Purinergic Signalling (2020) 16:123-135
https://doi.org/10.1007/s11302-020-09693-3

REVIEW ARTICLE

Purinergic signaling and tumor microenvironment in cervical Cancer

Marta Schmidt Pfaffenzeller’

. Maria Luiza Mukai Franciosi'

®

Check for
updates

. Andréia Machado Cardoso’

Received: 2 December 2019 / Accepted: 27 February 2020 /Published online: 13 March 2020

© Springer Nature B.V. 2020

Abstract

Cervical cancer is the fourth most common type of cancer incidence in the world female population, and it has become a public
health problem worldwide. Several factors are involved in this type of cancer, including intrinsic factors related to the inflam-
matory process, such as extracellular nucleotides and adenosine—components of the purinergic system. The present review
focuses on the role of the purinergic system in cervical cancer, especially regarding the interaction of extracellular nucleotides
with their respective receptors expressed in the tumor microenvironment of cervical cancer and their role in the host immune
response. The high concentrations of extracellular nucleotides in the tumor microenvironment of cervical cancer interfere in the
regulation, proliferation, differentiation, and apoptosis of cancer cells of the uterine cervix through different P1 and P2 receptor
subtypes. Such diverse cellular processes that are mediated by adenosine triphosphate and adenosine across the tumor microen-
vironment and that also have effects on host immune defense will be reviewed here in detail.
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Introduction

Cervical cancer (CeCa) is the fourth most prevalent cancer in
the female population worldwide, representing more than
300,000 deaths per year [1]. The development of CeCa occurs
mainly due to the persistent infection of one of the carcino-
genic types of human papillomavirus (HPV) [2, 3], which
leads to the disruption of mechanisms that are involved in
differentiation and programmed cell death. Such dysfunction-
al mechanisms are also related to tumor progression [4].
Intraepithelial lesions appear at first, throughout the cycle of
viral replication and the process of cell differentiation. These
lesions are called intraepithelial cervical neoplasms (CINs).
These pre-cancer stages may later develop into an invasive
tumoral process [5]. CINs classify into different cyto-
histopathological grades based on the severity of the cellular
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anomalies, and their severity levels are subdivided into CIN I,
CIN II, and CIN III [6].

Recently, the purinergic system has been associated with an
essential signaling pathway related to tumor cell progression
[7]—interfering with mechanisms such as disordered cell pro-
liferation, promotion of angiogenesis, and failure of mecha-
nisms controlling apoptosis [8]. These processes occur due to
the nature of tumor environment that presents an unbalance in
the concentrations of adenosine triphosphate (ATP), adeno-
sine diphosphate (ADP), and adenosine monophosphate
(AMP) nucleotides and adenosine (Ado) nucleoside, as well
as overexpression or, in some cases, the low expression of P2
receptors and ectonucleotidases [9].

Tumor microenvironment (TME) of CeCa is rich in ATP
and Ado [10]—suggesting that signaling and the purinergic
pathway play an important role concerning the mechanisms
that control cell growth and death in cancer [11]. These
molecules—which typically exhibit opposite effects—are in-
volved in purinergic signaling in several biological processes,
such as proliferation, cell differentiation and growth, apopto-
sis, and mediation of immune responses [7, 12—14].
Nevertheless, regarding the apoptotic effect induced by these
molecules, extracellular ATP has a minor effect on mecha-
nisms that lead to programmed cell death on CeCa cancer cells
when compared to Ado, formed by the degradation of ATP by
ectonucleotidases. Ado acts as the main responsible for induc-
ing apoptosis in these cells. If the inhibition of the conversion
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of Ado into AMP occurs, this will result in the inhibition of
cytotoxic effects, indicating that Ado—originated from extra-
cellular ATP—is the leading promoter of apoptosis in CeCa
cells [12]. Ado is also a significant determinant of the immu-
nosuppressive tumor milieu [15].

Indeed, purinergic signaling and its purinergic receptors
have become extensively implicated in many mechanisms,
including immune responses, inflammation, and platelet ag-
gregation, as well as cell proliferation disorders, differentia-
tion, and death—associated with tumor growth [16].
Therefore, this review will discuss the implication of
purinergic signaling and specific subtypes of receptors in the
pathophysiology of the CeCa. It will emphasize the most re-
cent findings in this field and focus on the integration of
purinergic signaling and its components with acknowledged
oncogenic mechanisms.

Human papillomavirus and cervical cancer

Most HPV-associated infections are treated spontancously by
the immune system; however, if the cellular defense mecha-
nism is ineffective, the infection may persist as an oncogenic
process [17]. Currently, specific HPV genotypes are widely
accepted as potential oncogenic factors and are associated
with most cases of CeCa [18]. Besides, the endurance of in-
fection due to HPV is the main factor in the development of
CeCa[19]. High-risk HPV types—predominantly type 16, 18,
31, 33, and 35—have been associated with most CeCa and
pre-cancer stages [20, 21] since they lead to genetic instability
through integration with the cellular genome [22]. This insta-
bility is related to the action of E6 and E7 oncoproteins [5].
Such proteins participate in mechanisms that lead to damage
to genetic material and mitotic process disorder [6, 22, 23] and
have as their primary goal, during the HPV cycle of infection,
the generation of a permissive microenvironment for viral
replication [24]. During persistent high-risk HPV infection,
the genetic material can suffer mutations not only under the
effect of abnormal cellular action but also through other envi-
ronmental factors [6, 20]. As viral DNA integrates with the
genetic material of host cells, HPV manages to escape the cell
and immune defense; at the same time, it promotes mecha-
nisms that favor cell proliferation and inhibit apoptosis [3, 6,
22].

