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Extracellular ATP Induced S-Phase Cell Cycle Arrest via P2Y
Receptor-Activated ERK Signaling in Poorly Differentiated
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Abstract: Extracellular ATP in the tumor microenvironment exhibits either pro- or antitumor effect via
interaction with P2Y receptors, but the intracellular signaling and functional roles of P2Y receptors in
oral squamous cell carcinoma (OSCC) are unclear. We aimed to study the effect of ATP on OSCC cell
lines and the potential mechanisms involved. Through GEPIA dataset analysis, high expression levels
of mRNA encoding P2Y receptors, the ATP-induced G protein-coupled receptors, were associated
with better overall patient survival in head and neck squamous cell carcinoma. qPCR analysis showed
that the poorly differentiated OSCC SAS cell line, had higher P2RY1 expression level compared to the
well-differentiated H103 and H376 cell lines. Western blotting and flow cytometry analyses revealed
that ATP phosphorylated ERK and elevated intracellular calcium signaling in all tested cell lines. A
significant S-phase cell cycle arrest was observed in SAS, and preincubation with the MEK inhibitor
PD0325901 reversed the ATP-induced S-phase arrest. We further demonstrated that ATP induced
a slight reduction in cell count and colony formation yet significant apoptosis in SAS. Overall, we
postulate that the ATP-induced S-phase arrest effect in SAS cells may be regulated through P2Y
receptor-mediated ERK signaling, thus suggesting a potential antitumor effect of ATP via interaction
with its distinct profile of P2Y receptors.

Keywords: extracellular ATP; oral squamous cell carcinoma; P2Y receptors; ERK signaling;
S-phase arrest

1. Introduction

Oral squamous cell carcinoma (OSCC) is one of the common malignant types of
head and neck cancers and accounts for 3% of malignant tumors worldwide [1]. Despite
advancement in therapeutic interventions including adjuvant therapies with radiotherapy,
systemic chemotherapy, and/or topical chemotherapy, an overall improvement on the
5-year survival rate in OSCC patients is still limited due to the aggressive local invasion
and highly metastatic profile of OSCC [2–5]. Multiple cohort studies revealed that up to
40% of the patients experienced disease recurrence with increased tumor invasiveness
within two years after completion of treatment [6–8]. Chemotherapy is the common
choice of treatment of advanced OSCC for an overall improvement in the survival rate
among patients. However, its effectiveness is often hampered by the development of drug
resistance [9,10]. The development of an alternative treatment approach is therefore crucial
for improving the overall survival rate and the quality of life among patients.

Adenosine 5′-triphosphate (ATP) is a key extracellular signaling molecule that couples
to specific purinergic receptors to mediate various biological responses including signal
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transmission, proliferation, differentiation, and cell death [11]. To execute those responses,
ATP can act on two different types of G protein-coupled receptors, namely iono atropic P2X
and metabotropic P2Y receptors [12]. P2Y receptors are widely expressed in various tissues,
while P2X receptor expression is restricted to the nervous system, platelets, and smooth
muscle cells [13]. P2Y receptors are further subdivided into eight different subtypes, and
most of them are coupled with Gq/11 protein [14]. Upon activation, phosphatidylinositol
bisphosphate (PIP2) is hydrolyzed to inositol 1,4,5-triphosphate (IP3) to trigger the release
of calcium ion (Ca2+) from the endoplasmic reticulum into cytosol. The increase in cytosolic
Ca2+ regulates almost all cellular events ranging from proliferation to apoptosis [15].

Under normal physiological conditions, ATP is mainly located intracellularly
(~5–10 mM) and is scarcely found in the extracellular compartment. Intriguingly,
extracellular ATP has been detected in the micromolar range in the tumor microenviron-
ment [16–18]. It has been reported that tumor cell death due to hypoxia, inflammation,
or anticancer therapies promotes an increase in the extracellular ATP [19]. Accumu-
lating evidence has shown that the release of ATP and subsequent activation of P2Y
receptors contribute to a vast array of cellular responses in tumor cells ranging from
proliferation to apoptosis in different types of cancers [14]. Among the P2Y receptor
subtypes, P2Y1, P2Y2, and P2Y11 receptors are frequently studied in cancers [20]. For
example, the potential role of P2Y1 and P2Y2 receptors in the regulation of cancer
progression and pathogenesis of OSCC has been reported based on gene expression
analysis [21,22]. On the other hand, it has been reported that P2Y1 activation induces
apoptosis in prostate and gastric cancer [23,24]. In another study, the activation of P2Y11
inhibited the migration of tumor-derived endothelial cells [25].

