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ABSTRACT 
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Platelets are primary components of hemostasis. However, incongruous activation of 

platelets lead to thrombosis, which result in multiple cardio-vascular and cerebro-

vascular complications. Thus, platelet activation is tightly regulated. Molecular 

components that aid in activation of platelets have been extensively studied. However, 

molecular pathways that negatively regulate platelet activation and prevent accidental 

activation of platelets are poorly understood. In this study we investigated the molecular 

mechanisms that negatively regulate platelet activation.  

Protein Kinase C isforms (PKCs) are serine threonine kinases that regulate various 

platelet functional responses leading to hemostasis. Positive regulatory role of PKCs 

towards platelet aggregation and secretion has been extensively studied. However, we 

have recently demonstrated that PKCs negatively regulate ADP- induced thromboxane 

generation. The PKC isoforms and mechanism involved in this process have not been 

known. Thus, in this study we investigated the mechanism by which PKCs negatively 

regulate ADP-induced thromboxane generation and identified PKC isoforms that regulate 

thromboxane generation.  
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Thromboxane generation in platelets is a multi-step process beginning with cPLA2 

activation. cPLA2 activation is the rate limiting step in the process of thromboxane 

generation. Furthermore, cPLA2 activation is regulated by ERK and calcium in various 

cell systems including platelets. PKC inhibition potentiated both cPLA2 and ERK 

activation, suggesting that PKCs negatively regulate thromboxane generation by 

regulating ERK activation, which in turn regulates cPLA2 activation. Furthermore, we 

have also shown that PKCs negatively regulate ADP-induced calcium mobilization. ADP 

activates platelets via P2Y1 and P2Y12 receptors. P2Y12 receptor-mediated signaling is 

shown to positively regulate P2Y1-mediated calcium mobilization in platelets. 

Furthermore, PKCs are shown to negatively regulate P2Y12 receptor desensitization in 

platelets. Thus, we investigated if PKCs regulate calcium mobilization indirectly by 

regulating P2Y12 receptor function. However, PKCs regulate calcium mobilization 

independent of P2Y12 receptor signaling. In summary we have shown that PKC isoforms 

negatively regulate ADP-induced thromboxane generation by regulating calcium 

mobilization and ERK activation that inturn regulates cPLA2 activity.  

We further investigated the PKC isoforms involved in this process. Based on our results 

with Go-6976, a classical PKC inhibitor and GF109203X, a pan PKC inhibitor, we 

identified that that novel or atypical PKC isoforms are involved in negative regulation of 

ADP-induced thromboxane generation. Thus, we investigated the role of various novel 

class of PKC isoforms (nPKCs) in platelets. We first investigated the nPKCs activated by 

ADP. In aspirin-treated platelets, ADP failed to activate nPKC θ and δ non-stirring 

conditions. Thus, we conclude that these isoforms are not involved in negative regulation 
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of thromboxane generation. We further investigated if other non-classical PKC isoforms 

i. e nPKC η and ε  or atypical PKC isoforms could be involved in this process.  

We began our investigation with the mechanism of activation and functional role 

of nPKC η in platelets. The mechanism of activation of PKCs has been extensively 

studied in various cell systems including platelets. However, the mechanism by which 

they are inactivated is not completely understood. In this study, we demonstrate a novel 

mechanism of inactivation of nPKC η isoform by integrin associated serine/threonine 

phosphatase. we demonstrated that ADP activates nPKC η via P2Y1 receptor coupled to 

Gq. As expected, Gi pathway, which does not generate DAG or mobilize calcium, has no 

role in regulation of nPKC η. Interstingly, we show that upon activation of platelets, 

αIIbβ3 mediated outside-in signaling dephosphorylates nPKCη through PP1γ phosphatase. 

We have also evaluated the role of nPKC η using η-RACK antagonistic peptides 

that interfere with enzyme-substrate interaction. Similar antagonistic peptides have been 

successfully used in various cell systems such as cardiomyocytes  and neuronal cell. 

Using η-RACK antagonists we have demonstrated that nPKC η positively regulates 

agonist- induced thromboxane generation with no effect on agonist- induced platelet 

aggregation. The peptides were targeted in to the cell using TAT carrier protein, which is 

also used as a negative control for these experiments. The specificity of η-RACK 

antagonistic peptides is further elucidated by the fact that they do not affect the platelet 

aggregation.  
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In summary, nPKC η is activated by ADP via P2Y1 receptor and is dephosphorylated by 

integrin αIIbβ3 via PP1γ phosphatase. Furthermore, activated nPKC η positively regulates 

ADP- induced thromboxane generation with no effect on aggregation.  

Since, our aim was to investigate the nPKC isoforms that negatively regulate ADP-

induced thromboxane generation we investigated if nPKC ε is involved in this process. 

We made use of PKC ε knockout mice (PKC ε KO) for this process. We observed 

potentiated thromboxane generation in ADP-induced PKC ε murine platelets compared to 

witd type murine platelets. Thus, PKC ε might be one of the PKC isoforms involved in 

negative regulation of ADP-induced thromboxane generation. However, we failed to 

detect PKC ε in human platelets using western blot analysis. Since, PKC ε has been 

reported to be a part of platelet kinase repertoir, it could be limitation of our technique 

that we failed to detect it in western blot analysis.  

Since, PKCs negatively regulate ADP-induced thromboxane generation, we also 

investigated if PKCs also regulate PAR-mediated thromboxane generation. Similar to 

ADP, PAR-mediated thromboxane generation is not affected by Classical PKC isoforms. 

Furthermore, although non-classical PKC isoforms negatively regulate thromboxane 

generation, the extent of negative regulation is smaller and non-significant compared to 

ADP. Thus, we investigated if activation of nPKC isoforms were different between ADP 

and AYPGKF (PAR4 agonist). While, ADP fails to activate nPKC δ and θ, PARs 

activate Them. Furthermore, we have recently demonstrated that nPKC δ and θ are 

positive regulators of PAR-mediated platelet functional responses. Therefore, PKC-

induced potentiation of thromboxane generation by ADP and PAR agonist are different 

due to differential activation of PKCs.  
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This data lead to our final project, where we investigated the reason for differential 

activation of nPKC isoforms by various platelet agonists. Using strong and weak platelet 

agonists and DAG analogue, DiC8, we demonstrated that different platelet agonists 

differentially regulate nPKC activation due to variable amounts of DAG generated by 

them. Furthermore, we also have demonstrated that nPKC η and ε have higher affinities 

to DAG compared to nPKC δ and θ. 
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CHAPTER 1 
 

INTRODUCTION 
 

1.1 Physiological and Pathophysiological role of platelets. 
 
 
 Platelets are anucleated cells that originate from multi-nucleated megakaryocytes. They 

are 2-5 uM in size and live up to 7-10 days in circulation after they bud from 

megakaryocytes. They are very important components of Physiological process, 

Hemostasis and pathophysiological process Thrombosis (Robert W. Colman) . 

Hemostasis  

Blood is a fluid tissue that distributes necessary nutrients and oxygen to all cells. It is 

maintained in fluid state by endothelium. However, up on vascular injury, when 

endothelium ruptures, it initiates a process called Hemostasis, where platelets are 

activated to form a stable plug to stop bleeding and prevent blood loss. As shown in 

Figure 1.1. Hemostasis is a three step process, which involves 1) Vascular constriction 2) 

Platelet activation and plug formation and 3) Blood coagulation. As a primary response to 

vascular injury, vessel wall constricts and reduces blood flow the injured vessel. Platelets 

in residual shed blood get activated by highly reactive sub-endothelial matrix, which 

constitutes of several adhesive proteins including collagen, von willebrand factor (vWF), 

fibronectin, vitonectin and laminin. Such activated platelets undergo shape change, 

secrete contents of granules, generate thromboxane (TxA2) and finally aggregate to form 

primary platelet plug. Secreted molecules such as ADP, and TxA2 generated, recruit 

surrounding platelets to the site of injury and thus amplify the platelet plug. 

Simultaneously, tissue factor exposed from the sub-endothelial matrix initiates 
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coagulation cascades, which generate thrombin. Thrombin, apart from activating 

platelets, also cleaves fibrinogen to fibrin, which polymerizes and forms a fibrin clot that 

stabilizes platelet plug. Activated platelets apart from forming platelet plug, also expose 

negatively charged phospholipids such as phosphatidyl serine (PS), which provides an 

excellent platform for assembly of several factors involved in coagulation cascades. 

Thus, although vascular constriction is a first reflux in hemostasis it is transient and 

platelet activation is most important component of it. While platelet activation during 

hemostasis prevents blood loss, if the platelet plug formation is not regulated or if the 

platelet plug formed is not dissolved completely, it leads to pathological conditions 

termed as thrombosis and thrombo - embolism. 

 

 

 

 

 

 



 3 

 

Figure 1.1. Hemostasis. It is a physiological mechanism by which body stems blood, 

upon blood loss. It involves 1) Vasospasm 2) Platelet activation and 3) Coagulation. 
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Thrombosis  

As mentioned earlier endothelium prevents highly reactive sub-endothelial matrix from 

activating platelets and disturbing blood fluidity. Furthermore, endothelium also 

synthesize and release many platelet and coagulation cascade inhibitors such as, 

prostacyclins (PGI2) and nitric oxide. Endothelial cells also regulate thrombus growth by 

releasing thrombomodulin, which binds and inactivates thrombin. Ecto-ADPases on 

endothelium degrade ADP, accidentally released from platelet granules. Platelet 

activation or Fibrin clot formation during hemostasis is limited by fibrin fibres, which act 

as feedback inhibitors of thrombin. Furthermore, when active coagulation factors move 

along with blood stream and reach a healthy vessel wall environment they are rapidly 

degraded. However, under disease conditions such as hyperglycemia (diabetes) or 

hyperlipidemia (Atherosclerosis), endothelium fails to serve the above protective 

functions. Such endothelial dysfunction leads to unwanted platelet activation, 

uncontrolled fibrin clot formation, which occludes the blood vessel leading to thrombosis 

(figure 1.2). Thrombi formed in cerebrovascular system lead to stroke and if formed in 

coronary arteries lead to myocardial infarction (MI). In healthy individuals once the 

vessel wall repair occurs, Plasmin dissolves the clot and restores normal flow by the 

process termed as fibrinolysis. Incomplete fibrinolysis can loosen the platelet plug, which 

then detaches from the vessel wall and travel with the blood stream. This is called 

embolization of platelet plug. Thrombo-emboli formed in lungs is termed as pulmonary 

embolism. Therefore, platelet activation is very well regulated by various platelet 

agonists and receptors.  
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Figure 1.2 Cardiovascular system – associated complexities – Role of Platelets. 

Cardiovascular health is maintained by multiple cell systems, which exist in a fine 

balance with each other. Perturbation in vascular environment leads to multiple cellular 

dysfunctions and manifestation of several cardiovascular diseases. Platelet dysfunction is 

a part of numerous cardiovascular complexities. 
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Platelet Agonists  

Collagen and thrombin are the primary agonists that activate platelets up on vessel wall 

injury. Such activation leads to generation of Thrombin, thromboxane and release of 

ADP. These molecules inturn activate surrounding platelets, amplify the response and 

stabilize platelet plug formed. These agonists could be classified into two main classes: a) 

agonists that activate G-Protein Coupled Receptors (GPCRs), which include ADP, 

epinephrine, thrombin, TXA2 , serotonin and several other chemokines b) agonists that 

activate non-G-protein coupled receptors:  Collagen, vWF, fibrinogen, fibronectin, 

vitronectin. Based on their abilities to mobilize calciums ADP, epinephrine, could be 

classified as weak agonists, while collagen, serotonin, U46619 (a TXA2) analog and 

thrombin could be classified as strong agonists (Detwiler TC, 1980; Holmsen, 1977). 

Platelet Receptors 

a) GPCRs are seven transmembrane receptors that couple to heterotrimeric G-proteins 

and cause downstream signaling. Platelets express the alpha subunits of Gq, Gi1, Gi2, Gi3, 

Gz, G12, G13,, Gs and G16 (Brass et al., 1997; Offermanns, 2000; Ohlmann et al., 1995). 

Thrombin, ADP, epinephrine, serotonin and thromboxane activate platelets GPCRs 

(Brass et al., 1993a; Brass et al., 1993b). Thrombin activates PAR-1 and PAR-4 

receptors, which couple to Gq and G12 pathways. ADP stimulates P2Y12 and P2Y1 

receptors which couple to Gi and Gq proteins respectively, while thromboxane A2 

stimulates TP α/β receptors which couple to Gq and G12 proteins. Epinephrine activates 

platelelets via α2A -adrenergic receptors, which couple to Gi pathways, while serotonin 

acts via 5-Hydroxytryptmine (5HT) receptor, that couples to Gq pathway.   
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b) non-G-protein coupled receptors include Glyocoprotein receotors (Kunicki, 1989) and 

integrins(Prevost et al., 2007). Most important among these are glycoprotein VI (GPVI) 

receptors activated by collagen, GPIb/IX/V activated by vWF, and integrin receptors- 

αIIbβ3 activated by fibrinogen, α2β1 activated by collagen, α5β1 activated by fibronectin 

and α6β1 activated by laminin (Varga-Szabo et al., 2008). Collagen activated GPVI 

receptors are non-covalently bound to FcRγ that contains Immunotyrosine-based 

Activation Motifs (ITAMs).  

Platelet receptor signaling 

Gq pathways activate phospholipase C β (PLC β2), ITAM and integrin receptors via Syk 

and Src pathway lead to PLC γ2 activation(Kunicki, 1989; Offermanns, 2006; 

Offermanns, 2000; Prevost et al., 2007). PLC activation leads to calcium mobilization 

from the intracellular stores mediated by IP3 and PKC activation via the generation of 

DAG. Gi pathways via Gαi activates inhibitory adenylyl cyclase, which decreases cAMP 

levels and via Gβγ subunits activates PI3Kinases(Offermanns, 2006; Offermanns, 2000). 

Signaling from PLC and PI3K pathways is required for stable platelet activation(Kunicki, 

1989; Offermanns, 2000). A pictorial representation of the various platelet agonists and 

receptors is shown in Figure. 1.3a and 1.3b.  
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Figure 1.3a. GPCR agonists,receptors and signaling. GPCRs are seven transmembrane 

receptors that signal via G-Proteins. 
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Figure 1.3b. Non-GPCR agonists, receptors and signaling. Most of non-GPCR 

receptors are either integrins or Glyco protein receptors. These receptors trigger their 

signaling via tyrosine kianses. 
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Platelet activation 

Platelet activation could be divided in to four step process: 

a) Platelet Shape Change 

The first response of a platelet to an agonist is a change in their morphology from discoid 

to an intermediate spheroid shape by the disassembly of the microtubules. Following this, 

platelets slowly extend their filopodia followed by lamellipodia by the polymerization of 

actin (Hartwig, 2006). These processes aid in the adherence of platelets to the vessel wall. 

Calcium and p160 ROCK are the molecular mediators of GPCR -mediated shape change 

(Paul et al., 1999; Paul et al., 2003), whereas non-GPCR pathways mediate shape change 

only through calcium (Paul et al., 1999). 

b) Platelet Secretion(Reed, 2007) 

Actin cytoskeletal rearrangements that occur during shape change bring all the granules 

to the centre, where they fuse with open canicular system and secrete their contents. 

