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Abstract

Recent evidence suggests a role for the P2X7 purinergic receptor (P2X7R) in cell proliferation, but the underlying mechanisms of its effects on estrogen-
related breast cancer are unclear. Here, we examined the role of P2X7R in estrogen-induced proliferation and the underlying mechanisms regulating estrogen 
modulation of P2X7R in the breast cancer cell lines MCF-7 and MDA-MB-231, using MTT assays, qRT-PCR, western blotting analysis and siRNA transfection. In 
MCF-7 and MDA-MB-231 cells, benzo ATP (BzATP) significantly promoted cell proliferation, which was blocked by the P2X7R antagonist A438079. In MCF-7 
cells, the promoting effect of estrogen was blocked by the nonselective purinergic receptor antagonist PPADS, A438079 or P2X7R siRNA. Estrogen upregulated 
P2X7R expression at both the mRNA and protein levels, which was blocked by the estrogen receptor (ER) antagonist ICI 182,780, ERβ antagonist MPP or 

ERα siRNA, but not by ERβ antagonist PHTPP. The selective ERα agonist PPT, but not ERβ agonist DPN, significantly increased P2X7R expression. Estrogen and 
PPT significantly increased expression of ERK1/2 and Akt expression, which was blocked by ICI 182,780. Antagonists against MAPK (U0126) and PI3k/Akt 
(LY294002) blocked the estrogen effect on P2X7R expression and phosphorylation of cAMP response element-binding protein (CREB). Administration of three 
different P2X7R antagonists or silencing P2X7R in MCF-7 cells injected in nude mice reduced MCF-7-derived tumor growth and decreased vessel formation. 
These findings suggested that estrogen promoted breast cancer cell proliferation by upregulating P2X7R via ERβ through the ERK1/2 or Akt-pCREB signaling 
pathways.

ABBREVIATIONS

17β-E2: 17β-estradiol; Akt: Protein Kinase B; ATP: 
Adenosine Triphosphate; BzATP: benzo ATP; ER: Estrogen 
Receptor; ERα: Estrogen Receptor alpha; ERβ: Estrogen 
Receptor beta; ERK 1/2: Extracellular Signal Regulated 
Kinase 1/2; MAPK: Mitogen-activated Protein Kinase; 
MPP: Methyl-piperidino-pyrazole; P2X7R: P2X7 Receptor; 
PCR: Polymerase Chain Reaction; PI3K: Phosphoinositide 
3-kinase; siRNA: Small Interfering RNA.

INTRODUCTION

Breast cancer is one of the most common malignancies 
in women. The incidence of breast cancer has been 
increasing over the past several decades [1]. Estrogen 
plays a critical role in the progression of breast cancer. 
Evidence has shown that 17β-estradiol induces neoplastic 
transformation in human breast cancer cells [2], promotes 
the growth of breast cancer cells in vivo and in vitro [3] 

and significantly increases the risk of breast cancer [4]. 
Previous studies have indicated that the two nuclear 
estrogen receptors ERα and ERβ respond differently to 
estrogen and thus play different roles in the process of 
proliferation. ERα appears to promote proliferation while 
ERβ mainly suppresses the proliferation of tumor cells 
[5,6].

P2 nucleotide receptors are a family of purinergic 
receptors on cell membranes [7]. These receptors are 
classified as P2X (cation channels) and P2Y (G-protein 
coupled) receptors. The P2X7 receptor (P2X7R) is a 
member of the P2X receptor subfamily that functions 
as a ligand-operated channel permeable to K+, Na+, and 
Ca2+. Upon prolonged agonist exposure, P2X7R leads to 
the formation of progressively enlarged cytolytic pores 
(~900 Da) on the cell surface which may induce intrinsic 
cell death programs [8]. However, P2X7R has recently 
been shown to possess under physiological conditions 
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survival/growth-promoting effects in several primary 
cell types including mouse embryonic stem cells, neural 
progenitor cells, microglial cells, osteoblasts and CD8+ 
memory T cells [9-14]. Moreover, P2X7R expression has 
been shown to be increased in several malignant tumors 
such as prostate cancer, breast carcinoma, neuroblastoma, 
leukemia and thyroid papillary carcinoma [15]. Recent in 
vitro and in vivo evidence has shown that P2X7R plays a 
central role in carcinogenesis enhancing tumor cell growth 
[16-19], tumor-associated angiogenesis [15] and cancer 
invasiveness [20-22], whereas P2X7R blockade inhibits 
tumor growth in melanoma [23], mesothelioma [24], 
glioma [25], osteosarcoma [26], and myeloid leukemia 
[27]. These experiments suggest that P2X7R antagonists 
may be novel potential anticancer drugs. Furthermore, 
P2X7R was shown to be overexpressed in breast cancer 
tissues and positively associated with ER expression [28]. 
However, whether P2X7R is involved in the estrogen effect 
on breast cancer cell proliferation is unknown and the 
underlying mechanisms are not fully understood.

