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1 The purpose of this work was to characterize the receptors involved in the action of nucleotides
on the human prostate carcinoma cell lines LNCaP, PC-3 and DU145.

2 Northern blotting revealed the presence of P2Y2, P2Y6 and P2Y11 messengers in the three cell
lines. P2Y1 mRNA was only observed in the DU145 cells. In both PC-3 and DU145 cells, ATP and
UTP stimulated inositol phosphate accumulation in an equipotent, equiactive and non-additive way,
suggesting the involvement of P2Y2 receptors. ATP also increased cyclic AMP, but this e�ect is
likely to result from degradation into adenosine and activation of A2 receptor. A2 receptor
activation led to a synergistic enhancement of prostate-speci®c antigen secretion induced by
vasoactive intestinal peptide.

3 RT±PCR experiments detected the expression of the P2X4 and P2X5 receptors in the DU145
cells and the P2X4, P2X5 and P2X7 receptors in the PC-3 cells. The calcium in¯ux induced by
BzATP con®rmed the functional expression of P2X receptors.

4 ATP inhibited the growth of PC-3 and DU145 cells. This e�ect was mimicked neither by UTP
nor by adenosine, indicating that it does not result from phospholipase C or adenylyl cyclase
activation. On the contrary, in PC-3 cells, BzATP reproduced the e�ect of ATP, which was
associated to a moderate decrease of proliferation and an increase of apoptosis. In DU145 cells,
ATP was more potent than BzATP and growth inhibition was mainly associated with necrosis. We
suggest that P2X receptors might be involved in the inhibition by nucleotides of prostate carcinoma
cell growth.
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Abbreviations: AC, adenylyl cyclase; AS, antisense; ATPgS, adenosine 5'-O(3-g-thio)triphosphate; bp, base pair; BzATP, 2',3'-
O-(4-benzoyl-benzoyl)adenosine 5'-triphosphate; [Ca2+]i, intracellular calcium concentration; FBS, fútal bovine
serum; FK, forskolin; InsP3, inositol trisphosphates; kb, kilobase; KRH, Krebs-Ringer-Hepes; a,bmeATP, a,b-
methylene adenosine 5'-triphosphate; MEM, Eagle's modi®ed essential medium; 2-MeSADP, 2-methylthio-
adenosine 5'-diphosphate; 2-MeSATP, 2-methylthio-adenosine 5'-triphosphate; pA RNA, polyA RNA; PBS,
phosphate bu�er saline; PLC, phospholipase C; PSA, Prostate Speci®c Antigen; 8-PST, 8-p-sulphophenyltheo-
phyllin; RT ±PCR, reverse transcription-polymerase chain reaction; S, sense; s.d., standard deviation; SDS,
sodium dodecyl sulphate; s.e.mean, standard error of the mean; SSC, standard saline citrate; VIP, vasoactive
intestinal peptide

Introduction

Extracellular adenine nucleosides and nucleotides as well as

uracil nucleotides exert many e�ects on a variety of tissues
and cell lines. These e�ects are mediated respectively by the
P1 and P2 receptors. The P1 family includes four subtypes of

adenosine receptors, A1, A2A, A2B and A3, mainly involved in
the modulation of the adenylyl cyclase (AC) activity
(Fredholm et al., 1994). The e�ects of nucleotides are

mediated by the P2 receptors that are segregated in two
subfamilies according to their structure: the P2X and the P2Y
receptors (Abbrachio & Burnstock, 1994). The former are
ligand-gated ion channels possessing two transmembrane

segments: seven di�erent members have been cloned (Valera
et al., 1994; Brake et al., 1994; Chen et al., 1995; Buell et al.,

1996; Collo et al., 1996; Surprenant et al., 1996). The later

are G-protein-coupled receptors and ®ve di�erent mamma-
lian subtypes have been cloned and proven to be responsive
to nucleotides: P2Y1 (Webb et al., 1993), P2Y2 (Lustig et al.,

1993), P2Y4 (Communi et al., 1995a), P2Y6 (Chang et al.,
1995) and P2Y11 (Communi et al., 1997) receptors. All these
receptors are coupled to the phospholipase C pathway (PLC);

moreover the P2Y11 receptor is also positively coupled to the
AC pathway. Other subtypes (P2Y5, P2Y7, P2Y9 and P2Y10)
have been mistakenly included in the P2Y family on the basis
of structural homology, but in the absence of a functional

response to nucleotides (Janssens et al., 1997; Li et al., 1997;
Yokomizo et al., 1997).

Three human prostate carcinoma cell lines have been

established and well characterized: DU145 and PC-3, both
androgen-independent, and LNCaP, an androgen-sensitive cell
line. E�ects of nucleotides on these cell lines have been
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investigated previously, but the receptors involved in these
actions were not reliably identi®ed. ATP and UTP were shown
to increase cytosolic calcium in PC-3 and DU145 cell lines

(Fang et al., 1992; Wasilenko et al., 1997). ATP (UTP was not
tested) strongly inhibited the growth of PC-3 and DU145 cells
(Fang et al., 1992): the authors speculated that this inhibition
resulted from the activation of phospholipase C and rise in

[Ca2+]i observed in these cells. Similarly, ATP increased the
inositol phosphate level and inhibited growth of rat prostate
epithelial cells (Guijarro et al., 1996). The inhibition of prostate

carcinoma cell proliferation by ATP is potentially interesting,
since prostate cancer is a major cause of cancer death in male
subjects. While there is initially a high rate of response to

hormonal therapy, most treated patients relapse with andro-
gen-independent tumor, refractory to further hormonal
therapy and traditional chemotherapy: this underscores the

need of new therapeutic approaches (Isaacs et al., 1987).
In this study, we have expanded these previous observa-

tions with the purpose of identifying the receptors involved in
the action of nucleotides, by a combination of pharmacolo-

gical and molecular biology experiments.

