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1 We have previously shown that, in glioma C6 cells, two nucleotide ADP-sensitive receptors coexist:
P2Y,, coupled to PLC and responsible for Ca>* release, and P2Y ,, negatively coupled to adenylate
cyclase. In the present study, we examined the effects of the stimulation of these two receptors on
ERK1/2 and PI3-K activation, and cell proliferation in either serum-deprived or nonstarved C6 cells.
2 Inresponse to ADP and its analogues, in serum-starved cells, both p44 ERK 1 and p42 ERK2 were
activated in a time-dependent manner, as monitored by Western blot analysis using an antiphospho-
p42/p44 MAPK antibody. The phosphorylation was reduced both by removal of the extracellular
Ca’" and partially or almost completely by MRS2179 or AR-C69931MX, specific antagonists of the
P2Y, and P2Y, receptors, respectively. The inhibitory effect of antagonists was additive. These data
indicate the involvement of both receptors, P2Y, and P2Y,, in the ERK1/2 activation, but the P2Y,
receptor contribution predominates.

3 ERKI1/2 activity was positively correlated with cell proliferation of cultured glioma C6 cells.

4 In nonstarved cells, ADP markedly decreased the PI3-K activity. In contrast, in serum-starved
cells, ADP evoked an increase in the PI3-K activity. Blocking of the P2Y, receptor by MRS2179
additionally increased this ADP response. These results suggest that the P2Y, receptor has an
inhibitory and the P2Y, receptor a stimulatory effect on PI3-K signalling pathway.

5 RT-PCR analysis revealed different mRNA expression of both receptors in starved and
nonstarved cells. In nonstarved cells, the P2Y, receptor mRNA predominates, whereas in serum-

deprived cells the expression of P2Y;» mRNA becomes more pronounced.
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Introduction

Nucleotide receptors (previously termed ‘purinergic’) have
been classified as Pl and P2. P1 receptors respond to
adenosine, whereas P2 respond to adenine and uridine
nucleotides. P2 receptors belong to two families, the intrinsic
ion channel P2X receptors, and the seven transmembrane
domain, G protein-coupled, P2Y receptors (Burnstock, 1978;
Abbracchio & Burnstock, 1994; Communi & Boeynaems,
1997; Boeynaems et al., 2000). Within the family of P2Y, P2Y,
responds selectively to ADP and is partially antagonized by
ATP. 2-Methylthio-ADP (2MeSADP), 2-methylthio-ATP
(2MeSATP) and 2-chloro-ATP (2CIATP) are also selective
agonists of high potency for this receptor, while UTP is not
effective. In contrast, P2Y, receptor responds to ATP and
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UTP, while 2MeSADP has no effect on its activation. Both
cloned types of receptors activate phospholipase C (PLC) and
stimulate the increase in inositol 1,4,5-trisphosphate (InsPs).
The P2Y, receptor-generated InsP; accumulation is competi-
tively blocked by MRS2179 and pyridoxal-phosphate-6-
azophenyl-2’,4’-disulphonic acid (PPADS), whereas the P2Y,
receptor is insensitive to these compounds (Boyer ef al., 1994;
Nicholas et al., 1996; Schachter et al., 1996; Webb et al., 1996;
Boarder & Hourani, 1998; King et al., 1998).

The P2Y, receptor stimulation by both ATP and UTP has
been documented in a variety of cells (Boarder & Hourani,
1998; King et al., 1998). It has also been reported in glioma C6
cells (Lin & Chuang, 1994; Sabata et al., 1997; 2001; Tu et al.,
2000), while the presence of the P2Y, receptor in this cell line
has been a subject of serious debate (Boyer et al., 1993; 1994;
Webb et al., 1996; Boarder & Hourani, 1998). Glioma C6 cells
are transformed glial cells with a phenotype similar to
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astrocytes (Brismar, 1995). The studies on glioma C6 and C6-
2B cells revealed that stimulation of an ADP-responding
nucleotide receptor results in the inhibition of adenylate
cyclase. This receptor inhibited adenylate cyclase in response
to agonists of the P2Y, receptor, but not to its antagonists; it
was resistant to PPADS and MRS2179 (Schachter et al., 1996;
1997; Boarder & Hourani, 1998; Jacobson et al., 2001). Most
recently, this P2Y receptor subtype, previously termed P2Y -
like (glioma), or P2YTxc (platelets), has been cloned in rat
blood platelets and designated as P2Y,, (Hollopeter et al.,
2001; Savi et al., 2001). The presence of this receptor has also
been indicated in glioma C6-2B (Jin et al., 2001) and in glioma
C6 cells (Czajkowski et al., 2002).

