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Abstract

Cancer comprises a collection of diseases that occur in almost any tissue and it is characterized by an abnormal and
uncontrolled cell growth that results in tumor formation and propagation to other tissues, causing tissue and organ
malfunction and death. Despite the undeniable improvement in cancer diagnostics and therapy, there is an urgent
need for new therapeutic and preventive strategies with improved efficacy and fewer side effects. In this context,
purinergic signaling emerges as an interesting candidate as a cancer biomarker or therapeutic target. There is
abundant evidence that tumor cells have significant changes in the expression of purinergic receptors, which com-
prise the G-protein coupled P2Y and AdoR families of receptors and the ligand-gated ion channel P2X receptors.
Tumor cells also exhibit changes in the expression of nucleotidases and other enzymes involved in nucleotide
metabolism, and the concentrations of extracellular nucleotides are significantly higher than those observed in normal
cells. In this review, we will focus on the potential role of purinergic signaling in the ten most lethal cancers (lung,
breast, colorectal, liver, stomach, prostate, cervical, esophagus, pancreas, and ovary), which together are responsible
for more than 5 million annual deaths.
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Purines—an overview

Purines are a family of structurally related molecules formed
by the fusion of two nitrogen-based heterocyclic rings, one
containing six (pyrimidine) and the other five atoms (imidaz-
ole). During the Hadean aeon of prebiotic evolution, purines
spontaneously appeared as molecules derived from HCN and
H,CO under reductive atmospheric conditions, intermittent
cycles of freezing temperatures, and alkaline mediums [1].
Delocalized electrons within the p orbitals of the conjugate/
aromatic system give purine molecules high molecular stabil-
ity by resonance equilibrium of tautomeric structures (amino—
imino and keto—enol) [2]. These structural properties underpin
the plethora of informational, metabolic, signaling, vascular,
and hypnogenic roles that purines perform as nucleosides and
nucleotides, which are N-glycosides of (3-D-ribofuranose and
[3-D-deoxyribofuranose, respectively [3].

Purines are a set of diverse molecules, with guanine (2-
amino-6-oxypurine) and adenine (6-aminopurine) as their
main representatives. This review will only cover the physio-
logical and pathological aspects of adenine-related purines,
like the nucleoside adenosine (ADO) and the nucleotides
AMP, ADP, and ATP (adenosine mono-, di-, and triphos-
phate, respectively).

Purines in the extracellular milieu

Most cells release purines (primarily ATP) by cytoplasmic
leakage after cell injury, or by pannexin-related mechanisms;
in some instances, cells also release ADO [4]. Therefore, there
is another dynamic environment outside the cell, where the
interconversion and proportion of ATP, ADP, AMP, and
ADO have the potential to regulate various cellular responses
by coordinated signaling mechanisms [5]. ATP, ADO, and
sometimes ADP function as ligands of specific membrane
receptors (see the corresponding sections). ATP recognizes a
family of trimeric receptor channels (P2XRs) (formed by P2X
1-7 subunits) and eight G protein-coupled receptors (P2YRs)
(actually had been described the subtypes P2Y 1,2,4,6,11-14),
whereas ADO is the ligand of four G protein-coupled recep-
tors (AdoR 1,2A,2B,3) [6]. Hence, purinergic signaling shows
the distinctive property that the potential transformation of a
primary ligand (ATP) into a secondary ligand (ADO) under-
lies the sequential and coordinated cellular responses in vari-
ous physiological and pathological systems. The coincidence
of two related ligands in a given cellular system is especially
relevant since ATP and ADO signaling often play antagonistic
roles (yin/yang effect), as in inflammatory and cancerous pro-
cesses [7]. A key element allowing the formation of ADO
derived from ATP degradation is a family of ecto-enzymes
with nucleotidase/phosphatase activities.

Four major families of ectonucleotidases are recognized,
namely E-NTPDases (ectonucleoside triphosphate
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diphosphohydrolases), alkaline phosphatases, NPP-type
ectophosphodiesterases (nucleotide pyrophosphatase/phos-
phodiesterase), and 5'-nucleotidases [8]. Studies have reported
that adenosine deaminase (ADA), an enzyme that removes
ADO by turning it into inosine, is active in the extracellular
space [9].

E-NTPDase is a family of membrane-attached Ca**/Mg**
enzymes with catalytic apyrase domains that hydrolyze ATP/
ADP to generate AMP. E-NTPDase isoforms show different
affinities for ATP and ADP; for example, CD39 (cluster of
differentiation 39) forms AMP equally from either ATP or
ADP. CD39L1 shows more affinity for ADP, whereas
CD39L3 hydrolyzes ATP more than ADP [10].

NPP1 and NPP3 are members of the E-NPP family and can
transform ATP into AMP and pyrophosphate [11]. Alkaline
phosphatases are a set of glycophosphatidylinositol (GPI)-an-
chored enzymes that metabolize AMP into ADO and pyro-
phosphate into inorganic phosphate [12]. CD73 is another
ecto-nucleotidase that turns AMP into ADO. It is a GPI-
anchored protein formed by two glycoprotein subunits linked
by a disulfide bond. CD73 is strongly inhibited by ATP and
ADP [13, 14].

Exosomes are extracellular vesicles and an effective inter-
cellular communication system widely expressed in diverse
tissues and organs. They play physiological roles, modulating
tissue differentiation and repair, pregnancy, and immune sur-
veillance; but exosomes are also recognized as markers of
pathological processes such as cancer [15]. In this context,
studies have identified CD39 and CD73 in exosomes derived
from cancerous tissues [16]. This finding further supports the
importance of purines in the physio-pathological regulation of
cellular responses at short and long range.

Purinome

The purinome is a dynamic interplay between intra- and ex-
tracellular purines (e.g., adenine nucleotides and ADO) and
the thousands of proteins that utilize purine cofactors, includ-
ing enzymes, structural proteins, membrane receptors, and
transporters. All of these elements are present at intracellular
level with an active traffic with the extracellular environment
[17]. The purinome consists of genotypic and phenotypic
characteristics that are unique in each cellular system and var-
iable over time. For example, cellular differentiation dictates
the expressed purinergic-related genes to accomplish metabol-
ic networks and signaling communication. In this context, the
balance between glycolysis and oxidative phosphorylation de-
termines the energetic status of the cell. The set of ATP and
ADO membrane receptors commands the purinergic signal-
ing, while the type of ecto-nucleotidases influences the coor-
dination between ATP and ADO-promoted responses.
Overall, the cellular phenotype influences the purine function
at intracellular (adenylate energy charge) and extracellular
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milieus (purinergic signaling). The impact of non-
transcriptional factors is also determinant in purines propor-
tion and their related functions; for example, the dynamic
variation of the ATP/AMP ratio regulates the activity of allo-
steric enzymes and ion channels. Calcium dynamics modu-
lates mitochondrial membrane potential and ATP synthesis.
The transit of exosomes containing ectonucleotidases allows
the target tissues to acquire the ability to modulate the propor-
tion of extracellular adenine nucleotides and ADO. On the
other hand, it is interesting to remark that, in certain cellular
systems, purinergic receptors are segregated in different cel-
lular domains, reinforcing the concept of signalosome [17].

To understand the integrated view of the purinome, it is
important to consider that intracellular and extracellular mi-
lieus are connected in the transit of purine molecules, mainly
by the action of two processes that control the purinergic sig-
naling: (1) Release of ATP and ADO (high proportion of ATP
and low proportion of ADO) and uptake of ADO by nucleo-
side transporters. ATP can reach the extracellular space by
exocytotic release, micro-vesicle-mediated release through
connexin, pannexin, and ABC transporters and the P2X7 re-
ceptor (P2X7R) [18]. (2) Purines return to the interior of the
cell as ADO by the transporters of the solute carrier families
(SLC28 and SLC29) which are specialized membrane pro-
teins sensitive for inhibition by nitrobenzylthioinosine and
dipyridamole [19].

Cancer is a collection of pathologies characterized by loss
of genetic and metabolic checkpoints. It has been proposed
that a set of hallmarks assist to conceptualize the principal
features distinguishing cancerous from non-cancerous cells
[20]. The most accepted cancerogenic elements are metabolic
rewiring, immune modulation, altered stress response, inva-
sion and metastasis, vascularization, selective growth and pro-
liferative advantage, and an inciting microenvironment.
Purines and pyrimidines can influence several hallmarks, act-
ing as signaling molecules or metabolic intermediates. In the
present review, we will focus on the role of purinergic signal-
ing in the ten most lethal cancers worldwide according to
Globocan (Fig. 1, Tables 1, 2, and 3), indicated by their age-
standardized ratio (ASR): lung, breast, colorectal, liver, stom-
ach, prostate, cervical, esophagus, pancreatic, and ovarian
cancer.

Purinergic signaling in cancer
Lung

With an ASR of 18/100,000 inhabitants and a total of 1.79
million deaths in 2020, lung cancer is the leading cause of
cancer-induced deaths worldwide (Globocan, https://gco.
iarc.fr/). Lung cancer can be divided in two main types: (i)
small cell lung cancer (SCLC), that occurs mainly in heavy

smokers, and (ii) non-small cell lung cancer (NSCLC), which
is more common than SCLC. NSCLC is an umbrella term for
several types of lung cancers; for example, squamous cell
carcinoma, adenocarcinoma, and large cell carcinoma.
Conventional therapy for lung cancer includes surgery, che-
motherapy, and radiotherapy, with surgery being the most
effective treatment [129]. Novel therapies against lung cancer
include monoclonal antibodies, tyrosine kinase inhibitors, and
mammalian target of rapamycin (mTOR) inhibitors.
However, because of the relevance of lung cancer, it is still
desirable to find new signaling pathways that will help to
improve the current therapies.

Regarding the role of purinergic signaling in lung cancer
(Table 1), initial studies used the A549 cell line and found that
these cells expressed functional P2YRs, coupled to G,, PLC
activation, and [Ca®"]; increase [21]. Later, it was shown that
AS549 cells express functional P2Y2R and P2Y6R, which after
specific activation by purinergic agonists mediate an increase
in cell proliferation [22]. Moreover, these cells are capable of
releasing ATP and UTP in a calcium-dependent mechanism
[130]. A549 cells express P2X4R, although the particular role
of'this receptor in lung cancer has not been established [23]. In
other lung cancer-derived cell lines, ATP inhibits cell prolif-
eration; that is the case of H460, a cell line derived from
human large-cell lung carcinoma; H441 cells, derived from
human papillary lung adenocarcinoma; H520 cells, from hu-
man squamous cell lung carcinoma; GLC4 cells, from human
SCLC; and MERO0S?2 cells, derived from a human mesotheli-
oma [131]. A study isolating Calu-3 cells from the pleural
effusion of a patient with a lung adenocarcinoma found that
these cells released ATP and mucin in response to P2Y2R
activation [24]. In addition, a role has been proposed for aden-
osine through AdoR2B, expressed in host immune cells, as an
angiogenesis promoter and suppressor of immune responses;
this has been corroborated in ADORA2B knockout mice,
which showed a decrease in tumor growth using a Lewis lung
carcinoma isograft model [32]. It has been shown that
AdoR2B modulates epithelial-mesenchymal transition
(EMT) in human epithelial lung cells by triggering changes
in the balance of cAMP/PKA and MAPK/ERK pathways
[33]. On the other hand, activation of AdoR3 by 3-
Deoxyadenosine inhibited tumor growth using a Lewis lung
carcinoma mouse model [132]. Similarly, the AdoR3 agonist
thio-2-chloro-N6-(3-iodobenzyl)-5-N-
ethylcarboxamidoadenosine (thio-CI-IB-MECA) inhibited
A549 cell proliferation through mechanisms related to cell-
cycle arrest and apoptosis induction [34].