Molecules such as ADP released during secretion amplifies platelet responses by 

attracting surrounding platelets to the site of thrombus, which results in the growth of 

thrombus (Ryningen et al., 1998). Platelets granules are of three types– a) α−granules 

that contain pro-coagulant molecules such as P-selectin, fibrinogen and chemokines. 

They also contain some platelet specific proteins such as platelet factor -4 and β-

thromboglobulin. b) dense granules contain ADP, ATP, calcium and serotonin.They have 

acidic pH. c) lysosomal granules contain acid hydrolases, cathepsins and lysosomal 

membrane proteins. α−granules are the most abundant and dense granules are 10-fold 
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less abundant than α- granules (White, 1969). While weak agonists like ADP fail to 

cause dense granule secretion by themselves and depend on secreted TXA2 to cause 

dense granule secretion (Mills, 1996), strong agonists induce α− and dense granules 

secretion. Calcium and PKCs are the major mediators of granular secretion in 

platelets(Reed, 2007). These molecules activate myosin light chain kinase, which in turn 

phosphorylate myosin light chain and aid in cytoskeletal rearrangements (Stull et al., 

1993). PKCs through SNARE machinery cause secretion. 

C) Thromboxane A2 generation 

Thromboxane is a lipid mediator produced by platelets that attracts surrounding platelets 

to  the site of injury, (FitzGerald, 1991) activates them and thereby accelerates 

hemostasis.Furthermore, It  acts as a vasocontrictor and also stimulates mitogenesis in 

cells that helps in tissue repair during vascular injury. (Cheng et al., 2002) As shown in 

figure 1. TXA2 synthesis is multi-step process which begins at the membrane of platelet 

or dense tubular system. Membrane phospholipids are first cleaved at Sn-2 ester position 

leading to formation of arachidonic acid (AA) by Phospho lipase A2 (PLA2). AA is then 

metabolized in to thromboxane by enzymes such as prostaglandin G/H synthase (PGHS) 

and thromboxane synthase. 

Phospho lipase A2 (PLA2) –Structure, fnction and regulation 

Platelets contain two types of PLA2: secretory PLA2 (sPLA2) and cytosolic PLA2 

(cPLA2). cPLA2 is the major PLA2 in platelets. (Bartoli et al., 1994; Wong et al., 2002) 

cPLA2 consists of a N-terminal regulatory domain and c-terminal catalytic domain 

connected by a hinge region in the middle. Regulatory domain consists of C2 domain, 

which binds calcium and regulates cPLA2 mobility to membrane and thereby its activity. 
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(Channon et al., 1990) Furthermore, cPLA2 activity is also shown to be regulated by 

phosphorylation at Ser 505 residue mediated by ERK 1/2 (Garcia et al., 2005) or p38 

MAP kinase. (Kramer et al., 1996) Phosphorylations at Ser 727 by Protein Kinase C s is 

also known to regulate cPLA2 catalytic activity in some cell systems. (de Carvalho et al., 

1996) In platelets, some studies suggest  that cPLA2 phosphorylation is not regulated by 

PKCs. (Borsch-Haubold et al., 1995) However, as these studies were not done using anti- 

phospho Ser 727 cPLA2 antibodies, this area needs to be further evaluated. AA generated 

in plasma membrane by cPLA2 is acted up on by PGHS. (Li et al., 2006) 

Prostaglandin G/H synthases (PGHS) – Classification, function, pharmacological 

inhibitors 

Prostaglandin G/H synthases are dimmers with dual properties, first cyclooxygenase 

property (COX), which converts AA that produces unstable product PGG2 and 

Hydroperoxidase (HOX) property which converts PGG2 to PGH2. (Li et al., 2006) 

PGHS-1 or COX-1and PGHS-2 or COX-2 are two isoforms of PGHS. While, both the 

isoforms are found in Megakaryocytes and immature platelets, only COX-1 is expressed 

and constitutively active in mature platelets. (Patrignani et al., 1999; Rocca et al., 2002; 

Zimmermann et al., 2003). Inhibition of COX-1 or COX-2, have been proven to provide 

several cardiovascular benefits under pathological conditions. (Coruzzi et al., 2007; 

Moyad, 2001; Stillman et al., 2007) Among all COX inhibitors, aspirin (Acetyl salicylic 

acid), which acetylates and irreversibly inhibits COX enzymes is shown to provide 

maximum benefits against cardiovascular pathologies. (de Gaetano et al., 2003; Moyad, 

2001).  AA is also a major substrate for 12-lipoxygenase, an enzyme constitutively active 

in platelets and converts AA to 12-hydroperoxyeicosatetraenoic acid (12-HPETE) and 
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12- hydroxyeicosatetraenoic acid (12-HETE), a stable product. 12-HETE is in turn acted 

up on my 5-lipoxygenase that leads to production of luekotrienes. Once PGH2 is 

generated by PGHS, it is acted upon several isomerases and synthases that produce a 

variety of eicosanoids including PGE2, PGF 2α PGI2 and TXA2 in platelets. (Broekman et 

al., 1989) Among these, the major eicosanoid, which acts a feedback activator of platelets 

and helps in growth of platelet plug is TxA2. PGH2 when acted up on by Thromboxane 

synthase generates TXA2. 

Thromboxane Synthase and TP receptors 

Thromboxane synthase is a constitutively active Ferri-hemo enzyme in dense tubular 

system of platelets that catalyzes conversion of PGH2 to TXA2.(Shen et al., 1998) It is a 

member of cytochrome P450 family of enzymes that are active when boud to ferric ion. 

Thromboxane synthesis is limited by inactivation of Thromboxane synthase, which either 

involves a covalent modification where substrate or product are tightly bound at the 

catalytic site or degradation of enzyme where heme prosthetic group is cleaved. 

(Fitzpatrick et al., 1991; Jones et al., 1991) TXA2 thus generated has a short half life of 

30 seconds, which limits its availability in the surrounding milieu.(Patrono et al., 1986) 

Thus it crosses the membrane barrier and act as autocrine or paracrine activator on 

platelets and endothelial cells in close proximity. TXA2 acts via TPα in human platelets 

that couple to Gq and G12/13 pathway.  

d) Platelet aggregation 

GPCR and non-GPCR agonist-induced signaling also termed as inside-out signaling 

induces a conformational change in fibrinogen receptor: integrin αIIbβ3 and causes its 

activation. Such an activated integrin αIIbβ3, can now bind fibrinogen and cause further 
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signaling termed as outside-in signaling (Shattil et al., 1998). Fibrinogen not only 

reinforces platelet activation, it also brings two platelets together to form platelet 

aggregates and finally a platelet plug. Outside-in signaling pathway is shown to cause 

PLC γ2 activation which generates calcium and PKCs (Watson et al., 1988) (Quinton et 

al., 2002a). Outside-in signaling is also shown to activate tyrosine kianses and PI3 

kinases.  

 

Protein Kinase C 

Protein Kinase Cs (PKCs) are serine/threonine kinases that regulate various platelet 

functional responses.  

a) Structure and Classification. 

The family of Protein Kinase C belongs to a larger superfamily of AGC kinases, which 

phosphorylate their substrates at serine/threonine residues.  The PKC family is comprised 

of eleven isozymes (α, βΙ, βΙΙ, γ, δ, θ, ε, η, λ/ι, µ, ζ). (Mellor et al., 1998; Newton, 2003) 

Typically a PKC isoform consists of a C-terminal catalytic domain and N-terminal 

regulatory domain joined by a hinge region. The regulatory domain is composed of three 

domains: (Figure 1.4) 1) Pseudosubstrate domain, is the auto-inhibitory domain that 

binds the substrate binding pocket of the enzyme and keeps the enzyme inactive(House et 

al., 1987a). This region resembles substrate, except that the conserved phospho-acceptor 

residue is substituted by alanine. (House et al., 1987b) 2) The C1 domain binds 

diacylglycerol (DAG), phorbol esters and anionic phospholipids such as phosphatidyl 

serine (PS). (Hurley et al., 1997; Nakamura et al., 1989) This region is cysteine rich and 

is in turn divided into C1A and C1B domains. C1A domain binds phosphatidyl serine, 
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while C1B domain binds DAG (Giorgione et al., 2003; Lorenzo et al., 1999) 3) C2 

domain, the calcium binding domain, (Luo et al., 1993) also contains the 

sequences(pseudo-RACK) (Ron et al., 1995b) that bind receptors for activated C Kinases 

(RACKS). RACKS are involved in targeting activated PKCs to various sub-cellular 

locations to access their respective substrates. The catalytic domain is the kinase core of 

the enzyme. It consists of 1) activation loop, 2) turn motif, and 3) hydrophobic motif.  

Based on the structure of the regulatory domain and their cofactor requirements, PKCs 

are classified into three groups (O'Brian et al., 1989; Parker et al., 2004; Stabnel, 1994) 

(Figure 1.4) 1) Classical isoforms (cPKCs: α, βI, βII, γ) contain both C1 and C2 domains, 

and thus require both DAG and Ca2+ for activation. Calcium bound C2-domain facilitates 

C1 domain-DAG interaction. 2) Novel isoforms (nPKCs: δ, θ, η, ε) contain C1 domain 

and lack calcium binding C2 domain. Thus, nPKCs require only DAG for activation. C1 

domain in nPKCs binds DAG with higher affinity than C1 domain of cPKCs as Tyr 22 in 

cPKCs is substituted to Trp in nPKCs. (Dries et al., 2007) Thus, DAG-binding is 

sufficient to cause the conformational change in nPKCs required for activation. nPKCs 

contain a C2-like domain that lacks several aspartate residues in Ca2+ binding pockets 

leading to Ca2+ -independence of novel PKC isoforms. (Sutton et al., 1998) 3) Atypical 

PKC isoforms (ζ, ι/λ) lack a part of C1 domain and C2 domain, and thus do not require 

Ca2+ and DAG for activation(Newton, 1995). Instead aPKCs contain a PB1 domain that 

binds PS and also is involved in several protein–protein interactions. (Hirano et al., 2004) 

There are also reports that indicate presence of a pleckstrin homology (PH) domain that is 

regulated by phosphoinositide-3,4,5-trisphosphate (PIP3). (Nakanishi et al., 1993; 

Nakanishi et al., 1992) PKC µ or mouse homologue PKD1 and PKC ν or mouse  
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homologue PKD3 also belong to PKC subfamily, as they share homologous catalytic 

domains. 

 

 

 

Classical: α, β, γ 

Novel: δ, θ, η, ε 

Atypical: ζ, Ι, µ/λ 

  

 

Figure 1.4 PKC structure and classification. PKC are serine/threonine kinases with a 

c-terminal catalytic and N-terminal regulatory domain.  

b) Mechanism of activation: 

PKCs are usually cytosolic and are mobilized to membrane upon extracellular signaling. 

PKC activation is tightly regulated and is a three step process. (Newton, 1997) 1) 

Cofactor binding (Blobe et al., 1994; O'Brian et al., 1989): Upon extracellular signaling 

that leads to Phospholipase C (PLC) activation, phosphoinositol-4,5-bisphosphate (PIP2) 

is cleaved, and inositol-1,4,5-trisphosphate (IP3) and membrane-bound DAG are 

generated.  IP3, in turn, releases calcium from internal stores. These changes are sensed by 

C1 and C2 domains of PKCs respectively, which bind to intracellular anchoring proteins 

(PDZ domain containing proteins) that leads to translocation of enzyme to the membrane, 

where they bind their respective cofactors. (Newton, 2001; Newton et al., 1998) 2) 

Conformational change: Binding to cofactors produces a conformational change in 

PKCs, which results in the release of auto inhibition by pseudosubstrate domain, 
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exposing the substrate binding pocket of the catalytic domain 3) Phosphorylation 

(Newton, 2003): As the substrate binding pocket of PKC is exposed, phosphoinositide-

dependent kinase 1(PDK1) in the membrane phosphorylates conserved threonine residue 

in activation loop(Keranen et al., 1995). This event leads to autophosphorylation of 

conserved serine/threonine residues in turn and hydrophobic motifs. (Behn-Krappa et al., 

1999; Dutil et al., 1994) Phosphorylation on these residues prevents the pseudosubstrate 

domain from folding back into the substrate binding pocket and stabilizes PKC in its 

active conformation. (Dutil et al., 1994; Edwards et al., 1997) In addition, 

phosphorylated turn motif residue and leucine that precedes the turn motif residue are 

known to bind heat shock proteins (Hsp70) that keep enzyme in the open conformation. 

(Gao et al., 2006) Although, the sequence of events involved in mechanism of activation 

vary between classical and novel class of PKC isoforms, the stages of activation are 

essentially the same. (Cameron et al., 2007) Phosphorylation of activation loop residue 

by PDK1 is also an important regulatory step in activation of atypical PKC isoforms, 

(Egawa et al., 2002; Standaert et al., 2001) as atypical isoforms are insensitive to calcium 

and DAG. Receptor stimulation or increase in intracellular PIP3 activates PDK1 that 

phosphorylates atypical PKC isoforms. (Kanoh et al., 2003) Caspase cleavage at the 

hinge region, that separates regulatory and catalytic domain, and leaves the enzyme 

active, is another mechanism of activation proposed for atypical PKCs (Frutos et al., 

1999; Smith et al., 2003) and some novel PKCs such as ε, δ. (Basu et al., 2002; 

Koriyama et al., 1999) Although caspase cleavage is not a traditional mechanism of 

activation, it is reported to be a mechanism in some immune cells. 
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As phosphorylation of PKCs is a prerequisite to attain and maintain active conformation, 

several antibodies are raised against the conserved residues to monitor enzyme activation. 

(England et al., 2003) Fluorescence imaging and subcellular fractionation are used to 

observe PKC translocation (Saito, 2003) and in vitro phorbol-ester binding assays are a 

few other ways that PKC activation is measured. (Lewin et al., 2003) 

C) Regulation of PKC activation 

Tyrosine phosphorylation on PKCs by Src Family Kinases (SFKs) is shown to be an 

important regulatory mechanism by which PKCs interact with substrates or scaffolding 

proteins. (Joseloff et al., 2002; Konishi et al., 1997; Li et al., 1994) Furthermore, this 

could also be a mechanism by which tyrosine kinases and serine/threonine kinases cross-

talk in a cell. Some studies also suggest that this phosphorylation leads to termination of 

PKC enzyme activity in certain cells. (Denning et al., 1993) 

The activated enzyme further needs to be translocated to its substrate at various 

subcellular locations to render its catalytic activity. This process is facilitated by 

intracellular scaffolding proteins such as RACKs. PKCs bind RACKs through their C2 

domain. Apart from translocating PKCs to their respective substrates, RACKs also act as 

adaptor proteins as they can bind tyrosine kinases such as Src, Phospholipase C γ (PLC γ) 

and integrins. (Schechtman et al., 2001) Each PKC has a unique RACK sequence and 

thus binds respective intracellular RACK. This interaction brings about the specificity of 

function for each PKC isoform. (Souroujon et al., 1998) 

C-terminal tail of PKC is another region that contributes to substrate accessibility. For 

example, C-terminus of PKCα contains a sequence, QSAV, that binds PDZ domain 

containing proteins, which serve as adaptors and aid in the translocation of PKCα to 
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respective signaling molecule. (Leitges et al., 2004) Apart from binding to DAG, the 

C1A domain also serves a scaffolding function. (Colon-Gonzalez et al., 2006) 

C) Mechanism of inactivation 

PKC down regulation pathways and molecules that trigger down-regulation of PKC 

activity are still being identified. However, some studies revealed a few mechanisms by 

which specific PKCs are down-regulated.  

i) Reverse translocation, the mechanism where PKC bound to membrane moves back to 

cytosol is shown to be a mechanism by which PKCs are inactivated. This process appears 

to be coupled to receptor desensitization. (Feng et al., 1998) Several studies have 

reported that PKCs have to be in open conformation with their intrinsic catalytic activity 

to undergo degradation. In certain instances, autophosphorylation (Feng et al., 2000) and 

tyrosine phosphorylations (Takahashi et al., 2004) promote reverse translocation and 

degradation. 

ii) Decrease in concentration of cofactors is also a mechanism by which PKCs are down-

regulated. PKC activity is correlated to cofactor concentrations. (Gallegos et al., 2008; 

Violin et al., 2003) Furthermore, activation of diacyl glycerol kinases (DGK), has been 

correlated to inactivation of PKC. (Luo et al., 2004; Miele et al., 2007) DGKs are 

enzymes that phosphorylate DAG and decrease its concentration in cells. (Topham, 2006; 

Topham et al., 2002) Interestingly, some reports suggest that DGK activation is regulated 

by PKCs, (Luo et al., 2003) possibly a feedback mechanism designed to regulate its own 

enzyme activity.  
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iv) Although it is known that the hinge region in PKCs is susceptible to proteases such as 

calpain, further studies are required to determine physiologic relevance. (Catherine A. 

