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Protein Kinase C delta (PKCδ) is expressed in platelets and activated downstream of 

protease-activated receptors (PAR)s and glycoprotein VI (GPVI) receptors. We evaluated 

the role of PKCδ in platelets using two approaches - pharmacological and molecular 

genetic approach. In human platelets pretreated with isoform selective antagonistic 

RACK peptide (δV1-1)TAT, and in the murine platelets lacking PKCδ, PAR4-mediated 

dense granule secretion was inhibited, whereas GPVI-mediated dense granule secretion 

was potentiated. These effects were statistically significant in the absence and presence of 

thromboxane A2 (TXA2). Furthermore, TXA2 generation was differentially regulated by 

PKCδ. However, PKCδ had a small effect on platelet P-selectin expression. Calcium- and 

PKC-dependent pathways independently activate fibrinogen receptor in platelets. When 
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calcium pathways are blocked by dimethyl-BAPTA, AYPGKF-induced aggregation in 

PKCδ null mouse platelets and in human platelets pretreated with (δV1-1)TAT, was 

inhibited. In a FeCl3-induced injury in vivo thrombosis model, PKCδ-/- mice occluded 

similar to their wild-type littermates. Hence, we conclude that PKCδ differentially 

regulates platelet functional responses such as dense granule secretion and TXA2 

generation downstream of PARs and GPVI receptors, but PKCδ deficiency does not 

affect the thrombus formation in vivo. 

We further investigated the mechanism of such differential regulation of dense granule 

release by PKCδ in platelets. SH2 domain-containing Inositol Phosphatase (SHIP)-1 is 

phosphorylated on Y1020, a marker for its activation, upon stimulation of human 

platelets with PAR agonists, SFLLRN and AYPGKF, or GPVI agonist, convulxin. GPVI-

mediated SHIP-1 phosphorylation occurred rapidly at 15 sec whereas PAR-mediated 

phosphorylation was delayed, occurring at 1 min. Lyn and SHIP-1, but not SHIP-2 or 

Shc, preferentially associated with PKCδ upon stimulation of platelets with a GPVI 

agonists, but not with a PAR agonist. In PKCδ null murine platelets, convulxin-induced 

SHIP-1 phosphorylation was inhibited, suggesting that PKCδ regulates the 

phosphorylation of SHIP-1. Furthermore, in Lyn null murine platelets, GPVI-mediated 

phosphorylations on Y-1020 of SHIP-1, Y311 and Y155 of PKCδ were inhibited. In 

murine platelets lacking Lyn, or SHIP-1, GPVI-mediated dense granule secretions were 

potentiated, whereas PAR-mediated dense granule secretions were inhibited. 

Phosphorylated SHIP-1 associated with phosphorylated-Y155 PKCδ peptide.  Therefore, 

we conclude that Lyn-mediated phosphorylations of PKCδ and SHIP-1 and their 

associations negatively regulate GPVI-mediated dense granule secretion in platelets.  



 iv 

 

 

 

 

 

 

 

For Amma and Appa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 v 

 

ACKNOWLEDGEMENTS 

 

 

 

I would like to thank Dr. Satya P. Kunapuli for accepting me as his student. His constant 

guidance, support and encouragement throughout my graduate training has brought me 

this far. I thank him for his excellent mentorship and for helping me grow scientifically 

and achieve my goals from time to time.  I would also like to thank my doctoral 

committee, Drs. Steven Driska, Satoru Eguchi, James Daniel and Ulhas Naik for their 

advice and cooperation during the entire research training. 

 

I would like to thank my family and friends for their support, encouragement during the 

last 5 years. My Sincere thanks to my parents, Ramu Chari (Father) and Shyamala Chari 

(Mother) and Pavan Turaga (Fiancé) for their understanding, encouragement and support. 

Words aren’t enough to acknowledge you.  

 

My thanks to the Department of Physiology for accepting me into the doctoral program 

and for making my graduate training experience comfortable and enjoyable.  I thank the 

staff of the Department of Physiology – Janice Milewski, Patricia Parker, Carole Siddall , 

Remus Berretta and Djuna Witherspoon, for helping me find my way through the 

administration process.  

 



 vi 

 

Special gratitude is due to Dr. Swaminathan Murugappan – a colleague and friend – 

whose excellent mentorship during my early graduate days proved invaluable to me. 

 

I would like to acknowledge the support from members of Dr. Kunapuli’s laboratory – 

Jianguo Jin, Soochong Kim, Analia Garcia, Yingying Mao, Progya Saha, Sai Kumari,  

Monica Dupon, Kamala Bhavaraju, Yamini Bynagari, Azad Mayanglambam, Lorena 

Buitrago, Todd Getz and Dheeraj Bhavanasi. I would also like to acknowledge the help 

from members of Dr. Daniel’s laboratory – Carol Dangelmaier and Dafydd Thomas.  

Thanks for everything. Thanks for helping me grow as a graduate student and a good 

researcher. 

 

 

 

 

 

 

 

 

 

 

 

 



 vii 

 

 

 

TABLE OF CONTENTS 

 
                                                                                                                            PAGE 
 
ABSTRACT  …………………………………………………………………… ii 
 
ACKNOWLEDGEMENTS …………………………………………………….  v 
 
LIST OF FIGURES …………………………………………………………….. ix 
 
 
CHAPTERS 
 

1. INTRODUCTION              1 
2. PROTEIN KINASE C DELTA DIFFERENTIALLY REGULATES PLATELET 

DENSE GRANULE SECRETION 
 
Introduction …………………………………………………………….. 23 
Methods and Materials …………………………………………………  26 
Results ………………………………………………………………….. 29 
Discussion ……………………………………………………………… 42 
 

3. LYN, PKC DELTA AND SHIP-1 INTERACTIONS REGULATE GPVI-
MEDIATED PLATELET DENSE GRANULE SECRETION 

 
Introduction …………………………………………………………….. 46 
Methods and Materials …………………………………………………. 49 
Results ………………………………………………………………….. 53 
Discussion ……………………………………………………………… 68 

 
4. TYROSINE PHOSPHORYLATION OF PROTEIN KINASE C DELTA AT 

Y155 RESIDUE REGULATES ITS ASSOCIATION WITH SHIP-1 
   

Introduction …………………………………………………………….. 74 
Methods and Materials …………………………………………………. 76 
Results ………………………………………………………………….. 79 

      Discussion ……………………………………………………………… 89 
 
5. OVERALL DISCUSSION 



 viii 

 
Discussion ………………………………………………………………. 91 
Concluding remarks …………………………………………………….. 100 
Future directions ………………………………………………………… 101 
 

REFERENCES CITED ………………………………………………………….  104 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix 

 

 

 

LIST OF FIGURES 

Figure           Page 

1 Pictorial Representation of Platelet Signaling  4  

2 Structure of Protein Kinase C isoforms   9  

3 Regulated Exocytosis in platelets    15 

4 Differential Regulation of Platelet Dense Granule  30 

Secretion in Human Platelets   

5 Differential Regulation of Platelet Dense Granule  32 

Secretion in Murine Platelets 

6 Differential Regulation of Platelet Alpha Granule  35 

Secretion in Murine Platelets 

7 Role of PKCδ in PAR- and GPVI-mediated   37 

Thromboxane A2 Generation 

8 PKCδ Positively Regulates PAR-mediated   39 

Fibrinogen Receptor Activation 

9 Regulation of Thrombus Formation in vivo by   41 

Protein Kinase Cδ 

      10         Time Courses of PAR and GPVI –mediated   54 

SHIP-1 Phosphorylations 

11  Association of phospho-SHIP-1 with PKCδ   56 



 x 

                                    upon GPVI stimulation  

12                             PKCδ Regulates GPVI- and not PAR-mediated   58 

                                 Phosphorylation of   SHIP-1 

13                             Regulation of GPVI-mediated SHIP-1 phosphorylation    60 

                                   by Lyn  

14             Lyn Associates with PKCδ and Regulates Y311   62 

     Phosphorylation on PKCδ upon GPVI stimulation 

15 Lyn regulates the association between PKCδ and    64 

SHIP-1 

      16        Dense Granule Secretion Measurements in Lyn and    66 

                                         SHIP-1 null murine platelets 

17 Schematic of the Molecular Mechanism Underlying    73 

Negative Regulation of GPVI-mediated dense  

granule secretion    

18 Tyrosine Phosphorylation of PKCδ at 332, 523, 525  80 

                                    and 565 Upon PAR and GPVI stimulation 

19 PAR-mediated and GPVI-mediated phosphorylations    82  

                                    on PKCδ at Y311 and Y155 respectively 

20 Time Courses of PAR and GPVI-mediated    84 

                                    tyrosine phoshorylations 

21 Lyn-mediated tyrosine phosphorylation of PKCδ   86 

                                    at 155 residue 

22 PKCδ associates with SHIP-1 at 155 residue    88 



 xi 

                                    upon GPVI stimulation 

23 Molecular Mechanisms Underlying Differential    95 

                                    Regulation of Platelet Dense Granule Secretion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xii 

LIST OF TABLES 

Table           Page 

   1              Functions of PKC isoforms in platelets     13 

   2                   Pharmacological Inhibitors of Protein Kinase Cs                19 

 

 



 0 

 
 

                                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 1 

CHAPTER 1 

Introduction 

 

 

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

formation. Upon endothelial injury of vessels, compensatory physiological processes are 

activated that prevent excess loss of blood and heal the vascular injury. The three most important 

physiological processes include – 1) vasospasm 2) platelet activation, and 3) activation of 

coagulation factors resulting in the formation of fibrin. These physiological processes result in 

complete occlusion of the vessel and thereby prevent further loss of blood. Incongruous 

activation of platelets leads to pathological implications such as atherosclerosis and occlusive 

thrombus formation resulting in stroke and myocardial infarction.  

