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ABSTRACT 

ROLE OF PROTEIN KINASE C DELTA IN REGULATING PLATELET 

FUNCTIONAL RESPONSES 

 

Platelets upon activation change their shape, aggregate and secrete alpha and dense 

granule contents among which ADP acts as a feedback activator. Different Protein Kinase C 

(PKC) isoforms have specific non-redundant roles in mediating platelet responses including 

secretion and thrombus formation. Protein Kinase C delta (PKCδ), a novel class of PKC 

isoform requiring diacyl glycerol but not calcium for its activation, has been shown to play an 

important role in several pathological processes. The aims of our current study are 1) to 

identify possible PKCδ specific substrates in platelets, 2) evaluate a novel PKCδ selective 

inhibitor and 3) to investigate the role of PKCδ in ADP-induced platelet activation. We show 

that Protein kinase D2 (PKD2) is the major isoform of PKD that is expressed in human as well 

as murine platelets and is a specific substrate for PKCδ in platelets. CGX1037 was identified 

and characterized as a selective small molecule inhibitor of PKCδ in platelets. Furthermore, by 

using PKCδ knock out murine platelets, we showed that PKCδ plays a functional role in 

mediating ADP-induced thromboxane generation and classical PKC isoforms α/β regulate 

tyrosine phosphorylation on PKCδ and subsequent thromboxane generation through a tyrosine 

kinase, Lyn and a tyrosine phosphatase, Shp1 suggesting an important role of PKCδ to agonist-

induced platelet activation. 
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CHAPTER 1 

INTRODUCTION 

Platelets are anucleated cells that play an important role in physiological hemostatic plug 

formation and pathological thrombus formation (Badimon et al., 2012). Upon injury of vessel walls, 

sub-endothelial collagen along with von-willebrand factor gets exposed leading to platelet adhesion 

and subsequent platelet activation ultimately forming platelet plug to prevent excess loss of blood. 

This is termed as primary hemostasis. During this time, in a parallel pathway, clotting factors get 

activated leading to generation of thrombin from pro-thrombin that converts soluble fibrinogen to 

insoluble fibrin and forms a blood clot enmeshing platelets and red blood cells, termed as secondary 

hemostasis. These physiological processes result in complete occlusion of the vessel and thereby 

prevent further loss of blood (Packham, 1994; Watson and Gibbins, 1998). However, platelet 

activation also occurs without damage to the endothelial vessel wall under different pathological 

conditions such as disseminated intravascular coagulation, bacterial sepsis etc (Speth et al., 2013). 

During these conditions, unnecessary platelet activation leads to formation of thrombus. Vessel 

occlusion leads to heart attack or brain stroke depending on the vessel occluded due to thrombus. 

Occasionally the clot embolizes leading to severe fatal complications such as pulmonary 

thromboembolism. Unnecessary activation of platelets is also implicated in conditions such as 

atherosclerosis(Badimon et al., 2012). 

ADP/P2Y12 receptors 

Platelet activation leads to release of secondary mediators such as ADP and generation of 

thromboxaneA2 both molecules acting as physiological feedback, which can further activate 

platelets by binding to their respective receptors and recruit platelets to the site of injury. ADP 
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binds to G-protein coupled platelet receptors P2Y1 and P2Y12(Daniel et al., 1998; Jin et al., 1998). 

P2Y1 is a Gq-coupled receptor whereas P2Y12 is a Gi-coupled receptor and concomitant signaling 

from both receptors is required for complete aggregation(Jin and Kunapuli, 1998). P2Y1 stimulation 

leads to activation of phospholipase C β that ultimately causes an increase in intracellular calcium 

and Protein kinase C (PKC) activation(Kunapuli, 1998). P2Y12 stimulation causes activation of PI-

3Kinase and Akt and also inhibition of stimulated adenylate cyclase(Abrams et al., 1996; Kim et 

al., 2004). Thromboxane A2 binds to G-protein coupled TP receptors (α  and β) on platelets causing 

platelet activation through elevated calcium levels and activated PKC isoforms(Murugappan et al., 

2004a; Paul et al., 1999). Besides ADP and TXA2, collagen and thrombin are the other 

physiological agonists that activate platelets through GPVI and PARs respectively. 

GPVI and platelet activation 

GPVI is an immunoglobulin superfamily type I transmembrane protein uniquely expressed 

on platelets and is the major receptor (9600 copies/platelet) for collagen (Burkhart et al., 2012; 

Kehrel et al., 1998). Dimeric GPVI binds to fibrillar collagen and platelet activation by other 

agonists increases this affinity (Jung et al., 2012; Loyau et al., 2012; Miura et al., 2002). The 

platelet collagen receptor is a complex between glycoprotein VI and Fc Receptor γ-chain 

(GPVI/FcRγ) (Nieswandt and Watson, 2003). As the extracellular Ig domains of GPVI binds 

collagen, the immunoreceptor tyrosine-activation motif (ITAM) within the cytoplasmic portion of 

FcRγ becomes phosphorylated by the GPVI-associated Src Family kinase (SFKs) Fyn (Ezumi et al., 

1998; Suzuki-Inoue et al., 2002). 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 Y323, Y352 and Y525/526. Although Syk-/- animals are embryonically lethal, a 

conditional platelet knockout has been generated in which aggregation, secretion, and arachidonic 
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acid release in response to GPVI agonists are defective (Poole et al., 1997). Thus, the role of Syk 

kinase in GPVI signaling is undisputed. Upon Syk activation, a signaling cascade through PLCγ2 is 

initiated, resulting in Ca++ mobilization, diacylglycerol (DAG) production and protein kinase C 

(PKC) activation, events that mediate platelet granule secretion and thromboxane A2 generation 

(TxA2). 

Protease activated receptor and platelet activation 

Thrombin that is generated during thrombus formation is the physiological agonist for 

Protease-activated receptors (PARs) (Vu et al., 1991). PARs are seven transmembrane G 

protein-coupled receptors (GPCRs) expressed on platelet membrane. PARs are coupled to Gq 

and G12/13. While GPVI pathways activate PLCγ2, Gq pathways activate phospholipase Cβ2 

(PLCβ2) by which calcium mobilization and DAG production occurs leading to activation of 

PKC isoforms. To date, four PARs have been discovered among which PAR1, PAR3 and 

PAR4 are expressed on platelets and are activated by thrombin (Coughlin, 1999) whereas 

PAR2 is expressed on keratinocytes (Santulli et al., 1995) and vascular endothelial cells (Hwa 

et al., 1996) etc., and is activated by trypsin (Nystedt et al., 1994) and tryptase (Molino et al., 

1997) but not by thrombin. PAR1 and PAR4 on human platelets, and PAR3 and PAR4 on 

murine platelets contribute to thrombin signaling (Kahn et al., 1999; Kahn et al., 1998; Vu et 

al., 1991). PARs 1 and 3 are expressed on natural killer cells and CD4+ T cells but not on B 

cells. Furthermore, PAR1 was shown to be the most abundant member of PARs expressed on 

lymphocytes (Lopez et al., 2014). These receptors are activated by a unique mechanism in 

which the protease, thrombin cleaves the receptor at N-terminal exodomain and exposes a new 

N-terminus that functions as a tethered ligand binding intramolecularly to the receptor and 

activating it (Vu et al., 1991).  In addition, PARs could also be activated by peptides 
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synthesized to mimic the newly exposed N-terminal sequences without receptor cleavage. 

AYPGKF (Faruqi et al., 2000) and SFLLRN (Vassallo et al., 1992) are the examples of such 

agonistic peptides (AP) that activate PAR4 and PAR1 respectively without receptor cleavage. 

PARs play an important role in hemostasis and thrombosis, in inflammation and vascular 

development. Upon activation, PARs are internalized into endosomes (can signal by binding to 

β-arrestins), transported to lysosomes where they are either recycled back or degraded (Arora 

et al., 2007). A pictorial representation of the various platelet agonists and receptors is shown 

in Figure 1. 
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Shaun Jackson and Simone M Schoenwaelder. Antiplatelet therapy: in search of the 

‘magic bullet’. Nature Reviews Drug Discovery 2, 775-789, 2003. 

FIGURE 1 Platelet receptor signaling 

Platelets have GPCRs and non-GPCRs as represented on their surface and are activated 

based upon the agonist used. 
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Platelets exhibit various functional responses upon activation with agonists 1) shape change: 

platelets upon activation change their shape from discoid to spheres requiring calcium or Rho-

ROCK kinase, 2) aggregation: upon activation of platelets, inside out signaling (calcium or PKC 

isoforms independently) leads to change in the conformation of integrin receptor allowing 

fibrinogen to bind to the active receptor thereby crosslinking platelets ultimately causing 

aggregation, 3) granule release: platelets contain α- and dense granules that release their contents 

through open canalicular system, and 4) TXA2 generation: generated TXA2 can bind to its 

respective receptor on platelets and cause feedback activation (Davi and Patrono, 2007). These 

events provide phospholipid surface that is ambient for the assembly of the tenase and 

prothrombinase complexes. All these functional responses contribute to the formation of a platelet 

plug.  

In other words, platelet activation takes place in 2 major steps, inside out and outside in 

signaling. Platelet responses upon agonist stimulation leading to the activation of fibrinogen 

receptor are collectively termed as inside-out signaling, whereas platelet responses upon 

binding of fibrinogen to activated fibrinogen receptor (integrin αIIbβ3) and downstream 

signaling events are termed as outside in signaling(Shattil, 1999). The inside out signals are 

required for platelet aggregation, secretion, and thromboxane generation whereas outside-in 

signaling is important for platelet spreading and clot retraction. From the past several years 

much of the work was focused on understanding the signaling mechanisms of platelet 

activation and their role in thrombus formation to help design specific drugs to inhibit 

pathological thrombus formation. Aspirin (acetyl salicylic acid) is one such drug that inhibits 

cycloxygenase (COX1), an important enzyme required for generation of thromboxane A2 upon 
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platelet activation (Spektor and Fuster, 2005). Drugs targeting P2Y12 receptor (ADP receptor) 

such as clopidogrel, thereby inhibiting feedback activation from released ADP from dense 

granules gained popularity in recent years since it blocks thrombus formation when used along 

with aspirin (Angiolillo, 2007; Kunapuli et al., 2003). Drugs targeting integrin receptor (such 

as abciximab, integrelin) were also developed to inhibit platelet aggregation(Quinn et al., 2003; 

Topol et al., 1999).  However, current strategies used to treat thrombosis have severe side 

effects, bleeding being one of the most common problems. Hence the challenging aspect of 

designing drugs to treat thrombosis involves identifying a drug target that will help inhibit 

thrombus formation but preserve hemostatic function of platelets.  

Protein kinase C 

Protein kinases C are a family of serine/threonine kinases that belong to 

PKA/PKB/PKG superfamily. PKC isoforms were first discovered as being capable of being 

activated by diacylglycerol (DAG), a lipid product present in the cell membrane (Mori et al., 

1982). They are divided into 3 sub classes based on their structure and co-factor requirements. 

Classical PKC isoforms (α, βI, βII, γ) requiring calcium and diacyl glycerol (DAG) for their 

activation, novel class of PKC isoforms (δ, θ, ε, η), which are calcium insensitive but require 

DAG for their activation and atypical PKC isoforms (ι/λ, ζ), which are both calcium and DAG 

insensitive but depend on phospho lipids for their activation. Among these isoforms PKC 

α, β, δ, η, θ, ε and ζ were shown to be present in platelets (Crosby and Poole, 2003; 

Murugappan et al., 2004b) regulating various platelet responses including secretion, 

thromboxane generation and thrombus formation. The structural representation of three classes 

of PKC isoforms is depicted in Figure 2. Activation of PKC isoforms occur in a step wise 

manner where it is in a catalytically incompetent state and closed confirmation. However, upon 
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agonist stimulation in cells, calcium release and DAG generation lead to activation of PKC and 

its translocation to the membrane leading to full activation of PKC isoforms. Upon complete 

activation, PKC isoforms are translocated to their respective substrate through RACKs 

(receptors for activated C kinases) leading to substrate phosphorylation and downstream 

signaling events (Harper and Poole, 2010). Dr Mochly-Rosen’s group has shown that RACKs 

are PKC specific and hence can be used as targets to design isoform specific PKC inhibitors 

(Yedovitzky et al., 1997).  
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Helen J Mackay and Christopher J Twelves. Targeting the protein kinase C family: are we 

there yet? Nature Reviews Cancer 7, 554-562, 2007. 

FIGURE 2 Classification of PKC isoforms 

Protein kinase C isoforms are sub divided into three classes based on co-factor requirements as 

shown above. 
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PKC Functions and Inhibitors 

For several years, the role of PKC isoforms in platelet activation was studied by using 

small molecule inhibitors. However, specific PKC isoform knock out mice were generated to 

further understand the role played by these PKC isoforms. Go6976 (an ATP competitive 

inhibitor) was one of the first classical PKC inhibitors that were used to study the role of 

classical PKC isoforms (Martiny-Baron et al., 1993). Studies from our lab have shown that 

Go6976 could inhibit Spleen tyrosine kinase (Syk) in a non-specific manner (Getz et al., 2011).  

Several small molecule inhibitors such as bisindolemaleimide I (Balaban et al., 1999), 

GF109203X (Toullec et al., 1991), Ro812230 (Beltman et al., 1996), were used as pan-PKC 

inhibitors inhibiting all known PKC isoforms with various degrees of specificity. All of these 

inhibtors act as ATP-competitive inhibitors. Calphostin C was designed to inhibit all PKC 

isoforms by binding to regulatory domain of PKC isoforms (Pollack and Kawecki, 1997). 

Designing isoform specific inhibitors of PKC has been very difficult since the structure of PKC 

isoforms is highly conserved.   

Classical PKC isoforms 

PKCα  

PKCα has been shown to be important for α-granule biogenesis as well as their 

secretion upon activation of platelets with various agonists by using PKCα knockout mice 

(Konopatskaya et al., 2009). PKCα is also required for agonist-induced dense granule release. 

By using FeCl3-induced injury model it was shown that PKCα mice have a defect in thrombus 
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formation but no role in tail bleeding suggesting that the hemostatic role is still intact in these 

mice (Konopatskaya et al., 2009).  

