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Abstract. In the tumor microenvironment, extracellular nucle-
otides are released and accumulate, and can activate the P2Y2 
receptor (P2Y2R), which regulates various responses in tumor 
cells, resulting in tumor progression and metastasis. Moreover, 
the inflammasome has recently been reported to be associated 
with tumor progression. However, the role of P2Y2R in inflam-
masome activation in breast cancer cells is not yet well defined. 
Therefore, in this study, we investigated the role of P2Y2R in 
inflammasome-mediated tumor progression in breast cancer 
using breast cancer cells and radiotherapy-resistant (RT‑R) 
breast cancer cells. We established RT‑R-breast cancer cells 
(RT‑R‑MDA‑MB‑231, RT‑R‑MCF‑7, and RT‑R-T47D cells) by 
repeated irradiation (2 Gy each, 25 times) in a previous study. 
In this study, we found that the RT‑R breast cancer cells exhib-
ited an increased release of adenosine triphosphate (ATP) and 
P2Y2R activity. In particular, the RT‑R‑MDA‑MB‑231 cells 
derived from highly metastatic MDA‑MB‑231 cells, exhibited 
a markedly increased ATP release, which was potentiated 
by tumor necrosis factor (TNF)-α. The MDA‑MB‑231 cells 
exhibited inflammasome activation, as measured by caspase‑1 

activity and interleukin (IL)-1β secretion following treat-
ment with TNF‑α and ATP; these effects were enhanced 
in the RT‑R‑MDA‑MB‑231 cells. However, the increased 
caspase‑1 activities and IL‑1β secretion levels induced in 
response to treatment with TNF‑α or ATP were significantly 
reduced by P2Y2R knockdown or the presence of apyrase 
in both the MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells, 
suggesting the involvement of ATP-activated P2Y2R in 
inflammasome activation. In addition, TNF‑α and ATP 
increased the invasive and colony-forming ability of the 
MDA‑MB‑231 and RT‑R‑MDA‑MB‑231  cells, and these 
effects were caspase‑1-dependent. Moreover, matrix metal-
loproteinase (MMP)-9 activity was modulated by caspase-1, 
in a P2Y2R-dependent manner in the MDA‑MB‑231 and 
RT‑R‑MDA‑MB‑231 cells. Finally, nude mice injected with 
the RT‑R‑MDA‑MB‑231-EV cells (transfected with the empty 
vector) exhibited increased tumor growth, and higher levels 
of MMP-9 in their tumors and IL‑1β levels in their serum 
compared with the mice injected with the RT‑R‑MDA‑MB‑231-
P2Y2R shRNA cells (transfected with P2Y2R shRNA). On the 
whole, the findings of this study suggest that extracellular 
ATP promotes tumor progression in RT‑R-breast cancer cells 
and breast cancer cells by modulating invasion and associ-
ated molecules through the P2Y2R-inflammasome activation 
pathway.

Introduction

Inflammation is a double-edged sword in cancer. Inflammation 
was initially believed to be a host response against tumors, 
resulting in tumor suppression and a favorable prognosis (1). 
However, it has been reported that inflammation, particularly 
chronic inflammation, is associated with an unfavorable clin-
ical prognosis of cancer patients (2,3), and inflammation is now 
suggested as the seventh hallmark for cancer establishment 
and progression (4). There are abundant data suggesting that 
inflammation and hypoxia in the tumor microenvironment are 
critical components that are necessary for tumor progression 
and the metastatic cascade (5). Indeed, such an environment 
is more permissive for tumor cell proliferation and motility 
than are normal conditions. Moreover, several studies have 
indicated that tumor cell signaling and extracellular signaling 
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affect cancer cell migration and therefore, metastasis in vivo 
and in vitro (reviewed in ref. 6). However, the innate pathways 
or mechanisms controlling the inflammatory response in the 
tumor microenvironment are not yet fully understood.

Pro-inflammatory cytokines, such as interleukin (IL)-1β 
and IL‑18, are detected at high levels in cancer patients, and are 
suggested to promote an immune-suppressive tumor microen-
vironment (4,7,8). The inflammasome is an important innate 
immune pathway responsible for the production of mature 
IL‑1β. Inflammasome sensors are classified according to their 
structural features into nucleotide-binding domain-like recep-
tors (NLRs), absent in melanoma 2-like receptors (ALRs), and 
the recently identified pyrin. These receptors can assemble the 
inflammasome and activate the cysteine protease, caspase-1. 
Active caspase-1 cleaves the precursor pro-inflammatory 
cytokines, pro-IL‑1β and pro-IL‑18, into their mature secreted 
forms, and these cytokines can ultimately be released (9). In 
particular, IL‑1β is abundant in tumor tissue and enhances 
tumor growth, invasion, carcinogenesis and host-tumor 
interactions (10,11), and increased concentrations of IL‑1β in 
tumor tissues are associated with a poor prognosis in cancer 
patients (12-14), suggesting that IL‑1β is one of the essential 
components that mediate inflammation-associated tumor 
progression.

Of note, the inflammasome has been reported to be acti-
vated by adenosine triphosphate (ATP) (15). Various cellular 
stimuli trigger the secretion of ATP (16,17) and subsequently 
induce the activation of purinergic receptors present on the 
cell surface and/or on adjacent cells. Under pathological 
conditions, ATP is released passively from damaged cells at 
high levels, acts as a pro-inflammatory danger signal, and acti-
vates the NLRP3 inflammasome through bonding to the P2 
purinergic receptor, P2Y purinergic receptor 2 (P2X7R) (15). 
Recent studies have reported that ATP is released from both 
damaged cells and tumor cells and accumulates in the tumor 
microenvironment, which can be related to tumor progres-
sion (18,19). Among the purinergic receptors that are activated 
by ATP, P2Y2R is expressed (or overexpressed) in cancer cells 
or solid tumors and performs various functions; it regulates 
proliferation in various tumors, such as lung, bladder, and pros-
tate cancer and melanoma (20‑23). In our previous studies, we 
reported that highly metastatic MDA‑MB‑231 breast cancer 
cells released higher levels of ATP and exhibited a higher 
P2Y2R activity than the MCF7 breast cancer cells with a low 
metastatic potential (24). In addition, ATP-activated P2Y2R 
played an important role in tumor progression, particularly 
in invasion and metastasis, by regulating hypoxia-inducible 
factor-1α (HIF‑1α) (24,25).

