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ABSTRACT: Oral cancer is one of the most common malignancies of the head and
neck, and approximately 90% of oral cancers are oral squamous cell carcinomas
(OSCCs). The purinergic P2Y2 receptor is upregulated in breast cancer, pancreatic
cancer, colorectal cancer, and liver cancer, but its role in OSCC is still unclear. Here,
we examined the effects of P2Y2 on the invasion and migration of oral cancer cells
(SCC15 and CAL27). The BALB/c mouse model was used to observe the
involvement of P2Y2 with tumors in vivo. P2Y2, Src, and EGFR are highly expressed
in OSCC tissues and cell lines. Stimulation with ATP significantly enhanced cell
invasion and migration in oral cancer cells, and enhanced the activity of Src and
EGFR protein kinases, which is mediated by the PI3K/AKT signaling pathway. P2Y2
knockdown attenuated the above ATP-driven events in vitro and in vivo. The PI3K/
AKT signaling pathway was blocked by Src or EGFR inhibitor. Extracellular ATP
activates the PI3K/AKT pathway through the P2Y2-Src-EGFR axis to promote
OSCC invasion and migration, and thus, P2Y2 may be a potential novel target for antimetastasis therapy.

1. INTRODUCTION
Oral cancer is one of the most common malignancies of the
head and neck. Approximately 90% of oral cancers are oral
squamous cell carcinomas (OSCCs). According to the World
Health Organization (WHO), more than 260,000 people are
newly diagnosed with oral cancer every year, and the incidence
in people aged over 65 years accounts for more than 50% of
the total population. Despite recent advances in treatment, the
rich blood supply and complex anatomical structure of the oral
and maxillofacial region are conducive to recurrence and
distant migration in approximately one-third of patients treated
with conventional surgery or radiotherapy.1,2 Tumor invasion
and metastasis are still the main causes of death in OSCC
patients, and therefore, new antitumor methods are required
for more effective clinical treatment of OSCC.
Adenosine 5′-O-triphosphate (ATP) has long been consid-

ered as the body’s most direct source of energy. In 1972, Geoff
Burnstock put forward the “purinergic hypothesis” of neuro-
transmission, and the concept of ATP as an extracellular
signaling molecule was formalized as a scientific hypothesis.3

Studies have shown that ATP (P2 receptors) is an important
transmitter of various biological effects mediated by purinergic
receptors, including cell proliferation, differentiation, and
death.4−7 ATP may be crucial in promoting or preventing
malignant metastasis.8 Under normal conditions, the extrac-
ellular ATP concentration (mmol/L) is much lower than the

intracellular concentration (3−5 mmol/L), and it remains
balanced. In a tumor microenvironment, the ATP concen-
tration (about 100 μmol/L) is higher than that in the normal
extracellular environment.4 ATP invasive transfer activity was
first reported in prostate cancer.9 However, the pathogenesis of
OSCC is still unclear. Purinergic receptors are divided into P1
and P2 receptors; the natural ligand of the P1 receptor is
adenosine. P2 receptors are divided further into the following
two categories: P2X and P2Y receptors. The P2X receptor is a
ligand-gated ion channel receptor, with seven currently known
subtypes (P2X1-P2X7), activated by extracellular ATP to
release cation flow.10 The P2Y receptor is a G-protein-coupled
receptor (GPCR) that plays an important role in a variety of
signaling pathways. Currently, eight functional mammalian
P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12,
P2Y13, and P2Y14) have been cloned and identified as
GPCRs.11

Received: June 15, 2022
Accepted: October 7, 2022
Published: October 26, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

39760
https://doi.org/10.1021/acsomega.2c03727

ACS Omega 2022, 7, 39760−39771

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shanshan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuying+Kou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Panpan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongrui+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomoka+Hasegawa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rongjian+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoxiong+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guoxiong+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minqi+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c03727&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03727?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03727?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03727?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03727?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/44?ref=pdf
https://pubs.acs.org/toc/acsodf/7/44?ref=pdf
https://pubs.acs.org/toc/acsodf/7/44?ref=pdf
https://pubs.acs.org/toc/acsodf/7/44?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c03727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


P2Y2 is a functional receptor. Its first ligands are ATP and
uridine triphosphate (UTP).12 P2Y2 can activate a variety of
signaling pathways, with the typical path being a Gqα signaling
path. Thus, when it is coupled with IP3 to promote the release
of Ca2+ from the endoplasmic reticulum calcium store, it
increases the intracellular Ca2+ concentration and activates
protein kinase C(PKC).9,13,14 P2Y2 acts at the c-terminus of
cells, and it activates the mitogen-activated protein kinase
(MAPK) pathway by activating nonreceptor tyrosine protein
kinase (Src).15,16 P2Y2 activates the matrix metalloproteinases
ADAM10 and ADAM17, and the catalytic film binds to the
growth factor to activate the epidermal growth factor receptor
(EGFR).17 Although P2Y2 is upregulated in breast cancer,
pancreatic cancer, colorectal cancer, and liver cancer, and is
activated in cell proliferation, invasion, and migration,18−21 the
role of P2Y2 in OSCC is still unclear and requires further
research.
In this study, we used CAL27 and SCC15 oral squamous

cell lines to explore the reaction of P2Y2 to cellular and
associated mechanisms of extracellular nucleotide induction.