PKCβ  

By using PKCβ deficient murine platelets, it has been shown that platelets deficient in 

PKCβ have impaired platelet spreading on collagen and fibrinogen suggesting a role in platelet 

inside out as well as outside in signaling (Gilio et al., 2010; Heemskerk et al.). PKCβ was 

shown to associate with platelet integrin receptor (αIIbβ3) (Buensuceso et al., 2005) and was 

also implicated in negatively regulating GPVI-mediated Syk tyrosine phosphorylation possibly 

through a phosphatase specific only for human but not murine platelets (Buitrago et al., 2013). 

Although much of the studies reported were with experimental results obtained from PKCβ 

knock out mice, a PKCβ inhibitor (Calbiochem) and LY333531 were also used to decipher the 

functional role of PKCβ.  

Novel PKC isoforms 

PKCδ  

PKCδ has been shown to positively regulate PAR4-mediated platelet functional 

responses whereas it was shown to negatively regulate GPVI-mediated platelet responses 

(Chari et al., 2009a). It was also shown that PKCδ by its association with SHIP1 and Lyn 

negatively regulate GPVI-mediated platelet responses (Chari et al., 2009b). Despite its 

differential role being studied, specific substrates of PKCδ were not known. Rottlerin was 

initially identified as a specific inhibitor for PKCδ (Gschwendt et al., 1994). However, it was 

later shown to be highly non-specific as it acts as a mitochondrial uncoupler (Kayali et al., 

2002) and inhibits several other tyrosine kinases thereby making it not viable to study the role 

of PKCδ (Leitges et al., 2001; Nguyen et al., 2009; Soltoff, 2007; Susarla and Robinson, 2003; 
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Tapia et al., 2006). Dr Mochly-Rosen’s group has developed a PKCδ specific antagonistic 

RACK peptide to inhibit the translocation of activated PKCδ to its substrate which was also 

used in platelets (Chari et al., 2009a). However, the peptides are highly unstable and hence 

there is a need for developing PKCδ specific inhibitor to further evaluate its role in regulating 

platelet responses. PKCδ null mice do not have an in vivo thrombotic defect in FeCl3-induced 

injury model (Chari et al., 2009a). This is probably due to the opposing roles played by PKCδ 

to PAR4- (positive) and GPVI-mediated (negative) platelet responses possibly nullifying the 

effect of PKCδ. 

PKCθ  

Studies from our lab and other labs have shown that PKCθ plays a positive regulatory 

role in PAR4-mediated platelet responses (Nagy et al., 2009). The role of PKCθ in GPVI-

mediated platelet activation is complicated as it negatively regulates GPVI-responses at low 

concentrations of the agonist whereas it positively regulates GPVI responses at high 

concentrations of the agonist (Harper and Poole, 2009). PKCθ null mice have delayed 

thrombus formation in FeCl3-induced injury model and flow over collagen suggesting a role 

for PKCθ in regulating pathological thrombus formation (Hall et al., 2008; Nagy et al., 2009). 

Syntaxin-4, which is involved in platelet secretion has also been shown to be a substrate for 

PKCθ but syntaxin-4 was later shown not to be regulating platelet secretion (Ye et al., 2012). 

Apart from its role in platelet inside out signaling, PKCθ has also shown to play a role in 

platelet outside-in signaling where in it associates with platelet integrin receptor (αIIbβ3) 

regulating platelet spreading on fibrinogen coated slides (Soriani et al., 2006). PKCθ/δ 

inhibitor from Calbiochem is available as a small molecule inhibitor. However, the 

concentration that it inhibits PKCθ in platelets has to be investigated by comparing responses 
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with PKCθ null mice. On the other hand, PKCθ RACK antagonistic peptides have been used in 

platelets and were shown to exhibit similar responses as observed in PKCθ knockout murine 

platelets. 

PKCε  

Studies from our lab have shown that PKCε was present in both human and murine 

platelets and that it negatively regulates ADP-induced Erk1/2 phosphorylation and subsequent 

thromboxane generation but contribute little to PAR4- and GPVI-mediated platelet responses. 

FeCl3 induced injury model in PKCε knockout mice have shown that PKCε positively 

regulates thrombus formation (Bynagari-Settipalli et al.). Although a pseudo substrate inhibitor 

for PKCε is available commercially, its efficacy in platelets has not been tested. Developing 

specific inhibitors for PKCε will help us identify the role played by this isoform in human 

platelets.  

PKCη  

PKCη is expressed in both human and murine platelets and it was shown to positively 

regulate ADP-induced thromboxane generation (Bynagari et al., 2009). There are no known 

specific inhibitors for PKCη and hence its specific role in human platelets has not been 

evaluated.  

Atypical PKC isoforms 

PKCζ  

PKCζ is present in both human and murine platelets. PKCζ is constitutively 

phosphorylated in human platelets and gets dephosphorylated in an aggregation dependent 

manner (Mayanglambam et al.). Further studies are required to identify a role for PKCζ in 

agonist-induced platelet responses. 
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In platelets, calcium and PKC isoforms regulate platelet granule release (Watson et al., 

1988; Werner and Hannun, 1991; Yamada et al., 1987). N-ethylmaleimide–sensitive factor 

attachment protein receptor (SNARE) hypothesis was proposed to explain the fusion between 

vesicles (dense and α-granules) and target membranes (plasma membrane) to overcome the 

repulsive ionic forces (Sollner et al., 1993). SNAREs present on the membranes called t-SNAREs 

(syntaxins), SNAREs present on the secretory vesicles called v-SNAREs (VAMPs: vesicle 

associated membrane proteins and SNAP: soluble NSF attachment protein) help in the fusion of the 

granular membrane with the plasma membrane that results in exocytosing the granular contents of 

the platelets (Lemons et al., 2000; Reed et al., 2000; Zimmerberg et al., 1993). Myristoylated 

alanine-rich C-kinase substrate (MARCKs) (Hartwig et al., 1992) and platelet and leukocyte C 

kinase substrate (Pleckstrin) (Nishizuka, 1988; Tyers et al., 1989) are known to be PKC substrates 

in platelets. Pseudo-MARCKs substrate blocks dense granule secretion (Elzagallaai et al., 2000) 

and pleckstrin deficient murine platelets failed to empty their granule contents in the open 

canalicular system for secretion (Lian et al., 2009). Although a few substrates for the PKC isoforms 

have been identified, studies have to be performed to identify isoform-specific substrates in 

platelets. Identifying and targeting isoform-specific substrates could be beneficial in developing 

anti-thrombotic drugs as PKC isoforms could be differentially regulating platelet functions through 

isoform-specific substrates.  

The aims of my current study are targeted towards understanding the role of novel PKC 

isoform δ in regulating platelet functional responses. Specific aims of my study are 1) To identify a 

PKCδ specific substrate in platelets 2) To evaluate a PKCδ selective inhibitor in platelets and 3) To 

investigate whether PKCδ is tyrosine phosphorylated downstream of ADP receptors and its role in 
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regulating ADP-induced platelet activation. We used both pharmacological (inhibitors) and 

molecular genetic approaches (knockout murine platelets) to delineate our proposed aims.  
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                CHAPTER 2 

PROTEIN KINASE C DELTA MEDIATES THE ACTIVATION OF PKD2 IN 

PLATELETS 

                                                           Introduction 

Platelets maintain hemostasis preventing excessive bleeding or formation of unusual 

thrombus during injury(Packham, 1994). 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 α2β1 receptors (Watson et al., 2000; Watson and Gibbins, 1998). 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 αIIbβ3 receptors, change their shape, 

aggregate, undergo cytoskeletal rearrangements and secrete granular contents (ADP, serotonin) that 

can further activate platelets in a feedback fashion(Brass, 1999). 

Platelets express G protein-coupled receptors such as protease-activated receptors (PARs) 

and non-GPCRs such as GPVI (Clemetson et al., 1999) on their surface. Thrombin activates 

platelets through PARs and collagen activates platelets through GPVI receptors. PARs 1 and 4 are 

expressed on human platelets and PARs 2, 3 and 4 are expressed on murine platelets(Kahn et al., 

1998; Nystedt et al., 1994). 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(Hollenberg, 

1999). PARs couple to Gq and G12/13 pathways (Offermanns et al., 1994). 
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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(Chari et al., 2009a). PKCs are classified into 

three sub families (Newton, 1997) based on their distinct N-terminal regulatory domains: (1) 

Classical or Conventional class of PKC isoforms – PKCα, βI, βII and γ requiring calcium and DAG 

for their activation; (2) novel class of PKC isoforms – PKC δ, θ, ε and η requiring only DAG for 

their activation; (3) atypical class of PKC isoforms – PKC ι, λ and ζ requiring phospholipids for 

their activation(Violin and Newton, 2003). Six isoforms of PKCs, PKC α, β, δ, θ, η, ε, and ζ were 

reported to be present in platelets(Crosby and Poole, 2003; Murugappan et al., 2004b). 

MARCKS(Elzagallaai et al., 2001), CDCrel-1(Dent et al., 2002), Pleckstrin, Adducin 

(Gilligan et al., 2002) and protein kinase D (PKD) (Stafford et al., 2003)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 (Johannes et al., 

1994) 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(Rozengurt et al., 2005). 

The PKD family comprises of PKD1(Valverde et al., 1994), PKD2 (Sturany et al., 2002) and PKD3 

(Hayashi et al., 1999) (PKCµ, PKD2 and PKCν 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 (Waldron et al., 1999a) of two serine residues, 744 and 748 located 

within the kinase domain (Waldron et al., 2001) upon which serine 916 in the C-terminal domain 

gets auto-phosphorylated (Matthews et al., 1999). The phosphorylation of PKD on serine residues 
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744/748 is taken as a read out for PKD activation(Iglesias et al., 1998). 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(Rybin et al., 2009). 

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. 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(Matthews et al., 2010) 

Although PKD has been shown to be present and phosphorylated 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 demonstrated for the first time that novel PKC isoform 

PKCδ is required for the activation of PKD2 in platelets and hence PKD2 is the specific substrate 

for PKCδ but not PKCθ or PKCε. 
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Materials and Methods 

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 Rottlerin 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). 5,5′-dimethyl-bis-

(o-aminophenoxy) ethane-N,N,N′,N′-tetra acetic acid (dimethyl-BAPTA) was obtained from 

Molecular Probes (Eugene, OR). Bisindolylmaleimide I (GF 109203X) and Y-27632 were from 

Calbiochem (San Diego, CA). Total PKD, Phospho Ser744/748 (recognizes equivalent serines on 

PKD2) and β-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. 

Animals 

PKCδ−/− (C57BL/6 strain) mice were a generous gift from Dr. Keiko Nakayama (Division of 

Developmental Genetics, Tohoku University Graduate School of Medicine). PKCθ−/−mice were 

obtained from The Jackson Laboratory (Bar Harbor, ME). PKCε−/− mice were a kind gift from Dr. 
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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. 

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 °C. 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 platelets/ml. Platelet samples used in all the experiments were treated with 

aspirin and apyrase to inhibit the feedback effects of thromboxane and ADP. 

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 µM) 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. 
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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 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 °C 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). 

Statistical analysis 

Western blot data were compiled from at least three independent 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. 
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Results 

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 3 shows that PKD2 is expressed in human and murine platelets, but not PKD1 

or PKD3. 
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FIGURE 3 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 A) PKD 1, B) 2, or C) 3 by Western blotting by using total PKD 
antibodies. β-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 β-actin bands. 
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PKD2 can be activated by either GPVI or PAR4 receptors 

It was shown previously that thrombin and Convulxin could activate PKD in platelets (Stafford et 

al., 2003). 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 4A). Similarly PKD2 was 

activated downstream of PAR4 and GPVI receptors but not with ADP in murine platelets (Fig 4B). 

A time course experiment was also performed with 20 µM 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. Activation of PKD in 

platelets downstream of ADP receptors was shown ((Stafford et al., 2003), however we were unable 

to detect phosphorylation of PKD2 [either phospho serine 744/748 or phospho serine 916 (Fig 4C 

and D)] in platelets using the same experimental protocol. 
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FIGURE 4 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 µM AYPGKF, 10 µM SFLLRN, 
20 µM ADP, or 500 ng/ml Convulxin at 37 °C under stirring conditions. The reaction 
was stopped after 1 min by addition of 6 M perchloric acid. Time course studies were 
performed with 20 µM 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. β-Actin was used to ensure equal protein 
concentrations in all lanes. The data are representative of at least three independent 
experiments. US: unstimulated. 
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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 5A 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 5C). In murine platelets PKD2 was 

phosphorylated as early as 10 s and was maximally phosphorylated at 1 min (fig 5D). These studies 

indicate that PKD2 is activated at early time points during platelet activation. 
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FIGURE 5 Concentration–response and kinetics of PKD2 phosphorylation 

Washed platelets (2 × 108 cells/ml) from both A) human and B) mice were stimulated 
with increasing concentrations of AYPGKF at 37 °C under stirring conditions. The 
reaction was stopped after 1 min by addition of 6 M perchloric acid. Washed platelets 
from C) human and D) mice were stimulated with 500 µM AYPGKF at 37 °C under 
stirring conditions. The reaction was stopped after different time points 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. β-
Actin was used as a loading control. The data are representative of at least three 
independent experiments. 
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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, we investigated the specific G protein 

pathway contributing to PKD2 phosphorylation in platelets. G12/13 activates Rho-kinase through 

which its actions are mediated(Klages et al., 1999). 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 with YM254890 or Y27632 followed 

by stimulation with AYPGKF under stirring conditions. As shown in Fig 6A, 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. 

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, phospholipase Cβ 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(Ferris et al., 1989). 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 phosphorylation of PKD2 induced by AYPGKF (Fig 6B), 

suggesting a role for calcium in mediating PKD2 phosphorylation downstream of PAR4. Fig 6C 

shows the quantification of blots. 
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FIGURE 6 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 µM Y-27632 for 5 min at 37 °C and B) 
with DMSO (vehicle control) or 10 µM dimethyl BAPTA for 5 min at 37 °C and 
stimulated with 500 µM AYPGKF at 37 °C 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. β-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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PKD2 phosphorylation does not require outside-in signaling 

Inside-out signaling from agonist receptors results in the activation of fibrinogen receptor, αIIbβ3 

integrin. Once the integrin is activated, it binds to fibrinogen and leads to activation of various 

signaling molecules downstream in a process termed outside-in signaling(Shattil, 1999). 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 conditions. As shown in Fig 7A, 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. 

