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A B S T R A C T

G protein-coupled receptors, the largest cell surface receptor family, have emerged as critical players in

cell death and survival. High gene expression level of the Gq-coupled P2Y1 nucleotide receptor in PC-3

prostate cancer cells was demonstrated using real-time quantitative PCR and confirmed by Western

blotting and confocal laser scanning microscopy. A selective P2Y1 receptor agonist, the ADP analogue

MRS2365, concentration-dependently induced intracellular calcium mobilization (EC50 5.28 nM), which

was diminished by P2Y1 receptor-selective antagonist MRS2500. P2Y1 receptor activation by MRS2365

induced apoptosis in assays of Caspase-3, LDH release, and annexin-V staining. The pro-apoptotic effect

of MRS2365 was blocked by MRS2500, P2Y1 siRNA, and an inhibitor of the MAP kinase pathway PD98059.

MRS2365 significantly inhibited the proliferation of PC-3 cells, examined using a MTT assay. Thus,

activation of the P2Y1 receptor induced cell death and inhibited growth of human prostatic carcinoma PC-

3 cells. Activation of the P2Y1 receptor should be a novel and promising therapeutic strategy for prostate

cancer.

Published by Elsevier Inc.
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1. Introduction

G protein-coupled receptors (GPCRs), the largest family of cell
surface receptors, are known to modulate most physiological
functions, but their roles in cancer progression and treatment are
often not fully appreciated [1,2]. However, an increasing number of
GPCRs have recently been shown to be crucial players in tumor
growth and metastasis and thus are emerging targets for cancer
[1,2]. GPCRs that respond to extracellular nucleotides consist of an
eight-member family comprising P2Y1, P2Y2, P2Y4, P2Y6 and
Abbreviations: 7-AAD, 7-aminoactinomycin D; CHX, cycloheximide; ERK, extracel-
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necrosis factor-alpha.

* Corresponding author at: Molecular Recognition Section, Laboratory of

Bioorganic Chemistry, National Institute of Diabetes and Digestive and Kidney

Diseases, NIH, Bldg. 8A, Room B1A-19, Bethesda, MD 20892-0810, USA.

Tel.: +1 301 496 9024; fax: +1 301 480 8422.

E-mail address: kajacobs@helix.nih.gov (K.A. Jacobson).

0006-2952/$ – see front matter . Published by Elsevier Inc.

doi:10.1016/j.bcp.2011.05.013
P2Y11–14 receptors [3]. The potential roles of nucleotides in various
cancers have recently been reviewed [4].

P2Y1, P2Y12 and P2Y13 receptors are activated by the same
endogenous agonist, ADP, and are involved in many important
physiological functions [3,5,6]. Isolated pieces of evidence also
showed that the P2Y1 receptor regulates cell death and growth. For
example, in 1321N1 astrocytoma cells transfected with the human
P2Y1 receptor, a non-selective P2Y1 agonist 2-MeSADP was able to
induce apoptosis and inhibit proliferation by activating this receptor
[7,8]. In a later study using A375 melanoma cells, ATP diminished cell
proliferation, an effect blocked by a P2Y1 receptor antagonist
MRS2179, suggesting an anti-proliferative effect of the P2Y1 receptor
[9,10]. In addition to the P2Y1 receptor, other P2Y receptor subtypes,
such as the Gq-coupled P2Y2, P2Y6, and P2Y11 receptors and the Gi-
coupled P2Y12 and P2Y13 receptors, have also been reported
[11,13,23,24] to be relevant to cell death or growth [8,11–15].

The role of P2Y1 receptor signaling in the prostate has not
previously been well explored, although it was demonstrated that
the P2Y1 receptor was most abundantly expressed in the human
prostate [16]. In the present study, we used PC-3 prostate cancer
cells as a model to investigate if the P2Y1 receptor is involved in cell
death and growth. We found that the expression level of the P2Y1

receptor was highest among the three subtypes of P2Y receptors
that respond to ADP. We subsequently probed P2Y1 receptor
signaling using a selective P2Y1 receptor agonist, the ADP analogue

http://dx.doi.org/10.1016/j.bcp.2011.05.013
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MRS2365 [17], and found that activation of the P2Y1 receptor
induced apoptosis and inhibited cell proliferation, implying a
potentially novel target for prostate cancer.