Therefore, in the current study we investigated the 
effects of P2X7R on the breast cancer cell lines MCF-7 
and MDA-MB-231, examined the involvement of P2X7R 
in the estrogen effect on proliferation of MCF-7 cells, and 
explored possible pathways of estrogen modulation of 
P2X7R.

MATERIALS AND METHODS

Cell culture and transfection

MCF-7 and MDA-MB-231 breast cancer cell lines were 
maintained in DMEM (Gibco, Grand Island, NY, USA) 
containing 10% fetal bovine serum (FBS; Sijiqing, Hangzhou, 
China). The cells were incubated at 37°C in a humidified 
5% CO2 atmosphere. At 24 h prior to the drug experiments, 
the culture medium was replaced with a steroid-free 
medium (phenol red-deficient DMEM containing 8% heat-
inactivated FBS that was previously treated with charcoal 
to remove steroids). MCF-7 cells silenced with hP2X7-
specific shRNA or MCF-7 P2X7R negative control cell clones 
were obtained by transfection with predesigned shRNA 
obtained from Genepharma (Shanghai, China) targeting 
the following sequences: GCATGAATTATGGCACCAT 
(shRNA1); GCAGACTACACCTTCCCTT (shRNA2); and 
TTCTCCGAACGTGTCACGT (shRNA negative control). 
Stably transfected MCF-7 cells expressing P2X7R shRNA1 
and P2X7R shRNA2 were obtained by selection with 
puromycin (2 μg/mL). The cell lines were tested by 
Shanghai Biowing Applied Biotechnology Co., (Shanghai, 
China) using STR genotyping.

Cell viability assays

Cell suspensions were seeded in 96-well plates for 

12 h to allow for attachment and then were treated with 
different concentrations of drugs. Drug-treated cells were 
incubated for 48 h and then 5 mg/mL MTT solution was 
added to the cultures for an additional 4 h. Finally, the 
medium containing MTT was removed and 100 μL DMSO 
solution was added. As a result, living cells formed crystals 
due to the presence of MTT, which were dissolved in the 
DMSO. Absorbance was then measured at 490 nm by an 
immunosorbent microplate reader.

RT-PCR and quantitative real-time PCR

Total RNA was extracted by TRIzol reagent (Invitrogen, 
Thermo Fisher Scientific, Waltham, MA, USA). Total RNA 
(2 µg) was reverse transcribed into cDNA with oligo 
(dT)15 primers in a 25 µL reaction using SuperScriptTM 
reverse transcriptase (Invitrogen). Quantitative real-
time PCR was carried out using the Rotor-Gene 3000 
thermal cycler (Corbett Research, Sydney, Australia). 
The reaction solution consisted of 2.0 μL diluted cDNA, 
0.2 μM of each paired primer and 2× Taq PCR master mix 
(Tiangen, Beijing, China). All samples were normalized 
against an internal β-actin control. The following primers 
were used: P2X7R, 5’-AGATCGTGGAGAATGGAGTG-3’ 
(forward) and 5’-TTCTCGTGGTGTAGTTGTGG-3’ (reverse); 
β-actin, 5’-GTGGGGCGCCCCAGGCACCA-3’ (forward) and 
5’-CTCCTTAATGTCACGCACGATTTC-3’ (reverse). SYBR 
Green was used as detection dye. Reaction conditions 
consisted of a denaturation step at 95°C for 2 min, followed 
by 40 cycles of amplification at 95°C for 15 s, 60°C for 30 
s and 72°C for 10 s. The temperature range to detect the 
melting temperature of the PCR product was set from 60°C 
to 95°C. The comparative Ct (threshold cycle) method 
with arithmetic formula (2-△△Ct) was used to determine 
the relative quantitation of gene expression for both target 
and housekeeping genes.

Small interfering RNA (siRNA) of ERα and ERβ

The siRNAs for ERα and ERβ were designed and 
synthesized by GenePharma. Control siRNA was scrambled 
sequence without any specific target. The target sequences 
for ERα were 5’-CAGGCCAAAUUCAGAUAAUTT-3’ 
(sense) and 5’-AUUAUCUGAAUUUGGCCUGTT-3’ 
(antisense). The target sequences for ERβ were 
5’-GCCCUGCUGUGAUGAAUUATT-3’ (sense) and 
5’-UAAUUCAUCACAGCAGGGCTT-3’ (antisense). Scrambled 
siRNA duplexes were designed 
(5’-UUCUCCGAACGUGUCACGUTT-3’ and 5’-ACGUGA 
CACGUUCGGAGAATT-3’) for use as a negative control (NC). 
MCF-7 cells were transfected with 25 nM target siRNA 
or NC siRNA using Lipofectamine™ 2000 (Invitrogen) 
according to the manufacturer’s instructions, and 
transfections were carried out for 18 h (for ERα) and 24 h 
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cell implantation. To induce tumor formation, 5×106 
MCF-7 cells or MCF-7 cells silenced with hP2X7-specific 
shRNA were subcutaneously inoculated into BALB/c mice. 
Tumor size was measured with a caliper and volume was 
calculated according to the following equation: volume 
= π/6 (w1 × w22), where w1 = major diameter and w2 = 
minor diameter [15]. 

