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Protein kinase Cd mediates the activation of protein kinase D2 in platelets
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A B S T R A C T

Protein kinase D (PKD) is a subfamily of serine/threonine specific family of kinases, comprised of PKD1,

PKD2 and PKD3 (PKCm, PKD2 and PKCv in humans). It is known that PKCs activate PKD, but the relative

expression of isoforms of PKD or the specific PKC isoform/s responsible for its activation in platelets is not

known. This study is aimed at investigating the pathway involved in activation of PKD in platelets. We

show that PKD2 is the major isoform of PKD that is expressed in human as well as murine platelets but

not PKD1 or PKD3. PKD2 activation induced by AYPGKF was abolished with a Gq inhibitor YM-254890,

but was not affected by Y-27632, a RhoA/p160ROCK inhibitor, indicating that PKD2 activation is Gq-, but

not G12/13-mediated Rho-kinase dependent. Calcium-mediated signals are also required for activation of

PKD2 as dimethyl BAPTA inhibited its phosphorylation. GF109203X, a pan PKC inhibitor abolished PKD2

phosphorylation but Go6976, a classical PKC inhibitor had no effect suggesting that novel PKC isoforms

are involved in PKD2 activation. Importantly, Rottlerin, a non-selective PKCd inhibitor, inhibited

AYPGKF-induced PKD2 activation in human platelets. Similarly, AYPGKF- and Convulxin-induced PKD2

phosphorylation was dramatically inhibited in PKCd-deficient platelets, but not in PKCu- or PKCe-

deficient murine platelets compared to that of wild type platelets. Hence, we conclude that PKD2 is a

common signaling target downstream of various agonist receptors in platelets and Gq-mediated signals

along with calcium and novel PKC isoforms, in particular, PKCd activate PKD2 in platelets.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Platelets maintain hemostasis preventing excessive bleeding or
formation of unusual thrombus during injury [1]. Upon injury,
collagen at the damaged site is exposed leading to initial tethering
of platelets by GPIb-IX-V receptors and adhesion and activation
through GPVI and a2b1 receptors [2,3]. This step results in the
recruitment of more platelets to the site of injury through
secondary mediators released from activated platelets. Recruited
platelets bind each other through aIIbb3 receptors, change their
Abbreviations: ADP, adenosine diphosphate; PKC, protein kinase C; PKD2, protein
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shape, aggregate, undergo cytoskeletal rearrangements and
secrete granular contents (ADP, serotonin) that can further activate
platelets in a feedback fashion [4].

Platelets express G protein-coupled receptors such as protease-
activated receptors (PARs) and non-GPCRs such as GPVI [5] on their
surface. Thrombin activates platelets through PARs and collagen
activates platelets through GPVI receptors [2,3]. PARs 1 and 4 are
expressed on human platelets and PARs 2, 3 and 4 are expressed on
murine platelets [6,7]. PARs are activated by proteolytically
unmasking the receptor’s N-terminal tethered ligand or they can
also be activated in vitro by using peptides (PAR4 with AYPGKF and
PAR1 with SFLLRN) that are similar to the revealed tethered ligands
[8]. PARs couple to Gq and G12/13 pathways [9].

Platelet activation through either PARs or GPVI receptors
involves activation of protein kinase C (PKC) isoforms, which are in
turn involved in regulating platelet functional responses such as
aggregation, secretion and thrombus formation [10]. PKCs are
classified into three sub families [11] based on their distinct N-
terminal regulatory domains: (1) Classical or Conventional class of
PKC isoforms – PKCa, bI, bII and g requiring calcium and DAG for
their activation; (2) novel class of PKC isoforms – PKC d, u, e and h
requiring only DAG for their activation; (3) atypical class of PKC

http://dx.doi.org/10.1016/j.bcp.2011.06.032
mailto:spk@temple.edu
http://www.sciencedirect.com/science/journal/00062952
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isoforms – PKC i, l and z requiring phospholipids for their
activation [12]. Six isoforms of PKCs, PKC a, b, d, u, h, e, and z were
reported to be present in platelets [13,14].

