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Glycoprotein (GP) VI is a critical platelet collagen receptor.
Phosphoinositide 3-kinase (PI3K) plays an important role in
GPVI-mediated platelet activation, yet the major PI3K isoforms
involved in this process have not been identified. In addition,
stimulation of GPVI results in the activation of Akt, a down-
stream effector of PI3K. Thus, we investigated the contribution
of PI3K isoforms to GPVI-mediated platelet activation and Akt
activation. A protein kinase C inhibitor GF 109203X or a P2Y,,
receptor antagonist AR-C69931MX partly reduced GPVI-in-
duced Akt phosphorylation. Platelets from mice dosed with clo-
pidogrel also showed partial Akt phosphorylation, indicating
that GPVI-mediated Akt phosphorylation is regulated by both
secretion-dependent and -independent pathways. In addition,
GPVI-induced Akt phosphorylation in the presence of ADP
antagonists was completely inhibited by PI3K inhibitor
LY294002 and PI3K inhibitor TGX-221 indicating an essential
role of PI3Kf in Akt activation directly downstream of GPVI.
Moreover, GPVI-mediated platelet aggregation, secretion, and
intracellular Ca®>* mobilization were significantly inhibited by
TGX-221, and less strongly inhibited by PI3Ka inhibitor PIK75,
but were not affected by PI3K+y inhibitor AS252424 and PI3Ko
inhibitor IC87114. Consistently, GPVI-induced integrin oy, 35
activation of PI3Ky~’~ and PI3K& /™ platelets also showed no
significant difference compared with wild-type platelets. These
results demonstrate that GPVI-induced Akt activation in plate-
lets is dependent in part on G; stimulation through P2Y,, recep-
tor activation by secreted ADP. In addition, a significant portion
of GPVI-dependent, ADP-independent Akt activation also
exists, and PI3KP plays an essential role in GPVI-mediated
platelet aggregation and Akt activation.

Glycoprotein VI (GPVI)?is a platelet collagen receptor that is
constitutively associated with Fc receptor-y chain (1-4). Fc
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receptor-y chain is phosphorylated by Src family kinase on
tyrosine residue of its immunoreceptor tyrosine-based activa-
tion motif upon collagen ligation to GPVI and the tyrosine
kinase Syk (spleen tyrosine kinase) binds to the immunorecep-
tor tyrosine-based activation motif and becomes autophospho-
rylated (5-10). Tyrosine phosphorylation of Syk leads to phos-
phorylation of several adaptor proteins such as linker for T-cell
activation and Src homology 2-containing leukocyte protein 76,
recruitment of Bruton tyrosine kinase, and activation of phos-
phoinositide 3-kinase (PI3K) (11-15). This phosphorylation
process leads to tyrosine phosphorylation and activation of
phospholipase Cy, (16), which leads to intracellular calcium
mobilization and protein kinase C (PKC) activation.

Akt is a 57-kDa serine/threonine kinase that plays an impor-
tant role in mediating the anti-apoptotic effect of many growth
factors (17-19). Akt contains a pleckstrin homology domain
adjacent to a centrally located catalytic domain that is con-
nected to a short C-terminal tail (20). Both translocation of Akt
to cell membranes and phosphorylation of Thr®°®/Ser*”? are
required for full enzyme activity. PI3K is an upstream regulator
of Akt (21), and PI3K products phosphatidylinositol 3,4-
bisphosphate and phosphatidylinositol 3,4,5-trisphosphate
trigger the simultaneous phosphorylation of Akt by phospha-
tidylinositol-dependent kinases 1 and 2 (22). Akt is activated by
various agonists, including thrombin, ADP, U46619, and colla-
gen (23-27). We and others have shown that G;-coupled P2Y,
ADP receptor is responsible for a significant proportion of Akt
activation (23, 24). Convulxin (CVX), a snake venom protein
belonging to the heterodimeric C-type lectin family, is a selec-
tive GPVI agonist that mediates platelet activation by collagen
(28). Upon stimulation of platelets with CVX, Akt is translo-
cated to cell membranes via interaction of its pleckstrin homol-
ogy domain with phosphoinositide products of PI3K and is sub-
sequently phosphorylated at its regulatory threonine and serine
phosphorylation sites in association with phosphatidylinositol-
dependent kinase 1 and integrin-linked kinase independently of
platelet aggregation (25).