Recently, Grobben ez al. (2001) have shown the effect of
P2Y oc (P2Y,) receptor on activation of MAP kinase and on
proliferation of glioma C6 cells. On the other hand, our
previous studies have indicated that, in glioma C6 cells, ADP
acts not only through the P2Y, receptor, negatively coupled to
adenylate cyclase, but also through P2Y,, linked to the
stimulation of PLC and Ca®* release (Sabata et al., 2001;
Czajkowski & Baranska, 2002; Czajkowski et al., 2002). Thus,
in the present study, we suggest an intriguing possibility that the
effect of ADP and its analogues on intracellular signalling
pathways involving the Ras/extracellular signal-regulated kinase
(ERK) and phosphatidylinositol 3-kinase (PI3-K) may depend
on both these receptors. ERK1/2 and PI3-K signal transduction
pathways are associated with cell proliferation and differentia-
tion (Seger & Krebs, 1995; Ptasznik et al., 1997; Corvera &
Czech, 1998). All our previous investigations were performed on
C6 cells growing in the medium supplemented with 10% serum
(Sabata et al., 2001; Czajkowski et al, 2002), whereas
experiments concerning ERK1/2 and PI3-K activation have
been usually performed on serum-deprived cells (Tu et al., 2000;
Grobben et al., 2001). Therefore, the aim of this study was to
determine whether the ADP-sensitive P2Y, and P2Y,, nucleo-
tide receptors are similarly involved in the regulation of ERK1/2
and PI3-K activity and cell proliferation, and to examine the
possible crosstalk between P2Y ;- and P2Y ;.- triggered signalling
pathways in either serum-starved or nonstarved C6 cells.

In this study, we demonstrate that the stimulation of P2Y,
and P2Y, receptors differentially affects the ERK1/2 and PI3-
K signalling pathways. Moreover, we show different mRNA
expression levels of both receptors in serum-deprived and
nonstarved glioma C6 cells.

Methods
Materials

Minimum essential medium (MEM), newborn calf serum
(NCS), antibiotics, Ham’s F10 medium, MEM vitamins,
MEM nonessential amino acids and phosphate-buffered saline
(PBS) were from Gibco BRL (Grand Island, NY, U.S.A.) TRI
reagent, ADP, ATP, UTP, 2MeSADP, 2CIATP, BSA, EGTA,
cell-dissociation solution, ethidium bromide, agarose, 123b
DNA ladder and common chemicals were purchased from
Sigma Chemical Co. (St Louis, MO, U.S.A.) AR-C69931MX
was a kind gift from AstraZeneca (Wilmington, DE, U.S.A.).
MRS2179 tetraammonium salt was from Tocris. Expand RT
enzyme was purchased from Roche. Tag PCR Core Kit was
obtained from QIAGEN.

Cell culture

Glioma C6 cells (passages 40—55) were obtained from ATCC
and cultured in MEM supplemented with 10% (vv~') NCS,
penicillin (50 IUml™"), streptomycin (50 ugml~') and 2mm
L-glutamine under a humidified atmosphere of 5% CO, at
37°C. The cells were passaged when confluent, by using
nonenzymatic cell dissociation solution, and the medium was
changed twice a week. For experiments, cells were cultivated in
MEM supplemented with 10% NCS to reach 90% confluence:
in 60 mm dishes (for Western blot analysis), in 100 mm dishes
(for PI3-K assay), on 24 mm glass coverslips in 35 mm dishes
(for calcium measurement), or on 12-well plates (for prolifera-
tion assay). In the case of serum-starved cells, the medium was
changed to MEM without NCS 48 h before the experiment. At
30 min before the experiment, cells were washed once with PBS
and once with the solution containing: 137mM NaCl, 2.7 mM
KCl, 1 mM Na,HPO;, 25 mM glucose, 20 mM HEPES (pH 7.4),
1 mM MgCl,, 1% bovine serum albumin and 2 mM CaCl, (later
referred to as the standard buffer). Only in the experiments
performed in the absence of external Ca?*, 500 uM EGTA was
added instead of 2mM CaCl,. All experiments (except
[PH]thymidine incorporation) were performed in standard
buffer at 37°C. In experiments concerning long-term serum
starvation, cells were grown according to Grobben et al. (2001)
in a serum-free, chemically defined medium containing Ham’s
F10/minimal essential medium (MEM, 1:1vv™'), 2mmMm
L-glutamine, 1% (vv~"), MEM vitamins (100 x), 1% (vv™")
MEM nonessential amino acids (100 x ), 50 TU ml~" penicillin,
50 ugml~! streptomycin and 30 nM sodium selenite.

Measurement of intracellular calcium

Intracellular Ca®>* concentration ([Ca®*];) was measured as
described previously (Baranska et al., 1995), with the following
modifications. Cells on coverslips were washed once with PBS
and once with the standard buffer. The cells were incubated at
37°C for 30 min in the standard buffer with 1 uM Fura-2 AM.
Thereafter, the coverslips were mounted in a chamber over a
Nikon Diaphot inverted-stage microscope equipped with a
x 40 oil-immersion fluorescence objective lens. Digital fluor-
escence microscopy was used to determine the changes in
[Ca2*];. Experiments were carried out on a video imaging
system (MagiCal, Applied Imaging Ltd). Data processing and
ratio values conversion to [Ca’*], were carried out using
Tardis V8.0 and MS Excel software.