The exact mechanism the virus uses to alter the biology of
infected cells is not yet precise to researchers. However, it is
known that the inflammation-mediated DNA damage often
precedes the genomic abnormalities caused by HPV infection,
suggesting that the development of an inflammatory condition
can be a potential mechanism that facilitates the integration of
the viral genome by inducing breaks in both the viral and host
genomes [25]. The HPV virus can also regulate the expression
levels and activities of the surface proteins of the cells [26],
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which ultimately destroys the balance of the ectocervical ep-
ithelium [27]. Hence, CeCa cells express larger or smaller
amounts of purinergic receptors that interact with the specific
TME that forms along with HPV infection and early tumor
development [27-30].

High-risk HPV infections also boost the production of im-
munosuppressive cytokines, such as interleukin 10 (IL-10)
and transformer growth factor 8 (TGF-f3) [31, 32]. These
cytokines promote the downregulation of human class I leu-
kocyte antigen system (HLAI), which serves as an immune
evasion mechanism by damaged and infected cells. The
downregulation of HLALI is, accordingly, significantly associ-
ated with the downregulation of several antigen processing
machinery components. The decrease in HLAI and antigen
processing machinery, promoted by the persistent infection
of high-risk HPV types, ultimately leads to immune evasion
by cervical carcinoma [33]—with leads to tumor proliferation
[34-36] and interferes with the development of immunother-
apies and cancer vaccines [33]. The high levels of TGF-{3 in
TME also stabilize hypoxia-inducible factor 1o (HIF1 o) [15].
HIF1a induces the expression of the enzymes
diphosphoidrolase-1 triphosphate (CD39) and ecto-5'-
nucleotidase (CD73), ectonucleotidases which are compo-
nents of the purinergic system and are responsible for keeping
TME rich in Ado [37-39].

Purinergic signaling and cancer

Only in 1972, nucleotides and nucleosides were understood to
have distinct functions and roles depending on whether they
were in the intracellular environment—where they have a role
in cellular metabolism and as a source of cellular energy—or
in the extracellular environment—where they act as molecular
mediators of cellular signaling. However, until the early
1990s, this concept was not well accepted [40-42].
Currently, it is known that the components of the purinergic
system act not only as neurotransmitters in the nervous system
but are as well able to trigger several critical cellular processes,
such as stimulation or inhibition of programmed cell death,
proliferation, migration, and cell differentiation. They also act
in the secretion of growth factors and inflammatory mediators
[41, 43]. Hence, the purinergic system and its components are
regularly associated with tumor progression and cancer-
related immune responses [15, 44]. The physiological re-
sponse of these molecular components depends on the number
of purinergic receptors expressed in the plasma membrane in
the cells that constitute the TME rich in ATP and Ado and the
enzymatic activity performed by ectonucleotidases—enzymes
responsible for the hydrolysis of extracellular nucleotides in
nucleosides [45].

Purinergic receptors can be classified as P1 or P2 receptors.
P1 receptors (coupled protein G), are purinergic receptors that
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mediate the biological actions of Ado. There are four distinct
subgroups of P1 receptors—A1l, A2A, A2B, and A3—and
each subgroup has different affinities when interacting with
Ado [10, 46, 47], whereas type P2 receptors, which recognize
ATP as a principal agonist, are divided into metabotropic,
P2YR, and ionotropic, P2XR, receptors. P2X receptors
(P2XR) depend on the opening of ion channels and have sev-
en different receptors subtypes (P2X1-7R) [9, 48]. P2Y recep-
tors (P2YR) coupled to G protein, in turn, fall into eight types
(P2Y 1R, P2Y2R, P2Y4R, P2Y6R, P2Y1IR, P2Y12R,
P2Y13R, and P2Y14R) [41, 49]. P2Y receptors, besides
ATP, can be activated by alternative agonist binders such as
ADP, UTP, UDP, and UDP glucose [50]. Thus, high levels of
nucleotides and nucleosides located outside the cell compart-
ment can trigger several cellular mechanisms and events,
while they also modulate the pathophysiological processes
involved in the development and manifestation of CeCa [48,
51, 52].

Among the extracellular purines that are released in TME
by the injured cells, extracellular ATP has different roles de-
pending on its concentration on the tumor site and the P2
receptor subtypes expressed by the immune and cancer cells
[10]. The high concentration of ATP in TME is mainly due to
the regulated efflux of ATP—which can be stimulated by
chronic inflammation, hypoxia, and ischemia—or by injury
to the plasma membrane due to necrosis, apoptosis, or me-
chanical stress. Accumulated ATP can either trigger P2
purinergic receptors (P2XRs and P2YRs) or can be further
degraded to adenosine by the sequential action of CD39 and
CD73 ectonucleotidases [7, 53—55]. Extracellular ATP in
TME behaves as a danger-associated molecular pattern
(DAMP) and promotes both innate and adaptive immune re-
sponses. Alternatively, it also stimulates the development of
both endothelial and tumor cells through interaction with P2
receptors expressed in these cells [15, 55-57].

Concurrently, as soon as extracellular ATP accumulates in
TME, it is degraded quickly into AMP by CD39
ectonucleotidase activity. Then, CD73 ectonucleotidase al-
lows for the dephosphorization of AMP, which leads to the
formation of Ado. The catabolism of extracellular ATP is,
therefore, the leading cause of the high levels of Ado in
TME [15, 53, 57-59]. High levels of extracellular Ado poten-
tially interact with P1 receptors, which can induce tumor an-
giogenesis, immune suppression, and metastasis. Ado’s accu-
mulation at TME is, therefore, an essential mechanism for
promoting tumor progression [54-56].

