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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is the most common cancer affecting the
pancreas, characterized by an unsatisfactory 5-year survival rate of around 10%. To date, there are
no effective therapeutic options for PDAC. This is partly due to a highly desmoplastic and
immunosuppressive microenvironment contributing to therapeutic failure. Moreover, the PDAC
tumor microenvironment is featured by high acidosis (< pHe 6.5), a result of the metabolic
reprogramming ("Warburg effect™), and hypoxic conditions, which offers important cues for its
aggressiveness by selecting cancer cell phenotypes with competitive benefits for PDAC
progression. On the other hand, Ca?*-permeable ion channels are known to regulate several
hallmarks of cancer; thus, they may play an important role in contributing to the PDAC malignancy
by mediating tumor acidosis responses, as their pHe-sensitivity allows them to transduce TME
signals to activate intracellular downstream pathways linked to PDAC progression. Although the
roles of tumor acidosis and Ca?* signaling in cancer progression are well established, the hypothesis
of acidic TME employing Ca?* signaling as a preferential route for sustaining tumor progression

has not yet been sufficiently explored.

My Ph.D. work aimed to study the phenotypic and genetic changes of PDAC cells upon
acidic stress along the different stages of selection and to evaluate how tumor acidosis modulates
Ca?* signals and phenotypes in the PDAC cell lines, with a particular focus on Ca?* oscillations and
Store-Operated Ca?* entry (SOCE). To this end, PANC-1 and Mia PaCa-2 cells were subjected to
short- and long-term acidic pressure and recovery to pHe 7.4. The latter treatment was to mimic
PDAC edges and consequent cancer cell escape from the tumor. The impact of acidosis was assessed
for cell morphology, proliferation, adhesion, migration, invasion, invadopodia activity, and
epithelial-mesenchymal transition (EMT) via functional in vitro assays and RNA sequencing and
for intracellular Ca?* signals using Fura-2. Our results indicate that short acidic treatment limits the
growth, adhesion, invasion, and viability of PDAC cells. As the acid treatment progresses, it selects
cancer cells with enhanced migration and invasion abilities induced by EMT, further enhancing
their metastatic potential when re-exposed to pHe 7.4. RNA-seq analysis of PANC-1 cells exposed
to short-term acidosis and pHe-selected recovered to pHe 7.4 revealed distinct transcriptome



rewiring. We noted an enrichment of genes relevant to proliferation, migration, EMT, and invasion
in acid-selected cells. Interestingly, PANC-1 cells are characterized by slower Ca?* oscillations
during short-term acid exposure compared to control cells and a tendency of ORAI1 downregulation
at mRNA levels, while long-term acidosis and recovery to neutral pHe determine the recovery of
fast Ca®* oscillations and upregulation of ORAIL. In all our cell models, Ca?* oscillations are SOCE-
dependent, as ORAI1 blockade with Synta66 and siORAI1 results in impaired Ca?* oscillations’
initiation and maintenance. These data correlate with SOCE in PANC-1 cells, which is decreased
during the short-term acid treatment, and increased in acid-selected cells with and without recovery
to pHe 7.4. Finally, ORAI1-mediated Ca?* entry activates signaling cascades that increase migration

and invasion of all the cell models exposed to acidic pHe.

In conclusion, our findings show that acid-induced selection contributes to acquiring a more
aggressive phenotype in PDAC cells, characterized by the upregulation of SOCE, required to
generate fast Ca®* oscillations, which may trigger Ca?*-dependent signaling pathways involved in

PDAC progression.

Keywords: Acidic tumor microenvironment; acid-selection; PDAC; EMT; Ca?* signaling; Store-

Operated Ca®* Entry; Ca?" oscillations.



Résumé

L'adénocarcinome canalaire pancréatique (PDAC) est une maladie mortelle caractérisée par un
micro-environnement tumoral (TME) extrémement acide (<pHe 6,5) qui joue un réle important dans
son début et sa progression. Dans ce contexte, les canaux ioniques perméables au Ca?* représentent
de bons candidats cibles en raison de leur capacité a intégrer des signaux provenant de la TME. Les
canaux Ca?* sont en effet des capteurs de pH capables d’intégrer les signaux de la TME pour activer
les voies intracellulaires en aval liées a la progression du PDAC. Bien que les roles de I'acidose
tumorale et de la signalisation du Ca?* dans la progression du cancer soient bien établis, I'nypothése
d'une TME acide utilisant la signalisation du Ca?* comme voie préférentielle pour soutenir la
progression tumorale n'a pas encore été suffisamment explorée. Mon travail de doctorat visait a
étudier les changements phénotypiques et génétiques des cellules PDAC lors d'un stress acide au
cours des différentes étapes de sélection et a évaluer comment I'acidose tumorale module les signaux
Ca?" et les phénotypes dans les lignées cellulaires PDAC, avec un accent particulier sur les
oscillations Ca2+ et Store-Operated Ca2+ Ca®* entry (SOCE). A cette fin, les cellules PANC-1 et
Mia PaCa-2 ont été soumises a une pression acide a court et a long terme et a une récupération a
pHe 7,4. Ce dernier traitement visait a imiter les bords du PDAC et I'évasion consécutif des cellules
cancéreuses de la tumeur. L'impact de l'acidose a été évalué sur la morphologie cellulaire, la
prolifération, I'adhésion, la migration, I'invasion, I'activité des invadopodes et la transition épithélio-
mésenchymateuse (TEM) par des tests fonctionnels in vitro et le séquencage de I'ARN, ainsi que
sur les signaux Ca?* intracellulaires avec Fura-2. Nos résultats indiquent qu'un court traitement acide
limite la croissance, I'adhésion, I'invasion et la viabilité des cellules PDAC. Au fur et a mesure que
le traitement acide progresse, il sélectionne les cellules cancéreuses ayant des capacités de migration
et d'invasion accrues induites par I'EMT, ce qui augmente encore leur potentiel métastatique
lorsqu'elles sont réexposées a un pHe 7,4. L'analyse RNA-seq des cellules PANC-1 exposées a une
acidose de courte durée et récupérées a pHe 7,4 a révélé un recablage transcriptomique distinct. Il
est intéressant de noter que les cellules PANC-1 sont caractérisées par des oscillations Ca®* plus
lentes pendant une exposition a lI'acide a court terme par rapport aux cellules de contréle et par une
tendance a la régulation négative d'ORAI1 au niveau de 'ARNm, tandis que I'acidose a long terme

et le rétablissement a un pH neutre déterminent le rétablissement d'oscillations Ca?* rapides et la



régulation positive d'ORAIL. Dans tous nos modeéles cellulaires, les oscillations du Ca?* sont
dépendantes de SOCE, car le blocage d'ORAI1 par Synta66 et SIORAIL entraine une altération de
I'initiation et du maintien des oscillations du Ca®*. Ces données sont en corrélation avec le SOCE
dans les cellules PANC-1, qui est diminuée pendant le traitement acide a court terme, et augmentée
dans les cellules selectionnées pour l'acide avec et sans récupération a pHe 7,4. Enfin, lI'entrée de
Ca?" médiée par ORAI1 pourrait étre impliquée dans I'activation des cascades de signalisation qui
conduisent a l'augmentation de la migration et de I'invasion de tous les modéles cellulaires exposés
a un pHe acide, car le traitement par Synta66 et sSiORAIL n'ont pas affecté I'invasion et la migration

des cellules de contréle.

En conclusion, nos résultats montrent que la sélection induite par I'acide contribue a l'acquisition
d'un phénotype plus agressif dans les cellules de PDAC, caractérisé par une augmentation du SOCE,
nécessaire a la génération d'oscillations rapides de Ca®* qui peuvent activer des voies de signalisation

Ca?*-dépendantes impliquées dans la progression du PDAC
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Nothing in life is to be feared, it is only to be understood. Now is the time
to understand more, so that we may fear less.

- Marie Curie

Para mi familia,
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Chapter |

General context

1. Physiology of the pancreas

The human pancreas is a small organ that presents a 14-18 cm long extended form with a head,
body, and tail®. It is located in the upper section of the abdominal cavity, behind the stomach and
intestine. It serves the purpose of two organs in one since it has both an endocrine function,

controlling the blood sugar levels, and an exocrine function related to digesting (Figure 1).

Splenic artery

Spleen
Pancreas

Pancreatic islets

Bile duct (from
gall bladder)

Common bile duct !

Duodt_enum‘ot 3 . fandiied = > 1, == —Alpha cells
small intestine 5 <0 b [7/8 » SR 5

Beta cells

Acinar cells
secrete digestive
enzymes

Pancreatic duct

Exocrine acinus

Figure 1. Physiology of the pancreas. Endocrine pancreas is involved in the production and secretion of
insulin by beta cells and glucagon by alpha cells in the pancreatic islets (micrograph). The function of the
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exocrine pancreas is the production and secretion of enzymes by acinar and ductal cells which are involved
in digestion. The image is adapted from [?].

1.1 Endocrine component

The endocrine component of the pancreas represents a small percentage of pancreatic tissue. It
is often localized in the so-called Islets of Langerhans, more or less circular cellular formations
spread throughout the pancreas and surrounded by a rich capillary network and in which highly
specialized cell types are present, such as a-, B-, 6-, y- and G cells, which produce and secrete into
the bloodstream different hormones important for metabolism®. As mentioned before, the principal
function of the endocrine pancreas is regulating glucose levels in the blood via two specific
hormones, insulin, and glucagon. Insulin is secreted by - cells after meals, and its primary function
is to allow blood glucose to enter the cells to be used as an energy source. Therefore, it decreases
blood sugar levels®. Its action is balanced by glucagon, secreted by a-cells, and raises blood sugar
concentrations when needed, for example, during fasting. This regulation is important for providing
other organs (brain, liver, lungs, kidneys) with the adequate and constant glucose concentration

necessary for their function®,

1.2 Exocrine component

The exocrine portion of the pancreas exerts a key role in the digestion process, containing glands
for the production and secretion of enzymes needed for absorbing the various components of food.
The exocrine pancreas consists of the acini and the ductal system®. Each basic functional unit
consists of acinar secretory, centroacinar, and ductal cells arranged in rounded or tubular clusters
(Figure 2). Pancreatic acinar cells cluster to form the acini and they are in charge of producing the
pro-digestive enzymes, which are stored in zymogen granules and later secreted into the ductal
system?. Centroacinar cells connect the acini and the ductal cells of the intercalated ducts, forming
the initial part of the pancreatic duct system. They do not produce digestive enzymes as acinar cells

but they secrete a bicarbonate-containing aqueous solution into the pancreatic duct which carries
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the inactive digestive enzymes to the duodenum lumen®. For the scope of the general work,

particular attention will be addressed only to ductal cells.
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Figure 2. Organization of the exocrine pancreas and its cellular components. This image is adapted from

[5]

As the centroacinar cells, the ductal cells form the intercalated ducts and participate in the
secretion of pancreatic juice, which occurs during the digestive period, induced by hormonal and
nervous stimuli*. The pancreatic juice is a colourless and alkaline liquid containing two secretion
types: enzymatic and hydroelectrolytic. The enzymatic secretion is responsible for the hydrolysis of
the nutritive substances in the food and is principally mediated by the acinar cells. In contrast, the
hydroelectrolytic secretion acts as a vehicle for the enzymatic secretion and provides an alkaline
medium required for the enzymes’ function®. The chemical breakdown of the nutritive substances
requires indeed the neutralization of the acid chyme in the duodenum, obtained by the high
bicarbonate (HCOz") concentration in the pancreatic juice. The hydrolytic secretion consists mainly
of water (98%) and in high Na* and HCO3™ concentrations, and it is stimulated by secretin hormone
via the cAMP-induced activation of the Cystic fibrosis transmembrane conductance regulator
(CFTR) chloride channel in the ductal cells’ apical membrane, which allows HCO3™ flux in the

ductal lumen®. The activity of CFTR is coupled with CI/HCO3" exchangers in the luminal membrane
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and with Na*-HCOs" cotransporters localized in the basolateral membrane’. The synergistic activity

of these proteins promotes bicarbonate efflux into the ductal lumen (Figure 3).
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Figure 3. Diagram depicting the channels and transporters localized in the basolateral membrane and
apical membranes of pancreatic duct cells. The image is adapted from [®].

This base secretion threatens ductal cells pHi homeostasis; To prevent cytosolic acidification,
HCOs" apical secretion is coupled to the extrusion of an equal amount of acid across the basolateral
membrane by H™-K™-ATPases and Na‘/H" exchanger (NHE1), releasing H* in the pancreatic
interstitium, therefore acidifying it>'° (Figure 3). This acid/base segmentation indicates that the
pancreatic interstitial’s pHe will vary cyclically during the alternating phases of digestive
stimulation of secretion, in which the extracellular pH reaches acidic values and resting phases?.
Therefore, pancreatic ductal cells face dynamic temporal and spatial changes of pHe, and they exist
in a unique and dynamic pHe environment in which their metabolism and proteins- as ion channels,
transporters, and receptors- are tuned to this characteristic pHe landscape. This notion assumes
greater importance when collocated in the pathological context, as the dynamic situation of
intermittent acidity in healthy pancreatic ductal cells trains them to cope with acidity. It represents

a great advantage during pancreatic ductal adenocarcinoma (PDAC) onset.
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2. Pancreatic Ductal Adenocarcinoma

Pancreatic ductal adenocarcinoma (PDAC) is the most common neoplasia of the exocrine

pancreas, accounting for more than 90% of all pancreatic cancers'?,

PDAC is a particularly aggressive neoplasm with little chance of response to medical treatment.
It is the 12th most frequent type of cancer worldwide, with 495.773 new cases per year®, and the
incidence is also high in Europe, where PDAC accounts for the 7" most common cancer in terms

of new cases per year®®.

With a 5-year survival of about 10%, one of the lowest among cancers, PDAC is among the
few cancers with increasing mortality rates for both men and women, representing the seventh
cancer for mortality rate in 2020, with 466.003 deaths per year'® and prospective studies suggest
that it will become the second leading cause of cancer-related deaths by 20304, This trend is due to
the increasing incidence and poor prognosis caused by the lack of striking symptoms, biomarkers
for screening tests, and the limited efficacy of current chemotherapy treatments, which delay
diagnosis®™!®. Therefore, most patients are diagnosed at an advanced stage, where infiltration of
lymph nodes and the vasculature are observed, as well as metastasis to the other organs, and less
than 20% of cases are eligible for surgical resection!’. The inefficacy of the therapeutic options is
partly the result of the highly immunosuppressive, desmoplastic, hypoxic, and acidic PDAC

microenvironment2,

2.1 Risk factors

The people most at risk of developing PDAC are those between 50-80 years. This type of cancer
manifests at an average age of 55 and is very rare among people under 40. PDAC occurs in a slightly
higher frequency (1.5-2 times) in men than women'®. Moreover, black ethnicity represents another
risk factor, as the incidence rate for Black people is 15.4 per 100.000 people, while for Asian,

Hispanic and Non-Hispanic white people is 10.0, 11.6 and 13.2, respectively®®,

Major risk factors for PDAC include smoking, which increases the probability of its insurgence

by ~three times compared to non-smokers, and diet, considering the pancreas is a key digestive
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organ. Moreover, obesity contributes to PDAC insurgence, particularly in concomitance with
insulin resistance and type 2 diabetes®. Other risk factors are specific and rare genetic conditions
such as von Hippel-Lindau syndrome?°, and the presence of a family history of chronic pancreatitis,
pancreatic, colon, or breast cancer might represent additional risk factors'®222 usually attributable

to specific inherited genetic mutations, which play an important role in the onset of PDAC?2%,

2.2 Pathogenesis

Considering that most PDAC patients are diagnosed at advanced stages, the identification and
study of pre-invasive precursor lesions represent a major change for developing efficient screening
and tailored therapies for earlier stages of pancreatic cancer, significantly improving patients'
prognosis.

2.2.1 PDAC precursor lesions

PDAC results from the accumulation of stepwise genetic alterations of the healthy mucosa to
precursor and benign lesions of the exocrine pancreas that may eventually progress to an invasive
malignancy. In this type of cancer, three distinct and non-invasive precursor lesions have been
identified and characterized: pancreatic intraepithelial neoplasia (PanINs), intraductal papillary
mucinous neoplasms (IPMNs), and mucinous cystic neoplasms (MCNs) (Figure 4)?*. Each
precursor lesion reflects a different route that pancreatic cancer might take, as they show specific
clinicopathological manifestations and genetic features which define the genetic evolution of
pancreatic cancer®. Unlike PanINs, IPMNs and MCNs are rare PDAC precursor lesions that
imaging techniques can easily detect; therefore, they can be treated when detected in the pre-

invasive stage?®. For these reasons, a particular focus is given only to PanINs.
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Figure 4. H&E-stained histological images of normal pancreas, non-invasive precursor lesions (PanlINs),
intraductal papillary mucinous neoplasms (IPMNs), and mucinous cystic neoplasms (MCNs) and
adenocarcinoma. Modified from [*].

Pancreatic intraepithelial neoplasias (PanINs) represent the most common PDAC precursor
lesions?®. These are benign microscopic lesions with an indolent course that affect pancreatic ductal
epithelial cells and are not easily detectable, partly due to the typical absence of symptoms.
Depending on the extent of the lesions and DNA, RNA, and protein alterations, PanINs are classified
into three distinct stages: PanIN-1A/B, PanIN-2, and PanIN-3 (Figure 5)?8. Each stage coincides
with a series of genetic alterations that become more prevalent and varied as PanIN advances and
contribute to the progression from non-invasive lesions to invasive pancreatic cancer (See section
2.2.2)1629,
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CANCER

Figure 5. Schematic with histological images from normal to PanIN lesions representing the PanIN
progression model. Image adapted from [*°].

Low-grade dysplasia lesions with minimal cytologic and architectural involvement include
PanIN-1A and PanIN-1B. PanINs-1A are described as flat duct lesions, PanINs-1B are papillary
duct lesions, whereas PanINs-2 lesions display a slight increase in dysplasia, but they are still
indicated as papillary duct lesions. PanINs-3 are also known as carcinoma in situ lesions,
characterized by high-grade dysplasia that show significant morphological alterations and cancer
features, yet not invasive ones (Figure 5)1%2°, PanINs-3 are the only pancreatic lesions that may
develop into a malignancy. This evidence is based on molecular analyses that demonstrated that
PanINs harbour a similar number of gene mutations as invasive carcinoma, morphological
associations between these pre-neoplastic lesions and invasive adenocarcinomas and reported cases

of PanINs patients who have progressed to invasive pancreatic adenocarcinoma?-=t,

The initiation of PanIN precursor lesions is related to a particular process of cell plasticity called
acinar to ductal metaplasia (ADM), triggered by specific genetic mutations (see section 2.2.2),
wherein pancreatic acinar cells lose their acinar traits and differentiate into ductal cells, favoring the
development of high-dree PanINs which may progress to PDAC®2,

2.2.2 PDAC gene mutations

As mentioned before, PDAC results from the progressive accumulation of genetic alterations
from low-grade to high-grade pre-neoplastic lesions, which may progress to malignancy. For this
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reason, the detection of these genetic mutations and their sequential occurrence represented the main

effort of several studies, which uncovered several PDAC driver genes®**%* (Figure 6).

N If
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Figure 6. Schematic showing the multi-step pathological and molecular PDAC carcinogenesis model. Image
adapted from [*].

KRAS belongs to the RAS family of small guanosine triphosphate (GTP)-binding proteins,
which include NRAS, HRAS, and KRAS. It represents one of the major driver genes of pancreatic
cancer, as activating mutations of this gene were reported in >95% of pancreatic cancer patients.
In 70-95% of cases, the KRAS gene harbours activating point mutations in correspondence with
codon 12 (KRAS®'?D) in which glycine residue is mutated in aspartic acid the majority of cases.
Glycine replacements into valine or arginine residues in the same codon were also detected but in
lower percentages®. Other codons, such as 11, 13, or 61, are among those that point mutations might
impact, though less commonly than codon 12%. KRAS gene encodes for a cell membrane protein
with intrinsic GTPase activity involved in the signaling transduction by growth factors and Ca?*
ions®. These mutations result in a KRAS protein (p21-RAS) which is constitutively active,
permanently promoting the activation of several downstream signaling pathways involved in PDAC
cells’ survival, proliferation, inflammation, migration, and invasion, such as MEK, PI3K, and RAF

signaling®.
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KRAS activating mutations represent an early event in PDAC, as they are detected in all three
types of PDAC pre-neoplastic lesions (low-grade PanIN-1, IPMNs, MCNs)**, and they play an
important role in PanINs initiation, as demonstrated in several genetically engineered mice models
with endogenous mutated KRAS (KRASC1?P) expression in the pancreas, in which these mutations
were sufficient to initiate pre-neoplastic lesions in all the mice models®”8, This process is further
favoured by the induction of acute pancreatitis in inducible KRAS®*?P mice, which promotes ADM
and PanINs development3®. However, KRAS mutation alone is necessary yet insufficient to induce

the progression from pre-neoplastic lesions to invasive carcinoma, as only a small percentage of

G12D 37,39

Kras mice’s PanINs evolve into pancreatic cancer

In dividing cells, chromosome ends have characteristic DNA-protein structures called telomeres
that prevent DNA damage. Chromosome instability, typical of epithelial malignancies, can result
from shortened telomeres. Telomere shortening is another early occurrence in PanIN-1 lesions,

which may favour the insurgence of genetic abnormalities in PanINs*.

KRAS mutations are followed by other genetic alterations negatively affecting three major tumor
suppressor genes: CDKN2A, TP53, and SMAD4. CDKN2A (Cyclin Dependent Kinase Inhibitor 2A,
p16) is mutated in ~90% of PDAC cases*!. The encoded protein p16 is involved in cell cycle arrest
in correspondence with the G1-S phase transition by inhibiting cyclin-dependent kinase-4 and -6
(CDK-4/6); therefore, CDKN2A inactivation by transcriptional silencing results in uncontrolled
proliferation of cancer cells*?. Loss of p16 occurs later than KRAS mutations. It supports the concept
that pre-neoplastic lesions are precursors to invasive pancreatic carcinoma, as CDKN2A mutations
are present in the majority of intermediate PanIN-2 lesions® (Figure 6), and they promote the
development of high-grade pre-neoplastic lesions, which rapidly progressed to invasive PDAC in

inducible KRAS®12P mijce*3.

TP53 is a tumor suppressor gene that regulates important cell functions, such as cell metabolism,
cell cycle, apoptosis, and DNA repair®®. This gene harbours heterogenic point mutations in 70% of
PDAC patients, in particular missense point mutations**, leading to loss-of-function but also gaining
new tumorigenic roles, determining cancer cell survival and uncontrolled proliferation, which
further promotes genomic instability, contributing to cancer progression and the acquisition of
aggressive behaviors*®#’. TRP53 inactivating mutations are considered “late” ones, as they are

detected in more advanced PanIN stages (PanIN-3)?84® (Figure 6), and important inducers of PDAC,
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as inducible KRAS®'?P mice with endogenous expression of mutant p53 developed metastatic PDAC

faster than in the presence of null p53 allele34°,

SMAD4 is another common inactivated tumor suppressor gene in pancreatic cancer, in which
mutations or homozygous deletions in one allele with loss of the second allele are detected in 55%
of PDAC cases*!. SMAD4 mutations represent a “late” event in PDAC carcinogenesis, as low-grade
PanIN-1 and -2 express wild-type SMAD4, but high-grade PanINs-3 lesions show a complete loss
of SMAD4 expression“®*, This gene encodes for the SMADA4 protein, a transcription factor that
mediates transforming growth factor  (TGF-p) signal transduction, which exerts anti-proliferative
roles. Therefore, the loss of SMAD4 protein in pancreatic cancer cells provides pancreatic cancer
cells with a selective growth advantage®>? and was demonstrated in vivo using Kras®?P mice
models with deletion of SMADA4, which developed greater fibrosis and faster high-grade PanIN
lesions that progressed in some examples to invasive adenocarcinoma respect to Kras®'?P mice

alone®. This process was accelerated in the presence of CDKN2A mutation®.

TGF-p signaling pathway exerts an anti-tumor role during the initial stages of carcinogenesis.
At the same time, it switches to an oncogenic effect during more advanced stages, in particular in a
SMAD/4-independent manner, by activating alternative pathways, such as RhoA, MAPK, and
PI3K™, but also via NFAT-mediated c-Myc expression, which enhances cancer cell growth®.
Besides supporting cancer cell processes, the TGF-§ signaling pathway role is extended to the
stromal components, such as pancreatic stellate cells (PSCs), which support PDAC progression. In
vivo and in vitro studies have demonstrated that TGF-3’s paracrine activity leads to PSCs activation

and increased deposition of ECM proteins, particularly collagens, in pancreatic fibrosis®’.

The genetic alterations of pre-neoplastic lesions described before are also present in PDAC,
where these mutations occur more frequently. Besides the four major genes, other mutations can
accompany the development and progression of pancreatic cancer. Gene-inactivating mutations,
such as in RNF43, ARID1A, and BRCA2, are linked to PDAC initiation, although they are observed
in a small percentage of PDAC cases®®. BRCAZ2 is involved in DNA repair. Its expression is also
lost in high-degree PanINs, suggesting a late role in PDAC carcinogenesis®®, and germline mutations
significantly increase the risk of PDAC®. GNAS gene is commonly mutated in IPMN and PDAC
and, to a minor extent, in MCN and PanINs®®, Mutations in PALB2, TGFBPR2, and ATM have also
been reported in PDAC®®,
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2.3 Diagnosis

As previously mentioned, early diagnosis represents one of the major clinical challenges of
PDAC, contributing to its abysmal prognosis. The survival of patients correlates with the stage of
the disease. Therefore, its early detection can significantly improve the probability of efficiently
treating PDAC.

PDAC does not manifest itself with specific or visible symptoms during the early stages. Indeed,
non-specific but frequent signs of pancreatic cancer are abdominal and back pain and weight loss,
resulting from the impairment of the pancreatic synthesis of digestive enzymes and nutrient
malabsorption8. These non-specific symptoms delay identification until the disease has already
progressed. Almost all patients show locally or disseminated advanced PDAC at the diagnosis, with

metastasis to the liver or lungs.

Besides unspecific symptoms, PDAC can cause diabetes in 20-50% of patients, leading to
glucose intolerance®®. In 80-90% of individuals, this cancer results in obstructive jaundice,

gastrointestinal haemorrhage, and splenic vein blockage®'.

In case of symptoms manifestation or PDAC suspect, the most common tests prescribed are
abdominal computed tomography (CT) or magnetic resonance imaging (MRI). These techniques
can assist in determining the presence of the tumor and whether cancer cells have metastasized to
nearby organs, lymph nodes, and distant organs. A CT scan can be employed to evaluate if surgery
would be an effective course of therapy'®. Following these first-line imaging methods, the next step
is endoscopic ultrasound for collecting biopsy samples for cytopathological studies, such as
investigating mutations in the KRAS gene®, histologic diagnosis, and assessing surgical

resectability®.

Besides the aforementioned imaging techniques, to date, there is no standardized PDAC
screening technique available. Considering the high risk of misinterpreting benign lesions for PDAC
or vice versa and the invasiveness of biopsy collection with these techniques, the need for less
invasive diagnostic techniques, such as liquid biopsy or screening, to track patient response to
therapy and direct therapeutic decisions, becomes urgent. For these reasons, the imaging techniques
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are coupled with laboratory tests for potential biomarkers identification in patients’ blood,

pancreatic juice, and breath.

Serum carboxyhydrate Antigen 19-9 (CA 19-9) is secreted by a fraction of PDAC cells, and it
can be used to screen individuals with high-risk factors, determine tumor resectability, and monitor
patients’ response to treatment after PDAC diagnosis!®®, Conventional protein biomarkers also
consist of coagulation factors, such as Fibrinogen, D-dimer, haemostatic parameters, and
inflammatory factors®*. Moreover, increased alkaline phosphatase and bilirubin levels may indicate
liver metastasization or bile duct obstruction®. Researchers have also focused on the detection of
DNA mutations in pancreatic juice. Pancreatic intraepithelial neoplasia (PanIN) and invasive
pancreatic cancer were associated with mutant P53 in the patients’ pancreatic juice®®. In addition,
metabolomics can significantly help identify new PDAC plasma biomarkers for early diagnosing,
where PDAC is still resectable, and for screening high-risk cohorts®’. Other potential serum
biomarkers are represented by circulating tumor cells (CTCs) and circulating tumor DNA (ctDNA),
which can be more easily isolated from PDAC patients than biopsies or punctures, and
understanding the molecular processes behind PDAC development and metastasis may be
accomplished by performing different omics profiling on CTCs®. Several other biomarkers are
currently under study for clinical validation, such as autotaxin, thrombospondin-2, lysophosphatidic

acid, and insulin-linked binding protein 2%,

2.4 Prognosis and treatment

Although the prognosis for pancreatic cancer varies depending on the stage and resectability, it
is generally dismal (5-year survival: 10%), as many patients are diagnosed at a late stage, and the
majority are declared surgically unresectable due to metastases. Only surgical resection and

chemotherapy/radiation as adjuvant therapy have increased PDAC survival chances'® (Figure 7).

2.4.1 Surgical options

36



Once the medical team determines the diagnosis, treatment is evaluated to address the disease
better. The main option remains surgery, immediate in the case of pancreatic tumors immediately
classified as resectable (<20%)%. PDAC is then further classified as borderline resectable and
unresectable (most locally advanced or metastatic)’®. In the case of pancreatic cancer localized in
the head of the organ, Whipple's procedure is considered the first choice for its resection. This
procedure involves the removal of the head of the pancreas, the bile duct, the first portion of the
intestine, and the gallbladder’. However, this technique is extremely difficult and linked to high
post-operative morbidity due to incomplete excisions or development of metastasis, with 5-year

survivals of ~20%.

For this reason, surgery is followed by adjuvant therapies®. In the case of borderline pancreatic
tumors, which affect adjacent organs or vessels in a limited and localized way, neoadjuvant
chemotherapy treatment aimed at reducing the extent of the tumor mass close to the blood vessels
and organs concerned by the disease, may lead to subsequent surgery’?. The same strategy is
employed for locally advanced tumors. However, only a small percentage of cases (~30%) are
considered for surgery following adjuvant therapy due to the important vascular involvement”®, and
the median survival equals resectable patients’®. Metastatic pancreatic cancers (50-60% of PDAC
cases) develop distant metastasis, and this determines the impossibility of their surgical excision;
therefore, their treatment involves only a palliative chemotherapy regimen, yet survival of metastatic
patients ranges around 5-9 months’®"4,

2.4.2 (Neo)Adjuvant Therapies: Chemotherapy and Radiotherapy

Considering the high morbidity associated with PDAC excision surgery and the high percentage
of patients with metastasis at the diagnosis, adjuvant therapies have emerged as important post-
operative options to increase patients' survival rates®®. Patients with resectable tumors can benefit
from pre- and immediate post-operative adjuvant chemotherapeutic treatments for monitoring first
and then limiting the chances of tumor relapse™. For these patients, adjuvant therapies consist of
gemcitabine, alone or coupled with capecitabine’®, or FOLFIRINOX, a combination of folic acid,
5-Fluorouracil (5-FU), oxaliplatin, and irinotecan. The choice of adjuvant therapy is guided by each

patient’s post-operative fitness’™.
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FOLFIRINOX and gemcitabine combined with paclitaxel can be administered as first-line
neoadjuvant therapy for cases of resectable borderline and locally advanced pancreatic tumors to
reduce their size and involvement of other organs and vessels and favour surgery resection’”’8, For
unresectable borderline, locally advanced, and metastatic pancreatic tumors, gemcitabine, alone or
in combination with paclitaxel, and FOLFIRINOX represent the first-line standards of care,

although other associations can be employed in case of bad patient fitness’™.

Gemcitabine, in combination with capecitabine and 5-Fluorouracil, is often used in combination
with radiotherapy. Although many in vitro studies and clinical trials have assessed the potential
benefit of (chemo)radiotherapy in PDAC, there is an absence of consensus and conclusive evidence;
therefore, the potential contribution of adjuvant radiation treatment to the improvement of patient

outcomes in PDAC remains pending®:78,

The effectiveness of PDAC treatment remains poor despite the surgery and the variety of neo-
and adjuvant therapies, representing a major challenge for basic and applied research, which needs
to invest more of researchers’ efforts in discovering new and alternative therapeutic options to

replace or combine with current ones.
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Figure 7. Schematic overview of all the current clinical treatment strategies for PDAC patients based on
whether the patients have resectable, locally advanced, or metastatic PDAC. Image created with Biorender.
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3. Tumor microenvironment

Tumors are caused by dysfunctions of certain cell types in the body, which then spread and
proliferate uncontrollably outside the boundaries of the tissue in which they are located, leading to

the development of tumor tissue whose properties differ from those of healthy tissue.

The concept of the tumor microenvironment (TME) was first introduced by the “seed-and-soil”
theory developed by Stephen Paget in 1889 to explain the process of metastasis, in which cancer
cells spread throughout the body®. According to this theory, metastatic cancer cells (the "seed")
show preferences for specific organs when metastasizing, which are the result of the favourable
interactions with the organ microenvironment (the "soil"). Therefore, this theory accords significant
importance to the microenvironment in which cancer cells are placed. Since its elaboration, the
notion of the tumor microenvironment has gained prominence in the cancer research field. Due to
this interest in the tumor microenvironment, several features of tumor growth have been better

understood, and novel medicines that target the tumor microenvironment have been developed.

The tumor microenvironment is the ensemble of cellular components, molecular components,
and mechanical and chemical constraints that surround and interact with tumor cells, favoring tumor
progression®® (Figure 8).
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Figure 8. Schematic of the principal components of the tumor microenvironment, comprising cellular and non-
cellular components. Image adapted from [®].
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3.1 TME cellular component

The cellular component of the tumor microenvironment is constituted by stromal cells
surrounding tumor cells. Stromal cells include infiltrating immune cells, mesenchymal cells of the
connective such as fibroblasts, endothelial cells, which form blood and lymphatic vessels, nerve
cells, and epithelial cells of the peri-tumoral healthy tissue. Cross-talks between these various cells
cause cell activation, differentiation, and changes in the structural and biological characteristics of
the ECM, resulting in the promotion of tumor growth, invasion, and metastatic spread. In addition
to the abnormalities displayed by cancer cells in the tumor microenvironment, the surrounding
stromal cells exhibit more different phenotypes than their healthy counterparts. Single-cell RNA seq
analysis on mouse and human pancreatic tumors has recently revealed three different CAF
subpopulations that exert different functions. Myofibroblastic CAFs (myCAFs) are the most
abundant type in PDAC and derive from TGF-B-activated pancreatic stellate cells, this phenotype
is also characterized by high aSMA expression, and is involved in the production of ECM
components and in its remodelling, therefore playing a determinant role in PDAC desmoplasia and
they are localized close to cancer cells®?. Inflammatory CAFs (iCAFs) derived from IL1-activated
pancreatic stellate cells but show low aSMA expression, overexpressing instead different types of
cytokines and chemokines, in particular 1L6 and CXCL12, that promote PDAC progression and
immune suppression®. myCAFs and iCAFs also share different localizations within the tumor;
while myCAFs are localized close to cancer cells, iCAFs are found farther away from them in the
stroma, suggesting a differential role related to their location. Moreover, these two types of CAFs
are reversible states and can be converted into the other type based on their localization and the cues
they are exposed t0%. The third subpopulation expresses MHC class Il genes similarly to antigen-
presenting cells of the immune system; therefore, this CAF subpopulation was called antigen-
presenting CAFs (apCAFs). These cells are thought to deactivate CD4+ T cells and to contribute to
suppress the immune system in PDAC®2. Contrary to myCAFs and iCAFs, which originate from
pancreatic stellate cells, studies suggest that apCAFs originate from mesothelial cells from normal

pancreas®®®,

Mizutani et al. reported high Meflin/low aSMA-expressing CAFs with an anti-tumor role in
PDAC tissue samples. In fact, Meflin-positive CAFs correlated with better prognosis in PDAC

patients and mouse model, suggesting that these stromal cells regulate differentiation in PDAC by
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softening PDAC stroma and impairing its progression®®. More recently, a new CAF subtype has
been characterized. The metabolic CAFs (meCAFs) are characterized by elevated expression of
marker genes related to glycolysis, suggesting a high glycolytic activity. The meCAFs are found in
low desmoplasia PDAC patients and, despite they are associated to poor prognosis, patients with
abundant meCAFs show a significant better response to immunotherapy, potentially due to the low

desmoplastic reaction which promotes immune cells infiltration®®.

Stromal cells interact dynamically with cancer cells to give them a more aggressive
phenotype®” (Figure 9). However, not all tumor-associated stromal cells will benefit the tumor, as
for the case of recruited macrophages to the tumor site, where they can exert a pro- or anti-tumor
role. Tumor-associated macrophages recruited by the tumor microenvironment can favour tumor
progression via the synthesis of specific cytokines and chemokines, such as IL-6, growth factors,
and hydrolytic enzymes for ECM remodeling, or by limiting the activity of other immune cells,
leading to tumor immune escape®®. Conversely, macrophages can act against the tumor by activating
the macrophage-mediated programmed cell removal for tumor cell elimination or by secreting

cytotoxic macromolecules®,
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Figure 9. Schematic depicting the signaling interactions occurring in the tumor microenvironment during
tumor progression. Image adapted from [*].
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As for the vascular component of the TME, endothelial cells that form tumor capillaries
display phenotypic and functional features which differ from healthy endothelial cells that results
in a peculiar tumor microenvironment. In fact, normal tissues are characterized by well-organized
and mature vasculatures and lymph vessels embedded in an ECM made up of a relaxed net of
collagen and other fibers and a small number of fibroblasts and macrophages®. Conversely, TME
is characterized by higher numbers of macrophages and fibroblasts and by a very intricate and dense
network of collagen fibers that increases the interstitial tumor pressure®, further promoted by altered
lymph vessels which are unable to drain the lymph fluid efficiently. In addition, tumor vasculature
is aberrant, featured by frequently dilated and excessively branched vessels, with fenestrations,
discontinuous basal membrane, and cancer cells embedded in the vessel’s wall, causing the vessel
to constrict. Due to these disordered and unpredictable abnormalities, blood flow is impaired in
many tumors, further increasing interstitial pressure (Figure 10).
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Figure 10. Schematic of the differences between the blood vasculature in healthy and tumor tissue. Image
adapted from [*].

Tumor endothelial cells overexpress specific growth factors, such as Vascular Endothelial

Growth Factor (VEGF) and its receptor (VEGF-R), promoting angiogenesis, and so their growth,
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via autocrine signaling®®. Tumor-associated endothelial cells also modify the interactions between
cancer cells and ECM by increasing the expression of specific integrins involved in tumor cells’
anchorage and growth, such as avp3 and avp5% and potentiating tumor immune escape by cross-
talking with tumor-associated macrophages®.

3.2 TME molecular component

Within the TME, the extracellular matrix (ECM) consists of a three-dimensional network of
insoluble macromolecules. Within this mesh, cancer, and stromal cells, soluble molecules, such as

enzymes, and soluble mediators of cell communication are embedded (Figure 11).
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Figure 11. Schematic of the extracellular matrix of mammalian cells and its components. Image adapted from
Wikimedia Commons®

The ECM comprises both polysaccharide and protein macromolecules. The extracellular
matrix polysaccharides belong to the family of glycosaminoglycans; linear heteropolysaccharides
are made up of repetitive disaccharide units. Polysaccharides include hyaluronic acid, chondroitin,

dermatan, heparan, and keratan sulfates. The protein component of the extracellular matrix includes
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glycoproteins such as collagen, laminin, fibronectin, and proteoglycans, and non-glycosylated

proteins, such as elastin.

Fibroblasts synthesize collagens, a family of fibrous glycoproteins constituted by three o
polypeptide chains, each containing ~1000 amino acids with a particular peptide sequence (Gly-X-
Y). Collagen largely contributes to ECM structure, and some types of collagens, such as type | and
type 1V, are overexpressed by tumor and stromal cells, promoting cancer progression, as

demonstrated in pancreatic cancer®® (See section 3.2.1).

Laminins are three-chain glycoproteins (o, 8, v) that constitute the basement membrane and
type IV collagen. Laminins play an important role in many biological processes, including tumor
migration, invasion, and dissemination, by promoting the synthesis of proteolytic enzymes that
degrade the ECMY’,

Fibronectins are glycoprotein dimers synthesized by fibroblasts and endothelial cells, which
form fibrillar aggregates and participate in the organization and structuring of the ECM, playing a
key role in cell adhesion, survival, growth, migration, and differentiation via integrin-mediated
signaling®. They are frequently overexpressed in tumor tissue and involved in tumor progression

and dissemination to other organs®.

Elastins are connective tissue proteins secreted by fibroblasts, smooth muscle cells, and
endothelial cells in the form of tropoelastins, a precursor that is processed to elastin. These proteins
exist as fibers and provide strength, toughness, and elasticity to the ECM of different tissues!®. In
the tumor context, elastin proteins are overexpressed by the modified ECM, having either favourable
or unfavorable consequences on tumor progression. ECM elastin proteins cross-link with other
extracellular matrix components and interact with tumor cells through specific receptors (EBP,
Elastin-Binding Proteins), contributing to their metastatic phenotype and tumor-induced

angiogenesis®,

3.3 TME soluble component

Different soluble molecules are embedded within the ECM's insoluble protein and

polysaccharide mesh. These include proteolytic enzymes involved in the ECM's remodeling,
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playing a key role in processes such as cell differentiation, migration, proliferation, angiogenesis,
and tissue repair'®t. Among the enzymes with proteolytic activity, we found the extracellular matrix
proteases, which can belong to serine, cysteine, aspartate, and threonine proteases or the family of

metalloproteases (MMPs), and glycosidases.

Glycosidases degrade the ECM polysaccharides, which are mainly glycosaminoglycans.
Most of these hydrolases are localized intracellularly; therefore, glycosaminoglycans are first
internalized in an endosome, where they undergo a first endolytic depolymerization to form
oligosaccharides. The degradation continues after fusion with a lysosome, where oligosaccharides
undergo enzymatic desulfation and exolytic depolymerization to form monosaccharides®.
However, some glycosidases, such as those catalysing the degradation of hyaluronic acid, are

secreted in the extracellular space (Jung H. et al., 2020).

Proteases can be integral membranes localized at the cell surface or secreted to the
extracellular space. They are pleiotropic and pH-sensitive proteins that regulate the activity of
several signaling molecules, the ECM turnover via the degradation of the ECM protein components,
such as proteoglycans, fibronectin, and collagen, and the cleavage of precursor proteins to activate

them101,103

In addition to the physiological functions, proteolytic enzymes, in particular, all members of
the metalloproteinase family, have been linked to tumor progression and metastasis, chronic
inflammation, and subsequent tissue damage!®*. They have been recognized as biomarkers in
various fields (diagnosis, monitoring, and treatment efficacy)!®. Their role in cancer cells invasion
and metastasis is closely linked to the acidic tumor microenvironment, as the acidic conditions
promote the secretion and the activation of different proteases, leading to ECM degradation and

cancer cells’ enhanced migratory and invasive abilities'617,
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3.4 PDAC desmoplastic microenvironment

PDAC is a highly chemoresistant tumor, and this feature is the consequence of several
factors; among them, we found the presence of a desmoplastic PDAC tumor microenvironment

(Figure 12), which acts as a barrier that reduces the delivery of chemotherapy drugs.

Normal pancreas

Figure 12. Histological photographs showing the S&H staining for PDAC and normal pancreas. Image
adapted from ['%].

PDAC is characterized by an extreme desmoplastic stroma surrounding the cancer cells,
constituting 90% of the tumor volume!®. This dense TME provides a scaffold for tumor growth,
where stromal cells contribute to PDAC progression. Although cancer cells can produce ECM
components, it is commonly assumed that the desmoplastic reaction results from cancer-associated
fibroblasts (CAFs) activity, particularly pancreatic stellate cells (PSCs). During PDAC
development, cancer cells secrete several factors, such as TGF-B1, platelet-derived growth factor
(PDGF), sonic hedgehog (SHH), and fibroblast growth factor-2 (FGF2)'%°, for CAFs recruitment,
activation, and proliferation''®!, When activated, PSCs start depositing high quantities of ECM,
comprehending collagens | and V, fibronectins, hyaluronan, and laminins!® to fuel the desmoplastic
TME and promote a hypoxic microenvironment (see Section 3.6) and secreting different growth
factors, immunosuppressive cytokines, and chemokines to promote mesenchymal and aggressive
features of PDAC cells''> 114, PDAC’s dense ECM further promotes cancer progression by limiting

immune cell accumulation via contact-mediated lymphocyte trapping*'® and activating the
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integrin/FAK cascade in cancer cells*'®. Several works have demonstrated the pro-tumor role of
PDAC desmoplasia and targeting both desmoplasias via pharmacologic inhibition and PDAC cells
via chemotherapy has a greater effect than targeting cancer cells alone, highlighting its potential as

a therapeutic target!!"118,

3.5 Physico-chemical properties of the TME: hypoxia

Tumor hypoxia is a chemical signature of the TME. Generally, this condition indicates low
oxygen (O) levels in the tissues (below 10 mmHg), which is caused by an unbalanced relationship
between oxygen supply and demand. The role of hypoxia becomes more important in the tumor
context, where the onset of this phenomenon brings several consequences closely associated with
tumor progression and chemoresistance, thus contributing to a worse prognosis for the patient. The
following sections provide an overview of the tumor hypoxic phenotype, the types of hypoxias, and

the biological consequences.

3.5.1 Hypoxic tumor microenvironment

Cancer cells divide rapidly, resulting in tumor tissue growth. Angiogenesis fails to keep pace
with this process, and it cannot supply the growing tumor with appropriate levels of oxygen,
resulting in inner tumor regions with chronic low oxygen tension with respect to the surrounding
healthy tissue due to the limited number of blood vessels. Therefore, tumor hypoxia results from an
imbalance between O2 demand and supply rate, and it can originate from different causes that
depend on the time of exposure to low Oz levels!!®. To mitigate this effect, cancer cells activate
signaling pathways that promote angiogenesis in hypoxic conditions. However, as previously
explained in paragraph 3.1, tumor angiogenesis is characterized by structural alterations in blood
vessels with respect to healthy ones, displaying fenestrations that further impair blood circulation.
This causes inefficient oxygen supply and reoxygenation in different tumor areas, leading to
transient or cyclic hypoxia®®.

Although transient and chronic hypoxia cannot always be distinguished completely in given
tumor areas, chronic hypoxia typically occurs in cancer cells far from the blood supply and is

brought on by restrictions in oxygen diffusion from tumor microvessels into the surrounding tissue.
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On the other hand, acute or transient hypoxia arises closer to the blood vessels and is primarily
caused by transient, local perturbations in blood perfusion®*®.

The effects of hypoxia on tumor cells are mediated by three proteins belonging to the
hypoxia-inducible factor (HIF) family; HIF-1, HIF-2, and HIF-3. HIF-3 induces gene expression
and inhibits the activity of HIF-1 and HIF-2 activity'?°. These last two proteins are closely related
but target a different set of hypoxia-induced genes and have functions that only partially overlap.
HIF-2a subunits are expressed in conditions of intermediate hypoxia, whereas HIF-1a is mostly
expressed in severe and sustained hypoxic conditions?.,

All three HIFs are heterodimers of two subunits, a, and . Most HIF transcriptional activity
is mediated by HIF-1a and HIF-2a complexed with HIF-1f. Unlike B nuclear subunits, cytosolic a
subunits expression is regulated by alterations in oxygen levels via transcriptional regulation and
proteolytic degradation!??. In normoxic conditions, the HIF-10 subunit is hydroxylated on different
proline residues in the N-terminal oxygen-dependent degradation domain (NODD) and C-terminal
oxygen-dependent degradation domain (CODD) by oxygen-dependent prolyl hydroxylase (PHD)
enzymes*?®. This modification determines HIF-1o ubiquitylation by 26S proteasome!?*, The active
transcriptional o/ complexes are not assembled without o subunits. HIF-a activity is also negatively
regulated by the factor inhibiting HIF (FIH), an oxygen-dependent enzyme that hydroxylases
different asparagine residues in HIF-1o and HIF-20!%. This reaction prevents HIF-a subunit
interaction with CBP/p300 co-activators, which is necessary for the transcriptional activity of HIF
subunits!?®, Besides hydroxylation, HIF-a activity is also regulated by acetylation, which may lead
to decreased or increased HIF-o stability and activity based on which residues are acetylated*?’.

Under hypoxia, the activity of PHD is decreased with consequent reduction of HIF-a
hydroxylation and degradation. This results in an accumulation of HIF-a subunits in the cytosol and
the increased dimerization of o with B subunits in the nucleus to activate hypoxia-dependent gene
expression by complexing of active HIF-1 with CBP/p300 at the level of the promoter of genes
containing hypoxia response element (HRE) sequences. In chronic hypoxia, a high generation of
reactive oxygen species (ROS) promotes HIF-1 stability by inhibiting PHD and FIH!28,

Among the different signal transduction pathways induced by hypoxia, Mitogen-activated
protein kinase (MAPK) signaling pathways are switched during chronic hypoxia and are crucial to
the cancer cell response to low oxygen levels. Increased ROS levels are generated during hypoxia,

and, together with the hypoxia-induced activation of L-type voltage-gated Ca?* channels and
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consequent intracellular Ca®" rise!?®, they activate c-Jun N-terminal kinase (JNK) MAPK,
extracellular signal-regulated kinase (ERK) MAPK and p38 MAPK!%, These kinases phosphorylate
HIF-1a subunits and enhance the stability, accumulation in the cell nucleus, and interaction with
CBP/p300 co-activator, promoting the transcriptional activity of HIF-1131, Moreover, the activation
of SIAH2 by p38 MAPK can also lead to the degradation of PHD3*?, and chronic hypoxia inhibits
the expression of dual specificity protein phosphatase (DUSP2). This enzyme dephosphorylates
MAPK Kinases, inactivating them**® (Figure 13).
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Figure 13. Schematic of the contribution of MAPK cascades in the HIF-1 activation pathway. Image adapted
and modified from [***].

HIF-1 expression is also regulated by other pathways, including the NF-xB pathway. HIF1a
gene promoter contains NF-kB binding sequences, and in turn NF-«B induces the expression of
HIF-10% as well as HIF-18% . In particular, HIF-1a activation is caused by p50 and p65/Rel A NF-
kB, but not c-Rel NF-kB. NF-kB expression is tightly linked to hypoxia, as it is upregulated at the
beginning of chronic hypoxia, and this regulation occurs via several mechanisms.

In normal conditions, NF-«xB is localized in the cytosol in an inactive form via interaction
with IkB inhibitory proteins. In response to a stimulus triggered by inflammatory cytokines, Viruses,
bacteria, or different kinds of stress, IKKo/B kinases phosphorylate IkB inhibitory proteins,

targeting them for proteosome-mediated degradation. As a result, NF-kB is free from the interaction
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and can translocate to the cell nucleus, where it activates the expression of over 150 target genes
involved in inflammation, immune response, and cancer progression®*¢. IKKp is a target of PHD1
for hydroxylation, and this modification leads to its degradation, reducing NF-kB activity®*’. In
chronic hypoxia, decreased PHD1 activity results in reduced IKK degradation and, consequently,
in an increase in NF-kB activity. As previously mentioned, intracellular Ca?* rises are observed
during hypoxia, and this cytosolic increase activates Ca?*/calmodulin-dependent kinase 2
(CaMKII), which, in turn, triggers the activation of transforming growth factor-p (TGF-p)-activated
kinase 1 (TAKZ1). Finally, this protein interacts with TAB, forming a complex that phosphorylates
IKKP, a modification necessary for activating NF-«kB signaling®®’. These data indicate a positive
feedback loop between hypoxia and NF-«B.

Alternatively, hypoxia promotes NF-kB activation via MAPK pathways. ERK MAPK
catalyses the phosphorylation of p65/RelA NF-xB, activating it!*. In addition, hypoxia-induced
ROS production may lead to NF-xB activation through the PI3K/Akt/PKB pathway ¥, which
shows different links to NF-kB activation. Akt serine/threonine kinase directly phosphorylates
p65/RelA, activating it'*°, or acts upstream by catalysing IKKa and IKKB phosphorylation via
mTOR, therefore promoting IxBa degradation!!. Finally, hypoxia upregulates alarmin receptors,
playing an important role in mediated hypoxia responses in necrotic cells, which secrete damage-
associated molecular patterns (DAMPs) when embedded in a hypoxic microenvironment. DAMPS

bind to alarmin receptors and activate NF-xB indirectly'*? (Figure 14).
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Figure 14. Schematic depicting the hypoxia-induced mechanism of NF-«xB activation. Image adapted and
modified from [**].

As described previously, transient hypoxia results from aberrant tumor vasculature; this
translates to areas of the tumor that alternate between normoxic and hypoxic conditions, displaying
fluctuations in oxygen tension that depend on the tumor type and size. The specificity of the pattern
of these fluctuations is already observed at the level of the cell types from which the tumor originated
in vivo studies!*,

Compared to chronic hypoxia, transient hypoxia affects fewer genes, despite having a similar
cellular response**. Similar to chronic hypoxia, transient hypoxia has a pro-inflammatory role,
activating NF-xB via HIF-1a and in a ROS-dependent way#5146, However, the two types of hypoxia
show different NF-kB and HIF-1a activation degrees and mechanisms. HIF-1a is expressed at
higher levels and for longer times in transient hypoxia compared to chronic hypoxia448 Moreover,
as hypoxia cycles are repeated, the expression level of the protein HIF-1 increases; HIFs activation
is greater when hypoxia cycles occur more frequently (high number of cycles/hour), translating into
greater activation of NF-kB*°. Transient hypoxia also has a much greater impact on specific genes
expression than chronic hypoxia. Among these genes, we found epidermal growth factor (EGF)
pathway-related genes, CXCLS8, coding for IL-8, and PLAU, coding for Urokinase*.

Besides the pathways mentioned above, transient hypoxia generates ROS via the
upregulation of NOX1, NOX2, and NOX4 and the mitochondrial electron transport chain!*’. ROS
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promotes HIF-1a expression and stability by reducing PHD activity and inactivating FIH%,
Importantly, ROS is also a potent activator of the MAPK pathway, leading to the activation of
activator protein-1 (AP-1) and of the mammalian target of rapamycin (mTOR) kinase via Ca?*-
induced activation of protein kinase C (PKC) and protein kinase A (PKA), with final increased in
HIF-1a stability via phosphorylation'*®® (Figure 15).
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Figure 15. Schematic showing the effects of ROS in cycling hypoxia on the activation of HIF-1 and NF-xB.
Image adapted and modified from [**].

