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Abstract

Tumor microenvironment (TME) alterations
are active players during multiple stages of cancer
progression, including tumor vascularization'.
Accumulation of extracellular ATP (eATP) is
considered as one of TME hallmarks* and leads
the continuous purinergic receptors (PRs)
stimulation both in cancer and stromal cells, the
latter including endothelial cells (ECs).

PRs family is divided into two sub-families: the
metabotropic P2Y receptors (P2YRs) and the
ionotropic P2X receptors (P2XRs)*. They represent
an interesting subject of study since their known
sensibility to several TME hallmarks including
acidosis™™, hypoxia™’ and increased extracellular
matrix (ECM) stiffness'"”. Today, growing
consensus regards eATP and other nucleotides as
central players in cancer and immune cells
proliferation and migration" , but the direct role of
purinergic signaling in tumor vascularization is still
controversial.

The focus of my Ph.D. has been to investigate
the effects of PRs activation in breast cancer-
derived ECs (BTECsS). Starting from the evidence
that high eATP concentration (> 20 uM) exerts a
strong anti-migratory activity in BTECs", we
studied the Ca®* Signaling toolkit activated by high
ATP stimulation (100 uM) and its correlation with
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Abstract

the inhibitory effect on BTECs migration. Then, we
deeper investigated the functional role of P2X7
ionotropic receptor (P2X7R) activation, often
overexpressed in cancer cells, by using the ATP
analog BzATP. Stimulation with BzATP mimics
the effect of ATP, by inhibiting only BTECs and
not normal ECs (HMECs) migration. The effect of
P2X7R activation was evaluated in BTECs,
HMECs, in ECs derived from renal and prostate
cancers (respectively RTECs and PTECs) and in
HMEC co-coltured for 72h with a human breast
cancer cell line (MCF-7).

In conclusion, data presented in this thesis
indicate that high purinergic stimulation activates a
TEC-specific pathway that inhibits cells migration
passing through the activation of P2X7R. No
correlation was found between the Ca®* signals
elicited following the receptor activation and the
functional effect but interestingly, the extracellular
environment conditions alter the activation of the
intracellular pathway responsible for the anti-
migratory effect.



Introduction

1. Tumor Microenvironment

In addition to cancer cells, tumorts include
different components continuously interact with
each other. The interaction between cancer cells
and the surrounded elements creates the tumor
microenvironment (TME): a complex and dynamic
network that strongly impacts on tumor
development®. Cancer cells, in fact, are skilled in
recruit supporting cells from nearby endogenous
tissue stroma to promote critical early steps of
tumor progression. The structure and composition
of TME vary between cancer types and patients',
as well as the genotypes and phenotypes of cancer
cells. In order to suggest a conceptual rationale for
this diversity, six hallmarks of cancers have been
defined: sustained proliferative signaling, escape
from growth suppressors, replicative immortality,
resistance to cell death, capability for invasion and
metastasis, and induction of angiogenesis'’.

In general, is possible to divide between cellular
and non-cellular components of TME. Besides
cancer cells there are, in fact, the tumor stroma
cells, including the immune infiltrate', fibroblasts"
and a complex and disorganized vasculature (both
blood and lymphatic vessels)*”*. On the other
hand, the extracellular matrix (ECM) surrounding
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Introduction

tumors and the biochemical/biophysical stimuli it
generates, represents the non-cellular component
of TME"*,

Immune Cancer-associated
infiltrate fibroblast ECM stiffness

Tumour cell Growth Factors
% .é% = L Cytokines

&4 % j ¢

Py (- ‘W ATP

>

Nutrients Lymphatic vessel
Blood vessel
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Figure 1. Schematic representation of TME. Tumor
cells together with the vascular network, immune infiltrate
and cancer-associated fibroblasts, constitute the cellular
component of TME. Stimuli from the extracellular
environment (matrix stiffness, growth factors and
cytokines, ATP accumulation) constitute the non-cellular
component of TME.

Image modified from Junttila and de Sanvage, Nature, 2013.



Introduction

1.1 The Cellular Component of TME

Cancer cells trigger the onset of the disease,
carrying oncogenic and tumor suppressor
mutations. Among them, a subpopulation of cells is
represented by cancer stem cells (CSCs)*, one of
the main challenges of conventional chemotherapy,
with their capabilities of self-renewal and multi-
lineage differentiation that drive tumor growth and
heterogeneity'®. CSCs originate throughout cancer
progression and can further be induced from
differentiated cancer cells via the adaptation and
cross-talks with the TME?.

There is a powerful link between inflaimmation
and tumor development™. The inflammatory and
immune cells, with the myriad of mediators released
by them, influence tumor growth by regulating
processes such as migration and differentiation of
all cell types within TME, including neoplastic cells,
fibroblasts and endothelial cells (ECs)*. In TME,
as a result of inflammation, there are both adaptive
(T and B lymphocytes) and innate immune cells
(leukocytes such as neutrophils, dendritic cells,
macrophages, etc.)”. Interesting, cancer cells
themselves produce cytokines and other mediators
attracting immune cells, that in turn release an
assorted array of cytokines, cytotoxic mediators (i.e.
reactive oxygen species - ROS), proteases,
interleukins and interferons (IFNs) and can either
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suppress or promote tumor growth’”’. In this
context, macrophages are the most prominent
components of the innate immune system in
cancer’™: they mainly orchestrate cancer-related
inflaimmation by playing a dual role (pro- or anti-
tumor activity) depending on their state”. Although
they may present tumor antigens to T cells, which
are then activated to kill tumor cells, they also may
promote the escape of tumor cells into the
circulatory system and suppress the anti-tumor
immune response. In this light, many studies
revealed the presence of tumor-associated
macrophages (TAMs) that usually accelerate vessel
growth, thus promoting tumor survival, through
the up-regulation and release of several pro-
angiogenic factors®**”. Interestingly, TME itself
polarizes macrophages toward tumor-support M2
or a mixed M1/M2 phenotype, which serves as a
major source of pro-angiogenic factors, boosting
the angiogenic switch™.

Even if stroma composition varies significantly
between tumors, fibroblasts usually represent one
of the most abundant cell component™. In normal
tissue, fibroblasts produce and organize various
ECM proteins, essential for tissue homeostasis.
They also contribute to the production of attractive
mediators for immune cells and, depending on the
stimuli received, fibroblasts can initiate responses
to synthesize and/or degrade patticular ECM
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structure and molecules”. During cancers,
fibroblasts switch from physiological and quiescent
fibroblasts  to  activated  cancer-associated
fibroblasts (CAFs)’ that display inexhaustible
protein  synthesis and contractile functions,
excessive secretory and ECM remodeling
phenotypes, thus actively promoting cancer cell
invasion and metastasis®’. Moreover, CAFs can be
diverse in origin, arising from adipocytes, stellate
cells, bone-marrow-derived mesenchymal cells,
pericytes and ECs™.

Blood vessels are key components of TME,
they ensure the supply of oxygen (O) and nutrients,
deliver immune cells and hamper the accumulation
of metabolic waste, guaranteeing tumor growth™.
All components of TME, in fact, activate to
produce pro-angiogenic factors and promote the
angiogenic switch, of which ECs are the main
actors. ECs define the inner and thin monolayer of
blood vessels that regulates exchanges between the
bloodstream and the surrounding tissues™. In
general, during the early stages of tumor
development, cancer cells rely on passive efflux for
gas exchange and nutrients transport and only once
tumor reaches much volume (1-2 mm’), it becomes
hypoxic and acidic because of the insufficient O3
and accumulation of metabolic waste”. The
hypoxic TME leads to the activation of Hypoxia-
Inducible Factors (HIFs), the transcription factors
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master regulators of Vascular Endothelial Growth
Factor (VEGF) expression, that initiate vessels
sprouting by instructing ECs to secrete different
pro-angiogenic factors (VEGF as well as Platelet-
Derived Growth Factor and Epidermal Growth
Factor, respectively PDGF and EGF) acting by
paracrine and/or autoctine manners*. This
imbalance between pro- and anti-angiogenic
factors, with the predominance of angiogenic
stimulators, induces ECs to form new blood vessels
lumens, leading the angiogenic switch. In
physiological conditions, pericytes are positioned
around EC junctions to confer vessel stability and
form an umbrella-like structure that covers gaps
between ECs, regulating barrier function®'.
Conversely, in tumor vessels, pericytes are not
associated with ECs, permitting cancer cells
intravasation into the circulatory system and
metastasization™.

1.1.1 Tumor Endothelial Cells

As described in the previous paragraph, tumors
develop their own vasculature to overcome the
hostile conditions of TME, by orchestrating ECs
responses. Agents like hypoxia and chronic growth
factor stimulation, lead to a dysfunctional tumor
endothelium that differs from that in normal blood
vessels. Tumor ECs (TECs) compared to Normal
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ECs (NECs) are functionally, morphologically and
cytogenetically different™. At functional level,
TEC:s are resistant to apoptosis and do not undergo
senescence 2 vitro, showing a constant ability to
grow and organize persistent capillary-like
structures in  the absence of  serum’’.
Morphologically, they distinguish from NECs
because of their irregular shape and size, ruffled
margins and long and fragile cytoplasmic
projections which extend outward the vessel
lumen®. Moreover, TECs are aneuploid and display
aberrant multiple centrosomes, on the contrary,
NECs are diploid with normal centrosomes and
remain stable in culture™. Several studies show
TECs to express unique markers that distinguish
them from their normal counterparts and express
several genes of yet unknown function, such as
receptors for adhesion to the matrix and to
circulating leukocytes, and receptors for angiogenic
growth factors absent or barely detectable in
established blood vessels”. Nowadays we are aware
of the diversity between TECs and NECs, but
previously TECs were considered genetically stable
compared with tumor cells and therefore used as an
ideal therapeutic target in the development of
antiangiogenic treatments.

The morphological abnormalities in tumor
vasculature  actively  contribute to  cancer
progression, e.g. favoring metastasis spreading, and
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considering that vasculature is the main supply line
and removal conduit for waste products in tumors,
hypoxia and  hypoperfusion are  natural
consequences of impaired blood flow and, at the
same time, the major contributors to the hostile
conditions of TME". Tumor vessel abnormalities
develop as consequence of different factors, one of
which is the biochemical tension exerted by tumor
mass on surrounding blood vessels, thus resulting
squeezed and compressed*. Moreover, chronic
growth factors stimulation promotes sprouting and
excessive branching of endothelial tip cells leading
to an irregular monolayer of TECs with the loss of
barrier function™; the tips of some branched TECs
may penetrate lumen and create openings or small
intercellular gaps in the vessel wall. These openings
allow extravasated erythrocytes to pool at the
periphery of tumor blood vessels forming “blood
lakes” which are not anastomosed with the
vasculature®.  The appearance of  tumor
endothelium is described as “mosaic” because of
spotty immunoreactivity /# vivo of the endothelial
marker CD31/PECAM-1 (Platelet Endothelial Cell
Adhesion Molecule-1)*. This chaotic pattern of
blood flow and tumor vessel instability may be
exacerbate by the aberrant expression of flow-
mediated transcription factors and by the fails in
reaching the final stage of vessel maturation,
represented by pericytes coverage®. Thus, leaky
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vasculature missing in proper cell-to-cell interaction
enables cancer cells to escape the primary tumor
site and enter the wvasculature (intravasation).
During intravasation, tumor cells adhere to ECs
and this interaction further changes the endothelial
barrier, allowing tumor cells to migrate between
two ECs”. Tumor cells expressing VE-cadherin
may fill in these gaps and masquerade as
endothelium®, even if this topic remains
controversial®.

Despite differences, tumors may recruit
vasculature by the same signals elaborated during
other physiological or pathological processes. In
support of this hypothesis, some endothelial
markers were found to be expressed in tumor-
associated as well as in normal vessels associated
with wound healing, suggesting the idea that tumors
are “wounds that never heal” *.
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Figure 2. Schematic representation of the vascular
network in healthy and tumor tissue. In healthy tissues, a
well-organized vessel network ensures full-covering of
nutrient supply. These vessels are matured with an endothelial
cell layer surrounded by a basement membrane and pericytes.
Oppositely, in tumor tissues the vascular network is chaotic,
low in pericyte coverage and has loose inter-endothelial cell
junctions.

Schaaf et al., Cell Death & Disease, 2018.

