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ABSTRACT
Although purinergic signaling is important in regulation of immune responses,
the therapeutic potential of it in the tumor microenvironment is little defined. In this
study, we demonstrate that UDP/P2Y6 signaling facilitates breast cancer metastasis
both in vitro and in vivo. We found that P2Y6 is not only aberrantly expressed and
mutated in most tumor types, but also highly correlated with poor prognosis in breast
cancer patients. Furthermore, the migration and invasion of breast cancer cells was
obviously increased by UDP and blocked by P2Y6 specific inhibitor MRS2578 and P2Y6
shRNA. Similar results was also found in breast cancer cell metastasis mouse model.
Interestingly, the endogenous agonist UDP was released significantly by doxorubicin
treated cells. In addition, the expression and enzyme activity of MMP-9 were both
promoted by UDP and inhibited by MRS2578 or P2Y6 shRNA. Furthermore, UDP-induced
cell invasion was blocked by an MMP-9 inhibitor. Mechanistically, the MAPKs and
NF-κB signaling pathways, known to be involved in regulation of MMP-9 expression,
were both activated by UDP. Taken together, our study reveals a relationship between
extracellular danger signals and breast cancer metastasis, which suggests the
potential therapeutic significance of UDP/P2Y6 signaling in cancer therapy.

INTRODUCTION

The repopulation, progression and even metastasis
of tumors after anticancer therapies such as radiotherapy,
chemotherapy and surgery is well-recognized [9]. Generally,
both radiotherapy and chemotherapy are administered at
low doses to avoid a severe toxic reaction in normal tissues.
However, the surviving tumor cells can also recover from
treatment, which might accelerate tumor progression.
Interestingly, previous studies have shown that apoptotic
or injured tumor cells release different nucleotides as a
find-me signal for phagocytic clearance [10]. Furthermore,
extracellular ATP and ADP can also bind to P2Y1 or P2Y2
receptors to facilitate microvascular metastatic cell survival
and prostate cancer cell metastasis [11]. Although UDP
is also released by damaged or stressed immune cells,
the potential role of UDP and P2Y6 in the regulation of
tumor formation and metastasis has been little studied. So,
understanding whether UDP can be released in the tumor
microenvironment after radiotherapy or chemotherapy
and the potential of UDP\P2Y6 signaling in cancer cell
metastasis will be important in developing treatments to
address tumor repopulation, progression and metastasis.

Since the concept of purinergic signaling was first
proposed in 1972 [1], there has been growing interest
in performing functional and mechanistic studies
into extracellular nucleotides in the context of both
physiological and pathological processes. Among them,
the therapeutic potential of purinergic signaling for the
treatment of cancer has become popular [2]. For example,
the anti-tumor activity of ATP was first described in
pancreatic and colon cancer cells in 1983 [3], whereas ATP
was also found to be released through pannexin-1 channels
as a pro-metastatic signal that permits the survival of
cancer cells [4]. Meanwhile, adenosine, derived from ATP
hydrolysis, has been suggested to promote tumor growth
[5] and metastasis through the A2A receptor [6]. Previous
studies have shown that extracellular UDP released from
damaged or stressed cells is a danger signal that promotes
innate immune responses [7, 8]. However, the function and
mechanism of extracellular UDP signaling via the P2Y6
receptor in breast cancer metastasis remains unknown.
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In this study, we demonstrate that P2Y6 is aberrantly
expressed and mutated in tumor tissues and is highly
correlated with a poor prognosis in breast cancer patients.
Extracellular UDP accumulates in doxorubicin-treated cells
and facilitates breast cancer cell migration and invasion
both in vitro and in vivo. Furthermore, extracellular UDP
increases the expression and enzymatic activity of MMP-9
through ERK and NF-κB signaling by activating P2Y6.
Therefore, we suggest that UDP/P2Y6 signaling not only
functions as a danger signal in regulation of immune
responses, but also as a prometastatic signal in breast
cancer. This provides a rationale for the simultaneous use
of these therapies in combination with P2Y6 inhibitors.

T47D cells (the expression of P2Y6 is very low) with UDP,
the migration in both scratch and Transwell assays was
little enhanced (Supplementary Figure S1A and S1B).
These results show the inductive effect of UDP/P2Y6 in
breast cancer cell migration and invasion.

Knockdown of P2Y6 restricts breast cancer
migration and invasion
To further confirm the role of P2Y6 in breast cancer
migration and invasion, we knocked down the expression
of P2Y6 in MDA-MB-231 cells (Figure 3A). Under these
conditions, not only the basal migration of P2Y6 knockdown
cells obviously reduced, but UDP-induced migration
was also eliminated in both the scratch (Figure 3B) and
Transwell (Figure 3C) assays. Accordingly, similar data
was also obtained from the cell invasion assay (Figure 3D).
These results further confirm the important role of P2Y6 and
its agonist UDP in breast cancer metastasis.

RESULTS
P2Y6 is highly correlated with breast cancer
progression
To illustrate the potential relationship between P2Y6
and cancer progression, The Cancer Genome Atlas (TCGA)
database was analyzed. As shown in Figure 1A, up to
24% amplification of P2Y6 has been found in different
cancer samples, especially in breast cancer xenografts. We
then compared the expression level of P2Y6 in different
clinical cancer samples with adjacent normal tissues by
immunohistochemistry assay and found that the expression
of P2Y6 in breast cancer tissues was highly elevated
(Figure 1B). Furthermore, the expression level of P2Y6 was
positively correlated with malignancy (Figure 1C), stage
(Figure 1D) and TNM classification (Figure 1E) in human
breast cancer. Accordingly, the expression of P2Y6 was also
positively correlated with a poor prognosis in breast cancer
patients (Figure 1F). Therefore, these data indicate that the
expression and mutation of P2Y6 is dramatically increased
in breast cancer tissues and suggest the potential role of
P2Y6 in breast cancer formation and progression.