2. Materials and methods

2.1. Materials

The human PC-3 prostate cancer cell line was purchased from
American Type Culture Collection (Manassas, VA). RPMI-1640
Medium and fetal bovine serum (FBS) were purchased from Life
Technologies (Rockville, MD). TNF-a, ADP, 2-MeSADP, ATP, and
cycloheximide, were purchased from Sigma (St. Louis, MO). P2Y1

receptor antagonist MRS2500 ((1R,2S,4S,5S)-4-[2-iodo-6-(methy-
lamino)-9H-purin-9-yl]-2-(phosphonooxy)bicyclo[3.1.0]hexane-
1-methanol dihydrogen phosphate ester tetraammonium salt)
[18] and agonist MRS2365 ([[(1R,2R,3S,4R,5S)-4-[6-amino-2-
(methylthio)-9H-purin-9-yl]-2,3-dihydroxybicyclo[3.1.0]hex-1-
yl]methyl] diphosphoric acid mono ester trisodium salt) were
purchased from Tocris Biosciences (Ellisville, MO). Predesigned
small interfering RNA (siRNA) for P2Y1 receptors, negative control
siRNA and SYBR� Green reagents were purchased from Applied
Biosystems (Foster City, CA). Annexin V-FITC and Hoechst Stain
solution were purchased from Sigma (St. Louis, MO). Horseradish
peroxidase (HRP)-linked goat anti-rabbit IgG antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The
rabbit polyclonal antibodies for P2Y1 receptor were purchased
from Alomone Labs, Ltd. (Jerusalem, Israel). Calcium-4 Mobiliza-
tion Assay Kit was purchased from Molecular Devices (Sunnyvale,
CA). MAP kinase assay kits and Caspase-3 Colorimetric Detection
Kit were from Assay Designs (Ann Arbor, MI). Lactate Dehydroge-
nase (LDH) Assay Kit was purchased from Roche Applied Science
(Indianapolis, IN). MTT-based Toxicology Assay Kit was purchased
from Sigma–Aldrich (St. Louis, MO). 2-(2-Amino-3-methoxyphe-
nyl)-4H-1-benzopyran-4-one (PD 98059) was purchased from
Tocris. All other reagents were from standard sources and are of
analytical grade.

2.2. Cell culture

Human prostatic carcinoma PC-3 cells were cultured at 37 8C in
a humidified incubator with 5% CO2 in RPMI-1640 medium
supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml
streptomycin, and 3 mM/l glutamine. The cells were passaged
using trypsinization every 3–5 days.

2.3. Detection of gene expression of P2Y1 receptors in PC-3 cells

The cellular total RNA was isolated from PC-3 cells following the
protocol of the RNeasy Mini Kit (Qiagen, Valencia, CA) along with
DNase digestion using RNase free DNase (Qiagen). Reverse transcrip-
tion was completed using Superscript III First Strand Synthesis
Supermix kit (Invitrogen, Carlsbad, CA). The cDNA then was amplified
by PCR with gene-specific primers for P2Y1 and GAPDH on a 7900HT
Fast Real-Time PCR System (Applied Biosystems, Foster City, CA)
according to the manufacturer’s protocol using SYBR Green PCR
MasterMix. Fast amplification parameters were as follows: one cycle
of 95 8C for 10 min, followed by 40 cycles of 95 8C for 15 s, and 60 8C
for 1 min. The primers were synthesized by Eurofins MWG Operon
(Huntsville, AL) and the sequences as follows: P2Y1: Forward: 50-
CGTGCTGGTGTGGCTCATT-30; Reverse: 50-GGACCCCGGTACCTGAG-
TAGA-30; P2Y12: Forward: 50-AGGTCCTCTTCCCACTGCTCTA-30; Re-
verse: 50-CATCGCCAGGCCATTTGT-30; P2Y13: Forward: 50-GAG
ACACTCGGATAGTACAGCTGGTA-30; Reverse: 50-GCAGGATGCCGGT-
CAAGA-30; GAPDH: Forward: 50-CCACCCATGGCAAATTCC-30;
Reverse: 50-TGGGATTTCCATTGATGACAAG-30. Quantitative analysis
of data was performed by using the DDCt method [19]. Values were
normalized to GAPDH and were expressed as relative expression
levels.