Among the associated signaling pathways of G protein-coupled receptors, the extra-
cellular signal-regulated kinase (ERK) pathway is one of the major pathways regulated
by P2Y receptors for the regulation of cell proliferation and survival [26,27]. P2Y receptor-
mediated ERK activation has been reported to promote cancer progression in esophageal,
breast, and prostate cancer [28–30]. In contrast, the activation of ERK by P2Y receptors
promoted an antiproliferative effect in colorectal and intestinal cancer [31,32]. In head and
neck squamous cell carcinoma (HNSCC), it has been reported that P2Y2 receptor-activated
ERK1/2 signaling promotes proliferation of CAL27 cells, and further blockade of the P2Y
signaling via a specific antagonist and genetic knockout reduced UTP-induced CAL27 pro-
liferation in vitro [33]. Overexpression of ERK has been well observed in OSCC, though the
correlation of P2Y receptor activation with ERK in OSCC has yet to be understood [34,35].

Hence, this present study aimed to study the expression and functional role of the
P2Y receptors in OSCC. In this context, this study particularly aimed to investigate the
effect of P2Y receptor-mediated ERK activation by ATP in OSCC. Understanding the
potential mechanisms by which P2Y receptors promote the development and progres-
sion of OSCC may facilitate the development of more effective targeted therapy for
improving patient survival.

2. Materials and Methods
2.1. Cell Culture

Two human OSCC cell lines, namely H103 and H376, originating from the tongue
and the floor of the mouth, respectively, were derived and cultured as described
previously [36]. An additional OSCC cell line, SAS, originating from the tongue,
was purchased from the Japanese Collection of Research Bioresources (JCRB) Cell
Bank (Osaka, Japan). All three cell lines originated from different cancer stages, and
their detailed characteristics are provided in Table S1. Cells were grown and main-
tained in a humidified incubator at 37 ◦C with 5% CO2 atmosphere, in the DMEM-F12
medium (Nacalai Tesque, Kyoto, Japan) supplemented with 100 units/mL penicillin–
streptomycin (Nacalai Tesque, Kyoto, Japan) and 10% fetal bovine serum (Hyclone,
Logan, UT, USA). For both H103 and H376, an additional 0.5 µg/mL sodium hydro-
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cortisone succinate (Sigma Aldrich, St Louis, MI, USA) was added to the DMEM-F12
growth medium.

2.2. GEPIA Dataset Analysis

An online collection of RNA sequencing expression data of 9736 tumors and 8587
normal samples from The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression
(GTEx) projects, namely Gene Expression Profiling Interactive Analysis (GEPIA), was
used to analyze the differential expression levels of the P2Y receptors across cancers,
including HNSCC, and their patient survival analysis (Accessed on 22 October 2021,
http://gepia.cancer-pku.cn/) [37].

2.3. Real-Time Polymerase Chain Reaction (qPCR)

qPCR was performed to measure the gene expression levels of receptor subtypes,
namely P2RY1, P2RY2, and P2RY11. Total RNA was extracted using an InnuPrep RNA Mini
Kit (Analytik Jena, Jena, Denmark) and converted to cDNA with a Tetro cDNA Synthesis
Kit (Bioline, Cincinnati, OH, USA). qPCR was performed on a CFX Connect Real-Time PCR
Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA) using a SensiFast SYBR
No-Rox Kit (Bioline, Cincinnati, OH, USA) with an initial denaturation step of 95 ◦C for
2 min, followed by 45 cycles of 95 ◦C for 5 s, 65 ◦C for 10 s, and 72 ◦C for 20 s. An additional
postamplification melting curve step was performed subsequently. The gene expression
levels were normalized to those of reference genes, tubulin alpha-6 chain (TUBA6) and
ribosomal protein S13 (RPS13). The primers used are listed in Table S2.

2.4. Measurement of Intracellular Ca2+

The level of Ca2+ release into the cytosol upon ATP treatment was measured using
a flow cytometric analysis following staining with a cell-permeable calcium-binding flu-
orescent dye, Fluo 2 LeakRes AM (Abcam, Cambridge, UK). Briefly, 1 × 105 cells were
collected and resuspended in 1 mL of cold phosphate-buffered saline (PBS) containing
4 µM Fluo 2 LeakRes AM. The basal fluorescence intensity was recorded for 1 min at 10 s
intervals on a BD FACSCanto II Cell Analyzer (BD Biosciences, San Jose, CA, USA) with
an excitation wavelength at 490 nm. Subsequently, a final concentration of 100 µM ATP
(Sigma Aldrich, St Louis, MI, USA) was added into each sample, and the fluorescence
intensity was recorded immediately at 10 s intervals for 4 min. Results obtained were
analyzed using BD FACSDiva Software version 6.1.3 (BD Biosciences, San Jose, CA, USA),
and a graph of fold increase in intracellular Ca2+ level against time was plotted.