O'Brian, 2000; Kishimoto et al., 1989)  

v) Dephosphorylation of the activation loop residue is suggested to be another 

mechanism by which PKC enzyme activity is down-regulated. (Borner et al., 1989; 

Gysin et al., 1996; Lee et al., 1996a)  Type1 and Type 2 family of protein phosphatases 

(PP1 and PP2), are serine/threonine phosphatases implicated in dephosphorylation of 

PKCs. We have previously demonstrated that PP1γ phosphatase dephosphorylates thr 

512, the activation loop residue of PKC η. (Bynagari et al., 2009) Interestingly, this 

dephosphorylation appears to be integrin-dependent. PP2A is also reported to 

dephosphorylate aPKCs. (Nunbhakdi-Craig et al., 2002) PH-domain Leucine-rich repeat 

Protein Phosphatase (PHLLP) is a new family of serine/threonine phosphatases shown to 

regulate phosphorylation status and protein levels of PKC isozymes. (Gao et al., 2008)   

vi) The most widely studied mechanism of down-regulation of PKCs is ubiquitination 

and subsequent proteosomal degradation of the enzyme. C1A domain is shown to bind 

E3 ligase, the enzyme that binds E2 ligase, which in turn ubiquitinates PKCs. (Chen et 

al., 2007)However, the signal that triggers PKC ubiquitination and proteosomal 

degradation has not been elucidated yet. The trigger appears to be dependent on the type 

of PKC isoform, cell and localization of PKC in the cell. In most studies, PKC requires 

phosphorylation and catalytic activity for proteosomal degradation. (Kang et al., 2000; 

Lu et al., 1998) However, PKC phosphorylation is not always required for proteosomal 

degradation and dephosphorylation of the activation loop residue can precede 

degradation. (Lee et al., 1996b) The most common mechanism that initiates 
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ubiquitination of proteins is phosphorylation of PEST (Proline, glutamate, serine and 

threonine) sequence. (Medintz et al., 2000; Rogers et al., 1986) PKCs also contain this 

sequence and it might contribute to degradation. (Lee et al., 1997) Interestingly, some 

studies have shown that PKCs are also ubiquitinated before activation, which appears to 

be the mechanism by which total PKC enzyme levels are maintained in cell. An E3 

ligase, RINCK is shown to bind inactive PKCs such as PKC α, βII, δ. (Chen et al., 

2007)  RINCK binding is shown to ubiquitinate PKC β in vitro and in vivo. (Chen et al., 

2007) 

Tools to study functional role of PKCs 

PKC inhibitors and activators: 

Several PKC inhibitors and activators are naturally occurring. (Mischiati et al., 2008) 

Some of these compounds have been modulated to develop efficacious activators and 

inhibitors of PKCs. PKC inhibitors and activators have also been successfully taken to 

clinical trials to treat various diseases including cardiovascular disorders. PKC isoforms 

can regulate distinct cellular functions and different PKC isoforms may have opposing 

regulatory roles. (Chen et al., 2001; Dempsey et al., 2000) (Chen et al., 2001; Churchill 

et al., 2007; Gutcher et al., 2003) Thus, it is necessary to use PKC isoform specific 

inhibitors, to increase beneficial effects and decrease damaging effects. Currently several 

PKC inhibitors targeting distinct sites on PKC are available (Figure 1.5). Specificity of 

each PKC isoform inhibitor depends on its structure and site of action on PKC (Figure 

1.5 ). Since, each PKC has a distinctive pseudo RACK sequence that binds to specific 

RACK, peptide inhibitors and activators derived from these sequences offer promising 

specificity to each PKC isoform. (Budas et al., 2007; Dorn et al., 1999; Souroujon et al., 
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1998) Indolactams and their derivatives benzolactams are another class of compounds 

that bind the C1A or C1B domain with different sensitivities and activate specific PKC 

isoforms.  (Irie et al., 2004) 

Pan-PKC Activators 

Phorbol esters such as Phorbol 12-myristate acitate (PMA)) (Kuchtey et al., 1999) or 12-

O-Tetradecanoylphorbol-13-acetate(TPA) (Barbosa et al., 2003) are widely used 

activators of cPKC and nPKC isoforms. They are derived from plants that belong to the 

Euphorbiaceae family. (Beutler J. A., 1989) TPA has been used in Phase I clinical trials 

to treat myeloid Leukemia Patients. (Strair et al., 2002) However, these compounds 

should be used with caution in signaling studies, as, TPA is known to mimic interleukin 

1, and also act as calcium ionophore, which triggers lymphocyte proliferation. (Marks et 

al., 1981; Mastro et al., 1982a; Mastro et al., 1982b; Mastro et al., 1982c; Mastro et al., 

1983)  -(-)indolactam-V is a pan-PKC activator(Wang et al., 1999), derived from 

mycelia, Actinomycetes. (Moore, 1982) Bryostatin1, (Gschwendt et al., 1988) derived 

from Bryozoan, Bugula neritina, (Steube et al., 1993) is another PKC activator, which 

has been evaluated in Phase I clinical trial alone (Varterasian et al., 1998) or in 

combination with Fludarabine (Roberts et al., 2006) to treat leukemia.  Bryostatin 1 has 

also been tested in Phase II clinical trials in patients with Lymphoma and Leukemia. 

(Varterasian et al., 2000) However, Bryostatin has dual effects and long-term exposure to 

bryostatin can inhibit PKCs. (Gschwendt et al., 1988) Decursin, derived from roots of 

Angelica Gigas, is different from other phorbol esters as the kinetics of PKC activation, 

downregulation and cellular localization are different. (Ulanova et al., 2005) 

Furthermore, it also is shown to be a selective to classical PKC activator, at low? 
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concentrations.(Kim et al., 2005a; Kim et al., 2005b) In preclinical studies, Decursin has  

beneficial effects in nephropathy, renal complications associated with diabetes in rat 

models, (Chong et al., 2003) and prostate cancer chemotherapy. (Ohshima, 2004; Singh 

et al., 2006)  Mezerein, a PKC activator, (Nishio et al., 1994; O'Flaherty et al., 1990) is a 

resin isolated from bark and seeds of Daphne mezereum (Ronlan et al., 1970). Mezerein 

is known to increase calcium sequestration in saponized platelets. (Nishio et al., 1994) 

Vitamin A or Retinoic acid, while known to be a PKC inhibitor, (Serova et al., 2006) was 

recently shown to activate PKC δ. (Oh et al., 2010) Retinoic acid is also in Phase II 

clinical trials as a combinational therapy to treat cancer. Furthermore, retinoic acid also is 

shown to modulate tissue factor (TF) expression, which plays a crucial role in thrombus 

formation. (Houston, 2002) 

Pan-PKC inhibitors  

Staurosporine is a PKC inhibitor, produced by Streptomyces, which can also inhibit 

Tyrosine kinases. (Wilkinson et al., 1993) Modifications in staurosporine to increase its 

specificity towards PKCs have led to a new generation of compounds called 

Bisindolmaleimides: GF109203X and RO-3182290. GF109203X is selective to PKCs, 

(DominiqueToullec, 1991) while RO-3182290 inhibits all PKC isoforms, it also inhibits 

other serine/threonine kinases. (Davies et al., 2000) Calphostin C is also a pan PKC 

inhibitor, extracted from fungus Cladosporium cladosporides,  that non-specifically 

inhibits tyrosine kinases, such as, syk. (Yamamoto et al., 2003) Unlike Staurosporine and 

Bisindolylmaleimides which act as ATP competitors and inhibit PKC activation, 

Calphostin C modifies DAG-binding C1 domain in PKC, and prevents its activation. 

(Straub et al., 2004) 
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Classical PKC activators 

(2S,5S)-8-Decylbenzolactam V is a derivative of indolactam V from Actinomycetes 

which activates all classical PKC isoforms by binding to the C1 domain. (Kozikowski et 

al., 1997) 

Classical PKC inhibitors 

GO-6976, an indocarbazole derivative of staurosporine, was designed to specifically 

inhibit classical PKCs. However, like Staurosporine, GO-6976 also inhibits Syk Tyrosine 

kinase. (Yamamoto et al., 2003) UCN-01 and PKC-412 are other indocarbazole 

derivatives of staurosporine, which are relatively non-specific inhibitors of conventional 

PKCs that also inhibit other cyclin dependent kinases. (Serova et al., 2006) On the other 

hand, the bisindolylmaleimide derivative of staurosporine, LY333531 has been the most-

promising isoform selective inhibitor that inhibits PKC β Ι and β II. It is currently in 

Phase III clinical Trial in patients with Diabetes Mellitus associated visual complications. 

(Aiello et al., 2006; Davis et al., 2009) β1V5-3, βIIV5-3, and γV5-3 are peptides derived 

from intracellular RACK sequences that inhibit the enzyme activity by competing with 

intracellular RACKs, binding to RACK binding site on PKCs, and  blocking the PKC 

enzyme activity. (Budas et al., 2007) β1V5-3, βIIV5-3 have been shown to block cardiac 

hypertrophy. (Budas et al., 2007) 

Novel PKC activators 

1-hexylindolactam-V10, a derivative of indolactam V from Actinomycetes, activates all 

nPKC isoforms by binding to the C1 domain. (Yanagita et al., 2008) DiC8 and its 

derivatives are DAG analogues that also bind C1 domain and lead to nPKC activation. 

(Ebanks et al., 1989) However, with the growing list of C1 domain containing proteins 
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(Colon-Gonzalez et al., 2006) it is quite possible that these compounds could also 

activate other proteins such as RasGRPs, Chimerins. (Kazanietz, 2005) Other modified 

indolactam V derivatives, such as 7-decylbenzolactam-V8, activates nPKC δ and ε,  (Ma 

et al., 2002) while, 8-octyl-benzolactam-V9 activates nPKC ε and η. (Nakagawa et al., 

2006) Coleon U, is a diterpene derivative of Plectranthus grandidentatus that activates 

nPKC δ and ε. (Coutinho et al., 2009) Diazoxide, a nPKC ε activator, (Kim et al., 2006a) 

has been tested in healthy human volunteers to evaluate its effect on hypertension and 

oedema. (van Hamersvelt et al., 1996) Diazoxide has also been used in preclinical studies 

to evaluate the reduction in pancreatic beta cell apoptosis and abdominal obesity in 

diabetic rat models. (Guo et al., 2008; Huang et al., 2007) There are also reports that 

suggest that diazoxide is primarily a ATP- activated potassium channel opener. (Wei et 

al., 2005) Thus, this compound might not be a reliable tool to study nPKC ε-mediated 

signaling. Ψ-ε RACK peptide is another nPKC ε activator derived from the intracellular 

RACK sequence that binds to the RACK binding site on PKC and activates it. 

(Souroujon et al., 1998) Ψ-ε RACK peptide is shown to provide protection against 

cardiac ischemia. Several such activators for novel and classical PKC isoforms have been 

designed based on the same strategy. (Budas et al., 2007; Dorn et al., 1999; Inagaki et al., 

2003) 

Novel PKC inhibitors: 

V1-1, ∑V1-2 , θV1-1 and ηV1-2 are RACK derived inhibitors of PKC (Budas et al., 2007).  

V1-1 has been shown to offer protection against cardiac ischemia and cerebral injury. 

As mentioned earlier pseudosubstrate domain of PKCs occupies substrate binding pocket 

of catalytic domain and keeps the enzyme inactive. Thus, as pseudosubstrate sequences 
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are unique for each PKC, researchers have derived peptides from innate psuedosubstrate 

sequence in PKCs , which occupy the catalytic domain and permanently inhibit its 

catalytic activity, even under conditions where cofactors are available. (Eichholtz et al., 

1993) These peptides are myristoylated or palmitoylated to facilitate passage through cell 

membrane. (Ward et al., 1993) However, these myristoylated peptides can elicit various 

non-specific signaling mechanisms (independent of PKC activation) in a cell that 

decrease the enthusiasm for these peptides. 

Atypical PKC activators and inhibitors 

There are no aPKC activators reported, yet. Thus, most of the studies were done using  

aPKC inhibitors. aPKC ζ  is inhibited by myristoylated PKC ζ inhibitor and reports 

suggest that this inhibitor exerts cardioprotective effects in ischemia and reperfusion 

injury(Phillipson et al., 2005). 2-(6-Phenyl-1H-indazol-3-yl)-1H-benzo 

imidazoles is another compound which is shown to selectively inhibit PKC ζ. (Trujillo et 

al., 2009) 
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Figure 1.5 PKC isoforms- Inhibitors and activators. PKC isoforms have several 

regulatory sub-domains that regulate activation of PKCs. Furthermore, some of these 

regulatory sub-units are unique to each isoform. Thus, some of the compounds have been 

chemically modified to inhibit or activate certain PKC isoforms. 

 

Gene knockout approaches 

PKC α, δ, η, θ, ε, ζ gene knockout have been reported to date. With the exception of 

PKC η and ζ null mice, these mice are commercially available from Jackson 

Laboratories. All PKC gene knockout animals are viable. However, levels of PKC 

isoform expression in cardiovascular tissues among various species have been reported to 

be different. (Erdbrugger et al., 1997) 
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Role of PKCs in Thrombus formation  

PKCs phosphorylate multiple proteins upon platelet activation. (Kim et al., 2002; 

Quinton et al., 2002a; Tsukuda et al., 1988) In the early 80’s, reports suggested that PKC 

isoforms regulate calcium extrusion from platelets and increase PLC activity. (King et 

al., 1990; Pollock et al., 1987) Studies in the subsequent years showed that PKC in 

synergy with calcium regulates platelet α−granule and dense granule secretions, upon 

stimulation with collagen or thrombin that activate PLC. (Rink et al., 1983; Walker et al., 

1993; Yoshioka et al., 2001) PKCs may synergize with calcium via a G-protein exchange 

factor, CalDAG-GEFI to activate the fibrinogen receptor. (Cifuni et al., 2008) In human 

and murine platelets, PKCs regulates platelet aggregation by contributing to fibrinogen 

receptor (αIIbβ3) activation resulting in platelet aggregation under flow. (Quinton et al., 

2002b; Strehl et al., 2007) PKCs contribute to stable adhesion to collagen under flow 

conditions but not to the initial attachment. (Polanowska-Grabowska et al., 1999)  

Using broad-spectrum PKC inhibitors, PKCs have been implicated in both platelet inside-

out and outside-in signaling and therefore regulate irreversible platelet adhesion, 

spreading and thrombus growth. Stimulation of platelets with phorbol myristate acetate 

(PMA), results in activation of PKC isoforms that lead to the activation of αIIbβ3  and 

platelet spreading by phosphorylating Focal adhesion kinase (FAK). (Haimovich et al., 

1996) PKCβ and PKCθ  are identified  as the major players in integrin signaling. 