2.4. Western blotting

Cells were washed twice with PBS and lysed in 1 ml cell lysis
buffer (1� PBS, pH 7.4, 1% Triton X-100, 0.1 mmol/l EDTA, and
complete proteinase inhibitor cocktail (Roche)) on ice for 10 min.
The cell lysates were centrifuged and supernatants were collected
and protein concentration was measured. Each of the 20 mg
protein samples was separated by electrophoresis through a 4–12%
SDS-PAGE gel and analyzed by Western blotting. Anti-P2Y1

primary antibody (Alomone Labs Ltd., Israel) was used at 1:200
dilution. Goat anti-rabbit secondary antibodies (Santa Cruz
Biotechnology, CA) were used at 1:5000 dilution. The membrane
was visualized by exposure to Kodak XAR film.

2.5. Laser confocal microscopy

PC-3 cells and control 1321N1 cells were seeded on cover slips
in 6-well plates for two days. Cells were washed once with PBS, and
then fixed with cold fix solution (50% methanol/50% acetone) for
20 min at �20 8C. After washing with PBS, cells were blocked with
10% FBS 1 h at RT. Anti-P2Y1 antibody (Alomone Labs Ltd., Israel)
was added at 1:200 dilution and incubated with the cells for 1 h.
Cells were then washed 3 times with PBS before adding Texas Red
goat anti-rabbit IgG (Invitrogen, Carlsbad, CA) and incubated for
another 1 h. This was followed by washing three times with PBS,
and mounting with ProLong1 Gold antifade mounting reagent
with DAPI (Invitrogen, Carlsbad, CA). Fluorescence images were
obtained with a laser scanning Zeiss LSM-510 Meta Confocal
Microscope (Carl Zeiss Inc., Jena, Germany).

2.6. Calcium mobilization assay

Cells were grown overnight in 100 ml of medium in 96-well flat
bottom plates at 37 8C at 5% CO2 until they reached 80% confluency
at a density of 40,000 cells per well. The RPMI-1640 medium in
each well was replaced by 30 ml Calcium-4 dye (Molecular Devices
Sunnyvale, CA) with no washing of cells and incubated for 1 h at
room temperature protected from light. The compound plate was
prepared with dilutions of various compounds in Hank’s Balanced
Buffer at pH 7.2. The change in calcium was measured by the
addition of P2Y1 agonist or antagonist to the dye, and the change in
calcium was measured by change in intracellular fluorescence.
Samples were run in duplicate with a FLIPRTetra (Molecular Devices,
CA) at room temperature. Cell fluorescence (excitation = 485 nm;
emission = 525 nm) was monitored following exposure to a
compound. Increases in intracellular calcium are reported as the
maximum fluorescence value after exposure minus the basal
fluorescence value before exposure.

2.7. LDH release assay

PC-3 cells were cultured in 24-well plate at 37 8C overnight
with complete medium and 100 ml fresh medium with 1% serum
was then added to each well. Increasing concentrations of each
agonist, diluted with PBS containing calcium and magnesium, and
cycloheximide (CHX, 10 mg/ml) were incubated with the cells at
37 8C for 24 h. If an antagonist was used, it was incubated with the
cells 20 min prior to the addition of the agonist. In all cases, cells
that were not treated with CHX, an inhibitor of protein synthesis,
served as a control. For the measurement, culture medium was
centrifuged and 100 ml supernatant was carefully transferred to
corresponding wells of an optically clear 96-well flat bottom



Fig. 1. Gene expression levels of three P2Y receptors responding to ADP in

comparison to the P2Y1 receptor expression in 1321N1 astrocytoma cells. Total RNA

from PC-3 cells or 1321N1 astrocytoma cells was extracted and reverse-

transcripted to cDNA and then amplified with gene-specific primers for P2Y1,

P2Y12, P2Y13 or GAPDH on a 7900HT Fast Real-Time PCR System. The sequences of

primers were listed in the text. Quantitative analysis of data was performed by

using the DDCt method [19]. Results are expressed as mean � SE from three separate

experiments. Values were normalized to GAPDH and were expressed as relative

expression levels.