1.1.2 Tumor Vascularization

New blood vessel production is a complex and
dynamic process that involves and coordinates
different cellular types and metabolic ways®. In
addition to embryonic and fetal development, it
may occur during adult life in both health and
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disease®. Stimulation of angiogenesis may be
therapeutic for example in ischemic heart disease
and wound healing but on the contrary, in cancer
many therapeutic efforts focus on inhibit the
angiogenic process with the purpose to hamper
cancer growth and metastasis®. Currently, anti-
angiogenic therapies using either antibodies* or
tyrosine kinase inhibitors™ have been approved to
treat several types of cancer. One of the
compounds commonly used is bevacizumab, an
antibody targeted against the VEGF which
increases survival in colorectal cancer patients®.
Other drugs inhibit important kinases for pro-
angiogenic stimuli (e.g., sorafenib and sunitinib), or
molecules that can block calcium channels (e.g.,
Carboxyamidotriazole — CAI) or calcium signals
which are important in tumor angiogenesis'.
Nevertheless, is well established that the response
to vascular targeting therapy is limited, due to a
resistance acquired from the majority of patients.
This partial failure may be due to different factors
including the previously described high instability
of ECs within tumors™, the continuous recruitment
of circulating Endothelial Progenitor Cells (EPCs),
that results insensitive to VEGF stimulation™, the
capability of TECs to acquire resistance to drugs
and also, the ability of tumors to find alternative
ways for their sustenance.
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There are two main mechanisms by which new
blood vessels originate, and both of them take place
during cancer: vasculogenesis and angiogenesis™.
Vasculogenesis represents the de n#ovo formation of
a primitive vascular network and is defined by the
differentiation of EPCs, or angioblast, into ECs™.
However, this process is not limited to the embryo
life, it may occur as a para-physiologic mechanism
and verify when, in response to different stimuli,
EPCs mobilized from bone marrow to the site of
new vascularization™. This “homing” of circulating
EPCs is an essential step in re-vascularization
following acute vascular injury but, conversely, in
cancer represent one of the main causes of tumor
regrow following irradiation™". Angiogenesis is the
process responsible for the remodeling and
expansion of vascular networks. It refers to the
formation of new blood vessels from the pre-
existing ones and typically regards the growth of
new capillaries, which are distinguished from
vessels by the lack of a fully tunica media
development™. Angiogenesis may occur either via
sprouting or intussusception, both during pre-natal
and adult life. The sprouting process is based on
ECs migration, proliferation and tube formation,
accompanied by dissolution of ECM and
completed by the intervention of pericytes to
confer vessel stability”’. Intussusception divides
existing vessel lumens by formation and insertion
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of tissue folds and columns of interstitial tissue into
the vessel lumen; it represents an alternative and
rapid way for new blood vessel production, that
permits rapid density increase of capillary vascular
bed™.

Next to vasculogenesis and angiogenesis,
several other mechanisms of neo-vascularization
have been recently identified in tumors, among
these: vessel co-option and vasculogenic mimicry.
Vessel co-option is the mechanism by which
tumors can grow in avascular stage, without
inducing tumor vessel production, taking advantage
to host vessels®. This may happen in tumors of
well-vascularized tissues, like brain and lung, where
cancer cells can grow along existing vessels without
evoking an angiogenic response. Vessel co-option
has been shown as a strategy employed by some
glioblastoma (GBM) cells to invade further into the
brain, leading to one of the greatest challenges in
treating GBM’": the systemic anti-angiogenic
treatment of a GBM with an anti-VEGFR2
antibody was able to reduce tumor angiogenesis but
led to an increased co-option of host vessels in the
brain™, emphasizing the need for treatment able to
prevent both angiogenesis and vessel co-option.
Vasculogenic mimicry was introduced to describe
the masquerade of tumor cells as ECs®. This
process of cell plasticity occurs mainly in aggressive
tumors in which cancer cells de-differentiate to an

15
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endothelial phenotype and make tube-like
structures. This mechanism provides tumor cells
with a secondary circulation system of vasculogenic
structures lined by tumor cells, independently of
angiogenesis*’. This phenomenon was described
for the first time in melanomas* but recently has
been associated with small cell lung cancer, breast
cancer” and gastric carcinoma®. The recent finding
elucidates the clinical implication of vasculogenic
mimicry even in Pancreatic Ductal
Adenocarcinoma (PDAC) progression®, often
associated with poor prognosis. Accordingly, the
disappointing results of clinical trials focused on
anti-angiogenesis therapy in PDAC, give us novel
insights into other functional vessel-like forms that
underlie the perfusion of tumors®. The idea that
these structures could form a functional secondary
vascular network independently from angiogenic
growth factors, makes tumor growth inhibition
even more complex.

Tumor vessels originate through all the
biological processes described above, that may
occur simultaneously or at different times. All these
mechanisms vary between tumor types and the
surrounding environment, but they are all
orchestrated by a range of secreted factors and
signaling pathways, activated following the decrease
of local O level.

16
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1.2 The non-cellular components of TME

An important aspect of TME is the ECM
surrounding tumors, an highly dynamic structure
that comprises a meshwork of polymeric proteins
and accessory molecules, and provides structural
and biochemical support for tumor growth®.
Reciprocal communication between cancer cells
and ECM defines important aspects of cancer
progression, even if there is still poor knowledge
about the mechanisms involved. What is known is
the plasticity of cancer cells, defined as their ability
in modifying themselves in order to survive the
hostile TME and resist cancer therapies””. ECM
composition varies depending on the resident tissue
but in general it includes macromolecules
(glycoproteins, collagens, enzymes), ligands and
signaling molecules (cytokines, secreted proteins,
growth factors), adhesion proteins (such as
integrins), small RNAs, DNA, metabolism
products such as ATP and its catabolites, and the
solid-state of ECM that renders TME very suitable
for tumor progression® All these elements
compose an active tissue providing both bio-
physical (e.g., increased extracellular stiffness, shear
stress) and bio-chemical (e.g., hypoxia, acidosis and
ATP accumulation) stimuli that directly act on
cancer and stromal cells, thus affecting different

17
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steps  of  tumor  progression, including
angiogenesis™.

Tumor ECM undergoes continuous remodeling
by cancer cells themselves or stromal cells, and this,
together with the high interstitial pressure
generated within tumors, acts as important
mechanical stimulus on tumor vessels”. ECs take
advantage of the interconnected mechanosensory
networks, including cytoskeleton, membrane
proteins (integrins, cell-cell adhesion receptors, ion
channels, receptor tyrosine kinases, G-protein
coupled receptors) and transcription factors”, to
convert mechanical forces and biophysical cues in
signaling pathways responsible of specific cellular
responses”™”. For example, increased ECM
stiffness has been demonstrated to modulate
VEGFR-2 expression, via a mechano-sensitive
signaling transduction pathway that tunes the
balance between TFII-I and GATAZ2 transcription
factors®, and to promote sprouting angiogenesis
and vascular permeability® by altering the VE-
cadherin localization® during capillary formation.

The reduction of physiological O; levels, known
as hypoxia, characterizes the great majority of
malignant tumors and has strong impact on
angiogenesis’*. The aberrant vascularization and
poor blood supply previously described, lead to
transient (acute) or permanent (chronic) hypoxic

conditions®™* in TME, each responsible of specific

18
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biological reactions inside cancer cells. Chronic
hypoxia activates the metabolic switch that leads to
the preference of anaerobic glycolysis, responsible
for the genetic instability and the acquisition of the
malignant phenotype (invasiveness and metastasis
ability) of cancer cells. The increased O, demand
for growing tumors, leads to the angiogenic process
and formation of structurally and functionally
abnormal blood vessels”, responsible for the
inefficient blood perfusion that results in acute
hypoxia. Tumor-associated hypoxia stimulates a
complex cell signaling network in cancer cells
(activation of HIF, PI3K, MAPK, and NFxB
pathways), causing both positive and negative
feedback loops that consequently enhance or
diminish the hypoxic effects’”"*">. One of the main
outcomes of the HIF-dependent signaling is, in
fact, the expression of growth factors and cytokines
(VEGF, EGF, SDF-1a) implicated in delivering
sustained pro-angiogenic signals to both ECs and
EPCs, the former residing in close proximity to the
primary tumor and the latter recruited to the sites
of neo-vascularization™, in order to stimulate the
acquisition of abnormal proliferative and migratory
capabilities™***,

In addition to hypoxia and the consequent
metabolic switch in cancer cells, poor vascularized
tumor regions lead to a buildup of toxic waste
products, such as lactate, resulting in acidosis. In
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this context the so-called “Warburg effect” plays a
crucial role: it relies on mitochondrial dysfunction
and is characterized by respiratory impairment and
switch  to  glycolysis,  providing  glucose
consumption and lactate secretion™”. Interestingly,
this metabolic way is preferentially chosen by
cancer cells even in adequate O, conditions and it
can be linked to a reduced expression of tumor
suppressor gene p53 in cancer cells”. In order to
maintain the intracellular pH, cancer cells regulate
the expression of proteins which pump out
hydrogen ions (H") such as the sodium/protons
(Na"/H")  exchanger transporter—isoform 1
(NHE1), whose activation in tumor cells is mainly
due to several soluble growth factor stimulation,
low serum and hypoxia™. NHE!1 is a reversible
antiporter that uses energy provided by Na”
gradient to expel H™ with the final outcome of
extracellular acidification (pH = 6.2 - 6.9), one of
the main pathophysiological traits of solid
tumors ", Interesting, has been shown that in
breast cancer the higher invasiveness and metastasis
activity of primary tumor is due in part to the
interaction between CD44 (a  cell-surface
glycoprotein involved in cell adhesion and
migration) and NHE1*®. ECs was shown to
activates in response to acidosis with the purpose
to resolve tissue acidification by stimulate neo-
angiogenesis. This may happens possibly by two

20



Introduction

ways: (I) the lactate internalization, via lactate
importer monocarboxylate transporter 1 (MCT1),
and the activation of NFkB pathway®’, and (II) the
proton-sensing GPR4 receptor-induced
inflammatory  response”  that triggers pro-
angiogenic factors release. However, the molecular
mechanisms by which ECs sense and react to the
acidic TME are not fully understood. In this
context, the involvement of pH-sensitive ion
channels, among which there are the most
thoroughly studied TRP vanilloid-1 (TRPV1)*,
other TRP family members (TRPV4, TRPC4,
TRPC5, TRPP2)*, the store operated channels
(SOCs)* and some members of ionotropic
purinoceptors (e.g., P2X2, P2X4, P2X7)°, may play
an interesting role. Most of them are Ca®'-
permeable channels usually expressed in ECs but
whether and how extracellular acidification affects
the intracellular Ca*" signaling and accordingly
modify some functional ECs responses, is still an
open question.

Plasma membrane ion channels represent very
suitable and interesting target to study the
interaction between ECs and TME since they
convert extracellular  biophysical  (mechano-
sensitive ion channels) and/or biochemical (pH or
hypoxia modulated ion channels) cues in
intracellular signaling pathways responsible of
specific cellular response.
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1.2.1 Extracellular ATP accumulation

TME is characterized by the accumulation of
ATP and other nucleotides and nucleosides, that
affect not only tumor growth but also immune cells
functions and tumor-host interaction™®. ATP that
accumulates in TME acts as a signaling molecule
through the binding with purinergic receptors (PRs)
located on the surface of cancer and stromal cells®',
thus participating to the purinergic signaling
pathway.

Nowadays, growing consensus regards ATP
and adenosine (ADO) as TME hallmarks.
Extracellular ATP (eATP), in fact, reaches
concentrations much higher than those measured
in healthy tissues® ™ (tens of nanomolar wvs.
hundreds of micromolar) and its total amount
strictly depends on the balance between its release
by different cell types and its breakdown into ADP
and ADO by ectonucleotidases® ™. CD39 and
CD73 are the major ectoenzymes expressed by
cancer cells, immune cells and ECs**”", CD39/ecto-
nucleoside triphosphate diphosphohydrolase-1
(ENTPDasel) drives the sequential hydrolysis of
ATP and ADP to AMP while the formation of
ADO from AMP is accomplished primarily
through CD73 (ecto-5-nucleotidase), a glycosyl
phosphatidylinositol-linked membrane protein”.

22



Introduction

Tumor-associated eATP accumulation mainly
derives from stressed and dying cells that release
ATP as pro-inflaimmatory danger signal and
inflaimmatory cells, once reached the tumor site,
further contribute to the release of ATP". Besides
these major source of ATP, other different
mechanisms contribute to the high eATP
accumulation in tumor tissues>*"*) e.g. hypoxia
itself is a strong stimulus even in absence of cell
injury"”. The electrochemical gradient of ATP
molecules actively contribute to the ATP extrusion
from the cells: the concentration range of
intracellular ATP is around 5-10 millimolar versus
the low nanomolar levels typical in healthy tissues
and the two negative charges carried by a single
ATP molecule, considering the presence of
extracellular ~ physiological ~ divalent  cation
concentrations (such as calcium — Ca®"), create the
outward-directed ATP gradient™. In addition to the
passive efflux, cells actively release ATP through
vesicle exocytosis” and non-selective pores, such as
connexins, pannexin-1 (Panx-1)* and the
purinergic ionotropic receptor P2X7”. Panx-1
represents a versatile and tunable partner in
purinergic signaling because it feedbacks inhibition
through the low affinity binding with ATP, in the
extracellular domain. This mechanism is thought to
be the major pathway for ATP efflux, not only in
cancer cells”, and represents optimal way to avoid
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excessive and potentially dangerous ATP
accumulation in the pericellular space'”.