Platelets are the major contributors of vaso-occlusive thrombi that lead to ischemic damage in 

cardiovascular, cerebro-vascular and peripheral vascular diseases (Fuster, Stein et al. 1990; 

Harker 1990; Coller 1991). Upon injury to the vessel wall, platelets are attracted to the site of 

injury by the adhesive ligands such as von Willebrand Factor (vWF), collagen, fibrinogen, 

fibronectin, thrombospondin, laminin, that bind to their respective glycoprotein (GP) receptors 

(GPIb/IX/V, GPVI, integrin α2β1, αIIbβ3, α5β1 and α6β1) (Houdijk, Sakariassen et al. 1985; Kroll, 

Hellums et al. 1996; Moroi, Jung et al. 1996; Savage, Almus-Jacobs et al. 1998). Subsequently, 

platelets are bound by fibrinogen resulting in the formation of a platelet aggregate. Following 

this, platelets secrete contents from their granules and generate thromboxane A2 (TXA2), 

initiating the recruitment of additional platelets to the site of injury, resulting in the formation of 

a stable occlusive thrombus. In a nutshell, when platelets are activated they 1) change shape 
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(from discoid to sphere) and adhere to the injured vessel wall 2) aggregate 3) release contents 

from their granules 4) generate TXA2 and other lipid mediators. These events provide 

phospholipid surface that is ambient for the assembly of the Xase and prothrombinase 

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

 

Platelet Agonists and Receptors 

Thrombin, collagen, ADP and TXA2 are the primary physiological agonists of platelets. Based 

on the receptors that the agonists activate, the agonists can be classified into two main classes: a) 

agonists that activate G-Protein Coupled Receptors (GPCRs) such as ADP, epinephrine, 

thrombin, TXA2 and serotonin and b) agonists that activate non-G-protein coupled receptors such 

as collagen, vWF and fibrinogen. Based on the potency of the agonists to activate the receptors, 

the agonists can be categorized into two classes based on their abilities to bind to receptors that 

mobilize calciums: a) weak agonists such as ADP, epinephrine, U46619 (a TXA2 analog) b) 

strong agonists such as collagen, serotonin and thrombin (Holmsen 1977; Detwiler TC 1980). 

GPCRs are seven transmembrane receptors that couple to heterotrimeric G-proteins and cause 

downstream signaling.  

Platelet receptors can be broadly classified into a) GPCRs that couple to various G-proteins 

(Ohlmann, Laugwitz et al. 1995; Brass, Manning et al. 1997; Offermanns 2000). Platelets 

express the alpha subunits of Gq, Gi1, Gi2, Gi3, Gz, G12, G13, Gs and G16 b) non-GPCRs that 

include 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, Pleines et al. 2008).  

 Physiological agonists of platelets 
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Thrombin activates PAR-1 and PAR-4 receptors, which couple to Gq and G12/13 pathways. ADP 

stimulates P2Y12 and P2Y1 receptors which couple to Gi and Gq proteins respectively, while 

TXA2 stimulates TP receptors which couple to Gq and G12/13 proteins. Collagen on the otherhand 

activates GPVI receptors that are non-covalently bound to FcRγ containing Immunotyrosine-

based Activation Motifs (ITAMs). While Gq pathways activate phospholipase Cβ2 (PLCβ2), 

ITAM receptors via Syk pathway lead to PLCγ2 activation. PLC activation induces the 

mobilization of calcium from the intracellular stores mediated by IP3 and activates PKC via the 

generation of DAG. A pictorial representation of the various platelet agonists and receptors 

culminating into a complex signaling outcome is shown in Figure 1. 
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Figure 1 - Pictorial Representation of Signaling in Platelets 
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Response of platelets to their agonists 

a) Platelet Shape Change 

The first response of platelets 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 by the polymerization of actin. 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, whereas non-GPCR pathways mediate shape change only 

through calcium. 

b) Platelet Secretion 

Platelet secretion leads to the amplification of platelet responses. The recruitment of more 

platelets to the site of thrombus results in the growth of thrombus. Platelets harbor three types of 

granules – a) α−granules that contain pro-coagulant proteins b) dense granules that store ADP, 

ATP, calcium and serotonin and c) lysosomal granules contain acid hydrolases, cathepsins and 

lysosomal membrane proteins. α−granules are the most abundant, followed by the dense 

granules which are 10-fold less abundant (White 1969). Strong agonists induce the secretion of 

contents from both α− and dense granules, whereas weak agonists like ADP fail to cause dense 

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

(Mills 1996). Calcium and PKCs are the major mediators of granular secretion in platelets. 

c) Platelet aggregation 

Following secretion of ADP from granules and TXA2 generation, they bind to P2Y12, P2Y1 and 

TP receptors respectively (Ryningen and Holmsen 1998). This process results in agonist-induced 

activation of fibrinogen receptor (αIIbβ3) by inducing a conformational change in the integrin. 

This signaling pathway is referred to as inside-out signaling. Following a change in conformation 
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of αIIbβ3, fibrinogen from α−granules binds to this integrin and induces the extension of 

filopodia and lamellipodia. These signaling events constitute the outside-in signaling pathway 

(Shattil, Kashiwagi et al. 1998). Calcium and PKCs can independently mediate the activation of 

fibrinogen receptor. The first studies that reported a role for PKCs in the activation of fibrinogen 

receptor used a PKC inhibitor, staurosporine (Watson, McNally et al. 1988). However, with the 

development of more PKC inhibitors, it was reported that those PKC isoforms that are involved 

in the regulation of secretion differ from those involved in the activation of fibrinogen receptor 

(Quinton, Kim et al. 2002). 

d) Thromboxane A2 generation 

Agonist-induced activation of platelets results in the generation of TXA2 that amplifies platelet 

responses and recruits more platelets to the site of injury. PKCs have been shown to contribute to 

the generation of TXA2. 
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Protein Kinase Cs  

PKCs are Serine/Threonine kinases that mediate myriad cellular responses such as mitogenesis, 

proliferation of cells, apoptosis in other cells, whereas they are involved in the remodeling of 

actin cytoskeleton, modulation of ion channels, regulation of secretion and activation of platelets 

(Toker 1998). The discovery of Protein Kinase Cs heralded a new beginning in scientific 

research as it paved the way for several other seminal scientific discoveries. PKCs were first 

discovered in 1977 in Dr. Yasutomi Nishizuka’s laboratory at Kobe University School of 

Medicine, Japan. The studies showed that 1,2–s,n configuration of diacylglycerol (DAG), a lipid 

product present in the cell membrane could activate a distinct class of kinases called PKCs 

(Mori, Takai et al. 1982) and that the activation of PKCs is synergistic to the calcium pathways 

(Takai, Kishimoto et al. 1979; Nishizuka 1986). Although, these enzymes are predominantly 

cytosolic in the resting state, they translocate to the membrane upon activation, in a calcium-

dependent manner (Kraft and Anderson 1983; Hirota, Hirota et al. 1985; Wolf, LeVine et al. 

1985). The translocation of PKCs to the membrane is transient as the DAG accumulates 

transiently in thrombin-stimulated platelets (Rittenhouse-Simmons 1979). In 1980, studies 

showed that both calcium increase and activation of PKC is required for release of serotonin, a 

component of platelet dense granules, upon activation of platelets (Kawahara, Takai et al. 1980). 

The following year, a link between PKC and phorbol ester was sought for, as an evidence that 

DAG activates PKCs. Phorbol ester possesses a structure similar to DAG and mimics DAG 

action by increasing its affinity for PKC and phosphatidylserine and thereby activates PKCs 

(Blumberg 1980; Blumberg 1981; Castagna, Takai et al. 1982). Unfortunately, DAG could not 

be readily intercalated into the cell membrane and phorbol ester had to be relied upon. It was 

disappointing to find out that in platelets, tumor-promoting phorbol ester did not produce any 



 8 

DAG to activate PKCs. However, it induced the phosphorylation of a 47kDa protein. In the 

subsequent years, it was shown that phorbol esters cause the translocation of PKCs from cytosol 

to membrane, similar to DAG. Therefore, it can be used as a tool for manipulating the functions 

of PKCs in intact cells (Kikkawa and Nishizuka 1986). 

