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Platelets contain high levels of Src family kinases (SFKs), but
their functional role downstream of G protein pathways has not
been completely understood. We found that platelet shape
change induced by selective G12/13 stimulation was potentiated
by SFK inhibitors, which was abolished by intracellular calcium
chelation. Platelet aggregation, secretion, and intracellular
Ca2� mobilization mediated by low concentrations of SFLLRN
or YFLLRNP were potentiated by SFK inhibitors. However,
2-methylthio-ADP-induced intracellular Ca2� mobilization
and platelet aggregation were not affected by PP2, suggesting
the contributionof SFKsdownstreamofG12/13, but notGq/Gi, as
a negative regulator to platelet activation.Moreover, PP2poten-
tiated YFLLRNP- and AYPGKF-induced PKC activation, indi-
cating that SFKs downstream of G12/13 regulate platelet
responses through the negative regulation of PKC activation as
well as calcium response. SFK inhibitors failed to potentiate
platelet responses in the presence of Gq-selective inhibitor
YM254890 or in Gq-deficient platelets, indicating that SFKs
negatively regulate platelet responses throughmodulation ofGq
pathways. Importantly, AYPGKF-induced platelet aggregation
and PKC activation were potentiated in Fyn-deficient but not in
Lyn-deficient mice compared with wild-type littermates. We
conclude that SFKs, especially Fyn, activated downstream of
G12/13 negatively regulate platelet responses by inhibiting intra-
cellular calcium mobilization and PKC activation through Gq
pathways.

Src family kinases (SFKs)2 are nonreceptor protein-tyrosine
kinases that are involved in the control of a variety of cellular
processes such as proliferation, differentiation, motility, and
adhesion (1). There are nine members of the Src family of tyro-
sine kinases, which include Src, Lck, Hck, Blk, Fyn, Lyn, Yes,
Fgr, and Yrk (1, 2). Earlier studies reported that both human
and rodent platelets contain high levels of Src as well as Fyn,
Lyn, Hck, Yes, Lck, and Fgr (3–5). Among these, c-Src kinase is
present in the most abundant amounts and represents about
0.2–0.4% of the total platelet protein (6). Although platelets
contain high levels of SFKs, suggesting an important role for

these enzymes in platelet function, the role of SFKs in platelet
function has been complex and not fully understood. In plate-
lets, SFKs, particularly Lyn and Fyn, play a crucial role down-
stream of collagen receptors (7). In addition, platelets from
Fyn�/� mice exhibit delayed spreading on immobilized fibrin-
ogen (8), whereas platelets from Lyn�/� mice spread poorly on
von Willebrand factor (9). Moreover, c-Src has been shown to
play an important role in integrin �IIb�3-dependent outside-in
signaling (10, 11), but Lyn has been reported to regulate integ-
rin �IIb�3-mediated signaling in platelets negatively (12). It is
also known that SFKs play a role in thromboxane generation
(13), shape change (14), aswell as regulation of phosphorylation
of Akt (15) and ERK (16, 17).
An important mechanism for regulation of c-Src tyrosine

kinase activity is through control of its phosphorylation status.
There are two major phosphorylation sites present on human
c-Src, Tyr416 and Tyr527. A short C-terminal tail of SFKs con-
tains an autoinhibitory phosphorylation site, Tyr527 (18, 19),
whereas Tyr416 is a target for intermolecular autophosphoryla-
tion (19). When Tyr416 is phosphorylated, it is displaced from
the substrate binding pocket, allowing the kinase access to sub-
strates. Thus, when Tyr416 is phosphorylated, it is a positive
regulator of Src activity.
Shape change is considered to be the first measurable physi-

ological response produced by platelets following exposure to
an agonist. ADP-induced platelet shape change is involved in
Gq-coupled calcium mobilization and the activation of RhoA
(20). A number of receptors can couple to G12/13 including
thrombin and thromboxane A2, and platelet shape change
induced by these agonists is mediated by both calcium-depen-
dent and -independentmechanisms that occur throughGq and
G12/13 pathways, respectively (20). G12/13 has been shown to
regulate Rho-dependent response (21), and G12/13-mediated
shape change is abolished in the presence of the Rho kinase
p160ROCK inhibitor Y27632 (22), suggesting an important role
of Rho/Rho kinase pathway downstream of G12/13 in the calci-
um-independent pathway leading to platelet shape change.
Activation of phospholipase C (PLC)�2 is essential for agonist-
induced physiological responses in platelets (23). Upon activa-
tion of PLC, phosphatidylinositol 4,5-bisphosphate in the
plasma membrane inner leaflet is hydrolyzed to diacylglycerol
and inositol 1,4,5-trisphosphate (24, 25). Although diacylglyc-
erol serves as a stimulatory cofactor for the activation of protein
kinaseC (PKC), inositol 1,4,5-trisphosphate induces a rapid rise
in intracellular calcium (23, 26). Calcium regulates various
platelet functions, including secretion, integrin activation,
annexin V binding, thromboxane A2 generation, and thrombin
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generation (27–30). Various PKC- and calcium-dependent
events ensue, two of which are the secretion of contents stored
in the dense granules of the platelet and the phosphorylation of
pleckstrin, a 47-kDa substrate of PKC.
In the current study, we have investigated the regulation of

