mdx cardiomyocytes reveals
internal structural alterations with aging

Intact cardiomyocytes were isolated from the hearts of 4- and
12-month-old control and mdx mice by enzymatic digestion

(Figure 1, A). In order to obtain high quality SHG images in alive
cardiomyocytes avoiding artifacts induced by spontaneous
contractions, the experiments were carried out in presence of the
ATP-ase inhibitor butanedione monoxime (BDM) and the myosin
inhibitor blebbistatin [20]. During exploratory SHG acquisitions,
control and mdx cardiomyocytes of young animals (4-month-old)
had visually roughly similar internal structure (Figure 1, B, left
panels). Interestingly, in older animals (12-month-old), SHG
signal of mdx cardiomyocytes was noticeably different to control
myocytes with curvier myofibrils (Figure 1, B, right panels). This
would suggest potential remodeling of the internal structure with
aging in mdx cardiomyocytes. To quantify those changes, we
developed a custom-made automated image analysis algorithm.
The process is illustrated in Figure 2 and detailed in Materials and
Methods. Briefly, after noise reduction on the recorded SHG
intensity images, the sarcomeres were detected by finding local
maxima. These points were then considered as nodes of a network.
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Figure 3. Sinuosity, double-band and fibril orientation. Sinuosity, defined as the difference between the real length of the fibril and the beeline between the two
ends of the fibril, normalized with the beeline. Double-bands, defined as smaller then 2/3rd of a usual sarcomere length. Fibril orientation, defined as the angle
between the fitted line on the detected sarcomeres and the mean orientation of all fibrils.

The obtained highly connected network of all sarcomeres was
degraded using distance and orientation constraints and clustered
into single fibrils. With the algorithm, we could extract different
fibril-level structural parameters of the contractile machinery such as
fibril orientation, sinuosity, sarcomere length, and, so called, double-
bands that characterize the heavy myosin chain organization (for
detailed description see Materials and Methods and Figure 3). By
fibril orientation we aimed at evaluating the ordering level inside
single cardiomyocytes, while sinuosity served to quantify the
curviness of the fibrils. From the myosin chain organization, we
aimed at quantifying the presence of double-bands in the myocytes.
This characteristic was previously associated with multiple factors
and considered as an intrinsic characteristic, through relating it to
external factors, up to linking them to internal structure disorgani-
zation [5,22-24].

SHG signal is not affected by the extracellular Ca** concentration

Intracellular calcium concentration depends on the extracel-
lular calcium concentration. The effect of intracellular calcium
content on SHG signal in cardiomyocytes or myocyte in general
has never been tested. During the process of cell isolation, the
external [Ca®*] is progressively raised from 0 mM to 1.8 mM
Ca”* that should increase the internal calcium concentration.
When released in the cytosol, calcium interacts with troponin C
on the actin thin filament. This interaction induces a change of
the conformation of the thin filaments to let the myosin head to
bind. This change of conformation of the thin filaments still
exists in presence of BDM and blebbistatin because both act on
the myosin ATPase. Whether this change of thin filament
conformation alters SHG signal is unknown. We first tested
whether the presence of extracellular Ca®* at physiological
concentration modulates the structure and sarcomere organiza-
tion visible through SHG microscopy. We hypothesized that the
presence of Ca”* inside the myocyte may affect the conformation

of the thin filaments, number of actin-myosin cross-bridges
formed and thus the SHG signal. Freshly dissociated ventricular
cardiomyocytes were imaged by SHG microscopy both in
normal solution containing 1.8 mM Ca** and in external Ca**-
free solution, which consequently decreases the internal Ca**
concentration. This test has been performed with old adult
control mice. We found that the decrease in extracellular Ca®*
did not change the sarcomere length nor the orientation of the
sarcomeres of control myocytes (Figure 4, A and B). Myocytes
were perfectly relaxed as indicated by the slack sarcomere length
of 1.97 £ 0.04 and 1.96 = 0.04 um measured in 1.8 mM Ca**
and Ca>*-free respectively (Figure 4, A and B), values consistent
with known values published in the literature (see all exact data
in Table 1). The sinuosity of the acquired heavy myosin chain
signal was unchanged in presence of Ca®* with no significant
difference in double-band percentage and rate (Figure 4, C-E).
Similar results on the effect of external [Ca®*] were obtained
with old mdx myocytes (Figure 4, F-J). Accordingly, all the
following presented results were obtained in physiological
conditions in a solution containing 1.8 mM Ca**.