2.5. Western Blotting

The phosphorylation levels of ERK in ATP-treated cell lines were measured via West-
ern blotting. Briefly, cells were seeded on a 12-well plate at a density of 1 × 104 cells/well
and incubated at 37 ◦C with 5% CO2. Upon reaching 70% confluency, cells were treated
with 100 µM ATP at different time points (5–120 min). After the treatment, cells were lysed
with 1× Laemmli buffer. Equal amounts of protein were separated electrophoretically by
10% sodium dodecyl sulfate–polyacrylamide gels at 200 V for 100 min and were transferred
to nitrocellulose membranes (GE Healthcare Life Sciences, Chicago, IL, USA) at 100 V for
75 min. The membranes were then blocked with 5% (w/v) nonfat skim milk for 1.5 h.
The membranes were separately probed with the primary antibodies against the rabbit
monoclonal phosphorylated p44/42 MAPK and p44/42 MAPK antibodies (1:1000; Cell
Signaling Technology, Danvers, MA, USA) at room temperature overnight. After the pri-
mary antibody incubation, the membranes were washed with a washing buffer containing
150 mM NaCl, 20 mM Tris, and 0.03% (v/v) Tween-20 (NaTT buffer). Further, the mem-
branes were incubated with the secondary anti-rabbit monoclonal antibody (1:3000; Cell
Signaling Technology, Danvers, MA, USA) for 2 h at room temperature. The protein bands
were visualized using enhanced chemiluminescence (ECL) substrates on ChemiDoc XRS+
(Bio-Rad Laboratories Inc., Hercules, CA, USA) and were quantified by a densitometry
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analysis using Image Lab 5.2.1 (Bio-Rad Laboratories Inc., Hercules, CA, USA). The raw
outputs of the protein bands and densitometry readings are provided in Figures S1–S3 and
Tables S3–S5, respectively.

2.6. Cell Cycle Assay

The cell cycle assay was carried out by using flow cytometry. In brief, cells were seeded
at 1 × 106 cells/well on a 6-well plate and incubated at 37 ◦C with 5% CO2. Cells were
treated with test compounds (ATP, ATPγS, adenosine, suramin, PD0325901, or docetaxel)
at varying concentrations or time points (24–72 h or 24 h alone). Cell pellets were then
harvested by trypsinization and fixed with 70% (v/v) cold ethanol at −20 ◦C overnight.
Prior to analysis, cell pellets were washed twice with cold PBS and incubated in a staining
solution containing 50 µg/mL propidium iodide (PI) and 0.1% (v/v) Triton X for 30 min at
room temperature. The fluorescence intensity was measured using BD FACSCanto II Cell
Analyzer (BD Biosciences, San Jose, CA, USA), and the proportion of cells in G1, S, and
G2/M phases was analyzed using Mod Fit LT 2.0 software (Verity Software House Inc.,
Topsham, ME, USA).

2.7. Trypan Blue Exclusion Assay

The viability of cells after ATP treatment was measured and compared against the
untreated cell control using a trypan blue exclusion assay. In brief, cells were seeded on
a 6-well plate with a total of 0.5 × 103 cells/well and incubated at 37 ◦C with 5% CO2
for 24 h. Cells were then washed with PBS, and the medium was replaced with a new
medium. Then, cells were treated with ATP at a final concentration of 100 µM at different
time points (24–72 h). Cells were then trypsinized and resuspended with 1 mL of PBS. A
total of 10 µL of each cell suspension was mixed with 10 µL of 0.4% trypan blue (Sigma
Aldrich, St Louis, MO, USA) and loaded onto a cell counting slide (Bio-Rad Laboratories
Inc., Hercules, CA, USA). The cell number was quantified using a TC10 automated cell
counter (Bio-Rad Laboratories Inc., Hercules, CA, USA).

2.8. Clonogenic Assay

Similar cell seeding and stimulation conditions were employed as described in the
trypan blue exclusion assay section. After the treatment with ATP, cells on the cultured
plate were washed with PBS and fixed with 2 mL of methanol for 30 min. Methanol was
removed and cells were stained with 5 mL of 0.01% (w/v) crystal violet for 30 min. Each
well plate was rinsed with distilled water to remove excess stain. The cultured plate was left
to dry overnight at room temperature. The colony images were captured using ChemiDoc
XRS+ (Bio-Rad Laboratories Inc., Hercules, CA, USA) with white light transilluminator.
Java-based image processing program ImageJ (National Institutes of Health, Bethesda, MD,
USA) was used to quantify the number, area, and intensity of the colonies. A colony was
defined by a cell cluster containing more than 50 cells.