platelet function by SFKs downstream of G12/13 pathways. Our
studies indicate that inhibition of SFKs leads to potentiation of
platelet aggregation and secretion mediated by PAR agonists,
whereas ADP-induced platelet aggregation is not affected by
SFK inhibitors. Moreover, inhibiting SFKs downstream of
G12/13 led to the potentiation of intracellular calciummobiliza-
tion and PKC activation. Interestingly, we have found that
platelet aggregation and PKC activation mediated by AYPGKF
are potentiated in Fyn-deficientmouse platelets comparedwith
the wild-type mouse platelets. These studies demonstrate that
Fyn downstream of G12/13 negatively regulate platelet
responses by inhibiting intracellular Ca2� and PKC through
modulation of Gq pathways. These studies clearly demonstrate
the intricate signaling pathways that negatively regulate Gq
activation in platelets.

EXPERIMENTAL PROCEDURES

Materials—2-MeSADP, epinephrine, MRS-2179, apyrase
(type V), CDP-Star� chemiluminescent substrates, sodium cit-
rate, and BSA (fraction V) were purchased from Sigma.
YFLLRNP, SFLLRN, andAYPGKFwere custom synthesized by
Invitrogen. Ser(P) PKC substrate and �-actin antibodies were
purchased from Cell Signaling Technology (Beverly, MA).
Phospho-Fyn (Tyr530) and phospho-Lyn (Tyr507) antibodies
were purchased fromAbcam (Cambridge,MA). Alkaline phos-
phatase-labeled secondary antibody was from Kirkegaard &
Perry Laboratories (Gaithersburg, MD). PP1, PP2, and Y27632
were from Enzo Life Sciences, Inc. (Plymouth Meeting, PA).
5,5�-Dimethyl-BAPTA and Fura-2/AM were obtained from
Molecular Probes. Bisindolylmaleimide I (GF 109203X) and
PP3 were from Calbiochem. YM254890 was a generous gift
from Yamanouchi Pharmaceutical (Ibaraki, Japan). All other
reagents were reagent grade, and deionized water was used
throughout.
Animals—G�q-deficient mice were obtained from T. Kent

Gartner (31), with permission from Stefan Offermanns (Uni-
versity of Heidelberg, Heidelberg, Germany). Fyn- and Lyn-
deficient mice were purchased from Jackson Laboratory (Bar
Harbor, ME).
Preparation of Human Platelets—Human blood was

obtained from a pool of healthy volunteers in a one-sixth vol-
ume 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 H2O). Platelet-rich
plasma was prepared by centrifugation of citrated blood at
230 � g for 20 min at room temperature. Acetylsalicylic acid
was added to platelet-rich plasma to a final concentration of 1
mM, and the preparation was incubated for 45 min at 37 °C
followed by centrifugation at 980 � g for 10 min at room tem-
perature. The platelet pelletwas resuspended inTyrode’s buffer
(138 mMNaCl, 2.7 mM KCl, 2 mMMgCl2, 0.42 mMNaH2PO4, 5
mM glucose, 10 mM HEPES, pH 7.4, and 0.2% BSA) containing
0.05 units/ml apyrase. The platelet count was adjusted to 2 �
108 cells/ml.