Fig. 2. (A) Determination of the P2Y1 receptor expression in PC-3 cells using Western 

secondary antibodies were used at 1:5000 dilution. (B and C) Localization of P2Y1 recep

scanning microscopy. The primary anti-P2Y1 primary antibody was used at 1:200. Tex
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microplate in triplicate. LDH activity was measured using a
Cytotoxicity Detection kit (Roche Applied Science, Indianapolis, IN)
following the manufacturer’s instructions. The absorbance of the
samples was measured at 490 nm using a SpectraMax5 Microplate
reader (Molecular Devices, Sunnyvale, CA). Cell death was assessed
based on release of LDH.

2.8. Cell proliferation assay

PC-3 cells were seeded in 96-well plates at a concentration of
1 � 104 cells per well in a volume of 100 ml of cell culture medium
with 10% serum per well and cultured at 37 8C overnight. The P2Y1-
receptor agonist MRS2365 (1 mM) was incubated with the cells at
37 8C in the CO2 incubator for 24, 48, and 72 h. Cell viability was
measured using MTT Toxicology Assay Kit (Sigma–Aldrich, St.
Louis, MO) following the manufacturer’s protocol. The absorbance
was quantified by measuring at 570 nm with a SpectraMax5
Microplate reader (Molecular Devices, Sunnyvale, CA).

2.9. Assay of Caspase-3 activity

PC-3 cells were plated in six-well plates at a density of 2 � 105

cells per well and cultured to 70% confluence for the experiments.
blotting. Anti-P2Y1 primary antibody was used at 1:200 dilution. Goat anti-rabbit

tor expression in control 1321N1 astrocytoma cells and PC-3 cells by confocal laser

as red secondary antibody was used at 1:400.



Fig. 3. (A) Intracellular calcium mobilization induced by a selective P2Y1 receptor

antagonist MRS2365. The change in calcium was measured by the addition of P2Y1

agonist or antagonist to the dye and the change in calcium was measured by change in

intracellular fluorescence. Samples were run in duplicate with a FLIPRTetra (Molecular

Devices, CA) at room temperature. Cell fluorescence (excitation = 485 nm;

emission = 525 nm) was monitored following exposure to a compound. Increases

in intracellular calcium are reported as the maximum fluorescence value after

exposure minus the basal fluorescence value before exposure. Results are from 3 to 5

separate experiments. (B) P2Y1 agonist MRS2365-induced ERK1/2 phosphorylation.

PC-3 cells were serum-starved for 4 h before incubation with media containing

various pharmacological reagents for the appropriate times at 37 8C. Reactions were

terminated by removing the media and adding 100 ml of RIPA buffer containing

proteinase inhibitors. ERK1/2 activity was measured with an ERK1/2 Colorimetric

Detection Kit from Assay Designs (Ann Arbor, MI) according to the manufacture’s

instructions. Results are expressed as mean � SE from three experiments performed in

duplicate. #Significantly different from the basal value (P < 0.05).
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The cells were treated with the P2Y1 receptor agonist MRS2365 in
the presence and absence of CHX in the medium for 8 h. CHX was
added to the medium 60 min prior to the P2Y1 agonist with a final
concentration of 10 mg/ml. Cells were lysed in a RIPA lysis buffer
containing protease inhibitors, and protein concentration was
quantified. Caspase-3 activity was measured using the Caspase-3
Colorimetric Assay Kit (Enzo Life Sciences, Plymouth Meeting, PA)
following the manufacturer’s instructions. Each sample contained
50–200 mg protein, and the absorbance in each well was measured
at 405 nm with a microplate reader. Data were plotted and slopes
calculated along the linear portion of the curve (at least three
separate measurements).

2.10. Assessment of apoptosis by flow cytometry

PC-3 cells (5 � 105) were treated with the P2Y1 agonist
MRS2365 in the presence of CHX for 4 or 8 h. After washing twice
with PBS, cells were then resuspended in 100 ml binding buffer
with 5 ml annexin V-FITC and 5 ml 7-aminoactinomycin D (7-AAD,
labels GC-rich regions of DNA in permeabilized cells) and
incubated for 15 min. After an additional 200 ml binding buffer
was added, cells were analyzed by Becton-Dickinson FACSCalibur
flow cytometer (Becton, Dickinson and Company, Franklin Lakes,
NJ). FITC-labeled annexin V was detected in the FL-1 channel
(530 nm), while 7-AAD was detected in the FL-3 channel (650 nm).
Data were collected on a log scale and analyzed using CellQuest Pro
software.