I I
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Figure 3. Schematic representation of purinergic
nucleotides and nucleosides acting as autocrine and
paracrine messengers. In cancer, ATP can be released to
extracellular space by cellular lysis, exocytosis, transporters,
hemichannels of pannexin-1 and P2X7R. Once located at the
extracellular space, ATP activates P2XR and P2YR and can
be hydrolyzed by ectonucleotidases (CD39 and CD73) to
form ADP, AMP and ADO.

Campos-Contreras et al., Cells, 2020.
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2. Purinergic Signaling

PRs are a super-family of membrane receptors
of which ATP, its catabolites and other nucleotides,
are the natural agonists. They are classified into two
major families: P1 receptors (P1Rs), the
metabotropic receptors endogenously activated
only by adenosine (ADO), and P2 receptors (P2Rs),
activated by a wide spectrum of nucleotides and
nucleosides®. P2Rs are further divided into two sub-
families: the ionotropic P2X receptors (from
P2X1R to P2X7R) and the metabotropic P2Y
receptors (P2Y1R, P2Y2R, P2Y4R, P2YOR,
P2Y11R, P2Y12R, P2Y13R and P2Y14R)"“'*
Generally, the downstream functional effect
following their activation depends on the subsets of
PRs expressed by the cell®.

Different cellular processes are regulated by
extracellular nucleosides and nucleotides: they
participate in stimulation (or inhibition) of cell
proliferation, migration, differentiation, death and
secretion of inflaimmatory mediator and growth
factors'”. PRs widespread tissue distribution causes

their implication in a diverse range of physio-
104 105,106

(like pain sensation ,
neurotransmission'”'"” inflammation'”) including
110

cancers = and growing interest has been focused on
the therapeutic potential of purinergic signaling'''*’.

pathological processes
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Purinergic signaling in cancer mainly refers to
adenine nucleosides (ADO) and nucleotides (ATP
and ADP). This is probably due to the much wider
activity spectrum of purine versus pyrimidine: ATP
activates all P2Rs, while UTP, UDP and UDP-
glucose can only bind and activate four out eight
P2YRs subtypes and none P2XRs’. Many
malignancies overexpress several P1Rs and/or
P2Rs subtypes™'® and are not surprising the
therapeutic approaches aim to block them in order
to suppress tumor growth. Since P1Rs, P2Rs and
ATP/adenosine-degrading enzymes are expressed
by cancer cells as well as by the host immune and
stromal cells, additional powerful novel anti-cancer
combination therapies might come from targeting
PRs in association with modulators of extracellular
adenosinergic pathways’"'’. In this context,
targeting P2X7R obtained proved efficacy in
several preclinical tumor models, as well as CID39
and CD73 enzymes that represent interesting
targets in both tumor and immune cells,
highlighting the therapeutic value of a combination
therapy’"'".

Purinergic signaling has been well studied in
cardiovascular system, where it plays pivotal role in
controlling vascular tone and remodeling'. In
physiological ~ conditions  (intact  endothelial
monolayer), ATP released by shear stress acts on
endothelial P2Rs to elicit vasodilatation, via the
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release of NO'™>'"°. On the contrary, in presence of
endothelial damage, ATP may act as a
vasoconstrictor via P2Rs on the vascular smooth
muscle, which may lead to local vasospasm®'"".
Different purinergic regulatory —mechanisms
involve different PRs subtypes in different blood
vessels and in different species: P2XRs expression
and function in endothelium is not fully elucidated,
their role in the regulation of cardiovascular system
mainly refers to their expression in smooth muscle
cells. However, P2X2R, P2X3R, and P2X4R have
been associated with endothelium, appearing to be
involved in cell adhesion and gap junction

formation'"'?°, ATP and its catabolites control also
several acute vascular functions involved in the
angiogenic  process” "' such as cellular

proliferation and migration, through the activation
of intracellular protein kinases, including the
p42/44 MAPK, c-Jun N-terminal kinase (JNK),
PI3K/Akt, ERK 1/2, that may underlie the
sustained effects of ATP in ECs and smooth
muscle.

As aforementioned before, the potential
efficacy of purinergic signaling in the treatment of
cancer has recently been evaluated'”” but remains
still debated its role in tumor vasculature™"*’: very
few studies are currently available about the effects
of purinergic stimulation in tumor endothelium.

27



Introduction

2.1 The Metabotropic P1 and P2 Receptors

The metabotropic P1Rs are also named
Adenosine Receptor (ARs) and comprise a group
of G protein-coupled receptors (GPCRs). To date,
four subtypes of ARs (A1, A2A, A2B and A3) have
been identified, each with different localization,
signal transduction pathways and functional
significance upon exposure to the agonist*. The role
of ADO in cancer is controversial: depending on
the cancer type and the P1R involved, it may play
pro- or anti- tumor activity'”. P1Rs molecular
structure  includes seven «-helical structure
transmembrane (TM) domains with an extracellular
amino-terminus (N-term) and an intracellular
carboxy-terminus ~ (C-term)'*'**.  The N-term
domain has N-glycosylation sites which influence
the trafficking of the receptor to the plasma
membrane, while the C-term contains serine and
threonine residues that serve as phosphorylation
sites for protein kinases and enable receptor
desensitization'*'®, Furthermore, the C-term and
the third intracellular loop, enable coupling to G
proteins'*'**. The A1 and A2A receptors possess a
high affinity for ADO while A2B and A3A
receptors show relatively lower affinity. P1Rs have
traditionally been classified based on their
differential coupling to Adenylyl Cyclase (AC): A2A
and A2B are coupled to G protein with alpha
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subunits stimulating AC (Gas), therefore activating
protein kinase A (PKA) to phosphorylate the Cyclic
AMP (cAMP) Response Element Binding protein
(CREB); on the contrary, Al and A3 receptors are
coupled to G protein with alpha subunits inhibiting
AC (Goi) and their activation inhibits cAMP
production and decreases PKA activity and CREB
phosphorylation”'*. P1Rs show also different
desensitization mechanisms: AlR is
phosphorylated and internalized slowly (several
hours), A2AR and A2BR demonstrate a more rapid
down-regulation (an hour), and A3 down-regulation
and desensitization occurs within minutes'®’.
Human P2YRs are GPCRs with a molecular
structure that resemble those of P1Rs: seven o-
helical TM domains, an extracellular N-term
(containing potential glycosylation sites) and an
intracellular  C-  term  (containing  possible
binding/phosphorylation  sites  for  protein
kinases)"™. One possible classification of P2YRs
subtypes is based on their pharmacological profile:
P2Y1, P2Y11, P2Y12 and P2Y13 are purine-
selective receptors; P2Y4, P2Y6 and P2Y14 are
pyrimidine-selective receptors™. More in detail,
ATP preferentially activates P2Y11 while ADP and
its analogues mainly act on P2Y1, P2Y12 and
P2Y13. UTP and UDP mainly bind with P2Y4 and
P2Y6 respectively, while UDP-glucose is the
preferential agonist of P2Y14"". The exception to
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this classification is represented by P2Y2, which is
activated by both ATP and UTP with
approximately equal potency™. The classical
P2YRs antagonists are suramin, that antagonizes
most P2YRs receptors but not P2Y4, pyridoxal-
phosphate-6-azophenyl-2",4"-disulphonic acid
(PPADS), that strongly antagonizes P2Y1 and
weakly blocks other P2YRs, and reactive blue 2
(RB-2)"*. The second possible classification of the
P2YRs family is based on their coupling with G
protein. According to this, P2Y1, P2Y2, P2Y4,
P2Y6 and P2Y11 couple to the (pertussis-toxin-
resistant) G q (Gaq) protein with alpha subunit
directly activating phospholipase C—§ (PLC-p),
while P2Y12, P2Y13 and P2Y14 belong to the
(pertussis-toxin-sensitive) Gai  protein-coupled
subfamily'™>'*. However, the real situation is even
more complex: individual P2YRs may couple to
functionally distinct heterotrimeric G proteins, as

well as to monomeric small GTPases'**.

2.2 The Ionotropic P2X Receptors

Human P2XRs sub-family consists of seven
(from P2X1 to P2X7) membrane cation-permeable
and ligand-gated channels that open in response to
the binding of ATP". Three P2X subunits
assemble by forming the central pore, giving rise to
a  homo- or  hetero-trimeric  ionotropic
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receptor ", There are three ATP binding sites,
located at the interface between subunits, meaning
that three agonist molecules are needed to activate
the receptor'”. All P2XRs are selectively activated
by ATP, much less activated by ADP, and not
activated at all by AMP, ADO or other purines (e.g.,
GTP) or pyrimidines (e.g, UTP and CTP)"™.
However, each P2XR family subtype shows subtle
biophysical and/or pharmacological differences. In
general, upon the binding with their ligand
molecules, they open within few milliseconds, lead
the passage of cation (preferably Na*, K and Ca™")
through the membrane, and close within tens of
milliseconds, when the application is discontinued
(deactivation)'”. Tonic currents through P2X1 and
P2X3 receptors decline during the application of
ATP (desensitization) within tens or hundreds of
milliseconds, for P2X2, P2X4 and P2X5 receptors,
ionic current decline occurs slowly, in seconds or
tens of seconds, and for P2X7, there is little
decrease in the current even over several minutes
(slowly or non-desensitizing receptor)'”. Actually,
P2X7 shows further peculiarity that will be
discussed in the following paragraphs.

P2X subunits are proteins ranging from 379
(P2X0) to 595 (P2X7) amino acids with cytoplasmic
N- and C-term, possessing consensus binding
motifs for protein kinases and two TM-spanning
regions (TM1 and TM2)'. TM domains are
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involved in receptor heteromerization and
connected by a large extracellular loop, with ten
conserved cysteine residues forming a series of
disulfide bridges'”. Binding with ATP causes
subunits to flex together within the ectodomain and
separate in the membrane-spanning region and
open a central pore for ion flow'". TM1 is involved
with channel gating and TM2 lining the pore'*’. Of
the subunits, the C-term domain is the least-
conserved part in the amino acid composition,
ranging in length between 27 (P2X06) and 239
(P2X7) amino acids, indicating that it might confer
subunit-specific properties; it contains several
residues playing important roles including receptor
trafficking'*', determine the desensitization rate and
direct physical interactions with cysteine-loop
receptors. Both N- and C-term are targets for post-
transcriptional ~ modifications, RNA  splicing,
phosphorylation, and protein—protein interactions
with other receptors or regulatory molecules'.
These modifications and interactions, together with
hetero-trimerization or multimerization of P2X
subtypes, may critically influence channel functions
and certainly confer great variability to the P2X-
mediated cell responses. The heteromerization of
different P2Xs subunits may create ion channels
with different biophysical and/or pharmacological
characteristics from the homomeric form,
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challenging the PRs profile characterization in
cellular models.

P2XRs emerged as central players in different
steps of tumorigenesis. They were found expressed
and functional in both tumor and stromal cells, but
further elucidation about their involvement in
angiogenesis is still required. In this light, next
paragraphs aim to clarify which P2Xs agonists or
antagonists should be used to target and distinguish
P2Xs members from each other.

2.2.1 Pharmacology of P2X Receptors

As mentioned earlier, ATP is the general and
natural agonist of each P2XR, although it shows
different potency profile. The ECs values for ATP
range from sub-micromolar concentrations for
P2X1, P2X3, and P2X5 to low micromolar
concentrations for P2X2 and P2X4. At P2X7, ECs
values for ATP range from about 0.1 to 1 millimolar
while Benzoylbenzoyl-ATP (BzATP) is at least one
order of magnitude more potent than ATP, even if
it has also considerable activity at other P2X
isoforms'?. All P2Xs agonists known so far are
nucleotide analogs and among these ATP-y-S and
o,B3-MethyleneATP  (xB-meATP) are the most
metabolically ~stable (ie., do not wundergo
degradation by surface-located ectonucleotidases)
and widely used to investigate ATP-gated channels
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in native tissues'”. P2X7 represents an exception
resulting not readily activated by a-meATP (ECso
>> 100 pM). Other P2Xs agonists are 2-
Methylthio-ATP  (2-meSATP) and diadenosine
polyphosphates (Ap3A and Ap4A)'™. All these
P2X agonists may activate also some P2Y family
members, but with different potency profiles, as
well as conventional antagonists like suramin,
PPADS and RB-2, that are not subtype-specific and
block several P2X and P2Y subtypes'. Brilliant
Blue G (BBG) and Oxidized ATP (0ATP) are
usually used as P2X7 antagonist (the latter requires
extensive pre-incubation)'®. In this light, more
specific  (NF compounds) and potent (MRS
compounds) antagonists have been developed and
during the last two decades, also new types of
mostly non-nucleotidic and  subtype-specific
antagonists (such as the P2X7-selective A-438079,
A-740003, AZ 11645373, etc.) have been
developed'”. These efforts mainly focused on
P2X3 and P2X7 subtypes that appeared to be the
most relevant drug targets.