Preparation of Mouse Platelets—Blood was collected from
anesthetized mice into syringes containing 1/10 blood volume
of 3.8% sodium citrate as anticoagulant. Red blood cells were
removed by centrifugation at 100 � g for 10 min at room tem-
perature. Platelet-rich plasmawas recovered, andplateletswere
pelleted at 400� g for 10min at room temperature. The platelet
pellet was resuspended in Tyrode’s buffer, pH 7.4, containing
0.05 unit/ml apyrase to a density of 2 � 108 cells/ml.
Platelet Aggregation, Secretion, and Intracellular Ca2�

Mobilization—Platelet aggregationwasmeasured using a lumi-
aggregometer (Chrono-Log, Havertown, PA) at 37 °C under
stirring conditions. A 0.5-ml sample of aspirin-treated washed
platelets was stimulated with different agonists, and change in
light transmission was measured. Platelets were preincubated
with different inhibitors where noted before agonist stimula-
tion. 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 aggregationwere performed in a lumiaggregometer
at 37 °C simultaneously.
Platelet Ca2� mobilization was also measured. Platelet-rich

plasma was incubated with 5 �M Fura-2/AM and 1 mM aspirin.
Fluorescence was measured, and the Ca2� concentration was
calculated as described previously (32).
WesternBlotting—Plateletswere stimulatedwith agonists for

the appropriate time, and the reaction was stopped by the addi-
tion of 3 � SDS sample buffer. In some experiments, PP2 (10
�M)was added and incubated for 5min at 37 °Cwithout stirring
before agonist stimulation. Samples were separated on 10%
SDS-PAGE and transferred onto polyvinylidene difluoride
membrane. Nonspecific binding sites were blocked by incuba-
tion in Tris-buffered saline/Tween (TBST; 20mMTris, 140mM

NaCl, 0.1% (v/v) Tween 20) containing 0.5% (w/v) milk protein
and 3% (w/v) BSA for 30 min at room temperature, and mem-
branes were incubated overnight at 4 °C with primary antibody
(1:1000 in TBST/2% BSA) with gentle agitation. After three
washes for 5min each with TBST, themembranes were probed
with the alkaline phosphatase-labeled goat anti-rabbit IgG
(1:5000 in TBST/2% BSA) for 1 h at room temperature. After
additional washing steps,membraneswere then incubatedwith
a CDP-Star� chemiluminescent substrates for 10 min at room
temperature, and chemiluminescence was measured using
Fujifilm LAS-3000 Luminescent Image Analyzer (Fuji, Tokyo,
Japan).

RESULTS

Effect of SFK Inhibition on Ca2�-independent, G12/13-in-
duced Platelet Shape Change Mediated by YFLLRNP—It has
been shown that PAR agonists can couple to G12/13 pathways
that are involved in Rho kinase p160ROCK activation and the
subsequent shape change in platelets (33, 34). Low concentra-
tions of YFLLRNP, a heptapeptide binding to PAR1, causes
slow shape change without calcium mobilization in platelets
(22, 35), and the chelation of intracellular Ca2� by BAPTA/AM
does not inhibit this shape change (36). As seen in Fig. 1A,
YFLLRNP-induced shape change was slow as it took about 1
min to complete the shape change as light absorbance increases
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slowly. YFLLRNP-induced shape changewas completely inhib-
ited by the p160ROCK inhibitor Y27632 (20, 22, 37), and the
Gq-selective inhibitor YM254890 (38) did not inhibit this shape
change (data not shown), confirming that YFLLRNP induces
Rho kinase-dependent shape change without calcium mobili-
zation in this condition. However, YFLLRNP-induced shape
change was complete by 15 s as evidenced by dramatic increase
in the rate and amplitude of light absorbance with diminished
oscillations in the presence of SFK inhibitors PP1 and PP2 (39),
but not control compound PP3. We and others have used PP1
and PP2 as a selective SFK inhibitor in platelets at the concen-
trations used in our study (10, 15, 40). The time for half-com-
pletion of shape change was dramatically decreased (�25% of
DMSO or PP3) in the presence of PP1 and PP2 (Fig. 1B), and a
significant increase in the initial rate of shape change was also
observed in the presence of PP1 and PP2 (Fig. 1C). The changes
in shape change tracings in the presence of PP1 and PP2 indi-
cate the contribution of both Rho kinase and calcium compo-
nents and suggest that inhibition of SFKs downstream of G12/13
can induce mobilization of intracellular calcium in platelets.
To confirm the contribution of cytosolic Ca2� in shape

changes in the presence of SFK inhibitors, we used the Ca2�

chelator 5,5�-dimethyl-BAPTA (41). Fig. 1D shows that
YFLLRNP-induced shape change in the presence of PP2 was