2. MATERIALS AND METHODS
2.1. Reagents and Antibodies. P2Y2 was purchased from

Santa Cruz Biotechnology (Santa Cruz, CA). p-AKT, AKT, p-
PI3K, PI3K, Src, p-Src, EGFR (D38B1), and phospho-EGFR
Y1068 (D7A5) antibodies were purchased from Abcam (MA).
Anti-GAPDH was purchased from Protein Tech (Wuhan,
China). ATP was purchased from GLPBIO (Shanghai, China),
and siRNA was purchased from RIBOBIO (Guangzhou,
China). AG1478 and Dasatinib were purchased from MCE
(Shanghai, China).
2.2. Tissue Samples. OSCC tissues were collected from

patients (n = 6) who underwent radical surgery between
January 2019 and January 2020 at Shandong University (Jinan,
China) with informed consent obtained concerning the use of
surgically resected specimens for research purposes. All of the
patients agreed and signed the informed consent. All human
tissue and sample experiments were approved by the Ethics
Committee of the School of Stomatology, Shandong
University (ref Med. No. 20210802; 10 August 2021). The
experiments conformed to the guidelines set by the
Declaration of Helsinki. The patients did not receive any
form of adjuvant therapy before surgery.
2.3. Tumor Cell Lines and Cell Culture. Human OSCC

cell lines (CAL27 and SCC15) were obtained from the
Shanghai Cell Bank of the Chinese Academy of Sciences
(Shanghai, China). The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM-F12, Hyclone) containing
10% fetal bovine serum (Gibco, Grand Island, NY) and 1%

penicillin-streptomycin, in a 37 °C, 95% humidified air and 5%
CO2.
2.4. Cell Viability Assay. CAL27 and SCC15 cells were

seeded in a 96-well culture plate at a density of 1 × 103 cells/
well. CAL27 and SCC15 cells were treated with ATP, and after
24, 48, and 72 h of incubation, cell viability was determined by
the cell counting kit assay (CCK8, Soleibao, Beijing, China).
Subsequently, an enzyme-labeling instrument (iMark, Bio-Rad
Laboratories, Inc.) was used to detect the absorbance to
determine cell viability.
2.5. P2Y2-siRNA Transfection in OSCC Cells. The

sequence of a single small interfering RNA (siRNA)1 was
CCCGTGCTCTACTTTGTCA; single siRNA2 was GTAGC-
GAGAACACTAAGGA, all siRNA single strands are synthe-
sized in vitro, at Guangzhou Borui Co, Ltd. Division
(Guangzhou, China). An appropriate number of cells were
seeded onto six-well cell culture plates 24 h before transfection,
allowing the cell density to reach 30−50%. A transfection
complex solution was prepared in accordance with the
manufacturer’s protocol. Subsequently, 50 nM siRNAs were
mixed with the siRNA Transfection Reagent. CAL27 and
SCC15 cells were then transfected for 48 h. Subsequently,
quantitative real-time polymerase chain reaction (qPCR) and
western blotting were used to confirm the transfection of cell
lines, and the siP2Y2 with the highest transfection efficiency
was selected. Transfected cells as the experimental group were
treated with 100 μM ATP for 24 h, and the expression of
related genes and proteins was detected.
2.6. Cell Migration Assay. The migration ability of

CAL27 and SCC15 cells was tested via scratch assay. The two
types of cells were inoculated into six-well plates at a density of
5 × 105 cells/well, adhere to 80% density, and then replace the
serum-free α-DMEM-F12 cell culture medium for culture.
Subsequently, the bottom of the plate was scraped vertically
with the tip of a 200 μL liquid pipette and washed with PBS.
Then, the cells were treated with 100 μM ATP for 24 and 48 h
in serum-free medium. Finally, take pictures under an inverted
microscope (BX53; Olympus, Japan) at ×100 magnification at
0, 24, and 48 h. Image-Pro Plus 6.0 software (Media
Controlnetics, Inc., Rockville, Maryland) was used to calculate
the width of the healing area in the cell monolayer Learn
analysis.
2.7. Cell Invasion Assay. The effect of P2Y2 on the

invasion ability of CAL27 and SCC15 cells was evaluated by
the transwell chamber test. A small chamber with 8 μM pore
size was placed into a 24-well plate. The upper chamber was
filled with 60−80 μl Matrigel (BD, Franklin Lakes, NJ),
inoculated with 3.5 × 103 cells in 200 ml of culture medium in
the upper chamber, experimental group cells were treated with

