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Background: PKC regulating Syk activity has been demonstrated in other cells but is unknown in platelets.

Results: PKCs regulate tyrosine phosphorylation and activity of Syk.

Conclusion: PKCB-dependent differential regulation of Syk activity is seen in human but not in murine platelets.
Significance: Understanding this human pathway of platelet regulation might aid in development of anti-platelet therapy.

Protein kinase C (PKC) isoforms differentially regulate plate-
let functional responses downstream of glycoprotein VI (GPVI)
signaling, but the role of PKCs regulating upstream effectors
such as Syk is not known. We investigated the role of PKC on
Syk tyrosine phosphorylation using the pan-PKC inhibitor
GF109203X (GFX). GPVI-mediated phosphorylation on Syk
Tyr-323, Tyr-352, and Tyr-525/526 was rapidly dephosphory-
lated, but GFX treatment inhibited this dephosphorylation on
Tyr-525/526 in human platelets but not in wild type murine
platelets. GFX treatment did not affect tyrosine phosphoryla-
tion on FcRy chain or Src family kinases. Phosphorylation of Lat
Tyr-191 and PLCy2 Tyr-759 was also increased upon treatment
with GFX. We evaluated whether secreted ADP is required for
such dephosphorylation. Exogenous addition of ADP to GFX-
treated platelets did not affect tyrosine phosphorylation on Syk.
FcyRIIA- or CLEC-2-mediated Syk tyrosine phosphorylation
was also potentiated with GFX in human platelets. Because poten-
tiation of Syk phosphorylation is not observed in murine platelets,
PKC-deficient mice cannot be used to identify the PKC isoform
regulating Syk phosphorylation. We therefore used selective
inhibitors of PKC isoforms. Only PKCf inhibition resulted in
Syk hyperphosphorylation similar to that in platelets treated
with GFX. This result indicates that PKCf is the isoform
responsible for Syk negative regulation in human platelets. In
conclusion, we have elucidated a novel pathway of Syk regula-
tion by PKCp in human platelets.

After vascular injury, platelet activation by exposed suben-
dothelial collagen is a key step that initiates signaling cascades
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that lead to hemostatic plug formation and bleeding arrest (1).
The platelet collagen receptor is a complex between glycopro-
tein VI (GPVI)® and Fc receptor y-chain (GPVI-FcRy) (2).
Asthe extracellular Ig domains of GPVI binds collagen, the immu-
noreceptor tyrosine activation motif (ITAM) within the cyto-
plasmic portion of FcRy becomes phosphorylated by the GPVI-
associated Src family kinases (SFKs) Fyn and Lyn (3, 4). The
dual phosphorylated ITAM acts as a docking site for the spleen
tyrosine kinase (Syk), which in turn undergoes phosphorylation
at different tyrosine residues, including Tyr-323, Tyr-352, and
Tyr-525/526. Although Syk™’~ animals are embryonically
lethal, a conditional platelet knock-out has been generated in
which aggregation, secretion, and arachidonic acid release in
response to GPVI agonists are defective (5). Thus, the role of
Syk in GPVI signaling is undisputed. Upon Syk activation, a
signaling cascade through PLC#2 is initiated, resulting in Ca®"
mobilization, diacylglycerol production, and protein kinase C
(PKC) activation, events that mediate platelet granule secretion
and thromboxane A, generation. Thromboxane A, and secreted
ADP will in turn activate nearby circulating platelets and act in an
autocrine fashion to further enhance platelet activation through
TP, P2Y1, and P2Y12 receptor activation.