 

Structure and distribution 

PKC family consists of 11 isoforms that are encoded by 9 genes. Platelets express 7 out of the 11 

PKC isoforms. PKCs are ubiquitously expressed in tissues and organs, however the expression is 

very poor in the nucleus (Kuo, Andersson et al. 1980; Jolles, Zwiers et al. 1981; Minakuchi, 

Takai et al. 1981; Aloyo, Zwiers et al. 1983). Based on the lipid and co-factor requirements, 

PKCs can be categorized into three major classes: conventional/classical PKC isoforms (α, βΙ, 

βΙΙ, γ) that are activated by both calcium and DAG that bind to C2 and C1 domains respectively 

of PKCs; novel PKC isoforms (δ, ε, η, θ) that are activated by only DAG and not calcium; and 

atypical PKC isoforms (µ, λ, ι, ζ) that are activated by lipid-derived second messengers that bind 

to the C1 domain and not DAG or calcium (Nishizuka 1995; Mellor and Parker 1998; Toker 

1998; Newton 2001). In addition to these co-factors, PKCs also bind phosphatidylserine. The 

structural representation of three classes of PKC isoforms is depicted in Figure 2.  
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Figure 2 – Structure of Protein Kinase C isoforms 
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Regulation 

PKCs are under tight structural and spatial regulation. Upon platelet activation, a rise in 

intracellular calcium and generation of DAG, results translocation of PKCs from cytoplasm to 

the membrane where they bind DAG via their C1 domain. This event causes PKC isoforms to 

change their conformation so as to enable the phosphorylation of their activation loops by 

Phosphatidylinositol-dependent Kinase 1 (PDK-1). These phosphorylations result in complete 

activation of PKC. Following this, PKCs bind to PKC interacting proteins such as Receptor for 

Activated C-Kinases (RACKs) and Substrates that interact with C-Kinases (STICKs). RACKs 

position the PKCs in close proximity to their target substrates and thereby aid in the 

phosphorylation of PKC substrates, followed by downstream signaling events. STICKs are 

phospholipid-binding proteins that are localized at the interfaces of membranes and cytoskeletal 

structures. PKCs directly bind to STICKs and phosphorylate them (Jaken and Parker 2000).  

 

 Signaling by PKCs 

There is a growing body of evidence implying the crucial role of PKCs in the activation of 

platelets, however, the role of each of the isoforms is still under investigation. The activation of 

PKCs has been shown to play a role in calcium entry (Rosado and Sage 2000; Harper and Sage 

2006), granule secretion (Strehl, Munnix et al. 2007), fibrinogen receptor (αIIbβ3 ) activation 

(Yacoub, Theoret et al. 2006) and outside-in signaling (Buensuceso, Obergfell et al. 2005; 

Soriani, Moran et al. 2006). It is also hypothesized that stimulation of platelets with weak and 

strong agonists or stimulation with GPCR or GPVI agonists results in the activation of different 

PKC isoforms. 

Studies with a Pan-PKC inhibitor such as Ro 31-8220 have shown that PKCs regulate fibrinogen 
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receptor (αIIbβ3) activation independent of calcium downstream of PAR receptors (Quinton, Kim 

et al. 2002). Further studies elucidating the role of a specific class of PKC isoforms has been 

investigated by using pharmacological inhibitors such as Go6976, a classical PKC isoform 

inhibitor. Interestingly, while pretreatment of platelets with Go6976 abolished collagen-induced 

platelet secretion, it had minimal effect on PAR- mediated dense granule secretion suggesting a 

role for classical PKC isoforms in collagen-induced platelet secretion (Murugappan, Tuluc et al. 

2004). Thus, it is understood that upon activation of platelets with agonists, different classes of 

PKC isoforms are activated downstream of different receptors.  

 

Specific roles of PKC isoforms in platelets 

Platelets express 7 out of the 10 PKC isoforms (Murugappan, Tuluc et al. 2004). Although PKCs 

have been hypothesized in mediating distinct platelet functional responses, the roles of each PKC 

isoform is still under investigation. For instance, PKCδ and PKCθ are not activated downstream 

of ADP receptors, whereas they are activated downstream of PARs and GPVI receptors 

(Murugappan, Shankar et al. 2005; Nagy, Bhavaraju et al. 2009). Furthermore, PKCθ is reported 

to be activated downstream of outside-in signaling (Soriani, Moran et al. 2006). Platelets in 

which PKCβ or PKCθ have been knocked out have shown the inability to spread on a fibrinogen 

coated surface, suggesting a role for these isoforms in the outside-in signaling events 

(Buensuceso, Obergfell et al. 2005; Soriani, Moran et al. 2006). Downstream of GPVI receptors, 

PKCα, PKCδ, PKCθ and PKCε are activated. Studies have also shown that PKCα is essential 

but not sufficient to cause dense granule secretion and there is still an unidentified cytosolic 

factor that contributes to secretion (Yoshioka, Shirakawa et al. 2001). Among all the PKC 

isoforms that have been identified in platelets, PKCδ is unique as it positively regulates PAR-
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mediated dense granule secretion, whereas this isoform negatively regulates GPVI-mediated 

dense granule secretion (Crosby and Poole 2003; Murugappan, Tuluc et al. 2004). A summary of 

all the PKC isoforms with their functional role in platelets is listed in Table 1.   
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SNo. PKC isoform Function in platelets References 

1. 

 

 

 

2. 

 

3. 

 

 

4. 

 

 

5. 

 

 

 

6. 

 

7. 

PKCα 
 
 
 
 
 
 
 
 
PKCβΙ/βΙΙ 
 
 
 
 
PKCδ 
 
 
 
 
 
 
 
PKCε 
 
 
 
 
 
PKCθ 
 
 
 
 
 
 
 
 
 
PKCη 
 
 
 
 
PKCζ 

-Activated by GPVI and GPIb/IX/V receptors 
(Pula, Crosby et al. 2005) 
-Positively regulates platelet aggregation 
(Tabuchi, Yoshioka et al. 2003), α− and dense 
granule secretion (Yoshioka, Shirakawa et al. 
2001; Konopatskaya, Gilio et al. 2009) 
 
-Inhibits thrombin-induced calcium entry in 
platelets (Xu and Ware 1995) 
-Phosphorylates G12/13 (Offermanns, Hu et al. 
1996) 
 
 
 
-activated by PARs and GPVI receptors but not 
by ADP(Murugappan, Tuluc et al. 2004) 
 
  
 
 
 
-Expressed only in mouse platelets but not 
human platelets (Pears, Thornber et al. 2008) 
-Activated upon GPVI stimulation (Pears, 
Thornber et al. 2008) 
 
-Mediates thrombin-induced platelet P-selectin 
expression (Libersan and Merhi 2003) 
-Activated by fibrinogen receptor αIIbβ3 
(Soriani, Moran et al. 2006), PARs and GPVI 
receptors (Nagy, Bhavaraju et al. 2009) 
-Specifically phosphorylates moesin at Thr558 
in activated platelets (Pietromonaco, Simons et 
al. 1998) 
-Mediates thrombin-induced platelet P-selectin 
expression (Libersan and Merhi 2003) 
 
-ADP activates PKCη via P2Y1 receptor and 
PKCη is subsequently dephosphorylated by 
αIIbβ3-mediated outside-in signaling (Bynagari, 
Nagy et al. 2009) 
 
-Expressed in human platelets (Murugappan, 
Tuluc et al. 2004) 

Yoshioka, Shirakawa et al. 
2001), (Tabuchi, Yoshioka et 
al. 2003), (Pula, Crosby et al. 
2005), (Konopatskaya, Gilio 
et al. 2009) 
 
 
 
(Xu and Ware 1995), 
(Offermanns, Hu et al. 1996) 
 
 
 
 
(Murugappan, Tuluc et al. 
2004), (Xu and Ware 1995),  
 
 
 
 
 
 
(Pears, Thornber et al. 2008) 
 
 
 
 
(Soriani, Moran et al. 2006), 
(Nagy, Bhavaraju et al. 2009), 
(Pietromonaco, Simons et al. 
1998) 
 
 
 
 
(Libersan and Merhi 2003) 
 
 
 
 
(Bynagari, Nagy et al. 2009) 
 
 
(Murugappan, Tuluc et al. 
2004) 

 

Table 1 - Functions of PKC isoforms in platelets 
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In platelets, calcium and PKCs are key signaling molecules leading to platelet secretion 

(Yamada, Iwahashi et al. 1987; Watson, McNally et al. 1988; Werner and Hannun 1991). 

Investigation into the molecular mechanism for such differences in the regulation of platelet 

secretion paved the way for research into regulated exocytosis by the fusion of the Soluble N-

ethylmaleimide–sensitive factor attachment protein receptors (SNAREs) in the membranes. The 

fusion of the granular membrane with the plasma membrane results in overcoming the 

electrostatic and hydration forces that result in exocytosing the granular contents of the platelets 

(Zimmerberg, Vogel et al. 1993; Lemons, Chen et al. 2000; Reed, Fitzgerald et al. 2000). The 

SNARE hypothesis is the classical explanation of regulated exocytosis in secretory cells 

(Sollner, Bennett et al. 1993).  

There are three types of SNARE proteins – a) t-SNAREs that include Syntaxins 2,4 and 7 in 

platelets – present in the plasma membrane (Reed, Houng et al. 1999; Reed, Fitzgerald et al. 