Table 1. Primer Sequences for qRT-PCR

primer sequence: (5′-3′)

gene name forward reverse

GAPDH CCTGCACCACCAACTGCTTA GGCCATCCACAGTCTTCTGAG
MMP2 TGCTGGAGACAAATTCTGGA TTGGTTCTCCAGCTTCAGGT
MMP9 TCTATGGTCCTCGCCCTGAA CATCGTCCACCGGACTCAAA
E-cadherin AGTCACTGACACCAACGATAAT ATCGTTGTTCACTGGATTTGTG
Vimentin GACGCCATCAACACCGAGTT CTTTGTCGTTGGTTAGCTGGT
P2Y2 GGTGTCTGGGCGTCTTACG TGGTGGTGACAAAGTAGAGCA
Snail CCTTCGTCCTTCTCCTCTACTT GCTTCGGATGTGCATCTTGA
Src CAAGCAGACATAGAAGAGCCAAGA TGAAATGCCACGGGACAAAGTA
EGFR ATCATACGCGGCAGGACCA TCTGACCGGAGGTCCCAAAC
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100 μM ATP, the lower chamber was filled with 750 mL of α-
DMEM containing 10% serum after culturing the F12 medium
at 37 °C for 24 h, and then the cells were removed. A cotton
swab was used to gently remove the cells in the upper
chamber. The cells were fixed with 4% methanol, stained with
0.1% crystal violet, photographed under an optical microscope,
counted, and statistically analyzed.
2.8. Cell Colony Assay. CAL27 and SCC15 cells were

seeded in a six-well plate at a density of 400 cells per well. The
cells were treated with 100 μM ATP cultured with α-DMEM-
F12 for 14 days, and when they grew into a colony of 50 cells,
the cells were washed with PBS and fixed with 4% methanol.
Then, the cells were stained with 0.1% crystal violet and
scanned. The number of colonies greater than 50 cells was
counted, and statistical analysis was performed.
2.9. Quantitative Real-Time PCR Analysis. CAL27 and

SCC15 cell RNA was extracted from the cells using Trizol
reagent (AG21102, Accurate Biotechnology Co., Ltd., China).
cDNA was synthesized using the Evo M-MLV RT Reverse

Transcription kit II (AG11711, Accurate Biotechnology).
QPCR was performed using the SYBR Green Pro Taq HS
premixed qPCR kit (AG11701, Accurate Biotechnology) in an
RT fluorescence quantitative PCR system (Light Cycler 96 SW
1.1, Roche Ltd, Switzerland). The parameters required for
denaturation, annealing, and extension were as follows: 95 °C
for 30 s, 45 cycles at 95 °C for 5 s, and 60 °C for 20 s. The
primer sequences are shown in Table 1. All data were
normalized to GAPDH expression. Quantification of the qRT-
PCR results was performed by the 2−ΔΔCT method.
2.10. Western Blotting. CAL27 and SCC15 cells were

washed three times with precooled PBS, RIPA lysate was
added to lyse the cells and then collected, and the protein
concentration was detected with the BCA protein detection
kit. The same amount of total protein (10 μg) was separated
by 10% sodium salt-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred to a poly(vinylidene fluoride)
(PVDF) membrane. After being blocked with 5% bovine
serum albumin (BSA)/tris-buffered solution with Tween

Figure 1. P2Y2 is highly expressed in OSCC tissues and the expression of P2Y2 was highly correlated with that of Src and EGFR. (A−D) P2Y2,
EGFR, and Src highly expressed in OSCC tissues were analyzed by western blotting and qRT-PCR. (E−G) P2Y2 high expression in OSCC cells
analyzed by western blotting and qRT-PCR. (H) TCGA (http://ualcan.path.uab.edu/) database analysis displays Src and EGFR, which was highly
expressed in HNSCC. The boxplot indicates that Src in the HNSCC samples is higher than normal. The boxplot indicates that EGFR in the
HNSCC samples is higher than normal. (I) Analysis of the TIMER (https://cistrome.shinyapps.io/timer) dataset illustrated a significant difference
in P2Y2-Src-EGFR signaling-related genes between OSCC and normal mucosa tissues. Data were given as mean ± SD from three independent
experiments (error bars indicate SD, n = 3); t-test was employed for testing the difference between the two groups. ANOVA for testing the
distinctions of the groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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(TBST) for 1 h, the PVDF membrane was incubated with the
P2Y2 antibody (concentration 1:2000), Src/p-Src antibody
(concentration 1:2000), EGFR/p-EGFR antibody (concen-
tration 1:2000), PI3K/p-PI3K antibody (concentration 1:500),
AKT/p-AKT antibody (concentration 1:500), and GAPDH
(concentration 1:10 000), at 4 °C overnight. Subsequently, the
proteins were washed three times in TBST and then incubated
in horseradish peroxidase-conjugated goat anti-rabbit IgG
(1:2000) for 1 h. After washing in TBST, immune reaction
zones were determined with the ECL detection system and
then captured by the gel imaging system (Amersham Imager
600; General Electric Company).
2.11. Mouse Xenograft Tumor Model. Athymic nude