To date, eight functional heteromeric P2XRs
with  pharmacological — and/or  biophysical
properties that differ from the individual subunits
have been identified: P2X1/2, P2X2/3, P2X1/4,
P2X1/5, P2X2/5, P2X2/6, P2X4/6 and possibly
P2X4/7'*. In these heteromers, the kinetic and
ligand-binding properties of the constituting
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subunits are combined. Generally, slowly
desensitizing subunits dominate the kinetic, while
subunits with higher affinity for agonist and/or
antagonist appears to increase the sensitivity of the
heteromer for the respective ligand. For example,
in heteromeric assemblies, P2X1, P2X3, P2X5, or
P2X6 subunits appear to confer of-meATP
sensitivity to the receptor'**. The often slightly
lower potency of agonists at the heteromers is too
subtle for true discrimination: e.g., is difficult to
discriminate heteromeric P2X1/P2X3R from the
P2X1R or P2X3R, even if they most likely reflect a
lower affinity for ATP at the heteromeric ATP-
binding sites. For this reason, no selective
compounds for any of the heteromeric receptors
has been identified'*"'*. Despite this, using some
compounds is still possible to discriminate between
homomeric and heteromeric P2XRs'“™"": e.g,
P2X2/P2X5 heteromers have slightly reduced
sensitivity to ATP, ATP-y-S and BzATP, a strongly
reduced efficacy of BzATP is observed and of-
meATP is ineffective at concentrations of 300
uM'®. Interestingly, different molecules acting on
homomeric receptors lose their affinity at the
heteromeric form, despite at least one P2X-P2X
interface of the same P2X subtype is maintained.
Possible explanations for this discrepancy would be
that the P2X-P2X interface is markedly altered by
the inclusion of a single different P2X subunit in
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the complex and/or that occupation of one
interface is insufficient and more than one ligand
has to bind to produce an efficient channel block'*.

2.2.2 The Allosteric Modulators of P2Xs

P2XRs differ from other ligand-gated ion
channels in having three inter-subunit ion access
pathways that widen during channel opening'”.
This, in combination with the high flexibility of the
ectodomains and their linkers to the TM domains,
might enable P2XRs to tolerate or compensate
more or less pronounced antagonist or channel
allosteric modulators that induce conformational
changes before a complete channel block’. The
ATP binding pocket at the ectodomain appears also
to form sites for antagonists and modulators'
including cations such as Ca ** and H" but also
magnesium  (Mg®), zinc (Zn’") and copper
(Cu?*)'™,

Modulation by proton (H") has been well
studied in P2Xs since their well knows acid-
sensitivity. All the homomeric P2Xs are inhibited
by acidic pH, except for P2X2, where acidification
enhances response of agonists and the antagonist
suramin®. The recurrent target for H' binding are
non-protonated carboxylic acid residues or
extracellular histidines (His), in particular, the
putative extracellular pH sensors are His319 for
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P2X2, His206 for P2X3 and His286 for P2X4.
Proton-modulation of P2X7 has been shown to
involve both His130 and Asp197". In the
heteromeric forms of P2Xs, modulation by H”
seems to be more complex™>"" for example,
P2X1/2R shows novel pH sensitivity, resulting in
increased agonist potency at both acidic and
alkaline pH'”, that differs from homomeric P2X1
and P2X2.

One of the most remarkable characteristics of
P2Xs is their differential allosteric modulation by
metals. Several amino acid residues, probably part
of specific metal allosteric sites, have been
identified as crucial for metal effects, that vary
among different metals and different P2Xs. The
first allosteric modulators described for P2XR
family were the trace metals Zn*" and Cu®, both of
them used also as additional criteria to characterize
P2XRs. Zn*" and Cu*" allosterically modulate P2Xs
in complex subtype- and species-specific ways and
via non-conserved binding sites’. Briefly, Zn**
inhibits P2X1 and P2X7 while modulates P2X2,
P2X3, P2X4, and P2X5 currents in a biphasic way
(le., it potentiates at low concentrations and
inhibits at high concentrations). Biphasic
modulation of these receptors suggested the
possible existence of two allosteric sites: high-
affinity with positive modulator effect and low-
affinity site with negative modulator role'”. P2X2
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and P2X7 reveal a species-specific modes of metal
modulation: opposite role for Zn** modulation
was observed in rat and mouse compared to human
P2X2 (the latter is inhibited by Zn** and Cu** ™
"N, both Cu** and Zn*" attenuated ATP-gated
current in rat P2X7 but only Cu**, and not Zn™,
inhibits the mouse receptor'®. Interestingly, the
Ca™ influx through recombinant mouse P2X7, is
potentiated by Zn** when activated by ATP but
inhibited when stimulated with BzZATP'.

As well as Cu®" and Zn*", divalent cations like
Ca* and Mg*" exert a modulator role on P2XRs.
Both of them, inhibit P2X7 activity® while Mg** was
shown to directly inhibit also P2X1 and P2X3.
Orthosteric agonist potency at P2X7 decreases if
Ca™ or Mg”" are present in the recording solution:
Ca™ acts as an allosteric inhibitor'®', independently
of the free agonist concentration, while Mg**
inhibition seems to be due to both an inhibitory
Mg*" binding site and a lower or absent agonist
activity of Mg*"-bound ATP at the P2X7°*'®
Differences in the sensitivity to free ATP and Mg**-
bound ATP were also reported for P2X2 and
P2X4'%,

Interestingly, the widely used antiparasitic agent
in human and veterinary medicine Ivermectin
(IVM)'*, extends the growing list of species-
specific P2X7 modulators. It gains interest as P2X4
modulator'®'"* but it has been also shown to
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potentiate human P2X7-mediated Ca*" influx,
probably hindering the closure of channel pore'”.
Further elucidation about the mechanisms of
modulation of P2Xs and the possible consequences
in their functionality, including the activation of
specific intracellular pathways, will certainly open
promising opportunities in studying how cells
interact with environmental cues by modify certain

functions.
2.2.3 The Peculiar P2X7R

Among P2XRs, P2X7 shows unique features
that make it the most intriguing member of the
whole P2Xs family. First of all, is well known its
complex gating behavior in which the permeation
pathway, during several seconds of ATP
application, dilates from a pore that only allows the
passage of small cations to one that allows
permeation of larger cations (such as N-methyl-D-
glucamine) and dyes (such as ethidium and YO-
PRO-1)""*. Then, it differs structurally in the long
intracellular C-terminal tail”® and pharmacologically
in its low affinity towards ATP (ECs, > 100 pM)'”.
The availability of chicken and mammalian P2X7
crystal structures shows that functional P2X7 three-
dimensional monomer could be compared to the
shape of a dolphin and provide information
about the most largely used agonist and antagonists
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binding sites'’®; ATP binding to the receptor in the

range of milliseconds triggers the small cation-
selective pore opening; prolonged ATP exposure
(range of seconds) results in the larger pore
(macropore) formation, allowing molecules up to
900 Da to flow and eventually leading to cell death
by apoptosis or autophagy'’'®. Nowadays, the
molecular mechanisms responsible for the large
molecules efflux through P2X7 is still a
controversial argument'"*'”,

Although previously P2X7 was thought to be
unique in not forming functional heteromers,
nowadays we known that P2X4/7R is expressed by
immune cells'"® and interesting studies on P2X2/5R
revealed that it may resemble the biophysical profile

of P2X7R and activates similar cellular responses'®’.

In fact, P2X2/5R permeability changes in ATP-
activated and time-dependent manner, showing the
large  conductance  channel  conformation,
previously  associated only with ~ P2X7R.
Remarkably, HEK cells co-expressing P2X2 and
P2X5 subunits displayed plasma membrane
blebbing and flipping of phosphatidylserine (PS)
from the inside to outside surface, two hallmarks of
P2X7R"™.

Moreover, P2X7 significantly contributes to
increase the great variability within P2Xs: it is highly
polymorphic, with more than 150 non-synonymous
Single Nucleotide Polymorphisms (SNPs), of
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which at least eight are loss-of-function™, and it has
been associated with ten splicing variants (P2X7A-
J). Some splicing isoforms give rise to receptors
with altered channel functionality, for example
P2X7B isoform, which shares the similar
predominant tissue distribution of the canonical
full-length P2X7A but lacks the macropore
function while maintaining channel activity™.
Noteworthy, some non-functional P2X7Rs
(nfP2X7Rs) are described in the literature as
preferential cancer-related isoforms'®'®) probably
due to their inability to form the macropore thus
conferring more resistance to apoptosis. P2X7R
SNPs and alternative splicing isoforms are gaining
huge interest in relation to human health and
disease'™'™.

Many studies point to a critical role of P2X7R-
dependent signaling in different physiological and
pathological processes, including cancer'"'. P2X7R
is considered as a key mediator of anti-tumoral
immune response'™ and it is present at the surface
of most tumor types'?’, thus establishing a powerful
links with different stages of tumor progression,
including angiogenesis. Moreover, P2X7R stands
out among P2Xs because of its validated pro-
angiogenic role in tumors: its over-expression in
cancer cells promote the release of VEGF and
proteases (by cancer and stromal cells) promoting
both angiogenesis and metastasis spreading'®*'".
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ATP accumulated in TME activates P2X7R in a
specific manner (considering its low sensitivity
towards ATP) and was shown to increase cancer
cells proliferation and migration in glioma'”, breast
cancer” and PDAC'. This downstream
functional effect of P2X7R has been shown to be
mediated by the activation of different intracellular
pathways, e.g., the activation of PI3K/AKT and
ERK1/2 in breast and prostate cancer'”>'"* or the
activation of ERK 1/2 and c¢-Jun N-terminal kinase
(JNK) in pancreatic cancer'”. In this light, not
surprising are the large number of studies showing
the possibility to use P2X7R antagonists and
inhibitors to reduce tumor growth and cancer cells
migration, proliferation and invasion'” but, in order
to improve the chances in render P2X7R a feasible
drug target for the treatment of cancer, is necessary
to consider the context in which it works, that is the
potential effects of TME on its functionality.

As aforementioned, noteworthy studies report
the modulation of P2X7R activity by different
factors typically considered TME cues: low pH
(widely described in previous paragraph), hypoxia
and increased ECM stiffness'”. Conflicting data
regard hypoxia effect on P2X7R expression: in
cancer cells from GBM hypoxia has been showed
to promote up-regulation of P2X7 with following
nuclear translocation of NF-»xB, promoting tumor

cell invasion'’; on the contrary, P2X7 down-
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regulation was observed in breast cancer cells
exposed to hypoxia’. Interesting, has been also
shown that P2X7 mediates upregulation of HIF-1a
in astrocytes (conferring increased ischemic
tolerance to the cells)'””'”® while in GBM, P2X7
down-modulation correlated with reduced HIF-1«
levels'”. Recently, P2X7R has been also recognized
as mechano-gated ion channel, although indirect,
i.e., through the involvement of Panx-">. Panx-1 is
the mechanosensitive channel releasing ATP into
the extracellular space (in response to shear stress
or increased osmotic pressure) which then binds
and activates P2X7R". Panx-1 is often associated
with P2X7R expression and appears as key
elements in macropore formation upon prolonged
ATP application on P2X7R*".

As  previously described, P2X7R  over-
expression in cancer cells promotes cells
proliferation and migration but actually, this pro-
tumoral activity may be counteract by the ability to
trigger  apoptosis  through the macropore
formation. Indeed, the preferential expression of a
nfP2X7R give rise to cancer cells often over-
expressing  P2X7R'™?"'.  Another  feedback
inhibition mechanism to hamper the macropore
formation is mediated by MMP-2"”. These
elements render P2X7 a versatile ion channel,
which modifies its functional characteristics
according to the survival needs of the cell.
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3. Ca*' Signaling

Ca™ is a versatile intracellular messenger. This
versatility is exploited to control different processes
from cell proliferation to cell apoptosis and is
provided by many components, being part of the
“Ca’ signaling toolkit”, that can be mixed and
matched to create a wide range of spatial and
temporal intracellular Ca** signals®”. The finely
tuned intracellular Ca** mobilization is due to the
very low (nanomolar range) resting cytosolic free
Ca** concentration ([Ca*'].), compared with the
extracellular free Ca’" (millimolar range) and
intracellular Ca** stores (micromolar range)*”.