2.9. Apoptosis Assay

To measure the percentage of viable, apoptotic, or necrotic cells, cells were stained
using Annexin V–fluorescein isothiocyanate conjugate (FITC) and PI Apoptosis Kit (BD
Biosciences, San Jose, CA, USA) according to the manufacturer’s instructions. Similar cell
seeding and ATP stimulation conditions were employed as described in the cell cycle assay
section. After the treatment, cells were harvested by trypsinization, resuspended in 100 µL
of 1× binding buffer, and stained with 5 µL of Annexin V–FITC and 5 µL of PI. Cells were
incubated for 15 min in a dark room. A total of 400 µL of 1× binding buffer was added
prior to a flow cytometric analysis using BD FACSCanto II Cell Analyzer (BD Biosciences,
San Jose, CA, USA).
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2.10. Statistical Analysis

All data are presented as mean and standard error of mean (SEM) of three indepen-
dent experiments. Data were statistically analyzed using one-way analysis of variance
(ANOVA) with Bonferroni’s multiple comparison post hoc test via GraphPad Prism version
5.0 (GraphPad Software, Inc., San Diego, CA, USA). Differences between groups were
considered statistically significant when p < 0.05.

3. Results
3.1. Expression and Patient Survival Analysis of P2Y Receptors in HNSCC

As illustrated in Figure 1, the expression data analysis from GEPIA demonstrated
a significant downregulation of P2RY1 and P2RY2 in HNSCC compared to normal
tissues. Low expression levels of P2RY1 and P2RY2 were associated with reduced
overall patient survival. On the other hand, HNSCC samples expressed slightly higher
P2RY11 compared to the normal tissues, and its high expression was associated with
longer survival. The varied findings on the expression levels of the receptor subtypes
and the disease prognosis possibly suggest the complex roles of the cancer-specific
landscape of P2Y receptors in HNSCC.

3.2. Expression of mRNA Encoding P2Y Receptors in OSCC Cell Lines

In this study, the expression of mRNA encoding P2Y1, P2Y2, and P2Y11 receptors in
H103, SAS, and H376 cell lines was profiled using qPCR. In the analysis, a highly P2Y2
receptor-expressing human breast adenocarcinoma cell line, namely MDA-MB-231, was
used as the technical positive control [38]. As illustrated in Figure 2, SAS had the highest
expression of P2RY1, followed by H103 and H376. Meanwhile, H103 expressed P2RY2
in abundance, followed by SAS and H376. All three OSCC cell lines, however, showed
low expression of P2RY11 when compared to MDA-MB-231. Comparing between three
different OSCC cell lines, the findings significantly demonstrated that the advanced stage
cancer cell lines had lower expression of the gene encoding the P2Y2 receptor. Meanwhile,
the poorly differentiated SAS cells had higher P2RY1 expression compared to the well-
differentiated H103 and H376 cells, thus reflecting the difference in the expression levels of
receptor subtypes based on the differentiation state of the cells.

3.3. ATP Induced Intracellular Ca2+ Release and ERK Phosphorylation in OSCC Cell Lines

In this study, the activation of Gq/11-coupled P2Y receptors through ATP treatment
was indicated by the elevated level of cytosolic free Ca2+. The addition of 100 µM ATP
at 60 s rapidly induced a peak increase in intracellular Ca2+ concentration up to 4-fold
within 10 s in SAS cells (Figure 3). By contrast, H103 showed a gradual increase in Ca2+

concentration and only peaked at 90 s. Both SAS and H103 showed a 50% reduction in Ca2+

concentrations within 30 s before gradually returning to baseline at approximately 250 s.
On the other hand, H376 showed a relatively lower peak increase in Ca2+ concentration
when induced by ATP compared to SAS and H103. Interestingly, the Ca2+ concentration in
H376 remained high for a longer duration before returning to baseline at 280 s.

