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The tumor microenvironment plays a major role in the ability of the tumor cells to undergo
metastasis. A major player of tumors gaining metastatic property is the inflammatory
protein, cyclooxygenase 2 (COX-2). Several tumors show upregulation of this protein,
which has been implicated in mediating metastasis in various cancer types such as of
colon, breast and lung. In this report, we show that the concentration of extracellular ATP
(eATP) is increased in response to cell death mediated by chemotherapeutic agents such
as doxorubicin. By using three different cell-lines—HeLa (cervical), IMR-32 (neuronal) and
MCF-7 (breast)—we show that this eATP goes on to act on purinergic (P2) receptors.
Among the various P2 receptors expressed in these cells we identified P2X7, in IMR-32
and MCF-7 cells, and P2Y12, in HeLa cells, as important in modulating cell migration and
invasion. Downstream of the P2 receptor activation, both p42/44 mitogen-activated
protein kinase (MAPK) and the p38 MAPK are activated in these cells. These result in
an increase in the expression of COX-2 mRNA and protein. We also observe an increase in
the activity of matrix metalloproteinase 2 (MMP-2) enzyme in these cells. Blocking the P2
receptors not only blocks migration and invasion, but also COX-2 synthesis and MMP-2
activity. Our results show the link between purinergic receptors and COX-2 expression.
Increased levels of ATP in the tumor microenvironment, therefore, leads to increased COX-
2 expression, which, in turn, affords migratory and invasive properties to the tumor. This
provides P2 receptor-based anti-inflammatory drugs (PBAIDs) a potential opportunity to
be explored as cancer therapeutics.
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INTRODUCTION

Globally, the incidences of cancer detection are on the rise with
more than 9.6 million deaths in 2018 alone (Bray et al., 2018).
Despite advances in medical research, and an increase in the
number of treatable cancers, it still remains one of the deadliest
diseases worldwide with recurrence of cancer in treated patients
being a major concern (Houssami et al., 2014; Holleczek et al.,
2019). While the actual causes of tumor recurrence is not known,
it is dependent on tumor size and its microenvironment
(Avanzini and Antal, 2019). The tumor microenvironment has
a range of inflammatory molecules that affect its progression and
metastasis depending on the stage of the tumor and the immune
phenotype (Wang and DuBois, 2015). One of these inflammatory
modulators is the enzyme cyclooxygenase 2 (COX-2), responsible
for the synthesis and release of prostaglandin E2 (PGE2) (Wang
et al., 2007; Nakanishi and Rosenberg, 2013). The role of COX-2
in inflammation is well established (Akundi et al., 2005;
Minghetti, 2007). In recent years, its role in cancer has also
been observed, especially related to tumors acquiring metastatic
potential and chemotherapy resistance (Ferrandina et al., 2002; Li
et al., 2002). Many cancer types such as leukemia, breast cancer,
pancreatic cancer, lung cancer and lymphomas show
overexpression of COX-2 (Nakanishi et al., 2001; Ristimaki
et al., 2002; Wun et al., 2004; Secchiero et al., 2005). This
increase in COX-2 has been shown to enhance tumor
progression through increased apoptosis resistance and
increased metastatic properties (Choi et al., 2005; Singh et al.,
2007; Karavitis and Zhang, 2013). Gonadotropins such as follicle-
stimulating hormone or luteinizing hormone have been shown to
increase migration and invasion in ovarian cancer cells via COX-
2 (Feng et al., 2017). Although the nuclear factor κB (NF-κB)
pathway has been implicated in the increased expression of COX-
2 in cancer cells (Kim et al., 2014; Kuang et al., 2017), further
upstream causes are not completely known.

On the other hand, several reports support the role of purinergic
receptors in modulating tumor growth (Deli and Csernoch, 2008; Di
Virgilio et al., 2018). Therapeutic interventions such as irradiation
and chemotherapy have been shown to increase the levels of
extracellular nucleotides in several organs (Schneider et al., 2015).
Under normal physiological conditions, although there is only a few
nmol/L concentration of ATP in the extracellular space, it has been
shown to increase to several mmol/L levels under physiological stress
such as hypoxia, inflammation and cancer (Khakh and North, 2006;
Idzko et al., 2014). In addition to a non-regulated release of ATP from
dying/damaged cells, active release of ATP also occurs through
exocytic granules, microvesicles and various transporters and
channels located on the tumor cells (Vultaggio-Poma et al., 2020).
The role such huge amounts of extracellular ATP (eATP)may play in
the tumor microenvironment has been debated with both pro- and
anti-tumourogenic outcomes (Jiang et al., 2015; Avanzato et al., 2016;
Pavlovic et al., 2020). This outcome largely depends on the type of
receptor eATP acts on, of which there are ion-channel associated P2X
receptors, G protein-coupled P2Y receptors, and adenosine-specific
adenosine receptors (Fiebich et al., 2014). Expression of these
purinergic receptors is found to be higher in tumor cells, thereby
making them relevant to tumor progression (Di Virgilio et al., 2018).

The type of P2 receptor expressed and the concentration of ATP in
the microenvironment, which in turn is dependent on the activity of
ectonucleotidases (Mandapathil et al., 2018; De Marchi et al., 2019;
Soleimani et al., 2019), determine the progression of tumor. How the
purinergic receptor activation mediates tumor progression is not
completely known. ATP released by chemotherapy-sensitive cells can
have an immunosuppressive function; thereby assisting tumor cells
evade immune surveillance (Lecciso et al., 2017). However,
mechanisms through which eATP enhances tumor progression
remains to be addressed.

We have previously hypothesized that eATP released by
dying cells acts as a second hit during inflammation leading
to enhanced expression of COX-2 (Fiebich et al., 2014). In this
study, we have extended this hypothesis to tumor cell
progression. We propose that the high concentration of
eATP in the tumor microenvironment is responsible for the
increased COX-2 expression in tumor cells leading to their
attaining metastatic properties. We show this through the use of
different P2 receptor agonists and antagonists on tumor cell
migration and invasion and expression of COX-2 in these cells.
Our report, for the first time, provides evidence of the link
between increased purinergic receptor expression in tumor cells
and of increased COX-2 expression which is responsible for
imparting metastasis.

MATERIALS AND METHODS

Cell Culture and Reagents
All reagents were purchased from Sigma Aldrich (Bengaluru,
India), HiChem Life Sciences (Ghaziabad, India), or Fisher
Thermo Scientific India (Mumbai, India). The human cervical
cancer cell line, HeLa (kindly provided by Dr Yubaraj Pokharel,
South Asian University, New Delhi, India), the breast cancer cell
line, MCF-7 (kindly provided by Dr Seema Sehrawat, Shiv Nadar
University, Dadri, India) and the human neuroblastoma cell-
line, IMR-32 (from National Center for Cell Science, Pune,
India), were cultured in Dulbecco’s MEM supplemented with
100 U/ml penicillin, 100 μg/ml streptomycin, 25 μg/ml
amphotericin B, 1 mM sodium pyruvate, 2 mM L-glutamine
and 10% heat-inactivated fetal calf serum (HiChem Life
Sciences). Cells were cultured at a density of 5 × 104 cells/cm2

in various formats (6-, 24- or 96-well plates) as per experimental
requirement and were stimulated the following day when the
cells reached ∼70% confluency. Media was changed an hour prior
to stimulation with the inhibitors added 30 min prior to the
addition of ATP or P2 receptor agonists. ATP, apyrase and
suramin were from Sigma Aldrich while all other P2 receptor
agonists and antagonists, MAPK inhibitors, and COX inhibitors
were obtained from Tocris Biosciences (Bio-Techne India, Pune,
India). Doxorubicin was bought from HiMedia (HiChem Life
Sciences).

Cell Death Analysis
HeLa, IMR-32, and MCF-7 cells were stimulated with 200 nM
doxorubicin for 48 h. Cells were then washed, resuspended in ice-
cold phosphate-buffered saline (PBS) and fixed in ethanol. Cells
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were then stained with propidium iodide (PI, 20 μg/ml) in PBS
for 10 min. PI-positive cells, indicating apoptosis, were counted
on a flow cytometer and analyzed using BD FACS Suite software
(BD Biosciences, San Jose, CA).