PKC is a family of serine/threonine kinases that consist of 10
distinct isoforms categorized into three classes based on their
lipid and cofactor requirements (6): the classical isoforms («, 3,
and ) that require diacylglycerol and Ca** for their activation,
the novel isoforms (5, 6, €, and m) that require diacylglycerol but
are Ca®" insensitive, and the atypical isoforms (£ and A) that are
activated in a diacylglycerol- and Ca*>"-independent manner
but require phosphatidylinositol trisphosphate (7). The role of
PKC in platelets has been extensively studied. Seven isoforms

3 The abbreviations used are: GPVI, glycoprotein VI; CLEC-2, C-type lectin-like
receptor-2; Cvx, convulxin; FcRy, Fc receptor y-chain; GFX, GF109203X;
ITAM, immunoreceptor tyrosine activation motif; LAT, linker of activated T
cells; PLCy2, phospholipase Cy2; SFK, Src family kinase; Syk, spleen tyro-
sine kinase.
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are expressed in platelets (e, 3, , 6, €, 1), and ), each one reg-
ulating different functional responses. In the context of GPVI
signaling, our group has established that PKCd negatively reg-
ulates dense granule secretion by means of a molecular com-
plex that involves Lyn and SHIP-1 (8). PKC6 was also shown to
regulate granule secretion and thromboxane generation down-
stream of GPVI receptors (9, 10). Furthermore, using GPVI-
stimulated PKCO ™/~ platelets, it was proposed that PKCH
down-regulates store-independent Ca>* entry and thus modu-
lates the Ca®>" signal (11). Recently, Gilio et al. (12) studied the
differential role of PKC isoforms in collagen-induced thrombus
formation. The authors demonstrated a differential role for
conventional isoforms, PKC « and 3 in promoting thrombus
formation by positively regulating granule secretion, whereas
the novelisoform 6 inhibited thrombus formation by regulating
the Ca>" signal and phosphatidylserine exposure.

The notion that PKC regulates Syk activity has been
described in endothelial cells as in these cells, a PKC8-depen-
dent serine phosphorylation on Syk regulates thrombin-in-
duced ICAM expression (13). In contrast, Pula et al. (14) pos-
tulated that active Syk is required for PKCa activation in
platelets, locating Syk upstream of PKCe. A growing body of
evidence suggests a close correlation between PKC-dependent
serine/threonine phosphorylation and tyrosine phosphoryla-
tion events (15—17). In recent years our laboratory has been
devoted to elucidating the signaling events downstream of
GPVI and has described the role of signaling molecules that
negatively regulate Syk activity (18, 19). In line with our previ-
ous research, in the present study we investigated the negative
regulation of Syk by PKC in GPVI signaling. We show that, in
human platelets, inhibition of PKC leads to Syk hyperphosphor-
ylation on residues Tyr-525/526 whereas Tyr-323 and Tyr-352
phosphorylations are unaffected. PKC negatively regulates Syk
activity, as evidenced by hyperphosphorylation of downstream
targets, LAT and PLC+y2 upon PKC inhibition. The negative
regulation of Syk is also observed downstream of other ITAM-
containing receptors such as CLEC-2 and FcyRIIA receptors in
human platelets. Importantly, we demonstrate that PKC-medi-
ated negative regulation of Syk activity is seen in human but not
in murine platelets. Finally, we identified PKCp as the isoform
responsible for Syk negative regulation in human platelets.

EXPERIMENTAL PROCEDURES

Materials—All reagents were from Sigma unless stated oth-
erwise. Anti-Syk (4D10 and N19), anti-PLCy, (Q-20), and anti-
LAT (LAT-01) were from Santa Cruz Biotechnology. Anti-
phosphospecific Syk (Tyr-525/526, Tyr-323, and Tyr-352),
anti-phosphospecific LAT (Tyr-191), and anti-phosphospecific
PLCYy, (Tyr-759) were from Cell Signaling Technology. Con-
vulxin was purified according to the method of Polgar et al. (20).
Collagen (type I, equine tendon) and CHRONO-LUME were
from Chronolog (Havertown, PA). Collagen-related peptide
was purchased from Dr. Richard Farndale. Fucoidan (80% pure)
was obtained from Sigma. Fura-2/AM was obtained from
Molecular Probes. Pan-PKC inhibitor GF109203X was from
Biomol (now ENZO Life Sciences Inc., Plymouth Meeting, PA).
PKC6/6 and B inhibitors were from EMD Millipore. LY333531
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was purchased from AG Scientific. All other reagents were rea-
gent grade, and deionized water was used throughout.