Once Ca®* carried out its signaling functions, it
is rapidly removed from the cytoplasm by various
pumps and exchangers: the plasma membrane
Ca**-ATPase (PMCA) pumps and
Na*/Ca* exchangers extrude Ca** to the outside
whereas the sarco-endoplasmic reticulum ATPase
(SERCA) pump returns Ca** to the Endoplasmic
Reticulum (ER), the main intracellular Ca**
reservoir’”. Besides ER, other organelles act as Ca**
reservoirs, also in ECs: lysosomes, the Golgi
apparatus and mitochondria. Active transport of
Ca™ inside organelles and outside the cell is part of
the “off mechanisms” of the Ca®* signaling toolkit
that reduces the [Ca®"]c by either sequestering
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(Ca*" buffers) or pumping it out of the cytoplasm,
shutting down the Ca®" response™”.

Intracellular  Ca**  mobilization is always
triggered by stimuli of different nature. These
stimuli largely depend on the activation of ion
channels Ca®* permeable in the plasma membrane
or in ER, in both cases the result is an increase in
the [Ca*'].. Ca*-mobilizing signals include the four
intracellular messengers inositol-1,4,5-
trisphosphate (InsPs), cyclic ADP ribose (cADP-1),
nicotinic acid dinucleotide phosphate (NAADP)
and sphingosine-1-phosphate (S1P)*”. Among
these, InsP; is an important intracellular second
messenger: upon binding with InsP; receptors
(InsPsR) on ER, it elicits an increase in [Ca®"]c due
to the rapid passage of Ca** content from the ER
lumen to the cytosol™. The resulting Ca** release
and the subsequent decrease in ER luminal
[Ca™]*"* trigger SOCE mechanism®”. SOCE
activates as a result of large fall in ER Ca*" levels,
when STIM proteins, the ER Ca®* sensors, undergo
a complex molecular rearrangement culminating in
their oligomerization and translocation to ER-
plasma membrane junctions, known as puncta™.
Here, STIM binds to and gates SOCs, such as
Orail-3 channels and TRPC1-7, thereby trigging
SOCE™” that is the principal Ca** signaling pathway
responsible for the Ca®" entry in both excitable and
non-excitable cells®”. SOCE may be triggered by a
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set of different membrane receptors™, including

P2YRs and has been shown to regulate tumor
growth and metastasis in different cancer cell
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Figure 4. The Calcium Signaling toolkit in endothelial
cells. Extracellular stimuli cause an elevation in intracellular
calcium concentration through the activation of different
membrane receptors:  G-Protein  Coupled  Receptors
(GPCRs), Tyrosine-Kinase Receptors (TKRs), ionotropic
receptor. The following engagement of PLC-by GPCRs and
PLC-by TKRs leads to PIP2 hydrolysis in InsP3 and DAG.
InsP3 activates InsP3Rs to mobilize calcium stored within
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the ER, while DAG stimulates calcium entry through the
TRPC3 and TRPCG6 non-selective cation channels. The
InsP3-dependent fall in ER calcium levels results in the
activation SOCE. Calcium levels return to pre-stzmulated levels
through the concerted action of the mitochondrial uniporter,
SERCA and PMCA pumps, as well as through NCX.

Moccia et al., Anti-Cancer Agents in Medicinal Chemistry, 2014.

3.1 Purinergic Calcium Signals

As previously described, P2Xs are ion channel
Ca™ permeable located in plasma cells membrane
and therefore, their activation lead pore channel
opening and the subsequent direct influx of cations,
among which Ca*", inside the cells. On the contrary,
also P2Ys mediates the increase in [Ca**]. but they
do in a different way, that is indirect.

Being GPCRs, P2Ys participate in regulate
[Ca*].basing on their coupling to G-protein. P2Y1,
P2Y2, P2Y4, P2Y6 and P2Y11 couple to Gag-
protein and directly activates PLC-B family
enzymes that lead the  hydrolysis  of
phosphatidylinositol-4,5-bisphosphate  (PIP2) on
the cell membrane with the production of InsP;and
diacylglycerol (DAG)"”**”. Either InsP; and DAG
are important intracellular second messengers and
essential regulators of [Ca*"]*", the former because
it activates InsP;R on ER membrane and the latter
because it is involved in the intracellular
amplification cascade of Ca** signals*‘. P2Y12,
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P2Y13 and P2Y14 couple to Gi-protein and also
participate in regulating intracellular Ca** dynamics
through the regulation of N-type Ca** channel
aCtiVityl()l,215'

Therefore, the activation of PRs triggers
intracellular Ca** mobilization shaped by the direct
Ca* influx through the membrane (P2Xs
activation) and the InsPs-dependent Ca** release
from ER (P2Y's activation)”'’.

plasma membrane

endoplasmic reticulum

__ftme

Figure 5. Schematic representation of purinergic-evoked
intracellular calcium signals.

Activation of P2X receptors lead to a direct increase in the
intracellular calcium concentration through the influx of
calcium from the extracellular space to the cytosol. Activation
of metabotropic P2Y receptors triggers intracellular calcium
release through the activation of 1IP; receptors on the
endoplasmic reticulum membrane.
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3.2 Calcium Signaling in Cancer and
Angiogenesis

Given the versatility of Ca®* as intracellular
messenger, not surprisingly abnormal regulations of
Ca* homeostasis have been linked with different
diseases including developmental disorders,
hypertension, cardiovascular disease, diabetes,
Alzheimer's disease and, of course, cancer® "'’

The dysregulation of Ca®" homeostasis has been
suggested as an important event in driving the
expression of the malignant phenotypes, e.g., the
strict connection between enhanced cell migration
(eatly prerequisite for tumor metastasis)*'*** and
the spatial and temporal organization of
intracellular Ca** signals®'. In this context, Ca*"
signals provide a rapid and robust way for the
selective activation of signaling components that
play a central role in cytoskeletal reorganization,
traction force generation and focal adhesion
dynamics®’. Polarized and migrating cells exhibit a
rear-to-front gradient of [Ca’],, with a higher
concentration at the rear end of a migrating cell,
which is thought to be responsible for rear-end
retraction. On the other hand, spatially and
temporally confined repetitive changes in [Ca*"].
(Ca®" microdomains) are enriched near the leading
edge of migrating cells and implicated in controlling
cycles of lamellipodia retraction and strengthening
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local adhesion to ECM****. The disassembly of
cell adhesions is due to the cleavage of focal
adhesion proteins, such as integrins, talin, vinculin
and focal adhesion kinase (FAK), by the Ca®'-
dependent protease, calpain®>***.

Several ~components involved in  the
extracellular  Ca*" influx  pathway, including
STIM/Orai-mediated SOCE, the Ca*'-permeable
TRPs and PRs family, have been implicated in
cancer cell migration and tumor
metastasis”*""*"**"". The overexpression of Ca*
channels on plasma membrane increases Ca*
influx and promotes pro-tumoral Ca’*-dependent
pathways (such as cell migration and invasion) or
may represent an adaptive response that might
offer a survival advantage to the tumor, such as
resistance to apoptosis. In this light, not surprising
are proteins part of the Ca*" signaling toolkit, like
Ca™ channels and pumps, proposed as drug targets
for cancer therapies. As mentioned in previous
paragraphs, P2X7R may be a good candidate for
cancer therapies given its often cancer cell-related
over-expression and activation of Ca**-dependent
pro-tumoral responses (enhanced cell migration
and proliferation).

Ca™ machinery is a potential molecular target
for strategies against tumor neovascularization due
to its multifaceted role in the control of
endothelium  homeostasis.  Several  studies

50



Introduction

highlighted the importance of agonist-stimulated
Ca®" signals in angiogenesis and both pro- and anti-
angiogenic molecules can induce a [Ca**]c increase
often leading to different biological effects. Indeed,
the role of [Ca®']c increase triggered by growth
factors such as VEGF or basic fibroblast growth
factor (FGFR) has been deeply investigated in ECs.
Ca™" entry triggered by VEGF, as well as by other
pro-angiogenic factors, is often associated with an
increase  of  vessel  permeability,  ECs
sutvival/proliferation, migration and i witro
tubulogenesis®™. As in activate mature ECs***,
recent studies show VEGF to stimulate EPCs
through an oscillatory increase in [Ca® ],
Interesting, Ca*” toolkit in EPCs derived from
cancer patients is remodeled™', thereby leading to
the  suppression of the  pro-angiogenic
Ca*" response to VEGF.

Considering differences between normal and
tumor vasculature, nowadays several patent
applications aim to detect or interfere with [Ca*"].
signals and their early downstream effects,
especially in TECs without affecting normal
endothelium®™. In this light, Ca®"-permeable
channels often linked to tumor vasculature are the
voltage-gated Ca’’-channels (although ECs are
generally described as non-excitable cells), the
volume-regulated  anion  channels, nicotinic
receptors and aquaporins”’. Moreover, TRPV4
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involvement in tumor angiogenesis is well
established, although it is matter of debate whether
its inhibition or activation is the best strategy for
reducing angiogenesis**. However, arachidonic
acid and its metabolites have been shown to
enhance migration of TECs from breast cancer,
through the activation of TRPV4 both directly and
indirectly through the receptor trafficking to the
membrane”***. In the same model, nitric oxide
and hydrogen sulfide have been demonstrated to
trigger Ca”" influx inducing cell migration™*.

The role of Oral/STIM1 complex has been
studied also in tumor vascularization, concurring to
the VEGF-mediated SOCE in HUVEC*’. ORAI1-
mediated SOCE has been shown to drive colon
cancer cell promotion of angiogenesis by hypoxia
via a NOTCHI-dependent mechanism that
involves the Ca’*-dependent transcription factor
NFATc3*®. Besides hypoxia, another TME cue, the
mechanical stretch, has been demonstrated to
stimulate angiogenesis through the activation of

Ca*-permeable channel Piezo2, in glioma™”.
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Aim of the project

Previous work showed that high non-
physiological eATP doses (> 20 uM) strongly
inhibit the migration of ECs isolated from human
breast carcinoma (BTECs) while no effect on
NECs (HMECs) migration. Treatment with 100
uM  ATP enhanced the attraction of human
pericytes by BTECs, unveiling a potential pro-
normalizing effect of purinergic stimulation'.
Considering that eATP accumulation is one the
hallmarks of TME and that purinergic signaling
have been deeply investigated in cancer cells,
further investigations about its role in tumor
endothelium could be useful to enhance the
comprehension of the mechanisms regulating one
important step of tumor progression, i.e., tumor
vascularization.

Since little is known about the purinergic Ca**
signals in TECs, in this thesis project we first
studied the Ca®" signaling toolkit activated by high
ATP stimulation (100 uM) and then its possible
correlation with the functional effect on BTECs
migration. In the second part of the work, we
mainly focused on the role of P2X7-ionotropic
receptor, typically overexpressed and widely studied
in cancer cells, in the purinergic-induced functional
response in BTECs. P2X7R, in fact, was previously
shown to be expressed in BTECs and among P2Xs
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it is selectively activated by high ATP doses. Finally,
we analyzed the correlation between P2X7R-
mediated Ca*" signals and the anti-migratory
activity of purinergic stimulation in different
models of TECs with particular focus on its
potential modulation by the environmental
conditions.
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Results

1. ATP Triggers Calcium Signals in
human Cancer-derived ECs

In order analyze the intracellular Ca** dynamics
following purinergic stimulation in Breast Tumor-
Derived ECs (BTECs) we treated cells with
different ATP concentrations (1, 10, 100 uM) both
in presence and absence of extracellular Ca®".

In presence of 2 mM Ca* in the extracellular
recording solution, ATP stimulations evoked an
increase in the [Ca®]. in the great majority of cells
examined, shaped by an initial Ca®" transient (peak)
usually followed by a sustained long-lasting phase
(plateau) (Figure 6 A). A quantitative analysis of
Ca™ signals was then performed, taking into
account both the peak and plateau phases (see
Materials and Methods for data analysis details),
showing a dose-dependent amplitude of the ATP-
evoked Ca*" signals (Figure 6 B).

When 1, 10 or 100 uM ATP was applied in a
Ca™-free extracellular recording solution (0 Ca®" o),
only a dose-dependent transient spike was
detectable (Figure 6 C). This allowed to
hypothesize that, in accordance with the literature,
ATP-evoked Ca’" signals in BTECs, both at high
and low concentrations, are due to the intracellular
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Ca®™" release (probably the main actor in the peak
phase of the signal) and the extracellular Ca** influx,
the latter mainly related to the long-sustained phase
of the signals that was completely abolished after
the removal of extracellular Ca** (Figure 6 C).
Quantification the 1, 10, 100 uM ATP-evoked Ca**
response in 0 Ca®*.,. showed again a dose-
dependent amplitude of the signals (Figure 6 D).

Therefore, we decided to carry out the
subsequent experiments, aimed to better clarify the
purinergic-induced Ca*" signaling profile in BTECs,
with the highest tested ATP concentration (100
uM) that is associated with quantitatively larger Ca**
signals and, to a greater extent, with the previously
reported functional effects on BTECs migration'.