Aging causes increased sarcomere length and decreased cell
width in dystrophin-deficient cardiomyocytes

Using 3D SHG microscopy, Friedrich et al have revealed that
dystrophin-deficiency leads to disturbed micromorphology
compromising coordinated and aligned contraction in 12-
month-old mdx skeletal fibers [5]. We next assessed whether
aging could similarly affect the structure and sarcomere
organization of the mdx cardiomyocytes. To that, we compared
freshly dissociated intact control and mdx cardiomyocytes of 4-
and 12-month-old. Aging caused a sarcomere length decrease
from 1.99 to 1.96 uym and a cell width increase from 22.6 to
26.7 um in control cardiomyocytes (Figure 5). Such changes
were not observed in dystrophin-deficient cardiomyocytes. Mean



6 B. Varga et al / Nanomedicine: Nanotechnology, Biology, and Medicine 30 (2020) 102295

Table 1
Mean + standard deviation of all measured parameters.
Orientation dispersion Sinuosity Double-band percentage Double-band rate Sarcomere length Cell width
) (%) (%) (%) (nm) (um)
1.8 mM [Ca**]ey
Control 4 mo 31117 0.69 = 0.26 21.6 £ 19.2 434 + 237 1.99 = 0.04 ¢ 223+56"
Control 12 mo 2508 0.63+0.2°¢ 159+ 11.3 38.1 +20.0 1.96 = 0.04 *° 250+ 4.5
mdx 4 mo 3011 0.75 = 0.26 157113 39.0 £ 18.5 2.00 + 0.05 21.1 = 6.4
mdx 12 mo 35+£14° 0.76 + 0.21 © 159 + 8.9 40.5 £ 14.5 1.99 + 0.06 © 20.3 3.6 &
0 mM [Ca™exe
Control 4 mo 3.1+09 0.82 £ 0.23 12.7 + 13.6 344 +255 2.02 = 0.06 209 + 4.1
Control 12 mo 2.7+0.7 0.68 = 0.14 199 £ 11.2 444 + 179 1.97 = 0.04 213 +5.7
mdx 4 mo 29+ 1.0 0.69 = 0.14 16.8 + 11.5 40.6 = 18.5 2.00 = 0.07 214 +54
mdx 12 mo 34x12 0.74 = 0.19 19.1 £ 6.9 475+ 15.7 2.00 = 0.04 22.8 £ 8.1

Bold values correspond to the parameters where significant changes have been observed. Where indicated, identical exponent letters show significant differences

between the marked values.

sarcomere lengths for both mdx and control cardiomyocytes
from young animals were similar, very close to 2 um, as well as
cell width value distributions with mean values around 22 pum. In
old animals, sarcomere length was higher in mdx cardiomyocytes
when compared to age-matched control cells (Figure 5, B).
Interestingly, cell width was unchanged with aging in mdx cells
and was smaller compared to age-matched control cardiomyo-
cytes (Figure 5, C).

Aged mdx cardiomyocytes exhibit further structural and
sarcomere alterations

When exploring the sarcomere organization, sinuosity of the
myofibrils of control and mdx cardiomyocytes did not differ with
aging (Figure 6, B). No statistical difference was observed in the
sinuosity between young mdx and control population. The
orientation dispersion was also identical for both control and
mdx 4-month-old cardiomyocytes with an average value of
about 3.1° (Figure 6, C). In addition, the orientation dispersion
decreased with aging only in control cells but not in mdx cells. In
old animals, mdx cardiomyocytes displayed higher percentage of
sinuosity and orientation dispersion compared to age-matched
control cardiomyocytes (Figure 6, B and C). Aging did not alter
the double-band percentage and rate in any group (Figure 6, D
and E). The mean and standard deviation values of the extracted
parameters (Figures 5 and 6) are gathered in Table 1. We
observed no significant difference in any of the extracted
parameters when comparing data between mdx and control
cardiomyocytes, coming from young animals.