In general, cancer patients are treated based on a combi-
natorial approach that consists of surgery, chemotherapy and 
radiotherapy. However, each therapy has inherent limitations 
that lead to therapeutic resistance and disease recurrence, 
ultimately resulting in therapeutic failure. Radiotherapy is a 
crucial treatment option in modern cancer therapy in addition 
to surgery and systemic therapy; currently, >60% of all cancer 
patients receive radiotherapy. Radiotherapy has been shown 
to improve overall survival  (26‑28), to help avoid surgical 
amputation and to preserve bodily beauty, and it can be used 
in palliative settings (29,30). Although benefits are achievable 
with radiotherapy, tumor recurrence following radiotherapy is 

common; particularly for ductal carcinoma and early invasive 
cancer, advanced invasive tumors can exhibit radiotherapy 
resistance, and the related molecular mechanisms are poorly 
understood. Thus, in this study, we established radiotherapy-
resistant  (RT‑R)-breast cancer cells and investigated the 
association between P2Y2R and the inflammasome in RT‑R-
breast cancer cell progression and invasiveness.

Materials and methods

Cell culture. The human breast cancer cell lines, MDA‑MB‑231, 
MCF7 and T47D, were obtained from the Korea Cell Line 
Bank and grown in RPMI-1640 supplemented with 10% FBS 
(HyClone, Logan, UT, USA), 100 U/ml penicillin and 10 µg/ml 
streptomycin (HyClone). The human umbilical endothelial 
cell line, EA.hy926, was obtained from ATCC (Manassas, 
VA, USA) and grown in DMEM supplemented with 10% FBS, 
100 U/ml penicillin and 10 µg/ml streptomycin.

Establishment of RT‑R MDA‑MB‑231 MCF7 and T47D 
cells (termed RT‑R‑MDA‑MB‑231, RT‑R‑MCF7 and RT‑R-
T47D cells, respectively). Isogenic models of radiotherapy 
resistance can be generated by the exposure of cancer cells 
to various schedules with the total concentrations within a 
40-60 Gy range (31,32). Moreover, the fractionated irradia-
tion is clinically universal. Clinical total body irradiation is 
generally fractionated with smaller doses delivered in several 
sessions, rather than delivering the entire doses at once, due 
to lower toxicity and better outcomes (33). Thus, in this study, 
RT‑R‑MDA‑MB‑231, RT‑R‑MCF7 and RT‑R-T47D cells 
were generated by treating the cells with fractionated X-ray 
irradiation until a final concentration of 50 Gy was attained. 
In detail, the cells that had grown to 70% confluence in a 
cell culture flask were irradiated with 2 Gy (radiation dose 
rate, 1.0 Gy/min) using a 6‑MV photon beam produced by 
a linear accelerator (Clinac 21EX; Varian Medical Systems, 
Palo Alto, CA, USA). Following irradiation, the cells were 
incubated with fresh complete medium immediately. When 
the cell confluence reached approximately 90%, the cells 
were trypsinized and subcultured into new flasks. The cells 
were irradiated again when they grew to approximately 70% 
confluence. Until the total irradiation dose attained 50 Gy, 
the fractionated irradiations were continued. The parental 
cells were subjected to identical trypsinization, subculture 
and incubation conditions, but were not subjected to irradia-
tion. The RT‑R‑MDA‑MB‑231, RT‑R‑MCF7 and RT‑R-T47D 
cells were used through 5 passages. The radiation output was 
regularly checked by medical physicists in the Department of 
Radiation Oncology using an ionization detector.

Extracellular ATP release measurements. The extracel-
lular release of ATP was measured according to previously 
described methods (24). Briefly, the cells were incubated with 
HEPES buffer containing adenosine-5'-O-(α,β-methylene)-
diphosphonate (AOPCP), an ectonucleotidase inhibitor 
(Sigma-Aldrich, St. Louis, MO, USA) for 15 min at 37˚C. 
The cells were treated with 10 ng/ml tumor necrosis factor 
(TNF)-α (R&D Systems, Minneapolis, MN, USA) or PBS as a 
vehicle for an additional 5 min, and the supernatants were then 
collected. ATP release was measured with the ENLITEN ATP 
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assay system kit (Promega, Madison, WI, USA), and the ATP 
levels were calculated based on an ATP standard curve.

Measurement of intracellular calcium ion concentration 
([Ca2+]i). [Ca2+]i measurements were made according to 
previously described methods  (34). Briefly, the cells were 
seeded on a coverslip mounted onto a self-designed perfusion 
chamber, and then incubated for 45 min with 5 µM fluo-3-AM 
(Invitrogen, Carlsbad, CA, USA) in culture medium. The 
stained cells were washed with a physiological solution and 
then treated with ATP. Fluorescent images were scanned 
every 5 sec using a confocal laser scanning microscope (IX70 
Fluoview, Olympus, Tokyo, Japan). Every scanned image was 
processed to analyze changes in [Ca2+]i. The basal fluorescence 
intensity (F0), fluorescence intensity (F), and the maximum 
level of fluorescence intensity (Fmax) were recorded.

Matrigel invasion assay. For invasion assays, the upper cham-
bers of inserts were coated with 100 µl of Matrigel (1 mg/ml; 
BD Biosciences, Franklin Lakes, NJ, USA), and endothelial 
cells (2x105 cells) were added to the Matrigel-coated insert 
wells. The breast cancer cells were pre‑treated with 20 µM 
Ac-YVAD-CMK (Sigma-Aldrich), a selective and irrevers-
ible inhibitor of caspase-1, for 1 h, and then stimulated with 
10 ng/ml TNF‑α or 10 µM ATP. After 6 h, the cells were 
harvested, and 2x105 cells per insert were added to the upper 
chambers in serum-free medium, and 500 µl of RPMI medium 
was added to the lower chambers. The invasion chambers 
were incubated for 24 h in a 37˚C cell culture incubator. The 
non-invaded cells that remained on the upper surface of the 
insert membranes were removed by scrubbing. The cells that 
had invaded across the insert well membrane were stained 
with 4',6-diamidine‑2'-phenylindole dihydrochloride (DAPI, 
Sigma-Aldrich), and the cells were counted under a fluores-
cence microscope (Eclipse Ti-U, Nikon, Tokyo, Japan).

Caspase-1 activity assay. Caspase-1 activity was measured 
using Caspase-1/ICE Colorimetric Assay kit (R&D Systems) 
following the manufacturer's instructions. Briefly, the cells 
were treated with 10 ng/ml TNF‑α or 10 µM ATP for indi-
cated times. As shown in Fig. 3, the cells were transfected 
with indicated siRNA (100 nM) as described below, and then 
pre‑treated with 10 U/ml apyrase (Sigma-Aldrich), an enzyme 
that rapidly hydrolyzes extracellular nucleotides. After 1 h, the 
cells were stimulated with 10 ng/ml TNF‑α or 10 µM ATP 
for 3 h, and the total proteins were then extracted from the 
cells using lysis buffer. A volume of 50 µl of protein sample 
from cells was added to 50 µl of 2X caspase-1 reaction buffer 
containing 10 mM dithiothreitol (DTT) in a 96-well plate. 
Five microliters of 4 mM caspase-1 colorimetric substrate 
(YVAD-pNA) were added to each sample and then incubated 
at 37˚C for 1‑2 h. The colorimetric intensity was measured 
at a wavelength of 405 nm using a microplate reader (Tecan, 
Männedorf, Switzerland).