Methods

Cells

The human prostatic carcinoma cell lines LNCaP, PC-3 and
DU145 were a gift of Dr R. Kiss, Medical Faculty of the

UniversiteÂ Libre de Bruxelles. LNCaP were grown in RPMI
1640 medium with 10% foetal bovine serum (FBS); PC-3 cells
in Ham's F-12 medium with 8% FBS and DU145 in Eagle's
modi®ed essential medium (MEM) plus 8% FBS. All media

were supplemented with 100 u ml71 penicillin, 100 mg ml71

streptomycin, 300 mg ml71 glutamine and 2.5 mg ml71 am-
photericin B.

Inositol phosphates measurements

Thirty thousand prostatic cells were labelled for 48 h with 1-
myo-D-2[3H]-inositol (10 mCi ml71) in inositol-free Ham's F-
12 (PC-3) or inositol-free MEM (DU145), containing 5%
FBS, antibiotics, amphotericin B and glutamine. The cells

were preincubated 20 min in a Krebs-Ringer-HEPES medium
(KRH) (in mM): NaCl 124; KCl 5; MgSO4 1.25; CaCl2 1.45;
KH2PO4 1.25; HEPES 25 and glucose 8) containing LiCl

10 mM, and then stimulated for various times with the agonist
in a KRH medium supplemented with LiCl. Incubations were
terminated by the addition of ice-cold 3% perchloric acid

solution. Extraction and isolation of inositol trisphophates
(InsP3) on Dowex AG1-X8 were done as described (Communi
et al., 1995b). Experiments were performed at least three

times, each with triplicate samples. The EC50 values (mean+
s.e.mean) were calculated on basis of three independent
experiments using SigmaPlot v2.0 Curve Fit. Student's t-tests
were performed with Microsoft Excel 97 software.

Calcium measurements

Intracellular calcium ([Ca2+]i) was measured in PC-3 cells
using the ¯uorescent Ca2+ indicator fura 2-AM (Molecular
Probes). Practically, the cells were concentrated at 107 ml71

and incubated at 258C for 45 min in a loading medium (in
mM): glucose 11; NaCl 96; KCl 6; MgCl2 1; NaH2PO4 2.5;
HEPES 24.5; BSA 0.5%; CaCl2 0.25) containing 2 mM of fura

2-AM and 0.005% of pluronic acid. After loading, the cells
were quickly washed and diluted at the level of 106 cells ml71

in a medium containing (in mM): glucose 11; NaCl 96; KCl 6;
MgCl2 1; NaH2PO4 2.5; HEPES 24.5 and CaCl2 1. Two ml

of the cells suspension were poured in a quartz cuvette and
allowed to equilibrate at 258C for 10 min. Measurements
were then performed with the Luminescence Spectrometer

LS50B (Perkin Elmer) at the same temperature. Fura 2-
loaded cells were maintained under agitation and were
alternatively excited at 340 and 380 nm. Maximal and

minimal ¯uorescence values were respectively measured after
the addition of solutions of digitonin (0.5 mM) and EGTA
(40 mM). The emission light (510 nm) was collected and

analysed through the FL WinLab software. The ratio
between the ¯uorescence intensities recorded after excitation
at 340 and 380 nm is related to the [Ca2+]i, which was
calculated according to Grynkiewicz et al. (1985).

Cyclic AMP measurements

Cells were seeded on Petri dishes (200,000 cells) in complete
medium and cultured overnight (as described in the `Cells'
section of Methods). The cells were ®rst preincubated 30 min

with 25 mM rolipram, a phosphodiesterase inhibitor, and then
stimulated for 15 min with the nucleotides in presence or
absence of forskolin (FK; 1 or 3 mM, according to the

experiment and cell line), in a KRH medium supplemented
with rolipram (25 mM). Alternatively, for the AC inhibition
experiments, a 15 min preincubation with FK was performed,
before the addition of the nucleotide. The incubation was

stopped with HCl 0.1 M. After evaporation to dryness, the
samples were diluted as required. Cyclic AMP was quanti®ed
by radioimmunoassay after acetylation (Brooker et al., 1979).

Experiments were performed at least three times with
triplicate samples.

Prostate-specific antigen measurements

Quantitative analysis of prostate-speci®c antigen (PSA)
secreted by LNCaP cells was performed using a MEIA

(Microparticles Enzyme ImmunoAssay) procedure on the
AXSYM analyser (Abbott). Brie¯y, 300,000 cells cultured in
complete medium were washed twice with serum-free RPMI

1640 medium and incubated in the samemedium containing the
agonist for 2 h. After the incubation, the medium was removed,
centrifuged to remove any suspended cells and assayed.