Extracellular UDP is released by drug-damaged
cells
The activation of purinergic receptors by specific
extracellular nucleotides could initiate downstream
signaling and associated functions. We have shown that
P2Y6 is highly expressed in breast cancer tissues, but the
mechanism by which the specific agonist UDP accumulates
in the tumor microenvironment remained unclear.
Therefore, we treated the cells with doxorubicin in a dosedependent manner to set up a drug-induced cell damage
or apoptosis model (Figure 4A). Consequently, significant
accumulation of UDP in the supernatant of doxorubicintreated cells was observed in both MCF-7 (Figure 4B)
and BT-549 (Figure 4C) cells. Meanwhile, in order to
explore why and how the danger signal is released from
injured cells, we pre-treated cells with different inhibitors
to nucleotide-release channels, including carbenoxolone
(CBX, a nonspecific pannexin channel inhibitor),
flufenamic acid (FFA, a gap junction inhibitor) and NEM
(inhibits vesicular exocytosis) prior to drug treatment.
As shown in Figure 3D, drug-triggered UDP release was
inhibited by CBX and FFA, indicating that drug-induced
UDP release occurs mainly through gap junction channels.
Furthermore, the gap junction channel has been detected
in doxorubicin-treated cells using the dye TO-PRO-3 [12],
suggesting that the drug induced UDP release partially
through pannexin-mediated gap junctions (Figure 4E). In
addition, when MDA-MB-231 cells were treated with the
supernatant from doxorubicin injured cells, the migration
of MDA-MB-231 cells obviously increased; this degree of
activation was reduced to normal levels by the selective
P2Y6 inhibitor MRS2578 (Figure 4F) and the gap junction
channel inhibitor CBX (Figure 4G). Taken together, our
data demonstrate that drug damaged cells release UDP as
a prometastatic signal to facilitate breast cancer metastasis,
mainly through pannexin-mediated gap junctions.

Extracellular UDP facilitates breast cancer cell
migration and invasion
To further confirm the function of P2Y6 in breast
cancer cells, we detected the expression of P2Y6 in
different cells lines by RT-PCR and Western blotting. As
shown in Figure 2A and 2B, P2Y6 was highly expressed
in many breast cancer cell lines, including MDA-MB-231,
Hs578t, BT-549 and MCF-7. Thus, MDA-MB-231
cells were treated with UDP (10 μM and 100 μM) and
MRS2578 (10 μM) to investigate cell migration and
invasion using the scratch assay and Transwell assay.
Interestingly, the migration of breast cancer cells was
increased by UDP in a dose-dependent manner; this
elevation was significantly inhibited by the selective P2Y6
antagonist MRS2578 in both the scratch (Figure 2C) and
Transwell (Figure 2D) assays. Similarly, the invasion
of MDA-MB-231 cells was also promoted by UDP and
blocked by MRS2578 (Figure 2E). However, if we treated
www.impactjournals.com/oncotarget
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Figure 1: P2Y6 highly expressed in breast cancer tissues. (A) The percentage of P2Y6 gene amplification (X-axis) in different

cancer types (Y-axis) was analyzed in the TCGA database. (B) Relative expression of P2Y6 in different cancer types according to the
adjacent tissues from clinical patients. (C) Relative expression of P2Y6 between breast cancer tissue and normal breast tissue (200×,
n = 90). Expression of P2Y6 in breast cancer tissue and normal breast tissue from clinical patients was analyzed by IHC and distinguished
into: high expression (++), low expression (+) and adjacent tissue (−). (D) Tumor stage was highly correlated with the expression of P2Y6.
(E) Tumor size was highly correlated with expression of P2Y6. (F) Kaplan-Meier overall survival curves according to the P2Y6 mRNA level
in breast cancer patients (lower vs. upper quartiles). P2Y6 expression in breast cancer tumors was negatively correlate with overall survival.
www.impactjournals.com/oncotarget
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Figure 2: UDP promotes breast cancer cell metastasis. (A) RT-PCR analyses of P2Y6 mRNA expression in different breast cancer

cell lines. (B) Western blotting analyses of P2Y6 protein expression in different breast cancer cell lines. (C) MDA-MB-231 cells were
scratched with a pipette tip and then treated with UDP or MRS2578 for 24 h. Then, the migrated cells were fixed and counted. Images were
taken using a 20× objective. (D) MDA-MB-231 cells were pre-incubated with UDP or MRS2578 for 8 h in Transwell migration assays.
Cells on the bottom side of the filter were fixed, stained and counted. The percentage of invaded cells in the lower chamber was quantified
and expressed based on untreated control cells. Images were taken using a 20× objective. (E) MDA-MB-231 cells were treated with UDP or
MRS2578 for 12 h in the Matrigel invasion assay. The percentage of invaded cells in the lower chamber was quantified and expressed based
on untreated control cells. Images were taken using a 20× objective. Three independent experiments were performed. Columns indicate the
mean from three independent experiments with three duplicates; bars indicate the SE (*P < 0.05; **P < 0.01; ***P < 0.001 versus control).
www.impactjournals.com/oncotarget
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Figure 3: P2Y6 knock down reduces breast cancer cell metastasis. (A) The expression of P2Y6 was detected by RT-PCR in
control and P2Y6 knockdown MDA-MB-231 cells. (B) Control and P2Y6 knockdown MDA-MB-231 cells were scratched with a pipette tip
and then treated with UDP for 24 h. Then, the migrated cells were fixed and counted. Images were taken using a 20× objective. (C) Control
and P2Y6 knockdown MDA-MB-231 cells were incubated with UDP for 8 h in Transwell migration assays. The percent of migrated cells
was quantified and expressed based on untreated control cells. Images were taken using a 20× objective. (D) For the Matrigel invasion
assay, control and P2Y6 knockdown MDA-MB-231 cells were co-incubated with UDP 12 h. The percentage of invaded cells in the lower
chamber was quantified and expressed based on untreated control cells. Images were taken using a 20× objective. Three independent
experiments were performed. Columns indicate the mean from three independent experiments with three duplicates; bars indicate the SE
(*P < 0.05; **P < 0.01; ***P < 0.001 versus control).
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Figure 4: UDP released by doxorubicin induces apoptosis. (A) MCF-7 cells were treated with different concentrations of