Quantification of IL‑1β secretion. To quantify the amounts 
of secreted cytokines, cell culture supernatants or animal 
serum samples were assayed using the Human IL‑1β/IL‑1F2 
Quantikine ELISA kit (R&D Systems), according to the 
manufacturer's instructions. Briefly, the cells were treated as 

described above in the ‘Caspase-1 activity assay’. Following 
stimulation with 10 ng/ml TNF‑α or 10 µM ATP for 24 h, 
cell culture supernatants were collected. Mouse serum was 
obtained by heart puncture before sacrifice and centrifugation 
was used for the measurement of the IL‑1β levels. A volume of 
200 µl of sample was added to a microplate and sequentially 
mixed with Conjugate, Substrate Solution and Stop Solution. 
The optical density of each well was measured at a wavelength 
of 450 nm using a microplate reader (Tecan).

Gene silencing with siRNA. Breast cancer cells and RT‑R 
breast cancer cells were transfected with 100 nM negative 
control siRNA (siCTRL) or P2Y2R siRNA (siP2Y2R) (Bioneer, 
Daejeon, Korea) in serum-containing medium using Turbofect® 
(Thermo Fisher Scientific, Waltham, MA, USA). The 
sequences of the siRNAs were as follows: siCTRL forward, 
5'-CCUACGCCACCAAUUUCGU-3' and reverse, 5'-ACGAA 
AUUGGUGGCGUAGG-3'; siP2Y2R forward, 5'-GAGGAAG 
GUGGCUUACCAA-3' and reverse, 5'-UUGGUAAGCCACC 
UUCCUC-3'. Following 24 h of incubation at 37˚C, the trans-
fection medium was replaced with fresh serum-free medium 
for starvation. Following serum starvation for 16 h, the cells 
were treated with the indicated reagents. Gene silencing effi-
ciency was determined by reverse transcription-polymerase 
chain reaction (RT-PCR).

RT-PCR. Total RNA was extracted from the cells using TRIzol 
reagent (Thermo Fisher Scientific), and RT-PCR was performed 
using TOPscript One-step RT PCR Drymix (Enzynomics, 
Daejeon, Korea), according to the manufacturer's instructions. 
The primer sets used were as follows: hP2Y2R forward, 5'-GTG 
CTC TAC TTC CTG GCT-3' and reverse, 5'-CTG AAG TGT 
TCT GCT CCT AC-3;' and hGAPDH forward, 5'- TCA ACA 
GCG ACA CCC ACT CC-3' and reverse, 5'-TGA GGT CCA 
CCA CCC TGT TG-3'. Thirty cycles of amplification were 
performed under the following conditions: Melting at 95˚C for 
30 sec, annealing at 56˚C for 30 sec and extension at 72˚C for 
30 sec.

Colony formation assay. The MDA‑MB‑231 or RT‑R-
MDA‑MB‑231 cells (1x103) were seeded in 6-well plates. 
Following serum starvation for 16 h, the cells were pre‑treated 
with 20 µM Ac-YVAD-CMK for 1 h, and then stimulated 
with 10 ng/ml TNF‑α or 10 µM ATP at 37˚C. The culture 
medium was discarded following treatment, and changed 
with complete medium every 2-3 days. After 10 days, the 
medium was discarded and each well was carefully washed 
with PBS. The colonies were fixed in methanol for 10 min at 
room temperature and then stained with 0.1% Giemsa staining 
solution, and the number of visible colonies was counted.

Gelatin zymography. The cells which were transfected with 
the indicated siRNA (100  nM or the untransfected cells 
were pre‑treated with 20  µM Ac-YVAD-CMK or 10  µM 
AR-C 118925XX (Tocris Bioscience, Bristol, UK), a specific 
P2Y2R antagonist. After 1 h, the cells were stimulated with 
10 ng/ml TNF‑α or 10 µM ATP for 6 h, and the same volume 
of each conditioned medium was then concentrated 20-fold 
using protein concentrators (9K  MWCO; Thermo Fisher 
Scientific) at a fixed angle (35 degrees) and centrifugation at 
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6,000 x g for 25 min at 4˚C. The concentrated samples were 
mixed with 2X loading dye, and the proteins were sepa-
rated on 8% SDS-polyacrylamide gels containing 1 mg/ml 
gelatin. Following electrophoresis, the gels were washed in 
2.5% Triton X-100 twice for 30 min to remove the remaining 
SDS. The gels were then incubated in developing buffer 
(50 mM Tris, 20 mM NaCl, 5 mM CaCl2, 0.02% Brij35) at 
37˚C overnight. Following incubation, the gels were stained 
with coomassie blue solution (0.2% coomassie brilliant blue R, 
50% methanol, 10% acetic acid) for 30 min at room tempera-
ture, and destained with destaining buffer (50% methanol, 
10% acetic acid). Enzyme-digested regions which represent 
matrix metalloproteinase (MMP)-9 activity were identified as 
white bands on a blue background.

Animal experiments. RT‑R‑MDA‑MB‑231 cells were 
transfected with the P2Y2R shRNA plasmid (Santa Cruz 
Biotechnology Inc., Dallas, TX, USA) which contains a 
puromycin resistance gene for the selection of cells stably 
expressing targeted shRNA in serum-free medium using 
Lipofectamine 2000 (Thermo Fisher Scientific). Following 
4  h of incubation at 37˚C, the transfection medium was 
replaced with fresh medium containing 5 µg/ml puromycin 
(Sigma-Aldrich). The culture medium containing puro-
mycin was changed every 2-3 days. At 30 days following 
transfection, the stably treasfected subclone was designated 
RT‑R‑MDA‑MB‑231-P2Y2R shRNA. This subclone and a 
CTRL subclone transfected with an empty vector (designated 
as MDA‑MB‑231‑EV) were grown in serum-containing 
culture medium until the cell density was ~70-80%. The 
cells were then trypsinized, and the pellets were resuspended 
in serum-free RPMI at 5-6x106 cells/100 µl of cell suspen-
sion. A total of 10 female NU-Foxn1nu athymic nude mice 
at 7-8  weeks of age (weighing 20‑22  g) were purchased 
from OrientBio (Gyeonggi-do, Korea). The animals were 
maintained under the following environmental conditions: 
22‑26˚C; 40-60% of humidity, 12 h-light/dark cycle; with free 
access to sterilized feed and water. The mice were injected 
subcutaneously with RT‑R‑MDA‑MB‑231-P2Y2R shRNA or 
RT‑R‑MDA‑MB‑231-EV. Body weights and tumor volumes 
were measured every 3  days, starting at 7  days after the 
injection. At the end of 60 days, the mice were sacrificed, 
and the tumor tissues were fixed in 4% formaldehyde at 
room temperature, followed by paraffin infiltration and 
embedding. Sections of 5 µm thickness were mounted onto 
ProbeOn Plus microscope slides (Thermo Fisher Scientific). 
Immunohistochemical analysis was performed using a 
Lab  Vision™ UltraVision™ LP Detection System: HRP 
Polymer/DAB Plus Chromogen and an anti‑MMP-9 anti-
body (ab38898, Abcam, Cambridge, UK). Briefly, the tissue 
sections were deparaffinized and rehydrated, and incubated in 
Hydrogen Peroxide Block solution for 10 min and then incu-
bated in Ultra V Block solution for 5 min at room temperature 
to reduce non-specific background staining. After the washing 
step, the slides were incubated with MMP-9 primary antibody 
(1:100) for 1 h at room temperature, and then sequentially 
applied with Primary Antibody Enhancer (10 min), HRP 
Polymer (15 min), and DAB Plus Chromogen and DAB Plus 
Substrate mixture (5 min) at room temperature. Following 
DAB staining, the sections were counterstained with Mayer's 