Histology

Tumors were fixed in 20% formalin for 24 h, processed 
and embedded in paraffin. Five-µm thick sections 
were stained with hematoxylin and eosin (H&E). For 
immunohistochemistry of CD31, sections were incubated 
with anti-CD31 primary antibody for 24 h. All images were 
acquired and analyzed with a Nikon Eclipse 90i digital 
microscope equipped with NIS-elements software (Nikon 
Instruments Europe, Amsterdam, Netherlands). The 
vascular network was evaluated by counting the number 
of blood vessels per microscope field with a 20× objective. 
Data shown represent counts from three different sections 
from each tumor. Fifteen fields, in the center and periphery 
of the mass, were analyzed for each tumor.

Statistical analysis 

All data in the text and figures are shown as means 
± S.E.M. Experiments were independently performed 
three times. Statistical analysis was carried out using 
one-way ANOVA, followed by Student-Newman-
Keuls tests for multiple comparisons. Results from the 
immunohistochemical experiments were analyzed using 
chi-squared tests. The p-values <0.05 were considered 
statistically significant.

RESULTS

BzATP promoted the proliferation of MCF-7 cells via 
P2X7R.

In order to validate the effect of P2X7R on MCF-7 cells, 
we carried out MTT assays to measure cell viability. The 
MTT results showed that 48 h after application of the P2X7R 
agonist BzATP (10 µmol/L–1 mmol/L), the proliferation of 
MCF-7 cells was increased significantly compared with the 
control groups in a dose-dependent manner (Figure 1A, 
n=3). After co-application of BzATP (0.1 mmol/L) with the 
nonselective P2X receptor antagonist PPADS (1 µmol/L) or 
the selective P2X7R antagonist A438079 (10 µmol/L), the 
increase in proliferation caused by BzATP was reversed 
(Figure 1B, n=6, p < 0.01). In parallel with the MCF-7 cells, 
BzATP at a concentration of 1 mmol/L also increased 
the proliferation of MDA-MB-231 cells (Figure 1E, n=3, p 
< 0.01). After co-application of BzATP and A438079, the 

(for ERβ). Subsequently, the culture medium was replaced 
with phenol red-deficient DMEM-Ham’s F-12 medium 
supplemented with 8% heat-inactivated FBS containing 
17β-E2 (0.1 μmol/L). After 48 h, MTT assays or western 
blot analyses were conducted to assess cell viability or 
P2X7R protein expression. 

Western blotting analysis

Cells were harvested and homogenized in cold lysis 
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton 
X-100, 1% deoxycholic acid sodium salt, 0.1% SDS, and a 
protease inhibitor mixture) using a homogenizer. Total 
protein concentration was determined by the Bradford 
method using bovine serum albumin as a standard. Equal 
amounts of protein were separated by 10% SDS-PAGE 
and electrophoretically transferred to nitrocellulose 
membranes. After blockade in blocking buffer consisting of 
20 mM Tris-HCl, pH 7.4, 137 mM NaCl, 0.1% Tween 20 and 
5% nonfat milk for 2 h at room temperature, membranes 
were incubated overnight at 4°C with primary antibodies 
against P2X7R (1:200, Santa Cruz Biotechnology, Dallas, 
TX, USA), ERα or ERβ (1:500, Santa Cruz), ERK1/2 or Akt 
(1:1,000, Cell Signaling Technology, Danvers, MA, USA), 
cAMP response element-binding protein (CREB; 1:1,000, 
Cell Signaling Technology) or β-actin (1:8,000, Sigma-
Aldrich, St. Louis, MO, USA). The membranes were washed 
for 5 min each with TBST, incubated with HRP-conjugated 
secondary antibody (1:1,000, Santa Cruz) for 2 h at room 
temperature, and finally visualized in ECL solution. 
Immunoreactive proteins were visualized using an 
enhanced chemiluminescence western blotting detection 
system (Amersham Imager 600, GE Healthcare, Chicago, 
IL, USA). The chemiluminescence signals were quantified 
with a GeneGnome XRQ scanner using GeneTools 
software (SynGene, Frederick, MD, USA). The ratio of band 
intensities to β-actin was obtained to quantify the relative 
protein expression level.

Mouse xenograft and in vivo drug administration

In vivo experiments were performed using 4–5-week-
old female BALB/c mice, which were provided by Shanghai 
SLAC Laboratory Animal Co., LTD (Shanghai, China). 
All animals were kept in a pathogen-free environment 
and fed ad libitum. The procedures for care and use of 
animals were approved by the Ethics Committee of the 
Naval Medical University and all applicable institutional 
and governmental regulations concerning the ethical 
use of animals were followed. Mice were pretreated 
with 3-mm pellets containing 17β-E2 (0.72 mg/60-day 
release; Innovative Research of America, Sarasota, FL, 
USA) by subcutaneous injection, starting 2 weeks before 
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tumorigenic capacity of MCF-7 cells silenced with hP2X7-
specific siRNA. As shown in Figure 1G and H, silencing 
significantly reduced the estrogen-promoted proliferative 
response. These data confirmed that P2X7R was involved 
in the process of estrogen promoting the proliferation of 
MCF-7 cells.