doxorubicin for 24 h. Then, the cells were subjected to flow cytometric analysis of apoptosis. The results indicated that MCF-7 treated with
doxorubicin was under apoptosis. (B and C) The supernatants of doxorubicin treated MCF-7 (B) and BT549 (C) cells were analyzed by the
Transcreener UDP2 Assay. The concentration of UDP was calculated according to the standard curve. (D) Flow cytometric analysis of TOPRO-3 uptake by MCF-7. Cells were stained with TO-PRO-3 after being treated with doxorubicin for 24 h. Then, the cells were subjected
to a FACS assay to detect internalized TO-PRO-3. (E) MCF-7 cells were treated with doxorubicin and different channel inhibitors (CBX,
FFA and NEM). Then, the concentration of UDP in the supernatant was detected by the Transcreener UDP2 Assay. (F) MDA-MB-231 cells
were treated with the supernatants of doxorubicin or MRS2578 treated cells for 8 h in Transwell migration assays. The number of migrated
cells was quantified and expressed based on untreated control cells. (G) MDA-MB-231 cells were pre-incubated with the supernatants of
doxorubicin or CBX treated cells for 8 h in Transwell migration assays. The number of migrated cells was quantified and expressed based
on untreated control cells. Three independent experiments were performed. Columns indicate the mean from three independent experiments
with three duplicates; bars indicate the SE (*P < 0.05; **P < 0.01; ***P < 0.001 versus control).
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UDP/P2Y6 facilitate breast cancer cells
metastasis in vivo

UDP/P2Y6 activates MAPKs and NF-κB
associate signaling pathway

For the in vivo breast cancer cell metastasis assay,
Luc-MDA-MB-231 cells were injected and monitored
using The Exnogen In Vivo Imaging System (IVIS,
Alameda, CA. USA). As shown in Figure 5A, only a
few metastasized cells were found near the jaw or hind
limb in each mouse of the PBS treated group, whereas
in the UDP treated group, the number of metastasized
cells increased dramatically. This is consistent with the
in vitro data, where UDP increased metastasis was also
inhibited obviously by MRS2578. At the same time, the
body weight of mice in each group was not significantly
changed (Figure 5B). Subsequently, we knocked down
the expression of P2Y6 in Luc-MDA-MB-231 cells to
assess the function of P2Y6 in breast cancer metastasis.
P2Y6 knockdown cells metastasized to a lesser extent
than control cells, and UDP was also less effective in
P2Y6 knockdown cells (Figure 5C). Again, there were few
changes in the body weight of these mice (Figure 5D).
These data further confirm the key role of UDP and P2Y6
in facilitating breast cancer cell metastasis.

Transcriptional induction of MMP-9 requires
coordinated and cooperative activation of different
transcription factors. As shown in Figure 7A, 7B and 7C,
UDP stimulation resulted in a concentration-dependent
increase in p38, MEK, ERK and p65 phosphorylation,
whereas JNK was little affected, suggesting that P2Y6induced MMP-9 expression occurs mainly through the
phosphorylation of MAPKs and NF-κB. To determine
whether UDP/P2Y6 receptor signaling affects the promoter
activity of MMP-9, a luciferase reporter construct
containing the MMP-9 promoter region was transiently
transfected into HEK 293T cells. As shown in Figure 7D,
MMP-9-luciferase activity was significantly activated by
UDP, and this activation could be prevented by MRS2578.
Then we assessed the influence of UDP/P2Y6 on AP-1
and NF-κB transcriptional activities by luciferase reporter
assays. When treated with 100 μM UDP, the luciferase
activity of AP-1 and NF-κB were both increased, but
activation was reduced to normal levels following
treatment with 25 μM MRS2578 (Figure 7E and 7F). These
data suggest that P2Y6 facilitates breast cancer metastasis
through the AP-1 and NF-κB signaling pathways.

UDP/P2Y6 promotes MMP-9 expression and
enzyme activity

DISCUSSION

Matrix metalloproteinases (MMPs) are wellknown ECM-degrading enzymes, and have essential
roles in tumor progression, metastatic niche formation
and inflammation in cancer [13]. Among them, MMP-2
(gelatinase-A) and MMP-9 (gelatinase-B) are mostly
associated with tumor migration, invasion and metastasis
in various cancers [14]. Interestingly, the mRNA
expression (Figure 6A), enzyme activity (Figure 6B) and
protein levels (Figure 6C) of MMP-9 in MDA-MB-231
cells were all increased by UDP in a dose-dependent
manner, which could be inhibited by MRS2578 obviously.
However, the mRNA expression of MMP-2, TIMP-1 and
TIMP-2 was little affected. In addition, UDP increased
MMP-9 enzyme activity, not only in MDA-MB-231
cells, but also in BT549, T47D, MDA-MB-468, MDAMB-453 and MCF-7 cells, suggesting the extensive role
of UDP/P2Y6 in breast cancer cell metastasis (Figure 6B).
Similarly, when we knocked down the expression of
P2Y6 in MDA-MB-231 cells, the mRNA expression
(Figure 6D), protein level (Figure 6E) and enzyme activity
(Figure 6F) of MMP-9 were all reduced. Similarly, the
mRNA expression of MMP-2, TIMP-1 and TIMP-2 was
not changed in P2Y6 knockdown cells. To further confirm
the key role of MMP-9 in UDP-induced breast cancer cell
metastasis, we treated the cells with UDP and MRS2578
or an MMP-9 inhibitor. Consequently, UDP-induced
breast cancer cell invasion was significantly inhibited by
both MRS2578 and the MMP-9 inhibitor (Figure 6G).
These results imply MMP-9 may be the main driver of
UDP/P2Y6 induced breast cancer metastasis.
www.impactjournals.com/oncotarget