Several studies have shown that P2X7R plays a role in lung
cancer and can be a potential therapeutic target. The expres-
sion of this receptor is increased in lung cancer, and P2X7R
has been observed in several lung cancer-derived cell lines
including A549, PC-9, and H292, but not in the non-tumoral
BEAS-2B cell line, which is derived from bronchial epithelia
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Fig. 1 Purinergic elements POX7R]
described in the organs suffering P2Y2R

the most lethal cancers. In the P2Y6BR
figure: breast (Br), cervix (Ce), P2Y11R
colon (Co), esophagus (Es), lung PZX;?)E ™
(Lu), liver (Li), ovary (Ov), AdoRA2B
pancreas (Pa), prostate (Pr), and AdoRA3

stomach (St) CD73_

P2X3R
P2X4R
P2X7R
P2Y2R
P2Y11R
AdoR2A
AdoRA3
CD73

P2X7R
P2Y2R

[25,26]. Moreover, high P2X7R expression has been found in
patients with metastatic NSCLC [27]. However, other studies
have reported that P2X7R is almost absent in lung cancer
cells, which causes cell survival via the regulation of [Ca®*];
and the Bcl-2/Bax ratio [28]. This apparent contradiction can
be explained by the fact that P2X7Rs expressed in the tumor
microenvironment, but not in cancer cells, could be acting as
promoters of cell migration, invasion, and metastasis [133]. In
addition, the activation of mitogen-activating kinases, such as
JNK and Rho, is a signal that promotes cell migration and
actin remodeling, and this pathway can be triggered by
P2X7R activation [134]. In H292 cells, TGF-f31 induces the
release of ATP and activation of P2X7R-downstream
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signaling and cell migration [26]. Extracellular ATP can also
promote EMT after P2X7R activation [30]. This transition is
related to the upregulation of mesenchymal markers and
downregulation of epithelial markers. Because of their possi-
ble role as modulators of lung cancer progression, P2X7R
antagonists such as BBG, KN62, oATP, A740003,
A438079, or AZ10606120 are being proposed as anticancer
agents [135, 136]. For example, A438079 reduced cell migra-
tion in HTB183 and HTB177 [31], and AZ10606120 dimin-
ished lung cancer cell proliferation and migration [25].
Although P2X7R polymorphisms have not been directly re-
lated to cancer progression in NSCLC [137, 138], it seems that
rs1718125 gene polymorphism is associated with pain after
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Table 1 Expression and process regulated by of purinergic elements in lung cancer
Lung cancer
Purinergic Effect Model References
element
P2YRs Activation of the Gq/PLC/ Ca2+ pathway A549 cell line [21]
P2Y2R and Increase in cell proliferation A549 cell line [22]
P2Y6R
P2X4R Expression of this receptor, role not elucidated A549 cell line [23]
P2Y2R ATP and mucin release after P2Y2R activation Calu-3 cell line [24]
P2X7R Increased expression in tumoral cells A549, PC-9 and H292 cell lines Biopsies from [25-27]
NSCLC patients
P2X7R Decreased expression and higher cell survival by regulation of A549 and H23 cell lines [28, 29]
[Ca®*]; /Bel-2/Bax ratio
P2X7R JNK and Rho kinase activation, cell migration H292 cell line [26]
P2X7R EMT transition A549 cell line [30]
P2X7R Receptor inhibition with A438079, decreased cell migration HTB183 and HTB177 cell lines [31]
P2X7R Receptor inhibition with AZ10606120, decreased cell proliferation  A549 cell line [25]
AdoR2B Angiogenesis promoter, immune response suppressor Lewis lung carcinoma isograft model [32]
AdoR2B Regulation of EMT Human epithelial lung cells [33]
AdoR3 Decreased cell proliferation apoptosis induction A549 cell line [34]

lung cancer surgery [139]. Related to P2X7R splicing vari-
ants, Benzaquen et al. reported that in samples from patients
affected by lung adenocarcinoma, overexpression of the
P2RX7B splice variant is associated with a reduction of im-
mune infiltration of B and T lymphocytes, and an increase in
myeloid cells infiltration. These findings portray P2R7XB as a
prospective biomarker for lung cancer treatment and diagnos-
tics [140]. Furthermore, recent studies showed that the posi-
tive P2X7R modulator HEI3090 in combination with anti-
PD1 antibody induces tumor regression and increases tumor
immunogenicity on in vitro and in vivo models of NSCLC
[141].

Breast

Breast cancer ranks first in incidence and second in mortality
worldwide. In 2020, a total of 2,261,419 new cases and a
mortality of 13.6/100,000 inhabitants were reported
(Globocan, https://gco.iarc.fi/). Breast cancer is a group of
malignancies with a complex classification. From the
histological perspective, breast carcinomas can be invasive
ductal or invasive lobular. Tumors are also classified
according to the differentiation grade—a score of histological
characteristics such as nuclear pleomorphism and mitotic
count [142]. In addition, different molecular markers have
been used for breast cancer classification. The two main bio-
markers are estrogen receptor (ER) and human epidermal
growth factor receptor type 2 (HER2). These and other mo-
lecular markers, including progesterone receptors (PR) and

the proliferation marker Ki67 (Ki67), have also been exten-
sively used to define specific treatments [143]. Recently,
transcriptomic, proteomic, epigenetic, and metabolomic data
have been used for personalized diagnoses [142]. Actually,
breast cancerous tumors are classified in luminal A (positive
to ER or/and PR and negative to HER2 and Ki67), luminal B
(positive to ER or/and PR, and positive to Ki67 and negative
to HER?2), luminal-HER2 (positive to ER or/and PR, and pos-
itive to HER2), HER2-enriched (positive to HER2), and
basal-like (Cytokeratin 5/6 or EGFR-positive and triple-
negative (negative to ER, PR, and HER?2)) [144].

One of the most studied purinergic components is P2X7R.
In tumor cells, hypoxia induces necrotic cell death and activity
of HIF-1«, a key adaptive mechanism. In metastatic triple-
negative MDA-MB-231 and estrogen-dependent non-meta-
static MCF-7 breast cancer cells, the activation of HIF-1a
induces an increment in P2X7R expression. Concomitantly,
ATP released by dying cells acts as a damage-associated mo-
lecular pattern (DAMP) binding to this receptor, whose activ-
ity promotes ERK and AKT phosphorylation resulting in
NFkB nuclear translocation. This action positively feedbacks
the expression of P2X7R and facilitates a highly invasive
phenotype [35]. In agreement, incremented expression of
P2X7R was also described in T47D breast cancer cells, and
its stimulation increased cell migration, invasion ability, and
EMT installation through a pathway that also involves AKT
phosphorylation [36].

Successful chemotherapy depends on the competence of
the host to maintain an immune anti-tumor response. The first
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Table 2  Expression and process regulated by of purinergic elements in the most lethal cancers from the reproductive system

Purinergic  Effect Model Reference

element

Breast carcinoma

P2X7R Hypoxia promotes P2X7R over expression and activity of this MDA-MB-231 [35]
receptor induces an invasive phenotype. MCE-7

P2X7R The receptor is over expressed, its activation increments cell T47D [36]
migration and invasion and induces EMT markers.

P2X7R Loss of function mutation (E496A) in host, induces fail in chemo- Tumors from xenotransplanted EL4 lymphoma cells in [37]
therapy with anthracyclins P2X7"" mouse

P2X7R and Reduction of vascular endothelial permeability Tumor vascular endothelial cells associated to breast ~ [38]

P2Y11R cancer (BTEC)

P2Y2R Favors the formation of the pre-metastatic niche and supports me- MDA-MB-231 cells xenotransplanted in nude mice. ~ [39]
tastasis

P2Y2R Modulation of estrogen-induced proliferation and induction of cell MCF-7 cells [40, 41]
migration.

P2Y2R Induction of cell proliferation, migration, invasion and EMT. MDA-MB-231 cells [40-43]

P2Y2R This receptor increments the expression of the NLRC4 Radiotherapy resistant or normal MDA-MB-231 cells  [44]
inflammasome components as well as IL-1{3 in response to ra-
diotherapy.

P2Y6R The receptor is over expressed and its activity favors metastasis Tumor biopsies [45]
induction MDA-MB-231 cells xenotransplanted in nude mice.

P2Y12R The receptor facilitates the interaction between platelets and breast MCF-7, MDA-MB-468, MDA-MB-231 [46]
cancer cells, contributing to metastasis

AdoR1 Induction of cell proliferation and inhibition of apoptosis MDA-MB-438 [47, 48]

MCEF-7

CD73 Production of ADO by this enzyme repress maturation and cytotoxic 4T1.2 breast cells xenotrasplanted in mice [49, 50]
actions of NK cells

CD73 Favors EMT and induce metastasis MDA-MB-231 and 4T1 [51]

AdoR2B Stimulation of cell proliferation, migration and metastases MDA-MB-231 [52, 53]

AdoR2B Antagonism of this receptor inhibits CSC selection; furthermore, in Selection of CSC by sphere formation from [54]
previously selected CSC antagonists induce cell death. MDA-MB-231 or MCF-7 cells

AdoR2B Its activity favors the enrichment of cultures with cells expressing ~ Selection of CSC by hypoxia in MCF-7, [55]
CSC markers MDA-MB-231 and SUM-149 lines.

AdoR3 Receptor over expression in tumor tissue Carcinoma biopsies [56]

AdoR3 Induce the reduction of cell proliferation and migration MCF-7 and MDA-MB-231 [57, 58]

AdoR3 Promotes bone metastasis MRMT-1 cells injected in tibia of rats [59]

AdoR3 Its pharmacological activation inhibits CSC selection to form MCF-7 and MDA-MB-231 [60]
mammospheres

CD73 Its overexpression leads to immune evasion and is correlated with ~ Murine triple negative breast cancer [61]
the induction of other immune check point proteins such as
PDLI.

CD73 Neutralizing antibodies against this enzyme enhance the effect of =~ MDA-MB-231 and MDA-MB-468. [62, 63]
chemotherapy and inhibit cell migration, invasion and autophagy. Her2" breast cancer
In vivo inhibits lung metastasis and enhances the effect of
trastuzumab, a Her2 neutralizing antibody.

Prostate

P2X5R Its activity inhibits of cell growth and induces apoptosis PC3 and DU145 cells [64]

P2X7R It is overexpressed in biopsies of PCa but is not detectable in Human biopsies [65]
non-cancerous tissue

P2X7R It is highly expressed, its activation induce increment in [Ca**]i, 1E8 (highly metastatic) and 2B4 (non-metastatic) [66]
invasiveness and EMT. Also favors metastases to lymphatic clones derived from PC3 line in vitro or
nodes and kidney. xenotransplanted in nude mice.