Cell growth

At day 0, the PC-3 and DU145 cells were seeded at the
density of 50,000 cells per 3.5 cm diameter Petri dish,
respectively in a complete Ham's F-12 or MEM medium
containing the agents; the seeding density was 100,000 cells

for the LNCaP cell line. Addition of tested agents was
repeated every day and the medium was renewed at day 2.
The cell number at day 4 was determined by haemocytometer

counting of trypan blue excluding cells. Serum concentration
(FBS) were 10, 8 and 4% respectively for the LNCaP, PC-3
and DU145 cells.
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Laddering experiments

At day 0, 400,000 PC-3 or DU145 cells were seeded in 10 cm

diameter Petri dishes and cultured respectively in complete
Ham's F-12 or MEM medium without or with nucleotides
(ATP or 2',3'-O-(4-benzoyl-benzoyl)adenosine 5'-triphosphate
(BzATP) at 100 mM). Supernatant was taken every day from

the second day and replaced by fresh medium and agonist.
The supernatant, which contains cell fragments or dead cells,
was centrifuged. The pellet was resuspended in 50 ml of

phosphate bu�ered saline (PBS) and dissolved in the AL
lysis bu�er of the QIAamp DNA mini kit (Qiagen)
supplemented with proteinase K, incubated 10 min at 568C
and stored at 48C. At day 4, the remaining adherent cells in
the Petri dish were detached, lysed, pooled together with the
other lysates and centrifuged 30 min at 15,0006g at 48C.
Supernatant was then applied on QIAamp column, and
DNA was eluted, separated by electrophoresis on a 2%
agarose gel (8 mg DNA/lane) and visualized by ethidium
bromide staining.

Cell proliferation assay

Fraction of cells entering into DNA synthesis was measured
by the frequency of 3H-thymidine-labelled nuclei, as
estimated by autoradiography. At day 0, 50,000 PC-3 or

DU145 cells were seeded in 3.5 cm diameter Petri dishes and
cultured respectively in complete Ham's F-12 or MEM
medium containing the agonist (ATP, BzATP) at 100 mM.

At day 1 or 3, cells were incubated in presence of 10 mM
[3H]-thymidine, 10 mM D-cytidine and 3 mM cold thymidine
for 12 h in 4% serum complete MEM medium for DU145
cells and 18 h in 8% serum complete Ham's F-12 medium

for PC-3 cells. The cells were then ®xed with methanol and
washed with water. Photographic emulsion (Kodak) was
poured on the dishes, which were stored for one week at

48C before development and counting (at least 1000 cells per
dish).

Northern blotting (P2Y receptors)

Total RNA was extracted with the RNeasy mini kit (Qiagen)
and polyA RNA with the polyATtract, mRNA isolation

system IV kit (Promega). Northern blots containing 10 mg of
total RNA and 4 mg of polyA RNA of the three cell lines
were prehybridized at least 4 h at 428C and hybridized over-

night at 428C with a 32P-labelled probe speci®c for the studied
P2Y receptor. The membranes were washed 2615 min at
428C in a solution of standard saline citrate 26 (SSC) and

0.1% sodium dodecyl sulphate (SDS) and then 4615 min at
658C in a solution of 0.26SSC and 0.1% SDS. The blots
were exposed to a X-ray autoradiography ®lm in presence of

intensifying screen at 7808C for 2 to 7 days according to the
probe.

RT±PCR (P2X receptors)

Total RNA of PC-3 and DU145 cells was submitted to
DNAse treatment using the deoxyribonuclease I, ampli®ca-

tion grade (GIBCO BRL) and reverse transcribed with the
Superscript preampli®cation system (GIBCO BRL). Oligo-
nucleotides speci®c for the seven di�erent P2X receptors

were used in PCR reaction using Taq DNA polymerase
(938C 3 min; then 938C 1 min, 50 ± 608C 2 min and 728C
3 min; 35 cycles; 728C 6 min). Ampli®cation products were

separated by electrophoresis on a 2% agarose gel and
visualized by ethidium bromide staining. For each receptor,
two di�erent pairs (each pair=sense (S) and antisense (AS))
of oligonucleotides were designed on basis of the known

sequences of cloned human P2X receptors (GenBank) and
tested in PCR reactions. Oligonucleotide sequences and
expected ampli®cation product size (ps) in bp are given

hereunder. First pair: P2X1S: GACAACTCCTTCGTGGT-
CAT, P2X1AS: CCGTACGTGCCAGTCCAGGT, ps=510;
P2X2S: GACTACGAGACGCCCAAGGT, P2X2AS: CTC-

GTGGAACGTGCAGCGCT, ps=611; P2X3S: AGTCGGT-
GGTTGTGAAGAGC, P2X3AS: GCTGTAGTTCACG-
CAGCGGC, ps=391; P2X4S: ACTGCTCATCCTGGCCT-

ACG, P2X4AS: AAGCAGGTTGTGGCACGTGT, ps=424;
P2X5S: GCCAGATATTACCGAGACGC, P2X5AS: GTGC-
TCCTGTGGGGCTCCAG, ps=373; P2X6S (=P2XMS):
CACAGGACCTGTGAGATCTG, P2X6AS (=P2XMAS):

AAGGTGACCACGCCCAGCCA, ps=556; P2X7S: GCA-
GAGGTGAAAGAGGAGAT, P2X7AS: CTGTGGATTCT-
GAGTCTTGT, ps=470. Second pair: P2X1S': CACGGCG-

GTTCCAGG, P2X1AS': CTCAGCCAGGGTGCT, ps=740;
P2X2S': ATCGTGGTGAGGAAC, P2X2AS': TGCACTCC-
GATGCAG, ps=838; P2X3S': CTGCATATCCGACTT,

P2X3AS': GCAGGATGATGTCAC, ps=1025; P2X4S': AC-
GACACGCCGCGCA, P2X4AS': GGAAGGATATTC-
CTC, ps=575; P2X5S': TCTGTCTCCTCCGGG; P2X5AS':
CAGGGCCTGAACGTA, ps=434; P2X6S' (=P2XMS'):
CAGGCCAGTGTGTGG, P2X6AS' (=P2XMAS'): GAGT-
TGGCGGTTGCT, ps=670; P2X7S': GGTGAGTGACAA-
GCT, P2X7AS': CTAGTCGGAAAATGG, ps=560. RT ±

PCR experiments were performed three times on two
di�erent batches of RNA with the ®rst set of oligonucleo-
tides and once with the second set of oligonucleotides.