Quantitation of ATP Release
Extracellular ATP was measured in the culture supernatants of
different cells treated with doxorubicin for 48 h. A
bioluminescent ATP assay kit (Promega, New Delhi, India)
was employed as per the manufacturer’s instructions.
Luminescence was recorded with a microplate reader (Synergy
HT Biotek). To calculate the concentration of ATP released in the
supernatant, an ATP standard curve of 0.78–500 nM range was
employed.

Wound Healing Assay
Wound healing or scratch assay was performed as described
elsewhere (Liang et al., 2007). Cells were plated in a 6-well plate
and allowed to form a uniform monolayer. Scratch was made
using a 200 μl tip in each well. The scratched wells were washed
twice using media prior to treatment. The zero hour pictures of 6
random scratch areas were taken using a Nikon microscope. The
plates were incubated in a humidified 5% CO2 incubator kept at
37 °C and the same areas were imaged at different time intervals.
For analysis percentage area healed was calculated using NIH
ImageJ software (https://imagej.nih.gov/ij).

In vitro Migration Assay
Migration assay was performed as described elsewhere in a 24-
well plate wherein Transwell inserts (Corning) of 8 μm pore size
were placed (Liang et al., 2007). Cells were seeded at a density of
10,000 cells/insert on the upper chamber in serum-free media.
Complete media containing the respective treatment was poured
in the lower chamber of the transwell setup. At the end of the
incubation point (27 h for HeLa, 18 h for IMR-32, or 12 h for
MCF-7 cells), cells on the upper chamber were scrapped while the
migrated cells from the lower side of the membrane were fixed in
70% ethanol and stained with 1 mg/ml Hoechst 44,432 for 5 min.
The stained cells were imaged under a fluorescence microscope
and counted using the NIH ImageJ software (https://imagej.nih.
gov/ij).

Cell Invasion Assay
Transwell migration assay was modified using 0.1 mg/ml matrigel
matrix (Corning) coating. 20,000 cells were plated above the
matrigel coating in the transwell insert and allowed to invade
along the treatment gradient. At the end of incubation (27 h for
HeLa, 18 h for IMR-32, or 12 h for MCF-7 cells), cells on the
upper chamber were scrapped while the invaded cells from the
lower side of the membrane were fixed in 70% ethanol and
stained with 1 mg/ml Hoechst 44,432 for 5 min. The stained
cells were imaged and counted as described above.

Western Blot
Total cell lysates were prepared in a lysis buffer composed of
42 mMTris-HCl, pH 6.8, 1.3% (w/v) sodium dodecylsulfate, 6.5%
glycerol, 0.1 mM sodium orthovanadate, and protease inhibitor

cocktail (from Sigma-Aldrich). Protein content was measured
using the bicinchoninic acid method (Thermo Fisher Scientific)
using bovine serum albumin (BSA) as standard. 2-
Mercaptoethanol (final concentration 1%) and bromophenol
blue (0.2 mg/ml) were added to the samples and heated at
95 °C for 5 min before electrophoresis. In total, 20–50 μg
samples were loaded on a 7.5% (for COX-2 and MMP-2) or
12% (for p38 and p42/44 MAPK) polyacrylamide gel under
reducing conditions. Separated proteins were transferred onto
a polyvinylidene fluoride membrane (Merck LifeSciences,
Mumbai, India) and blocked for 1 h with 5% BSA in Tris-
buffered saline containing 0.1% Tween-20 (TBS-T) followed
by primary antibody at 4 °C overnight. Primary antibodies
used were rabbit anti-COX-2, rabbit anti-MMP-2, rabbit anti-
phospho-p42/44 MAPK (detecting endogenous levels of p42/44
only when dually phosphorylated at Thr202 and Tyr204 of Erk1
and Thr185 and Tyr187 of Erk2), rabbit anti-phospho-p38 MAPK
(detecting endogenous levels of p38 MAPK only when
phosphorylated at Thr180 and/or Tyr182), rabbit anti-p42/44
MAPK, and rabbit anti-p38 MAPK (all from Cell Signaling
Tech, Danvers, MA, United States and used at 1:1,000 dilution
in TBS-T containing 1% BSA). For the normalization of protein
loaded, mouse anti-β-actin (Sigma-Aldrich) was used at 1:5,000
dilution. Secondary antibody was diluted 1:10,000 in 1% BSA in
TBS-T for 1 h at RT and washed extensively. Proteins were
detected using chemiluminescent solution made by mixing
equal volumes of solution A (2.5 mM luminol, 0.396 mM
p-coumaric acid and 0.1 M Tris-HCl, pH 8.5) and solution B
(5.2 mM H2O2 and 0.1 M Tris-HCl pH 8.5).

Gelatin Zymography
The proteolytic activity of matrix metalloproteinase (MMP-2)
was analyzed by substrate-gel electrophoresis method as
described elsewhere (Toth et al., 2012). Briefly, cells were
plated in 6-well plates in complete media while treatment was

TABLE 1 | List of primers used in the study.

Gene Primer Sequence Gene ID

P2X1 F 5′-TACGTGGTGCAAGAGTCAGG-3′ 1519314411
R 5′-CCAGGTCACAGTGCCAGTC-3′

P2X4 F 5′-GCTTTCAACGGGTCTGTCA-3′ 330448876
R 5′-AGTGAAGTTTTCTGCAGCCTTT-3′

P2X7 F 5′-GCGGTTGTGTCCCGAGTAT-3′ 1854511
R 5′-CCTTCCGGTCTGAATTCCTT-3′

P2Y1 F 5′-CCCGAAACTGAGCTGCAC-3′ 1519314089
R 5′-TCAACTTAATTGGGGCATC-3′

P2Y2 F 5′-CCTCAAGACCTGGAATGCGT-3′ 20380402
R 5′-GTAATAGACCAGCAGCGGCA-3′

P2Y4 F 5′-TGGCAGTTTGGTTGGTCGTA-3′ 109730011
R 5′-TGGTCCCTTTGTTGCTGGTT-3′

P2Y6 F 5′-CACCCACCACCTGTGTCTAC-3′ 1407632
R 5′-ACACAGATGTTCAGCGGCAG-3′

P2Y12 F 5′-CTCTCTGTTGTCATCTGGGCA-3′ 17389766
R 5′-GCTGCCTGTTGGTCAGAATC-3′

COX-2 F 5′-TGAGCATCTACGGTTTGCTG-3′ 80,142
R 5′-ATCATCAGACCAGGCACCA-3′

β-Actin F 5′-CCAACCGCGAGAAGATGA-3′ 178023
R 5′-CCAGAGGCGTACAGGGA-3′
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FIGURE 1 | Extracellular ATP enhances cancer cell migration and invasion. (A) HeLa, IMR-32 and MCF-7 cells were treated with 200 nM doxorubicin for 48 h
following which the media was collected for measuring ATP levels (black bars) while the cells were stained with propidium iodide for cell death analysis through flow
cytometry (gray bars). 10,000 cells (for HeLa and MCF-7) and 30,000 cells (for IMR-32) were run on a flow cytometer and the % cells dead depicted in gray bars. The
amount of ATP released in the media was calculated based on a standard curve and represented here (n � 3 independent experiments). Data depicted mean ±
SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test. (B)Cell migration was assessed by culturing cells on top of a transwell insert in serum-freemedia while media
containing serum was placed in the lower chamber. The same set up was used for invasion studies wherein the cells were instead plated on top of a matrigel in the
transwell insert. Migration/invasion was analyzed 24 h after the addition in the lower chamber media from untreated HeLa cells (CM-Ctrl), from HeLa cells treated with
200 nM doxorubicin (CM-Dx), CM-Dx with addition of 10 μMsuramin, or only doxorubicin (Dx). Cell counts from the lower chamber are depicted as mean ± SEM and are
from three independent experiments. ***p < 0.001 with respect to cells treated with CM-Ctrl, $$$p < 0.001with respect to cells treated with CM-Dx, for the same cell type,
by Student’s t-test. (C)Migration assay as described in (B)was performed in each cell-line stimulated with different concentration of ATP. The number of migrated cells to
the bottom of the Transwell were counted and depicted as mean ± SEM. ***p < 0.001 with respect to unstimulated cells of the same type. (D) The migration assay as
described in (B)was performed in each cell-line which were stimulated with ATP (1 mM for HeLa, 0.1 mM for MCF-7, and 30 μM for IMR-32) in the presence or absence
of 10 μMsuramin or 5 U/ml apyrase. Cell counts were done as in (B). ***p < 0.001 with respect to unstimulated cells, $$$p < 0.001 with respect to ATP-treated cells of the
same type. (E) Representative images of the wound healing assay in IMR-32 cells is depicted. Scale bar � 100 μ. (F) Confluent cultures of HeLa, IMR-32 or MCF-7 were
subjected to a scratch followed by stimulation with ATP asmentioned in (D) above, alone or together with 10 μMsuramin. The percentage of the wound healed after 27 h
(for HeLa), 18 h (IMR-32) or 12 h (MCF-7) is depicted here. Paired Student’s t-test shows significance of p < 0.001 with respect to control (***) or ATP-treated ($p < 0.05,
$$p < 0.01) cells for the respective cell-type (n � 5 independent experiments). (G)Cell invasion assay was conducted asmentioned in (B)with cells treated with ATP, alone
or together with 10 μM suramin, as in (F). Paired t-test shows significance of p < 0.001 with respect to control (***) or ATP-treated ($$$) cells.
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given under serum-free conditions. The culture supernatant was
collected, mixed with non-reducing dye and run on a SDS-PAGE
gel containing 0.4% (m/v) gelatin. At the end of electrophoresis,
the gels were washed in a buffer comprising of 2.5% Triton X-100,
5 mM calcium chloride, and 1 μMzinc chloride and incubated for
16–27 h in the activation buffer (1% Triton X-100, 0.2 M sodium
chloride, 5 mM calcium chloride, and 1 μM zinc chloride). The
gels were then stained with Coomassie blue wherein the presence
of any clear white bands were indicative of the gelatinolytic
activity of MMP-2.