MARCKS [15], CDCrel-1 [16], Pleckstrin, Adducin [17] and
protein kinase D (PKD) [18] are some of the substrates of PKC
known so far but the precise role played by each substrate and the
specific isoform/isoforms of PKC involved in the activation of these
substrates are not known. PKD belongs to the serine/threonine
family of kinases and can be activated directly by DAG or indirectly
by PKC isoforms. Earlier they were considered as a part of the PKC
family of kinases [19] but owing to their highest sequence
homology to the catalytic domain of myosin light chain kinase and
calcium-calmodulin kinase, they were given a separate status [20].
The PKD family comprises of PKD1 [21], PKD2 [22] and PKD3 [23]
(PKCm, PKD2 and PKCn in humans). Each isotype has a regulatory
domain and a kinase domain. The regulatory domain inhibits the
kinase domain until the enzyme is activated by phosphorylation
[24] of two serine residues, 744 and 748 located within the kinase
domain [25] upon which serine 916 in the C-terminal domain gets
auto-phosphorylated [26]. The phosphorylation of PKD on serine
residues 744/748 is taken as a read out for PKD activation [27].
However, Rybin et al. [28] showed that phosphorylation on Ser 916
of PKD does not necessarily correspond to its activation and that
this phosphorylation could be detected without any increase in its
catalytic activity towards substrates. Structurally PKD has a N-
terminal domain (rich in alanine and proline) followed by two
cysteine-rich zinc finger domains, an acidic domain (rich in acidic
amino acids), Pleckstrin homology domain and C-terminal
catalytic domain. PKDs, unlike PKC isoforms do not have a C2
domain and the pseudo substrate site [21]. PKD is a protein of 918
amino acids with a molecular weight of around 115 kDa. It is
distributed primarily in the cytosol, and to some extent, in the
nucleus, Golgi and mitochondria. PKD is recruited to the
membrane, gets phosphorylated and then shuttles back to various
subcellular compartments to carry out its functions such as
proliferation, differentiation, motility, invasion, protein transport,
membrane trafficking, apoptosis and immune responses in B- and
T-cells [29].

Although PKD has been shown to be present and phosphory-
lated in platelets [18], not much is known about the specific
isoforms of PKD expressed in platelets or the specific PKC isoforms
that activate PKD. In our current study, we have investigated the
pathway involved in the phosphorylation of PKD in platelets
downstream of PAR4. We found that PKD2, but not PKD1 or PKD3,
is the predominant isoform of PKD expressed in human and murine
platelets. We also found that PKD2 can be activated downstream of
PAR4 through Gq-mediated signaling involving increases in
intracellular calcium. We also demonstrate for the first time that
novel PKC isoform PKCd is required for the activation of PKD2 in
platelets and hence PKD2 is the specific substrate for PKCd but not
PKCu or PKCe.

2. Materials and methods

Approval for this study was obtained from the Institutional
Review Board of Temple University (Philadelphia, PA).

2.1. Materials

Apyrase (type VII), bovine serum albumin (fraction V),
acetylsalicylic acid and GR144053 were obtained from Sigma (St
Louis, MO). PGE1, ADP, Go6976, LY294002, PP2 (4-amino-5-(4-
chlorophenyl)-7-(t-butyl) pyrazole [3,4-d] pyrimidine) and Rot-
tlerin were purchased from Enzo Life Sciences (Plymouth Meeting,
PA). AYPGKF and SFLLRN were custom synthesized at Invitrogen
(Carlsbad, CA). Convulxin was purchased from Centerchem, Inc.
(Norwalk, CT). YM-254890 was a generous gift from Yamanouchi
Pharmaceutical (Ibaraki, Japan). 5,50-dimethyl-bis-(o-aminophe-
noxy) ethane-N,N,N0,N0-tetra acetic acid (dimethyl-BAPTA) was
obtained from Molecular probes (Eugene, OR). Bisindolylmalei-
mide I (GF 109203X) and Y-27632 were from Calbiochem (San
Diego, CA). Total PKD, Phospho Ser744/748 (recognizes equivalent
serines on PKD2) and b-actin antibodies were obtained from Cell
Signaling Technologies (Beverly, MA). Total PKD (D-20), PKD3 (L-
20) and horseradish peroxidase-labeled secondary antibody were
from Santa Cruz. Total PKD2 antibody was from Abcam.
Chemiluminescent HRP-substrate was from Millipore (Billerica,
MA). All the other reagents were of reagent grade, and de-ionized
water was used throughout.