2000) b) v-SNAREs that include Snare attachment protein (SNAP) – 23, SNAP-25; Vesicle 

associated membrane protein (VAMP)- 3, VAMP-8- present in the membrane of the platelet 

vesicles. The v-SNARE and t-SNARE proteins interact forming a 4-helix coiled coil structure 

resulting in the fusion of the membranes causing the granular contents of platelets to exocytose 

(Sutton, Fasshauer et al. 1998). PKC-dependent phosphorylation of Syntaxin-4 regulates 

α−granule secretion, while the dense granule secretion is regulated by the phosphorylation of 

Syntaxin-2 (Chen, Lemons et al. 2000; Lemons, Chen et al. 2000). A pictorial representation of 

the regulated exocytosis in platelets is shown Figure 3. 
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Figure 3 - Regulated exocytosis in platelets 
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PKC substrates in platelets 

PKCs specifically phosphorylate serine and/or threonine residues that are flanked by basic amino 

acid residues (Gould, Woodgett et al. 1985; Kishimoto, Nishiyama et al. 1985; House, 

Wettenhall et al. 1987; Pearson, DeWald et al. 1990). Numerous proteins such as growth factor 

receptors, cytoskeletal proteins, ion channels and pumps and nuclear proteins are reported to be 

substrates of PKCs (Nishizuka 1992; Toker 1998). The predominant PKC substrates in platelets 

that are known today are myristoylated alanine-rich C-kinase substrate (MARCKs) (Hartwig, 

Thelen et al. 1992) and platelet and leukocyte C kinase substrate (Pleckstrin) (Nishizuka 1988; 

Tyers, Haslam et al. 1989). Upon platelet activation, PKCs phosphorylate their substrates and 

regulate distinct platelet responses. For example, upon phosphorylation of MARCKs by PKCs, 

MARCKs tightly binds to phosphatidylinositol 4,5 bisphosphate (PIP2) and protects it from 

hydrolysis by phospholipase C (PLC) (Wang, Arbuzova et al. 2001; Flaumenhaft 2003). In 

platelets, pseudo-MARCKs substrate blocks dense granule secretion (Elzagallaai, Rose et al. 

2000). Parallely, recent studies in Pleckstrin null murine platelets showed that although the 

platelet granules in these mice merge with the membrane upon stimulation of PKCs, they failed 

to empty their granule contents in the open canalicular system (Lian, Wang et al. 2009). 

Although the substrates for the PKCs have been identified, studies are yet to be carried out to 

dissect the substrates for each of the PKC isoforms. Identifying and targeting isoform-specific 

substrates could be beneficial in developing anti-thrombotic drugs. 

  

Approaches targeting PKC as a drug 

PKCs play a major role in fine-tuning the functional responses in various cell systems, including 

platelets. Pharmacological and molecular genetic approaches have been employed to study the 
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function of PKCs in regulating signaling pathways downstream of various receptors in platelets.  

1) Pharmacological Inhibitors: 

Pharmacological tools interfering with PKCs activity are widely used to study the functional 

roles of PKCs in various cell systems. The years 1984 and 1986 contributed significantly in 

terms of developing pharmacological inhibitors that interfered with PKC function. With the 

rationale of dissecting the tissue and isoform-specific roles of PKCs, various pharmacological 

inhibitors were developed.  

i) Broad-range PKC inhibitors 

ATP-binding site inhibitors were among the first inhibitors to be developed (Shen 2003). The 

Isoquinoline sulphonamide such as H7, a competitive inhibitor to the ATP-binding site, was the 

first class of PKC inhibitors to be characterized in rabbit platelets (Hidaka, Inagaki et al. 1984; 

Kawamoto and Hidaka 1984). Tamoxifen, an anti-estrogen drug was launched as a new inhibitor 

of PKC in vitro in the following years (O'Brian, Housey et al. 1987). Subsequently, 

Staurosporine, a microbial alkaloid with indolocarbazole structure was developed (Tamaoki, 

Nomoto et al. 1986), however, it was found to inhibit other protein kinases (Buchholz, Dundore 

et al. 1991; Casnellie 1991). Modifying the structure of Staurosporine made it possible to 

develop several potent and specific PKC inhibitors such as CGP 41251 and UCN-01 (Meyer, 

Regenass et al. 1989; Mizuno, Saido et al. 1993; Seynaeve, Stetler-Stevenson et al. 1993). 

Bryostatin-1, a macrocyclic lactone was found to block phorbol myristic acid (PMA)-induced 

effects in platelets (Grabarek and Ware 1993). Extensive studies on the structure of PKCs have 

eventually led to the development of isoform-specific inhibitors. 

ii) Isoform-specific inhibitors 

The isoform-specific inhibitors of PKC inhibit tissue- or cell-specific functions of PKCs. They 
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are also reported to exert less toxic side effects than broad range PKC inhibitors. The advent of 

LY33351 (a PKCβ−specific inhibitor) and rottlerin (a PKCδ-specific inhibitor) paved way for 

isoform-specific modulators on PKC’s function. However, some studies have reported non-

specific effects of PKC by LY33351 and rottlerin(Gschwendt, Muller et al. 1994; Davies, Reddy 

et al. 2000; Mandil, Ashkenazi et al. 2001; Soltoff 2001; McGovern, Helfand et al. 2003; Tapia, 

Jensen et al. 2006). A list of the PKC inhibitors, their specificity and applications in platelets are 

summarized in Table 2. 
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Table 2 – Broad Range and Isoform-specific Inhibitors of Protein Kinase Cs 
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2) Molecular genetic tools 

With a major constraint concerning the specificity of the pharmacological inhibitors, various 

molecular biological tools such as antisense oligonucleotides (Samuel, Liu et al. 2007), 

ribozymes (Sioud and Sorensen 1998), adenovirus-expressing dominant negatives of PKC 

isoforms (Igarashi, Wakasaki et al. 1999), knockout mice for specific PKC isoforms have been 

developed. However, platelets cannot be subjected to molecular biological interventions and 

therefore scientists rely on platelets from knockout mice to dissect isoform-specific functions of 

PKCs in platelets. 

 

Implications to thrombosis 

Multiple proteins are phosphorylated upon platelet activation (Tsukuda, Asaoka et al. 1988; 

Quinton, Kim et al. 2002). The role of PKCs in mediating platelet functional responses has been 

studied for more than two decades, yet it is not clear to pin point specific roles for each of the 

PKC isoforms. In the early 80’s, reports suggested that PKC isoforms negatively regulate 

calcium extrusion from platelets (Rink, Sanchez et al. 1983; Pollock, Sage et al. 1987) and 

increase PLC activity (King and Rittenhouse 1989). 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, Sanchez et al. 1983; Walker and 

Watson 1993; Yoshioka, Shirakawa et al. 2001). Studies have also shown that PKCs may 

synergize with calcium to activate fibrinogen receptor via a G-protein exchange factor, CalDAG-

GEFI (Cifuni, Wagner et al. 2008). In human and murine platelets, PKCs regulates platelet 

aggregation by contributing to fibrinogen receptor (αIIbβ3) activation resulting in platelet 



 21 

aggregation under flow (Quinton, Kim et al. 2002; Strehl, Munnix et al. 2007). Therefore, PKCs 

play a crucial role in regulating platelet shape change, secretion, aggregation and TXA2 

generation. However, there lies a fine line between the roles of each of the PKC isoforms in 

platelets. 

With the availability of isoform-specific inhibitors as well as knockout mice, scientists are 

beginning to dissect the roles of individual PKC isoforms in platelets. Studies have shown that 

PKCα positively regulates α− and dense granule secretion (Yoshioka, Shirakawa et al. 2001) and 

platelet aggregation (Tabuchi, Yoshioka et al. 2003) upon stimulation of GPVI and GP Ib/IX/V 

with Alboaggregin (Pula, Crosby et al. 2005). Recent reports in the isoform-specific knockout 

mice have suggested that PKCα isoform plays a major role in granule biogenesis and exocytosis 

(Konopatskaya, Gilio et al. 2009). Studies using pharmacological inhibitor of PKCβ, another 

classical PKC isoform have shown that it is activated downstream of PARs and GPVI receptors 

and negatively regulates thrombin-induced calcium entry (Xu, Greengard et al. 1995). Some 

PKCs have been shown to regulate platelet functional responses differentially. Recently, using 

pharmacological inhibitory RACK peptides as well as platelets from knockout mice for PKCθ 

and PKCδ, we have shown that novel PKC isoforms such as PKCθ and PKCδ are activated by 

PARs and GPVI receptors. ADP fails to activate these isoforms (Nagy, Bhavaraju et al. 2009) 

(Chari, Getz et al. 2009). Both PKCθ  and PKCδ positively regulate PAR-mediated platelet 

functional responses, such as dense granule secretion, α−granule secretion and TXA2 generation. 

However, unlike PKCθ  that positively regulates GPVI-mediated platelet functional responses, 

PKCδ  negatively regulates GPVI-mediated platelet functional responses. Recent studies from 

our group suggest that ADP activates PKCη, a novel PKC isoform, via P2Y1 receptor and PKCη 

is subsequently dephosphorylated by αIIbβ3-mediated outside-in signaling using pharmacological 



 22 

inhibitors and knockout mice (Bynagari, Nagy et al. 2009). However, the roles for other isoforms 

of PKCε and ζ in platelets are still not known. In the years that follow, it may be possible to 

identify additional roles for each of the PKC isoforms in platelets with the current tools as well 

as new strategies.  

 

Future Perspectives 

Studies in platelets from genetically manipulated animals need to be correlated to the results in 

other cell systems. The most common strategy that is employed is to use a pharmacological 

agonist/antagonist/inhibitor to study the role of PKC downstream of different platelet receptors. 

However, owing to the drawback concerning the specificity of pharmacological tools, these 

results are correlated with findings genetically manipulated animals. For example, different 

concentrations of PMA, DiC8 (a DAG analog) are used to activate PKCs and understand the 

regulation of activation-dependent phosphorylation of particular residues on each of the PKCs 

due to alteration in the DAG levels at the membrane. However, they do not serve as good models 

to study PKCs because they lack the ability to selectively activate a particular PKC isoform. 