not inhibited by Y27632. Shape change tracing shows the
steadily increased oscillation following an initial increase in
light absorbance which is a characteristic feature of the shape
change induced by calcium-dependent pathways (20, 22, 42). In
5,5�-dimethyl-BAPTA-treated platelets, YFLLRNP-induced
shape change in the presence of PP2 was reversed to Ca2�-
independent, RhoA/p160ROCK-dependent shape change, char-
acterized by the slower rate of shape change with constant
prestimulatory oscillations. The combination of Y27632 and
5,5�-dimethyl-BAPTA completely prevented shape change,
indicating that YFLLRNP-induced shape change in the pres-
ence of PP2 is caused by both calcium-dependent and RhoA-
dependent pathways and that the inhibition of SFKs might be
involved in an increase in cytosolic Ca2�.
Effect of SFK Inhibition on Agonist-induced Platelet Aggrega-

tion and Secretion—We further investigated the effect of inhi-
bition of SFKs in platelet aggregation and secretionmediated by
different concentrations of PAR1-activating peptide SFLLRN
and 2-MeSADP. As shown in Fig. 2A, we have observed that
platelet aggregation and secretion mediated by low concentra-
tions of SFLLRN (1�M)were potentiated in the presence of PP1
and PP2, whereas these inhibitors showed no effect at higher
concentrations of SFLLRN (5 �M). We also observed that the
concentration response curves for PAR4-activating peptide

FIGURE 1. Effect of Src kinase inhibition on platelet shape change induced by YFLLRNP. A, aspirin-treated, washed human platelets were preincubated at
37 °C with DMSO (vehicle), 10 �M Y27632, 10 �M PP1, 10 �M PP2, or 10 �M PP3 for 5 min prior to platelet stimulation with 60 �M YFLLRNP. B and C, the time to
half-complete shape change (point at which half-maximal light absorbance was reached) (B) and the initial rate of light absorbance during platelet shape
change (change in absorbance/sec) (C) are presented. D, aspirinated human platelets were pretreated at 37 °C with either 10 �M PP3 or 10 �M PP2. Platelet
samples that were preincubated with 10 �M Y27632 or 10 �M 5,5�-dimethyl-BAPTA were stimulated with 60 �M YFLLRNP as noted. All tracings are represent-
ative of at least three experiments from different donors.
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AYPGKF- and thrombin-induced platelet aggregation and
secretion were shifted to the left in the presence of SFK inhibi-
tors (data not shown). However, both low (30 nM) and high (100
nM) concentrations of 2-MeSADP-induced platelet aggrega-
tion, through activation of Gq and Gi, were not affected by PP1
and PP2 (Fig. 2B). Taken together, these findings indicate that
SFK inhibition leads to the potentiation of platelet responses
induced by only those agonists that activate G12/13 pathways.
These results also indicate the important inhibitory role of
SFKs activated downstream of G12/13, but not Gq/Gi, pathways
in agonist-induced platelet aggregation and secretion.
Effect of SFK Inhibition on Platelet Aggregation and Secretion

Mediated by Co-stimulation of G12/13 and Gi/Gz Pathways—It
is shown that YFLLRNP-mediated G12/13 signaling causes
fibrinogen receptor activation in human platelets when
combined with selective stimulation of Gi or Gz pathways
(43, 44). To confirm the contribution of SFKs downstream of
G12/13 to platelet activation, we measured the effect of SFK
inhibitors on platelet aggregation and secretion mediated by
the simultaneous stimulation of G12/13 and Gi/Gz pathways.
To stimulate Gi pathways selectively, we used 2-MeSADP in
the presence of MRS2179, a P2Y1-selective antagonist, to

block ADP signaling through the Gq-coupled P2Y1 receptor.
We also used epinephrine as an agonist to stimulate Gz path-
ways through the �2A adrenergic receptor. We found that
platelet aggregation and secretion induced by combined
stimulation of G12/13 and Gi (Fig. 3A) or G12/13 and Gz (Fig.
3B) were potentiated in the presence of PP1 and PP2,
whereas the control compound PP3 had no effect. Previous
work has shown that SFK inhibitors can partially inhibit
platelet aggregation induced by combined stimulation of Gi
and Gz signaling (45). Thus, these results strongly suggest
the idea that SFKs downstream of G12/13, not Gi/Gz, contrib-
ute as negative regulators of platelet activation.
Effect of Inhibition of SFKs on Intracellular Calcium Mobili-

zation and PKC Activation—To determine the mechanism by
which the SFK inhibition downstream of G12/13 pathways leads
to the potentiation of platelet function, we first measured the
effect of SFK inhibition on Gq pathways by monitoring Ca2�

and PKC activation. We first stimulated Fura-2-loaded plate-
lets with different concentrations of PAR1-activating peptide
YFLLRNP and 2-MeSADP in the presence of PP2 or PP3, and
then measured the intracellular calcium mobilization. It is
known that YFLLRNP, a heptapeptide binding to PAR1, ini-