Interestingly, Renal Tumor-derived ECs
(RTEC) (charactetized in*"), displayed a similar
biphasic response to 100 uM ATP (Figure 7 A) and
moreover, we observed that their migration,
similarly to BTECs, was affected by 100 uM ATP
treatment (Figure 7 E).
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Figure 6. High eATP stimulation triggers biphasic
Ca?t signals in BTEC. (A) Representative traces of
different Ca?* signals evoked by three different eATP
concentrations (1, 10, 100 uM) and (B) the relative
quantification of the peak amplitude. Data ate expressed as
mean £ SEM. (C) Representative traces obtained upon 1, 10,
100 uM ATP stimulation in Ca2* free extracellular medium
and (D) the relative quantification of peak amplitude. Data
are expressed as mean = SEM. * p-value < 0.05; ** p-value
< 0.005. Traces in A and C represent the average of all the
cells in one representative experiment.
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Figure 7. Characterization of high ATP stimulation in
RTEC. (A) Representative tracing of Ca?* signals evoked by
100 uM ATP in RTEC. (B) Representative tracing of the
“Ca?* add-back protocol upon 100 pM ATP. (C)
Representative tracing of the “Ca?* add-back protocol upon
30 uM CPA. (D) Quantification of Ca?" release and Ca®*
entry evoked by 100 pM ATP and 30 pM CPA. Data are
expressed as mean + SEM. T-test: *** pValue < 0.0005 vs
ATP Ca?* release; Mann-Whitney test: ### pValue < 0.0005
vs ATP Ca?" entry. (E) Representative wound healing
experiment performed in RTEC. Data are expressed as
percentage of migration at 8 hours. Data are normalized to
the corresponding control and are expressed as mean £ SEM.
T-test: *** pValue < 0.0005.
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2. ATP-induced Calcium Release and
Calcium Entry

In order to separate and quantify the two
components of the ATP-evoked Ca** signals, i.e.,
the Ca’" release from intracellular stores and Ca*
entry from the extracellular medium, we applied the
“Ca’ add-back” protocol (see Materials and
Methods) during the 100 uM ATP stimulation in
BTECs (Figure 8 A). Cells were thus first
stimulated with 100 uM ATP in 0 Ca®",. and only
once [Ca*"]. returned to the basal conditions, the
extracellular Ca®* was re-added. Following the 2
mM Ca** addition to the extracellular recording
solution, in the continuous presence of the agonist,
it was observed a sustained increase in the [Ca®']..
This second [Ca*]. increase represents the
extracellular Ca** entry due to the intracellular Ca*
release, i.e., SOCE mechanisms induced by ATP
stimulation. The expression of a functional SOCE
machinery in BTECs was unveiled stimulating cells
with 30 uM Cyclopiazonic acid (CPA) or 2 uM
Thapsigargin (TG), two widely used ER depletors
and thus SOCE activators (Figure 8 B), by using
the Ca*" add-back protocol.

Interesting, very similar results were obtained in
RTECs (Figure 7 B-D): they activate SOCE
machinery in response to 100 uM ATP stimulation.
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3. SOCE is not required for the ATP-
induced anti-migratory activity

Given the activation of SOCE machinery
following ATP stimulation in BTECs, we employed
a pharmacological approach to modulate the
SOCE-related components of the Ca** response to
100 uM ATP and better clarify their contribution in
the anti-migratory effect on BTECs previously
reported'.

First, we tested the Ca®" response to 2 uM TG
stimulation with the Ca** add-back protocol in
presence of the SOCE inhibitor BTP-2. As
expected, pre-treatment (20 minutes) with 20 uM
BTP-2 completely abolished TG-induced Ca*
entry in add-back experiments (Figure 8 C, D). We
then repeated the same treatment with 20 pM BTP-
2 in order to evaluate its effect of the ATP-induced
Ca™ entry: this experiment revealed that 20 uM
BTP-2 inhibits ATP-mediated Ca** entry leaving
unaltered the release from the internal stores but
interestingly, a subpopulation of cells showed a
significative BTP-2-insensitive component,
suggesting the existence of a non-SOCE
component (Figure 8 E, F) in the Ca*" signal. This
observation is in nice agreement with an expression
of functional store-independent and Ca™"-
permeable P2XR-related ion channels, previously
described in TEC". The inhibition of InsP3;Rs by 5
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minutes pre-incubation with 100 puM 2-APB
significantly reduced both ATP-induced Ca** entry
and release (Figure 8 E, F).

To evaluate the potential involvement of ATP-
induced Ca** release and Ca®" entry component in
BTECs migration, we performed migration assays
treating cells with the pharmacological SOCE
activators and inhibitors previously tested (Figure
8 G). First, we treated cells with 30 uM CPA or 2
uM TG or 100 uM 2-APB, and then we evaluated
cells migration after 8 hours from the treatment, in
presence and absence of 100 uM ATP. Either CPA,
TG, and 2-APB alone, remarkably reduced BTECs
migration compared to control (CTRL) condition.
However, co-incubation with both ATP and CPA
or TG or 2-APB produced further anti-migratory
activity, showing that the ER-related component is
not the only mechanism responsible for the
functional effect. Subsequently, we repeated the
same protocol treating cells with 20 uM BTP-2, in
presence and absence of 100 uM ATP, and we
observed that a complete inhibition of SOCE, by
BTP-2 pre-incubation, failed to alter the ATP-
mediated inhibitory effect on BTECs migration
(Figure 8 G).

These results suggested that SOCE machinery
does not play a major role in the ATP-mediated
inhibitory effect on BTECs migration.
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Figure 8. Ca?* release, SOCE and relative involvement in
anti-migratory action of high ATP. (A, B) Representative
average traces obtained from the application of the
“Ca?* add-back” protocol upon treatment with 100 uM ATP
(A), 30 uM CPA or 2 uM TG. (C) Preincubation with 20 uM
BTP-2 (20 min) completely abolished TG-induced SOCE.
Representative average trace. (D) Quantification of the
previous experiments. Data are expressed as mean £ SEM.
(E) Effect of preincubation with 20 pM BTP-2 or 100 uM 2-
APB on ATP-induced calcium response. Representative
average traces. (F) Quantfication of the previous
experiments. Data are expressed as mean SEM. ** p-value <
0.005 vs. CTRL. (G) BTECs migration evaluated by scratch
wound healing measurements. Effects of CPA, TG, BTP-2,
2-APB. Data are expressed as percentage of migration at 8 h,
normalized to the corresponding control (CTRL) and
expressed as mean = SEM. Mann-Whitney test: *** p-value
< 0.0005 vs. CTRL; ### p-value < 0.0005.
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4. Calcium Signals mediated by other
Purinergic Agonists

Since we previously reported that the anti-
migratory activity of ATP on BTECs is mimed by
the other purinergic agonist ADP but not by UTP",
we decided to extend our investigation about the
purinergic-induced intracellular Ca®* signals in
BTECs to a wider purinergic stimulation, in order
to find a correlation between the different
functional effect and Ca®" signals.

ADP and UTP were tested a three different
concentration, i.e., 1, 10 and 100 uM, and both of
them evoked a dose-response [Ca’*]c increase in
physiological extracellular solution (Figure 9 A—F).
As previously for ATP, we adopted the Ca** add-
back protocol to quantify Ca®" release and Ca*
entry triggered by 100 uM ADP or UTP (Figure 9
G-I). Despite the different functional responses
following ADP or UTP treatment in BTECs, by
using this experimental approach we did not detect
any significative difference in Ca®* responses.
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Figure 9. High eADP and eUTP stimulation triggers
biphasic Ca?* signals in BTEC. Representative traces of
different Ca?* signals evoked by three different ADP (A) and
UTP (B) concentrations (1, 10, 100 uM). (C-D)
Quantification of the peak amplitude and area obtained upon
1, 10, 100 uM ADP stimulation. Area is calculated at 300 s
from the beginning of the response. Data are expressed as
mean + SEM. * p-value < 0.05; ** p-value < 0.005 *** p-value
< 0.0005. (E-F) The same quantifications of peak amplitude
and area for eUTP stimulation. (G—I) Representative average
traces obtained from the application of the Ca?* add-back
protocol upon treatment with 100 uM ADP or 100 uM UTP
and relative quantifications. Data are expressed as mean

SEM.

5. Contribution of Intracellular
Organelles in the Purinergic-Induced
Calcium Release

Considering that we did not detect any
significative ~correlation between Ca®  signals
evoked by different purinergic agonists and the
functional response, and that SOCE-component of
ATP-induced Ca** signals is not involved in the
inhibitory effect of BTECs migration, we decided
to evaluate the contribution of different
intracellular organelles (lysosomes, mitochondria
and ER) to the Ca* response induced by putinergic
stimulations. We hypothesized that a differential
contribution could be responsible for the functional
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effect could be masked by the quantification of the
global intracellular Ca®" release.

Therefore, we compared the Ca®" store
dynamics involved in the response to 100 uM ATP
to the response to 100 uM UTP. A pharmacological
approach was employed, based on the use of 2 uM
TG (to deplete ER), 20 uM Bafilomycin Al (Baf-
Al, to affect lysosomes) and 1 uM FCCP (to
uncouple mitochondria). All the experiments were
performed in 0 Ca®* .. by the use of two different
protocols. First, we treated cells with the organelle-
specific depletor and then, when [Ca®"].returned to
basal conditions, we stimulated with 100 uM ATP
or 100 uM UTP (Figure 10 A—C). Thus, by the
quantification of the purinergic-induced Ca*
response obtained following the depletion of one
specific organelle, we evaluated the contribution of
that Ca’" store to the putinergic-induced Ca**
response. Quantification included three parameters
as major descriptors of Ca’" release: peak
amplitude, area and the decay tau of the Ca®* spikes
(Figure 10 D-I). Pretreatment with 20 uM Baf-A1
or 1 uM FCCP affected the features of both the
spikes induced by ATP or UTP. Cells pretreated
with TG drastically decreased the responses to ATP
as well as to UTP, suggesting a major contribution
for ER: however, a small TG-insensitive
component could be detected, suggesting that other
stores may be recruited by ATP and UTP.
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Preincubation with the ionophore Ionomycin
(Iono, 2 uM), that completely prevented Ca**
response to ATP, was used as control condition.
Moreover, the application of a second experimental
protocol, based on a first stimulation with
purinergic agonists and a second with Ca®" stores
depletors, confirmed the involvement of all three
the examined organelles. In fact, there was a
complete abolition of the [Ca®]. increase induced
by TG, Baf-Al or FCCP in cells pretreated with
ATP or UTP (Figure 10 J-L), globally indicating
an interplay among ER, mitochondria and
lysosomes in the Ca*" release triggered by both the
purinergic agonists.
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Figure 10. Interplay among different intracellular
organelles in BTEC. (A-C) Effect of 2uM TG, 10 pM Baf-
Al and 1 pM FCCP on the responses to 100 uM eATP or
UTP. Representative traces. (D-I) Quantification of the
previous experiments: peak amplitude, total area under the
calcium spike and decay time. Data are expressed as median
over the total range of values. * p-value < 0.05; ** p-value <
0.005; *** p-value < 0.0005 vs. CTRL. (J-L) Effect of TG,
Baf-Al and FCCP in cells pretreated with 100 uM ATP or
UTP.

6. P2X7R-induced Calcium Signals

In the first part of the work, we focused on
purinergic-evoked Ca’" signals in BTECs in order
to (I) define which components of the intracellular
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Ca™ signaling toolkit are activated upon purinergic
agonists stimulation and (II) find a correlation
between Ca** dynamics and differential functional
effects among purinergic agonists. Since we found
that intracellular organelles equally contribute to the
ATP (potent inhibitor of BTECs migration) and
UTP (agonist that failed to exert the anti-migratory
activity in BTECs) intracellular Ca** release, and
that SOCE-component of the ATP-induced Ca*
signal is not required for the functional effect, we
decided to focus on the non-SOCE component
that still continue to operate extracellular Ca** entry
in response to 100 uM ATP, even in the presence
of SOCE inhibitor BTP-2. According to the
literature, the non-SOCE component may be
attributed to P2XRs activation and one of them, the
P2X7R, was previously reported to be expressed in
BTECs and its specific activation with the ATP
analogue BzATP (100uM) was shown to mimic the
inhibitory effect of ATP on BTECs migration™.
We observed that 100uM BzATP application
evoked a long lasting and sustained [Ca*"]. increase
in BTECs (Figure 11 D-F), strictly dependent on
the presence of the agonist, as revealed by the rapid
and reversible recovery to the resting Ca®" levels
upon agonist washout (Figure 11 G). Interestingly,
stimulation of HMECs with 100uM BzATP
(Figure 11 D-F), as well as 100uM ATP (Figure
11 A-C), revealed Ca** response in HMECs to be
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minor than BTECs. The quantitative analysis of
Ca®™" signals took into account the peak amplitude
and area underlying the Ca®" response (calculated
within 300 seconds from the treatment). Moreover,
the partial and reversible reduction of the Ca*
signal upon acute treatment with the P2X7
antagonist BBG (Figure 11 H), unveiled that P2X7
activation is part of the 100 uM ATP-evoked Ca*
response in BTECs.