Preparation of cell extracts and Western blot analysis of
phospho-ERKI and ERK2

For experiments cells were plated in 60 mm dishes and made
quiescent at confluence by incubating in fresh serum-free
MEM for 48 h. Then, the cells were incubated with agonists in
the standard buffer at 37°C for various times. When
antagonists were used, they were applied 2min prior to the
addition of agonists. The reaction was stopped by aspiration of
the medium and addition of sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer (6mM Tris/HCI, pH 6.8), 0.5% (wv~") SDS, 10%
(vv™!) glycerol, 0.5% (vv~') 2-mercaptoethanol. After boiling
for 2min, cell lysates were analysed by SDS-PAGE on a 10%
(wv™") polyacrylamide gel. Proteins were blotted onto a
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nitrocellulose membrane (Hybond-ECL, Amersham Pharma-
cia Biotech). Immunodetection was performed according to
the manufacturer’s instructions using rabbit antibodies raised
against phosphorylated p44 (ERK1) and p42 (ERK2) (Cell
Signalling Technology). Primary antibodies were detected with
a horseradish peroxidase conjugated mouse anti-rabbit anti-
body, and visualized by enhanced chemiluminescence (ECL,
Amersham Pharmacia Biotech).

PI3-kinase assay

PI3-K activity was essentially measured as described by
Whitman et al. (1985), with the following modifications.
Subconfluent serum-starved (48 h) or nonstarved cells grown
on 100mm dishes were incubated with ADP and other
compounds in the standard buffer for various intervals at
37°C. Thereafter, cells were washed with ice-cold PBS and the
material from two parallel dishes was lysed in 1.4 ml of ice-cold
Buffer A (10 mM Tris, pH 7.5, 50 mM NaCl, 50 mM NaF, SmM
EDTA, 1 mM sodium orthovanadate, ] mM PMSF, 1% Triton
X-100, 10 ugml™" of aprotinin and leupeptin, and 1 ugml™" of
pepstatin A). Cell lysates were kept on ice for 20 min and
clarified by centrifugation at 12,000 x g. The resulting super-
natants were incubated with a mixture of primary monoclonal
antibodies against a regulatory (p85«) subunit of PI3-K (clones
20 and 10« kindly provided by Dr I. Gout from Ludwig
Institute for Cancer Research, Royal Free and University
College Medical School Branch, London) on a wheel for 2 h at
4°C. Thereafter, protein G-Sepharose was added for another
1 h. The resulting immunoprecipitates containing bound PI3-K
were then washed three times in buffer A, once in 50 mMm
HEPES, pH 7.5, and once in the assay buffer (20 mM Tris HCI
pH 7.5, 100mM NacCl, 0.5mM EGTA). For the control of the
total amount of PI3-K p85 subunit, the immunoprecipitates
were suspended in SDS-PAGE sample buffer and subjected to
immunoblotting procedure using the same mixture of mono-
clonal antibodies for detection. For assay PI3-K activity,
washed beads were resuspended in 2 x concentrated assay
buffer. After 10 min preincubation with the substrate (10 ug of
phosphatidylinositol in 5SmM HEPES, pH 7.5, 1 mgml™!),
reactions (50 ul of total volume) were initiated by adding
MgCl,/ATP/ATP® (final concentrations: 10mM MgCl,, 40 uM
ATP and 5uCi of [y-*P]JATP per reaction). After 15min at
room temperature, reactions were stopped by addition of
100 gl of 1M HCI and 200 ul of chloroform: methanol (1:1,
vv~!). Tubes were then vortexed and centrifuged at 3000 x g in
a microfuge for 2min. The lipid organic phase was removed
and washed once with 100 ul of HCI: methanol (1:1, vv™'),
and spotted onto a silica gel 60A TLC plate with linear-K
preadsorbent strip (Whatman), previously treated with 1%
potassium oxalate. The plate was developed using equilibrated
system of propan-1-ol: 2M acetic acid:5M H3;PO, (65:35:1
vv!). The radioactivity in the spot of phosphatidylinositol 3-
phosphate was measured by Phospholmager (Biorad), using
the Quantity One software.

[PH]-thymidine incorporation and cell proliferation

Cells were plated onto 12-well culture plates and grown to
confluence. Cells were growth-arrested by incubation in
serum-free MEM for 48 h. After 48 h in serum-free medium,
agonists and antagonists in proper combinations were added.

Simultaneously, cells were labelled with 1 uCiml~"' of [*H]thy-
midine for 24 h. The experiments were terminated by washing
the cells twice with cold PBS and suspending in 250 ul of cell
dissociation solution. Then, the cell solutions were removed
into scintillation vials and mixed with 3ml of dioxan
scintillator. The radioactivity was counted using a scintillation
counter (LS 6500, Beckman Instr.).

Detection of P2Y; and P2Y;, mRNA and RT-PCR
analysis

Total RNA was extracted from serum-starved (48h) and
nonstarved glioma C6 cells using TRI reagent. In some
experiments, long-term starved cells were used. In these
experiments, cells were cultured in serum-free, chemically
defined medium according to Grobben et al. (2001). Reverse
transcription of total RNA from all serum-starved and
nonstarved cells was performed using Expand RT enzyme.
Specific primers for PCR reaction were designed using ‘DNA
Star’ software (DNA Star Inc., U.S.A.). P2Y, primers were
based on unique sequences comprising bases 97-120 (5'-AGA
ATG CGG CCG GAA GAA GAG TCG-3/, forward) and
686666 (5-AGC CCA GGC CAG CCA GGA AGG-3,
backward) of the rat P2Y, cDNA sequence (Acc. No.
U22830). The estimated product length was 590bp. P2Y,,
primers were based on the following unique sequences: 533—
554 (5-AAA CTT CCA GCC CCA GCA ATC T-3/, forward)
and 1021-1002 (5-CAA GGC AGG CGT TCA AGG AC-3,
backward) of the rat P2Y;, cDNA sequence (Acc. No.
L46865). The predicted product length was 489 bp. Equal
amounts of cDNA were used in parallel experiments. A hot-
start PCR protocol was used, involving denaturation at 95°C,
annealing at 65°C (P2Y,) or 56°C (P2Y,,) and extension at
72°C. A total of 32 cycles were conducted. PCR products were
separated on 1% agarose gel, stained with ethidium bromide,
and quantified using ImageQuant and MS Excel programs.