PI3K has been shown to play an important role in platelet
aggregation (29). Three families of PI3K (classes I, II, and III)
are present. The class I PI3K is responsible for agonist-induced
phosphatidylinositol 3,4-bisphosphate and phosphatidylinosi-

PP2, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazole[3,4-d]pyrimidine; di-
methyl-BAPTA, 5,5'-dimethyl-bis-(0-aminophenoxy)ethane-N,N,N’,N’-tetra-
acetic acid; 5-HT, serotonin; OG-FGN, Oregon Green-fibrinogen.
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tol 3,4,5-trisphosphate production and involved in the activa-
tion of integrin oy, B5. The class IA (a, B, and 8) isoforms have
p55—-85 regulatory subunits and are classically regulated by
tyrosine kinases, whereas the class IB (y) isoform has a p101
regulatory subunit and is activated by G protein-coupled recep-
tors (30). Recent studies have reported the selective inhibitors
of these PI3K isoforms (31—-36). Platelets contain all class I PI3K
isoforms with lower levels of p1108 (37). It is shown that PI3KS3
has an important role in ADP-induced platelet aggregation
(34). PI3KYy is also thought to be mediated by the By complexes
dissociated from G; proteins upon receptor activation (38) and
plays a significant role in ADP-induced platelet aggregation
(39). In addition, PI3K& plays only a minor role in GPVI-medi-
ated platelet activation (40). Recently, we and others have
reported that PI3Ka plays a role in insulin-like growth factor-
1-mediated Akt phosphorylation through G; signaling (41, 42).

Although it has been shown that CVX activates Akt in plate-
lets, the signaling events involved in Akt activation mediated by
GPVI signaling are not well established in platelets. Our study
reveals that GPVI-mediated Akt phosphorylation is regulated
in a dual way: (a) dependent on secreted ADP and G; signaling
and () secretion-independent downstream of GPVI. We have
found that PI3Kf isoform plays an essential role in secretion-
independent Akt activation as well as aggregation, secretion,
and intracellular Ca*>* mobilization.

EXPERIMENTAL PROCEDURES

Materials—Convulxin was purchased from Centerchem,
Inc. (Norwalk, CT). Epinephrine, 2-MeSADP, MRS-2179,
CDP-Star® chemiluminescent substrates, apyrase (type V), and
bovine serum albumin (fraction V) were purchased from Sigma.
Anti-phospho-Akt (Ser®”® and Thr?°®) and anti-B-actin anti-
bodies were purchased from Cell Signaling Technology (Bev-
erly, MA). Alkaline phosphatase-labeled secondary antibody
was from Kirkegaard & Perry Laboratories (Gaithersburg, MD).
LY294002 and PP2 (4-amino-5-(4-chlorophenyl)-7-(¢-bu-
tyl)pyrazole[3,4-d]pyrimidine) were from Biomol Research
Laboratories, Inc. (Plymouth Meeting, PA). TGX-221 was pur-
chased from Cayman Chemical (Ann Arbor, MI). PIK75,
AS-252424, and 1C87114 were from the laboratory of Shaun
Jackson (Monash University, Victoria, Australia). 5,5'-dimeth-
yl-bis-(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid
(dimethyl-BAPTA), Fura 2 acetoxymethyl ester, and Oregon
Green 488-labeled fibrinogen (OG488-fibrinogen) were
obtained from Molecular Probes (Eugene, OR). AR-C69931MX
was a gift from AstraZeneca (Loughborough, UK). Bisindolyl-
maleimide I (GF 109203X) was from Calbiochem (San Diego,
CA). Clopidogrel was from Bristol-Myers Squibb Co. (Prince-
ton, NJ). All other reagents were reagent grade, and deionized
water was used throughout.

Animals—P2Y ,-deficient mice were generated by subcon-
tract with Lexicon Genetics Inc (Woodlands, TX) as described
previously (23). Mice deficient in PI3K p1107y or PI3K p1105
were from sources previously described (34). P2Y,,-deficient
mice were from Dr. Xiaoping Du (University of Illinois, Chi-
cago, IL).

Preparation of Human Platelets—Human blood was col-
lected from a pool of healthy volunteers in a one-sixth volume
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of acid-citrate-dextrose (2.5 g of sodium citrate, 1.5 g of citric
acid, and 2.0 g of glucose in 100 ml of H,O). Platelet-rich plasma
(PRP) was prepared by centrifugation of citrated blood at 230 X
g for 20 min at room temperature. Acetylsalicylic acid was
added to PRP to a final concentration of 1 mm, and the prepa-
ration was incubated for 45 min at 37 °C followed by centrifu-
gation at 980 X g for 10 min at room temperature. The platelet
pellet was resuspended in Tyrode buffer (138 mm NaCl, 2.7 mm
KCl, 2 mm MgCl,, 0.42 mm NaH,PO,, 5 mm glucose, 10 mm
HEPES, pH 7.4, and 0.2% bovine serum albumin) containing 0.1
unit/ml apyrase. This low concentration of apyrase is not
enough to block responses to ADP but will prolong the respon-
siveness of platelets to ADP by preventing desensitization of the
P2Y receptors. These conditions have been standardized in the
laboratory. The platelet count was adjusted to 2 X 10° cells/ml.

Preparation of Mouse Platelets—Blood was collected from
the vena cava of anesthetized mice into syringes containing
1/10th blood volume of 3.8% sodium citrate as anticoagulant.
Red blood cells were removed by centrifugation at 100 X g for
10 min at room temperature. PRP was recovered, and platelets
were pelleted at 400 X g for 10 min at room temperature. The
platelet pellet was resuspended in Tyrode buffer (pH 7.4) con-
taining 0.05 units/ml apyrase to a density of 2 X 10% cells/ml.