Therefore, researchers are now relying on the isoform-specific modulators of PKCs. 

Pharmacological studies will require complementing of the data from the knockout mice to 

confirm the findings. It would also be interesting to carry out studies in double knockouts and 

also in knock-in mice to study the roles of PKCs in platelets. Furthermore, extending these 

findings in the in vivo thrombosis model settings such as FeCl3 induced carotid artery in vivo 

thrombosis model, laser-induced injury of cremaster arterioles and shear-induced thrombus 

formation model, may help in understanding the physiological role of PKCs and thereby help 

advance this field, making it possible to consider PKC as an attractive anti-thrombotic target.  
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CHAPTER 2 

PROTEIN KINASE C-DELTA DIFFERENTIALLY REGULATES PLATELET 

FUNCTIONAL RESPONSES 

 

 

Introduction 

 

Protein Kinase Cs (PKCs) are members of the extended AGC (Protein Kinase A, G and C) 

family of differentially expressed serine/threonine kinases implicated in a diverse array of 

cellular functions(Dempsey, Newton et al. 2000; Newton 2001). Following activation, these 

kinases migrate to different subcellular locations including the plasma membrane and 

cytoskeletal elements where they regulate different physiological functions(Newton 1995). PKC 

isoforms are subdivided into three groups based on their lipid and cofactor requirements: the 

diacylglycerol (DAG) and calcium-sensitive conventional isoforms (α, βI, βII and γ), the DAG-

sensitive and calcium-insensitive novel isoforms (δ, η, θ, and ε) and the phosphatidylinositide 

trisphosphate-sensitive atypical isoforms (ζ, ι, µ and λ)(Violin and Newton 2003).  

Intrinsic function of PKCs is regulated by three mechanisms: a) binding of the co-factor that 

allosterically activates the enzyme b) phosphorylation on the activation loop residue that primes 

the enzyme for catalysis and c) interaction with proteins that position it close to its regulators and 

substrates(Newton 2001). RACKs (Receptors for activated C-Kinase) bind to individual PKC 

isozymes following their activation and translocate them to their target substrates. Each PKC has 

a unique RACK that regulates the positioning of the PKC in close proximity to their target 

substrates(Csukai and Mochly-Rosen 1999). The PKCs then phosphorylate their substrates and 
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mediate downstream signaling events(Mochly-Rosen 1995; Kheifets and Mochly-Rosen 2007). 

Modulation of PKC translocation and function has been disrupted using the inhibitor in various 

cells, organs and animals(Chen, Hahn et al. 2001; DeVries, Neville et al. 2002). (δV 1-1)TAT, 

which is an anti-PKCδ RACK peptide conjugated to a TAT carrier, binds to the RACK binding 

region on PKCδ.  This prevents the binding of endogenous RACK to PKCδ.   By using (δV 1-

1)TAT in human platelets, we demonstrated the role of PKCδin regulating platelet functional 

responses. In order to substantiate the findings from the pharmacological inhibition, we 

performed similar experiments in murine platelets isolated from PKCδ-/- and their age-matched 

PKCδ+/+ wild type littermates.  

Platelet granule secretion is one of the early events of platelet functional responses. Platelet 

dense granules contain ADP, ATP, Ca2+and serotonin that amplify platelet responses by acting 

on their respective receptors35. α-granules on the other hand, contain homologs of plasma 

proteins and platelet-specific proteins(Holt and Niewiarowski 1985). One of the components of 

αgranules is P-selectin that is expressed on the surface of activated platelets and aids in platelet-

leukocyte interaction(Kappelmayer, Nagy et al. 2004). Following platelet secretion, TXA2 is 

generated which diffuses across the platelet membrane and recruits more platelets to the site of 

injury. Activation of platelets by physiological agonists such as thrombin and collagen result in 

the generation of thromboxane. At low doses of agonist, secretion is dependent on TXA2 

generation and thus further amplification of platelet functional responses ensue. These events 

result in the formation of platelet plug. Inside-out signaling results in the activation of fibrinogen 

receptor  αIIbβ3. There are two pathways by which the fibrinogen receptor can be activated, a 

Ca2+-dependent pathway and a PKC-dependent pathway(Quinton, Kim et al. 2002). However, 

the specific PKC isoforms that can cause activation of αIIbβ3 in the absence of Ca2+ has not been 
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investigated yet.  

Protein Kinase Cs have been implicated in platelet secretion(Polgar, Lane et al. 2003). Of the 

novel isoforms, PKCδ  is implicated in inhibition of cell growth, cell differentiation, apoptosis 

and tumor suppression in immune cells(Miyamoto, Nakayama et al. 2002). PKCδ  is activated by 

strong agonists such as thrombin and collagen, but not by ADP (Murugappan, Tuluc et al. 2004). 

Activated PKCδ positively regulates PAR-mediated dense granule secretion and negatively 

regulates GPVI-mediated dense granule secretion (Crosby and Poole 2003; Murugappan, Tuluc 

et al. 2004). These studies used rottlerin, a inhibitor of PKCδ at IC50 of 3-6 µM(Gschwendt, 

Muller et al. 1994). However, recent reports have raised concerns regarding the specificity of 

rottlerin (Davies, Reddy et al. 2000; Soltoff 2001; McGovern, Helfand et al. 2003) (Tapia, 

Jensen et al. 2006; Xu 2007). 

In this study, by combining the pharmacological approaches with the use of platelets from PKCδ 

knockout mice, we investigated the role of PKCδ in platelet functional responses. We show that 

PKCδ differentially regulates PAR and GPVI-mediated dense granule secretion and TXA2 

generation. These effects translate into faster time to occlusion leading to thrombus formation in 

vivo. 
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Materials and Methods 

 

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

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

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

 

Materials: 

Convulxin, fibrinogen (Fraction I, type I), apyrase grade VII, thrombin and acetylsalicylic acid 

were obtained from Sigma (St.Louis, MO). Luciferin-luciferase reagent was purchased from 

Chrono-Log (Havertown, PA). Anti-phospho and anti- PKCδ antibodies were obtained Santa 

Cruz Biotechnology Inc. (Santa Cruz, CA). The acetoxymethyl ester of the calcium chelator 

5,5’-dimethyl-bis-(o-aminophenoxy)ethane-N,N,N’,N’-tetra-acetic acid (dimethyl BAPTA) was 

purchased from NEN (Boston, MA). All the other reagents were of reagent grade, and de-ionized 

water was used throughout. 

 

Animals:  

PKCδ-/- (C57BL/6 background) mice and their age-matched wild type littermates were used. 

These mice were obtained from Dr. Keiko Nakayama (Tohoku Graduate School of Medicine, 

Japan). All the mice obtained from the source were transferred to the Central Animal Facility 

(CAF) under the head and director of the CAF in Temple University School of Medicine.  

 

Preparation of washed human and murine platelets:   
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The platelets were isolated from humans and mice according to previously established protocol 

(Murugappan, Chari et al. 2008). 

 

Measurement of platelet dense granule secretion in human and mouse platelets: 

ATP secretion from platelet dense granules was determined in aspirin-treated human platelets or 

indomethacin-treated mouse platelets by using the Luciferin-Luciferase assay. The platelets were 

treated with aspirin (1 mM) or indomethacin (10 µM) for 1 minute and then stimulated with 

agonists in a lumi-aggregometer at 37°C with stirring at 900 rpm, and the corresponding 

luminescence was measured.  

 

Measurement of platelet α-granule secretion in murine platelets: 

P-selectin (CD62) expression on platelets from PKCδ-/- murine platelets and those from wild-

type littermates was measured according to a established protocol using FITC-labeled anti-CD62 

antibody (Becton Dickinson, San Jose, CA)(Kahner, Dorsam et al. 2007) 

 

 Measurement of thromboxane A2 generation:  

Washed murine platelets without indomethacin treatment were stimulated in a platelet 

aggregometer and levels of TXB2 were determined according to established protocol (Bhavaraju, 

Kim et al. 2008). 

 

In vivo thrombosis model: 

Adult mice (6-8 weeks old: weight ~25 gms) were anesthetized by intraperitoneal injection of 

pentobarbital (40 mg/kg). Experimental groups consisted of PKCδ+/+ and PKCδ-/- mice (n=11). 
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The mice were subjected to thrombosis according to a established protocol (Kahner, Dorsam et 

al. 2007). The operator was blinded to mouse genotype while performing all experiments.  