(Buensuceso et al., 2005; Soriani et al., 2006) This was confirmed by co-

immunoprecipitation experiments where only PKCβ and PKCθ  associated with the β3 

cytoplasmic tail. PKCβ was found to localize to lamellipodial edges and focal complexes, 

suggesting that PKCβ  regulates the early phase of αIIbβ3 –signaling pathway 
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(Buensuceso et al., 2005), whereas PKCθ  associates with Btk and phosphorylates 

Wiskott-Aldrich syndrome protein (WASP), and thereby regulates actin remodeling. 

(Soriani et al., 2006) PKCs that are activated by αIIbβ3 promote irreversible platelet 

adhesion to vWF thereby contributing to the platelet arrest under high shear conditions. 

(Giuliano et al., 2003) Therefore, PKCs are implicated in the regulation of initial platelet 

adhesion and thrombus growth. Furthermore, phosphatidyl serine (PS) exposure on 

platelets provides the anionic surface required for assembly of coagulation enzymes. 

Such an assembly leads to coagulation cascade that generates thrombin and fibrin, which 

facilitates growth and stability of thrombus.  Interestingly PKCs are shown to negatively 

regulate PS exposure on platelets. (Strehl et al., 2007) However, the specific PKC 

isoforms involved in this function is not known. Thus, in platelets some PKCs might be 

important regulators that prevent unwanted thrombus formation, initially. But, as the 

signal becomes stronger and intracellular calcium is mobilized the PKCs that are 

activated might facilitate thrombus growth.   
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CHAPTER 2 

PROTEIN KINASE C NEGATIVELY REGULATES ADP-INDUCED 

THROMBOXANE GENERATION BY REGULATING cPLA2 ACTIVATION 

AND CALCIUM MOBILIZATION. 

Introduction 

Platelets are primary constituents of thrombosis and hemostasis.  Upon vascular injury 

platelets change shape, secrete granules, generate thromboxane and finally aggregate to 

form platelet plug. ADP secreted from dense granules and thromboxane generated are 

important positive feedback activators of platelets that amplify thrombus growth and 

increase thrombus stability (Dorsam et al., 2004; Shankar et al., 2006b).  

ADP activates two distinct G-protein coupled receptors (GPCRs) on platelets, P2Y1 and 

P2Y12, which couple to Gq and Gi, respectively (Daniel et al., 1998; Jin et al., 1998a; Jin 

et al., 1998b; Offermanns, 2000). Gq activates Phospholipase C β (PLC β), which leads 

to (Diacyl Glycerol) DAG generation and calcium mobilization (Kunapuli, 2002; Leon et 

al., 1999). On the other hand, Gi is involved in inhibition of cAMP levels and PI3Kinase 

activation (Dorsam et al., 2004; Jin et al., 1998a).  Synergistic activation of Gq and Gi  -

proteins leads to the activation of the fibrinogen receptor integrin αIIbβ3 and thromboxane 

generation.  

TXA2 synthesis is multi-step process which begins at the membrane of platelet or dense 

tubular system. Cyosolic Phospho lipase A2 (cPLA2) is the primary enzyme that cleaves 

membrane phospholipids such as phosphatidyl choline at Sn-2 ester position leading to 

formation of arachidonic acid (AA) (Bartoli et al., 1994; Kramer et al., 1997; Wong et 

al., 2002) cPLA2 consists of a N-terminal regulatory domain and c-terminal catalytic 
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domain connected by a hinge region in the middle. Regulatory domain consists of C2 

domain, which binds calcium and regulates cPLA2 mobility to membrane and thereby its 

activity. (Channon et al., 1990) Furthermore, cPLA2 activity is also shown to be 

regulated by phosphorylation at Ser 505 residue mediated by ERK 1/2 (Garcia et al., 

2005) or p38 MAP kinase (Kramer et al., 1996). Some studies also suggest that S505 

phosphorylation is required for cPLA2 enzyme activity (Das et al., 2003; Pavicevic et al., 

2008). AA is then metabolized in to thromboxane by enzymes such as prostaglandin G/H 

synthase (PGHS) (also called as cyclooxygenases (COX)) and thromboxane synthase to 

generate TXA2 (Li et al., 2006) (Shen et al., 1998). TXA2 thus generated activates 

platelets via TPα in human platelets that couple to Gq and G12/13 pathway. Thromboxane, 

apart from activating platelets also acts as a vasocontrictor and stimulates mitogenesis in 

cells that helps in tissue repair during vascular injury (Cheng et al., 2002). However, 

inappropriate release of TXA2 has been reported in cardiovascular complications such as 

myocardial infarction(Delanty et al., 1997). Thus, thromboxane generation should be 

regulated in cells.  

Protein Kinase C isoforms are family of kinases that phosphorylate their substrates at 

serine/threonine residues. PKCs are classified in to three groups based on their structure 

and cofactor requirements(O'Brian et al., 1989; Parker et al., 2004; Stabnel, 1994) 1) 

Classical isoforms (cPKCs: α, βI, βII, γ) contain both C1 and C2 domains, and thus 

require both DAG and Ca2+ for activation. 2) Novel isoforms (nPKCs: δ, θ, η, ε) contain 

C1 domain and lack calcium binding C2 domain. Thus, nPKCs require only DAG for 

activation. 3) Atypical PKC isoforms (ζ, ι/λ) lack a part of C1 domain and C2 domain, 

and thus do not require Ca2+ and DAG for activation(Newton, 1995). Instead aPKCs 



 32 

contain a PB1 domain that binds PS and also is involved in several protein–protein 

interactions. (Hirano et al., 2004) There are also reports that indicate presence of a 

pleckstrin homology (PH) domain that is regulated by phosphoinositide-3,4,5-

trisphosphate (PIP3) (Nakanishi et al., 1993; Nakanishi et al., 1992). PKCs are 

established positive regulators of various platelet functional responses. PKCs are shown 

to cause platelet aggregation independent of calcium and PKC activation is shown to be 

required for granule secretion (Murugappan et al., 2004; Quinton et al., 2002a). 

However, PKCs are shown to negatively regulate ADP-induced thromboxane generation 

(Garcia et al., 2007). Thus, in this study we investigated the mechanism involved in this 

process. We also investigated the PKC isoforms involved in this process. 

Materials and Methods 

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

University (Philadelphia, PA). 

Materials: Apyrase (type VII), bovine serum albumin (fraction V), thrombin, 2MeSADP, 

MRS-2179 (N6-methyl-2’ –deoxyadenosine-3’, 5’ –bisphosphate) (tetra sodium salt), 

fibrinogen (type I), and acetylsalicylic acid were obtained from Sigma (St Louis, MO). 

Phospho-ERK antibodies against threonine 202 and tyrosine 204 residues and β-Actin 

antibodies were obtained from Cell Signaling Technologies (Beverly, MA). Alkaline 

phosphatase-labeled secondary antibody was from Kierkegaard & Perry Laboratories 

(Gaithersburg, MD). AR-C69931MX (N6- (2-methyl-tioethyl)-2-(3,3,3-

trifluoropropylthio)-β, γ-dichloromethylene ATP) (tetra sodium salt) was a kind gift from 

AstraZeneca (Loughborough, UK). YM-254890 was a generous gift from Yamanouchi 

Pharmaceutical (Ibaraki, Japan).  SC-57101 was a gift from Searle and Co. Phospho-PKC 
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η antibodies against p-Thr512 were custom made from 21st Century Biochemicals. Inc, 

(Morlboro, MA). η-RACK antagonistic peptide and control peptide were a kind gift from 

Dr. Mochly Rosen (Stanford University, CA). 

Isolation of human platelets: All experiments using human subjects were performed in 

accordance with the Declaration of Helsinki. Whole blood was drawn from healthy, 

consenting human volunteers into tubes containing one-sixth volume of ACD (2.5 g 

sodium citrate, 1.5 g citric acid, and 2 g glucose in 100 mL deionized water). Blood was 

centrifuged (Eppendorf 5810R centrifuge, Hamburg, Germany) at 230g for 20 minutes at 

room temperature to obtain platelet-rich plasma (PRP). If indicated, PRP was incubated 

with 1 mM acetylsalicylic acid (Aspirin) for 30 minutes at 37°C. The PRP was then 

centrifuged for 10 minutes at 980g at room temperature to pellet the platelets. Platelets 

were resuspended in Tyrode’s buffer (138 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 3 mM 

NaH2PO4, 5 mM glucose, 10 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid], pH 7.4, 0.2% bovine serum albumin) containing 0.1 U/mL apyrase. 

Cells were counted using the Coulter Z1 Particle Counter (Miami, FL), and concentration 

of cells was adjusted to 2 x 108 platelets/mL. All experiments using washed platelets were 

performed in the absence of extracellular calcium unless otherwise mentioned.  

Platelet cell lysates preparation: Platelets were stimulated with agonists for the 

appropriate time under non-stirring or stirring conditions at 37 ºC. The reaction was 

stopped by the addition of 3 x SDS- Laemmli’s buffer.  Platelet lysates were boiled for 10 

min and stored for western blotting analysis. 

Aggregometry: Aggregation of 0.5 ml washed platelets was analyzed using a P.I.C.A. 

lumiaggregometer (Chrono-log Corp. Havertown, PA). Aggregation was measured using 
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light transmission under stirring conditions (900 rpm) at 37 °C. Each sample was allowed 

to aggregate for at least 3 min. The chart recorder (Kipp and Zonen, Bohemia, NY) was 

set for 0.2 mm/s. 

 Measurement of thromboxane A2 generation: Washed human platelets without aspirin 

treatment were prepared as noted and brought to a concentration of 4 × 108 platelets/mL. 

Stimulations were performed in a platelet aggregometer under stirring conditions (900 

rpm) at 37 °C. The η-RACK antagonistic peptide and control peptide were added for 10 

minutes before addition of the agonist. Stimulations were performed for 3.5 minutes, and 

the reaction was stopped by snap freezing. Samples were stored at –80°C until TXB2 

analysis was performed. Levels of TXB2 were determined in duplicates using a Correlate-

EIA Thromboxane B2 Enzyme Immunoassay Kit (Assay Designs, Ann Arbor, MI), 

according to the manufacturer's instructions. The mean ± SEM was derived from 

experiments performed in triplicate using platelets obtained from 3 independent donors. 

Western blotting analysis: Lysates prepared from platelets were separated by 10% SDS-

PAGE and transferred onto polyvinylidene difluoride (PVDF) membrane. Nonspecific 

binding sites were blocked by incubation in Tris-buffered saline and Tween (TBST; 20 

mM Tris, 140 mM NaCl, 0.1% (v/v) Tween 20) containing 0.5% (w/v) milk protein and 

3% (w/v) bovine serum albumin for 30 min at room temperature, and membranes were 

incubated overnight at 40C with the primary antibody (1:10,000 dilution in TBST with 2% 

bovine serum albumin) with gentle agitation. After three washes for 5 min each with 

TBST, the membranes were probed with an alkaline phosphatase-labeled secondary 

antibody (1:5000 dilutions in TBST with 2% bovine serum albumin) for 1 h at room 

temperature. After additional washing steps, membranes were then incubated with CDP-
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Star chemiluminescent substrate (Tropix, Bedford, MA) for 10 min at room temperature, 

and immunoreactivity was detected using a Fuji Film Luminescent Image Analyzer 

(LAS-1000 CH, Japan).  

Intracellular calcium measurements : PRP was incubated with 5 µM fura AM or an equal 

volume of DMSO (solvent for fura AM) and incubated simultaneously with 

acetylsalicylic acid. Platelets were then isolated and washed as described above. Platelets 

were pre-incubated with GF109203X or Ro-318220 or DMSO at 37°C for 10 min. 

Changes in fluorescence were measured using an Aminco-Bowman Series 2 

luminescence spectrometer with a water-jacketed cuvette holder thermostatted at 37°C 

and set at constant stirring. Sample volumes of 0.5 ml were analyzed with an excitation 

wavelength of 340 nm and emission wavelength of 510 nm. Fluorescence measurements 

were converted to calcium concentrations using the equation reported by Grynkiewicz et 

al. (Grynkiewicz et al., 1985) where Fmin and Fmax were determined with each respective 

platelet preparation. 

Statistical Analysis: We have analyzed statistical significance of our data using Paired 

student t-Test or ANOVA. Statistically significant data bearing P value < 0.05 are 

annotated by a ‘*’ symbol. Data are expressed as mean ± SEM. 

Results 

Role of classical and non-classical PKC isoforms in ADP- mediated thromboxane 

generation 

GF109203X is a PKC inhibitor that inhibits all PKC isoforms at its maximal 

concentration. Using GF109203X at its maximal concentration, we have previously 

demonstrated that PKCs negatively regulate thromboxane generation (Garcia et al., 
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2007). In this study we investigated the isoforms involved in this process. We first 

investigated the role of classical PKC isoforms in ADP-induced thromboxane generation 

using G0-6976, a classical PKC isoform selective inhibitor (Martiny-Baron et al., 1993). 