BALB/c female mice (aged: 4 weeks, n = 10) were purchased
from Jinan Peng Yue Laboratory Animal Breeding Co. Ltd.
They were housed in a specific pathogen-free environment
under the condition of a 12-h light/12-h dark cycle as well as
free access to food and water. The mice were randomly divided
into two groups (n = 5), and 2 × 106 CAL27 cells were
subcutaneously injected into the back of the right upper limb

of each mouse. First, 2 × 106 CAL27 cells and siRNA CAL27
cells were subcutaneously injected into the back of the right
upper limb of each mouse. Tumor size was detected every 3
days using a slide caliper, and the tumor volume was calculated
using the following formula: A × B2/2, where A is the length of
the tumor and B is the width. After 30 days, the mice were
euthanized and the tumors were isolated, weighed, photo-
graphed, and fixed immediately with 4% paraformaldehyde for
subsequent analysis. The animal experiments were approved by
the Institutional Animal Care and Use Committee (IACUC)
of Shandong University. Animal study and euthanasia were
carried out following the recommendations of the Guide for
the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the
Committee on the Ethics of Animal Experiments of the
Department of School and Hospital of Stomatology, Shandong
University (ref Med. No. 20210803; 10 August 2021).
2.12. Statistical Analysis. GraphPad Prism 6.0 software

(GraphPad Software, Inc.) was used for statistical analysis.
Paired Student’s t-test was used for comparison between the

Figure 2. Extracellular ATP activated P2Y2 and increased Src and EGFR phosphorylation. (A) CCK8 was used to measure cell viability with
different concentrations. (B−D) P2Y2 expression increased in a dose-dependent manner in CAL27 and SCC15 cells, which was detected by
western blotting and qRT-PCR. (E−H) ATP activates Src and EGFR kinases in CAL27 (A and C) and SCC15 cells in a time-and dose-dependent
manner. Results were demonstrated by histograms to quantify the expression levels. Data were presented as mean ± SD (error bars indicate SD).
Three independent experiments were performed (n = 3); t-test was employed for testing the difference between the two groups. ANOVA for
testing the distinctions of the groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs control.
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two groups, and the significance level was adjusted according
to the number of tests in multiple comparisons. The cells of
the experimental group and control group were tested by
independent sample t-test. The differences between three or
more groups were tested by one-way analysis of variance
(ANOVA). All experiments are repeated at least three times
unless otherwise stated. All results are expressed as mean
values ± standard deviation. p < 0.05 was considered
statistically significant.

3. RESULTS
3.1. P2Y2 Was Highly Expressed in OSCC Tissues and

Cells, and Was Closely Correlated with Src and EGFR.
To investigate the expression and role of P2Y2 in OSCC, we
collected three surgical specimens of OSCC. Western blotting
and qRT-PCR showed that P2Y2 expression was significantly
higher in tumor tissue than in adjacent noncancerous tissues
(Figure 1A−C). P2Y2 was significantly expressed in all OSCC
cells (Figure 1E−G). Furthermore, Src and EGFR were also

highly expressed in OSCC (Figure 1A,B,D). To further study
the role of P2Y2 receptors in human cancer and explore their
clinical significance, we used TCAG database analysis to
display that Src and EGFR were highly expressed in head and
neck squamous cell carcinoma (HNSCC) (Figure 1H) and
that the expression of P2Y2 was highly correlated with that of
Src and EGFR (Figure 1I).
3.2. Extracellular ATP Activated P2Y2 and Increased

Src and EGFR Phosphorylation in CAL27 and SCC15
Cells. To determine whether OSCC cell lines express
functional P2Y2, we used Cell Counting Kit-8 (CCK-8) to
ascertain the optimal stimulating concentration of ATP. With
increasing ATP concentration, cellular activity was also
increased, but at a concentration of 200 μM, the cellular
activity was significantly decreased (Figure 2A). Western
blotting and qRT-PCR were used to verify the CCK8 results.
According to these results in combination, the optimal ATP
concentration for stimulation was determined to be 100 μM
(Figure 2B−D). The Western blot analysis showed that ATP