Animals—Mice were maintained on a C57BL background,
and experiments were performed in compliance with the Insti-
tutional Animal Care and Use Committee at Temple University
and Thomas Jefferson University.

Preparation of Human and Murine Platelets—Human blood
was obtained from healthy volunteers with informed consent in
a one-sixth volume 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).
Blood was collected from anesthetized mice into syringes con-
taining 1/10 blood volume of 3.8% sodium citrate as anticoag-
ulant. Washed human and murine platelets were prepared by
resuspending them in Tyrode’s buffer containing 0.1 unit/ml
apyrase as described previously (21). Aspirin-treated platelets
(1 mm) were used throughout the studies.

Platelet Aggregations and Secretion—Platelet aggregation
and secretion were measured using a lumiaggregometer
(Chrono-Log, Havertown, PA) at 37 °C under stirring condi-
tions as described previously (22).

Intracellular Ca®" Mobilization—Platelet Ca>* mobiliza-
tion was also measured. Platelet-rich plasma was incubated
with 5 um Fura-2/AM and 1 mm aspirin. Fluorescence was
measured, and the Ca®" concentration was calculated as
described previously (23).

Western Blotting—Platelets were stimulated with agonists for
the indicated time, and the reaction was stopped by the addi-
tion of 3 X SDS sample buffer. Total cell lysate was electro-
phoresed on 8% SDS-polyacrylamide gels. Proteins were trans-
ferred to a nitrocellulose membrane (Millipore), subjected to
Western blotting, blocked for 1 h with Odyssey blocking buffer,
and incubated with the appropriate antibody 1:500 (v/v) in
Odyssey blocking buffer with 0.1% (v/v) Tween 20 (16 h, 4 °C).
After washing, membranes were incubated with the appropri-
ate LICOR secondary antibody (1 h, 4 °C). Phosphorylation of
proteins was visualized and quantified using the Odyssey
system.

Statistical Analysis—Each experiment was repeated at least
three times. Results are expressed as means = S.E. Data were
analyzed using GraphPad Prism 5 software. Significant differ-
ences were determined using two-way analysis of variance and
Student’s ¢ test. Differences were considered significant at p <
0.05.

RESULTS

Syk Tyrosine Phosphorylation Is Differentially Regulated by
PKC—It has been established that different PKC isoforms pos-
itively and negatively regulate platelet functional responses
downstream of GPVI signaling (8 -10), but the role of PKC
regulating upstream effectors such as Syk is not known. We
investigated the role of PKC on Syk tyrosine phosphorylation
by using the pan-PKC inhibitor GF109203X (GFX). As shown
in Fig. 14, convulxin (Cvx) stimulation causes platelet aggrega-
tion and secretion. GFX inhibited Cvx-induced aggregation
and secretion even when higher concentrations of Cvx were
used. Western blot analysis (Fig. 1Bi) has shown that Cvx
induces phosphorylation of Syk at residues Tyr-525/526 which
peaks at 30 s, followed by a TULA-2-dependent dephosphory-
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FIGURE 1. PKC inhibition reduces platelet aggregation and secretion as well as selectively modulates Syk tyrosine phosphorylation on Tyr-525/526.
A, human platelets were incubated with 5 um GFX for 5 min prior to stimulation with the GPVI agonist Cvx (200, 400, or 800 ng/ml). Platelet aggregation and
secretion were measured for 2 min. Bi, platelets were treated as described in A, stimulated with 200 ng/ml Cvx for 0, 30, 60, and 180 s, and phosphotyrosine
525/526 Syk and total Syk were analyzed. Bii, quantitation of the blots with mean = S.E. (error bars) of relative Syk phosphorylation for Cvx in untreated (@) and
GFX treated (A) platelets was plotted against time, and Student’s t test was performed (p < 0.05, untreated versus GFX treated platelets). Cand D, results are the
same as B except that platelets were stimulated using GPVI agonist 10 ng/ml collagen (C) and 5 ug/ml collagen-related peptide (CRP) (D). E, washed murine
platelets were treated same as in Bi but stimulated with 1 ug/ml Cvx and probed for pSyk Tyr-525/526 and total Syk. Blots are representative of at least three

independent experiments.