2.11. P2Y1 receptor siRNA inhibition assay

Predesigned siRNAs (Applied Biosystems, Foster City, CA) against
human P2Y1 receptors were used. Their sequences were as follows:
sense, GCCCUGAUCUUCUACUACUTT; antisense, AGUAGUAGAA-
GAUCAGGGCTG. Cells were transfected at about 50–60% confluency
by addition of siRNA (1 mM) together with Lipofectamine 2000
transfection reagent as instructed by the manufacturer (Invitrogen,
Carlsbad, CA). Cells were split to 6-well plates 24 h after transfection
and treated with drugs after an additional 24 h. LDH release was
measured after an additional 24 h incubation period.

2.12. Activation of MAP kinases

The procedure used was similar to our previously described
[20]. Cells were serum-starved for 4 h before incubation with
serum media containing various pharmacological reagents for the
appropriate times at 37 8C. Reactions were terminated by
removing the media and adding 100 ml of RIPA buffer containing
proteinase inhibitors. ERK1/2 activity was measured with an ERK1/
2 Colorimetric Detection Kit from Assay Designs (Ann Arbor, MI)
according to the manufacture’s instructions.

2.13. Statistical analysis

EC50 values were calculated with Prism 4 (GraphPad, San Diego,
CA). Data were analyzed by analysis of variance (ANOVA) (followed
by post hoc analysis) or via Student’s t-test to check the statistical
difference among groups with P value less than 0.05 being
considered significant. Results were expressed as mean � SE.

3. Results

3.1. Detection of the gene expression level of P2Y1 receptors in PC-3

prostate cancer cells

We compared the gene expression levels of three P2Y receptor
subtypes, P2Y1, P2Y12 and P2Y13, which respond to ADP, using real-
time RT-PCR analysis [19]. Fig. 1 shows that the gene expression
level of the P2Y1 receptor message was the highest. The expression
levels of message of P2Y12 and P2Y13 receptors were only
7.70 � 1.62% and 7.43 � 1.32% of the level of P2Y1 receptor message,
respectively. The expression level of the P2Y1 receptor in 1321N1
astrocytoma cells was 8.84 � 1.64% of that in PC-3 cells (Fig. 1).

3.2. Detection of P2Y1 receptor with Western blotting and laser

confocal microscopy

The expression of the P2Y1 receptor was further confirmed with
Western blot. Fig. 2A shows that the abundant expression of the
P2Y1 receptor (around 90 kDa) was detected in PC-3 prostate
cancer cells. 1321N1 astrocytoma cells were used as a control.

The expression of P2Y1 receptors in PC-3 cells was also
visualized with laser confocal microscopy. Fig. 2A shows that
the majority of the anti- P2Y1 receptor antibody staining locates on
the surface of the PC-3 cells in contrast to the control 1321N1
astrocytoma cells (Fig. 2B) which shows a low level of expression of
the human P2Y1 receptor.
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3.3. Intracellular calcium mobilization assay

The ability of the P2Y1 receptor to mediate intracellular calcium
mobilization in PC-3 cells was tested using a FLIPRTetra (Molecular
Devices, CA). The potent and selective P2Y1 receptor agonist
MRS2365 [17] concentration-dependently induced calcium mobi-
lization corresponding to an EC50 value of 5.28 � 1.96 nM. A potent
and selective P2Y1 receptor antagonist, the bisphosphate derivative
MRS2500 (10 nM) [18], rightward-shifted the concentration–re-
sponse curve of MRS2365 (Fig. 3A). The EC50 value of MRS2365 in
the presence of 10 nM MRS2500 was 78.8 � 16.3 nM.

3.4. P2Y1 receptor-mediated activation of ERK1/2

Exposure of PC-3 cells to the P2Y1 agonist MRS 2365 (1 mM)
induced phosphorylation of ERK1/2. Maximal activation was
observed after approximately 5 min, and the effect then gradually
declined to basal level (Fig. 3B).