Figure 3. Effect of ATP on in vitro proliferation, migration, and invasion of OSCC cells. (A) Colony formation assay was used to evaluate the effect
of proliferation after incubation with 100 μM ATP for 14 days. (B) Transwell invasion assays evaluated the effect on in vitro invasion after
incubation with 100 μM ATP for 24 h. The scale bar is 500 μm. (C, D) Wound healing evaluated the effect on in vitro migration after incubation
with 100 μM ATP for 24 and 48 h. The scale bar is 1 mm. (E, F) qRT-PCR was used to observe changes in migration and invasion-related genes
MMP2, MMP9, Vimentin, Snail, and E-cadherin. (G) Expression of AKT and PI3K proteins was detected by western blotting after incubation with
100 μM ATP treatment for 24 h. Results were demonstrated by histograms to quantify the expression levels. Data were presented as mean ± SD
(error bars indicate SD). Three independent experiments were performed (n = 3); t-test was employed for testing the difference between the two
groups. ANOVA for testing the distinctions of the groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs control.
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stimulated the phosphorylation of Src and EGFR in a dose-
and time-dependent manner and reached peak activation at
100 μM ATP within 10−20 min (Figure 2E−H).
3.3. Extracellular ATP Regulated the Invasion and

Migration of OSCC Cells by Activating the PI3K/AKT
Signaling Pathway. The OSCC cell lines were treated with
the extracellular nucleotide ATP. In cell colony analysis,
CAL27 and SCC15 cells were treated with 100 μM ATP for 14
days. The number of cell colonies was increased in comparison
to that in the control group (Figure 3A). The scratch test and
transwell test showed that CAL27 and SCC15 cell migration
and invasion were significantly promoted compared to those in
the control group (Figure 3B−D). To investigate whether
extracellular ATP can enhance the invasion ability of OSCC
cells, we used qRT-PCR assay to analyze the gene expression.
In CAL27 and SCC15 cells stimulated with 100 μM ATP for
24 h, the expression of Zinc finger protein SNAI1 (Snail),
matrix metalloproteinase (MMP)2, and MMP9 genes
increased. At the same time, expression of E-cadherin and

Vimentin decreased, and these results suggested that ATP
induced the invasion and migration of OSCC cells and that
P2Y2 receptor activation may play a major role in mediating
the expression of genes related to invasion and migration
(Figure 3E,F). To investigate whether the PI3K/AKT signaling
pathway is involved in the regulation of ATP-induced invasion
and migration of OSCC cells, we treated CAL27 and SCC15
cells with 100 μM ATP for 24 h. Compared with the control
group, the expression of p-PI3K and p-AKT was significantly
increased after 24 h of ATP treatment (Figure 3G).
3.4. P2Y2 Was Involved in the Invasion and

Migration of OSCC Cells Promoted by ATP. To
demonstrate the association between P2Y2 and the invasion
and migration ability of OSCC cells, P2Y2 was knocked down
by siRNA. CAL27 and SCC15 cells were transfected with 50
nM siRNA for 48 h, and the optimal siRNA was determined
using real-time PCR and western blotting. The most effective
siRNA of P2Y2-siRNA1 was selected and used in the
experiment (Figure 4A,B). In the cell colony analysis, the

Figure 4. Effects of P2Y2 receptor knockdown on ATP-mediated in vitro invasion and migration. (A, B) CAL27 and SCC15 cells were transfected
with three different P2Y2-siRNAs (siRNA1 and siRNA2) and a control siRNA (NC). Western blotting and qRT-PCR were used to evaluate the
knockdown efficiency. (C) Colony formation assay was used to evaluate the effect of P2Y2 receptor knockdown on in vitro proliferation after
incubation with ATP for 14 days. (D) Transwell invasion assays evaluated the effect of P2Y2 receptor knockdown on in vitro invasion after
incubation with ATP for 24 h. The scale bar is 500 μm. (E) Wound healing evaluated the effect of P2Y2 receptor knockdown on in vitro migration
after incubation with ATP for 24 h. The scale bar is 1 mm. Data were presented as mean ± SD error bars indicate SD. Three independent
experiments were performed (n = 3); t-test was employed for testing the difference between the two groups. ANOVA for testing the distinctions of
the groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs control.
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cells were treated with ATP (100 μM) for 14 days, and after
that, the number of cell colonies was lower compared with the
P2Y2 knockdown group (Figure 4C). In the in vitro invasion
test, P2Y2-siRNA cells were treated with 100 μM ATP for 24
h. The number of CAL27 and SCC15 cells in the P2Y2
knockdown group was significantly lower than that of the
control group, indicating that P2Y2 may promote the invasion
of CAL27 and SCC15 cells (Figure 4D). The wound-healing
assay showed the same result in that after treatment with ATP
(100 μM) for 24 h, the wound gap between CAL27 and
SCC15 cells was significantly reduced compared with that in
the control group, suggesting that P2Y2 is involved in ATP-
promoted migration and invasion of OSCC cells (Figure 4E).
3.5. Silencing P2Y2 Inhibited the Invasion and