As shown in Figure 2.1, Pretreatment of platelets Go-6976 did not affect 2MeSADP 

induced thromboxane generation. This data suggests that classical PKC isoforms do not 

regulate ADP induced thromboxane generation. We then investigated the role of non-

classical PKC isoforms using GF109203X.  It is shown to inhibit various PKC isoforms 

in a concentration dependent manner. At concentrations below 100nM, GF109203X is 

shown to inhibit classical PKC isoforms. Further increase of GF109203X concentration 

leads to inhibition of non-classical PKC isoforms, which constitute of novel and atypical 

PKC isoforms (Martiny-Baron et al., 1993). Thus, we pretreated platelets with various 

concentrations of GF109203X or DMSO and measured 2MeSADP-induced thromboxane 

generation. As shown in figure 2.1, GF109203X did not affect 2MeSADP-induced 

thromboxane generation at concentration below 100nM, however at concentrations above 

100nM, it potentiates 2MeSADP-induced thromboxane generation. This data suggests 

that non-classical PKC isoforms negatively regulate thromboxane generation.  
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Figure 2.1 Role of Classical and non-classical PKC isoforms in ADP-induced 

thromboxane generation in platelets. Non-aspirin treated platelets were pre-incubated 

at 37oC with various concentrations of Go-6976 and GF109203X or 1% DMSO for 15’ 

and activated with 100nM 2MeSADP for 3.5’ at stirring conditions. The reaction was 

stopped by freezing the samples on Dry Ice.  TxB2, a stable analogue of TxA2 was then 

measured in these samples using Elisa.  The data was analyzed for statistical significance 

using ANOVA (*  p <0.05, ** p < 0.01) 
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Role of PKC isoforms in cPLA2 activation. 

cPLA2 mediated AA liberation is the rate limiting step to thromboxane generation in 

platelets. cPLA2 is regulated by phosphorylations at various serine residues. Among these 

phosphorylation of S505 is shown to be required for cPLA2 activity (Das et al., 2003; 

Pavicevic et al., 2008).  We investigated if PKC isoforms negatively regulate 

thromboxane generation by regulating cPLA2 activation. We pretreated platelets with 

GF109203X or DMSO, activated with 2MeSADP in a time dependent manner and 

measured cPLA2 activation by western blot analysis with anti-phospho S505 cPLA2 

antibody. Aspirin-treated platelets were used in the above experiments to avoid feedback 

activation of cPLA2 by thromboxane (which is potentiated upon pretreatment with 

GF109203X). As shown in figure 2.2A, GF109203X potentiates 2MeSADP-induced 

cPLA2 phosphorylation. This data suggests that PKCs negatively regulate thromboxane 

generation by regulating cPLA2 activation. Studies from various laboratories including 

ours, have previously demonstrated that p42/44 MAPK or ERK regulates ADP- induced 

thromboxane generation (Evans et al., 2002; Garcia et al., 2007). Furthermore, studies in 

various cell systems including platelets, suggest that ERK regulates S505 cPLA2 

phosphorylation (Evans et al., 2003; Leslie, 1997; Lin et al., 1993). Thus, we investigated 

if PKCs regulate cPLA2 activation by regulating ERK actiavtion. Dual Thr and Tyr 

phosphorylations on ERK (Thr202/Tyr204 on ERK1 and Thr185/Tyr187 on ERK2) are 

well established and widely used activation markers of ERK (Ferrell et al., 1997).  Thus, 

we pretreated aspirin-treated platelets with GF109203X or DMSO, activated with 

2MeSADP for various time periods and subjected lysates to western blot analysis with 
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pThr/Tyr ERK1/2 antibody. As shown in figure 2.2B, 2MeSADP- induced ERK 

phosphorylation is transient in DMSO treated platelets, however, in platelets treated with 

GF109203X, ERK is hyper-phosphorylated and sustained till 5 minutes. This data 

suggests that PKCs regulate cPLA2 activation by regulating ERK activation.  
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Figure 2.2 a, b.  Role of PKC isoforms in cPLA2 activation. Aspirin- treated platelets 

were pre-incubated with 1% DMSO or 5 µM GF109203X for 15 minutes at 37oC and 

stimulated with 100nM 2MeSADP for various time periods under stirring conditions. 

Reaction was stopped by adding lamelli’s SDS buffer. Samples were subjected to western 

blot analysis using anti- pSer 505 cPLA2 antibody or anti-β3-integrin antibody. 

Quantitative analysis of these blot was done by densitometry and statistical analysis was 

done using student T-test (*P <0.05, ** P<0.01). 
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Figure 2.2 c, d Role of PKC isoforms in ERK activation. Aspirin- treated platelets 

were pre-incubated with 1% DMSO or 5 µM GF109203X for 15 minutes at 37oC and 

stimulated with 100nM 2MeSADP for various time periods under stirring conditions. 

Reaction was stopped by adding lamelli’s SDS buffer. Samples were subjected to western 

blot analysis using anti- p Thr/Tyr ERK1/2 antibody or anti-β3-integrin antibody. 

Quantitative analysis of these blot was done by densitometry and statistical analysis was 

done using student T-test (*P <0.05, ** P<0.01). 
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Role of PKC isoforms in ADP-induced calcium mobilization 

Calcium is a very important signaling molecule that regulates multiple platelet functional 

responses including shape change, aggregation, granule secretion and thromboxane 

generation (Varga-Szabo et al., 2009). It is also shown to regulate activation of ERK and 

cPLA2 (Burke et al., 2009; Garcia et al., 2007). Thus, we investigated if PKCs regulate 

calcium mobilization. Aspirin- treated platelets are labeled with FURA-2 AM and 

pretreated with GF109203X or Ro-318220, a Pan PKC inhibitor or DMSO. Such platelets 

were activated with 2MeSADP and intracellular calcium flux was measured by 

Fluorimetry. As shown in Figure 2.3, 2MeSADP-induced intracellular calcium release is 

potentiated by pretreatment with pan-PKC inhibitors GF109203X and Ro-318220 . This 

data suggests that PKCs negatively thromboxane generation by regulating calcium 

mobilization. 2MeSADP activates platelets via Gq – coupled P2Y1 and Gi- coupled 

P2Y12 receptors.  P2Y12 receptor mediated signaling shown to potentiate P2Y1-

mediated calcium mobilization. Thus, we investigated PKCs negatively regulate P2Y1-

mediated calcium mobilization by regulating P2Y12 receptor – signaling. We pretreated 

Aspirin-teated, Fura-2 AM labeled platelets with GF109203X and activated with 

2MeSADP in the presence or absence of P2Y12 receptor antagonist AR-C69931MX. 

Intracellular calcium flux was measured in these samples using fluorimetry. GF109203X 

potentiated calcium mobilzation in platelets activated with 2MeSADP and also in 

platelets treated with AR-C69931MX prior to activation with 2MeSADP (data not 

shown). These data suggests that PKCs regulate P2Y1- mediated calcium mobilization 

without affecting P2Y12-mediated signaling. 
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Figure 2.3 Role of PKC isoforms in P2Y1-induced calcium mobilization. Fura -2 AM 

labeled, aspirin- treated platelets were pre-incubated with 1% DMSO or 5 µM 

GF109203X or 10 µM Ro-318220 for 15 minutes at 37oC and stimulated with 100nM 

2MeSADP for various time periods under stirring conditions. Intracellular calcium flux 

was measured by Fluorimetry. Statistical analysis was done using student T-test (*P 

<0.05, ** P<0.01). 
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Role of PKCs in AYPGKF-induced thromboxane generation.  

Protease activated receptors (PARs), are one of the major platelet receptors, which couple 

Gq pathway and activate platelets.  Since we observe that PKCs negatively regulate P2Y 

receptor -mediated thromboxane generation, we evaluated if PKCs also regulate Protease 

Activated Receptor- mediated thromboxane generation. We used AYPGKF, a PAR4 

agonist for this purpose. We first evaluated the role of classical PKC isoforms using Go 

6976. As observed with ADP, pretreatment of platelets with Go-6976, did not affect 

AYPGKF-induced thromboxane generation (Figure 2.4A). We then evaluated the role of 

non-classical PKC isoforms using GF109203X (above 100nM concentration). As shown 

in figure 2.4B. although GF109203X potentiated AYPGKF-induced thromboxane 

generation, the percentage of potentiation (compared to vehicle –treated platelets) in 

AYPGKF-induced platelets was less compared to potentiation caused by GF109203X in 

ADP-induced platelets. This data indicate that non-classical PKC isoforms  negatively 

regulate AYPGKF-induced thromboxane generation. However, the potency of negative 

regulation is less. 
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Figure 2.4 a & b. Role of Classical and non-classical PKC isoforms in AYPGKF-

induced thromboxane generation in platelets. Non-aspirin treated platelets were pre-

incubated at 37oC with various concentrations of Go-6976 and GF109203X or 1% 

DMSO for 15’ and activated with 500µM AYPGKF for 3.5’ at stirring conditions. The 

reaction was stopped by freezing the samples on Dry Ice.  TxB2, a stable analogue of 

TxA2 was then measured in these samples using Elisa.  The data was analyzed for 

statistical significance using ANOVA (*  p <0.05, ** p < 0.01) 

 

 

 

 

 

 

 



 46 

Differential activation of nPKC δ and θ by ADP and AYPGKF 

nPKC δ and θ are shown to be positive regulators of  AYPGKF-induced thromboxane 

generation. Thus, as GF109203X inhibits both positive and negative regulators of 

thromboxane generation, extent of potentiation in AYPGKF –induced platelets could be 

less compared to ADP-induced platelets. In order to test this hypothesis, we investigated 

nPKC δ and θ were activated by ADP, using western blot analysis with anti-phospho 

antibodies raised against conserved activation loop threonine residues. Phosphrylation at 

conserves Threonine residues in activation loop is shown to be required for PKC 

activation. As shown in figure 2.5 a & b. 2MeSADP failed to activate nPKC δ and θ in 

time- and concentration-dependent manner, while AYPGKF activated them under the 

same working conditions. 
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Figure 2.5 a & b. Differential activation of PKC δ  and θ  by 2MeSADP and 

AYPGKF. Aspirin- treated platelets were stimulated with various concentrations of  

2MeSADP and AYPGKF for 1 min (a)  or for various time periods with 100nM 

2MeSADP or 500 µM AYPGKF (b) under non-stirring conditions. Reaction was stopped 

by adding lamelli’s SDS buffer. Samples were subjected to western blot analysis using 

anti- p PKC δ or θ antibody or anti-β-actin antibody. 
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Discussion 

PKCs have been implicated in various platelet functional responses that aid in hemostasis 

and thrombosis. Positive regulatory role of PKCs towards platelet aggregation and 

secretion has been extensively studied (Harper et al., 2007). PKC α, δ, θ, η have been 

implicated in this context (Bynagari et al., 2009; Chari et al., 2009a; Nagy et al., 2009b). 

However, we have recently demonstrated that PKCs negatively regulate ADP- induced 

thromboxane generation(Garcia et al., 2007). The PKC isoforms and mechanism 

involved in this process have not been known. Thus, in this study we investigated the 

PKC isoforms involved in negative regulation of ADP-induced thromboxane generation 

and mechanism by which PKCs regulate this process. Based on our results with Go-6976 

and GF109203X (figure 2.1), we conclude that novel or atypical PKC isoforms are 

involved in negative regulation of ADP-induced thromboxane generation. Furthermore, 

as nPKC θ and δ are not activated by ADP (figure 2.5 a & b), we conclude that these 

isoforms are not involved in this process.  Therefore, other nPKC isoforms i. e nPKC η 

and ε or atypical PKC isoforms could be involved in this process (discussed in chapter 3.) 

Thromboxane generation in platelets is a multi-step process beginning with cPLA2 

activation that liberates Arachidonic Acid (AA) from membrane phospholipids. AA is 

then metabolized to thromboxane by constitutively active enzymes COX and 

thromboxane synthase. Thus, cPLA2 activation is the rate limiting step in the process of 

thromboxane generation. Furthermore, cPLA2 activation is regulated by ERK in various 

cell systems including platelets (Evans et al., 2003; Leslie, 1997; Lin et al., 1993). 

Therefore, we investigated if PKCs regulate thromboxane generation by regulating 

cPLA2 activation. As shown in figure 2.2A and 2.2B, PKC inhibition potentiated both 
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cPLA2 and ERK activation, suggesting that PKCs negatively regulate thromboxane 

generation by regulating ERK activation, which in turn regulates cPLA2 activation. 

Calcium is an important molecule that mobilizes cytosolic PLA2 to membrane, where 

cPLA2 renders its catalytic activity.  Thus, we investigated if PKCs also regulate ADP-

induced calcium mobilization. As shown in figure 2.3A, PKCs negatively regulate ADP-

induced calcium mobilization. ADP activates platelets via P2Y1 and P2Y12 receptors. 

P2Y12 receptor-mediated signaling is shown to positively regulate P2Y1-mediated 

calcium mobilization in platelets. Furthermore, PKCs are shown to negatively regulate 

P2Y12 receptor desensitization in platelets (Mundell et al., 2006). Thus, we investigated 

if PKCs regulate calcium mobilization indirectly by regulating P2Y12 receptor function. 

However, as shown in Figure 2.3B, PKCs regulate calcium mobilization independent of 

P2Y12 receptor signaling. Finally, we investigated if PKCs also regulate PAR-mediated 

thromboxane generation. As shown in Figure 2.4A and 2.4B, PAR-mediated 

thromboxane generation is not affected by Classical PKC isoforms. Furthermore, 

although non-classical PKC isoforms  negatively regulate thromboxane generation, the 

extent of negative regulation is smaller and non-significant compared to ADP. This could 

partially be due to inhibition of positive regulators of thromboxane generation such as 

nPKC δ and θ by GF109203X.  

In our study we demonstrated that PKCs regulate cPLA2 by dual mechanisms, one via 

ERK and another via Calcium. This leads us to the possibility that there could me more 

than one isoform involved in negative regulation of thromboxane. PKC is a kinase that 

phosphorylates it substrates at serine/threonine residues. However, in our study we 

observed that inhibition of PKCs leads to potentiation of ERK phosphorylation. This data 
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suggests that PKCs must be regulating a phosphatase, that dephosphorylates ERK. In 

various cell systems, PP2A, a serine/threonine phosphatase and MKP3, a dual specificity 

phosphatase (that dephosphorylates the substrates at Thr and Tyr residues) are shown to 

dephospharylate ERK(Kim et al., 2003; Letourneux et al., 2006; Maillet et al., 2008). We 

are currently investigating, if either of the phosphatases are implicated in this process.  

In summary (Figure 2.6) we have shown that non-classical PKC isoforms negatively 

regulate ADP-induced thromboxane generation by regulating calcium mobilization and 

ERK activation that inturn regulate cPLA2 activity.  
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Figure 2.6 : Signaling Mechanism by which non-classical PKC isoforms regulate 

ADP-induced thromboxane generation. ADP activates platelets via P2Y1 receptor that 

couple to Gq pathway and P2Y12 receptor that couple to Gi pathway. Non-classical PKC 

isoforms activated by Gq pathway negatively regulates cPLA2 activity by inhibiting 

calcium mobilization and ERK activation. 
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CHAPTER 3 

MECHANISM OF ACTIVATION AND FUNCTIONAL ROLE OF 
PROTEIN KINASE C η  IN HUMAN PLATELETS 

 
 

Introduction 

 

Platelets are the key cellular components in maintaining hemostasis (Shattil et 

al., 1998). Vascular injury exposes sub-endothelial collagen that activates platelets to 

change shape, secrete contents of granules, generate thromboxane and finally aggregate 

via activated αIIbβ3 integrin,  to prevent further bleeding (Brass, 1999; Brass et al., 

1993a). ADP is a physiological agonist of platelets secreted from dense granules and is 

involved in feedback activation of platelets and hemostatic plug stabilization (Dorsam 

et al., 2004). It activates two distinct G-protein coupled receptors (GPCRs) on platelets, 

P2Y1 and P2Y12, which couple to Gq and Gi, respectively (Daniel et al., 1998; Jin et 

al., 1998a; Jin et al., 1998b; Offermanns, 2000). Gq activates Phospholipase C β (PLC 

β), which leads to (Diacyl Glycerol) DAG generation and calcium mobilization 

(Kunapuli, 2002; Leon et al., 1999). On the other hand, Gi is involved in inhibition of 

cAMP levels and PI3Kinase activation (Dorsam et al., 2004; Jin et al., 1998a).  

Synergistic activation of Gq and Gi  -proteins leads to the activation of the fibrinogen 

receptor integrin αIIbβ3. Fibrinogen bound to activated integrin αIIbβ3 further initiates 

feed back signaling (outside-in signaling) in platelets that contributes to the formation 

of a stable platelet plug (Shattil et al., 2004).  
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Protein Kinase Cs (PKCs) are serine threonine kinases known to regulate 

various platelet functional responses such as dense granule secretion and integrin αIIbβ3 

activation (Quinton et al., 2002a; Yang et al., 1997). Based on their structure and 

cofactor requirements PKCs are divided in to three classes: classical (cofactors: DAG, 

Ca2+) , novel (cofactors: DAG) and atypical (cofactors: PIP3) PKC isoforms (Newton, 

1997). All the members of the novel class of PKC isoforms (nPKC), viz. nPKC δ, θ, η, 

and ε, are expressed in platelets (Murugappan et al., 2004) and they require DAG for 

activation. Among all the nPKCs, PKCδ (Crosby et al., 2003; Murugappan et al., 2004) 

and PKCθ (Crosby et al., 2002; Nagy et al., 2009a; Soriani et al., 2006) are fairly 

studied in platelets. Whereas nPKC δ is reported to regulate protease-activated receptor 

(PAR)-mediated dense granule secretion (Chari et al., 2009b; Murugappan et al., 

2004), nPKC θ is activated by outside-in signaling and contributes to platelet spreading 

on fibrinogen (Soriani et al., 2006). On the other hand, the mechanism of activation and 

functional role of nPKC η is not addressed as yet. 