Purinergic signaling presents itself as an essential factor in
the control of growth, survival, and tumor progression. Not
only does it act directly on injured cells in TME, but it also
serves as a modulator of the immune system through the me-
diation of interactions between cancerous cells and immune
cells of the host [55]. Therefore, the purinergic constituents
involved along the development and progression of tumors

represent potential targets in the development of new antitu-
mor therapies [48, 55, 60].

The physiological role of extracellular
nucleotides in the cervix

The epithelium that covers the woman’s cervix serves primar-
ily to regulate the lubrication of the genital canal and supply
the necessary conditions for reproduction. The adequate func-
tioning of the epithelium relies on the coordinated prolifera-
tion of a basal layer of cells, and the death of cells in the upper
layer [27, 61, 62]. The cervical epithelium structures itself in
confluent cell layers that limit the free flow of fluids and sol-
utes from the blood into the lumen [62]. Moreover, healthy
cervical cells usually exhibit a high level of permeability,
which indicates that transcervical transport occurs mainly via
the paracellular pathway [61].

The effects of ATP on the cervix occur through P2 recep-
tors located on the surfaces of apical cells found in the lumen
[61, 63—65]. ATP, present in nanomolar and micromolar con-
centrations in the extracellular environment of the cervix, ac-
tively regulates paracellular transport along the cervix epithe-
lium when interacting with P2Y2 and P2X4 receptors [30,
66]. Cultures of human endocervical and ectocervical cells
also express P2X7R. Such receptors, when activated, lead to
the regulation of terminal differentiation and apoptosis of
endocervical and ectocervical epithelial cells [27]. P2X7R al-
so plays an essential role in protecting the cervix from infec-
tions, as was observed in a study conducted by Darville et al.
[67], which showed that P2X7R activation induces the inhi-
bition of chlamydia infection. Another study conducted by
Stahl et al. [62] demonstrated that the P2X7 receptor,
expressed in cervical cells, is upregulated under the inflamma-
tory conditions found during microbial infection, thus helping
to amplify inflammatory responses against cervix infection.

High concentrations of ATP in the tumor
microenvironment of cervical cancer

P2X7 receptor and cancer

Among purinergic receptors, the P2X7R is continuously
implicated in cytotoxicity situations [14]. P2X7R is an
ionic channel encoded by the P2rx7 gene located on chro-
mosome 12 (12q24.31) [68, 69]. These types of receptors
are the most sizeable proteins of the P2X receptor family,
as they present a protein structure composed of over 595
amino acids. Three identical (homotrimeric) subunits form
P2X7R or, under certain conditions, can be found in the
form of homohexamers [14].
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Depending on the cell type and the level of interaction with
agonists, P2X7R receptors have different physiological func-
tions. Therefore, P2X7R may trigger cell death or stimulate
proliferation, as well as immunosuppression or stimulation of
the immune response in different situations [15]. P2X7R is
expressed in both normal and cancerous cervical cells—
although the expression of P2X7R in CeCa cells is consider-
ably lower in cancer and pre-cancerous epithelial cells when
compared to normal cells [70-72]. The activation of the
P2X7R is associated with extreme cellular events such as
increased plasma membrane permeability and membrane
blebbing, phosphatidylserine exposure, cellular edema forma-
tion, and loss of mitochondrial potential [69, 73]. Thus, when
activated, P2X7R promotes and stimulates purinergic signal-
ing and inflammatory conditions [74]. The lower expression
of P2X7R is associated with the development of CeCa; ergo
the effect of substances that perform as agonists on these re-
ceptors could work as potential anti-metastatic agents and a
therapeutic alternative for CeCa [16].

Extracellular ATP—abundant in TME and the endogenous
agonist for the P2X7R [7, 75]—promotes the flow of Na*, K*,
Ca*?, and other cations—by triggering P2X7R [76]. However,
situations in which extracellular ATP interacts with P2X7R for
long periods ultimately result in the opening of non-selective
and irreversible macropores in the plasma membrane. The cell
membranes then become permeable to molecules with a mo-
lecular mass of up to 900 Da (Fig. 1) [77]. The development of
these macropores in the membranes of cervical cells, due to
the interaction with extracellular ATP for a long time, is asso-
ciated with the progression of cervical cell apoptosis [78].

P2X7 when activated promotes the disruption of the inner
potential mitochondrial transmembrane due to hyper-
oxidation and increased intracellular Ca*>. As a result, mito-
chondrial pores appear. Apoptosis in human cervical epithelial
cells and CeCa cells, for that matter, involves calcium-induced
mitochondrial dysfunction [27]. The increase in the concen-
tration of Ca*> mitochondrial, via the P2X7R, leads to a higher
intracellular ATP generation and metabolites for the synthesis
of cellular structures—through the increase of the oxidative
phosphorylation (Fig. 1) [79].