Migration of OSCC Cells In Vivo and In Vitro. To study
the downstream effect of invasion driven by ATP-P2Y2, we
first focused on the genes related to invasion and migration.
After P2Y2 was transfected, OSCC cells were stimulated with

100 μM ATP for 24 h. PCR detection showed that the ATP-
mediated expression of Snail, MMP2, and MMP9 genes was
inhibited, and the expression of E-cadherin and Vimentin was
activated (Figure 5A−E). Nude mice were subcutaneously
implanted with CAL27 cells from the NC and siRNA groups
to study the anticancer effect of P2Y2 in vivo. The average
tumor volume in the siRNA group was significantly smaller
than that in the control group. The average tumor weight in
the P2Y2-siRNA group was also significantly smaller than that
in the control group (Figure 5F,G). These data support the
hypothesis that P2Y2 receptors play an important role in ATP-
mediated invasion and migration in vivo and in vitro.
3.6. Inhibiting P2Y2 or Src Attenuated the Expression

of EGFR Induced by ATP in OSCC Cells. To explore how
P2Y2 regulates the Src and EGFR signaling pathways through
extracellular ATP, we performed P2Y2 silencing. After P2Y2
silencing, CAL27 and SCC15 cells were stimulated with 100
μM ATP for 20 min. Western blotting showed that the

Figure 5. Silencing of P2Y2 inhibited the invasion and migration of OSCC cells. (A−E) P2Y2 receptor was involved in the ATP-mediated
expression of MMP2, MMP9, Vimentin, Snail and CAL27, and SCC15 cells. The cells were treated with 100 μM ATP for 24 h, and qRT-PCR was
used to observe changes in invasion and migration-related genes MMP2, MMP9, Vimentin, Snail, and E-cadherin. (F) Technical roadmap of tumor
formation experimental procedures in nude mice. (G) Representative photograph of the tumors in BALB/c nude mice injected with control cells or
P2Y2-silenced cells. (H) Tumors derived from BALB/c mice are shown. (I) Tumor volume after inoculation with different groups of CAL27 cells
for 30 days. and shown by a histogram. (J) Weight of tumors during the 30 days of treatment. Data were presented as mean ± SD (error bars
indicate SD). Three independent experiments were performed (n = 3); t-test was employed for testing the difference between the two groups.
ANOVA for testing the distinctions of the groups. *p < 0.05, **p < 0.01, ***p < 0.001 vs control.
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phosphorylation of Src and EGFR was significantly reduced
(Figure 6A,B). Following the application of Dasatinib and
AG1478 inhibitors for 1 h, CAL27 and SCC15 cells were
stimulated with 100 μM ATP for 20 min, and the
phosphorylation of EGFR was found to be significantly
reduced (Figure 6C,D).
3.7. ATP Activated the PI3K/AKT Pathway through

the P2Y2-Src-EGFR Signaling Pathway. To further
investigate whether P2Y2 activates the PI3K/AKT signaling
pathway through the Src-EGFR axis, CAL27 and SCC15 cells
that have knocked down P2Y2 were treated with ATP (100
μM) for 24 h. Compared with the control group, the
expression of p-PI3K and p-AKT was significantly decreased
(Figure 7A,B). The cells were further pretreated with Dasatinib
and AG1478 for 1 h and then stimulated with ATP. The
expression of p-PI3K and p-AKT was decreased (Figure
7C,D). In the cell colony analysis, the cells were treated with
PI3K/AKT inhibitors for 14 days, after which the number of
cell colonies was lower compared with the ATP (100 μM)
group (Figure 7E). In the in vitro invasion test, the cells were
treated with PI3K/AKT inhibitors for 24 h. The number of
CAL27 and SCC15 cells in the PI3K/AKT inhibitors group
was significantly lower than that of the control group,
indicating that PI3K/AKT may promote the invasion of
CAL27 and SCC15 cells (Figure 7F). The wound-healing
assay showed the same result; after treatment with PI3K/AKT
inhibitors for 24 and 48 h, the wound gap between CAL27 and
SCC15 cells was significantly reduced compared with that in
the control group, suggesting that PI3K/AKT is involved in
ATP-promoted migration and invasion of OSCC cells (Figure
7G,H).