Results

Northern blotting study of P2Y receptors expression in
PC-3, DU145 and LNCaP cells

Blots prepared with both total and polyA RNA of the
di�erent cell lines were hybridized with probes corresponding
to the coding sequence of the di�erent cloned human P2Y

receptors: P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11 (data not
shown). The hybridization with the P2Y1 probe revealed a
characteristic doublet at high molecular weights (6.7 and

5.2 kb; Janssens et al., 1996) in the DU145 polyA RNA lane.
The P2Y2 messenger was detected in the three cell lines, but
only after a 2 day exposure. A double band could be

observed in PC-3 and DU145 lanes at 2.2 and 2.4 kb, while
in LNCaP cells lanes, only the lowest size messenger was
detectable. No P2Y4 messenger was observed. The P2Y6

receptor hybridization revealed a unique messenger of 2 kb in

the androgen-insensitive cell lines, especially DU145. The
faint band observed in the LNCaP polyA RNA lane had a
slightly higher size (2.2 kb). Finally, the signal observed after

the P2Y11 probe hybridization was the most complex and
revealed multiple messengers: signals were observed at 9, 5.0
and 4.2 kb (only 9 and 4.2 kb for the LNCaP polyA RNA
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lane). A less intense and more di�use signal could also be
observed around 2.7 kb.

Pharmacological characterization of the P2Y receptors of
PC-3, DU145 and LNCaP cells

In order to correlate the Northern blotting data with

functional expression, we characterized the pharmacological
response of the three cell lines to nucleotides: InsP3 as well as
cyclic AMP measurements were performed.

InsP3 measurements We ®rst established a time-course of
InsP3 accumulation induced by ATP (100 mM) in the PC-3

and DU145 cells, in presence of LiCl at 10 mM. The
accumulation of InsP3 was faster in the PC-3 cells: it was
observed after 30 s of stimulation (65% of maximal response)

and reached a plateau after 5 min. The accumulation of InsP3

in the DU145 cells was slower and was observed only after
5 min (70% of maximal response), raising to a plateau at
15 min. No InsP3 accumulation could be detected in the

LNCaP cells when stimulated by ATP, ATPgS, ADP, UTP,
UDP or carbachol in di�erent experiments; the lack of e�ect
of nucleotides on PLC stimulation was probably due to the

poor incorporation of [3H]-inositol into membrane lipids
(data not shown). Full concentration-responses curves were
obtained after a 5 min (PC-3 cells) or 15 min (DU145 cells)

incubation with UTP and ATP in presence of LiCl 10 mM.
For both cell lines, the results were similar: UTP and ATP
raised almost equipotently and to the same extent the

level of InsP3 (Figure 1). The EC50 values (mean+s.e.mean)
were as follows: EC50 PC-3 cells (UTP=0.7+0.1 mM;
ATP=1.3+0.2 mM), EC50 DU145 cells (UTP=0.9+0.2 mM;
ATP=1.2+0.2 mM). Responses to 2-MeSADP, BzATP and

UDP were also tested (concentrations ranged from 10 ±
100 mM). The ®rst two did not stimulate the PLC of either
androgen-insensitive cells, whereas UDP increased the level

of InsP3 when incubated for 5 min or more in the PC-3 and
DU145 cells. Increases of [3H]-InsP3 generated by ATP, UTP
or UDP were not additive, whereas the histamine+ATP and

histamine+UTP combinations produced additive e�ects
(data not shown).

Cyclic AMP measurements In view of the expression of
P2Y11 transcripts, we tested the e�ects of the most potent
agonists of that receptor (ATPgS4BzATP4ATP: Communi

et al., 1999). They all increased intracellular cyclic AMP in
PC-3 cells (Figure 2A). However, the BzATP stimulation
was clearly less pronounced than the e�ect of ATP and
ATPgS, and ADP, which is a weak agonist of P2Y11

receptor, strongly raised the cyclic AMP concentration.
Adenosine mimicked the e�ect of ATP and the stimulation
generated by adenosine as well as ATP was abolished in

presence of the adenosine receptors antagonist, 8-p-sulpho-
phenyltheophylline (8-PST) at 300 mM (a 80% inhibition was
observed at 100 mM, data not shown) (Figure 2A). These

data demonstrate that the e�ect of ATP on cyclic AMP in
the PC-3 cell line is mediated by its degradation into
adenosine and does not involve P2Y11 receptors. In DU145

cells, as represented in Figure 2B, ATP, ATPgS (100 mM) or
adenosine (1 mM) produced only a slight increase of the
basal cyclic AMP level. However, ATP and adenosine
strongly potentiated the stimulatory e�ect of forskolin (FK;

1 mM), ATPgS being less e�ective. This potentiation was
abolished by 8-PST (100 mM), again suggesting that the
e�ect of ATP is mediated by its degradation into adenosine

(Figure 2B). In the LNCaP cells (Figure 2C), only
adenosine had an e�ect: per se it weakly increased the
basal cyclic AMP level, but it strongly enhanced the

stimulation by FK (3 mM). No increase of the cyclic AMP
level (as compared to FK alone) was observed after a
15 min challenge with ATP or ATPgS. We also tried to

detect a potential inhibition of AC by nucleotides. The
LNCaP cells, preincubated 15 min with FK 3 mM, were
exposed to di�erent nucleotides (ADP, ATP, ATPgS and
BzATP at 100 mM), either in presence or in absence of 8-

PST (100 mM). No decrease of the cyclic AMP level could
be detected (data not shown).