Src-family kinases (SFK) and PI-3Kinases are not involved in PKD2 phosphorylation 

downstream of PAR4 

As shown by Stafford et al, 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 stimulation through 

P2Y12 receptor activation by secreted ADP, and subsequently activate PI-3Kinases (Kim et al., 

2002). 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 7B, 

PKD2 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 7C 

shows the quantification of blots. 
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Earlier work suggested that PKC isoforms are involved in phosphorylating PKD(Brandlin et al., 

2002b; Stafford et al., 2003). To confirm the requirement of PKC isoforms, human and murine 

platelets were treated with GF109203X, a pan PKC inhibitor or Go6976, a classical PKC inhibitor 

(Martiny-Baron et al., 1993) followed by stimulation with AYPGKF. As shown in Fig 7D and E, 

GF109203X abolished AYPGKF-induced PKD2 phosphorylation but Go6976 had no effect on 

PKD2 phosphorylation in both human and murine platelets, suggesting that novel or atypical class 

of PKC isoforms are probably required for phosphorylation of PKD2 downstream of PAR4. 
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FIGURE 7 Signaling pathways involved in PKD2 phosphorylation 

Washed and aspirin-treated human platelets (2 × 108 cells/ml) were incubated with A) 
DMSO (vehicle control) or 200 nM GR144053 and B) with DMSO (vehicle control) or 
10 µM PP3 or 10 µM PP2 or 25 µM LY294002 for 5 min at 37 °C or (D and E) with 
100 nM Go6976 for 10 min or 5 µM GF109203X for 5 min in both human and murine 
platelets, followed by stimulation with 500 µM AYPGKF at 37 °C under stirring 
conditions for 1 minute and were analyzed for PKD2 ser744/748 phosphorylation and β-
Actin. C) Data quantified and expressed as mean ± SD. The phosphorylation induced by 
AYPGKF stimulated samples without any inhibitors was considered 100%. N=3 
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Novel PKC isoform δ but not θ or e mediates PKD2 phosphorylation in platelets 

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 PKCδ-, θ- and e-deficient mice were prepared 

followed by stimulation with 500 µM AYPGKF or 500 ng/ml Convulxin. AYPGKF- 

or Convulxin-induced phosphorylation of PKD2 was dramatically reduced in PKCδ-

deficient platelets (Fig 8A and B). The residual phosphorylation observed in agonist-

stimulated PKCδ knockout murine platelets was abolished with PKC inhibitor GF 

109203X (Fig 8A and B), but was unaffected with Go6976 (data not shown). Total 

PKD2 protein levels were checked in wild type and PKCδ-null murine platelets to 

confirm that the reduced phosphorylation in PKCδ-deficient platelets is because of the 

signaling events from PKCδ but not due to the decreased ability of PKCδ-deficient 

platelets to make total PKD2. As shown in Fig 8C, there is no change in total PKD2 

levels in both wild type and PKCδ-deficient platelets. PKD1 and PKD3 could not be 

detected in wild type or PKCδ-null murine platelets (data not shown). The 

phosphorylation on PKD2 was unaffected in PKCθ- (Fig 8D and E) and PKCe - (Fig 

8F and G) deficient platelets, downstream of PAR4 and GPVI receptors, compared to 

platelets from wild type littermates, indicating that PKC isoform δ plays a major role 

in mediating the activation of PKD2 in platelets. 
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FIGURE 8 Novel PKC isoform δ but not θ or ɛ mediates PKD2 phosphorylation 

downstream of PAR4: 

Washed platelets (2 × 108 cells/ml) from WT or PKCδ KO mice, were stimulated with A) 
500 µМ AYPGKF with or without 5 µM GF 109203X or B) with 500 ng/ml Convulxin 
with or without 5 µM GFX at 37 °C under stirring conditions. C) Samples from WT and 
PKCδ-deficient murine platelets were probed for total PKD2. PKCθ KO (D and E) and 
PKCɛ KO murine platelets (F and G) were stimulated with 500 µМ AYPGKF or 
500 ng/ml convulxin and were analyzed for phospho PKD2 ser744/748 and β-Actin. The 
knockout murine platelets of individual PKCs were confirmed by checking for total PKC 
levels in respective knockouts. The data are representative of atleast 3 independent 
experiments. 
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          In order to evaluate whether PKCδ phosphorylates PKD2 in human platelets, we used a non-

selective PKCδ inhibitor, Rottlerin in human platelets. A dose response study (Fig 9A) in 

PKCδ deficient murine platelets showed that PKD2 phosphorylation was abolished with 

150 µM and 250 µM concentrations of AYPGKF and was inhibited with 500 µM AYPGKF. 

Similarly, human platelets pre-incubated with Rottlerin showed reduced phosphorylation of 

PKD2 when stimulated with 150 µM and 250 µM AYPGKF compared to stimulation with 

500 µM AYPGKF (Fig 9B). 
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FIGURE 9 PKCδ mediates phosphorylation of PKD2 in human and murine platelets 

A) Washed murine platelets from PKCδ-deficient mice were stimulated with 150, 250 and 500 µM 
of AYPGKF and were subjected to Western blotting. B) Washed human platelets were pre-
incubated with 10 µM Rottlerin for 15 min and were stimulated with 150, 250 and 500 µM of 
AYPGKF and were subjected to Western blotting. The blots were probed for phospho ser744/748 
antibody. β-Actin was used as a loading control. 
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Hence we conclude that PKCδ 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 PKCη 

also might contribute to PKD2 phosphorylation at higher agonist concentrations. The results are 

summarized in Fig 10. 
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FIGURE 10 Overview of PKD2 activation 

PAR4 (protease activated receptor4) is coupled to both Gq and G12/13. The Gq pathway involves 
phospholipase C-β 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, PKCδ. 
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Discussion 

Different isoforms of protein kinase C have been implicated in regulating different platelet 

functional responses(Bynagari et al., 2009; Bynagari-Settipalli et al., 2012; Chari et al., 2009a; 

Nagy et al., 2009). As individual PKC isoforms have isoform-specific functions, it is important to 

identify the specific substrates which could help us 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 cardiovascular 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 (Stafford et al., 2003) 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, respectively) 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 (Kim et al., 2004; Kim et al., 2009; Murugappan et al., 2005) 

and were found effective (data not shown). 
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Three alternative pathways can activate PKD: (1) caspases cleave PKD between the acidic 

domain and activation domain and activate it upon genotoxic damage; (2) Gβγ-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. PKD activity has been shown to be 

modulated by various PKCs in different cell types(Zugaza et al., 1996). PKD has been shown to be 

associated with PKCη in COS-7 cells (Waldron et al., 1999b) and PKCη-activated PKD can 

modulate ERK and JNK signaling pathways(Brandlin et al., 2002a). It has been shown that PKCδ 

and PKCe associate with PKD in smooth muscle cells but PKD activity is regulated only by 

PKCδ(Tan et al., 2003). However, PKCe has been shown to modulate the activity of PKD in 

HEK293 cells(Brandlin et al., 2002a). Although PKCθ has not been shown to be associated with 

PKD, it regulates PKD activity in COS-7 cells and lymphocytes(Yuan et al., 2002). PKCθ null 

murine platelets show reduced PAR-mediated platelet functional responses(Nagy et al., 2009), but 

our studies show that PKD2 phosphorylation is not affected in PKCθ-null murine platelets. Hence 

the positive regulatory role of PKCθ in PAR-mediated functional responses may not be occurring 

through PKD2. 

Our results show that PAR4-mediated PKD2 activation requires PKCδ but not PKCθ or 

PKCe in platelets. Total PKD2 levels showed no change in wild type and PKCδ-deficient murine 

platelets, indicating that the decrease in activation is not due to a decrease in total levels of protein. 

Furthermore, using Go6976 in PKCδ-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 PKCδ also did not cause 

phosphorylation of PKD2 in platelets. Similarly, Rottlerin, a non-selective PKCδ inhibitor, 

inhibited PKD2 phosphorylation in human platelets. Hence, we suggest that PKCδ plays a major 
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role in mediating the phosphorylation of PKD2 in platelets downstream of PAR4. Our studies do 

not agree with the recent work of Konopatskaya et al.(Konopatskaya et al., 2011), who concluded 

that PKD2 phosphorylation is mediated by classical PKC isoforms but not by novel PKC isoforms. 

Although they used PKCδ 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 PKCδ/PKD2 nexus. 

In PKCδ−/− 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 compensatory mechanisms or through PKCη. 

Unfortunately there are no PKC isoform-specific inhibitors to test this hypothesis. Interestingly, 

PKCδ is a novel class of PKC isoform that does not require calcium for its activation, but PKD2 

seems to require calcium and PKCδ for its activation suggesting that PKC- and calcium-mediated 

pathways activate PKD2 independently. In addition, Src family kinases are shown to phosphorylate 

PKCδ on tyrosine 311 and hence are important in TxA2 generation. Inhibition of Src family kinases 

did not have any effect on PKD2 phosphorylation indicating that PKCδ tyrosine phosphorylation 

does not have a role in mediating PKD2 phosphorylation. Hence phosphorylation on threonine 505, 

an activation marker for PKCδ 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. PKCδ regulates platelet responses such 

as aggregation and dense granule secretion. This could be mediated by phosphorylating proteins 

involved in secretion. As PKD2 is activated specifically downstream of PKCδ, the actions mediated 
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by PKCδ 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 δ is 

required for its activation. Finally we predict that some of the actions mediated by PKCδ including 

platelet dense granule secretion, might be mediated by PKD2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   



 

 43 

CHAPTER 3 

CGX1037 IS A NOVEL PKC ISOFORM δ  SELECTIVE INHIBITOR IN PLATELETS 

Introduction 

PKC isoforms α, β, δ, θ, η, ɛ, and ζ have been identified in platelets. The use of pan-PKC 

inhibitors such as GF 109203X, Ro-318220, calphostin C and staurosporine and non-classical PKC 

inhibitors such as G06976 and LY333531 have identified a role for PKCs in platelet activation 

including aggregation and secretion induced by various agonists such as collagen, thrombin and 

ADP (Crosby and Poole, 2003; Martiny-Baron et al., 1993; Murugappan et al., 2004b; Quinton et 

al., 2002; Toullec et al., 1991). However, the lack of availability of isoform specific inhibitors has 

restricted the understanding of the role of individual PKC isoforms in platelets.  

Recent studies using rottlerin and a PKCδ TAT peptide antagonist & platelets from PKCδ-/- 

mice have identified PKCδ as a positive regulator of PAR-mediated granule release and a negative 

regulator of GPVI-mediated granule release (Bhavanasi et al., 2011; Bynagari-Settipalli et al., 2010; 

Chari et al., 2009a; Chari et al., 2009b).  While rottlerin was initially identified as a PKCδ isoform 

specific inhibitor (Gschwendt et al., 1994), subsequent studies have shown it to be a non-specific 

inhibitor (Davies et al., 2000; Leitges et al., 2001; Nguyen et al., 2009; Susarla and Robinson, 2003; 

Tapia et al., 2006) which can also act as a mitochondrial uncoupler (Kayali et al., 2002; Soltoff, 

2001). The PKCδ isoform specific RACK antagonistic peptide has been used to inhibit the activity 

of PKCδ in various cell types including platelets (Chen et al., 2001). However, peptides are 

unstable and often susceptible to degradation and rapid elimination from the blood circulation 

(Balasubramanian et al.). Hence, there is a need for developing isoform specific PKC inhibitors that 

can be used in platelets to better understand the role of these isoforms and be able to use them in 

vivo to inhibit PKCs. In this study, we evaluated the effect of a newly described small molecule 
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PKCδ inhibitor, CGX1037 on platelet function.  We demonstrate that this inhibitor elicited similar 

effects on human platelets as seen in PKCδ deficient murine platelets indicating that CGX1037 is a 

PKCδ selective inhibitor.   
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Materials and Methods 

Approval for this study was obtained from the Institutional Review Board of Temple University 

(Philadelphia, Pa), and mice were used for physiological measurements using the protocol approved 

by the Institutional Animal Care and Use Committee (IACUC). 

Reagents 

CGX1037 was from Complegen, Inc. (Seattle, WA). Apyrase (type VII) and acetylsalicylic acid 

were obtained from Sigma (St Louis, MO). PGE1 was purchased from Enzo Life Sciences 

(Plymouth Meeting, PA). AYPGKF was custom synthesized at Invitrogen (Carlsbad, CA). 

Collagen-related peptide (CRP) was purchased from Dr Richard Farndale (University of 

Cambridge). Halt protease and phosphatase inhibitor cocktail is purchased from Thermo Scientific 

(Rockford, IL). Total PKCδ, PKD2 phospho Ser744/748 (recognizes equivalent serines on PKD2) 

and β-actin antibodies were obtained from Cell Signaling Technologies (Beverly, MA). β3 integrin 

antibody is from Santa Cruz Biotechnology (Dallas, Texas). All the other reagents were of reagent 

grade and de-ionized water was used throughout. 

Animals 

PKCδ−/− (C57/BL6 background) mice were a generous gift from Dr Keiko Nakayama (Division of 

Developmental Genetics, Tohoku University Graduate School of Medicine). Age-matched wild-

type (WT) C57/BL6 littermates were used as controls.  

Human platelet preparation 

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 
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obtain platelet-rich plasma (PRP). PRP was incubated with 1 mM aspirin for 30 min at 37 °C. 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 0.2 U/ml apyrase. Platelets were counted 

using the Hemavet (Drew Scientific Inc., Dallas, TX) and concentration of cells was adjusted to 2 × 

108 platelets/ml. Platelet samples used in all the experiments were treated with aspirin and apyrase. 

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 µM) 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 0.2 U/ml apyrase. 

Aggregometry 

Aggregation of 500 µl of washed platelets was analyzed using a lumi-aggregometer (Chrono-log 

Corp., Havertown, PA, USA). Aggregation was measured using light transmission under stirring 

conditions (900 rpm) at 37 °C. Each sample was allowed to aggregate for the indicated time. The 

chart recorder (Kipp and Zonen, Bohemia, NY, USA) was set for 0.2  mm s−1. 