2.2. Animals

PKCd�/� (C57BL/6 strain) mice were a generous gift from Dr.
Keiko Nakayama (Division of Developmental Genetics, Tohoku
University Graduate School of Medicine). PKCu�/�mice were
obtained from The Jackson Laboratory (Bar Harbor, ME). PKCe�/

�mice were a kind gift from Dr. Robert Messing (Gallo Center, San
Francisco, CA). Wild type littermates were used as controls. The
mice were used for physiologic measurements using the protocol
approved by the Institutional Animal Care and Use Committee.

2.3. Human platelet preparation

All experiments using human subjects were performed in
accordance with the Declaration of Helsinki. Whole blood was
drawn from healthy human volunteers into tubes containing one-
sixth volume of ACD (2.5 g of sodium citrate, 1.5 g of citric acid, 2 g
of glucose in 100 ml of deionized water). Blood was centrifuged
(Eppendorf 5810R centrifuge) at 230 � g for 20 min at room
temperature to obtain platelet-rich plasma (PRP). PRP was
incubated with 1 mM aspirin for 30 min at 37 8C. The PRP was
then centrifuged for 10 min at 980 � g at room temperature to
pellet the platelets. Platelets were resuspended in Tyrode’s buffer
pH 7.4 (138 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 3 mM NaH2PO4,
5 mM glucose and 10 mM HEPES) containing 0.3 U/ml apyrase.
Platelets were counted using the Hemavet (Drew Scientific Inc.,
Dallas, TX) and concentration of cells was adjusted to 2 � 108 pla-
platelets/ml. Platelet samples used in all the experiments were
treated with aspirin and apyrase to inhibit the feedback effects of
thromboxane and ADP.

2.4. Murine platelet preparation

Blood was collected from ketamine-anesthetized mice by
cardiac puncture into syringes containing 3.8% sodium citrate as
anticoagulant. The whole blood was centrifuged (IEC Micromax
Centrifuge, International Equipment Components, CA) at 100 � g

for 10 min to isolate the PRP. Prostaglandin E1 (1 mM) was added
to PRP. Platelets were centrifuged at 400 � g for 10 min, and the
pellet was resuspended in Tyrode’s buffer (pH 7.4) containing
0.3 U/ml apyrase.

2.5. Western immunoblotting

Platelets were stimulated with agonists and the reaction was
stopped by the addition of 6 M perchloric acid. Samples were kept
on ice and then centrifuged. Sample buffer (2 M Tris, 10% by
volume glycerol, 10% SDS, 0.5% bromophenol blue, 1 mM
dithiothreitol (DTT)) was added to the pellet and boiled for
5 min. Proteins were separated by 8% SDS-polyacrylamide gel
electrophoresis and transferred onto polyvinylidene difluoride
(PVDF) membranes. Membranes were blocked by incubation with



Fig. 1. Expression profile of PKD isoforms in platelets. Washed platelets

(2 � 108 cells/ml), prepared from human and murine blood, were lysed and

proteins were precipitated with 6 M perchloric acid. Samples were subjected to

SDS-PAGE and analyzed for expression of PKD 1, 2, or 3 by Western blotting by using

total PKD antibodies. b-Actin was used as a loading control. The data are

representative of at least three independent experiments. The samples from

platelets were overloaded to detect PKD isoforms, relative to control, as reflected in

the differences in b-actin bands.
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Tris-buffered saline (TBST: 20 mM Tris, 140 mM NaCl) containing
3% (w/v) bovine serum albumin (BSA) for 1 h at room temperature.
Membranes were incubated overnight at 4 8C with the primary
antibody in loading buffer (TBS with 3% BSA) with gentle agitation.
PKD 1, 2 or 3 isoform-selective antibodies were used at 1:500
dilutions and phospho-specific PKD antibody was used at 1:500
dilution. After three washes for 5 min each with Tris-buffered
saline Tween-20 (TBS-T), the membranes were probed with HRP-
conjugated rabbit/mouse secondary antibodies dissolved in TBS-T
for 1 h at room temperature. After additional washing steps,
membranes were then incubated with the chemiluminescent HRP-
substrate and immunoreactivity was detected using a Fuji Film
Luminescent Image Analyzer (LAS-3000 CH, Tokyo, Japan).

2.6. Statistical analysis

Western blot data were compiled from at least three indepen-
dent experimental results. The results were quantified and
expressed as means � SD. Statistical significance was tested by
Student’s t-test or ANOVA. P value < 0.05 was considered statistically
significant and non-significance is indicated by NS.