PSA release assays

The e�ects of adenosine and nucleotides on the release of the

prostate-speci®c antigen (PSA) were studied in LNCaP cells
only, since PC-3 and DU145 cells do not secrete PSA (data
not shown). The cells were incubated for 2 h in serum-free
medium with several nucleotides (ATP, BzATP, UTP, and

UDP at 100 mM) or adenosine (10 mM), but no increased
release could be measured as compared to the control
condition. On the contrary, the Vasoactive Intestinal Peptide

(VIP; 100 nM), which strongly activates AC in these cells
(Gkonos et al., 1996), increased PSA secretion by about 50%
(Figure 3). The secretory e�ect of VIP at a low concentration

(1 nM) was enhanced in a synergistic way by adenosine
(10 mM; Figure 3) and ATP (100 mM), but not by UTP (data
not shown). Similarly, adenosine enhanced the cyclic AMP

accumulation induced by VIP (Figure 3).

Cell growth

PC-3, DU145 and LNCaP cells were seeded at low density
and cultured for 4 days in serum-containing medium, with or
without di�erent nucleotides, which were readded every day.

As represented in Figure 4, ATP (100 mM) completely
prevented cell growth, whereas UTP (100 mM) had no
detectable e�ect. The ATP e�ect was less pronounced in

Figure 1 Concentration-action curves of UTP and ATP on the
InsP3 accumulation in PC-3 or DU145 cells. 3H-inositol-labelled cells,
preincubated 20 min with 10 mM LiCl, were incubated in the
presence of various concentrations of nucleotides for 5 min (PC-3
cells) or 15 min (DU145 cells). The data are mean+s.e.mean of three
independent experiments with triplicate experimental points.

British Journal of Pharmacology vol 132 (2)

Effects of nucleotides on prostatic cell linesR. Janssens & J.-M. Boeynaems 539



a b

c

Figure 2 E�ects of various nucleotides and adenosine on the cAMP production in prostatic carcinoma cells. (a) The PC-3 cells,
preincubated 30 min with rolipram 25 mM, were stimulated for 15 min with adenosine (1 mM), ATP (100 mM), ATPgS (100 mM),
BzATP (100 mM), ADP (100 mM), adenosine+8-PST (300 mM), ATP+8-PST or without agonist (CONTROL) in a medium
containing rolipram 25 mM. The data represent the mean+s.e.mean of three independent experiments with triplicate experimental
points. (b) The DU145 cells, preincubated 30 min with rolipram 25 mM, were stimulated for 15 min with adenosine (1 mM), ATP
(100 mM), ATPgS (100 mM), FK (1 mM), FK+adenosine, FK+ATP, FK+ATPgS, FK+adenosine+8-PST (100 mM) or
FK+ATP+8-PST in a medium containing rolipram 25 mM. The data represent the mean+s.e.mean of three independent
experiments with triplicate experimental points. (c) The LNCaP cells, preincubated 30 min with rolipram 25 mM, were stimulated for
15 min with adenosine (1 mM), ATP (100 mM), ATPgS (100 mM), FK (3 mM), FK+adenosine, FK+ATP, FK+ATPgS or
FK+adenosine+8-PST in a medium containing rolipram 25 mM. The data represent the mean+s.e.mean of three independent
experiments with triplicate experimental points.
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the LNCaP cells. As detailed in Figure 5, the inhibitory e�ect
of ATP on the growth of PC-3 cells could not be mimicked
by UTP (100 mM), adenosine (100 mM), FK (10 mM) or the
combinations UTP+adenosine or UTP+FK. Moreover, the

ATP e�ect was not abolished by the addition of the
adenosine receptors antagonist, 8-PST (up to 300 mM).
Similar results were observed with the DU145 cells, but the

serum concentration had to be decreased to 4% in order to
obtain an amplitude of inhibition comparable to that found
in PC-3 cells (Figure 5). In contrast to PC-3 cells, the growth

of LNCaP cells was inhibited by the FK+UTP or FK+ATP
combinations, and the combinations were more e�ective than
ATP alone (Figure 5). Figure 6 shows the relationship

between adenine nucleotide (BzATP, ATP, ATPgS, 2-
MeSATP and a,bmeATP) concentration and the number of
cells after 4 days in culture. The rank order of growth-
inhibiting activity was: ATPgS&ATP42-MeSATP4a,b
meATP. BzATP had a di�erent behavior on the two cell
lines: it produced more growth inhibition than ATP in PC-3
cells and less in DU145.

The e�ect of ATP or BzATP (100 mM) on DNA synthesis
was evaluated by measuring the percentage of 3H-thymidine-
labelled nuclei. As shown in Table 1, no signi®cant di�erence

between control and nucleotide conditions was observed after
2 days of treatment in both PC-3 and DU145 cell lines.
However, after 4 days of treatment, signi®cant di�erences
were observed in the PC-3 cells: a decrease of labelled nuclei

of about 20 and 35% was observed respectively when cells
were treated with ATP or BzATP. Proliferation rate was not
a�ected by nucleotides in DU145 cells. Most of the

nonproliferative cells presented a normal aspect.