3.5.2 Contribute of hypoxia to PDAC progression and link with Warburg effect.

PDAC is characterized by the rapid proliferation of cancer cells, hypovascularization,
mitochondrial dysfunctions, and severe desmoplastic stromal response, which decreases the
delivery of nutrients and oxygen and increases glycolysis and lactate accumulation. This translates
into tumor areas that are highly hypoxic and not static. However, the tumor core is particularly
hypoxic, with a median tissue partial oxygen pressure (pO2) of 0-5.3 mmHg compared to 24.3-
92.7 mmHg in the adjacent healthy pancreas'®. PDAC cells can rapidly adapt and grow in severe
hypoxia, and this feature is linked to PDAC progression and aggressiveness, contributing to more
aggressive PDAC cell phenotypes.

To meet their high demands for metabolites and energy in hypoxic conditions, pancreatic
cancer cells evolve an effective adaptive metabolic response. Cancer cells show a metabolic shift

compared to normal cells, and they are characterized by increased glucose uptake and a higher
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reliance on glycolysis rather than mitochondrial oxidative phosphorylation for energy production,

even under normoxic conditions!®?

, such as close to blood vessels. The ATP pathway switch from
OXPHOS to glycolysis was called Warburg effect. However, recent literature has demonstrated that
several cancer types display an intact or upregulated OXPHOS. This indicates that although the
Warburg effect is often present in cancer cells, oxidative phosphorylation still contributes to ATP
synthesis, and the dependency of cancer cells on OXPHOS or glycolysis depends on the cell type,
growth stage, and tumor microenvironment'®, In recent years, many scientific works have
demonstrated that Warburg supports PDAC aggressiveness by promoting EMT, distant
dissemination, immunosuppression, stemness and angiogenesis*>+162,
The Warburg effect represents one of the main intracellular responses to hypoxia. Indeed, it was
reported that PDAC cells show a higher glycolytic and mesenchymal potential in a hypoxic
environment compared to cells displaying only the Warburg effect, and the major lactate efflux from
hypoxic PDAC cells fuels the growth of normoxic PDAC cells which surround the hypoxic core'®?,
Indeed, the lactate secreted by hypoxic cancer cells is employed by surrounding stromal and
normoxic cancer cells for immunosuppressive and growth purposesi®?. In this context, hypoxic
tumor cells preferentially use glycolysis for ATP synthesis, and the lactate produced and extruded
diffuses toward blood vessels, whereas normoxic tumor cells import it and oxidize it to produce
energy. This means lactate efficiently replaces glucose to fuel cell respiration in normoxic cells.
Hence, “unused” glucose diffuses in the extracellular space from the oxygenated tumor cell to
support the glycolysis of distant, hypoxic tumor cells'®®, HIF-1a role in promoting glycolytic
phenotype in PDAC is further supported by the vascular epidermal growth factor (VEGF), which
enables the transition from OXPHOS to glycolysis in PDAC cells by upregulating HIF-10:%4,
Hypoxia exerts its pro-tumor roles by generating ROS in both PDAC and stromal cells, and
the function of ROS has two opposing edges, as ROS levels determine its pro- or anti-tumor effect.
While excessive ROS induces oxidative stress and cell death in PDAC, a moderate production of
ROS below a specific threshold level promotes glycolysis, tumor cell survival, and growth.
Therefore, to avoid cell death by excessive ROS production by the hypoxic TME, PDAC and
stromal cells exploit different strategies, such as hypoxia-induced upregulation of fibulin-56°,
antioxidant enzymes such as heme oxygenase 1 (HO-1)¥¢ and by tightly regulating ROS
clearance'®’. ROS generation is independent of HIF-1a, but it is required for its stabilization via the
PI3K/Akt/p706K pathway, via MAPK pathway activation, or PHDs inactivation®,

o4



Hypoxia results from the great desmoplastic reaction in PDAC, which is mainly due to the
activation of pancreatic stellate cells (PSCs). Hypoxia-driven ROS production activates them and
prompts them to secrete different soluble factors, such as hepatocyte growth factor (HGF),
Osteopontin, VEGF, and inflammatory factors, which promote PDAC aggressive phenotypes®®®.,

Cell responses to hypoxia also comprehend autophagy activation to promote PDAC

stemness and progression®™®

. Maintenance of stemness is further assured by autophagy-independent
strategies, such as hypoxia-driven overexpression of Nestin via the TGF-B1/Smad4 pathway'’?, and
via indirect ways, such as via upregulation of HO-11% and paracrine signaling of Osteopontin by
pancreatic stellate cells!’,

The hypoxia-mediated maintenance of stemness in pancreatic cancer cells is fundamental
for acquiring migratory and invasive potential for tumor dissemination. However, hypoxia promotes
metastatic phenotypes mostly in a HIF-1a and NF-kB-dependent way, promoting the upregulation
of several EMT markers!">1. However, HIF-2a also contributes to EMT in PDAC, particularly by
regulating Twist2 binding to the promoter of E-cadherin, leading to its downregulation’.

The acquisition of mesenchymal phenotypes favours the invasion and metastasis of PDAC
cells. HIF-1a is responsible for the transcriptional activation of genes involved in PDAC
dissemination'’® and for the regulation of several ion channels, including Ca?*-permeable ion
channels*’” and voltage-dependent K* channels*’®, PDAC stromal cells further foster PDAC cells’
metastatic potential by secreting soluble factors that induce ECM digestion®’®.

The role of hypoxia covers almost all cellular processes determining the progression of
PDAC. HIF-1a also induces angiogenesis in pancreatic cancer by promoting the nuclear
translocation of PKM2, which regulates HIF-1a-induced VEGF transcription and secretion®, For
the same purpose, hypoxia also promotes the cooperation between HIF-1o and Stat3, which
regulates VEGF expression in PDAC cells'®!, and enhances MUC1 activity, leading to the
upregulation of several pro-angiogenic factors that are secreted by PDAC cells and promote
endothelial cell tube formation*®2. However, targeting HIFs may not represent a successful strategy,
as hypoxic PDAC cells can induce angiogenesis via HIF-1a-independent ways'8184,

The enhancement of all these aggressive characteristics has inevitable consequences on the ability
of pancreatic cancer cells to resist chemotherapeutic treatments, particularly gemcitabine treatment.
The hypoxia niche activates Akt-related pathways that potentiates gemcitabine-induced stemness

and resistance in PDAC cells®18 and upregulates the ATP-binding cassette subfamily G member
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2 (ABCG;), which decreases the gemcitabine sensitivity of PDAC cells'®’. In addition, some
contribution of HIF-2a. in PDAC chemoresistance has also been reported, indicating HIF-2a-
induced SLC1AS5 upregulation, which regulates glutamine-induced ATP synthesis and confers
gemcitabine resistance to PDAC cells',

3.6 Physico-chemical properties of the TME: acidosis

All body tissues are net producers of acid due to mitochondrial respiration and CO;
generation and fermentative metabolism that produces lactate. Protons concentration is commonly
expressed on a pH scale and significantly affects the activity of all those proteins that undergo
protonation. For example, the function of enzymes is closely linked to pH, and all can be ascribed
to an optimal pH, and its changes deeply affect their activity. Furthermore, cytosolic enzymes,
including glycolytic ones, are predicted to function optimally at a pH value of 7.3'%; therefore, cells
carefully regulate intracellular processes to maintain the cytoplasmic pH near that value. The acid-
base status of normal tissues is generally stable, with extracellular pH (pHe) values ranging from 7.3
to 7.4. However specific epithelia, such as the pancreas, show fluctuations in their interstitial pH
due to physiological acid and base secretions® (See Section 3.6.4).

In the context of tumorigenesis, it is well documented that the mean pHe value of TME is
generally more acidic than the microenvironment of healthy tissues'*®®. However, particular attention
should be addressed to the heterogeneity and dynamism of TME, where pHe is variable within the
tumor. This means that in the cancer, we can find highly acidic localized areas and other regions
with a pHe close to physiological pHe (~ 7.4) and a pHe gradient from the tumor periphery to the
core is associated with the development of a highly acidic necrotic tumor core. In general, most
recorded pHe values in the tumor are in the range of 6.4-7%%1, The same heterogeneity is reflected
for hypoxia and metabolic phenotypes, varying in time and space along tumor progression.

The acidic tumor microenvironment can be ascribed to different causes. Genetic and
epigenetic alterations lead to oncogenic signaling, which may promote the activation of pH-
regulatory members that mediate the extrusion of acid products to the TME®2, Another cause is the
cancer cells” metabolic reprogramming and hypoxic conditions described in the previous sections.
The enhanced glycolysis produces a high output of lactate and protons, which are secreted into the

extracellular space, acidifying it. Acidic areas correlate with areas of cells with an enhanced
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glycolytic phenotype and invasive ability'®2. Cancer cells with OXPHOS phenotype and pentose
phosphate pathway further contribute to producing acidic waste products in the form of CO3, which
diffuses from cancer cells and accumulates in the TME, which is hydrated into protons and HCO3~
ions by CAs.

However, insufficient and inefficient tumor vascularization acts as a barrier that prevents the
vascular dispersion of CO>-derived protons. In this case, diffusion distances can reach hundreds of
pm and generate pHe gradients across the TME. Tumor acidosis can be potentiated mostly by the
glycolytic metabolism, as lactate has a slower mobility than COz, being also a stronger acid. Several
studies have reported that hypoxic tumor regions overlap with acidic ones'®®. However, highly
acidic areas can also be found in more oxygenated portions of the tumor, as at the interface with the
stroma'®2. Moreover, although hypoxia and acidic pHe may induce similar programs in cancer cells,
such as genomic alterations, EMT, and stemness properties, the cell metabolic responses to hypoxia
differ from those caused by tumor acidosis. While hypoxic cancer cells enhance glycolytic
phenotype and enhance glucose uptake, acidic ones promote the metabolic shift towards OXPHOS
or Pentose Phosphate Pathway(PPP), limiting the use of glucose for lactate production also for
protecting cancer cells from excessive ROS production®®,

Acidic pHe is not only a consequence of a hypoxic microenvironment, but acidosis and
hypoxia act synergically to induce HIFs. Filatova and colleagues have demonstrated that
hypercapnic acidosis induces HIFlo and HIF2a expression already at normoxic conditions in
glioblastoma cells. HIFs expression is further increased in presence of hypoxia within the pHe range
6.6-6.8. Therefore, acidosis and hypoxia cooperate in glioblastoma cells to activate the HIF
signaling cascade that promote cancer stem cell maintenance!®®.

Moreover, the crosstalk between tumor acidosis and glycolysis is bidirectional, as a cytosolic
acid pH (pHi) negatively regulates glycolytic enzymes!®, potentially limiting cancer cell growth
and survival.

Despite the significant production of acid products, cancer cells show a slightly more
alkaline intracellular pH (7.1-7.7) than normal cells (around 7.2) under similar conditions®®*, a slight
difference that is linked to tumor progression (see Section 3.6.2). However, the pHi of cancer cells
is influenced by extracellular acidosis, as sudden and severe acidification of the extracellular space
can negatively affect pH; steady-state, paving the way to cell death'®”. Therefore, considering

Cancer cells increase their capacity for acid extrusion to maintain this alkaline pH; and avoid the
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toxic effects of intracellular acidification. Still, this strategy also enhances their aggressiveness by
promoting migration, invasion, immune escape, and chemoresistance. To maintain this alkaline pHi
value, transformed cells upregulate the expression and/or the activity of plasma membrane pH
regulatory transporters and pumps, which extrude the excessive acid products from the cytosol.
Bicarbonate transporters and exchangers (NBCs and AEs), the vacuolar-type H*-ATPase (V-
ATPase), the Na*/H* exchanger NHE-1 and its isoforms, the monocarboxylate transporters (MCTSs)
and carbonic anhydrases (Cas) CAIX and CAXII are constitutively expressed plasma membrane
proteins that protect the intracellular space from acidification (Figure 16). In physiological
conditions, these proteins collaborate to regulate pH homeostasis, which is required for correct cell
signaling and metabolism. In cancer cells, these proteins are dysregulated, contributing to cancer
cells’ malignant and acid-resistant phenotype!®®. Additionally, the increased expression and/or
activity of these proteins determines the pH gradient observed in transformed cells, characterized
by a reversed pH gradient across the cell membrane, displaying an alkaline pH; and an acidic pHe

compared to healthy cells'®,

Facilitated lactic
acid permeation

Primary active
acid-extruders

Na*-driven
secondary active 2HCO,
acid-extruders

Figure 16. Schematic showing the major molecules involved in pH regulation in cancer cells. Image adapted
from ['].
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3.6.1 pH-regulatory proteins in PDAC

The main function of pancreatic ducts is the secretion of an alkaline fluid to neutralize the
acidic chyme that comes from the stomach. This implies that pancreatic ductal cells secrete
bicarbonate across their apical membrane while maintaining their pH; stable, therefore representing
a major challenge for their acid-base homeostasis. The pancreatic duct then exhibits a considerable
capacity for acid-base transport, and studies have reported that several acid-base transport proteins

are implicated in the aggressiveness of PDAC.

Na*/H* exchangers (NHE): SLC9A-C

The NHEs family comprehends 10 isoforms, and NHE1 is the most studied. NHE1 is a
ubiquitously expressed plasma membrane protein and an important regulator of both pHi and pHe,
and cell volume homeostasis via the electroneutral exchange of Na* ions from the extracellular space
with cytosolic protons. The NHE1-mediated changes in pHi and the downstream signaling pathways
are then required for the physiological regulation of cell differentiation, programmed cell death,
migration, and proliferation'®®, and the integration of mechanical stimuli and hypoxia, and the NHE1
C-terminal tail is involved in the reorganization of the actin cytoskeleton through the binding with
different actin-binding proteins?®. Besides NHE1, NHE6 and NHE7 play an important role in pHi
regulation in the cancer context. In breast cancer cells and fibrosarcoma cells, hypoxia promotes the
acidification of both TME and intracellular endosomes. The latter results from the translocation of
NHES®6, an endosomal exchanger, from the endosomal membranes to the plasma membrane of
hypoxic cells. This relocation leads to hyper-acidification of endosomes, which drives intravesicular
drug trapping and decreased sensitivity to Dox?*. NHE9 also localizes in the endosomes in
glioblastoma cells, where it alkalinizes endosomes’ luminal pH to prevent EGFR turnover and to
prolong its downstream signaling cascade involving MAPK and Akt to promote migration and
tumor growth?®2,

The overexpression and/or activation of NHE1 have been reported to be an early event in

tumorigenesis as it drives the intracellular alkalinization of cancer cells, and this acid extruder is
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required for the acquisition of aggressive cancer cell phenotype by promoting cancer cells
proliferation, migration, and invasion?%3-2%,

In the pancreas, NHE1 has been demonstrated to play a major role in pHi regulation in resting
and muscarinic agonist-stimulated pancreatic acinar cells?®’. In PDAC, Neurotensin (NT) induces
localized extracellular acidification via activation of NHE1, a requirement for cell aggressiveness®®.
Moreover, NHE1 expression, activity, and cell membrane accumulation are triggered by laminin
subunit y2 (LAMC2) via Akt-dependent signaling, modulating pHe to induce EMT and the
formation of actin-dependent pseudopodia for cell migration and invasion of PDAC cells®®.
Epidermal growth factors (EGF) and the EGF receptor (EGFR) play an essential role in PDAC,
mediating the extensive desmoplastic stromal reaction, promoting PDAC cells aggressiveness?1%21,
Cardone et al. demonstrated that EGF promotes a pro-metastatic protein-protein complex composed
of EGFR and NHE1 and mediated by Na*/H" exchanger regulatory factor 1 (NHEF1). This
interaction stimulates NHE1 activity, leading to an increased 3D colony growth, invadopodial
activity, and ECM digestion, then driving cell invasion?*2. NHE1 also promotes Merlin-induced
invasiveness in PDAC cells?'®. These results suggest that NHE1 inhibition may potentially slow
down PDAC progression.

Besides NHEL, other isoforms have been documented to be involved in the pH; regulation
of PDAC cells. In particular, NHE7 is upregulated in the most aggressive pancreatic cancer
subtypes, regulating cell proliferation and cytosolic pH. This exchanger localizes in the trans-Golgi
network for the latter purpose, regulating its luminal acidification to maintain an alkaline pH; in
PDAC cells. NHE7 abrogation leads to the alkalinization of the trans-Golgi network and subsequent
accumulation of protons in the cytosol that dysregulates actin fibers. Moreover, NHE7 KO inhibits

tumor growth in vivo?!4,

Monocarboxylate transporters (MCTSs)

MTCs belong to the solute carrier 16 (SLC16) family of transmembrane proteins responsible
for transferring monocarboxylated molecules, such as lactate and protons, across the plasma
membrane. Among the 14 isoforms, MCT1 plays a pivotal role in PDAC under glucose restriction.

It mediates lactate uptake that promotes colony formation and protects high MCT1 expressing-
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PDAC cell lines from gemcitabine-induced cell death by promoting stemness properties®®>. MCT4
is also strongly involved in the pHi regulation of PDAC cells. It is overexpressed in highly glycolytic
PDAC cells, and its suppression compromises glycolysis but leads to the compensatory promotion
of OXPHOS and autophagy. Its abrogation results in increased ROS production and subsequent cell
death in vitro, significantly affecting tumor growth in xenograft models?'®. Next studies confirmed
its localization to the plasma membrane with MCT1, where they mediate lactate influx. PDAC cell
migration depends on MCT4 activity but not MTC1, while invasion and spheroid outgrowth are
negatively affected by both MCT1 and MCT4 inhibition and knockdown?'’. Wu and colleagues
confirmed these results by demonstrating that MCT1 is overexpressed in PDAC patients samples
compared to healthy tissue and that the miR-124-mediated MCTL1 inhibition leads to impaired
glycolytic activity, lactate accumulation, and cytosolic acidification in PANC-1 cells, resulting in
the inhibition of the cells’ proliferation, viability, and migration in vitro and reduced tumor growth
in vivo?8, MCT1 and MCT4 are regulated by CD147 transmembrane glycoproteins. Silencing of
CD147 results in decreased MCT1 and MCT4 expression in PDAC cells, leading to decreased
lactate export and cytosolic acidification and weakening PDAC aggressiveness in vitro and in
vivo?®?,

It is important to note that MCT outward activity is thermodynamically repressed by
extracellular acidosis, impairing the lactate venting from the cytoplasm and affecting the
metabolism and proliferation of cancer cells. For these reasons, cancer cells develop other venting
strategies to operate in highly acidic microenvironments. Lactate can be exported via the connexin-

assembled gap junctions??,

Na*/HCOs cotransporters (NBCs)

NBCs play a key role in pHi homeostasis through bicarbonate (HCOz3") influx into cells and
compensate for cytosolic protons. In the context of PDAC, more data is needed on the role of NBCs
in its progression??!. The electrogenic sodium bicarbonate cotransporter 1 isoform B (NBCel-B) is
the most abundant bicarbonate transporter in pancreatic ductal cells, where it mobilizes the
bicarbonate inside the cells for later secretion in the duct lumen. Indeed, its silencing promotes

cytosolic acidification and extracellular alkalinization both in vitro and in vivo??2. In addition,
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genetic and pharmacological targeting inhibits tumor growth and promotes mice survival by
potentiating the immune response???, This protein is also the target of microRNA-223, which
inhibits NBCel to promote the migration, invasion, angiogenesis, and tumorigenesis of PDAC
cells??3,

In addition, the electroneutral Na*/HCOs3™ cotransporter 3 (NBC3) is overexpression in
PDAC tumors, and it is required for Ras-induced macropinocytosis in Ras mutant PDAC cells, a
process that supports tumor growth, as silencing of NBC3 inhibits tumor growth in vivo??,

The sodium-bicarbonate cotransporter NBCnl is overexpressed in PDAC cells compared to
immortalized human pancreatic ductal epithelial (HPDE) cells and further increased by TGF-p1,

and its knockdown inhibits Merlin-induced invasiveness in PDAC cells?13,

Carbonic Anhydrases (CAs)

CO- is a major acid source in cancer cells with enhanced OXPHQOS phenotype or impaired
glycolysis. The OXPHQOS and the pentose phosphate pathway are the major producers of CO», which
diffuses across cancer cell membranes, and blood perfusion drives CO> out of cells. However,
tumors are poorly perfused, and their distance from the closest capillary might increase significantly.
This creates a barrier to CO» diffusion, accumulating and acidifying the intracellular milieu. To
improve CO:> clearance, cancer cells exploit specific enzymes that increase CO> diffusivity by
allowing a parallel transport of bicarbonate ions and protons. This reaction is catalyzed by the
exofacial isoforms of carbonic anhydrases, such as CAIX and CAXI12%°. While bicarbonate ions are
imported inside the cells by NBCs, protons are released in the TME. Then, this reaction reduces
cytosolic acidification in cancer cells but leads to extracellular acidification??®. CAIX activity is
closely linked to the acquisition of more aggressive/invasive phenotypes in different types of
tumors®?” and it is also upregulated by hypoxia??®.

In PDAC, it was reported that CAIX is upregulated in PDAC tissues compared to normal
tissues and also in PDAC cell lines. The abrogation of CAIX expression negatively affects the
invasion and metastatic potential of PDAC cells, suggesting the important contribution of CAIX in
PDAC progression??. Furthermore, hypoxia promotes the KRAS-dependent upregulation of CAIX

and glycolytic phenotype, which correlates with PDAC cells’ survival and poor patient prognosis.
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CAIX abrogation results in intracellular acidification and increased sensitivity to gemcitabine in
hypoxic conditions. CAIX’s pro-tumor role was also confirmed in vivo, as CAIX knockout
xenografts mice models show reduced tumor growth and decreased gemcitabine resistance,
promoting mice survival?®®. These results support the notion that inhibiting CAIX might represent

a successful strategy to alleviate PDAC patients from its progression.

V-type H* ATPases

H* ATPases are electrogenic pumps that mediate the movement of protons against the
electrochemical gradient by exploiting the energy of ATP hydrolysis. These transmembrane
proteins are localized in different endomembrane organelles, such as lysosomes, endosomes,
mitochondria, secretory granules, coated vesicles, and Golgi apparatus, but also at the cell plasma
membrane level of specialized cell types and cancer cells, where the acidify the lumen of
intracellular organelles and the extracellular space. Proton ATPases activity regulates different
physiological processes, such as cell proliferation, cell fate and differentiation, lysosomal
degradation, receptor endocytosis, insulin exocytosis, and vesicular trafficking via the activation of
Notch, mTOR, and Wnt signaling cascades?*-34. In tumorigenesis, H*-ATPases are required to
maintain an alkaline cytosolic pH and for protons expulsion in the TME, features that promote
cancer progression®3,

H*-ATPases play an important role in PDAC, as they regulate lysosomal activity and
nutrient scavenging, which PDAC relies heavily on for its aggressiveness®®®. Moreover, H*-
ATPases tissue expression is correlated with the PDAC stage, being localized in the correspondence
of invasive fronts of PDAC cell lines’ plasma membrane with components of cell invasion
apparatus, such as cortactin, where the pump’s ability to extrude protons and acidify peri-cellular
domains contributes to cell invasion by mediating MMP-9 release. The blockade of H*-ATPases
negatively affects PANC-1 cells’ MMP-9 activity and migratory and invasive abilities?®’. These
results demonstrate that PDAC specimens overexpress H*-ATPases, which modulate specific
MMPs release and cell invasion. In addition, Hayashi and colleagues previously demonstrated that
bafilomycin Al potently inhibits H™-ATPases in PDAC cells, inhibiting the transport of protons

from the cytosol to the endosomes and secretory vesicles, thus impairing the protons transport across
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the plasma membrane and leading to the acidification of the intracellular space, increasing the
thermosensitivity of PDAC cells. These effects were potentiated with the combination of amiloride

therapy, a known inhibitor of NHE12%,

3.6.2 Acidic pHe as a driver of cancer

Tumor acidosis plays an important role in each step of carcinogenesis, shaping its role based
on the different stages (Figure 17).
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Figure 17. Schematic of main processes involved in tumor onset and progression, with indication (blue boxes)
of those processes regulated by the acidic tumor microenvironment. Image adapted from [**].

Beside the role of genetic mutation in promoting acidic microenvironment, on the other way

around, the insurgence and accumulation of random genetic alterations may depend on the
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microenvironment pH, as it influences the stability of double-stranded oligonucleotides®°. Normal
cells may face acidosis following renal failure, diabetes, inflammation, metabolic changes, and
ischemia. Acidic pHe promotes the transition from normal cells to cancer by directly causing DNA
strand breakages and gaps, and its clastogenic role is cell-type-dependent?4. The mechanisms by
which acidosis induces genetic instability in normal cells may involve a decrease in the efficiency
of DNA repair, leading to the stabilization of DNA double-stranded breaks and mutagenesis. The
ability of acidosis to impair DNA repair mechanisms was shown almost 30 years ago in A459 cells
subjected to lethal radiation damage (PLD). Acidic pHe inhibits PLD repair, blocking the re-joining
of double-strand breaks, and the authors hypothesized that acidosis inhibited DNA repair by
affecting pH-dependent DNA repair enzymes?*'. Massonneau and colleagues’ work has further
demonstrated that even slightly decreased optimal fibroblast pHe impairs the capacity of cells to
repair the bleomycin-induced DNA double-strand breaks, promoting genome instability and
potential carcinogenesis®*. In addition, acidic pHe exerts a carcinogenic role in DMBA (a tumor
initiator)-initiated papilloma skin mouse model, and it also upregulates p53 and other genes
encoding DNA damage signaling proteins in breast cancer cells. Moreover, acidic pHe-induced
mutagenesis involves Topoisomerase 2-mediated DNA single-strand breaks®*2, Reactive oxygen
species (ROS) produced by acidosis are also considered potential carcinogens, as they cause double-
strand DNA breaks and genomic instability. Zhang and colleagues demonstrated that acid exposure
leads to double-strand breaks in Barrett's epithelial cells via ROS produced following acidosis-
induced intracellular acidification?®,

Besides inducing genomic instability, tumor low pHe also influences cell epigenetics,
transcriptomic alterations, and changes in chromatin accessibility, for example, by inducing
chromatin deacetylation in acidic conditions via upregulation of deacetylase 2 in the interface
between acidic TME and stroma®®2, Histones deacetylation is required for the maintenance of pH;,
in order to avoid intracellular acidification. Histones are also acetylated in presence of more alkaline
pHi values, which are reached, for example, when cells are proliferating®*. These results suggest
that acidosis promotes genetic aberrations, transcriptomic changes, and potential cell transformation
in preneoplastic stages. However, mutations will also be inhibited in their proliferation by acidic
pHe, particularly those cells that did not yet acquire oncogenic mutations.

As noted previously, acidosis inhibits cell cycle progression and hence proliferation. Cells

require an optimum mild alkaline pH; (7.0-7.2) for progress in the cell cycle through all the
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checkpoints?®. Transient increase in pHiat the end of the S cell cycle phase promotes cancer cells’
progress through the G2/M phases and suppresses mitotic arrest triggered by DNA damage
checkpoint. Therefore, the alkaline pH; of cancer cells allows them to bypass cycle checkpoints,
promoting proliferation and genetic instability?*. Acidification of the intracellular space is also a
feature of mitochondria and death receptor-mediated apoptotic cells, which are required for caspase

activation?46

. If acidic pHe inhibits proliferation by lowering pHi, it also promotes cell cycle
progression by directly activating plasma membrane proteins, such as acid-sensing ion channels,
which promotes proliferation in a Cax+-dependent way in pancreatic cancer (see also sub-chapter
4)177241.248  or nHe-sensitive receptors®#°,

To promote tumor growth, acidosis may also increase stemness properties in cancer cells, as
reported in glioma cells. Hjelmeland and colleagues have demonstrated that 6 days-long exposure
to pHe 6.5 maintains glioma stem cell-like phenotypes and prevents their differentiation by
increasing the expression of several stem cell markers, including Olig2, Oct4, and Nanog, and
angiogenic factors, including VEGF, probably via HIF2a, leading to enhanced neurosphere
formation capacity and promote tumor growth in vivo®°. The group of Acker T. obtained similar
results, showing that acidosis and hypoxia co-operate to induce HIF expression in a chaperone
protein HSP90-dependent manner, resulting in enhanced stem cell properties of glioblastoma
cells!®. More recent work further elucidates the role of acidic pHe in cell stemness, showing that
acidosis promotes neurosphere formation and growth, mitochondrial respiration, and self-renewal
in stem cell-like glioma cells via CYP24Al1-mediated reduction of vitamin D, promoting and
maintaining the stem properties of glioma cells?>*.

As described previously, during primary tumor growth, delivering oxygen and nutrients and
removing waste products usually remain insufficient to match the increased metabolic demand of
cancer cells. To counteract these limitations, cancer cells exploit tumor acidosis to promote
angiogenesis. Lactate extruded by cancer cells is taken up by endothelial cells via MCT1, which use
this acid product for triggering the NF-kB-dependent IL-8 production and subsequent activation of
the IL-8 signaling pathway, that enhances endothelial cells migration and tube formation, promoting
angiogenesis and tumor growth?®2, In the brain, lactate-induced acidosis can mediate the hypoxia-
independent HIF-1a activity, resulting in the increased expression and release of VEGF, VEGF
receptor activation, and triggering of the angiogenic response®®3. However, other studies have

reported that highly acidic pHe promotes apoptosis and reduces proliferation, migration, cell-matrix
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adhesion, and capillary tube formation of endothelial cells by inhibiting the secretion of VEGF and

254

the activation of its downstream signaling cascade®>* or via downregulation of VEGFR-2

expression®°,

Once the primary tumor is formed, cancer cells can disseminate to colonize distant organs
and form metastasis. Tumor acidosis plays an important role acidosis in the different steps of the
metastatic process. In particular, several studies have reported that tumor acidosis promotes EMT
in different cancer cell types, enhancing the migratory and invasive potential in cancer cells,
following both short- and long-acidic treatment and via different mechanisms. Extracellular acidosis
can induce changes in EMT markers, as demonstrated in human melanoma cells subjected to 24h-
long acidic treatment, showing increased expression levels of N-cadherin and Vimentin?®, also
confirmed by other works®®"#8 however, the EMT markers expression is cell-line specific.
Acidosis can also promote EMT via the activation of HIF-2a, promoting stem cells properties in
glioma cells?®, PDAC cancer cell line SUIT-2 activate EMT and autophagy under medium and
prolonged acidic pressure (4-5 moths to 10-12 months) as an early response to resist apoptosis®*®.

More specifically, acidosis may also promote EMT by driving the formation of lipid droplets
for fuelling cancer cell invasiveness?°. Other indirect mechanisms include pHe-induced TGF-B
secretion®®®, a known activator of EMT, or via factors in the glucose metabolic pathway, such as the
downregulation of fumarate hydratase®®’. In addition, tumor acidosis may exploit pHe-sensitive ion
channels for the activation of downstream signaling pathways involved in EMT, such as Ca*
signaling (as described in the sub-chapter 4).

Cell-cell adhesion and cell-matrix adhesion loss are required for tumor dissemination during
the early stages of the metastatic cascade, and intercellular communication is significantly affected
by low pHe*"261262 For example, acidosis regulates catenins, membrane-bound proteins required
for cell-cell interaction at adherents junctions and which disruption is associated with EMT?%,
However, acid-adapted cells may show a different behaviour, increasing cell adherence in a cell-
line-specific way?’. The hypothesis is that tumor acidosis decreases the strength of cell-cell
adherence by affecting the structure or the dynamics of the cytoskeleton?®,

Other important steps in metastatic dissemination are cell migration and invasion. Several
papers have shown that single-cell or population-directed or randomly oriented migration of tumor
cells is modulated by acidosis, increasing it?6257:265266 also in PDAC?%%2°, These effects are

observed both following short acidic exposition or in acid-adapted cells and re-acclimated to pHe

67



7.4%% indicating the maintenance of the aggressive phenotype induced by acidosis. To invade the
surrounding tissue and metastasize, cancer cells must digest the ECM. Several works have shown
the pHe- dependency of this process, as matrix metalloproteinases (MMPs) and cathepsins, are
activated by acidic pHe once secreted into the ECM, where they disrupt cell-substrate adhesions?%2.
In particular, acid extruders play an important role in cell invasion, and a major one is played by
NHEL activity at invadopodia sites, where it is fundamental for generating the pericellular acidity
that promotes the proteolytic activity of different proteinases?. Another key player is expected to
be the CAIX, which acidifies the extracellular space to promote MMP14 activity?’ and metastasis
in vivo?® as previously mentioned in Section 3.6.1.

Finally, tumor acidosis promotes tumor progression by negatively affecting immune escape
and chemoresistance?®. The acidic tumor microenvironment inhibits T and NK cells’ function and
induces apoptosis?’®. At the same time, tumor acidosis activates immunosuppressive components
such as regulatory T cells and myeloid cells!®**?"*, Besides local immunosuppression, low pHe can
act systemically by impairing the distribution and bioactivity of antibodies, such as immune
checkpoint inhibitors?2, Acidic TME of solid tumors also represents a barrier (“ion trapping”) to
drug delivery and efficacy for many chemotherapy drugs, inducing changes in drug structure and
charge. An example is provided by doxorubicin, which is highly charged in acidic conditions,

impairing its uptake by cancer cells?”,

3.6.3 Acid-driven adaptation and differences with acid selection

Considering the important impact of protonation on virtually all proteins and the influence
of pHe on pHi, even a small change in pHe is enough to significantly affect cell behaviour. The pHe
sensitivity of cancer cells and the range of their optimum pHe can affect their survival in the hostile
acidic microenvironment, for example in terms of proliferation (Figure 18A): indeed, cells with a
broader pH sensitivity may be more adaptable to fluctuating pH as compared to cells presenting
narrower pH sensitivity. Cancer cells are subjected to the selective pressure induced by the low pHe,
and in this situation, they may respond by developing strategies to gain competitive advantages over
normal cells or other cancer subpopulations and survive?’*. For example, cancer cells may start an
adaptation process by adjusting their optimum pH towards more acidic values and enhancing their

metabolic rate, driving a further TME acidification that provides adapted cancer cells with a survival
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advantage compared to normal cells or cancer cells with a more alkaline optimum pH, making the
extracellular environment even more hostile for them (Figure 18B). Therefore, tumor acidosis

selects the most aggressive cancer cell subtypes within the tumor.
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Figure 18. Schematic showing two examples of pH sensitivity curves for proliferation. A) Cell X has a larger
pH optimum compared to cell Y; this indicates that its survival prospects are higher during fluctuations in pH.
B) Cell X has an acid-shifted pH optimum compared to cell Y. If cell X also has a higher metabolic rate, it is
likely to drive tissue pH to a lower level. This would provide the cell X with a survival advantage over cell Y.
Image adapted from [27].

It is important to clarify that it is not acidosis per se that promotes tumor progression.
Instead, it is the adaptation of cancer cells to acidic conditions, coupled or not with oncogenic
mutations, to increase the capacity of cancer cells to survive in the hostile acidic microenvironment
compared to non-adapted or normal cells. The adaptation will thus allow cancer cells to recover
their proliferative potential via changes in gene and/or protein expression and to further increase it
when pH. conditions become less restrictive, as at the tumor boundaries!®2. Thus, only the most
“evolutionary fit” cancer cells will survive and be selected throughout the adaptation process, and
their expansion will generate an acid-resistant population. The advantages acquired by tumor cells
during acid adaptation were demonstrated by several works on different cancer cell types, with a
particular focus on breast cancer and melanoma®’>2%, where they acquired new phenotypic
characteristics that increased their survival and malignancy under acidic pHe conditions. This aspect
is more deeply discussed in our article “Acidic tumor microenvironment promotes epithelial-to-
mesenchymal transition to select more aggressive PDAC cell phenotypes”, submitted to cancers
journal (See Chapter 3).

For the purposes of the work in this Ph.D. thesis, it is important to note the differences

between cancer cells acidic adaptation or selection. These responses depend substantially on the
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experimental strategy chosen to achieve the target acidic pHe?*. Cancer cells will undergo an
adaptation when they are exposed to graded changes in pHe over an extended period, giving cancer
cells time to respond and to adapt towards a more fitting phenotype. On the contrary, an abrupt
decrease in pHe maintained over time will promote a selection process where only a portion of the
fitter cancer cell population survives. This last scenario is less experimentally characterized than
adaptation processes, although theoretical models have described them?*283, Both acid-driven
adaptation and selection lead to a similar output, although via different ways, providing cancer cells

with survival benefits over host cells.

3.6.4 Role of acidic pHe in PDAC progression: from physiology to pathology

As detailed in Section 1.2., exocrine pancreatic duct epithelium performs transepithelial
acid-base transport; this suggests that apical and basal surfaces of ductal cells generate and are
embedded in significantly different extracellular pH values, a characteristic further accentuated by
the periodic nature of the apical alkaline secretion, leading to non-uniform temporal and spatial pHe
distributions.

More in detail, pancreatic ductal cells secrete an alkaline juice from the apical membrane to
neutralize the acid chyme from the stomach. This base secretion is coupled to the extrusion of an
equal amount of acid across the basolateral membrane, thereby acidifying the pancreatic
interstitium, whose extracellular pH (pHe) will vary cyclically during the alternating phases of
digestive stimulation of secretion, regulated by hormones and neurotransmitters and in which the
extracellular pH reaches acidic values, and resting phases'. The pancreatic interstitium pHe
dynamics are further regulated by the blood flow and diffusional fluxes and by the acid buffering
capacity of cells. Thus, pancreatic ductal cells face dynamic temporal and spatial changes of pHe.
Therefore, they exist in a unique and dynamic pHe environment in which their metabolism and
proteins- ion channels, transporters, and receptors- are tuned to this characteristic pHe landscape.
However, stromal cells and all the other types of cells residing in the interstitium will also be
subjected to the changes in basolateral pHe.

This dynamic situation of intermittent acidity in healthy pancreatic cells trains them to cope
with acidity, representing a great advantage during PDAC onset. During chronic pancreatitis,

considered as a risk factor of PDAC?* | there is an increase in basal acidity, resulting in a decreased
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interstitial pH, due to the inflammatory condition, and reduced blood perfusion until severe chronic
pancreatitis is developed?®. Chronic pancreatitis can result in intraepithelial neoplasias (PanIN-1,
2, 3), which represent the early stages of PDAC, in which pre-neoplastic lesions and inflammation
may characterize pancreatic epithelium. During this phase, there is a further decrease in interstitium
pH that becomes more independent from hormones-induced fluctuations. Once later stages of
PDAC are reached, there is the development of a strongly desmoplastic, hypoxic, and acidic
stroma?®®,

It is easy to hypothesize that the acidity intermittence of healthy pancreatic interstitium
favours the dormancy of pre-malignant lesions due to the diverse and sometimes opposite and
restrictive effects of acidosis on cancer cell functions, but, at the same time, it “preconditions”
pancreatic ductal cells and stromal cells to increase their survival potential and aggressiveness when
PDAC fully develops from early stages characterized by pre-neoplastic lesions and PDAC triggers
mutations (Figure 19). This will provide cancer cells with a growth advantage and enhance their
aggressiveness. This acid-preconditioning process results from the upregulation of many proteins
and signaling cascades that enhance cell survival. Among these proteins, we can find pHe-sensitive

ion channels, and in this thesis, particular attention was reserved for Ca?*-permeable ion channels.

71



Normal pancreas From neoplastic lesions to PDAC

Lumen H CO3‘

ﬁH’Q
Interstitium

Polarized epithelium

High luminal HCO; secretion

Local basolateral acidity
Tissue homeostasis

hl Tight junction Driver mutations/pancreatitis

Q{ﬁ’? Immune cell (dormant, TAM) | Reduced polarization

: ; Reduced transepithelial HCO4 secretion
Quiescent/activated PSC Reduced local basolateral acidity

@ > CAF TAM, PSC activation, PanIN proliferation
CQ . PDAC development
| epithelial
: - - Tumor-associated extracellular acid gradient
W Acid pH gradient Invasion, resistance, desmoplasia
l Alkaline

Figure 19. Schematic representing the hypothesis that acidic physiological microenvironment promote PDAC
onset and progression in concomitance of driving gene mutations and pre-neoplastic lesions. Image adapted

from [%9].
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4. Calcium signaling

Ca2" ions stand out among the other ions present in the intra- and extracellular environments
for their crucial role as second messengers. Ca®* ions interact with different signaling cascades via
the activation and cooperation of the molecular components of the so-called “Ca?* signaling toolkit”
and by creating different spatio-temporal Ca®* patterns to selectively regulate innumerable
physiological cell processes, ranging from cell differentiation, proliferation, programmed cell death

287_Given the importance of Ca?* ions in activating several signal

to gene transcription, among others
transductions, cells require that intracellular Ca?* homeostasis is highly regulated, keeping a low
cytosolic free Ca®* concentration (~100 nM) compared to the extracellular milieu (~1.2 mM)
through the orchestrated work of several proteins that constitute the so-called Ca?* signaling toolkit,
including pumps (Ca?* ATPases PMCA, SERCA) exchangers (Na‘/Ca®* exchanger NCLX in
mitochondria and NCX at the plasma membrane) or uniporters (MCU in mitochondria) and plasma
membrane (PM) and endoplasmic reticulum (ER) Ca?*-permeable channels. Ca?* ions are also
compartmented in different intracellular organelles, such as the nucleus, Golgi system, and
mitochondria, where their concentration is comparable to the cytosolic one. At the same time, ER
represents the major intracellular Ca* store, containing Ca®* ions in a range of 100-800 pM,

followed by lysosomes having an internal Ca?* concentration of ~500 uM (Figure 20).
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Ca?t Nucleus

Figure 20. Intracellular Ca2+ signaling. Image adapted from [?%].

To accomplish all the different cellular outcomes mediated by Ca?* signals, they differ from
each other in terms of amplitude, duration, location, and frequency?®®; high-amplitude calcium
signals play a key role in cell death, transiently increased and highly localized intracellular Ca?*
levels are associated with processes as migration, while sustained high Ca?* concentration in the ER
and mitochondria are associated to apoptosis, the formation of Ca?* microdomains in the proximity
of plasma membrane calcium-permeable channels opening is linked to activation of gene
transcription, as well as duration and frequency of Ca?* oscillations, which regulate the activation

of transcription factors.

4.1 Ca?* signaling toolkit

The molecular components involved in Ca?* homeostasis constitute the so-called “Ca?*
signaling toolkit”, composed of a great variety of proteins that act as Ca?*-permeable channels,

pumps, and exchangers and which, in an organized and coordinated way, regulate the Ca?*
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concentrations in the compartments of the different cell and between the extra- and intracellular
environment. Moreover, these Ca?* sensors decipher the different Ca?* patterns to activate the
specific and downstream Ca?*-dependent physiological activity.

Located at the endoplasmic reticulum’s membrane, inositol trisphosphate receptors (IP3Rs)
are large-conductance ion channels activated by IP3, inducing Ca?* release from the ER store in the
cytoplasm and involved in the so-called Store-Operated Ca?* Entry (SOCE), a process of Ca* influx
inside the cells that restore the homeostasis of intracellular Ca?*?*° (See section 4.2.1). Therefore,
SOCE is a Ca?" influx process that is triggered internally. Refilling the ER Ca?* store occurs through
the action of SERCA channels in the ER membrane. SERCAs are Ca?* ATPases that exploit ATP
hydrolysis energy to transfer Ca?* ions from the cytosol to the ER lumen, therefore, against their
electrochemical gradient.

Others large intracellular Ca®* reservoirs are the Golgi apparatus, nucleus, and mitochondria.
Cytosolic Ca?* levels are controlled by the activity of the Ca?* ATPase Golgi-resident SPCA,
sequestering Ca?* free ions from the cytosol and inside the Golgi store? by the mitochondrial Ca?*
uniporter MCU, which mediates the Ca?* uptake inside mitochondria, and Na*/ Ca®" exchanger
NCLX, which also regulates Ca?*. ER and mitochondria further interact functionally and structurally
to regulate Ca* exchange between the two organelles via the Mitochondrial Associated Membranes
(MAMs).

At the plasma membrane level, Ca?" ions extrusion is accomplished by the Na*/Ca?*
antiporter NCX, which exploits the electrochemical gradient of Na* ions to extrude Ca?* ions from
the cytosol to the extracellular space, and by the ATPase PMCA, which transport Ca?* ions across
the plasma membrane using the energy from ATP hydrolysis?®. Instead, Ca®* influx is resolved by
the activity of transmembrane ion channels that are activated by external stimuli and allow the
diffusional transport of Ca*ions inside the cell, according to their electrochemical gradient. Among
all Ca?*-permeable channels, examples are the family of Transient Receptor Potential channels
(TRPs), Voltage-Gated Ca?* Channels (VGCCs), and PIEZO channels.

4.2 Ca?*-permeable channels in cancer: focus on PDAC

Ca?*-permeable ions are located within the plasma membrane of all excitable cells and non-

excitable, and in many intracellular organelles. They possess an aqueous pore through which Ca?
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ions are transported inside or outside the different compartments or across the plasma membrane.
Considering the multifaced role of Ca?* ions, several works have linked deregulations of Ca?*-
permeable ions with pathologies, including cancer?®3?%* making ion channels major players in
cancer development (“Oncochannelopathies”)?®. Loss of Ca?* homeostasis contributes to its
hallmarks: enhanced and uncontrolled proliferation, migration, invasion, immune and apoptosis
escape, and neovascularization?®. The remodeling of the Ca?* network is a consequence of
alterations at the genetic and/or protein levels, leading to dysregulations in the functionality and/or
expression of the protein system in charge of regulating the flow of Ca?* ions through the different
compartments and cellular environments. In cancer, the aberrant Ca?* signals-mediated events
promote its progression.

Research indicates that PDAC growth and metastasis involve specific Ca?*-permeable ion
channels, whose alterations and functions in PDAC are listed in Table 1.

Table 1. Ca?*-permeable ion channels profile expression and function in PDAC progression

Profile )
Channel ) Function Reference
expression

Transient Receptor Potential channels (TRPS)

TRPM? Upregulation Prol|fer:f1t|on,-m|grat|on, 296,297
invasion

Proliferation, migration,

TRPM7 Upregulation invasion, cell cycle 298-301
progression, metastasis
Proliferation, migration,

TRPM8 Upregulation invasion, cell cycle 299,302-308
progression, apoptosis

TRPV1 Upregulation Apoptosis, proliferation 309,310

TRPV4 Upregulation Fibrosis sil
Proliferation, migration,

TRPV6 Upregulation _ ) _ 307,312-314
invasion, apoptosis, cell
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cycle regulation,
metastasis
Migration, invasion,
TRPC1 Upregulation _ _ 308,315
Proliferation

Upregulation in  Migration and chemotaxis

TRPC3 ' 316
PSCs in PSCs
Upregulation in Migration, cytokine
TRPC6 Pred 9 _ -y 317
PSCs secretion in PSCs

Store-Operated Ca?* Entry channels (SOCs)

Cell survival,
ORA1/STIM1  Upregulation proliferation, invasion, 312,318-321
EMT, chemoresistance
Proliferation, cell cycle
ORAI3 Upregulation progression, viability, 522
mitotic catastrophe,
apoptosis

Other Channels

o Cytoskeletal organization,
Upregulation in ) _
PIEZO1 DsC invasion, pH-dependent 323,324
S

mechanosensation

Migration, the

CaCC _ _
Upregulation pathogenesis of acute 325-321
(TMEM16A) B
pancreatitis
ASIC1/ASIC3 Upregulation EMT, metastasis 328

4.2.1 Ca?*-permeable channels: Focus on ORAI1 and STIM1 Ca?* sensor

ORAII proteins belong to the ORAI subfamily, which counts on three members; ORAIL, 2,
and 3, which assemble to form homo- or heteromeric complexes. They were discovered quite
recently, in 2006%2%-33 in an effort to identify the molecular components of the Store-Operated Ca?*

entry (SOCE) (See Section 4.2.2). This relatively recent discovery is due to the absence of sequence
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homology with any other known ion channel. In the same year, Yeromin et al. demonstrated that
ORAI1 proteins form the so-called Ca?* Release-Activated Ca?* (CRAC) channel. They are the
effector part of the SOCE®32, while the group of Putney showed that the three ORAI proteins can
generate different levels of SOCE, with ORAIL inducing the larger SOCE, followed by ORAI2 and
with ORAI3 providing the lowest SOCE3®®. The three homologs are expressed at mMRNA and/or

protein levels in all human tissues34,

From the structural point of view, the three ORAI homologs possess four transmembrane
domains (TMs) with N- and C- termini facing the cytosol, resulting in two extracellular loops and
one intracellular loop. In terms of sequence homology, the three ORAI proteins share about 60% of
it, showing the largest differences in the topological domains in the N- and C-termini domains,
which confer specific properties to each ORAI isoform. Among the conserved domains, the CaM
binding domain in the N-terminus is responsible for the inactivation of the Ca?*- channels formed
by the ORAIs®*®, while the extended TM ORAIL NH2-terminal (ETON) domain acts as a binding
interface for the ORAIL interaction with STIM1, further providing electrostatic gating elements to
fine-tune the shape of the elongated pore®®. The coil-coiled interaction domain also regulates the
interaction between ORAIL-STIM1 and between ORAI proteins themselves in the C-termini of all
three ORAI proteins®73%, All these domains were identified in ORAIL, the most studied ORAI
protein, and are thought to be conserved in the other ORAIs due to the high level of sequence
homology in these sites observed among the three homologs. The most conserved domains amongst
the ORAIs are represented by the transmembrane domains, displaying 100% of sequence homology
for TM1, while TM2 to TM4 show 81% sequence homology between ORAI1/ORAI2 and 87% for
ORAI1/ORAI3*¥® (Figure 21). Electrophysiological results have demonstrated that in the TM
conserved domains, we found the two amino acid residues that are crucial for the high Ca?*-
selectivity of ORAIL; E106 in the TM1 and E190 in TM334°,
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Figure 21. Schematic of the structural differences among the ORAI protein family. Image adapted from [**'].

ORAI1 is the longest of the three ORALI isoforms, formed by 301 amino acids, while ORAI2
is 254 amino acids long and ORAI3 is 295 amino acids long. The increased length of ORAIL is due
to a proline/arginine-rich domain in its N-terminus that is absent from ORAI2/3, which is involved
in the reactivation gating®® and in STIM1-mediated SOCE3*2, The absence of this domain was also
identified in one shorter isoform of ORAI1 named ORAIL B, the result of alternative translation
initiation of the ORAI1 gene. Despite the absence of the proline/arginine-rich domain, this isoform
generates classic SOCE, although its current presents a stronger Ca?*-dependent inhibition and a
higher diffusion rate in the plasma membrane than ORAI134334 ORAI1 is also the only one among
the ORAISs to present a site for N-glycosylation at the level of the second extracellular loop that may

modulate the SOCE in a cell-type-specific manner3#,

STIM proteins belong to the Stromal Interaction Molecule (STIM) family composed of two
homologous proteins, STIM1 and STIM2, which are encoded by two different genes. The STIM
gene was first cloned in 1996; however, no information about the role of STIM proteins was
available until 2005, when two independent teams discovered the key role of STIMs in SOCE346347,
STIML1 and STIM2 proteins are ubiquitously expressed and mainly localized in the ER membrane.
However, some evidence has indicated STIM1 at the plasma membrane level, regulating the CRAC-

mediated Ca?* entry®*® and in lysosome-related organelles and dense granules®#,

At least three different isoforms were identified for STIM1 (STIM1, STIM1L and STIM1B)
and STIM2 (STIM2.1, STIM2.2, the regular STIMZ2 isoform, and STIM 2.3). All the isoforms show
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the same overall structure, displaying a short N-terminus facing the ER lumen, a single

transmembrane domain, and a long C-terminus facing the cytosol (Figure 22).
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Figure 22. Schematic depicting the structural differences among STIM proteins. Image adapted from [**°].

Moreover, both isoforms present an EF-hand motif associated with a sterile alpha motif
(SAM) in the N-terminus region, which allows STIM proteins to detect changes in the Ca?*
concentration inside the ER. The EF-SAM domain is not identical in all the isoforms, providing
them with different Ca2*- sensitivities and selective activation depending on the extent of Ca?* ER
depletion. In the C-terminal region, we find three coil-coiled (CC) domains (CC1, CC2, CC3),
where CC2 and CC3 form the CRAC-activating domain (CAD), also called STIM-ORAI-activating
region (SOAR), which are involved in ORAI channel gating. Further domains include the STIM
inactivation domain (ID), fundamental for the Ca?* dependent inactivation (CDI) of the CRAC
channel, microtubule end binding (EB) domain, required for STIM1 movements, and polybasic rich

domain (PBD), which promotes STIMs localization to ER-plasma membrane junctions (Figure 22).

4.2.2 Store-Operated Ca?* Entry mechanism
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ORAIs are Ca®* release-activated Ca?* channels (CRACS) that are major effectors, with
STIM proteins, of the Store-Operated Ca?* entry (SOCE) mechanism, first postulated in 1977 and
formalized in 1986 by Putney®. ORAI1 channels constitute the pore-forming subunits of the store-
operated CRACs, while STIM proteins are Ca?*-sensors localized in the membrane of the
endoplasmic reticulum. Concerning the molecular mechanism behind SOCE, it can be described in
the following steps (Figure 23):

1) inositol triphosphate (IP3) is produced following the activation of a cell surface
metabotropic receptor

2) IP3 binds to its receptor (IP3R), a Ca?* channel situated in the ER membrane; this
interaction leads to release of the ER-stored Ca?* in the cytosol

3) The emptying of the ER Ca?* content is sensed by the ER-resident protein STIM1,
which undergoes a conformational change following Ca?* decrease.

4) STIM1 protein translocate to ER-plasma membrane junctions where it interacts with
the Ca?* channel composed of ORAI proteins to form the Ca?* release-activated Ca?*
channel (CRAC)

5) Binding of STIM1 to the CRAC channel determines a conformational change that

opens the Ca?* channel, allowing Ca?* influx inside the cell.
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Figure 23. Molecular mechanism of store-operated Ca2+ entry (SOCE) signaling. Image adapted from [**?].

Early hypotheses saw SOCE solely as a mechanism to replenish intracellular ER calcium
reserves®:. However, several publications in the following years have demonstrated that the role of
SOCE was wider than the sole refilling of ER Ca?* stores. Still, it is extremely important for
signaling purposes, controlling physiological and pathological cellular processes such as secretion,
differentiation, cell motility, cell proliferation, gene expression, apoptosis escape and cell

invasion®.

4.2.2.1 Store-Operated Ca?* Entry: Icrac, Isoc, and homo- and heteromeric ORAI complexes

As mentioned previously, SOCE was studied before the identification of its molecular

components, ORAIs and STIMs, and the current evoked by this mechanism was called Icrac (Ca?*
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release-activated Ca?*)3, characterized by high Ca?* selectivity, an inward rectification, a low
single-channel conductance, and a Ca?* dependent inactivation (CDI)®%3%", This current was first
characterized in T lymphocytes and mast cells; however, several studies have shown that SOCE
current is cell-type specific and presents different ion selectivity among the different cell types. For
this reason, these alternative currents from the classic Icrac evoked by SOCE were termed Isoc.
Other proteins were involved besides ORAI proteins, such as TRPs, identified ten years before
ORAIs and were first considered the main players in Icrac. With the following characterization of
ORAIl and STIMs, it was possible to confirm that ORAI1 protein form homo-oligomers and mediate
the Store-Operated Ca?* Entry®® because of the high levels of Ca?* entry provided by ORAIL

compared to the other isoforms.