The activation of Gq/11-coupled P2Y receptors leads to ERK MAPK phosphorylation
(p-ERK). From the Western blotting analysis, short-term phosphorylation of ERK was
demonstrated in all three cell lines upon treatment with 100 µM ATP with a maximal
phosphorylation level at 5 min for H103 and H376 and 15 min for SAS (Figure 4). After
the maximal phosphorylation, the phosphorylation level in H103 decreased by half after
10 min before gradually being reduced. The ERK phosphorylation in H376 was the most
transient as it dropped drastically after 15 min of ATP treatment. On the other hand, SAS
demonstrated a later and lower peak level of ERK phosphorylation compared to H103
and H376, but the activity was prolonged before gradually being reduced. The differences
in the magnitude and duration of intracellular Ca2+ release and ERK phosphorylation
observed in the three cell lines could be attributed to the differences in the expression levels
of P2Y receptor subtypes.
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Figure 1. Gene expression and patient survival analysis of P2Y receptors across cancers and normal tissues. The data
were extracted from the GEPIA datasets which consist of RNA sequencing expression data from the TCGA and GTEx
projects [37].
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Figure 2. The expression levels of mRNA encoding P2Y1, P2Y2, and P2Y11 receptors in OSCC cell
lines normalized to those of the reference genes, TUBA6 and RPS13, as analyzed by qPCR. A highly
P2Y2 receptor-expressing MDA-MB-231 cell line was used as a technical positive control. Data are
presented as mean ± SEM of three independent experiments, * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

Figure 3. The activation of Gq/11-coupled P2Y receptors through ATP treatment as measured by the
increased level of cytosolic free Ca2+ using flow cytometry. Basal level of cytosolic Ca2+ was captured
in the first minute prior to treatment with 100 µM ATP. The transient intracellular Ca2+ release in
OSCC cell lines was measured within 4 min after ATP treatment.

3.4. ATP Induced S-Phase Arrest via ERK Signaling

The conflicting pro- or antitumor role of P2Y receptors in cancers prompted us to
evaluate the functional role of the receptors in OSCC upon ATP treatment. Firstly, we
evaluated the effect of ATP in modulating the cell cycle. We found that ATP induced
S-phase arrest in SAS and H376 in a dose-dependent manner after 24 h of treatment
(Figure 5). Only a high concentration of ATP caused a significant increase in S-phase
cells in SAS and H376, suggesting the potential biphasic effects of ATP in a dose-
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dependent manner. However, no changes in the cell cycle were observed in H103 cells
at all concentrations tested. As shown in Figure 6, a high concentration of ATP induced
a significant S-phase arrest in the advanced stage cancer cell lines SAS (at all tested
time points) and H376 (at 24 and 48 h). Again, no significant changes in the cell cycle
phases were observed in H103 cells upon ATP treatment, which is possibly due to the
differences in the expression of different P2Y receptor subtypes between the cell lines.

Figure 4. ATP induced transient ERK phosphorylation in OSCC cell lines. Cells were treated
with 100 µM ATP for several time points and the ERK phosphorylation levels were measured by
Western blotting. The p-ERK levels after ATP treatment were normalized against total ERK levels
and compared with the untreated control group (labeled as C in the graph). Data are presented as
mean ± SEM of three independent experiments, * p < 0.05.
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Figure 5. Effects of different concentrations of ATP treatment on the cell cycle phases in OSCC cell lines, as analyzed by
flow cytometry. The representative histograms of the cell cycle phases and analysis of the percentage of cells in cell cycle
phases after treatment with varying doses of ATP for 24 h compared to the untreated control group. Data are presented as
mean ± SEM of three independent experiments, * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 6. Cont.
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Figure 6. Effects of a high concentration of ATP treatment on the cell cycle phases in OSCC cell lines after different time
points, as analyzed by flow cytometry. The representative histograms of the cell cycle phases and the percentage of S-phase
cells for both treated and untreated control groups at 24–72 h. Data are presented as mean ± SEM of three independent
experiments, * p < 0.05, ** p < 0.01, *** p < 0.001.

To rule out the possibility of S-phase arrest due to the degradation of ATP into ADP
or adenosine, cells were also treated with a nondegradable version of ATP, namely ATPγS,
and adenosine for 24 h. Similar findings were observed in all three cell lines after 24 h
treatment with ATPγS when compared to the treatment with ATP (Figure 7). Meanwhile,
adenosine at 100 µM only induced a significant S-phase arrest in SAS, while showing no
effects in both H103 and H376.
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Figure 7. Effects of ATPγS, the nondegradable version of ATP, and adenosine treatments in inducing S-phase arrest in
OSCC cell lines. The representative histograms of the cell cycle phases and analysis for the percentage of cells in the S phase
in OSCC cell lines upon treatment with ATP, ATPγS, or adenosine for 24 h. Data are presented as mean ± SEM of three
independent experiments, *** p < 0.001.