Measurement of Akt Phosphorylation—Platelets were stimu-
lated with agonists under non-stirring condition for the appro-
priate time, and the Akt phosphorylation was measured as pre-
viously described (23). In some experiments, GF 109203X (10
um), a PKC inhibitor, dimethyl-BAPTA (10 um), a calcium che-
lator, and PP2 (10 um), a Src family kinase inhibitor, were
added, and the mixture was incubated for 5 min at 37 °C with-
out stirring before agonist stimulation.

Platelet Aggregation, Secretion, Intracellular Ca®" Mobiliza-
tion, and Flow Cytometry—Convulxin-induced platelet aggre-
gation was measured using a lumi-aggregometer (Chrono-Log,
Havertown, PA) at 37 °C with stirring (900 rpm). A 0.5-ml sam-
ple of aspirin-treated washed platelets was stimulated with
CVX in the presence of ADP receptor antagonists MRS-2179
and AR-C69931MX, and the change in light transmission was
measured. Platelets were preincubated with different PI3K
inhibitors before agonist stimulation. The chart recorder (Kipp
and Zonen, Bohemia, NY) was set for 0.2 mm/s.

Platelet secretion was determined by measuring the release
of ATP by adding luciferin-luciferase reagent. Platelet ATP
release and aggregation were performed in a lumi-aggregome-
ter at 37 °C with stirring at 900 rpm simultaneously. Platelet
secretion was also independently determined by measuring the
release of [*’H]5-HT. PRP was incubated with 1 wCi/ml [*H]5-
HT, and 1 uM imipramine was added to the Tyrode buffer dur-
ing resuspension of the washed platelets to prevent re-uptake of
secreted 5-HT. Secretion experiments were stopped after 2 min
with the addition of formaldehyde/EDTA. Samples were then
centrifuged at 5000 X g for 1 min, and the radioactivity of the
supernatant was measured using a Wallac 1409 liquid scintilla-
tion counter (Gaithersburg, MD). Platelet secretion was
expressed as the percentage of total [°H]5-HT present in plate-
lets without activation.

Platelet Ca®" mobilization was also measured. PRP was incu-
bated with 5 um Fura-2 acetoxymethyl ester and 1 mm aspirin.
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Fluorescence was measured, and the Ca®>" concentration was
calculated as previously described (43).

0G488-fibrinogen binding to washed mouse platelets was
quantified by flow cytometry (44). Briefly, washed murine
platelets (5 X 10”/ml) were stimulated with CRP (10 ug/ml) at
room temperature in the presence of Oregon Green-fibrinogen
(OG-EGN, 20 pg/ml), mixed and at predetermined time-points
fixed with 2% (final) paraformaldehyde for 1 h. Platelets were
pelleted by centrifugation at 2,000 X g and resuspended in 500
wl of phosphate-buffered saline. The fluorescent intensity of
each platelet sample was analyzed using a FACSCalibur cytom-
eter (BD Biosciences), with OG-FGN absorbing at 498 * 5 nm
and emitting a maximum wavelength of 524 * 5 nm. The extent
of integrin oy,[3; activation was represented by the level of
OG-FGN binding of 10,000 platelets, expressed numerically as
the geometric mean (arbitrary fluorescence units, CellQuest
software). Nonspecific fluorescence, as measured in resting
platelets, was subtracted from all data points.

Statistical Analysis—Statistical significance was determined
by one-way analysis of variance. All statistical tests were carried
out using Prism software (Version 3.0). Data are presented as
means * S.E.

RESULTS

Time- and Dose-dependent Phosphorylation of Akt in Re-
sponse to CVX in Platelets—It has been shown that Akt is phos-
phorylated in platelets in response to a selective agonist for the
platelet collagen receptor GPVI (25). To determine the kinetics
of Akt phosphorylation, Ser*”® phosphorylation was monitored
over a time range of 0.5-20 min. Immunoblot analysis revealed
that Akt is phosphorylated on Ser*”® (supplemental Fig. S1) in
response to CVX in both time-dependent and concentration-
dependent manner. An increase in Ser*”® phosphorylation was
detectable within 30 s of 100 ng/ml CVX stimulation. The level
of phosphorylation peaked at around 5 min of stimulation and
gradually decreased. These results are consistent with a previ-
ous study in which an increase in Ser*”* phosphorylation was
detectable within 20 s, and the level of phosphorylation peaked
at around 5 min (25). We exposed platelets to different concen-
trations of CVX, and Ser*”® phosphorylation was measured at 3
min after the addition of agonist. An increase in Ser*”” phos-
phorylation was detectable at concentrations above 10 ng/ml
CVX, and maximal phosphorylation was achieved at concen-
trations above 50 ng/ml CVX.