4. DISCUSSION
The tumor microenvironment (TME) is a dynamic environ-
ment, and its biochemistry and cellular composition play a
crucial role in the regulation of tumor cell metabolism,
proliferation, and motility.16,22 The transdifferentiation of
epithelial cells into motile mesenchymal cells, a process
known since the 1980s as epithelial-mesenchymal transition
(EMT), was first observed by Elizabeth Hay, who described
epithelial to mesenchymal phenotype changes in the primitive
streak of chick embryos.23 EMT is an indispensable part of the
developmental process, and its underlying process is
reactivated during wound healing, fibrosis, and cancer
progression.24 During the development of cancer, the
cytoplasmic damage caused by inflammation and hypoxia
and the tissue destruction caused by tumor invasion result in
an increased concentration of extracellular ATP, which plays a
key role as an extracellular messenger.25

In 1980, P2Y2 suggested that specific plasma membrane
receptors for extracellular ATP were expressed by inflamma-
tory and cancer cells; P2Y2 is the first selected ligand of ATP.
The role of ATP in the TME is multifaceted, as it regulates the
permeability of cell connections by mobilizing intracellular
Ca2+ storage, leading to tumor cell invasion and metastasis.26

In cancer, EMT is highly deregulated, and EMT-transcription
factors exert important roles in all cancer stages, including
initiation, primary tumor growth, invasion, dissemination,
metastasis, colonization, and therapy resistance as well.27

Research findings in different models have demonstrated the
participation of the P2Y2 receptor in inducing migration or the
EMT process.24 In ovarian cancer, ATP induces EMT of
ovarian cancer cells through the P2Y2 receptor-dependent
activity of EGFR.28 In gastric cancer, purinergic P2Y2 and
P2X4 receptors are involved in changes in the expression of

Figure 6. P2Y2 knockdown and Dasatintib attenuated the expression of EGFR and Src in OSCC cells induced by ATP. (A, B) CAL27 and SCC15
cells were transfected with P2Y2-siRNA or a negative control siRNA (NC) with or without ATP (100 μM), western blotting results showed the
expressions of p-EGFR in P2Y2 knockdown CAL27 and SCC15 cells. (C, D) CAL27 and SCC15 cells were pretreated with Dasatinib (10 nM, 1
h), with or without ATP (100 μM) for 20 min, and western blotting was used to detect the expression of p-EGFR. Data were presented as mean ±
SD (error bars indicate SD). Three independent experiments were performed (n = 3); t-test was employed for testing the difference between the
two groups. ANOVA for testing the distinctions of the groups. *p < 0.05, **p < 0.01, ***p < 0.001 vs control.
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EMT and related genes in gastric cancer cell lines.29 It is
generally understood that ATP and other nucleotides, and
their plasma membrane receptors play a central role in tumor
cell proliferation and immune cell regulation. For this reason,
an in-depth understanding of purinergic signals in the TME
may provide new therapeutic prospects.
Extracellular ATP acts on tumors via specific plasma

membrane receptors. Almost all cancer and immune cells
express P2 receptors and are sensitive to extracellular ATP.
P2Y2, a member of the purine P2 receptor family, is a G-
protein-coupled receptor (GPCR). P2Y2 was first cloned from
mouse NG108-15 neuroblastoma,30 and it induces a variety of
cancer cell responses through its unique structure, including
cell proliferation, migration, and invasion. In pancreatic ductal
cancer cells, P2Y2 activation induces cell proliferation
dependent on the activation of platelet-derived growth factor
receptor-β (PDGFR-β) and PI3K/AKT.19,30 P2Y2 is highly
expressed in prostate cancer and promotes the invasion and

migration of prostate cancer cells in vivo.31 The expression of
P2Y2 in human hepatocellular carcinoma cells is higher than
that in normal hepatocytes.32 ATP has been shown to promote
the proliferation of gastric adenocarcinoma cells, which is
blocked by specific purinergic antagonists,33 and ATP
treatment can induce proliferation of different glioma cell
lines after 24 and 48 h.34 ATP and UTP activation of P2Y2R
can induce migration and proliferation of MDA-MB231 and
MCF-7 breast cancer cells, and it is associated with
inflammation cascade activation.35 ATP and UTP also support
cancer cell growth in A-549 human lung cancer cells.36

However, the effect of P2Y2 on most other tumors is still
unknown, and the association between P2Y2 and OSCC has
been rarely studied.
In our study, P2Y2 was found to be overexpressed in the

OSCC cell line and to promote the growth, invasion, and
migration of tumors. In clinical samples, the expression of
P2Y2 in OSCC tissues was significantly higher than that in