lation of tyrosine residues (19). As shown in Fig. 1Bi and its
quantitation (Fig. 1Bii), PKC inhibition causes Cvx-induced
phosphorylation on Syk residues Tyr-525/526 to be signifi-
cantly higher and more persistent than platelets stimulated in
the absence of inhibitor. This potentiation of phosphorylation
is also observed when human platelets were preincubated with
GFX and stimulated with a physiological agonist, collagen (Fig.
1C) or collagen-related peptide (Fig. 1D). However, as shown in
Fig. 1E, Syk Tyr-525/526 phosphorylation in murine platelets
downstream of GPVIreceptor is inhibited with pan-PKC inhib-
itor GFX, suggesting a pathway of regulation of Syk phosphor-
ylation by PKCs only in human platelets.
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In contrast to Syk Tyr-525/526 phosphorylation, Syk Tyr-
323 (Fig. 2, Ai and Aii) and Tyr-352 (Fig, 2, Bi and Bii) phos-
phorylations were not affected by GFX in human platelets
downstream of GPVI receptor. Similar results were obtained
when collagen or collagen-related peptide was used as agonist
(data not shown). Together, these data suggest that PKCs neg-
atively regulate Syk Tyr-525/526 phosphorylation downstream
of GPVI receptor in human platelets.

Events Upstream of Syk Activation Are Unaffected by PKC
Inhibition—In GPVIsignaling, Syk is activated in a SFK-depen-
dent manner. Fyn and Lyn phosphorylate tyrosine residues on
the ITAM domain of FcRy chain, creating docking sites for Syk
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FIGURE 2. PKC inhibition does not affect Syk Tyr-323 and Tyr-352 phosphorylation. Ai, human platelets were treated as described in Fig. 1Bi and analyzed
for phospho-Syk Tyr-323 and total Syk. Bi, human platelets were treated as described in Fig. 1Biand analyzed for phospho-Syk Tyr-352 and total Syk. Aii and Bii,
quantitation of the blots with mean = S.E. (error bars) of relative Syk phosphorylation for Cvx in untreated (@) and GFX-treated (A) platelets was plotted against
time, and Student’s t test was performed (no significant difference was observed, untreated versus GFX-treated platelets). Blots are representative of at least

three independent experiments.

recruitment and activation (24). In turn, Syk undergoes auto-
phosphorylation on at least 10 different tyrosine residues
including Tyr-323, Tyr-352, and Tyr-525/526 (25). The obser-
vation that Tyr-323, Tyr-352, and Tyr-525/526 are differen-
tially phosphorylated upon PKC inhibition argues in favor of a
regulation at the level of Syk and not at upstream events. In fact,
SFK activation and subsequent FcRy phosphorylation are not
regulated by PKC, as tyrosine phosphorylation on SFK Tyr-416
(activation marker) (Fig. 3A4) and phosphorylation on FcRy (Fig.
3B) are not affected in platelets treated with GFX compared
with control. This suggests that, in GPVI signaling, events
upstream of Syk activation are not regulated by PKCs.