Altogether, the SHG data indicate that the cardiomyocytes of
old mdx mice exhibited longer sarcomere lengths and are thinner
by about 30% compared with control myocytes. In addition, their
mean fibril sinuosity and orientation dispersion were signifi-
cantly increased compared to the control cells by about 19% and
44%, respectively, indicative of internal disorganization of the
myofibrils.

In order to stress the appropriateness of SHG microscopy for
such study and to demonstrate that the alive cardiomyocyte
internal structure changes in old mdx mice can only be revealed
by SHG analysis, we acquired images of the cardiomyocytes
from young and old mice with differential interference contrast

(DIC) microscopy (Figure 7). DIC imaging provides a good
contrast for the eye. However, as the origin of the contrast is
linked to the difference in the optical paths, it does not provide
true intensity signal and could not serve for image processing,
especially for fibril level data extraction. More importantly, we
were unable to detect any structural changes from the images
between young and old animals (Figure 7, B). They looked
perfectly normal, which contrasts with the images obtained using
SHG analysis (Figure 7, A). Altogether, our results indicated the
great potential of SHG in evaluating the age-dependent
deterioration of myofibrils within alive and intact mdx
cardiomyocytes.

Discussion

Our work demonstrates the great potential of nonlinear optics
to reveal biological/structural modifications induced by a severe
illness. DMD is one of the worst debilitating neuromuscular
disorders causing death prior 30 years old due to respiratory and/
or cardiac failure. While the skeletal muscle dystrophinopathies
have been explored, the consequences of dystrophin deficiency
on the cardiac muscle degeneration in link with the lethal
development of DCM are unclear. In the present study we
revealed, for the first time in cardiac myocytes, the interest in
using SHG to evaluate the progressive intracellular and
sarcomeric remodeling induced by dystrophin-deficiency with
age. Our experimental conditions allowed acquisition of images
of the internal structure of intact alive cardiomyocytes, avoiding
artifacts associated with cell fixation and antibody binding.
Using a custom-made image analysis, we evaluated the cell
structure at the single myofibril level.

Considering the key role of Ca®" in the cardiac muscle
contraction via sarcomere shortening, we first tested the impact
of physiological Ca?* concentration on the myosin SHG signal
in control cardiomyocytes. We obtained no conclusive effect of
extracellular Ca>* concentration on the internal structure,
orientation, sinuosity or myosin arrangement. These results
suggested that, although we employed experimental conditions
to maintain the cardiomyocytes alive, the biophysical properties
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Figure 4. Effect of external Ca®* concentration on the extracted parameters from SHG images measured on 12-month-old control/mdx cardiomyocytes. SHG
images were obtained from cardiomyocytes maintained in 1.8 mM Ca®* (black dots) or Ca>" free (gray dots) external physiological solution. No significant
effect of external Ca** was observed on the extracted parameters (n = 28 myocytes (3 animals) for control with Ca®* and n = 22 myocytes (3 animals) for

control without Ca**; n = 37 myocytes (5 animals) for mdx with Ca** and n = 18 myocytes (3 animals) for mdx without Ca

of the sarcomere resulting from SHG signal are not modulated by
the presence of Ca®*. We purposely performed these experi-
ments on alive cardiomyocytes, inhibiting spontaneous contrac-
tion by BDM and blebbistatin to facilitate acquisition of high
quality SHG images. Indeed, by inhibiting acto-myosin
interaction, it fully relaxes the myocyte, independently of the
amount of diastolic calcium level. Our present experimental
conditions are ideal and required to precisely examine sarcomere
structure in particular the diastolic sarcomere length and width as
we showed previously [25]. Furthermore, Plotnikov et al have
demonstrated that only myosin rod domains are responsible for

2+).