Results

We have recently characterized P2Y, and P2Y,, subtypes of
nucleotide P2Y receptors as those that respond to ADP and its
analogues in glioma C6 cells (Sabata et al., 2001; Czajkowski
et al., 2002). These investigations were performed on cells
growing in the medium supplemented with 10% serum.
However, experiments concerning MAPK and PI3-K activa-
tion and cell proliferation are usually performed on serum-
deprived, growth-arrested cells that can be synchronized in
Gy/G, phase of the cell cycle and, at this stage, minimally
incorporate [*H]thymidine, a marker of cell proliferation (Tu
et al., 2000). Therefore, to check whether the physiological
status of cells may affect ADP-induced signal transduction, we
examined the effects of these receptor agonists using non-
starved and 48 h serum-starved cells. In such starved cells, the
morphological change could be observed under phase-contrast
microscopy. The cells changed from a fibroblast-like flat
morphology to a rounded, astrocyte-like shape. However, they
remained adherent to dishes, and no apoptotic features or
significant loss of viability was observed (data not shown).
To determine whether ADP-sensitive P2Y, and P2Y,,
receptors are involved in ERK1/2 activation, 48h serum-
starved glioma C6 cells were stimulated with ADP, 2MeSADP

British Journal of Pharmacology vol 141 (3)



500 R. Czajkowski et al

P2Y; and P2Y,, receptors affect MAPK and PI3-K signalling

and 2CIATP, agonists that in glioma C6 cells activate both of
these receptors (Czajkowski & Baranska, 2002). As a control,
we used ATP and UTP, the effect of which on ERKs in this
cell line was already reported (Tu et al., 2000), and that are
known as agonists of the P2Y, receptor. Tyrosine phospho-
rylation of p44/ERK1 and p42/ERK2 was monitored by
Western blot analysis with an antiphospho-p44/p42 MAPK
antibody (see Methods). As shown in Figures la,c and d,
ADP, 2MeSADP and 2CIATP, respectively, stimulated a rapid
increase in the level of p42 and p44 phosphorylation.
Densitometric analysis of the blot revealed that, within
Smin, these compounds induced the highest, about 16-fold,
increase in the phosphorylation level of the active p44/ERK1
and p42/ERK2. At 30-60 min after agonists addition, phos-
phorylation strongly declined, in the case of ADP to near
control levels. A similar increase in ERK1/2 phosphorylation,
visible after 1 min, was observed when the cells were treated
with ATP and UTP (Figures le and f). Stimulation of cells
with these compounds reached the highest, more than 20-fold,
increase in activated ERK1/2 after 5-10min and strongly
declined after 30—60 min, just as it was reported by Tu et al.
(2000). In nonstarved glioma C6 cells, ADP was not able to
additionally stimulate a high basal ERK1/2 activity up to
15min. The phosphorylation levels of ERK1/2 were reduced
starting from 30 min after ADP addition (Figure 1b), similarly
as it was observed in starved cells. An alternative pathway,
negatively coupled to ERKI1/2 activity, could explain this
phenomenon. This pathway could be triggered by P2Y,»
receptors, or by the action of adenosine, the final product of
extracellular nucleotides hydrolysis (Grobben et al., 1999;
2001; Claes et al., 2001).

To examine whether the effect of ADP and UTP on ERK1/2
activation was mediated through the activation of nucleotide
receptor that could be antagonized with MRS2179, or AR-
C69931MX, 48h serum-starved C6 cells were pretreated for
2min with these antagonists and then, still in their presence,
stimulated for 5min by nucleotides. As shown in Figure 2, the
effects of MRS2179 and AR-C69931MX on ERK1/2 phos-
phorylation were assessed by Western blot analysis. Figure 2a
shows that MRS2179, P2Y, receptor antagonist, inhibited by
approximately 40% ADP-induced ERKs phosphorylation
(Figure 2a), whereas it was without effect on UTP-induced
ERK1/2 stimulation (Figure 2b). On the other hand, AR-
C69931MX, the P2Y, selective antagonist, inhibited by 85%
ADP-induced ERK1/2 phosphorylation. Addition of both
antagonists, MRS2179 and AR-C69931MX, resulted in almost
complete inhibition of this process (Figure 2a). The increase in
[Ca’*]; induced by ADP was significantly reduced by
MRS2179 (Figure 2¢), whereas this antagonist had no effect
on UTP-triggered P2Y,-mediated Ca?* response (Figure 2d),
in agreement with results of our previous studies (Sabata et al.,
2001; Czajkowski et al., 2002). Since MRS2179 and AR-
C69931MX blocked ERK1/2 activation by 40 and 85%,
respectively, and effect of AR-C69931MX was additive to that
of MRS2179 (Figure 2a), these results suggested the involve-
ment of P2Y, and P2Y,, receptors, although the effect of the
P2Y, receptor predominated.