P2X7R, when activated, triggers the phosphatidylinositol-
3-OH kinase (PI3K)/protein kinase B (Akt) pathway, which
leads to inadequate oxygen supply to tumor cells based on
HIF1« signaling. HIF « is responsible for promoting mitogen-
ic and angiogenic pathways [7]. Such events favor the bio-
chemical composition of the TME and the progression of can-
cerous cells [80]. Concurrently, the activation of P2X7R
boosts the expression of the glucose transporter 1
(GLUT1)—overexpressed in CeCa [81]—takes possibly via
the PI3K-AKT pathway (Fig. 1). Overexpression of GLUT1
provides either ATP or metabolic intermediates for the synthe-
sis of cellular structural constituents. In addition, it leads to a
decrease in pH and consequent immunosuppression of the
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Fig. 1 The high concentration of extracellular ATP, characteristic of the
microenvironment of CeCa, activates the P2X7 receptor, which triggers
the increase of Ca>* inflow. Nonetheless, situations in which the
extracellular ATP interacts with the P2X7 for long periods cause the
appearance of non-selective and irreversible pores that allow up to 900-
Da molecules to pass through. The opening of such pores would
collaborate for intracellular ionic deregulation and, consequently, for the
apoptotic process. The influx of Ca®* in these conditions would induce
the activation of the mitochondrial caspases pathway, whose function is to
conduct the apoptotic process, and the GLUT1 upregulation, related to
the increase in oxidative phosphorylation and the consequent production
of EROS. The result of these factors is, therefore, the increased ATP
production, decreased pH, and, finally, cell apoptosis tumoral cervicals
through immunosuppression generated by extracellular ATP and its
activation with P2RX7. Cancerous cells of the uterine cervix, on the other
hand, express a P2X7j variant that affects the formation of non-selective
pores, decreasing cell permeability and cellular death, which facilitates
the widespread proliferation of cells
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TME of CeCa [7]. The P2X7R, given its importance, for that
matter, is a pharmaceutical target for the prevention and treat-
ment of epithelial neoplasia due to its ability to induce apo-
ptosis [82].

The P2X7j variant in cervical cancer cells

P2X7R, as discussed, is capable of inducing programmed cell
death both in normal cervical cells and in tumor cells of the
cervix; however, such effects are more prevalent in non-tumor
cells, when compared to cancer cells, indicating that tumor
cells of the cervix contain intrinsic defense mechanisms
against apoptotic pathways mediated by P2X7 activation.
One of these tumor protection mechanisms may be associated
with a variant of the P2X7 receptor, which is called P2X7j [71,
83]. The P2X7j receptor is a protein of 258 amino acids that is
characterized by not presenting the intracellular C-terminal
part and not presenting the second transmembrane domain,
as well as the distal third of the extracellular loop—which
are present in the structure of the P2X7 receptor [71, 84].
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This variant P2X7j, when interacting with P2X7, not only
affects the formation of pores and disturbs the permeability
of cell membranes, but also interferes with the induction of
cell death that is mediated by P2X7 [27]. The expression of
P2X7j in tumor cells of the cervix seems to favor the uncon-
trolled growth of abnormal cells in the female genital tract
since it prevents programmed cell death (Fig. 1) [71].

The effect of 17B-estradiol on apoptosis induced
by P2X7

Studies conducted by Wang et al. [27] and by Gorodeski [85]
demonstrated that estrogen acts as an anti-apoptotic factor in
cancer cells of the uterine cervix. This mechanism occurs by
blocking the influx of Ca*? after the activation of P2X7R. As a
result, it was observed that in the healthy cells of the human
cervical epithelium (hECEs) lineage and cell lines infected by
HPV carcinogenic types, such as CaSki, the action of estrogen
blocked the activation of P2X7R.

Moreover, the anti-apoptotic effect of estrogen was not
observed in SiHa and HeLa cell lines. For this reason, the
author suggests that these cells may have evolved mechanisms
of resistance to the described anti-apoptotic action [27, 85].
However, these results imply that the level of estrogen, the age
of'the woman and menopause, do not influence the expression
of P2X7R in healthy tissues and tumors—since these effects
would be associated with the modulation of events distant
from the site of expression of these receptors [72].
Therefore, there is a need for additional research that relates
estrogen to the apoptotic mechanism of P2X7, in order to
clarify the possible mechanisms that exist in the action of this
essential female hormone with CeCa.

P2Y receptors and the tumor microenvironment
of cervical cancer

Extracellular ATP can also activate some purinergic P2Y re-
ceptors (P2YR). Bukhari et al. conducted a study in cancer
cell lines of the uterine cervix (CXT cell), where it was noted
that ATP, through interaction with specific P2YR, was able to
permeabilize the plasma membrane of CXT cell to cytotoxic
polyatomic cationic substances—such as Hoechst 33258
(Pibenzimol). The initial hypothesis of the study was that
Hoechst 33258 would enter the cells through P2X7R—
which are permeable to larger cationic substances. However,
it was evidenced that, in CeCa cells, cationic cytotoxins are
not transferred to the intracellular medium by this process
[43]. That is because, as previously exposed, CeCa cells pres-
ent a P2X7j variant that interacts with the P2X7R and disturbs
the permeability of the cell membrane [77, 86]. Nevertheless,
these substances can still penetrate the plasma membrane of
CeCa cells through P2YR activated by extracellular ATP [86].

P2YR, coupled to protein G, can trigger the phospholipase
C (PLC) pathway, that is responsible for forming inositol
1,4,5-triphosphate (InsP3) [49], a substance associated with
the formation of diacylglycerol (DAG)—an endogenous acti-
vator of protein C kinases (PKCs) [87, 88]. The formation of
InsP3, through the activation of the PLC, occurs from the
binding of extracellular nucleotides with P2YR which, subse-
quently, increases the concentration of cytoplasmic calcium of
adjacent and non-adjacent cells to those initially stimulated—
this increase in intracellular Ca*> takes place at several inten-
sities, according to which extracellular nucleotide sensitized
the P2YR [89, 90].