 

Statistical Analysis: 

The results were quantitated, expressed as Mean ± S.D. The data was statistically analyzed using 

Student’s t test and P ≤ 0.05 was considered significant. 
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Results 

 

PKCδ differentially regulates PARs and GPVI-mediated dense granule secretion in human 

platelets: 

Previous studies from our lab and others have shown that PKCδ is important for PAR-mediated 

dense granule release, but it negatively regulates GPVI-mediated secretion (Murugappan, Tuluc 

et al. 2004). However, as these studies used a non-selective inhibitor rottlerin, we investigated 

the role of PKCδ using more selective tools to block this isoform. First, we used (δV1-1)TAT (1 

µM), an anti-PKCδ RACK peptide, that specifically blocks translocation of PKCδ to its target 

substrate (Chen, Hahn et al. 2001; Inagaki, Chen et al. 2003). When human platelets were pre-

incubated for 15 min with (δV1-1)TAT (1 µM), 200 µM AYPGKF-induced dense granule 

release in aspirin-treated human platelets was inhibited (Figure 4A). However, when the platelets 

were treated with a control peptide, there was no effect on AYPGKF-induced secretion (Figure 

4A) and these were statistically significant (P< 0.05). Similar experiments were performed by 

stimulating platelets with 60ng/ml convulxin, a GPVI agonist.  Contrarily, convulxin-induced 

dense granule release was potentiated by the pretreatment of platelets for 15 min with PKCδ 

specific antagonistic RACK peptide (Figure 4B). However, the control peptide did not affect the 

GPVI-mediated secretion (Figure 4B). The potentiation of convulxin-induced ATP secretion by 

(δV1-1)TAT was also statistically significant (Figure 4B). These results indicate that PKCδ 

positively regulates PAR-mediated dense granule secretion, whereas it negatively regulates 

GPVI-mediated dense granule secretion.  
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Figure 4 - PKCδ  differentially regulates PAR and GPVI-mediated dense granule secretion 
in human platelets  
Washed aspirin-treated human platelets were preincubated with 1 µmol/L 􏰀δ(V1-1)TAT, an anti- PKCδRACK 
peptide or control peptide for 15 minutes, stimulated with 200 µmol/L AYPGKF or 60 ng/mL CVX, and dense 
granule secretions were measured. PAR-mediated dense granule secretions and GPVI-mediated dense granule 
secretions in the presence of indomethacin are shown along with the actual values of ATP secretion represented next 
to each secretion tracing (A). The data are representative of mean±SD from 3 independent experiments (n=3). The 
data were analyzed for statistical significance by Student t test, and P≤0.05 was considered significant. *P<0.05.  
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Regulation of dense granule secretion in PKCδ null murine platelets: 

As the specificity of the pharmacological agents might be argued, we used platelets from mice 

lacking PKCδ isoform. PKCδ knock out mice were generated by two groups (Leitges, Elis et al. 

2001; Leitges, Mayr et al. 2001; Mecklenbrauker, Saijo et al. 2002; Miyamoto, Nakayama et al. 

2002). Although this PKC is ubiquitously expressed, the mice that do not express PKCδ show a 

clear phenotype only in immune cells (Miyamoto, Nakayama et al. 2002). Indomethacin-treated 

platelets from PKCδ-/- mice and their age-matched wild type littermate controls were stimulated 

with sub-maximal doses of AYPGKF (200 µM), or GPVI agonists- convulxin (60 ng/ml), 

collagen-related peptide (CRP, 5 µg/ml), or collagen (20 µg/ml). Platelet aggregations and dense 

granule secretions were measured in these platelets upon agonist stimulation. As shown in Figure 

5A, aggregations and dense granule secretions were inhibited upon stimulation with AYPGKF in 

PKCδ−/− murine platelets compared to wild type littermates. On the other hand, secretion induced 

by GPVI agonists were potentiated. These results are consistent with the findings using (δV1-

1)TAT in human platelets.   Dense granule secretions were also measured in the absence of 

indomethacin and inhibition or potentiation was found to be statistically significant (Figure 5B). 

The actual ATP released in nmoles was quantitated and the inhibition or potentiation were 

statistically significant (Figure 5A and 5B).These data suggest that PKCδ differentially regulates 

PARs and GPVI-mediated dense granule secretions in murine platelets.  
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Figure 5 - PAR and GPVI-mediated dense granule secretions are differentially regulated 
by PKCδ in murine platelets Washed indomethacin-treated murine platelets were stimulated with 200 
µmol/L AYPGKF, 60 ng/ml CVX, 5 µg/ml CRP, and 20 µg/ml collagen for 3 minutes at 37°C under stirring 
conditions. Agonist-induced aggregations and dense granule secretions were recorded. Secretions were measured in 
4 independent experiments (n=4) ad quantitated as ATP released in nmoles (A). Dense granule secretions were also 
measured in the absence of indomethacin (n=3) and quantitated as ATP released in nmoles and represented as bar 
graphs (B). The data were analyzed by Student t test, and P≤0.05 was considered significant. *P<0.05, **P<0.01. 
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PKCδ regulates PAR and GPVI-mediated α-granule secretion: 

The exposure of P-selectin from α-granules aids in different cell-cell interaction between 

platelets, leukocytes and endothelial cells (Kappelmayer, Nagy et al. 2004; Quinton, 

Murugappan et al. 2004). As PKCδ differentially regulates dense granule secretion, we 

investigated the role of this isoform in α−granule secretion. Washed indomethacin-treated 

murine platelets from PKCδ -/- and wild type littermates were stimulated with sub-maximal doses 

of AYPGKF or convulxin and P-selectin exposure was measured by flow cytometry. Our results 

showed that PAR-mediated α−granule secretion, expressed as Mean Fluoroscence Intensity 

(MFI), was inhibited and GPVI-mediated α−granule secretion was potentiated marginally in 

PKCδ -/- compared to wild type littermates (Figure 6). These results indicate that PKCδ plays a 

differential role in regulating α−granule secretion downstream of PARs and GPVI receptors. 
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Figure 6: PKC􏰉 regulates PAR and GPVI-mediated α-granule secretion.  
Washed indomethacin-treated murine platelets were stimulated with agonist for 15 minutes at 37°C in the presence 
of 5 µL FITC- labeled antimouse CD62 and CD61-PE antibodies (Becton Dickinson). CD61-positive cells were 
gated and analyzed for P-Selectin expression. The difference in mean fluorescence intensity (MFI) of CD62 
positivity between knockout and wild-type murine platelets was calculated (Figure 4). All experiments were 
repeated 4 times using platelets from both mice (n=4). The data were represented as MFI and analyzed using Student 
t test, and P≤0.05 was considered significant.  
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Role of PKCδ in PAR and GPVI-mediated thromboxane A2 generation 

We have previously shown, using rottlerin, that PKCδ regulates PAR-mediated thromboxane A2 

(TXA2) generation (Murugappan, Shankar et al. 2005). Therefore, we next investigated the 

contribution of PKCδ to TXA2 generation downstream of PARs and GPVI receptors using 

platelets from PKCδ null mice. PAR-mediated TXA2 generated was inhibited in PKCδ -/- murine 

platelets compared to the wild type littermates (Figure 7A). On the other hand, GPVI-mediated 

TXA2 generated was potentiated in PKCδ-/- murine platelets compared to the wild type 

littermates (Figure 7B). These statistically significant results (P < 0.05) suggest that PKCδ 

positively regulates PAR-mediated TXA2 generation, whereas it negatively regulates GPVI-

mediated TXA2 generation.  
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Figure 7 -  Role of PKCδ  in PAR and GPVI- mediated thromboxane A2 generation.  
Washed murine platelets without indomethacin treatment were prepared and adjusted to a count of 2􏰇108 
platelets/mL. The platelets were stimulated with 200 µmol/L AYPGKF or 60 ng/mL CVX or 5 µg/mL CRP for 3.5 
minutes, and then the reaction was stopped by snap-freezing the sample. The samples were stored at 80°C till the 
thromboxane was assayed. PAR-mediated TXB2 generation (A) and GPVI-mediated TXB2 generation (B) were 
calculated and represented in pg/mL. The values are representative of 4 independent experiments􏰃SD (n=4). The 
data were analyzed by Student t test, and P≤0.05 was considered significant. *P≤0.05. 
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PKCδ plays a role in regulating PKC-dependent fibrinogen receptor activation: 

Calcium and PKC pathways can independently cause PAR and GPVI-mediated fibrinogen 

receptor activation (Quinton, Kim et al. 2002). To investigate the role of PKCδ in PKC-

dependent fibrinogen receptor activation, washed aspirin-treated human platelets were pretreated 

with dimethyl BAPTA (10 µM) for 5 minutes, which completely blocks the calcium-dependent 

pathways. We confirmed the effectiveness of BAPTA by measuring secretion upon stimulation 

with AYPGKF, which was abolished. These BAPTA-treated platelets were then pre-incubated 

with (δV 1-1)TAT or control peptide for 10 minutes, stimulated with sub-maximal doses of 

PAR4 agonist peptide, AYPGKF (200 µM) in the presence of fibrinogen (1 mg/ml). This 

resulted in the inhibition of AYPGKF-induced aggregation, while the control peptide had no 

effect (Figure 8A). Similarly, when indomethacin-treated PKCδ-/- and wild type platelets were 

preincubated with BAPTA for 5 minutes, AYPGKF-induced (200 µM), aggregation was 

inhibited (Figure 8B). These results indicate that PKCδ is one of the isoforms contributing to 

PKC-dependent platelet aggregation. However, as the aggregation was not abolished in the case 

of pan-PKC inhibitors (Quinton, Kim et al. 2002), suggesting that other PKC isoforms might 

also be contributing to this event. 
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Figure 8 - PKCδ  contributes to PKC- dependent pathway of PAR4-mediated fibrinogen 
receptor activation.  
Washed aspirin-treated human platelets were preincubated with 􏰉δ(V1-1)TAT or the control peptide for 10 minutes 
followed by incubation with 10 􏰒mol/L BAPTA for 5 minutes, stimulated with 200 µmol/L AYPGKF (PAR-4 
agonist peptide) and 1 mg/mL fibrinogen for 3 minutes under stirring conditions at 37°C. B, Washed indomethacin-
treated murine platelets from PKCδ-/- and wild-type littermates were preincubated with 10 µmol/L BAPTA for 5 
minutes, stimulated with 200 µmol/L AYPGKF in the presence of 1 mg/mL fibrinogen, and the aggregations and 
dense granule secretions were recorded in a Lumi-aggregometer.  
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Regulation of thrombus formation by PKCδ in vivo: 