Hematoxylin solution (Sigma-Aldrich) for 3 min at room 
temperature. Immunohistochemical analysis was performed 
under a light microscope (CKX41, Olympus). Mouse serum 
was obtained by heart puncture before sacrifice and centrifu-
gation, and the IL‑1β levels were measured from the serum 
of mice using Quantikine ELISA kits for IL‑1β as described 
above. The animal experimental protocol was approved by the 
Institutional Animal Care and Use Committee at Gyeongsang 
National University (approval number: GLA-120208‑M004), 
and all experiments were performed in compliance with the 
institutional guidelines set.

Statistical analysis. All statistical analysis was carried out 
using SigmaPlot (version 7.0 for windows, SPSS Inc.). The 
data are represented as the means ± standard error of the mean 
(SEM) of the results obtained from the number of replicate 
treatments. Treatment groups were compared using one-way 
analysis of variance (ANOVA) with the Newman-Keuls 
post-hoc test. A P-value <0.05 was considered to indicate a 
statistically significant difference.

Results

RT‑R‑MDA‑MB‑231 cells derived from highly metastatic 
MDA‑MB‑231 breast cancer cells exhibit much higher levels of 
released ATP, P2Y2R activity and invasiveness than other RT‑R 
breast cancer cells. First, we observed the amount of released 
ATP from various breast cancer cells (MDA‑MB‑231, MCF7 and 
T47D cells) and RT‑R breast cancer cells (RT‑R‑MDA‑MB‑231, 
RT‑R‑MCF7 and RT‑R‑T47D cells). As previously reported (24), 
we confirmed that the amounts of ATP released into the extra-
cellular medium of MDA‑MB‑231 cells were higher than those 
released by MCF7 and T47D cells. Of note, in this study, we found 
that the RT‑R‑MDA‑MB‑231 cells derived from highly meta-
static MDA‑MB‑231 breast cancer cells released much higher 
levels of ATP than did the MDA‑MB‑231 and other RT‑R breast 
cancer cells, and that effect was enhanced by TNF‑α (Fig. 1A), 
an essential factor in tumor progression and metastasis and 
released highly in tumor microenvironment (35,36). To further 
compare the P2Y2R activity between the breast cancer cells 
and RT‑R breast cancer cells, [Ca2+]i was measured in response 
to ATP, an agonist of P2Y2R. Although 10 µM ATP evoked a 
rapid and prompt augmentation in [Ca2+]i in all the breast cancer 
cells, the activities of P2Y2R in the MCF7/RT‑R‑MCF7 and 
the T47D/RT‑R-T47D cells were significantly lower than those 
observed in the MDA‑MB‑231 or RT‑R‑MDA‑MB231 cells 
(Fig. 1B). Moreover, the RT‑R‑MDA‑MB‑231 cells also exhib-
ited a higher invasiveness than the other RT‑R breast cancer cells 
and markedly increased invasiveness following treatment with 
ATP (Fig. 1C). These results suggest that RT‑R‑MDA‑MB‑231 
cells derived from highly metastatic MDA‑MB‑231 breast 
cancer cells exhibit much higher levels of released ATP, P2Y2R 
activity and invasiveness than other RT‑R breast cancer cells 
derived from breast cancer cells with low metastatic potential. 
From these results, we considered it more suitable to investi-
gate the association between P2Y2R and the inflammasome in 
MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells which exhibited 
high levels of released ATP, P2Y2R activity and invasiveness, 
than the MCF7 and T47D cells, breast cancer cells with low 
metastatic potential. Thus, the following experiments were 
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performed with the MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 
cells.

MDA‑MB‑231 cells exhibit an increased caspase-1 activity 
and IL‑1β secretion induced by TNF‑α and ATP treatment, 
and these effects are enhanced in RT‑R‑MDA‑MB‑231, through 
P2Y2R activation. As described above in the Introduction, 
the inflammasome, a multiprotein complex, regulates the 

activation of caspase-1, which promotes the secretion of 
the pro-inflammatory cytokine, IL‑1β (37,38), and IL‑1β is 
abundant in tumor tissue and enhances tumor growth and 
invasion (10). Therefore, in this study, we investigated whether 
TNF‑α- or ATP-mediated P2Y2R activation increases inflam-
masome activity by examining the activities of caspase-1 
and the levels of IL‑1β production in the MDA‑MB‑231 and 
RT‑R‑MDA‑MB‑231 cells. As previously mentioned (35,36), 