3. Results

3.1. PKD2 is the major isoform of PKD expressed in both human and

murine platelets

To determine and confirm the presence of PKD in platelets, we
used total antibodies against PKD1, PKD2 and PKD3. Washed
platelet lysates were prepared from both human and murine
platelets, subjected to Western blotting and probed for total PKD1,
PKD2 and PKD3. 293 T cell lysate was used as control. Fig. 1 shows
that PKD2 is expressed in human and murine platelets, but not
PKD1 or PKD3.

3.2. PKD2 can be activated by either GPVI or PAR4 receptors

It was shown previously that thrombin and Convulxin could
activate PKD in platelets [18]. To determine whether individual
PAR receptors could activate PKD2, we used peptides that can
selectively stimulate PAR1 or PAR4. Washed human and murine
platelets were stimulated with GPCR agonists SFLLRN (PAR1
agonist), AYPGKF (PAR4 agonist), ADP that acts on P2Y1 and P2Y12
receptors, a GPVI agonist, Convulxin. As shown, PKD2 was
phosphorylated by SFLLRN, AYPGKF, and Convulxin but not by
ADP stimulation (Fig. 2A). Similarly PKD2 was activated down-
stream of PAR4 and GPVI receptors but not with ADP in murine
platelets (Fig. 2B). A time course experiment was also performed
with 20 mM ADP in both human and murine platelets to
investigate whether activation of PKD2 downstream of ADP is
time-dependent. As shown in Fig. 2C, PKD2 phosphorylation was
not observed at any time point (up to 3 min) in either human or
murine platelets indicating that PKD2 is not activated downstream
of ADP. Stafford et al. [18] showed activation of PKD in platelets,
however we were unable to detect phosphorylation of PKD2
[either phospho serine 744/748 or phospho serine 916 (Fig. 2C and
D)] in platelets using the same experimental protocol.

3.3. Concentration–response and kinetics of PKD2 phosphorylation

Concentration–response studies were performed to see the
dependence of agonist on PKD2 phosphorylation. Washed platelets
were stimulated with increasing concentrations of AYPGKF. As
shown in Fig. 3A and B, PKD2 phosphorylation increased in a
concentration-dependent manner in both human and murine
platelets. Next, we determined the kinetics of PKD2 phosphorylation
with AYPGKF. Time-course studies showed that PKD2 was
phosphorylated as early as 20 s and maximally phosphorylated at
1 min in human platelets (Fig. 3C). In murine platelets PKD2 was
phosphorylated as early as 10 s and was maximally phosphorylated
at 1 min (Fig. 3D). These studies indicate that PKD2 is activated at
early time points during platelet activation.

3.4. PKD2 phosphorylation is Gq-mediated downstream of PAR4 in

platelets

We next sought to find out the signaling pathway involved in
activating PKD2 downstream of PAR4. As PAR4 is coupled to both
Gq and G12/13 pathways [9], we investigated the specific G protein
pathway contributing to PKD2 phosphorylation in platelets. G12/13

activates Rho-kinase through which its actions are mediated [30].
We used a Rho-ROCK kinase inhibitor; Y-27632 and a Gq inhibitor,
YM-254890 to evaluate the role of Gq and G12/13 pathways in PKD2
phosphorylation. Washed human platelets were pre-incubated



Fig. 2. PKD2 can be activated by either GPVI or GPCR receptors. (A) Washed aspirin-treated human platelets (2 � 108 cells/ml) and (B) washed platelets from mice

(2 � 108 cells/ml) were stimulated with 500 mM AYPGKF, 10 mM SFLLRN, 20 mM ADP, or 500 ng/ml Convulxin at 37 8C under stirring conditions. The reaction was stopped

after 1 min by addition of 6 M perchloric acid. Time course studies were performed with 20 mM ADP in both (C) human and (D) murine samples and the reactions were

stopped after respective time points. Samples were subjected to SDS-PAGE and analyzed for ser744/748 and ser916 phosphorylations of PKD2 by Western blotting by using

phospho-specific antibodies. b-Actin was used to ensure equal protein concentrations in all lanes. The data are representative of at least three independent experiments. US:

unstimulated.