In order to determine whether the effect of ADP and UTP
on the p44/p42 ERKI1/ERK2 activation is Ca®>* dependent,
serum-starved cells were placed in calcium-free medium, and
ERK1 and ERK2 activity was measured 5 min after treatment
of cells with ADP (Figure 3a) or UTP (Figure 3b). As shown,

extracellular Ca?* removal inhibited the ADP-induced ERK1/2
activation by about 70%, whereas that induced by UTP was
almost completely blocked. We have previously indicated that,
in glioma C6 cells, ADP initiated a biphasic Ca®>* response,
consistent with the PLC-mediated Ca?* release from the
endoplasmic reticulum (ER) calcium stores (the first phase),
and Ca’>* enter from the extracellular space (the second
phase). In the absence of extracellular Ca?>*, ADP resulted
only in the initial, transient rise in [Ca®*]; (the first phase),
which declined to the basal level during 5 min incubation with
the agonist, indicating that this cytosolic Ca’>* elevation was
caused only by PLC-mediated release of Ca** from the ER
stores (Baranska et al., 1999; Sabata et al., 2001; Czajkowski &
Baranska, 2002). In the experiment presented in Figure 3a,
intracellular Ca>* depletion was ADP-induced. This ADP
treatment, performed in a calcium-free medium, led to a
greater decrease in ERK1/2 phosphorylation (70%, Figure 3a)
than MRS2179 (40%, Figure 2a). Furthermore, we found that
the 30 min preincubation of the cells with 500 uM EGTA in a
calcium-free medium, simultaneously with the [Ca®*]; deple-
tion, led to a complete (100%) inhibition of ADP-induced
ERK1/2 phosphorylation (not shown). Thus, these data
pointed out the significant role of Ca>* in ERK /2 activation,
triggered not only by PLC-, but also by adenylate cyclase-
coupled receptor.

Figure 4 shows changes in PI3-K activation induced by
ADP as a function of time. As shown, the modulatory effect of
extracellular ADP on PI3-K activation is distinctly dependent
on the physiological status of the cells. The nonstarved cells
were characterized by higher constitutive activity of the
enzyme than the serum-starved ones. Moreover, in nonstarved
cells, ADP, within the first Smin of incubation, markedly
decreased PI3-K activation, and only after 30 min it reached
the control level again (Figure 4a). On the contrary, in the cells
made quiescent at confluence by incubation for 48h in a
serum-free medium, ADP evoked a gradual increase in PI3-K
activity that reached the maximal level after 15 min (Figure 4b).

To specify whether the P2Y,, or the P2Y,, receptor, is
responsible for the increase in the PI3-K activity, the starved
cells were preincubated with MRS2179, the specific antagonist
of P2Y, receptor for 2min, and then, still in the presence of
this antagonist, stimulated with ADP for 15min. Figure 5
shows that, in the presence of MRS2179, the PI3-K activation
was markedly increased, indicating that blocking of the P2Y,
receptor activity had a stimulatory effect on the kinase. On the
other hand, preincubation of the cells with protein kinase C
inhibitor, GF 109203X, that enhanced the Ca®" signal
triggered by P2Y, receptor (not shown), abolished PI3-K
activation (Figure 5).

In the subsequent experiments, the influence of P2Y
receptors on cell proliferation, estimated by changes in the
DNA synthesis, was investigated (Figure 6). In these experi-
ments, agonists and antagonists of the P2Y, and P2Y,
receptors were added to the medium for 24h (see Methods).
2MeSADP and 2CIATP modestly decreased (statistically
insignificant) proliferation of cells incubated in the medium
supplemented with 10% serum. Antagonists, MRS2179 and
AR-C69931MX were without effect on this process (not
shown). In starved cells, 2CIATP distinctly stimulated the
incorporation of [*H]thymidine above the control level,
whereas the effect of 2MeSADP was much smaller (Figure 6).
MRS2179 and AR-C69931MX added separately to the cells
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Figure 1 Time-dependent activation of p44/p42 ERK1/ERK2. C6 cells were grown as described in Methods, and experiments were
performed in the standard buffer after 48 h of serum deprivation (a, c—f), or in control, nonstarved cells (b). The cells were stimulated
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(as a control) polyclonal antibody. Bands were visualized by ECL method and quantified using ImageQuant and MS Excel
programs. The basal level represents ERK1/2 phosphorylation in the absence of receptor agonists. The results are expressed as the
means +s.d. from three independent experiments.
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were preincubated for 2min with 30 uM MRS2179 (P2Y, receptor antagonist) or with 10 uM AR-C69931MX (P2Y, receptor antagonist),
and, still in their presence, stimulated for 5Smin with 10 uM ADP. UTP (100 uM) was used as a negative control for MRS2179 action and
intracellular Ca®* concentration was measured to demonstrate the effect of this antagonist on Ca’* signals. (a) Effect of antagonists on
ADP-evoked p44/p42 ERK1/2 activation. (b) Effect of MRS2179 on UTP-evoked p44/p42 ERK1/2 activation. The cells (a,b) were
stimulated for 5min, lysed in SDS sample buffer and subjected to Western blot procedure. Bands were visualized by the ECL method and
quantified using ImageQuant and MS Excel programs. The results are expressed as the means +s.d. from three independent experiments. (c)
Effect of MRS2179 on ADP-induced changes in [Ca’*]. (d) Effect of MRS2179 on UTP-induced changes in [Ca®>*];. (c,d) Each bar
represents the mean value of the initial calcium response peak corresponding to the emptying of intracellular calcium stores. Data are
means +s.d. from 24 cells recorded on three separate occasions. Each trace in this figure represents the mean ratio value of the Ca®>* response

of 16 cells recorded in two experiments.