RNA Isolation and Real Time PCR
Total cellular RNA was isolated from cells using Trizol reagent
(Fisher ThermoScientific) as per the manufacturer’s
instructions. 2 μg total RNA was used for cDNA synthesis
using the PrimeScript first strand cDNA Synthesis kit (DSS
Takara, Advaita Biosciences). 1 μl of cDNA sample was used
for real time PCR using SYBR Green Master Mix and 0.2 μM
each of forward and reverse primers which were designed
through Primer Blast (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/) and ordered through a commercial vendor
(IDT). Sequences for the primers are tabulated in Table 1.
The reactions were carried out in Applied Biosystem ViiA™ 7
system and mRNA expression analyzed using the δδCt

method. Fold change was calculated as 2−δδCt where δCt is
the difference between the Ct values of COX-2/P2 receptor and
β-actin for each cDNA sample and δδCt is the difference
between the δCt values of stimulated condition (ATP and
its agonists along with P2 blockers) with that of the
unstimulated one (control).

Statistical Analysis
All experiments were done in triplicates with each experiment
made on cultures derived from at least three different thawed vials
for each cell-line. Migration and invasion analyses were counted
from at least 15 different fields per transwell from each passage.
Normal distribution of data was assessed using the Shapiro-Wilk
test. Data are presented as mean ± standard error of the mean
(SEM) and were analyzed using Student’s t-test, using Microsoft
Excel software. Differences were considered significant when
p < 0.05.

RESULTS

Doxorubicin Increases Levels of
Extracellular ATP in Correlation to
Cell Death
We had hypothesized that during chemotherapy drug-sensitive cells
undergo cell death wherein their cellular contents, including ATP,
are released into the microenvironment. To test this hypothesis, we
checked the effect of the common chemotherapeutic agent,
doxorubicin, on three different cell-lines—HeLa (cervical), IMR-
32 (neuronal) and MCF-7 (breast). Flow cytometric data showed
that at 200 nM dose, doxorubicin mediated 19% cell death in IMR-
32 cells, 41% death inMCF-7 cells and 53% death in HeLa cells, 48 h

post-stimulation (Figure 1A). Corresponding to this increase in cell
death, there was also a concomitant increase in the levels of
extracellular ATP (eATP) in the culture media in all 3 cases. In
the case of HeLa cells, this corresponded to an increase to 272 ±
25 nM ATP detected in the media (3-fold over the levels
measured in unstimulated cells, p < 0.01). The corresponding
levels of eATP detected in the case of IMR-32 and MCF-7 cells
were 71 ± 9 nM (15-fold, p < 0.01) and 351 ± 29 nM (5-fold, p <
0.001) after stimulation with doxorubicin. It has to be noted that
these values represent residual eATP levels at the end of 48 h post-
stimulation with doxorubicin. These results indicated that
doxorubicin-mediated cell death resulted in a concomitant
increase in the levels of eATP in the media which remain
significantly high up to 48 h post-stimulation with doxorubicin.

Conditioned Media From
Doxorubicin-Treated Cells Promotes
Cancer Cell Migration and Invasion
In order to test whether the released ATP measured in the media
obtained from dying cells promoted cancer cell metastasis, we
used media obtained from HeLa cells treated with 200 nM
doxorubicin (Dx) for 24 h as conditioned medium (CM-Dx)
in migration and invasion assays. These assays were done in a
Boyden chamber wherein cells were grown on top of a transwell
insert in serum-free media while the conditioned media was
added in the lower chamber. In the case of invasion assay, cells
were grown on top of a thin matrigel layer on top of the insert. As
control, we also used media obtained from unstimulated HeLa
cells (CM-Ctrl). We found that conditioned media obtained from
doxorubicin-treated cells (CM-Dx) significantly increased both
migration and invasion in all three cell-lines (Figure 1B). CM-
Dx-mediated 1.8-fold and 9-fold increase in migration and
invasion, respectively, in HeLa cells (p < 0.001). Similarly, in
MCF-7 cells, CM-Dx-mediated 1.5-fold and 10-fold increase in
migration and invasion, respectively (p < 0.001). The highest
migration (3-fold) and invasion (80-fold) was observed in the
case of IMR-32 cells (p < 0.001). To confirm that the ATP present
in the conditioned media was acting through P2 receptors, we co-
stimulated the cells with suramin, a pan-P2 receptor antagonist.
In all the three cell-lines, suramin significantly blocked both
migration and invasion induced by CM-Dx (p < 0.001). We
also confirmed that the presence of doxorubicin in CM-Dx did
not influence cell migration by stimulating cells directly with
doxorubicin. We found no significant change in the number of
migrating cells when treated with doxorubicin alone (Figure 1B).
A recent report shows that doxorubicin mediates MCF-7 cell
migration through rhoA/myosin light chain 2 pathway (Liu et al.,
2019). However, in that report cells were treated with doxorubicin
for 3 h in a 6-well plate followed by their culture in the Transwell
insert where migration was checked after 48 h. In our experiment,
cells were directly stimulated on the Transwell insert and
migration was checked after 12 h in the case of MCF-7 cells.
Overall, our results suggest that media obtained from dying cells
contains ATP whose effect on tumor cell migration and invasion
could be blocked by a non-specific P2 receptor antagonist,
suramin.
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Exogenous ATP Mediates Migration in
Different Cancer Cells
Since suramin significantly inhibited CM-Dx-mediated cell
migration and invasion, we further confirmed the role of
purinergic receptors in this process by directly adding ATP to
the media exogenously. To test the concentration of ATP that
promotes significant migration in cancer cells, we exogenously
added ATP at different doses and measured cell migration using
the Boyden chamber assay (Figure 1C). We found a dose-
dependent increase in cell migration only in the case of HeLa
cells which showed significant numbers of migrated cells from
10 μM onwards with the highest seen with 1 mMATP. In the case
of IMR-32 cells, maximal migration was observed with 30 μM
ATP (p < 0.001) and was insignificant at 1 mMATP.MCF-7 cells,
on the other hand, showed significant migration at 100 μM (p <
0.001). Based on these preliminary observations, ATP was used at
1 mM for HeLa cells, 30 μM for IMR-32 cells and 100 μM for
MCF-7 cells in all the subsequent experiments.

In order to further confirm that ATP is responsible for the
migration of cells in the Boyden chamber assay, we used an ATP
degrading enzyme, apyrase, which hydrolyzes ATP to AMP and
inorganic phosphate. Exogenously added ATP increased
migration in HeLa cells by 4.7-fold which was significantly
inhibited in wells which were also treated with apyrase
(Figure 1D). Similarly, the increase in eATP-mediated
migration in IMR-32 and MCF-7 cells was also significantly
inhibited by 45% in cells that were also co-treated with
apyrase (p < 0.001 with respect to ATP-treated cells). These
results suggest that migration is mediated through ATP, and that
its hydrolysis by apyrase abolishes this property in all the three
cell-lines.