 PKCs are cytoplasmic enzymes. The enzyme activity of PKCs is modulated via 

three mechanisms (Newton, 1997; Newton, 2003): 1) Cofactor Binding: Up on cell 

stimulus cytoplasmic PKCs mobilize to membrane, bind cofactors such as DAG, Ca2+ 

or PIP3, release auto-inhibition and attain an active conformation exposing catalytic 

domain of the enzyme.    2) Phosphorylations: 3-phopshoinositide-dependent kinase 1 

(PDK1) on the membrane phosphorylates conserved threonine residues on activation 

loop of catalytic domain; this is followed by autophosphorylations of serine/threonine 

residues on turn motif and hydrophobic region. These series of phosphorylations 

maintain an active conformation of the enzyme. 3) RACK binding: PKCs in active 
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conformation bind Receptors for activated C Kinases (RACKs) and are lead to various 

subcellular locations to access the substrates (Mochly-Rosen et al., 1991; Ron et al., 

1994). Although various leading laboratories have elucidated the activation of PKCs, 

the mechanism of down regulation of PKCs is not completely understood.    

The premise of dynamic cell signaling, which involves protein phosphorylations 

by kinases and dephosphorylations by phosphatases has gained immense attention over 

recent years. PP1, PP2A, PP2B, PHLPP are a few of the serine/threonine phosphatases 

reported to date. Among them PP1 and PP2 phosphatases are known to regulate various 

platelet functional responses (Gushiken et al., 2008; Vijayan et al., 2005). Furthermore, 

PP1c, is the catalytic unit of PP1 known to constitutively associate with αIIb and is 

activated upon integrin engagement with fibrinogen and subsequent outside-in 

signaling (Vijayan et al., 2004). Among various PP1 isoforms, recently PP1γ is shown 

to positively regulate platelet functional responses (K. Vinod Vijayan, 2007). Thus, in 

this study we investigated if the above mentioned phosphatases are involved in down 

regulation of nPKC η. Furthermore, reports from other cell systems suggest that nPKC 

η regulates ERK/JNK pathways (Brandlin et al., 2002). In platelets ERK is known to 

regulate agonist induced thromboxane generation (Garcia et al., 2007; Shankar et al., 

2006a). Thus, we also investigated if nPKC η regulates ERK phosphorylation and 

thereby agonist-induced platelet functional responses. 

In this study, we evaluated the activation of nPKC η downstream of ADP 

receptors and its inactivation by an integrin associated phosphatase PP1γ. We also 

studied if nPKC η regulates functional responses in platelets and found that this 
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isoform regulates ADP-induced thromboxane generation, but not fibrinogen receptor 

activation in platelets. 

Materials and Methods 

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

University (Philadelphia, PA). 

Materials: Apyrase (type VII), bovine serum albumin (fraction V), thrombin, 2MeSADP, 

MRS-2179 (N6-methyl-2’ –deoxyadenosine-3’, 5’ –bisphosphate) (tetra sodium salt), 

fibrinogen (type I), and acetylsalicylic acid were obtained from Sigma (St Louis, MO). 

Phospho-ERK antibodies against threonine 202 and tyrosine 204 residues and β-Actin 

antibodies were obtained from Cell Signaling Technologies (Beverly, MA). Alkaline 

phosphatase-labeled secondary antibody was from Kierkegaard & Perry Laboratories 

(Gaithersburg, MD). AR-C69931MX (N6- (2-methyl-tioethyl)-2-(3,3,3-

trifluoropropylthio)-β, γ-dichloromethylene ATP) (tetra sodium salt) was a kind gift from 

AstraZeneca (Loughborough, UK). YM-254890 was a generous gift from Yamanouchi 

Pharmaceutical (Ibaraki, Japan).  SC-57101 was a gift from Searle and Co. Phospho-PKC 

η antibodies against p-Thr512 were custom made from 21st Century Biochemicals. Inc, 

(Morlboro, MA). η-RACK antagonistic peptide and control peptide were a kind gift from 

Dr. Mochly Rosen (Stanford University, CA). 

Animals: 129/Sv mice carrying Gαq null mutation were obtained from Dr. T. Kent 

Gartner (Offermanns et al., 1997), with permission from Dr. Stefan Offermanns 

(University of Heidelberg, Heidelberg, Germany). CD-1 mice carrying PP1cγ null 

mutation were generated in the laboratory of Susannah Varmuza (University of Toranto, 
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CA) (Varmuza et al., 1999). C57/BL6 mice carrying P2Y1 null mutation were generated 

by subcontract with Lexicon Genetics Inc. (Woodlands, TX) through knockout constructs 

as described previously (Fabre et al., 1999). These P2Y1 receptor-deficient mice were 

previously by our group (Dorsam et al., 2005; Garcia et al., 2007; Kim et al., 2004; Kim 

et al., 2006b). 

Isolation of human platelets: All experiments using human subjects were performed in 

accordance with the Declaration of Helsinki. Whole blood was drawn from healthy, 

consenting human volunteers into tubes containing one-sixth volume of ACD (2.5 g 

sodium citrate, 1.5 g citric acid, and 2 g glucose in 100 mL deionized water). Blood was 

centrifuged (Eppendorf 5810R centrifuge, Hamburg, Germany) at 230g for 20 minutes at 

room temperature to obtain platelet-rich plasma (PRP). If indicated, PRP was incubated 

with 1 mM acetylsalicylic acid (Aspirin) for 30 minutes at 37°C. The PRP was then 

centrifuged for 10 minutes at 980g at room temperature to pellet the platelets. Platelets 

were resuspended in Tyrode’s buffer (138 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 3 mM 

NaH2PO4, 5 mM glucose, 10 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid], pH 7.4, 0.2% bovine serum albumin) containing 0.1 U/mL apyrase. 

Cells were counted using the Coulter Z1 Particle Counter (Miami, FL), and concentration 

of cells was adjusted to 2 x 108 platelets/mL. All experiments using washed platelets were 

performed in the absence of extracellular calcium unless otherwise mentioned.  

Isolation of mouse platelets: Blood was collected from the vena cava of anesthetized 

mice into syringes containing 1/10th blood volume of 3.8% sodium citrate as 

anticoagulant. Red blood cells were removed by centrifugation at 100g for 10 minutes. 

Platelet-rich plasma was recovered, and platelets were pelleted at 400g for 10 minutes. 
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The platelet pellet was resuspended in Tyrode’s buffer (pH 7.4) containing 0.01 U/mL 

apyrase. The washed platelets were subsequently used for experiments. 

Platelet cell lysates preparation: Platelets were stimulated with agonists for the 

appropriate time under non-stirring or stirring conditions at 37 ºC. The reaction was 

stopped by the addition of 3 x SDS- Laemmli’s buffer.  Platelet lysates were boiled for 10 

min and stored for western blotting analysis. 

Aggregometry: Aggregation of 0.5 ml washed platelets was analyzed using a P.I.C.A. 

lumiaggregometer (Chrono-log Corp. Havertown, PA). Aggregation was measured using 

light transmission under stirring conditions (900 rpm) at 37 °C. Each sample was allowed 

to aggregate for at least 3 min. The chart recorder (Kipp and Zonen, Bohemia, NY) was 

set for 0.2 mm/s. 

 Measurement of thromboxane A2 generation: Washed human platelets without aspirin 

treatment were prepared as noted and brought to a concentration of 4 × 108 platelets/mL. 

Stimulations were performed in a platelet aggregometer under stirring conditions (900 

rpm) at 37 °C. The η-RACK antagonistic peptide and control peptide were added for 10 

minutes before addition of the agonist. Stimulations were performed for 3.5 minutes, and 

the reaction was stopped by snap freezing. Samples were stored at –80°C until TXB2 

analysis was performed. Levels of TXB2 were determined in duplicates using a Correlate-

EIA Thromboxane B2 Enzyme Immunoassay Kit (Assay Designs, Ann Arbor, MI), 

according to the manufacturer's instructions. The mean ± SEM was derived from 

experiments performed in triplicate using platelets obtained from 3 independent donors. 

Western blotting analysis: Lysates prepared from platelets were separated by 10% SDS-

PAGE and transferred onto polyvinylidene difluoride (PVDF) membrane. Nonspecific 
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binding sites were blocked by incubation in Tris-buffered saline and Tween (TBST; 20 

mM Tris, 140 mM NaCl, 0.1% (v/v) Tween 20) containing 0.5% (w/v) milk protein and 

3% (w/v) bovine serum albumin for 30 min at room temperature, and membranes were 

incubated overnight at 40C with the primary antibody (1:10,000 dilution in TBST with 2% 

bovine serum albumin) with gentle agitation. After three washes for 5 min each with 

TBST, the membranes were probed with an alkaline phosphatase-labeled secondary 

antibody (1:5000 dilutions in TBST with 2% bovine serum albumin) for 1 h at room 

temperature. After additional washing steps, membranes were then incubated with CDP-

Star chemiluminescent substrate (Tropix, Bedford, MA) for 10 min at room temperature, 

and immunoreactivity was detected using a Fuji Film Luminescent Image Analyzer 

(LAS-1000 CH, Japan).  

Statistical Analysis: We have analyzed statistical significance of our data using Paired 

student t-Test or ANOVA. Statistically significant data bearing P value < 0.05 are 

annotated by a ‘*’ symbol. Data are expressed as mean ± SEM. 

Results 

Activation of nPKC η isoform by ADP.  

Platelets express all the four nPKC isoforms viz. δ, θ, ε, and η (Murugappan et al., 2004). 

We have previously shown that ADP activates ERK and p38 MAP kinase in platelets 

(Dangelmaier et al., 2000; Garcia et al., 2007). It is also known that nPKC η activates 

MAP kinases in keratinocytes (Brandlin et al., 2002) and other cell systems (Uht et al., 

2007). Hence, we initiated our studies with evaluation of nPKC η activation in platelets 

by ADP.  
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DAG binding to C1 domain followed by phosphorylation on conserved threonine 

residues in the activation loop primes activation of nPKC isoforms (Newton, 1997). As 

activation of nPKC η is dependent on phosphorylation at Thr512 [the consensus 

threonine residue (Newton, 2001)] in the activation loop, we first custom synthesized  

and characterized the anti-phospho Thr512 nPKC η antibody using the peptide 

GVTTA(pT)FCGTPD. Upon stimulation of aspirin-treated and washed platelets with 

thrombin (0.1 U/ml), nPKC η was activated as detected with the phospho-specific 

antibody (Figure 3.1A).  However, preincubation of the antibody with the peptide 

(immunogen) used to generate antibodies in rabbits, the signal was blocked. These results 

confirm the specificity of the phospho-specific antibody against the Thr512 of nPKC η. 

The same antibody was used to study the activation of nPKC η by ADP. When platelets 

were stimulated with different concentrations of 2MeSADP, an ADP analog, under non-

stirring conditions for 1 min, nPKC η was activated in a concentration-dependent manner 

(Figure 3.1B). nPKC η was also activated by 2MeSADP (100 nM) under non-stirring 

conditions in a time-dependent manner, with activation occurring as early as 30 sec 

(Figure 3.1C). Similar results were obtained with ADP as the agonist (data not shown). 
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Figure 3.1. (A) Characterization of anti-phospho Thr 512 nPKC η  antibody.                                                                                                                                                                                                                                                                                                                                                                                                                             

Washed and aspirin-treated human platelets were stimulated with 0.1U/ml of thrombin 

for 30 seconds. The samples were subjected to SDS-PAGE in duplicates. Proteins were 

transferred on PVDF membrane and each membrane is subjected to immunoblotting with 

anti-phospho Thr 512 nPKC η antibody or anti-phospho Thr 512 nPKC η antibody pre-

incubated with the blocking peptide for 2 hours. β-Actin was used to ensure equal protein 

concentrations in all lanes.  

(B and C) ADP activates PKC η  in a time- and concentration- dependent manner. 

Washed and aspirin-treated human platelets were stimulated with increasing 
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concentrations (Figure. B) of 2MeSADP for different time periods (Figure. C) under non-

stirring conditions at 37º C. The reaction was stopped by adding the Laemmli’s buffer. 

The cell lysates were analyzed for Thr 512 phosphorylations on nPKC η by western 

blotting using phospho-specific antibodies as indicated. β-Actin was used to monitor 

protein concentrations in all lanes. The blot shown is representative of experiments 

performed using platelets from three different donors. Furthermore, data obtained from 

three different sets of experiments were quantified and expressed as mean ± SEM (* 

indicates P<0.05). 
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Role of P2Y1 and P2Y12 receptors in activation of nPKC η by ADP.  

ADP activates platelets via Gq-coupled P2Y1 receptor and Gi-coupled P2Y12 receptor 

(Daniel et al., 1998; Jin et al., 1998a). The role of each of these receptors in activation of 

nPKC η is evaluated using pharmacological and gene knockout approaches. In order to 

evaluate the role of P2Y1 and P2Y12 receptor in activation of nPKC η, we activated 

platelets with 2MeSADP in the presence of MRS-2179, a P2Y1 receptor antagonist 

(Baurand et al., 2001) and AR-C69331MX, a P2Y12 antagonist (Dorsam et al., 2004) 

under non-stirring conditions. As shown in Figure 3.2, pretreatment of platelets with 

MRS-2179 abolished 2MeSADP-induced nPKC η activation. On the other hand, 

pretreatment of platelets with ARC-69931MX, had minimal effect on ADP-induced 

nPKC η activation (Figure 3.2). Furthermore, P2Y1 receptor couples to Gq, which leads 

to PLC activation, DAG generation and calcium mobilization (Jin et al., 1998a). To 

evaluate whether Gq pathway, downstream of P2Y1 receptor, causes nPKC η activation, 

we pretreated platelets with YM-254890, which prevents Gq coupling to GPCRs 

(Taniguchi et al., 2004) and activated with 2MeSADP under non-stirring conditions. 

YM-254890 has been successfully used in platelets to block Gq signaling pathways 

(Kawasaki et al., 2003). As shown in Figure 3.2, YM-254890 abolished ADP-induced 

nPKC η activation. These results suggest that ADP activates PKC η via P2Y1 receptor 

coupled to Gq. 
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Figure 3.2. ADP activates nPKC η  via P2Y1receptor coupled to Gαq –

Pharmacological approach. Washed and aspirin-treated human platelets were pretreated 

with 100nM AR-C69931MX, a P2Y12 antagonist, 100µM MRS-2179, a P2Y1 antagonist 

or 100nM YM-245890, a Gq blocker for 5 minutes (as indicated) and activated by 

100nM 2MeSADP under non-stirring at 37º C. The reaction was stopped after 1 minute 

by adding the Laemmli’s buffer. The cell lysates were analyzed for Thr 512 

phosphorylations on nPKC η by western blotting using phospho-specific antibodies as 

indicated. Total β-Actin antibody was used to ensure equal protein concentrations in all 

lanes.  The blot shown is representative of experiments performed using platelets from 

three different donors. Furthermore, data obtained from three different sets of 

experiments were quantified and expressed as mean ± SEM (* indicates P<0.05). 
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Complementary to the pharmacological approach, we also evaluated the role of P2Y1- 

coupled Gq pathway in activation of nPKC η using P2Y1 and Gq knockout mice.  