Therefore, these results indicate a possible
correlation between the activation of P2X7R in
BTECs and the inhibitory effect on cells migration,
that is lacking in HMECs displaying also
quantitative minor Ca®* response to 100 uM

BzATP compared to BTECs.
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Figure 11. Purinergic stimulation in BTECs include
P2X7R activation. (A) Representative average traces of 100
uM ATP stimulation in HMECs and BTECs. (B, C)
Quantification of the peak amplitude and area obtained upon
100 uM ATP stimulation in HMECs and BTECs. Area is
calculated at 300 s from the beginning of the response. Data
are expressed as mean £ SEM. *** p-value < 0.0005. (D)
Representative average traces of 100 uM BzATP stimulation
in HMECs and BTECs. (E, F) Quantification of the peak
amplitude and area obtained upon 100 uM ATP stimulation
in HMECs and BTECs. Area is calculated at 300 s from the
beginning of the response. Data are expressed as mean *
SEM. *#** p-value < 0.0005. (G) Representative average traces
of 100 puM BzATP stimulation and washout. (H)
Representative average traces obtained from the application
of 20 uM BBG in presence of 100 uM ATP treatment.
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(I) BTECs and HMECs migration evaluated by scratch
wound healing measurements. Effects of 100 uM BzATP.
Data are

expressed as percentage of migration at 8 h, normalized to the
cotresponding control (CTRL) and expressed as mean +
SEM. Mann-Whitney test: *** p-value < 0.0005 vs CTRL.

7. P2X7R sensitivity to extracellular
environment ions

Given the possible correlation between P2X7R
activation and the functional response of BTECs
following high purinergic stimulation with 100 uM
ATP, next experiments were carried out in order to
better investigated the P2X7R-induced Ca*
response in BTECs.

Since the well know P2Xs family sensitivity to
allosteric modulators such as cations and trace
metals, we decide to modify the concentrations of
different environmental ions (H", Zn**, Ca*") in the
extracellular recording solutions and then evaluate
the 100 uM BzATP-evoked Ca** response.
Preincubation with extracellular 50 pM ZnCl,, 10
mM CaCl, or with an acidic medium (pH 6.4)
drastically reduced the [Ca*]. increase triggered by
BzATP in BTECs (Figure 12 A—F). Interestingly,
10 uM ZnCl, was not able to inhibits BzATP-
evoked Ca’" signals in BTEC (Figure 12 A). These
results, in accordance with the literature,
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demonstrated that increased concentrations of
extracellular Zn**, Ca>* or H" inhibit P2X7R pore
activation.

Ultimately, we investigated the effects of
extracellular Zn**, that showed a dose-dependent
role in blocking pore channel activation, in the
BzATP-induced anti-migratory effect on BTECs.
We were not able to detect the functional effect of
100 uM BzATP in BTECs migration in the
presence of 50 uM ZnCl, (Figure 12 G).
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Figure 12. P2X7R-induced Ca ?* signals are modulated
by environmental ions. (A) Representative average traces of
100 uM BzATP stimulation in BTECs, in presence of 50 uM
ZnCl, 10 uM ZnCl, and 10 mM CaCl; in the extracellular
solution. (B) Representative average traces of 100 uM BzATP
stimulation in BTECs, in physiological (7.34) or acidic (6.4)
extracellular pH. (C, D) Quantification of the peak amplitude
and area obtained upon 100 pM BzATP stimulation in
presence of 50 uM ZnCly, 10 uM ZnCl; and 10 mM CaCl; in
the extracellular solution. Area is calculated at 300 s from the
beginning of the response. Data are expressed as mean *
SEM. ##* p-value < 0.0005. (E, F) Quantification of the peak
amplitude and area obtained upon 100 puM BzATP
stimulation in physiological (7.34) or acidic (6.4) extracellular
pH. Area is calculated at 300 s from the beginning of the
response. Data are expressed as mean = SEM. ¥#* p-value <
0.0005. (G) BTECs migration evaluated by scratch wound
healing measurements. Effects of 100 uM BzATP in presence
of 50 uM ZnCl,. Data are expressed as percentage of
migration at 8 h, normalized to the corresponding control
(CTRL) and expressed as mean = SEM. *** p-value < 0.0005
vs CTRL.
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8. BZATP-mediated P2X7 activation
inhibits TECs and not NECs migration

In the last part of the work we studied the role
of BzATP-induced P2X7R activation in other two
types of TECs: from renal (RTEC) and prostate
(PTEC, characterized in*"') cancer.

RTECs showed BzATP-evoked Ca®* signals
similar to BTECs in both peak amplitude and area
quantification (Figure 13 B, D), on the contrary,
PTECs didn’t show any Ca®" response to 100 uM
BzATP stimulation (Figure 13 B).

We then move to the functional evaluation of
BzATP stimulation in RTECs and PTECs
migration: surprisingly, in both cases 100 uM
BzATP still continued to inhibit cells migration
(Figure 13 A). This result suggests the possibility of
a Ca’*-independent pathways responsible for the
purinergic mediated anti-migratory effect on TECs.

Since these data indicate the possible activation
of a P2X7R-induced and TEC-specific pathway, we
decided to conditionate NECs (HMECs),
previously showed quantitative less responsive to
BzATP than BTECs, with a breast cancer cells line
(MCF-7) for 72 hours. In this way we obtained
NECs conditioned by the presence of cancer cells
on which then evaluate, both the Ca®" signals and
the functional response to 100 uM BzATP
treatment. Migration of HMECs co-coltured with
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MCF7 (HMECs w/MCF7) resulted affected by 100
puM BzATP, showing an acquired sensitivity to the
purinergic stimulation by HMECs, provided by the
presence of MCF-7. In fact, BzATP reduced
migration of HMECs w/MCF7 (Figure 13 A)
while no effect was observed in the migration of
our control condition represented by HMECs co-
coltured for 72 hours with HMECs themselves.
Moreover, quantitative analysis of 100 uM BzATP-
induced Ca*" signals is HMECs w/MCF7 did not
show any significative differences with the control
condition (HMECs) (Figure 13 C, E, F).

These data indicate that the BzATP-induced
P2X7R activation leading the functional effect, is
specific only for TECs and seems to be strictly
dependent on the environmental conditions, i.e.,
the presence of cancer cells confers to NECs the
sensitivity to the purinergic anti-migratory effect
without altering the Ca*" signals.
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Figure 13. P2X7R activation mediates the inhibition of
migration only in TECs. (A) BTECs migration evaluated by
scratch wound healing measurements. Effects of 100 pM
BzATP in HMECs, BTECs, RTECs, PTECs and HMEC
w/MCF7. Data are expressed as percentage of migration at 8
h, normalized to the corresponding control (CTRL) and
expressed as mean = SEM. *** p-value < 0.0005 vs CTRL.
(B) Representative average traces of 100 uM BzATP
stimulation in  BTECs, RTECs and PTECs. (C)
Representative average traces of 100 uM BzATP stimulation
in HMECs and HMECs w/MCF7. (D) Quantification of area
obtained upon 100 uM BzATP stimulation in BTECs,
RTECs and PTECs. (E, F) Quantification of peak amplitude
and area obtained upon 100 uM BzATP stimulation in in
HMECs and HMECs w/MCF7.
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Previous study showed that high non-
physiological eATP doses (> 20 uM) strongly
inhibit migration of ECs from human breast
carcinoma (BTECs), while no effect on NECs
(HMECs), and enhances 7 witro endothelial
normalization'*. These events could be related to an
overall potential anti-angiogenic and  pro-
normalizing  activity of strong  purinergic
stimulation in cancer. Since eATP accumulation is
gaining growing consensus as one the hallmarks of
TME and that purinergic signaling have been
deeply investigated in cancer cells, further
investigations about its role on tumor endothelium,
could be useful to enhance the comprehension of
the mechanisms regulating one important step of
tumor progression, i.e., tumor angiogenesis. In fact,
few data are available about the role of purinergic
stimulation in TECs.

In the first part of the work, we studied the
purinergic-mediated Ca®* signals in BTECs. We
showed that different ATP concentrations (1, 10,
100 pM) evoke a dose-dependent intracellular Ca*
increase shaped by a first transient peak followed by
a sustained long-lasting phase. According to the
literature, the observed ATP-evoked Ca®" signals,
both at high and low concentrations, are due to the
intracellular Ca** release (probably the main actor
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in the peak phase of the signal) and the extracellular
Ca™ influx (mainly related to the long-sustained
phase of the signals) that was completely abolished
after the removal of extracellular Ca".

Then, we deeply focused on the 100 pM ATP-
evoked Ca®" signals because in accordance with the
previous work, it is the unique, among the three
tested concentrations, able to inhibit BTECs
migration. Since both metabotropic P2Ys and
ionotropic  P2Xs receptor are widely and
ubiquitously expressed by the cells, and members of
these family were shown to be expressed by
BTECs, we pointed out that the biphasic ATP-
induced [Ca®]c increase is shaped in the initial
transient [Ca**]. rise by the activation of both P2Y’s
and P2Xs, of which P2Y's mainly participate to the
Ca*™* mobilization from intracellular ~ stores.
Regarding the long-lasting plateau phase of the
signals, it is certainly due to the Ca®* entry through
the plasma membrane, e.g, is lacking in the
experiments carried out in absence of extracellular
Ca™, and is shaped by the recruitment of both P2Xs
and SOCE machinery. SOCE, in fact, activates
following ER Ca®" content drop, as in this case
following metabotropic P2Y's activation. We clearly
observed the presence of functional SOCE
machinery both in BTECs and RTECs when
stimulated with 30 uM CPA or 2 uM TG, two
widely used ER depletors. The pharmacological
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inhibition of SOCE with 20 uM BTP-2 significantly
prevented ATP-mediated Ca*" entry in BTECs but
did not completely abolish the plateau phase,
revealing the non-SOCE component of Ca*" entry
induced by 100 pM ATP, reasonably related to
P2X-ionotropic receptors activation.

Once highlighted the components of the
intracellular Ca®*  signaling toolkit involved
following 100 uM ATP in BTECs, we moved to
study their involvement in the functional effect on
BTECs migration. The ability of 100 puM ATP to
decrease BTECs migration even in the presence of
20 uM BTP-2, unveiled a SOCE-independent
component involvement in the anti-migratory
effect of ATP. We analyzed the role of intracellular
Ca*™ mobilization in BTECs migration and
observed that the intracellular Ca** stores globally
affect BTECs migration since the treatment with
CPA or TG, two ER-calcium depletors, as well as
2-APB, remarkably impairs BTECs migration. This
evidence points to a general involvement of ER-
related Ca*" release in the regulation of constitutive
BTECs migration; nonetheless, and intriguingly,
the ability of ATP to retain its anti-migratory
activity even in TG-preconditioned cells indicates
that at least a significant component of ATP-
induced functional effects is independent of the
release of Ca** from ER. The idea that Ca®" stores
could be necessary but not selectively required to
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sustain the anti-migratory action of high eATP is
further strengthened by the failure of 100 uM UTP,
that actually triggers a Ca** release similar to that
measured upon ATP stimulation, to promote the
same functional effect of ATP. Moreovet, a detailed
quantitative pharmacological investigation by the
use of drugs that selectively impair ER (2 uM TG),
lysosomes (20 uM Baf-A1) and mitochondria (1 pM
FCCP) led us to support an interplay among these
intracellular organelles in the shaping of purinergic-
related Ca®" release in BTECs: however, no
dramatic  differences were detected in the
quantitative features of this process comparing
responses to ATP, that inhibits migration, and
UTP, that fails to exert the same functional effect.
The other purinergic agonist ADP, acting on P2Y-
metabotropic receptors, is able to interfere with
TECs migration " and elicit similar Ca®" signals to
ATP and UTP. Overall, these data suggest that
SOCE and Ca* release from intracellular stores are
not strictly and selectively required for the anti-
migratory action of ATP on human tumoral
endothelium, leading our interest to further
investigations about the recruitment of P2X-
ionotropic receptors that act as Ca*-permeable
channels’.

In the second part of the work, we mainly
focused on P2X7R activation, that is the most
prominent candidate among P2Xs family, widely

83



Discussion

studied and often associated with over-expression
in cancer cells"’*"**'® Among P2Xs, P2X7R is
preferentially  activated by  high = eATP
concentrations'” and its expression was previously
reported in BTECs'. According to the literature,
the ATP analogue BzATP is at least one order of
magnitude more potent than ATP at P2X7R, even
if we cannot exclude also its considerable activity at
other P2Xs isoforms™”'*. Since 100 uM BzATP,
mimed the effect of ATP by inhibiting only BTECs
migration but not HMECs'*, we decided to analyze
100 uM BzATP-evoked Ca** signals in BTECs
compared to those triggered in HMECs. The idea
of a putative involvement of P2X7R activation in
the purinergic-induced inhibition of BTECs
migration was further strengthened by the
quantitative lower BzZATP-evoked intracellular Ca**
mobilization in HMECs compared to BTECs.
Moreover, P2X7R activation was confirmed to be
part of the ATP-induced Ca** signals in BTECs by
the partial and reversible reduction of the Ca**
signal upon the acute treatment with a P2X7R
antagonist 20 uM BBG (previously showed to
partially rescue the inhibitory effect of ATP on
BTECs migration').