3.5. Detection of apoptosis induced by P2Y1 receptor activation

3.5.1. Annexin V staining

The apoptotic process was first quantified by taking advantage
of established flow cytometric methods using annexin V-FITC and
7-AAD [21,22] to measure early (annexin V-FITC-positive cell
populations) and late apoptosis (7-AAD-positive cell populations).
Fig. 4 shows that there was a significant increase in the number of
apoptotic PC-3 cells at 4 h following exposure to CHX alone or in
combination with MRS2365. MRS2365 increased early apoptotic
PC-3 cells by 6.78%, compared with 0.55% for CHX treatment alone.
The proportion of apoptotic cells continued to rise with prolonged
treatment time. At 8 h of treatment with MRS2365 and CHX, early
apoptotic PC-3 cells increased to 35%, compared with 24% upon
treatment with CHX alone (Fig. 4).
Fig. 4. Detection of apoptosis using annexin V-FITC staining. PC-3 cells (5 � 105) were trea

Cells treated both MRS2365 and CHX (C and F) were compared with CHX alone (B and E

suspended in 100 ml binding buffer with 5 ml annexin V-FITC and 5 ml 7-AAD and incu

analyzed by Becton-Dikinson FACSCalibur flow cytometer (Becton, Dickinson and Compa

detected in the FL-3 channel (650 nm). The upper left panels show the number of early 

software.
3.5.2. Caspase-3 activity

The activation of the P2Y1 receptor is know to induce
apopotosis in the presence of CHX in astrocytoma cells expressing
the recombinant human P2Y1 receptor [7,8]. In the present study,
we examined this possibility in PC-3 prostate cancer cells by using
the agonist MRS2365 and by measuring the activity of Caspase-3,
an early indication of cell apoptosis. Fig. 5A shows that MRS2365
(1 mM) significantly enhanced the Caspase-3 activity. The per-
centage of Caspase-3 activity in the presence of MRS2365
(141 � 5%) was significantly different from the control group
(100%). P2Y1-specific siRNA significantly inhibited MRS2365-en-
hanced but not CHX-induced Caspase-3 activity (Fig. 5A) (P < 0.05,
One-way ANOVA with post hoc test). MRS2365 alone (without CHX)
did not induce any increase of Caspase-3 activity.

3.5.3. LDH release in PC-3 prostate cancer cells

The ability of P2Y1 receptor activation to induce cell death was
further examined in an assay of LDH release. The P2Y1 selective
agonist MRS2365 (1 mM) induced release of LDH in PC-3 cells in
the presence of CHX by 166 � 13% of basal level, which was
significantly higher than the control group (100%) or the CHX group
(135 � 9.6%) (P < 0.05, one-way ANOVA with post hoc test). The
effect of MRS2365 was blocked by a selective noncompetitive
inhibitor of the MAP kinase pathway, PD 98059, and by a selective
antagonist of P2Y1 receptors, MRS2500 (Fig. 5B).

3.6. P2Y1 receptor siRNA inhibits LDH release

In a separate set of experiments, specific siRNA for the human
P2Y1 receptor was applied to the assay of LDH release. It was
demonstrated that the P2Y1 siRNA did not affect CHX-induced
release. The percentage release of LDH in the presence of P2Y1

siRNA (93 � 6.2%) was shown to be not significantly different from
the control group (100 � 5.1%) (P > 0.05). However, the P2Y1 siRNA
ted with the P2Y1 agonist MRS2365 in the presence of CHX for 4 h (A–C) or 8 h (D–F).

) and with control cells (A and D). After washing twice with PBS, cells were then re-

bated for 15 min. After an additional 200 ml binding buffer was added, cells were

ny, NJ). Annexin V-FITC was detected in the FL-1 channel (530 nm), while 7-AAD was

apoptotic cells. Data were collected on a log scale and analyzed using CellQuest Pro



Fig. 5. Activation of P2Y1 receptor induces apoptosis in PC-3 cells. (A) Caspase-3

activity. PC-3 cells were plated in six-well plates at a density of 2 � 105 cells per

well and cultured to 70% confluence for the experiments. The cells were treated

with the P2Y1 receptor agonist MRS2365 (1 mM) in the presence and absence of

CHX in the medium for 8 h. Each sample containing 50–200 mg protein was used.