Measurement of platelet secretion 

Platelet secretion was determined by measuring the release of ATP using the Dupont Instruments 

luminescence biometer reagent. In experiments where inhibitors were used, the platelet sample was 

incubated with the inhibitors for 5 min at 37 °C prior to the addition of agonists. The secretion was 

subsequently measured. 
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Preparation of platelet membranes 

Washed human platelets (2 × 109 platelets/ml) were stimulated with AYPGKF and equal volumes 

of tyrodes solution containing inhibitor cocktail was added. The platelets were subjected to multiple 

freeze-thaw cycles to lyse the cells. The lysate was centrifuged at 1500 g/10 minutes at 4 °C and the 

supernatants were subjected to ultracentrifugation (100,000g for 30 minutes at 4 °C). After 

centrifugation, the pellet was washed and re-suspended in 1% TritonX-100. The dissolved pellet 

was centrifuged at 15,000 g/10 minutes at 4 °C. To the supernatant, equal volumes of sample buffer 

(2 M Tris, 10 % by volume glycerol, 10 % SDS, 0.5 % bromophenol blue, 1 mM dithiothreitol 

(DTT)) was added and boiled for 5 minutes. 

Western blotting 

Platelets were stimulated with agonists and the reaction was stopped by the addition of 6 M 

perchloric acid (to precipitate proteins). 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 nitrocellulose membranes. 

Membranes were blocked by incubation with Odyssey blocking buffer (Licor) for 1 h at room 

temperature. Membranes were probed overnight at 4°C with the desired primary antibody and then 

washed 3 times with Tris buffered saline-Tween 20 (TBS-T). The membranes were then incubated 

with infrared dye-labeled secondary antibodies for 60 minutes at room temperature and washed 3 

times with TBS-T. Membranes were developed using the Odyssey imaging system (Licor).  

Statistical analysis 

Western blot data and secretion data were compiled from at least three independent experimental 
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results. The results were quantified and expressed as means ± SEM. Statistical significance was 

tested by Student's t-test. P value < 0.05 was considered statistically significant. 
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Results 

Identification of PKCδ selective inhibitor 

CGX1037, a selective inhibitor of PKCδ was identified using the XenoGene discovery platform.  

This platform employs strains of Saccharomyces cerevisiae dependent upon the expression and 

function of a human gene and gene product for growth (United States Patent: 6998261, Functional 

Gene array in Yeast).  Arrays of these yeast strains, each complemented by a different human gene 

are used to screen chemical libraries to identify compounds that selectively inhibit growth of a 

single yeast strain expressing a particular human gene (6998261, ; Carles M, 2010; Yee JK, 

2008). For this study, the members of the novel class of human PKCs (PKCδ, PKCθ, PKCε and 

PKCη) replaced the essential PKC1 gene of S. cerevisiae.  These novel PKC dependent strains were 

then used to identify compounds that selectively inhibited growth of PKCδ dependent yeast. One 

such compound, CGX1037 potently inhibited growth of the PKCδ dependent yeast (IC50 = 0.02 

µM) while exhibiting 150 to 250 fold less activity against yeast dependent upon other novel PKCs 

(Table I). Since PKCδ is a novel PKC, we compared the effect of CGX1037 on other known novel 

class of PKC isoforms such as PKCθ, PKCε and PKCη, which are closely related to PKCδ. In 

addition to PKCs, we also tested the effect of CGX1037 on 3 other kinases, 3-phosphoinositide 

dependent protein kinase 1 (PDK-1), serum/glucocorticoid regulated kinase 1 (SGK) and v-akt 

murine thymoma viral oncogene homolog 3 (AKT-3) and showed that the IC50 value of CGX1037 

towards PKCδ is much lower compared to its effect on other kinases. 
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 Kinase PKCδ PKCθ PKCε PKCη PDK1 SGK1 AKT3 

CGX1037 (µM) 0.02 4 5 3 6 2 2 

TABLE 1 IC50 values of PKC delta inhibitor 

The IC50 values given in the table are the representative of a minimum of three studies each done 

in duplicate. PDK1: 3-phosphoinositide dependent protein kinase 1, SGK: serum/glucocorticoid 

regulated kinase 1, AKT3: v-akt murine thymoma viral oncogene homolog 3   
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CGX1037 inhibits PAR-mediated dense granule secretion whereas it potentiates GPVI-

mediated dense granule secretion 

Previous work from our lab has shown that PKCδ differentially regulates GPVI- and PAR4-

mediated platelet functional responses (Chari et al., 2009a; Murugappan et al., 2004b).  Hence we 

tested if the identified inhibitor, CGX1037 inhibits PKCδ in platelets by measuring platelet 

functional responses. We performed a dose-response study of the inhibitor at various 

concentrations. We pre-incubated washed human platelets with various concentrations of the 

inhibitor and measured PAR4 and GPVI-mediated platelet aggregation and secretion and compared 

with the responses from PKCδ deficient murine platelets. As shown in Figures 11A and 11B, 

CGX1037 significantly potentiated CRP-induced human platelet secretion at 2.5 µM concentration 

but inhibits at 30 µM concentration. Similarly, we also used PAR4 agonist and compared the 

responses with vehicle control. From Figures 12A and 12B, pretreatment with 2.5 µM CGX1037 

significantly inhibited AYPGKF-induced human platelet secretion whereas 30 µM CGX1037 

potentiated PAR4-mediated secretion. These results agree with our previous findings (Chari et al., 

2009a) that in PKCδ null murine platelets (Figure 13A), GPVI-mediated platelet dense granule 

secretion is potentiated whereas PAR-mediated dense granule secretion is inhibited as shown in 

Figures 13B and 13C. Since the inhibitory effects of 2.5 µM CGX1037 (same dose for GPVI and 

PAR agonists) in human platelets are similar to those observed in PKCδ deficient murine platelets 

(Figure 13), we conclude that CGX1037 efficiently inhibits PKCδ at 2.5 µM concentration in 

platelets. However, at higher concentrations, the inhibitor seems to exhibit non-specific effects.  
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FIGURE 11 CGX1037 potentiates GPVI-mediated dense granule secretion 

(A) Human platelets (2 X 108 cells/ml) pre-incubated with DMSO vehicle or 500 nM or 1.25 µM or 
2.5 µM or 10 µM or 30 µM of the inhibitor, CGX1037 for 5 minutes at 37° C were stimulated with 
2 µg/ml of CRP. The reaction was stopped by the addition of 6 M perchloric acid after 90 seconds. 
(B) ATP secretions measured from human platelet activation were quantified and expressed as 
mean ± SEM. Secretions measured with agonist pre-incubated with DMSO (vehicle) were 
considered 100% and data is reported as mean ± SEM. The aggregation and secretion tracings 
shown and the quantitation are representative of atleast 3 independent experiments. “*” represents P 
value < 0.05. 
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FIGURE 12 CGX1037 inhibits PAR-mediated dense granule secretion 

 (A) Human platelets (2 X 108 cells/ml) pre-incubated with DMSO vehicle or 500 nM or 1.25 µM 
or 2.5 µM or 10 µM or 30 µM of the inhibitor, CGX1037 for 5 minutes at 37° C were stimulated 
with 150 µM of AYPGKF. The reaction was stopped by the addition of 6 M perchloric acid after 90 
seconds. (B) ATP secretions measured from human platelet activation were quantified and 
expressed as mean ± SEM. Secretions measured with agonist pre-incubated with DMSO (vehicle) 
were considered 100% and data is reported as mean ± SEM. The aggregation and secretion tracings 
shown and the quantitation are representative of atleast 3 independent experiments. “*” represents P 
value < 0.05 
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FIGURE 13 PKCδ  negatively regulates GPVI-mediated dense granule secretion whereas 

it positively regulates PAR-mediated dense granule secretion 

A) Washed murine platelets (1 X 108 cells/ml) from wild type and PKCδ deficient mice were lysed, 
subjected to western blotting and were probed for total PKCδ. β-actin was used as a loading 
control. (B) Washed WT and PKCδ null murine platelets (1 X 108 cells/ml) were stimulated with 2 
µg/ml of CRP or (C) 150 µM AYPGKF and aggregation and ATP release were measured.  
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CGX1037 inhibits PKD2 phosphorylation but not PKCδ translocation in platelets 

Previous studies from our lab also identified Protein kinase D2 (PKD2) as a specific substrate for 

PKCδ but not PKCθ or PKCε by using murine platelets lacking specific novel PKC isoforms 

 (Bhavanasi et al., 2011). Konopatskaya et al also showed that PKD2 regulates platelet secretion 

and thrombus formation (Konopatskaya et al., 2011). Since we showed from Figures 1 and 2 that 

CGX1037 inhibits PKCδ at 2.5 µM concentration, we used this concentration to check if 

phosphorylation on PKD2 is inhibited by CGX1037 in human platelets. Human platelets were pre-

incubated with CGX1037 and were stimulated with the PAR4 agonist, AYPGKF and probed for 

PKD2 phosphorylation. As shown in Figures 14A & 14B, AYPGKF-induced PKD2 

phosphorylation was significantly inhibited with CGX1037 indicating that CGX1037 inhibits PKCδ 

in platelets. 

PKC isoforms translocate to the membrane by virtue of its ability to bind to diacylglycerol (formed 

during agonist stimulation) and further are positioned close to their substrates by receptors for 

activated C kinases (RACKs) (Newton, 1997). Since CGX1037 inhibited PKCδ-mediated PKD2 

phosphorylation downstream of PAR4, we evaluated whether CGX1037 also inhibits PKCδ 

translocation downstream of PAR4 in platelets. Washed human platelets were pre-incubated with 

either DMSO or CGX1037, stimulated with AYPGKF and platelet membranes and cytosolic 

fractions were prepared. As shown in Figures 14C & 14D, CGX1037 did not inhibit AYPGKF-

induced PKCδ translocation suggesting that CGX1037 inhibition of PKCδ is not by inhibiting its 

translocation in platelets. β3-integrin is used as a loading control and it was observed only in 

platelet membrane fractions. Note that PKCδ translocation is not 100%. 
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FIGURE 14 CGX1037 inhibits PAR-mediated PKD2 phosphorylation but not PKCδ 

translocation. 

A) Washed human platelets (2 X 108 cells/ml) were pre-incubated with DMSO (vehicle) or 2.5 µM 
of the inhibitor, CGX1037 for 5 minutes at 37 °C and then stimulated with 150 µM AYPGKF for 
90 seconds. The samples were subjected to Western blotting and probed for phospho PKD2 ser 
744/748. β-actin was used as a loading control. US = Unstimulated. C) Washed human platelets 
were stimulated with 150 µM AYPGKF with or without CGX1037 for 90 seconds and platelet 
membranes and cytosolic fractions were prepared. The samples were subjected to Western blotting 
and probed for total PKC δ. β3 integrin was used as a loading control. US = Unstimulated. B & D) 
Densitometry was performed on the blots and the data obtained was quantified and represented as 
mean ± SEM. The blots shown and the data quantified were representative of at least 3 independent 
experiments. “*” represents P value < 0.05 
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Effect of CGX1037 in murine platelets 

We have shown that CGX1037 inhibits PKCδ in human platelets. To check if CGX1037 also 

inhibits PKCδ in murine platelets, we pre-incubated murine platelets with 2.5 µM CGX1037 and 

evaluated for PAR4- and GPVI-mediated platelet responses. As shown in Figures 15A and B, 

CGX1037 inhibited AYPGKF-induced platelet responses whereas it potentiated CRP-induced 

platelet responses similar to the responses observed in PKCδ deficient murine platelets (Figure 13). 

This suggests that CGX1037 inhibits PKCδ in both human and murine platelets.  
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FIGURE 15 CGX1037 inhibits PKCδ  in murine platelets 
Washed murine platelets (1 X 108 cells/ml) from wild type mice were pre-incubated with either 
DMSO or 2.5 µM CGX1037 and were stimulated with (A) 150 µM AYPGKF or (B) 5 µg/ml of 
CRP and measured for platelet aggregation and dense granule secretion. The tracings are 
representative of atleast 3 independent experiments.  
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Specificity of the PKCδ  inhibitor, CGX1037 

Using Xenogene platform, we have identified CGX1037 as a PKCδ inhibitor. As specificity is an 

important issue in developing a small molecule inhibitor, we tested the specificity of CGX1037 by 

using it in PKCδ deficient murine platelets and determined whether the inhibitor had any additional 

effect on platelet functional responses compared to those of PKCδ deficient murine platelets treated 

with vehicle control. These PKCδ deficient murine platelets were pre-incubated with vehicle 

(DMSO) or CGX1037 prior to stimulation with AYPGKF and dense granule secretion was 

determined. As shown in the secretion tracings (Figures 16A & C) and its quantitation (Figures 16B 

& D), PAR4-mediated dense granule secretion induced by low and high concentrations of 

AYPGKF in PKCδ deficient murine platelets pre-incubated with CGX1037 was not significantly 

different from the secretion responses seen in PKCδ deficient platelets pre-incubated with vehicle 

suggesting that CGX1037 does not have any significant additional effects other than inhibiting 

PKCδ in platelets. 

 



 

 60 

 

 

FIGURE 16 Specificity of the PKCδ inhibitor, CGX1037 

(A) Aggregation and secretion tracings of washed murine platelets (1 X 108 cells/ml) from PKCδ 
deficient mice were pre-incubated with DMSO or 2.5 µM of the inhibitor, CGX1037 for 5 minutes 
at 37° C and then stimulated with 150 µM AYPGKF or (C) 500 µM AYPGKF for 90 seconds. (B) 
& (D) ATP secretions were measured, quantified and expressed as mean ± SEM. The data and 
quantitation are representative of at least 3 independent experiments. 
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FIGURE 17 CGX1037 is a PKC delta inhibitor 

CGX1037 inhibits PKC delta in platelets which in turn will result in potentiation of GPVI-

mediated platelet activation and inhibition of  PAR4-mediated platelet activation. 
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Discussion 

As platelet activation plays an important role in mediating hemostasis and thrombosis, 

identifying molecules responsible for regulating platelet function is important for treating not only 

platelet disorders but also other cardiovascular ailments that involve platelets in their pathology. 