Okuda et al. [89] conducted a study which showed that
HeLa cells —he first line of laboratory-cultured cells that were
originated from an adenocarcinoma of the cervix [91]—pre-
sents oscillations in the concentration of intracellular Ca*
ions when submitted to specific concentrations of ATP, UTP,
UDP, and ADP. These variations in concentration were
expressed with different intensities in comparison to the type
of nucleotide and dosage used. The study also demonstrated
that the oscillation pattern has shifted over time. After a long
period of perfusion, the sustained phase of calcium influx was
suppressed. A reason for the variation in oscillations may be
due to the desensitization of purinergic receptors. Another
possibility could be the intracellular pathway desensitization,
given that the binding of nucleotides to P2YR activates a G
protein, which activates the PLC and IP3 pathways, which are
responsible for the liberation of Ca™ [89].

The ATP and UTP nucleotides, in a study conducted by
Muscella et al. [92], showed similar potential in the promotion
of intracellular calcium through activation of P2Y2R.
Moreover, ATP and UTP, in another research conducted by
Muscella et al. [87], have also shown an inhibitory effect on
the activity of Na*/K*ATPase via activation of PKC-«,
PKC-P, and ¢. The enzyme Na*/K*ATPase is involved main-
ly in the regulation of the electrochemical gradient through the
plasma membrane; however, recent studies have also associ-
ated it as an essential factor of initiation, growth, and devel-
opment of cancerous cells through numerous regulatory path-
ways of cell maintenance and death [93]. The inhibition of
Na+/K+ ATPase activity by ATP and UTP, via P2Y2, conse-
quently, corroborates the tumor progression [94]. Moreover,
when activated, the P2Y2R takes part in the process of cellular
proliferation through pathways that involve mitogen-activated
protein kinases (MAPKSs) (Fig. 2) [92].

Buvinic et al. [95] highlighted in his research that P2Y1R
can mediate mitogenic signals of endogenously released nu-
cleotides in HeLa cells, through transactivating the epidermal
growth factor receptor (EGFR) pathway. The activation of the
EGFR pathway mediated by the interaction of agonists with
P2Y 1R supports the understanding that extracellular nucleo-
tides in the TME constitute powerful mitogenic signals.
EGFR consists of a complex network of protein interactions
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Fig. 2 P2Y2 receptors are coupled to G protein and activate the PLC
pathway. The PLC leads to the formation of InsP3, which in turn leads
to the release of intracellular Ca*>. When the PLC is activated, it also
causes the generation of DAG, which in turn is a PKC activator that
promotes the inhibition of the Na*/K*ATPase activity. Besides, the
P2Y?2 receptor also activates the MAPK pathway. All these intracellular
effects caused by the activation of P2Y2 are promoters of tumor
progression

that works as a control system for cell proliferation and differ-
entiation. Mutations in the EGF complex occur in association
with carcinogenic development [96]. Thus, P2Y 1R, when ac-
tivated, promotes the establishment of a state mediated by
highly proliferative EGFR, together with an increase in the
expression of EGFR (Fig. 3) [95].

Throughout the proliferation process, there is an increase in
the expression of P2Y4 and P2Y6 receptors during the prolif-
eration of CeCa cells [44]. These receptors are activated re-
spectively by UTP and UDP [49]. P2Y6 receptors present in
HeLa cells are activated by UDP or by molecules analogous to
thymine 5’-O-monophosphorothioate, as demonstrated by
Gendaszewska-Darmach and Szustak [97]. They also are re-
lated to the stimulation of cellular proliferation involving
phosphorylation pathways of kinases regulated by extracellu-
lar signals (ERKs) 1 and 2, through the MAPK/ERK pathway
and the expression of the c-Fos protein (Fig. 3) [98]. In some
circumstances, these properties can be very advantageous, es-
pecially for the induction of long-term effects of cellular pro-
liferation and migration mechanisms that occur in TME [97].

Hydrolysis of ATP and platelet aggregation

In a clinical study carried out on platelets of CeCa patients,
Maldonado et al. [28] demonstrated that the balance of the
components of purinergic signaling suffers changes in differ-
ent degrees of CINs and in cervical carcinoma stage. It was
noted that ADP and AMP are more sensitive to the stage of
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cancer when compared to ATP since the hydrolysis rates of
these two nucleotides suffered more significant changes be-
tween the groups observed. For ATP, results showed that there
was a gradual decrease in the hydrolysis activity of this nucle-
otide between the groups of CINs until the cancer stage.

A decrease in the rate of ATP hydrolysis was observed in
patients with CIN I, CIN II, and CIN III, and in patients allo-
cated to the cancer group compared to the results obtained
with individuals in the control group. This ATP hydrolysis
decrease occurs due to lower enzymatic activity of CD39.
According to the authors, this is a form of defense strategy
against uncontrolled platelet aggregation, since ADP—which
is the immediate product of ATP—acts as a facilitator of plate-
let aggregation [28]. However, despite the authors’ conclu-
sions that ATP would function as an inhibitor of ADP inter-
action with receptors present in platelets, several studies have
demonstrated that ATP also plays a role as a platelet aggregat-
ing agent [99-102]. Hence, further studies are needed to clar-
ify if the decline in ATP hydrolysis among CINs groups to the
cancer stage relates or not to a cellular defense mechanism in
the CeCa.

Purinergic system and the immune system
in the tumor microenvironment of cervical
cancer

The development of CeCa follows several mechanisms of
immune response suppression and evasion [103]. Purinergic
signaling is also able to adjust and modulate the function of
immune cells through cell-cell interactions, cytokine, and
chymosin secretion, the release of cell surface antigens, re-
moval of intracellular pathogens, and generation of reactive
oxygen species [58]. Such effects occur through the interac-
tion of purinergic mediators—such as ATP and Ado—with
specific receptors that lead to the transmission of efferent sig-
nals that affect some immune responses [104].