P2X7R A variant lacking “megapore” formation function named nfP2X7R PC3, DU145, and LNCaP lines [67]
is expressed. Its deletion promotes apoptosis.

P2Y11 Its function inhibits cell proliferation PC3 and DU 145 cells [68]

P2Y1 Its activation with MRS2365 and new ligands on based on PC3 and DU 145 cells [69, 70]
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1-indolinoalkyl 2-phenolic inhibits cell proliferation and induce
apoptosis.
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Table 2 (continued)

Purinergic  Effect Model Reference
element
P2Y2R Its activity promotes cell migration and EMT 1E8 (highly metastatic) and 2B4 (non-metastatic) [71,72]
clones derived from PC3 line, through
transactivation of EGFR
AdoR3 Its activity induce apoptosis PC3, DU145 and LNCaP cells [73]
AdoR2B This receptor promotes proliferation and inhibition of apoptosis PC3 cells [74]
Cervix
P2X7R Its function induces apoptosis CaSki cells [75]
P2X7JR This variant of P2X7R lacks the second transmembrane, showing a CaSki cells [76,77]
dominant negative effect on channel function, inhibiting
apoptosis induction by wt receptor
P2X7R It is well expressed in normal tissue but downregulated in cancerous Human biopsies (42 normal and 47 cancerous) [78]
tissue, this downregulation prevents activation of apoptosis
P2Y1R Promotes proliferation transactivating EGFR through a pathway that HeLa cells [167
involves PKC, Src and cell surface metalloproteases
P2Y2R Its activation induced Ca2+ mobilization, c-Fos expression, ERK ~ HeLa cells [79-81]
phosphorylation and cell proliferation. Also regulates
Na*/K*-ATPase activity.
P2Y6R Induce Ca2+ mobilization, activation of conventional and atypical HeLa cells [82]
PKC’s and cell proliferation
Ovarian carcinoma
P2X7R Is over expressed in cancerous tissue from different carcinoma Human biopsies [83, 84]
types. Its activity supports cell proliferation and viability. SKOV-3 and CAOV-3 cells
P2Y2R Its activity induces intracellular Ca®* mobilization and down EFO-21, EFO-27, [85]
regulation of cell proliferation
P2Y2R Its activity induces intracellular Ca”* mobilization and favors cell  IOSE29 (preneoplasic) and IOSE29EC (neoplasic)cells [86]
proliferation
P2Y2R Induces increment of cell migration and EMT SKOV-3 cells [87]
AdoR2B Its stimulation reduces cell viability and activates apoptosis CAOV-4 and OVCAR-3 cells [88, 89]
AdoR3
CD73 Through a meta-analysis it was proposed as a poor prognosis factor High degree serous carcinoma [90, 91]
(more than 1500 patients)
CD39and  Both contribute to immune evasion of the tumor Intratumor stromal cells from biopsies. [92]
CD73
CD39and  Attraction of myeloid cells to be differentiated in TAM. Skov-3 cells [93]
CD73

evidence supporting this proposal was developed by studying
the high mobility group B1 protein (HMGB1), a DAMP act-
ing through the toll-like receptor 4 (TLR-4) [145]. The role of
ATP as a DAMP is also important for chemotherapy-
associated response, where a substantial increment in extra-
cellular ATP has been observed as a consequence of
treatment-induced cell death. Thus, individuals with breast
cancer, carrying a loss-of-function mutation in the P2RX7
locus (Glu496Ala, rs3751143), did not respond to
anthracycline chemotherapy [37]. Mechanistically, P2X7R is
necessary to activate the Nlrp3 inflammasome in dendritic
cells, which induce IL-1f3 release. IL-1f3 is a cytokine that
primes the production of effector CD8" T lymphocytes (inter-
feron producers) to support an anti-tumor response [37].
These observations contributed to the deduction of one of
the most important action of purinergic system in cancer, the
modulation of TME composition. This idea has been

reinforced by observation in other systems. Thus, xenotrans-
plantation of B16 melanoma cells expressing P2X7R in a
P2RX7-deficient host induced a decrease in the number of
CD8" cells and incremented the number of T, cells [146],
suggesting that P2X7R is essential for anti-tumor immune
response. The nature of ATP regulation on immune ambient
in TME can be dependent of particular conditions; in acute
myeloid leukemia, ATP release induced immunosuppressive
effects, increasing T, and tolerogenic DC [147]; these results
suggest a fine and specific regulation of ATP over immune
cells in TEM of a particular cancer. The ability of P2X7R as
regulator of TME is also supported by the fact that P2X7R
activation regulates stabilization of HIF-1« transcription fac-
tor and secretion of factors of VEGF, two important messen-
gers regulating growth [148].

On the other hand, in tumor vascular endothelial cells as-
sociated with breast cancer tumor (BTEC) but not in normal
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Table 3 Effects and processes regulated by purinergic elements in the most lethal gastrointestinal malignancies

Purinergic  Effect Model Reference
element
Hepatocellular carcinoma
P2X4R Both receptors are overexpressed Biopsies of HCC, adenocarcinoma and [94]
and ampullary carcinoma
P2X7R
P2X4R The HCV structural protein E1E2 induce overexpression of this receptor which Huh-7 cell line and HCV™ hepatocarcinoma [95, 96]
is up regulated in HCV* hepatocarcinoma biopsies biopsies
P2X7R Incremented expression of this receptor in the peritumoral region after 5 years of HCC biopsies and no cancerous peritumor  [97]
resection indicates a poor prognosis regions
P2X7R Polymorphisms in P2RX7 locus (1513A>C, 946G>A, and 1068G>A) indicates Chinese population [98]
susceptibility to suffer HCC
P2X3R It is overexpressed in HCC biopsies when compared with healthy tissues; in ~ Biopsies from USA and Korea population ~ [99]
Huh-7 line, induce proliferation
P2Y2R This receptor is overexpressed in HCC lines; its activation promotes cell Hep-G2 and BEL-7404 [29, 100]
proliferation and migration. Hypoxia contributes to its high expression level
P2Y2R Tumor growth depend on its expression Tumors induced by DEN injection [101]
P2Y11 It is overexpressed in HCC lines and its activity increment cell migration Huh-7 and HepG2 lines [102]
CD73 This enzyme is overexpressed in HCC biopsies compared with healthy tissues; Human biopsies [103,
supports tumor growth, EMT and metastatic invasion. 104]
AdoR2A  Its pharmacological antagonism with KW-6002 impairs tumor growth Xenografted HCC cells in nude mice [104]
AdoR3 It is expressed in HCC biopsies, its stimulation impairs tumor growth NICI cells [105]
Gastric cancer
P2Y2R Increased expression in tumor biopsies, increases cell proliferation Human biopsies, AGS, MKN-45 and [106,
MKN-74 cell lines 107]
P2X4R Decreases cell proliferation AGS, MKN-45, and MKN-74 cell lines [107]
P2Y6R Decreases cell proliferation and tumor growth SGC-7901 and MKN-45 cells, gastric cancer [108]
xenografts
P2X7R Increases cell proliferation HGC-27, AGS and SGC-7901 cell lines [109]
PIRs ATP-induced inhibition of cell growth, apoptosis induction GT3-TKB and HGC-27 cell lines [110,
111]
AdoR2A  Induction of EMT, activation of Pi3K-Akt-mTor pathway MKN-45, MGC803, and AGS cell lines [112]
Esophagus cancer
P2Y2R Activation by ATP, UTP, and ATPYS leads to cell cycle arrest, apoptosis and Human biopsies, and Kyse-140 cell line [113]
cell proliferation decrease
P2X7R High expression and activation via ATP reduces cell proliferation and migration Kyse-30, Kyse-450, and Kyse-520 cell lines [114]
Colon cancer
P2Y2R Activation using ATP or ATPyS decreases cell proliferation and induces HT-29 and Colo 320 DM cell lines [115,
apoptosis via intracellular Ca®* and cAMP signaling pathways crosstalk 116]
P2Y2R Activation via autocrine or paracrine ATP release induces apoptosis evasion via HT-29 cell line [117]
Src/p38/COX-2 axis activation
P2Y6R Overexpression and activation by agonists like MRS2693 induces XIAP levels HT-29 and HT-29/shP2Y4R cell lines, and  [118]
and promotes tissue dysplasia P2Ys " mice
P2X7R Overexpression is associated higher tumor size, malignancy stage, metastatic ~ Colorectal cancer biopsies, and NCM460,  [119,
potential, and patient survival, being all of these effects explained via Aktand ~ HCT116, SW480 and SW620 cell lines 120]
NF-kB p53 pathways activation
AdoR3 Cell proliferation and liver metastasis reduction using the synthetic agonists HCT166 cell line and murine xenografts [121,
CF101 and IB-MECA, being these effects synergistic with 5-FU due to ade- 122]
nylate cyclase inhibition.
AdoR3 Pharmacological agonist IB-MECA induces cell proliferation and inhibits apo- HT-20 cell line [122]
ptotic response
Pancreatic cancer
P2Y2R High protein and mRNA levels, activation using UTP or MRS2768, and Human biopsies, Panc-1 cell line [123,
inhibition by siRNA can promote cell survival, proliferation and migration via 124]
PI3K/Akt
P2Y2R Inhibition using AR-C118925XX can reduce tumor growth and progression Orthotopic pancreatic cancer xenografts on  [125]
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Table 3 (continued)

Purinergic  Effect Model Reference

element

P2X7R ATP concentrations up to 100 M promotes cell migration and invasion via AsPC-1, BxPC-3, Capan-1, Panc-1 and [177, 179

PKC-ERK1/2-JNK pathway induction MiaPaCa-2 cell lines

P2X7R ATP concentrations higher than 100 pM promotes cell death Human biopsies, and AsPC-1, BxPC-3, [126]
Capan-1, Panc-1, and MiaPaCa-2 cell
lines

P2X7R Using AZ10606120 decreases cell migration and PDAC/PSC interaction PancTu-1 cell line and murine PSC [127]
co-cultures

P2X7R Inhibition by AZ10606120 reduces tumor growth Xenografted NMRI-Foxn ™ mice [127]

P2X7R  Pharmacological inhibition with A438079 and AZ10606120 induces tumor  Xenografted p48“™*-LSL-Kras®'*?* mice [128]

spread, pancreatic cancer progression, and apoptosis avoidance

endothelial cells, ATP (> 20 mM) inhibited cell migration
acting through P2X7R and P2Y1IR by a signaling pathway
that involved adenylyl cyclase 10 (Ca**-dependent), cAMP
synthesis, and Epac activity. Moreover, ATP incremented
the attraction of pericytes by BTEC, a response that favored
the reduction of endothelial permeability [38].

Regarding P2YRs, it has been described that P2Y2R is
involved in the formation of the pre-metastatic niche (PMN),
a region in a distant organ that facilitates tumor establishment
and progression. PMN is characterized by the crosslinking of
extracellular matrix proteins catalyzed by the lysyl oxidase
enzyme (LOX) and recruitment of bone marrow-derived cells
(BMDC). In vitro approaches with MDA-MB-231 cells
showed that in hypoxic conditions, ATP released from dying
cells activates P2Y2R, which induces HIF-1«x activity and
LOX release. Besides, transplantation of MDA-MB-231 cells
in immunosuppressed mice induces the emergence of PMN-
like regions in the lung, an effect that was suppressed by
knocking down P2Y2R in the transplanted cells [39]. Other
studies also support a role for P2Y2R in metastasis facilita-
tion. Tumor growth and metastasis of MDA-MB-231
xenotransplanted cells in nude mice to other organs were
markedly reduced if P2Y2R expression was inhibited [149].