FIGURE 2. Effect of Src kinase inhibition on platelet aggregation and secretion induced by SFLLRN and 2-MeSADP. Aspirinated, washed human platelets
were preincubated at 37 °C with DMSO (vehicle), 10 �M PP1, 10 �M PP2, or 10 �M PP3 for 5 min prior to platelet stimulation with different concentrations of
either (A) SFLLRN or (B) 2-MeSADP as noted, and platelet aggregation and ATP secretion were measured as described under “Experimental Procedures.” Results
shown are representative of at least three experiments from different donors.
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tially couples to G12/13, resulting in shape change. While
increasing the concentrations of YFLLRNP, it also couples to
Gq, in addition to G12/13. YFLLRNP-induced calciummobiliza-
tion was potentiated in the presence of PP2, but the level of
intracellular calcium in response to 2-MeSADP was not
affected by PP2 (Fig. 4A), consistentwith previous data showing
that inhibition of Src by PP1 has no effect on the calcium
response to ADP (46). Because 2-MeSADP does not couple to
G12/13 signaling pathways (47), these findings indicate that
SFKs downstream of G12/13, not Gq/Gi, have a role in the neg-
ative regulation of calcium response in platelets. We thenmea-
sured the phosphorylation of the PKC substrate pleckstrin in
response to different concentrations of YFLLRNP in the pres-
ence and absence of PP2. As shown in Fig. 4B, YFLLRNP-in-
duced pleckstrin phosphorylation was increased in the pres-
ence of PP2, indicating enhanced PKC activation. Taken
together, SFK inhibition downstream of G12/13 potentiates
platelet function maybe through enhanced intracellular cal-
cium mobilization and PKC activation.

To confirm the role of Ca2� and PKC activation, we mea-
sured the potentiating effect of SFK inhibitors in response to
a low dose of SFLLRN in the presence and absence of PKC
inhibitor GF109203X (48) and a high affinity Ca2� chelator
5,5�-dimethyl-BAPTA (41). As shown in Fig. 5, SFK inhibitor
PP2 was still able to potentiate platelet aggregation without
secretion in the presence of GF109203X, suggesting that
PKC has a minor role in this potentiating effect. However,
PP2 failed to potentiate platelet aggregation in the presence
of 5,5�-dimethyl-BAPTA, indicating that potentiation of
cytosolic calcium is essential for the enhanced platelet
responses by SFK inhibition.
Role of Gq Signaling in the Potentiation of G12/13-induced

Shape Change in the Presence of SFK Inhibitors—To confirm
the effect of SFK inhibition on Gq signaling, we used G�q-
deficient mouse platelets (31) with AYPGKF to activate
G12/13 pathways selectively. PP1 and PP2 failed to potentiate
platelet shape change induced by selective stimulation of
G12/13 by AYPGKF in Gq-deficient platelets (Fig. 6A), indi-

FIGURE 3. Effect of Src kinase inhibition on platelet aggregation and secretion mediated by the simultaneous stimulation of G12/13 and Gi/Gz path-
ways. Washed human platelets were preincubated at 37 °C with DMSO (vehicle), 10 �M PP1, 10 �M PP2, or 10 �M PP3 for 5 min prior to platelet stimulation with
either (A) 60 �M YFLLRNP � 100 nM 2-MeSADP � MRS2179 (100 �M) or (B) YFLLRNP (60 �M) � epinephrine (10 �M), and platelet aggregation and ATP secretion
were measured. The data shown are representative of at least three experiments.
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cating that SFKs negatively regulate platelet responses
through modulation of Gq signaling pathways. Moreover,
platelet aggregation induced by combined G12/13 and Gi sig-
naling by AYPGKF and 2-MeSADP in Gq-deficient platelets
failed to potentiate in the presence of PP2 (data not shown).
To confirm the effect of SFK inhibition on Gq signaling in
human as well as murine platelets, we selectively activated

G12/13 signaling with YFLLRNP and measured the effect of
SFK inhibition on shape change in the presence of the
Gq-selective inhibitor YM254890 (38). Fig. 6B shows that
YFLLRNP-induced shape change in the presence of PP2 was
reversed to Ca2�-independent, Rho-dependent shape
change in the presence of YM254890, which was completely
inhibited by the addition of Y27632. Taken together, these