Effect of Secretion in Akt Phosphorylation by CVX in Human
Platelets—To elucidate downstream pathways involved in
GPVI-mediated Akt phosphorylation in platelets, we first
focused on the role of secreted ADP. As seen in Fig. 1, treatment
of platelets with the PKC inhibitor GF109203X (45) signifi-
cantly, but not completely, inhibited both Ser®”® and Thr3%®
phosphorylation. We then used the selective antagonists of the
platelet ADP receptors, P2Y, and P2Y,,. P2Y,, receptor antag-
onist AR-C69931MX (46) drastically reduced the Akt phos-
phorylation to the same extent obtained by GF109203X, but
P2Y, receptor antagonist MRS-2179 (47) had no effect on
CVX-stimulated Akt phosphorylation. These results suggest
that secreted ADP and subsequent P2Y,, receptor-mediated G;
stimulation plays a major role in GPVI-mediated Akt phos-
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FIGURE 1. The role of secretion and G; signaling in Akt phosphorylation
by CVX in human platelets. A, platelets preincubated with 100 nm
AR-C69931MX, 100 um MRS2179, 25 um LY294002, 10 um dimethyl-BAPTA, 10
um PP2, or 10 um GF109203X were stimulated at 37 °C for 3 min with 100
ng/ml CVX. Equal amounts of proteins were separated by SDS-PAGE, Western
blotted, and probed for anti-phospho-Akt (Ser*”® and Thr°®) or anti-B-actin
(lane loading control) antibody. B, densitometric measurement of phospho-
Akt (Ser*”3) and phospho-Akt (Thr®°8), expressed as percentage of agonist
control. The blot shown is a representative of three independent experi-
ments. Data are mean * S.E. (n = 3); *, p < 0.01 compared with agonist.

phorylation. However, they also indicate that there is residual
Akt phosphorylation induced by CVX in the absence of secre-
tion, which is due to a P2Y,,-independent component.

To further identify the additional signaling molecules
involved in P2Y,,-independent pathways facilitating GPVI-
mediated Akt phosphorylation, we looked at the contribution
of GPVI-induced intracellular calcium mobilization in Akt
phosphorylation. When we used the high affinity calcium che-
lator dimethyl-BAPTA, CVX-induced Akt phosphorylation
was significantly inhibited, suggesting that intracellular cal-
cium is prerequisite of Akt phosphorylation.

Because of the involvement of Src-family kinases to GPVI
signaling in platelets, we used the Src-family kinase inhibitor
PP2 (48) to evaluate whether Src-family kinase activation is
required for Akt activation mediated by CVX in platelets. Fig. 1
shows that PP2 completely blocked Akt phosphorylation
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FIGURE 2. The effect of secretion and G; signaling in Akt phosphorylation by CVX in mouse platelets.
Wild-type, P2Y,-deficient, P2Y,,-deficient, and clopidogrel-treated mouse platelets preincubated with 100 nm
AR-C69931MX, 100 um MRS2179, 25 um LY294002, 10 um dimethyl-BAPTA, 10 um PP2, or 10 um GF109203X
were stimulated at 37 °C for 3 min with 100 ng/ml CVX. Samples were analyzed by Western blot analysis with
anti-Ser(P)*”® antibody. The Western analysis shown is a representative of three independent experiments.
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FIGURE 3. Dose-dependent Akt phosphorylation in response to CVX in
P2Y,, " mice. Platelets isolated from P2Y,,’~ mice and their wild-type
littermates were stimulated with different concentrations of CVX for 3 min at
37 °C. Equal amounts of proteins were immunoblotted with anti-phospho-
Akt (Ser*”?) and anti-B-actin (lane loading control) antibody. The results
shown are representative of three independent experiments.

induced by CVX, suggesting the essential role of Src-family
kinases in GPVI-mediated Akt activation. PI3K activation
through the collagen receptor is downstream of Src-family
kinases, and PI3K is the main upstream regulator of Akt (21).
The PI3K inhibitor LY294002 (29) completely inhibited CVX-
induced Akt phosphorylation confirming the essential role of
PI3K in Akt phosphorylation. Thus, these results demonstrate
that Src-family kinases and PI3K are the major contributor to
the P2Y,,-independent pathways in addition to the P2Y,,-de-
pendent pathways.

Effect of Secretion on Akt Phosphorylation by CVX in Murine
Platelets—To further confirm the importance of secreted ADP
and G; stimulation in mouse as well as human platelets, we used
platelets from P2Y;- and P2Y,,-deficient mice or mice dosed
with clopidogrel. Clopidogrel blocks activation of platelets by
selectively targeting the P2Y,, receptor (49). Consistent with
the activation profile seen in human platelets, wild-type murine
platelets exhibited an increased Akt phosphorylation in
response to CVX, which was significantly inhibited in the pres-
ence of AR-C69931MX and GF109203X (Fig. 2). Similar Akt
phosphorylation profile in response to CVX was observed in
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platelets from the P2Y,-deficient
mice. However, Akt phosphoryla-
tion was significantly diminished in
response to CVX in both P2Y,,-de-
ficient platelets and clopidogrel-
dosed murine platelets further
indicating the important role of
P2Y,,-dependent pathways in
CVX-mediated Akt phosphoryla-
tion. This residual phosphorylation
of Akt was not affected in the
presence of AR-C69931MX and
GF109203X confirming the contri-
bution of P2Y,,-independent path-
ways to GPVI-mediated Akt phos-
phorylation. The remaining Akt
phosphorylation was eliminated by
PP2 and LY294002, demonstrating
that Src family kinases and PI3K are
required for the P2Y,,-independent
pathways. In addition, Akt was
phosphorylated in response to CVX
in a concentration-dependent man-
ner in P2Y, ,-deficient platelets (Fig.
3). These results further indicate
that CVX phosphorylates Akt through P2Y,,-dependent and
-independent pathways in both human and mouse platelets.