We investigated whether the results using ex vivo platelets translate into an in vivo aberration in 

thrombus formation in mice (Andre, Delaney et al. 2003). Hence, we evaluated the role of PKCδ 

in thrombus formation in vivo using FeCl3-induced carotid artery injury model. As shown in 

Figure 6, the average time to occlusion (TTO) in wild type mice was 7.8 minutes, whereas 

PKCδ-/- occluded completely after 4 minutes of injury (Figure 9A and 9B). The time to 

occlusions of wild type and PKCδ-/- are shown in Figure 9C suggesting that when the times to 

occlusions were quantitated, they were not statistically significant.  
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Figure 9 - Role of PKC􏰉  in thrombus formation in vivo.  
A and B, Wild-type (n=11) and PKCδ-/-(n=11) mice were injured by 10% FeCl3 for 2 minutes, and time to occlusion 
(TTO) was measured by optical Doppler flow probe. The actual tracings are shown. C, The time to occlusion is 
represented as a morphometric summary and is not statistically significant (P≤0.1).  
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Discussion 

 

Previously, differential regulation of dense granule secretion by PKCδ isoform downstream of 

PAR and GPVI receptors was studied using rottlerin (Murugappan, Tuluc et al. 2004). However, 

recent reports have indicated problems regarding the specificity of rottlerin as a PKCδ inhibitor 

(Davies, Reddy et al. 2000; Soltoff 2001; McGovern, Helfand et al. 2003). It inhibits other 

protein kinases such as MAPK-activated protein kinase 2 and p38 regulated/activated kinase, and 

other enzymes such as β−lactamase, chymotrypsin and malate dehydrogenase (Davies, Reddy et 

al. 2000; Soltoff 2001; McGovern, Helfand et al. 2003). In order to substantiate the previous 

findings with rottlerin, we used two complementary approaches in the current study. The first 

approach is the pharmacological approach, using (δV 1-1)TAT, an anti-PKCδ RACK peptide, 

and the second approach, extending the pharmacological findings, is the use of mice lacking 

PKCδ.  

For the pharmacological inhibition of PKCδ (δV 1-1)TAT was used. The specificity of the 

deltaV1-1 TAT peptide has been well established by previous studies (Mochly-Rosen 1995; 

Johnson, Gray et al. 1996; Inagaki, Chen et al. 2003), wherein the anti-PKCδ RACK peptide was 

shown to inhibit the translocation of PKCδ but not PKCα, βI, ε.  Furthermore in platelets, 

2MeSADP does not activate PKCδ (Murugappan, Tuluc et al. 2004). 2MeSADP-induced 

aggregations were not affected in human platelets that were pretreated with anti-PKCδ RACK 

peptide suggesting that this peptide is specific for PKCδ isoform (data not shown). Our results 

using (δV 1-1)TAT in human platelets and platelets from mice lacking PKCδ showed inhibition 

of PAR-mediated and potentiation of GPVI-mediated platelet dense granule secretions and TXA2 

generation. The effects of PKCδ were statistically significant only at sub-maximal doses of the 
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agonist and not at higher doses (data not shown). Thus, PKCδ differentially regulates dense 

granule secretion and thromboxane generation in platelets downstream of PARs and GPVI. 

Consistently, we observed a more rapid thrombus formation in PKCδ null mice in comparison to 

its wild type littermates in vivo. 

Previous findings from Pula G et al.(Pula, Schuh et al. 2006) reported that PKCδ does not play 

any significant role in GPVI-mediated dense granule secretion and fibrinogen binding. Our 

results are in contrast with these findings, because we observed a negative regulatory role for this 

PKC isoform downstream of GPVI in this study. There are plausible explanations for these 

differences in the results. Previous studies in the PKCδ -/- were carried out using a very low 

concentration of 3 µg/ml collagen to measure the release of 5-HT as a marker for dense granule 

secretion. At low doses of collagen, the effects are mostly dependent on feedback mediators such 

as ADP and TXA2. Although, ADP was scavenged using 0.2 U/ml apyrase, the effects that were 

reported may be mediated by TXA2, because dense granule secretions were measured in the 

absence of indomethacin. Therefore, under such low collagen concentrations, the role of PKCδ  

in dense granule secretion cannot be observed. Moreover, dense granule secretions were 

measured using serotonin assay (5-HT assay) where radioactive 14C is used. In this case, the 

platelet response cannot be monitored continuously. In our ATP secretion assay, we monitored 

both aggregation and secretion continuously and hence observed the differences in the responses. 

Moreover, we strengthened our findings using other GPVI receptor agonists like CRP and 

convulxin in addition to collagen. Therefore, these discrepancies seen between our data and data 

from Pula et al. could be attributed to different experimental approaches (Pula, Schuh et al. 

2006). Such discrepancies have been noted in the case of other studies using the same knock out 

mice strains. For example, results from SHIP-1-/- murine platelets by Severin et al (Severin, 
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Gratacap et al. 2007). and Pasquet et al (Pasquet, Quek et al. 2000) are contradictory. Although 

both the groups used mice of the same strain, there were differences in the experimental results. 

These may be attributed to the differences in experimental methodology.  

 Following platelet secretion, TXA2 is generated which amplifies the platelet functional 

responses. Previous reports indicated a role for PKCδ in regulating PAR-mediated TXA2 

generation (Murugappan, Shankar et al. 2005), but its role downstream of GPVI receptors is not 

known. Our current data suggest that PKCδ positively regulates AYPGKF-induced TXA2 

generation and negatively regulates GPVI-mediated TXA2 generation. The enhanced platelet 

functional responses, viz. secretion and thromboxane generation, downstream of GPVI 

stimulation in PKCδ null mice are reflective of the rapid occlusion of the ferric chloride-injured 

artery in these mice.  

We have previously shown that PAR-mediated platelet aggregation occurs in a calcium- and 

PKC-dependent manner (Quinton, Kim et al. 2002). Here, we show that PKCδ contributes to the 

PKC-dependent platelet aggregation by AYPGKF. As pan-PKC isoforms completely abolish 

PKC-dependent aggregation (Quinton, Kim et al. 2002) but this aggregation was only partially 

blocked by PKCδ  antagonistic RACK peptides or in PKCδ null murine platelets. These results 

suggest that other PKC isoforms might contribute to the PKC-dependent aggregation. Previous 

studies have shown that BAPTA treatment enhances the membrane translocation of the PKCε 

isoform (Lenz, Reusch et al. 2002). Thus, it is possible that the PKCε isoform might be more 

activated and take over the function of PKCδ in BAPTA treated platelets.  

Signaling through PARs involves G-protein signaling pathways unlike GPVI receptor signaling 

that is mediated by tyrosine kinases. Therefore, the downstream signaling molecules are different 

in PAR and GPVI-signaling pathways. PAR-mediated signaling involves PLCβ2, whereas the 
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key signaling molecule in GPVI signaling is, PLCγ2. These signaling molecules upstream of 

PKCδ may differentially regulate PKCδ and result in the differential regulation of platelet 

functional responses. However, the molecular mechanism of such differential regulation is not 

clear. Recent reports have indicated Rab27b (a Rab27 GTPase subfamily) and Ral (a GTPase) to 

regulate platelet dense granule secretion (Tolmachova, Abrink et al. 2007; Kawato, Shirakawa et 

al. 2008). It is possible that PKCδ may regulate small G-proteins, that aid in the fusion of t-

SNAREs and v-SNAREs, differentially downstream of PAR and GPVI-mediated platelet 

exocytosis. Future studies have to address the mechanism of such differential regulation by this 

PKC isoform. 

In conclusion, PKCδ differentially contributes to the regulation of PAR- and GPVI-

mediated secretion and TXA2 generation. The enhanced platelet functional responses in PKCδ 

null mouse platelets translate into a rapid thrombus formation in the injured artery in these mice. 

However, the effects are not statistically significant. 
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CHAPTER 3 

LYN, PKC-DELTA AND SHIP-1 INTERACTIONS NEGATIVELY REGULATE GPVI-

MEDIATED PLATELET DENSE GRANULE SECRETION 

 

 

Introduction 

 

Platelet-collagen interactions are believed to have the greatest significance at medium or high 

shear rates found in arteries and diseased vessels (Watson, Auger et al. 2005). Glycoprotein VI 

(GPVI) is the major signaling receptor for collagen on the platelet surface (Watson, Auger et al. 

2005). The critical role played by platelets in hemostasis, thrombosis and vascular remodeling, 

and healing is related to their function as exocytotic cells that secrete important effector 

molecules at the site of vascular injury. Platelets normally contain at least three types of large 

intracellular granules such as alpha, dense and lysosomal granules. There are three to eight dense 

granules per platelet and the contents from these dense granules are important for recruiting more 

platelets to the site of injury (White 1969; Holmsen and Weiss 1979).  

 Protein Kinase Cs (PKCs) have been implicated in platelet secretion (Polgar, Lane et al. 2003). 