P2Y2R was investigated as a modulator of estrogen actions
in cell proliferation. In estrogen receptor alpha (ER-x) posi-
tive MCF-7 cells, P2Y2R stimulation reduced the prolifera-
tion rate; interestingly, pharmacological activation of ER-«,
but not ER-3, downregulated the expression level of P2Y2R.
Since ER-« activity in MCF-7 induced cell proliferation,
it was proposed that the mechanism involved in this response
is the inhibition of P2Y2R constitutive activity by
downregulating its expression [40]. This is an important
crosstalk considering that a large group of breast tumors are
estrogen dependent. Furthermore, in the MCF-7 cell line,
P2Y2R activation with UTP or 2-thio-UTP (both at 10 mM)
elicited an increment in the [Ca2+]i, dependence of phospho-
lipase C and incremented cell migration but without prolifer-
ation [41].

On the other hand, in the highly metastatic triple-negative
MDA-MB-231 cells, P2Y2R activation induced cell prolifer-
ation and increased cell migration [40]. The incremented in-
vasion ability of MDA-MD-231 in response to P2Y2R activ-
ity, mediated by self-released ATP, correlated with a reduc-
tion of the mesenchymal markers Vimentin and N-cadherin
and an incremented phosphorylation level of ERK and PKC
activity, supporting a relationship between P2Y2R signaling
and EMT induction [42]. Also, in MCF-7 and MDA-MB-231-
cells, P2Y2R upregulated (3-catenin expression, which in turn
enhanced its nuclear translocation to induce EMT [43].

The purinergic system exhibits adaptive changes in re-
sponse to radiotherapy. MDA-MB-231 cells that were resis-
tant to radiotherapy (RR-MDA-MB-231) showed increments
in basal and TNF-«-induced ATP release and IL-1f3 secretion
[44]. P2Y2R activation induced an accumulation of the con-
stituents in the NLRC4 inflammasome (NLRC4, ASC, and
caspase-1) in both MDA-MB-231 and RR-MDA-MB-231
lines, and increased IL-13 and VEGF-A release [150].
Furthermore, transplantation of RR-MDA-MB-231 cells bear-
ing knocking down of the P2RY2 transcript in immune-
deficient mice showed diminished tumor growth and
intratumor MMP-9 expression [44].

P2Y6R has been associated with metastasis induction in
breast cancer. P2Y6R is overexpressed in tumor biopsies
and correlates with a bad prognosis; using pharmacological
tools, researchers have demonstrated that P2Y6R controls cell
migration and invasiveness and favors metastasis through
ERK and NfkB signaling pathways [45].

Platelet activation is regulated by P2Y12R and promotes
the metastatic potential of cancer cells. Hence, a role for
P2Y12R in metastatic induction is feasible. To analyze this
possibility, platelets were treated with the P2Y 12R antagonist
ticagrelor, which induced a decrease in the interaction be-
tween platelets and MCF-7, MDA-MB-468, and MDA-MB-
231 breast carcinoma cell lines. In in vivo experiments,
ticagrelor incremented the survival of the host by reducing
lung metastases [46], indicating that cellular interaction
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between platelets and tumor cells was necessary for metastatic
progression.

Receptors for the ADO nucleoside are also present in breast
cancer. Incremented expression of AdoR1 was reported in
breast carcinoma cell lines [47, 48]. Depletion of ADORAL1
transcript by siRNA and pharmacological blocking with 1,3-
dipropyl-8-cyclopentylxanthine (DPCPX) in MDA-MB-438
cells attenuated cell proliferation [47] and induced apoptotic
cell death in the MCF-7 line [48]. Furthermore, stimulation of
AdoR1 with N6-Cyclopentyladenosine (CPA) in this cell line
induced cell proliferation and downregulated the expression
of p53 [48].

ADO is most known in cancer for suppressing the anti-
tumor immune response [151, 152]. This inhibition has been
attributed to ADO action over its specific membrane receptors
in immune cells and is highly dependent of ectonucleotidase
CD73 activity that converts ATP into ADO. The administra-
tion of an AdoR2A antagonist, in mice bearing tumors in-
duced by xenotransplant of the highly metastatic 4T1.2 breast
cancer cell line, which show a constitutive expression of
CD73, reduced the number of lung metastases. To explain this
observation, it was proposed that AdoR2A in NK cells re-
presses their maturation and cytotoxic function [49]. In agree-
ment, it was demonstrated that in mouse tumors expressing
high levels of CD73, the use of an AdoR2A antagonist in
combination with neutralizing antibodies against the immune
checkpoint protein PD-1 improved the metastatic burden and
survival of the mice. This study also detected NK cell depen-
dency in the metastatic process [50].

AdoR2B was identified in MDA-MB-231 but not MCF-7
cell lines. Interestingly, it was described that the receptor was
coupled to the Gs and Gq proteins, and consequently, at both
synthesis of cAMP and phosphoinositides-Ca** pathways
[153]. In addition, AdoR2B activation in MDA-MB-231 cells
induced cell proliferation and migration by a cAMP-
dependent pathway [52]. Controversially, it was shown that
in MDA-MB-231, AdoR2B stimulation induced a reduction
of ERK phosphorylation by both cAMP and
phosphoinositides-Ca®* pathways that converge in MAPK
phosphatase-1 (MKP-1) activation [154].

In mice transplanted with 4T1 cells, a line from the mouse
mammary gland, intratumor injection of antagonists for ADO
receptors delayed the tumor growth and reduced lung metas-
tasis by 85%; these effects were not present in ADORA2B ™~
mice. It was determined that AdoR2B blocking induced den-
dritic cell activation and CXCR3 anti-tumor responses [155].
Also, it was proposed that the transcription factor Fos-related
antigen-1 (Fra-1) is a master regulator of metastasis, with
AdoR2B being one of its main targets. Fra-1 and AdoR2B
constitute a pathway that promotes mesenchymal phenotype
and metastatic induction of breast cancer cells [53].

Expression of AdoR2B has been detected in cancer stem
cells (CSCs) derived from carcinoma cell lines MCF-7 and

@ Springer

MDA.MB-231. To enrich the cell lines with CSCs, a sphere
formation protocol was used. The addition of the AdoR2B
agonist BAY606583 to the culture medium inhibited sphere
formation, that is to say the selection of CSCs from the paren-
tal cell line [54]. Moreover, the addition of BAY606583 to
isolated CSC induced cell cycle arrest and apoptotic cell death
by downregulating ERK phosphorylation [54]. On the other
hand, Lan et al. [55] found in MCF-7 and SUM 149 cells that
hypoxia upregulated ADORA2B expression and induced
CSC enrichment (ALDH™); pharmacological blocking or
knockdown of the ADORA2B transcript with shRNAs in
MDA-MB-213 cells abolished this effect. Furthermore,
AdoR2B activation with ADO in MCF-7, MDA-MB-231,
and SUM149 increased the number of cells expressing CSC
markers by a pathway involving protein kinase C-8 that phos-
phorylates Stat3 to promote a positive regulation of NANOG
and IL-6, two mediators of the CSC phenotype. Lan and col-
leagues concluded that AdoR2B was required for hypoxia-
induced CSC enrichment [55].

Regarding AdoR3, it was demonstrated that human tumor
biopsies express higher levels of the ADORAS3 transcript than
adjacent non-cancerous tissue or normal tissue; in addition,
metastatic nodes showed the highest ADORAS3 transcript
levels. This was also observed for AdoR3 protein expression.
Breast tumors showed incremented expression of this ADO
receptor in transformed zones in comparison with non-
cancerous adjacent tissue [56]. AdoR3 has also been detected
in MCF-7 and MDA-MB-231 cells, in which the selective
agonist N6-(3-iodobenzyl)-N-methyl-5'-carbamoyladenosine
(IB-MECA) (1-10 mM) induced a reduction in cell prolifera-
tion [57]. Furthermore, in MDA-MB-231, AdoR3 activation
with ADO and the selective agonist IB-MECA reduced the
cellular migration [58]. Since bone is one of the most invaded
organs by breast-derived secondary tumors, the potential role
of AdoR3 in bone-residing metastatic breast tumors was eval-
uated. MRMT-1 cells (from rat mammary gland) expressing
AdoR3 were injected into the tibia of rats, and tumor devel-
opment and bone damage were evaluated. Intra-peritoneal ad-
ministration of CI-IB-MECA reduced the tumor growth and
attenuated bone destruction in a dose-dependent way and,
importantly, without white blood cell reduction—a serious
side effect of chemotherapy that was significant in cisplatin-
treated control mice [59]. These results suggested that AdoR3
could be a target against breast-derived bone secondary tumor
development. Activation of AdoR3 with CI-IB-MECA also
inhibited the formation of carcinoma-derived
mammospheres—cellular bodies enriched in CSCs from
MCF-7 and MDA-MB-231 cells—indicating that AdoR3
prevented the CSC selective process. Moreover, in previously
selected CSCs, AdoR3 stimulation induced cell cycle arrest
and apoptotic cell death [60].

Important actions of extracellular ATP in the tumor micro-
environment (TME) depend on its transformation into ADO,
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being CD73 the main enzyme catalyzing the transformation of
AMP into ADO. This protein has received growing attention
in recent oncologic research for the relation between CD73
and anti-tumor response suppression [151, 152]. Importantly,
it was observed in murine triple-negative breast cancer that
chemotherapy with carboplatin, doxorubicin, gemcitabine,
and paclitaxel promoted the expression of the immune check-
points CD47, CD73, and programmed death ligand (PDL1),
whose increment favored the tumor immune evasion; these
effects were dependent on HIF-1o activity [61]. Similar
anti-tumor response mechanisms have been described for im-
mune cells; thus, tumor-infiltrating NK cells upregulated
CD73 expression, and this rise correlated with an incremented
expression of other immune checkpoints such as programmed
death (PD-1) and PDLI1 [61].

Furthermore, in other cancer models, the importance of
P2X7R in the regulation of TME has been reinforced; thus,
in P2RX7 null mice bearing tumors induced by the transplan-
tation of melanoma cell lines, the expression level of CD39
and CD73 ectonucleotidases increased, inducing a low anti-
tumor response [146]. CD39 is also a metastasis regulator; its
inhibition with a neutralizing antibody reduces the metastasis
of induced tumors of different origins in mice. The mecha-
nism of this effect involves the participation of myeloid and
NK cells and requires the activity of P2X7R and NALP3-
inflammasone downstream of CD39 inhibition [156, 157].
Taken together, the evidence supports a role for extracellular
ATP in TME modeling.