D. Bhavanasi et al. / Biochemical Pharmacology 82 (2011) 720–727 723
with YM254890 or Y27632 followed by stimulation with AYPGKF
under stirring conditions. As shown in Fig. 4A, Rho-kinase inhibitor
did not have any effect on the phosphorylation of PKD2 whereas Gq

inhibitor abolished the phosphorylation of PKD2 indicating that
PAR4-mediated PKD2 phosphorylation is Gq-dependent but not
Rho-kinase dependent.

3.5. PKD2 phosphorylation requires intracellular calcium increases

We next sought to find out the signaling molecules involved in
the pathway of activation of PKD2. Downstream of Gq, phospholi-
pase Cb is activated and cleaves PIP2 to IP3 and DAG. IP3 mobilizes
calcium from intracellular reservoirs to the cytosol, which is
necessary for subsequent activation of platelets [31]. Therefore, we
investigated the requirement of calcium for PKD2 activation.
Dimethyl BAPTA, a chelator of divalent ions was used to chelate
calcium. Dimethyl BAPTA significantly inhibited the phosphoryla-
tion of PKD2 induced by AYPGKF (Fig. 4B), suggesting a role for
calcium in mediating PKD2 phosphorylation downstream of PAR4.
Fig. 4C shows the quantification of blots.

3.6. PKD2 phosphorylation does not require outside-in signaling

Inside-out signaling from agonist receptors results in the
activation of fibrinogen receptor, aIIbb3 integrin. Once the
Fig. 3. Concentration–response and kinetics of PKD2 phosphorylation. Washed platelets (

concentrations of AYPGKF at 37 8C under stirring conditions. The reaction was stopped a

(D) mice were stimulated with 500 mM AYPGKF at 37 8C under stirring conditions. The 

Samples were subjected to SDS-PAGE and analyzed for ser744/748 phosphorylations of PK

loading control. The data are representative of at least three independent experiments
integrin is activated, it binds to fibrinogen and leads to activation
of various signaling molecules downstream in a process termed
outside-in signaling [32]. We investigated the requirement of
outside-in signaling in phosphorylation of PKD2. Washed human
platelets, pre-incubated with fibrinogen receptor antagonist
GR144053, were stimulated with AYPGKF under stirring condi-
tions. As shown in Fig. 5A, inhibition of outside-in signaling had no
effect on phosphorylation of PKD2 indicating that outside-in
signaling downstream of PAR4 is not required to activate PKD2.
These results are consistent with the time-course of PKD2
activation wherein integrin activation would not have occurred
at the early time points of platelet stimulation.

3.7. Src-family kinases (SFK) and PI-3Kinases are not involved in

PKD2 phosphorylation downstream of PAR4

As shown by Stafford et al. [18], PKD2 has been shown to be
phosphorylated downstream of GPVI in a SFK and PI-3 kinase-
dependent manner. PAR-mediated signaling can cause Gi stimula-
tion through P2Y12 receptor activation by secreted ADP, and
subsequently activate PI-3Kinases [33,34]. To investigate the
requirement of these signaling molecules in activation of PKD2
downstream of PAR4, we used a pan-SFK inhibitor (PP2), inactive
PP2 analogue PP3, or a PI-3Kinase inhibitor (LY-294002), followed
by stimulation with AYPGKF. As shown in Fig. 5B, PKD2
2 � 108 cells/ml) from both (A) human and (B) mice were stimulated with increasing

fter 1 min by addition of 6 M perchloric acid. Washed platelets from (C) human and

reaction was stopped after different time points by addition of 6 M perchloric acid.

D2 by Western blotting by using phospho specific antibodies. b-Actin was used as a

.



Fig. 4. PKD2 phosphorylation is Gq-mediated downstream of PAR4 in platelets and requires intracellular increase in calcium. Washed aspirin-treated human platelets

(2 � 108 cells/ml) were incubated with (A) DMSO (vehicle control) or 50 nM YM-254890 or 10 mM Y-27632 for 5 min at 37 8C and (B) with DMSO (vehicle control) or 10 mM

dimethyl BAPTA for 5 min at 37 8C and stimulated with 500 mM AYPGKF at 37 8C under stirring conditions. The reaction was stopped after 1 min by addition of 6 M perchloric

acid. Samples were subjected to SDS-PAGE and analyzed for ser744/748 phosphorylations of PKD2 by Western blotting by using phospho specific antibodies. b-Actin was

used as a loading control. The data are representative of at least three independent experiments. (C) Data obtained from three different sets of experiments were quantified

and expressed as mean � SD. The phosphorylation induced by AYPGKF stimulated samples without any inhibitors was considered 100%.
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phosphorylation was unaffected with SFK inhibitor or PI-3Kinase
inhibitor suggesting that PKD2 phosphorylation is not dependent
on SFK or PI-3Kinases downstream of PAR4. Fig. 5C shows the
quantification of blots.