Isoc currents are characterized by different Ca?* selectivity with respect to Icrac currents,
suggesting that different proteins participate in SOCE. Among them, TRPC1 was indicated as a
putative player involved in SOCE, as downregulation of TRPC1 resulted in the inhibition of SOCE
in some cell types, such as endothelial cells, human platelets, and salivary gland cells®8-3%°, Other
studies demonstrated that ORAI and TRPC1 proteins could form heteromeric channels and interact
with STIM1 for the Ca?* entry361362,

As explained before, ORAI1-only channels form the classic CRAC channels; however, some
studies have shown that also ORAI2 and ORAI3 proteins can assemble in homomers to form
functional channels that mediate the SOCE, in particular in HEK cells overexpressing ORAI2 and
ORAI3 with STIM13%%, Despite all ORAI channels being highly selective for Ca?*, they also show
different characteristics, with ORAI1 homomers displaying the greatest current amplitude and a
Ca?*-dependent inactivation (CDI). ORAI2-only channels display an intermediate current amplitude
compared to ORAIL-only channels, the fastest activation, time, and the absence of a reactivation
phase. ORAI3-only channels show the smallest current amplitude, the slowest activation time, and
the absence of the reactivation phase, as for ORAI2. Moreover, all the ORAI channels show
different sensitivities to 2-APB, which potentiates ORAI1-mediated SOCE at low concentrations
and inhibits it at high concentrations while having no inhibitory effect on ORAI3-mediated SOCE,
rather activating it*®3. Another difference regards the localization of ORAI proteins. The presence

of ORAI2 was reported in the ER membrane, where it might represent a specific type of ER
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channel®®*. Also, ORAI3 is located in the ER membrane in HeLa cells, where it plays a key role in

avoiding ER Ca?* overload®®®.

ORAI proteins can also assemble into heteromeric channels®®3, forming ORAI1-ORAI2 and
ORAI1-ORAI3 channels involved in SOCE. Inayama et al. demonstrated that ORAI2 and ORAIL
form a functional channel in the human chondrocyte cell line OUMS-27%%, This result was later
confirmed in mice T-cells, demonstrating that ORAIL-ORA2 channels maintain the principal
properties of the CRAC channel formed by ORAI1-only channels, showing only small differences
in the Icrac current generated by the heteromeric channel®®’. The same paper also demonstrated that
the expression ratio between ORAI2 and ORAI1 modulates SOCE. Concerning ORAI1-ORAI3
channels, Yoast et al. recently reported that native CRAC channels are heteromers that display
different sensitivities to Ca®" store depletion®®. Moreover, ORAI1-ORAI3 channels are also
involved in forming another type of channel which shows different properties and is not Store-
Operated dependent, named arachidonate-regulated Ca?* (ARC) channel®®. These results indicate
that the stoichiometry of the ORAI1-ORAI2-ORAI3 channels are cell-type specific, resulting in
different SOCE regulation and, therefore, in different physiological responses.

4.2.3 ORAI1/STIML1 role in the generation of Ca?* oscillations

Ca2" oscillations are ubiquitous signals in all cells that offer efficient ways to transfer
biological information inside the cell, conferring signaling advantages over a sustained increase in
Ca?" levels. High amplitude Ca?* signals are maintained only transiently during each oscillation.
Therefore, the cytotoxic effect of a sustained rise in intracellular Ca?* levels is avoided. Moreover,
Ca?* oscillations allow a prolonged stimulation of downstream responses, as they minimize the
Ca?*-dependent inactivation of Ca?* -permeable channels and increase the signal-to-noise ratio by
improving the capacity of low-intensity stimulation to elicit reactions. They can be generated
spontaneously or upon receptor-ligand binding, leading the stable cytosolic Ca?* levels to oscillate
respecting a specific oscillatory pattern, enabling the selective recruitment of downstream responses
by imparting information in both amplitude and frequency and duration of the Ca®" transient.
Besides these parameters, a major role is also played by the temporal and spatial profile of the Ca®*
oscillation®®. The oscillatory signals are then encoded by the downstream effectors present inside

the cell, including phosphatases, kinases, and transcription factors, which are characterized by
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multiple Ca?*-binding residues that regulate the phosphorylation state of the protein, such as NF-
kB, NFAT, calpain, PKC, mitochondrial dehydrogenases, MAPK and CAMKII, reported to exhibit
decoding features which are dependent on frequency and duration (Figure 24). These proteins will

decode the Ca?* oscillatory pattern and activate specific cellular responses.
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Figure 24. lllustration showing the frequencies and periods that modulate the different frequency-decoders.
Image adapted from [**9].

This signaling mechanism controls many cellular processes (Figure 25). In general, the
degree of increase in cytosolic free Ca?* concentration (amplitude modulation) is involved in cell
fate decisions, including proliferation and cell death, and large and sustained increases in Ca?* levels
are linked to cell death. In many cases, the signal is carried by the oscillatory frequency, being
involved in gene transcription, leading to different gene expression remodeling®’ in the contraction
of pulmonary and arteriole smooth muscle®’?, and differentiation®’>. Moreover, highly localized
transient alterations in cytosolic Ca?* concentration called “Ca?" flickers” may regulate directional
migration at the edges of specific cell types?®°. Interestingly, it is important to specify that it appears
that the signal might not be carried by the absolute frequency of the Ca?* oscillations but rather by
a change in their frequency, leading to high variability, even within the same cell type. Moreover,
recent work has reported that fast Ca?* oscillations play an important role in endothelial cells’

phenotype selection and vessel architecture®”,
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Upstream of the molecular decoders, cells exploit the components of the Ca?* toolkit, such
as voltage-gated Ca?* channels, Ca?* ATPase pumps, or ER Ca?* channels, changing their spatial
and temporal expression to control where and when the cytosolic Ca?* concentration is decreased
or increased. To explain the generation of these oscillations, different experimental and
mathematical models were developed, although a consensus regarding the mechanism still needs to
be reached. Class | models assume that IP3 receptors (IPRs) on ER membranes are rapidly activated
by Ca?* and slowly inhibited by Ca?* ions. Step rises in cytosolic Ca?* concentration will result in a
fast increase in the open probability of IPRs, followed by a slow decrease to a plateau. This results
in the periodic opening and closing of IPRs, leading to cytosolic Ca?* oscillations at a constant IP3

concentration®”*. Class Il models consider both IP3 and Ca?* concentrations as variables. These
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types of Ca?* oscillations are coupled to oscillations in the IP3 levels, as for the case of long-period
Ca?" oscillations in pancreatic acinar cells 3. The last model describes those Ca?* oscillations

regulated by Ca?* influx from the extracellular space, which will be described thereafter.

Several publications have demonstrated that Ca?* entry via the SOCE is critical for agonist-
induced calcium oscillations. These signals result from the coordinated release of Ca?* ions from
the ER and the enhanced Ca?* influx across the plasma membrane following the activation of store-
operated channels. The temporal pattern of Ca?* oscillations then requires controlled on- and off-
kinetics to return to basal Ca?* concentrations after a Ca®* rise. Before the identification of ORAI
and STIMs, it was demonstrated that SOCE drives IPRs-independent Ca?* oscillations In
lymphocytes®® and Liu X et al. later reported that intracellular Ca®* oscillations directly depend on
carbachol (CCh)-induced Ca?* entry in HSG cells®”’. Ca?* oscillations are mostly initiated by IPR-
mediated Ca?* release and maintained by SOCE in most cells®8. Wedel et al. reported that Ca?*
oscillations in HEK?293 cells are supported by Ca?* entry, which depends upon STIM1 and ORAI1.
The knockdown of STIM1 and ORAI1 determined a decrease in the frequency of Ca?* oscillations
following treatment with low concentrations of methacholine®”®. Other studies have recently
confirmed this result by showing that ORAI1 is necessary to maintain Ca?* oscillations in HEK293
cells®8:380 SOCE is also important for sustaining the Ca?* oscillations over a long period in airway
smooth muscle cells®!. Concerning other ORAI proteins, despite ORAI2 and ORAI3 do not
contribute significantly to SOCE generation, they support Ca?* oscillations, indicating that even

minimal SOCE is enough to maintain Ca®* oscillations®¢®.

Concerning the other major component of SOCE, STIMs, early reports suggested that only
STIML1 is required for Ca?* oscillations®”®, however more recent studies demonstrated that both
STIMs are involved in the regulation of Ca?* oscillations, and this is dependent on the level of ER
store depletion. STIM2 plays a key role in regulating Ca?* oscillations by recruiting STIM1 to ER-
plasma membrane junctions when ER stores are modestly depleted®2-384, This indicates that with
increasing agonist concentrations, SOCE is mediated first by STIM2 and incrementally by STIML1,
allowing a fine modulation of Ca?* entry dependent on the agonist concentration and the level of
ER depletion.

In cancer, SOCE-mediated Ca?* oscillation promotes cancer cell invasion by regulating the

invadopodium formation and proteolytic activity by activating Src in melanoma cells and xenograft
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mouse models. The inhibition of SOCE inhibited the recycling of MMP-containing vesicles to the
plasma membrane, leading to decreased ECM degradation®®. ORAI1-mediated Ca?* oscillations
also promote the proliferation, migration, and invasion of esophageal squamous cells in vitro and
attenuated tumor formation and growth in vivo®®. SOCE is required to maintain Ca®* oscillations in
liver cancer stem cells, where they play a key role in preserving the stemness properties of these
cells. Indeed, the frequency of the Ca?* oscillation positively correlated with the self-renewal
potential of the liver cancer stem cells®®’. In addition, it was reported that VEFG treatment induces
cytosolic Ca?* oscillations via SOCE that promote the tubulogenesis and proliferation of endothelial

388 More recent

progenitor cells (EPCs), which is important for the vascularization of solid tumors
work has further shown that transformed B-cells display SOCE-dependent Ca?*-oscillations that

promote their proliferation and survival via NFAT signaling®°.

4.2.4 Role of SOCE in cancer and its contradictions

Determining the contribution of Ca?*-dependent signalling in cancer represents a complicated
task, because Ca?* ions play a key and dynamic role in activating different cell processes and because
these activations are highly context-specific. This challenge extends to all types of Ca?* signals, in
particular the Store-Operated Ca?* Entry. In the next section, the pro- or anti-tumor role of SOCE on
different cancer types and cell processes will be examined, highlighting the contradictory effects

when present.

4.2.4.1 Prostate cancer

Prostate cancer is the second most frequent diagnosed cancer among men worlwide3®%,
strongly relying on the transcriptional activity of the androgen receptor (AR), which is regulated by
Ca?* 3%, STIM1 and Orail are differentially expressed depending on the stage of prostate cancer. In
vivo overexpression of ORAIL1 and STIM1 were detected in high-grade prostatic intraepithelial
neoplasia and in clinically localized prostate cancer samples®®2, These results are supported by the
consolidated role of SOCE in cell migration and invasion in prostate cancer cells®®, in particular via
the activation of the PI3K/AKT/mTOR pathway3®*. In addition, this signaling cascade interacts with
AR signaling to promote treatment resistance3®. Contrary, STIM1 and ORAI1 expression is

downregulated in advanced castration-resistant prostate cancer stages3®23%, ORAI1 downregulation
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in later stages is consistent with the anti-apoptotic role of ORAIL in prostate cancer revealed by our
Laboratoy®®’. Therefore, SOCE can be exploited as a marker of pancreatic cancer progression, as
their expression levels are inversely correlated with Gleason Score®® and directly correlated to AR

status®® and further regulated by AR39%:3%,

4.2.4.2 Breast cancer

Breast cancer is the most common cancer detected in woman worldwide*®. In this type of
cancer, SOCE upregulation is crucial for its progression, in particular by enhancing its migration,
invasion and ability to metastasise. Indeed, ORAI1-mediated SOCE regulates the phosphorylation
status of ERK1/2 and the focal adhesion kinase (FAK), which is required for focal adhesion turnover,
therefore migration and invasion*?, and ORAI1 silencing was shown to inhibit lung metastasis in
vivo due to impaired SOCE and focal adhesion turnover*®2, ORAI3 has also been reported to mediate
to SOCE in estrogen receptor positive breast cancer cells to promote their aggressiveness*®. In
addition, SOCE pro-migratory and invasive role was further validated both in vitro and in vivo by
several other studies*®*4% and SOCE components were shown to be important initiators of hypoxia

responses*”” and to be involved in acquired chemoresistance*%84%,

4.2.4.3 Ovarian Cancer

This cancer represents the 7" most common diagnosed cancer in women worldwide.
Concerning the contribution of SOCE in its progression, it remains unclear at today and needs more
study. SOCE components expression and Ca®" influx are increased in therapy resistant ovary
carcinoma cells compared to therapy sensitive ones, promoting cell survival following cisplatin
treatment in an Akt-dependent manner®'®. A more recent work have shown that placental growth
factor (PIGF), a pro-tumor signaling protein produced by tumor cells, potentiates ORAIL and STIM1
expression and SOCE, which promotes ovarian cancer progression by upregulating HIF-1a*'t. The
involvement of SOCE-mediated Ca?* influx in regulating focal adhesion assembly and disassembly
was also reported in this type of cancer, where SOCE inhibition impaired focal adhesion turnover

and the migratory and chemoresistance properties of chemoresistant IGROV1 ovarian cancer cells*'2,
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4.2.4.4 Leukaemia

Although most cancers exhibit an increase in SOCE to support their growth and progression,
leukaemia is one of the few cancer types that decreases this Ca* entry mechanism for its progression.
However, the mechanisms underlying this decrease and their link to leukaemia are still poorly
understood. Soboloff J. and co-workers have measured the SOC-dependent Ca?* influx in five
different acute myeloid leukaemia (AML) cell lines, observing minimal SOCE in 3 out of 5 cell lines

414

tested*™. This output was later confirmed also in chronic myeloid leukaemia (CML) cells*'4, where

decreased SOCE was linked to inhibition of apoptosis*®.

One possible mechanism considers the activity of Wilms Tumor Suppressor 1 (WT1), known
to negatively regulate STIM1 expression*'® and to be overexpressed in the majority of AML
samples*'’. Indeed, murine 32D leukaemia cells, which do not express WT1, show high SOCE
levels*!8, Given that leukocyte maturation shows loss of WT1 expression, and that AML is linked to
lower SOCE, it is conceivable that the loss of SOCE might be exploited as a prognostic indicator for
leukaemia. Another putative mechanism considers the dysregulations in the ORAI1/STIM1
stoichiometry. It has been shown that imbalances between ORAI and STIM ratios result in SOCE
inhibition*!®, HL60 AML cells generally present low but functional SOCE, and mRNA
overexpression of ORAIL and ORAI2 and STIMs, but at disproportional levels. In these cells, SOCE
is mediated by ORAI1 and ORAI2 and their knockdown negatively affects their migration via

impairment of focal adhesion dynamics*?°.

4.2.45 Glioma

This cancer represents the most common type of brain malignancy, which heavily relies on
Ca?* signaling, in particular SOCE. ORAI1 expression is high in both glioma cell lines and glioma
samples compared with normal brain samples, where it plays a key role in tumor progression by
promoting cell motility and invasion via of proline-rich tyrosine kinase 2 (Pyk2)-dependent
regulation of EMT and focal adhesion turnover*?!. SOCE activity is also correlated to glioma stage,
as it is higher in high grade gliomas than in low grade gliomas*?2. In addition, SOCE contributes to

the maintenance of quiescence in glioma stem-like cells, a mechanism that protects them therapy-
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induced cell death. In fact, SOCE regulates the switch from proliferative to quiescent states, as its
inhibition suppresses the proliferative abilities of glioblastoma stem-like cells, which undergo
quiescence. In this scenario, no changes in ORAIL or STIM1 expression were detected between
proliferating and quiescent glioma cells, but a major role seems to be played by ORAI3, which is
upregulated in quiescent cells*?3. SOCE also contributes to the acquisition of stemness properties in
glioblastoma cells, as its pharmacological inhibition reduces the proliferation, self-renewal, and the
expression of the stem cell marker SOX24%4, Previously, Motiani RK. and co-workers demonstrated
that SOCE is increased in primary cell lines derived from brain tumor glioblastoma multiforme
(GBM) patient explants compared to normal primary astrocytes and it also supports their

aggressiveness of by promoting cell invasion*?°.

4.2.4.6 Melanoma

Among all the types of cancer mentioned above, melanoma probably represents the most
interesting for portraying the contradictions of the role of SOCE in its progression. It is generally
believed that SOCE promotes melanoma progression. In 2010, Feldman et al. first described the
expression of ORAIs and STIMs and activity of SOCE in mouse melanoma cells. In these cells,
SOCE is mediated by STIM1 and ORAI1 and no alterations between ORAIL and STIM1 expression
were detected when compared to non-malignant cells, although a higher SOCE was measured. By
coupling with trans-mitochondrial Ca?* uptake, SOCE regulated proliferation and cell survival via
activation of protein kinase B/AKT*%, The same research group later demonstrated that lipid rafts
are required for SOCE function and activation of protein kinase B/AKT*?’, Stanisz et al. later studied
the role of SOCE in human melanoma cells, demonstrating that SOCE is mediated by ORAI1 and
STIM2. Their silencing caused melanoma cells to proliferate more, although their invasive abilities
decreased. Their role in promoting invasion was further supported by immunostaining on human
melanoma patient samples, which revealed elevated ORAI1 and STIM2 expression in the invasive
rims and lower expression in the central proliferative areas*?. These results were partially confirmed
the same year by another study, where SOCE inhibition suppressed the motility of melanoma cells
in vitro and the metastasis in vivo. The authors also demonstrated that SOCE-downstream signalling
pathway involves the CaMKII/Raf-1/ERK signaling cascade activation*?®. The pro-invasive role of

SOCE in melanoma was supported by the work of Sun J. and co-workers in 2014, which showed that
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ORAI1/STIM1-mediated Ca?* oscillations facilitated invadopodium assembly via Src activation and
promoted their proteolytic activity by recruiting the membrane type 1 matrix metalloproteinase for
ECM degradation®®. Despite the important role of STIM2 in mediating SOCE in melanoma cells
elucidated by Stanisz et al., its role was not explored in the study of Sun et al.

The studies mentioned above reported that invasive melanoma cells show a higher SOCE than
melanocytes or primary melanoma cells. In opposition to these findings, the study published by
Hooper et al. examined the role of SOCE in patients-derived invasive (characterized by high Wnt5a
expression levels) and non-invasive melanoma cells (low Wnt5a expression levels) and showed that
non-invasive melanoma cells displayed a higher SOCE than invasive ones. Interestingly, no
alterations in gene and protein expression levels or localization were detected for STIMs and ORAIISs,
nor the transient overexpression of ORAIL1 and STIM1 could restore the SOCE in the invasive
melanoma cells. To explain the reduced SOCE, the authors were able to demonstrate that silencing
of Wntba rescued SOCE in invasive cells, while overexpressing it in non-invasive led to reduced
SOCE. Wntba regulates the activity of protein kinase C (PKC), which inhibits ORAIL. Indeed, PKC

inhibition determines the recovery of SOCE in invasive melanoma cells**°.

Additional contradictory results were later presented by a recent work of the same research
group, which showed that SOCE can be suppressed to promote metastasis in melanoma*3!. The
authors found that UV exposition inhibited SOCE in non-metastatic melanoma cells without affecting
basal Ca?* levels and ER Ca?* release, promoting invasion and metastasis. Pharmacological SOCE
targeting and reduction led to the same outcome, while its pharmacological activation decreased cell
invasion but only in UV-exposed melanoma cells. This indicates SOCE inhibition as a mediator of
UV-induced enhanced invasion. Interestingly, enhanced invasion was also obtained by ORAIL
overexpression, probably as a result of imbalanced ORAI1/STIML1 ratio. Surprisingly, complete
SOCE abrogation with high concentrations of SOCE inhibitor reverted the pro-invasive effect,
leading to diminished cell invasion. This indicates that minimum Ca?* concentrations are required to
promote melanoma cell invasion, as further confirmed by using an ORAI1 dominant negative mutant,
which abrogated SOCE and reduced metastasis in vivo. Therefore, a modest decrease in SOCE is
required for enhanced invasion, while SOCE ablation inhibits invasion. Since no differences in
ORAIs and STIMs were detected between untreated and UV-treated melanoma cells, RNA-seq
analysis revealed that cholesterol (CHL) biosynthesis pathway was upregulated in those melanoma

92



cells which showed reduced SOCE. Further results showed that UV treatment increased the CHL
content and that inhibitors of CHL biosynthesis pathway restored SOCE in UV-treated melanoma
cells and decreased cell invasion. In addition, high CHL levels were sufficient to mimic UV-induced
metastasis in vivo. Finally, further RNA-seq analysis revealed that SOCE inhibition promoted the
hexosamine biosynthetic pathway (HBP) activation. This pathway supports cancer progression by
increasing N-acetyl-glucosamine (GIcNAc) formation, which O-GIcNAcylation mediated by the
enzyme O-linked N-acetylglucosamine (GIcNAC) transferase results in enhanced EMT, cell survival
and cell growth**?. Indeed, melanoma cells showed enhanced O-linked N-acetylglucosamine
(GIcNAC) transferase activity, which knockdown or pharmacological inhibition reduced melanoma
cells invasion. The authors finally hypothesised that CHL-mediated SOCE inhibition results from
CHL’s known ability of interacting with ORAI1, inhibiting SOCE*3.

These interesting results of the above-described papers reflect the non-linear relationship
between SOCE and cancer metastasis, where its role is intricated and strongly context-specific,
depending on the cancer type, Ca®" ions concentration and degree of change, and signalling

environment.

4.2.5 Role of STIM1 and ORAI1 in PDAC

Despite ORAIl and STIMI roles’ in carcinogenesis having been extensively studied in
different types of cancer, relatively few studies have focused on their role in contributing to PDAC
progression. One of these works belong to our Laboratory; Kondratska et al. have demonstrated that
ORAI1 and STIM1 are expressed in different PDAC cell lines at both mRNA and protein levels,
with PANC-1 displaying the highest levels of both proteins. Moreover, they mediate the SOCE in
PANC-1, Capan-1, Mia PaCa-2, and AsPC-1 cells, as demonstrated by silencing experiments in
Ca?* imaging. This study further elucidated the role of ORAI1 and STIM1 in cell survival following
chemotherapeutic treatment. 5-FU chemotherapy drug induces cell survival in PDAC cells by
upregulating the expression of ORAIL1 and STIM1 and, therefore, increasing the SOCE, as
demonstrated by the enhanced sensitivity to 5-FU and apoptosis in siSTIM1 and siORAI1 PANC-
1 cells®®, Unfortunately, the mechanisms behind this phenomenon are not yet clarified.

In 2015, Woods N. and co-workers reported that SOCE inhibition by SKF96365 treatment
reduced the viability of PANC-1 and Mia PaCa-2 cells***. A more recent work by Khan et al.
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reported a role for ORAIL in the proliferation of PDAC cells by employing a recent CRAC channel
inhibitor, RP4010. Cells treatment with this inhibitor negatively affected the proliferative and
colony formation abilities of L3.6pl and MiaPaCa-2 cells. This effect was correlated with a decrease
in Carbachol-induced SOCE upon RP4010 treatment. The authors further demonstrated that
RP4010 decreased the gene and protein expression of pAKT and modulated the expression of
proteins related to the AKT/mTOR signaling cascade. Therefore, they hypothesized that PDAC
cells’ proliferation is regulated via the AKT/mTOR pathway. More precisely, it was also
demonstrated that both siORAI1 and RP4010-mediated CRAC inhibition inhibits NFAT1
translocation to the nucleus, suggesting that PDAC cells’ proliferation is controlled by the
AKT/mTOR/NFAT pathway3°. In addition, RP4010 synergically cooperates with gemcitabine and
nab-paclitaxel to inhibit PDAC cells’ proliferation, enhancing the anticancer activity of these
chemotherapeutic drugs by downregulating NFAT, mTOR, and NF- kB signaling. This result was
then validated in vivo using a patient-derived xenograft mouse model®*°. These results might explain
the Ca?*-dependent pro-survival role of ORAI1 and STIM1 reported by Kondratska et al. Despite
the ORAIL upregulation reported in different PDAC cells compared to normal pancreatic ductal
cells, an in silico analysis of 840 transportome genes in PDAC patients’ tissues demonstrated a
strong downregulation of ORAI1 (Fold Change = -13.31, p-value = 0.002)3'?, further supported by
the microarray data set analysis of 36 PDAC patient tissues that indicated downregulation of ORAI1
in pancreatic cancer tissue compared to normal tissue (normal tissue Log> = 6.82 vs. Log> = 6.54
for tumor tissue p-value = 0.004)%22,

Other works have focused on the contribution of STIM1 in PDAC progression. The work of
Wang et al. showed that STIML1 is upregulated in PDAC tissues and involved in EMT in PDAC, as
shRNA knockdown of STIM1 decreased the protein expression of Vimentin and upregulated E-
cadherin levels, negatively affecting PDAC cells’ proliferation and invasion®?!. The same work
indicated that HIF-1a is upregulated in PDAC tissues and promotes STIM1 expression at the
transcriptional level in several PDAC cells, as demonstrated by the knockdown of HIF-1a. This
suggests that the highly hypoxic PDAC tumor microenvironment promotes PDAC aggressiveness
by upregulating STIM1. STIM1 is upregulated following gemcitabine treatment, inducing a shift in
Ca?* signaling and protecting pancreatic cancer cells from the pro-apoptotic ER stress response*®.

Unfortunately, to date and my knowledge, data about the role of Ca?* oscillations in PDAC

progression has yet to be available.

94



4.4 Ca?*-permeable ion channels regulation by acidic pHe

Ca2?*-permeable channels are important mediators of two chemical signatures of the tumor
microenvironment: acidic pHe and hypoxia. Our published review “Ca?* Signalling and
Hypoxia/Acidic Tumour Microenvironment Interplay in Tumour Progression” aimed to overview
the crosstalk between major chemical components of the tumor microenvironment, hypoxia, and
acidic pHe, and Ca®*-permeable ion channels, with a major focus on TRPs, Store-Operated Ca*
channels, and PIEZO channels, summarizing the major Ca?*-mediated signaling pathways that are

involved in hypoxia and acidic pHe responses in cancer cells (Annexe 1).
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5. Hypothesis and aim of the work

PDAC is the 12th most frequent cancer disease worldwide, but despite being relatively
infrequent, it is one of the deadliest and most aggressive human malignancies, showing an overall
5-years survival rate of less than 10%. This dismal prognosis is attributed to the lack of early
detection and screening tests that lead to most of the patients with advanced, metastatic and

unresectable PDAC, and which often show limited response to chemotherapy*®

. Moreover,
pancreatic cancer cells are embedded in a highly desmoplastic, immunosuppressive, hypoxic, and
acidic stroma, which creates a mechanical barrier to drugs and immune cell infiltration**”. Current
consensus states that PDAC develops in a stepwise manner with distinctive genetic alterations for
each histologically distinct stage, starting from non-invasive preneoplastic lesions termed pancreatic
intraepithelial neoplasia (PanIN), to more advanced lesions and to finally PDAC. This indicates that
genomics provide us an important help for its understanding. However, beyond genomics, it is
fundamental to also focus on the microenvironment, in particular on the microenvironment pHe
landscape in which pancreatic cancer cells, but also normal pancreatic ductal cells, are embedded.
As explained in Section 3.7.5, pancreatic ductal cells face both spatial and temporal dynamic
modifications in the interstitial pHe, existing in a particular pHe landscape where the intermittent
acidity trains them to cope with acid stress, representing an important advantage during PDAC
onset. In other words, when PDAC fully develops from PanIN lesions and driver mutations, it will
be constituted by cancer and stromal cells that have been previously “preconditioned” by the acidity
intermittence of the normal pancreatic interstitium to boost their survival capacity and
aggressiveness. Therefore, PDAC will be an ensemble of cells that are adapted and preconditioned

to an acidic microenvironment, which provided them with growth advantages.

This represents the notion at the basis of the pHioniC consortium which my PhD project
belongs to, and the hypothesis of my work relies on this assumption, that is that the combination of
the inherent ability of pancreatic ductal cells to withstand an heterogenous and intermittent acidic
pHe landscape and PDAC driver mutations, in the presence of early and pre-neoplastic lesions,
results in the selection of a cancer cell population during the last phase which is acid-resistant and

characterized by an aggressive phenotype, with enhanced invasive and metastatic potential.
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The second important part of my project aims to provide an explanatory mechanism to the
acid-driven selection in PDAC, by exploiting the expertise and knowledge of both the French (under
Prof. Prevarskaya supervision) and Italian (under Prof. Fiorio Pla supervision) Laboratories | am
affiliated to on Ca?*-signaling in the context of cancer. As described in section 4, Ca®* ions are a
highly versatile intracellular signal capable of regulating different hallmarks of cancer via the
generation of highly specific Ca?* signals which are decoded by a plethora of proteins that constitute
a unique set of Ca?* signalling toolkit?®®. This complexity of Ca** signaling explains why its
deregulation can be a feature of certain pathological states, including cancer, contributing to the

acquisition of the malignant phenotypes.

Although the separate roles of tumor acidosis and Ca?* signaling in cancer progression are
well established, the hypothesis of acidic TME employing Ca?* signaling as preferential route for
sustaining tumor progression has not yet been sufficiently explored. Therefore, considering the
major role that acidic tumor microenvironment plays in PDAC progression and also the major role
of Ca2* signaling in cancer-related processes and the pH-sensitivity of several Ca?*-permeable ion
channels, the main hypothesis of my PhD project is that the acidic tumor microenvironment and

Ca?* signalling could work in synergy to select the most aggressive PDAC cancer phenotypes.

Based on this idea, my work presents two major aims:

1. Evaluation of the impact of tumor acidosis-mediated selection on PDAC

progression in vitro.

The first part of my thesis was devoted to establishing and characterize the different genetic
and phenotypic responses of PANC-1 and Mia PaCa-2 cells to acidosis along the different stages of
acid selection. To this end, we subjected short-term exposition to acidic stress (pHe 6.6), in order to
mimic the early stages of pHe selection, and to long-term acidic pressure to obtain acid-selected
cells, as it is established that the acidification of PDAC TME occurs over a sustained period. We
also established a third acid model by assessing the impact of acid-mediated selection on reinforcing
local invasion, establishing a model of acid-selected cells recovered in pHe 7.4. This last model

aimed to mimic PDAC-stroma boundaries, areas in which pHe is higher respect to the tumor core,
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and therefore the cancer cell escape from the tumor. This aim is addressed in Chapter I11 with our
article, currently under revision, titled: “Acidic growth conditions promotes epithelial-to-

mesenchymal transition to select more aggressive PDAC cell phenotypes in vitro”.

2. Evaluation of the interplay between acidic pHe and Ca?* signaling in PDAC
progression.

The second part of my PhD project aimed at identifying acidic pHe-inducible Ca?* pathways
that leads to one or more aggressive cell phenotypes in PDAC cancer cell lines. In particular, we
focused on Ca?* oscillations which are key players in sustaining cancer invasion. Our results clearly
show that FBS-induced PANC-1 Ca2+ oscillations are dependent on Store-Operated Ca®* Entry
(SOCE) mechanism and in particular on ORAIL and STIM1. We further aimed to understand how
the acidic PDAC microenvironment affects two important types of Ca?* signals: Store-Operated
Ca®" Entry and Ca?*-oscillations, and the impact of Ca?*-permeable channels in the phenotypic
characteristics of the different acidic models established in the point 1, with a focus on cell processes
important for cancer, such as migration and invasion. The final aim is to target the selected ion
channels and assess their potential clinical interest. This aim is addressed in Chapter 111 with our
article in preparation titled “pHe-sensitive Store-Operated Ca?* channels signals contribute to
tumor acidic microenvironment-induced PDAC cells' selection to more aggressive

phenotypes”.
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Chapter I

Materials and Methods

1. Cell culture

Human pancreatic ductal adenocarcinoma PANC-1 cells were obtained from the Institute
for Experimental Cancer Research, Christian-Albrecht-University (CAU) of Kiel, Germany. Mia
PaCa-2 cells were purchased from the American Type Culture Collection (ATCC). Control cells
were cultured as monolayers in RPMI 1640 growth medium (Gibco, Cat# 31870-025) supplemented
with 10% FBS (Biochrom, Cat# S0615), 2 mM L-Glutamine (Gibco, Cat# 25030-024), 1 mM
sodium pyruvate (Gibco, Cat# 11360039) and antibiotics (penicillin/streptomycin 100 U ml-1, Life
Technologies, Inc., Cat# 15070-063). For pH adjustments of the cell culture media to pHe 6.6, RPMI
1640 powder medium (Sigma, Cat# R6504) was complemented with NaHCO3 according to the
Henderson-Hasselbalch equation to derive the target pHe (Table 1) (See section 2 for more details).
The osmolarity of the medium was balanced using NaCl. The different powders components were
dissolved in UltraPure distilled water (Invitrogen, Cat# 10977-035), and the resulting medium was
filtered in a sterile environment and supplemented with 10% FBS (Biochrom, Cat# S0615), 1 mM
sodium pyruvate (Gibco, Cat# 11360039) and antibiotics (penicillin/streptomycin 100 U ml-1, Life
Technologies, Inc., Cat# 15070-063). All cells were maintained at 37 °C in a humidified 5% CO2>
atmosphere.

Table 1. Preparation of 500 ml of cell media with different pH and Henderson-Hasselbalch

equation.

Medium pH 7.4 Medium pH 6.6
Component Quantity Quantity
RPMI 4.2 grams 4.2 grams
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NaCl 5SmM 25.2 mM

NaHCO3 24 mM 3.7mM
FBS 10% 10%
Sodium pyruvate 1mM 1 mM
L-Glu 2 mM (alreadly
supplemented)
PenStrep 1% 1%
H20 Up to 500 ml Up to 500 ml

Henderson-Hasselbalch equation:
pH = pKa + log([A]/[HA])
pH: = pKa + log([HCO3]/s*pC0Oy)

pHt = 6.6 (target pH)

pKa = 6.1(acid dissociation constant for CO>)

[HCO3] = Concentration of bicarbonate required to obtain the target pH (mmol/L)
s =0.03 mmol/mmHg (solubility constant for CO,)

pCO, = 40 mmHg (partial pressure of CO,)

2. Establishment of acid phenotypes in PDAC cells

For the generation of the acidic phenotypes, PANC-1 and Mia PaCa-2 cells were exposed to pHe
6.6 for different time periods by changing the media pH. from 7.4 to 6.6. Control cells were cultured
at pHe 7.4. As mentioned in the previous section, the pH of the cell culture medium was manipulated
and maintained at the target value or desired range by exploiting the bicarbonate-based buffering
system, one of the main physiological buffering systems employed by cells to regulate intracellular
pH. This system relies on the equilibrium between CO3, bicarbonate ions (HCOz3"), and carbonic
acid (H2.COs3) and the pH of the cell culture media was stabilized by adjusting the CO2 concentration
in the incubator atmosphere, which indirectly controls the HCOs/ H2COz equilibrium. The

bicarbonate buffering system helps to resist pH changes by converting excess CO> into H.COs or
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vice versa, thereby maintaining the desired pH range. In this context, the partial pressure of CO>
(pCOy) is an important parameter for maintaining the pH of the cell culture medium when utilizing
the bicarbonate system. The pCO?2 is typically controlled by regulating the incubator's atmospheric
composition and, generally, under normal physiologic conditions, its value is 40 mmHg. Finally,
besides the bicarbonate-based buffering system, the pH of the cell culture media was further checked
during cell culture (every 2 days) and experiments by observing the colour changes of the phenol
red pH indicator, by immediate monitoring of the pH of the cell medium removed from the incubator
using a pH meter, and by using pH test strips 0.25 precision (Range pH: 4.5-9.0).

For studying early stages of low pHe-selection («4 days pHe 6.6» cells) freshly split PANC-1 and
Mia PaCa-2 cells were cultured in pHe 6.6 medium for 4 days. PDAC mimicking cells («pHe-
selected» cells) were generated by a 1 month-long exposure to the acidic medium before performing
the experiments. pHe-selected + 7.4 cells were maintained in pHe 6.6 for 1 month before they were
put back to pHe 7.4 for 2 weeks (Figure 1). Experiments requiring pHe-selected + 7.4 cells were
performed after a maximum of 2 weeks following recovery to pHe 7.4. Both pHe 7.4 and pHe 6.6
media were refreshed every other day, and acidic medium pH was monitored daily. For experiments
requiring acute (1h) exposition to acidic pH, an aliquot of pH. 6.6 medium was maintained at 37 °C
under a humidified 5% CO- atmosphere for at least 1h before the experiment to equilibrate the target

pHe.

PH,
Control pH,- selected + 7.4
L e b By
7.4 * b
6.6 - . ®
L b |
4 days pH, 6.6 pH,- selected

. . . . — Days
0 10 20 30 40

Figure 26. Scheme of the different acidic pHe phenotypes established. Control cells were kept in physiological
pHe culture conditions (pHe= 7.4), while acidic phenotypes were constituted by PDAC cells exposed for
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different periods to acidic pHe: 4 days (cell model named “4 days pHe 6.6”), 1 month (pHe-selected) and 1-
month long exposure followed by recover to physiological pHe for 2 weeks (pHe-selected + 7.4).

3. Reagents

Synta66 (TargetMol Chemicals Inc., Cat# T13047) was stored in DMSO stock solution at a
concentration of 100 mM at -20°C. For experiments, a concentration of 10 uM was used. Src kinase
inhibitor-1 was purchased from Sigma-Aldrich (Cat# S2075) and stored in 50 mM stock solution in
DMSO at -20°C. It was diluted to 5 uM in cell culture medium for experiments. Fura-2 AM was
purchased from Invitrogen (Cat# F1221), resuspended in DMSO stock solution, and kept at 4°C. It
was used at a final concentration of 5 uM, while Thapsigargin (TG) was from Tocris (Cat# 1138)
and used at a final concentration of 2 puM. The working concentration of Mitomycin C (MP
Biomedicals™, Cat# 0219453202) was 10 pug/mL.

4. Immunofluorescence staining

PANC-1 and Mia PaCa-2 cells were stained with fluorescent phallotoxin to label F-actin for
cell morphology studies. Cells were plated in their corresponding pHe conditions in 1% gelatin-
coated coverslips inserted in 6-well plates at different densities to reach ~80% confluence on the
day of the experiment. Cells were washed twice with PBS and fixed with 4% paraformaldehyde for
10 minutes at room temperature. After washing the samples twice with PBS, the fixed cells were
incubated with a solution of 0.1% Triton X100 in PBS (PBST) for 5 minutes at room temperature
for permeabilization. Solutions were decanted, and two washes with PBS followed. Fixed cells were
incubated with PBS containing 1% BSA for 30 minutes and then stained with a staining solution
containing 2 units/coverslip of fluorescent Alexa 488 phalloidin (2 U/200 ul per coverslip,
Invitrogen™, Cat# A12379) in 1% BSA in PBS for 20 minutes at room temperature. Cells were
washed two times with PBS, and cell nuclei were stained with a solution of 1:1000 DAPI in PBS
for 15 minutes at room temperature. Cells were washed twice with PBS and air dried, and the
coverslips were mounted on clean microscope glass slides using Glycergel mounting medium

(Dako, Cat# C0563) and stored in the dark at 4°C. Glass slides were then examined using a confocal

103



laser scanning microscope (LSM 700, Carl Zeiss Microlmaging GmbH) with a Plan Apochromat
40x/1.3 numerical aperture oil immersion objective. The images were analyzed in Zeiss LSM Image

Browser software.

4.1 Analysis of cell morphology: cell area and cell circularity

Cells were plated in the appropriate pHe-target medium and grown to approximately 80%
confluency. Four random fields of each cell condition were imaged using a brightfield microscope
(Nikon Eclipse TS100). ImageJ software quantified cell area and circularity by manually
segmenting the brightfield images. Over 500 cells for each condition were considered for cell area

and circularity analysis.

4.2 Paxillin staining and confocal microscopy

PANC-1 cells seeded on 1% gelatin-coated coverslips were washed twice with cold
phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde for 15 min at 4°C. After
washing the samples twice with ice-cold PBS, the fixed cells were then incubated for 10 min at
room temperature with PBS containing either 0.1% Triton X-100 (PBST) for permeabilization and
blocking of unspecific binding of the antibody was obtained by incubating the cells with PBST
containing 1% gelatin and 0.2 M glycine for 30 minutes. The solution was decanted, and a quick
wash with cold PBS followed. Cells were incubated in diluted Alexa Fluor® 647 Anti-Paxillin
antibody (1:200, ab246719) in PBS containing 1% gelatin overnight at 4°C. The cells were then
kept in the dark and washed three times in PBS for 5 minutes each, following DAPI staining for 10
minutes at room temperature. Cells were washed twice with PBS, and coverslips were mounted on
glass slides with a drop of Glycergel. Coverslips were sealed with nail polish and stored in the dark
at 4°C. Glass slides were then examined using a confocal laser scanning microscope (LSM 700,
Carl Zeiss Microlmaging GmbH) with a Plan Apochromat 40x/1.3 numerical aperture oil immersion
objective. Peripheral and cytosolic focal Adhesions (FAs) parameters were quantified with Imagel
(NIH, Bethesda, Maryland, USA) by manually selecting (ROI) at least 10 cells of 5 representative
fields per biological replicate, and paxillin dots were distinguished from the background by applying
a threshold and subsequently, FAs’ area and density were automatically quantified by ImageJ
software. FAs peripheral translocation was quantified by peripheral FAs to cytoplasmic FAs ratio.
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The mean numbers obtained from each biological replicate were used for statistical analysis. Three

independent experiments were performed for each experimental condition.

5. Proliferation and viability

Proliferation of PANC-1 and Mia PaCa-2 cells was studied using EdU staining assay, MTS

assay, trypan blue exclusion assay, and ATP quantification assay.

5.1 MTS

The MTS assay is a colorimetric method for indirectly determining the number of viable
cells in proliferation which employs tetrazolium compound (MTS) and an electron coupling reagent
(phenazine methosulfate, PMS). MTS is reduced into a formazan product by dehydrogenase
enzymes found in metabolically active cells. The amount of formazan product is proportional to the
number of viable cells. For MTS assays, cells were plated in 96-well plates at a density of 3000
cells/well for PANC-1 and 8000 cells/well for Mia PaCa-2 cells in 100 pul medium, letting them
adhere overnight. Cell media of correspondent pH was refreshed the following day and cell
proliferation was assessed at 2h, 24h, 48h, 72h, and 96h using MTS CelITiter 96® Aqueous assay

(Promega, Cat# G1111) following the manufacturer's instructions.

5.2 EdU proliferation assay

Cell proliferation was assessed via 5-ethynyl-2’-deoxyuridine (EdU) incorporation using
Click-iT EdU Alexa Fluor 647 Imaging Kit (Invitrogen, Cat# C10340). Briefly, the different PANC-
1 and Mia PaCa-2 cell models were plated in their corresponding pHe conditions in 1% gelatin-
coated coverslips inserted in 6-well plates. Confluence was ~80 % on the day of the experiment.
The culture medium was refreshed, and cells were incubated with 20 pM EdU for 2h at 37°C. Cells
were then washed with phosphate buffered saline (PBS; pH 7.4; Gibco, Cat# 10010-015) and fixed
with 4% paraformaldehyde (PFA) at room temperature for 15 minutes. Following two washes with

105



3% bovine serum albumin (BSA)-containing PBS, cells were permeabilized with 0.5% Triton X-
100 in PBS at room temperature for 20 minutes and washed twice with 3% BSA-containing PBS.
Cells were then stained with 100 ul Click-iT reaction cocktail per coverslip and incubated in the
dark for 30 minutes. Following two washes with 3% BSA-containing PBS, cell nuclei were stained
with Hoechst 33342 for 30 minutes and away from light. Coverslips were finally mounted on clean
microscope glass slides using Glycergel mounting medium (Dako, Cat# C0563) and stored in the
dark at 4°C. The EdU-positive cells were visualized using a confocal laser scanning microscope
(LSM 700, Carl Zeiss Microlmaging GmbH) with a Plan Apochromat 40x/1.3 numerical aperture
oil immersion objective. At least five photos per condition were taken, and analysis was performed
by counting the cells using ImageJ software and calculating the percentage of EdU-positive cells

over the total number of cells as follows:

EdU-positive cell ratio (%) = (Number of cells positive for EdU staining/number of total
cells) x100

5.3 ATP quantification assay

For ATP quantification assay, cells were plated in 96-well black-bottom polystyrene plates
(Greiner Bio-One, Austria) at a density of 3000 cells/well for PANC-1 and 8000 cells/well for Mia
PaCa-2 cells in 100 ul medium volume and let adhere overnight in physiological pHe conditions for
control, 4 days pHe 6.6 and pHe- selected + 7.4 cell models, while pHe-selected cells were plated
in acidic conditions. Acidic cell models were treated with fresh acidic pHe (pHe 6.6) medium the
following day, and ATP quantification was assessed at 1h, 48h, and 96h. The number of
metabolically active cells was quantified based on the ATP amount using CellTiter-Glo® 2.0
Luminescent Cell Viability Assay (Promega, Cat# (G9241) following the manufacturer’s
indications. Luminescence was recorded using a microplate reader (FilterMax F5, Multi-Mode
Microplate Reader, Molecular Devices). Each condition was tested in eight technical replicates, and

three independent experiments were performed for each experimental condition.

5.4 Trypan Blue exclusion assay

106



Trypan blue exclusion assays were used to determine the viability of PANC-1 and Mia PaCa-
2 cell models after exposition to pHe 6.6 for different time points (2h, 24h, 48h, 72h, and 96h, 15
days, and 30 days). PANC-1 and Mia PaCa-2 cells were seeded in 6-well plates at a density of 2x105
cells/well and let adhere overnight. Cells were then treated with the acidic medium for the different
time points. Cells were trypsinized at specific time points and stained with trypan blue to assess the
live/dead cell counts following counting on a haemocytometer. Data from treated cells with acidic
pHe was compared to those from PANC-1 and Mia PaCa-2 cells kept in pHe 7.4. Three independent

experiments were performed for each experimental condition.

6. Cell-matrix adhesion assay

Adhesion assays quantified the ability of PDAC cells to remain adhered to 1% gelatin-coated
wells when exposed to a detachment force. PANC-1 and Mia PaCa-2 cells were plated in 96-well
plates at a density of 3000 cells/well, and 6000 cells/well, respectively, in 100 ul of the appropriate
growth medium containing 10% FBS. PANC-1 and Mia PaCa-2 were incubated at 37°C and 5%
COq for 1 and 2 hours, respectively, to let the cells adhere to the well surface. Each condition of
each independent experiment was performed in eight technical replicates. Media was discarded, and
non-adherent cells were further removed with two washes with cold PBS containing Ca?* and Mg?*.
Adherent cells were fixed with cold methanol for 15 minutes at 4°C, followed by two washes with
cold PBS containing Ca?* and Mg?*. Nuclei were stained with DAPI in PBS for 15 minutes at room
temperature, and cells were then washed and kept in PBS. Image acquisition was performed using
a Nikon Eclipse Ti fluorescence microscope (Nikon Corporation, Tokyo, Japan) with a 4x objective.
Cell nuclei of adherent cells of 4 different fields per well were counted in ImageJ for a total of 32
images per condition/ biological replicate. The mean numbers of adherent cells obtained from the
32 images of each biological replicate were used for statistical analysis. Three independent

experiments were performed for each condition tested.

7. Cell migration assays
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7.1 Single-cell time lapse videomicroscopy

PANC-1 cells were plated in technical duplicate in 1% gelatin-coated wells at a density of
5000 cells/well in 500 ul volume in 24-well plates and incubated at 37°C overnight. Before time-
lapse imaging, media was changed to remove detached cells. For time-lapse image acquisition, cells
were kept at 37°C and under 5% COz in an incubator chamber (Okolab). Cells’ random migration
was followed in phase contrast illumination at 20X magnification using Eclipse Ti-E Nikon inverted
microscope, selecting five representative fields per well, resulting in a total of ten fields per
condition and each image stack containing 60 frames. Images were acquired every 10 minutes for
10 hours with a CCD video camera using NIS-Element software (Nikon). Image stacks were
analysed with ImageJ software, and cells were manually tracked using the MtrackJ plugin. Dividing
cells and cells exiting the recorded field were excluded from data analysis, and cells’ migratory
velocity was used as the parameter. Three independent experiments were performed for each

experimental condition.

7.2 Transwell migration assay with and without pH gradient

Transwell migration assays were performed using 6.4 mm cell culture inserts with 8§ um
pore-size polyethylene terephthalate (PET) membrane (Corning, Cat# 353097) placed into Falcon®
24-well Permeable Support Companion Plate (Corning, Cat# 353504). Cells were pretreated with
10 pg/mL of cell cycle inhibitor mitomycin C for 2 hours before seeding. The lower chamber was
filled with 500 pl of growth medium pHe 7.4 or 6.6 containing 10% FBS. 75x10%® PANC-1 and
10x10* Mia PaCa-2 cells/insert were seeded in 300 ul of the corresponding pHe target growth
medium supplemented with 10% FBS. Thereby, we avoided a FBS gradient between the two
compartments. The cells were allowed to migrate through the pores of the insert membrane
overnight at 37°C and 5% CO..

Regarding pH gradient experiments, one major limitation of the Transwell system is the
inability to maintain a stable pH gradient throughout the experiment (18 hours). The pH gradient
established by this system is transient due to the diffusion of the acidic medium to the lower
compartment with pHe 7.4, which dissipates the pH gradient. Measurements of the medium pH

present in the upper chamber revealed that the pH gradient along the Transwell system starts to
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decrease within ~5 hours of the experiment in the absence of the matrigel coating. For these reasons,
experiments with pH gradient were performed in a 5-hour time window, allowing the pH gradient
to remain present (Supplementary Figure 3a). After incubation, cells were washed with PBS, and
non-migrating cells were removed from the upper side of the membrane using a cotton swab; cell
fixation with cold methanol for 15 minutes at 20°C was then performed. Cells were stained with
0.4% crystal violet solution at room temperature in the dark for 30 minutes and imaged under a light
microscope (10x magnification). Migrated cells were counted in five representative fields of view
per condition. The mean numbers of cells obtained from the five images of each biological replicate
were used for statistical analysis. Three independent experiments were performed for each

experimental condition.

8. Cell invasion assays with and without pH gradient

Transwell invasion assays were performed using 6.4 mm cell culture inserts with 8 pm pore-
size polyethylene terephthalate (PET) membrane (Corning, Cat# 353097) placed into Falcon® 24-
well Permeable Support Companion Plate (Corning, Cat# 353504). Cells were pretreated with 10
ug/mL of cell cycle inhibitor mitomycin C for 2 hours before seeding. The lower chamber was filled
with 500 pl of growth medium pHe 7.4 or 6.6 containing 10% FBS. 75x103 PANC-1 and 10x104
Mia PaCa-2 cells/insert were seeded with matrigel coating (diluted in growth medium in ratio 1:5,
Corning, Cat# 354230) in 300 pul of the corresponding pHe target growth medium supplemented
with 10% FBS. Thereby, we avoided a FBS gradient between the two compartments. The cells were

allowed to invade through the pores of the insert membrane overnight at 37°C and 5% CO2.

Regarding pH gradient experiments, one major limitation of the Transwell system is the
inability to maintain a stable pH gradient throughout the experiment (18 hours). The pH gradient
established by this system is transient due to the diffusion of the acidic medium to the lower
compartment with pHe 7.4, which dissipates the pH gradient. Measurements of the medium pH
present in the upper chamber revealed that a substantial dissipation of the pH gradient occurred after
~7 hours in the presence of the matrigel coating. For these reasons, experiments with pH gradient
were performed in a 5-hour time window, allowing the pH gradient to remain present

(Supplementary Figure 3a). After incubation, cells were washed with PBS, and non- invading cells
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were removed from the upper side of the membrane using a cotton swab; cell fixation with cold
methanol for 15 minutes at 20°C was then performed. Cells were stained with 0.4% crystal violet
solution at room temperature in the dark for 30 minutes and imaged under a light microscope (10x
magnification). Invasive cells were counted in five representative fields of view per condition. The
mean numbers of cells obtained from the five images of each biological replicate were used for
statistical analysis. Three independent experiments were performed for each experimental

condition.

9. Invadopodia activity assay

Invadopodia focal ECM digestion experiments were conducted as previously described[43].
Cells were seeded onto a layer of 90% matrigel:10% collagen I (3.6 mg/ml matrigel and 0.4 mg/ml
collagen 1) in which quenched BODIPY linked to BSA (DQ-Green-BSA) was mixed at a final
concentration of 30 pg/ml. The matrix mix was used to cover 12-mm round glass coverslips at the
bottom of a 24-well plate. Matrigel containing the fluorescent dye was allowed to polymerize for
30 minutes in a humidified incubator at 37°C. Then, 30x103 cells/coverslip were seeded on the top
of polymerized ECM at both pHe 7.4 and pHe 6.6 and incubated overnight. Cells were fixed with
paraformaldehyde 3.7% in PBS, stained for F-actin with Phalloidin—Tetramethylrhodamine B
isothiocyanate (1:5000 in 0.1% gelatin in PBS, Sigma-Aldrich Cat# p1951), and processed for
immunofluorescence. Invadopodia-dependent ECM digestion was evaluated microscopically.
Invadopodia-ECM digestion emits green fluorescence on a black background, which guantitatively
reflects their ECM proteolytic activity. The quantity of invadopodia ECM proteolysis for 100 cells
was then calculated as follows:

Digestion Index = % of cells positive for invadopodial ECM digestionx mean pixel density
of focal ECM digestion/cell.
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10. Cell transfection with siRNA

A double-pulse approach with Lipofectamine™ 3000 Reagent (Invitrogen) was used to
transfect PDAC cells with siRNAs. Cells were plated the day prior the transfection in 6-well plates
in order to reach 80% of confluency the day of transfection. The optimized cell density, sSIRNA
concentration and lipofectamine are listed in Table 2, while the sSiRNA sequences are listed in Table
2.

Table 2. Optimized siRNA transfection protocol for PDAC cells in 6-multiwell plate

siRNA final Final

PDAC Cell ) ) )
) ) Mix A Mix B concentration  Volume
cell line density
(nM) (ml)
125 pl SFM + 5 ul
150x10%/2 _ ) 125 pl SFM +
PANC-1 Lipofectamine™ _ 50 2,5
ml SIRNA
3000 Reagent
_ 125 pul SFM + 5 ul
Mia 200x10%/2 _ ) 125 pl SFM +
Lipofectamine™ _ 50 2,5
PaCa-2 ml SiIRNA

3000 Reagent

The day of the transfection, mix A was prepared in RPMI without FBS (SFM) and
antibiotics. Mix B then was prepared without theP3000™ Reagent when diluting the siRNA. Mix
A was mixed with Mix B, gently vortexed and kept for 12 minutes at room temperature. During the
incubation time, cell culture medium was replaced in each well and 2,250 ml of fresh RPMI
containing 10% FBS was added in each well. After the incubation time, 250 pl of the Mix A+B was
added as drop in each well. The entire process was repeated for the double pulse the following day
and the experiments were performed 48h following the second pulse.