In addition, neutralizer antibodies against CD73 have been
used as a therapeutic tool. Thus, the anti-CD73 monoclonal
antibody (clone TY/23) was utilized to affect the activity of
PD-1 and cytotoxic T lymphocyte antigen-4 (CTLA-4); anti-
CD73 enhanced the therapeutic activity of anti-PD-1 and anti-
CTLA-4 monoclonal antibodies against the established metas-
tasis of 4T1.2 cells originally inoculated in a mammary fat pad
of BALB/c mice [158]. In another study, the anti-CD73
monoclonal antibody (3F7) enhanced the cytotoxic effect of
doxorubicin and inhibited the migration, invasion, and au-
tophagy of MDA-MB-231 and MDA-MB-468 triple-
negative breast cancer cells; besides, 3F7 administered
in vivo inhibited lung metastasis in xenotransplanted 4T1
breast cells of BALB/c mice [62]. Interestingly, patients with
HER2* breast cancer and low expression of CD73 showed the
better distant relapse-free survival in response to a HER3/
ErbB2 neutralizing antibody (trastuzumab) than those ex-
pressing high levels of CD73. This effect was not observed
with other immune checkpoints such as the PDL-1/PD-1 sys-
tem. In agreement, CD73 neutralized by antibodies potentiat-
ed the trastuzumab effect in grafted tumors modeling HER2*
breast cancer [63].

Evidence demonstrates that CD73 expression regulates
breast cancer cells in the TME and other sites. It was observed
that 4T1 cells that blocked CD73 expression inhibited cell

proliferation, arrested the cell cycle, and induced downregu-
lation of molecules related to angiogenesis as VEGF-A,
VEGF-R2, and TGF-. Accordingly, nanoparticles loaded
with ¢d73 siRNA in mice bearing tumors induced by 4T1 cell
xenotransplantation elicited tumor regression and downregu-
lation of pro-angiogenic factors [159]. Moreover, in triple-
negative MDA-MB-231 or 4T1 breast cancer lines, pharma-
cological inhibition, or genetic deletion of CD73, decreased
cell viability and migration in normoxia, and suppressed
hypoxia-dependent increment of cell viability and phenotypic
changes related with facilitation of cell migration.
Furthermore, organoids derived from 4T1 cells, where CD73
expression was suppressed, shown less invasive and metasta-
tic ability. These changes were related with EMT regulation
[51]

Breast biopsies revealed an incremented expression of
CD73 that correlated with enhanced tumor malignity.
In vitro evidence indicated that CD73 supported tumor growth
through the AKT/GSK3 3/3-catenin/Cyclin-D pathway [160].
To understand the clinical relevance of CD73 expression, re-
searchers analyzed the expression level of this ectoenzyme in
122 samples of triple-negative breast cancer of a phase III
clinical trial, and the data were correlated with patient survival
after 120 months: high expression of CD73 was associated
with reduced disease-free survival and poor overall survival
[161]. Recently, the possibility of targeting purinergic signal-
ing components in breast cancer was reviewed [162], showing
interesting possibilities, as the inhibition of ADO formation
with blockers of the ectonucleotidase pathway or pharmaco-
logic or genetic inhibition of AdoR function. Table 2 shows a
summary of purinergic elements characterized in breast
carcinoma.

Colorectum

With 1,931,590 cases and 935,173 deaths in 2020, colorectal
cancer is considered a major health concern worldwide
(Globocan, https://gco.iarc.fr/). It has been established as the
third leading cause of cancer-related deaths, with an ASR of9.
0/100,000 inhabitants. Colonoscopy is the most accurate
method for early diagnosis. Therefore, novel biomarkers that
could help to provide a more efficient diagnosis and/or treat-
ment are highly desired [163]. In this regard, the potential role
of purinergic signaling in colorectal cancer has been described
(Table 3), although further research is required [164].
Purinergic receptors, especially P2YRs, are widely
expressed in the gastrointestinal tract where they exert various
functions including neurotransmission, gland secretion, con-
traction, and smooth muscle relaxation [165]. Colorectal can-
cer response to nucleotides has been characterized by several
works. P2Y2R is one of the first receptors described for this
malignancy. Studies have identified its overexpression in hu-
man cell lines and primary cultures, and described
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antiproliferative and pro-apoptotic effects on HT-29 and
Colo320 DM cells stimulated with ATP and ATPyS via a
crosstalk between intracellular Ca®* and cAMP signaling
pathways. These effects are synergic with 5-FU [115, 116].
Conversely, later research by Limami et al. [117] has shown
that P2Y2R induces apoptosis resistance in HT-29 cells ex-
posed to ursolic acid (UA), a pentacyclic triterpenoid mole-
cule with anti-tumoral effects. According to these authors, UA
treatment induced an increase of intracellular ATP that acti-
vated P2Y2R para- or autocrinally, triggering apoptosis eva-
sion via the Src/p38/COX-2 axis [117].

Other P2 receptors described in colorectal cancer are
P2Y6R and P2X7R. An antiapoptotic effect has been shown
for P2Y6R in HT-29 cells, shP2RY6 cells, and P2RY6 "~
mice. P2Y6R activation via MRS2693 induced X-linked in-
hibitor of apoptosis protein (XIAP) levels, promoting colorec-
tal tissue dysplasia and disrupting the antiproliferative re-
sponse of traditional chemotherapeutic agents like 5-FU,
which suggests that P2Y6R may function as a
chemoresistance factor in colorectal cancer [118].

P2X7R has been linked to its value as a clinical prognosis
biomarker. Reports show that P2X7R expression in human
colorectal cancer cell lines and tumor biopsies is upregulated
and associated with tumor size, metastatic potential, a high
level of carcinoembryonic antigen, tumor malignancy stage,
postoperative survival, and overall survival. These can be po-
tentially explained by the activation of Akt and NF-kB p53
pathways [119, 120]. Recent studies on in vitro models of
colorectal cancer support this idea, and also associate
P2X7R activation with epithelial-mesenchymal transition
(EMT) induction, finding that ATP and BZATP promoted cell
proliferation, increased the expression of fibronectin, Snail
and Vimentin, and reduced the expression of the epithelial
adhesion factor E-cadherin, being these effects of P2X7R me-
diated by the PI3K/Akt/GSK-3[3 axis, as could be evidenced
by the use of P2X7R antagonists (A438079 and AZD9056),
P2X7R siRNA, and the PI3K/Akt inhibitor LY294002, which
reduced cell proliferation and conserved the epithelial pheno-
type of SW620 and HCT116 colorectal cancer cell lines [166].

Concerning adenosine receptors, the role of AdoR3 in the
HCT-166 human colon carcinoma cell line and murine xeno-
grafts has been described as antiproliferative in primary cancer
cells. AdoR3 also reduces liver metastasis after treatment with
CF101, a synthetic AdoR3 agonist, at nanomolar concentra-
tion range (10-1000 nM). Additionally, experiments on mice
demonstrated a synergistic effect between CF101 and 5-FU,
improving the cancer response to 5-FU and reducing its typ-
ical myelotoxicity [121]. Further investigation on this subject
showed that synergy with 5-FU and antiproliferative effects of
another AdoR3 agonist, IB-MECA, on HCT-166 cells were
due to apoptosis induction at 1 M. These effects were related
to adenylate cyclase inhibition and an intracellular AMPc de-
crease, and were reversed by AdoR2A activation. The latter
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promoted cell survival in this cell model. Despite the roles
described for HCT-166 cells, the authors also found that IB-
MECA induced cell proliferation and inhibited apoptosis in
HT-29, another human colon carcinoma cell line, highlighting
the significance of genetic profiling to describe the response of
different types of cancer to AdoR3 synthetic agonists [122].

Hepatocellular carcinoma

The liver is responsible for a broad group of metabolic pro-
cesses including fatty acid, purine and triacylglycerol synthe-
sis, glycogen metabolism, gluconeogenesis, and urea cycle.
Simultaneously, the liver detoxifies xenobiotics and performs
exocrine functions. This organ is exposed to many metabolic
and environmental toxics and infectious agents that could
eventually promote chronic hepatic disease (CHD), which ini-
tiates as fibrosis and can progress into hepatocellular carcino-
ma (HCC) [167]. HCC represents 80—90% of hepatic cancer
patients. Moreover, it ranks seventh in terms of incidence and
fourth in mortality worldwide, with an ASR of 8.7/100,000
inhabitants. In 2020, HCC caused 830,1801 deaths
(Globocan, https://gco.iarc.fi/).

Early studies in H-35, an HCC cell line, showed that ATP
induced the formation of inositol triphosphate (IP3) and intra-
cellular Ca®* release in a concentration-dependent manner
[168]. These observations, made before purinergic receptors
were cloned, indicated the presence of ATP-sensitive mem-
brane receptors in transformed liver cells.

P2X4R and P2X7R expression was demonstrated in rat
hepatocytes. Interestingly, P2X4R was enriched in the cana-
licular domain. Pharmacological approaches by patch clamp
and Ca®* imaging have evidenced their functionality [169].
The expression levels of P2X4R and P2X7R were analyzed
in a comparative study that included HCC, adenocarcinoma,
and ampullary carcinoma human biopsies. Both subunits were
overexpressed in the three types of cancers if compared with
healthy liver samples [94]. However, their pathophysiological
implications were not investigated.

In the human HCC Huh-7 line, one study described the pres-
ence of P2X3R, P2X4R, P2X5R, and P2X6R transcripts; inter-
estingly, the exogenous expression of hepatitis C virus (HCV)
structural proteins E1 and E2 in these cells promoted an incre-
ment in the expression of P2X4 subunit (6.2-fold), suggesting
that P2X4R can exert the changes induced by HCV infection
[95]. Moreover, in HCC biopsies from a Pakistani population,
P2X4R expression was upregulated in tumors infected by HCV
[96]. Thus, there is a relationship between the incremented ex-
pression of P2X4R and HCV-related HCC; although its meaning
remains elusive, it must represent a diagnostic or therapeutic
potential to be investigated.

The prognostic value of P2X7R expression level over pa-
tient surveillance was investigated in HCC biopsies after sur-
gical rejection (2 groups of 273 patients from Shanghai,
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China). Paired samples from tumor and peri-tumor areas were
evaluated for P2X7R expression and correlated with surveil-
lance data after 5 years. The incremented expression in the
peri-tumor region correlated with an unfavorable prognostic
of global surveillance [97]. Furthermore, P2RX7R polymor-
phisms were related to cancer in some organs [135]. A study
on the effect of P2ZRX7R gene polymorphisms on susceptibil-
ity to HCC in a Chinese Han population (with nearly 600
individuals) found a correlation between three polymorphisms
of this gene (1513A>C, 946G>A, and 1068G>A) and an in-
creased susceptibility to suffer HCC [98]. These data unveil
the potential of the P2RX7R locus for HCC diagnosis.

Likewise, purinergic receptor expression was analyzed in
two independent cohorts of HCC (42 patients from the Texas
Medical Center and 188 from Korean institutions). The ex-
pression levels of P2XRs and P2YRs were compared between
tumor biopsies against non-cancerous regions of the same
liver or against samples of normal livers. Interestingly, 60—
70% of tumor biopsies (vs. normal zones or samples from
non-cancer livers) showed elevated expression of P2X3R,
which correlated with poor recurrence-free survival.
Moreover, it was demonstrated that P2X3R is a positive reg-
ulator of cell proliferation in the Huh-7 cell line [99].