Suramin Inhibits Cell Migration and Invasion
Mediated by Exogenous ATP
The inhibition of CM-Dx-mediated cell migration by suramin
and eATP-mediated migration by apyrase suggest that eATP acts
through purinergic receptors. Accordingly, the effect of pan-P2
receptor antagonist, suramin, was tested in all three cell-lines. In
the Boyden chamber assay, the number of migrated cells was
significantly reduced by 77% in the case of HeLa cells which were
treated with both ATP and suramin (Figure 1D). In the same
way, we found 70 and 64% reduction in the number of migrated
cells in the case of IMR-32 andMCF-7 cells which were co-treated
with suramin (p < 0.001 with respect to ATP-treated cells). This
suggested that eATP-mediated migration of cancer cells could be
significantly inhibited through the use of a P2 receptor antagonist.

To further confirm that suramin prevented cancer cell
progression, migration and proliferation of cells was
measured through a wound healing assay wherein a wound/
scratch was created in the center of the monolayer (Figures
1E,F). ATP significantly increased the closure of the wound in
all three cell-lines (p < 0.05). In HeLa cells, the recovered area
was 34 ± 2% at 27 h in control cells which was further increased
to 44 ± 2% in cells treated with ATP (p < 0.001). In contrast, in
cells that were co-stimulated with both ATP and suramin, the

recovered wound area was the same as in control cells at
35 ± 2%, indicating that suramin blocked ATP-mediated
wound closure (p < 0.01 with respect to ATP-treated cells).
Similarly, in IMR-32 cells, 76 ± 3% wound was recovered in
control cells at 18 h, while in ATP-treated cells the recovered
wound was 89 ± 2% (p < 0.001). As in the case of HeLa cells,
treatment with suramin failed the recovery of the wound and
remained at 77 ± 5% (p < 0.05). In the case of more proliferative
MCF-7 cells, the scratch was recovered by 35 ± 2% within 12 h
in control cells which was greatly enhanced in cells treated with
ATP (64 ± 1%, p < 0.001). In cells that were treated with both
ATP and suramin, only 53 ± 1% area was recovered (p < 0.05
compared to ATP-treated cells). These results indicated that
exogenous ATP mediated accelerated wound closure which was
significantly inhibited through the use of a pan-P2 receptor
antagonist.

Supporting this data, we also found that eATPmediated 7-fold
increase in HeLa cells invasion through the matrigel (p < 0.001)
which was also significantly inhibited by suramin (Figure 1G). In
the case of IMR-32 cells, the invasion process was strongly
inhibited with only 43% cells invaded compared to cells
treated with eATP (p < 0.001). Similar result was observed
with MCF-7 cells, wherein eATP-mediated invasion could be
significantly inhibited by suramin. These results support the role
of P2 receptors in cell migration and invasion.

P2X7 Receptor Antagonists Inhibit
eATP-Mediated Migration of IMR-32 and
MCF-7 Cells
Since suramin could significantly inhibit eATP-mediated
migration and invasion in all the three cell lines, we screened
the expression of eight P2 receptors (3 P2X and 5 P2Y) through
real time PCR. Among the ionotropic receptors, we found strong
expression of P2X4 receptors in MCF-7 cells while P2X7
receptors were predominant in the IMR-32 cells (Table 2).
Among the G protein coupled receptors, we found P2Y6
receptors to be strongly expressed in both HeLa and MCF-7 cells.

TABLE 2 | Relative expression of P2 receptors in the three cell-lines.

HeLaa IMR-32 MCF-7

P2X1 21.6 17.9 18.7
P2X4 14.2 17.4 9.7
P2X7 17.7 12.9 15.2
P2Y1 22.4 n.d. 15.3
P2Y2 13.8 17.1 13.6
P2Y4 17.1 14.7 17.5
P2Y6 7.9 16.0 11.8
P2Y12 15.8 16.7 14.6

aTotal mRNA was isolated from unstimulated HeLa, IMR-32 and MCF-7 cells and cDNA
synthesized.
Real time PCR analysis was done using specific primers given in Table 1. The mean δCt

values obtained from cDNA synthesized from at least three different RNA preparations is
depicted here. The δCt valuewas calculated from the Ct values of the receptor with that of
the Ct value for β-actin. The mean Ct value for β-actin was 12.5 ± 0.2 for HeLa cells,
17.6 ± 0.5 for IMR-32 cells, and 13 ± 0.1 for MCF-7 cells. Entries in bold are receptors
with highest expression based on dCt method. n.d.: not determined
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Further supporting these results, we found that exogenous
stimulation of IMR-32 and MCF-7 cells with ATP enhanced
P2X7 receptor expression by 2 ± 0.25-fold (p < 0.01), an effect
also observed with the P2X7 receptor agonist, BzATP.
Accordingly, we checked the effect of P2X7 receptor
stimulation on cell migration and invasion. In both IMR-32
and MCF-7 cells, BzATP significantly increased cell migration,
similar to the effect seen with eATP (Figure 2A). Furthermore,
both eATP- and BzATP-mediated cell migration could be
significantly inhibited by the P2X7 receptor-specific

antagonist, A740003 (p < 0.001). A740003 has an IC50 of
40 nM for P2X7 receptors and >100 μM for all other P2X
receptors (Illes et al., 2020), suggesting that eATP-mediated
migration is dependent on P2X7 receptors. This was further
confirmed through the use of another P2X7 receptor antagonist,
oxidized ATP (oATP), which also showed significant inhibition
by approximately 30%. Although BzATP has a higher specificity
to P2X7 receptors (EC50 of 5 μM) compared to ATP itself (EC50

100 μM), it also shows higher affinity to P2X1, P2X2, and P2X3
receptors (EC50 2 nM for P2X1 receptors) (Illes et al., 2020).

FIGURE 2 | P2X7 and P2Y12 receptor antagonists abolish cancer cell migration and invasion. (A) IMR-32 (gray bars) or MCF-7 (black bars) cells were plated on top
of a transwell insert and treated with ATP (30 μM for IMR-32 or 100 μM for MCF-7), or 1 μM BzATP, in the presence or absence of 1 μM A740003 (A74), 1 μM oxidized
ATP (oATP), or 1 μM PPADS. The number of migrated cells were stained, counted and depicted as mean ± SEM. Student’s t-test shows significance of p < 0.001 with
respect to unstimulated (***) or ATP/BzATP-treated ($$$) cells (n � 5 independent experiments). (B) Invasion assay as described in Methods was done in IMR-32
(gray bars) or MCF-7 (black bars) cells stimulated with ATP (30 μM for IMR-32 or 100 μM for MCF-7) or 1 μMBzATP, in the presence or absence of 1 μMA740003 (A74).
The number of cells invading through the matrigel were counted and depicted as mean ± SEM. Student’s t-test shows significance of p < 0.001 with respect to
unstimulated (***) or ATP/BzATP-treated ($$$) cells. (C)HeLa cells were treated with 1 mM ATP, followed by RNA isolation at 4 and 24 h post-stimulation, for the analysis
of P2Y6 and P2Y12 receptors. Fold change was calculated using δδCt method. Significances were calculated with respect to control cells (*p < 0.05, or **p < 0.01) using
paired t-test. (n � 5 independent experiments) (D)HeLa cells were grown in the transwell chambers and stimulated with ATP (1 mM), or ADP (10 μM), with or without AR-
C 69931 (1 μM, AR-C). The number of cells migrated to the lower chamber after 24 h was counted and represented as mean ± SEM. Student’s t-test was used to
calculate significance with respect to control cells (***p < 0.001), or with respect to ATP or ADP in the case of AR-C 69931 ($$$p < 0.001). (E) Representative images of
HeLa cells, stained with Hoechst 44,432, post-migration in the transwell assay is depicted here. (F)HeLa cells were grown in the transwell chambers on top of a matrigel
layer and stimulated with ATP (1 mM), or ADP (10 μM), with or without 1 μM AR-C 69931 (AR-C), 1 μMMRS 2500 (MRS), or 1 μM A740003 (A74). Data is depicted as
given for (D).
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Accordingly, we used a non-selective antagonist of P2X
receptors, PPADS, which has an EC50 of 1 μM for P2X1,
P2X2, and P2X3 receptors and 10–50 μM for P2X7 receptors
(>500 μM for P2X4 receptors). PPADS (used at 1 μM here)
showed 40% inhibition of eATP-mediated migration in the case
of IMR-32 cells but had no effect on MCF-7 cells. This may
likely suggest that other P2X receptors may be involved in
eATP-mediated migration in IMR-32 cells; however, the
significant inhibition by at least two specific antagonists of
P2X7 receptors—A740003 and oATP—in both IMR-32 and
MCF-7 cells points out to their role in metastasis.