Restoration of CVX-induced Akt Phosphorylation Inhibited
by GF109203X or AR-C69931MX—To clarify the role of
secreted ADP, we evaluated the effect of selective activation of
G;- or G,-coupled receptors when secretion was blocked by
GF109203X. As shown in Fig. 44, immunoblot analysis
revealed that selective stimulation of G; signaling through
P2Y,, receptor with 2-MeSADP or G, signaling through «a,,
adrenergic receptor with epinephrine (50) induced a weak Akt
phosphorylation as compared with CVX. However, 2-MeSADP
or epinephrine reversed the inhibitory effect of GF109203X on
CVX-induced Akt phosphorylation and restored Akt phospho-
rylation. We also found that CVX-induced Akt phosphoryla-
tion was restored by epinephrine in P2Y,,-deficient platelets
(Fig. 4B) confirming that epinephrine can substitute for the
P2Y,, receptor-mediated effect through G, signaling cascade.
These results provide further evidence that G; stimulation
through P2Y,, receptor activation by secreted ADP is partly
responsible for Akt phosphorylation induced by CVX.

Effect of PI3K Inhibitors on Akt Phosphorylation Mediated by
CVX—CVX requires PI3K activation to induce Akt phosphor-
ylation (Figs. 1 and 2). To better understand the role of individ-
ual PI3K isoforms, we have evaluated the effect of PI3K iso-
forms on CVX-mediated Akt phosphorylation by using
different PI3K-selective inhibitors (31-36). CVX-induced Akt
phosphorylation was significantly inhibited in the presence of
PI3KR inhibitor TGX-221 (p < 0.005), and less strongly inhib-
ited by PI3Ke inhibitor PIK75 (p < 0.01), but was not affected
by PI3K<y inhibitor AS252424 and PI3K$ inhibitor IC87114
(Fig. 5, A and C). The inhibitory effects of TGX-221 and PIK75
indicate an essential role of PI3KB and a less critical role of
PI3Ka in CVX-induced Akt phosphorylation in platelets.
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FIGURE 4. Selective stimulation of either G;- or G,-coupled receptor
restores CVX-induced Akt phosphorylation upon blockade of secretion.
A, platelets preincubated in the absence and presence of 10 um GF109203X
were stimulated at 37 °C for 3 min with 100 ng/ml CVX. The addition of 100 nm
2-MeSADP or 10 um epinephrine was made as indicated. B, platelets isolated
from P2Y,, /" mice were stimulated at 37 °C for 3 min with 100 ng/ml CVXin
the absence and presence of 10 um epinephrine. Platelet proteins were sep-
arated by SDS-PAGE, Western blotted, and probed for anti-phospho-Akt
(Ser*”3) or anti-B-actin (lane loading control) antibody.

To determine the role of PI3K isoforms on CVX-induced Akt
phosphorylation independent of G; signaling by secreted ADP,
we measured the effect of PI3K-selective inhibitors on Akt
phosphorylation induced by CVX in the presence of
AR-C69931MX. As shown in Fig. 5 (B and C), the remaining
Akt phosphorylation in the presence of AR-C69931MX was
completely abolished by PI3KS inhibitor TGX-221 (p < 0.005),
indicating that PI3KB is an essential PI3K isoform in the
secretion-independent component of CVX-mediated Akt
phosphorylation.

We have repeated the same experiment using CRP, GPVI-
specific agonist, and have observed the similar Akt phosphory-
lation profile in the presence of PI3K inhibitors compared with
CVX (supplemental Fig. S2), further confirming the essential
role of PI3Kf in GPVI-mediated Akt phosphorylation.