Estrogen upregulated the expression of P2X7R via 
ERα in MCF-7 cells.

In order to explore the possible effect of estrogen on 
P2X7R expression, we examined P2X7R expression in 
MCF-7 cells after treatment with estrogen by qRT-PCR 
and western blot methods. In MCF-7 cells, after 48 h 
incubation with 17β-E2 (1 nmol/L–0.1 μmol/L), P2X7R 
mRNA levels were significantly increased compared with 
those of the control groups (Figure 2A, n=3, p < 0.01), as 
were the P2X7R protein levels (Figure 2B, n=3, p < 0.01). 
The excitatory effect of 17β-E2 on P2X7R expression was 
blocked by the ER antagonist ICI 182,780 (1 µmol/L) 
at both the mRNA (Figure 2C, n=3, p < 0.01) and protein 
levels (Figure 2D, n=3, p < 0.01). To prove that the effect 
of estrogen was specific to ERs, further research was 
conducted with the ERα antagonist MPP and the ERβ 
antagonist PHTPP in MCF-7 cells after 48 h treatment 

proliferation of MDA-MB-231 cells returned to control 
levels (Figure 1E, n=3, p < 0.01).

P2X7R was involved in the process of estrogen 
promoting proliferation of MCF-7 cells.

From our previous study [29], we found that 17β-
E2 in different concentrations (0.01 nmol/L–1 μmol/L) 
promoted the proliferation of MCF-7 cells via ERα 
receptors. To investigate whether P2X7R was involved in 
the effect of 17β-E2 on cell proliferation, we applied PPADS 
(1 μmol/L) or A438079 (10 μmol/L) to block the function 
of P2X7R and then examined the effect of 17β-E2 on the 
proliferation of MCF-7 cells. The MTT results showed that 
the proliferation of MCF-7 cells was increased significantly 
after application of 17β-E2 (0.1 μmol/L, 48 h treatment), 
which was blocked by PPADS or A438079 (Figure 1C, 
n=3, p < 0.01). However, A438079 did not affect the 
estrogen effect on the MDA-MB-231 cell line (Figure 1F, 
n=3, p > 0.05). Because BzATP can also activate P2Y11 
receptors, we treated the cells with the P2Y11 receptor 
antagonist NF 157 and then studied the effect of 17β-E2 on 
the proliferation of MCF-7 cells. The MTT results showed 
that the excitatory effect of estrogen could not be blocked 
by NF 157 (Figure 1D, n=3, p > 0.05). We then tested the 

Figure 1  The effects of P2X7R on MCF-7 cells and MDA-MB-231 cells. A) BzATP promoted MCF-7 in a dose-dependent manner. B) P2X7R 
antagonists blocked the BzATP effect. C) P2X7R antagonists blocked 17β-E2 on MCF-7. D) The excitatory effect of estrogen was not blocked by NF 
157. E) BzATP at a high concentration promoted MDA-MB-231, which was blocked by A438079. F) A438079 did not block the estrogen effect on 
MDA-MB-231. G) Reduced P2X7R expression in MCF-7. H) Silencing P2X7R significantly reduced the estrogen-promoted proliferation. *p < 0.05; 
**p < 0.01 vs control group; #p < 0.01 vs BzATP or E2 group.
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with 17β-E2 (0.1 μmol/L). The expression of P2X7R was 
stimulated by17β-E2 at both the mRNA (Figure 2E, n=5, 
p < 0.01) and protein levels (Figure 2F, n=3, p < 0.01). In 
addition, ERα agonist PPT (0.1 μmol/L) could mimic the 
effect of estrogen (Figure 2G, n=3, p < 0.05). Furthermore, 
after depleting ERα by siRNA, 17β-E2 (0.1 μmol/L) had no 
effect on P2X7R protein levels (Figure 2H, n=3, p > 0.05). 
However, PHTPP did not block the promoting effect of 
17β-E2 on the expression of P2X7R. After pre-incubation 
with PHTPP and 17β-E2, the expression of both P2X7R 
mRNA (Figure 2I, n=3, p > 0.05) and P2X7R protein 
(Figure 2J, n=3, p > 0.05) was not significantly different 
compared with 17β-E2 treatment alone. The expression of 
P2X7R protein was also not affected by ERβ agonist DPN 
(1 nmol/L–0.1 μmol/L; Figure. 2K, n=3, p > 0.05). In the 
ERα-negative cell line MDA-MB-231, 17β-E2 (0.1 nmol/L–1 
μmol/L) did not affect the expression of P2X7R (Figure 2L, 
n=3, p >0.05 vs control at each concentration).

MAPK/ERK and PI3K/Akt signaling were responsible 
for estrogen-induced P2X7R expression.