The PKC family of isoforms regulates multiple signaling pathways involved in platelet activation, 

degranulation (Konopatskaya et al., 2009; Quinton et al., 2002) and thrombus formation (Gilio et 

al., 2010; Heemskerk et al., 2011).  PKC is one such protein that regulates platelet activation 

downstream of both GPCR and tyrosine-kinase linked receptors. The importance of the PKC 

isoforms have been elucidated either by using inhibitors targeting the proteins or by using murine 

platelets obtained from mice deficient in specific PKC isoforms (Bhavanasi et al., 2011; Bynagari et 

al., 2009; Bynagari-Settipalli et al., 2012; Chari et al., 2009a; Nagy et al., 2009).  While mouse 

models provide important insight into the role of specific PKC isotypes, genetic differences do exist 

and may not accurately reflect human responses to specific agonists.  Thus, it is essential to verify 

PKC isoform-specific involvement in human platelets. In addition, results obtained from knockout 

mice studies are difficult to interpret due to the compensatory effects. As human platelets are 

devoid of nuclei and are incapable of being manipulated at molecular level, using inhibitors to 

target specific proteins is the best available method to study the role of various molecules in human 

platelets. The activity of different PKC isoforms is context sensitive and these kinases can be 

positive or negative regulators of signaling pathways. This contextual-dependency of PKC function 

often makes it difficult to determine the precise roles of PKC isoforms in normal and aberrant 

cellular processes.  The development of selective activators and inhibitors has greatly improved our 
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understanding of PKC isoform function in specific cells and tissues, and in various disease 

conditions (Churchill et al., 2009; Kheifets et al., 2006). 

  PKCδ has been identified as an important regulator of platelet functional responses. PKCδ 

is a negative regulator of GPVI-mediated dense granule secretion and a positive regulator of PAR4-

mediated dense granule secretion (Chari et al., 2009a; Murugappan et al., 2004b). The differential 

role of PKCδ downstream of GPCR and GPVI provides another evidence of this differential 

regulation in signaling pathways in platelets. Apart from its role in regulating platelet responses, 

PKCδ is implicated in various diseases. Recently a patient with autoimmune lymphoproliferative 

syndrome (ALPS)-like disease was identified with a homozygous loss-of-function mutation in 

PKCδ resulting in chronic lymphadenopathy, splenomegaly, autoantibodies, elevated 

immunoglobulins and natural killer cell dysfunction suggesting the importance of normal function 

of PKCδ in humans (Kuehn et al., 2013). On the other hand, autoantibodies against PKCδ are 

implicated in a subset of patients with coeliac disease (Byrne et al., 2013). Inhibition of PKCδ was 

also shown to reduce endotoxin (Chichger et al., 2012)- or sepsis (Kilpatrick et al., 2011)-induced 

lung injury and aneurysm pathogenesis (Morgan et al., 2012). Hence, inhibition of PKCδ was 

suggested as a potential therapeutic strategy to treat abdominal aortic aneurysm (AAA) (Morgan et 

al., 2012). These studies suggest an important regulatory role for PKCδ in various pathological 

processes including thrombosis. Due to its essential role in regulating various pathologies, design 

and use of small molecule inhibitors specific to PKCδ is important and selective inhibition of PKCδ 

could contribute to treatment of certain disease states.  

Therapeutically relevant inhibition of PKCδ has been problematic due to the lack of 

selectivity of the currently available small molecule inhibitors. PKC inhibitors available until now 

act on ATP binding domain of PKCs and hence they can also act on lot of similar kinases. For 
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example, Go6976 identified as a classical PKC inhibitor was shown to inhibit Syk as well (Getz et 

al., 2011). LY333531 was identified as a PKC β inhibitor, but was later shown to target both PKC α 

and β isoforms (Liu et al., 2009). The high level of homology (~60% amino acid identity) among 

the members of the novel PKC family has made the development of isotype selective small 

molecule inhibitors extremely difficult. So far, PKCδ inhibitors such as rottlerin are non-specific or 

more specific RACK inhibitors are peptide based and hence a small molecule inhibitor would have 

more advantages over peptides for in vivo studies. Identification of such novel inhibitors as 

presented in this study would at least be a first step in development of therapeutics based on PKCδ 

inhibition. CGX1037 was identified as a novel PKCδ inhibitor by Xenogene technology. We show 

that CGX1037 potentiates GPVI-mediated dense granule secretion and inhibits PAR-mediated 

dense granule secretion at same dose (2.5 µM) in both human and murine platelets correlating with 

the known role for PKCδ in platelets. Our studies also show that this inhibitor does not have any 

significant additional non-specific affects in platelets. However, caution must be taken when this 

inhibitor is used in other cells, which may be expressing different kinases.  

Different PKC inhibitors target different regions on PKCs (Davies et al., 2000). As of now, 

we do not know the region of PKCδ targeted by CGX1037. However, we showed that CGX1037 

did not inhibit translocation of PKCδ to the membrane in platelets. Depending on the region of 

PKCδ targeted by CGX1037, it is likely to inhibit specific PKCδ functions but not impose global 

inhibition of all PKCδ dependent processes. 

CONCLUSIONS 

Corroborating with the previously known role for PKCδ, CGX1037 differentially regulated platelet 

responses wherein it inhibited PAR-mediated dense granule secretion but potentiated GPVI-

mediated dense granule secretion in human and murine platelets. CGX1037 also inhibited 
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phosphorylation on PKD2, a PKCδ substrate in platelets. We have therefore shown that CGX1037 

is a PKCδ isoform selective inhibitor in platelets. However, non-specific effects of this inhibitor 

could not be eliminated with these results. To partially identify any non-specific effects of 

CGX1037, we measured platelet responses from PKCδ deficient platelets pre-incubated with the 

inhibitor and showed that CGX1037 has no additional significant effect supporting the selectivity of 

CGX1037. Thus, we show that CGX1037 is a novel PKCδ isoform selective inhibitor and can be 

employed to study the role of PKCδ in platelets. 
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CHAPTER 4 

CROSS TALK BETWEEN SERINE/THREONINE AND TYROSINE KINASES 

REGULATES ADP-INDUCED THROMBOXANE GENERATION IN PLATELETS 

Introduction 

Platelets play an important role in mediating hemostasis and thrombosis(Packham, 1994). 

Platelet activation through various agonists result in platelet shape change, aggregation, granule 

secretion and thromboxane generation(Brass et al., 1997). Granule secretion involves release of 

dense granules containing ADP and serotonin, and α-granules containing P-selectin and fibrinogen. 

The released ADP and the generated thromboxane can act as feedback activators of platelets(Brass, 

1999). ADP binds to G-protein coupled platelet receptors P2Y1 and P2Y12(Daniel et al., 1998; Jin et 

al., 1998). P2Y1 is a Gq-coupled receptor whereas P2Y12 is a Gi-coupled receptor and concomitant 

signaling from both receptors is required for complete aggregation(Jin and Kunapuli, 1998). P2Y1 

stimulation leads to activation of phospholipase Cβ that ultimately causes an increase in 

intracellular calcium and Protein kinase C (PKC) activation(Kunapuli, 1998). P2Y12 stimulation 

causes activation of PI-3Kinase and Akt and also inhibition of stimulated adenylate cyclase(Abrams 

et al., 1996; Kim et al., 2004). Thromboxane A2 binds to G-protein coupled TP receptors (α and β) 

on platelets causing platelet activation through elevated calcium levels and activated PKC 

isoforms(Murugappan et al., 2004a; Paul et al., 1999). 

ADP-induced thromboxane generation in platelets depends on Src family kinases (SFKs) 

and is enhanced with pan-Protein kinase C (PKC) inhibitors(Garcia et al., 2007), but it is not clear 

how these two events are linked.  PKC η, a novel PKC isoform has been shown to positively 

regulate ADP-induced thromboxane generation in platelets(Bynagari et al., 2009). However, recent 
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studies suggest a negative regulatory role for PKC ε, a novel class of PKC isoform in mediating 

ADP-induced thromboxane generation(Bynagari-Settipalli et al.). PKC isoforms are generally 

considered active when the threonine residue in their hydrophobic motif gets phosphorylated. 

However, increasing evidence suggests that PKC isoforms can be activated when phosphorylated 

on their tyrosine residues. PKCθ upon phosphorylation on its Y90 residue is shown to be active in 

T cells(Liu et al., 2000).  

Many molecules can be dually phosphorylated on serine/threonine and tyrosine residues. 

PKCδ  has been shown to be phosphorylated on Thr505 and has been implicated in negatively 

regulating GPVI-mediated platelet functional responses whereas it positively regulates PAR-

mediated platelet responses including granule secretion and thromboxane generation(Chari et al., 

2009a). In addition, PKCδ has been shown to be phosphorylated on tyrosine residues downstream 

of PAR and GPVI receptors(Crosby and Poole, 2003; Moussazadeh and Haimovich, 1998). 

Phosphorylation of PKCδ on Y565 potentiates the activity of the kinase(Hall et al., 2007). PKCδ 

phosphorylated on Y311 has been implicated in PAR-mediated thromboxane generation in 

platelets(Murugappan et al., 2005). However, PKCδ was shown not to be activated downstream of 

ADP receptors which was based on the inability of ADP stimulation to cause PKCδ threonine 505 

phosphorylation in platelets(Murugappan et al., 2004b). Since several studies showed that tyrosine 

phosphorylation events are important in regulating platelet activation(Clark et al., 1994), we tested 

the possibility of ADP stimulation to cause tyrosine phosphorylation on PKCδ in platelets. 

In the current study we show for the first time that PKCδ is phosphorylated on tyrosine 

residue 311 through SFK Lyn downstream of ADP receptors. We also show that PKCδ mediates 

ADP-induced thromboxane generation by using PKCδ knockout murine platelets. GF109203X, a 

pan-PKC inhibitor or LY333531, a PKC α/β inhibitor, potentiated ADP-induced thromboxane 
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generation correlating with an increased phosphorylation on PKCδ Y311. We further show that 

classical PKC isoforms α/β regulate PKCδ Y311 phosphorylation and thromboxane generation 

through a tyrosine phosphatase.  
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Materials and Methods 

Materials 

2MeSADP, Apyrase (type VII) and acetylsalicylic acid were from Sigma (St Louis, MO). PGE1, 

PP2 and PP3 were purchased from Enzo Life Sciences (Plymouth Meeting, PA). YM-254890 was a 

generous gift from Yamanouchi Pharmaceutical (Ibaraki, Japan). Dimethyl-BAPTA was obtained 

from Molecular Probes (Eugene, OR). Luciferin-luciferase reagent was purchased from Chrono-

Log (Havertown, PA). Normal mouse IgG and protein A/G Sepharose beads, total Shp1 antibody 

(catalog # sc287) were from Santa Cruz Biotechnology (Santa Cruz, CA). CD62-FITC antibodies 

were obtained from Emfret Analytics (Wuerzburg, Germany). Bisindolylmaleimide I (GF109203X) 

and Y-27632 were from Calbiochem (San Diego, CA). LY333531 was from A.G Scientific, San 

Diego, CA. Phospho PKC δ Y311, phospho serine PKC substrate antibody and phospho Src Y416 

antibodies were obtained from Cell Signaling Technologies (Beverly, MA). Total PKCδ antibody 

was from BD Transduction Technologies, San Jose, CA. All the other reagents were of reagent 

grade and de-ionized water was used throughout. 

 

Animals 

PKCδ knockout mice were a generous gift from Dr Keiko Nakayama (Division of Developmental 

Genetics, Tohoku University Graduate School of Medicine) as described earlier(Chari et al., 

2009a). PKCε knockout mice were a generous gift from Dr. Robert Messing (Gallo Center, San 

Francisco, CA) as described earlier (Bynagari-Settipalli et al., 2012). PKC α and PKC β knockout 

mice were from Dr. Xiongwen Chen (Cardiovascular Research Center, Temple University School 

of Medicine). Megakaryocyte/platelet-specific Shp1 conditional knockout mice (PF4-Cre+; Shp1fl/fl) 

were generated as previously described(Mazharian et al., 2013). Wild type littermates were used as 
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controls in each case. All the animals were bred in the central animal facility of Temple University 

Medical School. 

 

Human and Murine 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). Mice were used according to the protocol approved by the Institutional Animal Care and 

Use committee (IACUC). Blood from ketamine-anesthetized mice was collected by cardiac 

puncture into syringes containing 3.8% sodium citrate as anticoagulant. Washed human and murine 

platelets containing 0.2 U/ml apyrase were prepared, as previously described(Bhavanasi et al., 

2011). 

 

Measurement of platelet aggregation and dense granule secretion 

Platelet aggregation and secretion were measured using a lumi aggregometer (Chrono-Log, 

Havertown, PA). Platelet secretion was determined by measuring the release of ATP by adding 

luciferin-luciferase reagent.  

 

Measurement of TXA2 generation 

Isolated human and murine platelets were stimulated with agonists in an aggregometer. The 

stimulation was performed for 3.5 minutes and the reaction was stopped by snap freezing. Later, 

samples were thawed at room temperature and centrifuged at 15,000Xg for 3 minutes to remove 

lysed platelets. The supernatant was diluted 1:50 with the standard diluent (assay buffer). Levels of 
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TXB2 were determined (TXA2 is highly unstable and is converted to TXB2) in duplicate according 

to the manufacturer's instructions using a Correlate-EIA Thromboxane B2 Enzyme Immunoassay 

kit (Assay Designs, Ann Arbor, MI).  

 

Flow cytometry 

All determinations were performed on FACS Calibur flow cytometer (BD Biosciences, San Jose, 

CA). Washed murine platelets were analyzed to measure surface expression of P-selectin by CD62-

FITC antibody. As a control for immunolabeling, platelets were incubated with non-immune IgG 

isotype control antibody. To fix the platelets, 1% paraformaldehyde dissolved in phosphate-

buffered saline was used. A total of 10000 platelet events were acquired per sample, and the mean 

fluorescence intensity (MFI) of positive platelets was analyzed. 

 

Western blotting 

Platelets were stimulated with agonists and the reaction was stopped by the addition of 6.6 N 

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 nitrocellulose membranes. Membranes were blocked by incubation with 

Odyssey blocking buffer (Licor). Membranes were probed overnight the primary antibody and then 

incubated with infrared dye-labeled secondary antibodies. Membranes were developed using the 

Odyssey imaging system (Licor).  

 

Immunoprecipitation 
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Platelets were stimulated with agonists for the appropriate time, and the reaction was stopped by the 

addition of equal volumes of the 2X cell lysis buffer (0.1M Tris-base, 2% NP-40, 0.15M NaCl, Halt 

protease and phosphatase inhibitor cocktail, 500µM EGTA, pH 8.0). The lysates were incubated for 

30 minutes in ice 4°C for completion of lysis. The samples were then spun at 12,000g at 4°C for 10 

minutes to bring down the cytoskeleton. The cell lysates were isolated, and 2 µg of total Shp1 

immunoprecipitating antibody was added, and incubated overnight at 4°C. Protein A/G beads were 

added the next day, and the immune complexes were allowed to rock on a rocker for 2 hours, then 

processed for western blotting. 