The absorbance in each well was measured at 405 nm with a microplate ELISA

reader. # Significantly different from CHX + MRS2365 group (P < 0.05). (B) LDH

release. PC-3 cells were cultured in 24-well plate at 37 8C overnight with complete

medium and 100 ml fresh medium with 1% serum was then added to each well.

Increasing concentrations of each agonist, diluted with PBS with calcium and

magnesium, and CHX (10 mg/ml) were incubated with the cells at 37 8C for 24 h. For

the measurement, culture medium was centrifuged and 100 ml supernatant was

carefully transferred to corresponding wells of an optically clear 96-well flat bottom

Fig. 6. Measurement of cell proliferation with the MTT assay. PC-3 cells were seeded

in 96-well plates about 1 � 104 cells per well in a volume of 100 ml of cell culture

medium with 10% serum per well and cultured at 37 8C overnight. The P2Y1-

receptor agonist MRS2365 (1 mM) was incubated with the cells at 37 8C in a CO2

incubator for 24, 48, and 72 h. MRS2365 (1 mM) or vehicle was applied to the

medium every 12 h. Cell viability was measured using a MTT Toxicology Assay Kit

(Sigma–Aldrich, St. Louis, MO) following the manufacturer’s protocol. The P2Y1

specific siRNA was transfected using Lipofectamine 2000 transfection reagent as

instructed by the manufacturer. The absorbance was quantified by measuring at

570 nm with a SpectraMax5 Microplate reader (Molecular Devices, Sunnyvale, CA)

and was transformed into cell numbers based on a standard curve measured with

various numbers of cells. # Significantly different from control (P < 0.05).

Q. Wei et al. / Biochemical Pharmacology 82 (2011) 418–425 423
significantly reduced release of LDH induced by the P2Y1 agonist
MRS2365. The percentages of MRS2365-induced LDH release in the
presence and absence of P2Y1 siRNA were 117 � 6 and 146 � 10,
respectively, which were significantly different (P < 0.05) (Fig. 5C).

3.7. Activation of the P2Y1 receptor inhibits proliferation of PC-3

prostate cancer cells

The potential anti-proliferative effect of P2Y1 receptor activa-
tion was explored with a MTT assay. Fig. 6 shows that the selective
P2Y1 agonist MRS2365 alone (1 mM) inhibited cell growth. The cell
numbers in the MRS2365-treated group at both 48 h and 72 h were
significantly lower than in control group (P < 0.05, paired test). The
specific siRNA for human P2Y1 receptor significantly attenuated
the effect of MRS2365 (Fig. 6).

4. Discussion

In the present study, the presence of a functional P2Y1 receptor
in PC-3 prostate cancer cells, a model of androgen-independent
cancer, has been demonstrated both genetically and pharmaco-
logically. The abundant expression of the P2Y1 receptor is
consistent with a previous report in primary prostate cells [16].

Apoptosis induced by activation of the P2Y1 receptor endoge-
nously expressed in PC-3 prostate cancer cells demonstrated in the
present study is consistent with a previously reported functional
microplate in triplicate. LDH release was measured using the Cytotoxicity Detection

kit (Roche Applied Science, Indianapolis, IN) following the manufacturer’s

instructions. The absorbance of the samples was measured at 490 nm using a

SpectraMax5 Microplate reader (Molecular Devices, Sunnyvale, CA). Cell death was

assessed based on release of LDH activity. # Significantly different from control

(P < 0.05). * Significantly different from CHX + MRS2365 group (P < 0.05). (C) Effect

of P2Y1 receptor siRNA on MRS2365-induced cell death. Predesigned siRNAs against

human P2Y1 receptors were used. Cells were transfected at about 50–60%

confluency by addition of siRNA (1 mM) together with Lipofectamine 2000

transfection reagent as instructed by the manufacturer. Cells were split to 6-

well plates 24 h after transfection and incubated for an additional 48 h. 24 h after

the second incubation began, agonist and/or CHX was introduced. LDH release was

measured at the end of the 48 h incubation, i.e. after 24 h of agonist exposure.