Regarding P2YRs, a significant increment of P2Y2R ex-
pression was observed in the HCC-cultured cells and the Hep-
G2 and BEL-7404 lines in comparison with primary cultured
hepatocytes or the normal hepatocyte line LO2. In HCC-
derived cells, P2Y2R stimulation elicited an increment in the
intracellular concentration of Ca®* coupled to the activation of
store-operated calcium signaling (SOCs) and increased cellu-
lar proliferation and migration [100]. Furthermore, it was de-
scribed that hypoxia, a common cellular condition in solid
tumors, induced overexpression of P2Y2R through the activ-
ity of HIF-1«; this suggested that the increment in P2Y2R
expression is a mechanism through which cancerous cells face
low O, conditions [29]. In addition, the induction of hepatic
tumors by diethylnitrosamine (DEN) injection was notably
reduced in the P2RY2 ™" mice in comparison with wild-type
individuals. This decreased tumorigenic response was related
to low proliferation rates in the liver of P2RY2 ™" mice after
DEN injection. Ablation of P2Y2R also declined the DNA
damage levels—a characteristic of DEN toxicity [101].
These observations suggested that P2Y2R regulates the mech-
anism mediating hepatocellular damage by carcinogenic
toxics.

The actions of extracellular ATP in HCC are also medi-
ated by P2Y11R. It has been demonstrated that the expres-
sion of this receptor is incremented in HCC biopsies and
HCC lines Huh-7 and HepG2 in comparison to normal tis-
sues. P2Y11R activity elicited an intracellular Ca** incre-
ment and induced cellular migration, indicating that this
receptor is another mediator of purinergic signaling in the
cancerous context [102].

An enzyme that has been studied in the HCC context is
CD73. IHCC biopsies showed high levels of this
ectonucleotidase in comparison to normal peritumoral tissues
[103, 104]. Accordingly, time of recurrence and overall sur-
veillance after surgical rejection of the tumor were significant-
ly reduced in patients with high expression of CD73 [104].
Furthermore, HCC xenotransplant growth was repressed in
CD73™" mice (Shali et al. 2019) by the CD73 inhibitor aden-
osine 5'-(«,-methylene)diphosphate (APCP) and the
AdoR2A antagonist KW-6002 in nude mice [104]. In HCC,
CD73 supports cancer progression, EMT induction, and met-
astatic invasion [103, 104]. AdoR2A is associated with ADO
action in HCC, but AdoR3 has also been reported in HCC
human biopsies. The stimulation of N1C1 cells with CF102,
an agonist of this ADO receptor, decreased cell proliferation
and favored apoptosis through crosstalk with NF-kB and
WNT pathways [105]. A summary of purinergic effects on
liver carcinoma is shown in Table 3.

Stomach

Gastric or stomach cancer is a globally relevant disease [170]
that caused more than 750,000 deaths in 2020. It is the fifth
most lethal type of cancer, with an ASR of 7.7/100,000 inhab-
itants (Globocan, https://gco.iarc.fr/). This disease is generally
asymptomatic and diagnosed late, resulting in metastasis that
can progress to advanced and terminal stages [171]. Five-year
survival rates are 50% and 95% in patients in advanced and
carly stages, respectively [172]. Risk factors include infection
by Helicobacter pylori, age, high-salt diet, and high consump-
tion of processed food. Gastric cancer is histologically diag-
nosed after endoscopic biopsy and staged using diverse tech-
niques, such as computed tomography, endoscopic ultra-
sound, Positron emission tomography, and laparoscopy [173].

In the stomach, P2YRs can regulate gastric acid secretion,
smooth muscle contraction/relaxation, and neurotransmission
mediated by extrinsic and intrinsic neural systems. Although
the specific P2YRs involved in these functions have not been
completely identified, it has been shown that UTP and UDP,
agonists of P2Y2R, P2Y4R, and P2Y6R, can induce contraction
of gastric smooth muscle [174]. In addition, adenosine, through
the activation of P1 receptors, regulates gastric acid secretion
[164]. ATP also induces contraction of gastric smooth muscle
in guinea pigs by activating P2Y receptors and increasing intra-
cellular calcium [175]. Although different purinergic receptor
subtypes are expressed in cancer cells and primary cancer tissues
of the digestive system (Table 3), there is a lack of information
about purinergic signaling in stomach/gastric cancer.

The first studies in this field have reported that adenosine
and ATP could inhibit cell growth and induce apoptosis in
gastric cancer-derived cell lines GT3-TKB and HGC-27, act-
ing mainly through adenosine P1 receptors [110, 111]. In
addition, adenosine promotes cell invasion, metastasis, and
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the expression of genes related to cell stemness and EMT,
probably due to the activation and upregulation of the adeno-
sine receptor AdoR2A, which is associated with poor progno-
sis and survival in gastric cancer, and the subsequent PI3K-
Akt-mTOR signaling pathway enhancement [112].

Regarding P2 receptors, it has been shown by cDNA mi-
croarray analysis and RT-PCR that higher levels of P2RY2
transcripts are present in fresh gastric cancer biopsies com-
pared to adjacent healthy tissue samples [106]. Our group
studied the role of purinergic signaling in gastric cancer path-
ophysiology, finding that whereas the activation of P2Y2R
promotes cell proliferation, P2X4R activation decreases cell
proliferation. Changes in the expression patterns of these re-
ceptors, as observed in gastric cancer-derived cell lines and
primary cultures, can direct ATP and nucleotide signaling
from antiproliferative effects in healthy tissues to proliferative
effects in cancer, and therefore constitute a potential target for
new gastric cancer therapies [107]. According to these results,
high expression levels of P2Y2R are found in most of the
studied gastric cancer-derived cell lines, making this receptor
a candidate for further investigation.

Another study has shown that the activation of the UDP-
preferring P2Y6R decreases gastric cancer proliferation and
tumor growth, an opposite effect to those observed in colorec-
tal and pancreatic cancer. This P2Y6R-dependent mechanism
involves store-operated calcium entry (SOCE) and calcium-
dependent inhibition of the 3-catenin pathway [108], which is
different from the canonical SOCE/calcium-induced apopto-
sis that has been observed in other types of cancer.
Concordantly, the expression of this receptor is downregulat-
ed in gastric cancer-derived cells and gastric tumors [108].

A recent study has shown an increase of P2X7R expression
in gastric cancer-derived tissue, as compared to normal gastric
tissue [109]. Moreover, Kaplan-Meier analysis showed that
this increase was associated with lower survival of gastric
cancer patients. It was suggested that these effects of P2X7R
in gastric cancer were related to the activation of ERK1/2 and
Akt pathways and the increase of the EMT markers N-
cadherin, vimentin, and snail [109].

Prostate

Prostate cancer (PCa) is ranked second in incidence, with
30.7/100,000 cases, and sixth in mortality worldwide, with
7.7/100,000 deaths (Globocan, https://gco.iarc.fr/). PCa
includes epithelial, mesenchymal, neuroendocrine,
hematolymphoid, and miscellaneous tumors, but the
epithelial type is the most abundant; specifically, acinar
adenocarcinoma [176]. The search for molecular markers is
in progress, and purinergic elements represent good
candidates (Table 2).

In 1992, Fang and collaborators were among the first re-
searchers to study hormone refractory prostate cancer cells
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(HRPCs) before P2 receptors were cloned [177]. They ob-
served that ATP, in a range of 100 nM to 100 mM, elicited
transient increments in [Ca”*];. The nucleotide also
incremented inositol phosphate turnover, suggesting that the
effects were mediated by Gaq proteins. Moreover, ATP also
induced strong inhibition of cell proliferation (greater than
90%) [177], opening the possibility for the purinergic system
to be considered as a therapeutic target for PCa.

From these early observations, purinergic signaling has
been thoroughly described in diverse PCa-derived cells.
Thus, P2XRs expression has been investigated in HRPCs in-
cluding PC3 and DU145. PC3 cells express P2X3R, P2X4R,
P2X5R, and P2X7R, whereas DU145 cells express P2X4R
and P2X5R [68]. Incubation of PC3 or DU 145 cells with ATP
(100 mM) inhibited cell growth and induced apoptotic cell
death in a way that is sensitive to the antagonists suramin
and PPADS [178, 179]. Interestingly, ATP did not inhibit cell
growth effectively in PNT2, a prostatic non-cancerous cell
line [178]. Cell growth inhibition was not induced by UTP
or ADO, but BZATP mimicked the effect in both cell lines,
suggesting the participation of P2XRs; pharmacological char-
acterization suggested the specific participation of P2X5R
[64].

P2X7R expression was investigated in human normal or
carcinoma prostate biopsies [65]. This receptor was absent in
normal prostate epithelium but was consistently detected in
the 116 carcinoma samples. Besides, high P2X7R expression
was detected in 1E8 (highly metastatic) and 2B4 (non-
metastatic) prostate cancer cell lines (clones derived from
the PC3 line), while the non-malignant prostate epithelial cell
line BPH1 showed extremely low levels of this receptor [66].
Stimulation of P2X7R with ATP (1 mM) or BzATP (100
mM) in both 1E8 or 2B4 cells induced an increment in
[Ca®*]; and promoted in vitro invasiveness; concomitantly,
an increment in the expression of EMT induction-related
genes (Snail, IL-8, and MMP-3) and a reduction of the epi-
thelial markers (E-Cadherin and Claudin-1) were detected.
Furthermore, the degree of tumor invasion in the kidney or
lymph nodes by xenografted prostate carcinoma cells in nude
mice was attenuated when P2X7R was silenced in
transplanted cells [66].

A study using PC3, DU145, and LNCaP cells, which ex-
press a P2X7R variant named not-pore function P2X7R
(nfP2X7R), which is a loss of function variant of the channel,
described that knocking down this receptor induces apoptotic
cell death, suggesting that nfP2X7R is essential for the sur-
vival of these prostatic cancer cells [67]. Regarding P2YRs,
PC3 cells express P2Y 1R, P2Y2R, P2Y4R, P2Y6R, whereas
DU14S5 cells express P2Y11R [64, 178, 179]. As mentioned,
ATP inhibited the growth of both cell lines. Pharmacological
data also suggest that P2Y 11R participates in this effect [68].
Androgen-sensitive LNCaP cells also express P2Y2R,
P2Y6R, and P2Y11R [64].
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Stimulation with MRS2365, a selective agonist of P2Y 1R,
induced an increment in the [Ca®*]i, inhibited cell prolifera-
tion, and triggered apoptotic cell death in PC3 cells. These
responses were blocked by the corresponding selective antag-
onist MRS2500 or by knocking down P2Y1R [69]. In addi-
tion, PC3 and Du-145 PCa incubation with new agonists
based on the 1-indolinoalkyl 2-phenolic compound that binds
P2Y 1R promoted caspase 3/7 induction and the ROS signal-
ing pathway [70]. All together, these observations suggest that
P2Y IR ligands are potential therapeutic targets.