Effect of PI3K Inhibitors on GPVI-induced Platelet Aggrega-
tion, Secretion, and Intracellular Ca®" Mobilization—It has
been shown that PI3K and Akt play an important role in colla-
gen-induced platelet aggregation. To identify the role of indi-
vidual PI3K isoforms on CVX-induced platelet activation, we
measured the effect of PI3K-selective inhibitors on platelet
aggregation, secretion, and intracellular Ca** mobilization
induced by CVX in the presence of ADP antagonists
AR-C69931MX and MRS-2179. CVX-induced platelet aggre-
gation was markedly reduced by PI3K inhibitor LY294002 and
PI3KB inhibitor TGX-221 and partially inhibited by PI3K«
inhibitor PIK75 (p < 0.05), whereas PI3Ky inhibitor AS252424
and PI3K4 inhibitor IC87114 showed little or no effect on CVX-
induced platelet aggregation (Fig. 64). The dense granule secre-
tion was measured by ATP release (Fig. 6B) and [*H]5-HT
release (Fig. 6C). Consistent with the effect of TGX-221 on
platelet aggregation, TGX-221 significantly (p < 0.05) inhibited
platelet dense granule release consistent with the inhibition of
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PI3K with LY294002. CVX-induced calcium mobilization was
also significantly (p < 0.05) inhibited in the presence of TGX-
221 to the same extent with the LY294002-treated platelets
(Fig. 6D). In addition, a partial inhibition of platelet secretion
and calcium mobilization was observed in the presence of
PIK75 (p < 0.05), suggesting the contribution of PI3K« in GPVI
stimulation. These studies confirm the critical role of PI3Kf3
and a less important role of PI3Ka in GPVI-mediated platelet
responses, including platelet aggregation, secretion, and Ca>"
mobilization.

GPVI-induced Platelet Aggregation and Integrin oy, 35 Acti-
vation in PI3K p110y~"~ and PI3K p1108~"~ Platelets—Plate-
lets from PI3K p110y~’~ and PI3K p1108~/~ mice were stim-
ulated with CRP in the presence of a cyclooxygenase inhibitor
indomethacin and ADP antagonists AR-C69931MX and MRS-
2179, referred to as autocrine stimulation inhibitors. GPVI-in-
duced platelet aggregation of ASI-treated PI3K p110y~’~ and
PI3K p1108~/" platelets revealed, respectively, negligible inhi-
bition and a slight increase in the rate and extent of aggregation
at 3 min as compared with control, suggesting that neither of
these PI3K isoforms plays a role in GPVI-mediated platelet
aggregation (Fig. 7, A-D). Similarly, autocrine stimulation
inhibitor-treated platelets from PI3K p110y ’~ and PI3K
p1108~/~ mice demonstrated no significant difference in OG-
FGN binding compared with control following a 5- and 10-min
CRP stimulation (p > 0.05) (Fig. 7, E and F). The response in
PI3K pl10y '~ platelets was comparable to that of PI3K
pl10y™/* platelets treated with PI3Ky inhibitor AS252424
(Fig. 7E), confirming that neither PI3K p1107y nor PI3K p1106
contribute significantly to GPVI-induced activation of integrin
o, Bs- These findings support a minor role for PI3K p110yand
PI3K p1106 in platelet activation downstream of GPVI.

DISCUSSION

PI3K plays an important role in platelet collagen receptor
GPVI-mediated platelet activation, but the contribution of the
specific PI3K isoforms involved in this process have not been
identified. In addition, Akt is the downstream effectors of PI3K,
and stimulation of GPVI with CRP or CVX activates Akt (25),
which plays an important role in collagen-induced platelet
aggregation (51). However, little is known in platelets with
regard to the signaling of GPVI-mediated Akt activation. Thus,
to determine the role of PI3K isoforms in GPVI-mediated plate-
let activation, we first have investigated the regulation of Akt
downstream of GPVI in platelets. We have shown that Akt
phosphorylation in response to thrombin depends on G; stim-
ulation through P2Y,, receptor activation by secreted ADP
(23). Because we have also shown that secreted ADP has a
potentiating effect for CVX-induced platelet aggregation (52),
we have focused on the contribution of secretion on the Akt
phosphorylation following activation of GPVI.

To determine whether CVX can activate Akt independently
of secretion and G; signaling pathways, we have used PKC
inhibitor GF109203X and G;-coupled P2Y,, receptor antago-
nist AR-C69931MX. Akt phosphorylation in response to CVX
was dramatically blocked by GF109203X and AR-C69931MX,
suggesting that CVX depends on secretion and G; signaling to
activate Akt. Akt phosphorylation is significantly diminished in
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achieved by CVX stimulation by sup-
plemental G,/G, signaling, further
confirming the essential role of secre-
tion and Gj-dependent signaling
pathways in GPVI-mediated Akt
phosphorylation.

We have shown that Src family
kinases play a role in Akt phosphor-
ylation mediated by G; signaling
(54). Although secreted ADP and G;
signaling contribute to GPVI-in-
duced Akt phosphorylation in plate-
lets, direct GPVI-mediated Akt phos-
phorylation exists without the
contribution of secretion. The CVX-
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response to CVX in clopidogrel-dosed mouse platelets confirm-
ing the important role of secreted ADP and G; stimulation in Akt
phosphorylation. Furthermore, CVX induces Akt phosphoryla-
tion in P2Y,-deficient platelets indicating that Ga is not required
for GPVI-mediated Akt phosphorylation. Because intracellular
calcium has a role in platelet secretion (53), the decreased Akt
phosphorylation in the presence of dimethyl-BAPTA might be
due to the fact that dimethyl-BAPTA interferes with platelet secre-
tion and subsequent inhibition of G; stimulation resulting in the
inhibition of Akt phosphorylation.