Recent studies have shown that the tumor
microenvironment could be an important contributor
to chemoresistance [15, 16]. Thus, a systematic
dissection of the interactions between tumors and their
microenvironment could be a novel way of underlying
mechanisms of drug-induced resistance or metastasis
[17, 18]. In this study, we found that extracellular UDP
was released into the tumor microenvironment in response
to doxorubicin treatment. In addition, released UDP
activated highly expressed P2Y6 and facilitated breast
cancer cell migration. Subsequently, when we treated
these cell with MRS2578 or CBX (a specific inhibitor to
pannexin channels), doxorubicin-induced breast cancer cell
migration was greatly reduced, suggesting a key role of
extracellular UDP in drug-induced resistance or metastasis.
These results delineate an autonomous mechanism of drug
treated breast cancer cells escaping from the tumor in situ
through extracellular UDP and P2Y6 stimulation, indicating
the great potential of purinergic signaling as a drug target
in the prevention of breast cancer metastasis.
As the most comprehensive and coordinated tool
in accelerating our understanding of the molecular basis
of cancer through the application of genome analysis
technologies, the Cancer Genome Atlas (TCGA) has
accrued RNA-Seq-based transcriptome data from more
than 4,000 cancer tissue samples across 13 cancer types
[19]. Acquiring a deeper understanding of this information
is important to identify therapeutic targets for cancer
29042
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Figure 5: UDP/P2Y6 facilitates breast cancer cell metastasis in vivo. (A) The breast cancer metastasis mouse model were

set up by injecting 1 × 105 firefly luciferase expressing MDA-MB-231 cells into nude mice. Mice were treated with 100 μM/day UDP
(n = 8), 3 mg/kg/day MRS2578 (n = 8) or PBS vehicle (n = 8) subcutaneously. All animals were imaged for bioluminescence at day 30.
Bioluminescence from the region of interest (ROI) was defined manually; the data are expressed as photon-flux (photons/s/cm2/steradian).
ROI analysis of bioluminescence images was used to quantify breast cancer cell metastasis at day 30. (B) Meanwhile, the body weights
of all mice were measured daily for 37 days after cancer cells were implanted. (C) 1 × 105 firefly luciferase transfected control and P2Y6
knockdown MDA-MB-231 cells were injected into nude mice. Then, the mice were treated with 100 μM/day UDP (n = 5) or PBS vehicle
(n = 5) subcutaneously. The bioluminescence image and ROI were set as described above. (D) Meanwhile, the body weight of all mice was
measured daily after cancer cells were implanted.
www.impactjournals.com/oncotarget
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Figure 6: UDP/P2Y6 increases MMP-9 expression in breast cancer cells. (A) RT-PCR analysis of MMPs mRNA expression

in MDA-MB-231 cell. (B) Breast cancer cells were incubated with UDP for 24 h before pretreatment with MRS2578 for 1 h. Then, in the
presence of different concentrations of UDP, the conditioned media were concentrated by 10-fold and analyzed by gelatin zymography.
(C) Lysates from UDP and MRS2578 treated MDA-MB-231 cells were analyzed by Western blotting. (D) RT-PCR analysis of MMP
mRNA expression in control and P2Y6 knockdown MDA-MB-231 cells. (E) Expression of MMP-9 in control and P2Y6 knockdown MDAMB-231 cells was analyzed by Western blotting. (F) The conditioned media from control and P2Y6 knockdown MDA-MB-231 cells were
concentrated by 10-fold and analyzed by gelatin zymography. (G) For the Matrigel invasion assay, cells were treated with UDP, MRS2578
or an MMP-9 inhibitor for 12 h. The percentage of invaded cells in the lower chamber was quantified and expressed based on untreated
control cells. Images were taken using a 20× objective. Three independent experiments were performed. Columns indicate the mean from
three independent experiments with three duplicates; bars indicate the SE (*P < 0.05; **P < 0.01; ***P < 0.001 versus control).
www.impactjournals.com/oncotarget
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Figure 7: UDP/P2Y6 promotes breast cancer cell metastasis through NF-κB and MAPKs signaling. (A–C) MDA-MB-231