On the other hand, in the PC3 cell subclones, 1E8 and 2B4,
it was described that P2YRs stimulation with ATP induced
cell invasiveness through a pathway involving ERK1/2 and
p38 kinases; this action was blocked by suramin [180]. In
these cell lines, in contrast with P2Y 1R actions, it was shown
that P2Y2R activation induced an increment in cell migration
and invasion by inducing EMT [71]. This effect was accom-
plished through a pathway that involved transactivation of
epidermal growth factor receptor (EGFR) and the downstream
actions of ERK1/2 which induced overexpression of IL-18
[72].

The effects mediated by ADO have also been investigated
in DU-145, PC3, and LNCaP-FGCI10 cells. These cell lines
express transcripts corresponding to the 4 subtypes of AdoR
(ADORA1, ADORA2A, ADORA2B, and ADORA3).
Stimulation with ADO for 48 h reduced cell proliferation in
a concentration-dependent manner by arresting the cell cycle
in the GO/G1 phase and induced apoptotic cell death; the latter
was inhibited by preincubation with the AdoR3 antagonist
MRS1220 [73]. Studies comparing receptor abundance in
DU-145 and PC3 lines determined that the most enriched
was AdoR2B [74]. Functional experiments in PC3 cells re-
vealed that stimulation with NECA or BAY606583 induced
an increment in cAMP. NECA also diminished apoptosis in-
duced by TNF-« and cycloheximide and promoted cell pro-
liferation; all these effects were blocked by the antagonist
PSB603 [74].

One of the mechanisms elicited by ADO receptors to in-
duce apoptosis in PCa cells, but not normal prostate cells, is
the increased generation of ROS concomitant with the de-
creased expression of the antioxidant peptide glutathione.
Thus, in androgen-independent and -sensitive cells (PC3 and
LNCaP), the stimulation with 2-chloroadenosine, a non-
selective agonist of AR, induced the reduction of viability
and apoptotic cell death modifying ROS and glutathione
levels. In primary prostate cells, 2-chloroadenosine did not
show any effect [181].

On the other hand, in PC3 cells, low uM concentrations of
ADO reduced cell migration and invasiveness by a receptor-
independent action. The inhibitory mechanism involved ADO
uptake and derivative metabolites, its intracellular conversion
into ADP and ATP, and regulation of intracellular pathways
(e.g., phospho-AMPK 1 & activation) [182].

Interestingly, it was observed that nucleotide hydrolysis
incremented in the serum of PCa subjects compared with nor-
mal subjects. AMP hydrolysis was sensible at the CD73 in-
hibitor adenosine 5'-(«,[3-methylene)diphosphate (APCP)
and the alkaline phosphatase inhibitor levamisole. Besides, it
was noted that patients who received radiotherapy displayed
higher AMP hydrolysis, whereas patients at late clinical stages
presented low ATP hydrolysis in comparison with patients at
early clinical stages [183]. These observations reveal that
ADO is systemically elevated in PCa; however, its implica-
tions should be further explored.

Cervix

Cervicouterine cancer is the seventh most lethal type of cancer
in the world. It has an ASR of 7.3/100,000 and caused
341,831 deaths in 2020 (Globocan, https://gco.iarc.fr/).
Cervical carcinogenesis is related to specific types of
papillomavirus (HPV) infection of cervical epithelium cells
[184]; however, multiple factors including purines can con-
tribute to the establishment of a tumor microenvironment that
favors cancer development.

Initial approaches exploring the effects of purinergic ago-
nists on the cervical epithelium were performed in normal
human ectocervical epithelial cells (hECE). Placing hECE in
culture promoted spontaneous apoptotic cell death, which was
blocked by the ectonucleotidase apyrase, indicating that
purinergic signaling was involved. Researchers using pharma-
cological approaches determined that spontaneous apoptotic
hECE induction was mediated by a pathway initiated by
P2X7R, which induced the activation of the mitochondrial-
dependent apoptotic machinery by incrementing [Ca®*];. It
was further determined that this pathway is active in the met-
astatic carcinoma cervix line CaSki, and that both hECE and
CaSki lines release ATP to the extracellular media [75].
Interestingly, a truncated variant of P2X7R in CaSki cells
was isolated. This isoform, known as P2X7-J, lacks the sec-
ond transmembrane domain and carboxy terminus, displays
diminished ligand binding, and is unable to form pores and
induce apoptosis [76, 77]. However, P2X7-J reaches the plas-
matic membrane and interacts with wild-type P2X7R, possi-
bly forming heteromers and modulating P2X7R function.
Notably, P2X7-J levels are similar in normal and cancer epi-
thelial cervix cells, but P2X7R displays a higher expression in
normal tissues than in cancerous ones, suggesting that in can-
cer cells P2X7-J negatively modulates the function of P2X7R
by dampening its apoptotic function in cervix carcinoma cells
[76, 77].

A study by Li et al. [78] analyzed the expression of P2X7R
in human cervix biopsies (42 normal and 47 cancerous sam-
ples). This receptor was expressed in epithelial cells of normal
endometrial, endocervical, and ectocervical tissue, but in can-
cer samples (endocervical adenocarcinoma or cervical
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squamous cell carcinoma) P2X7R was not detected. In addi-
tion, the relative abundance of P2X7R, protein and transcript,
showed a good correlation to distinguish healthy tissue (high
expression) from cancer tissue (null expression) [78]; thus, it
was suggested that the absence of P2X7R can be a biomarker
of cervix carcinoma.

Regarding to P2YRs, first it was shown that HeLa cells
respond to extracellular nucleotides (ATP, UTP, ADP, and
UDP) with intracellular Ca®* oscillations; pharmacological
approaches indicated that these responses were elicited by
P2YR. By RT-PCR, it was demonstrated the expression of
P2Y2R, P2Y4R, and P2Y6R, physiological experiments sug-
gested a role for P2Y4R and P2Y6R in cell proliferation in-
duction [79]. Other studies have shown that P2Y2R stimula-
tion induces c-Fos and Erk1/2 activity and through this path-
way, it promotes proliferation of HeLa cells [80]; moreover,
P2Y2R and P2Y6R activation in this cell line inhibits the
activity of Na*/K*-ATPase [81]. Activation of P2Y6R
expressed in HeLa cells with UDP also promotes intracellular
Ca®* mobilization, and activation of conventional and atypical
PKCs to induce cell proliferation [82]. P2Y6R activation with,
thymidine 5’-Omonophosphorothioate (TMPS), a partial ago-
nist, also reproduce this effect [185]. P2Y1R has also been
described in HeLa cells; its ligation transactivates epidermal
growth factor receptor (EGFR) to promote cell proliferation
throughout a pathway that involves PKC, Src, and cell surface
metalloproteases. Moreover, incubation of HeL.a with apyrase
or with a P2Y 1R antagonist reduced basal proliferation [186].

On the other hand, it was proposed that the cytotoxic effect
of extracellular ATP on the cervix carcinoma cell lines (SiHa,
HeLa, and C33A) required the conversion of ATP into ADO,
and that the accumulation of the nucleoside promoted the
cellular response [187]. Interestingly, SiHa, HeLa, and
C33A lines express ectonucleotidases and display low nucle-
otide hydrolysis activity, which is consistent with a reduced
expression of E-NTPDase. Also, the NTPDases 5 and 6, ecto-
5-nucleotidase/CD73, and NPP1, 2, and 3 were detected, in-
dicating that these cells can transform ATP into ADO [188].
These groups of enzymes are relevant because their activity
impacts tumor microenvironment composition and modulates
purinergic signaling. In HeLa and SiHa cells, treatment with
ADO inhibited migration and invasion and favored the epi-
thelial phenotype inducing an increment in E-cadherin expres-
sion and low of N-cadherin and fibronectin. Moreover, it was
showed that Ado induced apoptotic cell death of this cell lines,
by a mitochondria-dependent pathway [189].

It has been proposed that in the stroma of the solid tumors,
around 0.01% of cells are tumor mesenchymal stem cells
(tMSC), which are multipotent cells with high differentiation
capacities that regulate tumor cell proliferation, EMT induc-
tion, as well as angiogenesis and metastasis [190]. Cervical
cancer-derived tMSC (cctMSC) express higher levels of
CD39 and CD73 ectonucleotidases if compared with MSC
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from healthy tissue. The expression of these enzymes pro-
motes the synthesis of high levels of ADO that suppress the
function of cytotoxic T cells, thus inhibiting the anti-tumor
immune response [191]. A recently published review also
looked at the current understanding of purinergic signaling
and cervical cancer [192]. A summary of purinergic elements
characterized in the cervix is shown in Table 2.

Esophagus

Esophageal cancer is the eight most lethal cancer worldwide,
with an ASR 0f'5.6/100,000 inhabitants and 544,076 deaths in
2020 (Globocan, https://gco.iarc.fi/). Incidence rates vary in
different geographic locations. In some regions, higher rates
of esophageal cancer may be attributed to tobacco and alcohol
use or nutritional habits and obesity.

As in pancreatic cancer, research about purinergic signal-
ing in esophageal malignancies has centered on the role of
P2Y2R and P2X7 receptors (Table 3). According to the little
information available, P2Y2R activation via ATP, UTP, and
ATPyS can lead to cell cycle arrest, apoptosis induction, and
reduced cell proliferation of human esophageal cancer prima-
ry cultures and Kyse-140, a human squamous esophageal can-
cer cell line [113]. On the contrary, P2X7R activation by ATP
leads to a decrease in cell number, proliferation, and migration
in Kyse-30, Kyse-450, and Kyse-520 cells, which have differ-
ent P2XRs and P2YRs expression patterns [114], highlighting
the need for further investigation about the functions of
P2X7R and P2Y2R in each environment in order to be used
for esophageal cancer therapies.

Pancreas

Pancreatic cancer has an ASR of 4.5/100,000 inhabitants and
caused 466,003 deaths in 2020 (Globocan, https://gco.iarc.
fr/). Its estimated 5-year survival rate is below 5% in devel-
oped and underdeveloped economies. Furthermore, its re-
sponse to traditional chemotherapy is mostly inefficient, and
diagnostic tools fail to detect this disease in the early stages.
Thus, pancreatic cancer research has focused on describing
novel signaling pathways involved that could be used as novel
therapeutic or diagnostic agents.

Early reports of purinergic signaling in pancreatic cancer
have shown that tissue samples from patients undergoing par-
tial pancreaticoduodenectomy had higher protein and mRNA
levels of P2X7R and P2Y2R in comparison to their healthy
counterparts [123]. Recent investigations have elucidated the
potential role of P2X7R and P2Y2R in the onset, survival,
migration, and invasion of pancreatic cancer (Table 3).