The direct effect of ATP on the P2Y receptors in inducing S-phase arrest in SAS
particularly was evaluated by treating the cells with a nonspecific purinergic receptor
antagonist, suramin [39–41]. As shown in Figure 8a, suramin caused an increase in
S-phase arrest at a similar magnitude observed in cells treated with ATP. Meanwhile, a
preincubation of suramin followed by ATP treatment synergistically caused a tremen-
dous increase in S-phase arrest in SAS. In this study, a direct correlation of the action
of ATP on P2Y receptors to modulate the cell cycle arrest cannot be elucidated using
suramin intervention.
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Figure 8. ATP induced S-phase arrest via P2Y receptor-mediated ERK signaling in SAS. (a) The representative his-
tograms of the cell cycle phases and analysis of the percentage of cells in cell cycle phases after treatment with ATP
alone, suramin alone, or ATP and suramin in combination for 24 h. (b) The representative histograms of the cell
cycle phases and analysis of the percentage of cells in cell cycle phases after treatment with ATP alone, MEK inhibitor
(PD0325901) alone, or ATP and MEK inhibitor in combination for 24 h. Data are presented as mean ± SEM of three
independent experiments, ** p < 0.01, *** p < 0.001.

This study further investigated whether the inhibition of the upstream of ERK activator
using a MAPK/ERK kinase (MEK) inhibitor, PD0325901, could reverse the ATP effect in
inducing S-phase arrest in SAS. As shown in Figure 8b, incubation with 100 nM PD0325901
alone significantly reduced the percentage of cells in the S phase compared to untreated
cells. A combination of ATP and PD0325901 treatment demonstrated a significant reduction
in the percentage of cells in the S phase when compared to the cells with ATP treatment
alone, thus suggesting a significant reversal of the ATP effect in inducing S-phase arrest via
ERK activation through MEK inhibitor intervention.
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3.5. ATP Suppressed Cell Proliferation and Significantly Induced Apoptosis in OSCC Cell Lines

To confirm the effect of ATP in inducing S-phase arrest, and therefore cellular apop-
tosis, trypan blue exclusion, clonogenic, and apoptosis assays were carried out. A high
concentration of ATP treatment for 24, 48, and 72 h caused a slight reduction in cell viability
of OSCC cell lines when compared to untreated cells, as evaluated using trypan blue
exclusion assay, though statistically insignificant (Figure 9a). Correspondingly, the clono-
genic analysis similarly demonstrated a reduction in the area and intensity of the colonies
in ATP-treated cells compared to their respective untreated cells (Figure 9b). However,
the findings for colony number were inconsistent in SAS and H103, presumably due to
variation in size between colonies (Figure 9b).

Figure 9. Effect of ATP treatment on the cell viability and proliferation of OSCC cell lines, as analyzed
by trypan blue exclusion and clonogenic assays, respectively. (a) Cell viability was evaluated at
several time points for 72 h after treatment with ATP. (b) The number and the percentage of area
and intensity of the colonies after 24, 48, and 72 h treatment with ATP in OSCC cell lines. Data are
presented as mean ± SEM of three independent experiments, * p < 0.05, ** p < 0.01.
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Further apoptosis assay demonstrated that the treatment of SAS with ATP caused
a significant increase in the percentage of apoptotic cells (Figure 10). Corresponding to
the cell cycle analysis, a significant S-phase arrest in SAS cells (Figure 6) significantly led
to cellular apoptosis, and therefore the cell count and colony formation were reduced
(Figure 9). Nevertheless, a significant reduction in apoptosis was observed in H376 at
48 h alone (Figure 10), despite a significant S-phase arrest being demonstrated after ATP
treatment at both 24 and 48 h (Figure 6). Surprisingly, H103 showed a significant reduction
in apoptosis at all tested time points (Figure 10), though no changes in the cell cycle phases
were observed (Figure 6). These findings indicated that ATP induced S-phase arrest and
subsequently induced apoptosis in SAS cells in particular.

Figure 10. Cont.
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Figure 10. Effects of ATP treatment in inducing apoptosis in OSCC cell lines, as analyzed by flow
cytometry. The representative diagrams of viable, apoptotic, or necrotic cells and analysis for the
percentage of apoptotic and necrotic cells in OSCC cell lines for both treated and untreated control
groups at 24–72 h. Data are presented as mean ± SEM of three independent experiments, * p < 0.05,
** p < 0.01, *** p < 0.001.

3.6. ATP Did Not Influence the Mitotic Arrest Effect of Docetaxel

Docetaxel, a semisynthetic taxane, is one of the chemotherapeutic agents used in the
treatment of OSCC. It induces its cytotoxic effect by causing mitotic arrest at the G2/M
phase. It has also been reported to induce a secondary cytotoxic effect via targeting S-phase
cells [42]. The earlier findings of this study had demonstrated that the ATP treatment
significantly promoted the S-phase arrest state of SAS and H376 particularly. Hence,
this present study further investigated whether the combination treatment of ATP with
docetaxel could promote a synergistic or antagonistic mitotic arrest effect of docetaxel in
OSCC cell lines. Cells were first pretreated with 100 µM ATP for 30 min prior to treatment
with 100 nM docetaxel for 24 h. As shown in Figure 11, docetaxel alone caused a significant
reduction in the number of S-phase cells and promoted an increase in the G2/M-phase cells
in all three cell lines. However, there was no difference in the proportion of G2/M-phase
cells in the cells treated with both ATP and docetaxel when compared to the cells treated
with docetaxel alone. This finding suggests that ATP did not induce any synergistic or
inhibitory effect of docetaxel in OSCC cell lines.