cells were pretreated with MRS2578 for 1 h, then stimulated by UDP for 10 min, and the levels of phosphorylated protein kinases involved
in NF-κB/MAPK associated signaling were determined (A and B) and quantified (C) by Western blotting with phospho-specific antibodies.
Protein expression of β-actin in cell lysates was used as the internal standard. All the data was repeated at least 3 times. (D–F) For the
luciferase assay, 293T cells were transfected with reporter vectors containing the binding sites for MMP-9 (A), AP-1 (D) and NF-κB (E),
respectively. The cells were treated with MRS2578 and different concentrations of UDP for 12 h before luciferase activity was measured.
Columns indicate the mean of luciferase activities calculated from three independent experiments; bars indicate the SE (*P < 0.05;
**P < 0.01; ***P < 0.001 versus control).
www.impactjournals.com/oncotarget
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treatment [20]. In this study, we analyzed and compared
P2Y6 expression in the transcriptomes of normal tissue
samples and from 13 TCGA cancer types. Interestingly,
very high amplification of P2Y6 was found in the BCCRC
xenograft model, suggesting that P2Y6 is a potential target
in breast cancer (Figure 1A). We then investigated the
protein expression level of P2Y6 by immunohistochemistry
assays in a tumor tissue array with 96 samples from
16 kinds of cancers. When compared with normal tissues,
P2Y6 was very highly overexpressed in eight kinds of
cancer, especially in breast cancer (Figure 1B and 1C).
In addition, the expression of P2Y6 was also positively
correlated with poor prognosis in breast cancer patients
(Figure 1F). Taken together, the comprehensive and
coordinated analysis of P2Y6 in a large number of clinical
samples strengthens the correlation between P2Y6 and
breast cancer and supports further study of P2Y6 expression
in breast cancer and associated malignant characteristics.
The extracellular matrix and associated signals
such as matrix metalloproteinases (MMPs), cytokine
and growth factors play important roles in intercellular
communications between tumor cells and stroma cells,
and are also involved in tumor formation and progression
[21–24]. Thus, MMPs were regarded as a good drug
target for cancer therapy by nearly every pharmaceutical
company [25, 26]. Interestingly, UDP release induces
MMP-9 expression and enzyme activity in breast cancer
cells through MAPK and NF-κB associated signaling
pathways, which drive surrounding cancer cells to detach
and escape from the primary site (Figure 6A–6C). In fact,
a previous study has shown that cancer cells release UDP
as a “find me” signal to recruit immune cells to clear dead

or apoptotic cancer cells. Thus, our study broadens our
understanding of extracellular UDP as an auto-regulator
of tumor formation, progression and escape from
chemotherapy, which indicates the potential therapeutic
significance of UDP/P2Y6 associated signaling pathway
in the prevention and control of breast cancer metastasis
and drug resistance (Figure 8).

MATERIALS AND METHODS
Cells culture and reagents
The human breast carcinoma cell lines MDAMB-231, BT549, T47D, MCF-7 and Hs578t, and the
human kidney cell line HEK-293T were obtained from the
China Type Culture Collection (Shanghai, China). MDAMB-231 cells stably transfected with firefly luciferase
(MDA-MB-231-Luc) were kindly provided by Dr. Qian
Zhao at Shanghai Jiaotong University. The human breast
cancer cell lines T47D and BT549 were cultured in RPMI1640 supplemented with 10% FBS; Hs578t, MCF-7,
MDA-MB-231 and HEK-293T were cultured in DMEM
with 10% FBS. MDA-MB-231-luc cells were cultured in
MEM containing 10% FBS, 1% 100 mM sodium pyruvate
(Gibco) and 1% non-essential amino acids solution
(Gibco). All the cell lines were maintained in an incubator
with 5% CO2 at 37°C. Antibodies against MMP-9, TIMP1/2, total and phosphorylated MAPK/ERK1/2, SAPK/cJun N-terminal Kinase (JNK) and p38 MAPK were
purchased from Cell Signaling Technology (MA, USA).
An antibody against P2Y6 (ab92504) was obtained from
Abcam (MA, USA).

Figure 8: Schematic diagram showing the function and mechanism of UDP/P2Y6 facilitated breast cancer metastasis.
www.impactjournals.com/oncotarget
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Bioinformatics of P2Y6 expression across
different cancer types

5ʹ-GGGGACACCAGAAGTCAACCAGA-3ʹ; TIMP1antisense, 5ʹ-CTTTTC AGAGCCTTGGAGGAG
CT-3ʹ; TIMP-2 sense, 5ʹ-TGCAGCTGCTCCCCGGTG
CAC-3ʹ; TIMP-2 antisense, 5ʹ-TTATGGGTCCTCGATGT
CGAG-3ʹ; β-actin sense, 5ʹ-GCCATC GTCACCAACTGG
GAC-3ʹ; β-actin antisense, 5ʹ-CGATTTCCCGCTCGGCC
GTGG-3ʹ. PCR products were analyzed by agarose gel
electrophoresis and visualized by ethidium bromide
staining.

Copy-number alterations of P2Y6 across different
cancer types were analyzed through the cBioPortal for
Cancer Genomics (http://www.cbioportal.org/index.do)
in 105 cancer genomics studies.

Immunohistochemistry
The cancer tissue arrays (BR451, BR1008,
BCN801, and BCN963) were purchased from US Biomax,
Inc. Chips were first deparaffinized and rehydrated. Then
chips were incubated in 3% hydrogen peroxide (dissolved
in formaldehyde) for 10 min. For antigen retrieval, chips
were incubated in 0.01 M sodium citrate (pH 6.0) at 100°C
for 30 min. Non-specific binding sites were blocked by
incubating chips in 1% bovine serum albumin (BSA) for
1 h. After that, chips were incubated at 4°C overnight
with an antibody against P2Y6. The next day, chips were
incubated with the secondary antibody (anti-rabbit IgG)
for 1 h and then stained with HISTOSTAIN-Plus IHC Kit
(DAB, Rabbit Primary) from Shanghai MRbiotech Co.
Ltd. After being dehydrated, chips were observed and
analyzed under a microscope (Leica DM4000B). Every
sample on the microarray was imaged at three random
locations. Moreover, every point was rated on a threepoint scale (score 0, 1, 2, 3) in a blinded fashion.

Apoptosis analysis
The cancer cell lines were starved for 12 h before
treating with doxorubicin for 24 h. Then, cells were
collected and stained for both Annexin V-FITC and
propidium iodide (PI) according to the manufacturer’s
protocol using an Annexin V:FITC Apoptosis Detection
Kit I (BD Pharmingen™, Catalog: 556547). Apoptosis
was analyzed by flow cytometry on a BD FACSCalibur
system according to the manufacturer’s protocol.