To confirm the contribution of secreted ADP to GPVI-medi-
ated Akt phosphorylation, we have selectively supplemented G; or
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+IC

FIGURE 5. The effect of PI3K inhibitors on Akt phosphorylation induced by CVX in platelets. Washed
platelets preincubated with 25 um LY294002, 100 nm PIK75, 500 nM TGX-221, 2 um AS-252424, or 1 um 1C87114
were stimulated at 37 °C for 3 min with CVX in the absence (A) and presence (B) of 100 nm AR-C69931MX. The
reaction was stopped by the addition of 3 X SDS sample buffer. Platelet proteins were analyzed by Western blot
analysis with anti-phospho-Akt (Ser*”3) or anti-B-actin (lane loading control) antibody. C, densitometric meas-
urement of phospho-Akt, expressed as percentage of agonist control. The Western analysis shown is a repre-
sentative of three experiments. Data are mean = S.E. (n = 3); *, p < 0.005; **, p < 0.01 compared with agonist.

involvement of Src family kinases in
both secretion-dependent and -inde-
pendent component of GPVI signal-
ing. It has also been shown that the
Src family kinases Fyn and Lyn play an
important role in GPVI-mediated
platelet activation (8). We have found
that Fyn, not Lyn, regulates GPVI-
mediated Akt phosphorylation. Fyn-
deficient platelets have reduced Akt
phosphorylation induced by CVX,
whereas Akt phosphorylation does
not appear to be affected in Lyn-de-
ficient platelets (not shown). It is
consistent with the previous find-
ings showing that GPVI-mediated
signaling is inhibited in Fyn-defi-
cient platelets, whereas Lyn-defi-
cient platelets have the initial delay
in platelet activation followed by the
potentiation of response (8). We
have also found that CVX-induced Akt phosphorylation was
not affected by Src deficiency (not shown), and others have
reported that the Src-family kinase, Fgr, does not affect GPVI
signaling (8). However, residual phosphorylation of Akt in Fyn-
deficient platelets suggests the contribution of other Src family
kinases to GPVI-mediated Akt phosphorylation. Taken
together, Src family kinases, especially Fyn, play a major role in
Akt phosphorylation by GPVI stimulation.

PI3K also plays a role in the secretion-dependent and -inde-
pendent GPVI-mediated Akt phosphorylation. Consistent with
previous report, our results using the PI3K inhibitor LY294002
show that PI3K is an important downstream molecule of GPVI
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FIGURE 6. The effect of PI3K inhibitors on CVX-induced platelet aggregation, secretion, and Ca?* mobilization. Washed platelets preincubated with 25
M LY294002, 100 nm PIK75, 500 nm TGX-221, 2 um AS-252424, or 1 um IC87114 were stimulated at 37 °C with 100 ng/ml CVX in the presence of 100 nm
AR-C69931MX and 10 um MRS-2179, and platelet aggregation (A), ATP secretion (picomoles/108 platelets) (B), 5-HT secretion (C), and Ca>* mobilization (D)
were measured as noted. Tracings (A) are representative of results obtained from three different donors. The results (B-D) show composite data from three
experiments, and values are mean = S.E. (n = 3); *, p < 0.05 compared with CVX.

signaling that leads to Akt phosphorylation (25). However, it
was not clear which subtype of PI3K («, B, §, or 7) is involved in
GPVI-mediated Akt phosphorylation and platelet activation,
and we have used several PI3K inhibitors to selectively inhibit
different isoforms of PI3K to define the role of individual PI3K
isoforms in regulating GPVI-mediated Akt phosphorylation
and platelet responses. Our results show that CVX-mediated
Akt phosphorylation in the presence of P2Y,, receptor antago-
nist AR-C69931MX is completely abolished by PI3K p110f3
inhibitor TGX-221 or PI3K inhibitor L'Y294002 and a lesser
extent by PI3K p110« inhibitor PIK75, whereas PI3K+y inhibitor
AS252424 or PI3K4 inhibitor IC87114 have little or no effect on
Akt phosphorylation, indicating the essential role of PI3K
pl10B in the GPVI-dependent, secretion-independent Akt
phosphorylation. It has also been shown that PI3K activity is