It has been reported that estrogen exerts proliferative 
effects mediated by rapid membrane-starting actions. 
Estrogen via binding to ERs can activate classical, genomic 

pathways, which directly regulate nuclear transcription. 
On the other hand, estrogen binding to ERs may also 
switch on non-classical, rapid estrogen pathways involving 
alterations in transcription factor and second messenger 
functions. Furthermore, a variety of kinase signaling 
pathways have been shown to be activated by estrogen, 
including mitogen-activated protein kinase (MAPK) 
[30,31], and phosphatidylinositide 3,4,5-trisphosphate 
kinase (PI3K)/Akt [32]. To determine whether estrogen 
acutely activated kinase signaling pathways we then 
promotes expression of P2X7R in MCF-7 cells, we exposed 
these cells to 17β-E2 (0.1 μmol/L) and PPT (0.1 μmol/L) 
for 15 min and 4 h, respectively, and measured levels 
of phosphorylated Akt and ERK. Western blot analysis 
demonstrated that in MCF-7 cells 17β-E2 or PPT treatment 
significantly increased expression levels of phospho-ERK 
and phospho-Akt after 15 min (Figure 3A, n=3, p < 0.05; 
Figure 3B, n=3, p < 0.05) and 4 h (Figure 3C, n=3, p < 0.05; 
Figure 3D, n=3, p < 0.05). These effects could be reversed 
by ICI 182,780 (1 μmol/L, Figure 3A, n=3, p < 0.05; Figure 
3B, n=3, p < 0.01; Figure 3C, n=3, p < 0.05; Figure 3D, n=3, 
p < 0.05).

Then we sought to determine whether the excitatory 
effect of 17β-E2 on P2X7R expression was associated with 

Figure 2 17β-E2 on the expression of the P2X7R in MCF-7 cells and MDA-MB-231 cells. A-F) 17β-E2 stimulation of P2X7R mRNA or protein 
expression was blocked by the ICI or MPP. G, K) PPT could mimic the effect of estrogen, while DPN had no effect. H) ERα siRNA blocked the 
upregulation of P2X7R protein expression by 17β-E2. I, J) Estrogen-induced upregulation of P2X7R mRNA or protein levels was not blocked by 
the PHTPP. L) 17β-E2 did not affect the expression of P2X7R in MDA-MB-231. *p < 0.05; **p < 0.01 vs control group.
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kinase signaling pathways. MCF-7 cells were pretreated 
with MAPK antagonist U0126 (0.1 μmol/L) and PI3k/Akt 
antagonist LY294002 (0.1 μmol/L) for 2 h, followed by a 
48 h co-treatment with 17β-E2 (0.1 μmol/L) or PPT (0.1 
μmol/L). Western blot analysis demonstrated that in MCF-
7 cells 17β-E2 (Figure 3E, n=3, p < 0.05) or PPT (Figure 3F, 
n=3, p < 0.05) treatment significantly increased expression 
levels of P2X7R, which could be blocked by U0126 or 
LY294002 (Figure 3E, n=3, p < 0.05; Figure 3F, n=3, p < 
0.05).

Zhou and his colleagues [33], have reported that 
the P2X7R gene possesses binding sites for the co-
transcriptional factor p300. It is well known that CREB can 
be activated by ERK1/2 or Akt and is associated with p300; 
therefore, we then further examined the phosphorylation 
level of CREB (ser133) in MCF-7 cells 15 min after 17β-
E2 (0.1 μmol/L) application. Western blot analysis 
demonstrated that in MCF-7 cells estrogen treatment 
significantly increased expression levels of phospho-CREB 
at early time points (Figure 3G, n=3, p < 0.05), which were 
blocked by either U0126 (0.1 μmol/L) or LY294002 (0.1 
μmol/L; Figure 3G, n=3, p < 0.05).

Regression of MCF-7 cells by pharmacological and 
genetic inactivation of P2X7R in in vivo models.

To investigate whether P2X7R could be a valuable 
pharmacological target in MCF-7 cells, we studied the 
effects of P2X7R antagonists on estrogen-related MCF-
7 cell growth in vivo. We tested tumors derived from 
subcutaneous injection of human MCF-7 cells in immune-
compromised BALB/c mice. A438079 (20 μM), A740003 
(10 μM), BBG (1 mg/mL) or placebo (phosphate-buffered 
saline) was administered intratumorally every 4 days from 
the appearance of the first tumor mass (day 8 following 
inoculation) until day 19. Treatment with receptor 
blockade by both BBG and A438079 caused an almost 50% 
reduction of the tumor growth rate in live animals (Figure 
4A), accompanied by a comparably strong reduction of 
excised tumor volume (Figure 4B). In addition, A740003 
in vivo administration caused a significant reduction 
(70%) of tumor volume. Histological analysis revealed 
substantial differences between the groups treated with 
and without P2X7R antagonists. Tumor cell density was 
significantly higher in the group after injection of MCF-
7 cells compared to animals also treated with P2X7R 
antagonists. Furthermore, it is well-known that growth 

Figure 3 Estrogen acutely activates kinase signaling pathways and related downstream pathways. A-D) The p-ERK1/2 and p-Akt proteins were upregulated 
by 17β-E2 or PPT in MCF-7 cells 15 min or 4h after application, which was blocked by ICI. *p < 0.05; **p < 0.01 vs 15-min control; #p < 0.05 vs control. E, F) U0126 and 
LY294002 blocked the upregulation of P2X7R protein induced by 17β-E2 or PPT. G) Estrogen significantly increased expression of phospho-CREB at 15 min, which 
was blocked by U0126 and LY294002. *p < 0.05; **p < 0.01 vs control; #p < 0.05 vs 17β-E2 or PPT.
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of solid tumors depends on adequate vascularization and 
blood supply. H&E staining in the present study showed a 
thicker vascular network in the placebo group compared 
to tumors in animals treated with P2X7R antagonists 
(Figure 4C).