stimulated with agonists were without effect on [*H]thymidine
uptake. However, when both antagonists were added together
to the cells, not only 2CIATP- but also 2MeSADP-induced
[*H]thymidine incorporation was strongly inhibited (Figure 6).
These trends were confirmed using different detection methods
including MTT assay and 5BrdU incorporation (not shown).
Thus, similarly as in the case of ERK1/2 activation, these data
suggested that, in starved glioma C6 cells, proliferation could
be enhanced by both P2Y, and P2Y,, receptors. The enhanced
proliferation of C6 cells due to a P2Y,c (P2Y,) receptor-
mediated activation of p42/pd4 MAPK was previously
reported by Claes et al. (2001). The difference in the response
of the cells to 2MeSADP and 2CIATP found in this study was
probably due to the hydrolysis of the first agonist caused by

ectonucleotidases, similarly as it was previously found for ATP
and other nucleotides (Grobben et al., 1999; 2001). It is worth
adding that ADP treatment for 5 or 15min, applied in
experiments presented herein in Figures 2, 3 and 5, was too
short to produce detectable hydrolysis of ADP, and such a
possibility in the case of these experiments should not be taken
into consideration.

In order to find out whether culturing conditions may have
an impact on the expression of P2Y, and P2Y,, receptors, the
changes in mRNA level of both receptors upon serum
starvation were measured using RT-PCR method. In the
subsequent experiments, the cells were starved for 48h in
serum-free MEM, exactly at the same conditions as used for
experiments concerning ERK1/2 and PI3-K activation as well

British Journal of Pharmacology vol 141 (3)



R. Czajkowski et al

P2Y, and P2Y,, receptors affect MAPK and PI3-K signalling 503

-}
o
o
- [&]
[ -
B erx1 oo
o O 0
T3 [] erk2 0O < <
R | =— i
100%
c 80%1
o
g
B 60%
hv4
o
w
40% 1
20% 1
0%‘ —
ADP ADP - [Ca™]..
b ¥
=
o
3 =
5 B
120% 2 B =
o — rrama
100%
< 80%1
o
b
>
B 60%1
b4
o
w
40% 1
20% -
0% - ,
uTP UTP - [Ca™],.

Figure 3 Effect of extracellular calcium on ADP- and UTP-
stimulated ERK1/ERK2 activation. The 48 h serum-starved cells
were stimulated for S5min in the standard buffer containing 2 mm
CaCl, or 500 uM EGTA (calcium free buffer) with 10 uM ADP (a)
or with 100 uM UTP (b), lysed in SDS sample buffer and subjected
to Western blot procedure. Bands were visualized by ECL method
and quantified using ImageQuant and MS Excel programs. Mean
values +s.d. of three independent experiments are shown.

as proliferation. Figure 7a shows that, upon such treatment,
the level of P2Y; mRNA expression was decreased (lanes 4 and
5 versus lanes 2 and 3), whereas the level of expression of P2Y |,
receptor was slightly increased (Figure 7b). To further
elucidate whether culturing conditions may affect the expres-
sion of P2Y, and P2Y,, receptors, glioma C6 cells were
cultured for 4 days in serum-free, chemically defined Ham’s
F10 medium, as described by Grobben et al. (2001) (see
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Figure 4 Time course of ADP-evoked PI3-kinase activity. C6 cells
were grown as described in Methods, and experiments were
performed on nonstarved cells (a) or on the cells after 48h of
serum deprivation (b). The cells were stimulated with 10 umMm ADP
for 1-45min, lysed and subjected to immunoprecipitation and
kinase assay. Phosphatidylinositol 3-phosphate (PIP) bands were
visualized with Phospholmager using the Quantity One software. In
each sample, the amount of immunoprecipitated p85 subunit is
presented. The results are expressed as the means+s.d. from three
independent experiments.

Methods), and the changes in both receptors’ mRNA levels
were measured. Figure 7a shows that, upon such treatment,
the level of P2Y; mRNA expression is also strongly decreased
(lanes 6 and 7 versus lanes 2 and 3). The changes in relative
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Figure 5 Effect of MRS2179 and GF109203X on ADP-stimulated
PI3-K activity in serum-starved glioma C6 cells. The cells were
grown as described in Methods, and experiments were performed in
the standard buffer after 48h of serum deprivation. MRS2179
(30 um) and GF109203X (1 um) were added 2 min prior to addition
of ADP. After 15 min of stimulation with 10 uM ADP, the cells were
lysed and subjected to immunoprecipitation and kinase assay. P13-
K activity was measured in vitro as described. Bands were visualized
with Phospholmager, using the Quantity One software. The results
are expressed as the means +s.d. from three experiments.
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Figure 6 Effect of agonists and antagonists of P2Y receptors on
proliferation of serum-deprived glioma C6 cells, estimated by
changes in DNA synthesis. Cells were grown in 12-well plates in
serum-free medium for 48h, as described in Methods. Agonists,
2MeSADP and 2CIATP, and antagonists, MRS2179 and AR-
C69931MX, were added at concentrations used in experiments
shown in Figures 1 and 2. Cells were labelled with 1uCiml™'
[PH]thymidine and incubated in the presence of agonists or
antagonists for 24 h. For other details, see Methods. The number
of cells grown without any addition (Control) was taken as the
baseline. The results are expressed as the means+s.d. from 3-5
experiments.