Generation of a P2Y6 stable knockdown cell line
The P2Y6 shRNAs (shRNA-1 forward oligo
5ʹ-CCGGCATCTGTGTCATTACCCAGATCTCGAGAT
CTGGGTAATGACACAGATGTTTTTG-3ʹ, reverse oligo:
5ʹ-AATTCAAAA ACATCTGTGTCATTACCCAGAT
CTCGAGATCTGGGTAATGACACAGATG-3ʹ; shRNA-2
forward oligo 5ʹ-CCGGTGGTCCGCTTCCTCTTCTA
TGCTCGAGCATAGAAGAGGAAGCGGACCATTTTT
G-3ʹ, reverse oligo: 5ʹ-AATTCAAAAATGGT CCGC
TTCCTCTTCTATGCTCGAGCATAGAAGAGGAAGCG
GACCA-3ʹ) were cloned into the PLKO.1 plasmid
flanked with Age І and EcoR І restriction sites. The P2Y6
shRNA positive insert plasmids, MD2.G and psPAX2
were transfected into HEK-293T together. After 8 h, the
medium was replaced with fresh DMEM containing 10%
FBS. Then, the HEK293T cells were incubated for 24 h.
The medium was harvested and filtered through a 0.45 μm
filter. The media containing the virus was then used to
infect BT549 cells for 8 h. Positive cells were selected
based on puromycin resistance and analyzed by RT-PCR.

Kaplan-Meier plot analyses
Overall survival information was obtained from
GEO (Affymetrix microarrays only), EGA and TCGA
and presented as a Kaplan-Meier plot (http://kmplot.com/
analysis/). A total of 1,117 patient samples were divided
into two groups by comparing the median expression
level of P2Y6, this was then set as the threshold for all
samples to analyze the clinical expression of P2Y6. Two
groups of samples were compared using the KaplanMeier survival plot. The hazard ratio, its 95% confidence
intervals and logrank P-values were calculated and are
listed in the figure.

Reverse transcription-polymerase chain reaction
(RT-PCR)

Cell invasion and migration assay
Invasion and migration of breast cancer cells were
assessed by performing Transwell and scratch assays. The
Transwell assay is conducted by counting cancer cells that
have migrated across the membrane filter (8 µm pore size,
Millipore Corporation) of the Transwell insert in a given
period of time. For the Transwell migration assay, the lower
well of the chamber was filled with migration-inducing
medium (10% FBS) and the upper wells were seeded
with 5 × 104 MDA-MB-231 cells per well with different
concentrations of UDP. The cells were pretreated with
MRS2578 for 1 h if required. After 8 h, upper wells were
fixed with 100% methanol for 20 min at room temperature

In the RT-PCR analysis, total RNA was extracted
from treated cells. For the reverse transcription reaction,
cDNA was synthesized from 1 μg of total RNA using
Moloney murine leukemia virus reverse transcriptase
(Promega). The PCR primers were: P2Y6 sense,
5ʹ-CCGCTGAACATCTGTGTC-3ʹ, P2Y6 antisense,
5ʹ-AGAGCCATGCCATAGGGC-3ʹ; MMP9 sense,
5ʹ-TCCCTGGAGACCTGAGAACC-3ʹ; MMP9 antisense,
5ʹ-GGCAAGTCTTCCGAGTAGTTT-3ʹ; MMP2 sense,
5ʹ-GGAT GATGCCTTTGCTCG-3ʹ; MMP2 antisense,
5ʹ-ATCGGCGTTCCCATACTT-3ʹ;
TIMP-1
sense,
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and then stained with crystal violet for 20 min. Cells in
the upper chamber that did not migrate were removed.
Images were taken using a microscope (OLYMPUS IX71)
and migrated cells were evaluated by manual counting.
The percentage inhibition of cell migration was quantified
and expressed based on untreated control wells. For the
Transwell invasion assay, the upper well of chamber was
coated with 20 μl of Matrigel (1.5 mg/ml), while the lower
well of the chamber was filled with medium containing
10% FBS. Cells (1 × 105 cells per well) were seeded in the
upper well and treated with UDP and MRS2578 for 12 h.
Then, the cells were observed and quantified as above.

deoxycholate, 0.1% SDS, 40 mM NaF, 10 mM Na4P2O7
and 1 mM PMSF). All samples were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis to
assess the expression of P2Y6 and proteins associated with
cell invasion and migration.

In vivo metastasis animal model
For in the vivo metastasis assay, MDA-MB-231
cells expressing firefly luciferase were used. Briefly,
1 × 105 cancer cells were injected into the left ventricle of
5-week-old female nude mice (Bikai, Shanghai, China).
The next day, mice were injected intraperitoneally with
UDP (100 µM), MRS2578 3 mg/kg or the same volume
of PBS vehicle (containing 1% DMSO) every day for
about 30 days. Finally, the mice were injected with
150 mg/kg D-luciferin (potassium salt; Promega) and
taken for bioluminescence imaging using the Exnogen
In Vivo Imaging System (IVIS, Alameda, CA.USA).
Bioluminescence from the ROI was defined manually,
and data are expressed as photon flux (photons/s/cm2/
steradian). Background photon flux was defined from an
ROI drawn over a mouse that was not given an injection
of luciferin. All mice were culled at day 40 to reduce
suffering from metastasized cancer cells; most PBS
treated mice had died before this time point. All animal
procedures were approved by the East China Normal
University Center for Animal Research and conformed to
the regulations drafted by the Association for Assessment
and Accreditation of Laboratory Animal Care in Shanghai.