To test whether P2X7R expression by the tumor cells 
might affect tumor growth, we generated stable P2X7R-
silenced (P2X7R shRNA) MCF-7 cell clones. Characteristics 
of the P2X7R-silenced MCF-7 cells are shown in Figure 
4I. Curves depicting grafted tumor growth and MCF-7 
xenografts of the different groups are presented in Figure 
4D and E. The tumor volumes in the P2X7R shRNA groups 
decreased significantly relative to the P2X7R shRNA 
negative control groups.

To investigate the therapeutic efficacy of P2X7R in the 
MCF-7 xenograft model, tumor tissue was observed by 
light microscopy after H&E staining. As shown in Figure 

4F, the tumor cells were clustered, large in size, and more 
densely stained in the P2X7R shRNA negative control 
group compared with those of the P2X7R shRNA groups. 
Tumor cell density was significantly higher in the group 
following injection of MCF-7 cells with the shRNA negative 
control compared to tumor specimens from the P2X7R 
shRNA-treated groups.

Tumor angiogenesis is known to depend on the release 
of angiogenic factors, so we investigated the origin of 
neoformed vessels by staining with a specific endothelial 
marker, CD31. After immunostaining with anti-CD31 
antibodies, endothelial cells were stained brown to dark 
brown (Figure 4G). Then we examined the microvessel 
density by quantifying CD31 expression in solid tumors. We 
found that the number of endothelial cells or endothelial 
cell clusters that were stained brown in the P2X7R shRNA 
groups was significantly reduced compared with those of 
the shRNA negative control group (Figure 4H).

Figure 4 P2X7R blockade or P2X7R silencing on estrogen-related breast cancer tumor growth. A, D) Tumor growth curves after treatment with the P2X7R 
antagonists or P2X7R-silenced (P2X7R shRNA) MCF-7 cells. **p < 0.01 vs placebo, *p < 0.05 vs shRNA NC. B, E) Representative tumor masses excised at day 19 post-
inoculum. C, F) H&E staining of tumors treated with P2X7 antagonists or P2X7R shRNA MCF-7 cells. a: placebo; b: A740003; c: A438079; d: BBG. G, H) CD31 and MVD 
among P2X7R shRNA MCF-7 cells. *p < 0.05 vs shRNA NC. I) Downregulation of P2X7R in MCF-7 cells infected with shRNA.
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DISCUSSION

In the present study, we found that the P2X7R agonist 
BzATP could promote proliferation of MCF-7 cells and 
that the promotion effect of estrogen could be blocked by 
the P2 receptor antagonist PPADS or the P2X7R-selective 
antagonist A438079. P2X7R mRNA and protein expression 
in MCF-7 cells was increased after 17β-E2 treatment, which 
was blocked by the ER antagonist ICI 182,780, the ERα 
antagonist MPP, but not by the ERβ antagonist PHTPP. ERα 
agonist PPT mimicked the effect of estrogen. In addition, 
ERα siRNA blocked the effect of estrogen on MCF-7 cell 
proliferation and estrogen modulation of P2X7R protein 
expression in MCF-7 cells. Estrogen treatment significantly 
increased the expression level of phospho-CREB within 15 
min, which was blocked by U0126 and LY294002. This is 
the first study to our knowledge to show that estrogen can 
promote breast cancer cell proliferation by upregulating 
P2X7R via ERα. Furthermore, administration of three 
different P2X7 antagonists (A740003, A438079 or BBG) 
or silencing of P2X7R in MCF-7 cells transplanted into 
BALB/c mice reduced estrogen-related MCF-7-derived 
tumor growth and decreased vessel formation.