111



Table 3. List of sSiRNA sequences.

SIRNA Sequence Forward (5’ to 3°) Sequence Reverse (5’ to 3°)

Control siRNA
Cat. Number: SR-CL000-005

duplex negative /
(Eurogentec)
control
SiORAI1 UGAGCAACGUGCACAAUCU AGAUUGUGCACGUUGCUCA

11.  Protein expression analysis

11.1 Protein extraction and quantification

PANC-1 and Mia PaCa-2 cells were washed with ice-cold PBS and lysed in RIPA buffer
(1% Triton X-100, 0.1% sodium deoxycholate, 150 mM NaCl, 20 mM PO4Na2/K, pH 7.2, 5 mM
EDTA) containing protease (10 pl/ml) and phosphatase inhibitor (1:10 from stock 10X) cocktails
(Sigma-Aldrich and Thermo Scientific™, respectively). Cells were kept in ice and scraped, and the
protein lysates were collected in a cold Eppendorf, vortexed and left on ice for 30 minutes. Protein
lysates were then sonicated (3 cycles of 10 seconds), centrifuged for 10 minutes at 12000 rpm at
4°C for pelleting cell debris, and the supernatant was collected in a new Eppendorf. All protein
lysates were conserved at -20°C. Protein concentrations were determined with the Bicinchoninic
Acid protein assay (Thermo Fisher Scientific), and 30 pug of denatured protein lysate for each

condition was used.

11.2 Western Blot

Samples were loaded in sodium dodecy! sulfate-polyacrylamide gels (7 or 12%) of 1.5-mm
thickness and electrophoresed in tris-glycine migration buffer (25 mM tris base, 192 mM glycine,
and 0.1% SDS, pH 8.3-8.5) at 80 V in stacking gel and 120 V in resolving gel. Protein samples were
transferred from the polyacrylamide gel onto a nitrocellulose membrane using a Pierce G2 Fast
Blotter System (Thermo Scientific) at 2.5 V and 3 A constant for 15 minutes. Nitrocellulose
membranes were blocked with 3% BSA in 1X TNT buffer (15 mM Tris-HCI, 140 mM NaCl, 0.05%
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Tween 20, pH 7.5) for 1 hour at room temperature followed by an overnight incubation at 4°C with
the following specific primary antibodies preparing in 3% BSA in 1X TNT supplemented with
0.02% sodium azide: anti-E-cadherin (1:1000, Cat# MAB3199), anti-N-cadherin (1:200, Cat#
SC59987), anti-Vimentin (1:1000, Cat# SC5565), anti-Actin (1:1000, Cat# A5441), anti-Calnexin
(1:1000, Cat# MAB3126). Following overnight incubation, three washes of 5 minutes each and one
wash of 10 minutes in 1X TNT were performed before membranes were incubated with 3% BSA
in TNT solution containing goat anti-rabbit IgG (Jackson ImmunoResearch, Cat# 211-032-171,
1:50,000) or goat anti-mouse IgG (Jackson ImmunoResearch, Cat# 115-035-174, 1:25,000)
horseradish peroxidase-conjugated secondary antibodies for 1 hour at room temperature.
Membranes were then washed for 3x5 minutes and 1x10 minutes in 1X TNT. Peroxidase activity
was revealed using SuperSignal West Dura or SuperSignal West Femto chemiluminescent substrate
(Thermo Fisher Scientific), according to the manufacturer’s instructions. Chemiluminescent signals
were captured on Amersham Imager 600 (GE Healthcare Life Sciences) and quantified using the
densitometric analysis option in ImageJ/Fiji version 1.53 software. All band density values were
normalized to B-actin or Calnexin, used as loading controls, and then compared to the control

condition.

12. mRNA expression analysis

12.1 RNA extraction and Reverse Transcription

Total RNA was isolated from cultured PANC-1 and Mia PaCa-2 cell models using the
NucleoSpin RNA Plus kit (Macherey Nagel Bioanalysis™) according to the manufacturer’s
instructions. RNA concentration was determined by absorbance at 260 nm, and quality control was
performed by evaluating the absorbance at 260/280 nm ratio (for protein contamination) and at
260/230 nm (for solvent contamination). Reverse Transcription synthesized cDNA in a final 20-pl
reaction mixture containing 2 pg total RNA, 1 ul dNTPs (10 mM) and 1 pl Random Hexamers (50
uM/100 ul) and water up to 12 pl. This hybridization mix was heated for 5 minutes at 65°C, then
put in ice and centrifuged at 10000g for 30 seconds. The 7 pl-RT mix containing 4 ul 1x First strand
buffer, 1 pul RNase inhibitor (20 U/ul) and 2 ul DTT (0.1 M) was added to the hybridization mix
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and incubation at 37°C for 2 minutes and finally 1 pl M-MLV reverse transcriptase (200 U) were
added. After 10 minutes incubation at room temperature for hybridization, an elongation step
followed by incubating the reaction mixture at 37°C for 50 min, which activates the M-MLV
reverse transcriptase for cDNA synthesis start. This step was followed by a 15-minutes long
incubation at 70°C for inactivating the enzyme. Reaction mixture was then put in ice, centrifuged
at 10000g for 30 seconds and stored in -80°C.

12.2 gPCR

Real-time qPCR was performed in a 20 ul-reaction mixture containing 5 ul cDNA (10ng/ul),
10 pl SYBR™ Green PCR Master Mix (ThermoFisher Scientific), and 0.6 pl forward and reverse
primers for each gene of interest (400 nM) and water. gPCR reactions were performed in technical
triplicates. The primers used are listed in Table 4. The analysis was performed in a real-time thermal
cycler Cfx C1000 (Bio-Rad). Hypoxanthine Phosphoribosyltransferase-1 (HPRT-1) was used for
normalization. Relative mMRNA levels were quantified using the 2(-AACT) method.

Table 4. List of primers sequences used for gPCR.

Gene name Primer probe Sequence (5’ to 3°)
Forward ATGGTGGCAATGGTGGAG
hORAIL
Reverse CTGATCATGAGCGCAAACAG
Forward GCAGCTACCTGGAACTGGTC
hORAI2
Reverse CGGGTACTGGTACTGCGTCT
Forward AAGTCAAAGCTTCCAGCCGC
hORAI3
Reverse GGTGGGTACTCGTGGTCACTCT
Forward TGTGGAGCTGCCTCAGTAT
hSTIM1
Reverse CTTCAGCACAGTCCCTGTCA
hE-cadherin Forward GAACGCATTGCCACATACAC
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Reverse

GAATTCGGGCTTGTTGTCAT

Forward CCTGAGGGATCAAAGCCTGGAAC
hN-cadherin
Reverse TTGGAGCCTGAGACACGATTCTG
_ _ Forward TCTACGAGGAGGAGATGCGC
hVimentin
Reverse GGTCAAGACGTGCCAGAGAC
hShail Forward CTTCCAGCAGCCCTACGAC
nai
Reverse CGGTGGGGTTGAGGATCT
FTwi Forward AGCAAGATTCAGACCCTCAAGCT
wist
Reverse CCTGGTAGAGGAAGTCGATGTACCT
hs Forward TGTTTGCAAGATCTGCGGC
u
J Reverse TGCAGTCAGGGCAAGAAAAA
HKi67 Forward TGACCCTGATGAGAAAGCTCAA
i
Reverse CCCTGAGCAACACTGTCTTTT
HG0SD Forward AAGGGGAAGATGGTGAAGCTG
Reverse CTGCACACAGTCTCCATCAGG
Forward AGTTCTGTGGCCATCTGCTT
hHPRT1
Reverse CAATCCGCCCAAAGGGAACT

13.  Intracellular pH measurements

The intracellular pH of PANC-1 cells was measured using fluorescent live-cell imaging
(Axiovert TV100, Zeiss, Oberkochen, Germany) as described previously[42]. Cells were loaded
with the fluorescent pH indicator 2'7'-bis(carboxyethyl)-5carboxyfluorescein (BCECF-AM) (3 uM)
for up to 2 min. The excitation wavelength alternated between 490 nm and 440 nm. The emitted

fluorescence was detected at 510 nm. The mean fluorescence of each cell was measured in 10

115



seconds intervals. Data acquisition and the polychromator (Visitron Systems, Puchheim, Germany)
were controlled by the program VisiView (Visitron Systems). The cells were superfused with
prewarmed (37°C) CO2/HCO3--buffered Ringer’s solution (116 mM NaCl; 24 mM NaHCO3; 5,4
mM KCI; 0.8 mM MgCI2; 1,2 mM CaCl2; 5,5 mM Glucose) at pH 7.4. NaHCO3 was lowered to
4.7 mM for pH 6.6. pH measurements were calibrated with a two-point calibration (130 mM KClI,
1.2 mM CaCl2; 0.8 mM MgCI2; 10 mM Hepes; 5.5 mM Glucose; pH 7.5 and pH 6.5; supplemented
with 10 uM Nigericin) (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). For data analysis, the
mean fluorescence intensity of the cell area was measured and corrected for background
fluorescence. Afterward, the 490 nm/440 nm ratio was determined, and the pHi was calculated with

a linear regression of pH 6.5 and 7.5.

14. RNA-sequencing and analysis

Total RNA was isolated from cultured PANC-1 cells using the NucleoSpin RNA Plus kit
(Macherey Nagel Bioanalysis™) according to the manufacturer’s instructions. Libraries for the
RNA-Seq analysis were prepared with 200 ng of RNA using the Illumina Stranded mMRNA Prep Kit
according to the manufacturer’s protocol. All the libraries were sequenced on an [llumina NovaSeq
6000 system using paired-end NovaSeq 6000 S2 Reagent Kit (200 cycles). Raw sequencing reads
were first trimmed using BBDuk (from BBTools suite v35.85) to remove possible adapter
contamination and then aligned to the reference genome (Ensembl Release 106) using STAR aligner
v2.5. RSEM v1.3.0 was used to quantify transcript abundances, while differential expression
analysis was carried out using the package DESeq2 v1.14.1 (in R/Bioconductor environment. False
discovery rate (FDR) was controlled at level a = 0.05 through the Benjamini-Hochberg procedure.
Genes with an adjusted p-value smaller than 0.05 and featuring a |log2FC| > 1 were considered
significantly deregulated. ToppFun web tool (from Topmen Suite, https://toppgene.cchmc.org/,
accessed on 04 August 2022) was used to identify significantly overrepresented GO terms and
pathways. Finally, log2 fold changes determined with DESeq2 were used to rank genes for Gene
Set Enrichment Analysis (GSEA v4.2.2) with the MSigDB database v2022.1.Hs (updated August

2022). Probes were collapsed into unique gene symbols before the analysis, and a standard
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(weighted) enrichment statistic was chosen for the computation of the Normalized Enriched Score
(NES). Within the context of the GSEA, the g-values cut-off was set to 0.25.

15.  Calcium imaging

Ca?" imaging is a microscopy technique that allows to measure in real time the variations in
intracellular Ca?* levels by using Ca?* indicators, fluorescent molecules that are able to chelate Ca?*
ions and whose fluorescence properties are altered upon binding with the Ca?* ions. For assessing
cytosolic Ca?* levels, we took advantage of a membrane-permeant derivative of Fura-2 called Fura-
2 AM. This is a ratiometric fluorescent dye that it is able to cross the cell plasma membranes and,
once in the cytosol, cellular esterases remove the acetoxymethyl groups to generate Fura-2, which
is now retained in the intracellular space. This Ca?* indicator possesses an excitation spectrum at
380 nm when it is not binding Ca?* ions. When it is in the Ca*-bound form, the excitation spectrum
is shift to 340 nm. Independently of the absence or presence of Ca?* ions, Fura-2 shows a single
emission wavelength at 510 nm. This indicates that rises in intracellular Ca®* levels excites the
fluorescent probe in the 340 nm, along with a reduction in the fluorescence intensity at 380 nm from
the Ca?*-free form. The ratio of the emissions at 340 and 380 is therefore a direct indicator of the
intracellular Ca?* concentration. The double emission spectra indicates that Fura-2 is a ratiometric
probe, and the use of the 340/380 ratio allows to cancel variables such as local differences in Fura-

2 concentration and cell thickness.

Cells were plated in glass coverslips to reach an 80% confluency the day of the experiment.
The cells were then loaded with 5 uM Fura-2 AM (Interchim, Cat# FP-42776C) diluted in cell
culture medium and incubated for 45 minutes at 37 °C and 5% CO.. The cells were then gently
washed three times with standard Hank’s Balanced Salt solution (HBSS) (composition: 140 mM
NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgCly, 0.3 mM NaH2POs3, 0.4 mM KH2PO4,10 mM N-(2-
hydroxyethyl)-piperazine-N’-ethanesulfonic acid (HEPES), 5 mM glucose, pH adjusted to 7.35 with
NaOH) before fluorescence acquisition. Coverslips were then transferred to POCmini-2 Cell
chambers on the stage of an Eclipse Ti-inverted series microscope (Nikon) and measurements were
performed using an S Fluor 20%/0.75 NA objective lens (Nikon), by exciting Fura-2 fluorescence

alternatively at 340 and 380 nm with a monochromator (Polychrome IV, TILL Photonics Gmbh)

117



and collected at 510 nm through a CCD camera (QImaging) controlled with Metafluor software
(Molecular Devices). Calcium imaging traces were analysed with Clampfit 10.7 software

(Molecular Devices) and GraphPad Prism 7 software (GraphPad Corporation).

15.1 Ca?* oscillations induction protocol and analysis

For Ca?* oscillations protocol, cells were starved overnight in serum-free RPMI 1640 (pHe
7.4 or pHe 6.6) the day prior the experiment. Following loading with Fura-2 and incubation, cells
were washed three times in HBSS containing 2 mM Ca2* and the coverslips mounted in the
POCmini-2 Cell chamber and observed at the microscope. Cells were maintained in 2 mM Ca?*
solution for 100 seconds, in order to measure basal Ca?* concentrations. At 100 seconds, a HBSS
solution containing 10% FBS was administered, and the Fura-2 emission signals were recorded for
at least 500 seconds. For assessing the effect of acute treatment with acidic pHe, cells were bathed
in HBSS solution pH 6.6 + 10% FBS at 600 seconds and the Ca?* signals were recorded for at least
200 seconds. The effect of Synta66 on Ca?* oscillations initiation was assessed by bathing the cells
with HBSS + 10% FBS + 10 uM Synta66 at 100 seconds, while its effect on the maintenance of
Ca?* oscillations was assessed by treating the cells with HBSS containing 10% FBS and 10 uM
Synta66 at least 500 seconds following the Ca?* oscillations initiation. For the quantification of
basal Ca®* levels and the mean Ca?* peak amplitude, we considered the same time frame for all the
conditions tested, assuming a At of 50 seconds for the basal Ca?* levels and a At of 500 seconds for

the peak amplitudes.

15.2 Store-Operated Ca?* entry (SOCE) protocol and analysis

For SOCE protocol, we employed the irreversible SERCA pump inhibitor thapsigargin (TG)
in Ca?*-free HBSS solution to induce Ca?* release and emptying of the ER stores. Following
addition of HBSS solution containing 2 mM Ca?* maximally activates SOCE. Following loading
with Fura-2 and incubation, cells were washed three times in HBSS containing 2 mM Ca?* and the
coverslips mounted in the POCmini-2 Cell chamber and observed at the microscope. Cells were
maintained in 2 mM Ca?* solution for 100 seconds, in order to measure basal Ca?* concentrations.

At 100 seconds, a Ca**-free HBSS solution was administered, while at 200 seconds cells were
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bathed with Ca?'-free HBSS solution containing 2 pM TG. The 2 mM Ca?* solution was re-
introduced following the complete emptying of the ER Ca2+ stores and the stabilization of the Ca?*
signals, around 500-600 seconds. SOCE signals were recorded for 300 seconds. To evaluate the
effects of acute exposition to pH 6.6 solution, HBSS acid solution was administered following
SOCE and recorded for 200 seconds.

For the quantification of basal Ca?* levels, a At of 50 seconds was considered for all the
conditions, while for the mean peak amplitude and area of Ca?* release from ER was considered a
At of 200 seconds. For the quantification of the mean peak amplitude and area of SOCE, At of 300
seconds was taken into consideration. Finally, the quantification of the SOCE signals in presence of
acidic pH acute treatment was assessed by measuring the Ca?* signals in a time frame of 200
seconds, and these signals were compared to the 200 seconds immediately preceding the

introduction of the acidic solution.

16.  Statistical analysis

The data were analysed using GraphPad Prism 7 software (GraphPad Corporation). The
Shapiro-Wilk normality test was used to assess the normality of distribution of the continuous
variables, which were reported as mean and standard deviation (SD) or standard error of the mean
(SEM). In contrast, non-normally distributed variables were reported as a median and 95%
Confidence Interval. The Student's t-test was used to compare the means of two continuous variables
with normal distribution. In contrast, the Mann-Whitney U test was used for non-normal distributed
variables. Means of more than two groups of variables were compared using One-way ANOVA or
Kruskal-Wallis H-test. A p-value < 0.05 was considered significant.
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Extracellular acidosis is a feature of most solid tumors, including Pancreatic Ductal
Adenocarcinoma (PDAC), result of a metabolic reprogramming that starts early in carcinogenesis
and that results in the so-called “Warburg effect”, i.e., the selection for a highly glycolytic phenotype
in cancer cells that finally leads to production and extrusion of lactate, which acidifies the tumor
microenvironment. In addition, the aberrant vascularization that results in hypoxic areas and the
CO- hydration in better perfused tumor areas further contribute to the generation of a highly acidic
tumor microenvironment (TME). Together with the overexpression of several pH-regulatory
proteins, all the processes mentioned above determine a “reversed pH gradient” in cancer cells,

considered a hallmark of cancer and promoter of several cancer-associated processes*®. In the
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context of PDAC, it is hypothesized that, in combination with PDAC driver mutations, the dynamic
and physiological pHe landscape in the pancreas provides pancreatic epithelial cells with the ability
to survival to different pHe conditions, favoring the adaptation and selection of acid-resistant and
aggressive cancer cell phenotype, which may promote PDAC onset and/or progression?s®,

Due to the lack of a comprehensive evaluation of the effects of tumor acidosis-induced
selection of PDAC cell lines, the aim of this work was to characterize the phenotypic changes
occurring in PANC-1 and Mia PaCa-2 cells along the low pHe-induced selection. To accomplish

this, we established different cell models that were compared to control cells (pHe 7.4):

1) Cells exposed to short-term acidic treatment (4 days in pHe 6.6) to mimic the early
stages of acidic selection.

2) Cell exposed to long-term acidic treatment (30 days in pHe 6.6 ).

3) Cell exposed to long-term acidic treatment (30 days in pHe 6.6 ) + recovery to pHe
7.4 for 2 weeks. This “metastatic”” model was established to assess the impact of

acid selection on local invasion.

We first demonstrated that acidic treatment affects PDAC cells” morphology, and our in
vitro results indicated that low pHe is a stressor factor during the early stages of acid selection,
increasing the percentage of cell death and impairing the proliferative and cell-matrix adhesive
capacities of PDAC cells, leading to decreased cell invasion but, interestingly, enhanced single-cell
and population cell motility. PANC-1 cells RNA-seq, which allowed us to identify the different
genetic signatures of the short-term and long-term (and recovery to pHe 7.4) acid models, allowed
us to confirm these results, as we observed the acid-induced increased of cell death-related genes
expression and the decrease of cell proliferation, adhesion and invasion-related genes expression

during the early stages of acid selection.

Along the acid selection period, the most acid-resistant and aggressive cancer subpopulation
is selected via EMT, as demonstrated by an increase in the mRNA and protein levels of EMT
markers and confirmed by dbEMT2 database. The acquisition of mesenchymal properties resulted
in increased migration and cell invasion. Importantly, this aggressive phenotype is further
accentuated when PDAC cells are re-exposed to physiological pHe, that is when cells find
themselves at the interface between tumor acidic regions and stroma, characterized by better blood

perfusion and, therefore, less acidic. In this scenario, acid-selected and recovered to pHe 7.4 cells
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showed enhanced proteolytic activity in correspondence of focal adhesion, indicative of ECM
degradation. We further validated that different gene sets of cell proliferation, EMT, migration,
invasion and ECM remodelling are linked to the acid-selected phenotypes recovered to
physiological pHe.

Our work emphasizes the important of tumor acidosis in the selection of cancer cells’
phenotypes that show enhanced survival and aggressiveness in a hostile microenvironment. This
tumor acidosis-mediated selection occurs via a genetic reprogramming that results in the acquisition
of increased proliferative, mesenchymal, migratory and invasive properties, fundamental for PDAC

progression.
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Simple Summary: Acidosis represents a key chemical marker of the Pancreatic Ductal Adenocarci-
noma (PDAC) microenvironment (TME). It induces the selection of aggressive cancer cell phenotypes
and promotes its progression. Here, we describe the impact of an acidic TME on different PDAC
hallmarks such as proliferation, migration, extracellular matrix digestion, invasion, and epithelial—-
mesenchymal transition. This was executed after establishing a model of pHe-selected cells that were
cultured for different time periods in an acidic environment and then re-acclimated back to pHe 7.4.
Our findings show that the acid selection contributes to PDAC cells” response and adaptation to
the hostile acidic microenvironment, which is a requirement for the acquisition of an aggressive
phenotype of PDAC cells.

Abstract: Pancreatic Ductal Adenocarcinoma (PDAC) is characterized by an acidic microenvironment,
which contributes to therapeutic failure. So far there is a lack of knowledge with respect to the role
of the acidic microenvironment in the invasive process. This work aimed to study the phenotypic
and genetic response of PDAC cells to acidic stress along the different stages of selection. To this
end, we subjected the cells to short- and long-term acidic pressure and recovery to pHe 7.4. This
treatment aimed at mimicking PDAC edges and consequent cancer cell escape from the tumor. The
impact of acidosis was assessed for cell morphology, proliferation, adhesion, migration, invasion,
and epithelial-mesenchymal transition (EMT) via functional in vitro assays and RNA sequencing.
Our results indicate that short acidic treatment limits growth, adhesion, invasion, and viability of
PDAC cells. As the acid treatment progresses, it selects cancer cells with enhanced migration and
invasion abilities induced by EMT, potentiating their metastatic potential when re-exposed to pHe 7.4.
The RNA-seq analysis of PANC-1 cells exposed to short-term acidosis and pHe-selected recovered to
pHe 7.4 revealed distinct transcriptome rewiring. We describe an enrichment of genes relevant to
proliferation, migration, EMT, and invasion in acid-selected cells. Our work clearly demonstrates
that upon acidosis stress, PDAC cells acquire more invasive cell phenotypes by promoting EMT and
thus paving the way for more aggressive cell phenotypes.

Keywords: acidic tumor microenvironment; acid-selection; PDAC; cell proliferation; cell adhesion;
cell migration; cell invasion; EMT
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most common neoplastic condition
affecting the pancreas. It is characterized by an unsatisfactory 5-year survival rate of around
10%, far below that for other forms of solid cancer [1]. In the early stages, PDAC does
not manifest itself with striking symptoms and lacks useful screening tests for evaluating
asymptomatic patients. This condition often delays diagnosis, when metastases have
usually/already spread throughout the body [2]. To date, there are no effective therapeutic
options for PDAC. This is in part due to an immunosuppressive microenvironment and a
strong desmoplastic reaction that occurs during tumor development [3]. Moreover, this
type of cancer is distinguished by a characteristic chemical signature, an acidic extracellular
microenvironment (<pHe 6.5), common to many other malignancies, which offers important
cues for its progression and aggressiveness [4,5].

The PDAC acidic microenvironment is the result of a shift to glycolytic metabolism (the
“Warburg effect”) that leads to the production and excretion of lactate and H*, even in the
presence of oxygen [4]. The excretion of these acidic products, together with the hydration
of CO;y, the aberrant vascularization which causes a continuous hypoxic state, and the
overexpression and activity of acid transporters, determine a “re-versed pH gradient”
with cancer cells, in contrast to normal cells, showing an alkaline pH; and acidic pHe.
This pH gradient reversal is now considered to be an emerging “hallmark of cancers” [6].
Additionally, the acidic PDAC microenvironment also finds its roots in the physiology of
the exocrine pancreas, where the intermittent exposition of pancreatic ductal cells to stroma
acidification results from their bicarbonate secretion across their apical membranes into
pancreatic ducts. This has been considered to promote the adaptation of acid-resistant
phenotypes aiding in PDAC initiation and progression in concomitance with driving
mutations [4].

While the reversed pH gradient represents a driving force for cancer progression,
tumor acidosis may disrupt this pH balance, fostering genomic instability and imposing
considerable selective pressure on cells [7-10]. The acidic microenvironment of the tumor
may negatively affect cancer cell survival [11,12] and promote the selection of acid-resistant
cancer subclones characterized by defense mechanisms against acidotic stress, such as
autophagy [13].

Moreovert, an acidic pHe in the tumor microenvironment represents an escape strategy
for tumor cells to promote EMT, cell migration, and local invasion [5,13-22], posing a threat
to the efficacy of PDAC therapy. The role of the acidic pHe at the peritumoral regions has
been previously described by the Gillies group [17,21]. It plays a role in the degradation
of the extracellular matrix at the periphery of the tumor and subsequent local invasion in
melanoma and breast cancers [21]. In this complex tumor microenvironment, cells adapted
to acidic pHe survive due to adaptive mechanisms.

While several teams have focused on the effects of short-term extracellular acidification
on different cancer cell types [9,14,23-38], these have provided a limited understanding of
how tumor cells respond to this acute acidic exposure. Moreover, as regarding the effects
of long-term adaptation and selection to extracellular acidosis [13,15-17,39-42], few data
are available on PDAC [43,44] and a clear role of acid selection in cell invasion still needs
to be elucidated.

Due to the lack of a comprehensive characterization of the different cell phenotypes
induced by acid selection in PDAC and, in particular, re-acclimation in physiological pH in
pancreatic cancer, we aimed to describe the impact of the tumor acidic microenvironment
on PDAC progression. We therefore established and characterized the different phenotypic
alterations occurring in two PDAC cell lines (PANC-1 and Mia PaCa-2). Cells were subjected
to a short-term (4 days) exposition to acidic pHe (pHe 6.6), in order to mimic the early stages
of pHe selection and also a long-term (1 month) exposition, as the acidification of PDAC
tumor microenvironment occurs over a sustained period. To evaluate the impact of acid
selection on promoting local invasion, we also established a model of pHe-selected cells
recovered in pHe 7.4. Our in vitro results, confirmed by RNA-seq, indicate that low pHe
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acts as a stressor factor during the acute exposition, limiting PDAC cell growth and viability
and impairing cell adhesion and invasion. This paves the way for a more aggressive cancer
cell subpopulation, induced by the epithelial-mesenchymal transition. Migratory and
invasive activity rise as the acid treatment progresses. Importantly, this process further
enhances metastatic potential when cells are re-exposed to pH, 7.4 as can occur during
local cyclic waves of acidification and alkalization. These data emphasize the importance of
an extracellular acidification in cancer cell selection and adaptation to hostile environments
that promotes the development of more aggressive PDAC cell phenotypes.

2. Materials and Methods
2.1. Cell Culture and Generation of PANC-1 and Mia PaCa-2 Acidic Phenotypes

Human pancreatic ductal adenocarcinoma PANC-1 cells were obtained from the In-
stitute for Experimental Cancer Research, Christian-Albrecht-University (CAU) of Kiel,
Germany. Mia PaCa-2 cells were purchased from the American Type Culture Collection
(ATCC). Control cells were cultured as monolayers in RPMI 1640 growth medium (Gibco,
Cat# 31870-025) supplemented with 10% FBS (Biochrom (Cambridge, UK); Cat# S0615),
2 mM L-Glutamine (Gibco (Carlsbad, CA, USA); Cat# 25030-024), 1 mM sodium pyruvate
(Gibco; Cat# 11360039), and antibiotics (penicillin/streptomycin 100 U mL~!; Life Tech-
nologies, Inc. (Carlsbad, CA, USA); Cat# 15070-063). For pH adjustments of the cell culture
media to pHe 6.6, RPMI 1640 powder medium (Sigma (Macquarie Park, NSW, Australia);
Cat# R6504) was complemented with NaHCO3, according to the Henderson-Hasselbalch
equation to derive the target pHe. The osmolarity of the medium was balanced using NaCl
The different powder components were dissolved in UltraPure distilled water (Invitrogen
(Waltham, MA, USA); Cat# 10977-035), and the resulting medium was filtered in a sterile
environment and supplemented with 10% FBS (Biochrom; Cat# S0615), 1 mM sodium
pyruvate (Gibco; Cat# 11360039), and antibiotics (penicillin/streptomycin 100 U mL~; Life
Technologies, Inc.; Cat# 15070-063). All cells were maintained at 37 °C in a humidified 5%
CO; atmosphere.

For the generation of the acidic phenotypes, PANC-1 and Mia PaCa-2 cells were
exposed to pHe 6.6 for different time periods by changing the media pH, from 7.4 to 6.6.
Control cells were cultured at pH, 7.4. For studying early stages of low pHe- selection
(«4 days pHe 6.6» cells), freshly split PANC-1 and Mia PaCa-2 cells were cultured in pHe
6.6 medium for 4 days. PDAC mimicking cells («pHe-selected» cells) were generated by
a 1 month-long exposure to the acidic medium before performing the experiments. pHe-
selected + 7.4 cells were maintained in pHe 6.6 for 1 month before they were put back to
pHe 7.4 for 2 weeks. Experiments requiring pHe-selected + 7.4 cells were performed after a
maximum of 2 weeks following recovery to pHe 7.4. Both pHe 7.4 and pHe 6.6 media were
refreshed every other day, and acidic medium pH was monitored daily. For experiments
requiring acute (1 h) exposition to acidic pH, an aliquot of pHe 6.6 medium was maintained
at 37 °C under a humidified 5% CO, atmosphere for at least 1 h before the experiment to
equilibrate the target pHe.

2.2. Cell Proliferation and Viability

Proliferation of PANC-1 and Mia PaCa-2 cells was studied using EdU staining assay,
MTS assay, trypan blue exclusion assay, and ATP quantification assay. For MTS assays, cells
were plated in 96-well plates at a density of 3000 cells/well for PANC-1 and 8000 cells/well
for Mia PaCa-2 cells in 100 pL. medium, letting them adhere overnight. Cell media of
correspondent pH was refreshed the following day and cell proliferation was assessed at
2h,24h,48 h, 72 h, and 96 h using MTS CellTiter 96® AQueous assay (Promega (Madison,
WI, USA); Cat# G1111) following the manufacturer’s instructions.

Cell proliferation was assessed via 5-ethynyl-2’-deoxyuridine (EdU) incorporation
using Click-iT EdU Alexa Fluor 647 Imaging Kit (Invitrogen; Cat# C10340). Briefly, the
different PANC-1 and Mia PaCa-2 cell models were plated for 4 days in their corresponding
pHe conditions in 1% gelatin-coated coverslips inserted in 6-well plates. The culture
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medium was refreshed every two days, and cells were incubated with 20 uM EdU for 2 h
at 370 °C. Cells were then washed with phosphate-buffered saline (PBS; pH 7.4; Gibco;
Cat# 10010-015) and fixed with 4% paraformaldehyde (PFA) at room temperature for
15 min. Following two washes with 3% bovine serum albumin (BSA)-containing PBS, cells
were permeabilized with 0.5% Triton X-100 in PBS at room temperature for 20 min and
washed twice with 3% BSA-containing PBS. Cells were then stained with 100 uL Click-iT
reaction cocktail per coverslip and incubated in the dark for 30 min. Following two washes
with 3% BSA-containing PBS, cell nuclei were stained with Hoechst 33342 for 30 min and
away from light. Coverslips were finally mounted on clean, microscope glass slides using
Glycergel mounting medium (Dako (Santa Clara, CA, USA); Cat# C0563) and stored in
the dark at 4 °C. The EdU-positive cells were visualized using a confocal laser scanning
microscope (LSM 700; Carl Zeiss Microlmaging GmbH, Oberkochen, Germany) with a Plan
Apochromat 40 x /1.3 numerical aperture oil-immersion objective. At least five photos per
condition were taken, and positive cells were counted using Image] software (v1.54d).

Trypan blue exclusion assays were used to determine the viability of PANC-1 and Mia
PaCa-2 cell models after exposition to pHe 6.6 for different time points (2h, 24 h, 48 h, 72 h,
and 96 h, 15 days, and 30 days). PANC-1 and Mia PaCa-2 cells were seeded in 6-well plates
at a density of 2 x 10° cells/well and allowed to adhere overnight. Cells were then treated
with the acidic medium for the different time points. Cells were trypsinized at specific
time points and stained with trypan blue to assess the live/dead cell counts following
counting on a hemocytometer. Data from treated cells with acidic pHe were compared to
those from PANC-1 and Mia PaCa cells kept in pHe 7.4. Three independent experiments
were performed for each experimental condition.

2.3. Cell Adhesion

Adhesion assays quantified the ability of PDAC cells to remain adhered to 1% gelatin-
coated wells when exposed to a detachment force. PANC-1 and Mia PaCa-2 cells were
plated in 96-well plates at a density of 3000 cells/well, and 6000 cells/well, respectively, in
100 pL of the appropriate growth medium containing 10% FBS. PANC-1 and Mia PaCa-2
were incubated at 37 °C and 5% CO, for 1 and 2 h, respectively, to allow the cells to adhere
to the well surface. Each condition of each independent experiment was performed in eight
technical replicates. Media was discarded, and non-adherent cells were further removed
with two washes with cold PBS containing Ca?* and Mg?". Adherent cells were fixed with
cold methanol for 15 min at 4 °C, followed by two washes with cold PBS containing Ca?*
and Mg?*. Nuclei were stained with DAPI in PBS for 15 min at room temperature, and
cells were then washed and kept in PBS. Image acquisition was performed using a Nikon
Eclipse Ti fluorescence microscope (Nikon Corporation, Tokyo, Japan) with a 4x objective.
Cell nuclei of adherent cells of 4 different fields per well were counted in Image] for a
total of 32 images per condition/biological replicate. The mean numbers of adherent cells
obtained from the 32 images of each biological replicate were used for statistical analysis.
Three independent experiments were performed for each condition tested.

2.4. Cell Migration and Cell Invasion

Transwell migration and invasion assays were performed using 6.4 mm cell culture
inserts with 8 um pore-size polyethylene terephthalate (PET) membrane (Corning (New
York, NY, USA), Cat# 353097) placed into Falcon® 24-well Permeable Support Companion
Plate (Corning, Cat# 353504). Cells were pretreated with 10 pg/mL of cell cycle inhibitor
mitomycin C for 2 h before seeding. The lower chamber was filled with 500 pL of growth
medium pHe 7.4 or 6.6 containing 10% FBS. The 75 x 10° PANC-1 and 10 x 10* Mia PaCa-
2 cells/insert were seeded without Matrigel coating (migration assay) or with Matrigel
(diluted in growth medium in ratio 1:5; Corning; Cat# 354230) coating in 300 puL of the
corresponding pHe-target growth medium supplemented with 10% FBS. Thereby, we
avoided a FBS gradient between the two compartments. The cells were allowed to migrate
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or invade through the pores of the insert membrane overnight (around 18 h) at 37 °C and
5% COs.

Regarding pH gradient experiments, one major limitation of the Transwell system is
the inability to maintain a stable pH gradient throughout the experiment (18 h). The pH
gradient established by this system is transient due to the diffusion of the acidic medium to
the lower compartment with pHe 7.4, which dissipates the pH gradient. Measurements
of the medium pH present in the upper chamber revealed that the pH gradient along
the Transwell system starts to decrease within ~5 h of the experiment in the absence of
the Matrigel coating, while a substantial dissipation of the pH gradient occurred after
~7 h in the presence of the Matrigel coating. For these reasons, experiments with a pH
gradient were performed in a 5-h time window, allowing the pH gradient to remain present
(Figure S3a (Supplementary Materials)). After incubation, cells were washed with PBS, and
non-migrating /invading cells were removed from the upper side of the membrane using a
cotton swab; cell fixation with cold methanol for 15 min at —20 °C was then performed.
Cells were stained with 0.4% crystal violet solution at room temperature in the dark for
30 min and imaged under a light microscope (10x magnification). Invasive cells were
counted in five representative fields of view per condition. The mean numbers of cells
obtained from the five images of each biological replicate were used for statistical analysis.
Three independent experiments were performed for each experimental condition.

2.5. Immunofluorescence Staining

PANC-1 and Mia PaCa-2 cells were stained with fluorescent phallotoxin to label F-actin
for cell morphology studies. Cells were plated in their corresponding pHe conditions in
1% gelatin-coated coverslips inserted in 6-well plates at different densities to reach ~80%
confluence on the day of the experiment. Cells were washed twice with PBS and fixed with
4% paraformaldehyde for 10 min at room temperature. After washing the samples twice
with PBS, the fixed cells were incubated with a solution of 0.1% Triton X-100 in PBS (PBST)
for 5 min at room temperature for permeabilization. Solutions were decanted, and two
washes with PBS followed. Fixed cells were incubated with PBS containing 1% BSA for
30 min and then stained with a staining solution containing 2 units/coverslip of fluorescent
Alexa 488 phalloidin (2 U/200 uL per coverslip; Invitrogen™; Cat# A12379) in 1% BSA
in PBS for 20 min at room temperature. Cells were washed two times with PBS, and cell
nuclei were stained with a solution of 1:1000 DAPI in PBS for 15 min at room temperature.
Cells were washed twice with PBS and air dried, and the coverslips were mounted on
clean microscope glass slides using Glycergel mounting medium (Dako; Cat# C0563) and
stored in the dark at 4 °C. Glass slides were then examined using a confocal laser scanning
microscope (LSM 700; Carl Zeiss Microlmaging GmbH) with a Plan Apochromat 40x /1.3
numerical aperture oil-immersion objective. The images were analyzed in Zeiss LSM Image
Browser software.

2.6. Analysis of Cell Morphology: Cell Area and Cell Circularity

Cells were plated in the appropriate pHe-target medium and grown to approximately
80% confluency. Four random fields of each cell condition were imaged using a brightfield
microscope (Nikon Eclipse TS100). Image] software quantified the cell area and circularity
by manually segmenting the brightfield images. Over 500 cells for each condition were
considered for the cell area and circularity analysis.

2.7. RNA Extraction and gPCR

Total RNA was isolated from cultured PANC-1 and Mia PaCa-2 cell models using the
NucleoSpin RNA Plus kit (Macherey Nagel Bioanalysis™, Bethlehem, PA, USA), according
to the manufacturer’s instructions. RNA concentration and quality were determined by
absorbance at 260 nm. Reverse Transcription synthesized cDNA in a 20-uL reaction mixture
containing 2 ug total RNA, 10 mM dNTPs, 50 uM /100 uL Random Hexamers, 1x First
strand buffer, 20U RNase inhibitor, 0.1 M DTT, and 200 U M-MLYV reverse transcriptase.
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Real-time qPCR was performed in a 20 pL-reaction mixture containing 10 ng/uL cDNA,
SYBR™ Green PCR Master Mix (ThermoFisher Scientific), and 400 nM forward and reverse
primers for each gene of interest. qPCR reactions were performed in technical triplicates.
The primers used are listed in Table 1. The analysis was performed in a real-time thermal
cycler Cfx C1000 (Bio-Rad, Hercules, CA, USA). Hypoxanthine Phosphoribosyltransferase-
1 (HPRT-1) was used for normalization. Relative mRNA levels were quantified using the
2(—AACT) method.

Table 1. List of primers for gPCR.

Gene Name Primer Probe Sequence (5’ to 3)
, Forward GAACGCATTGCCACATACAC
hE-cadherin Reverse GAATTCGGGCTTGTTGTCAT
_ Forward CCTGAGGGATCAAAGCCTGGAAC
hN-cadherin Reverse TTGGAGCCTGAGACACGATTCTG
. . Forward TCTACGAGGAGGAGATGCGC
hVimentin Reverse GGTCAAGACGTGCCAGAGAC
, Forward CTTCCAGCAGCCCTACGAC
hSnail Reverse CGGTGGGGTTGAGGATCT
_ Forward AGCAAGATTCAGACCCTCAAGCT
hTwist Reverse CCTGGTAGAGGAAGTCGATGTACCT
hSlug Forward TGTTTGCAAGATCTGCGGC
Reverse TGCAGTCAGGGCAAGAAAAA
. Forward TGACCCTGATGAGAAAGCTCAA
hKi67 Reverse CCCTGAGCAACACTGTCTTTT
Forward AAGGGGAAGATGGTGAAGCTG
hGO0s2 Reverse CTGCACACAGTCTCCATCAGG
Forward AGTTCTGTGGCCATCTGCTT
hHPRT1 Reverse CAATCCGCCCAAAGGGAACT

2.8. Protein Extraction and Western Blot

PANC-1 and Mia PaCa-2 cells were washed with ice-cold PBS and lysed in RIPA buffer
(1% Triton X-100, 0.1% sodium deoxycholate, 150 mM NaCl, 10 mM PO4Na, /K, pH 7.4)
containing protease and phosphatase inhibitor cocktails (Sigma-Aldrich and Thermo Sci-
entific™, respectively). Protein concentrations were determined with the Bicinchoninic
Acid protein assay (Thermo Fisher Scientific, Waltham, MA, USA), and 30 pg of denatured
protein lysate was used for each condition. Samples were loaded in sodium dodecyl sulfate-
polyacrylamide gels (7 or 12%) of 1.5-mm thickness and electrophoresed in tris-glycine
migration buffer (25 mM tris base, 192 mM glycine, 0.1% SDS, pH 8.3-8.5) at 80 V in stacking
gel and 120 V in resolving gel. Protein samples were transferred from the polyacrylamide
gel onto a nitrocellulose membrane using a Pierce G2 Fast Blotter System (Thermo Scientific)
at 2.5V and a 3 A constant for 15 min. Nitrocellulose membranes were blocked with 3%
BSA in 1X TNT bulffer (15 mM Tris-HCl, 140 mM NaCl, 0.05% Tween 20, pH 7.5) for 1 h at
room temperature followed by an overnight incubation at 4 °C with the following specific
primary antibodies preparing in 3% BSA in 1X TNT supplemented with 0.02% sodium
azide: anti-E-cadherin (1:1000, Cat# MAB3199), anti-N-cadherin (1:200, Cat# SC59987),
anti-Vimentin (1:1000, Cat# SC5565), anti-Actin (1:1000, Cat# A5441), anti-Calnexin (1:1000,
Cat# MAB3126). Following overnight incubation, three washes of 5 min each and one wash
of 10 min in 1X TNT were performed before membranes were incubated with 3% BSA
in TNT solution containing goat anti-rabbit IgG (Jackson ImmunoResearch (West Grove,
PA, USA); Cat# 211-032-171, 1:50,000) or goat anti-mouse IgG (Jackson ImmunoResearch;
Cat# 115-035-174, 1:25,000) horseradish peroxidase-conjugated secondary antibodies for
1 h at room temperature. Membranes were then washed for 3 X 5 min and 1 x 10 min in
1X TNT. Peroxidase activity was revealed using SuperSignal West Dura or SuperSignal
West Femto chemiluminescent substrate (Thermo Fisher Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions. Chemiluminescent signals were captured
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on Amersham Imager 600 (GE Healthcare Life Sciences, Chicago, IL, USA) and quantified
using the densitometric analysis option in Image]/Fiji version 1.53 software. All band
density values were normalized to 3-actin or Calnexin, used as loading controls, and then
compared to the control condition.

2.9. Intracellular pH Measurements

The intracellular pH of PANC-1 cells was measured using fluorescent live-cell imag-
ing (Axiovert TV100, Zeiss, Oberkochen, Germany) as described previously [45]. Cells
were loaded with the fluorescent pH indicator 2'7’-bis(carboxyethyl)-5-carboxyfluorescein
(BCECF-AM) (3 uM) for up to 2 min. The excitation wavelength alternated between 490 nm
and 440 nm. The emitted fluorescence was detected at 510 nm. The mean fluorescence of
each cell was measured in 10 s intervals. Data acquisition and the polychromator (Visitron
Systems, Puchheim, Germany) were controlled by the program VisiView (Visitron Sys-
tems). The cells were superfused with prewarmed (37 °C) CO, /HCO3 ™ -buffered Ringer’s
solution (116 mM NaCl; 24 mM NaHCOj3; 5.4 mM KCl; 0.8 mM MgCl,; 1.2 mM CaCly;
5.5 mM Glucose) at pH 7.4. NaHCO3 was lowered to 4.7 mM for pH 6.6. pH measurements
were calibrated with a two-point calibration (130 mM KCI; 1.2 mM CaCly; 0.8 mM MgCly;
10 mM Hepes; 5.5 mM Glucose; pH 7.5 and pH 6.5; supplemented with 10 M Nigericin)
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany). For data analysis, the mean fluores-
cence intensity of the cell area was measured and corrected for background fluorescence.
Afterward, the 490 nm /440 nm ratio was determined, and the pH; was calculated with a
linear regression of pH 6.5 and 7.5.

2.10. Invadopodia Activity Assay: Fluorescent-Matrigel Layer Preparation and ECM Digestion
Index Assay

Invadopodia focal ECM digestion experiments were conducted as previously de-
scribed [46]. Cells were seeded onto a layer of 90% matrigel:10% collagen I (3.6 mg/mL
Matrigel and 0.4 mg/mL collagen I) in which quenched BODIPY linked to BSA (DQ-Green-
BSA) was mixed at a final concentration of 30 pg/mL. The matrix mix was used to cover
12-mm round glass coverslips at the bottom of a 24-well plate. Matrigel containing the
fluorescent dye was allowed to polymerize for 30 min in a humidified incubator at 37 °C.
Then, 30 x 10° cells/coverslip were seeded on the top of polymerized ECM at both pHe 7.4
and pHe 6.6 and incubated overnight. Cells were fixed with paraformaldehyde 3.7% in
PBS, stained for F-actin with Phalloidin-Tetramethylrhodamine B isothiocyanate (1:5000 in
0.1% gelatin in PBS, Sigma-Aldrich Cat# p1951), and processed for immunofluorescence.
Invadopodia-dependent ECM digestion was evaluated microscopically. Invadopodia-ECM
digestion emits green fluorescence on a black background, which quantitatively reflects
their ECM proteolytic activity. The quantity of invadopodia ECM proteolysis for 100 cells
was then calculated as follows:

Digestion Index = % of cells positive for invadopodial ECM digestion x mean pixel
density of focal ECM digestion/cell.

2.11. RNA-Sequencing and Analysis

Total RNA was isolated from cultured PANC-1 cells using the NucleoSpin RNA Plus
kit (Macherey Nagel Bioanalysis™), according to the manufacturer’s instructions. Libraries
for the RNA-Seq analysis were prepared with 200 ng of RNA using the [llumina Stranded
mRNA Prep Kit (Illumina, Inc., San Diego, CA, USA), according to the manufacturer’s
protocol. All the libraries were sequenced on an Illumina NovaSeq 6000 system using
paired-end NovaSeq 6000 S2 Reagent Kit (200 cycles). Raw sequencing reads were first
trimmed using BBDuk (from BBTools suite v35.85) to remove possible adapter contam-
ination and then aligned to the reference genome (Ensembl Release 106) using STAR
aligner v2.5 [47]. RSEM v1.3.0 [48] was used to quantify transcript abundances, while
differential expression analysis was carried out using the package DESeq2 v1.14.1 [49]
in R/Bioconductor environment. False discovery rate (FDR) [50] was controlled at level
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o = 0.05 through the Benjamini-Hochberg procedure. Genes with an adjusted p-value
smaller than 0.05 and featuring a |log,FC | > 1 were considered significantly deregulated.
The ToppFun web tool (from Topmen Suite, https://toppgene.cchmc.org/, accessed on
4 August 2022) was used to identify significantly overrepresented GO terms and path-
ways [51]. Finally, log, fold changes determined with DESeq2 were used to rank genes
for Gene Set Enrichment Analysis (GSEA v4.2.2) with the MSigDB database v2022.1.Hs
(updated August 2022) [52]. Probes were collapsed into unique gene symbols before the
analysis, and a standard (weighted) enrichment statistic was chosen for the computation of
the Normalized Enriched Score (NES). Within the context of the GSEA, the g-values cutoff
was set to 0.25.

2.12. Statistical Analyses

The data were analyzed using GraphPad Prism 7 software (GraphPad Corporation,
San Diego, CA, USA). The Shapiro-Wilk normality test was used to assess the normality
of distribution of the continuous variables, which were reported as mean and standard
deviation (SD) or standard error of the mean (SEM). In contrast, non-normally distributed
variables were reported as a median and 95% Confidence Interval. The Student’s t-test
was used to compare the means of two continuous variables with normal distribution. In
contrast, the Mann-Whitney U test was used for non-normal distributed variables. Means
of more than two groups of variables were compared using One-way ANOVA or the
Kruskal-Wallis H-test. A p-value < 0.05 was considered significant.

3. Results
3.1. Extracellular Acidification Selection Affects PANC-1 Intracellular pH and PDAC Cell
Line Morphology

The role of an acidic pHe in determining phenotypic changes was assessed in PANC-1
and Mia PaCa-2 pancreatic cancer cell lines. They are characterized by a mesenchymal
phenotype and are poorly differentiated [53]. We chose pHe 6.6 which is in the typical
pHe range of solid tumor areas (pHe 6.4 to 7.2), including pancreatic cancer [54]. The cells
were subjected to pHe 6.6 for a short-term period («4 days pHe 6.6» cells) or long-term
period («pHe-selected» cells) to simulate and study the early and late stages of low pHe
selection (see also the Materials and Methods section for details) (Figure 1a). Moreover, to
mimic the heterogeneity of the tumor pH landscape and, in particular, the tumor edges at
the interface with peritumoral tissue, PDAC cell lines were recovered at pHe 7.4 after pH
selection («pHe-selected + 7.4» cells) (Figure 1a).

The first step in evaluating the role of the extracellular acidic tumor microenvironment
was to monitor its effect on intracellular pH (pHj). It is a key parameter for all types of
cells, profoundly affecting several cell processes, including those promoting cancer progres-
sion [7]. This value does not always correspond to the extracellular pHe value in cancer cells
but is influenced by it. Figure 1b shows the mean traces of PANC-1 cells’ resting intracellu-
lar pH measurements, obtained by superfusing each cell model with CO,/HCO3~-buffered
Ringer’s solution at the appropriate pHe for 3 min. Extracellular acidification at pHe 6.6
treatment slightly influences the intracellular pH that became more acid compared to the
control condition, although the difference is not statistically significant (pH; 6.99 =+ 0.12
control conditions; pH; 6.72 &+ 0.10 4 days pHe 6.6; pH; 6.57 &= 0.21 pHe-selected cells). In
contrast, recovery to pHe 7.4 following the 1-month-long pHe 6.6 treatment determines a
significant cytosolic alkalinization compared to pHe-selected cells, although not statistically
significant compared to control cells (p-value = 0.50) (pH; 7.31 £ 0.17) (Figure 1b,c). These
results indicate that extracellular acidosis leads to a mild intracellular acidification, affecting
PANC-1 cells exposed to acidic pHe for extended periods. As opposed to this phenomenon,
1-month acidic treatment followed by a pHe 7.4 exposition recovers and alkalinizes the pH;.
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Figure 1. Effects of acidic pHe on PANC-1 cells’ intracellular pH and PDAC cells” morphology.
(a) Scheme of the different acidic pHe phenotypes established. Control cells were kept in physiological
pHe culture conditions (pHe= 7.4), while acidic phenotypes were constituted by PDAC cells exposed
for different periods to acidic pHe: 4 days (cell model named “4 days pHe 6.6”), 1 month (pHe-
selected), and 1-month long exposure followed by recovery to physiological pHe for 2 weeks (pHe-
selected + 7.4). (b) Mean traces (£ SEM) of at least 4 independent experiments illustrating the resting
pH; values in PANC-1 control cells (blue) and the different acidic phenotypes. Cells were loaded
with 3 uM BCECF, and pHj values were recorded for 3 min as a fluorescent ratio (490/440 nm)
changes following exposition to pHe 6.6 for 4 days (green), 1 month (light orange), and 1-month prior
recovery to pHe 7.4 for 2 weeks (red). (c) Quantification of pH; values in PANC-1 control and acidic
phenotypes from 3 min recording. Each dot indicates the mean value of one independent experiment
(n > 108 cells for each condition). Data were analyzed using the Kruskal-Wallis H-test and Dunn’s
multiple comparison test, * p < 0.05, ns = not significant. (d) Alexa Fluor 488-phalloidin (F-actin,
green) and DAPI (nucleus, blue) staining of the different PANC-1 (top) and Mia PaCa-2 (bottom) cell
models on a 1% gelatin-coated surface. Scale bar 20 pm. (e) Quantification of cell area in um? (left)
and cell circularity index (right) of the different PANC-1 and (f) Mia PaCa-2 cell models. Data were
reported as mean (= SEM) of 5 representative regions per condition; 3 independent experiments were
performed for each condition. Data were analyzed using One-way ANOVA with Dunnett’s multiple
comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant.

To examine the role of short- or long-term acidification on PDAC cell lines, we evalu-
ated the morphology of PANC-1 and Mia PaCa-2 cells after labeling the cells with Alexa
488 phalloidin and DAPI (Figure 1d—f). Both cell lines display a more spread-out morphol-
ogy in the initial days of the acidic pHe exposure (4 days pHe 6.6), compared to control
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cells (Figure 1d). This is accompanied by an increase in cell area and a decrease in cell
circularity (Figure le,f, green bars). This spread-out and elongated shape is still maintained
in PANC-1 and Mia PaCa-2 selected cells + 7.4 (Figure 1d—f, red bars). Interestingly, Mia
PaCa-2 cells show similar behavior after 1-month of acid selection (Figure 1d,f, pink bars).
This treatment induces a significant decrease in the cell area of PANC-1 cells (Figure 1d,e,
pink bar).

3.2. Extracellular Acidification Decreases Cell Proliferation in PANC-1 and Mia PaCa-2 Cells

Cell proliferation is strictly regulated by the pH./pH; ratio. We quantified DNA-
synthesizing cells by using EAU incorporation, and the metabolic activity as an indication
of the proliferative state of cells was quantified by MTS assay. The data showed a significant
inhibition of both PANC-1 and Mia PaCa-2 cell proliferation by extracellular acidification
independently of the time of acidic pHe exposure. Indeed, the ratio of Edu positive /Hoechst
cells is reduced and the absorbance of the MTS reagent is reduced in 4 days pH 6.6 and
pHe-selected cells when compared to the control groups (Figure 2a—f, Figure Sla,b). Data
were also confirmed by quantifying the ATP production (Figure Slc,d). Interestingly, a
significant increase in the fraction of EdU-positive cells or increase in MTS absorbance
is detected in pHe-selected + 7.4 cells, demonstrating that pHe 7.4 treatment following
long-term acid exposure enhances cell proliferation in both PDAC cell lines as compared to
control conditions (Figure 2c—f).