Scratch assay
In preparation for the scratch assay, breast cancer
cells were plated in 12-well plates and starved for 12 h.
Then, cancer cells were scraped using pipette tips and
washed with PBS. Cancer cells were pretreated with
MRS2578 for 1 h if required; cells were then treated with
different concentrations of UDP and were allowed to
migrate for 24 h in FBS-free medium. Images were taken
using a microscope (OLYMPUS IX71) and migrated
cells were quantified by manual counting. The percentage
inhibition of migrated cells was quantified and expressed
based on untreated control wells.

UDP release analysis
The release of UDP was detected using the
Transcreener UDP2 Assay (BellBrook Labs) through
a fluorescence polarization readout. A standard curve
was prepared by standard UDP solution before analysis.
Cancer cells were cultured in DMEM without phenol
red (Gibco) and starved for 12 h in advance. After cancer
cells were treated with doxorubicin, the supernatant of
cells was removed and incubated on ice. According to the
manufacturer’s protocol, a 15 μl mixture of reagents for every
well was prepared beforehand, to which 5 μl of cancer cell
supernatant was added. The plate was incubated for 1.5 h,
then the fluorescence polarization of each well was analyzed
by a FlexStation 3 (Molecular Devices). The concentration of
UDP was calculated using the standard curve.

Cell viability assay
Cells were seeded onto 96-well plates, then treated
with 10 μM or 100 μM UDP or together with MRS2578
25 μM for 24 h. Every well of plate received 20 μl of MTS
solution (Promega) and was incubated for 2.5 h at 37°C.
The OD value was measured at 490 nm using a microplate
reader (Molecular Devices).

Gelatin substrate gel zymography
For the gelatin zymography assay, breast cancer
cells were plated onto 6-well plates and incubated until
they reached 80% confluence, then the medium was
changed to fresh serum-free medium containing different
concentrations of UDP and MRS2578. After 24 h, the
supernatants were collected and concentrated. The
resultant supernatants were subjected to SDS-PAGE on
8% polyacrylamide gels that were copolymerized with
1 mg/ml of gelatin. After the electrophoresis runs, the gels
were washed several times with 2.5% Triton X-100 for 1 h
at 4°C to remove the sodium dodecyl sulfate and incubated
for 12 h at 37°C in a buffer containing 50 mM Tris-base,
200 mM NaCl, 10 mM CaCl2 and 1 µM ZnCl2. The gels
were stained with 0.25% Coomassie Brilliant Blue R250
(Bio-Rad, Hercules, CA) for 1 h, and then destained for

TO-PRO-3 uptake analysis
The cancer cell lines were starved for 12 h before
treatment with doxorubicin for 24 h. Cells were collected
in tubes and stained with 600 nM TO-PRO-3 (Thermo)
for 10 min. Uptake of TO-PRO-3 was analyzed by flow
cytometry on a BD FACSCalibur system according to the
manufacturer’s protocol.

Western blot
Cells were plated onto 6-well plates and starved
overnight, then whole-cell extracts were prepared in RIPA
buffer (20 mM Tris, 2.5 mM EDTA, 1% Triton X-100, 1%
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1 h in a solution of acetic acid and methanol. Proteolytic
activity was evidenced as clear bands against the blue
background of the stained gelatin.

4. Furlow PW, Zhang S, Soong TD, Halberg N, Goodarzi H,
Mangrum C, Wu YG, Elemento O, Tavazoie SF.
Mechanosensitive
pannexin-1
channels
mediate
microvascular metastatic cell survival. Nat Cell Biol. 2015;
17:943–952.

Luciferase reporter assay

5. Spychala J. Tumor-promoting functions of adenosine.
Pharmacol Ther. 2000; 87:161–173.

Luciferase reporter assay was carried out by
using HEK-293T cells. Cells were seeded into 10 cm
cell culture dish. When achieved 70% confluence, 8 μg
pAP-1-luciferase vector, 1 µg of MMP-9 promoterluciferase reporter constructs or pNF-κB-luciferase vector
(are all pGL3 based) were transfected into cells using
lipofectamine 2000 (Invitrogen) [27]. After transfection,
cells were replated into 24-well plate and treated with
different concentrations of UDP and MRS2578 for 12 h.
Finally, the cells were washed and lysed with luciferase
lysis buffer for the luciferase assay. Renilla luciferase
reporter was used as a transfection efficiency control and
the relative luciferase activities were measured against
renilla luciferase activities following the manufacturer’s
protocol (Luciferase Assay System, Promega) with a
Victor 3 microplate reader (PerkinElmer).

6. Beavis PA, Divisekera U, Paget C, Chow MT, John LB,
Devaud C, Dwyer K, Stagg J, Smyth MJ, Darcy PK.
Blockade of A2A receptors potently suppresses the
metastasis of CD73+ tumors. Proc Natl Acad Sci USA.
2013; 110:14711–14716.
7. Li R, Tan B, Yan Y, Ma X, Zhang N, Zhang Z, Liu M,
Qian M, Du B. Extracellular UDP and P2Y6 function as
a danger signal to protect mice from vesicular stomatitis
virus infection through an increase in IFN-beta production.
J Immunol. 2014; 193:4515–4526.
8. Zhang Z, Wang Z, Ren H, Yue M, Huang K, Gu H, Liu M,
Du B, Qian M. P2Y(6) agonist uridine 5ʹ-diphosphate
promotes host defense against bacterial infection via
monocyte chemoattractant protein-1-mediated monocytes/
macrophages recruitment. J Immunol. 2011; 186:
5376–5387.

Statistical analysis

9. Kim JJ, Tannock IF. Repopulation of cancer cells during
therapy: an important cause of treatment failure. Nature
reviews Cancer. 2005; 5:516–525.