Detection of apoptosis

Since the decrease in cell number in response to nucleotides
was more impressive than the decrease in proliferation rate,

we investigated whether nucleotides induce the death of
prostatic cells. In order to detect the internucleosomal DNA
degradation that occurs in many apoptotic cells (Wyllie,
1980), the genomic DNA of PC-3 and DU145 cells

challenged or not by ATP or BzATP (100 mM) for 4 days,
was submitted to electrophoresis and stained with ethidium
bromide. As observed in Figure 7, the lanes corresponding to
PC-3 cells incubated with BzATP or ATP presented the

characteristic laddering of apoptotic cells, whereas the control
cells did not present any speci®c degradation. On the
contrary, the lane of DU145 cells incubated with ATP

presented a smear, characteristic of a random DNA
degradation on which one may however distinguish some
bands of weak intensity.

Expression of P2X receptors

The lack of UTP and adenosine e�ect suggested that the
inhibition of PC-3 and DU145 cell growth by ATP is
unrelated to either inositol phosphate-linked P2Y receptors
or AC-linked adenosine receptors. Nucleotide-induced cell

death, and apoptosis in particular, has been linked to the
activation of P2X receptors (Di Virgilio et al., 1989;
Coutinho-Silva et al., 1999; Ferrari et al., 1999). RT ±PCR

experiments were performed on PC-3 and DU145 cells cDNA
in order to detect the expression of P2X transcripts. PCR
experiments were performed with pairs of oligonucleotides

(sense and antisense) speci®c of each P2X receptor,
synthesized on basis of the sequence submitted to Gen-
Bank/EMBL databases. Three di�erent P2X receptors (P2X4,
P2X5 and P2X7) were detected in the PC-3 cDNA, whereas

only the P2X4 and P2X5 receptors were ampli®ed in the
DU145 cDNA; the ampli®cation products had the expected
size (P2X4: 424 pb; P2X5: 373 pb and P2X7: 470 pb) (Figure

8). These results were con®rmed with a new pair of speci®c
oligonucleotides (second set, as described under the Methods
section). Negative controls were performed (PCR on RNA of

PC-3 or DU145 cells; PCR without cDNA) and no
contamination was observed (data not shown). The presence
of P2X receptors on prostatic cells was con®rmed by

intracellular calcium measurements. As shown in Figure 9,
BzATP (100 mM) induced a transient, although still appreci-
able after 15 min, increase of cytosolic calcium which was
almost abolished (80% inhibition of the maximal response) in

Figure 3 Concentration-action curves of VIP or VIP+adenosine (10 mM) on the cyclic AMP accumulation and PSA secretion in
LNCaP cells. 300,000 LNCaP cells were incubated for 2 h in a serum free RPMI 1640 medium containing the agonist or not
(control). Extracellular medium was removed and PSA assayed using a MEIA procedure on an AXSYM device. Measurements of
cyclic AMP were performed as described under Methods. Data are the mean+s.e.mean of three di�erent experiments performed
with triplicate experimental points.
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presence of EGTA, an extracellular calcium chelator. In
contrast, the response to ATP was about 2 fold greater, but

in presence of EGTA, it was reduced by only 50%.
Measurements of ¯uorescent dyes (ethidium bromide and

lucifer yellow) in¯ux as described by ChaõÈ b et al. (2000) were
also performed in the PC-3 cells following the addition of
BzATP 100 mM for 15 min. However, no speci®c increase of

intracellular ¯uorescence was detected (data not shown).

Discussion

In this paper, we have investigated the e�ects of nucleosides
and nucleotides on three di�erent prostate carcinoma cell

lines: LNCaP, PC-3 and DU145 cells. The growth of the ®rst
one is androgen-dependent, whereas the PC-3 and DU145
cells are androgen-insensitive. Little is known about the

e�ects of nucleosides and nucleotides on the prostate or
prostatic cell lines. In particular, no e�ect of adenosine has
been described. P2Y1 receptor mRNA was strongly expressed

in the normal human prostate (Janssens et al., 1996), as well
as P2X1 receptor messengers (Longhurst et al., 1996). ATP
and UTP elicited an increase of cytoplasmic calcium in the

androgen-insensitive cell lines and, interestingly, ATP (UTP
was not tested) inhibited the growth of rat epithelial prostatic
cells and of the PC-3 and DU145 cell lines, but the

Figure 4 E�ects of ATP or UTP on growth of prostatic carcinoma
cells. PC-3 cells, at a density of 50,000 cells/3.5 cm dishes, were
seeded at day 0 in a complete Ham's F-12 medium containing 8%
FBS, with or without the agonist (100 mM). Nucleotides were renewed
each day, and medium changed at day 2. The number of adherent
living cells that excluded trypan blue was determined at days 1, 3 and
4 using a haemocytometer. DU145 cells were seeded at a density of
50,000 cells/3.5 cm dishes in a complete Eagle's modi®ed essential
medium containing 4% FBS. LnCAP cells were seeded at a density
of 100,000 cells/3.5 cm dishes in complete RPMI 1640 medium
containing 10% FBS. Treatment and counting of DU145 and
LNCaP are similar to those described for PC-3 cells. The data
represent the mean+s.e.mean of three independent experiments with
quadruplicate experimental points. *Indicates that the level of
signi®cance (P) between control and ATP conditions is P50.005.