Given the possible involvement of P2X7R in
the anti-migratory effect of purinergic stimulation
in BTECs, we decided to deeper investigate the
intracellular Ca®* signaling induced by its activation.
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Particularly, it is well known P2X7R sensitivity to
different environmental cues typical in TME (e.g.,
acidosis, high eATP, cations) and the investigations
about its activation and modulation in TECs
represents a good opportunity to study the
influence of certain tumor environmental
characteristic on tumor vascularization. First, we
decided to alter the extracellular concentrations of
different ions (Zn**, H" and Ca*") and to evaluate
the 100 uM BzATP-evoked Ca** response in
BTECs. The presence of ZnClyin the extracellular
recording solution unveiled a dose-dependent
modulation by Zn** of the BzATP-induced Ca*
signals: only 50 uM ZnCl, completely abolished the
Ca™ signals while 10 uM ZnCl, didn’t affect the
Ca™" response to BZATP. The presence of high Ca*
(10mM CaCly) or H" (extracellular pH solution at
6.4) drastically reduced the [Ca**]. increase triggered
by BzATP in BTECs, suggesting the inhibition of
the pore channel. These results are in accordance
with the well described in literature P2X7R
allosteric modulations by cations, pH and trace
metals’. Moreover, in the presence of 50 uM ZnCl,
we did not observe any functional effect of BZATP
in BTECs migration, suggesting that the
intracellular  pathway activated by purinergic
stimulation and responsible for the anti-migratory
activity in BTECs is sensible to the presence of
extracellular Zn*".
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Finally, we move to study the P2X7R-induced
purinergic stimulation in other two TECs models:
from renal (RTECs) and prostate (PTECs) cancer.
RTECs, as previously reported for ATP**, showed
2 100 uM BzATP-induced Ca** response similar to
BTECs. On the contrary, PTECs did not show any
Ca™ response to 100 uM BzATP treatment.
Intriguingly, we observed that 100 uM BzATP, as
well as in BTECs, inhibits migration of both
RTECs and PTECs, even in the absence of
intracellular Ca** mobilization following the
receptor activation (PTECs). These data pointed
out to a possible Ca’"-independent pathway
involvement in the purinergic-induced anti-
migratory effect on TECs migration.

Ultimately, since no effect of 100uM BzATP
was detected in HMECs migration, we decided to
co-coltured HMECs for 72 hours with the breast
cancer cells line MCF-7 and then to test the BzZATP
effect on their migration. Interestingly, the presence
of MCF-7 appeared to confer BZATP sensitivity to
HMECs: the conditioning with MCF-7 was
sufficient to activate the BzZATP-induced inhibitory
effect also in HMECs migration.

86



Conclusion

Taking together my data suggest that purinergic
stimulation activates a TEC-specific pathway that
inhibits cells migration. This functional effect is
mediated by the activation of P2X7-ionotropic
receptors, plasma membrane Ca*" channels usually
over-expressed and associated with a pro-tumoral
activity in cancer cells'’*'"”>. P2X7Rs activation in
cancer cells, in fact, often leads to enhanced cell
proliferation and migration through the activation
of different intracellular signaling pathways such
ERK 1/2 or PI3K/ Akt

In this work we showed that the functional
effect of P2X7R activation in TECs is not
correlated with the intracellular Ca** mobilization
following the pore channel opening but is strictly
influenced by the extracellular environment
conditions. The presence of both organic (breast
cancer cells) and inorganic elements (extracellular
ions), in fact, alter the activation of the intracellular
pathway responsible for the functional effect.
Interestingly, the activaton of ERK 1/2
intracellular pathway, often associated with P2X7R,
was shown to occur in both Ca**-dependent or
independent way** and, even more interesting, it is
modulated by the presence of Zn®" ***?*. Since
both of these characteristics associated with ERK
1/2 pathway emerged from the presented results,
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we can speculate that the activation of P2X7R in
TECs may passing through ERK 1/2
phosphorylation to exploit the anti-migratory
activity.

Further investigations about the mechanisms
involved in the P2X7R-mediated high purinergic
stimulation-induced inhibition of TECs migration
are certainly needed. Once identified them, it would
be interesting to study their possible modulation by
the typical TME cues (acidosis, hypoxia, increased
ECM stiffness), to which P2X7R is particularly
sensitive, in order to obtain more knowledge about
the mechanisms that regulate tumor angiogenesis,
considering the environmental conditions in which
they take place.
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1. Cell Cultures

Breast Tumor-derived ECs (BTECs), Renal
Tumor-derived ECs (RTEC) and Prostate Tumor-
derived ECs, respectively from human breast
lobular-infiltrating carcinoma, renal and prostate
carcinoma biopsy, were isolated and periodically
characterized in the laboratory of Prof. Benedetta
Bussolati (Department of Internal Medicine,
Molecular Biotechnology Center and Research in
Experimental Medicine Center, University of
Torino, Italy).

Human Microvascular ECs (HMECs) are
dermal-derived cells purchased from ATCC.

MCF-7 is human breast adenocarcinoma-
derived cell line purchased from Sigma-Aldrich
(Merck Millipore).

BTECs, RTECs, PTECs and HMECs were
grown in EndoGRO-MV-VEGF Complete Media
Kit composed of EndoGRO Basal Medium and
EndoGRO-MV-VEGF Supplement Kit (Merck
Millipore). EndoGRO Basal Medium is a low
serum culture media for human microvascular ECs,
supplemented with a kit containing thVEGF (5
ng/mL), thEGF (5 ng/mL), thFGF (5 ng/mL),
thIGF-1 (15 ng/mL), L-Glutamine (10 mM),
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Hydrocortisone Hemisuccinate (1.0 pg/mL),
Heparin Sulfate (0.75 U/mL), Ascorbic Acid (50
wg/mL), Fetal Bovine Serum — FBS (5%).

MCF7 were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) High Glucose
(EuroClone®), supplemented with 10% FBS and
2% L-Glutamine.

All cell cultures were maintained in incubator
(37°C and 5% CO; atmosphere), using Falcon®
plates as supports (about 5000 cells/cm?) and were
used at passage 3 to 15.

HMECs were co-coltured with MCF-7 using
Corning® Transwell® Permeable Supports for 6
well plate (24 mm diameter), with 0.4 um pore
polyester membrane, or with HMECs themselves
as control condition. Cells were co-coltured in
EndoGRO-MV-VEGF Complete Media Kit
(previously described composition) and maintained
in incubator (37°C and 5% CO, atmosphere) for 72
hours. HMECs were plate at the usual density of
about 5000 cells/cm? while MCF-7 or HMECs for
the conditioning were plate with 5-fold major
cellular density. At the end of 72 hours, the co-
colture was interrupted in order to plate HMECs
according to the need of the experiment to be
conducted.

90



Materials and Methods

2. Chemicals

ATP, ADP, UTP, BzATP, BTP2, Bafilomycin
A-1, FCCP, Thapsigargin, lonomycin, ZnCl, and
CaCl, are purchased from Sigma-Aldrich (Merck);
Fura-2AM and 2-APB are purchased from
ThermoVFisher.

Tyrode Standard was wused extracellular
physiological recording solution for Cell Calcium
Imaging experiments. It is composed of 154 mM
NaCl, 4 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 5 mM
HEPES, 5.5 mM Glucose (purchased from Sigma-
Aldrich — Merck). Solution pH was adjusted to 7.4
using NaOH (purchased from Sigma-Aldrich —
Merck). Cell Calcium Imaging experiments in
extracellular Ca**-free conditions were carried out
using a modified Tyrode Standard external solution,
omitting the CaCl; salt from the formulation and
adding the Ca** chelator EGTA (5 mM). Solution
pH was adjusted to 7.4 and 6.4 using NaOH, for
physiological and acidic condition, respectively.

3. Cell Calcium Imaging

Calcium Imaging experiments were carried out
on cells grown on 32 mm diameter glass at a density
of 5000 cells/cm? for 24-48 hours. Cells were next

loaded with the fluorescent and ratiometric Ca**
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indicator Fura-2AM (2 uM) for 30 minutes in
incubator at 37 °C (37°C and 5% CO; atmosphere).
Thus, the ratiometric cytosolic Ca** measurements
(see also 2**) were performed keeping dark by
using a set-up of Polychrome V spectrofluorimeter
(TILL Photonics, Munich BioRegio, Germany)
attached to a Nikon TE-2000-S (Nikon
Corporation, Tokio, Japan) microscope. Metafluor
Imaging System (Molecular Devices, Sunnyvale,
CA, USA) was used for image acquisition using 3-
second intervals. For each experiment, several
regions of interest (ROIs) have been selected
corresponding to cells in the chosen image field.
Real time background subtraction was used in order
to limit noise. The software records fluorescence
intensities after excitation at the selected
wavelengths.

Tyrode Standard was used as physiologic
extracellular recording solution to maintain cells
during the experiments, and as a solution for the
treatments. For expetiments in Ca*"-free
conditions, the external solution was modified
omitting the CaCl, salt from the formulation and
adding the Ca** chelator EGTA (see previous
paragraph).

Ca* influx during the sustained phase was
evaluated measuring the peak amplitude and area at
300 seconds after the onset of the agonist-response.
We considered this time as it is sufficient so that the
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Ca®™" store depletion is ended. Ca** store depletion
and SOCE were evaluated by exploiting the “Ca*"
add-back” protocol: cells were treated with the
agonist to induce depletion of Ca®" stores in Ca®*-
free  extracellular  solution (0Ca**o.) and,
subsequently, replaced with Ca**-containing
solution (2 mM Ca*) so that SOCE could be
measured. Ca*" store depletion and SOCE were
quantified evaluating the peak amplitude of the
responses.

4. Migration Assay

Culture-insert assay were performed to evaluate
cells migration: cells were plated in EndoGRO-
MV-VEGF Complete Media Kit (previously
described composition) on 12-well culture plates
using silicone culture inserts (purchased from
IBIDI GmbH, Planegg, Germany). Each insert had
three 70 ul. chambers, used to plate cells (3-5 - 10°
cells/mL  density). Cells were maintained in
incubator until confluence within the chambers was
reached. Cell monolayers were starved 2 hours in
EndoGRO-MV Media Kit, without FBS and
without VEGF, and only after the inserts were be
removed. Cells were then washed with PBS
solution and treatments were added in duplicate.
EndoGRO-MV 5% FBS without VEGF was used
as positive control.
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Experiments were performed using a Nikon
Eclipse Ti (Nikon Corporation, Tokio, Japan)
inverted microscope equipped with a A.S.I. MS-
2000 stage and a OkoLab incubator (to keep cells
at 37°C and 5% COy). Images were acquired at 2h
time intervals using a Nikon Plan 4X/0.10 objective
and a CCD camera. MetaMorph software
(Molecular Devices, Sunnyvale, CA, USA) was used
to acquire images for 5 time points (8 hours).

5. Data Analysis and Statistics

Calcium imaging analysis and quantification
(peak amplitude, area, decay time) were performed
using Clampfit software (Axon PClamp, Molecular
Devices, San Jose, CA, USA) and analyzed with
GraphPad Prism 7 (GraphPad Software, Inc., La
Jolla, CA, USA). Area underlying Ca** influx during
the sustained phase in the presence of extracellular
Ca™ was evaluated at 300 seconds after the onset
of the response. Total area under Ca** spikes in 0
Ca™ o was measured by the use of Event Detection
protocol in Clampfit software. Each ROI was
analyzed in order to determine [Ca*"]. increase and
to calculate the parameters of Ca’" responses.

Wound healing experiments with inserts were
analyzed using Metamorph software. Cell migration
was assessed by measuring the distance between the
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two sides of the wound at each time point.
Obtained data were further analyzed using Excel in
order to calculate the percentage of migration for
each wound (difference of distances between cell
fronts at two subsequent time points over distance
at time = 0 hours) and the percentage mean value
for each condition was then calculated. At least six
fields for each condition were analyzed in each
independent experiment.

Statistical analysis of all experiments was
performed using GraphPad Prism 7 (GraphPad
Software, Inc, La Jolla, CA, USA). Each
experiment was repeated at least three times.
Preliminary Shapiro-Wilk test was performed to
check the normal distributions of each dataset:
accordingly, statistical analysis was performed by
using either the non-parametric Mann-Whitney test
or the Student’s t-test. A p-Value of < 0.05 was
considered significant.
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