FIGURE 4. Effect of PP2 on agonist-induced intracellular calcium mobilization and PKC activation. A, Fura-2 (2 �M)-loaded, aspirinated, washed human
platelets were stimulated with different concentrations of YFLLRNP or 2-MeSADP in the presence of either 10 �M PP3 or 10 �M PP2 as noted. Ca2� was
measured by recording fluorescence at 510 nm following excitation at 340 and 380 nm. The results show composite data from three experiments, and values
are mean � S.E. (error bars) (n � 3). B, washed platelets were stimulated at 37 °C for 30 s with different concentrations of YFLLRNP in the absence and presence
of PP2 (10 �M). Platelet proteins were separated by SDS-PAGE followed by Western blot analysis using Ser(P) PKC substrate or anti-�-actin (lane loading control)
antibody. The blot shown is a representative of three independent experiments.

FIGURE 5. Effect of 5,5�-dimethyl-BAPTA and GF109203X on the potentiation of platelet aggregation and secretion in the presence of PP2. Washed
platelets were pretreated with either DMSO or 10 �M PP2. Platelets that were preincubated with 10 �M GF109203X or 10 �M 5,5�-dimethyl-BAPTA were
stimulated with 1 �M SFLLRN. All aggregation tracings are representative of at least three experiments.
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results confirm the negative regulation of Gq pathways by
SFKs downstream of G12/13 pathways.
Potentiation of Platelet Responses in Fyn-deficient Platelets—

To distinguish the role of individual SFKs in this negative reg-
ulation of platelet responses, we stimulated mouse platelets
deficient in Fyn and Lyn with different concentrations of
AYPGKF. We found that platelet aggregation induced by low
concentrations of AYPGKF was potentiated in Fyn-deficient
platelets compared with the platelets from age/sex-matched
wild-type littermates, whereas platelet aggregation induced by
different concentrations of AYPGKF showed no difference
between Lyn�/� and wild-type mice (Fig. 7A). Convulxin was
used as a positive control in this experiment and showed the
inhibition of platelet aggregation in Fyn-deficient platelets
whereas Lyn-deficient platelets showed a potentiation of con-
vulxin-induced aggregation consistent with previous findings
(7). Similar to results shown in Fig. 3B, low and high concentra-
tions of 2-MeSADP-induced platelet aggregation were not
potentiated in both Fyn- and Lyn-deficient platelets compared
with the wild-type platelets (data not shown). In addition,
potentiation of AYPGKF-induced platelet aggregation in Fyn-
deficient platelets was not significantly affected by PP2 (Fig.
7B). Fig. 7C shows that phosphorylation of the PKC substrate
pleckstrin in response to a low concentration of AYPGKF was
significantly increased in Fyn-deficient platelets comparedwith
the wild-type platelets, whereas Lyn-deficient platelets showed
no difference in pleckstrin phosphorylation compared with the
wild-type platelets (Fig. 7D), indicating increased PKC activity
in Fyn�/� mice. In addition, selective activation of G12/13 sig-
naling with AYPGKF in the presence of YM254890 resulted in
the phosphorylation of Fyn (Fig. 7E), but not Lyn (Fig. 7F), con-
firming the specificity of Fyn in potentiation. These results
strongly support our data showing the potentiating effect of
SFK inhibitors on human platelet responses and indicate that
Fyn downstream of G12/13 pathways plays a major role in the
negative regulation of platelet responses, whereas Lyn is not
involved in this process.

DISCUSSION

Although SFKs are known to be expressed abundantly in
platelets, their role in platelet activation has not been fully elu-
cidated. We have previously shown that AYPGKF and throm-
bin were able to induce an increase in Src phosphorylation in
G�q-deficient mouse platelets, indicating that selective G12/13
activation results in activation of SFKs (15). In this study, we
have further elucidated the contribution of SFKs selectively
activated downstream of G12/13 pathways in platelet functional
responses.
To determine the role of SFKs downstream of G12/13, we first

evaluated the effect of inhibition of SFKs on G12/13-induced
shape change. It is known that platelet shape change involves
both calcium-dependent and calcium-independent mecha-
nisms as evidenced by the prevention of shape change in both
the absence of calcium mobilization and RhoA/p160ROCK