PKCs Regulate Syk Activity and Downstream Events—It has
been well established that the GPVI signaling cascade is initi-
ated by tyrosine kinases Fyn and Lyn. Further downstream,
GPVI signaling requires Syk activation to initiate Ca*>" mobili-
zation through the formation of the LAT signalosome, which is
a complex of several proteins including LAT, SLP-76, Vav, and
PLCv2 (24). Although Syk Tyr-525/526 phosphorylation is sug-
gested as a marker of its kinase activity, we investigated whether
the observed negative regulation of its tyrosine phosphoryla-
tion by PKC is reflected in its kinase activity by analyzing the
phosphorylation of downstream targets LAT and PLCy2. LAT
Tyr-191 (Fig. 4, A and B) and PLCvy2 Tyr-759 (Fig. 4, C and D)
exhibit an increase in phosphorylations in human platelets pre-
treated with GFX compared with those seen with convulxin
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FIGURE 3. PKC inhibition does not affect Syk upstream molecules, SFKs,
and FcRvy. A, human platelets were treated as described in Fig. 18i and ana-
lyzed for phospho-SFK Tyr-416 (activation marker) and total Fyn. B, analysis of
phosphorylation of FcRy using anti-phosphotyrosine antibody 4G10 was per-
formed. Total FcRy was used as loading control. Blots are representative of at
least three independent experiments.

alone, indicating that Syk activity toward LAT and PLCy2 is
up-regulated. An increase in PLCy2 phosphorylation is in
agreement with previous findings (12) that pan-PKC inhibitor
potentiates GPVI-induced calcium responses in platelets.
Secretion-mediated Feedback Does Not Regulate Syk Activity—
Asshownin Fig. 14, our experimental design causes a complete
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FIGURE 4. PKC inhibition negatively regulates Syk downstream targets, LAT and PLCy,. Human platelets were treated as in Fig. 1Bi. A and C, analysis was
performed of phosphorylation of LAT phosphotyrosine 191 and total LAT (A) or PLCy, phosphotyrosine 759 and total PLCv, (C). Band D, quantitation of the
blots with mean = S.E. (error bars) of relative Syk phosphorylation for Cvx in untreated (@) and GFX-treated (A) platelets was plotted against time, and Student’s
t test was performed (p < 0.05, untreated versus GFX-treated platelets). Blots are representative of at least three independent experiments.

inhibition of granule secretion with a pan-PKC inhibitor. Dur-
ing collagen-induced platelet activation, a cross-talk between
GPVI and G; protein signaling exists (26). Concomitant G;-de-
pendent signaling initiated by secreted ADP regulates many of
the functional responses of GPVIsignaling including PI3K acti-
vation (27). Furthermore, ADP signaling is required to obtain
full platelet aggregation as evidenced by the effect of ADP
receptor antagonists on platelet aggregation induced by GPVI
agonists (23). To address whether Syk phosphorylation and
activity were directly affected by PKC or by secretion-mediated
feedback mechanism, we treated platelets with GFX and added
ADP back into the experimental system to mimic granule
secretion. As shown in Fig. 54, addition of ADP to GFX-treated
platelets augmented the aggregation response although not to
the extent of nontreated platelets. When analyzing whether an
ADP-induced feedback mechanism is responsible for Syk neg-
ative regulation, we observed that Syk phosphorylation on res-
idues Tyr-525/526 remains significantly higher in platelets
treated with GFX than untreated platelets even in the presence
of ADP (Fig. 5, Band C). This result indicates that the negative
regulation of Syk is directly mediated by PKCs.

Syk Phosphorylation Downstream of CLEC-2 and FcyRIIA
Receptors Is Negatively Regulated by PKCs—Syk is a tyrosine
kinase that regulates signaling downstream of several receptors
(28, 29). Besides GPVI/FcRy, human platelets express other
ITAM-bearing receptors that act through a signaling cascade
similar to GPVI resulting in Syk activation. One of these recep-
tors is FcyRIIA, which mediates inside-out signaling in
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response to IgG immune complexes and has been recently
demonstrated to be an ITAM-bearing receptor mediating Syk
activation in platelet outside-in signaling to fibrinogen (30). Syk
isalso known to be involved in regulating hemi-ITAM-contain-
ing receptor CLEC-2-mediated signaling (31, 32). Thus, an
important question is whether the PKC-mediated negative reg-
ulation of Syk activity is exclusive to GPVI or is shared by all
pathways that utilize the kinase. We analyzed Syk phosphory-
lation following activation of platelet receptor CLEC-2. Recent
studies from our laboratory have identified fucoidan as a selec-
tive agonist for CLEC-2 (33). Using this agonist, we evaluated
the effect of Syk phosphorylation downstream of CLEC-2 with
and without GFX. Fucoidan induces platelet aggregation that is
inhibited with GFX (Fig. 6A). Interestingly, as shown in Fig. 6B,
CLEC-2-mediated Syk Tyr-525/526 phosphorylation is poten-
tiated with GFX. Similarly, CLEC-2-induced calcium mobiliza-
tion is potentiated with GFX in human platelets (Fig. 6C) as
shown with GPVI signaling (12).