 

Statistical analysis 

Data were compiled from at least three independent experimental results. The results were 

quantified and expressed as mean±SEM. Statistical significance was tested by Student's t-test. P 

value < 0.05 was considered statistically significant and indicated as *. 

 

 

 

 

 

 

 

 

 

 



 

 73 

Results 

ADP receptor stimulation of platelets leads to PKCδ  Y311 phosphorylation  

Tyrosine phosphorylated PKCδ has been implicated in mediating agonist-induced thromboxane 

generation in platelets(Harper and Poole, 2007). To evaluate whether P2Y receptors can 

phosphorylate Y311 on PKCδ, we stimulated human and murine platelets with 2MeSADP and 

evaluated Y311 phosphorylation at indicated time points. As shown in Fig 18A and 18B, 

2MeSADP induces Y311 phosphorylation on PKCδ in a time dependent manner, maximally 

phosphorylated at 30 and 15 seconds in human and murine platelets, respectively. However, the 

phosphorylation decreased by 3 minutes in both human and murine platelets.  
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FIGURE 18 Kinetics of 2MeSADP-induced PKCδ  Y311 phosphorylation in platelets. 

A, B, Washed aspirin treated human (2.5 X 108 cells/ml) and murine platelets (1.5 X 108 
cell/ml) were stimulated with 100nM 2MeSADP at 37°C under stirring conditions. The 
reaction was stopped after respective time points by adding 6.6N perchloric acid. The 
samples were subjected to SDS-PAGE and probed for phospho PKC δ Y311 and total 
PKC δ. The data are representative of at least 3 independent experiments. US: 
Unstimulated. 
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Signaling molecules mediating PKCδ  Y311 phosphorylation downstream of ADP receptors in 

platelets  

To determine the molecular pathway that is responsible for ADP-induced PKCδ Y311 

phosphorylation, we stimulated platelets with 2MeSADP for 30 seconds upon pre-incubation with 

Gq inhibitor (YM254890) for 5 minutes or P2Y1 receptor antagonist (MRS2179) for 30 seconds. As 

shown in Fig 19A, PKCδ Y311 phosphorylation is significantly inhibited with either Gq inhibitor or 

P2Y1 antagonist. Furthermore, Y311 phosphorylation downstream of ADP receptors in P2Y1 knock 

out (KO) murine platelets (Fig 19B) is also inhibited indicating that P2Y1/Gq is the major pathway 

mediating ADP-induced PKCδ Y311 phosphorylation.  

To further determine the signaling molecules mediating this phosphorylation, platelets were pre-

incubated with various inhibitors before stimulating with 2MeSADP and were measured for the 

phosphorylation on PKCδ. As shown in Fig 19C, Dimethyl BAPTA (calcium chelator) significantly 

inhibited Y311 phosphorylation but Y27632 (p160 ROCK inhibitor) did not affect Y311 

phosphorylation downstream of ADP receptors suggesting that calcium is required for this 

phosphorylation. SFKs are the major tyrosine kinases in platelets and are also shown to mediate 

PKCδ Y311 phosphorylation downstream of PARs in platelets(Murugappan et al., 2005). Hence, 

we evaluated the role of these kinases in mediating Y311 phosphorylation downstream of ADP 

receptors. PP2, a pan-SFK inhibitor but not PP3, an inactive structural analogue of PP2 

significantly inhibited PKCδ Y311 phosphorylation (Fig 19D). Studies from our lab have shown 

that Lyn, a SFK mediates GPVI-mediated PKCδ Y311 phosphorylation(Chari et al., 2009b). Hence, 

we made use of the Lyn KO murine platelets and observed that 2MeSADP-induced PKCδ Y311 

phosphorylation is inhibited compared to wild type indicating that Lyn mediates PKCδ Y311 

phosphorylation (Fig 19E).  
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    FIGURE 19 Signaling molecules mediating PKCδ  Y311 phosphorylation 

downstream of ADP receptors in platelets. 

A, Washed, aspirin treated human (2.5 X 108 cells/ml) platelets pre-incubated with DMSO 
or 50nM YM-254890 for 5 minutes or 100µM MRS 2179 for 30 seconds were stimulated with 
100nM 2MeSADP at 37°C under stirring conditions for 30 seconds. B, Washed WT and P2Y1 KO 
murine platelets (1.5 X 108 cells/ml) were pre-incubated 10mM indomethacin for 1 minute before 
stimulating them with 100nM 2MeSADP at 37°C under stirring conditions for 30 seconds. 
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FIGURE 19 Signaling molecules mediating PKCδ  Y311 phosphorylation downstream 

of ADP receptors in platelets. 

C, D, Washed aspirin treated human platelets pre-incubated with DMSO or 10µM 
dimethyl-BAPTA or 10µM Y27632 or 10µM PP3 or 10µM PP2 for 5 minutes and, E, 
Washed WT and Lyn KO murine platelets were stimulated with 2MeSADP at 37°C 
under stirring conditions for 30 seconds. The reaction was stopped by addition of 6.6N 
perchloric acid. The samples were subjected to SDS-PAGE and probed for phospho PKC 
δ Y311 and total PKCδ or β-actin. The data are representative of atleast 3 independent 
experiments. US: Unstimulated. ns= not significant. 
 
 
 
 
 
 
 
 



 

 78 

 
 

PKCδ  plays an important role in mediating ADP-induced platelet thromboxane generation 

The role of PKCδ has been evaluated in PAR and GPVI-mediated platelet functional 

responses(Chari et al., 2009a; Murugappan et al., 2004b). However, its role in ADP-induced 

functional responses has not been studied. As we have shown that PKCδ is tyrosine phosphorylated 

downstream of ADP receptors, we evaluated its functional role in 2MeSADP-induced platelet 

responses by using murine platelets lacking PKCδ. By western blotting, we show that PKCδ KO 

murine platelets do not express PKCδ protein confirming the KO genotype (Fig 20A). 2MeSADP-

induced thromboxane generation (Fig 20B) is significantly inhibited in PKCδ knock out murine 

platelets compared to wild type. 2MeSADP-induced platelet aggregation was not affected by PKCδ 

deficiency (Fig 20C) but 2MeSADP-induced, thromboxane-mediated dense granule release (ATP 

release, Fig 20C and D) and α-granule release (P-selectin expression, Fig 20E) were significantly 

inhibited in PKCδ knockout murine platelets compared to those of wild type littermates suggesting 

an important role for PKCδ in mediating ADP-induced platelet responses. ADP-induced dense 

granule secretion (mediated by generated thromboxane) was also inhibited in Lyn KO murine 

platelets compared to wild type (data not shown) suggesting that tyrosine phosphorylation mediated 

by Lyn is important in regulating ADP-induced thromboxane generation.  
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FIGURE 20 PKCδ  through its Y311 phosphorylation mediates 2MeSADP-induced 

platelet responses. 

A, Washed murine platelets from WT and PKC δ null mice were analyzed for total PKCδ 
protein. B, Washed, non-aspirin treated murine platelets from WT and PKC δ null mice 
were stimulated with 100nM 2MeSADP for 3.5 minutes and were analyzed for TXB2 
generation by ELISA and C, Platelet aggregation and dense granule secretion (ATP 
release). D, Quantitation of ADP-induced ATP release, E, 106 platelets/ml from WT and 
PKCδ KO mice were stimulated with 100nM 2MeSADP along with CD62-P antibodies. 
The % expression of positive activity in WT platelets stimulated with 2MeSADP was 
taken as 100%. The data are representative of atleast 3 independent experiments. US: 
Unstimulated. 
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PKC isoforms regulate ADP-induced PKCδ  Y311 phosphorylation and thromboxane 

generation in platelets  

GF109203X (GFX) is a selective and potent inhibitor of PKC isoforms in platelets(Dominique 

Toullec et al., 1991). Studies from our lab have shown that pan-PKC inhibitors such as GFX or 

Ro31-8220 potentiate ADP-induced thromboxane generation(Bynagari-Settipalli et al.). Since in 

the current study, we implicate Y311 phosphorylated PKCδ in mediating ADP-induced 

thromboxane generation (Fig 20B), we tested whether pan-PKC inhibitors also potentiate ADP-

induced PKCδ Y311 phosphorylation along with thromboxane generation. As shown in Figs 21A & 

21B, platelets pre-incubated with GFX or Ro31-8220 potentiated 2MeSADP-induced PKCδ Y311 

phosphorylation as well as thromboxane generation suggesting a role for tyrosine phosphorylated 

PKCδ in 2MeSADP-induced responses. We ruled out the possibility that the potentiation of PKCδ 

Y311 phosphorylation by GFX is dependent on increased thromboxane generation caused by GFX 

as we observed potentiation of Y311 phosphorylation in aspirin-treated platelets. Also, we did not 

observe any phosphorylation on Y311 of PKCδ  with pan-PKC inhibitors alone without agonist 

stimulation (data not shown) suggesting that the potentiation caused by these inhibitors is due to 

their inhibition of PKC isoforms downstream of ADP receptors.  
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FIGURE 21 Pan-PKC inhibitors potentiate 2MeSADP-induced PKCδ  Y311 

phosphorylation in platelets. 

A, Washed aspirin treated human (2.5 X 108 cells/ml) platelets were pre-incubated with 
DMSO or 5µM GF109203X or 5µM Ro318220 for 5 minutes at 37°C and were 
stimulated with 100nM 2MeSADP for 30 seconds and were measured for PKCδ Y311 
phosphorylation and B, under similar conditions, non-aspirin treated human platelets 
were stimulated for 3.5 minutes and were used to measure TXB2 generation. TXB2 
measured by agonist alone with DMSO is considered 100%. The samples were subjected 
to SDS-PAGE and probed for phospho PKC δ Y311 and total PKC δ. The data are 
representative of at least 3 independent experiments. US: Unstimulated. 
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Classical PKC isoforms α /β  regulate ADP-induced PKCδ  Y311 phosphorylation and 

thromboxane generation 

Previous studies from our lab have shown that ADP-induced thromboxane generation in PKCε KO 

murine platelets is potentiated compared to wild type littermates(Bynagari-Settipalli et al.). 

However, PKCε knock out murine platelets pre-incubated with GFX showed further increase in 

thromboxane generation compared to PKCε knock out murine platelets alone (Fig 22A) suggesting 

that PKC isoforms other than ε could be regulating this potentiation.  

Since PKC isoforms are regulating Y311 phosphorylation on PKCδ, we evaluated specific isoforms 

of PKC that could regulate this phosphorylation event. Surprisingly, human platelets pre-incubated 

with LY333531, a PKC α/β inhibitor (Konopatskaya et al., ; Liu et al., 2009), potentiated 

2MeSADP-induced PKCδ Y311 phosphorylation and thromboxane generation (Figs 22B and C), 

similar to the effects observed with GFX. These data indicate that classical PKC isoforms α/β 

regulate Y311 phosphorylation on PKCδ and subsequent thromboxane generation. While 

2MeSADP-induced PKCδ Y311 phosphorylation and thromboxane generation were increased in 

either PKCα or PKCβ knock out murine platelets (Figs 22D and E), compared to responses from 

wild type littermates, the increase was not to the levels observed with PKC α/β inhibitor, 

suggesting possible compensatory effects in KO murine platelets.  
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FIGURE 22 Classical PKC isoforms, α /β  regulate 2MeSADP-induced PKCδ  Y311 

phosphorylation as well as thromboxane generation. 

A, WT and PKCε null murine platelets were stimulated with 2MeSADP for 3.5 minutes 
and were measured for TXB2 formation. B, Human platelets pre-incubated with 5µM 
GFX or 5µM LY333531 for 5 minutes at 37°C were stimulated with 100nM 2MeSADP 
for 30seconds and were analyzed for PKCδ Y311 phosphorylation. C, Washed human 
platelets pre-incubated with DMSO or GFX or LY333531 were stimulated with 100nM 
2MeSADP for 3.5 minutes and were analyzed for TXB2. D, Washed murine platelets 
from WT and PKCα KO or PKCβ KO were stimulated with 100nM 2MeSADP for 30 
seconds and probed for phospho PKCδ Y311. E, Washed WT or PKCα or PKCβ KO 
murine platelets were stimulated with 100nM 2MeSADP for 3.5 minutes and were 
analyzed for TXB2 generation. The data are representative of atleast 3 independent 
experiments. ns= not significant. 
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Classical PKC isoforms α /β  regulate Y311 phosphorylation on PKCδ  through a tyrosine 

phosphatase and a tyrosine kinase  

We have established that classical PKC isoforms α/β regulate tyrosine phosphorylation on PKCδ 

but PKC isoforms are serine/threonine specific kinases and hence cannot directly regulate tyrosine 

phosphorylation. Hence, we hypothesized that classical PKC isoforms regulate a tyrosine 

phosphatase thereby regulating PKCδ tyrosine phosphorylation. PKCα has been shown to associate 

constitutively with the non-transmembrane protein-tyrosine phosphatase (PTP), Shp1 in 

platelets(Jones et al., 2004). Hence, we evaluated whether Shp1 is the PTP regulating SFKs 

downstream of ADP receptors in platelets. We immunoprecipitated Shp1, a tyrosine phosphatase 

from resting and 2MeSADP stimulated human platelets and probed it with phospho-serine PKC 

substrate antibody that detects ser 591 phosphorylation (inhibitory phosphorylation) on Shp1(Jones 

et al., 2004). As shown in Fig 23A, phosphorylation on Shp1 is significantly reduced upon pre-

treatment with GFX or LY333531 suggesting that PKC isoforms negatively regulate the activity of 

Shp1 (Shp1 is activated when serine phosphorylation is reduced(Jones et al., 2004)).  

The active Shp1 (non phosphorylated) can in turn activate SFKs(Mazharian et al., 2013; Somani et 

al., 2001). As shown in Fig 23B, upon 2MeSADP stimulation, under the same conditions where 

Shp1 is active (reduced serine phosphorylation, Fig 23A), we observed a significant increase in the 

phosphorylation of Src Y416 residue (an activation marker for SFKs). The lower two bands (53 and 

56 kDa) in the blot representing Lyn were potentiated confirming that activated Shp1 

dephosphorylates inhibitory tyrosine on SFKs activating it leading to hyper phosphorylation on 

PKCδ Y311. However, 2MeSADP-induced Y311 phosphorylation on PKCδ was not significantly 

different in Shp1 knock out murine platelets with or without GFX suggesting a possible 

compensatory effect of other phosphatases (Fig 23C). These results suggest that classical PKC 
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isoforms α/β regulate 2MeSADP-induced PKCδ Y311 phosphorylation and subsequent 

thromboxane generation through a tyrosine phosphatase, Shp1 and a tyrosine kinase, Lyn (Fig 

23D). 
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FIGURE 23 Classical PKC isoforms, α /β  regulate phosphorylation on Shp1, a tyrosine 

phosphatase. 