All data were imported into GraphPad Prism
6.0 software and are presented as mean ± SEM. Statistical
significance was assessed by a two-tailed unpaired
Student’s t-test or one-way variance (ANOVA), where
appropriate, with SPSS 20.0 software (IBM). Statistical
significance was at p < 0.05.

10. Elliott MR, Chekeni FB, Trampont PC, Lazarowski ER,
Kadl A, Walk SF, Park D, Woodson RI, Ostankovich M,
Sharma P, Lysiak JJ, Harden TK, Leitinger N, et al.
Nucleotides released by apoptotic cells act as a find-me
signal to promote phagocytic clearance. Nature. 2009;
461:282–286.

CONFLICTS OF INTEREST

11. Li WH, Qiu Y, Zhang HQ, Liu Y, You JF, Tian XX,
Fang WG. P2Y2 receptor promotes cell invasion and
metastasis in prostate cancer cells. Br J Cancer. 2013;
109:1666–1675.

We declare that we have no conflicts of interest.

GRANT SUPPORT

12. Chekeni FB, Elliott MR, Sandilos JK, Walk SF,
Kinchen JM, Lazarowski ER, Armstrong AJ, Penuela S,
Laird DW, Salvesen GS, Isakson BE, Bayliss DA,
Ravichandran KS. Pannexin 1 channels mediate ‘find-me’
signal release and membrane permeability during apoptosis.
Nature. 2010; 467:863–867.

Grant support: This work was supported by National
Basic Research Program of China [2012CB910400];
National Natural Science Foundation of China [31570896,
81272369, 81172816]; Doctoral Fund of Ministry of
Education of China [20130076110013]; Fundamental
Research Funds for the Central Universities; Science
and Technology Commission of Shanghai Municipality
[15JC1401500].

13. Kessenbrock K, Plaks V, Werb Z. Matrix metalloproteinases:
regulators of the tumor microenvironment. Cell. 2010;
141:52–67.
14. Chambers AF, Matrisian LM. Changing views of the role of
matrix metalloproteinases in metastasis. J Natl Cancer Inst.
1997; 89:1260–1270.

REFERENCES
1.

Burnstock G. Purinergic nerves. Pharmacol Rev. 1972;
24:509–581.

2.

Burnstock G, Di Virgilio F. Purinergic signalling and cancer.
Purinergic signalling. 2013; 9:491–540.

15. Taylor ST, Hickman JA, Dive C. Epigenetic determinants
of resistance to etoposide regulation of Bcl-X(L) and Bax
by tumor microenvironmental factors. J Natl Cancer Inst.
2000; 92:18–23.

3.

Rapaport E. Treatment of human tumor cells with ADP or
ATP yields arrest of growth in the S phase of the cell cycle.
J Cell Physio. 1983; 114:279–283.

16. Straussman R, Morikawa T, Shee K, Barzily-Rokni M,
Qian ZR, Du J, Davis A, Mongare MM, Gould J,
Frederick DT, Cooper ZA, Chapman PB, Solit DB, et al.

www.impactjournals.com/oncotarget

29049

Oncotarget

Tumour micro-environment elicits innate resistance to
RAF inhibitors through HGF secretion. Nature. 2012;
487:500–504.

22. Candido S, Abrams SL, Steelman LS, Lertpiriyapong K,
Fitzgerald TL, Martelli AM, Cocco L, Montalto G,
Cervello M, Polesel J, Libra M, McCubrey JA. Roles of
NGAL and MMP-9 in the tumor microenvironment and
sensitivity to targeted therapy. Biochim Biophys Acta. 2015.

17. Sun Y, Campisi J, Higano C, Beer TM, Porter P, Coleman I,
True L, Nelson PS. Treatment-induced damage to the
tumor microenvironment promotes prostate cancer therapy
resistance through WNT16B. Nat Med. 2012; 18:1359–1368.

23. Tang H, Qiao J, Fu YX. Immunotherapy and tumor
microenvironment. Cancer Lett. 2016; 370:85–90.

18. Biswas S, Guix M, Rinehart C, Dugger TC, Chytil A,
Moses HL, Freeman ML, Arteaga CL. Inhibition of TGFbeta with neutralizing antibodies prevents radiation-induced
acceleration of metastatic cancer progression. J Clin Invest.
2007; 117:1305–1313.

24. Heldin CH. Targeting the PDGF signaling pathway in tumor
treatment. Cell Commun Signal. 2013; 11:97.

19. Peng L, Bian XW, Li DK, Xu C, Wang GM, Xia QY,
Xiong Q. Large-scale RNA-Seq Transcriptome Analysis
of 4043 Cancers and 548 Normal Tissue Controls across
12 TCGA Cancer Types. Sci Rep. 2015; 5:13413.

26. Gialeli C, Theocharis AD, Karamanos NK. Roles of
matrix metalloproteinases in cancer progression and their
pharmacological targeting. FEBS J. 2011; 278:16–27.

25. Rao BG. Recent developments in the design of specific
Matrix Metalloproteinase inhibitors aided by structural and
computational studies. Curr Pharm Des. 2005; 11:295–322.

27. Pan X, Han H, Wang L, Yang L, Li R, Li Z, Liu J, Zhao Q,
Qian M, Liu M, Du B. Nitidine Chloride inhibits breast
cancer cells migration and invasion by suppressing c-Src/
FAK associated signaling pathway. Cancer Lett. 2011;
313:181–191.

20. Neapolitan R, Horvath CM, Jiang X. Pan-cancer analysis
of TCGA data reveals notable signaling pathways. BMC
Cancer. 2015; 15:516.
21. Chaturvedi S, Hass R. Extracellular signals in young and
aging breast epithelial cells and possible connections to ageassociated breast cancer development. Mech Ageing Dev.
2011; 132:213–219.

www.impactjournals.com/oncotarget

29050

Oncotarget