Confirming these results, the invasion assays also showed that
both ATP and BzATP mediated significant increase in the
number of cells invading through the matrigel, which could be
inhibited in wells where A740003 was used (Figure 2B). These
results indicate that P2X7 receptors might play an important role
in migration and invasion properties of IMR-32 andMCF-7 cells.

eATP-Mediated Migration in HeLa Cells Is
P2Y12 Receptor-dependent
Although P2Y6 receptors were strongly expressed in HeLa cells,
there was no change in their expression levels when stimulated
with eATP (Figure 2C). In contrast, we found a potent increase in
the expression of P2Y12 receptors by 2 ± 0.3-fold within 4 h of
stimulation, and 6 ± 0.2-fold increase 24 h post-stimulation (p <
0.001). In order to identify the role of these receptors in HeLa cell
migration and invasion, we used P2Y12 receptor agonist, ADP,
and P2Y12 receptor antagonist, AR-C 69931, in the transwell
assays. ADP has a specificity for P2Y1 (EC50 5.09 μM), P2Y12
(EC50 7.22 μM) and P2Y13 (EC50 7.94 μM) receptors, while AR-C
69931 acts as a competitive antagonist at P2Y12 receptors (IC50

9.4 μM) (Jacobson et al., 2020). A 4.7-fold increase in the
migration of HeLa cells was observed with 1 mM ATP which
was reduced by 65% in wells co-stimulated with AR-C 69931 (p <
0.001, Figures 2D,E). Furthermore, 10 μM ADP mediated a 9-
fold increase in migration (60 ± 5 cells migrated in comparison to
32 ± 4 in ATP-stimulated condition and 7 ± 1 in case of control),
which was also significantly inhibited by AR-C 69931 (p < 0.001).

In the invasion assay, 1 mMATPmediated a 5-fold increase in
invasion which was reduced by 75% when co-stimulated with
AR-C 69931 (p < 0.001) (Figure 2F). To rule out the possible role
of P2Y1 receptors, we used a very potent and selective antagonist
of P2Y1 receptor, MRS2500 (EC50 9.02 μM). There was no
inhibition of ATP-mediated invasion in cells co-treated with
MRS2500, suggesting that P2Y1 receptors may not be involved
in this process, whose expression was also weak in HeLa cells
(Table 2). Furthermore, since the dose of ATP used was very
high, the likely involvement of P2X7 receptors was also ruled out
through the use of the specific antagonist, A740003, which
showed no inhibition of ATP-mediated invasion. Therefore,
among the various inhibitors tested here, we found P2Y12
antagonist to be the most potent in inhibiting ATP-mediated
invasion in HeLa cells. Accordingly, we found a 3-fold, but
significant, increase in the number of invading cells with
10 μM ADP (p < 0.001), which was also reduced by 79%
when co-stimulated with AR-C 69931. These results suggest

that in HeLa cells P2Y12 receptors may play a major role in
cell migration and invasion.

eATP-dependent Migration and Invasion of
Tumor Cells Is Abolished by COX-2
Inhibitors
We had previously hypothesized that COX-2 was a downstream
enzyme whose expression is modulated following the activation
of the P2 receptor pathway (Fiebich et al., 2014). Therefore, we
first wanted to identify whether COX-2 was required for
P2 receptor-dependent migration and invasion of tumor cells.
We used indomethacin, a nonselective COX inhibitor (IC50

230 nM for COX-1 and IC50 630 nM for COX-2), and
celecoxib, a COX-2 specific inhibitor (IC50 15 μM for COX-1
and 40 nM for COX-2). The inhibitors alone had no effect on cell
migration in all the three cell-lines (Figures 3A–C). Addition of
ATP led to 4-fold increase in migration and 2.5-fold increase in
invasion in HeLa cells. However, co-stimulation with
indomethacin significantly reduced both migration and
invasion by 89% (p < 0.001) and 27% (p < 0.05). Celecoxib,
on the other hand, reduced migration and invasion by 27% (p <
0.001) and 64% (p < 0.01).

Similar observations were made in the case of IMR-32 and
MCF-7 cells too. In IMR-32 cells, eATP mediated a 2-fold
increase in migration (p < 0.001, Figure 3B) which was
reduced by 94% by indomethacin and 47% by celecoxib (both,
p < 0.001). In the samemanner, eATP-mediated invasion in IMR-
32 cells was also reduced by 30% by indomethacin and by 58% by
celecoxib (p < 0.001). In the case of MCF-7 cells, indomethacin
inhibited eATP-mediated migration by 39% (p < 0.001) and
invasion by 18% (p < 0.05) while celecoxib inhibited migration by
42% and invasion by 34% (both p < 0.001, Figure 3C). These
results suggested that, across all the three cell-lines tested,
exogenously added ATP mediated cancer cell migration or
invasion required the activity of the enzyme COX-2.

eATP Mediates COX-2 Expression in
Cancer Cell-Lines
Since inhibitors of COX-2 abolished P2 receptor-mediated
migration and invasion in cancer cell-lines, we wanted to
know whether exogenously added ATP affected COX-2
synthesis. In HeLa cells, stimulation with 1 mM ATP increased
COX-2 mRNA expression by 2.6 ± 0.3-fold, which was
significantly inhibited by suramin (p < 0.05, Figure 3D). A
similar increase in COX-2 expression was also observed with
10 μM ADP, which was strongly inhibited by AR-C 69931. We
then looked at the expression of COX-2 at the protein level for
which we first tested the conditioned media obtained from dying
cells. Conditioned media (CM) obtained from untreated cells
(CM-Ctrl), did not show any COX-2 expression while cells that
were exposed to CM obtained from doxorubicin-treated cells
(CM-Dox) showed a strong increase in COX-2 expression
(Figure 3E), suggesting that CM-Dox contains sufficient ATP
coming from the dead cells to induce COX-2 expression in
naïve cells.
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FIGURE 3 | P2 receptor-mediated cell migration or invasion is dependent on COX-2 expression. (A–C) HeLa (A), IMR-32 (B) or MCF-7 (C) cells were plated on
transwell inserts directly (for migration assay) or on top of a layer of matrigel (for invasion assays) and stimulated with ATP, with or without indomethacin (indo), or
celecoxib (Cele)—both used at 100 nM. After 24 h, migrated/invaded cells from the bottom of the chamber were stained, counted, and depicted here as average
number of cells ±SEM. Significances were calculated with respect to control cells (***p < 0.001) for ATP-treated cells, or with respect to ATP for the antagonists
($p < 0.05, $$p < 0.01, $$$p < 0.001) (n � 5 independent experiments). (D) HeLa cells were stimulated with ATP (1 mM), alone or with suramin (sura, 10 μM), or with ADP
(10 μM), alone or with AR-C 69931 (AR-C, 1 μM). Total RNA was isolated for cDNA synthesis followed by real time PCR analysis for COX-2 expression. Fold change was
calculated using δδCt method using β-actin as a housekeeping control. Significances were calculated with respect to control cells (**p < 0.01, or ***p < 0.001) for the
agonists, or with respect to ATP or ADP in the case of antagonists ($p < 0.05) through paired t-test. (E) HeLa cells were treated with conditioned media (CM) obtained
from doxorubicin-treated (CM-Dox) or normal (CM-Ctrl) cells as described in Figure 1B. 24 h after stimulation cell lysates were prepared for COX-2 expression. (F,H)
HeLa cells were stimulated with 1 mM ATP or 10 μM ADP, with or without 10 μM suramin (sura) or 1 μM AR-C 69931 (AR-C) for 24 h. Cell lysates were then collected
and run on SDS-PAGE for analysis of COX-2 expression. β-actin was used as a housekeeping control for relative densitometric analysis. A representative Western blot
image is shown in F (S, suramin; R, AR-C 69931). Replicates of four Western blots from different passages of cells were used for densitometric analysis. (G,I) IMR-32
cells were stimulated with 30 μM ATP or 1 μM BzATP, with or without 10 μM suramin (sura) or 1 μM A740003 (A74) for 24 h. A representative image is shown in F (S,
suramin; A7, A740003; Bz, BzATP) and densitometric analysis in (I). Significances were calculated with respect to control cells (*p < 0.05, **p < 0.01) for the agonists, or
with respect to ATP or ADP/BzATP in the case of antagonists ($p < 0.05, $$p < 0.01).