-20

a1 2 3 4 5 6 7

! I4_ o

b1 2 3 4 5

C 30-

2.5 1

2.0 1

1.5 1

1.0 1

P2Y1/P2Y 12 mRNA ratio

0.5 4

96 h in serum free
F10 medium

48 h serum
deprivation

cells grown in MEM +
10% NCS

Figure 7 Effect of serum deprivation on the relative expression
levels of P2Y, and P2Y, receptors in glioma C6 cells. (a) 590 bp
RT-PCR product (corresponding to P2Y; mRNA) and (b) 489 bp
RT-PCR product (corresponding to P2Y;, mRNA) were analysed
on 1% agarose gel and visualized by ethidium bromide staining. All
parallel PCR reactions contained the same amount of cDNA. Lane
1, 123bp DNA ladder; lanes 2, 3, cells grown in medium
supplemented with 10% serum; lanes 4, 5, cells after 48h serum
deprivation; lanes 6, 7, cells grown 4 days in the serum-free
medium. (c) Summary of a relative expression of P2Y versus P2Y,
receptors in nonstarved, 48 h serum-starved cells and cells cultured
in serum-free medium for 4 days. Each bar represents the mean
ratio+s.d. from three independent experiments.

amount of both mRNAs are shown in Figure 7c. When the
cells were cultured in MEM supplemented with 10% NCS, the
ratio of P2Y, versus P2Y, level was 2.0540.54. After 48h
starvation, the relative level of both receptors fell to 0.83 +0.04
and in cells cultured in serum-free Ham’s F10 medium to
0.81+0.05.
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Discussion

We show here that mRNA of P2Y, and P2Y, receptors are
differentially expressed in starved and nonstarved glioma C6
cells. In nonstarved C6 cells, the P2Y, receptor, linked to PLC
and responsible for Ca®>* mobilization, strongly predominates.
On the other hand, in serum-deprived, 48 h-starved cells, the
level of P2Y; mRNA is decreased and, in consequence, the
expression of P2Y, becomes more pronounced. Furthermore,
in our hands, in long-term starved cells, cultured in the serum-
free medium, the P2Y;» mRNA also predominates. These data
shed a new light on the problem of the presence of P2Y, in
glioma C6 cells and explain why Grobben et al. (2001), using
long-term starved cells, have found that ADP and its
analogues stimulate the P2Y, receptor, referred to P2Y ,c by
them. However, the present study shows that both ADP-
sensitive receptors, P2Y, and P2Y,,, may be involved in
ERK1/2 activation. The inhibitory effect of Ca®>* removal,
MRS2179 or AR-C69931MX, P2Y, and P2Y,, selective
antagonists, respectively, point out the participation of
both receptors in this activation, although in starved cells the
effect of ADP seems to be primarily mediated by the P2Y,,
receptor.

In our previous study, we characterized the P2Y, receptor in
glioma C6 cells using direct visualization of PIP,, RT-PCR
and knockdown of P2Y, receptor expression with antisense
oligonucleotide (Czajkowski et al., 2002). We have also shown
that the stimulation of P2Y, by ADP and its analogues
initiates a typical, biphasic Ca®>" response, compatible with the
capacitative model of Ca®>* influx (Putney & Bird, 1993;
Baranska et al., 1999; Berridge, 1999). The presence of external
Ca’™" is not necessary to elevate [Ca®>"]; (Sabata et al., 2001).
However, the kinetics of ADP-evoked [Ca®*]; changes is
different from the kinetics of ATP and UTP response mediated
by the P2Y, receptor. The ATP- and UTP-induced [Ca®™];
elevation starts with an initial peak response and is followed by
a long sustained plateau phase, whereas the response to ADP
is more transient (Sabatla et al., 2001). Therefore, we suggest
that P2Y,-mediated ERK1/2 activation is initiated by the
increase in [Ca’*]; and is additive to that mediated by P2Y ..