the SHG signal in skeletal muscle fibers [14]. They also observed
that SHG spectroscopy cannot sense muscle contraction as it
does not induce any difference in the intensity or polarization of
the signal. These features may be similar in cardiac muscle,
explaining the unchanged SHG signal recorded on cardiomyo-
cytes obtained in presence or absence of physiological
extracellular of Ca®*. Here, the increase in intracellular Ca**
concentration was expected to further activate the thin-filaments
(actin filaments). Indeed, Ca>* binds to troponin C, which causes
conformational changes of the thin filaments. Our results
confirmed that the SHG signal is not altered by any change of
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and mature control cells, as well as mature control and mature mdx cardiomyocytes. In addition, overall significant differences were found between control and
mdx for both parameters (n = 32 myocytes (3 animals) for control at 4 months and n = 31 myocytes (3 animals) for control at 12 months; n = 45 myocytes (5
animals) for mdx at 4 months and n = 43 myocytes (5 animals) for mdx at 12 months). *, P < 0.05; **, P < 0.01, two-way ANOVA.

the thin filaments. These experiments in different external Ca**
concentrations confirmed also that the internal structure was not
altered by the progressive increase to 1.8 mM Ca** during the
process of cell isolation. This was true for both control and mdx
cardiomyocytes. Indeed, it was previously shown that basal level
of calcium concentration is increased in old mdx mice [8].
Meantime, like in many cardiomyopathies associated with higher
intracellular Ca** concentration, the content and/or activity of
intracellular calcium-dependent proteases such as calpains are
increased. This has been shown in a utrophin/dystrophin
deficiency mouse model, a more severe myopathy model than
mdx [26]. The absence of SHG signal change in presence or
absence of physiological Ca®* concentration indicated no Ca*-
dependent activation of the proteases leading to structural
defaults and ruled out any artifact of the myosin signal change
associated to protease activation in both control and mdx
cardiomyocytes.

Control cardiomyocytes displayed changes between 4- and
12-month-old with regard to sarcomere length, cell width and
fibril orientation dispersion. This reflects a physiological
adaptation of the cardiomyocytes certainly due to increased
workload of the heart [27]. We observed that the cellular internal
structure likely becomes more organized at 12 months old,

showing slightly decreased sinuosity and more aligned myofibril
structure compared to younger counterparts. Importantly, the
shorter sarcomere length and enlarged cell width as well as the
decreased orientation dispersion suggest a maturating process
towards adult cardiomyocytes. These results on potential
maturation of the sarcomeres are supported by previous studies,
in which sarcomere lengths of skeletal muscle fibers were used to
monitor myofibrils assembly in alive cells [14,28]. The basal
sarcomere length shortening observed here with aging in control
myocytes could be explained by expression variations in the
different isoforms of the sarcomeric elastic protein, titin, during
sarcomere development. Titin length is a major contributor of the
sarcomere length and of the intracellular stiffness [29]. With
aging, the adult normal heart expresses a short titin isoform
leading to a decreased sarcomere length and a higher cardiac
stiffness [30].

According to our findings, all structural parameters both for
control and mdx are similar in young animals. Their structural
disorganization level, quantified by sinuosity and orientation
dispersion, as well as their dimension related characteristics,
such as cell width and sarcomere length, is similar. In other
words, at early stage, based on the SHG measured parameters,
the mdx cardiomyocytes are structurally not distinguishable from
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Figure 6. Myofibrillar rearrangement in control and mdx cardiomyocytes with aging. (A) Representative SHG images of the corresponding conditions. Average
sinuosity (B) and orientation dispersion (C) of myofibrils within each cardiomyocyte, present significant differences between mature control and mature mdx
cells. Average double-band percentage (D) and rate (E) of the myofibrils within each cardiomyocyte are not significant. In case of sinuosity and orientation
dispersion overall significant differences have been also observed between control and mdx cardiomyocytes. (n = 26 myocytes (3 animals) for control at
4 months and n = 28 myocytes (3 animals) for control at 12 months; n = 29 myocytes (5 animals) for mdx at 4 months and n = 37 myocytes (5 animals) for

mdx at 12 months). *, P < 0.05; **, P < 0.01; two-way ANOVA.

control ones. This does not mean that the mdx cardiomyocytes
are healthy at this age. Indeed, we have shown defects in the
intracellular Ca?* cycling in particular an increase in the level of
Ca®* concentration at rest in 1-month-old mdx mouse cardio-
myocytes [8]. These early defaults in Ca®" homeostasis may
trigger intracellular remodeling. Indeed, at the age of 6 months,
we observed a decrease in the neuronal nitric oxide synthase
(NOS) expression and increase in inducible NOS expression
compared with control and 1-month-old mdx cardiomyocytes.