Platelets isolated from P2Y1, Gq knockout mice and wild type littermates were activated 

with 2MeSADP under non-stirring conditions for different time periods and 

phosphorylation of nPKC η was studied using anti-phospho PKC η antibody. As shown 

in Figure 3.3A, while 2MeSADP activated nPKC η in wild type murine platelets in a 

time-dependent manner, it failed to activate nPKC η in P2Y1 knockout murine platelets. 

Furthermore, as shown in Figure 3B, 2MeSADP also failed to activate nPKC η in Gq 

knockout murine platelets, in comparison with wild type murine platelets (Figure 3.3B). 

These data further confirm that ADP activates nPKC η via P2Y1 receptor coupled to Gq.  
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Figure 3.3. ADP activates nPKC η  via P2Y1 receptor coupled to Gαq – Gene 

knockout approach. Washed platelets from P2Y1 (Figure. 3A) or Gαq (Figure. 3B)-

deficient mice (dark bars) and wild type littermates (white bars) were treated with 100nM 

2MeSADP under non-stirring conditions at 37º C for different time periods as indicated. 

The reaction was stopped by adding the Laemmli’s buffer. The cell lysates were analyzed 

for Thr 512 phosphorylations on nPKC η by western blotting using phospho-specific 

antibodies as indicated. Total β-Actin antibody was used to ensure equal protein 

concentrations in all lanes. The blot shown is representative of experiments performed 

using platelets from three separate set of pooled blood from knockout ad wild type 
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animals. Furthermore, data obtained from three different sets of experiments were 

quantified and expressed as mean ± SEM (* indicates P<0.05). 
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Role of activated αIIbβ3 integrin signaling in activation of nPKC η.  

Signaling cascades initiated from P2Y1 and P2Y12 receptors lead to integrin αIIbβ3 

activation (Daniel et al., 1998; Jin et al., 1998a). Once activated, αIIbβ3 binds its ligand, 

fibrinogen and initiates outside-in signaling cascade, leading to PLC γ activation, DAG 

generation and Ca2+ mobilization (Shattil et al., 2004). In order to evaluate the role of 

outside-in signaling in activation of nPKC η, platelets were activated by ADP with 

fibrinogen under stirring conditions. Under stirring conditions, activated integrin αIIbβ3 

binds fibrinogen and initiates outside–in signaling. As shown in Figure 3.4, 2MeSADP 

not only phosphorylated nPKC η within 30 seconds, it also dephosphorylated nPKC η by 

2 minutes. These data indicate that nPKC η is activated and also inactivated downstream 

of ADP receptors. To confirm whether the dephosphorylation of nPKC η is a 

consequence of activated integrin αIIbβ3, we used SC-57101, an integrin αIIbβ3 

(fibrinogen receptor) antagonist. Pretreatment of platelets with SC-57101 inhibited ADP-

induced dephosphorylation of nPKC η at 2 minutes (Figure 3.4) under stirring conditions. 

These data indicate a temporal phosphorylation pattern for nPKCη, wherein, the initial 

phosphorylation of nPKC η caused by ADP receptors is followed by a dephosphorylation 

that is mediated by integrin αIIbβ3 mediated outside-in signals. 
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Figure 3.4. nPKC-η  is dephosphorylated by α IIbβ3 mediated outside-in signaling. 

Washed and aspirin-treated human platelets were treated with 100nM 2MeSADP under 

stirring conditions, in the presence (dark bars) or absence (white bars) of 10µM SC-

57101, an αIIbβ3 antagonist at 37º C for different time periods as indicated. The reaction 

was stopped by adding the Laemmli’s buffer. The cell lysates were analyzed for Thr 512 

phosphorylations on nPKC η by western blotting using phospho-specific antibodies as 

indicated. Total nPKC η antibody was used to ensure equal protein concentrations in all 

lanes. The blot shown is representative of experiments performed using platelets from 

three different donors. Furthermore, data obtained from three different sets of 

experiments were quantified and expressed as mean ± SEM (* indicates P<0.05). 
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Role of PP1γ, a serine threonine phosphatase in dephosphorylation of nPKC η.  

 Serine/threonine phosphatases are reported to regulate PKCs in other cell systems. For 

example, PKC α is regulated by PP2B in endothelial cells (Lum et al., 2001), PP2A is 

reported to regulate atypical PKC isoforms in epithelial cells (Liedtke et al., 2005). PP1c 

is a catalytic subunit of PP1, a serine/threonine phosphatase that constitutively associates 

with αIIb tail (Vijayan et al., 2004) in integrin αIIbβ3 complex. Upon activation and 

fibrinogen (ligand) binding to integrin αIIbβ3, PP1c dissociates from αIIbβ3 and becomes 

catalytically active (Vijayan et al., 2004). Among different PP1 isoforms (PP1α, PP1β, 

PP1γ), PP1γ is known to regulate platelet functional responses(K. Vinod Vijayan, 2007). 

Due to the unavailability of specific pharmacological inhibitors for the above mentioned 

phosphatases, we adapted gene knockout approach to study the role of phosphatases in 

regulation of nPKC η activation. We investigated whether integrin αIIbβ3 engagement 

during stirring conditions, dephosphorylates nPKC η via PP1cγ phosphatase using PP1cγ 

knockout mice. Platelets isolated from PP1cγ knockout mice and wild type littermates 

were activated by 2MeSADP under stirring conditions. As shown in Figure 3.5, ADP 

caused transient phosphorylation of nPKC η in wild type murine platelets. However, in 

murine platelets lacking PP1cγ, ADP caused sustained nPKC η phosphorylation. These 

results suggest that binding of fibrinogen to integrin αIIbβ3 dephosphorylates nPKC η via 

PP1cγ. Furthermore, it should also be noted that activated αIIbβ3 integrin-induced 

dephosphorylation was only partially rescued in PP1cγ knockout mice. These data 

indicate that other isoforms of PP1 phosphatase may also be involved in 

dephosphorylation of nPKC η. However, as PP1α and PP1β  knockouts are embryonal 
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lethal, we could not evaluate the role of these phosphatases in dephosphorylation of 

nPKC η.  

 

Figure 3.5: α IIbβ3 mediated integrin outside-in signaling dephosphorylates nPKC η 

via PP1cγ phosphatase.  Washed platelets from PP1cγ-deficient mice (dark bars) and 

wild type littermates (White bars) were treated with 100 nM 2MeSADP under stirring 

conditions at 37º C for different time periods as indicated. The reaction was stopped by 

adding the Laemmli’s buffer. The cell lysates were analyzed for Thr 512 

phosphorylations on nPKC η by western blotting using phospho-specific antibodies as 

indicated. β-Actin was used to ensure equal protein concentrations in all lanes.  The blot 

shown is representative of experiments performed using platelets from three separate set 

of pooled blood from knockout animals. Furthermore, data obtained from three different 

sets of experiments were quantified and expressed as mean ± SEM (* indicates P<.05). 
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Role of nPKC η in agonist-induced platelet functional responses. 

Previous reports from other cell systems suggest that nPKC η regulates MAP kinases 

such as ERK (Brandlin et al., 2002). We have previously demonstrated that ERK is 

involved in agonist- induced thromboxane generation (Garcia et al., 2007). Thus, we 

evaluated the role of nPKC η in ADP- induced thromboxane generation. We utilized η-

RACK antagonistic peptides in our studies. These peptides are designed to bind 

intracellular RACKs, the proteins involved in transportation of activated PKC from the 

membrane to the intracellular substrate. Therefore, although the enzyme (nPKC η) is 

activated (phosphorylated), it cannot render its catalytic activity due to unavailability of 

its substrate and as a consequence corresponding signaling pathway is inhibited (Csukai 

et al., 1997; Ron et al., 1995a). The peptides designed with similar strategy have been 

successfully used in various studies in other cell systems (Inagaki et al., 2003; Ron et al., 

1995a). We evaluated the functional role of nPKC η in agonist- induced platelet 

functional responses by pre-treating non-aspirin-treated platelets with η-RACK 

antagonistic peptides and activating with 2MeSADP. As shown in Figure 6, 2MeSADP -

induced aggregation (Figure 3.6A) and thromboxane generation (Figure 3.6B) were 

inhibited in platelets pretreated with η-RACK antagonistic peptide compared to the 

platelets pretreated with equimolar control peptide.  Furthermore, inhibition of 

thromboxane generation is also evident by the fact that ADP- induced dense granule 

secretion (measured as ATP release in Figure 6A) in non-aspirin-treated platelets, which 

is solely dependent on thromboxane generation (Mills, 1996) is also inhibited. In 

addition, the peptides by itself had no effect on platelet aggregation and thromboxane 
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generation. These data suggest that nPKC η positively regulates ADP- induced 

thromboxane generation.  

 

Figure 3.6. nPKC η  positively regulates ADP- induced thromboxane 

generation: Washed and non-aspirin treated platelets were pretreated with 1 µM η-

RACK antagonistic peptide or control peptide for 10 minutes at 37o C were activated by 

100nM 2MeSADP. (A) A1.Representative aggregation (measured as deflections in light 

transmission using aggregometry), and secretion (measured as ATP release using 

lumichrome assay) tracings of non-aspirin treated platelets activated by ADP. The % 

change in aggregation and secretion up on treatment with η-RACK antagonist compared 
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to control is represented in Figure A2 and A3, respectively (B) Graphical representation 

of thromboxane generated in non-aspirin-treated platelets activated by ADP, as measured 

using ELISA. The graphs are representative of data drawn from three separate 

experiments conducted using blood from three different donors. Data are expressed as 

mean ± SEM (* indicates P value <0.05.) 
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We further evaluated whether nPKC η directly regulates ADP- induced platelet 

aggregation, independent of feedback effects from inhibited thromboxane, using aspirin-

treated platelets. Aspirin is a well established cyclooxygenase (COX) inhibitor, which 

abolishes thromboxane generation, when used under the working conditions described in 

methods section (Dangelmaier et al., 2000; Schror, 1997).  Aspirin-treated platelets were 

pretreated with η-RACK antagonistic peptides or control peptide and activated by 

2MeSADP. As shown in Figure 3.7, ADP- induced platelet aggregation was same in both 

platelets pretreated with η-RACK antagonistic peptides and control peptides. 

Thromboxane generation was completely inhibited in aspirin-treated platelets upon 

stimulation with 2MeSADP (data not shown). These results suggest that nPKC η has no 

direct effect on ADP- induced aggregation.  In addition, these data also confirm that the 

decrease in platelet aggregation observed in non-aspirin -treated platelets pretreated with 

η-RACK antagonist (Figure 3.6A) is only due to decrease in thromboxane generation, 

which in turn results in decreased thromboxane- induced aggregation. 
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Figure 3.7. nPKC η  has no effect on ADP- induced platelet aggregation and dense 

granule secretion. Washed and aspirin treated platelets were pretreated with 1 µM η-

RACK antagonistic peptide or control peptide for 10 minutes at 37o C were activated by 

100 nM 2MeSADP for 3 minutes. Shown are the representative aggregation tracings of 

three separate experiments conducted using blood drawn from three different donors. 
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Molecular Mechanism by which nPKC η regulates agonist- induced functional responses 

Previous reports suggest that agonist- induced thromboxane generation is regulated by 

ERK (Garcia et al., 2007). Furthermore, results from Figure 3.6A, suggest that nPKCη 

positively regulates thromboxane generation. Thus, we evaluated if nPKC η regulates 

thromboxane generation in platelets by regulating ERK. Aspirin-treated platelets 

pretreated with η-RACK antagonistic and control peptides were activated by 2MeSADP. 

The extent of activation of ERK was measured by western blotting analysis using 

phospho-ERK antibody. As shown in Figure 3.8, phosphorylation of ERK was not 

affected in platelets pretreated with η-RACK antagonist or control peptides. These data 

suggest that nPKC η does not regulate thromboxane generation through ERK. 
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Figure 3.8. nPKC η does not regulate agonist- induced thromboxane generation via 

ERK pathway. Washed and aspirin treated platelets were pretreated with 1 µM η-RACK 

antagonistic peptide or control peptide for 10 minutes at 37o C were activated by 100nM 

2MeSADP for 1 minute and the reaction was stopped by adding the Laemmli’s buffer. 

The cell lysates were subjected to western blot analysis and ERK activation was analyzed 

using phospho-ERK antibody. Total ERK antibody was used to ensure equal protein 

concentrations in all lanes. The blot shown is representative of experiments performed 

using platelets from three separate donors. 
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Discussion 

The mechanism of activation of PKCs has been extensively studied in various cell 

systems including platelets. However, the mechanism by which they are inactivated is not 

completely understood. In this study, we demonstrate a novel mechanism of inactivation 

of nPKC η isoform by integrin associated serine/threonine phosphatase. Furthermore, 

although the role of some PKC isoforms in agonist- induced platelet functional responses 

have been previously studied, the role of nPKC η in platelets has not been studied.  In 

this study, we demonstrated that ADP activates nPKC η via P2Y1 receptor coupled to Gq. 

As expected, Gi pathway, which does not generate DAG or mobilize calcium, has no role 

in regulation of nPKC η. Furthermore, nPKCη positively regulates ADP- induced 

thromboxane generation without directly affecting ADP-induced aggregation. Finally, we 

show that upon activation of platelets, αIIbβ3 mediated outside-in signaling 

dephosphorylates nPKCη through PP1γ phosphatase. 

Recent reports suggest that following activation, PKCs are subjected to 

lysosomal or proteasomal degradation involving ubiquitination (Goode et al., 1995; Lee 

et al., 1997; Parker et al., 1995). However, such proteosomal degradation is possibly 

not occurring in platelets, as ubiquitinated nPKC η bands, which typically appear as a 

ladder, were not observed. (Figure 3.4 and 3.5). Furthermore, total nPKC η levels 

remains constant upon integrin signaling (as studied using anti- PKC η antibody, Fig. 

3.4), Hence, PKCη is not inactivated by ubiquitin-mediated degradation in platelets. 

We have previously demonstrated that although Syk is ubiquitinated upon stimulaton 

by collagen, it does not lead to its degradation in platelets (Dangelmaier et al., 2005).  



 79 

We have also evaluated the role of nPKC η using η-RACK antagonistic peptides 

that interfere with enzyme-substrate interaction. Similar antagonistic peptides have been 

successfully used in various cell systems such as cardiomyocytes (Ron et al., 1995a) and 

neuronal cells (Joseph et al., 2007). Using η-RACK antagonists we have demonstrated 

that nPKC η positively regulates agonist- induced thromboxane generation (Figure 3.6) 

with no effect on agonist- induced platelet aggregation (Figure. 3.7). The peptides were 

targeted in to the cell using  TAT carrier protein, which is also used as a negative control 

for these experiments. The specificity of η-RACK antagonistic peptides is further 

elucidated by the fact that they do not affect the platelet aggregation (Figure. 3.7). 

Downstream of ADP receptors platelet aggregation is regulated by calcium and other 

PKCs such as cPKC α. Thus, as the antagonistic peptides did not affect platelet 

aggregation, its effect on other molecular events could be ruled out. Furthermore the 

nPKC δ and θ are neither activated by ADP nor regulate ADP induced functional 

responses (Chari et al., 2009b; Nagy et al., 2009a). Thus, the effects observed upon 

pretreatment with nPKC η RACK antagonist could primarily be because of its interaction 

with nPKC η.  