The enhancement in cell viability in pHe-selected cells after recovery at pHe 7.4 is
further confirmed in PANC-1 by quantification of the ATP production by metabolically
active cells. However, no significant differences are detected between Mia PaCa-2 control
and pHe-selected + 7.4 (Supplementary Figure Sla). The reduced proliferation observed
in PANC-1 and Mia PaCa-2 cells following a 4 days-long treatment with acidic pHe is the
consequence of an increase in cell death, as detected by the trypan blue exclusion assay.
The latter shows that the percentage of dead cells reaches almost 50% after 4 days in acidic
pHe media for PANC-1 cells and nearly 30% in Mia PaCa-2 cells (Figure 2g). However, this
phenomenon appears to be overcome as the acidic treatment continued. After 15 days-long
acidic treatment, the percentage of live cells recovers, reaching almost 90% after 1 month in
low pH, conditions (Figure 2h). These results indicate that acute acidification promotes
significant cell death in both PDAC cell lines (Figure 2h) within the first 96 h after seeding,
selecting a subpopulation of cells that outgrows and is viable under acidic conditions, with
a higher proliferation rate as compared to non-selected PANC-1 cells (Figure 2e,* and $
symbol), which is consistent with more aggressive phenotype. To better clarify the acquired
proliferative and more acid-resistant behavior of PDAC pHe-selected + 7.4 cells, they were
subjected to a 4-days long treatment with pH, 6.6. Cell viability was assessed at the end
of the treatment, obtaining no significant differences in the percentage of live cells when
compared with the same cells kept in pHe 7.4 and control cells (Figure 2i). These results
indicate that PDAC control and pHe-selected + 7.4 cells respond differently to low pHe,
thus suggesting a selection of acid-resistant cells whose phenotype is also maintained after
recovering in pHe 7.4.
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Figure 2. Effects of acidic pHe on PDAC cells’ viability and proliferation. (a) Representative fluores-
cence images of PANC-1 and (b) Mia PaCa-2 cell proliferation obtained by EdU staining assay (red,
Alexa Fluor 647) and Hoechst (blue) nuclear staining. Scale bar = 20 pm. (c) Quantification of the
percentage of PANC-1 and (d) Mia PaCa-2 EdU-positive cells upon treatment with acidic pHe. Data
were reported as the percentage of EQU/Hoechst-positive cell mean 4+ SEM from 4 representative
regions for each condition. Time course of proliferation of the different models of (e) PANC-1 and
(f) Mia PaCa-2 cells assessed by an MTS assay. Significant differences between control cells vs. all
other conditions at 96 h. (g) Determination of PANC-1 (left) and Mia PaCa-2 (right) cell viability by
trypan blue exclusion assay in control cells (pHe 7.4), 4 days pHe 6.6, pHe-selected (1 month in pHe
6.6) and pHe selected + 7.4 (1 month in pHe 6.6 followed by 2 weeks in pHe 7.4). (h) Time course of
PANC-1 (blue) and Mia PaCa-2 (yellow) cell viability by trypan blue exclusion assay in control cells
exposed to acidic pHe for different times. Significant differences in PANC-1 (*) or Mia PaCa-2 cells
($) at each time point of acidic treatment vs. 1 h. (i) Determination of PANC-1 (left) and Mia PaCa-2
(right) cell viability as assessed by trypan blue exclusion assay in control cells (pHe 7.4) and pHe
selected + 7.4 (1 month in pHe 6.6 followed by 2 weeks in pHe 7.4) cells in pHe 7.4 and following 96 h
treatment in pHe 6.6. Data were presented as mean + SEM using One-way ANOVA with Dunnett’s
multiple comparisons test. All data shown were obtained from three independent experiments,
*p <0.05 *p <0.01, *** p < 0.001, *** p < 0.0001, $$, p < 0.01, $$$% p < 0.0001, ns = not significant.
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3.3. Acid Selection at pH, 6.6 Promotes Adhesion, Migration, and Invasion of PANC-1 and Mia
PaCa-2 Cells

The role of acidic pHe on cell migration and invasion was initially investigated by
studying their ability to adhere to gelatin. A period of 4 days of extracellular acidification
significantly inhibits both PANC-1 and Mia PaCa-2 cell adhesion compared to the control
condition (~50 % reduction; Figure 3a,b). The inhibitory effect of acidic pHe is already
present after 1 h of acidic exposure of PANC-1 cells growing at pHe 7.4 (control cells)
(Figure Sle). On the contrary, one-month extracellular acidification (pHe-selected cells)
promotes an increase in PANC-1 and Mia PaCa-2 adhesion compared to their respective
control groups. A similar positive effect on cell adhesion is observed on adhesion of PANC-
1 pHe-selected + 7.4 cells (Figure 3a). However, surprisingly Mia PaCa-2 pHe-selected + 7.4
cells decrease their adhesion ability as compared to control (Figure 3b). Mia PaCa-2 cells
are less sensitive to a 1 h acid treatment, which does not affect the adhesive properties of
pHe-selected cells (Figure S1f).
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Figure 3. Effects of acidic pHe on PDAC cell adhesion, migration, and invasion. (a) Quantification
of PANC-1 and (b) Mia PaCa-2 cell adhesion assays. Cells were exposed to acidic conditions for
different periods. Data were reported as mean + SEM from at least 4 representative regions for each
condition. (c) Representative brightfield microscopic images of crystal violet-stained PDAC cell (in
blue) that migrated through the transwell membrane in the migration assay. Scale bar = 100 pm.
Quantification of the mean number of migrated (d) PANC-1 and (e) Mia PaCa-2 cells determined in a
transwell 18-h long migration assay. Data were reported as mean + SEM. (f) Representative images
of PDAC cell models that invaded through the Matrigel-coated transwell membrane in the invasion
assay. Scale bar = 100 um. Quantification of the mean number of invaded cells of the 18-h long
transwell invasion assay in (g) PANC-1 and (h) Mia PaCa-2 cells. Data were reported as mean + SEM
of three independent experiments and analyzed using One-way ANOVA with Dunnett’s multiple
comparisons test. All data shown were obtained from three independent experiments, * p < 0.05,
**p <0.01, ** p < 0.001, *** p < 0.0001.

In the second set of experiments, the migratory ability of PDAC cells was evaluated
using Transwell migration assays. The data presented in Figure 3c—e show that cell migra-
tion is significantly enhanced during the early stages of pHe treatment (4 days pHe 6.6) and
in pHe-selected cells, with a maximal effect in pHe-selected + 7.4 (Figure 3c—e). Time-lapse
video-microscopy assays were also performed to confirm the enhanced migratory activity at
the single-cell level after 4 days of acidic pHe treatment in PANC-1 cells (Figure S2a,b). This
increase in PANC-1 cell migration nicely correlates with the higher recruitment of paxillin,
a central Focal Adhesion (FA)-adaptor protein and a marker for nascent focal adhesion [55]
toward the cell periphery and by larger FAs compared to control (Figure S2c—f).
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The correlation between migratory cell properties and cell invasion was studied by
using Matrigel-coated Transwell filters. Interestingly, early stages of acidic selection (4 days
pHe 6.6) significantly inhibit the invasive abilities of both PANC-1 and Mia PaCa-2 cells
(Figure 3f-h). The effect is reversed with a prolonged exposition to acidic pHe conditions
(pHe-selected cells) at a similar rate as pHe-selected + 7.4 cells (Figure 3f-h).

The role of pHe selection on both migration and invasion in the context of a microen-
vironmental pH, gradient was evaluated by experimentally establishing a pH, gradient
in the Transwell system. This experimental condition would mimic the interface between
acidic cancer edges and neighboring healthy tissues and blood vessels. To simulate this
situation, PDAC cells were plated in pHe 6.6 media and allowed to migrate or to invade
(through the Matrigel coating) toward pHe 7.4 media overnight. Migration assay clearly
demonstrates that all three acid-treated PDAC cell models (4 days pHe 6.6; pHe-selected
and pHe-selected + 7.4) respond to the pHe gradient more avidly than the control cells
(Figure 4a—c). In contrast, invasion of PANC-1 and Mia PaCa-2 cells exposed to pHe 6.6
for a short term (4 days pHe 6.6 cells) along the alkalinizing pH, gradient is significantly
inhibited compared to control cells (Figure 4d-f). On the contrary, prolonged treatment
with acidic media enhances the invasion of both PDAC pHe-selected cells towards the com-
partment filled with pH, 7.4 as compared to control. This invasive behavior is maintained
in PANC-1 and Mia PaCa-2 pHe-selected + 7.4 cells (Figure 4d-f).

Cancer cells digest extracellular matrix (ECM) on their way to local or distant metas-
tases. To accomplish this task, cells employ specialized structures called invadopodia,
F-actin-rich membrane protrusions that mediate protease-dependent proteolysis of ECM
components. Previous works have elucidated the critical role of extracellular acidosis in
invadopodial function and invasion [46,56—60]. Therefore, we next assessed whether the
extracellular acidosis could promote the invadopodia-mediated proteolytic degradation of
the ECM by performing an in situ zymography in both PANC-1 and Mia PaCa-2 cells. To
this purpose, cells were plated on quenched DQ-Green-BSA-containing Matrigel-coated
slides the invadopodia-mediated focal ECM digestion was quantified via the measurement
of the ECM Digestion Index (Figure 4g,h), which derives from the combination of % of
cells positive for invadopodial ECM digestion x mean pixel density of focal ECM diges-
tion/cell (see Section 2.10) that are presented as single parameters in Figure S3b—e. The
invadopodia-mediated ECM digestion assay was performed in both PDAC control and
pHe-selected + 7.4 cells subjected to an overnight exposition to acidic pHe (pHe 6.6) or
physiological pHe (pHe 7.4) (same protocol as in Figure 4a—f). Acidic overnight treatment
(pHe 6.6) of both PANC-1 and Mia PaCa-2 control cells reduces the invadopodial Digestion
Index compared to control cells exposed to pHe 7.4 (Figure 4g,h). On the contrary, the Di-
gestion Index is very much higher in both PANC-1 and Mia PaCa-2 pHe-selected + 7.4 cells
compared to the control cells at pHe 7.4 and pHe 6.6. Moreover, extracellular acidosis
further increases the Digestion Index of pHe-selected + 7.4 cells compared to the same
cells at physiological pHe. Thus, prolonged exposure of PDAC cells to acidic conditions
selects cells with higher proteolytic invadopodial activity, conferring a more aggressive
and invasive phenotype to these cells.
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Figure 4. Effects of a pHe gradient on PDAC cells migration, invasion, and invadopodia activity.
(a) Representative microscopic images of PDAC cells’ migration assay, showing cells that migrated
through the transwell membrane in a pH gradient, allowing cells to move from an acidic compartment
to the pH 7.4 bottom part of the transwell. Scale bar = 100 um. (b) Quantification of the mean number
of migrated cells of the transwell migration assay in PANC-1 and (c) Mia PaCa-2 cells in the presence
of a pH gradient. (d) Representative microscopic images of PDAC cell invasion assay, showing cells
that invaded through the Matrigel-coated transwell membrane in a pH gradient. Scale bar = 100 pm.
(e) Quantification of the mean number of invaded cells of the transwell invasion assay in PANC-1
and (f) Mia PaCa-2 cells in the presence of a pH gradient. (g) Effect of acidic pHe on the Digestion
Index of both PANC-1 and (h) Mia PaCa-2 control and pHe-selected + 7.4 cells. The percentage of
cells that produced invadopodia and their ECM degradation was determined by in situ zymography.
The mean total invadopodia proteolytic activity was calculated as follows: Digestion Index = % of
cells positive for invadopodia ECM digestion x mean pixel density of focal ECM digestion/cell. Data
were reported as mean and + SEM and analyzed using One-way ANOVA with Dunnett’s multiple
comparisons test with Tukey’s multiple comparisons test for (g,h). All data shown were obtained
from three independent experiments, * p < 0.05, *** p < 0.001, **** p < 0.0001.

3.4. Effects of pH, 6.6 on Epithelial-Mesenchymal Transition and Proliferation Markers of PANC-1
and Mia PaCa-2 Cells

Considering the previous results and the more aggressive behavior showed by acid-
selected cells, we assessed whether acidic pHe-induced selection determines the acquisition
of mesenchymal properties in PDAC cell lines. Therefore, different EMT markers were
evaluated at mRNA levels by qPCR. As previously demonstrated [53], PANC-1 and Mia
PaCa-2 cell lines are characterized by low E-cadherin mRNA expression levels, which are
not affected by the different acidic pHe exposures (Figure 5a,b and Figure S3f).
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Figure 5. Effects of acidic pHe on epithelial-mesenchymal transition and proliferation markers of
PDAC cell. (a) Heatmap of mRNA levels for epithelial-mesenchymal transition (EMT) markers in
PANC-1 and Mia PaCa-2 cells. Columns represent each condition of the different PDAC cell lines,
while rows indicate each differentially expressed gene. The value indicated is the mean value of the
fold change of triplicate samples relative to control. Fold changes relative to control are visualized
using a green-to-red gradient color scale. (b) mRNA expression levels of the different EMT markers
and (c) proliferation (Ki67) and cell-cycle arrest (G0S2) markers in PANC-1 and Mia PaCa-2 cells
subjected to acidic treatment for different periods and presented as fold change values, obtained
by RT-qPCR. The effects of pHe 6.6 treatment on EMT and proliferation marker expression were
compared with control samples (dotted lines). Fold changes were quantified using the 2~22<4 method
and normalized to HPRT reference gene. (d) Representative Western blot results that illustrate the
effect of different times of exposure to acidic pHe on EMT proteins in PANC-1 and Mia PaCa-2
cells. (e) Relative densiometric quantification of Western blot results, showing the abundances of
N-cadherin and (f) Vimentin proteins in PANC-1 cells and (g) Vimentin protein levels in Mia PaCa-2
cells compared to control conditions after normalization with (3-actin. Data were presented as mean
and £ SEM and analyzed using one-way ANOVA with Dunnett’s multiple comparisons test. All
data reported were obtained from three independent experiments, * p < 0.05, ** p < 0.01, *** p < 0.001,
ns not significant. The uncropped blots are shown in Supplementary File S11—Uncropped Western
Blots Membranes.
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E-cadherin and N-cadherin mRNA expression levels were then validated at the
protein level in both cell lines (Figure 5d,e). Although the PANC-1 cell line shows in-
creased N-cadherin expression during the different exposures to acidic pHe at mRNA level
(Figure 5a,b), it reaches significant protein upregulation only in pHe-selected + 7.4 cells
(Figure 5d,e). Mia PaCa-2 cells follow a similar mRNA expression pattern in the dif-
ferent acidic conditions (Figure 5b). The acidic treatment-induced shift towards the ac-
quisition of a more mesenchymal phenotype in PANC-1 and Mia PaCa-2 cells is con-
firmed by the increased mRNA expression of additional mesenchymal markers, Twist1
and Snail. (Figure 5a,b), while Vimentin mRNA levels are significantly increased in PANC-
1 cells (Figure 5a,b) but not in Mia PaCa-2 cells, as confirmed by protein quantification
(Figure 5d,g). Vimentin overexpression is confirmed by Western blot, showing a significant
increase in PANC-1 cells exposed to 1 month to pHe 6.6 and those subsequently recovered
to pHe 7.4 (Figure 5d,f). Both PDAC cell lines express Slug at low mRNA levels (Figure S3f).
However, its gene downregulation is detected following 4 days-long acidic treatment
(Figure 5a,b), while a clear upregulation emerges in pHe-selected cells recovered to pHe 7.4.
These results reinforce the idea that the acidic tumor microenvironment promotes the ac-
quisition of more aggressive cellular phenotypes via the epithelial-mesenchymal transition,
especially in PANC-1 cells.

To further support the previous proliferation results (Figure 2 and Figure S1), PANC-1
and Mia PaCa-2 cells were tested for the mRNA expression of Ki67, an important prolif-
eration marker, and G0S2, a protein involved in the maintenance of hematopoietic stem
cells in a quiescent state [61] (Figure 5¢). Ki67 upregulation is confirmed in PANC-1 and
Mia PaCa-2 pHe-selected + 7.4 cells, indicating their enhanced proliferative potential com-
pared to control cells, while its expression is decreased in 4 days- and 1-month-long acidic
treatment (Figure 5¢). Both PDAC cell lines exposed for 4 days to pHe 6.6 then display a
proliferation arrest in the GO phase, as demonstrated by the enhanced mRNA expression
of the G0S2 marker. The reversibility of this cell-cycle arrest is shown by the progressive
decrease in the G0S2 marker expression in cells following 1-month-long pH, 6.6 treatment
and further recovered to physiological pHe, particularly in PANC-1 cells (Figure 5c).

3.5. Differential Transcriptomic Profiles in PANC-1 Cells in Response to Acidosis

To study the effects of the acidic pHe on gene expression profile in PANC-1 cells, RNA
samples from control, 4 days pHe 6.6, and pHe-selected + 7.4 cell models were subjected to
RNA-sequencing.

Raw paired-end reads were first trimmed to remove adapter contamination; then,
STAR aligner was used with RSEM to obtain the count table at gene level as detailed in
the Materials and Methods section. Principal component analysis (PCA) was conducted to
check the consistency of the three experimental groups (Figure S4a,b); then, the DESeq?2
Bioconductor package was used to assess differential gene expression. Our results lead to
the identification of 772 differentially expressed genes (DEGs) in PANC-1 cells exposed for
4 days to pHe 6.6 compared to control samples (398 genes downregulated and 374 genes
upregulated), while 989 DEGs are identified between control and pHe-selected + 7.4 sam-
ples (530 genes downregulated and 459 genes upregulated) (Figure 6a—d and Files S1 and
52 for the full DEG lists and the related statistics). Notably, just 134 genes (8.2% of the total
DEGsS) are in common between the two experimental conditions of pH. manipulation (see
Venn diagram in Figure 6e), representing the transcriptional correlate of that specificity
already observed through functional assays.
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Figure 6. Differential transcriptomic profiles in PANC-1 cells in response to acidosis. (a) Heatmaps of
RNA-Seq transcriptomic data relative to the differentially expressed genes (DEGs) detected comparing
PANC-1 control condition against 4 days pHe 6.6 cells and (b) PANC-1 pHe-selected + 7.4 cells,
respectively. Rows of the heatmaps represent the DEGs detected in the two comparisons, while
columns are the individual biological replicates. Gene expression values are shown as gene-wise
median-centered “log2(FPKM+1)” (FPKM = Fragments Per Kilobase of sequence per Million mapped
reads) according to a red-to-blue color gradient. (c¢) MA-plots showing gene differential expression
observed in PANC-1 after 4 days at pHe 6.6 and (d) in PANC-1 pHe-selected + 7.4 cells compared
to Control. “M =1og2FC” vs. “A =log2(mean counts+1)”. Downregulated genes are in red, while
upregulated DEGs are in blue. Grey dots indicate non-significant gene expression changes. (e) Venn
diagram summarizing the number of differentially expressed genes in PANC-1 4 days pHe 6.6 cells
vs. Control and pHe-selected + 7.4 cells vs. Control; the number of genes deregulated in both acidic
conditions is represented by the overlap between the two circles.

Highly upregulated genes in 4 days pHe 6.6 cells includes GBP3, a member of the
guanylate-binding protein family, which induces caspase-dependent apoptosis in leukemia
cells [62] and exerts an anti-tumor role in colorectal cancer [63]. However, its pro-tumor
role has also been previously reported [64]. Among the top five downregulated genes in
4 days pHe 6.6 cells, we find PXDN, coding for Peroxidasin, a heme peroxidase which
has been associated with proliferation in endothelial cells [65] and with cancer cells in-
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vasive phenotype [66,67], Guanylate Cyclase 1 Soluble Subunit Alpha 2 coding gene
(GUCY1A2), which mediates cell growth and survival in different cancer cell types [68-72],
and PRICKLEL1, prickle planar cell polarity protein 1, a member of the planar cell po-
larity (PCP) pathway which is involved in cancer cell metastasis [73,74]. Stronger gene
deregulations are observed for pHe-selected + 7.4 cells, where the top 10 upregulated
genes include Interferon Alpha Inducible Protein 27 (IFI27), a prognostic marker for pan-
creatic cancer [75] that promotes PDAC cell proliferation, migration, and invasion [76];
bone morphogenetic protein 7 (BMP7), a member of the transforming growth factor-3
(TGF-B) family reported to be involved in tumor metastasis, including pancreatic cancer
where it promotes EMT and invasiveness in PANC-1 cells via matrix metalloproteinase
(MMP)-2 upregulation [77]; Interleukin-32 (IL32), involved in PDAC cells invasiveness [78];
tripartite motif-containing 2 (TRIM2), which increases PDAC tumorigenesis both in vitro
and in vivo [79]. Among top downregulated genes, amphiregulin (AREG) is involved
in EMT and growth in different types of cancer, including PDAC [80], while Adhesion
G Protein-Coupled Receptor F1 (ADGRF1) has an important role in inducing quiescence
and chemoresistance in breast cancer [81]. Other downregulated genes include Traf2- and
Nck-interacting kinase (TNIK), involved in colorectal carcinogenesis via modulation of Wnt
signaling pathway [82], and Ankyrin-3 (ANK3), whose knock-down was reported to de-
crease the growth of prostate cancer cells while promoting their invasion both in vitro and
in vivo [83], and to inhibit invasive abilities of thyroid cancer cells and their tumorigenesis
when ectopically expressed [84].

To deepen the role of pHe selection and recovery in EMT process, we performed
a hypergeometric test to measure the significance of the overlap between our DEG list
and the set of genes involved in EMT as provided by dbEMT 2.0 (http://dbemt.bioinfo-
minzhao.org) [85]. Interestingly, the data clearly show a 1.7-fold enrichment of the EMT
gene set in our DEG list (p-value = 7.27 x 10~7) in pHe-selected + 7.4 cells as well as in
4 days pHe 6.6 cells (p-value = 9.91 x 107°, fold enrichment = 1.7) (Figure 7a,b; see Files S3
and 54 for a complete list of EMT DEGs). These data agree with the significant increase in
EMT markers expression in both early and late stages of acidosis adaptation (Figure 5), thus
supporting the hypothesis that acidosis selects more invasive cell phenotypes by promoting
EMT and thus paving the way for more aggressive cell phenotypes.

To corroborate the functional assays and results obtained in vitro, up- and downreg-
ulated DEG lists were separately tested for over-representation through hypergeometric
distribution by ToppFun web tool (see Materials and Methods section). The analysis
of 4 days pHe 6.6 downregulated genes returned many enriched GO terms (biological
processes) related to cell adhesion, cell growth, proliferation, and (negative regulation
of) migration (Figure 7c), whereas very few terms resulted in upregulated PANC-1 cells
exposed to short-term acidosis (Figure 7e). Pathway analysis further confirmed the involve-
ment of 4 days pHe 6.6 downregulated genes in cell adhesion-related processes (such as 31
integrin cell surface interactions and focal adhesions) as well as a significant contribution to
cholesterol biosynthesis and NOD-like receptor signaling pathway coming from the upreg-
ulated genes (Figure S4c—d, respectively). As for the pHe-selected + 7.4 condition, GO terms
(biological processes) linked to the negative regulation of cell cycle and cell growth are
significantly over-represented within the set of the downregulated genes (Figure 7d), while
biological processes associated with cell adhesion, cell migration, and EMT are significantly
enriched in the upregulated gene list (Figure 7f). Accordingly, pathway analysis points at
a significant alteration in cell cycle-associated processes due to the genes downregulated
in pHe-selected + 7.4 condition, while the upregulated ones are mostly involved in the
cadherin signaling pathway, interferon signaling, and cell invasion-associated processes,
including degradation of the extracellular matrix and DUB metalloproteases (Figure S4e,f).
The complete lists of all the enriched terms returned by such an over-representation analysis
are provided in the Supplementary Materials (see Files S5-S8).
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Figure 7. Gene ontology (GO) and gene set enrichment analysis (GSEA) of differentially expressed
genes in PANC-1 cells in response to acidosis. (a) Venn plots showing overlapped dbEMT2.0 curated
genes and differentially expressed genes (DEGs) in PANC-1 4 days pHe 6.6 and (b) PANC-1 pHe-
selected cells + 7.4. (c) Bar chart of the most relevant enriched biological processes as defined in
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GO database and resulting from the analysis of genes downregulated in PANC-1 4 days pHe 6.6 cells
vs. Control, and (d) in PANC-1 pHe-selected + 7.4 cells vs. Control, and of genes upregulated in
(e) PANC-1 4 days pHe 6.6 cells vs. Control, and (f) in PANC-1 pHe-selected + 7.4 cells vs. Control.
(g) RNA-Seq data of PANC-1 4 days pHe 6.6 and (h) pHe-selected + 7.4 cells analyzed using gene set
enrichment analysis (GSEA) and presented as enrichment score (ES) plots. GSEA showed significant
enrichment of cell-substrate adhesion, and migration-related gene sets in the two acidic conditions,
and of proliferation-related gene set for pHc-selected + 7.4. y-axes in GSEA plots represent the ES
function, while x-axes display a red-blue color scale corresponding to the ranked list of DEGs (from
the most up- to the most downregulated one, respectively) following one of the two acidic treatments.
Vertical black lines above the red-blue scale in each plot refer to the position of each gene of the
selected gene set along the ranked gene list as returned by the differential expression analysis of
experimental data.

Finally, to validate and deepen these results, the GO database was also interrogated
using GSEA software (see Section 2.11 for more details on parameter settings). GSEA results
are in good agreement with the previous ones, showing that 4 days exposure of PANC-1
cells to pHe 6.6 decreases cell adhesion properties (Figure 7g). The long-lasting selection
protocol induces a general enhancement of cell adhesion, proliferation, and migration in
relation to the mesenchymal-like phenotype of PANC-1 cells kept under acidic conditions
(Figure 7h). The full tables of significant terms resulting from GSEA can be found in
Files S9 and S10.

4. Discussion

In the same way as most other cancers, Pancreatic Ductal Adenocarcinoma is character-
ized by a highly acidic microenvironment resulting from the aberrant blood perfusion and
the metabolic rearrangement that cancer cells put in place to meet the increased demand
for energy and nutrients needed for their growth. In this study, we characterized the
response of PDAC cell lines, PANC-1 and Mia PaCa-2, to short term (4 days) or long-lasting
(1 month) acidosis (pHe 6.6) exposure on PDAC cellular hallmarks. Although previous
research already showed that prolonged treatment induce a phenomenon of acid adap-
tation in pancreatic cells [41,43,86,87] little is known about the metastatic potential of the
acid-selected cancer cells. To this purpose we established a model by re-exposing acidic
selected cells to pHe 7.4 for two weeks. This treatment mimics the interface between acidic
microenvironment of the tumor and the physiological pHe of the adjacent non-tumorous
tissue. Indeed, tumor acidosis is not restricted to its hypoxic core, but it extends toward the
interface between the tumor and normal tissue which delineates the margin of a malignant
tumor when cells invade neighboring healthy tissues and blood vessels [21,88].

Our data indicate that acidic pH, selects for more aggressive pancreatic cancer cells
via the increase in cell death during the short-term exposition (4 days). This leads to the
survival of acid-resistant cells to low pHe stress that further outgrew and underwent EMT
to acquire a more aggressive and invasive phenotype when exposed to pHe 7.4.

One feature of cancer cells is the pH gradient reversal compared to their healthy
counterparts, leading to extracellular acidification coupled with the relative alkalinization
of the intracellular space [7,89]. pH; homeostasis is important for the correct functioning of
various physiological and pathological cellular processes. Despite the interest of the cancer
cell to maintain a stable pHj, it is subjected to variations in external pH; therefore, sudden
acidification of the extracellular space can result in the disruption of the pH; steady-state,
which may pave the way toward selective pressures as a survival mechanism [6,90]. Our
results indicated that short and long acidic exposure induces a slight decrease, although
not significant, in the PANC-1 basal pH; (Figure 1b,c), in accordance with previous re-
ports [43,91,92]. Our data demonstrated that the basal pH; value is not only recovered
but further increased when PANC-1 pHe-selected cells face back pHe 7.4 (Figure 1b,c),
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supporting recent evidences in same cell type [43], a feature that may represent a driving
force for cancer progression, as suggested for other cancer types [7,93-95].

The results on pH; levels correlated well with functional assays, as those PANC-1 cells
exposed to acidic pHe for 4 days had both a decrease in the proliferation rate and lower
pH; values than control cells. After 1 month of acidic pHe exposure, the growth rate of
PDAC cells was comparable to that of cells exposed for 4 days to pHe 6.6. We confirmed
this output in Mia PaCa-2 cells, although the inhibition of proliferation was less evident
in these cells. Validation of the Ki67 proliferation marker and G0S2 quiescence marker
mRNA levels confirmed our proliferation results (Figure 5c). These results agree with the
well-established notion that internal acidification, probably due to external acidic pHe,
inhibits cell proliferation in pancreatic cancer [43,86]. Finally, PDAC cell proliferation was
restored and further boosted by recovery in pHe 7.4. These results clearly demonstrate
that the acidic tumor microenvironment selects for cells with reduced growth capacities
in acidic conditions but which display greater proliferative abilities when they come into
contact with areas of physiological pHe [10].

We showed that cell growth inhibition results from an increase in cell death, which
gradually increased until it reached the maximum percentage of cell death at 4 days
(Figure 2g,h). The reduced cell viability is the result of energy deprivation caused by gly-
colysis inhibition [96], as demonstrated by ATP shortage (Figure Sla,b) and by intracellular
acidification (Figure 1b,c). We observed a subsequent, progressive, and almost complete
recovery of cell viability (Figure 2g/h). This is likely due to the selection of a subset of cells
resistant to the tumor acidosis-induced toxicity around the middle of the 1-month treatment.
Consequently, almost all cells were alive at the end of the 1-month acidic exposure. Such a
behavior was also observed in other cancer cell types [24,30,39,43,97].

Potentiation in cell migration and invasion represents a key feature of aggressive cancer
progression. Quantification of the adhesive abilities of PANC-1 and Mia PaCa-2 cells to
gelatin-coated wells under different acidic conditions (Figure 3) confirmed that cell-matrix
interactions are inhibited under acidic conditions during the early phase of acidotic stress
(4 days pHe 6.6), as previously demonstrated in other works [19,29,31]. On the contrary,
acid selection enhanced the ability of PDAC cells to adhere, maintaining this feature
once PANC-1 cells face back physiological pHe 7.4 (Figure 3a,b). The acidic treatment
led to PDAC cells with an increased migratory potential at population (Figure 3c—e) and
single-cell level (Figure S2a,b), with further accentuation in cells re-acclimated to pHe 7.4
(Figure 3c—e). Of particular interest are the results obtained from pHe-taxis experiments,
which confirmed that the same behavior was observed in the presence of a pH. gradient,
allowing the cells to migrate from an acidic compartment to a pHe 7.4 one (Figure 4a—c).
These data support the hypothesis of acidic selection of a more invasive phenotype as
observed on the edges of the tumor. Interestingly, this behavior is not common to immune
cells which instead tends to move toward a more acidic pHe [98].

Despite the inhibition of cell attachment of PANC-1 and Mia PaCa-2 cells exposed for
4 days to low pHe, those cells migrated faster in acidic conditions.

The apparent contradictory behavior induced at early stages of acidic pHe selection
(4 days), i.e., lower cell-matrix adhesion properties and increased migration velocity, could
be explained by an early acidic pH, selection. In line with this hypothesis, the few PANC-
1 cells that survived and remained attached to the gelatin-coated surfaces at the early
stages of pHe 6.6 exposure might have already evolved sufficiently into a more aggressive
phenotype characterized by faster cells, as suggested by the greater percentage of PANC-1
cells characterized by high-velocity respect to control cells (Figure S2d). The acquisition
of this migratory phenotype might not require longer acidic treatment or acclimation to
pHe 7.4. In this context, focal adhesions (FAs) might be involved. They play a key role
in cell migration, as these multi-protein assemblies represent the main linkage between
the intracellular cytoskeleton and extracellular matrix, promoting membrane protrusion
at the leading edge of migrating cells [99]. Our immunostaining results on PANC-1 cells
might confirm this, as cells exposed for 4 days to pHe 6.6 were faster than control cells
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and showed increased paxillin recruitment to the cell periphery, with larger FAs compared
to control (Figure S2c—f). On the contrary, the acute acidic treatment did not affect the
size of FAs, their number, nor their plasma membrane recruitment in Mia PaCa-2 cells
(Figure S2g—i).

One major step in tumor metastasis is local tumor cell invasion, a process promoted
by acidic TME [10,21]. Our results indicated that, although PDAC invasive capacities are
impaired during the early stages of low pH, selection, they were indeed potentiated during
long-term acidic treatment (1 month). More interestingly this pro-metastatic phenotype
is conserved following cell re-acclimation to physiological pHe (Figure 3f-h). Transwell
invasion experiments performed with pH, gradient (Figure 4d) demonstrated that the
increased invasive properties acquired by acid-selected cells were further potentiated
when cells found themselves at the interface with less acidic areas mimicking tumor-stroma
boundaries, where cells are in contact with better perfused, and therefore less acidic, regions.
Indeed, invadopodial activity was increased in PDAC pHe-selected + 7.4 cells, leading to
a more pronounced digestion of the ECM. Although we did not provide the molecular
mechanisms involved, a major role in low pHe-induced matrix degradation is expected for
Na*-H* exchanger (NHE1), localized in the invadopodia [100-102] and which promotes
the proteolytic activity of different proteinases [46,58,59], and by Carbonic Anhydrase IX
(CAIX), which acidifies the extracellular space to promote MMP14 activity [60,103] and
metastasis in vivo [104].

These results highlight the metastatic potential of pHe-selected cells in vitro and in-
dicate that the increased invasiveness results from a gradual selection of aggressive cell
phenotypes induced by the acidic pH.. However, our results following a short-term acid ex-
posure contrast with previous reports with PDAC cells [20], which may explain the different
strategies employed for creating the acidic conditions, and other cancer types [14,25,40,59].
In fact, particular attention should be addressed to the different responses that a specific
maneuver of pHe may induce in cancer cells [8]. Our results suggest that the impact of
acidic pHe on cell invasion depends on the strategy used for manipulating the pH, which
can produce distinct responses based on the deregulation of specific proteins involved in
pHe/pH; sensing and transduction. Moreover, the adaptation/selection process might pro-
duce different outcomes and take different times to activate/inhibit specific cell processes
based on the cell type. We found that some extent of selection is observable after 15 days of
acid treatment, concurrently with the progressive recovery of cell viability.

A section of the paper was devoted to underlining the role of acidic pH selection
toward a mesenchymal phenotype. Indeed, EMT is another crucial step in disseminating
tumor cells from the primary sites to other organs, providing cancer cells with invasive
properties [105]. Our work showed that pH, selection induced a mesenchymal phenotype
in both PDAC cells, as demonstrated by an increase in the mRNA levels of several EMT
markers. Moreover, PANC-1 exposed to pHe 6.6 for 4 days and pHe-selected + 7.4 cells
showed a significant enrichment of the EMT gene set (as provided by dbEMT 2.0) in our
DEG list (Figure 7a,b), including several metalloproteases and integrins genes. Interestingly,
among the EMT genes enriched in the pHe-selected + 7.4 cells DEG list, we also observed
a significant increase in the FGFR2 expression, confirming the role of this receptor in
PDAC cell EMT as recently suggested [106]. The EMT phenotype was confirmed by
qPCR data, showing a significant decrease in Slug gene expression in the 4 days pHe 6.6
models, which might correlate with the decrease in proliferative and invasive abilities in the
early stages of pHe selection, as suggested in colorectal cancer [107]. Several publications
support the notion that extracellular acidosis promotes EMT [15,19,26,86]. In our work,
RNA sequencing on PANC-1 cells allowed us to identify the different genetic signatures
of the short-term and long-term (and recovery to pHe 7.4) acid models, observing the
acid-mediated downregulation of genes involved in cell growth, invasion, and adhesion
or the upregulation of cell death-related genes during the early stages of pHe selection
(Figures 6¢ and 7c,e,g). We also validated that different gene sets of cell proliferation, ECM
remodeling, migration, and invasion were associated with the acid-selected phenotypes
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recovered to pH 7.4, whose migratory and invasive phenotypes were related to epithelial-
mesenchymal transition induction (Figures 6d and 7d,f h). These results are in accordance
with previous RNA-seq data on 1-month acid-adapted PANC-1 cells [41] and microarray
data on other pancreatic cancer cells adapted to low pHe [86].

5. Conclusions

This work reports that the acidic tumor microenvironment provides certain PDAC
cell subpopulations with selective survival benefits that allow them to survive under
acidic stress conditions. They do so via genetic reprogramming toward the expression of
proliferation, migration, invasion, autophagy, and EMT-related markers, leading to PDAC
cells with enhanced metastatic potential which promote cancer progression (Figure 8).
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Figure 8. PDAC cells exposed to acidic extracellular conditions undergo a process of selection,
characterized by acid-induced genetic and phenotypic alterations. This results in increased cell
death due to the cytotoxic effect of low pHe and decrease in cell-substrate adhesion, proliferation,
and cell invasion. Along with the acid exposition, further genetic rewiring provides surviving
cancer cells with more aggressive properties in terms of adhesion, migration, and invasion. Limited
proliferative capacities are overcome when cells are acclimated to pHe 7.4 following 1 month-long
pHe 6.6 treatment. | arrow indicates downregulation, 1 arrow indicates upregulation. The figure
was created with www.Biorender.com.
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Acidic Growth Conditions Promote Epithelial-to-
Mesenchymal Transition to Select More Aggressive PDAC
Cell Phenotypes In Vitro
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Maya Yassine, Giorgia Chinigo, Antoine Folcher, Valerio Farfariello, Samuele Amadori, Chiara Vaghi,
Albrecht Schwab, Stephan J. Reshkin, Rosa Angela Cardone, Natalia Prevarskaya and Alessandra Fiorio Pla

Materials and Methods

ATP quantification assay

For ATP quantification assay, cells were plated in 96-well black-bottom polystyrene plates (Greiner Bio-
One, Austria) at a density of 3000 cells/well for PANC-1 and 8000 cells/well for Mia PaCa-2 cells in 100 ul medium
volume and let adhere overnight in physiological pHe conditions for control, 4 days pHe 6.6 and pHe- selected +
7.4 cell models, while pHe-selected cells were plated in acidic conditions. Acidic cell models were treated with
fresh acidic pHe (pHe 6.6) medium the following day, and ATP quantification was assessed at 1h, 48h, and 96h.
The number of metabolically active cells was quantified based on the ATP amount using CellTiter-Glo® 2.0
Luminescent Cell Viability Assay (Promega, Cat# G9241) following the manufacturer’s indications.
Luminescence was recorded using a microplate reader (FilterMax F5, Multi-Mode Microplate Reader, Molecular
Devices). Each condition was tested in eight technical replicates, and three independent experiments were

performed for each experimental condition.

Single-cell time-lapse cell random migration

PANC-1 cells were plated in technical duplicate in 1% gelatin-coated wells at a density of 5000 cells/well
in 500 ul volume in 24-well plates and incubated at 37°C overnight. Before time-lapse imaging, media was
changed to remove detached cells. For time-lapse image acquisition, cells were kept at 37°C and under 5% CO2
in an incubator chamber (Okolab). Cells’ random migration was followed in phase contrast illumination at 20X
magnification using Eclipse Ti-E Nikon inverted microscope, selecting five representative fields per well,
resulting in a total of ten fields per condition and each image stack containing 60 frames. Images were acquired
every 10 minutes for 10 hours with a CCD video camera using NIS-Element software (Nikon). Image stacks were

analyzed with Image] software, and cells were manually tracked using the Mtrack] plugin. Dividing cells and



cells exiting the recorded field were excluded from data analysis, and cells” migratory velocity was used as the

parameter. Three independent experiments were performed for each experimental condition.

Immunofluorescence paxillin staining and confocal microscopy

PANC-1 cells seeded on 1% gelatin-coated coverslips were washed twice with cold phosphate-buffered
saline (PBS) and fixed with 4% paraformaldehyde for 15 min at 4°C. After washing the samples twice with ice-
cold PBS, the fixed cells were then incubated for 10 min at room temperature with PBS containing either 0.1%
Triton X-100 (PBST) for permeabilization and blocking of unspecific binding of the antibody was obtained by
incubating the cells with PBST containing 1% gelatin and 0.2 M glycine for 30 minutes. The solution was decanted,
and a quick wash with cold PBS followed. Cells were incubated in diluted Alexa Fluor® 647 Anti-Paxillin
antibody (1:200, ab246719) in PBS containing 1% gelatin overnight at 4°C. The cells were then kept in the dark
and washed three times in PBS for 5 minutes each, following DAPI staining for 10 minutes at room temperature.
Cells were washed twice with PBS, and coverslips were mounted on glass slides with a drop of Glycergel.
Coverslips were sealed with nail polish and stored in the dark at 4°C. Glass slides were then examined using a
confocal laser scanning microscope (LSM 700, Carl Zeiss Microlmaging GmbH) with a Plan Apochromat 40x/1.3
numerical aperture oil immersion objective. Peripheral and cytosolic focal Adhesions (FAs) parameters were
quantified with Image] (NIH, Bethesda, Maryland, USA) by manually selecting  at least 10 cells as region of
interest (ROI) of 5 representative fields per biological replicate, and paxillin dots were distinguished from the
background by applying a threshold, and subsequently, FAs’ area and density were automatically quantified by
Image] software. FAs peripheral translocation was quantified by peripheral FAs to cytoplasmic FAs ratio. The
mean numbers obtained from each biological replicate were used for statistical analysis. Three independent

experiments were performed for each experimental condition.
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adhesion in PANC-1 and Mia PaCa-2. a) Representative fluorescence images of PANC-1 and b) Mia PaCa-2 cell
proliferation obtained by EdU staining assay (red, Alexa Fluor 647) and Hoechst (blue) nuclear staining. Scale bar
=20 um. ¢) Quantification of the percentage of PANC-1 (left) and Mia PaCa-2 EdU-positive cells (right) upon
treatment with acidic pHe. Data were reported as the percentage of EdU/Hoechst-positive cell mean + SEM from
4 representative regions for each condition. d) Fold increase in proliferation rate in PANC-1 and e) Mia PaCa-2
cells” models assessed by ATP quantification at 1h, 48h, and 96h. Significant differences between PANC-1 or Mia
PaCa-2 control vs. all at 96h. f) Cell adhesion assay performed on PANC-1 and g) Mia PaCa-2 control and pHe-
selected cells + 7.4 exposed for 1 hour to pHe 6.6 (acute treatment) before fixation and counting of cells. Data were
collected from 4 representative regions for each condition. Each condition was repeated in 8 technical replicates.

All data were presented as mean +SEM from three independent experiments and analyzed using Two-way



ANOVA with Dunnett's multiple comparisons test and One-way ANOVA with Tukey's multiple comparisons

test for e) and f), * p <0.05, ** p < 0.01, ** p <0.001, *** p <0.0001.
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in pHe 6.6 (n=390 cells for control, n= 387 cells for 4 days pHe 6.6, n= 311 cells for pHe- selected + 7.4). ¢) DAPI
(blue) nuclei staining and Paxillin (Alexa Fluor 647, red) immunofluorescence staining of PDAC control and 4
days pHe 6.6 cells on gelatin-coated coverslips, obtained by confocal microscopy (Scale bar= 20 um for PANC-1
cells and 10 um for Mia PaCa-2 cells). Focal adhesions were observed by staining for paxillin (red). The photos
are representative of one field of one experiment. d and g) Quantification of the peripheric/cytosolic focal
adhesions (FA) ratio, indicative of paxillin recruitment to the focal adhesion, of e and h) the average number of
focal adhesions (FAs) per um? and of f and i) average size (um?) of FAs in PANC-1 and Mia PaCa-2 control cells
and 4 days pHe 6.6 cells following paxillin staining (n= 162 cells for control, n= 160 cells for 4 days pHe 6.6 for
PANC-1 cells, n= 88 cells for control, n= 45 cells for 4 days pHe. 6.6 for Mia PaCa-2 cells). All data were reported
as mean *SEM from three independent experiments. Data were analyzed using One-way ANOVA with
Dunnett's multiple comparisons test and using an unpaired t-test for d), e), f), g), h), and i), * p <0.05, ** p <0.01,

ns not significant.
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Establishment of a pH gradient in the Transwell system and effect of acute exposition to acidic pHe on PANC-
1 and Mia PaCa-2 cells’ invadopodia activity and epithelial-mesenchymal transition. a) Time course indicates
the maintenance of pH values of the acidic medium (pHe 6.6) in the upper compartment of the Transwell system
in the presence of pHe 7.4 in the lower chamber, the presence or absence of a matrigel coating. Cell plates
containing the Transwell systems were maintained in the incubator at 37°C and 5% CO:2 to allow pH to
equilibrate. Measurements were recorded every hour for 8 hours immediately after removing the plate from the

incubator by using pH strips to minimize the time outside the incubator and the alkalinization of the acidic



medium in the upper compartment. b) Quantification of the percentage of positive cells to ECM digestion and of
¢) the mean number of invadopodia per cell in PANC-1 control cells and pHe- selected + 7.4 exposed or not to an
overnight exposure to pHe 6.6. d) Quantification of the percentage of positive cells to ECM digestion and of e) the
mean number of invadopodia per cell in Mia PaCa-2 control cells and pHe- selected + 7.4 exposed or not to an
overnight exposure to pHe 6.6. f) Heatmap showing the RT-PCR mean cycle thresholds (Cq) of PANC-1 and Mia
PaCa-2 control, 4 days pHe 6.6, pHe- selected, and pHe- selected + 7.4 cells. Columns represent each condition of
the different PDAC cell lines, while rows indicate the mean Cq value of triplicate biological samples, and they are
visualized in green and red color scales. All data were reported as mean (+ SEM) from three independent
experiments, and they were analyzed using Kruskal-Wallis H-test and Dunn's multiple comparison test, * p <

0.05, ** p <0.01, ns not significant, *** p < 0.001, *** p <0.0001, ns not significant.
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Principal component analysis (PCA) of RNA-seq-based expression data and gene ontology (GO) pathway
enrichment analysis of PANC-1 differentially expressed genes (DEGs) in response to acidosis. a) Three-
dimensional PCA scatter plots of the first two principal components (PC1, x-axis, PC2, y-axis). PCA was
conducted to infer the quality of the RNA-seq data. Each point indicates an RNA-seq sample, and biological
replicates are represented with the same colors (red= control, green=4 days pHe 6.6, blue= pHe- selected + 7.4).
The processed RNA data formed spatially distinct clusters within the same sample group in the first (PC1) and
second (PC2) principal components, indicating similar gene expression profiles. The PCA analysis also revealed
differences among RNA-seq data of corresponding conditions (4 days pHe 6.6 replicate 2 and pHe.- selected + 7.4
replicate 1), mostly due to biological variability of cell populations, therefore the replicates aforementioned were
excluded from the samples cohort and b) PC analysis was re-performed, showing the segregation of control
samples from both acidic conditions. ¢) Bar chart of the most relevant enriched pathway as defined in GO
database and resulting from the analysis of genes downregulated in PANC-1 4 days pHe 6.6 cells vs. Control, and
e) in PANC-1 pHe- selected + 7.4 cells vs. Control, and of genes upregulated in d) PANC-1 4 days pHe 6.6 cells vs.
Control, and f) in PANC-1 pHe- selected + 7.4 cells vs. Control.
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Abstract

Pancreatic ductal adenocarcinoma (PDAC) represents one of the deadliest cancers, whose
aggressiveness is partly due to a highly acidic tumour microenvironment (TME), a key player in
PDAC onset and progression. Indeed, cancer cells are subjected to the selective pressure induced
by the low pHe. In this situation, they respond by developing strategies to gain competitive
advantages over normal cells or other cancer subpopulations and survive. In this context, ion
channels, particularly Ca?*-permeable channels, are key proteins in the interaction between the
TME and cancer cells, acting as pH sensors and transducing signals to activate intracellular
downstream pathways linked to PDAC progression. Their deregulation also contributes to several
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cancer hallmarks. Despite their importance, the interplay between the Ca?* signals and acidic TME
in PDAC still needs to be sufficiently addressed. Here, we aimed to investigate Ca®* signal responses
to acidic stress along different stages of acid selection in PDAC cells. We showed that PANC-1
cells generate different patterns of SOCE-dependent Ca?* oscillations under acidic selection,
characterised by low frequencies and downregulation of SOCE and ORAI1 during early stages of
pHe-selection and recovery of faster Ca?* waves, increased SOCE and upregulation of ORAI1 with
long-term acidic treatment and recovery to pH. 7.4. ORAI1-mediated Ca?* entry might be involved
in the increased migration and invasion of all the cell models exposed to acidic pHe, as Synta66
treatment and siORAI1 didn’t affect control cells’ invasion and migration. Our work demonstrates
that acid selection and recovery to physiological pHe may employ ORAI1-mediated Ca?* signals to

promote increased aggressiveness, cell migration, and invasion in PDAC cells.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic cancer,
representing the 7th leading cause of cancer death worldwide! and characterised by a dismal
prognosis (5-year survival rate of ~10%), a result of the lack of screening tests, late diagnosis, and
ineffective therapeutic options?. To develop improved therapy options, there is an urgent need to
deeply investigate the mechanisms that lead to PDAC onset and progression. One major player in
PDAC development is the dysregulation of its physiological dynamic pH microenvironment.
Pancreatic ductal epithelial cells secrete an alkaline juice from their apical membrane into the
pancreatic ducts to neutralise the acidic chyme. To maintain intracellular pH (pHi) homeostasis, the
apical secretion is coupled to the extrusion of protons from the basolateral membrane, acidifying
the stroma. The pancreatic interstitium extracellular pH (pHe) will then vary cyclically during
digestion and resting phases, leading to a dynamic and unique pHe landscape®*. It was suggested
that this intermittent acidification preconditions normal ductal cells to acidity, selecting for acid-
resistant cancer subpopulations with acquired survival advantages during PDAC onset*. Once
PDAC develops, its microenvironment further acidifies due to the Warburg effect and hypoxia®,
potentiating different cancer-related processes that sustain its advance®. In our previous work
(submitted), we demonstrated that the genetic and phenotypic responses of PDAC cells change

according to the different stages of selection induced by the acidic TME, which selects via epithelial-
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to-mesenchymal transition more aggressive PDAC cells in terms of migration and invasion, and the
malignant phenotypes are further accentuated when acid-selected cells encounter a more neutral pHe

microenvironment, as during local invasion.

To exert its pro-tumour function, the acidic TME relies on several pH-sensitive
transmembrane proteins, which intercept its signals and respond accordingly”®. lon channels are
transmembrane proteins whose alterations in gene expression and/or activity have been extensively
documented®. lon channels can act as extracellular pH sensors by integrating signals from the TME
as changes in pHe, leading to the activation of intracellular signalling pathways involved in cancer
development® and progression’%, Among ion channels, Ca?*-permeable ion channels exert a
multifaced role by cross-talking with different cell signalling cascades to selectively regulate
innumerable cancer-related processes, such as proliferation, migration, invasion, EMT,
chemoresistance, angiogenesis, and cell survival®. Oscillatory variations in the cytosolic Ca?* levels
represent a common cell signalling mechanism that encodes different biological outcomes. Ca?*
oscillations seem to be a feature of highly metastatic cancer cells!!, where they contribute to cancer
progression by promoting invasion!?, proliferation and migration®®, stemness* and tumour
angiogenesis'®. Ca?* oscillations are documented in pancreatic acinar cells, where elevations in
[Ca?*]iand faster Ca?* oscillations have been linked to pancreatitis'®. Ca?* oscillations have also
been reported in PANC-1 cells following treatment with different agonists, such as ATP, UTP! and
insulin®. However, to our knowledge, the role of Ca?* oscillations in PDAC onset or development
has yet to be explored. Among the mechanism sustaining Ca?* oscillations, the so-called Store-
Operated Ca?* Entry (SOCE) and its major molecular components ORAI1 and the Ca?* sensor STIM
play an essential role in the generation of Ca?*-oscillations'®?°, Several pieces of evidence have
indeed demonstrated that SOCE signals are often remodelled in cancer due to alterations at the gene
or protein level or in the activity of its components. This remodelling affects Ca?* homeostasis to
promote cell transformation and cancer progression?!. SOCE signals are also modulated by tumour
acidosis'?, although the consequences of low pHe-mediated SOCE alterations in cancer, particularly
PDAC, have not yet been sufficiently explored. Moreover, the hypothesis that acidic TME exploits
Ca?* signalling as the main route for selecting aggressive cell phenotypes and sustaining PDAC
progression needs further attention. Therefore, in this study, we exploited different acidic PDAC
cell models previously characterized (see Results | section of the manuscript) to assess the impact
of tumour acidosis on Ca* oscillations and Store-Operated Ca?* entry (SOCE) in PDAC. Our results
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show that short-term acidosis (4 days in pHe 6.6) inhibits SOCE in PDAC cells, probably due to the
downregulation of ORAIL. This translates into a reduced Ca?* entry for fuelling Ca?* oscillations,
which display minor frequencies compared to control cells. As the acid exposure increases to 1
month, acid-selected cells recover control-like fast Ca* oscillations, with upregulation of SOCE.
This output is stronger in pHe-selected cells recovered to pHe 7.4. Our results also show that acidic
pHe may require ORAI1-mediated Ca?* influx to regulate the migratory and invasive capacities of
all the acidic models, as both silencing and chemical inhibition of this channel did not affect these
abilities in control cells. This highlights the key role of ORAIL channels as mediators of acidic TME

signals in PDAC progression.