The elevation of inducible NOS expression is classically
associated with cardiomyopathies.

Our study revealed progressive structural differences between
mdx compared with control cardiomyocyte at a mature stage (12-
month-old) with thinner mdx cardiomyocytes displaying longer
sarcomeres associated with more tortuous and diversely oriented
fibrils. These new findings support the concept that dystrophin-
deficiency causes cardiac muscle degeneration at a later stage as
a major difference with DMD skeletal muscle loss at early-stage
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4-month-old mdx

12-month-old mdx

A SHG microscopy images

Figure 7. Comparison of SHG and Differential interference contrast (DIC) microscopy images of mdx cardiomyocytes. (A) SHG images on 4- and 12-month-old
mice cardiomyocytes presenting high background to signal contrast and true myosin intensity signal, being highly appropriate for image processing. (B) DIC
images on corresponding cardiomyocytes provide good contrast for the eye; however, as the contrast is linked to optical path difference, it could hardly serve for
image processing, especially for fibril level data extraction. All scale bars are 50 pm.

[7,31]. They indicate a structural and progressive damage of the
myofibrils that was not induced by the procedure of cell
dissociation. They also strongly support that the structural
disorganization of the myofibrils in mdx cardiomyocytes causes
an uncoupled and dysfunctional myofibrillar network likely
leading to progressive reduced contraction force and eventually
hypocontractility as a major feature of the DMD-associated
dilated cardiomyopathy. Similar findings, revealed by SHG in
mdx skeletal muscle fibers, indicated that myofibril tilting and
twisting cause a reduced contraction force of at least 20% [5].

The longer sarcomere length in old mdx cardiomyocytes
could be due to the expression of a longer titin isoform that could
reduce the stiffness of the myocytes [32]. This could explain why
a previous study reported that old mdx mice have a more
compliant heart than the age-matched control mice [33]. Our
present results indicate that the cardiac sarcomere alignment,
orientation and length are progressively affected by the absence
of dystrophin with no visible consequences at early-stage (4
months old) compared to a known disease stage (12 months old)
related to cardiac dysfunction and progressive DCM as we have
previously showed [8].

Furthermore, our findings are also supported by our earlier
study showing that the myofilament structure and function are
altered in GRMD dogs [7]. Li et al [34] showed that myocyte
fractional shortening is higher at 4 months of age in mdx
compared with control mice being associated with higher
calcium release during contraction. This is confirmed by other
groups showing that young mdx animals have increased calcium
current and intracellular calcium transient [36,38,40]. The higher
cellular contractility in young animals is supposed to compensate
cell death and maintain normal global cardiac contraction. With
aging (12 months), the amplitude of cellular contraction of mdx
cardiomyocytes decreases compared with 4 months of age and
reaches similar level than control cardiomyocytes [34]. Thus, at
this stage, mdx myocytes cannot compensate cell death that
occurs at a higher rate (more fibrosis) and thus global
contractility is decreased (hypocontractility). This is also in
line with reports on myofilament and mitochondrial defects in
DCM [35,37] and DMD patient derived cardiomyocytes [39].

The distortion of the myofibrils may be induced by a process of
dedifferentiation as observed in myocardial remodeling in heart
failure. In fact, morphological rearrangement of cardiomyocytes is
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a protective remodeling for adaptation [41]. Loss of features of cell
maturity, including de-sarcomerization and myofibril de-
organization and re-expression of fetal genes, has been reported
in pathophysiological contexts [42,43].

The distortion of the myofibrils may be induced by gradual
changes of other intracellular organelles. Interestingly, age
dependent changes in mitochondrial morphology were shown
in mdx hearts [44]. Transmission electron micrographs revealed
mitochondrial increased area and loss of normal cristae structure
in adult mdx cardiac muscle. Meantime, it was shown that
changes in mitochondria volume can mechanically affect
morphological as well as functional properties of intracellular
organelles, including myofilaments and nuclei [45]. Mitochon-
dria are also dynamic structures capable of fission and fusion
under stress [46]. Whether those changes in mitochondria
morphology are responsible for the myofilament misalignment
remains to be determined.