ATP has been shown to cause a decrease in tumor cell 
growth, probably via P2X7R [8]. P2X7R is known to induce 
cytotoxic activity because of its ability to cause opening of 
non-selective pores in the plasma membrane and activate 
apoptotic caspases. However, increasing evidence suggests 
that the P2X7R may also have an apparently paradoxical 
survival/growth-promoting effect, which seems to vary 
considerably according to the level of stimulation. Basal 
ATP release causes tonic stimulation of the P2X7R leading 
to moderately increased levels of cytoplasmic Ca2+, which 
plays a central role in cell survival and growth [34]. 
Moreover, several calcium-related intracellular pathways 
involved in cell proliferation have been shown to be 
activated by the P2X7R. These include the JNK/MAPK [35], 
PI3K/AKT/MYCN [26,36], HIF1α-VEGF [26,36] and NFAT 
pathways [37,38]. Among these intracellular pathways, 
the NFAT pathway is well elucidated. NFATc1, a key 
transcription factor in lymphocyte division and cancer 
cell growth, exerts a central role in P2X7R-mediated 
proliferation, as it is strongly upregulated in HEK293 cells 
expressing different P2X7R isoforms [38]. Interestingly, 
the P2X7RA and P2X7RB isoforms have differential effects 
on cell growth. In fact, P2X7RB, which is unable to generate 
the large conductance pore, confers the highest growth 
drive [39]. Changes in calcium are unlikely to be solely 
responsible for the action of P2X7R but may represent a 
physiological triggering point in diverse upstream and 
downstream signaling processes that activate different cell 
functions and responses. 

P2X7R has been shown to be overexpressed in breast 
cancer tissues and is positively associated with ER 
expression. Down-modulation of P2X7R in MCF-7 breast 
cancer cells by P2X7R shRNA can reduce cell proliferation, 
and estrogen effects are consistent with the action of P2X7R 
in MCF-7 cells [28]. However, data are lacking on possible 
crosstalk between estrogen and P2X7R in MCF-7 cells. In 
our study, the E2-induced increase in ERα-positive MCF-7 
cell viability could be abolished by P2X receptor antagonist 
PPADS, indicating an important role of P2X receptors in 
estrogen stimulation of tumor cell proliferation. Because 
PPADS is a broad-spectrum inhibitor of P2X receptors, we 
then used A438079, a selective antagonist of P2X7R. Our 
results showed that A438079 was effective in blocking 
the estrogen proliferative effect. However, in the ERα-
negative MDA-MB-231 cell line, we did not see a similar 
phenomenon. These findings suggested that P2X7R was 
involved in the estrogen effect in MCF-7 cells. Furthermore, 
it is well-known that BzATP can also activate the P2Y11 
receptor. We treated the MCF-7 cell line with the P2Y11R 
antagonist NF 157 and then studied the effect of 17β-E2 on 
the proliferation of MCF-7 cells. NF 157 failed to inhibit the 
promotional effect of estrogen, which confirmed activation 
via P2X7R and indicated that an effect via P2Y11R was 
unlikely. Our findings thus showed that P2X7R was 
intimately involved in estrogen-driven proliferation of 
MCF-7 cells. 

In the present study, administration of three different 
P2X7R antagonists or silencing P2X7R with shRNA 
in MCF-7 cells injected in nude mice reduced MCF-7-
derived tumor growth and decreased vessel formation. 
It is well-known that growth of solid tumors depends on 
adequate vascularization and blood supply. Our findings 
clearly confirmed the possible participation of P2X7R, 
including its angiogenetic activity, in estrogen-related 
cancer progression. These results are consistent with the 
increased neovascularization of P2X7-expressing tumors 
reported by Adinolfi [15], but are contrary to findings 
that activation of P2X7 and P2Y11 purinergic receptors 
inhibits migration of endothelial cells from human breast 
carcinoma [40]. The underlying mechanism of P2X7R’s 
role in tumor growth needs further study.

It has been widely accepted that breast cancer risk 
is associated with relatively high concentrations of 
endogenous estradiol in postmenopausal women [41]. 
The role of estrogen receptors in mediating the process of 
proliferation are controversial. ERα appears to promote 
proliferation while ERβ mainly suppresses the proliferation 
of tumor cells [5,6]. As such, we hypothesized that ERα 
may play a role in mediating the promotional effect of 
estrogen. Our data clearly showed that the ERα antagonist 



Yu LH, et al. (2025)

J Cancer Biol Res 12(1): 1153 (2025) 9/13

Central

MPP or knockdown of ERα by specific siRNA both 
significantly reduced estrogen-induced cell proliferation. 
However, the effect of estrogen could not be blocked by 
the ERβ antagonist PHTPP or ERβ siRNA. In addition, PPT, 
a selective ERα agonist, increased proliferation in a dose-
dependent manner. These results strongly supported the 
idea that estrogen promotes the proliferation of MCF-7 cells 
through ERα. We have also discovered that P2X7R may be 
involved with the estrogen effect on MCF-7 cells. Further 
research showed that estrogen increased expression of 
P2X7R at both the mRNA and protein levels in MCF-7 cells. 
The ER antagonist ICI 182,780 and the ERα antagonist 
MPP or ERα siRNA blocked the estrogen effect, while the 
ERβ antagonist PHTPP did not. Similarly, PPT mimicked 
the effect of estrogen, while DPN had no effect. In the ERα-
negative breast cancer cell line MDA-MB-231, estrogen had 
no effect on cell growth or the expression of P2X7R at the 
protein level. Thus, we speculate that estrogen increases 
the proliferation of breast cancer cells by upregulating the 
expression of P2X7R via an ERα-related genomic pathway. 