Figure 7. P2Y2 activates the PI3K/AKT signaling pathway through the Src-EGFR axis. (A, B) P2Y2-silenced cells and control cells were treated
with 100 μM ATP for 20 min. Western blotting was performed to detect the expression of p-PI3K. (C, D) Cells were further pretreated with
Dasatinib and AG1478 for 1 h, and then adding ATP (100 μM) for 24 h, western blotting results showed that further reduced the expressions of p-
PI3K and p-AKT. (E) Colony formation assay was used to evaluate the effect of PI3K/AKT inhibitors on in vitro proliferation after incubation with
ATP for 14 days. (F) Transwell invasion assays evaluated the effect of PI3K/AKT inhibitors on in vitro invasion after incubation with ATP for 24 h.
The scale bar is 500 μm. (G, H) Wound healing evaluated the effect of PI3K/AKT inhibitors on in vitro migration after incubation with ATP for 24
and 48 h. The scale bar is 1 mm. Data were presented as mean ± SD (error bars indicate SD). Three independent experiments were performed (n
= 3); t-test was employed for testing the difference between the two groups. ANOVA for testing the distinctions of the groups. *p < 0.05, **p <
0.01, ***p < 0.001 vs control.
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normal tissues. In addition, stimulation with the P2Y2 agonist
ATP significantly increased P2Y2 expression in OSCC cells,
increased the expression of Snail, MMP2, and MMP9 genes,
and decreased the expression of E-cadherin and Vimentin; the
invasion and migration ability of tumor cells was enhanced.
After the knockdown of the P2Y2 receptor, the expression
changes of genes related to intracellular invasion and migration
regulated by ATP were also weakened, and the invasion and
migration of tumor cells were weakened. These results are also
consistent with other findings demonstrating that P2Y2
receptors have the potential for transformative use in both in
vitro and in vivo.31

Extracellular ATP can activate many signaling pathways, and
selectively modulate Src and EGFR. Based on analysis using
the TCGA database data, it was shown that Src and EGFR are
highly expressed in squamous cell carcinoma tissue and also
that Src and EGRF are closely correlated with P2Y2. Src, a
nonreceptor tyrosine kinase, can cause phosphorylation of
tyrosine residues by substrate, serving as a signal transducer of
the cell surface receptor.37,38 Studies have shown that Src is
excessively expressed and highly activated in OSCC and is a
cancer protein that drives OSCC progression. Furthermore,
Src has been shown to have a close relationship with the
progression, migration, and prognosis of solid tumors,39 The
Src family protein kinase has been demonstrated to mediate
epidermal growth factor receptor (EGFR)-dependent and
nondependent passages, and can even act as an upstream
activator of EGFR.40,41 EGFR is considered to be the main
goal of a new treatment for OSCC, as it is overexpressed in the
advanced stage of the disease and prognosis in OSCC
patients.42,43 It has been confirmed that GPCR-induced cell
migration requires the participation of EGFR. The mechanism
may be that GPCR activates MMP to release heparin-binding
epidermal growth factor (HB-EGF), which is originally bound
to the cell surface or extracellular matrix, and subsequently
interacts with EGFR. The P2Y receptor is activated by
attracting nonreceptor tyrosine protein kinase Src phosphory-
lated EGFR.44,45

The phosphatidylinositol-3-kinase (PI3K)/AKT signaling
pathway is involved in the regulation of various cell activities,
and the activation of the PI3K/AKT signaling pathway can
regulate the growth, proliferation, apoptosis, and energy
metabolism of tumor cells.46,47 Many studies have confirmed
that AKT can increase the glycolysis level of tumor cells and
promote the production of ATP without affecting aerobic
oxidation, thus providing sufficient substances for biosynthesis.
Abnormal activation of PI3K/AKT signaling has been found in
a variety of tumors.48 It was found that ATP promotes MCF-7
cell proliferation through the PI3K/AKT signaling pathway.49

The PI3K/AKT pathway also induces stem-cell-like properties
in gastric cancer cells.50 The Src inhibitor PP2 has been shown
to inhibit the PI3K activity of colonic cancer cells,51 and Src
has been reported to play a role in the upstream modulation of
PI3K. Therefore, investigations into blocking this signaling
pathway as a potential therapeutic mechanism have been
undertaken. The biological function of the PI3K/AKT
signaling pathway in tumor progression has been well
established, but the role of P2Y2 in its regulation of the
PI3K/AKT pathway remains poorly understood. Our study
found that Src and EGFR increase in a time-and dose-
dependent manner with ATP. ATP upregulates Src and EGFR
through P2Y2 expression and then activates the PI3K/AKT
pathway. After silencing P2Y2, the expression of Src and EGFR

was downregulated; the PI3K/AKT pathway was weakened;
and tumor growth, invasion, and migration were significantly
inhibited. After adding Src and EGFR inhibitors, the
expression of EGFR and PI3K/AKT was significantly
inhibited. By considering these results in the context of
previous studies, we concluded that P2Y2 promotes the
invasion and migration of OSCC by activating the PI3K/AKT
signaling pathway through the Src-EGFR axis. P2Y2 is an
active regulator in tumor progression.
We found that ATP was involved in tumor metabolism

through the P2Y2 receptor. Also, ATP promoted the invasion
and migration of OSCC cells through the Src-EGFR axis
activation of the PI3K/AKT signaling pathway. These findings
provide important new insight into the occurrence and
development of OSCC and deliver evidence that P2Y2 has
the potential to be a new therapeutic target for OSCC.
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