Figure 1. Comparisons of ATP release, P2Y2R activity and invasiveness between breast cancer cells and RT‑R breast cancer cells. (A) ATP released into 
the extracellular medium was measured using the ENLITEN ATP assay system kit, as described in the Materials and methods. The values represent the 
means ± SEM of 3 independent experiments (H, HEPES buffer only). **P<0.01, compared to the control (CTRL) of each parent breast cancer cell; ##P<0.01, 
compared to the CTRL of each RT‑R breast cancer cells. (B) [Ca2+]i levels were determined in breast cancer cells and RT‑R breast cancer cells to measure 
P2Y2R activities. Arrows indicate the points at which ATP (10 µM) was added. The values represent the means ± SEM from 3 independent determinations. 
*P<0.05 and **P<0.01, compared to the CTRL of MDA‑MB‑231 cells. (C) RT‑R-breast cancer cells were treated with ATP for 6 h, and Matrigel invasion assay 
was performed as described in the Materials and methods. The values represent the means ± SEM of 3 independent experiments. **P<0.01, compared to the 
CTRL of RT‑R‑MDA‑MB‑231 cells; ##P<0.01, compared to ATP‑treated RT‑R‑MDA‑MB‑231 cells. Scale bar, 50 µm. ATP, adenosine triphosphate; RT‑R, 
radiotherapy-resistant.
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TNF‑α is highly released in the tumor microenvironment and 
as shown in Fig. 1A, the release of ATP from breast cancer 
cells was promoted in response to TNF‑α treatment. Thus, 
we experimented with ATP, as well as TNF‑α. As shown in 
Fig. 2A, caspase-1 activity was significantly increased and 
reached a maximum level at 3 or 6 h in response to TNF‑α 
(10 ng/ml) or ATP (10 µM), respectively, in the MDA‑MB‑231 
cells. By contrast, caspase-1 activity was not altered by 
TNF‑α or ATP in the RT‑R‑MDA‑MB‑231 cells. However, 
the basal activity of caspase-1 in the RT‑R‑MDA‑MB‑231 
cells was higher than that observed in the MDA‑MB‑231 
cells, and the maximum activity level of caspase-1 induced by 
TNF‑α or ATP in the MDA‑MB‑231 cells did not exceed the 
basal activity in the RT‑R‑MDA‑MB‑231 cells. Of note, the 
IL‑1β production levels were markedly increased following 
stimulation with TNF‑α or ATP in both types of cells, and 
the RT‑R‑MDA‑MB‑231 cells produced higher levels of IL‑1β 
than the MDA‑MB‑231 cells, not only in terms of basal levels 
but also following stimulation (Fig. 2B).

Moreover, to clarify whether ATP-activated P2Y2R is 
involved in inflammasome activation in the MDA‑MB‑231 
and RT‑R‑MDA‑MB‑231 cells, we examined caspase-1 
activity and IL‑1β production using P2Y2R siRNA or apyrase, 

an enzyme that rapidly hydrolyzes extracellular nucleotides. 
First, we confirmed the efficiency of the P2Y2R siRNA by 
determining the mRNA levels in the MDA‑MB‑231 and 
RT‑R‑MDA‑MB‑231 cells (Fig. 3A). The increased caspase-1 
activity and IL‑1β secretion induced by TNF‑α or ATP 
were significantly reduced by P2Y2R knockdown (Fig. 3B 
and C) or in the presence of apyrase (Fig. 3D andE) in both 
the MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells. Although 
treatment with TNF‑α or ATP did not alter the activity of 
caspase-1 in the RT‑R‑MDA‑MB‑231, the knockdown of 
P2Y2R or the hydrolyzation of ATP significantly reduced the 
activity of caspase-1 in these (Fig. 3B and D). Furthermore, 
apyrase treatment alone decreased caspase-1 activity in 
RT‑R‑MDA‑MB‑231 cells, and apyrase also suppressed the 
TNF‑α-induced increase in caspase-1 activity and IL‑1β secre-
tion in both the MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells. 
These results suggest that P2Y2R activation by ATP released 
from RT‑R‑MDA‑MB‑231 cells and MDA‑MB‑231 cells may 
regulate inflammasome activation.

TNF‑α and ATP increase the invasive and colony-forming 
ability of MDA‑MB-31  cells, with enhanced effects in 
the RT‑R‑MDA‑MB‑231 cells, in a caspase-1-dependent 

Figure 2. MDA‑MB‑231 cells exhibit increased caspase-1 activity and IL‑1β secretion after TNF‑α and ATP treatment, which is enhanced in RT‑R‑MDA-MB‑231 
cells. (A and B) MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells were treated with TNF‑α or ATP with the indicated dose and times, and (A) caspase-1 activity 
and (B) IL‑1β secretion levels were then measured as described in the Materials and methods. The values represent the means ± SEM of 3 independent 
experiments. *P<0.05 and **P<0.01, compared to the control (CTRL) of MDA‑MB‑231 cells; ##P<0.01, compared to the CTRL of RT‑R‑MDA‑MB‑231 cells; 
§§P<0.01, comparison between MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells at each time point. ATP, adenosine triphosphate; RT‑R, radiotherapy-resistant; 
IL‑1β, interleukin-1β; TNF‑α, tumor necrosis factor-α.



INTERNATIONAL JOURNAL OF ONCOLOGY  53:  1953-1966,  2018 1959

manner. Subsequently, we investigated whether the P2Y2R-
mediated activation of the inflammasome is linked to the 
invasive and colony-forming ability of the MDA‑MB‑231 
and RT‑R‑MDA‑MB‑231 cells. The invasive ability of the 
MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells was increased 
by treatment with TNF‑α (10 ng/ml) or ATP (10 µM), and 
this induction was abolished by inhibiting the activity of 
the inflammasome with 20 µM Ac-YVAD-CMK, a selective 
and irreversible inhibitor of caspase-1 (Fig. 4A). Moreover, 
the colony-forming ability of the cells was also promoted 
following stimulation with TNF‑α or ATP and abolished by 

the suppression of caspase-1 activity in both the MDA‑MB‑231 
and RT‑R‑MDA‑MB‑231 cells (Fig. 4B). Of note, the inva-
sive and colony-forming ability of the RT‑R‑MDA‑MB‑231 
cells was significantly enhanced compared to that of the 
MDA‑MB‑231 cells following TNF‑α- or ATP treatment and 
in non-stimulated conditions (Fig. 4).

MMP-9 activit y is modulated by caspase-1 in a 
P2Y2R-dependent manner, in the MDA‑MB‑231 or 
RT‑R‑MDA‑MB‑231 cells. In addition, we examined the effects 
of the inflammasome and P2Y2R activation on MMP activity, 