Estrogen receptors located on the membrane carry out 
rapid non-genomic actions of estrogen and several studies 
have shown that acute estrogen treatment can activate 
a variety of kinase signaling pathways, including MAPK 
[29,30]. We found that estrogen pretreatment for 15 min 
and 4 h could activate MAPK/ERK pathways. The use of 
ICI 182,780 indicated that these effects were mediated 
directly through ERs. Furthermore, PPT had a similar effect 
as estrogen, suggesting that ERα was involved. Song [42], 
has demonstrated that the signaling pathway mediating 
the rapid action of E2 involved the direct association of ERα 
with Shc, the phosphorylation of Shc and the formation 
of Shc-Grb2-Sos complexes, which resulted in MAPK 
phosphorylation in MCF-7 cells. Furthermore, estrogen, 
in complex with its receptor, immediately activated c-Src, 
which could be the initial target of the estradiol-receptor 
complex in the process leading to activation of the tyrosine 
phosphorylation/p2lras/MAP-kinase pathway [43]. 

Similarly, estrogen pre-treatment can activate PI3K/Akt 
pathways. There is also evidence that estradiol stimulation 
of MCF-7 cells rapidly triggers association of ERα with Src 
and p85. The ternary complex probably favors hormone 
activation of Src- and PI3-kinase dependent pathways, and 
then activates Akt, which converge on cell cycle progression 
[44]. Estradiol also activates the PI3-kinase/Akt pathway 
in endothelial cells [45]. Indeed, in neuroblastoma cells, 
serum starvation triggers activation of the PI3K/Akt 
pathway and an induction of P2X7R gene expression takes 
place, resulting in cell proliferation [46]. In the present 
study, estrogen and PPT significantly increased ERK1/2 
and Akt phosphorylation after 15 min and 4 h, respectively. 

Pharmacological inhibition of the ERK1/2 pathway by 
U0126 or the Akt pathway by LY294002 blocked estrogen-
induced P2X7R expression. Therefore, we suggest that 
activation of both the ERK pathway and Akt pathway via 
ERα are a key mechanism for estrogen to induce P2X7R 
expression and cell proliferation in the MCF-7 cell line.

It is well-known that gene expression is regulated by 
different signaling pathways. MAPK and the PI3K/Akt signal 
transduction pathway are known to play an important 
role in driving gene expression in response to a variety 
of stimuli, including growth factors, proinflammatory 
cytokines and some stresses. Upon activation, these 
kinases are phosphorylated and then translocated to nuclei 
where they induce activation of various transcriptional co-
activators, including CREB [47,48]. Bioinformatics analysis 
of the transcription enhancing region of the P2X7R gene 
revealed that it contained putative binding sites for p300 
[32]. The highly conserved co-activators CREB-binding 
protein (CBP) and its paralog, E1A-binding protein (p300), 
each have four separate transactivation domains that 
interact with the transactivation domains of a number of 
DNA-binding transcriptional activators as well as general 
transcription factors, thus mediating recruitment of basal 
transcriptional machinery to the promoter. CBP/p300 
contains a catalytic histone acetyltransferase domain that 
can promote transcription by acetylating histones and 
integrating signaling from enhancer and promoter regions 
[49]. It is well-known that phosphorylation of CREB 

Figure 5 Schematic diagram of estrogen-ERα/ERK or Akt pathway-
mediated P2X7R expression in MCF-7 cells. Exposure to estrogen induces 
activation of the MEK1/ERK and PI3K/Akt pathways via ERα, which in turn 
activate CREB, a nuclear co-transcriptional factor. Activated CREB stimulates the 
phosphorylation of CBP/p300. This complex then binds to the P2X7R gene and 
drives its expression, thereby increasing P2X7R protein levels on the cell surface 
and inducing cell proliferation of MCF-7 cells. 
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at Ser133 recruits CBP/p300 co-activators to activate 
transcription [50,51]. Our data clearly showed that 
estrogen significantly increased the expression levels of 
phospho-CREB within 15 min and that inhibition of the ERK 
and Akt pathways reduced CREB. These results suggested 
that CREB may play an essential role in transmitting 
ERK1/2 and Akt activation to P2X7R expression. We 
speculate that exposure of estrogen induces activation of 
the MEK1/ERK and PI3K/Akt pathway via ERα, which in 
turn activates CREB, a nuclear co-transcriptional factor. 
Activated CREB stimulates the phosphorylation of CBP/
p300, and this complex then binds to the P2X7R gene and 
drives its expression, thereby increasing P2X7R protein 
levels on the cell surface and subsequently inducing cell 
proliferation in MCF-7 cells (Figure. 5).

CONCLUSIONS

In conclusion, this is the first study to our knowledge 
to show that estrogen promoted breast cancer cell 
proliferation by upregulating P2X7R via ERα. Estrogen 
may upregulate P2X7R expression through ERK1/2 or 
Akt signaling pathways. We preliminarily demonstrated 
the presence of the estrogen-ERα-ERK1/2 or Akt-pCREB-
P2X7R signaling pathways in MCF-7 cells. Determining the 
prognostic significance of the expression of the P2X7R may 
shed light on this molecular target that may eventually be 
translated into new clinical therapies for epithelial cancers.
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