# Significantly different from CHX + MRS2365 group (P < 0.05).
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effect of P2Y1 receptor activation in 1321N1 astrocytoma cells
expressing the recombinant human P2Y1 receptor [7,8]. In 1321N1
astrocytoma cells, P2Y1 receptor-mediated apoptosis has been
correlated to ERK1/2 activation [7], and the present study further
examined the potential involvement of MAP kinase signaling in
prostate cancer cells. Indeed, the selective P2Y1 agonist MRS2365
was able to induce ERK1/2 phosphorylation, and a MAP kinase
inhibitor, PD98059, significantly blocked cell apoptosis induced by
P2Y1 receptor activation, suggesting a crucial role of ERK1/2
signaling in prostate cancer cells.

In addition to the P2Y1 receptor demonstrated in the present
study, the roles of several other P2Y subtypes in growth and death
of various types of cells have also been reported. P2Y13 receptor has
been reported to mediate ADP-induced apoptosis in pancreatic
beta cells [11]. Activation of the P2Y2 receptor has been reported to
inhibit apoptosis [13]. P2Y2 was identified as a critical sensor of
nucleotides released by apoptotic cells [24]. Activation of P2Y6,
P2Y11 and P2Y12 receptors, but not the P2Y4 receptor, was reported
to protect cells against TNF-a-induced apoptosis [8,12,14].

In addition to the induction of apoptosis, the P2Y1 receptor has
also been shown to mediate inhibitory effects on cell proliferation
by several P2Y receptor agonists. The anti-proliferative effect of the
P2Y1 receptor was first demonstrated in 1321N1 astrocytoma cells
stably expressing the recombinant human P2Y1 receptor [7]. In
that study, 300 nM 2-MeSADP significantly diminished carbachol-
induced cell proliferation. In a later study, White et al. found that
ATP also played an anti-proliferative role in melanoma cells and
suggested that its effect was through activation of the P2Y1

receptor [9]. The same authors also found that ATP treatment
reduces volume and weight of tumors in an in vivo melanoma
model [10]. Importantly, melanoma cells overexpress two
extracellular nucleotidases, namely autotaxin (NPP2) and CD39
(NTPD1) [25,26]. The first enzyme, besides showing a lysopho-
spholipase activity, acts as an ecto-nucleotide pyrophosphatase/
phosphodiesterase that catalyzes the direct breakdown of extra-
cellular ATP to AMP; the second one, instead, sequentially
catalyzes the breakdown of ATP to ADP and then of ADP to
AMP. The action of autotaxin and, even more pronouncedly, that of
CD39 result in the depletion of the extracellular levels of ATP and
ADP, with a consequent reduced stimulation of the P2Y1 receptor.
The finding from the present study that activation of the P2Y1

receptor by a selective P2Y1 receptor agonist MRS2365 inhibits
proliferation of PC-3 cell is in line with those earlier results.

Adenine nucleotides are known to have many functions in
addition to their effect on P2Y1 receptors [3]. It has been reported
ATP may inhibit proliferation in various cells via P2X receptor
activation, in addition to its action at the P2Y1 receptor
demonstrated in the present study [4,22,23,27,28]. It has also
been reported that ATP and ADP exert tissue-protective and
proliferative effects via activation of the P2Y1 receptor [15,29–31].
However, it should be noted that nucleotides such as ATP and ADP
often have effects on multiple P2X or P2Y receptor subtypes,
depending on the expression profile of those receptors. Unlike
those previous studies, the present study demonstrated a high
expression level of the P2Y1 receptor both functionally and
genetically. Furthermore, the role of the P2Y1 receptor in both
cell death and cell proliferation was characterized using a selective
P2Y1 agonist MRS2365. Thus, the present study convincingly
demonstrated the involvement of the P2Y1 receptor in cell death
and growth of human prostatic carcinoma PC-3 cells, suggesting
beneficial agonist effects. P2 agonists have already been suggested
as having a beneficial effect in models of melanoma, in which the
P2Y1 receptor is highly expressed [10]. Other potential therapeutic
applications under consideration for P2Y1 receptor ligands
include: selective agonists as antidiabetic agents [32] or selective
antagonists as antithrombotic agents [33]. P2Y1 agonists that are
dinucleotides with enhanced in vivo stability have been reported
[32].

In summary, the dual pro-apoptotic and anti-proliferative
effects of P2Y1 receptor activation demonstrated in the present
study indicate that the P2Y1 receptor might be an attractive target
for the treatment of prostate cancer.
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