Figure 11. Effect of the combination treatment of ATP with docetaxel, an antimitotic chemotherapeutic agent, on the cell
cycle phases after 24 h, as analyzed by flow cytometry. Data are presented as mean± SEM of three independent experiments,
* p < 0.05, *** p < 0.001.

4. Discussion

In this study, we utilized three OSCC cell lines with different tumor stages and
clinicopathological characteristics to study the effect of extracellular ATP on OSCC cell lines
with differential P2Y receptor profiles. The complexity of the receptors’ role across cancers
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makes it tricky to directly extrapolate the information on other cancers across understudied
cancers, particularly OSCC. The contradicting roles of P2Y receptors in different cancers
could be due to their up- or downregulated expression of receptor subtypes compared
to the normal tissues, thus forming a cancer-specific landscape of P2Y receptors in the
cancer cells. From the GEPIA dataset analysis, the downregulation of genes encoding P2Y1
and P2Y2 receptors is common in HNSCC—where OSCC is one of the common subsets
of HNSCC—compared to the normal tissues. The high expression of P2RY1 and P2RY2
conferred better overall survival benefit to the patients as the cancers resembled more
‘normal tissue’ receptor expression. Greater activation of these receptors could presumably
be detrimental to the cancer progression. Correspondingly, our qPCR findings showed that
the earlier stage cancer cell lines, H103 and SAS, had high expression of genes encoding
P2Y1 and P2Y2 receptors compared to the later stage OSCC cell line, H376. We previously
demonstrated that the poorly differentiated, nonkeratinizing, and advanced stage OSCC
biopsies had weak immunohistochemical staining for P2Y2 receptor expression compared
to the well-keratinizing and earlier stage OSCC (the related findings are reproduced in
Figure S4 for readers’ convenience) [43]. Comparing with other cancer types, glioblastoma
multiforme and acute myeloid leukemia showed a significant upregulation of P2RY1 and
P2RY2, respectively, compared to their normal tissues, and conversely, the low expression
of the genes provided more advantage in the overall patient survival [37].

P2Y1, P2Y2, and P2Y11 receptors are known Gq/11-coupled receptors that activate
the downstream intracellular Ca2+ and ERK signaling. We further demonstrated that the
treatment with a high concentration of ATP was able to induce the activation of ERK
signaling, leading to a significant S-phase arrest and increase in apoptotic cells in SAS.
Although ATP activated intracellular Ca2+ release and ERK signaling in all three cell
lines, no and minimal S-phase arrest were observed in H103 and H376, respectively. The
contribution of the specific subtypes of P2Y receptors cannot be clearly elucidated, but we
propose that the distinct P2Y receptor profiles collectively could mediate the varied effects
of ATP observed between the cell lines.

We also found that ATPγS, the nondegradable ATP, and adenosine promoted a similar
level of S-phase arrest in SAS compared to ATP itself. This suggests that both direct
ATP-responsive receptors of P2Y1, P2Y2, and P2Y11 and adenosine-responsive receptors
could independently mediate the cell cycle arrest in SAS. Although the P2Y1 receptor has a
higher affinity towards ADP (one of the degradation products of ATP) compared to ATP,
ATP has a high affinity towards P2Y2 and P2Y11 receptors [44]. Another class of ATP-
responsive receptors includes the P2X ionotropic receptors. Amongst the P2X1-7 receptors,
the P2X7 receptor was also shown to activate ERK signaling in ovarian cancer cells [45].
However, the P2X7 receptor in general requires a high ATP concentration of more than
100 mM to be activated, and it has been reported that the expression of the P2X7 receptor
in head and neck cancers is limited [46]. Unfortunately, the use of suramin as a general P2Y
receptor antagonist in our study did not work well. Suramin is also a well-known DNA
topoisomerase I and II inhibitor that could alone induce S-phase arrest [47]. Overall, these
data support our hypothesis that the ATP-mediated ERK signaling was potentially a P2Y
receptor-mediated effect especially in SAS cells.