Figure 3. Caspase-1 activity or IL‑1β secretion induced by TNF‑α or ATP is significantly suppressed by P2Y2R knockdown or apyrase (an enzyme that rapidly 
hydrolyzes extracellular nucleotides) in MDA‑MB‑231 or RT‑R‑MDA‑MB‑231 cells. (A) P2Y2R mRNA levels were analyzed by RT-PCR to confirm the 
efficiency of the knockdown in control siRNA (siCTRL)- or P2Y2R siRNA (siP2Y2R)-transfected cells. (B and C) siCTRL or siP2Y2R-transfected cells were 
stimulated with TNF‑α (10 ng/ml) or ATP (10 µM). (B) Caspase-1 activity and (C) IL‑1β secretion were measured 3 h and 24 h after treatment, respectively, 
as described in the Materials and methods. (D and E) The cells were pre‑treated with 10 U/ml apyrase for 1 h and stimulated with TNF‑α (10 ng/ml). 
(D) Caspase-1 activity and (E) IL‑1β secretion were measured as described in (A). The values represent the means ± SEM of 3 independent experiments. 
**P<0.01, compared to the control (CTRL) of each cells; #P<0.05 and ##P<0.05, compared to the TNF‑α treatment of each of the cells; †P<0.05 and ‡P<0.01, 
compared to the ATP treatment of each of the cells; §P<0.05 and §§P<0.01, significance between the MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells. ATP, 
adenosine triphosphate; RT‑R, radiotherapy-resistant; IL‑1β, interleukin-1β; TNF‑α, tumor necrosis factor-α.
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Figure 4. TNF‑α and ATP increase the invasive and colony-forming ability of MDA‑MB‑231 cells, with an enhanced effect in the RT‑R‑MDA‑MB‑231 cells, in 
a caspase-1-dependent manner. (A) Cells were pre‑treated with Ac-YVAD-CMK, an irreversible caspase-1 inhibitor and stimulated with TNF‑α or ATP for 6 h. 
Matrigel invasion assay was then performed as described in the Materials and methods. The values represent the means ± SEM of 3 independent experiments. 
**P<0.01, compared to the control (CTRL) of each of the cells; ##P<0.01, compared to the TNF‑α treatment of each of the cells; ‡P<0.01, compared to the ATP 
treatment of each of the cells; §§P<0.01, significance between the MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells. Scale bar, 100 µm. (B) Cells (1,000 cells/well) 
were seeded in 6-well plates. The cells were pre‑treated with Ac-YVAD-CMK and stimulated with TNF‑α or ATP for 6 h. Following treatment, colony 
formation assay was performed as described in the Materials and methods, and quantified by counting the colonies. The values represent the means ± SEM 
of 3 independent experiments. **P<0.01, compared to the CTRL of each of the cells; ##P<0.01, compared to the TNF‑α treatment of each of the cells; ‡P<0.01, 
compared to the ATP treatment of each of the cells; §§P<0.01, between the MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells. ATP, adenosine triphosphate; RT‑R, 
radiotherapy-resistant; IL‑1β, interleukin-1β; TNF‑α, tumor necrosis factor-α.
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which is involved in tumor invasion and metastasis  (39). 
Treatment with TNF‑α or ATP increased MMP-1 activity in 
the MDA‑MB‑231 cells, which was diminished by a caspase-1 
inhibitor. These phenomena were more prominent in the 
RT‑R‑MDA‑MB‑231 cells (Fig. 5A). The prominent induction 
of MMP-9 activity by ATP in the RT‑R‑MDA‑MB‑231 cells 
was diminished by a P2Y2R antagonist and P2Y2R siRNA, 
suggesting that TNF‑α- or ATP-mediated MMP-9 activity 
is dependent on caspase-1 and P2Y2R. Even though MMP-9 
activity in the MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells 
exhibited a similar tendency, the real difference between 
the MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells was that 
the RT‑R‑MDA‑MB‑231 cells exhibited relatively higher 
MMP-9 activity than the MDA‑MB‑231 cells in the control 
level and much increased MMP-9 activity following treat-
ment with TNF‑α or ATP. Coherent with this finding, the 
RT‑R‑MDA‑MB‑231 cells exhibited higher MMP-9 activity 
than the MDA‑MB‑231 cells, as shown in the colony forma-
tion assay.

P2Y2R is related to the tumor growth and invasion of RT‑R-
breast cancer cells in an in vivo mouse model by regulating 
MMP-9 and inflammasome activation. Finally, to confirm 
the involvement of the P2Y2R in RT‑R‑MDA‑MB‑231 cell 
progression in vivo, athymic nude mice were injected subcuta-
neously with control-shRNA-transfected RT‑R‑MDA‑MB‑231 
cells (RT‑R‑MDA‑MB‑231-EV) or P2Y2R shRNA-transfected 
RT‑R‑MDA‑MB‑231 cells (RT‑R‑MDA‑MB‑231-P2Y2R 
shRNA). The tumor sizes and body weights of the mice 
were measured every 3 days from 7 days until 60 days after 
the injection. The tumor volume in the mice injected with 
RT‑R‑MDA‑MB‑231-P2Y2R shRNA cells was markedly 
decreased and the body weight was slightly augmented 
compared with that of the RT‑R‑MDA‑MB‑231-EV cell-
injected mice (Fig. 6A and B). Furthermore, a higher MMP-9 
expression was detected in the tumor sections from the mice 
injected with RT‑R‑MDA‑MB‑231-EV cells than in the 
sections from mice injected with the RT‑R‑MDA‑MB‑231-
P2Y2R shRNA cells (Fig. 6C). In addition, we observed that 

Figure 5. MMP-9 activity is modulated by caspase-1 in a P2Y2R-dependent manner, in MDA‑MB‑231 or RT‑R‑MDA‑MB‑231 cells. (A) Cells were pre‑treated 
with Ac-YVAD-CMK and then stimulated with TNF‑α or ATP for 6 h. MMP-9 gelatinase activity was determined as described in the Materials and methods 
and quantified. The values represent the means ± SEM of 3 independent experiments. *P<0.05 and **P<0.01, compared to the control (CTRL) of each of the cells; 
##P<0.05, compared to the TNF‑α treatment of each of the cells; ‡P<0.05, compared to the ATP treatment of each of the cells; §P<0.05, comparison between the 
MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells. (B) siCTRL‑ or siP2Y2R-transfected RT‑R‑MDA‑MB‑231 cells were pre‑treated with AR-C 118925XX (AR), a 
specific P2Y2R antagonist or not. The cells were then stimulated with ATP, and MMP-9 gelatinase activity was determined as described in the Materials and 
methods. The values represent the means ± SEM of 3 independent experiments. **P<0.05, compared to the CTRL; ##P<0.01, compared to ATP treatment. ATP, 
adenosine triphosphate; RT‑R, radiotherapy-resistant; IL‑1β, interleukin-1β; TNF‑α, tumor necrosis factor-α; MMP-9, matrix metalloproteinase-9.
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the IL‑1β levels in the serum were significantly lower in the 
mice injected with RT‑R‑MDA‑MB‑231-P2Y2R shRNA cells 

than in the mice injected with RT‑R‑MDA‑MB‑231-EV cells 
(Fig. 6D). These results suggest that P2Y2R plays an important 

Figure 6. Suppression of P2Y2R reduced RT‑R-breast cancer cell growth by regulating MMP-9 expression in an in vivo mouse model. Athymic nude mice were 
divided into 2 groups and injected subcutaneously with empty vector-transfected RT‑R‑MDA‑MB‑231 cells (RT‑R‑MDA‑MB‑231-EV; n=5) or P2Y2R-shRNA-
transfected RT‑R‑MDA‑MB‑231 cells (RT‑R‑MDA‑MB‑231-P2Y2R-shRNA; n=5) (5x106 cells/100 µl of serum-free medium). RT‑R‑MDA‑MB‑231-EV-injected 
or RT‑R‑MDA‑MB‑231-P2Y2R shRNA‑injected animals were sacrificed on day 61. (A) Tumor volumes and (B) body weights were measured every 3 days 
during tumor development, and the bar graphs were presented at the end of 61st day. (C) Tumor tissue sections were stained with anti‑MMP-9 antibody 
(scale bar, 100 µm), and the sections were counterstained with Mayer's hematoxylin solution. (D) IL‑1β levels in the serum were analyzed as described in the 
Materials and methods (n=3). (E) Schematic representation of the proposed role of P2Y2R in RT‑R-breast cancer cell progression and invasiveness through 
interaction with the inflammasome.RT‑R, radiotherapy-resistant; P2Y2R, P2Y purinergic receptor 2.
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role in RT‑R-breast tumor progression via inflammasome regu-
lation, as shown by the schematic representation in Fig. 6E.