Ectonucleotidases control and modulate ATP and Ado
levels in TME [48, 105]. Among them, CD39 and CD73 act
on the regulation of the duration, magnitude, and composition
of the purinergic pool that involves the immune cells and,
therefore, have their expressions and enzymatic activity al-
tered according to the pathophysiological context in which
they are inserted [58].

This balance between extracellular ATP and Ado is an in-
dispensable factor in immunologic homeostasis due to the role
played by these two molecules while interacting with
purinergic receptors expressed on the surface of immunologic
cells. As previously mentioned, ATP acts as a danger signal
when released by injured cells or under stress, through the
interaction with P2 type purinergic receptors [106, 107]—be-
having as a potent DAMP and trigger inflammatory responses
[108, 109]. At the same time, extracellular ATP can also act as
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Fig. 3 Different mechanisms are triggered when stimulated by the
different nucleotides in the CeCa TME. P2X7R, when activated,
promotes an increase in intracellular ATP production and, via PI3K-
AKT, through the signaling dependent on HIF1«, triggers mitogenic
and angiogenic pathways, stimulating tumor progression. P2Y-type
receptors are coupled to protein G and activate the PLC pathway. When
the P2Y2R is activated, it leads to an increase in cell proliferation, while
the P2Y6R, through the MAPK/EK1,2 pathway, also participates in

a source of the Ado immunosuppressant via CD39 and CD73
ectonucleotidases [10, 106].

ATP has a variety of pro-inflammatory effects in high con-
centrations in TME due to the activation of P2 receptors.
However, the triggering of P2 receptors—as a result of the
high levels of extracellular ATP released by abnormal cells
present in TME of CeCa—may also initiate adaptive immune
responses in other sites [55, 106, 110]. Therefore, extracellular
ATP, via activation of P2X7R in immune cells, promotes the
release of inflammatory cytokines such as IL-1[3 and IL-18—
which sensitizes immune cells to increase immune responses
[106, 111].[106, 111]. IL-13 promotes the maturation of mac-
rophages and stimulates the release of inflammatory cytokines
by activated macrophages. Similarly, natural killer (NK) cells
are activated by the IL-18, which results in an enhancement of
the interferon 'y (IFN-y) secretion and the cytotoxic state
[106]. High levels of ATP extracellular can also, by binding
to purinergic receptors, amplify T Cell receptor (TCR) signal-
ing in lymphocytes and promote inflammasome activation in
macrophages and dendritic cells [103].

The enzymatic activity of CD39 and CD73 are then able to
modulate the duration and magnitude of purinergic signaling
through the ATP-CD39-CD73-Ado cascade since CD39 hy-
drolyzes extracellular ATP in AMP and CD73 dephosphory-
lates AMP in Ado—a critical regulator in both innate immune
response mechanisms and adaptive immune response [7, 58,
59]—where CD39 acts as a limiting enzyme for this cascade
[37]. Thus, the high expression of these ectonucleotidases
involved in ATP catabolism is considered a sign of a poor
clinical outcome [53].

of the EGFR

Phosphorylation of ERK 1 and 2,
through the MAPK/ERK pathway,

00
B0 0 o'a'ss'ssseess ol

processes that promote cellular proliferation. On the other hand, P2Y1R
mediates the mitogenic signals of endogenously released nucleotides
through transactivating the epidermal growth factor receptor (EGFR)
pathway—which is related to cell differentiation and proliferation and,
ultimately, also promotes tumor progression. Adenosine, present in high
amounts in the TME, leads to the activation of A2a receptor in T
lymphocyte cells, which promotes the decrease of proliferation,
activation, and effector function of these cells

Finally, Ado formed by the hydrolysis of extracellular
ATP—abundant in the TME [7]—attaches to A2AR, the pri-
mary receptor of Ado [38]. These nucleosides caused, through
the A2AR, the accumulation of cytosolic cAMP, which not
only inhibits the activation of T lymphocytes but also reduces
the secretion of inflammatory cytokines [59].

In this sense, Bahreyni et al. [29] describe that the activa-
tion of adenosinergic molecules, including the enzymes
CD39, CD73, and the A2a and A2b receptors, presented a
reductive action in the immune responses throughout the de-
velopment of CeCa (Fig. 3). The impairment of the immune
response occurs mainly due to the overexpression of IL-10
and the downregulation of HLAI. Besides, the interaction be-
tween Ado and these receptors induces the production of the
TGF- [39], which also suppresses antitumor immune re-
sponses [112]. TGF-f3 levels are high in patients with CeCa
not only due to the action of Ado but also because of the
influence of persistent HPV infection. Hence, TGF-3 behaves
as an essential defense mechanism in healthy cervix cells that
aim to decrease and limit the progression of HPV-infected
cells [112].

A study conducted by Mora-Garcia et al. [34] showed that
HPV-infected CeCa cell lines (CaSki, SiHa HeLa cells) could
contribute significantly to the formation of Ado in CeCa’s
TME, as the hypoxia characteristic of TME induces expres-
sion of CD73 ectonucleotidase. CD73 overexpression favors
rapid hydrolysis of AMP and consequently produces large
amounts of Ado—responsible for inhibition of the effector
function of cytotoxic T lymphocytes. Aside from the suppres-
sive effect on T cells, high concentrations of Ado in TME
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could suppress the immune response by other pathways,
which include the block of the NK cell lytic activity and de-
regulation of mononuclear phagocyte cell differentiation and
maturation [113]. As a consequence of this adrenergic path-
way, an immunosuppressive microenvironment favorable to
tumor growth is formed [39].