Frontiers in Pharmacology | www.frontiersin.org January 2021 | Volume 11 | Article 6172119

Sharma et al. eATP Modulates COX-2 in Tumour

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


FIGURE 4 | P2 receptor antagonists block eATP-mediated MMP-2 activity. (A) HeLa and IMR-32 cells were stimulated with ATP (1 mM or 30 μM, respectively),
10 μM ADP or 1 μM BzATP (Bz), with or without the inhibitors AR-C 69931 (R, 1 μM) or A740003 (A7, 1 μM). 24 h post-stimulation cell lysates were prepared for the
detection of MMP-2 through Western blotting as described in Materials and Methods. β-actin was used as a housekeeping control. (B) MMP-2 activity was observed
through an in-gel assay as described in the Materials and Methods with cells stimulated in the same manner as described in (A) and also including the inhibitor
suramin (S, 10 μM). Representative zymograph is depicted here. (C) Relative densitometry was made based on three independent gelatin zymography experiments.
Student’s t-test was done to calculate significance of agonist-treated cells with their unstimulated counterparts (**p < 0.01) and the antagonists with respect to their
agonist counterparts ($p < 0.05). (D) HeLa and IMR-32 cells were stimulated with ATP (1 mM for HeLa and 30 μM for IMR-32 cells) for 24 h, with or without celecoxib
(100 nM) or indomethacin (100 nM). Cell lysates were probed for the detection of COX-2 or MMP-2 levels with β-actin used as a housekeeping control.
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Changes in the COX-2 mRNA were also reflected at the
protein level. We found a significant increase in COX-2
expression in HeLa cells stimulated with either ATP (at
1 mM) or ADP (at 10 μM, Figures 3F,H). Furthermore, P2
receptor antagonists abolished this induced COX-2 expression.
In the HeLa cells, the pan-P2 receptor antagonist suramin and the
P2Y12 receptor-specific AR-C 69931 significantly inhibited
COX-2 synthesis mediated by ATP or ADP. Similarly, in
IMR-32 cells, there was a 2-fold increase in the levels of COX-
2 in cells stimulated with 30 μM ATP or 1 μM BzATP (p < 0.01,
Figures 3G,I). This increase in COX-2 expression was
significantly reduced by the P2X7 receptor antagonist,
A740003 (p < 0.01). These results indicated that eATP-
mediated activation of P2Y12 receptors in HeLa cells or P2X7
receptors in IMR-32 cells show a common downstream target
resulting in increased COX-2 expression in these cells.

P2 Receptor Activation Enhances
MMP-2 Activity
An important enzyme required for the invasiveness of cancer cells
is gelatinase or matrix metalloproteinases, of which matrix
metalloproteinase 2 (MMP-2) has been widely reported in
various cell culture studies (Hsu et al., 2015; Roomi et al.,
2017). Therefore, we wanted to know whether exogenous
addition of ATP also increased MMP-2 expression in these cells
usingWestern blot and gelatin zymography. There was a moderate
increase in the levels of intracellular MMP-2 in both HeLa and
IMR-32 cells which could be inhibited through AR-C 69931 and
A740003 inHeLa and IMR-32 cells, respectively (Figure 4A). Since
MMP-2 is a secreted protein, we collected the media supernatant
from stimulated cells and checked for its functional activity
through in-gel gelatinase activity. In both HeLa and IMR-32
cells, eATP treatment showed marked increase in gelatinase
activity which could be seen reduced in cells which were co-
treated with suramin (Figures 4B,C). The P2Y12 receptor
agonist ADP showed 6-fold increase in MMP-2 activity in HeLa
cells (p � 0.01), which could be significantly reduced in cells which
were also treated with suramin by 49% (p < 0.05). Similarly, in
IMR-32 cells, the P2X7 receptor agonist BzATP (1 μM)-mediated
increase in MMP-2 activity could be significantly reduced with its
specific antagonist A740003 by 70% (p < 0.05). These results
demonstrate that P2 receptor activation increases the activity of
MMP-2, an important metastatic marker responsible for cell
invasion.

In order to find out if the activity of MMP-2 was dependent on
COX-2 expression, we stimulated the cells with celecoxib and
indomethacin, 30 min prior to stimulation with ATP. We first
confirmed the effect of the inhibitors on COX-2 levels. We found
that both celecoxib and indomethacin reduced ATP-mediated
increase in COX-2 levels in both HeLa and IMR-32 cells
(Figure 4D). This suggested that these inhibitors not only
inhibit the activity of the enzyme but also its expression
within the cells. However, the effect of these inhibitors on
MMP-2 expression was not remarkable, though in IMR-32
cells, celecoxib showed reduction in the active form of MMP-2.

P2 Receptor Activation Upregulates p42/44
and p38 MAPK Activity
We next investigated the signaling intermediates downstream of
P2 receptor activation which were responsible for COX-2
expression. For this we looked at some of the kinases that
were known to be involved in the induction of COX-2 gene.
The p42/44 and p38 mitogen-activated protein kinases (MAPK)
are major modulators of COX-2 protein in various cells
(Parvathenani et al., 2003; Yang et al., 2004; Akundi et al.,
2005; Akter et al., 2021). To confirm their involvement, we
used two well-known selective and cell-permeant antagonists
of these kinases—SB202190, against p38 MAPK (Kd 38 nM),
and PD98019, against mitogen-activated protein kinase kinase
(MKK/MEK; IC50 2–7 μM), which is upstream in the MAPK
signaling pathway. We found that in both HeLa and IMR-32 cells,
ATP-mediated increase in COX-2 levels could be reduced in cells
which were pre-treated with SB202190 or PD98059 (Figure 5A).
These results suggested that ATP-mediated increase in COX-2
levels in cancer cells involved the activation of MAPK signaling
pathway.

Accordingly, we looked at the activity of MAPKs through
phospho-specific antibodies wherein the phosphorylated forms
indicate active MAPK form. ATP and the P2Y12 receptor
agonist, ADP, significantly increased phosphorylated levels
of p42/44 MAPK in HeLa cells by 2-fold (Figures 5B,D).
However, the P2Y12 receptor antagonist, AR-C 69931
reduced the phosphorylated form of p42/44 MAPK by 45%
in both ATP and ADP-stimulated cells. Similar observation was
made in the IMR-32 cells where 30 μM ATP or 1 μM BzATP
mediated a significant increase in the activation of p42/44
MAPK (*p < 0.05, Figures 5C,E) which could be abolished
by 80% in cells which were pre-treated with the P2X7 receptor
antagonist, A740003. These results implicate the role of p42/44
MAPK downstream of the P2 receptor pathway leading to
COX-2 synthesis.

A similar effect was seen in the case of p38MAPK activity. The
addition of eATP (1 mM) showed a 3-fold increase in p38 MAPK
activity which could be significantly abolished by 26% in cells pre-
treated with AR-C 69931 (*p < 0.05, Figures 5B,D). In much the
same way, ADP (10 μM) showed 3.7-fold increase in p38 MAPK
activity (phosphorylation) which was reduced by 55% in cells
treated with P2Y12 receptor antagonist, AR-C 69931. In IMR-32
cells, a 3-fold increase in the phosphorylated levels of p38 MAPK
was seen with both ATP (30 μM) and the P2X7 receptor agonist,
BzATP (1 μM)(*p < 0.05, Figures 5C,E). Irrespective of the
stimulant used, the P2X7 receptor antagonist, A740003,
strongly reduced the levels of phosphorylated p38 MAPK by
over 60%. These results show that the p38 MAPK are activated
downstream of P2X7 receptors in IMR-32 cells and P2Y12
receptors in HeLa cells.