Finally, our study shows a default of coupling between
myofibrils. In the cardiomyocytes, intermediate filaments,
especially desmin, form an extended scaffold linking the entire
contractile apparatus to several membranous compartments (i.e.,
sarcolemma costameres and desmosomes of the intercalated
disks) and organelles (i.e., sarcoplasmic reticulum, mitochon-
dria, nucleus and lysosomes). In dystrophin-deficient mice,
desmin expression is increased and may contribute to a
compensatory mechanism [47]. The lack of desmin in the heart
leads to cardiomyocyte hypertrophy and reduction in active force
generation [48]. Whether the intermediate filaments and desmin
play a role in the myofibrillar distortion we observed requires
further experiments.

We also quantified the SHG signal of double-bands in the
cardiomyocytes. As reported previously for DMD fixed and
stained skeletal muscle cells [5,49], the appearance of double
SHG bands can be related to the internal structural characteristics
of myofibers, to disorganization among the fibrils [24] and
sarcomere pattern irregularities. Other species such as frog and
rabbit also exhibit a double-band signal from their cardiomyo-
cytes and were considered as an intrinsic characteristic of the
sarcomeres [22,50]. Nevertheless, other studies reported that
occurrence of double-bands can also be the consequence of
external factors such as stretching or laser irradiation [23,24].
Although the double-band percentage and rate were considered
as promising parameters to reveal structural modifications, our
data obtained on alive and intact cardiomyocytes show that the
double-band proportion was unaffected by the aging and DCM-
induced dystrophin deficiency. Therefore, we concluded that
double-band parameters are not relevant indicators to follow
structural changes in cardiomyocytes with large scale SHG
microscopy, most likely due to the combined ordered- and
disordered-state origin of double-band signals together with the
highly nonlinear SHG effect.

Altogether, our findings confirmed the great potential for
SHG in evaluating the age-dependent deterioration of myofibrils
within alive and intact mdx cardiomyocytes. For the first time,
we provided structural information on the contractile machinery
disorganization in alive mdx cardiac tissue that could not be
detected by other imaging procedures. Further work with non-
invasive approaches to directly monitor structural changes in

alive cardiomyocytes is certainly needed to better understand
DMD-associated DCM development enabling also to decipher
the processes underlying the disease progression. Our work
provided valuable quantitative structural parameters to monitor
DMD related modifications in alive and intact cardiomyocytes.
Overall, our findings may help to identify novel early-stage
biomarkers of the DCM progression in DMD patients but also
for all other origins of DCM.
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Résumé:

La fibrose pancréatique est la principale caractéristique de deux pathologies majeures du pancréas, la pancréatite
chronique et le cancer du pancréas. Le développement de ce dense tissu conjonctif est essentiellement dii a
I’activation des cellules stellaires pancréatiques (CSP). Les CSP activées sont caractérisées, entre autres, par un
potentiel prolifératif élevé, une sécrétion abondante de diverses cytokines, ainsi que par une expression importante
d’alpha actine du muscle lisse (aSMA). Ces processus cellulaires sont connus pour étre, parmi d’autres, controlés
par le Ca®* intracellulaire, agissant comme un second messager universel. Plusieurs types de canaux calciques
membranaires assurent I’entrée du Ca** dans les cellules non-excitable notamment les canaux TRPC1 et Orail.
Si le r6le de ces canaux est largement étudié dans les cellules cancéreuses, le role du Ca** en général et de ces
deux canaux en particulier dans les mécanismes moléculaires et cellulaires des CSP activées reste méconnu. Dans
ce travail de these, nous avons étudié le rdle des canaux Orail et TRPC1 dans la prolifération et la sécrétion de
cytokines des CSP activées. En effet, ces derniers sont deux processus majeurs, caractéristiques de leur état
d’activation, participant a I’aggravation de la fibrose pancréatique. Nous avons démontré que les canaux Orail et
TRPC1 sont exprimés et fonctionnels dans les CSP humaines activées. Orail est activé par la déplétion des stocks
Ca** du réticulum endoplasmique alors que TRPC1 agit comme un canal Ca** mécano-sensible, car il est activé a
la suite d’une stimulation par une pression extracellulaire élevée, permettant une augmentation de ’influx Ca**
dans les CSP. Orail et TRPC1, favorisent tous les deux, la prolifération des CSP en régulant la progression du
cycle cellulaire en phase G1, et aussi la sécrétion des cytokines, a travers des voies de signalisation différentes.
Nous avons rapporté que Orail module la prolifération cellulaire ainsi que la sécrétion de TGFg; via la voie de
signalisation AKT, tandis que TRPCI régule la prolifération et la sécrétion d’IL-6 par une voie ERK1/2-
dependante and une voie SMAD2-dependante. L’un des résultats importants de ce travail est I’identification d’une
boucle autocrine positive induite par le TGFp; secrété, qui stimule la prolifération médiée par la voie Orail/AKT-
dépendante via I’augmentation de I’expression d’Orail et de I’entrée SOCE médiée par Orail. En outre, nous
avons démontré que TRPCI peut interagir et former un complexe protéique avec I’aSMA et la forme
phosphorylée de SMAD2. En effet, TRPC1 est impliqué dans I’activation de la voie SMAD?2 par sa propre liaison
au facteur SMAD2, participant ainsi a la régulation de 1’expression de I’aSMA. L’ensemble de nos résultats ont
mis en évidence le role essentiel des canaux Orail et TRPCI dans les processus d’activation de CPS humaines.
Ces données suggerent qu’ils pourraient devenir des potentielles cibles thérapeutiques pour le traitement de la
fibrose pancréatique, et par conséquent de la pancréatite chronique et/ou du cancer du pancréas.

Mots-clés : cellules stellaires pancréatiques, calcium, Orail, TRPC1, activation

Abstract:

Excessive pancreatic fibrosis is the central pathological feature of two major pancreatic diseases, chronic
pancreatitis, and pancreatic cancer. The key effectors driving this dense fibrotic tissue development are the well-
characterized now activated pancreatic stellate cells (PSCs). Activated PSCs are caracterized, among others, by
elevated proliferative ability and abundant secretion of various cytokines, as well as increased aSMA (a-smooth
muscle actin) expression. These cellular processes are known to be triggered by Ca?*, acting as an intracellular
second messenger. Therefore, several plasma membrane calcium channels allow the Ca?* entry in non-excitable
cells including store-operated calcium entry (SOCE) and stretch-activated channels. However, until now, the role
of Ca’* and these Ca’* channels in the molecular and cellular mechanisms of PSC’s activation remains poorly
known. In the current thesis work, we aimed to investigate the role of Orail and TRPC1 channels in human-
activated PSC’s proliferation and cytokine secretion, two main PSC’s activation features participating in
pancreatic fibrosis exacerbation. We demonstrated that Orail and TRPC1 are functionally expressed, and they are
mediating the SOCE and stretch-induced Ca?* influx, respectively, in human-activated PSCs. Indeed, TRPC1
leads to an increased Ca** influx under pressurization. Both Orail and TRPC1 promote PSC’s proliferation by
regulating the cell cycle progression in the G1 phase, and cytokines secretion, through different signalling
pathways. We reported that Orail modulates cell proliferation and TGFg; secretion through an AKT-dependent
pathway, whereas TRPC1 regulates PSC’s proliferation and IL-6 secretion via ERK1/2 and SMAD2-dependent
pathways. Interestingly, we showed that Orail-mediated TGFg; secretion induces an autocrine positive feedback
loop, leading to the stimulation of Orail/AKT-dependent proliferation via the increase of Orail expression and
Orail-mediated SOCE. Another important finding in this work was the identification of a protein network between
TRPCI1, aSMA, and the phosphorylated active form of SMAD2. We found that TRPCI is involved in the
activation of SMAD?2 via its binding to SMAD?2, participating to the regulation of aSMA expression. Taken
together, our data highlighted the crucial role of Orail and TRPC1 channels in the activation of human PSCs,
suggesting that they could become potential therapeutic targets for pancreatic fibrosis treatment and, thereby, for
chronic pancreatitis and pancreatic cancer.

Key words: pancreatic stellate cells, calcium, Orail, TRPCI, activation
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