SN
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required for P2Y , receptor-mediated platelet aggregation (55),
and PI3K activity is necessary for ADP-induced Akt phosphor-
ylation that depends on the G;-coupled P2Y,, receptor (23, 24).
We and others have reported that insulin-like growth factor-1
potentiates platelet activation by supplementing G; signaling
through PI3K p110a/Akt pathways (41, 42). It is also shown
that the contribution of PI3Ky to G;-mediated Akt and Rap1B
activation is minimal (39, 56). In addition, another study has
shown that G;-dependent RaplB activation is inhibited by
>70% by TGX-221 indicating that PI3K p1108 has an impor-
tantrole in P2Y,,/G; signaling in platelets (34). Consistent with
these findings, our result shows that CVX-mediated Akt phos-
phorylation is significantly inhibited in the presence of TGX-
221, suggesting that PI3K pl108 represents the main PI3K
isoform in G; signaling linked to GPVI-mediated Akt phosphor-
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FIGURE 7. GPVI-induced platelet aggregation and integrin o, 8; activation in p110y~'~ and p1106~/~
mice. Washed platelets from p110y*/* and p110y ™/~ (AandB)orp1108™/* and p1108 /" (Cand D) mice (2 X
108/ml) were preincubated with autocrine stimulation inhibitors (10 um AR-C69931MX, 100 um MRS-2179, and
10 um indomethacin). Platelets were stimulated with 10 wg/ml CRP in the presence of fibrinogen (0.5 mg/ml),
and aggregation was monitored as change in light transmission. A and C, representative aggregation tracings.
B and D, quantification of aggregation, expressed as percentage of light transmission at 3 min after CRP
addition. Washed platelets from p110y*/ " and p110y~/~ (F) orp1106*/T and p1108~/" (F) mice (5 X 107/ml),
preincubated with autocrine stimulation inhibitors, were stimulated with 10 ug/ml CRP in the presence of
0G488-fibrinogen (OG-FGN), and used for flow cytometry. Fibrinogen binding is expressed as percentages
relative to the control condition. Data are means * S.E. (n = 3-5); *, p < 0.05 compared with wild-type mice.

ylation. However, some degree of Akt phosphorylation occurs
in the presence of TGX-221. There are two possibilities. First,
platelet granules contain several other agonists, such as chemo-
kines, that could activate G; pathways (57). Thus, these other
G;-activating agonists use different signaling pathways to acti-
vate Akt through different isoforms of PI3K. The other possi-
bility is that more than one isoform of PI3K is involved in the

secretion-dependent Akt phosphorylation.
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It has been shown that collagen-in-
duced platelet aggregation is blocked
by inhibition of PI3K with wortman-
nin (11). Because Akt is one of the
central downstream effectors of PI3K,
Akt may have a role in GPVI-medi-
ated platelet aggregation. It has been
shown that Aktl-deficient platelets
exhibit a markedly delayed aggrega-
tion and spreading in response to col-
lagen (51), but others have reported
that both Aktl- and Akt2-deficient
platelets aggregate normally in
response to collagen (24). We have
found that platelet aggregation
induced by CVX became reversible
and mimicked the effect of LY294002
in the presence of 1L-6-hydroxymet-
hyl-chiro-inositol2-[(R)-2-O-methyl-
3-O-octadecylcarbonate]  (58) or
1-(5-chloronaphthalene-1-sulfonyl)-
1H-hexahydro-1,4-diazepine hydro-
chloride (59) (data not shown) con-
firming the importance of Akt ac
tivity in GPVI-mediated platelet
aggregation. Consistent with the
effect of isoform-specific PI3K inhib-
itors on Akt phosphorylation, PI3K
p110p inhibitor TGX-221 and PI3K
inhibitor LY294002 blocked CVX-
mediated platelet aggregation, secre-
tion, and calcium mobilization, con-
firming an important role of PI3K
pl10B in GPVI-mediated platelet
responses. PI3K p110y '~ and PI3K
p1106~/~ platelets showed no effect
on GPVI-induced platelet aggrega-
tion and integrin oy, activation,
confirming that neither PI3K p110y
nor PI3K p1108 contribute to platelet
activation downstream of GPVL
However, a partial inhibition of plate-
let aggregation and Akt phosphoryla-
tion was observed in the presence of
PI3Kea inhibitor PIK75 suggesting the
contribution of PI3Ke. This finding is
consistent with the observation that,
in addition to PI3K p110p, the PI3K
p110« isoform contributes to GPVI-
mediated Rap1B and platelet proco-

agulant activity (K. Gilio, et al, accompanying paper (61)). Our
results further show that TGX-221 has the same extent of inhibi-
tion on platelet aggregation, secretion, calcium mobilization, and
Akt phosphorylation compared with pan-PI3K inhibitor
LY294002. Although both PI3Ka and PI3K3 seem to be important
for GPVI-induced platelet activation, the function of PI3Kf is less
redundant than PI3Ka. Hence, we attribute a major role of PI3K

p110p in these events. During the preparation of our manuscript,
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Canobbio et al. have reported the crucial role of PI3KB in GPVI
signaling by using the PI3Kf kinase-dead mice (60), further con-
firming our results.

In conclusion, we demonstrate that GPVI-mediated Akt
phosphorylation depends in part on G; stimulation through
P2Y,, receptor activation by secreted ADP. The GPVI-depend-
ent, ADP-independent portion of Akt phosphorylation also
exists, and PI3K p110p isoform plays an essential role in GPVI-
induced platelet aggregation and Akt phosphorylation.
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