The combined activity of CD39 and CD73 can inhibit the
action of pro-inflammatory immune cells—enabled by extra-
cellular ATP—as it directs the TME to an anti-inflammatory
state mediated by the formation of extracellular Ado [58].
Hence, targeting ATP or Ado extracellular signaling could
be a new strategy to increase antitumor immunity in TME,
and many researchers have suggested blocking this type of
signaling for future immunotherapy treatments against CeCa
[55, 105].

High concentrations of adenosine
in the tumor microenvironment of cervical
cancer

Recent reports indicate that the adenosinergic pathway has an
essential effect on the pathogenesis of gynecological cancer
[29]. Hypoxia caused by tumor growth in the cervix, as a
consequence of inadequate vascularization, promotes the deg-
radation of adenine nucleotides, resulting in the release of
extracellular Ado excess [114]. Also, the concentration of ex-
tracellular Ado becomes much higher when associated with
the hydrolysis of extracellular ATP due to the high rates of
CD39 and CD73 enzymes in the TME [29].

Beyond the immune suppression effect, extracellular Ado
also stimulates tumor angiogenesis through increased blood
flow through vasodilation. Moreover, Ado-rich TME pro-
motes endothelial progenitor recruitment of endothelial pro-
genitor cells in response to wound healing, and it stimulates
endothelial cell tube formation and promotes the release of
pro-angiogenic factors such as basic fibroblast growth factor
(bFGF) and vascular endothelial growth factor (VEGF) [115].

In contrast to the immunosuppressive effect of Ado on
immune cells, where Ado has substantial immunosuppressive
activities concerning the mechanisms present in the tumor
cells, Ado can either stimulate or inhibit tumor growth, de-
pending on the cell type and receptor expressed on tumor
surface [46, 47]. Gao et al. [113] showed that extracellular
Ado could inhibit the migration and invasion of CeCa cells
by repressing the epithelial to mesenchymal transition
progress.

Extracellular Ado in high concentrations is also associated
with the apoptosis induction of apoptosis in cells from a vari-
ety of cancerous cells [29]. Mello et al. [12] conducted a study
on SiHa cell cultures, a cell line of human cervical carcinoma
infected by HPV-16, and found that such cells, when exposed
to significant amounts of extracellular AMP—which is not a
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ligand of any purinergic P2 receptor—enter into the apoptotic
process. The cytotoxic effect occurs because AMP, after its
release into the extracellular environment, is properly degrad-
ed to Ado due to the action of CD73.

Gao et al. [113] also found that extracellular Ado may lead
to disturbed balance between pro- and anti-apoptotic factors.
This may cause the release of a cascade of a pro-apoptotic
signaling molecule (caspase-3 being the most relevant), which
played the role—via their proteolytic activities—of inducing
multiple cellular changes, and finally leading to programmed
cell death. The activation of pro-apoptotic cascades shows that
Ado induces the death of CeCa cells by activating the mito-
chondrial apoptosis pathway. This fact demonstrates the vital
role played by Ado in the induction of cellular death of can-
cerous cells of the uterine cervix.

Prognostic impact of purinergic regulators
in cervical cancer

Most new anti-cancer drugs interfere with the cellular compo-
nents involved in cell survival and the apoptosis process. As
outlined in this review, extracellular nucleotides and other
components of the purinergic system can regulate prolifera-
tion, differentiation, and apoptosis of CeCa cells. The role
played by purinergic signaling components in TME makes
them important therapeutic targets [10, 44, 48].

HeLa cells from human cervical cancer are widely used to
study purinergic involvement during tumor progression [44].
P2Y1R agonists such as ADP and 2-MeSADP were able to
stimulate cell proliferation in cancerous HeLa cells [95] as
well as the activation of P2Y2R with UTP and ATP promoted
proliferation of those cell types [92]. Extracellular ATP can
also activate other P2YR, such as P2Y4R and P2Y6R [44].
P2Y6R is implicated in the stimulation of CeCa cells migra-
tion (Fig. 3) [97]. However, there are no studies that explain
the functions performed by the activation of P2Y4R in cervi-
cal tumor cells, although Okuda et al. [89] have shown that
HeLa cells express P2Y4R mRNA—which makes further
studies necessary. That being said, such effects occasioned
by the purinergic receptors expressed in CeCa cells suggest
that specific antagonists of P2Y 1R, P2Y2R, and P2Y6R could
be beneficial as promising future therapies.

The P2Y6R is highly selective for 5'-diphosphate deriva-
tives; therefore, Uridine 5'-O-(2-thiodiphosphate) (UDPfS)
is a potent agonist of this receptor. Although they are weaker
agonists compared to UDPRS, thymidine 5'-
Omonophosphorothiolate (TMPS) and uridine 5'-O-
monophosphorothiolate (UMPS) also stimulate P2Y6R-
mediated cell migration from HeLa cells. Moreover, it was
observed that UMPS is a more powerful agonist—when com-
pared to TMPS—however, it is more easily degraded by
CD73 ectonucleotidases. It is also understood that improving
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the stability of TMPS and UMPS, as well as their affinity with
P2Y6R, could result in specific long-term effects mediated by
this receptor. Despite the understanding that P2Y6R expressed
in CeCa cells facilitates the migration of cervical tumor cells
[97], the potential role of UDP and P2Y6R in the regulation of
tumor formation in the CeCa has not been deeply investigated.
Nevertheless, the knowledge of the properties of P2Y6 ago-
nists offers excellent potential in the development of alterna-
tive therapies, especially when inducing long-term effects pro-
vided by the activation of P2Y6R.