In platelets, ADP- induced thromboxane generation is regulated by P2Y1, P2Y12 

and αIIbβ3 receptor- mediated signaling (Jin et al., 2002). Furthermore, in our previous 

studies we have shown that ERK is a positive regulator of agonist -induced thromboxane 

generation in platelets and it requires signaling from both P2Y1 and P2Y12 receptor- 

mediated pathways for its activation (Garcia et al., 2007; Shankar et al., 2006a). As 

nPKC η regulates ADP- induced thromboxane generation, we further investigated if the 

mechanism is by regulating P2Y1 or P2Y12 signaling. However, nPKC η does not 
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regulate thromboxane generation via ERK (Figure 3.8). Furthermore, to evaluate if P2Y12 

receptor- mediated, Gi pathway alone is regulated by nPKC η, we studied Akt activation 

and measured decrease in cAMP levels. We chose to conduct these studies, as Akt 

activation and decrease in cAMP production are solely dependent on Gi signaling (Kim 

et al., 2004). However, inhibition of nPKC η by η-RACK antagonistic peptides did not 

affect cAMP levels or Akt activation in aspirin treated platelets activated by ADP (data 

not shown). Thus nPKC η appears to regulate thromboxane generation via an unknown 

mechanism possibly mediated by outside-in signaling, since the P2Y1 and P2Y12 

receptor- mediated signaling is not affected. 

In platelets, PP1c positively regulates agonist-induced platelet functional 

responses (K. Vinod Vijayan, 2007). Our data shows that nPKC η also positively 

regulates ADP-induced thromboxane generation. In addition, PP1c dephosphorylates 

nPKCη. We believe that PP1c regulation of platelet function is not through nPKCη. We 

demonstrated that nPKC η is activated within 30 seconds (Figure 3.1C) of agonist-

induced platelet stimulation. In addition, nPKC η is dephosphorylated by PP1cγ 

phosphatase, activated by αIIbβ3 integrin by 2 minutes after agonist-induced platelet 

activation. Thus, as nPKC η phosphorylation precedes PP1cγ activation and, hence, we 

predict that the molecular mechanism by which PP1c regulates platelet functional 

responses is not via nPKC η.  Rather PP1γ- mediated dephosphorylation of nPKC η is 

probably the mechanism by which catalytic activity of nPKC η is regulated in platelets.  

In addition deletion of PP1cγ does not completely rescue activated αIIbβ3 integrin- 

induced dephosphorylation of nPKC η (Figure 3.5). This data leaves us with the 
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possibility that the other isoforms of PP1c such as PP1c α and PP1c β might also be 

involved in dephosphorylation of nPKC η.   

In summary (Figure 3.9), nPKC η is activated by ADP via P2Y1 receptor. Once 

activated it is also dephosphorylated by integrin αIIbβ3 via PP1γ phosphatase. 

Furthermore, activated nPKC η positively regulates ADP- induced thromboxane 

generation with no effect on aggregation. In addition, nPKC η possibly regulates 

thromboxane generation via an unknown pathway downstream of integrin αIIbβ3.   
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Figure 3.9. Model depicting pathways involved in activation and inactivation of 

nPKC η . nPKC η is activated by ADP via P2Y1 receptor coupled to Gq pathway. 

Furthermore, nPKC η is down regulated by activated integrin αIIbβ3 induced outside-in 

signaling via PP1cγ phosphatase. Upon activation, nPKC η positively regulates ADP- 

induced thromboxane generation without affecting platelet aggregation and dense granule 

secretion. 
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CHAPTER 4.  

DIFFERENTIAL ACTIVATION OF PROTEIN KINASE C ISOFORMS BY 

VARIOUS PLATELET AGONISTS. 

Introduction 

Platelets play a pivotal role in maintaining hemostasis(Shattil et al., 1998). Molecules 

such as collagen and thrombin are the primary physiological agonists which activate 

platelets(Brass, 1999). Upon activation, platelets generate thromboxane A2 (TxA2) and 

secrete ADP from dense granules(Brass, 1999). TxA2 and ADP, in turn, recruit 

surrounding platelets and facilitate the formation of a stable hemostatic plug(Brass, 

1999). All the above mentioned platelet agonists including ADP stimulate platelets by 

activating effector molecules such as phospholipase C (PLC), which lead to the 

generation of diacylglycerol (DAG) and inositol trisphosphate (IP3)(Coughlin, 1999; 

Jackson et al., 2003; Jin et al., 1998a; Vickers et al., 1984; Watson et al., 2000). 

Protin kianse C isoforms (PKCs) regulate various platelet functional respnses (Harper et 

al., 2007). PKCs are grouped in to three classes based on their cofactor requirements. 

Among them, the ‘novel’ class of PKC (nPKC) isoforms which include, δ, theta (θ), eta 

(η) and epsilon (ε) require DAG, but not calcium for their activation(Newton, 2001). 

Previous studies have shown that resting nPKC isoforms become enzymatically active 

upon binding DAG through their C1 domains, followed by phosphorylations on 

conserved ser-thr residues(Newton, 2001). Platelets express all the nPKC isoforms. 

Although, all the agonists including ADP generate DAG, ADP fails to activate nPKC 

δ for unknown reasons (Murugappan et al., 2004) . Hence, in this study we 
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investigated the mechanisms through which, nPKC isoforms are differentially regulated 

by various platelet agonists.  

In platelets, thrombin causes stronger stimulation of Gq/phospholipase C pathway and 

generate more DAG than the weaker agonists (eg., with ADP) (Duncan et al., 1993; 

Holmsen, 1991; Holmsen et al., 1982). Therefore, we investigated if different levels of 

DAG generated downstream of PLC, activate different nPKC isoforms, due to the 

differential sensitivities of their C1 domains to DAG.  

Materials and Methods 

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

University (Philadelphia, PA). 

Materials: Apyrase (type VII), bovine serum albumin (fraction V), thrombin, 2MeSADP, 

MRS-2179 (N6-methyl-2’ –deoxyadenosine-3’, 5’ –bisphosphate) (tetra sodium salt), 

fibrinogen (type I), and acetylsalicylic acid were obtained from Sigma (St Louis, MO). 

pThr-505 PKC δ and β-Actin antibodies were obtained from Cell Signaling Technologies 

(Beverly, MA). pThr-538 PKC θ antibody was obtained from BD Biosciences (San Jose, 

CA). pSer-729 PKC ε is obtained from Santacruz biotechnology (Santa Cruz, CA). pThr-

518 PKC η is generated at 21st century biochemicals (Marlboro, MA) and characterized 

in our laboratory. Alkaline phosphatase-labeled secondary antibody was from 

Kierkegaard & Perry Laboratories (Gaithersburg, MD). Dic8 (8:0) was obtained from 

Biomol integrated with Enzo lifesciences (Plymouth Meeting, PA). 

Isolation of human platelets: All experiments using human subjects were performed in 

accordance with the Declaration of Helsinki. Whole blood was drawn from healthy, 
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consenting human volunteers into tubes containing one-sixth volume of ACD (2.5 g 

sodium citrate, 1.5 g citric acid, and 2 g glucose in 100 mL deionized water). Blood was 

centrifuged (Eppendorf 5810R centrifuge, Hamburg, Germany) at 230g for 20 minutes at 

room temperature to obtain platelet-rich plasma (PRP). If indicated, PRP was incubated 

with 1 mM acetylsalicylic acid (Aspirin) for 30 minutes at 37°C. The PRP was then 

centrifuged for 10 minutes at 980g at room temperature to pellet the platelets. Platelets 

were resuspended in Tyrode’s buffer (138 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 3 mM 

NaH2PO4, 5 mM glucose, 10 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid], pH 7.4, 0.2% bovine serum albumin) containing 0.1 U/mL apyrase. 

Cells were counted using the Coulter Z1 Particle Counter (Miami, FL), and concentration 

of cells was adjusted to 2 x 108 platelets/mL. All experiments using washed platelets were 

performed in the absence of extracellular calcium unless otherwise mentioned.  

Platelet cell lysates preparation: Platelets were stimulated with agonists for the 

appropriate time under non-stirring or stirring conditions at 37 ºC. The reaction was 

stopped by the addition of 3 x SDS- Laemmli’s buffer.  Platelet lysates were boiled for 10 

min and stored for western blotting analysis. 

Western blotting analysis: Lysates prepared from platelets were separated by 10% SDS-

PAGE and transferred onto polyvinylidene difluoride (PVDF) membrane. Nonspecific 

binding sites were blocked by incubation in Tris-buffered saline and Tween (TBST; 20 

mM Tris, 140 mM NaCl, 0.1% (v/v) Tween 20) containing 0.5% (w/v) milk protein and 

3% (w/v) bovine serum albumin for 30 min at room temperature, and membranes were 

incubated overnight at 40C with the primary antibody (1:10,000 dilution in TBST with 2% 

bovine serum albumin) with gentle agitation. After three washes for 5 min each with 
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TBST, the membranes were probed with an alkaline phosphatase-labeled secondary 

antibody (1:5000 dilutions in TBST with 2% bovine serum albumin) for 1 h at room 

temperature. After additional washing steps, membranes were then incubated with CDP-

Star chemiluminescent substrate (Tropix, Bedford, MA) for 10 min at room temperature, 

and immunoreactivity was detected using a Fuji Film Luminescent Image Analyzer 

(LAS-1000 CH, Japan).  

Results 

Differential activation of nPKC isoforms by Weak and strong agonists 

Platelet agonists could be classified as strong and weak, based on their ability to activate 

PLC and mobilize. ADP (P2Y receptor agonist) and serotonin (5-HT receptor agonist) 

could be classified as weak agonists, while AYPGKF (PAR1 receptor agonist) and 

SFLLRN (PAR1 receptor agonist) are classified as strong agonists agonists. Although all 

the above mentioned agonists activate PLC, generate DAG and molize calcium, unlike 

strong agonists, weak agonist ADP fails to activate nPKC δ. Thus, we investigated 

activation of nPKC isoforms θ, δ, η and ε by weak and strong agonists. We activated 

aspirin-treated platelets with ADP, AYPGKF, Serotonin and SFLLRN in time and 

concentration dependent manner and analyzed phosphosphorylation of nPKC θ, δ, η and 

ε using western blot analysis. As shown in Figure 4.1A, 4.1B, and 4.1C strong agonists, 

AYPGKF and SFLLRN  phosphorylated all nPKC isoforms, where as weak agonists 

ADP and serontonin phosphorylated only nPKC η and ε.  This data suggests that Strong 

agonists activate all nPKC isoforms while weaker agonists activate only nPKC η and ε.  
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Figure 4.1 A & B) Differential activation of nPKC isoforms by seratonin and 

SFLLRN. Aspirin- treated platelets were stimulated for various time periods with 100nM 

2MeSADP or 500 µM AYPGKF (A) or with various concentrations of  2MeSADP and 

AYPGKF for 1 min (b)  under non-stirring conditions. Reaction was stopped by adding 

lamelli’s SDS buffer. Samples were subjected to western blot analysis using anti- - p 

PKC δ, θ , η or ε antibodies or anti-β-actin antibody (for lane laoding). 

C) Differential activation of nPKC isoforms by seratonin and SFLLRN. Aspirin- 

treated platelets were stimulated for various time periods with 10µM Seratonin or 10 µM 

SFLLRN under non-stirring conditions. Reaction was stopped by adding lamelli’s SDS 

buffer. Samples were subjected to western blot analysis using anti- p PKC δ, θ , η or ε 

antibody or anti-β-actin antibody (for lane loading). 
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 Differential activation of nPKC isoforms by DAG  

Since the weaker agonists generate low DAG compared to stronger agonists and weak 

agonists activate only nPKC η and ε, we hypothesized that nPKC η and ε have higher 

sensitivities to DAG and hence are activated by low concentrations of DAG. On the 

otherhand nPKC δ and θ only activated by stronger agonists, need higher concentrations 

of DAG for activation. In order to investigate this hypothesis we used DiC8, a DAG 

analogue. We activated aspirin-treated platelets with various concentrations of DiC8 and 

measured PKC activation by western blot analysis. As shown Figure 4.2, while nPKC η 

and ε were phosphorylated by DiC8 at concentrations as low as 0.5 µM, nPKC δ and θ 

were phosphorylated only at concentrations equal to above 5 µM Dic8. These data 

suggest that nPKC η and ε have higher affinity to DAG and are activated by low 

concentrations of DAG. While, nPKC δ and θ have low affinities to DAG and need 

higher concentrations of DAG for activation. 
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Figure 4.2 Differential activation of nPKC isoforms by Dic8, a DAG analogue. 

Aspirin- treated platelets were stimulated with various concentrations of DiC8 under non-

stirring conditions for 1 min. Reaction was stopped by adding lamelli’s SDS buffer. 

Samples were subjected to western blot analysis using anti- p PKC δ, θ , η or ε antibody 

or anti-β-actin antibody (for lane loading). 
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Activation of nPKC δ by ADP, when supplemented with additional DAG 

In order to validate our hypothesis that weak agonists such as ADP fail to activate nPKC 

δ only due to insufficient concentrations of DAG, which mobilizes PKC δ from 

cytoplasm to membrane and activate it, we added low concentrations of DiC8 to ADP 

and studied PKC δ activation.  As shown in Figure 4.3, while ADP or Dic8 (2.5 µM) 

alone failed to phosphorylate  PKC δ. However, in combination they phosphorylated 

nPKC δ. This data suggests that ADP fails to activate nPKC δ only due to insufficient 

levels of DAG generated by it. 

 

 

Figure 4.3 Activation of nPKC isoform δ  by ADP upon addition of Dic8, a DAG 

analogue. Aspirin- treated platelets were stimulated with 100nM 2MeSADP or 1µM 

Dic8 alone or in combination for 1 min. Reaction was stopped by adding lamelli’s SDS 

buffer. Samples were subjected to western blot analysis using anti- p PKC δ antibody or 

anti-β-actin antibody (for lane loading). 
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Discussion 

nPKCs are known to regulate various platelet functional responses including platelet 

aggregation, dense-granule secretion and thromboxane generation. nPKC δ and θ are 

shown to positively regulate PAR-induced platelet aggregation and secretion (Chari et 

al., 2009a; Nagy et al., 2009b). Furthermore, PAR-receptors can cause calcium 

independent platelet aggregation(Quinton et al., 2002a). On the other hand ADP fails to 

cause PKC dependent platelet aggregation and dense granule secretion. Failure to activate 

nPKCs δ and θ could be one of the reasons that ADP cannot elicit such PKC dependent 

responses.   

In this study we for the first time demonstrate that different platelet agonists differentially 

regulate nPKC activation due to variable amounts of DAG generated by them. 

Furthermore, we also have demonstrated that nPKC η and ε have higher affinities to 

DAG compared to nPKC δ and θ.  

nPKCs bind to DAG via their C1 domain. Previous studies have demonstrated that amino 

acids at 7, 10, 11 and 20 positions in C1b domain are important for DAG binding. Thus 

we compared these residues among nPKC δ, θ, η and ε . The residues at 7, 11 and 20 

positions are conserved among all four nPKC isoforms. However in nPKC δ and θ the 

residue at position 10 is serine, while among nPKC η and ε it Valine. We are currently 

studying if this difference in amino acid is responsible for differential affinities to DAG.  
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