activity (20, 42). Platelet shape change induced by selective
stimulation of G12/13 is mediated by RhoA/p160ROCK activity
without the contribution of calcium mobilization (33, 34). Our
results show that inhibition of SFK converts platelet shape
change induced by selective G12/13 stimulation with YFLLRNP
from a RhoA/p160ROCK-dependent event to a both RhoA/
p160ROCK-dependent and calcium-dependent event, indicat-
ing the contribution of intracellular calciummobilization in the
presence of SFK inhibitors. Thus, it appears that SFKs down-
streamofG12/13 negatively regulates platelet responseswith the
contribution of calcium-dependent component.
If G12/13-mediated SFKs negatively regulate platelet func-

tion, we would expect that SFK inhibition leads to the potenti-
ation of platelet responses induced by only those agonists that
activate G12/13 pathways. It is known that PARs couple to Gq
and G12/13 pathways (49), but 2-MeSADP cannot couple to
G12/13 signaling pathways (47). Our results indicate that PP1 or
PP2 caused a potentiation of platelet aggregation and secretion
induced by low concentrations of PAR agonists, but not by
2-MeSADP, suggesting that SFKs downstream of G12/13, but
not Gq/Gi, pathways are involved in the negative regulation of

FIGURE 6. Role of Gq signaling in G12/13-induced platelet shape change in the presence of Src kinase inhibitors. A, Gq-deficient mouse platelets were
preincubated at 37 °C with DMSO, 10 �M PP1, 10 �M PP2, or 10 �M PP3 for 5 min prior to platelet stimulation with AYPGKF (500 �M). B, washed human platelets
were preincubated with either 10 �M PP3 or 10 �M PP2. Platelet samples that were preincubated with 100 nM YM254890 or 10 �M Y27632 were stimulated with
60 �M YFLLRNP as noted. All tracings are representative of at least three experiments from different donors.
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platelet responses. Moreover, platelet aggregation and secre-
tion caused by co-stimulation ofG12/13 andGi/Gz (YFLLRNP�
2-MeSADP with P2Y1 antagonist/epinephrine) were potenti-
ated in the presence of PP1 or PP2. Previous work has also
shown that SFK inhibitors have no effect on calcium mobiliza-
tion in response to ADP (46), confirming the role of SFKs
downstream of G12/13, not Gq/Gi, as negative regulators of
platelet activation.
It has been shown that G13-deficient platelets display the

defective platelet shape change and aggregation in response to
thrombin (50). It is well known that G12/13-mediated shape
change is mediated by Rho kinase (22, 33) and RhoA down-
stream of G12/13 contributes to platelet aggregation and secre-
tion (51, 52). Thus, we postulate that the positive contribution
of RhoA downstream of G12/13 pathways might be more than
the negative contribution of Fyn,which resulted in the observed
defects in platelet shape change and aggregation in G13

�/�

mice.
We next sought to identify themolecular mechanism under-

lying the regulation of platelet function by SFKs downstream of
G12/13. It is known that Gq-mediated PLC� activation leads to
the generation of inositol 1,4,5-trisphosphate and diacylglyc-
erol, which further promote mobilization of intracellular cal-
cium and activation of PKC, respectively (23).We observed the

potentiation of calciummobilization induced by PARagonist in
the presence of PP2 and not by 2-MeSADP. In addition, PP2
caused an increase in PAR-induced phosphorylation of PKC
substrate pleckstrin, indicating the possible involvement of
PKCs. These results indicate that SFKs downstream of G12/13
might negatively regulate PLC� activation, resulting in the reg-
ulation of PKC activation as well as calcium mobilization.
Moreover, PP2 failed to potentiate platelet aggregation in the
presence of 5,5�-dimethyl-BAPTA, whereas PP2 was still able
to partially potentiate platelet aggregation in the presence of
GF109203X, suggesting the minor role of PKCs in this potenti-
ating effect. These data confirm that the potentiation of cyto-
solic calcium in the presence of SFK inhibitors is essential for
the enhanced platelet aggregation and secretion and indicate
that platelets have the overriding need for calcium to secrete
their granule contents or to aggregate.
In our study, PP1 or PP2 failed to potentiate platelet

responses in the presence of Gq-selective inhibitor YM254890
in humanplatelets or inGq-deficientmouse platelets. Thus, it is
possible that the SFKs downstreamofG12/13 negatively regulate
PLC through the modulation of Gq pathways which results in
the PLC-dependent production of inositol 1,4,5-trisphosphate-
mediated calcium mobilization. When platelets are stimulated
with low concentrations of thrombin, PARs initially couple to