Earlier work suggested that PKC isoforms are involved in
phosphorylating PKD [18,35]. To confirm the requirement of PKC
isoforms, human and murine platelets were treated with
Fig. 5. Signaling pathways involved in PKD2 phosphorylation. Washed and aspirin-treated

or 200 nM GR144053 and (B) with DMSO (vehicle control) or 10 mM PP3 or 10 mM PP2 or

5 mM GF109203X for 5 min in both human and murine platelets, followed by stimulation

after 1 min by addition of 6 M perchloric acid. The samples were analyzed for ser744/748

b-Actin was used as a loading control. The data are representative of at least three indepe

quantified and expressed as mean � SD. The phosphorylation induced by AYPGKF stimu
GF109203X, a pan PKC inhibitor or Go6976, a classical PKC
inhibitor [36] followed by stimulation with AYPGKF. As shown in
Fig. 5D and E, GF109203X abolished AYPGKF-induced PKD2
phosphorylation but Go6976 had no effect on PKD2 phosphoryla-
tion in both human and murine platelets, suggesting that novel
class of PKC isoforms are probably required for phosphorylation of
PKD2 downstream of PAR4.
 human platelets (2 � 108 cells/ml) were incubated with (A) DMSO (vehicle control)

 25 mM LY294002 for 5 min at 37 8C or (D and E) with 100 nM Go6976 for 10 min or

 with 500 mM AYPGKF at 37 8C under stirring conditions. The reaction was stopped

 phosphorylation on PKD2 by Western blotting by using phospho specific antibodies.

ndent experiments. (C) Data obtained from three different sets of experiments were

lated samples without any inhibitors was considered 100%.



Fig. 7. PKCd mediates phosphorylation of PKD2 in human and murine platelets. (A)

Washed murine platelets from PKCd-deficient mice were stimulated with 150, 250

and 500 mM of AYPGKF and were subjected to Western blotting. (B) Washed human

platelets were pre-incubated with 10 mM Rottlerin for 15 min and were stimulated

with 150, 250 and 500 mM of AYPGKF and were subjected to Western blotting. The

blots were probed for phospho ser744/748 antibody. b-Actin was used as a loading

control.
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3.8. Novel PKC isoform d but not u or e mediates PKD2

phosphorylation in platelets

It has been shown that novel PKC isoforms PKCe, PKCd and
PKCu are associated with and are involved in the activation of PKD2
in various cell systems [37,38]. To investigate the specific novel
isoform(s) of PKC involved in phosphorylation of PKD2 in platelets,
we used murine platelets lacking specific PKC isoforms. Washed
platelets from wild type littermates and PKCd-, u- and e-deficient
mice were prepared followed by stimulation with 500 mM AYPGKF
or 500 ng/ml Convulxin. AYPGKF- or Convulxin-induced phos-
phorylation of PKD2 was dramatically reduced in PKCd-deficient
platelets (Fig. 6A and B). The residual phosphorylation observed in
agonist-stimulated PKCd knockout murine platelets was abolished
with PKC inhibitor GF 109203X (Fig. 6A and B), but was unaffected
with Go6976 (data not shown). Total PKD2 protein levels were
checked in wild type and PKCd-null murine platelets to confirm
that the reduced phosphorylation in PKCd-deficient platelets is
because of the signaling events from PKCd but not due to the
decreased ability of PKCd-deficient platelets to make total PKD2.
As shown in Fig. 6C, there is no change in total PKD2 levels in both
wild type and PKCd-deficient platelets. PKD1 and PKD3 could not
be detected in wild type or PKCd-null murine platelets (data not
shown). The phosphorylation on PKD2 was unaffected in PKCu-
(Fig. 6D and E) and PKCe- (Fig. 6F and G) deficient platelets,
downstream of PAR4 and GPVI receptors, compared to platelets
from wild type littermates, indicating that PKC isoform d plays a
major role in mediating the activation of PKD2 in platelets.