Authors have reported that P2X7R participates in different
cell processes in pancreatic cancer. Many reports have cen-
tered on human pancreatic ductal adenocarcinoma (PDAC),
which is one of the deadliest forms of pancreatic cancer,
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describing that P2X7R promotes cell migration and invasion,
and contributes to cell proliferation/cell death equilibrium in
PDAC in vitro models like AsPC-1, BxPC-3, Capan-1, Panc-
1, and MiaPaCa-2 cells [193]. Reports using pancreatic stel-
late cells (PSC) showed a two-sided effect of P2X7R, promot-
ing cell proliferation using ATP concentrations up to 100 uM,
but inducing cell death at higher concentrations. This effect on
PSC is interesting, because these cells are an essential compo-
nent to sustain PDAC and its chemoresistance [126]. The
effects of P2X7R activation via ATP on the increase of cell
proliferation were explained in MiaPaCa-2 cells by PKC-
ERK1/2-JNK pathway induction [194], supporting the idea
of using P2X7R as a target for novel therapeutics. To further
explore this goal, NMRI-Foxnlnu mice were transplanted
with cells from the PancTu-1 human PDAC cell line, and used
to test the in vivo effects of AZ10606120, a P2X7R allosteric
inhibitor. These orthotopic xenografts formed poorly differen-
tiated tumors with high expression levels of P2X7R and
EGFR, and AZ10606120 reduced tumor growth but did not
have significant effects suppressing cell invasion and metas-
tasis development [127]. When these authors evaluated
AZ10606120 effects in vitro using co-cultures of PancTu-1
cells with murine PSC, they found a decrease on cell migra-
tion and a reduction on PDAC/PSC interaction, an essential
feature in pancreatic cancer, where P2X7R hyperstimulation
can lead to an abnormal secretion of extracellular matrix pro-
teins (e.g., collagen and laminin) by PSC, which contributes to
an increase of PDAC hardness, a factor that reduce the effica-
cy of chemotherapeutic agents [127]. Dissimilar results on
in vivo models were observed by Mohammed et al., who
found that two P2X7R antagonists (A438079 and
AZ10606120) induced cancer spread, suppressed apoptotic
mediators, and elicited pancreatic cancer progression in orally
treated p48Cre/+-LSL-KrasG12D/+ mice [128]. These reports
clarify the need for further investigation about the role of
P2X7R in pancreatic cancer. A proper understanding of the
signaling pathways involved could lead to the development of
successful strategies for treatment or therapeutic approaches
that could consider P2X7R inhibitors more as coadjuvant
drugs than as first-line standalone agents.

Regarding P2Y2R, some reports show that it stimulates
Panc-1 cell proliferation after treatment with UTP or
MRS2768. This effect is dependent on the PI3K/Akt pathway
and reversed using anti-P2Y2R siRNA [124]. These data were
supported by works on human PDAC samples that found
P2Y2R hyperexpression. Stimulation of P2Y2R promoted
cell proliferation and triggered PI3K/AKT-mTOR crosstalk
with PDGFR via Yesl. Furthermore, P2Y2R inhibition by
AR-C118925XX reduced tumor growth and progression on
a subcutaneous and orthotopic xenograft model in athymic
male nu/mu mice. These in vivo effects were synergized using
an association of AR-C118925XX and gemcitabine, resulting
in better prognosis for the evaluated mice [125].

Ovarian cancer

The ovary is the organ responsible of folliculogenesis and the
secretion of steroid hormones [195]. In each follicular cycle
culminating in ovulation, the ovary undergoes changes in ar-
chitecture, which involves many control elements. This con-
stant tissue remodeling makes the ovary susceptible to carci-
nogenesis. In 2020, ovarian cancer (OCa) was the eighth most
frequent and tenth most lethal cancer in the world (Globocan,
https://gco.iarc.fr/). OCa is a group of diseases with
heterogeneous origin and characteristics: epithelial ovarian
cancer (EOC) represents more than 90% of tumors in the
ovary; they are classified as serous, mucinous, endometrioid,
and clear cell [196]. It has been proposed that EOC is origi-
nated by (a) a malignant transformation in ovarian surface
epithelium (OSE) and (b) tumor cells originated from precur-
sor lesions in the endometrium and uterine horn which even-
tually colonize the ovary [197]. Considering its phenotypic
diversity, ovarian cancer has multiple origins.

Although the physiological role of purines is not complete-
ly understood in the ovary, it is clear that this organ expresses
functional purinergic receptors in the main cellular types of
the follicle, theca, and granulosa cells, as well as in the OSE
[198]. Early studies about purinergic actions in ovarian cancer
cells were based in carcinoma-derived cell lines (CdCL) ob-
tained from ascitic bodies, which are cellular bodies detached
from the primary tumor that are disseminated to the abdominal
cavity [199]. To date, several purinergic elements have been
identified in ovarian carcinoma (Table 2).

In initial studies centered on the ability of purines to induce
intracellular Ca>* mobilization, the stimulation with ATP
(mM range) of SKOV-3 and OVCAR-3 lines promoted a
biphasic increment in [Ca®*];. This response showed two fea-
tures: (1) a fast and transient increment and (2) a slow and
sustained phase. The last phase was abrogated by intracellular
Ca** chelation, indicating the role played by intracellular res-
ervoirs, while the fast transient was originated by Ca”* influx.
These observations revealed the presence of both P2YRs and
P2XRs. Moreover, ATP stimulation of SKOV-3 and
OVCAR-3 induced cell proliferation [200, 201].

UTP-sensitive P2Y2Rs were identified in the EFO21 and
EFO27 CdCL, where their stimulation elicited an increment in
[Ca®*]; [85] as well as in the OSE derived lines: IOSE29
(preneoplastic) and IOSE29EC (neoplastic) [86]. However,
the effects on cell proliferation were antagonistic, since ATP
downregulated basal and fetal serum-induced cell prolifera-
tion in EFO21 and EFO27 [85], whereas in IOSE29 and
IOSE29EC, ATP favored cell proliferation by a pathway that
involved MAPK/ERK1/2 activity [86].

The mechanisms supporting the cellular invasiveness abil-
ity are important in cancer biology. In OCa, groups of cells
within the tumor undergo EMT, acquiring migratory capabil-
ity; these cells can form cell bodies that separate from the
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primary tumor and are scattered toward the peritoneal cavity
where they become part of the ascitic fluid and can invade
other organs [199]. The activity of P2Y2R in the SKOV-3 cell
line enhanced its migration capability, while P2Y2R knock-
down abolished cell migration. Cell migration induced by the
P2Y2R-selective agonist UTP was accompanied by enhanced
expression of Snail and Twist transcripts and an accumulation
ofthe intermediate filament vimentin, evidencing EMT induc-
tion. Also, it was shown that these effects depended on EGFR
transactivation [87]. In contrast, ADO accumulation in the
extracellular space favored an epithelial phenotype in
SKOV-3 cells [202].

Regarding P2XRs, it was demonstrated that P2X7R ex-
hibits an incremented and scattered expression in cancerous
ovaries [83, 84]. A detailed analysis showed that P2X7R was
strongly expressed in transformed zones from mucinous, bor-
derline, and endometrial tumors. In SKOV-3 and CAOV-3
cell lines, the blocking of P2X7R with AZ10606120 and
oxATP reduced cell viability; furthermore, stimulation of
P2X7R elicited a concentration-dependent phosphorylation
of ERK and AKT proteins. Altogether, these data suggested
a tumor growth supporting role for this receptor in OCa [203].

Expression of AdoR1, AdoR2A, and AdoR2B, but not
AdoR3, was described in A2780 and HEY lines. It was also
reported that ADO showed moderate cytotoxicity over these
CdCL, inducing low viability and apoptotic cell death at high
concentrations (hundreds of mM levels). ADO showed the
ability to increase the sensitivity to cisplatin in both CdCL.
Surprisingly, the effects were not sensible to the AdoR1 or
AdoR2B antagonist but to dipyridamole. These actions are
receptor-independent [204]. In addition, the expression of all
four AdoR was reported in CAOV-4, SKOV-3, and OVCAR-
3 lines, being AdoR2B and AdoR3 the most abundant [88]. In
CAOV-4 and OVCAR-3, NECA, a non-selective AdoR ago-
nist, reduced cell viability and induced apoptotic cell death
[89].

Besides, it is well known that the main role of ADO in
cancer is the induction of immune evasion, mainly by acting
through receptors expressed in specialized cells [152]. In a
recent meta-analysis encompassing 13 independent data sets
including more than 1500 patients, Stagg’s group concluded
that high expression of CD73 ectonucleotidase is a poor prog-
nosis factor for patients with C1/mesenchymal high-grade se-
rous carcinoma when it is expressed in cancerous cells and
stromal regions, mainly in tumor-associated fibroblast [90,
91].

Evidence generated in biopsies and SKOV-3 and OaW42
CdCL indicates that CD39 and CD73 expressed in OCa and
tumor stroma cells contribute to the anti-tumor immune re-
sponse by favoring T regulatory (Treg) accumulation and,
consequently, inhibiting CD4"* T cells and natural killer
(NK) cell activity [92]. From these observations, it was pro-
posed that antibodies against CD39 and CD73 could be used
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as immunotherapy strategies in ovarian cancer [205].
Moreover, carcinoma cells expressing CD39 and CD73
ectonucleotidases showed the ability to attract myeloid cells
(blood monocytes), which depended on the activity of these
ecto-enzymes. In contact with CdCL, myeloid cells differen-
tiate into M2 tumor-associated macrophages (TAMs), which
also express CD39 and CD73. TAMs that can reduce CD4* T
cell proliferation in the tumor microenvironment contribute to
tumor immunosuppression [93].

Concluding remarks

Cancer is a complex disease that affects thousands of people
around the world. Intense efforts have been made to under-
stand the defining characteristics of cancer cells and the pro-
cess that enables their implantation, growth, and spread in the
host organism. It has been defined that outstanding character-
istics of cancer cells, such as proliferation rate, phenotypic
plasticity, and the ability to modify the environment, are high-
ly regulated by autocrine-paracrine mechanisms. As shown in
this review of the ten most lethal cancers, purines have
emerged as important intercellular messengers that mediate
autocrine-paracrine signaling, with a ubiquitous presence in
cancer, regardless of the affected tissue and that contribute
with cancer progression.

From the analysis of purinergic signaling effects on all
cancer types throughout this review, we highlighted the regu-
latory effects of the purinergic system on the composition of
TME. Importantly, purinergic signaling mediates the social
behavior of tumor cells and regulates the interaction with the
host, modulating immune signals; this can be translated into
whether the host will develop an anti-tumor response. In this
context, four purinome elements attract our attention: (1)
ectonucleotidase CD73, (2) ectonucleotidase CD39, (3)
AdoR2A, and (4) P2X7R, as shown in the text, the coordinat-
ed actions of this molecules state the nature of the microenvi-
ronment with decisive consequences for cancer progression.
Future research in diverse types of cancers will confirm
whether it is a general mechanism to generate favorable con-
ditions for tumor growth and spread. In addition to these four
proteins, there are other interesting candidates as potential
purinergic targets in cancer therapies, one of them is the
P2Y2R, that is overexpressed and contributes to tumor-cell
proliferation in several types of cancer including the ten most
lethal that we have reviewed in the present work.

On the other hand, an important cell population in tumor
are CSCs; these cells are related to carcinogenesis, resistance
to chemotherapy and radiotherapy, and tumor recurrence; as
shown in this review, purinergic signaling in breast cancer
CSCs [54] exerts regulatory actions that can be exploited for
new therapies; however, there is a lack of information in other
types of cancer that must be cover in the next years. This field
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of study in expansion is promissory for the emergence of new
general concepts in cancer understanding and for developing
new therapies.

Therefore, the study of the processes regulated by
purinergic system in cancer models represents opportunities
to understand the mechanisms underlying the disease progres-
sion and also to find new pharmacological targets to improve
the existing anti-cancer therapies or introduce novel
treatments.
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