Materials and Methods

Cell culture

Human pancreatic ductal adenocarcinoma PANC-1 cells were obtained from the Institute for
Experimental Cancer Research, Christian-Albrecht-University (CAU) of Kiel, Germany. Mia PaCa-
2 cells were purchased from the American Type Culture Collection (ATCC). Control cells were
cultured as monolayers in RPMI 1640 growth medium (Gibco, Cat# 31870-025) supplemented with
10% FBS (Biochrom, Cat# S0615), 2 mM L-Glutamine (Gibco, Cat# 25030-024), 1 mM sodium
pyruvate (Gibco, Cat# 11360039) and antibiotics (penicillin/streptomycin 100 U ml-1, Life
Technologies, Inc., Cat# 15070-063). For pH adjustments of the cell culture media to pHe 6.6, RPMI
1640 powder medium (Sigma, Cat# R6504) was complemented with NaHCO3 according to the
Henderson-Hasselbalch equation to derive the target pHe (Table 2). The osmolarity of the medium
was balanced using NaCl. The different powders components were dissolved in UltraPure distilled
water (Invitrogen, Cat# 10977-035), and the resulting medium was filtered in a sterile environment
and supplemented with 10% FBS (Biochrom, Cat# S0615), 1 mM sodium pyruvate (Gibco, Cat#
11360039) and antibiotics (penicillin/streptomycin 100 U ml-1, Life Technologies, Inc., Cat#
15070-063). All cells were maintained at 37 °C in a humidified 5% CO> atmosphere. For the
generation of the acidic phenotypes, refer to Audero M.M. et al., 2022 (see Results | section of the

manuscript).
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Reagents

Synta66 (TargetMol Chemicals Inc., Cat# T13047) was stored in DMSO stock solution at a
concentration of 100 mM at -20°C. For experiments, a concentration of 10 uM was used. Src kinase
inhibitor-1 was purchased from Sigma-Aldrich (Cat# S2075) and stored in 50 mM stock solution in
DMSO at -20°C. It was diluted to 5 uM in cell culture medium for experiments. Fura-2 AM was
purchased from Invitrogen (Cat# F1221), resuspended in DMSO stock solution, and kept at 4°C. It
was used at a final concentration of 5 UM, while Thapsigargin (TG) was from Tocris (Cat# 1138)
and used at a final concentration of 2 pM. The working concentration of Mitomycin C (MP
Biomedicals™, Cat# 0219453202) was 10 pug/mL.

Cell migration and invasion assays

Transwell migration and invasion assays were performed using 6.4 mm cell culture inserts with
8 um pore-size polyethylene terephthalate (PET) membrane (Corning, Cat# 353097) placed into
Falcon® 24-well Permeable Support Companion Plate (Corning, Cat# 353504). Cells were
pretreated with 10 pg/mL of cell cycle inhibitor mitomycin C for 2 hours before seeding. The lower
chamber was filled with 500 pl of growth medium pHe 7.4 or 6.6 containing 10% FBS. 75x10°
PANC-1 and 10x10* Mia PaCa-2 cells/insert were seeded without matrigel coating (migration
assay) or with matrigel coating (diluted in growth medium in ratio 1:5, Corning, Cat# 354230) in
300 pl of the corresponding pHe target growth medium supplemented with 10% FBS. Thereby, we
avoided an FBS gradient between the two compartments. The cells were allowed to migrate or

invade through the pores of the insert membrane overnight at 37°C and 5% CO..

Cell transfection with siRNA

A double-pulse approach with Lipofectamine™ 3000 Reagent (Invitrogen) was used to transfect
PDAC cells with siRNAs. Cells were plated the day before the transfection in 6-well plates to reach

80% of confluency on the day of transfection.
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On the day of the transfection, mix A was prepared in RPMI without FBS (SFM) and antibiotics.
Mix B was prepared without the P3000™ Reagent when diluting the siRNA (50 nM final
concentration). The siRNA sequences are listed in Table 1. Mix A was then mixed with Mix B,
gently vortexed and kept for 12 minutes at room temperature. During the incubation time, the cell
culture medium was replaced in each well, and 2,250 ml of fresh RPMI containing 10% FBS was
added to each well. After the incubation, 250 ul of Mix A+B was added as a drop in each well. The
entire process was repeated for the double pulse the following day, and the experiments were

performed 48h following the second pulse.

Table 1. List of sSIRNA sequences.

SiRNA Sequence Forward (5’ to 3°) Sequence Reverse (5’ to 3°)
Control siRNA
duplex Cat. Number: SR-CL000-005 /
negative (Eurogentec)
control
SiORAIL UGAGCAACGUGCACAAUCU AGAUUGUGCACGUUGCUCA

Calcium Imaging

Cells were plated in glass coverslips to reach an 80% confluency on the day of the experiment.
The cells were then loaded with 5 uM Fura-2 AM (Interchim, Cat# FP-42776C) diluted in cell
culture medium and incubated for 45 minutes at 37 °C and 5% CO.. The cells were then gently
washed three times with standard Hank’s Balanced Salt solution (HBSS) (composition: 140 mM
NaCl, 5 mM KCI, 2 mM CaCl2, 1 mM MgCI2, 0.3 mM NaH2PO3, 0.4 mM KH2P0O4,10 mM N-
(2-hydroxyethyl)-piperazine-N’-ethanesulfonic acid (HEPES), 5 mM glucose, pH adjusted to 7.35
with NaOH) before fluorescence acquisition. Coverslips were then transferred to POCmini-2 Cell
chambers on the stage of an Eclipse Ti-inverted series microscope (Nikon), and measurements were
performed using an S Fluor 20x/0.75 NA objective lens (Nikon) by exciting Fura-2 fluorescence
alternatively at 340 and 380 nm with a monochromator (Polychrome IV, TILL Photonics Gmbh)

and collected at 510 nm through a CCD camera (QImaging) controlled with Metafluor software
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(Molecular Devices). Calcium imaging traces were analysed with Clampfit 10.7 software

(Molecular Devices) and GraphPad Prism 7 software (GraphPad Corporation).
Ca?* oscillations induction protocol and analysis

PANC-1 cells were starved overnight in serum-free RPMI 1640 (pHe 7.4 or pHe 6.6) the day
before the experiment. Following loading with Fura-2 and incubation, cells were washed three times
in HBSS containing 2 mM Ca?" and the coverslips were mounted in the POCmini-2 Cell chamber
and observed at the microscope. Cells were maintained in a 2 mM Ca?* solution for 100 seconds to
measure basal Ca?* concentrations. At 100 seconds, an HBSS solution containing 10% FBS was
administered, and the Fura-2 emission signals were recorded for at least 500 seconds. For assessing
the effect of acute treatment with acidic pHe, cells were bathed in HBSS solution pH 6.6 + 10% FBS
at 600 seconds, and the Ca?* signals were recorded for at least 200 seconds. The effect of Synta66
on Ca?* oscillations initiation was assessed by bathing the cells with HBSS + 10% FBS + 10 uM
Synta66 at 100 seconds, while its effect on the maintenance of Ca®* oscillations was assessed by
treating the cells with HBSS containing 10% FBS and 10 uM Synta66 at least 500 seconds following
the Ca?* oscillations initiation. For the quantification of basal Ca®* levels and the mean Ca?* peak
amplitude and area, the same time frame for all the conditions tested was considered, assuming a At
of 50 seconds for the basal Ca?* levels and a At of 500 seconds for the peak amplitudes and area.

Store-Operated Ca?* entry (SOCE) protocol and analysis

For SOCE protocol, we employed the irreversible SERCA pump inhibitor thapsigargin (TG) in
Ca?*-free HBSS solution to induce Ca®* release and emptying of the ER stores. Following the
addition of HBSS solution containing 2 mM Ca?* maximally activates SOCE. Following loading
with Fura-2 and incubation, cells were washed three times in HBSS containing 2 mM Ca?" and the
coverslips were mounted in the POCmini-2 Cell chamber and observed at the microscope. Cells
were maintained in a 2 mM Ca?* solution for 100 seconds to measure basal Ca?* concentrations. At
100 seconds, a Ca?*-free HBSS solution containing 2.5 mM EGTA was administered, while at 200
seconds, cells were bathed with Ca?*-free HBSS solution containing 2.5 mM EGTA + 2 uM TG.
The 2 mM Ca?* solution was re-introduced following the complete emptying of the ER Ca?* stores
and the stabilisation of the Ca?* signals, around 500-600 seconds. SOCE signals were recorded for
300 seconds. To evaluate the effects of acute exposition to pH 6.6 solution, HBSS acid solution was

administered following SOCE and recorded for 200 seconds. For the quantification of basal Ca?*
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levels, a At of 50 seconds was considered for all the conditions, while the mean peak amplitude and
area of Ca®* release from ER was considered a At of 200 seconds. For quantifying the mean peak
amplitude and area of SOCE, At of 300 seconds was considered. Finally, the quantification of the
SOCE signals in the presence of acidic pH acute treatment was assessed by measuring the Ca®
signals in a time frame of 200 seconds. These signals were compared to the 200 seconds immediately

preceding the introduction of the acidic solution.

RNA extraction and gPCR

RNA extraction and gPCR Total RNA was isolated from cultured PANC-1 and Mia PaCa-2
cell models using the NucleoSpin RNA Plus kit (Macherey Nagel Bioanalysis™) according to the
manufacturer’s instructions. RNA concentration and quality were determined by absorbance at 260
nm. Reverse Transcription synthesised cDNA in a 20-ul reaction mixture containing 2 pg total
RNA, 10 mM dNTPs, 50 uM/100 pl Random Hexamers, 1x First strand buffer, 20U RNase
inhibitor, 0.1 M DTT, and 200 U M-MLYV reverse transcriptase. Real-time gPCR was performed in
a 20 pl-reaction mixture containing 10ng/ul cDNA, SYBR™ Green PCR Master Mix
(ThermoFisher Scientific), and 400 nM forward and reverse primers for each gene of interest. gPCR
reactions were performed in technical triplicates. The primers used are listed in Table 2. The analysis
was performed in a real-time thermal cycler Cfx C1000 (Bio-Rad). Hypoxanthine
Phosphoribosyltransferase-1 (HPRT-1) was used for normalisation. Relative mRNA levels were
quantified using the 2("*A¢T) method.

Table 2. List of primer sequences used for gPCR

Gene name Primer probe Sequence (5’ to 3°)
Forward ATGGTGGCAATGGTGGAG
hORAI1
Reverse CTGATCATGAGCGCAAACAG
Forward GCAGCTACCTGGAACTGGTC
hORAI2
Reverse CGGGTACTGGTACTGCGTCT
Forward AAGTCAAAGCTTCCAGCCGC
hORAI3
Reverse GGTGGGTACTCGTGGTCACTCT

132



Forward TGTGGAGCTGCCTCAGTAT

hSTIM1
Reverse CTTCAGCACAGTCCCTGTCA
Forward AGTTCTGTGGCCATCTGCTT
hHPRT1
Reverse CAATCCGCCCAAAGGGAACT

Statistical analyses

The data were analysed using GraphPad Prism 7 software (GraphPad Corporation). The
Shapiro-Wilk normality test was used to assess the normality of distribution of the continuous
variables, which were reported as mean and standard error of the mean (SEM). The Student's t-test
was used to compare the means of two continuous variables with normal distribution. Means of
more than two groups of variables were compared using One-way ANOVA. A p-value < 0.05 was

considered significant.

Results

I. Extracellular acidosis inhibits FBS-induced Ca?*-oscillations in PANC-1 cells.

Intracellular Ca?* oscillations are peculiar, transducing and sustaining cancer hallmarks. We,
therefore, investigated whether early or long-lasting acidic exposure affected PDAC cells oscillatory
behaviour. For this purpose, experiments were performed on PANC-1, which spontaneously
generated cytosolic Ca?* oscillations when bathed in standard HBSS solution pH 7.4 containing 2
mM Ca?* and challenged with FBS (Figure 1a-c), while this phenomenon was not observed for Mia
PaCa-2 cells (Supplementary figure 1a). All PANC-1 cell models showed a similar percentage of
FBS response (Figure 1d) and of FBS-induced oscillating cells (around 70% of cells oscillating in
the dish) (Figure 3e). The quantification of the mean Ca®" peak amplitude demonstrated that both
short- and long-term acidosis and the recovery to pHe 7.4 increased the mean peak amplitude of the
Ca?* oscillations compared to control cells (Figure 1f). This result was supported by the increased
Ca?" oscillations area in all acidic models (Figure 1g). We further confirmed the enhanced basal
Ca" levels in PANC-1 cells exposed for 4 days to pHe 6.6 compared to the other conditions

(Supplementary Figure 1b).
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Figure 1. Effect of acidic pHe on intracellular FBS-induced Ca?* oscillations in PANC-1 cells. a) Representative traces of FBS-
induced Ca?* oscillations in PANC-1 control cells (blue) and PANC-1 4 days pHe 6.6 (green), b) in PANC-1 control cells (blue) and
PANC-1 pHe-selected cells (light orange) and c¢) in PANC-1 control cells (blue) and PANC-1 pHe-selected + 7.4 (red). d)
Quantification of the percentage of PANC-1 FBS-responding cells and e) of the percentage of oscillating cells in PANC-1 cells. f)
Quantification of the mean Ca®* peak amplitude and g) mean area of Ca?* oscillations in PANC-1 control, 4 days pHe 6.6, pHe-selected
and pHe-selected + 7.4. cells. h) Wavelet-based analysis of FBS-induced calcium oscillations in PANC-1 control and 4 days pHe 6.6
cells. Frequency spectra of each oscillating cell from the three biological replicates (superimposed and heat mapped in the upper and
lower panel, respectively. i) Control-to-acid treated ratios of the mean spectra from the three experimental replicates. The frequency
enhanced in control cells is within the red band, while those enhanced in 4 days pHe 6.6 are within the blue one. Data were reported
as mean + SEM and are from 3 independent experiments. Data were analysed using One-way ANOVA with Dunnett’s multiple
comparison test, * p< 0.05, ** p< 0.01, *** p< 0.001, **** p < 0.0001.

A more quantitative analysis of the Ca?* oscillations led us to assess the impact of pHe in
terms of another important parameter: the frequency of the Ca* oscillations. PANC-1 cells exposed
for 4 days to pHe 6.6 showed the slowest Ca?* oscillations among all cell models (Figure 1a). For
this reason, to uncover the effect of acidosis on the Ca?* oscillatory behaviour, we quantitatively

analysed the frequency of the Ca?" oscillations of control and 4 days pHe 6.6 cells using a wavelet-
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based algorithm??2%, From the summary of the frequency spectra (Figure 1h), we observed that high
frequencies (representing the most rapid events, i.e., the sharpest peaks) were confined in the control
samples, while the 4 days pHe 6.6 cells (here also called “acid-treated”) were dominated by low-
frequency Ca?" oscillations. To better quantify the range of frequencies affected by the treatment, the
paired control-to-4 days pHe 6.6 cells ratio of the mean spectra for each of the three experiments was
computed (Figure 1i). The analyses described the difference between control and 4 days pHe 6.6
conditions in terms of enhanced and attenuated frequencies induced by the acidic pHe. High frequencies
were enhanced (ratio > 1), while low frequencies resulted in depressed (ratio < 1) in control cells
compared to 4 days pHe. 6.6 samples. The frequency bands affected by the treatment were finally
measured by a consensus approach, defining the range of frequencies enhanced by the acidic treatment.
PANC-1 cells exposed to short-term acidosis displayed Ca®* oscillations characterised by a frequency
range below 3.5 mHz (Figure 1i, blue band), slower than the Ca?* oscillations exhibited by control cells,
which frequency falls in the range from 16 to 33 mHz (Figure 1i, red band).

We next questioned whether acute acidosis might affect the oscillatory behaviour by allowing
the cells to oscillate first and then bathing them in HBSS pH 6.6 containing 10% FBS (Figure 2a-d).
We observed that this strategy resulted in the damping of Ca?* oscillations in 71.89% of control cells,
while 4 days long acidic pre-incubation of cells reduced the impact of the inhibitory effect of the
acute acidic treatment, observing damping in Ca?*-oscillations in 52.05% of cases and 56.19% in
pHe-selected cells. Interestingly, pHe-selected cells recovered to pHe 7.4 were the most affected by

acidic pHe, showing damped Ca?*-oscillations in 83.71% of the cells (Figure 2e).
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Figure 2. Effect of acidic pHe on the amplitude and effect on the frequency of PANC-1 Ca?* oscillations induced by 10% FBS by
Wavelet analysis. a) Representative traces of FBS-induced Ca?* oscillations with acute acidic treatment in PANC-1 control, b) 4 days
pHe 6.6, €) pHe-selected and d) pHe-selected + 7.4. e) Quantification of the percentage of damped oscillating cells following acidic
treatment in PANC-1 cells. Data were reported as mean + SEM and are from 3 independent experiments. Data were analysed using
One-way ANOVA with Dunnett’s multiple comparison test, * p< 0.05, **** p < 0.0001.

I1. FBS-induced Ca?*-oscillations are SOCE-dependent in all PANC-1 cell models.

Different evidence throughout the years has demonstrated that Ca* oscillations are mediated
and sustained by SOCE®®°, which major molecular components are STIM1 and ORAI1 proteins. For
this reason, the putative role of these channels, in particular the Ca?*-permeable channels ORAI1,
as initiators or contributors of the Ca?" oscillations observed, was investigated using SiRNA

technology and tested by means of Ca?* imaging (Figure 3, Supplementary Figure 1c).
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Figure 3. Ca?* oscillations are SOCE-dependent in PANC-1 cells. a) Representative traces of FBS-induced Ca?* oscillations in
PANC-1 cells treated with siCT and siORAI1 (left) with quantification of the percentage of oscillating cells in both conditions in
PANC-1 control, b) PANC-1 4 days pHe 6.6, c) in PANC-1 pHe-selected cells and d) in PANC-1 pHe-selected + 7.4. e) Representative
traces of FBS-induced Ca?* oscillations in PANC-1 control cells treated with DMSO or Synta66 in concomitance with FBS stimulation
(left) with quantification of the percentage of oscillating cells in both conditions. f) Representative traces of FBS-induced Ca**
oscillations in PANC-1 control cells treated with DMSO or Synta66 500 seconds after the FBS stimulation (left) with quantification of
the percentage of oscillating cells in both conditions. Data were reported as mean + SEM and are from 3 independent experiments.
Data were analysed using Student t-test, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Silencing of ORAI1 expression resulted in the abolishment of cytosolic Ca?* oscillations
compared to control PANC-1 cells (siCT) in both control and acidic conditions (Figure 5a-d).
Interestingly silencing of ORAI1 did not affect the basal [Ca?*] of both control of PANC-1 grown
in acidic conditions (Supplementary Figure 1d). The data suggest that ORAIL is not responsible for
the higher basal [Ca?*]i observed in PANC-1 after 4 days at pHe 6.6. As an additional strategy, we
tested the pharmacological inhibition of ORAI1 using Synta66, a selective CRAC (Ca?* release-
activated Ca?*) channel inhibitor (Supplementary Figure 1e, f), in concomitance or not with FBS
treatment. Simultaneous treatment of PANC-1 control cells with 10% FBS and 10 uM Synta66

resulted in the abolishment of Ca2* oscillations compared to untreated cells (Figure 3e), while 73.4%
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of PANC-1 cells showed damped Ca?* oscillations after Synta66 treatment (Figure 3f). These results
indicate that ORAI1 plays an important role in initiating and sustaining Ca®" oscillations induced
by FBS treatment in PANC-1 cells.

I11. Intracellular Ca?* basal levels, Ca?*-release from ER and SOCE are affected by acidic pHe.

To further decipher the intracellular Ca?* signals of PDAC acidic models, we imaged the
cytosolic basal Ca?* levels ([Ca%']i) in PANC-1 and Mia PaCa-2 cell models. In PANC-1 cells,
short-term acidic exposure (4 days pHe 6.6) strongly increased basal [Ca?*]i compared to control
cells (Figure 4a). In contrast, long-term acidic treatment (pHe-selected cells) and recovery to pHe
7.4 (pHe-selected + 7.4) led to the restoration of the basal [Ca?*] observed in control cells (Figure
4a). No differences in basal [Ca?*]i were observed in Mia PaCa-2 cells following the different acidic
treatments (Figure 4b). To characterise the role of acidic exposure on intracellular Ca?* homeostasis,
we focused on intracellular Ca* store content and SOCE, applying the Ca?* add-back protocol. This
strategy stimulates the Ca?* release from Endoplasmic Reticulum (ER) stores in Fura-2-loaded cells
bathed with Ca?*-free standard Hank’s Balanced Salt Solution (HBSS, pH 7.4) containing the
SERCA-inhibitor thapsigargin (TG; 2 uM). The ER Ca?* stores emptying is followed by the switch
to Ca2*-containing HBSS (2 mM Ca?*) to measure the SOCE (Figure 4c-n). Switching from Ca?
containing medium to a Ca?*-free HBSS significantly affected basal [Ca?*]i of short-term acidic
exposure (4 days pHe 6.6) in PANC-1 (Figure 4d) but not Mia PaCa-2 cells (Figure 1h), suggesting
that the increased basal [Ca?*]i previously observed is due to an increased Ca?* entry (Supplementary
Figure 1g). TG treatment in Ca®*-free conditions showed that Ca?* release from ER is significantly
decreased in both PANC-1 and Mia PaCa-2 cells exposed to short-term acidosis (Figure 4k and m).
For PANC-1 cells, this result was associated with a decrease in the SOCE (Figure 4l). Unexpectedly,
we observed an opposite effect in Mia PaCa-2 cells, which showed an increase in SOCE compared
to control cells (Figure 1n). In contrast, Ca®* release from ER was strongly increased in PANC-1
pHe-selected cells and those recovered to pHe 7.4 (Figure 4k), and this was associated with an
increase in the SOCE component (Figure 4l). Despite no changes in Ca®* release from ER were
detected in Mia PaCa-2 pHe-selected and recovered to pHe 7.4 (Figure 4m), they showed enhanced
SOCE compared to control cells (Figure 4n).
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Figure 4. Effects of acidic pHe on cytosolic basal Ca?* levels, Ca?*-release from ER stores and SOCE in PDAC cells. a) Basal Ca®*
levels in PANC-1 and b) Mia PaCa-2 cells. ¢) Mean trace of TG-induced SOCE in PANC-1 control cells, d) PANC-1 4 days pHe 6.6,
€) PANC-1 pHe-selected cells and f) PANC-1 pHe-selected cells + 7.4. g) Mean trace of TG-induced SOCE in Mia PaCa-2 control
cells, h) Mia PaCa-2 4 days pHe 6.6, i) Mia PaCa-2 pHe-selected cells and j) Mia PaCa-2 pHe-selected cells + 7.4. Cells were initially
treated with 2 uM thapsigargin (TG) in absence of extracellular calcium ions to induce the depletion of intracellular calcium stores.
Administration of 2 mM Ca?* solution with physiological pH-induced calcium entry (SOCE). D) Quantification of resting Ca®* levels
in the 3 PANC-1 models. k) Quantification of the area of the Ca?* release after depletion of ER store with thapsigargin in PANC-1
cells and 1) of SOCE area in PANC-1 cells. m) Quantification of the area of the Ca®* release after depletion of ER store with
thapsigargin in Mia PaCa-2 cells and I) of SOCE area in Mia PaCa-2 cells. Data were reported as mean + SEM and are from 3
independent experiments. Data were analysed using One-way ANOVA with Dunnett’s multiple comparison test, * p< 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001.
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We next investigated the effects of acute exposition to acidic pHe on intracellular Ca?*
homeostasis. Both PANC-1, as well as MiaPaCa-2 cells, showed a strong SOCE inhibition when
challenged with standard HBSS solution at pH 6.6 and for 200 seconds following Ca?* entry (Figure
5a-j), observing a decrease in the mean peak amplitude of the SOCE signal in all the cell models
(Figure 5e and j). The data are in agreement with previous results?®*%. Taken together, these results
indicate that extracellular acidosis differentially affects the cytosolic basal Ca?* levels, the extent of
Ca?* release from ER and the Ca?* entry in PDAC cells before and after the acid selection and

recovery.

140



[ |cCa*freeHBSS+25mMEGTA [ | 2mM Ca® HBSS

PANC-1
a Control b 4 days pHe 6.6
pH 6.6 3.0
3.0 ¢ k #PH 6.6
25 ' ' 25 ' ‘
8 2.0 8 2.0
s Tl Te2um @ 7 TG2uM
3 15 | S 150 ¥
w '
2 10 SOCE S 10 8
8 ¢ k] 7+ 2
E 05 T ® o.5] Depleted ER Ca 2
Depleted ER Ca S 2
0.0 0.0 25
"0 300 600 900 1200 1500 1800 0 200 400 600 800 1000 1200 g%
Time (sec) Time (sec) b =
g9
c d 53
pHe-selected pHe-selected + 7.4 §
3.0, yPH 6.6 3.0 yPH 6.6 s
2.5 ‘ 25 ' ‘
= =)
8 204 8 20
S s -
g‘ii 1.5/ TG 2 uM ,_E, 15 TG 2pM
('
o s
1 5 1 SOCE
© SOCE 3
0.5 vy 0.5 2
0.0 Depleted ER Ca 0 Depleted ER Ca
"0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (sec) Time (sec)
Mia PaCa-2
f Control g 4 days pHe 6.6
4.0 +PH 6.6 4.0 yPH 6.6
| E— T 1
—~ 3.0 ~ 3.0
g TG 2 uM 2
g i 2 TG 2 uM
s 20 S 20]
frog sSoC brag
° o SOCE j
@ 10 2+ ¢ 10 ' 2+ Mia PaCa-2
Depleted ER Ca Depleted ER Ca | -
0.0 0.0 235 @ pHe 74 .
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 _ *_E QO pHe 6.6 . 'T
=] *
Time (sec) Time (sec) 3 £ 3.07
-
Sy 2.5
h pHe-selected : pHe-selected + 7.4 28
I g v
c
m
4.0- | . yPH 6.6 | 4.0 | . ypPH 6.6 €0l
> © *
=30 = 3.0] & o ,;}?‘b -
8 TG 2 uM 8 TG 2 pM < 9 &£ ée,b
S I ) | A
S 20 > 2.0 ™ Q %
frog SOCE freg SOCE kY
el o Q
s T
r 1.0 1.0
Depleted ER Ca>" & Depleted ER Ca*"
0.0 0.0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

Time (sec)

Time (sec)



Figure 5. Effects of acute exposition of acidic pHe SOCE in PDAC cells. a) Mean SOCE trace with acute low pHe solution treatment
in PANC-1 control cells, b) PANC-1 4 days pHe 6.6, ¢) PANC-1 pHe-selected cells and d) PANC-1 pHe-selected cells + 7.4. €)
Quantification of mean SOCE peak amplitude before (pHe 7.4) and during (pHe 6.6) treatment with acidic solution in PANC-1 cells.
f) Mia PaCa-2 pHe-selected cells + 7.4 in Mia PaCa-2 control cells, g) Mia PaCa-2 4 days pHe 6.6, h) Mia PaCa-2 pHe-selected cells
and i) Mia PaCa-2 pHe-selected cells + 7.4. j) Quantification of mean SOCE peak amplitude before (pHe 7.4) and during (pHe 6.6)
treatment with acidic solution in Mia PaCa-2 cells. Data were reported as mean + SEM and are from 3 independent experiments. Data
were analysed using Students t-test, * p< 0.05, ** p < 0.01.

IV. Acid selection promotes the upregulation of ORAIL in PANC-1 cells.

To evaluate the expression of the two major SOC components in PDAC cell lines, g°PCR
analysis was performed for ORAIL and STIM1. As shown in Figure 6, ORAI1 was downregulated
in PANC-1 cells following a short-term acidosis. Acid-selected cells showed a tendency of
upregulation of ORAI1, which becomes significant after the recovery to pHe 7.4 (Figure 6a). On the
contrary, no differences in ORAIL channel expression were revealed in Mia PaCa-2 cells (Figure
6b). The accessory protein STIM1 showed no mRNA changes in all conditions and cell lines tested
(Figures 6¢ and d). We further investigated the mRNA expression of other SOC channels implicated
at the different extents in SOCE, identifying ORAI2 overexpression in pHe-selected + 7.4 cells
(Figure 6a) and ORAI3 downregulation in all Mia PaCa-2 acidic conditions (Figure 6b).
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Figure 6. Effect of extracellular acidosis on ORAI1 channels and STIM1 expression in PANC-1 and Mia PaCa-2 cells. a) mMRNA
expression levels of ORAIL, ORAI2, ORAI3 channels and STIM1 in PANC-1 and b) Mia PaCa-2 cells subjected to acidic treatment
for different periods and presented as fold change values, obtained by RT-qPCR. The effects of pHe 6.6 treatment on SOCs and STIMs
expression were compared with control samples (dotted lines). Fold changes were quantified using the 2-4/¢¢ method and normalised

to HPRT reference gene. Data were presented as mean and + SEM and analysed using One sample t test. All data reported were
obtained from three independent experiments, * p < 0.05.

V. ORAIL1 is involved in cell migration and invasion of acid-selected cells.

To address the putative contribution of ORAIL in PDAC aggressiveness, the functional
significance of ORAI1 silencing was investigated using Transwell migration and matrigel invasion
assays (Figure 7). While the migratory abilities of PANC-1 control cells were not affected by sSiRNA
treatment compared to SiCT, they were strongly inhibited in all the acidic models, with a major
effect on pHe-selected + 7.4 cells (Figure 7a). Interestingly, we observed the same pattern of results
for Mia PaCa-2 cells, although the extent of the siORAI1-mediated inhibition was milder than in
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PANC-1 cells (Figure 7b). Cell invasion almost followed the same trend, being negatively affected
in pHe-selected cells, with greater effects in pHe-selected cells recovered to pHe 7.4. Contrary to
migration, short-term acidosis did not affect the invasive abilities of PANC-1 cells (Figure 7c). As
previously, PANC-1 cell invasion results were replicated in Mia PaCa-2 cells, where siORAI1-
treated pHe-selected cells and recovered to pHe 7.4 displayed a less dramatic decrease in their cell
invasion compared to PANC-1 cells (Figure 7d). Given the accentuated inhibitory effects of
SIORAIL on pHe-selected + 7.4 cells, we confirmed cell invasion results using Synta66 in both
PDAC cell lines (Supplementary Figure 2a-d).
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Figure 7. Effect of ORAIL silencing on cell migration and invasion in PANC-1 and Mia PaCa-2 cells and of Src kinase inhibition
on cell adhesion and invasion in PANC-1 cells. a) Quantification of the mean number of migrated cells of the transwell migration
assay of cell models treated or not with SiORAIL in PANC-1 cells and b) Mia PaCa-2 cells. ¢) Quantification of the mean number of
invasive cells of the transwell migration assay of cell models treated or not with siORAIL in PANC-1 cells and d) Mia PaCa-2 cells.
e) Representative microscopic images of transwell invasion assay in the different PANC-1 cell models. f) Quantification of the mean
number of invasive cells/field in the presence or absence (DMSO) of 5 puM Src kinase inhibitor-1 in PANC-1 cell models. Data were

reported as mean + SEM and are from 3 independent experiments. Data were analysed using Student t-test, * p < 0.05, ** p < 0.01,
***p <0.001, **** p < 0.0001.
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Preliminary data allowed us to identify a potential downstream target involved in cancer cell
invasion in PANC-1 cells, Src kinase, which role in cell invasion is well established, and that is
Ca?*-activated. The pharmacological inhibition of Src kinase using Src Inhibitor-1 inhibited cell
invasion in all conditions tested, with the exception of short-term acid-treated PANC-1 cells, where
Src kinase inhibition did not synergise with acidosis, as the inhibitory effect of pHe was sufficient
to almost completely abrogate cell invasion compared to control (Figure 7e, f).

Discussion

The pro-tumour role of extracellular acidosis has been extensively demonstrated in the
literature, as has the involvement of intracellular calcium signals in regulating various cellular
processes that promote tumour progression. However, the hypothesis that tumour acidosis employs
Ca?" signalling as a preferential route for sustaining tumour progression has yet to be sufficiently
explored. In this study, we employed previously characterised acidic PDAC cell models, which
mimicked the different stages of acid selection and the successive step in metastasization by
recovering pHe-selected cells to pHe 7.4 (see Results | section of the manuscript) to unravel how
tumour acidosis modulates cytosolic Ca?* signals, with a particular focus on Ca?* oscillations and
Store-Operated Ca?* entry (SOCE). We then explored the contribution of ORAI1, one of the major
components of the SOCE, in PDAC cells’ migratory and invasive abilities.

Our results showed a different Ca* response based on the acid exposure time and cell line.
PANC-1 cells exposed to a short-term acidosis, mimicking the early stages of pHe selection, showed
enhanced basal Ca?* levels, with the recovery of control-like cytosolic Ca?* resting concentration
with the long-term treatment and recovery to pHe 7.4 (Figure 4a, Supplementary Figure 1b). Previous
studies showed that high basal Ca?* levels are linked to mitochondrial Ca?* overload and activation
of the cytochrome c cascade, resulting in cell death in response to specific stimuli, in our case, low
pHe?®. This might explain the decreased cell viability of PANC-1 4 days pHe 6.6 cells that we
previously observed (see Results I section of the manuscript). On the contrary, pHe-selected and those
recovered to pHe 7.4 showed enhanced SOCE, which was supported by an increase in the ER Ca?*

release (Figure 4c-f and Figure 4k and 1). Several studies have reported that intra- and extracellular
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acidification negatively affects SOCE?+2%27-2° Most of these works were performed in non-cancer
cells and with acute acidic exposition (range of minutes), assessing the effect of acidosis on SOC
channels via electrophysiology experiments, supporting our results in the acute (200 seconds) and
short-term (4 days) acidic treatment. However, the Ca?* response changed with the long-term acidosis
(1 month), and the following recovery to pHe 7.4 suggests an adaptive response that may rely on the
deregulation of SOCE components, such as ORAI proteins, to promote the increase of Ca?* influx.
In accordance with this hypothesis, we found a tendency of upregulation of ORAIL in PANC-1 pHe-
selected cells that became significant following the recovery in pHe 7.4 (Figure 6a). In addition, these
cells also downregulated ORAI2, a key component of SOCE in several cancer cell lines. Its
overexpression was reported to reduce both ER Ca?* levels and SOCE in human glioblastoma cells,
while its silencing enhanced SOCE amplitude®. This result was also reported in NCI-H23 lung
cancer cells®® and mouse T cells®?, suggesting that PANC-1 pHe-selected + 7.4 cells might
downregulate ORAI2 to support a major SOCE-mediated Ca?* influx. On the contrary, Ca?*-
responses to low pH. differed in Mia PaCa-2 cells, in which basal Ca?* concentrations were not
affected by acidic treatment (Figure 4b). We observed enhanced SOCE in all acidic models, despite
the extent of Ca?* release from ER stores being strongly inhibited in the 4 days pH. 6.6 cell model
(Figure 4m, n). Although no differences in ORAIL1, ORAI2, and STIM1 mRNA expression were
detected, all acidic models downregulated ORAI3, whose silencing was reported to increase SOCE
in PDAC cell lines®. This might speculate that acidosis deregulates ORAI3 channel expression,
leading to the increased SOCE observed in ORAI3-downregulated Mia PaCa-2 cells.

ORAIs, STIM proteins, and, generally, SOCE are required to generate intracellular Ca?*
oscillations in physiological and pathological contexts'?13%43 Several stimuli, including FBS, can
trigger Ca?* oscillations. FBS contains several mitogens that activate IP3 synthesis via receptor-
mediated PLC cleavage of PIP., leading to IP3R-mediated ER Ca?* release, eliciting Ca?* waves in
cooperation with CaMKI1 activity®®. We report that PANC-1 cells generated SOCE-dependent Ca?*-
oscillations following FBS treatment, while Mia PaCa-2 did not elicit any Ca?* waves (Figure 1a-c
and Supplementary Figure 1a). The amplitude and frequency of these oscillations differed among the
acidic models, showing the lowest frequency in the early stages of pHe selection (Figure la-c and
Figure 1f-i). They were also inhibited following acute acidic treatment (Figure 2). Kawanish and
coworkers reported that Na'-acetate-induced intracellular acidosis suppressed intracellular Ca?*

oscillations in rat hepatocytes®’. Our previous work showed that PANC-1 cells slightly decreased
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their intracellular pH (pH;) following the 4 days-long acidic exposure (see Results | section of the
manuscript). This suggests that acidic pHe-induced internal acidification might affect Ca?* waves.
We also reported that PANC-1 Ca?* oscillations required SOCE for their initiation and maintenance
(Figure 5). These results suggest that short-term acidosis might affect cytosolic Ca?* oscillations by
acidifying the intracellular milieu and affecting their initiation and maintenance by inhibiting ORAI1
and, thus, SOCE. Acid-selected PANC-1 cells showed an increase in ORAI1 mRNA levels, which
Ca?*-mediated entry might fuel the Ca2*-oscillations compensating the inhibitory effect of acidic pHe,
restoring the fast frequencies observed in control cells.

At the molecular level, the frequency of the cytosolic Ca?* oscillations must be decoded by
specific Ca?*-sensitive proteins to extrapolate the information carried and activate the specific cell
response. Therefore, the frequency of these oscillations regulates the activity of the decoders. Ca?*
oscillations frequencies falling between 16 and 33 mHz, as observed for our control cells and assumed
for pHe-selected cells with and without recovery to pHe 7.4, can activate the translocation of NFAT
transcription factor to the nucleus, where it regulates gene transcription®. NFAT is involved in the
progression of several cancers, including PDAC®. We can then speculate a putative NFAT
contribution in the enhanced aggressiveness of PANC-1 acid-selected cells (see Results | section of
the manuscript), but that still needs to be verified. On the contrary, during the early stages of acid
selection, PANC-1 cells showed slower Ca?* waves characterised by a frequency lower than 3.5 mHz,
a range decoded by other transcription factors, such as NF-kB*%. NF-xB is pH-sensitive, and studies
have demonstrated that it regulates the expression of ORAIL and STIM1 in mast cells*® and that its
activation is regulated by SOCE-mediated Ca?* entry in lymphocytes*'. We hypothesise that the slow
Ca?* oscillations observed during the early stages of acid exposure might induce NF-kB activation
and promote ORAIL upregulation as the acidic selection process continues.

Interestingly, ORAI1 seems to be a key transducer of TME acidosis signals to activate
intracellular downstream pathways linked to PDAC progression, as its silencing only affected the
migration and invasion of PDAC cells subjected to acid conditions, independently of the time of
exposure (Figure 7a-d and Supplementary Figure 2). Preliminary data allowed us to identify Src
kinase as a putative downstream target involved in cell-matrix adhesion and invasion in PANC-1
cells (Figure 7e,f). Sun et al. have reported that SOCE-mediated Ca?* oscillations promote the
invasion of melanoma cells by facilitating invadopodial precursor assembly via activating Src?2.

Moreover, pharmacological inhibition of Src decreases Ca®* oscillations in HeLa cells, suggesting
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they are upstream of the MAP kinase cascade*?. However, the dependency of Src activity on Ca?*

oscillations frequency remains to be elucidated.
Conclusions

Tumour acidosis promotes the selection of PDAC cells characterised by an upregulation of
SOCE, required for the generation of fast Ca?* oscillations, which may trigger Ca**-dependent

signalling pathways involved in PDAC progression (Figure 8).
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Figure 8. PDAC cells exposed to acidic extracellular conditions undergo a process of selection characterised by acid-
induced genetic and phenotypic alterations, resulting in the selection of more aggressive PDAC cell phenotypes. The
Ca?* response to acidic pH. are different along the acid-induce selection, as cells show enhanced basal calcium levels,
decreased ORAI1 expression, SOCE and slower ORAI-1 mediated Ca?* oscillations during the early stages of acidotic
stress, which may contribute to the triggering of cell apoptosis and decreased growth and invasion. Acid selection and
recovery to pHe 7.4 upregulates SOCE and recovers the fast Ca?*-oscillations observed in control cells, which may
enhance the malignancy features of acid-selected cells. The figure was created with www.Biorender.com.
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effects of siORAIL in each cell model were compared to their respective control (siCT, dotted lines). Fold changes were
quantified using the 2-AACq method and normalised to HPRT reference gene. d) Quantification of the basal cytosolic
Ca?* levels from Ca?* oscillations traces in PANC-1 cells transfected with siCT or siORAIL. €) Mean SOCE trace in
PANC-1 cells treated or not with Synta66 (10 pM) to induce SOCE inhibition. f) Quantification of the mean SOCE peak
amplitude in PANC-1 vehicle cells (DMSO) and Synta66-treated cells. g) Quantification of the basal cytosolic Ca?* levels
from Ca?* oscillations traces in PANC-1 cells exposed to short-term acidosis (4 days) in the presence of 2 mM Ca?* or
Ca?*-free HBSS bathing solution. Data were reported as mean + SEM and are from 3 independent experiments. Data
were analysed using Student t-test or One-way ANOVA with Dunnett’s multiple comparison test, * p < 0.05, *** p <
0.001, **** p < 0.0001.
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a) Representative microscopic images of PANC-1 control and pHe-selected + 7.4 invasive cells in the presence of 10 uM
Synta66 or control DMSO stained with crystal violet are shown. b) Quantification of PANC-1 control and pHe-selected
+ 7.4 cells that invaded through the matrigel-coated transwell in the presence of Synta66, indicating the number of cells
of five representative areas per condition. c) Representative microscopic images of Mia PaCa-2 control and pH.-selected
+ 7.4 invasive cells in the presence of 10 pM Synta66 or control DMSO, stained with crystal violet are shown. d)
Quantification of Mia PaCa-2 control and pHe-selected + 7.4 cells that invaded through the matrigel-coated transwell in
the presence of Synta66, indicating the number of cells of five representative areas per condition. Data were reported as
mean + SEM and are from 3 independent experiments. Data were analysed using One-way ANOVA with Dunnett’s
multiple comparison tests, ** p < 0.01, **** p < 0.0001.
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Conclusion and perspectives

In this PhD thesis, different questions have been addressed for understanding the role of
tumor acidosis in PDAC progression. In this chapter, the main results achieved will be presented,

highlighting the challenges, and giving a global overview of the possible future work.

I.  Acidic growth conditions promote epithelial-to-mesenchymal transition to

select more aggressive PDAC cell phenotypes in vitro.
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Graphical abstract: PDAC cells exposed to acidic extracellular conditions undergo a process of
selection, characterized by acid-induced genetic and phenotypic alterations. This results in
increased cell death due to the cytotoxic effect of low pHe and decrease of cell-substrate adhesion,
proliferation and cell invasion. Along with the acid exposition, further genetic rewiring provides
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surviving cancer cells with more aggressive properties in terms of adhesion, migration, and
invasion. Still limited proliferative capacities are overcome when cells are acclimated to pHe 7.4
following 1 month-long pHe 6.6 treatment. The figure was created with www.Biorender.com.

In our first work, we have explored the role of acidic pressure on genetic and phenotypic
alterations of two PDAC cell lines, PANC-1 and Mia PaCa-2, by means of different in vitro
techniques and RNA-sequencing. This work stemmed from the need of a comprehensive
characterization of the effects of tumor acidosis on PDAC cells that would take into account the
different stages of low pHe-induced selection, from the early stages to the later ones In fact, while
the effects of acidic treatment have been previously described in different cancer cell types, only
few recent studies have addressed this matter in pancreatic cancer®®*31%, therefore the evolution of
PDAC to endure and adapt to prolonged acidotic microenvironmental stress is poorly understood.
Moreover, the majority of the works have focused on the effects of acute extracellular acidification,
with expositions to low pHe in the range of minutes to hours. This has only partially shed light on
how tumor cells react to acid exposure, in particular because the TME is generally thought to
become more acidic over time due to the extended latency of tumor formation. Despite several
works have investigated the effects of acid adaptation in different cancer cell types, the cellular
responses induced by acidosis are strictly cancer-type and cancer cell line- specific, due to the
different tissue and cell expression/activity of the different pHe-regulatory proteins.

Two other key aspects to take into consideration is the methodology for cell medium
preparation with a specific target pH and the necessary distinction between acid adaptation and
selection. Concerning the first aspect, when interpreting different results about the responses of
cancer cells to acidosis, it is important to bear in mind the experimental procedures set up by each
study to obtain the target pH in the cell culture medium and the closeness or otherwise to a
physiological context. In fact, specific responses to acid exposure, as metabolic ones, can be
different when they are induced by a reduction of the amount of bicarbonate or by an addiction of
lactate or HCI for acidification of the cell medium*®, making difficult, if not impossible, the
comparison among studies with different experimental procedures for reaching their target pHe. For
these reasons, we have decided to employ the CO./HCOs™ buffer system, which is the most
physiological relevant and stable**®. This suggests that our results probably cannot be fully
replicated in different experimental setting, such as by adopting lactate for acidifying the
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extracellular pHe. However, this represents an interesting question that could be addressed in the

future.

The second consideration regards the distinction between acid adaptation and acid selection
and it is directly linked to the first consideration. A gradual change in pHe over extended periods
results in cell adaptation, as the slow pH modifications will allow cells to respond to these changes,
while abrupt and large changes in pHe will lead to cell selection, characterized by initial cell death
and survival of a cancer subpopulation. Several studies have described the acid adaptation
phenomenon, while fewer works have experimentally described the acid selection process,
especially in PDAC. Therefore, we have decided to focus on acid selection, despite the difficulties
faced in performing specific experiments with acid-selected cells that required a high number of
cells, as the survival populations following the 1-month acid exposure are sparse.

The last reason that drove this work was the need of a comprehensive study underlying the
effect of the TME acidification on PDAC cell invasion from the tumor acidic regions to areas with
higher pHe, as those found at the boundaries of tumor-stroma. To this end, the PDAC cell model of
acid selection and re-acclimation to physiological pHe was established, to evaluate the effect of this
selection process on the promotion of the escape of cancer cells. This escape is driven by local
invasion and represents a key step in tumor metastasis.

With these considerations in mind, we developed 3 different acidic models for each PDAC
cell line for the study of the early stages of pHe-selection and the end stages of it, and the last model
for mimicking the effect of acid selection on tumor cells escape from acidic regions. By performing
different in vitro functional experiments and RNA-seq on PANC-1 cells, we demonstrated that low
pH represents a stress factor during the early stages of selection, determining the cell death of
“weaker” cancer cells with limited proliferative, adhesive and invasive capacities and selecting for
cancer cells characterized by enhanced migratory and invasive abilities via EMT, although the
proliferative capacity of 1 month-acid selected cells is still impaired. The recovery to pHe 7.4 for 2
weeks was sufficient to boost the proliferation of these cells, maintaining the increased migration
and invasion and further promoting cancer cells escape by increased ECM degradation. Our work
emphasized the key role of PDAC tumor acidosis in selecting aggressive cancer cell phenotypes

with growth, migratory and invasive advantages, and promoting PDAC progression.
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These results represent the first step upon which additional investigations can be conducted.
The limitations of the in vitro could be overcome by employing scaffold-based three-dimensional
(3D) multicellular pancreatic tumor models obtained with our different PDAC acidic models, which
would better recapitulate in vivo the tumor cell environment. We are therefore aiming to assess the
impact of acid selection on 3D spheroid invasion assays and go deeper in the more malignant
phenotypes acquired by acid-selected cells by quantifying the chemoresistance of the different
acidic models to therapeutic drugs, such as gemcitabine (GEM) and C18GEM, a lipophilic derivate
of gemcitabine which represents a new potential therapeutic prodrug for PDAC. We are currently
collaborating with the research group guided by Dr. Rosa Angela Cardone from Bari, Italy, to assess
the effects of GEM and C18GEM on cell viability by using 3D organotypic cultures grown on an
extracellular matrix composed of matrigel or collagen 1. Moreover, experiments assessing the
impact of these chemotherapy drugs on PDAC control and pHe-selected + 7.4 cells invasion are in
progress. Finally, in vivo validation of the results is needed. This could be accomplished by using a
xenograft mouse model with PANC-1 control and pHe-selected cells with or without recovery to
pHe 7.4 cells. Another strategy could be to evaluate pHe-selection induced aggressiveness in a
syngeneic orthotopic murine model of PDAC using the Panc02 murine cancer cell lines, as Prof.
Alves’ group demonstrated that these murine cells share a similar aggressive phenotype as PANC-
1 pHe-selected cells after acid-induced selection.

Another important aspect of being deepened is the correlation between the different cell
phenotypes observed and the intracellular pH; values of each cell model. It represents a key
parameter for all types of cells, profoundly affecting several cell processes, including those
promoting cancer progression®*. It is also established that external acidosis affects the intracellular
space, acidifying it in conditions of severe acidosis. In this context, the activity of proteins such as
Na*/HCOs"-cotransporter and Na*/H*-antiporter results essential to maintain the pH homeostasis of
cancer cells and, therefore their expression and/or activity during the different stages of acid
selection may give us important insights on pH; regulation and the consequent cell phenotypic
response to acidosis. For this purpose, we established a collaboration with the research group guided
by Prof. Albrecht Schwab from Munster, Germany, for the performance of the NH4" prepulse
technique to investigate Na'-dependent H* extrusion (e.g., mediated by the Na*/HCOs™-
cotransporter or Na*/H*-antiporter) and assess the activity of Na"-dependent pH regulatory proteins
in the different PDAC cell models.
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Il.  pHe-sensitive Store-Operated Ca?* channels signals contribute to tumor

acidic microenvironment-induced PDAC cells' selection to more aggressive

phenotypes.
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Graphical abstract. PDAC cells exposed to acidic extracellular conditions undergo a process of
selection, characterized by acid-induced genetic and phenotypic alterations and which results in the
selection of more aggressive PDAC cell phenotypes. The Ca?* response to acidic pHe are different
along the acid-induce selection, as cells show enhanced basal calcium levels, decreased ORAIL
expression, SOCE and slower ORAI-1 mediated Ca?* oscillations during the early stages of acidotic
stress, which may contribute to the triggering of cell apoptosis and decreased growth and invasion.
Acid selection and recovery to pHe 7.4 upregulates SOCE and recovers the fast Ca®*-oscillations
observed in control cells, which may enhance the malignancy features of acid-selected cells. The

figure was created with www.Biorender.com.

In our second work, we explored the impact of tumor acidosis on intracellular Ca?* signals

in the previously established acidic models. Although the roles of tumor acidosis and Ca?* signaling



in cancer progression are well established, the hypothesis of acidic TME of pancreatic cancer
employing Ca?* signaling as preferential route for sustaining PDAC progression has not yet been
sufficiently explored. Therefore, this study arose from the hypothesis of a synergic relationship
between PDAC acidic microenvironment and Ca®* signals. As for our previous work, there is a lack
of studies focusing on the effect of the different stages of acid selection on the expression and
activity of Ca?*-permeable ion channels, in particular in PDAC. For our work, we have decided to
focus on calcium oscillations as main players in different cancer-promoting processes?. A detailed
study revealed that Ca®* oscillation in PANC-1 cells are dependent on Store-Operated Ca?* Entry
(SOCE). Starting from the acquired knowledge that SOCE, and therefore its components ORAIL
and STIM1, is pHe-regulated, we employed Ca?* imaging technique with Fura-2 for measuring of
cytosolic Ca?* levels, cell adhesion, migration and invasion assays, and siRNA and chemical
inhibition of ORAI1 to demonstrated that PANC-1 cells generate slower FBS-induced and SOCE-
dependent Ca?* oscillations respect to control cells, correlated with the downregulation of SOCE
and ORAI1 mRNA expression during the early stages of pH-selection. As the acidic exposure
continues, we observed an increased in SOCE, which supported the generation of control-like and
faster Ca?* oscillations. Silencing of ORAIL and its inhibition with Synta66 also showed that
ORAI1-mediated Ca®* influx might be involved in the enhanced migratory and invasive phenotypes
of all the cell models exposed to acidic pHe, as the different treatment for suppressing ORAIL
activity and function didn’t affect control cells. Our work demonstrated that acid selection and
recovery to physiological pHe may employ ORAI1-mediated Ca?* signals to promote cell migration
and invasion in PDAC cells.

To validate the contribute of ORAI1 and other SOC channels in mediating the tumor acidosis
responses in the context of PDAC progression, several additional questions must be addressed.

First, our main objective will be to work on both the upstream and downstream of ORAI1-
mediated signaling, concentrating on the identification of the upstream molecular regulation behind
ORAI1 deregulation in PANC-1 acidic models, and of a low pHe- and Ca?*-dependent signaling
cascade implicated in the acquired malignancy of acid-selected cells. Concerning the upstream
molecular mechanisms behind ORAI deregulation, our strategy involves the identification of pHe-
regulated transcription factors with Ca?* signals-decoding properties which may regulate ORAI1
expression. Our putative candidate is NF-xB, which is known to be pHe-sensitive, being activated

by acidosis and playing and contributing to acidosis-induced invasion of MCF-7 and MDA-MB-
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231 breast cancer cells**

. Moreover, NF-kB promotes the expression of ORAIL and STIM1, in mast
cells by binding to specific regions upstream of ORAI1 and STIM1 transcription start*43, Calcium
entry via Ca®* release-activated ORAI1 channels also regulates NF-kB’s activation and function in
lymphocytes**. NF-kB is also a decoder of Ca?* oscillations, being activated by a specific range of
Ca?" oscillations frequencies®®. To study the potential feedback regulation between low pH, NF-
«B and ORAI1-mediated Ca?* oscillations, we will work at different levels. First, the acidic pHe-
mediated and Ca?*-oscillations mediated NF-«kB activity and cellular localization will be measured
in all PDAC control and acidic models via western blot, luciferase reporter assay and
immunofluorescent staining, and by exploiting a fluorescence-tagged tracker of NF-xB
translocation that it is being currently developed by the PHYCEL Laboratory, which will be
transduced into cells and coupled to fluorescent Ca?* imaging, in order to allow the concomitance
visualization of Ca®* oscillations and NF-kB translocation. Then, ORAI and STIM mRNA and
protein levels will be also quantified in presence of NF-kB inhibitor, Wogonin, by means of gPCR
and Western Blots. Vice versa, NF-kB activity and cellular localization will be measured using
SiORAIL and siSTIM1. To verify if ORAI1-mediated Ca?* signals contribution in the enhanced
aggressiveness in acidic selected models pass through NF-kB, the effects of NF-kB inhibition will
be evaluated by means of transwell migration and invasion assays and 3D spheroids invasion assays.

On the other side, for the identification of the downstream signaling pathway triggered by
ORAI1-mediated Ca®* signals in the PDAC acidic models, we will focus on NF-xB cascade-related
proteins such as PI3K, ERK and Akt, and in other signaling molecules such as Src kinase, another
decoder of Ca?* oscillations involved in the adhesion and invasion of all our PANC-1 models.

Another aspect to be deepen is the role of ORAIL, and potentially other ORAI and STIM
channels, in the aggressive behaviors displayed by our acidic models, expanding the assessment of
these Ca?*-channels/sensors in cell proliferation, chemosensitivity, invadopodia activity and
viability, both in 2D and 3D cell cultures.

Beside SOC channels, we are currently started to develop a parallel project focusing on the
role of other Ca?*-permeable channels in our characterized PANC-1 acidic models, which are
TRPA1 and TRPM8. Our RNA-seq data have demonstrated that TRPA1 channels are
downregulated in the PANC-1 “4 days pHe 6.6” (logz fold change TRPA1 = -1.546596874, p-value
= 3.42E-05) and TRPAL and TRP8 in “pHe-selected + 7.4” cells (log. fold change TRPAL = -
2.901223009, p-value = 8.49E-15; log. fold change TRPM8 = -1.385227926, p-value =
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0.000233139), paving the way for further potential molecular targets that may be involved in the
increased aggressiveness of PDAC cells following acidic selection. For this parallel work, we are
collaborating with the research group of the Laboratory of Cellular and Molecular from Turin, Italy.