Because Syk is activated downstream of FcyRIIA, we ana-
lyzed Syk tyrosine phosphorylation downstream of FcyRIIA.
Cross-linking FcyRIIA antibodies with anti-mouse IgGs
resulted in platelet aggregation that is inhibited with GFX (Fig.
7A). As shown in Fig. 7, B and C, Syk Tyr-525/526 phosphoryl-
ation downstream of FcyRIIA is potentiated with GFX, sug-
gesting PKC regulation of Syk similar to GPVI and CLEC-2
receptors in human platelets. We conclude that PKCs nega-
tively regulate Syk tyrosine phosphorylation downstream of
GPVI-, CLEC-2, and FcyRIIA receptors in human platelets.
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PKCP Negatively Regulates Syk Tyrosine Phosphorylation—
Negative regulation of Syk by PKCs is seen in human platelets
but not in murine platelets, as we did not observe any hyper-
phosphorylation of Syk in GFX-treated wild type murine plate-
lets (Fig. 1E). As PKC isoform-specific KO models cannot be
used to address the isoform responsible for Syk negative regu-
lation, we relied on a pharmacological approach. We inhibited
the activity of PKCS, 6, or B by using commercially available
inhibitors. As shown in Fig. 84, PKCf inhibition either with
PKC}B inhibitor (12) or LY333531 (another PKCf inhibitor)
(34) resulted in Syk hyperphosphorylation similar to that
observed in platelets treated with GFX. All other isoform inhib-
itors tested did not exhibit Syk hyperphosphorylation. This
result indicates that PKC@ is the isoform responsible for Syk
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GFX+ADP added platelets). Blots are representative of at least three inde-

negative regulation in human platelets. However, specificity
can be a problem when using pharmacological inhibitors in
platelets, as these inhibitors could exhibit off-target effects.
To partially address this question, we performed a dose-re-
sponse study with the PKCp inhibitor with Cvx as an agonist.
As shown in Fig. 8B, Cvx-induced aggregation and secretion
were not completely inhibited with PKCp inhibitor (3 um) as
opposed to the effect of pan-PKC inhibitor GFX, which abol-
ished secretion and inhibited aggregation to a greater extent.
Our findings are consistent with the idea that PKCp inhibi-
tor at the indicated concentration does not inhibit other
PKC isoforms in platelets. As shown in Fig. 8C, at 3 um
concentration, PKCf inhibitor potentiated GPVI-induced
Syk tyrosine phosphorylation 525/526, consistent with the
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FIGURE 6. CLEC-2 mediated Syk tyrosine phosphorylation is negatively regulated by PKCs. A, 50 ug/ml fucoidan induced aggregation of human platelets,
which is inhibited when platelets were preincubated with 5 um GFX. B, the samples were probed for phospho-Syk Tyr-525/526 and total Syk. C, Fura-2/AM-
loaded human platelets were treated with GFX or vehicle dimethyl sulfoxide (DMSO) and stimulated with 50 g/ml fucoidan. Ca?* mobilization was measured
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(p < 0.05, untreated versus GFX-treated platelets). Blots are representative of at least three independent experiments.

role of PKCP in regulating tyrosine phosphorylation on Syk
in human platelets.