FIGURE 7. Platelet aggregation and PKC activation in Fyn- and Lyn-deficient platelets. Platelets were isolated from Fyn�/�, Lyn�/�, or their wild-type
littermates. A, platelets isolated from Fyn�/� and Lyn�/� mice were stimulated with 80 �M AYPGKF and different concentration of convulxin as indicated, and
platelet aggregation was measured. B, platelets isolated from Fyn�/� mice were preincubated with either 10 �M PP3 or 10 �M PP2 and stimulated with 60 �M

AYPGKF and platelet aggregation were measured. C and D, platelets isolated from Fyn�/� (C) and Lyn�/� (D) mice were stimulated at 37 °C for 30 s with AYPGKF
(100 �M). Equal amounts of proteins were analyzed by Western blot analysis with Ser(P) PKC substrate or anti-�-actin (lane loading control) antibody.
Densitometric measurement of Ser(P) PKC is shown, expressed as percentage of agonist control in wild-type platelets. E and F, washed human platelets
preincubated with 100 nM YM254890 were stimulated for the time point indicated with 500 �M AYPGKF, and platelet proteins were analyzed by Western blot
analysis with phospho-Fyn, phospho-Lyn, or anti-�-actin (lane loading control) antibodies. The Western blot analysis shown is a representative of three
independent experiments. Error bars, S.E.
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G12/13 pathways which results in platelet shape change without
aggregation. Thus, at low doses, there might be weak Gq acti-
vation, although PARs predominantly couple to G12/13 path-
ways. It is also possible that Gq pathways are masked by the
SFK-sensitive signal mediated by G12/13 pathways at these low
doses. Thus, it appears that low concentrations of PAR-activat-
ing peptides, includingYFLLRNP, stimulateGq aswell asG12/13
pathways when SFK, especially Fyn, is inhibited. Therefore
under normal physiological conditions when platelets are
exposed to low concentrations of thrombin, we can speculate
that SFKs downstream of G12/13 negatively regulate Gq path-
ways and hence prevent platelets fromaggregating and keep the
platelets quiescent.
Because the pharmacological inhibitors do not distinguish

various SFKs, we evaluated the contribution of individual SFKs
in regulation of platelet function using knock-out mice. In this
study, we used Fyn and Lyn knock-out mice. It is well known
that the SFKs Fyn and Lyn play an important role in glycopro-
tein VI-mediated platelet activation (7), and we have also
shown that Fyn, but not Lyn, regulates glycoprotein VI-medi-
ated Akt phosphorylation (53). As evidenced by the results in
Fig. 7A, our study clearly demonstrates that Fyn and Lyn differ-
entially regulate platelet responses downstream of PARs and
GPVI receptors. There are conflicting data in the literature
regarding the role of Lyn in thrombin-induced GPCR signaling
mostly likely due to the different platelet preparation condi-
tions and agonists used. Quek et al. (7) have shown that aggre-
gation in Lyn�/� platelets in response to �-thrombin is similar
to control responses, whereas others have reported that Lyn is
required for irreversible aggregation induced by �-thrombin in
platelet-rich plasma (54). Recently, Li et al. (40) have shown that
Lyn�/� platelets have little effect on primary platelet aggregation
inducedby thrombinbut have inhibitory effect on granule secre-
tion and thus the secretion-dependent second wave of platelet
aggregation. We have found that platelet aggregation and PKC
activation induced by low concentrations of AYPGKF were
potentiated in Fyn-, but not in Lyn-deficient platelets com-
pared with the wild-type platelets, whereas 2-MeSADP-in-
duced platelet aggregation was not affected in these platelets
(data not shown). Moreover, potentiation of AYPGKF-induced
platelet aggregation in Fyn-deficient platelets was not signifi-
cantly affected by SFK inhibitors. In addition, selective activa-
tion of G12/13 resulted in the phosphorylation of Fyn, but not
Lyn. Thus, we have identified that Fyn downstream of G12/13
plays amajor role in the negative regulation of platelet function,
whereas Lyn is not involved in this process. However, we can-
not exclude that other SFKs such as Lck, Src, Yes, Fgr, or Hck
might also be involved.
In conclusion, we demonstrate that SFKs downstream of

G12/13, but not Gq/Gi, pathways negatively regulate platelet
responses by inhibiting intracellular Ca2� and PKC activation
through the modulation of Gq signaling pathways. Specifically,
we demonstrate that Fyn plays a major role in this negatively
regulatory pathway.
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