Discussion

Radiation is an essential component of breast cancer therapy 
for the majority of breast cancer patients at all stages of disease 
following lumpectomy (40). However, it has been reported that 
a small population of breast cancer cells that exhibits resistance 
against radiotherapy promotes tumor recurrence and metas-
tasis and leads to a poor prognosis (41,42). Our previous study 
demonstrated that RT‑R breast cancer cells were established 
by repeated irradiation and exhibited enhanced invasive-
ness (43). Moreover, we have previously reported that breast 
cancer growth and metastasis are involved in the activation 
of P2Y2R by ATP released from breast cancer cells (24,25). 
Therefore, we hypothesized that P2Y2R may also play a role in 
the enhanced invasiveness of RT‑R breast cancer cells.

Recent studies have reported that inflammasome signaling 
is closely associated with several human cancers. However, the 
function of the inflammasome in tumor growth and metastasis 
remains controversial. The activation of the inflammasome is 
beneficial in colitis-associated colorectal cancer, mostly due to 
the positive epithelial effects of the IL‑18 signaling pathway, 
the control of cellular proliferation, the maturation and main-
tenance of a healthy gut microbiota and cell death (44,45). In 
addition, inflammasome-modulated IL‑1 signaling induces 
the suppression of anticancer immune responses in natural 
killer (NK) cells and T cells, which is disadvantageous for 
the progression and development of fibrocarcinoma, gastric 
cancer, melanoma and breast cancer (46-49). Thus, in this 
study, we wished to determine whether RT‑R breast cancer 
cells release higher levels of ATP than breast cancer cells, and 
whether P2Y2R activation caused by ATP released from RT‑R 
breast cancer cells enhances invasiveness through inflamma-
some activation. We demonstrated that RT‑R‑MDA‑MB‑231 
cells derived from highly metastatic MDA‑MB‑231 breast 
cancer cells released much higher levels of ATP, and a 
exhibited stronger P2Y2R activity and invasiveness than 
MDA‑MB‑231 cells and other RT‑R breast cancer cells. In 
addition, RT‑R‑MDA‑MB‑231 cells exhibited an increased 
caspase-1 activity and IL‑1β secretion in response to TNF‑α 
and ATP treatment through P2Y2R activation, resulting in 
enhanced invasiveness and colony forming ability.

The extracellular concentration of ATP is known to be 
higher in the tumor microenvironment than in normal condi-
tions (50,51), and extracellular ATP can activate purinergic 
receptors, especially P2Y2R (52). In this study, the released ATP 
concentration of RT‑R breast cancer cells was higher than that 
of breast cancer cells; in particular, the RT‑R‑MDA‑MB‑231 
cells exhibited the highest levels of ATP released. Although the 
activity of P2Y2R induced by the same dose of ATP did not differ 
between the MDA‑MB‑231 and RT‑R‑MDA‑MB‑231 cells, the 
higher ATP levels released from the RT‑R‑MDA‑MB‑231 cells 
compared to the MDA‑MB‑231 cells may mediate P2Y2R acti-
vation and the P2Y2R-mediated signaling cascade. Actually, 
the concentration of ATP in the extracellular space and tumor 
microenvironment is the net amount of release and degrada-
tion. Thus, the actual ATP concentration released from cancer 
cells may be higher than the extracellular concentration of ATP 

observed in the tumor microenvironment as previously reported 
by Jin et al (24). Moreover, we previously demonstrated that 
ATP and UTP increased the cancer cell proliferation, adhesion 
molecules expression, and MMP activity at very low concentra-
tion (0.1-1 µM) through the activation of P2Y2R (24). Based on 
these reports, it is suggested that the concentration of ATP in 
the tumor microenvironment is sufficient to activate P2Y2R in 
breast cancer cells.

Inflammasomes are key signaling platforms that detect 
pathogenic microorganisms and sterile stressors. The sentinel 
receptor of the inflammasome recognizes these pathogens 
and is then activated via assembling apoptosis-associated 
speck-like protein containing a carboxy-terminal CARD 
(ASC) and caspase-1, which cleaves immature, pro-IL‑1β 
into its mature secreted form (53). Through these sequential 
processes, mature released IL‑1β performs diverse roles in 
tumor progression (10-14). Of note, in this study, we found that 
TNF‑α and ATP significantly increased caspase-1 activity in 
the MDA‑MB‑231 cells, but not in the RT‑R‑MDA‑MB‑231 
cells. The basal caspase-1 activity in the RT‑R‑MDA‑MB‑231 
cells was much higher level than the basal levels, and TNF‑α- 
or ATP-stimulated levels in MDA‑MB‑231 cells. This 
phenomenon may be caused by the high level of ATP released 
from RT‑R‑MDA‑MB‑231 cells in the basal state, which is 
supported by the finding that the basal level of caspase-1 in 
RT‑R‑MDA‑MB‑231 cells was significantly decreased by 
the knockdown of P2Y2R and in the presence of apyrase, an 
enzyme that rapidly hydrolyzes extracellular nucleotides. In 
addition, we found that the production of IL‑1β in response to 
stimulation with TNF‑α or ATP exhibited a steady increase 
until 24 h, while caspase-1 activity peaked at 3-6 h following 
stimulation and then decreased. The synthesis and secretion of 
IL‑1β are stimulated by pathogen-associated molecular pattern 
molecules (PAMPs) or damage-associated molecular pattern 
molecules (DAMPs) and involve several steps (37,54). IL‑1β 
is first synthesized as inactive pro-IL‑1β and then processed 
into active IL‑1β by caspase-1 and sequentially secreted into 
the extracellular space (55). According to previous reports, 
extracellular nucleotides also induce pro-IL‑1β production 
by activating nuclear factor-κB (NF‑κB) or mitogen-activated 
protein kinase (MAPK) (56-58). In addition, released mature 
IL‑1β can promote the production of pro-IL‑1β by binding to 
the IL‑1 receptor, which is known to be expressed in various 
breast cancer cells including MDA‑MB‑231 cells (13). Based 
on these studies, we considered that IL‑1β production would 
increase constantly until late time points after stimulation 
with extracellular nucleotides and autocrine mechanism of 
IL‑1β, despite caspase-1 activity was peaked at a relatively 
early phase. Moreover, it was determined that the inflamma-
some activation induced by TNF‑α or ATP, as determined 
by caspase-1 activity and the resulting IL‑1β production, was 
regulated via the activation of P2Y2R, which was proven by 
knocking down P2Y2R or hydrolyzing ATP. This finding 
suggests that among the purinergic receptors, not only P2X7R 
but also P2Y2R, a G protein-coupled receptor, are involved 
in the activation of the inflammasome. Interestingly, some 
evidence indicated that extracellular ATP released from cells 
is finally converted to adenosine which also activates inflam-
masome through binding to adenosine receptors  (59,60). 
Therefore, it is possible that adenosine, as well as ATP could 
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increase of IL‑1β production until late time through adenosine 
receptor activation. Accordingly, we plan to further study 
the role of adenosine and adenosine receptor on cancer cell 
progression and involvement with inflammasome activation. 
In addition, several studies have indicated that microRNAs, 
particularly, micro‑RNA-144 regulates breast cancer cell 
proliferation, invasion and migration  (61,62). Moreover, 
Yu et al  (63) described the role of micro‑RNA-144 in the 
regulation of radiotherapy sensitivity, migration and invasion 
of breast cancer cells. Thus, it is expected that micro‑RNA-144 
may be sufficient to affect P2Y2R-mediated inflammasome 
activation in RT‑R breast cancer cells, even though it has not 
been examined in this study.