Figure 5 E�ects of nucleotides, adenosine and/or FK on growth of
prostatic carcinoma cells. Culture conditions are similar to those
described in Figure 4. Cells were incubated in the presence or absence
of nucleotides for 4 days and the number of living cells that excluded
trypan blue was determined using a haemocytometer. Stimulations
were performed with ATP (100 mM), UTP (100 mM), adenosine
(100 mM), FK (10 mM) or 8-PST (300 mM for PC-3 cells and 100 mM
for other cell lines alone or in combination). The data represent the
mean+s.e.mean of three independent experiments with quadruplicate
experimental points. *Indicates that the level of signi®cance (P)
between control and stimulated conditions is P50.005.
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receptor(s) involved has(ve) not been identi®ed (Fang et al.,
1992; Guijarro et al., 1996; Wasilenko et al., 1997). Growth-
inhibitory e�ects of nucleotides have been observed in other

cell types. For instance, activation of P2Y2 receptors,
decreases of proliferation of human colorectal HT29 cells,
(Hopfner et al., 1998), human endometrial cancer HEC-1A
and Ishikawa cells (Katzur et al., 1999). On the other hand

the ATP-induced decrease in the proliferation of HL-60
(Seetulsingh-Goorah & Stewart, 1998) and NK (Miller et al.,
1999) cells is associated with a rise in cyclic AMP presumably

mediated by the P2Y11 receptor.
Our approach was ®rst to detect P2Y receptors transcripts

by Northern blotting in the three cell lines and to compare

these data with pharmacological assays. PC-3 cells express
mainly P2Y2 receptors and this can be correlated with an
equipotent stimulation of InsP3 accumulation by ATP and

UTP, which is a landmark of that receptor (Lazarowski et al,
1995). Although a signi®cant expression of P2Y1, P2Y6 and
P2Y11 mRNA was detectable in DU145 cells, in addition to
P2Y2 mRNA, InsP3 regulation by nucleotides was similar to

the PC-3 cells, suggesting the predominant involvement of
P2Y2 receptors. This is supported by the lack of additivity of
the ATP and UTP e�ects. The lack of stimulation by 2-

MeSADP, a potent agonist of P2Y1 receptors (Leon et al.,
1997), or BzATP, a P2Y11 agonist (Communi et al, 1999),
suggests that these subtypes are not functionally expressed in

these cells. A response to UDP was detectable but its time
course suggests that it might result from an interconversion
into UTP and an activation of P2Y2 rather than P2Y6

receptors (Nicholas et al., 1996). This hypothesis was
con®rmed by the lack of additivity of the UDP and ATP
or UTP e�ects. Finally, the stimulation of cyclic AMP
accumulation and potentiation of FK action by ATP cannot

be explained by an action on the P2Y11 receptor. Indeed,
BzATP and ATPgS, which are more potent than ATP on the
recombinant P2Y11 receptor (Communi et al., 1999),

produced a weaker e�ect than ATP itself, and the action of
ATP was mimicked by adenosine and abolished by 8-PST,
suggesting that it results entirely from ATP degradation into

Figure 6 Concentration-action curves of e�ects of various adenine
nucleotides on androgen-independent prostatic cell growth. PC-3 and
DU145 cells were cultured and counted in the same conditions as
described in Figure 4. Cells were submitted or not to stimulation with
BzATP, ATP, ATPgS, 2-MeSATP or a,bmeATP (all at 100 mM).
After 4 days, the number of living cells that excluded trypan blue was
determined using a haemocytometer. The data represent the mean+
s.e.mean of three independent experiments with quadruplicate
experimental points.

Table 1 E�ects of ATP or BzATP on proliferation of
androgen-independent cells

Treatment time Control ATP BzATP

PC-3 cells
2 days 91.1+2.2 90.0+3.1 87.0+1.9
4 days 75.6+1.5 57.4+2.8 41.9+3.8

DU145 cells
2 days 96.4+3.2 95.1+2.6 97.8+3.9
4 days 86.2+2.9 80.9+2.2 88.8+2.5

Cells, at a density of 50,000/3.5 cm dishes, were stimulated
or not by agonist (100 mM) in culture conditions described in
the Methods section. At the end of day 1 or 3, cells were
labelled with 3H-thymidine for 18 h (PC-3 cells) or 12 h
(DU145 cells). The percentage of labelled nuclei was
established by counting (at least 1,000 cells/dish). Data are
mean+range of two independent experiments with triplicate
points.
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Figure 7 Qualitative detection of apoptosis among androgen-independent PC-3 and DU145 cells. PC-3 cells, at a density of
400,000/10 cm dishes, were cultured in complete Ham's F-12 containing 8% FBS and stimulated or not by BzATP or ATP
(100 mM). DU145 cells, 400,000/10 cm dishes, were cultured in a complete Eagle's modi®ed essential medium containing 4% FBS.
Experimental procedures are described under Methods. DNA (8 mg/lane) was separated by electrophoresis on a 2% agarose gel and
visualized by ethidium bromide staining.
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adenosine and an action on A2 receptors. In LNCaP cells, no
e�ect of nucleotides on either InsP3 or cyclic AMP was

detectable, despite a signi®cant expression of P2Y2 and P2Y11

transcripts. In summary, our data show that the InsP3

response to nucleotides in PC-3 and DU145 cells is mediated

by P2Y2 receptors, that the three cell lines express adenosine
receptors coupled to AC stimulation, presumably an A2

subtype, and that there are discrepancies between Northern

blotting showing the expression of P2Y1, P2Y6 and P2Y11

receptor mRNA in prostatic cells and the lack of functional
expression of these receptors.