In esophageal, pancreatic, and colorectal adenocarcinoma cell lines, activation
of ATP at the micromolar range or its direct receptor subtype agonist on P2Y1 and
P2Y2 receptors promoted S-phase arrest of the cell cycle, accompanied by a variable
increase in apoptotic cell number [48,49]. Another pancreatic cancer cell study reported
a decrease in cell proliferation with S-phase cell cycle arrest [50]. The latter finding
was, however, in contrast to our previous report on SAS that ATP incubation slightly
increased cell proliferation using the same BrDU assay [43]. Therefore, our finding that
showed the S-phase arrest in SAS could produce an increase in apoptotic cell number
correlated well with other reported studies.

ERK signaling has been well documented as one of the downstream signalings of
P2Y receptors and also to mediate cell death in a cancer-specific manner [51]. It has been
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reported that the transient ERK activation by ADP and ATP via the P2Y1 receptor caused
apoptosis in astrocytoma cells [52]. A similar observation was made in prostate cancer cells
whereby the treatment with an ADP analog induced P2Y1 receptor-mediated apoptosis
effect via ERK activation [53]. We also propose that the S-phase cell cycle arrest in SAS
could be due to an upregulation of downstream signaling molecules of ERK signaling,
such as a cyclin-dependent kinase inhibitor, p21. ERK signaling activation has been well
reported to be sufficient to promote the expression of p21 [54]. This could be studied
further in the future.

Additionally, we also hypothesized that activation of P2Y receptors by the high ATP
concentration in the tumor microenvironment may influence the efficacy of chemothera-
peutic agents. Indeed, in breast cancer, ATP stimulation on the P2Y2 receptor could induce
chemoresistance towards a variety of chemotherapeutic agents, including cisplatin, doxoru-
bicin, paclitaxel, and gemcitabine, via indirect activation of IL-6 to trigger its downstream
JAK-1-SOX9 signaling [55]. In a previous study, we reported that the efficacy of cisplatin
was reduced selectively by ATP in H376, but not in H103 or SAS [43]. The mechanistic
details of the differential effects between cells are yet to be understood fully, and it remains
unclear whether these observations were due to an alteration in P2Y receptor signaling
and/or altered expression of P2Y receptor subtypes in cancer. Further studies are required
to prove the possible causal mechanisms. In this study, we attempted to elucidate if ATP
could also influence the effect of docetaxel, a microtubule-stabilizing agent that causes a
G2/M-phase arrest. For an enhanced treatment efficacy effect, it was expected that the
combination treatment of ATP with docetaxel could increase the proportion of both S-phase
and G2/M–phase cells when compared to docetaxel alone. However, preincubation with
ATP did not shift the cell cycle distribution of the cells treated with docetaxel. This suggests
that the effect of docetaxel alone was stronger and ATP did not influence the mitotic arrest
effect of docetaxel.

5. Conclusions

In this study, we suggest that the stimulation with ATP may lead to the activation
of P2Y receptors and further activate the ERK signaling for apoptosis in an OSCC cancer
cell-specific manner. A possible explanation may lie in the distinct purinergic receptor
profiles of the cells, which are yet to be confirmed. It is crucial to pinpoint that the direct
effects of ATP in OSCC cell lines via P2Y receptors remain elusive and have not been
further confirmed in this study by in-depth mechanistic studies. In our present work, the
use of a general receptor antagonist was unable to demonstrate the direct activation of a
specific P2Y receptor leading to S-phase arrest. In the future, the use of specific antagonist
receptor subtypes or P2Y receptor subtypes in knockout and knockdown studies through
gene editing and transfection, respectively, could validate the role of the receptors in OSCC.
Further, the application of multiple study models, such as the three-dimensional in vitro
tumor-tissue invasion model, animal models, and human explants, could be used to further
strengthen our proposed hypothesis [56–58]. Overall, these preliminary findings highlight
the potential role of the cancer-specific landscape of P2Y receptors in OSCC in influencing
the antitumor effect induced by ATP. These findings may further help us to understand the
role of ATP in OSCC cells with distinct profiles of purinergic receptors for the development
of a tissue-specific therapy in OSCC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/life11111170/s1, Figure S1: Raw outputs of the expression of p-ERK and total ERK proteins
from Western blotting of SAS cell lines, Figure S2: Raw outputs of the expression of p-ERK and total
ERK proteins from Western blotting of H103 cell lines, Figure S3: Raw outputs of the expression of
p-ERK and total ERK proteins from Western blotting of H376 cell lines, Figure S4: Immunohistochem-
istry staining of P2Y2 receptor in OSCC patient samples, Table S1: Clinicopathological characteristics
of OSCC cell lines, Table S2: Primer sequences for qPCR analysis,: Table S3: Densitometry readings
of p-ERK protein bands from Western blotting of SAS cell lines, Table S4: Densitometry readings of
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