DISCUSSION

We have hypothesized that eATP, which is found at very high
concentrations in the tumormicroenvironment, is responsible for
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the increased expression of COX-2 which in turn affords the cells
with migratory and invasive properties turning the tumor into a
metastatic one. In order to test this hypothesis, we used three cell-
lines of different tissue origins—HeLa (cervical), IMR-32
(neuronal) and MCF-7 (breast). While HeLa and MCF-7 are
frequently used in cancer research, IMR-32 was also included in
this study because of it being a neuroblastoma derived from a
metastatic site in the abdomen and carrying two types of cells—a
predominant smaller neuroblast-like cells and larger hyaline
fibroblast cells (Tumilowicz et al., 1970). By using three
different cell-lines, we wanted to check whether the
mechanism of eATP-mediated tumor cell migration and
invasion were common across cancer types. Although each of

these cell-lines expressed different purinergic receptors, we found
that the downstream effector was COX-2 in all cases which
affords the cells with enhanced migration or invasion properties.

It has been well-established in literature that the levels of ATP
increase in the tumor microenvironment (Idzko et al., 2014; Di
Virgilio et al., 2018). This is especially true in the case of cancers
that are therapeutically targeted wherein death of drug- or
radiation-sensitive cells results in changing the contents of the
microenvironment, of which ATP, among others, is a prominent
molecule (Martins et al., 2009; Schneider et al., 2015; Kloss et al.,
2019). We observed that the treatment with doxorubicin also
showed an increase in the levels of eATP in the media 48 h post-
stimulation. This “residual ATP” is the amount of ATP left in the

FIGURE 5 | P2 receptor stimulation increases p42/44MAPK and p38MAPK activity. (A)HeLa or IMR-32 cells were stimulated with ATP (1 mM for HeLa and 30 μM
for IMR-32 cells) in the presence or absence of SB202190 (1 μM) or PD98059 (1 μM). The inhibitors were added 30 min prior to the addition of ATP and cells were
harvested after 24 h for the detection of COX-2 protein. (B) HeLa cells were stimulated with 1 mM ATP or 10 μM ADP, with or without 1 μM AR-C 69931 (R) for 30 min.
Cell lysates were then separated on SDS-PAGE and analyzed for phosphorylated or total forms of p42/44MAPK or phosphorylated or total p38MAPK. (C) IMR-32
cells were stimulated with 30 μM ATP or 1 μM BzATP (Bz), with or without 1 μM A740003 (A7), for 30 min. Cell lysates were then analyzed as described for HeLa cells.
Representative images of Western blot are shown from a total of five independent experiments. (D,E) Densitometric analysis of phosphorylated p38 or p42/44 MAPK
was done with respect to total p38 or p42/44 MAPK, respectively, for HeLa (D) or IMR-32 (E) cells. Significances were calculated with respect to control cells (*p < 0.05,
**p < 0.01), or with corresponding agonists ($p < 0.05, $$p < 0.01).
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media after it had been degraded by ectonucleotidases and/or
internalized through macropinocytosis besides the ATP that has
bound to various P2 receptors. Treatment of acute myeloid
leukemia cells with another chemotherapeutic agent,
daunorubicin (200 nM), similarly showed the release of ATP
in the range of 2–8 nM, 6 h post-stimulation (Pegoraro et al.,
2020). The tumor microenvironment, therefore, remains
enriched with ATP in the aftermath of chemotherapy. The
amount of residual ATP depends on various factors such as
the intracellular levels of ATP, which in turn depends on the
metabolic activity of the cell, percentage of cells dying in response
to the chemotherapeutic agent, and the expression levels and
activity of membrane ectonucleotidases which are responsible for
the degradation of eATP. This explains the differences we found
in the levels of residual ATP between the three cell types. Among
those we tested, HeLa cells were most sensitive to doxorubicin
(53% cell death at 48 h) and therefore showed a high level of
residual ATP. However, MCF-7 cells, despite slightly lower cell
death at 41%, had the most measured ATP levels due to their
higher proliferation rate. We have shown that this “residual ATP”
has the ability to afford cancer cells with migration, invasion and
increased expression of COX-2 through the use of conditioned
media. Treatment of the cells with apyrase or suramin abolished
eATP-mediated migration of cancer cells suggesting that the
residual ATP is directly responsible for cell migration through
P2 receptors. In light of such observations, ectonucleotidases such
as CD73 and CD39 are increasingly gaining recognition as the
new targets in cancer therapeutics (Moesta et al., 2020).

In this study, we screened eight P2 receptors which were
commonly reported in cancer—the vast majority of these studies
relate to P2X7, P2Y2 and P2Y12 receptors (Adinolfi et al., 2012; Li
et al., 2013; Chadet et al., 2014; Jin et al., 2014). P2X7 receptors
have been shown to express strongly in prostate cancer cells, in
osteosarcoma, in lymphocyte-infiltrating gastric cancer,
pancreatic ductal adenocarcinoma cell lines, and in patients
with malignant pleural mesothelioma, and its antagonism has
been shown to inhibit growth of tumors in various in vivomodels
(Qiu et al., 2014; Giannuzzo et al., 2015; Amoroso et al., 2016;
Zhang et al., 2019; Calik et al., 2020). We found this true in the
case of IMR-32 neuroblastoma and MCF-7 breast cancer cells. In
both these cell types, BzATP significantly increased migration
and invasion mediated by these cells, which could be inhibited
through the use of P2X7 receptor-specific antagonist, A740003,
and oATP. Antagonising P2X7 receptors has been shown to
inhibit tumor growth in the case of human gliomas (Kan
et al., 2020). In neuroblastoma cells, P2X7 inhibition not only
reduced tumor progression but was also shown to influence
metabolic activity via Akt pathway and angiogenesis through
reduced vascular endothelial growth factor (VEGF) secretion
(Amoroso et al., 2015). In the MDA-MB-231 cells, activation
of P2X7 receptors induces calcium-activated SK3 potassium
channels which assists in cell migration (Jelassi et al., 2011).
P2X7 receptor has been shown to induce fast F-actin
reorganization and formation of filopodia, thereby promoting
invasion (Brisson et al., 2020). These roles of eATP-mediated
morphological changes in early metastasis have also been shown
to depend not only on P2X7 receptor stimulation but also on

eATP which gets internalized through macropinocytosis (Cao
et al., 2019). In addition to these roles, P2X7 receptors also
modulate the tumor microenvironment wherein blockade of
the receptors through systemic administration of A740003
showed an increase in CD4+ cells but with diminished
expression of ectonucleotidases, CD39 and CD73 (De Marchi
et al., 2019). These observations and the current study support the
various reports that have championed P2X7 receptors as a good
therapeutic target. This is also reflected in the various preclinical
studies which use P2X7 receptor antagonists as potential anti-
tumour drugs (Di Virgilio et al., 2018; Lara et al., 2020).

We do not rule out the possible role of P2X4 receptors, which
are the predominantly expressed receptors in MCF-7 cells, and of
P2Y2 receptors in tumor progression. In the relatively more
potent and metastatic breast cancer cell-line, MDA-MB-231,
and in prostate cancer cells, P2Y2 receptors have been shown
to be strongly expressed and whose knockdown prevented cell
migration and invasion (Li et al., 2013; Eun et al., 2015). P2Y2
receptors further mediate inflammasome formation in
radiotherapy-resistant breast cancer cells enhancing their
invasiveness (Jin et al., 2018). MDA-MB-231 cells also strongly
express P2Y6 receptors whose blockage with MRS 2578 or
downregulation using siRNA inhibited migration and invasion
(Ma et al., 2016). In P2Y6 knockout mice, lung tumor metastasis
was prevented by reducing the recruitment of neutrophils (Qin
et al., 2020). However, in our studies, we saw that there was no
change in the levels of P2Y6 mRNA in cells stimulated with ATP
unlike P2Y12 mRNA whose expression increased by 6-fold in
24 h. The expression of P2Y6 receptor has instead been shown to
increase following hypoxia or epidermal growth factor treatment
in MDA-MB-231 cells (Azimi et al., 2016). A specific antagonist
of P2Y12 receptors, AR-C 69931, also significantly inhibited both
ATP and ADP-mediated cell migration and invasion. P2Y12
receptor antagonists such as clopidogrel and ticagrelor are
currently under clinical studies in breast, pancreatic and head
and neck cancer (Ballerini et al., 2018; Elaskalani et al., 2020).