In conclusion, this project have highlighted the key role of PDAC tumor microenvironment
and the acidosis-induced selection, which exacerbates the malignant phenotype and which is further
increased after recovery to pHe 7.4, mimicking the stroma-tumor boundaries, where we can find
higher pHe values and acid-adapted cells escape from tumor regions to metastasize. In this context,
Ca?*-signaling may act as important contributor in acid-selected enhanced migratory and invasive
abilities acid-selection-induced upregulation of SOCE and probably with an involvement of Ca?

oscillations which have still to be clarified.

Annexe 1

162



~

ﬁ International Journal of
Molecular Sciences

Review

Ca?* Signalling and Hypoxia/Acidic Tumour Microenvironment
Interplay in Tumour Progression

Madelaine Magali Audero 1-?, Natalia Prevarskaya ! and Alessandra Fiorio Pla

check for
updates

Citation: Audero, M.M.; Prevarskaya,
N.; Fiorio Pla, A. Ca?* Signalling and
Hypoxia/Acidic Tumour
Microenvironment Interplay in
Tumour Progression. Int. J. Mol. Sci.
2022, 23,7377. https://doi.org/
10.3390/1jms23137377

Academic Editors: Maria Beatrice

Morelli and Amantini Consuelo

Received: 1 June 2022
Accepted: 27 June 2022
Published: 2 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,%

1 U1003—PHYCEL—Laboratoire de Physiologie Cellulaire, Inserm, University of Lille, Villeneuve d’Ascq,
59000 Lille, France; madelaine.audero@univ-lille.fr (M.M.A.); natacha.prevarskaya@univ-lille.fr (N.P.)
Laboratory of Cellular and Molecular Angiogenesis, Department of Life Sciences and Systems Biology,
University of Turin, 10123 Turin, Italy

*  Correspondence: alessandra.fiorio@unito.it; Tel.: +39-0116704660

Abstract: Solid tumours are characterised by an altered microenvironment (TME) from the physic-
ochemical point of view, displaying a highly hypoxic and acidic interstitial fluid. Hypoxia results
from uncontrolled proliferation, aberrant vascularization and altered cancer cell metabolism. Tu-
mour cellular apparatus adapts to hypoxia by altering its metabolism and behaviour, increasing
its migratory and metastatic abilities by the acquisition of a mesenchymal phenotype and selection
of aggressive tumour cell clones. Extracellular acidosis is considered a cancer hallmark, acting as
a driver of cancer aggressiveness by promoting tumour metastasis and chemoresistance via the
selection of more aggressive cell phenotypes, although the underlying mechanism is still not clear. In
this context, Ca>* channels represent good target candidates due to their ability to integrate signals
from the TME. Ca?* channels are pH and hypoxia sensors and alterations in Ca** homeostasis in
cancer progression and vascularization have been extensively reported. In the present review, we
present an up-to-date and critical view on Ca?* permeable ion channels, with a major focus on TRPs,
SOCs and PIEZO channels, which are modulated by tumour hypoxia and acidosis, as well as the
consequent role of the altered Ca?* signals on cancer progression hallmarks. We believe that a deeper
comprehension of the Ca?* signalling and acidic pH/hypoxia interplay will break new ground for
the discovery of alternative and attractive therapeutic targets.

Keywords: Ca?" signalling; TRP channels; SOC channels; PIEZO channels; tumour acidic
microenvironment; hypoxia; tumour progression

1. Introduction
1.1. Cancer Microenvironment: Focus on Tumour Acidic pH, and Hypoxia

Solid tumours are characterised by a dynamic microenvironment constituted by a
variety of different non-cellular components, such as the extracellular matrix (ECM) com-
ponents, circulating free DNA, and cell components, such as aberrant blood vessels, im-
mune cells, tumour-associated fibroblasts (TAFs), endothelial cells, macrophages, pericytes,
among others. In turn, the interaction with chemical and physical cues (hypoxia, tumour
acidosis, high tumour interstitial stiffness), originates finally a peculiar chemical and physi-
cal environment that supports cancer progression [1].

A common feature of almost all advanced solid cancers is the presence of transient
or permanent acidic and hypoxic tumour regions, which are a direct outcome of the can-
cer cells” metabolic pathways rearrangement, supporting their uncontrolled proliferation.
This leads to a significant increase in cancer cells’ anabolic activity and a reduction in the
catabolic one, promoting the synthesis of amino acids, nucleotides, and lipids to back their
growth. Indeed, according to Otto Warburg’s work [2], cancer cells are characterised by
an enhanced glycolytic breakdown of glucose to pyruvate and consequent NADPH and
ATP production with respect to healthy cells, even in presence of oxygen and even consid-
ering the lower energy yield of pyruvate fermentation compared to oxidative respiration.
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Nevertheless, it is important to underline that not all cancer cells are characterized by the
Warburg effect, but it has been observed that cancer cells may have an opposite phenotype,
with an increased mitochondrial oxidative activity [3]. The importance of mitochondrial
activity in cancer cells is also explained by the oxidative phosphorylation increase observed
when the Warburg effect is inhibited in cancer cells [3-5].

The metabolic rearrangement and fermentation of pyruvate resulting from glycolysis
lead to high production of lactic acid, acidifying the intracellular environment. Hydrolysis
of ATP also determines the release of protons (H*) in the intracellular space, contributing
to its acidification [6-8]. Protonation has a severe negative impact on several enzymes and
lipids, leading to a potential risk of impinging several cellular processes, including cell
metabolism. It is therefore not surprising that cells use different systems to maintain the
intracellular pH (pHj) within the physiological range of about 7.2. In cancer cells, a slightly
more alkaline intracellular pH (pH 7.4) has been observed, and evidence showed that
this slight difference in pH; between cancer cells and healthy cells promotes some of the
hallmarks of cancer, such as cell death escape and proliferation [9-12]. To maintain this pH;
value, transformed cells have at their disposal an arsenal of overexpressed transporter pro-
teins and pumps for protons and lactic acid extrusion to the extracellular milieu, resulting in
its acidification. Examples of this transport system comprise monocarboxylate transporters
(MCTs), major players in the transmembrane lactate trafficking, Na* /H* antiporters (NHE),
vacuolar H* ATPases, and carbonic anhydrases (CAs), mainly CAIX and CAXII, which
role in cancer progression is well documented [13-17]. Acidic interstitial fluids are not only
the result of the presence of lactic acid and protons but also of the CO, derived from the
cell respiration process in more oxygenated areas. CO, can passively diffuse through the
plasma membrane (PM), or it can be reversibly hydrated to HCO3™ by the transmembrane
Carbonic Anhydrase IX (CAIX) exofacial site and released in the tumour microenvironment
with protons. Na*/HCO;~ cotransporters (NBCs) in the proximity of CAIX can mediate
HCO; ™ influx for sustaining intracellular buffering, titrating cytosolic H* [18,19]. It has
to be noticed that the pH; of cancer cells can drop significantly in presence of a strong
acidic pHe, giving rise to a heterogeneous pH; landscape (due to the TME), where cancer
cells resident in acidic regions will present quite a low pHj, while cancer cells occupying
moderate acidic pHe areas will show a moderate alkaline pH; [8]. It is therefore important
to consider the tumour microenvironmental complexity to understand how cancer cells
adapt to it, in order to possibly find new therapeutical targets. In addition to metabolic
rearrangement, tumour acidosis can be further boosted by tumour-associated hypoxia,
which leads to higher glycolytic cell metabolism rates. Hypoxia occurs in the context of
tumours vascularized by insufficient vessels and/or vessels characterised by a poor capac-
ity to diffuse oxygen and nutrients and to remove the metabolic waste products due to an
altered process of angiogenesis, which leads to the formation of aberrant and dysfunctional
vessels. Hypoxia is also the result of an increased oxygen demand from highly proliferating
areas of the tumour, leading to intratumour hypoxia heterogeneity, with subregions of the
tumour characterised by different oxygen concentrations and consumption. The irregular
exposure to oxygen fluctuations is associated with adaptive mechanisms set in motion by
cancer cells in order to promote their survival in that hostile environment. Indeed, hypoxia
adaptation is linked to increased genomic instability and tumourigenesis [20] and to more
aggressive cancer phenotypes in terms of tumour growth, drug and cell death resistance,
angiogenesis and enhanced metastasis [21].

Hypoxia adaptation processes are initiated by a series of transcription factors belong-
ing to the hypoxia-inducible factor family, in particular hypoxia-inducible factor 1 (HIF-1),
which determines a gene expression reprogramming that affects cancer cell metabolism
and processes which sustain its progression. HIF-1 is a heterodimer protein constituted
by HIF-1x and HIF-1§3 and this complex is not present in normoxic conditions. Although
the 3 subunit is constitutively expressed in all cells, the HIF-1o subunit is present only
at low levels in all cells’ cytoplasm due to the presence of two specific proline residues
at positions 402 and 564 in the oxygen-dependent degradation (ODD) domain in the o
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subunit. These residues are hydroxylated by prolyl hydroxylase protein (PHD) in presence
of physiological oxygen levels, and this modification targets the subunit to degradation
via the ubiquitin-proteosome pathway [22]. However, in hypoxic conditions, PHD is
inhibited and therefore Pro402 and Pro564 are not hydroxylated, allowing HIF-1x and
HIF-1p to dimerize and translocate to the cell nucleus and the consequent activation of
target genes transcription [22]. In addition to low O, concentrations, high intracellular
lactate levels and specific growth factors or oncogenes can stabilise HIF-1x as well, leading
to the activation of HIF-1x-target genes [23,24]. “Hypoxia-adaptive” responsive genes
include glucose transporters, such as GLUT1/3, enzymes involved in anaerobic glycolysis,
such as lactate dehydrogenase-A (LDHA), aldolase (ALDA), phosphoglycerate kinase-1
(PGK1), enolase (ENOL) and phosphofructokinase-1 (PFK-1), pyruvate dehydrogenase
kinase 1 (PDK1), with consequent suppression of mitochondrial oxidative phosphorylation
system (OXPHOS).

The hypoxia response is not limited to glycolytic flux, as it also enhances the expression
of VEGF and other pro-angiogenic factors and promotes tumour progression by inducing
epithelial-mesenchymal transition (EMT) [25], cell survival in moderate hypoxic conditions
via autophagy, cell death via the same mechanism but in presence of severe hypoxic
conditions [26], and by promoting cancer cells’ invasion and metastasis in acute hypoxic
conditions (from minutes up to 72 h exposure in vitro). In particular hypoxia-mediated
cell invasion is achieved by sustaining the mesenchymal phenotype, the expression of
different metalloproteases (MMPs), lysyl oxidase (LOX), connective tissue growth factor
(CTGF) and CAIX, NHE1 and MCTs [21], which contribute to pH regulation and enhance
the acidification of the tumour microenvironment.

Hypoxia also plays a key role in chemoresistance, as reduced oxygen availability can
affect not only drug delivery but also chemotherapeutics activity [27]. Moreover, the tumour
hypoxic core is occupied by cancer cells with a hypoxia-induced stem cell-like phenotype,
characterized by cell cycle arrest in the G1 phase and a quiescent state, representing a major
problem for those chemotherapy agents which target rapidly proliferating cells [27-29].
Hypoxia also upregulates multidrug resistance genes [30-32].

Hypoxia sustains all these effects by activating different signalling pathways via HIF-
1a, such as the Wnt/3-catenin and TGF-f3/SMAD pathways, or in a HIF-1x-independent
manner, switching on MAPKs, AMPKSs, PI3K/Akt/mTOR, NF-kB and Notch signalling
transduction pathways [21,25], which are dependent also on intracellular Ca®* ions. All
these mechanisms of cell adaptation to hypoxia determine the selection of highly aggressive
clones, which pave the way for tumour expansion.

In addition to being affected by the hypoxic tumour microenvironment, acidic pHe has
been observed to regulate HIF1x and HIF2«x levels under normoxic conditions in glioma
cells, promoting cancer stem cell maintenance [33], highlighting the feedback regulation
and crosstalk between hypoxia and low pHe. Similarly to hypoxia, the acidic tumour
microenvironment supports different hallmarks of cancer, such as drug resistance as previ-
ously described [34]. In addition, acidic TME plays an important role in immunoreactive
processes and inflammation, by promoting the viability and fitness of pro-tumour M2
macrophages with respect to anti-tumour M1 macrophages [35], by inhibiting T and NK
cells activation and inducing immune escape [36,37], by inducing a phenotypic shift in
macrophages towards a tumour-promoting phenotype [38] and by increasing the tumour-
promoting functions of tumour-associated neutrophils [39]. Moreover, acidic pHe fulfils its
pro-tumour function through the enhancement of two other important hallmarks: cancer
cell invasion and the ability to metastasise [40]. Studies in breast cancer and colon cancer
have indeed demonstrated that invasive cell areas co-localise with acidic pHe regions [41],
while studies in melanoma cells have shown that acidic pHe exposure increases their
invasive abilities in vitro and the formation of pulmonary metastasis in vivo via a low
pHe-promoted secretion of proteolytic enzymes and pro-angiogenic factors [42].

An explanatory example of the major role of acidosis in cancer progression is given
by the unique pancreatic ductal adenocarcinoma (PDAC) microenvironment [43]. The
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pancreatic duct is a net acid-base transporting epithelium, in which ductal cells secrete
bicarbonate into the ductal lumen across the apical membrane. This transport is coupled to
the extrusion of an equal amount of acid across the basolateral membrane, thereby physi-
ological pancreatic interstitium is substantially acidic and epithelial cells are exposed to
different extracellular pH (pHe) values. This process is intermittent in the healthy pancreas
and associated with food intake. On the other hand, PDAC has been clearly associated
with a hypoxic and acidic microenvironment with a dense desmoplastic stroma [43]. A
challenging hypothesis is that, in combination with driver mutations, the alternating, but
physiological, pH, landscape in the pancreas and the intrinsic ability of pancreatic epithe-
lial cells to adapt to different pH conditions, may act as a “preconditioning phenomenon”
favouring the selection of specific cancer aggressive phenotypes which might promote
PDAC arising and/or progression. In other words, once the specific mutations drive the
ductal pancreatic cells” transformation, cells would be already adapted and could even
benefit from the adverse pH conditions and the combination of these factors may increase
cell fitness to survive and become strongly aggressive in the hostile microenvironment [43].

In this context, it would be important to study the “transportome” alterations that
are linked to hypoxia and to pHe or pH; alterations as possible targets for therapies.
Indeed, many cancer hallmarks, such as cell proliferation, cell migration, invasion, and
apoptosis resistance are driven by altered expression/regulation of ion transport proteins
or ion channels, including acid-base transporters and O;- and pH-sensitive channels, in
particular, Ca?*- and hypoxia- and pH-sensitive ion channels [43,44].

1.2. Calcium Signalling

Among different ions present in the intra- and extracellular environments, Ca2* ions
stand out for their functional importance as second messengers. Ca?* ions have been
observed to crosstalk with several cell signalling pathways by promoting different spatio-
temporal Ca®* patterns to selectively regulate innumerable physiological cell processes,
ranging from cell differentiation, proliferation, migration, and programmed cell death to
gene transcription, among others [45-47]. Its key role in signal transduction translates
into the necessity of tight regulation of intracellular Ca?>* homeostasis, maintaining a
low cytosolic free Ca?* concentration (100 nM) with respect to the extracellular milieu
(>1 mM) through the orchestrated work of several proteins that constitute the so-called Ca®*
signalling toolkit, including pumps (Ca?* ATPases PMCA, SERCA) exchangers (Nat/Ca?*
exchanger NCLX in mitochondria and NCX at the plasma membrane) or uniporters (MCU
in mitochondria) and PM and ER Ca?*-permeable channels. Calcium signals are modulated
in time and space and differences in amplitude, frequency, duration, and location are
transduced by cells to activate a specific response.

Thus, considering this multifaced role of Ca?* ions, it is no surprise that alterations in
Ca?* homeostasis and Ca?* channels expression and /or activity in cancer progression and
vascularisation have been extensively reported by several works [44,48-57], making ion
channels major players in cancer development (“Oncochannelopathies”) [58].

Ca?*-permeable channels represent pivotal molecular devices acting as microenviron-
mental sensors in the context of tumourigenesis and other diseases, being modulated by
microenvironmental physicochemical cues, such as hypoxia and acidic pHe. Thus, it is pos-
sible to speculate that acidic and hypoxic TME and Ca?* signalling may work in synergy for
the acquisition of aggressive cancer cell phenotypes. For this reason, a better understanding
of the interplay between these players and the remodelling of Ca?* signals induced by
tumour acidic pHe and hypoxia and translated to the cancer cells through the activity of
Ca?*-permeable ion channels and pumps may help to provide further comprehension of
the mechanisms of cancer progression and novel putative therapeutic approaches. Indeed,
hypoxia is often associated with a rise in intracellular Ca?* levels in several types of cancer,
via the upregulation of different Ca?*-permeable channels and eventually potentiating can-
cer hallmarks [59,60] (see Section 2). In addition to hypoxia, acidic pH has been reported to
regulate Ca*-permeable ion channels in a direct and indirect way, via specific H* binding
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sites or via competition with Ca®* ions for binding sites as discussed below in Section 2.
Data regarding the effects of pH; on these channels is limited in the literature and refers
principally to normal cells, whereas more data are available on the regulation of acidic
pHe, although different publications demonstrated the high variability of the effects of this
microenvironmental parameter among different Ca?* channels [44,57,61] (see also detailed
discussion in Section 2).

In the next section, we will present an updated view of the recent literature on the
role of Piezo channels, transient receptor potential Ca?*-permeable ions channels (TRPs)
and the so-called store-operated Ca?* channels (SOCs) on normal and cancer cells, which
activity and signalling transduction are directly affected by two features of the tumour
microenvironment: hypoxia and acidosis. We will moreover illustrate the Ca®* signalling
pathways that may represent potential targets for cancer therapy.

2. Hypoxia and Acidic pHe-Dependent Regulation of Ca*-Permeable Ion Channels in
Normal and Cancer Cells

Hypoxia and acidic pHe regulate the expression and/or activity of several Ca?*-
permeable channels, which are linked to tumour aggressiveness. Throughout the years,
several publications have revealed the role of these two major players in the tumour mi-
croenvironment, proving a marked sensitivity to oxygen and pHe of most TRPs, SOCs and
Piezo channels, which affects their functionality in different tissues. A detailed description
of the updated literature on both normal and cancer cells will be presented in this section
and Tables 1 and 2.

As summarized in Tables 1 and 2, the effects of tumour acidosis and tumour hypoxia
vary significantly between the different calcium-permeable channels, and the informa-
tion in the literature regarding certain channels is sometimes contradictory or limited to
normal cells.

Table 1. Ca?*-permeable ion channels regulation by acidic pHe.

Acidic pH Value and Effect of Low pH on Channel’s Effect of Low pH on Cellular

Ton Channel Cell Type Methodology Treatment Time Activity/Expression Ca?* Signals Function Ref.
Piezol-transiently Patch clamp Stabilization of inactivated state, o4
transfected HEK293 Mn2* quenching pHe 6.3-6.7, acute treatment both acidic pH; and pHe inhibit Decr_eafsled Ca Not assessed [62]
cells assay channel’s activity mniux
pH. 6.6 and pH; 6.77 Acidic b do not Acidic pHe
Piezol Mn?* quenching (obtained by 30 mM Acidic pHe do not modif i 2 o (6'6>P15négalrs
Murine pancreatic assay propionate) in acute e phie do odity modify Ca®* influx, . S,
i 2 Piezol activity, while while intracellular spheroid’s
stellate cells mPSCs spheroids treatment for Mn2* . R - mntrace i ; d [63]
S : : intracellular acidification acidification integrity an
(mPSCs) viability and quenching assay, while 24 h et ; P N o3
- . inhibits channel’s activity decreases Ca viability,
apoptosis assay long treatment for spheroid : . X
n influx inducing cell
histology apoptosis
External solution with pH
5-8 superfused for 200 s. Extracellular acidification Not assessed, but
i i inactivates the ch: 1 i 7 cidi
inducitle TR imemalolationwith pH6 | naciates hoctamel ina | roueryfom aci
overexpressing Patch clamp supertused for 100's; . pH-induced Not assessed [64]
External solution with pH [H*]-dependent manner. inactivation requires
3.5-6.5 in acute treatment or Intracellular acidification ) 1 Ca2* i
more prolonged periods induces channel closure external L-a™ 1ons
(>2 min)
External acidification negatively
i External solution with pH 5 affects open probability and . e
Human neutrophils Patch clamp in acute treatment singlehannel conductance, Not assessed Not assessed [64]
inducing channel closure
TRPM2 External acidification (up to pH
TRPM2 4.5) reversely decreases mean
i External solution with pH current amplitude in a
ovelr{eé rzegsésmg Patch clamp 3.5-6 in acute treatment [H*]-dependent manner, Not assessed Not assessed [65]
decreasing single-channel
conductance
External solution with pH Acidic PH? inacFivates (jpen
TRPM2- 4.0-6.5. Different time channels in an irreversible
overexpressing Patch clamp ey manner. Exposition to pHe 4-5 Not assessed Not assessed [66]
HEK29 exposition based on protocol .
(from <10's to >2 min) negatively affects channel
activation.
TRPM2- External solution with pH R
Overexﬁressir\g Patch clamp 5.5, different exposition Irrcverslblg g:(];g;tul;): after <60 Not assessed Not assessed [67]
HEK293

times (0, 30, 60, 90, and 120 s)
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Table 1. Cont.

Acidic pH Value and Effect of Low pH on Channel’s Effect of Low pH on Cellular
Ton Channel Cell Type Methodology Treatment Time Activity/Expression Ca2t Signals Function Ref.
External acidification decreases
channel’s current amplitude in
Pig isolated External solution with pH 5.5 vnltigeli;-ddsgszgj:tt ::;iner
v:]nt;lcagasr Patch clamp and pl:X6.05,Si:i5°—nlo min The inhibitory effect of acidic Not assessed Not assessed [68]
TRPM6 yocy P pHe. is prevented by increasing
intracellular pH buffering
capacity
TRPM6- . . . External acidification increases
overexpressing Patch clamp gféeinlzg 5jlutnm w1tI_\pr channel’s current amplitude in Not assessed Not assessed [69]
HEK293 cells 2 s-long exposition a pHe-dependent manner
;}éledé?iﬁg&%gligﬁiﬁlggé Pre-incubation in 40 mM acetate
RBL-2H3 cells Patch clamp s long 4-40 mM acetate solution inhibits TRPM?7 current Not assessed Not assessed [70]
g treatment in a reversible manner
TRPM7- Internal and external
overexpressing : B Internal and external
Chinese Hamster Patch clam solutlgn with pH 5 f6 and acidification abolish channels” Not assessed Not assessed [70]
P variable exposition
Ovary (CHO-K1) P current
cells (~200-500 s)
TRPM7- . .
; . Internal solution with pH 6.1 Internal acidification decreases
O]\—I e};;);pg)r;g:ﬁ;g Patch clamp and ~10 min exposition TRPM? currents’ density Not assessed Not assessed [71]
. . . Extracellular acidification slows
Mousenl'e\:’prgggamp al Patch clamp Ext(’egnglr?‘(;:\ué;onogggan down channel’s activation in a Not assessed Not assessed [72]
~ P voltage-independent way
TRPM7- . - External acidification increases
overexpressing Patch clamp Extzrnla—i séolutl(t)ntwnl: P Ht4 channel’s current amplitude in Not assessed Not assessed [69]
HEK293T cells and pii 6, acute treatmen a pHe-dependent manner
External acidification
determines a significant
TRPM7- . : . . X
overexpressing Patch clamp External solution Wlﬂ? PH Increase in TRPM7+1r}ward Not assessed Not assessed [73]
HEK293T cells 3-7, ~50 s-long exposition current in an [H*]in a
concentration-dependent
manner
External acidification decreases
TRPM?7 channel’s current amplitude in
Pig isolated External solution with pH 5.5 volt‘: pei;-gsp::gee:: ;lﬁmer
ventricular Patch clamp and pH 6.5, ~5-10 min 1ge-indep S Not assessed Not assessed [68]
o The inhibitory effect of acidic
myocytes exposition . . .
pHe is prevented increasing
intracellular pH buffering
capacity
Rat basophilic External solution with pH External acidification decreases
leukemia ce}fls (RBL) Patch clamp 5.5,pH 6 and pH 6.5, channel’s current amplitude in Not assessed Not assessed [68]
~1-min-long exposition a pHe-dependent manner
Patch clamp
Cell death assays
(fluometric analysis ) X
of caspase 3/7 External solution with pH 4
activation, electronic and pH 6, acute treatment for External acidification increases Acidosis
HelLa cells sizing of cell volume, patch clamp experiments, channel’s current amplitude in Not assessed promotes [74]
and triple staining and 1 h-long treatment with a pH,-dependent manner HeLa necrotic
with acidic pHe (4 and 6) for cell ¢ cell death
Hoechst/acridine death assays
orange and
propidium iodide
assay.
External acidification increases
Human atrial External solution with pH channel’s current amplitude in -
cardiomyocytes Patch clamp 4-6, acute treatment presence of divalent cations in Not assessed Not assessed [75]
the extracellular milieu
Acid treatment does not
5 . . activate the channel in
TRPV1-expressing Acidic solution with pH 5.5 inside-out patches but
TRPV1 HEK293 cells Patch clamp potentiates 2-APB-evoked Not assessed Not assessed [76]

applied intracellularly for
~50s

currents from the cytoplasmic
side
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Acidic pH Value and Effect of Low pH on Channel’s Effect of Low pH on Cellular
Ton Channel Cell Type Methodology Treatment Time Activity/Expression Ca2t Signals Function Ref.
pHe 6.1 determines
larger Ca®*
transients with
respect to pHe 4.3 in
physiological
: : 2+
External solution with pH 4.3 P : extracellular Ca
hTRPV1-transfected P . . Acidic pHe activates TRPV1 concentration, while,
~ N , 3 77
HEK293t cells Calcium imaging and pHesblzl)siéli ér[\\m long channel in presence of low Not assessed [771
extracellular Ca?*
concentration, cells
exposed to pHe 6.1
show reduced Ca**
entry respect to pHe
.3 exposition
TRPV1 Defolliculated Acidic pHe potentiates
Xenopus laevis Extracellular solution with heat-evoked TRPV1 current in
oocytes, Patch clamp pH 6.4, cells pre-treated with oocytes; potentiation of Not assessed Not assessed [78]
TRPV1-expressing acid bath solution for 2 min capsaicin and heat-evoked
HEK293 cells TRPV1 currents in HEK293 cells
Acidic pHe
affects
HDLECs
morphology,
increasing
. Cell viability assay their migration
Prl;nai:}éhume;n Cell invasion assay 24 h long exposition to pHe and invasive
al d um }(\e;gqca in vitro tube 6.4, and 6 h long exposition Acidic pHe activates TRPV1 Not assessed abilities, 9]
dy ﬂf lial cell formation assay for in vitro tube formation channel proliferation
en(}gDiéésge Transwell cell assay and promoting
migration assay lymphangio-
genesis via
acidosis-
induced
TRPV1
activation
Extracellular acidosis
potentiates the response of
Acute administration of TRPV2 to 2-APB (and
TRPV2-expressing stre ) analogues) from the cytosolic o
TRPV2 HEK293 cells Patch clamp ex('racell}LIllaSr g()alrllléuén with side, while intracellular Not assessed Not assessed [80]
PHe - acidification and low pHe alone
are not able to elicit any
detectable current
Extracellular acidosis
potentiates the response of Extracellular
- i Acute administration of TRPV3 to 2-APB (and i
TRPV3-expressing Pz?tch Flamp, extracellular solution with analogues) from the cytosolic a%doms increases Not assessed [80]
HEK293 cells calcium imagin; - e Ca** entry following
ging pHe 5.5and 6 side. Intracellular acidification A .
: PPN 2-APB stimulation
activates the channel, eliciting
small but detectable currents
Glycolic acid-induced
intracellular proton release in
Intracellular administration presence of acidic solution Glycolic
. Patch clamp of acidic solution with pHe activates the channel in a acid-induced
TRPV3 TRPV3-expressing Cell death assay (PI 5.5 and glycolic acid. reversible way. Extracellular Not assessed acidification 81]
HEK293 cells L Y Extracellular solution with acidification does not activate induces cell
staining assay) H 5.5. Intracellul luti Py toxicity and
pH o.0. Intracellular solution TRPV3, while intracellular ty
with pH 5.5-7. acidification alone activates the cell death
channel in a pH-dependent
manner
Glycolic acid-induced Glycolic
Human Patch clamp, cell Intracellular administration mtracellularfp m.tdo.n re%ea_s cm aci%-_ifljldu_ced
keratinocytes cells death assay (PI of acidic solution with pHe presence of acidic solution Not assessed a_c1d L 1caholr11 [81]
(HaCaT) staining assay) 5.5 and glycolic acid potentiates the channel’s Induces ce
g assay response to 2-APB in a toxicity and
reversible manner cell death
L ) . . Extracellular acidosis activates
Chinese ham?ter Patch clamp External solution with pHe 4, the channel in a pH,-dependent Not assessed Not assessed [82]
ovary cells 5.5 and 6, acute treatment manner
TRPV4- Ext Tlul idi
TRPV4 ov;lexpressing . . p%r?i?cr:a:sagazlf
primary cultured CaZ* imaging Exmrnglcfﬁel:ut?:alll‘nvéﬁ PHe 5, Not assessed entry, lowering Not assessed [83]
mouse esophageal cytosolic Ca2t
epithelial cells concentration
Extracellular aciglic
. . Extracellular acidosis pH reduces Ca**
TRPV6 Jurkat cells Patch clamp External solution with pH 6, suppresses TRPV6-mediated entry, lowering Not assessed [84]

acute treatment

currents

cytosolic Ca®*
concentration
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Acidic pH Value and Effect of Low pH on Channel’s Effect of Low pH on Cellular
Ton Channel Cell Type Methodology Treatment Time Activity/Expression Ca2t Signals Function Ref.
Extracellular acidosis activates
Acidic soluti ith pH 7.0, inward currents via hTRPA1 Extr;lclellular
HEK-293t cells Patch cl cidic solutions with pH 7.0, ang potentiates acrolein-evoked acglozs&s méreases
expressing hTRPA1, atch clamp 64,60, e.\nd 5‘4.’ 30 .s-long currents of hTRPAT in a @ entryin Not assessed [85]
mTRPA1, or rTRPA1L Calcium imaging treatment in calcium imaging pHe-dependent and reversible hTRPf?_kIfx’leffeét
experiments manner, while failing to activate on Hr‘TRP Al an
mouse and rodent TRPA1. ’
DRG neurons
derived from o ) . Acidic pH. ind
TRPVl(TRP%7/7 Calcium imaging Acidic solutions with pH 5, Not assessed cdic 123 e Induces Not assessed [85]
TRPA1 mice and 60 s-long treatment Ca** entry
OVE[‘EXPI’ESSIOI\
hTRPA1
Neuroblastoma Acidic solution with pH 5
ND7/23 cells Patch clamp acute treatm. ntp 4 Acidic pH activates h\TRPA1 Not assessed Not assessed [85]
expressing hTRPA1 cute treatmel
G protein-activated and
spontaneous currents are
. otentiated by extracellular
TRPC5-transiently External acidic solution with Ecidic Hb i]ncreasin the
TRPC5 transfected HEK293 Patch Clamp pH4.2,55,6.5,7,~100 s-long priby Asing th Not assessed Not assessed [86]
cells treatment channel open }zfrobablht};,—[ Vgl;h a
maximum effect at ~pH 6.5,
while more acidic values inhibit
the channel
G protein-activated currents are
TRPC4-transiently External acidic solution with potentiated by extracellular
transfected HEK293 Patch Clamp pH4.2,55,6.5,7,~100 s-long acidic pH, with a maximum Not assessed Not assessed [86]
cells treatment effect at ~pH 6.5 and complete
inhibition at pHe 5.5
TRPC4 Low pH; (6.75-6.25) accelerates
G;j/o-mediated TRPC4
mTRPC4-stably = ) . activation, and this requires
transfected HEK293 Patch Clamp External aCldI_]ICGS gluhon with elevations in intracellular Not assessed Not assessed [87]
cells P L tcalclﬁlml concetntra'rilnohn:b "
ntracellular pro ons 1D1
Englerin A-mediated TRPC4
activation
Acidic pHe inhibits channel’s
TRPC6-transiently External acidic solution with inward and outward currents
TRPCé6 transfected HEK293 Patch Clamp pH4.2,55,6.5,7,~100 s-long starting from pHe 6.5 and the Not assessed Not assessed [86]
cells treatment inhibition is potentiated by
more acidic pHe values.
1 . . Extracellular acidosis inhibits
External acidic solution with >
Human ORAI1 channel in a
macrophages Patch clamp pH6 al:lfiegt,n:ﬁ?‘(g s-long PpHe-dependent and reversible Not assessed Not assessed [88]
manner
. ORAI1 and STIM1-mediated
HA4IIE rat liver cells 5 . P e
overexpressing Patch clamp EX‘(C.rtr];al Iaflsdlf soéuéagns IC;EIAC al.-ehl nhlb?tedlb);famdlc Not assessed Not assessed [89]
ORAI1 and STIM1 with pH 5.1 and 5. pHe, wit] Fr’tl?x%n%a effect at
e
External and internal
RBL2H3 mast cell acidification inhibits
line, Jurkat T IP3-induced Icrac in RBL2H3
lymphocytes and External and intracellular mast cell line, Jurkat T
heterologous Patch clamp acidic solutions with pH 6 lymphocytes, and in Not assessed Not assessed [90]
ORAI1-2-3/STIM and 6.6 heterologous
expressing HEK293 ORAI/STIM-mediated Icrac in
cells HEK293 cells in a reversible
manner
Acidic pHe inhibit:
ORAI/STIM1 ORAIL/STIMI- | acidic solution with ORAIL-2.3/STIMI current
6 fmI;Slde?{ng% Patch Clamp Externa amc}:[cSSOS ution wit amplitude in a reversible and Not assessed Not assessed [91]
ranstec cill s P pH-dependent manner, with a
maximal effect at pHe 4.5
Intracellular acidosis inhibits
01}2&{3{1111;41 Intracellular acidic soluti ORAI1/STIMI current,
ntracellular acidic solution regulating the amplitude of the
transfecte ‘ﬁ HEK293 Patch Clamp with pH 6.3 Cuiem afd e Cag‘r.dependem Not assessed Not assessed [92]
cetls gating of the CRAC channels
Tumour acidic pHe
- X . inhibits carbachol-
External acidic solution with and thapsigargin-
pH6.8and 7and 7.2. : 2+
Ca?* signals Different treatment time, me?;a;er:vceisi;: "
SH-SY5Y human quantification by ranging from ~3-4 min _to ~8 Not assessed manner, while Not assessed [93]
neuroblastoma cells Mn2+ h min for carbachol-mediated i
n“* quenc 3 ¢ intracellular
technique Ca™ entry and ~7 min for acidification or

thapsigargin-mediated Ca?*
entry

alkalinization leads
to no effects in
carbachol-mediated
Ca** entry
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Table 2. Ca?*-permeable ion channels regulation by hypoxia.

Ion Channel

Hypoxia Technique and Treatment

Effect of Hypoxia on Channel’s

Effect of Hypoxia on Ca?*

Piezol

TRPM2

Cell Type Methodology Time Activity/Expression Signals Cellular Function Ref.
. . 2
M dh ickle red blood cell: Cell-attached and Deoxygenation obtained by exposure . Deoxygenation activates a _Ca *-and .
ouse an umané.é:cs) e red blood cells nystatin-permeabilized patch clamp with a superfusate gassed 30 min prior catlon—permeakélihgonductan?e in a reversible Increased Ca?* influx Not assessed [94]
Calcium i i : : % manner, and this current is sensitive to
alcium imaging to the experiment with 100% Nj inhibition by GsMTx-4; 1 mM
. . Calcium imaging - . . . .
Pulmonary arterial endothelial cells - . . Piezol expression and activity are increased in Increased Ca2* influx and ,
(PASMCs) of patients with pulmonary EdU and cell C(;l;r;;mg proliferation / idiopathic pulmonary arterial hypertension and increased intracellular Ca2* Increasighlzérljf-il;ﬁSMCs [95]
arterial hypertension (PAH) WesternyBlot pulmonary arterial smooth muscle cells release P
Pulmonary artery smooth muscle cells Piezol is significantly upregulated in the lung Hypo-osmotic upregulation of GsMTx4-mediated Piezol
¢ y dry ts’ models with tissue of PH rats and in chronic Piezol Ca2* infl blockade partially reduces
exi ec;irlr]r:;tealarcxhrganisc E‘o oifa‘-,\i];duced Western Blot Hypoxia induced by incubation in 3% hypoxia-induced PH models. Piezol protein is 1ezo pro_motAei a d ;:n kux, the chronic
P ulmonary h ertg],l\)sion (PH) Calcie;rf\r&aoin O, for 4h-12 h or in 10% O, for a total transiently upregulated also in hPAECs after 6 h _ promoting Akt and Erk hypoxia-induced PH in [96]
H nli n lm}),na};P rtery endothelial 8ing of 6 weeks exposition to hypoxic conditions. Slgnalh“g pathways activation, mice with chronic
fmanpy ;1 h}f’:E&Cy ¢ o Hypo-osmotic conditions upregulate Piezol with downstream upregulation hypoxia-induced
cells ( s) protein levels in hAPAECs of Notch ligand pulmonary hypertension
Brain damage and
inflammation are reduced
in TRPM2 KO mice 7 days
TRPM2 WT and knockout (KO) Hypoxia damage was induced in TRPM2 is acutely overexpressed 24 h after following
neonatal hypoxic-ischemic (HI) brain Western Blot ischemic mice models by incubating the hypoxia-ischemic injury in brain tissue samples Not assessed hypoxic-ischemic brain [97]
injury mouse model pups in a hypoxic chamber for 2 h from mouse pups injury.
TRPM2 inhibits cell
survival pathways after
HIinjury
. . . . . . . H, 0, induces SiTRPM2 prevents
Prlmarybc_uliucrlets of rg; ct;)rtlcil neurons N Caéilum 1r?ag_mg Oxu:laté\[/)e sIt&IeIs{s 1gd1.;§:;1£l§; r11th or Not assessed TRPM2-mediated intracellular H,0,-mediated neuronal [98]
subjected to oxidative stress rypan Blue exclusion assay = 20, calcium rise cell death
Hypoxia treatment
Hypoxia induced by cell incubation SRR _ e enhances cell death,
TRPM2-overexpressing HEK293 cells Whole-cell Patch Clamp with gas mixture containing 5% O, for TRPM2 :iﬂzzzfentfﬁndzi?jiﬁg?ﬁgzs 60-min Not assessed probably via [99]
30 and 60 min P P TRPM2-mediated CaZ*
influx
Hypoxia causes
Patch Clamp L. L. L Hypoxia induces mitochondrqu oxidative
_ . . - . R g Hypoxia induced by CoCl, (200 1M) Hypoxia induces activation of TRPM2 currents YPOX . cell cytotoxicity and cell
ARPE-19 retinal pigment epithelial cells Propidi CalACISAr;\ 1mal;g'ljng " for 24 h and upregulates TRPM?2 protein levels TRPMZ-négcldcliitfrlirS\;racellular death via [100]
ropidium iodide cell death assay TRPM2-mediated Ca2*
signals
H . Chl-T-induced TRPM2
Primary IGR39 melanoma cells Patch Clamp Treatment with chloramine-T (Chl-T) Amount of 0.5 mM Chl-T activates TRPM2 in si giﬁ-cpl;;rt\l;eii:cn:e&:stebilr[:gutc(:sZIic agtlvgtloél and tm crte aSBEig
- i ium imagi idant agent IGR39 and in TRPM2-expressing HEK293 cells & o4 il activate ron
TRPM2-overexpressing HEK293 cells Calcium imaging oxi g p g Ca2* levels and K¢,3.1 potassium
channels
H,0; induces
H,0, treatment leads to TRPM2-Ca2t-CaMKII
2L de that t
PC3 prostate cancer cells Calcium imaging Treatment with 0.5 to 4 mM HyO; for H,0, induces TRPM2 activation TRPM(ZZ_mecil;actreeczl\sien fi;a;ellular Casf{%; prgdgz(t)i?r‘\), - [102]
P MTT and TUNEL assay 6h 2%2 mitochondrial

concentration-dependent
manner

fragmentation, and
inhibition of autophagy,
inducing cell death
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Table 2. Cont.

Effect of Hypoxia on Channel’s

Effect of Hypoxia on Ca®*

Hypoxia Technique and Treatment .
Ion Channel Cell Type Methodology Time Activity/Expression Signals Cellular Function Ref.
TRPM2-L-expressing cells
TRPM2-L and TRPM2-S H,0, treatment leads to show higher HIF-1/20cc
-L an -S-expressing Lo . Treatment with 250 uM H, O, for 20 TRPM2-L-mediated levels with respect to
SH-SY5Y neuroblastoma cells Calcium imaging min Not assessed intracellular Ca2* increase and hort i F d [103]
1 TRPM2 short isoform an
a decrease in TRPM2-S promote tumour growth
TRPM2 in vivo
TRPM2 activation by
Calcium i . Co-cult ith neutrophils o HyO Neutrophil-derived H,O, induces decrease in neutrophil-derived Hy Oy
Human breast cancer cells a cu:qrgclrfgagmg oO-culture Wltr egter‘rl\ el;?tl:) 1ls or Ho L TRPM2 expression in HyO;-selected tumour Not assessed and following CaZ* entry [104]
cells promotes cancer cells’
death
Ischemia was obtained by 60 min TRPMS6 expression is increased in liver tissue
TRPM6 Hepatic ischemia-reperfusion rat model qPCR clamping the left hepatic artery and the P X N Not assessed Not assessed [105]
portal vein from ischemia-reperfusion rat model
. . s . Hypoxia-activated
oV ; Ca?* imaging Hypoxia induced by anaerobic chamber ' )
TRPM7-overexpressing HEK293T cells Patch clamp containing <0.2% O, atmosphere for 1, Hypoxia induces TRPM7 channel activation Hypoxia increases Cay, entry TRPM? mediated-Ca™* [106]
Cortical neurons PI cell death 15and2h entry determines cell
TRPM7 cell death assay e : death in cortical neurons
Ischemia was obtained by 60 min TRPM?7 expression is increased in liver tissue
Hepatic ischemia-reperfusion rat model qPCR clamping the left hepatic artery and the P X N Not assessed Not assessed [105]
portal vein from ischemia-reperfusion rat model
. Hypoxic solution obtained by bubbling Acute hypoxia weakly increases TRPV1 activity, H ia leads t lioht
HEK293T cells overexpressing rat Patch Clamp with 100% N2 gas for at least 20 min but negatively affects capsaicin induced TRPV1 . ypoxia feads foas'® Not assessed [107]
TRPV1 Cal 8 gatively P 2+
alcium imaging before the perfusion (PO, 3%) currents increase in cytosolic Ca“* levels
Overnight exposure to hypoxic/high glucose
Rat DRG neurons . i S,
hTRPV1/rTRPV1-expressing HEK293 Whole-cell patch-clamp Overnight (18_420 hz exposition to COnd.lt}On? increases T,RPV1 mean p eak current Not assessed Not assessed [108]
cells hypoxia (4% Oy) densities in both cell lines, without affecting its
expression
TRPV1 . . .
Calc1urg Cn]'f{lagmg Hypoxia-mediated TRPV1
Rat pulmonary artery smooth muscle Wes%ern Blot 24-48 h long exposition to hypoxia (1% Hypoxic conditions do not affect TRPV1 No assessed activation enhances [109]
cells (PASMCs) Wound Healing assay and 10% Oy) expression, but they increase TRPV1 activity PASMCs migratory
BrdU proliferation assay abilities and proliferation
Calcium imaging . .
Human pulmonary artery smooth qPCR 72 h long exposition to hypoxia (3% O,) Chronic hypoxia upregulates both TRPV1 gene Chronic hypoxia increases P]‘Z‘Sel\ggihﬁe'ratmn Ofd [110]
muscle cells (PASMCs) Western Blot g exp YP o2 and protein levels cytosolic Ca2* levels and bl_'ﬁ mc;@;sc
Cell count proliferation assay er hypoxt
" RT-PCR . Overexpression of TRPV2
TRPV2 HepG2 and Huhn71_human hepatoma Western Blot 50, 100% rzeg(in?élr(nit %g? é\ﬁ? H0, H;0, upreg;ll\IatAes thde exprgss;or: (l)f TRPV2 at Not assessed promotes HyOp-induced [111]
cell lines Flow cytometry m| and protein levels cell death
TRPV3 silencing protects
cardiomyocytes from
MTT and Edu staining assay : : : hypoxia-induced cell
Rat myocardial cells Western Blot 12 h long exposition to hypoxia (1% O,) TRPVB. 1s overexpr_essed m myocar(.hal cells Not assessed death and decreases the [112]
Caspas R induced by ischemia/hypoxia N
aspase-3 and LDH activity assay secretion of
TRPV3 proinflammatory
cytokines
TRPV! diat
Primary rat pulmonary artery smooth FlW estertn Bk’tt 2411 ition to h ia (3% Oy) TRPV3 protein expression is enhanced in Not d hypox?al-lilre\dluaceecsl [13]
muscle cells (PASMCs) ?\‘//IVTC a(;lsl;; Ty ong exposition to ypoxia (570 L PASMCs from hypoxic rats ot assesse PASMCs’ proliferation via -

PI3K/AKT signalling
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Table 2. Cont.

Ion Channel

Cell Type

Methodology

Hypoxia Technique and Treatment
Time

Effect of Hypoxia on Channel’s
Activity/Expression

Effect of Hypoxia on Ca®*
Signals

Cellular Function

Ref.

TRPV3

TRPV3-overexpressing HEK293

Patch Clamp

12 h long exposition to hypoxia (1% O;)

Pre-incubation in hypoxic conditions
potentiates TRPV3 currents in response to
2-APB treatment

Not assessed

Not assessed

[114]

TRPV4

Rat cardiomyocytes

Western Blot
qPCR

Calcium imaging

6 h long exposition to hypoxia (95% N;)
in a controlled hypoxic chamber

TRPV4 gene and protein expression levels are
increased after 6 h exposure to hypoxia

Hypoxia increases
TRPV4-mediated Cay, influx
responses to 300 nM GSK

Hypoxia-mediated
activation of TRPV4
induces cytosolic Ca?*
overload in
cardiomyocytes, leading
to ROS production and
oxidative injury in vitro
and in vivo

[115]

Adult rat hippocampal astrocytes

Patch Clamp
qPCR
Western Blot
Calcium imaging

Hypoxia/ischemia (H/I) is induced by
occlusion of the common carotids in
combination with hypoxic conditions
(from 1 h up to 7 days, 6% Oy)

TRPV4 mRNA and protein expression are
significantly increased 1 h after H/I. H/I also
activates TRPV4 channel

H/1 enhances the response of
4aPDD, inducing

TRPV4-mediated Ca®*
oscillations

Not assessed

[116]

TRPA1

Several breast and lung cancer cell lines

Calcium imaging

Cell viability and apoptosis assay via

PI and Annexin IV staining

Treatment with 10 uM H, O, for 15 min
for calcium measurements, 1, 20, and
100 uM for 72-96 h-long exposition for
cell viability and cell death assays

H,O, treatment activates TRPA1 channel

H,0, treatment increases
TRPA1-mediated calcium entry

TRPAl-mediated calcium
entry promotes cell
survival by upregulating
anti-apoptotic pathways
and promoting oxidative
stress resistance

[117]

Oligodendrocytes

Calcium imaging

Ischemia inducing solution

Not assessed

Ischemia-induced intracellular
acidosis promotes Ca** entry
via TRPA1

Ischemia-induced
intracellular acidosis and
consequent Ca®* entry via
TRPA1 mediate myelin
damage

[118]

TRPC1

U-87 MG glioma cells

qPCR, western blot

Hypoxia induced by exposition to 1%
Oz

Not assessed

Not assessed

TRPC1 participates in
hypoxia-induced VEGF
gene and protein
expression

[119]

MDA-MB-468 breast cancer cells

qPCR, calcium imaging

Hypoxia induced by exposition to 1%
O, for24h

Hypoxia upregulates TRPC1 via HIF1

siTRPC1 reduces
non-stimulated Ca®* entry and
increases Store-Operated Ca?*
entry in hypoxic conditions

TRPC1 overexpression
promotes Snail EMT
marker upregulation and
decrease in claudin-4
epithelial marker in
hypoxic conditions.
TRPC1 regulates HIF-1c
protein levels via
Akt-dependent pathway
and promotes
hypoxia-induced STAT3
and EGFR
phosphorylation. TRPC1
also regulates
hypoxia-induced LC3BII
levels via effects on EGFR.

[120]

TRPC5

MCF-7/WT and adriamycin-treated
(MCE-7/ ADM) human breast cancer
cells

Western Blot, immunofluorescence,

Not assessed

Not assessed

Not assessed

TRPC5 promotes
HIF-1alpha translocation
to the nucleus and
HIF-lalpha-mediated
VEGEF expression,
boosting tumour
angiogenesis

[121]
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Table 2. Cont.

Ion Channel

Cell Type

Methodology

Hypoxia Technique and Treatment
Time

Effect of Hypoxia on Channel’s
Activity/Expression

Effect of Hypoxia on Ca®*
Signals

Cellular Function

Ref.

TRPC5

SW620 colon cancer cells

Western blot, transwell invasion, and
migration assay, MTT proliferation
assay

Not assessed

Not assessed

Not assessed

TRPCS activates
HIF-1alpha-Twist
signalling to induce EMT,
supporting colon cancer
cells” migration, invasion,
and proliferation

[122]

TRPCé6

Murine pancreatic stellate cells (mPSCs)

Time-lapse single-cell random
migration assay
Bead-based cytokine assay

PCR

Western Blot
Ca?* signals quantification by Mn2*
quench technique

24 h incubation in hypoxic conditions
(1% Oy, 5%CO,, and 94% N, ) or
chemically induced hypoxia by
pretreatment with 0.5 mmol/1 DMOG

Hypoxic conditions enhance TRPC6 expression
and activate the channel

Hypoxia stimulates Ca2* influx
mediated by TRPC6 channels

Hypoxia-induced TRPC6
activation enhances
mPSCs migration via
secretion of pro-migratory
factors

[123]

Ix-2 human hepatic stellate cells (HSCs)

Calcium imaging
qPCR

Western Blot

Hypoxia induced by 100 pmol/L
CoCl, treatment

Hypoxic conditions enhance TRPC6 expression
and activate the channel

Hypoxia stimulates Ca2* influx
mediated by TRPC6 channels

Hypoxia-induced TRPC6
activation and consequent
calcium entry promote the
synthesis of ECM proteins,
which facilitate the
fibrotic activation of HSCs

[124]

Huh? and HepG2 hepatocellular
carcinoma cells (HCCs)

Confocal Calcium imaging
Western Blot

Hypoxia induced by cell incubation in a
low oxygen atmosphere with 1% Oy,
5%CO,, and 94% N for 6 h

Hypoxic conditions activate the channel

Hypoxia promotes calcium
influx

Hypoxia-induced
TRPC6-mediated calcium
entry promotes HCCs
drug resistance via STAT3
pathway

[125]

U373MG and HMEC-1 glioblastoma
cell lines

qPCR
Western Blot
Calcium imaging
Proliferation assay
Matrigel invasion assay
Endothelial cell tube formation assay

Hypoxia induced by 100 pmol/L
CoCl, treatment

Hypoxia enhances TRPC6 expression via Notch
pathway

Hypoxia stimulates Ca2* influx
mediated by TRPC6 channels

Hypoxia-induced
TRPC6-mediated calcium
entry promotes HCCs
proliferation, colony

formation, and invasion
via NFAT pathway

[126]

ORAI1/STIM1

Primary Aortic Smooth Muscle Cells

and HEK?293 cells transfected with
ORAI1 and STIM1

Patch Clamp
Calcium imaging

Hypoxia was induced with 3 methods:
(1) sodium dithionite (NapS;O4)
treatment to 1 mM final concentration,
pH adjustment to pH 7.4, and bubbling
with 100% Nj. (2) cell culture media
with 30 min-long bubbling with 100%
Nj. (3) cell culture media with 30
min-long bubbling with 3% O,

Intracellular acidification induced by hypoxia in
HEK293 cells leads to inhibition of SOCE by
disrupting the electrostatic ORAI1/STIM1
binding and closing ORAI1 channel.

Hypoxia-induced intracellular
acidification reduces SOCE in
Primary Aortic Smooth Muscle
Cells and HEK293 cells
transfected with ORAI1 and
STIM1

Not assessed

[92]

A549 non-small cell lung cancer cells

Western Blot
qPCR
BrdU cell proliferation assay
Calcium imaging
Scrape-wound migration assay
Matrigel transwell invasion assay

Hypoxia induced by Nicotine treatment
for 48 h

Nicotine treatment-induced hypoxia determines
ORAI1 overexpression at gene and protein
levels

Nicotine treatment-induced
hypoxia increases intracellular
basal calcium levels and SOCE

Nicotine
treatment-induced
hypoxia increases A549
cells’ proliferation and
migration

[127]

MDA-MB 231 and BT549 breast cancer
cell lines and Human Microvascular
Endothelial Cell line-1 (HMEC-1)

Western Blot
qPCR
Calcium imaging
Migration assay (Wound healing and
transwell migration assay)
Matrigel transwell invasion assay
Tube formation assay in vitro

Hypoxia induced by cell incubation in
low oxygen atmosphere

Hypoxia promotes ORAI1 gene and protein
upregulation via activation of Notch1 signalling

Hypoxia increases
thapsigargin-induced SOCE,
with consequent rise in
cytosolic calcium entry

Hypoxia-induced ORAI1
overexpression and
consequent increase in
SOCE promote NFAT4
activation and enhance
neuroblastoma cells’
migration, invasig)n, and
angiogenesis

[128]
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HCT-116 and SW480 human colon
cancer cells and Human Microvascular

Methodology

Western Blot

Calcium imaging

Hypoxia Technique and Treatment
Time

Effect of Hypoxia on Channel’s
Activity/Expression

Effect of Hypoxia on Ca®*

Endothelial Cell line-1 (HMEC-1)

Transwell migration assay
Matrigel transwell invasion assay

Hypoxia induced by 100 pmol/L

Signals

Tube formation assay in vitro
Cell attachment and detachment
assays

CoCl, treatment

Hypoxia promotes ORAI1 gene and protein
upregulation via activation of Notch1 signalling

Hypoxia increases
thapsigargin-induced SOCE

13 of 38
Cellular Function Ref.

Hypoxia-induced ORAI1

overexpression and

consequent increase in

SOCE promote NFATc3 9

- F [129]
activation and enhance

neuroblastoma cells’
migration, invasion, and
angiogenesis
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2.1. Piezo Channels

Piezo proteins are mechanically activated non-selective cations channels identified
over a decade ago by Patapoutian’s group [130], a discovery that paved the way for
various works that further clarified the role of these channels not only in the transduction
of mechanical signals, but also in other physiological processes, and culminating in the
2021 Nobel Prize in Physiology or Medicine for David Julius and Ardem Patapoutian
“for their discoveries of receptors for temperature and touch”. Piezo channels play a key
role in mechanotransduction, directly responding and integrating mechanical stimuli and
forces from the cell environment into biological signals, leading to the activation of Ca?*-
dependent processes or cell depolarization in different organs [131]. Piezo channels are
also involved in other physiological processes, exhaustively reviewed in [131].