We have also investigated the in¯uence of nucleotides and
adenosine on PSA secretion. PSA is commonly measured in
serum and is an important tool in the diagnosis and
monitoring of prostate cancers (Stamey et al., 1987). The

synthesis and secretion of PSA is under control of androgen
hormones (Lee et al., 1995). However, secretion of PSA is
also acutely increased by stimuli that activate AC, such as

VIP (Gkonos et al., 1996). Among the three cell lines, only
the LNCaP cells synthesise PSA (Takahashi et al., 1999).
Adenosine per se did not stimulate PSA release, but it

enhanced the secretory e�ect of low concentrations of VIP.
This enhancement is likely to result from a synergistic
stimulation of cyclic AMP. ATP also potentiated the PSA

secretory e�ect of VIP: the mechanism of this potentiation
remains unknown since we could not detect e�ects of ATP on
cyclic AMP level in LNCaP cells.

The last aspect of this paper is the study of the action of

nucleotides and nucleosides on the growth of prostatic
carcinoma cells. First, we reproduced the observation made
by Fang et al. (1992) that ATP inhibits the growth of PC-3

and DU145 cells. In addition, we have shown that adenine
nucleotides induce the death of these cells, presumably by
apoptosis in PC-3 cells and mainly by necrosis in DU145

cells. Fang et al. had concluded that growth inhibition by
nucleotides was a consequence of phospholipase C activation
and rise in cytoplasmic Ca2+. However, unlike these authors,

we also tested the e�ect of UTP which had no e�ect on
growth, whereas it was equipotent and equiactive to ATP on
InsP3. Therefore, the growth inhibitory e�ect of ATP cannot
be explained by the activation of P2Y2 receptors coupled to

phospholipase C. It cannot be explained either by an
accumulation of cyclic AMP, since the e�ect of ATP was
neither mimicked by adenosine nor reduced by 8-PST. P2X

receptors constitute an alternative mechanism and this
hypothesis is consistent with the report by Fang et al.
(1992) that as much as 50% of the Ca2+ rise observed in

response to ATP is due to an in¯ux of extracellular calcium.
Indeed, RT ±PCR experiments performed on PC-3 and
DU145 cDNA ampli®ed the P2X4, P2X5 and P2X7 sequences
in the PC-3 cells and the ®rst two of them in the DU145 cells.

In PC-3 cells, we con®rmed the presence of functional P2X
receptors by measuring the cytosolic calcium concentration:
BzATP, which is more potent than ATP on several P2X

subtypes, induced a prolonged increase of cytosolic calcium
(over 15 min), which was almost suppressed in presence of
EGTA, indicating that it is mostly due to extracellular

calcium in¯ux. The residual part (about 20 % of the maximal
response) would involve calcium release from the intracellular
pools, although BzATP did not stimulate InsP3 accumulation

in these cells. ATP also induced extracellular calcium in¯ux in
a proportion (about 50 % of the maximal response)
compatible with the study of Fang et al. (1992) in the same
cells. In ¯uorescent dye experiments, BzATP application did

not result in entry of ethidium bromide suggesting the lack of
P2X7 receptor-related pores in the PC-3 cells. This could be
due to the lack of a signi®cant expression of the P2X7 protein

or of other factors needed for pore formation, as demon-
strated in Xenopus oocytes (Petrou et al., 1997). Our data
broaden the number of epithelia in which P2X receptors are

Figure 8 Detection of P2X receptors mRNA in human androgen-
independent prostatic carcinoma cells by RT±PCR experiments. The
experimental procedure as well as oligonucleotide sequences are
described under Methods. PCR products (P2X4: 424 pb; P2X5:
373 pb; P2X7: 470 pb) are visualized after electrophoresis, and
ethidium bromide staining of a 2% agarose gel. These data are
representative of three di�erent RT±PCR experiments, performed on
two di�erent batches of RNA.

Figure 9 Measurements of intracellular calcium using the ¯uores-
cent marker fura 2-AM. E�ects of BzATP (A) and ATP (B) at
100 mM on the PC-3 cells, in a medium containing or not EGTA
(1 mM) added just prior to the ligand stimulation. The experimental
procedure is described under Methods. The data represent the mean
of three independent experiments (s.e.means were below 10%).
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expressed: they have been previously described in primary
cultures or cell lines derived from airways (especially P2X4

and P2X5 subtypes), intestine, pancreas, liver and salivary

glands (Tenneti et al., 1998; Taylor et al., 1999; Luo et al.,
1999).
The main conclusion of our work are as follows. InsP3

accumulation in response to nucleotides in prostate carcino-

ma cells involves the P2Y2 receptor, whereas their stimulation
of cyclic AMP accumulation is mediated by degradation into
adenosine and activation of A2 receptors. One consequence

of the adenosine-induced cyclic AMP accumulation is the
potentiation of PSA secretion. We have con®rmed the
observation by Fang et al. (1992) that ATP inhibits the

growth of PC-3 and DU145 cells, but we have shown that
this e�ect is unrelated to InsP3 or cyclic AMP accumulation.

P2X receptors activation with a resulting calcium in¯ux and
cell death might constitute an alternative explanation.
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