In order to evaluate whether PKCd phosphorylates PKD2 in
human platelets, we used a non-selective PKCd inhibitor, Rottlerin
in human platelets. A dose response study (Fig. 7A) in PKCd
deficient murine platelets showed that PKD2 phosphorylation was
abolished with 150 mM and 250 mM concentrations of AYPGKF
and was inhibited with 500 mM AYPGKF. Similarly, human
Fig. 6. Novel PKC isoform d but not u or e mediates PKD2 phosphorylation downstream o

were stimulated with (A) 500 m; AYPGKF with or without 5 mM GF 109203X or (B) with

(C) Samples from wild type and PKCd-deficient murine platelets were probed for total P

stimulated with 500 m; AYPGKF or 500 ng/ml Convulxin. The samples were analyzed

specific antibodies. The knockout murine platelets of individual PKCs were confirmed by

control. The data are representative of at least three independent experiments.
platelets pre-incubated with Rottlerin showed reduced phosphor-
ylation of PKD2 when stimulated with 150 mM and 250 mM
AYPGKF compared to stimulation with 500 mM AYPGKF (Fig. 7B).
Hence we conclude that PKCd is the major isoform of PKC that
mediates activation of PKD2 in both human and murine platelets at
low concentrations of agonist. Other PKC isoforms like PKCh also
might contribute to PKD2 phosphorylation at higher agonist
concentrations. The results are summarized in Fig. 8.

4. Discussion

Different isoforms of protein kinase C have been implicated in
regulating different platelet functional responses [10,14,39–42]. As
individual PKC isoforms have isoform-specific functions, it is
important to identify the specific substrates which could help us
f PAR4. Washed platelets (2 � 108 cells/ml) from wild type or PKCd knockout mice,

 500 ng/ml Convulxin with or without 5 mM GFX at 37 8C under stirring conditions.

KD2. PKCu knockout (D and E) and PKCe knockout murine platelets (F and G) were

 for ser744/748 phosphorylation on PKD2 by Western blotting by using phospho-

 checking for total PKC levels in respective knockouts. b-Actin was used as a loading



Fig. 8. Overview of PKD2 activation. PAR4 (protease activated receptor4) is coupled

to both Gq and G12/13. The Gq pathway involves phospholipase C-b activation that

converts phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol triphosphate

(IP3) and diacyl glycerol (DAG), which subsequently cause intraplatelet calcium

mobilization and PKC activation, respectively. The G12/13 pathway involves Rho/Rho

kinase activation and actin remodeling causing platelet shape change. PKD2

phosphorylation on serines 744/748 downstream of PAR4 in platelets requires

calcium and/or PKCs particularly novel class of PKC isoform, PKCd.
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understand the functions mediated by individual PKCs. Identifying
PKC specific substrates also help us design and evaluate isoform
specific inhibitors which could be used to treat various cardiovas-
cular and thrombosis related disorders. PKD is one such substrate
activated downstream of PKC in platelets but the relative
expression of isoforms of PKD expressed and the specific PKC
isoform involved in PKD activation is not known. In this study, we
show that PKD2 is the major isoform of PKD expressed in human
and murine platelets. We also show that PKD2 is activated by a
PAR4 agonist, but not by ADP. It has been shown previously by
Stafford et al. [18] that ADP can activate PKD, but we did not
observe PKD activation with ADP, despite using the same
experimental conditions. Inhibitors for signaling intermediates
downstream of G12/13 and Gi (Rho-kinase and PI3Kinase, respec-
tively) had no effects on PAR4-induced PKD2 activation. In
contrast, Gq inhibitors blocked PAR4-mediated PKD2 activation.
Hence we conclude that Gq, but not G12/13 or Gi mediates PKD2
activation downstream of PAR4. Calcium plays an important role in
mediating platelet functional responses downstream of Gq and is
also required for activation of PKD2 as inhibition of calcium
inhibited PKD2 phosphorylation. The inhibitors used in the study
were tested for their efficacy on their intended targets as shown
previously in our lab [43–47] and were found effective (data not
shown).