DISCUSSION

After vascular injury, subendothelial collagen is exposed, ini-
tiating important events leading to platelet activation and
hemostasis through direct contact with the platelet collagen
receptor, GPVI. Therefore, negative regulation of GPVI is of
critical importance to prevent excessive platelet activation and
uncontrolled thrombus formation. In this study, we have eluci-
dated a novel role for PKC as a negative regulator of Syk tyro-
sine phosphorylation downstream of GPVI, CLEC-2, and
FcyRIIA. Furthermore, we demonstrate that PKCf is the iso-
form that regulates Syk tyrosine phosphorylation, which occurs
in human platelets but not in murine platelets.

It has been demonstrated that tyrosine phosphorylation
events are critical for platelet activation downstream of GPVI
signaling. In this context, Syk plays a pivotal role as exemplified
by the marked defects seen in platelet functional responses
induced by GPVI agonist in Syk ’~ platelets (5). However, in
addition to tyrosine kinases, the PKC family of serine/threonine
kinases is required to orchestrate important GPVI-mediated
events such as granule secretion and thromboxane generation
(8).

Studies in endothelial cells have demonstrated that PKC8
regulates Syk activity (13). In this study we have analyzed the
role of PKC as a negative regulator of Syk activity in platelets.
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Initially we used the pan-PKC inhibitor GFX to address this
question and used the Syk phosphorylation state on different
tyrosine residues as our read-out. These initial analyses led us to
identify a PKC-dependent negative regulation of tyrosine resi-
dues 525/526 on Syk. In sharp contrast, the phosphorylation on
Tyr-323 and Tyr-352 was unaffected by PKC inhibition. As Syk
residues Tyr-525/526 are located in the kinase domain, its
phosphorylation is recognized as an activation marker. Our
study also shows that in platelets, tyrosine phosphorylations on
Syk downstream targets LAT and PLC+y2 are also hyperphos-
phorylated with GFX.

The realization that PKCp differentially regulates Syk phos-
phorylation and function argues against a regulation on
upstream events. As Syk tyrosine phosphorylation is a result of
an autophosphorylation process (25), we checked whether the
regulation was at the level of SEKs. We analyzed the phosphor-
ylation state of SFK Tyr-416 and of its direct target, the FcRy
chain. As expected, no effect was seen on these two markers
upon PKC inhibition (Fig. 3, A and B). This result is different
from the one reported by Pula et al. (14) as they show a
potentiation of Src activity when alboaggregin A-stimulated
platelets were treated with the pan- PKC inhibitor GFX or the
classical PKC inhibitor, Go6976. The reason for this difference
is unknown, but it is important to note that our group has
recently identified that Go6976 has nonspecific effects as it
inhibits Syk activity (35). Although the effect on SFK was not
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FIGURE 7. FcyPlIA-mediated Syk tyrosine phosphorylation is negatively regulated by PKCs. A, human platelets were stimulated with 5 wg/ml mAb IV.3
and 25 pg/mlanti-mouse IgG to cross-link and directly stimulate FcyRIIA signaling. FcyRIIA induced aggregation of human platelets, which was inhibited when
platelets were preincubated with 5 um GFX. B, the samples were probed for phospho-Syk Tyr-525/526 and total Syk. C, quantitation of the blots with mean =
S.E. (error bars) of relative Syk phosphorylation for Cvx in untreated (®) and GFX-treated (A) platelets was plotted against time, and Student’s t test was
performed (p < 0.05, untreated versus GFX-treated platelets). Blots are representative of at least three independent experiments.

tested, it is reasonable to think that the nonspecific effects of the
inhibitor might be affecting other tyrosine kinases. With
respect to GFX, Pula ez al. (14) used a much higher concentra-
tion than ours (20 uM versus 5 um), which might explain the
observed difference.