CeCa cells also express P2X7R, which interacts with ATP
and are responsible for the control and induction of the pro-
grammed cell death. The expression of P2X7R in CeCa cells
is considerably lower in cancer and pre-cancerous epithelial
cells when compared to healthy cells [70-72], so using the
expression of P2X7R as a biomarker for CeCa could be an
alternative way to determine the prognosis of the disease [75,
82, 85].

P2X7R plays an essential role as a pro-apoptotic modulator
in human cervical epithelial cells (Fig. 3) [82, 85]. Therefore,
the P2X7R could be an appealing therapeutic target for che-
moprevention and in CeCa treatment [116]. Adinolfi et al.
[79] stimulated P2X7R in HeLa cells with benzoyl ATP
(BzATP)—a potent P2X7R agonist—and observed the loss
of mitochondrial membrane potential with subsequent frag-
mentation of mitochondria and cell death. Fu et al. [117], in
another study, used BzATP to upregulate P2X7-mediated ap-
optosis and modulate the growth of epidermal neoplasia.
These data suggest that the activation of P2X7R-dependent
apoptosis with BZATP could be used as a chemotherapeutic
treatment to avoid cell growth of pre-cancerous lesions and
early cervical epithelial lesions [116].

Besides the functions mediated by the activation or inacti-
vation of purinergic receptors in CeCa cells, the control of
ectonucleotidases activity has also emerged as an important
therapeutic target during cancer growth and metastasis.
Among the enzymatic cascade, CD39 and CD73 are
overexpressed in TME at CeCa and in early intraepithelial
lesions [8, 35, 118, 119]. Mora-Garcia et al. [34] demonstrated
that high-risk HPV infection might benefit the CD73 consti-
tutive expression in CeCa’s TME in order to suppress the
immune response through the generation of large amounts of
Ado. Moreover, the role of CD73 in TME extends far beyond
its enzymatic activity of nucleosidase—when it catalyzes
AMP hydrolysis in Ado since CD73 is also implicated as a
critical regulatory molecule involved in cancer growth and
metastasis—performing both enzymatic and non-enzymatic
functions in TME [115, 120]. Gao et al. [120] demonstrated
that this promotive effect of cancer growth and metastasis is
mediated through the non-enzymatic functions of CD73 over-
expression on CeCa cells proliferation and migration is inde-
pendent of its enzyme activity. Therefore, CD73 overexpres-
sion promotes Hela and SiHa cells proliferation by, to some

extent, boosting the EGFR/Akt and VEGF/Akt signaling
pathway. Thus, as previously mentioned in this review, ATP
conversion into Ado in CeCa TME by CD73 and CD39 ulti-
mately promotes an ideal condition for the spread of cancer
cells with no robust antitumor response [48, 56, 119] implying
that the CD73 blockage could be a promising new therapeutic
strategy [121].

Hence, despite the increasing advances in the pursuit of
new anti-cancer treatments, there are still few studies that seek
to evaluate the real therapeutic potential of molecules (ago-
nists or receptor antagonists; enzyme inhibitors or activators)
that target the components of the purinergic system involved
in the progression of CeCa specifically. Therefore, further
studies are needed on this subject.

Conclusion

In this review, we have highlighted the interaction between
CeCa and the purinergic system. Cervical tumor cells are char-
acterized by an abnormal purinergic network, as they express
a higher activity of ectonucleotidases and the overexpression
or not of specific receptors. The oncogenic processes leading
to accumulation of ATP and Ado of the CeCa TME are still
not fully understood; however, the infection of high-risk HPV-
type invasion in epithelial cells of the cervix results in disrup-
tion in normal cell-cycle control and the promotion of uncon-
trolled cell division leading to the accumulation of genetic
damage and an inflammatory condition—which ultimately
leads to cellular stress in this site. Cells under stress often
end up releasing large amounts of ATP into the extracellular
environment. Extracellular ATP then functions as a DAMP
while it interacts with the P2 receptors and the
ectonucleotidases that degrade it to Ado. Such facts end up
contributing to the high concentrations of extracellular ATP
and Ado in the CeCa TME.

These molecules affect tumor growth, immune cell func-
tions, and tumor-host interaction in different ways.
Extracellular ATP can activate, in CeCa cells, some
purinergic P2YR, such as P2Y1, P2Y2, and P2Y6, which
contribute to tumor progression and are a promising target
for future therapies. The P2X7R, when activated promotes
programmed cell death. However, CeCa cells are character-
ized by their low expression of that receptor when com-
pared to normal cervical cells at the same time that exhibit
a variant P2X7j that interacts with P2X7 and thereby
disrupts the apoptotic process.

Ado also plays an essential role in CeCa’s TME. This nu-
cleotide acts in distinct ways at specific sites. The high con-
centrations of Ado in TME affect the host immune system,
which leads to suppression of the immune response—aiding
tumor progression. However, Ado itself also acts locally in
TME by stimulating angiogenesis tumors through increased
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blood flow through vasodilation. In addition to these propi-
tious effects on tumor progression, extracellular Ado is able to
inhibit the migration and invasion of CeCa cells through
repressing the epithelial to mesenchymal transition progress.
It can also induce pro-apoptotic mechanisms. Finally, it is
essential to emphasize that the knowledge of purinergic sig-
naling in tumor cells of CeCa and the understanding of cervi-
cal cell biology and tumorigenesis may contribute to future
treatments and studies that help in a better understanding of
the advancement and proliferation of the disease.
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