A, Washed human platelets (5 X 108 cells/ml) pre-incubated with DMSO or GFX or 
LY333531 were stimulated with 100nM 2MeSADP for 30 seconds and were immunoprecipitated 
with total Shp1 antibody. The samples were subjected to SDS-PAGE and were probed with 
phospho serine PKC substrate antibody (detects ser 591 on Shp1) and total Shp1. B, Washed human 
platelets (2.5 X 108 cells/ml) pre-incubated with DMSO or GFX or LY333531 were stimulated with 
100nM 2MeSADP for 30 seconds. The samples were subjected to SDS-PAGE and were probed 
with phospho Src tyrosine 416 and total Src antibodies. The data shown are representative of atleast 
3 independent experiments. US: Unstimulated. 
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FIGURE 23 Classical PKC isoforms, α /β  regulate phosphorylation on Shp1, a tyrosine 

phosphatase. 

C, Washed WT and Shp1 KO murine platelets pre-incubated with DMSO or GFX were 
stimulated with 100nM 2MeSADP for 30 seconds and the samples were probed for pPKCδ Y311 
and total PKCδ. US: Unstimulated. ns=not significant. D, ADP binds and activates platelets through 
P2Y1 and P2Y12 receptors. P2Y1/Gq pathway contributes to ADP-induced PKCδ Y311 
phosphorylation through Lyn and also leads to activation of classical PKC isoforms α/β, which will 
phosphorylate Shp1 (a tyrosine phosphatase) on S591 and makes it inactive. However, inhibition of 
PKC α/β with GF109203X or LY333531 inhibits phosphorylation on Shp1 (ser591). Non 
phosphorylated Shp1 now dephosphorylate SFKs on Y527 (inhibitory tyrosine) thereby potentiating 
the activity of SFKs that can now phosphorylate PKCδ Y311 at a higher rate resulting in 
potentiated thromboxane generation.  
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Discussion 

PKC isoforms have been implicated in regulating many platelet functional responses 

including aggregation, secretion and thromboxane generation required for forming a platelet plug. 

SFKs regulate ADP-induced thromboxane generation and pan-PKC inhibitors potentiate this 

response but the mechanism as to how these two events are linked is not clearly understood(Garcia 

et al., 2007). In the current study, we observed a time dependent phosphorylation on PKCδ Y311 

downstream of ADP receptors. Previous studies from our lab have shown that PKCδ was not 

tyrosine phosphorylated downstream of ADP receptors in platelets (Murugappan et al., 2005). The 

difference in the results could be because, in the previous study, the blots were detected using 

chemiluminescence (Fuji machine) whereas in the current study, we used LICOR detection system, 

which is more sensitive and quantitative in detecting proteins. Studies from our lab have also shown 

that thrombin-induced Y311 phosphorylation on PKCδ occurs subsequent to threonine 505 

phosphorylation(Murugappan et al., 2009) but ADP-induced Y311 phosphorylation does not seem 

to require threonine phosphorylation as we observed tyrosine phosphorylation on PKCδ without 

any detectable threonine phosphorylation(Murugappan et al., 2004b) suggesting that the mechanism 

of activation of PKC isoforms is agonist specific. By using Lyn deficient murine platelets, we also 

show that Lyn mediates PKCδ Y311 phosphorylation downstream of ADP receptors.  

GFX, a pan PKC inhibitor potentiated Y311 phosphorylation on PKCδ along with 

thromboxane generation downstream of ADP receptors. This potentiation of thromboxane 

generation along with the phosphorylation on PKCδ Y311 is in agreement with our previous 

findings that PKCδ Y311 phosphorylation mediates thromboxane generation in 

platelets(Murugappan et al., 2005). Since a pan-PKC inhibitor such as GFX is potentiating ADP-

induced thromboxane generation, it appears that the kinase activity of PKCδ is not required for 
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regulating thromboxane generation. However, we observed a significant decrease in ADP-induced 

thromboxane generation in PKCδ KO murine platelets compared to wild type suggesting that PKCδ 

regulates this functional response probably by acting as an adaptor molecule. This is not surprising, 

as we have shown previously that PKCδ acts as an adaptor by binding to Lyn and SHIP-1 forming a 

tri molecular complex and regulating GPVI-mediated platelet dense granule release (Chari et al., 

2009b).  

Studies on different cell lines have shown that PKC isoforms can regulate among 

themselves. PKCε and PKCδ cross phosphorylate each other on their activation loop and 

hydrophobic domain respectively in cardiomyocytes and regulate their activities(Rybin et al., 

2003). Since GFX potentiated PKCδ Y311 phosphorylation, we used murine platelets deficient in 

individual PKC isoforms to evaluate the PKC isoforms responsible for causing hyper 

phosphorylation on PKC δ Y311 downstream of ADP receptors. PKC θ and PKC ε deficient 

murine platelets did not show any significant difference in the phosphorylation of PKCδ Y311 

downstream of ADP receptors compared to wild type (data not shown). We found that PKC α or 

PKC β deficient murine platelets and human platelets pre-incubated with PKC α/β inhibitor 

potentiated PKCδ Y311 phosphorylation as well as thromboxane generation downstream of ADP 

receptors compared to controls suggesting that either PKC isoforms α or β negatively regulate 

2MeSADP-induced TXA2 generation in platelets by regulating phosphorylation on PKCδ Y311 

and hence there appears to be a compensation in PKC α or β null murine platelets towards Y311 

phosphorylation and thromboxane generation.  

As PKC isoforms are serine/threonine kinases, classical PKC isoforms α/β must be 

indirectly regulating PKCδ Y311 phosphorylation through Lyn. Hence, we looked into the 

possibility of a cross talk between tyrosine and serine-threonine phosphorylation signaling 
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pathways. SFK activity is regulated by interactions that depend on phosphorylation and 

dephosphorylation. SFKs remain inactive when the phosphorylated C-terminal Y527 residue is 

engaged with the SH2 domain. When Y527 is dephosphorylated by a PTP, the interactions are 

disrupted and SFKs get activated. The activation of SFKs can be monitored by an increase in the 

phosphorylation on Y416, which is a trans autophosphorylation site(Newman, 2009; Roskoski, 

2005; Tonks, 2006; Vacaresse et al., 2008).  

Many PTPs are implicated in regulating SFK activity. CD148 has been shown to regulate 

SFKs and platelet activation(Senis et al., 2009).  RPTPα has been shown to regulate the activity of 

c-Src and Fyn (Vacaresse et al., 2008) whereas Shp1 has been shown to negatively regulate the 

activity of many kinases (Zhang et al., 2000) and other proteins such as alpha actinin(Lin et al., 

2004). Shp1 was also shown to associate with Lyn in HeLa cell line(Yoshida et al., 1999) and was 

also found constitutively associated with PKCα in platelets(Jones et al., 2004). Further, Lyn is 

shown to be constitutively active in Shp1 deficient B cells (Somani et al., 2001) and was also 

shown to negatively regulate platelet aggregation (Ming et al.). Among PKC isoforms, PKCα was 

shown to negatively regulate SFKs downstream of GPVI receptors(Pula et al., 2005). Considering 

these studies related to the regulation of SFKs by tyrosine phosphatases and PKC isoforms, we 

hypothesized that the tyrosine phosphatase, Shp1 might be indirectly regulating Y311 

phosphorylation on PKCδ by regulating SFKs in platelets. Moreover, recent SH2- profiling studies 

have shown that ADP stimulation of platelets cause phosphorylation of various protein tyrosine 

phosphatases(Schweigel et al.). Reduced phosphorylation on serine residue of Shp1 makes it active 

and vice-versa(Jones et al., 2004). In Fig 6A, we show that serine phosphorylation on Shp1 is 

reduced in platelets pre-incubated with GFX or LY333531 suggesting that classical PKC isoforms, 

α/β negatively regulate the activity of Shp1 downstream of ADP receptors. The active Shp1 can 
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dephosphorylate SFKs and activate them(Somani et al., 1997). The activity of SFKs can be 

measured as an increase in Y416 phosphorylation in platelets(Newman, 2009) as shown in Fig 23B. 

The active Lyn further phosphorylates PKCδ Y311 downstream of ADP receptors in platelets.  

Thus, classical PKC isoforms regulate Lyn activation through Shp1 and there by modulate ADP-

induced PKCd Y311 phosphorylation and thromboxane generation. Although we showed that Shp1 

regulates Lyn which in turn regulates PKCδ Y311 phosphorylation, further work has to be done to 

identify the adaptor molecule that is bringing the phosphatase and the SFK together downstream of 

ADP receptors.  

In conclusion, we show that Y311 phosphorylated PKC isoform δ plays an important role in 

mediating ADP-induced platelet thromboxane generation. We also show here for the first time, that 

classical PKC isoforms α/β negatively regulate ADP-induced PKCδ Y311 phosphorylation as well 

as thromboxane generation through a tyrosine phosphatase and a tyrosine kinase.  
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OVERALL DISCUSSION AND FUTURE DIRECTIONS 

In chapter 1, we showed that PKD2 is a specific substrate for PKCδ (Bhavanasi et 

al., 2011) supporting and confirming the long-standing notion that PKC isoforms have isoform 

specific functions probably through regulating isoform specific substrates. PKD2 was shown to 

be important in regulating agonist-induced platelet dense granule secretion and thereby flow-

induced thrombus formation on collagen coated slide by using PKD2 S707A/S711A knock in 

mice thus showing the importance of this newly identified substrate in regulating platelet 

functional responses (Konopatskaya et al., 2009). However, Konopatskaya et al have shown 

that PKD2 is activated by classical PKC isoform α but not novel PKC isoform δ in platelets 

(Konopatskaya et al., 2009). The discrepancy in these studies could be explained by the 

difference in the phosphorylation sites used to measure activation of PKD2. In our study we 

measured S744/S748 which are trans phosphorylation sites required for activation of PKD2 

whereas konopatskaya et al measured S916, which is an auto phosphorylation site on PKD2. 

However, the knock-in mice that was generated to investigate the role of PKD2 in platelet 

functional responses was on phosphorylation sites S707/S711, which are equivalent 

phosphorylation sites in murine platelets as S744/S748 in human platelets adding strength to 

our findings that PKD2 is activated by being phosphorylated on S744/S748 in platelets.  

PKCδ was shown to be negatively regulating GPVI mediated platelet responses 

whereas positively regulating PAR4-mediated platelet responses (Chari et al., 2009a). 

However, since studies have shown that PKD2 positively regulates both GPVI- and PAR4-

mediated platelet activation, it is possible that the differential regulation brought about by 

PKCδ is mediated by a different substrate/molecule yet unidentified. Also, it is not known 
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whether PKCδ mediates activation of PKD2 directly or indirectly involving other molecules. It 

is also not known whether association of PKCδ is required for activating PKD2 in platelets. 

This could be tested by co-immunoprecipitation experiments following activation of platelets 

by different agonists. The mechanism as to how PKD2 regulates secretion in platelets is also 

not understood at this time. Future studies should aim at this direction to delineate the 

mechanism of regulation of platelet secretion by PKD2. Although the substrate for PKD2 is not 

known, studies from other groups on MCF-7 cells have shown that cortactin as a potential 

substrate for PKD2 wherein PKD2 was shown to phosphorylate S293 on cortactin and activate 

it (Eiseler et al., 2010). Cortactin is an F-actin binding protein involved in regulating 

cytoskeletal elements such as lamellipodia extension and motility in different cells (Kelley et 

al., 2010). In platelets, tyrosine phosphorylated cortactin has been implicated in regulating 

platelet shape change (Gallet et al., 1999), however, it is not known whether serine 

phosphorylated cortactin has any role in platelet functional responses. It will be interesting to 

check whether cortactin is phosphorylated on serine residues in platelets and if this 

phosphorylation is mediated by PKD2 by using knock-in mice mutated at S707/S711. The role 

of PKD could be also verified in human platelets by using PKD inhibitors that are available 

commercially although the non-specific effects of this inhibitor in platelets has not been 

investigated. Evaluating the role of cortactin will probably help us delinetate the mechanism as 

to how PKD2 regulates platelet secretion.  

A PKD2 phospho-substrate antibody could also be used to identify potential 

substrates for PKD2 in platelets. Using this antibody, we could identify any potential PKD2 

substrates in platelets by western blotting and mass spectroscopy although it is a time taking 

procedure. One of the ways to evaluate the substrates and inhibitor is by using the 
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aforementioned PKD2 inhibitor and check whether this inhibits the phosphorylation bands 

observed with the substrate antibody seen with PKD2 activation (agonist stimulation of 

platelets). SNARES such as VAMP 8, syntaxin 11, SNAP 23 and Sec1/Munc18 family 

proteins such as MUNC 18b were known to be involved in platelet secretion (Al Hawas et al., 

2012; Ren et al., 2007; Ye et al., 2012). It will be interesting to evaluate whether PKD2 

regulates activation of any of these SNARE proteins in platelets. Since PKD2 has been shown 

to play a major role in platelet secretion and flow-induced thrombus formation, it is important 

to identify the mechanism by which it regulates platelet responses so as to evaluate its role as a 

potential anti-thrombotic target in an effective manner. 

In chapter 2, we have identified CGX1037 as a novel PKCδ selective inhibitor in 

platelets (Bhavanasi et al., 2014). Isoform specific PKC inhibitors are important as they help us 

evaluate the role of individual PKC isoforms in human platelets besides murine platelets 

wherein we could use isoform-specific knockout mice. Moreover, compensatory effects from 

other PKC isoforms in isoform-specific knockout mice will hinder our ability to understand the 

role played by various individual PKC isoforms. PKC inhibitors such as GF109203X (Toullec 

et al., 1991) or Ro318220 (Beltman et al., 1996) have ben used as pan-PKC inhibitors to study 

the role of PKC isoforms in platelets, however, there are very few isoform specific inhibitors 

available due to the high similarity between different PKC isoforms. Rottlerin was used a 

PKCδ inhibitor in various cell studies including platelets (Gschwendt et al., 1994). However, it 

was later shown that rottlerin has non-specific effects including uncoupling of mitochondrial 

oxidation (Kayali et al., 2002; Soltoff, 2001). A peptide inhibitor of PKCδ based on the RACK 

sequence specific for PKCδ was developed and used successfully (Chen et al., 2001). We used 

this peptide inhibitor in platelets and have shown that it inhibits PKCδ in platelets as well 
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(Chari et al., 2009a). However, this peptide requires longer pre-incubation periods in platelets 

that might alter the platelet reactivity and the peptide itself is highly unstable giving us variable 

results under storage conditions. In light of these findings, there is a need for development of 

PKCδ specific inhibitor to evaluate its role in human platelets. In this study we report a novel 

small molecule inhibitor that overcomes the problems associated with currently available 

inhibitors of PKCδ (Bhavanasi et al., 2014).  