Three alternative pathways can activate PKD: (1) caspases
cleave PKD between the acidic domain and activation domain and
activate it upon genotoxic damage; (2) Gbg-subunits in the Golgi
can activate PKD by binding to the Pleckstrin homology domain,
and (3) PLC-DAG-PKC phosphorylation upon receptor stimulation
can activate PKD [48]. PKD activity has been shown to be
modulated by various PKCs in different cell types [49]. PKD has
been shown to be associated with PKCh in COS-7 cells [50] and
PKCh-activated PKD can modulate ERK and JNK signaling path-
ways [35]. It has been shown that PKCd and PKCe associate with
PKD in smooth muscle cells but PKD activity is regulated only by
PKCd [38]. However, PKCe has been shown to modulate the activity
of PKD in HEK293 cells [51]. Although PKCu has not been shown to
be associated with PKD, it regulates PKD activity in COS-7 cells and
lymphocytes [37]. Recent studies with PKCe showed that although
this isoform is expressed in murine platelets, it had minimal
functional role in platelets [52]. PKCu null murine platelets show
reduced PAR-mediated platelet functional responses [39,53], but
our studies show that PKD2 phosphorylation is not affected in
PKCu-null murine platelets. Hence the positive regulatory role of
PKCu in PAR-mediated functional responses may not be occurring
through PKD2.

Our results show that PAR4-mediated PKD2 activation requires
PKCd but not PKCu or PKCe in platelets. Total PKD2 levels showed no
change in wild type and PKCd-deficient murine platelets, indicating
that the decrease in activation is not due to a decrease in total levels
of protein. Furthermore, using Go6976 in PKCd-deficient murine
platelets showed no additional inhibition of PKD2 phosphorylation
(data not shown), indicating that classical PKC isoforms play little to
no role in phosphorylating PKD2. Furthermore, ADP, which does not
activate PKCd [14] also did not cause phosphorylation of PKD2 in
platelets. Similarly, Rottlerin, a non-selective PKCd inhibitor,
inhibited PKD2 phosphorylation in human platelets. Hence, we
suggest that PKCd plays a major role in mediating the phosphoryla-
tion of PKD2 in platelets downstream of PAR4. Our studies do not
agree with the recent work of Konopatskaya et al. [54], who
concluded that PKD2 phosphorylation is mediated by classical PKC
isoforms but not by novel PKC isoforms. Although they used PKCd
null murine platelets in their study, they did not evaluate the
phosphorylation status of Ser744/748 residues in these murine
platelets, which is well correlated with its activity. However, their
functional data with Ser744/748 knock-in mice is consistent with
our predicted functional role of PKCd/PKD2 nexus.

In PKCd�/� platelets, however, there is still some PKD2
phosphorylation seen with high concentrations of agonist
(AYPGKF) indicating that the residual phosphorylation could be
mediated through other PKC isoforms either through compensa-
tory mechanisms or through PKCh. Unfortunately there are no PKC
isoform-specific inhibitors to test this hypothesis. Interestingly,
PKCd is a novel class of PKC isoform that does not require calcium
for its activation, but PKD2 seems to require calcium and PKCd for
its activation suggesting that PKC- and calcium-mediated path-
ways activate PKD2 independently. In addition, Src family kinases
are shown to phosphorylate PKCd on tyrosine 311 and hence are
important in TxA2 generation. Inhibition of Src family kinases
(Fig. 5B) did not have any effect on PKD2 phosphorylation
indicating that PKCd tyrosine phosphorylation does not have a
role in mediating PKD2 phosphorylation. Hence phosphorylation
on threonine 505, an activation marker for PKCd probably is
sufficient to cause PKD2 activation.

As specific PKD2 inhibitors or mice deficient in PKD isoforms are
unavailable, evaluating the role of PKD2 in platelet functional
responses is difficult. PKCd regulates platelet responses such as
aggregation and dense granule secretion [10]. This could be
mediated by phosphorylating proteins involved in secretion [55].
As PKD2 is activated specifically downstream of PKCd, the actions
mediated by PKCd could be attributed to the actions mediated by
PKD2, but further experimentation is required to establish this.

In summary, we conclude that PKD2 is the major isoform of PKD
expressed in both human and murine platelets and can be
activated downstream of PAR4 in a Gq-dependent manner. Novel
class PKC isoforms are required for phosphorylation of PKD2, and
specifically PKC isoform d is required for its activation. Finally we
predict that some of the actions mediated by PKCd including
platelet dense granule secretion, might be mediated by PKD2.
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