Tu et al. (2000) have proposed that, in glioma C6 cells, the
mitogenic effect of ATP and UTP, mediated by the P2Y,
receptor, involves the activation of a Ras/Raf/MEK/ERK in a
PLC- and Ca’*-dependent pathway. However, Grobben e al.
(2001) have postulated that agonists of P2Y.c (P2Y))
receptor activate ERK1/2 through a G;/RhoA/PKC/Raf/
MEK-dependent, but Ras-independent cascade. The P2Y,
receptor is negatively coupled to adenylate cyclase. Stimula-
tion of this receptor decreases intracellular cyclic AMP
(cAMP) level (Czajkowski & Baranska, 2002) and inhibits
cAMP-dependent protein kinase A (PKA) activity. On the
other hand, it has been reported that the increase in
intracellular cAMP inhibits ERK1/2 activity and C6 cells
growth. These results have been obtained both in primary
astrocytes and C6 glioma cells (Kurino ez al., 1996; Dugan
et al., 1999; Qiu et al., 2000; Wang et al., 2001). Wang et al.
(2001) have reported that, in glioma C6 cells, cCAMP inhibits
not only ERK1/2 but also PI3-K/Akt pathways, and both
these effects occur by inhibiting Rapl. Rapl belongs to the
Ras family of small GTP-binding proteins, and its activity may
be regulated by a variety of specific GTPase-activating
proteins, guanine nucleotide exchange factors and adaptor

proteins (Zwartkruis & Bos, 1999). Ras proteins regulate
activities of the Raf family of protein kinases that phospho-
rylate and activate MEK1/2, which in turn phosphorylate and
activate ERK1/2 (Hagemann & Rapp, 1999). Thus, Wang et al.
(2001) have proposed that cAMP inhibits ERKI1/2 by
inhibiting a Rapl/B-Raf/MEK/ERK signalling. Moreover,
the inactivation of ERK1/2 and PI3-K/Akt pathways con-
tributes to a regulation of gene expression, inhibits cellular
proliferation and promotes differentiation in glioma C6 cells
(Kim et al., 2001; Wang et al., 2001). On the contrary,
Roymans et al. (2001) suggested that the enzymatic activity of
PI3-K is necessary for cAMP-dependent induction of differ-
entiation in C6 cells. It is worth adding that both second
messengers generated by PLC activation, that is, Ca®>* and
diacylglycerol, are able to induce Rap1 activation (Zwartkruis
& Bos, 1999). On the other hand, PKA inhibitor, HA120, is
able to reverse the inhibition of ERK1/2 activity in astrocytes
(Dugan et al., 1999).

In nonstarved C6 cells, we herein observed a high,
constitutively active PI3-K. This high PI3-K activity, char-
acteristic for glioma and other tumour cells (Furnari et al.,
1998), is usually explained as a result of a loss of a lipid
phosphatase (PTEN) that dephosphorylates the 3’ position of
phosphoinositides, and as such acts as an antagonist of PI3-K.
As a consequence, the loss of PTEN function results in
constitutive activation of protein kinase B/Akt pathway that
regulates cell growth and survival and leads to the develop-
ment of neoplasia (Cantley & Neel, 1999; Machama & Dixon,
1999). However, the present study shows that, in nonstarved
cells, ADP distinctly inhibits high PI3-K activity. On the
contrary, in starved cells where the constitutive activity of PI13-
K is much lower, ADP has an opposite function and increases
PI3-K activity. The presence of MRS2179, a specific antago-
nist of P2Y,, potentiates this ADP effect. Thus, P2Y,,,
expression of which in starved cells is higher than that of
P2Y,, seems to be responsible for both ERK1/2 and PI3-K
activation.

One can speculate that P2Y ,-stimulatory effect on ERK1/2
activity and cellular growth, associated with the decrease in
intracellular cAMP level, may involve a similar, but anta-
gonistically acting signalling cascade, as that described for
receptors increasing cAMP (Wang et al., 2001). The P2Y,
receptor has a similar stimulatory effect on ERK1/2 activity
and cell proliferation. The mechanism by which the P2Y,
receptor stimulates ERK1/2 activity most probably involves a
PLC-dependent pathway, similar to that described for the
P2Y, receptor by Tu et al. (2000). On the contrary, the detailed
molecular mechanism involved in the inhibition of PI3-K
activity by the P2Y, receptor remains poorly understood.
Recently, an adaptor protein, Ruk, has been described as a
negative regulator of PI3-K/Akt pathway in cultured primary
neurons (Gout et al., 2000). This protein inhibits PI3-K
activity by a specific binding to the p85« regulatory subunit of
PI3-K.

Class 1A PI3-Ks have been usually activated through
tyrosine kinase-dependent mechanisms. However, in the
present study, we measured the activation of a class 1A PI3-
K downstream of ADP-induced G protein-coupled receptors.
Data regarding the potential link between these receptors and
p85/p110 PI3-kinase are often controversial. However, it has
been most recently reported that agonist binding to Gg-
coupled receptors blocks Akt/PKB pathway via the release of
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active Go, subunits that inhibit PI3-K. The inhibitory
mechanism seems to be independent of PLC, and might
involve a protein—protein inhibitory interaction between Go
and 1100 PI3-K (Ballou er al., 2003). On the other hand,
receptors that couple to proteins in the G;/, family can increase
PI3-K activity. This effect is mediated by G;f/y heterodimers,
which activate both the p85 and pl110f and pl110y PI3-Ks
(Stoyanov et al., 1995; Kurosu et al., 1997; Stephens et al.,
1997; Huwiler et al., 2002). Thus, since our study shows that
the P2Y, receptor coupled to G, is active mainly in nonstarved
cells, ADP at such cellular condition should inhibit PI3-K
activation. In contrast, in serum-starved cells, where the P2Y,
receptor coupled to G; predominates, ADP should have the
opposite effect. Such regularity is herein observed.

In conclusion, our results demonstrate that both
ADP-sensitive receptors, P2Y, and P2Y,,, are involved in
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