By comparing responses from PKCδ knockout murine platelets with those from 

human platelets pre-incubated with CGX1037, we proved that CGX1037 as a novel PKCδ 

selective inhibitor in platelets (Bhavanasi et al., 2014). However, caution must be exercised 

when using this drug in other cell systems, as other cells could express molecules that are not 

present in platelets and could be influenced by this inhibitor. Since CGX1037 is a small 

molecule inhibitor, it requires relatively less pre-incubation times. Studies from our lab have 

also shown that PKCδ negatively regulates megakaryopoiesis by using PKCδ knockout mice 

(unpublished). To investigate the efficacy and specificity of the newly identified PKCδ 

inhibitor and further confirm the role of PKCδ in regulating megakaryopoiesis, we could inject 

this inhibitor into mice upon depletion of platelets by using GPIbα antibody (Nieswandt et al., 

2000). We hypothesize that PKCδ inhibition restores platelets faster than the controls.  

Furthermore, PKCδ inhibitor (CGX1037) could be used in combination with 

other available PKC inhibitors to study the relative roles of these isoforms in human platelets. 

The roles of PKCδ and PKCθ were studied using murine platelets deficient in individual 

isoforms compared to WT. Both PKCδ and PKCθ positively regulate PAR4-mediated platelet 

activation (Chari et al., 2009a; Nagy et al., 2009). Downstream of GPVI signaling, PKCδ as 

shown to negatively regulate platelet secretion whereas PKCθ was shown to regulate GPVI-
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mediated platelet activation based on the concentration of the agonist used. At high 

concentrations of the agonist, PKCθ was shown to positively regulate platelet activation 

whereas at low concentrations of the agonist, it was shown to negatively regulate platelet 

activation (Chari et al., 2009a; Nagy et al., 2009). The relative roles of both the isoforms δ and 

θ were not studied so far. We generated PKC isoforms δ/θ double knock out mice by breeding 

individual knock out mice deficient in either PKCδ or PKCθ to study the roles of both the 

isoforms (unpublished). Since both these isoforms positively regulate PAR4-mediated platelet 

secretion, we expect to see a complete inhibition or abolished platelet secretion in PKC δ/θ 

double knockout murine platelets compared to wild types. Since both the isoforms 

differentially regulate GPVI-mediated platelet activation based on agonist concentrations, it is 

difficult to hypothesize the result expected from PKC δ/θ double knock out murine platelets 

stimulated with GPVI agonists. In human platelets, the relative roles of both these isoforms 

could be studied by using isoform specific inhibitors. PKCθ inhibitor that is available 

commercially and the newly identified PKCδ inhibitor, CGX1037 (Bhavanasi et al., 2014) 

could be used in human platelets either individually or together to investigate whether both 

these isoforms regulate platelet activation redundantly or in an independent manner. 

Understanding the isoform specific function of PKC isoforms along with the combination of 

other PKC isoforms will help us design drugs towards particular PKC isoforms to inhibit only 

specific functions mediated by those PKC isoforms thereby possibly identifying a combination 

of molecules that inhibit thrombosis but preserve hemostatic function in human platelets.  

In chapter 3, we have shown a novel mechanism of regulation between classical PKC 

isoforms α/β and novel PKC isoform δ through a tyrosine kinase (Src family kinase, Lyn) and 

a tyrosine phosphatase (Shp1). By making use of PKCδ knockout murine platelets, we showed 
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that PKCδ through its Y311 phosphorylation regulates ADP-induced thromboxane generation. 

PKCδ Y311 phosphorylation was observed in cells/cardiomyocytes treated with H2O2 or PMA 

(Konishi et al., 1997; Konishi et al., 2001; Rybin et al., 2003). Y311 phosphorylation on PKCδ 

has been linked to increased kinase activity in H2O2 treated cells and altered PKCδ down 

regulation kinetics in cells transformed with Src (Blake et al., 1999). Interestingly, Y311F 

PKCδ mutation completely abrogated Src-dependent PKCδ tyrosine phosphorylation 

suggesting that PKCδ undergoes a sequential tyrosine phosphorylation probably initiated at 

Y311 (Blake et al., 1999). Rybin et al have demonstrated that PKCδ recovered from quiescent 

cultures have little no lipid-independent kinase activity but, Y311 phosphorylated PKCδ from 

H2O2-treated cultures have shown to have lipid-independent kinase activity and this change in 

co-factor requirements is also accompanied by change in substrate specificity (Rybin et al., 

2004). Histone is phosphorylated in resting cardiomyocytes but is not in cells treated with 

PMA or H2O2. In vitro kinase assays have also shown that PKCδ can be phosphorylated on 

Y311 by Src (Rybin et al., 2004).  

Tyrosine phosphorylated PKC isoforms were shown to be active in other cells, 

however, in this study, we identified that Y311 phosphorylation on PKCδ has implications in 

ADP-induced platelet responses. We also show that classical PKC isoforms α/β negatively 

regulate ADP-induced thromboxane generation through a tyrosine phosphatase. The tyrosine 

phosphatase that regulates this cross talk is not clear, as Shp1 knockout murine platelets did not 

show the potentiation on PKCδ Y311 in murine platelets, although a compensatory effect from 

Shp2 cannot be ruled out. To resolve this, Shp1/2 double knock out murine platelets must be 

used but mice deficient in both Shp1/2 are embryonically lethal (Mazharian et al., 2013). 

Another possibility is to use inhibitors that are specific for Shp1 and 2. Ladage et al has 
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recently shown that inhibitor of classical PKC isoforms reduces heart failure after myocardial 

infarction injury in pigs (Ladage et al., 2011). We recommend caution, as under those 

conditions where classical PKC isoforms are inhibited, ADP-induced thromboxane generation 

will be potentiated leading to platelet activation and other functions mediated by thromboxane 

such as inflammation. The exact mechanism as to how potentiated phosphorylation on PKCδ 

Y311 will potentiate thromboxane generation has to be investigated. One possibility is through 

Erk, a MAP kinase that phosphorylates cPLA2 involved in TXA2 synthesis might be activated 

by Y311 phosphorylated PKCδ, however, further studies are required to validate this point. 

Furthermore, an adaptor molecule is required for activation of SFKs (Jackson et al., 1997; 

Newman, 2009) and in the current study; we do not know the adaptor molecule involved in 

ADP-induced SFK activation.  As we specifically implicate Y311 phosphorylated PKCδ in 

mediating ADP-induced platelet responses, development of PKCδ Y311F knock in will help us 

confirm the role of this phosphorylation site in agonist-induced platelet responses. 

There are other phosphorylation sites on PKCδ that must be studied, which might yield 

interesting results. Besides Y311, PKCδ has other tyrosine residues, which are potential 

phosphorylation sites. Studies on other cell lines have shown that PKCδ has phosphorylation 

specific functions in cells. Human and mouse PKCδ protein contains 20 and 19 tyrosine 

residues respectively among which tyrosine residues 52, 64, 155, 187 (present in regulatory 

domain), residues 311 and 332 (present in the hinge region) and residues 512, 523 and 565 

(present in catalytic domain) were reported so far (Steinberg, 2004). In contrast to sites for 

ser/thr phosphorylations, these tyrosine phosphorylations are not conserved across PKC 

isoforms, which gives us a unique opportunity to explore the molecular significance of a 

particular isoform, in this case, PKCδ. In general, tyrosine phosphorylation in the catalytic 
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domain increases the kinase activity of PKCδ whereas tyrosine phosphorylation in PKCδ’s 

regulatory domain mediates cellular actions without influencing the kinase activity (Steinberg, 

2004). The tyrosine residues phosphorylated on PKCδ depends on the nature of the stimulation 

and this precise agonist-specific tyrosine phosphorylation of PKCδ dictates the functional 

properties of the enzyme (Steinberg, 2004).  

Y155 phosphorylation is not induced by PMA or PDGF (Kronfeld et al., 2000; Li et al., 

1996) and it mediates growth regulation by PKCδ. NIH 3T3 cells over expressed with Y155F 

PKCδ grow rapidly and form tumors in nude mice compared to cells over expressed with wild 

type PKCδ (Acs et al., 2000; Kronfeld et al., 2000). The mechanism as to how Y155 

phosphorylated PKCδ regulates growth is not clearly understood. However, there is no 

difference in catalytic activity of Y155F PKCδ compared to wild type PKCδ. Studies in RBL-

2H3 cells have identified Lyn-dependent phosphorylation of PKCδ at Y332 and that this 

phosphorylation mediates association of PKCδ with Shc (Leitges et al., 2002) (scaffold protein 

that binds SHIP1 that dephosphorylates PIP3 {3,4,5} to PIP2 {3,4}). It has also been shown 

that this interaction between PKCδ and Shc-mediated SHIP association, causes antigen-

induced SHIP tyrosine phosphorylation and regulation of mast cell degranulation suggesting us 

that PKCδ could act as both as a kinase and as a docking site for adaptors such as Shc, thereby 

regulating cell activation (Leitges et al., 2002). In support of this, Goerke et al have shown that 

PKCδ independent of its kinase activity could induce apoptosis in vascular smooth muscle 

cells (Goerke et al., 2002). 

It is clear that PKC isoforms have isoform specific functions in platelets depending on 

the agonist stimulation and amount of the agonist at the injured site. Studies from several labs 

also suggest that PKC isoforms have phosphorylation specific functions. Hence developing 
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PKC specific knock in mice with mutation at specific phosphorylation sites will help us 

identify the phosphorylation specific functions of PKC. Studies from our lab have shown that 

PKCδ upon stimulation with GPVI agonists, associates with SHIP1 and Lyn and negatively 

regulates GPVI-mediated platelet activation. This tri molecular association was not observed 

downstream of PAR4 stimulation and hence PKCδ is regulating PAR4-mediated platelet 

activation in a positive manner. We hypothesized that this differential regulation is due to 

PKCδ being differentially phosphorylated on its tyrosine residues probably required for its 

association with different molecules. In our studies (unpublished) we found that both GPVI 

and PAR4 agonists phosphorylate PKCδ on Y311, Y332, Y525 and Y565 in a similar manner 

whereas Y155 on PKCδ is specifically phosphorylated downstream of GPVI agonists. Hence 

we generated a PKCδ Y155F knock in mice to evaluate the role of this phosphorylation site in 

agonist-induced platelet responses. PKCδ Y155F knock in mice have double the number of 

WBCs (lymphocytes) compared to WT but the reason for this increased WBCs has to be 

investigated. In our preliminary studies, we found out that murine platelets mutated on 

PKCδ Y155 showed potentiated platelet responses compared to WT upon stimulation with 

GPVI agonists whereas murine platelets mutated on PKCδ Y155 did not show any difference 

in platelet responses upon stimulation with PAR4 agonist compared to WT. This result 

confirms our hypothesis that PKCδ through differential tyrosine phosphorylation by different 

agonists regulates agonist-specific platelet activation. Whether this PKCδ Y155 

phosphorylation regulates GPVI-mediated platelet activation by its association with SHIP1 is 

still under investigation.  
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Conclusions and Perspective 

In our current study we showed that CGX1037 is a novel PKC δ selective inhibitor and 

that PKD2 is a PKCδ specific substrate in platelets. Also we showed that Y311 phosphorylated 

PKCδ regulates ADP-induced thromboxane generation possibly by acting as a scaffold. 

Currently available inhibitors of PKC are mostly ATP competitive inhibitors inhibiting the 

ability of PKC isoforms to phosphorylate their downstream substrates and subsequent signaling 

responses. However, not all functions of PKC isoforms could be attributed to their catalytic 

activity as PKC isoforms also exhibit kinase independent functions in various cells possibly by 

acting as scaffolds (Goerke et al., 2002; Kim et al., 2012). Hence inhibitors have to be designed 

in a way that they bind to different domains of PKC isoforms to identify the role, played by 

individual domains of PKC isoforms. Also, inhibitors that inhibit/dissociate interactions 

between PKC isoforms and different molecules must be designed and studied for their impact 

in regulating cell functions.  

Apart from several roles played by various isoforms of PKC in platelet activation, PKC 

isoforms also seem to cross regulate each other directly (as shown in cardiomyocytes (Rybin et 

al., 2003)), or through other kinases or phosphatases and  as shown in chapter 3. Hence one 

should be cautious in developing drugs to target these isoforms as inhibiting one class of PKC 

isoforms might inhibit or potentiate the activity of other PKC isoforms leading to serious 

complications. As PKC isoforms also regulate α-granule release (P-selectin expression) (Chari 

et al., 2009a; Nagy et al., 2009) that has been suggested in regulating metastasis and 

inflammation (Coupland et al., 2012; Hayashi et al., 2000), PKC inhibition will help us treat 

cancers and inflammatory diseases. Furthermore, PKC isoforms play an indispensable role in 

regulating various functions such as thrombosis, heart failure, ischemia–reperfusion injury, 
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metastasis, cell division, development, apoptosis etc. (Bynagari-Settipalli et al., 2010; 

Koivunen et al., 2006; Reyland, 2007), hence, caution must be exercised while using these 

PKC inhibitors to treat a specific disease as they might affect other functions of the body. This 

is precisely why phosphorylation specific inhibitors of PKC will help us keep these non–

desirable side effects under check. Understanding isoform-specific and phosphorylation-

specific functions of PKC isoforms will in future, help us design drugs that target only specific 

phosphorylation sites on PKC which are less conserved and inhibit only specific functions 

elicited by PKC isoforms such as inflammation or granule release or thromboxane generation 

or hemostasis or thrombus formation based on the disease treated. Since we show that PKCδ is 

involved in regulating agonist-induced thromboxane generation, using inhibitors of PKCδ 

tyrosine phosphorylation might act as anti-thrombotic drugs. 
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