Breast cancer metastasis is a complex process determined 
by a number of factors and pathways. Metastasis begins with 
the local invasion of the surrounding host tissue by tumor cells 
that are located in the primary tumor and continues until the 
tumor cells invade and intravasate into the blood or lymphatic 
vessels (64,65). The tumor cells are spread through the blood 
stream or lymphatic vessels to distant organs and then undergo 
cell cycle arrest and adhere to capillary beds within the target 
organ. Consequently, the tumor cells extravasate into the 
organ parenchyma and proliferate within the organ (64). Our 
previous study demonstrated that RT‑R‑MDA‑MB‑231 cells 
derived from highly metastatic MDA‑MB‑231 breast cancer 
cells have more aggressive properties in invasion and adhesion 
to endothelial cells due to upregulated the epithelial-mesen-
chymal transition (EMT)- or adhesion-involved proteins (43). 
In this study, we determined that RT‑R‑MDA‑MB‑231 cells 
derived from highly metastatic MDA‑MB‑231 breast cancer 
cells exhibited an increased invasiveness and colony-forming 
ability compared to MDA‑MB‑231 or other breast cancer cells 
and RT‑R breast cancer cells. Furthermore, the activation of 
P2Y2R by ATP enhanced the invasive and colony-forming 
ability of the RT‑R‑MDA‑MB‑231 cells, which was reduced 
by an inflammasome inhibitor.

The IL‑1β stimulation of tumor cells activates multiple 
signaling pathways involving protein kinase B, MAPK and 
NF‑κB (65). The activation of these signaling molecules is 
required for IL‑1β-mediated production of MMP-9, a matrix 
degrading enzyme that is regarded as a critical regulator 
for IL‑1β-induced tumor invasion (66-68). Recently, it was 
reported that MMP-9 overexpression in the serum is associ-
ated with poor patient prognosis in breast cancer (69). It has 
also been demonstrated that HIF‑1α response elements are 
present in the human and mouse IL‑1β promoter (60,70), and 
this finding led us to hypothesize that the activation of HIF‑1α 
may be an important step in increasing pro-IL‑1β production. 
In addition, IL‑1β activates the hypoxia-angiogenesis program 
by upregulating HIF‑1α, the pivotal mediator of cellular 
responses to hypoxia (71). HIF‑1α expression in cancers is asso-
ciated with clinical aggressiveness and poor outcomes (72). 
HIF‑1α rapidly accumulates and transactivates hundreds of 
genes under hypoxic conditions, including angiogenic and 
growth factors and receptors and extracellular proteases, 
such as MMPs (73,74). In our results, the expression levels of 
HIF‑1α were notably increased in the RT‑R‑MDA‑MB‑231 
cells following stimulation with P2Y2R with ATP, and this 
effect was markedly decreased in the cells treated with P2Y2R 
antagonist or subjected to P2Y2R knockdown (data not shown).

Finally, we aimed to confirm whether P2Y2R plays 
important roles in radiotherapy-resistant tumor progression, 
including tumor growth and invasion in an in vivo animal 
model; Mice injected with RT‑R‑MDA‑MB‑231-EV cells 
exhibited a marked increase in tumor size. Of note, the 
tumors in both mice injected with RT‑R‑MDA‑MB‑231-EV 
or RT‑R‑MDA‑MB‑231-P2Y2R shRNA cells exhibited a 
similar increase in size until the 7th day (data not shown), 
but seemed to decline during the early phase. The tumors 
in the mice then exhibited growth again and the tumors in 
the mice injected with RT‑R‑MDA‑MB‑231-P2Y2R shRNA 
cells grew more rapidly than those in the mice injected 
with RT‑R‑MDA‑MB‑231-EV cells. In this study, we used 
athymic nude mice (absent of T cell function, high func-
tional activity of macrophages and natural killer cells) 
which are acceptable for use in xenograft and allograft 
transplantation experiments. Thus, we hypothesized that NK 
cells may be functional to the xenograft tumor cells during 
in the early phase when tumor cells could not compose the 
tumor microenvironment yet. In addition, in tumor tissue 
sections from mice injected with RT‑R‑MDA‑MB‑231-
P2Y2R shRNA cells, we observed higher levels of MMP-9 
compared with the levels observed in the mice injected 
with RT‑R‑MDA‑MB‑231-EV cells. The concentration of 
IL‑1β was slightly reduced in serum from mice injected 
with RT‑R‑MDA‑MB‑231-P2Y2R shRNA cells. Thus, we 
hypothesized that P2Y2R is related to the tumor growth and 
invasion of RT‑R breast cancer cells in vivo, and the regula-
tion of this purinergic receptor in RT‑R-tumor cells may be 
helpful for controlling tumor progression in patients.

In conclusion, in this study, we demonstrate that RT‑R 
breast cancer cells, particularly RT‑R‑MDA‑MB‑231 cells, 
release higher levels of ATP than do breast cancer cells, 
and extracellular ATP promotes invasion and tumor growth 
through the activation of P2Y2R. Moreover, inflammasome 
activation is more prominent in RT‑R breast cancer cells and 
is P2Y2R dependent, ultimately resulting in increased tumor 
invasion and progression. Our results suggest the involvement 
of the P2Y2 purinergic receptor in inflammasome activation 
in breast cancer cells and RT‑R breast cancer cells for the first 
time, at least to the best of our knowledge and highlight the 
importance of controlling P2Y2R activity to achieve a good 
prognosis in patients with RT‑R tumors (Fig. 6E).
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