The role of Piezo channels in cancer has been deepened in recent years, with several
studies evidencing their importance in different types of cancer that originate from tissues
subjected to mechanical stress [132]. Piezol and/or Piezo2 are overexpressed in several can-
cers of epithelial origin, where these channels act as oncogenes, enhancing carcinogenesis
through different Ca?*-dependent signalling pathways [133-137].

In addition to being sensitive to mechanical stimulation, Piezol is also regulated
by protons. The work of Bae C. and colleagues in 2015 demonstrated that conditions
of acidosis (pHe 6.3) inhibit Piezol by stabilizing its inactivated state [62]. A drop in
extracellular pH and inactivation of Piezol might represent a protective mechanism in
specific cell types, especially considering that low extracellular pH can promote intracellular
acidification and, therefore, the activation of specific signalling pathways that result in cell
death [138] (Table 1). This notion is supported by the study of Kuntze A. et al. of 2020,
which demonstrated that extracellular acidosis-induced low intracellular pH (pH; 6.7) of
pancreatic stellate cells (PSCs) inhibited the activity of Piezol, reducing the Ca?* influx
in PSCs (Figure 1 and Table 1). In these conditions, Piezol activation with Yodal led to
a loss of PSCs spheroid integrity and increased fragmentation, resulting virtually from
Ca?Z* overload and its induction of cell death. Therefore, extracellular acidosis-mediated
intracellular pH drop and inactivation of Piezol might represent a protective mechanism
for PSCs, in which Ca?* fluxes are decreased and apoptosis is avoided [63].

Information about Piezo channels’ regulation by low oxygen pressures is absent in
cancer and the literature data are limited to a few works in red blood cells and pulmonary
endothelial and smooth muscle cells, where the pathogenic role of Piezol was explored.

Stretch-activated cation channel expression, like Piezol, has been reported in red
blood cells (RBCs), where Piezol is expressed and localises at the cell membrane, where
it regulates RBCs volume. This role assumes major relevance in pathological conditions,
such as Sickle cell disease (SCD), where RBCs showed decreased deformability and higher
intracellular Ca%* levels with respect to normal red blood cells [139]. In sickle RBCs, low
oxygen concentration led to the activation of transmembrane mechanosensitive ion chan-
nels. This activation originated a non-selective ion current named Pg;cye, which activated
the calcium-activated potassium channel K¢,3.1, which initiates the dehydration cascade
in sickle RBCs, responsible for potentiating haemoglobin aggregation [140]. Therefore, Ca®*
entry in sickle RBCs is necessary for their sickling, which is mediated by the opening of
plasma membrane Ca?*-permeable and mechanosensitive ion channels. In this context,
Piezol can be suggested as a mediator of the non-selective ion current, as deoxygenation-
induced Pg;cye is abolished by GsMTx4, the tarantula spider toxin which is an inhibitor of
mechanosensitive ion channels, including Piezo1 [94].

Recent works have shown that Piezol is upregulated in pulmonary arterial endothelial
cells of patients with pulmonary arterial hypertension (PAH) and in pulmonary artery
smooth muscle cells of mice and rats models with experimental chronic hypoxia-induced
pulmonary hypertension (PH) [95,96]. Human pulmonary arterial endothelial cells showed
maximal Piezol expression at 6 h hypoxic exposure, with a consequent increase in calpain-1
and calpain-2, both involved in PAH development [96]. Moreover, hypo-osmotic conditions
upregulated Piezol protein levels in the same cells and promoted the activation of Akt
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and Erk signalling pathways via Piezol-induced Ca?* entry, as demonstrated by siPiezol
treatment, with downstream upregulation of Notch ligands [96]. The potential therapeutic
effect of Piezol blockade in the mouse model with chronic hypoxia-induced PH was
assessed by GsMTx4 treatment, which partially reduced the chronic hypoxia-induced
PH [96]. These data support the role of Piezol in the remodelling of the pulmonary
vasculature in PH.
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Figure 1. Overview of the effects of acidic pHe and hypoxia on TRP and Piezo Ca?*-permeable
channels. The positive or negative effects of hypoxia and acidic pHe on the Ca2+—permeable channels
were obtained from both normal and cancer cells-related studies, while the signalling pathways
indicated were obtained uniquely from cancer cells-based investigations. The figure depicts Piezo-,
TRPV-, TRPA1- and TRPM-mediated Ca?*-dependent signalling pathways activated or inhibited by
acidic pHe and hypoxia and linked to tumour progression. TRPV (TRPV1-4, 6), TRPA1, and TRPM
(TRPMS, 7) expressed in cell cancer’s plasma membrane are differentially regulated by acidic pHe,
being mostly activated by tumour acidosis, and transducing its signals to activate Ca?*-dependent
downstream effectors, such as NF-«B, JAK/STAT, PI3K/AKT, NFAT, ERK, and LIMK. TRPA1 is
also activated by hypoxia. These effectors promote tumour cell migration, invasion, proliferation,
survival, mesenchymal phenotype, and chemoresistance. TRPV6 channels’ activity is inhibited by
tumour acidosis, as TRPM2, which inhibition avoids induction of cancer cell death and reduces
chemosensitivity. Piezo channels embedded in stellate cells” plasma membrane are inhibited by
acidic pHe, promoting stellate cells’ survival. TRPV1 activation in lymphatic endothelial cells pro-
motes activation of NF-«kB and upregulation of IL-8, a lymphangiogenic factor. CaM, calmodulin;
CAMKII, CaZ*/ calmodulin-dependent protein kinase II; Pyk2, protein tyrosine kinase 2; RAS, Rat
sarcoma virus; ERK, extracellular signal-regulated kinase; FAK, Focal Adhesion Kinase; PI3K, phos-
phoinositide 3-kinase; AKT, protein kinase B; mTOR, mammalian target of rapamycin; NF-kB, nuclear
factor-«B; JAK, Janus kinases; STAT, signal transducer and activator of transcription; NFAT, nuclear
factor of activated T-cells; RhoA, Ras homolog family member A; ROCK, Rho-associated protein
kinase; LIMK, LIM domain kinase; CREB, C-AMP response element-binding protein. The question
mark indicates contradictory results in the literature. Created with BioRender.com, accessed on 20
June 2022.
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2.2. Transient Receptor Potential Channels

Transient receptor potential (TRP) ion channels are a family of 28 different proteins
in humans, mostly permeable to Ca?* ions, characterized by a polymodal activation, and
whose altered expression and/or functionality have been linked to several cancer types [54].
Several TRP channels are sensitive to changes in intra- and extracellular pH and to hypoxia
(see Tables 1 and 2), altering Ca?* downstream signalling pathways as described in the
following paragraphs.

2.2.1. TRP Melastatin Subfamily

TRPM2 is a non-selective cation channel localized at the plasma membrane and/or in
lysosome compartments and permeable to Ca?*, Mg?* and monovalent cations. TRPM2
is activated by ADP-ribose (ADPR) and by intracellular Ca?* increase associated with
oxidative stress and reactive oxygen species (ROS) production [141-144].

TRPM2’s activity is regulated by both intra- and extracellular pH. The work of Starkus
and colleagues demonstrated that extracellular acidic pH (IC59 pH = 6.5) inhibited both
inward and outward TRPM2 currents in TRPM2-overexpressing HEK293 cells in a voltage-
dependent manner, by affecting the single-channel conductance, most probably due to the
interaction of protons with outer pore and competing for binding sites with extracellular
Ca?* ions, as these ions attenuated the inhibitory effect of pHe on TRPM2 [64]. These
results were confirmed the same year by Du J. et al. and on the same cell line, although
assuming a non-proton permeation through the channel [65], and by Yang W. et al. in
2010 [66], showing that low pHe-mediated inhibition of TRPM2 might be induced by
conformational changes following protons binding. Interestingly, extracellular acidic pH
effects are species-dependent, with mTRPM2 channels showing less sensitivity to acidic
pHe compared to hTRPM2 [67] (see also Figure 1 and Table 1). Du J et al., as well as Starkus
et al., also studied the intracellular acidic pH role showing a reversible inhibitory effect
on the channel, inducing its closure without affecting single-channel conductance [64],
probably by a mechanism of proton competition with the Ca?* and ADPr binding site [65].

Several reports have highlighted the importance of the role of hypoxia in TRPM2’s
expression and activity, in particular in the context of hypoxia-induced brain damage, but
with little evidence in tumour cells (Figure 1 and Table 2).

Concerning TRPM2’s role in cerebral hypoxia, several comprehensive reviews have
elucidated the current knowledge on this topic [145,146]. Huang and colleagues explored
the TRPM2 pathological role in neonatal hypoxic-ischemic brain injury mouse model,
demonstrating that genetic deletion of this channel had a long-term neuroprotective effect,
reducing brain damage and inflammatory responses 7 days following the hypoxia-ischemic
injury with respect to wild-type littermates. At the molecular level, TRPM2 was acutely
overexpressed 24 h following hypoxia-ischemic injury in brain tissue samples from CD1
mouse pups and it inhibited pro-survival pathways in control mice by decreasing pAkt
and pGSK-3f levels, exerting its protective role in TRPM2-null mice via Akt/Gsk-33
pathway [97]. In vitro TRPM2 silencing had a neuroprotective effect also in primary
cultures of rat cortical neurons subjected to oxidative stress following brief H,O, exposure,
reducing the intracellular calcium levels and preventing H,O,-mediated neuronal cell
death [98]. In addition to neuronal cells, other works have explored hypoxia-induced
activation of TRPM2 in other cell types, such as HEK-293 cells, where TRPM2 was activated
after 30 and 60 min exposure to hypoxic conditions, leading potentially to an increased
Ca?* influx and oxidative stress, resulting in cell death [99], and retinal pigment epithelial
cells, where 24 h-long exposure to hypoxia promoted ROS production and cell death via
TRPM2-mediated Ca2* influx [100].

In the context of tumourigenesis, TRPM2 is upregulated in several cancers where
it mediates Ca?*-dependent pathways promoting cell survival [147-152]. TRPM2 exerts
this effect in particular by protecting cancer cells from oxidative stress by increasing their
antioxidant defence. Indeed, although high levels of ROS are detected in almost all types
of cancer, a precise balancing of their intracellular presence is required to avoid the toxic
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effect of these reactive species, achieved through the expression of antioxidant proteins.
TRM2 channels act as ROS sensors, being activated by oxidative stress and switching on
Ca?*-dependent signalling pathways that lead to the enhanced activation of transcription
factors involved in antioxidants” expression, (i.e., HIF-1/2a; CREB; NrF2). These factors
promote autophagy, DNA integrity, mitochondrial function, and ATP production [147]
(Figure 1). Oxidative-stress-mediated TRPM2 activation and consequent rise in intracellu-
lar Ca?* levels might promote cancer progression also by activating Ca?*-dependent K*
channels, such as the large-conductance voltage-dependent BK channel and the medium-
conductance voltage-independent Kc,3.1 channel, as reported in melanoma cells [101],
which role in cancer hallmarks, such as cell viability and cell migration and invasion have
been described [59]. However, other studies correlated TRPM2 expression with a higher
sensitivity to chemotherapy. Indeed, an anti-survival role was highlighted in breast and
colon cancer, where TRPM2 activation by chemotherapy agents resulted in Ca?* entry,
intracellular Ca?* overload, and increased mitochondrial depolarisation, leading to cell
death [153], and in prostate cancer, where H,O;-induced TRPM2 activation resulted in
PC3 cells’ death via Ca?*-dependent inhibition of autophagy [102] (Figure 1). These re-
sults could be explained considering the differential role of full-length TRPM2 and its
dominant-negative short isoform [103]. Chen and colleagues elucidated their role both in
in vitro and in vivo, demonstrating that full-length TRPM2 (TRPM2-L) had a protective
role from oxidative stress by increasing antioxidant enzymes and pro-survival transcription
factors, while the expression of the dominant-negative short isoform (TRPM2-S) reduced
intracellular calcium influx in response to HyO, treatment and cell survival [103].

Another important consideration is the key role of TRPM2 in neutrophil-mediated
cytotoxicity. Neutrophils secrete H,O,, which activates TRPM2 expressed on cancer cells’
surfaces. This activation leads to CaZ* influx in cancer cells, resulting in intracellular
overload and induction of cell death, as was demonstrated in breast cancer cells [104]
(Figure 1). Therefore, despite the pro-proliferative role of TRPM2 in several cancer cell
lines, inhibition of its activity by tumour extracellular acidic pH might result in cancer
cells’ protection from neutrophil cytotoxicity, with overall major efficiency in dissemination.
Finally, TRPM2 is also localised in lysosomal membranes, where the highly acidic pH inside
the compartment might prevent TRPM2 activation and Ca?* release from lysosomes to the
cytosol, which may trigger apoptosis [154] (Figure 1). These works reinforce the concept
that TRPM2 inhibition by acidic pHe and activation by hypoxic conditions represent a
protective mechanism for cancer cells.

TRPM6 and TRPM?7 are both permeants mainly to Mg?" ions and contribute to its
homeostasis. These channels are also permeant to Ca®* ions, increasing their intracellular
concentration. TRPM7 has a unique structure as a “chanzyme” due to the presence of a
kinase domain in its structure. TRPM6 has a tissue-specific expression and it is down-
regulated in several cancer types, while TRPM? is ubiquitously expressed and mostly
upregulated in different malignancies, where it plays a key role in promoting different
cancer hallmarks [155].

TRPM6 and TRPMY channels’ activity is modulated by both intra- and extracellular
pH. For what concerns the effects of intracellular pH on TRPM7, the outward current
density was decreased at low intracellular pH in HEK293 cells, with an ICs of pH 6.32 and
in the absence of Mg?* [71]. This result was previously obtained also in RBL cells, where
native TRPM7 currents were inhibited by intracellular acidification obtained by acetate
treatment, and in TRPM7-overexpressing HEK293 cells in the same work [70]. Intracellular
alkalinisation, induced by NH,* extracellular application, determined the induction of
native TRPM7 current and the enhancement of its activity in RBL cells [70,71] (Table 1).

The effects of acidic pHe (<6.0) on TRPM7 activity are quite controversial, with some
evidence showing TRPMY currents inhibition by low pHe [68,70-72], others potentiation
of TRPM7 inward current by strong acidic pH, in HEK293 cells [69,73] and HeLa human
cervical cells [74] (Table 1). The discrepancy of pHe modulation on TRPM7 described by
these works could be explained by taking into consideration the importance of Ca?* and
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Mg?* ions present in the extracellular milieu. According to the work of Macianskienée
R. et al.,, both TRPMY7 outward and inward currents, expressed by cardiomyocytes, were
potentiated in the acidic extracellular medium (pH < 6) containing divalent Ca?* and Mg?*
ions, while the absence of these ions in the acidic extracellular medium resulted in the
low pHe-mediated inhibition of TRPMY currents in a voltage-independent manner [75]. It
is hypothesized that protons and divalent cations compete for a binding site within the
channel pore, and the absence of these cations might allow protons to permeate the channel
and to bind to specific intracellular inhibitory sites, the same bound by intracellular protons,
leading to channel inhibition [73,75].

Very few data are available for TRPM6, where contrasting data are reported, as for
TRPM7. TRPM6 was indeed inhibited by extracellular acidity similarly to TRPM7 in
isolated pig myocytes [68] but potentiated by extracellular acidic pH in HEK293 cells,
even though the magnitude of increase in TRPM7 inward current was higher than that of
TRPM6 [69] (Table 1).

Concerning TRPM6 and TRPM7 regulation by hypoxia, their expression is increased
in a hepatic ischemia-reperfusion rat model [105], while hypoxia-induced TRPM7 overex-
pression and increased intracellular Mg?* concentrations were reported in rat hippocampal
neurons in vitro [156]. TRPMY sensitivity to hypoxia was also demonstrated by Tymianski
and Mori group, showing that TRPMY is activated by anoxic conditions or treatment with
a hypoxic solution prepared by bubbling N; gas [106,157] (Table 2).

Although evidence of the effect of acidic pH and hypoxia on TRPM6/7 in cancer cells
is still lacking, several works have demonstrated that TRPM? is upregulated in various
cancers and it is involved in the enhancement of a variety of cancer-related processes
regulated by Ca?* signalling, such as proliferation, migration, invasion, cell death escape,
and survival and epithelial-mesenchymal transition (EMT), via the activation of the Ras-
ERK and the PI3K/AKT/mTOR signalling pathways [155] (Figure 1). Consequently, its
activation by cancer-related extracellular acidic pH highlights its pivotal role in cancer
progression.

2.2.2. TRP Vanilloid Subfamily

TRPV1 is a non-selective cation channel with relatively high permeability to Ca2*
ions, which is a major player in pain perception activated by different factors, including
heat, inflammation, and acidic environment as revealed by David Julius, that shared
the 2021 Nobel Prize for Physiology or Medicine [158-160]. Indeed, TRPV1 plays a key
role in acidosis-induced pain, acting as a proton channel and being directly activated by
protons [78,161].

Acidosis modulates TRPV1 activity, promoting its activation and potentiating its re-
sponse to 2-APB, heat, and capsaicin (TRPV1 selective agonist) [76,78,80] (Table 1). hTRPV1
is indeed activated by mild acidosis (pHe 6.1) increasing intracellular Ca?* levels, while
the channel is blocked in presence of strong acidic conditions [76]. T633 residue in the
pore helix and V538 residue in the S3-54 linker were identified as key residues involved in
extracellular pH sensing [77]. Low pHe (<5.9) significantly potentiated heat and capsaicin-
evoked response in HEK293 cells by increasing the channel’s open probability at room
temperature, therefore lowering the threshold for the channel activation, even in absence
of chemical stimuli [78]. These data suggest that the potentiating effect of capsaicin and
protons on TRPV1 are independent of each other and they are mediated by different TRPV1
residues (Table 1 and Figure 1). Concerning intracellular acidification, it enhanced TRPV1
currents evoked by 2-APB, without affecting the ones induced by capsaicin [80]. On the
other hand, extracellular acidic pH activated TRPV1 and enhanced lymphatic endothelial
cells’ proliferative, migratory and invasive abilities via activation of NF-«B transcription
factor and consequent upregulation of IL-8, a lymphangiogenic factor, contributing to
lymphatic metastasis in tumour acidic microenvironment context [79] (Figure 1). The role
of TRPV1 in cancer is dependent on the cancer type. TRPV1 is indeed upregulated in
many cancers and it regulates different cancer cell processes, such as proliferation, cell
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fate, migration, and invasion in a cancer type-specific manner, via the activation of dif-
ferent Ca?*-dependent signalling pathways, such as PI3K/AKT, Ras-ERK and JAK/STAT
signalling cascades and NF-«B activation [162], acting both as an anti-proliferative and
pro-apoptotic factor in melanoma, colorectal, pancreatic and liver cancer, among others, and
exerting a pro-tumour role in highly aggressive types of cancer [162] (Figure 1 and Figure 3).
These pro- or anti-tumour effects of TRPV1 can be attributed to the different opening states
available to the channel in response of different stimuli, exploiting each opening state’s
specific properties for the switching on of specific Ca?*-dependent signalling pathways in
different cancer cell types. Consequently, the pH, regulation of TRPV1 might be considered
as cell type, ligand, and context-specific, making it more difficult to identify its potential
role as a pharmacological target.

Hypoxic TRPV1 modulation is reported in several publications, although cancer-
related studies are lacking. Whole-cell patch clamp studies in HEK293T cells overexpressing
rat TRPV1 showed that acute hypoxia weakly increased TRPV1 activity, but negatively
affected capsaicin-induced TRPV1 currents. Hypoxia did not affect acidic pHe-activated
TRPV1 current. These results were confirmed by Ca?* imaging experiments, where hypoxia
induced a slight increase in cytosolic Ca?* levels [107]. A stronger hypoxia-mediated TRPV1
activation was demonstrated in native rat sensory neurons and HEK293 cells expressing
rat or human TRPV1, where chronic hypoxia (>24 h) did not affect the channel expression
but potentiated TRPV1’s activity via protein kinase C (PKC)e- and HIF-1x-dependent
signalling pathways [108]. Parpaite and colleagues also showed on rat pulmonary artery
smooth muscle cells (PASMCs) that hypoxic conditions did not affect TRPV1 expression,
but they increased TRPV1 activity probably via its translocation to the plasma membrane,
enhancing PASMCs’ migratory abilities and proliferation [109]. Hypoxia-mediated changes
in TRPV1 expression were instead reported in human PASMCs, where chronic hypoxia
upregulated both TRPV1 gene and protein levels, increasing intracellular Ca?* levels and
being involved in PASMCs’ proliferation [110] (Table 2).

In addition to TRPV1, also TRPV2, TRPV3, and TRPV4 activity is modulated by acidic
pH. TRPV2 is an intracellular-resident non-selective cation channel that translocates to the
cell membrane following PI3K activation. Once at the plasma membrane, TRPV2-mediated
Ca?* entry regulates different physiological cellular processes. TRPV2 deregulation has
been linked to several types of cancer, where its activity supports its progression, in
particular via the activation of the PI3K/AKT and the ERK signalling cascades, by escaping
cell death and increasing proliferation, cell migration, and invasion [163]. TRPV2 is known
to be insensitive to low pH, alone [76,79], however, it has been demonstrated that acidic
pHe (6.0 and 5.5) potentiated TRPV2 currents in transiently transfected HEK293 cells that
are evoked by 2-APB, increasing the channel’s sensitivity to this ligand from the cytoplasmic
side, as proved by inside-out patch configuration [80] (Table 1 and Figure 1).

Wang and colleagues did not report any change in TRPV2 expression following hy-
poxia exposure in human PASMCs [110], but HyO,-mediated oxidative stress upregulated
TRPV2 gene and protein expression in two different human hepatoma cell lines, with induc-
tion or cell death by activating pro-apoptotic proteins and by inhibiting pro-survival ones,
and by enhancing the sensitivity of human hepatoma cells to oxidative stress-associated
chemicals [111] (Table 2).

TRPV3 is a non-selective calcium permeant cation channel mostly expressed in brain
and skin, where it is involved in chemo-somatosensing. TRPV3 oncogenic activity was
demonstrated in lung cancer, where TRPV3 expression was associated with short overall
survival and Ca?*-mediated increased proliferation via Ca?* /calmodulin-dependent kinase
II (CaMKII) [164]. As for TRPV2, acidic pHe alone (pH 5.5) was not able to activate the
channel in HEK293 cells, but only to potentiate the TRPV3 response to 2-APB and its
analogues via acidification of the intracellular milieu, increasing cytosolic Ca?* levels [80]
(Table 1 and Figure 1). Moreover, cytosolic protons activated the channel, inducing small but
detectable currents via different mechanisms with respect to 2-APB response potentiation,
and indicating four residues in the S2-S3 linker to be implicated in the acid intracellular
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activation of TRPV3 [80]. A more recent study from the same group has elucidated the
mechanism of TRPV3 acid intracellular activation and extracellular inhibition. The authors
identified Asp641 residue, localized in the selectivity filter, as a critical residue involved in
TRPV3 extracellular acidic pHe inhibition. Intracellular acidification protonated E682, E689,
and D727 residues in the C-terminal, facilitating the channel’s sensitization [165]. These
data were also obtained by a previous work on TRPV3-transfected HEK293 and in HaCaT
cells, where it was shown that TRPV3 is directly activated by glycolic acid-induced cytosolic
acidification, inducing cell death, while extracellular acidification failed to activate the
channel, resulting instead in decreased current amplitude [81] (Table 1 and Figures 1 and 3).

Concerning hypoxic regulation, no data on cancer cells is available. As for TRPV2,
no differences in TRPV3 expression were reported in hypoxia exposed-PASMCs, but a
recent work demonstrated TRPV3 upregulation in rat myocardial cells in response to is-
chemia/hypoxia treatment. To confirm the role of TRPV3 as a mediator of hypoxia-induced
inflammation and apoptosis in rat myocardial cells, the authors reported thatTRPV3 si-
lencing protected cardiomyocytes from hypoxia-induced cell death and decreased the
secretion of pro-inflammatory cytokines [112]. TRPV3 mediated hypoxia responses also
in pulmonary artery smooth muscle cells, promoting their proliferation via PI3K/AKT
signalling pathway [113], and hypoxia also robustly potentiated this channel current in
TRPV3-overexpressing HEK293 cells in response to 2-APB treatment, without affecting the
protein levels [114] (Table 2).

TRPV4 is a heat-activated and mechanosensitive channel deregulated in different
cancer cells, acting mostly as a pro-tumour factor, enhancing cancer cells’ migration and
metastasis through the activation of AKT and Rho/ROCK1/ cofilin cascade, extracellular
remodelling, proliferation and angiogenesis via activation of NFAT and PI3K signalling
pathway [166-172], although a tumour-suppressive role has also been reported, especially
in tumours expressing high TRPV4 levels [173,174] (Figures 1 and 3).

For what concerns TRPV4 regulation by pH, low extracellular pH (pHe 6) induced
opening of transiently expressed TRPV4 in Chinese hamster ovary cells, with a maximal
potentiation at pHe 4, as demonstrated by patch clamp current recording in absence
of extracellular Ca®* ions [82]. An opposite effect was observed in mouse oesophageal
epithelial cells, where Ca®* imaging experiments showed that the Ca?* influx mediated by
TRPV4 was abolished at pH, 5 [83] (Table 1). These opposite results might be explained
considering the different techniques used by the two research groups and the experimental
conditions in general. TRPV4 is a non-selective ion channel, permeable to protons when the
extracellular solution is free from other divalent ions, such as Ca®* ions. Since protons may
compete with Ca" ions, a high extracellular proton concentration might lead to a decrease
in Ca?* influx but contributes to the gross TRPV4 current [83]. Collectively, considering
the evidence outlined above, TRPV4’s role in tumour biology is cancer type-specific and it
might emerge as a potential drug target in the context of cancer treatment.

Regarding hypoxic TRPV4 regulation, no studies on cancer cells are present in the
literature, but they are limited to other pathological states. In particular, its mRNA and
protein expression levels were increased after 6 h long exposure to hypoxia in cardiomy-
ocytes, inducing Ca?* overload and enhancing oxidative injury [115]. TRPV4 plays also an
important role in mediating hypoxia-induced pulmonary vasoconstriction (HPV) [175] and
in the hypoxia/ischemia injury in the brain [116] (Table 2).

pH also regulates the activity of another component of the TRP vanilloid family,
TRPV6, a highly Ca?* selective channel (PCa/PNa~100) that is upregulated in different ep-
ithelial cancers, such as prostate, pancreatic, breast and ovarian cancer, in particular during
early stages of tumour progression [176]. Several studies has revealed the positive effect of
TRPV6 activity on tumour progression through the activation of Ca?*-dependent signalling
pathways [176], promoting cancer proliferation and cell survival in prostate cancer cells by
activating the Ca?*-dependent NFAT transcription factor [177,178], invasion of breast can-
cer cells through Ca?* /Calmodulin (CaM)-dependent kinases, such as CaMKII [179,180],
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cell survival, proliferation, and invasion in pancreatic cancer cells [181] and tumour growth
in in vivo ovarian adenocarcinoma xenograft mouse model [182] (Figure 1 and Figure 3).

TRPV6 is a polymodal sensor that is regulated by different chemical and physical
stimuli, including acidic pHe and hypoxia. Alkaline pH, positively modulated TRPV6’s
activity in Jurkat T-cells, where whole-cell patch-clamp experiments showed that solution
at pH 8.2 determined the increase in TRPV6 activity and Ca?* entry, while opposite effects
were experienced for acidic pHe (pH = 6), which reduced inward TRPV6 currents and Ca?*
influx in Jurkat T-cells [84] (Table 1).

Inhibition of TRPV6 by extracellular acidification might be explained considering
TRPV6 expression in distinct stages of cancer progression. Tumours can be characterized
by a more acidic extracellular microenvironment during late stages [183], phases in which
TRPV6 expression is downregulated in some types of cancers, such as colon cancer [184].
However, the lack of further studies focusing on the effect of extracellular acid pH on
TRPV6 activity makes a comprehensive understanding of the role of acid pHe on TRPV6 in
the context of tumour acidosis difficult.

As for many other TRPV channels, to date, there is extremely little information about
TRPV6 modulation by hypoxia, especially in the tumourigenesis context, with a report of
placental TRPV6 overexpression in hypoxic rats [185].

2.2.3. TRP Ankyrin Subfamily

TRPAL1 is a non-selective cation channel that functions as a polymodal sensor, and
deregulation is observed in several malignancies in a tissue-specific manner [186]. TRPA1
has been described as highly sensitive to O, and oxidants in vagal and sensory neurons. In
particular, TRPAL1 is activated in hypoxic conditions by the relief of the inhibition of prolyl
hydroxylase (PDH) which is O; sensitive [187].

The role of TRPA1 as a ROS sensor has been demonstrated also in cancer cells. The
work of Takahashi et al. has demonstrated a key role of TRPA1 in promoting resistance
to ROS-producing chemotherapies and oxidative stress tolerance in breast cancer cells via
ROS-mediated TRPA1 activation and Ca*-CaM /PYK2 signalling pathway [117] (Table 2
and Figure 1). TRPA1 interaction with fibroblast growth factor receptor 2 (FGFR2) induces
the activation of the receptor, promoting cancer cells’ proliferation and invasion, prompting
lung adenocarcinoma metastasisation to the brain [188]. TRPA1 activation might also
promote prostate cancer progression by triggering prostate cancer stromal cells’ secretion of
VEGEF [189], a known mitogenic factor involved in the proliferation, migration and invasion
of prostate cancer cells [190]. In line with those results, TRPA1 is indeed also an important
player in promoting angiogenesis both in physiological retinal development as well as in
prostate cancer-derived endothelial cells [191].

In addition to being activated by oxidants, TRPA1 is activated by several distinct
exogenous and endogenous compounds [192] and by protons in the extracellular environ-
ment, on which regulation is specie dependent. HEK293 cells expressing human and rodent
TRPA1 showed a specie-specific activation of the channel, where only hTRPA1 generated
a membrane current when exposed to different extracellular acidic environments (pHe
6.4-5.4) reaching the maximal response at acidic pHe 5.4; this specific effect for h\TRPA1
was confirmed by Ca?* imaging experiments in HEK293 cells as well as in DRG neurons
derived from TRPV1/TRPA1—/— mice and in neuroblastoma ND7/23 cells expressing
hTRPA1, where only hTRPA1 induced an increase in Ca?* entry when exposed to acidic
pHe. This specie-specific activation of TRPA1 is due to valine and serine residues within
transmembrane domains 5 and 6 [85] (Table 1).

TRPA1 can also be activated by intracellular acidification, as observed in the context of
ischemia-induced acidification of the extracellular microenvironment in mice oligodendro-
cytes, with following acidification of the intracellular space and activation of TRPA1. This
led to an increase in Ca?* influx and damage to myelin [118] (Table 1). Altogether, these
results and their role in cancer suggest that TRPA1 activation by acidic pHe and hypoxia
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may play a significant role in promoting cancer progression, highlighting its potential as a
therapeutic target.

2.2.4. TRP Canonical Subfamily

TRPC1 is a non-selective cation channel, which assembles to form homo- and het-
eromeric channels with other members of the family, such as TRPC3, TRPC4 and TRPC5.
TRPC1 upregulation has been reported in several cancers, such as pancreatic cancer, where
it potentiates BxPc3 cells’ migration via Ca?*-dependent activation of PKCa [193], and
breast cancer, where it exerts a pro-proliferative role in MCF-7 cells by mediating Ca®*
influx induced by Kc,3.1 activation [194] and via Ca2+-dependent ERK1/2 activation [195].
TRPC1 also promotes human glioma cancer cells’ proliferation via Ca?* entry and supports
tumour growth in vivo [196], and lung cancer differentiation, by promoting A549 cell prolif-
eration [197]. TRPC1 also participates with ORAI1 channels in the induction of vimentin, a
mesenchymal marker for epithelial-mesenchymal transition (EMT) [198] (Figures 2 and 3).

Although TRPC1 is not regulated by protons, several data demonstrated that TRPC1
expression is hypoxia-mediated. The study by Wang B. et al. in 2009 reported that TRPC1
is functionally expressed in U-87 malignant glioma cells under hypoxia, where it pro-
moted the upregulation of VEGF expression, as VEGF mRNA levels were significantly
decreased in presence of TRPC1 inhibitor or RNAi in hypoxic conditions [119] (Table 2 and
Figure 2). VEGF has a central role in angiogenesis in both physiological and pathological
conditions [199] and solid tumours are characterized by a hypoxic microenvironment, in
which the lack of oxygen might promote VEGF expression, in order to induce angiogenesis
and increase tumour oxygen supply. TRPC1 mediates hypoxia responses also in breast
cancer cells, where HIF-1x promoted its upregulation. In MDA-MB-468 breast cancer
cells, TRPC1 is involved in the transactivation of the epidermal growth factor receptor
(EGFR) during hypoxia, leading to the increase in LC3B autophagy marker [120]. Moreover,
hypoxia-induced TRPC1 activation promoted epithelial-mesenchymal transition in the
same cells, upregulating the mesenchymal marker snail and downregulating the epithelial
marker claudin-4, promoting the hypoxia-induced EMT and, therefore, the aggressive and
invasive phenotype of breast cancer cells [120] (Table 2 and Figure 2).

TRPCS5 is a Ca®*-activated ion channel that is regulated by components of the tu-
mour microenvironment, such as acidosis and supports hypoxia responses. In long-
term adriamycin-treated breast cancer cells, TRPC5-mediated Ca?* influx promoted HIF-
la translocation in the nucleus and therefore the downstream transcription of HIF-1«x-
regulated VEGF expression, highlighting its contribution to promoting breast cancer angio-
genesis [121] (Table 2 and Figure 2). The same research group also validated TRPCS5 role
in mediating HIF-1x response in tumour progression in colon cancer, where TRPC5 acti-
vated the HIF-1x-Twist signalling pathway to promote EMT, migration and proliferation in
SW620 colon cancer cells [122].

TRPCS5 also acts as a pHe sensor, as its spontaneous activity and G protein-activated
currents are potentiated by extracellular acidic pH by increasing the channel open probabil-
ity in presence of small changes of extracellular pH, with a maximum activity around pHe
6.5 and current inhibition starting from pH 5.5 [86] (Table 1).

Potentiation by acidic pH, and involvement in HIF-1« regulation demonstrates the
interest of cancer cells in keeping TRPC5 channels active and over-expressed, in order
to promote cancer-specific hallmarks, in particular chemoresistance. Indeed, the role of
TRPCS5 in promoting chemoresistance in different types of cancer is well known. In breast
carcinoma cells, adriamycin-induced TRPC5 upregulation protects them from chemother-
apy treatment, by inducing autophagy via an increase in cytosolic Ca?* concentrations
and activation of the Ca?*-dependent CaMKKp /AMPKa/mTOR pathway, promoting the
cancer cell survival and tumour growth in vivo [200] (Figure 2). The work by Ma X. et al. in
2012 has also demonstrated in vitro and in vivo the critical role of this channel in promoting
chemoresistance of adriamycin-resistant MCF-7 breast cancer cell line with the upregulation
of another pump linked to drug resistance. TRPC5 overexpression resulted indeed in Ca2*



Int. J. Mol. Sci. 2022, 23,7377

23 of 38

influx and activation of P-glycoprotein overproduction, a pump in charge of removing
cytotoxic drugs from cells via Ca?* /calmodulin/calcineurin-dependent NFATc3 signalling
pathway [201]. The role of TRPCS5 in therapy resistance is not confined to breast cancer, as
its upregulation has been also identified in 5-fluorouracil resistant human colorectal cancer
cells, where TRPC5 overexpression determines the overproduction of ATP-binding cassette
subfamily B member 1 (ABCB1), a pump involved in drug resistance through the export of
cytotoxic drugs, via Ca?* entry and activation of Ca?*-dependent Wnt/ 3-catenin signalling
pathway and in a glycolysis-dependent manner [201-203] (Figure 2).

In addition to chemoresistance, TRPC5 expression was observed to be positively
correlated with high proliferative, migratory, and invasive abilities of colon cancer cells,
promoting the EMT through the HIF-1-Twist signalling pathway [122]. Therefore, these
results demonstrate that the impact of the acid and hypoxic cancer microenvironment on
the TRPC5 channel is aimed at its activation, thus promoting tumour progression (Figure 3).

Similar behaviour is shown by TRPC4, which shares high sequence similarity with
TRPC5. TRPC4 is a Ca?*- and G-coupled receptors-activated non-selective Ca?* permeable
cation channel [204]. TRPC4’s role in cancer has been elucidated in the last years, being
involved in promoting angiogenesis via cytosolic Na* and Ca?* rise [205,206] and prolif-
eration [207], although a negative effect on A-498 renal cell carcinoma cells via Englerin
A-mediated channel activation has been documented [208].

TRPC4-mediated currents are two-fold potentiated when exposed to pHe 6.5; however,
lower pH leads to current inhibition starting from pHe 6, with complete current inhibition
at pHe 5.5 [86]. G;/o-mediated TRPC4 activation is also accelerated by intracellular protons
in an indirect way, regulating the kinetics of G;/,-dependent TRPC4 activation, and it
requires an increase in intracellular Ca?* concentration. Intracellular protons do not act
directly on the channel, as they inhibit TRPC4 activation by its direct agonist, Englerin
A, but by acting on PLC?81 [87] (Table 1; Figures 2 and 3). No data are available to our
knowledge about hypoxia regulation of TRPC4 expression and/or activity.

TRPC6 is another TRPC member to be regulated by tumour microenvironmental
clues, such as hypoxia. In fact, hypoxic conditions enhanced TRPC6 expression in murine
pancreatic stellate cells, which constitute the major cellular components in pancreatic ductal
adenocarcinoma’s stroma, and which play a key role in generating PDAC’s characteristic
desmoplasia. TRPC6 promoted their activation and it was involved in the secretion of
pro-migratory factors in presence of hypoxia [123]. Hypoxia upregulated TRPC6 mRNA
expression in hepatocellular carcinoma cells, where TRPC6-mediated Ca?* influx conferred
drug resistance to these cells via the Ca?*-dependent STAT3 signalling pathway in hypoxic
conditions [125]. Hypoxia activated Notchl and downstream TRPC6 expression also in
glioma cells, with a consequent rise in cytosolic Ca?* concentration and Ca?*-dependent ac-
tivation of the calcineurin-NFAT signalling pathway, promoting proliferation, cell invasion
and angiogenesis under hypoxia [126] (Table 2, Figures 1 and 3). Hypoxia also upregulated
TRPC6 in hepatic stellate cells via HIF-10c/Notch1 pathway, leading to TRPC6-mediated
Ca?* influx and the downstream activation of Ca?*-dependent nuclear factor of activated
T-cells (NFAT) transcription factor and SMAD2/3-dependent TGF-f3 signalling, which
activation resulted in the expression of ECM proteins, such as collagen type I, that facilitate
hepatic stellate cells’ fibrotic activation and promotes hepatic fibrosis, strongly linked to
arise of hepatocellular carcinoma [124] (Table 2; Figures 1 and 3).

Regarding the direct role of acidic extracellular pH (around pH 6.5), it is sufficient
to inhibit TRPC6, and the inhibition increased in a pH-dependent manner, affecting both
inward and outwards currents in HEK-transfected cells [86] (Table 1). This inhibitory
effect of acidic pHe might be explained considering the high TRPC6 levels expressed by
pro-tumourigenic immune cells, such as neutrophils, where TRPC6-mediated calcium entry
is required for CXCR2-mediated intermediary chemotaxis [209]. Consequently, inhibition
of TRPC6 by acidic pHe may impair neutrophils” migration and prevent them from leaving
the acidic tumour microenvironment, thus contributing to its progression and metastasis by
releasing ROS, secreting pro-tumour factors and inducing drug resistance [210]. Altogether,



Int. J. Mol. Sci. 2022, 23,7377 24 of 38

these results suggest that the acidic pHe-mediated potentiation of TRPC channels might be
restricted to only some members, and it depends on the cell type expressing the channels.
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Figure 2. Overview of the effects of acidic pHe and hypoxia on TRPC and ORAI Ca?*-permeable
channels. The positive or negative effects of hypoxia and acidic pHe on the Ca?*-permeable channels
were obtained from both normal and cancer cell-related studies, while the signalling pathways
indicated were obtained uniquely from cancer cell-based investigations. The figure depicts TRPCs-
and SOCs-mediated Ca?*-dependent signalling pathways inhibited or activated by acidic pHe or
hypoxia and linked to tumour progression. TRPC (TRPC1, 4, 5) expressed in cancer cells’ plasma
membrane is all activated by acidic pHe or hypoxia, transducing their signals to activate Ca?*

dependent downstream effectors, such as SMAD2/3, NFAT, STAT3, HIF1, AMPK and (3-catenin.
These effectors promote tumour cell migration, angiogenesis, invasion, proliferation, mesenchymal
phenotype and chemoresistance and the expression of TRPC1, via EGFR activation, and TRPC6 via
Notchl signalling pathway, in a mechanism of positive feedback regulation for both TRPC1 and
TRPC6 channels. Immune cells expressing TRPC6 channels on plasma membrane show TRPC6’s
activity that is inhibited by acidic pHe, reducing their migration. ORAI1 channels function in
immune cells is also negatively affected by acidic pHe, impairing different processes needed for
immune cells” anti-tumour activity. Hypoxia promotes both ORAI1 expression, via Notch signalling
pathway, and activation, leading to increased ROS resistance, migration, invasion, EMT and cell
survival. CaM, calmodulin; CAMKII, CaZ*/ calmodulin-dependent protein kinase II; Pyk2, protein
tyrosine kinase 2; RAS, rat sarcoma virus; ERK, extracellular signal-regulated kinase; FAK, focal
adhesion kinase; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; mTOR, mammalian target
of rapamycin; NICD, Notch intracellular domain; CSL, CBF1, suppressor of hairless, Lag-1; NFAT,
nuclear factor of activated T-cells; STAT, signal transducers and activators of transcription; EGFR,
epidermal growth factor receptor; HIF-1, hypoxia-inducible factor 1. Created with BioRender.com,
accessed on 20 June 2022.
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Figure 3. Schematic illustration of tumour microenvironment landscape. The increased tumour
growth, the acidification of the extracellular space and aberrant vascularisation and limited O, supply
origin a tumour core that is hypoxic and acidic, with limited supply of oxygen and nutrients from the
blood vessels. Peripheral tumour cells are located in regions with a higher extracellular pH, a result
of proximity to blood vessels and the possibility to wash out acidic waste products. TRP, Piezo and
SOCs channels expressed in cancer, immune and stromal cells are presented in the corresponding
black boxes with indication of their involvement in different cancer hallmarks, such as proliferation,
migration, invasion, angiogenesis, and epithelial-mesenchymal transition. The red box contains the
up-to-date information regarding the effect (up arrows = positive effect; down arrows = negative
effect) of hypoxia and acid pHe on the activity and/or expression of calcium-permeable channels in
cancer cells or tumour-associated cells.

2.3. Store-Operated Ca** Channels

ORAISs are Ca?* release-activated Ca?* channels (CRAC) which are major players,
with STIM proteins, in the mechanism known as store-operated Ca?* entry (SOCE), which
mediates Ca?* entry into cells promoting the refilling of ER calcium stores as well as in-
tracellular signalling, controlling both physiological and pathological processes such as
inflammation, cell motility, cell proliferation, gene expression, apoptosis escape and cell
invasion [211-213]. SOCE represents the main route of Ca?* entry in different types of
cancer cells, contributing to several cancer hallmarks. Indeed, different works have high-
lighted the key role of SOCE in promoting the migration of different cancer cell lines, such
as chemoresistant IGROV1 ovarian cancer cells by regulating focal adhesion turnover [214],
SW480 colorectal carcinoma cells [215] and oral cancer cells through Akt/mTOR/NF-«B sig-
nalling [216]. Moreover, SOCE has been implicated in enhancing invasion of triple-negative
breast cancer cells, as well as angiogenesis and migration, through NFAT4 signalling [128]
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and through NFATc3 in colorectal cancer cells and tissues from patients [129], while in
WM?793 cells melanoma cells, SOCE-induced Ca?* oscillations contribute to invadopodia
formation via Src activation [217]. SOCE might promote invasion of cancer cells by in-
ducing epithelial-mesenchymal transition, as observed in DU145 and PC3 prostate cancer
cells [218] and BGC-803 and MKN-45 gastric cancer cells [219]. Store-operated channels
(SOCs) in general play a key role also in the modulation of sensitivity to chemotherapy in a
cancer type-specific manner, by promoting chemoresistance in breast cancer cells in the case
of ORAI3 [220], ORAI1 and STIM1 in pancreatic ductal adenocarcinoma [212], ORAI1 in
hepatocarcinoma [221], among others. SOCE also promotes extracellular vesicle formation,
which is a signalling vector involved in the intercellular acquisition of multidrug resistance,
in both malignant and non-malignant breast cancer cells via activation of calpain [222].

In addition to all these contributions to cancer progression, SOCE is regulated by
hypoxia and pH. Several studies have demonstrated that intracellular and extracellular
pH is able to modulate the activity of ORAI channels by affecting its coupling with STIM1
and/or by modifying its gating biophysical properties. The results obtained by numerous
studies conducted on ORAI/STIM have clarified the concept that both intra- and extracel-
lular acidic pH have an inhibitory effect on the activity of ORAIs, and on SOCE in general,
while intra- and extracellular basic pH potentiate them. The notion that extracellular pH
regulates native CRAC currents (Icrac) was already known in 1995 when the work of
Malayev A. and Nelson D.J. showed that acidic extracellular pH (pHe = 6) decreased the
amplitude of inward Ca?* currents while basic pH. (pHe = 8) increased it in macrophages
by using the patch clamp technique and that these changes were reversible and voltage-
independent [88] (Table 1). More recently, inhibition by acidic pHe was demonstrated
in HAIIE rat liver cells overexpressing ORAI1 and STIM1 proteins, in which Icrac was
inhibited completely at pHe 5.5 [89] (Table 1). In the same work, researchers identified
E106, located in ORAI1’s pore, as the residue responsible for pH dependence of CRAC cur-
rents, as E106D mutation in ORAI1 abolished the inhibition of Icrac by acidic pHe. These
results were also supported by the work of Beck A. and colleagues, which demonstrated
that extracellular and intracellular acidification decreased the amplitude of IP3-induced
endogenous Icrac in RBL2H3 mast cell line, in Jurkat T lymphocytes and in heterologous
ORAI/STIM-mediated Icrac in HEK293 cells [90] (Table 1). In contrast to acidification, ex-
ternal alkalinisation increased both endogenous and overexpressed ORAI/STIM amplitude
of Icrac (pKa of 7.8 for RBL2H3 mast cells, 8.0 for Jurkat T lymphocytes and 7.9 for HEK293
cells). Other two key residues (D110 and D112) located in ORAI1’s first extracellular loop
have been proposed to contribute to some extent to pHe sensitivity. Indeed, mutations of
these residues to alanine prevented the alkalinisation-induced potentiation of Icrac and
increased its amplitude in the presence of acidic pHe [90]. Enhancement and the decrease
in SOCs activity by external basic and acidic pH, respectively, were further confirmed
in heterologous ORAI/STIM-mediated currents in HEK293 cells by Tsujikawa H. et al.
in 2015, who have also demonstrated that E106 mediates pH, sensitivity when Ca?* is
the permeant cation, while E190 when Na* is the permeant cation [91] (Table 1). How-
ever, the effect of alkaline pH; on Icrac is controversial. Indeed, alkaline pH;-mediated
potentiation of ORAI1/STIM1 activity was observed in other papers [91,223] (Table 1).
These differences might be explained considering the type of intracellular Ca®* buffer
used [223]. Moreover, cytosolic alkalinisation led to SERCA inhibition, resulting in Ca?t
release from ER stores and activation of SOCs, with Ca?* influx in NIH 3T3 cells [224].
Residual H155 located in the intracellular loop of ORAI1 is responsible for ORAI1/STIM1
pH; sensitivity, as mutation to phenylalanine decreased low pHj-mediated Icrac inhibition
and alkaline pH;-mediated Icrac potentiation [91]. Since the effect of pH was the same in
presence of all ORAI isoforms [90] and that both extracellular pH sensors (residues E106
and E190) and intracellular one (residue H155) are conserved in all three ORAI isoforms, it
might suggest that the residues mentioned before act as common pH; and pHe sensors in
ORAI1-2-3/STIM isoforms. In addition to H155, negatively charged amino acid residues
in the STIM1 inactivation domain play an important role in pH; sensitivity [223].
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For what concerns hypoxia-mediated regulation of SOCs, intracellular acidification of
primary aortic smooth muscle cells and HEK293 cells induced by hypoxia led to inhibition
of SOCE by disrupting the electrostatic ORAI1/STIM1 binding and closing ORAI1 channel
(Table 2 and Figure 2). Nonetheless, STIM1 remained associated with ORAI1 through the
second binding site located between ORAI1’s intracellular N-terminal tail and STIM1’s
STIM-ORAI activating region (SOAR), preventing the noxious hypoxia-mediated Ca**
overload [92]. Therefore, intracellular hypoxia-mediated acidification might regulate SOCs
activity by uncoupling ORAI11 and STIM1 and, consequently, reducing Icrac amplitude.

As ORAI/STIM mediate most of the CaZ* signalling in cancer-induced acidosis, they
play a key role in several pathological processes. In the cancer context, it was observed that
SOCE is regulated by changes in extracellular pH, as acidification of tumour microenviron-
ment suppressed both the carbachol-(CCH) and thapsigargin (TG)-mediated Ca?* entry
in neuroblastoma cells, while external alkalinisation increased both the CCH- and the TG-
induced Ca2*-influx [93], therefore in accordance with the results obtained in non-cancer
cells (Table 2 and Figure 2).

However, the work of Liu X. et al. of 2018 on triple-negative breast cancer cells (TNBCs)
reported that hypoxia promoted the activation of Notch1 signalling, required for the upreg-
ulation of ORAI1 mRNA and protein levels in TNBCs (Table 2 and Figure 2). In addition,
the upregulation of ORAI1 in hypoxia determined an increase in basal Ca* concentration
and of thapsigargin-induced SOCE, which activated the downstream NFAT4 target, known
to regulate the expression of cancer-related genes involved in its hallmarks [128]. The
results of the same work showed that hypoxia enhanced invasion and TNBC migration via
the Notch1/ORAI1/SOCE/NFAT4 pathway; therefore, ORAI1 and SOCE play a key role
in promoting an aggressive phenotype. Same results were obtained in colon cancer cells by
the same group of researchers, where potentiation of SOCE mediated by hypoxia-induced
upregulation of ORAI1 determined the activation of NFATc3, enhancing hypoxia-induced
invasion and angiogenesis in colon cancer cells [129]. The hypoxia-induced upregulation of
SOCE components was also demonstrated in A549 and NCI-H292 non-small cell lung can-
cer cells, where nicotine treatment determined the upregulation of HIF-1«, which increased
the expression of the SOCE components TRPC1, TRPC6 and ORAIL. This translated into
potentiation of SOCE and calcium entry, promoting lung cancer cells’ proliferation [127].

Considering the acidosis and hypoxia-mediated effects presented, the inhibitory action
of the tumour intra- and extracellular acidic pH on SOC channels seems to contradict the
positive effect of SOCE on tumour progression. In particular, acidosis inhibition of SOCE
does not correlate with the different studies demonstrating that ORAI/STIM and SOCE
promote cancer development [225] and that also tumour acidosis and hypoxia support it by
enhancing tumour cell migration, invasion and, therefore, its aggressive phenotype [40,226].
Possible explanations for the apparent counterproductive blockade of SOCE channels by
the tumour’s acidic pH lie in the fact that Ca?* signalling not only promotes tumour
progression and development by potentiation of its hallmarks but also contributes to its
suppression by enhancing processes such as cell death, senescence and autophagy [49].
In addition, ORAI members assembly to form different combinations of heteromeric Ca**
release-activated channels (CRACs) and the ratio of each ORAI member determines specific
Icrac current properties and CRAC effects [227,228]. Therefore, the acidic pH of the
tumour microenvironment may differently regulate heteromeric CRACs. Another point
to consider is the key role of SOCE in immune cell activation [229]. The requirement of
Ca?* entry for antitumour immunity might explain the inhibitory effect of acidic tumour
microenvironment on SOCE, in order to decrease immune cells” function and protect
the tumour.

3. Concluding Remarks

The present review aimed to overview the crosstalk between major chemical compo-
nents of the tumour microenvironment, hypoxia and acidic pHe, and Ca?*-permeable ion
channels, summarizing the major Ca?*-mediated signalling pathways that are involved
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in hypoxia and acidic pH, responses in cancer cells. We focused our attention mainly on
not-voltage gated TRPs, SOCs as well as Piezo channels due to their role as polymodal
sensors in the tumour microenvironment. In this perspective, the data presented showed
that hypoxia has a positive effect on some TRP and ORAI1 channels (Figure 3), promoting
their activation and their expression via different transcription factors. On the contrary,
tumour acidosis modulation shows a higher variability, determining loss-of-function of
specific Ca>*-permeable ion channels expressed not only by cancer cells but also by immune
cells, or potentiation or activation of others.

Although the separate roles of tumour acidosis, hypoxia and Ca?* signalling in cancer
progression are well established, less is known about their crosstalk in this context, with
the majority of works cited in this review performed on normal cell lines and with a
focus on acidic pHe effect on Ca?*-permeable ion channels’ current via electrophysiology
experiments. In addition, investigation of intracellular acidification-mediated regulation
of Ca?* signals and the pH;-dependence of Ca?*-permeable channels in cancer is rare,
although it is well known that intracellular pH plays a more decisive role in regulating
various biological processes and that this value is highly influenced by the extracellular pH.
Based on the established knowledge about Ca?*-dependent signalling pathways involved
in tumour progression and on the information about the effects of hypoxia and acidosis
on the activity and expression of different Ca?*-permeable channels mostly available from
normal or tumourigenic cells studies, the present review critically presented and discussed
this crosstalk to elucidate and hypothesize which of TRPs, ORAIs and PIEZO channels Ca?*-
dependent signalling pathways could be activated or inhibited by hypoxia and tumour
acidosis-mediated regulation of Ca?*-permeable ion channels in cancer cells and involved
in tumour progression, for the identification of potential molecular identities to target. In
particular, the putative synergistic relationship between hypoxia, tumour acidosis and
low pHe-induced intracellular acidification and CaZ* signals, the mechanisms of their
interaction and their interdependence in tumours require further studies and clarifications,
in order to fill the gap and promote a better understanding of the crosstalk between three
major players in the cancer research field.
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