The fact that different cell types show upregulation of different
P2 receptors suggests that it is essential to target each cancer type
with the specific receptor expressed on its surface, in response to
its microenvironment. For instance, in the case of hepatocellular
carcinoma, P2Y11 receptors have been shown to play a major role
in cell migration through ATP-induced calcium signaling (Khalid
et al., 2017). P2Y11 receptors have also been implicated in
pancreatic cancer cell migration through a p38 MAPK-
dependent pathway (Shi et al., 2013). In the case of renal
cancer cells, P2X6 receptors were found to increase cell
migration and invasion involving calcium-mediated p42/44
MAPK signaling and MMP-9 activation (Gong et al., 2019).
The diversity of P2 receptors, their promiscuity to different
nucleotides, and the presence of ectonucleotidases, makes it
difficult to target any one single receptor for a given cancer
type (Fiebich et al., 2014; da Silva Ferreira et al., 2019). Moreover,
mere expression of a receptor at high levels may not reflect its
increased activity. This is especially true of P2X7 receptors whose
opening would increase membrane permeability leading to cell
death. However, in the case of tumors, it has been found that there
is, instead, an increase in the expression of a non-pore forming
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P2X7 receptor which is functionally redundant, thereby assisting
tumor cell survival (Gilbert et al., 2019). The two splice variants of
P2X7 receptors also show differential modulation in response to
chemotherapy as seen in acute myeloid leukemia (Pegoraro et al.,
2020). It has to also be noted that the physiological role of P2
receptors depends on the cell type they are expressed
on—inhibiting P2Y12 receptors with ticagrelor in pancreatic
ductal adenocarcinoma cells decreases their proliferative
capacity through the Akt pathway (Elaskalani et al., 2020),
inhibition of the same receptors on macrophages enhances
their tumor cell phagocytic properties involving ER stress
pathway (Pavlovic et al., 2020) and inhibits the formation of
inflammasome (Huang et al., 2020), whose role in cancer
progression continues to be sought (Hamarsheh and Zeiser,
2020). Therefore, targeting specific P2 receptors remains a
challenge making therapeutic approach personalized
depending on the nucleotide composition of the
microenvironment and/or receptor expression. Our study,
however, shows that, irrespective of the type of P2 receptor
that is activated upstream, the downstream pathway leads to
increased COX-2 expression, thereby providing a common
pathway for therapeutic intervention. This has been true with
both P2X7 and P2Y12 receptors in vitro.

COX-2 has been shown to be overexpressed in various cancers
(Ristimaki et al., 2002; Yan et al., 2004). In the human lung cancer
cells, COX-2 has been shown to afford cells with resistance to
apoptosis, thereby making them withstand chemotherapy (Chen
et al., 2010). Doxorubicin-resistant MCF-7 cells (MCF-7/DOX),
which exhibit high invasiveness, strongly express COX-2 similar
to that expressed in the highly metastatic breast cancer MDA-
MB-231 cells (Kang et al., 2011). Increased COX-2 activity leads
to increased PGE2 synthesis, whose levels have been shown to be
increased in the tumor microenvironment (Wan et al., 2013; Lala
et al., 2018; Carter et al., 2019). Inhibition of COX-2 in MDA-
MB-231 cells through upstream inhibition of the nuclear factor
κB (NF-κB) signaling suppressed its invasiveness (Kim et al.,
2014). The p42/44 MAPK signaling is upstream of the NF-κB-
mediated COX-2 expression (Akundi et al., 2005), and has been
shown to be activated following P2 receptor stimulation
(Parvathenani et al., 2003; Yang et al., 2004; Lili et al., 2019).
Similarly, p38 MAPK is essential for COX-2 synthesis, either
directly through downstream activation of transcription factors
(Fiebich et al., 2000; Akundi et al., 2005), or through stabilization
of COX-2 mRNA post-transcription, thereby prolonging the
effect of COX-2 or inflammation for a much longer period
(Lasa et al., 2000; Harper and Tyson-Capper, 2008). Recently,
we found that in macrophages, eATP enhanced LPS-mediated
COX-2 synthesis by sustaining high levels of COX-2 mRNA
through extended phosphorylation of cyclin-dependent kinase
9 and p38 MAPK (Akter et al., 2021). Our results here show
that the presence of residual ATP within the tumor
microenvironment provides a low-grade chronic inflammation.
The resulting activation of P2 receptors leads to increased
phosphorylation of p38 and p42/44 MAPK, thereby leading to

FIGURE 6 | Exogenous ATP mediates increased COX-2 expression
leading to cancer cell metastasis. Treatment of tumors with chemotherapeutic
agents such as doxorubicin leads to profound cell death and increased levels
of exogenous ATP (eATP) in the extracellular milieu. This ATP acts on the
P2 receptors of tumor cells in the vicinity through different P2 receptors
depending on tumor type such as P2X7 receptors in case of IMR-32 and
MCF-7 cells or P2Y12 receptors in case of HeLa cells. Activation of either of
these P2 receptors leads to the activation of p38 and p42/44 MAPK which, in
turn, induce the transcription of COX-2. Increased COX-2 synthesis has been
shown to modulate tumor cell migration and invasiveness, thus contributing
toward increased metastasis. P2 receptor-based anti-inflammatory drugs
(PBAIDs), which are specific P2 receptor antagonists, have been shown to
block the phosphorylation of MAPKs, synthesis of COX-2 and cell migration or
invasion.
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increased COX-2 synthesis. Antagonists of P2X7 or P2Y12
receptors, therefore, not only reduce the levels of
phosphorylated p38 and p42/44 MAPK, but also show
reduction in COX-2 levels and abolish migration/invasive
properties of the cancer cells in response to eATP.

Inhibition of COX-2, especially through nonsteroidal anti-
inflammatory drugs (NSAIDs), has been considered a therapeutic
alternative for arresting tumor growth (Gupta and Dubois, 2001;
Ulrich et al., 2006). However, chronic use of non-specific NSAIDs
or COX-2 specific inhibitors (COXIBs) for other diseases had
been counterproductive (in t’ Veld et al., 2001; Juni et al., 2004).
We had previously hypothesized that upstream inhibition of P2
receptors will result in reduced COX-2 expression without
affecting its housekeeping role (Fiebich et al., 2014). These P2
receptor antagonists, dubbed as P2 receptor-based anti-
inflammatory drugs (PBAIDs), would inhibit the downstream
MAPK signaling, COX-2 synthesis and cancer cell migration/
invasion. PBAIDs, therefore, provide a suitable alternative to
NSAIDs for cancer treatment without the unpleasant
gastrointestinal side-effects associated with long-term NSAID
usage or the risks associated with COXIBs. PBAIDs such as
suramin has been repurposed as an anti-cancer drug in other
studies (Ahmed et al., 2016; Cheng et al., 2019; Wiedemar et al.,
2020). We have also shown here that suramin inhibits eATP-
mediated COX-2 and MMP-2 synthesis and prevents cancer cell
migration and invasion. While the new generation specific P2
receptor antagonists have specificity of action on their side,
suramin is an already approved drug by US FDA and could
be repurposed as a PBAID.

In summary, we show that doxorubicin mediated cell death
leads to an increase in the levels of eATP, which in turn leads to
the activation of different P2 receptors depending on the cell type
(Figure 6). P2 receptor antagonists are able to inhibit COX-2
expression and MMP-2 activity, thereby confirming that
increased levels of eATP are responsible for the metastatic
properties of these cells. Blocking of P2 receptors in tumor
cells, in vivo, leads to reduction in tumor growth due to
inhibition of COX-2. This has direct relevance to cancer

recurrence where chemotherapeutic agents kill drug-sensitive
cells leading to a build-up of eATP in the tumor
microenvironment. This ATP may act on the P2 receptors of
nearby drug-resistant cells thereby increasing their COX-2
expression. Such cells have the potential to turn metastatic
leading to cancer recurrence over a period of time. Therefore,
targeting the P2 receptor-COX-2 pathway is a promising strategy
in the control of cancer resurgence. The fact that we found
different P2 receptors for the different cell lines further
suggest that each cancer type has its own specific P2 receptor
target and, therefore, earlier reports on P2 receptor antagonists in
cancer treatment have to be revisited.
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