In our experimental design, the lack of animal models and
the use of pharmacological inhibitors of PKC, which affects
several platelet functional responses (e.g. granule secretion),
preclude us from further analyzing the physiological conse-
quences of Syk hyperphosphorylation. Nonetheless, our labo-
ratory has identified two molecules that negatively regulate Syk
function in GPVI signaling: the E3 ubiquitin ligase c-Cbl (18)
and the histidine tyrosine phosphatase TULA-2 (19). Both ani-
mal KO models exhibit Syk hyperphosphorylation, enhanced
kinase activity, and importantly, more robust platelet func-
tional responses. It is then logical to infer that abnormalities in
Syk activity, as a result of PKCB regulation, may lead to
impaired functional responses. As per the mechanism involved
in this negative regulation, it is noteworthy that the phenotypes
observed in c-Cbl KO platelets and TULA-2 KO platelets seem
similar to pharmacological inhibition of PKCB in human plate-
lets. Ongoing studies in our laboratory have identified both
TULA-2 and c-Cbl as PKC substrates (data not shown). Fur-
ther, it has been shown that TULA-2 can associate with Syk in
platelets upon GPVI stimulation (19). Thus, a probable PKCf3-
mediated phosphorylation event might regulate the association
of these molecules leading to Syk ubiquitination and TULA-2-
dependent Syk dephosphorylation. It is important to note that
in murine platelets, TULA-2 is the phosphatase responsible for
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dephosphorylating Syk. All tyrosine residues tested in the
TULA KO model, especially Syk Tyr-352, were found to be
hyperphosphorylated. The reason that Syk Tyr-352 and Tyr-
323 in human platelets do not undergo the same PKCf-depen-
dent regulation as Tyr-525/Tyr-526 is unknown, but the possi-
bility exists for another phosphatase regulating these residues
in human platelets.

The difference between human and murine platelet regula-
tion of Syk phosphorylation is also not known at this time. We
observed potentiation of Syk tyrosine phosphorylation in
human platelets (Fig. 1Bi) with GFX, whereas we observed inhi-
bition of Syk tyrosine phosphorylation in murine platelets (Fig.
1E) in agreement with the previous findings (17). However, the
differential regulation can be attributed to the different phos-
phatases that are regulated by PKCp in platelets; the phospha-
tase that differentially regulates Syk in human and murine
platelets has yet to be identified. This study further highlights
the difference in the signaling events between human and
murine platelets, and hence some conclusions drawn from
mouse platelet studies have to be considered cautiously.

Pasquet et al. (36) demonstrated a role for the phosphatase
Shpl in GPVI signaling. In their studies, Syk and Shpl co-im-
munoprecipitated following GPVI stimulation, and Syk hyper-
phosphorylation was observed in Shpl-deficient platelets.
More importantly, Shp1 regulation by GPVI signaling occurred
only after Ca®>" mobilization. Therefore, a possible divergence
in the phosphatases that regulate Syk function toward Ca®* -de-
pendent and -independent functions might exist. Further stud-
ies are necessary to understand the mechanisms by which
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FIGURE 8. PKCp is the isoform responsible for Syk negative regulation in
human platelets. A, human platelets were stimulated with 200 ng/ml Cvx
after preincubation with or without 10 um Rottlerin, 200 nm PKC5/6 inhibitor,
3 um PKCB inhibitor, 10 um LY333531, or 5 um GFX for 5 min and probed for
Syk phosphotyrosine 525/526 and total Syk. B, human platelets preincubated
with PKCisoform g inhibitor or GFX and were stimulated with 200 ng/ml Cvx
for 180 s. Aggregation and secretion were measured by using a lumiag-
gregometer. C, human platelets were stimulated with 200 ng/ml Cvx after
preincubation with or without 0.3 um, 1 um, or 3 um PKCR inhibitor and
probed for Syk phosphotyrosine 525/526 and total Syk. Blots are representa-
tive of at least three independent experiments.

PKCp regulates Syk and GPVI signaling in human platelets. In
conclusion, we have elucidated a novel pathway of Syk regula-
tion by PKCp that is observed in human platelets but not in
murine platelets.
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