Protein kinase Cs are members of the extended AGC (Protein Kinase A, G and C) family of 

differentially expressed serine/threonine kinases implicated in a diverse array of cellular 

functions. Following activation, these kinases migrate to different sub-cellular locations 

including the plasma membrane and cytoskeletal elements where they regulate different 

physiological functions (Newton 1995). PKC isoforms are subdivided into three groups based on 

their lipid and cofactor requirements: the diacylglycerol and calcium-sensitive conventional 
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isoforms (α, βI, βII and γ), the diacylglycerol-sensitive and calcium-insensitive novel isoforms 

(δ, η, θ, and ε) and the phosphatidylinositide trisphosphate-sensitive atypical isoforms (ζ, ι, µ 

and λ) (Violin and Newton 2003). 

PKCδ plays a key role in growth regulation and tissue remodeling in other cells (Steinberg 2004) 

and differentially regulates dense granule secretion in platelets. It positively regulates Protease-

activated Receptor (PAR)-mediated dense granule release and negatively regulates GPVI-

mediated dense granule release (Crosby and Poole 2003; Murugappan, Tuluc et al. 2004; Chari, 

Getz et al. 2009). Intrinsic function of PKCs is regulated by three mechanisms: a) binding of the 

co-factor that allosterically activates the enzyme b) phosphorylation on the activation loop 

residue that primes the enzyme for catalysis and c) interaction with proteins that position it close 

to its regulators and substrates (Newton 2001).    

 In immune cells, a 145 kDa protein associates with Shc upon cellular activation with multiple 

cytokines and plays an important role in the negative regulation of degranulation mediated by 

FcγRIIB receptor by associating with PKCδ (Bolland, Pearse et al. 1998; Krystal, Damen et al. 

1999; Leitges, Gimborn et al. 2002). This 145 kDa protein is SH2 domain-containing Inositol 

Phosphatase (SHIP), a 5’inositol phosphatase, that dephosphorylates inositol 1,3,4,5-

tetrakisphosphate (IP4) and phosphatidyl inositol 3,4,5-trisphosphate (PIP3) and is expressed in a 

variety of hematopoietic cells (Damen, Liu et al. 1996; Ware, Rosten et al. 1996). There are two 

isoforms of SHIP that are expressed in platelets, SHIP-1 and SHIP-2, which share 37 % 

homology between them. Among the two isoforms expressed in platelets, SHIP-1 is a major 

regulator of PIP3 levels (Giuriato, Pesesse et al. 2003). The tyrosine phosphorylation of SHIP 

and its translocation to the membrane upon thrombin stimulation in platelets occurs in an 

integrin-dependent manner (Giuriato, Payrastre et al. 1997). Therefore, SHIP-1 is considered to 
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be downstream of αIIbβ3 upon PAR stimulation (Maxwell, Yuan et al. 2004). However, the role 

of SHIP-1 downstream of GPVI stimulation is not clearly understood. 

Src Family Kinases (SFKs) are non-receptor tyrosine kinases that mediate integrin-dependent 

outside-in signaling in platelets (Shattil 2005). Among SFKs, Lyn, is reported to have negative 

regulatory roles in lymphocytes and macrophages (Hibbs, Harder et al. 2002; Baran, 

Tridandapani et al. 2003). Studies in RBL-2H3 cells show that Lyn associates with PKCδ (Song, 

Swann et al. 1998). However, the mechanism underlying the regulation of PKCδ ’s function by 

Lyn due to association is unknown. 

In this study, we investigated the mechanism of differential regulation of dense granule 

secretion and show that the regulation of PKCδ, SHIP-1 phosphorylations by Lyn and their 

associations negatively regulate GPVI-mediated dense granule secretion in platelets.  
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Materials and Methods 

 

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

(Philadelphia, PA). 

 

Materials: Convulxin, apyrase grade VII, thrombin and acetylsalicylic acid were obtained from 

Sigma (St.Louis, MO). CRP was purchased from Dr. Richard Farndale. (Reader in Receptor 

Biochemistry, University of Cambridge, U.K). Collagen and Luciferin-luciferase reagent were 

purchased from Chrono-Log (Havertown, PA). Phospho-SHIP-1 (Y1020) and PKCδ antibodies 

were obtained from Cell signaling technologies (Beverly, MA) and Santa Cruz Biotechnologies 

(Santa Cruz, CA) respectively. The antibodies against Src family members were obtained from 

Cell Signaling Technologies (Beverly, MA). The protease inhibitor cocktail for lysis buffer was 

purchased from Roche Diagnostics (Indianapolis, IN). All the other reagents were of reagent 

grade, and de-ionized water was used throughout. 

 

Animals: PKCδ-/- (C57BL/6 strain) mice were a generous gift from Dr. Keiko Nakayama 

(Division of Developmental Genetics, Tohoku University Graduate School of Medicine, Sendai 

Miyagi 980-8575, Japan) and wild type C57/BL6 littermates were used as controls. 129/Sv 

Lyntm1Sor/J -/- mice, 129-Fyntm1Sor/J -/- mice, Inpp5dtm1Dmt/J SHIP-1 -/- mice and the corresponding 

age- and sex-matched wild-type controls were purchased from Jackson Laboratories (Bar 

Harbor, Maine). Src-/- mice were a generous gift from Dr.Archana Sanjay (Department of 

Anatomy and Cell Biology, Temple University School of Medicine, Philadelphia, PA). The mice 

were used for physiological measurements using the protocol approved by the Institutional 
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Animal Care and Use Committee (IACUC). The animals used for the experiment were subject to 

very minimal distress and euthanized with an overdose of pentobarbital prior to decapitation at 

the end of the experimentation. 

 

Preparation of washed human platelets: Whole blood was drawn from healthy, consenting 

human volunteers selected from students, staff or workers at the Temple University. Donated 

blood was collected in tubes containing one-sixth volume of acid citrate dextrose (ACD) (2.5 g 

of sodium citrate, 1.5 g of citric acid, and 2 g of glucose in 100 ml of de-ionized water). Citrated 

blood was centrifuged (Eppendorf 5810R centrifuge, Hamburg, Germany) at 230 g for 

20 minutes at room temperature to obtain platelet-rich plasma (PRP). The PRP was then 

incubated with 1 mM acetylsalicylic acid (aspirin) for 30 minutes at 37° C, and then allowed to 

remain at RT for 5 minutes. The PRP was then centrifuged for 10 minutes at 980 RCF at RT. 

Platelet pellet was re-suspended in calcium-free Tyrode’s buffer (138 mM NaCl, 2.7 mM KCl, 

2 mM MgCl2, 3 mM NaH2PO4, 5 mM glucose, 10 mM Hepes adjusted to pH 7.4) containing 0.1 

units/ml apyrase. Cells were counted using the Z1 Coulter Particle Counter and adjusted to a 

concentration of 2 x 108/ml.  

 

Preparation of washed mouse platelets:  Blood was collected from anesthetized mice by cardiac 

puncture into syringes containing 3.8% sodium citrate as anticoagulant. The whole blood was 

centrifuged (IEC Micromax centrifuge, International Equipment company, Needham Heights, 

MA) at 100 g for 10 minutes to isolate the PRP. Prostaglandin E1 (PGE1) (1µM) was added to 

PRP. The platelets were centrifuged at 400 g for 10 minutes and the pellet was re-suspended in 

Tyrode’s buffer containing 0.1 units/ml apyrase.  
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Measurement of platelet dense granule secretion in human and mouse platelets: ATP secretion 

from platelet dense granules was determined in aspirinated human platelets or 10 µM 

indomethacin-treated murine platelets by using the Luciferin-Luciferase assay. The platelets 

were stimulated in a lumi-aggregometer at 37°C with stirring at 900 rpm, and the corresponding 

luminescence was measured. The data is represented in the form of actual secretion tracings and 

the ATP released was quantitated in nanomoles (nmoles) and the values shown next to the 

secretion tracings. 

 

Immunoprecipitation and western blotting: Platelets were stimulated with agonists for the 

appropriate time, and the reaction was stopped by the addition of equal volumes of the 2X Cell 

lysis buffer (50 mM Tris-HCl, 0.5 % NP-40, 0.25 % Sodium deoxycholate, 0.15 M NaCl, 1 mM 

EDTA pH 8.0, 1mM PMSF, 1 µg/ml protease inhibitor cocktail, 1mM activated Sodium 

Vanadate, 1mM Sodium Fluoride, 1mM β-glycerophosphate). The lysates were incubated for 30 

minutes in ice for completion of lysis. The samples were then spun at 12000 rpm at 4oC for 10 

minutes to bring down the cytoskeleton. The cell lysates were isolated and 1.5 µg of total PKCδ 

or 4.123 µg of total SHIP immunoprecipitating antibodies respectively were added and incubated 

overnight in 4°C. A negative control sample was also prepared by immunoprecipitating for 

rabbit IgG. Protein A/G beads were added the next day and the immune complexes were allowed 

to rock on a rocker for 2 hours, processed for SDS gel electrophoresis and immunoblotting as 

described previously. At the same time, western samples were prepared. All the samples were 

used for immunoblotting using the primary antibodies followed by alkaline phosphatase coupled 

secondary antibodies as per established protocols. The membranes were finally incubated with 
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CDP-Star chemiluminescent substrate (Tropix, Bedford, MA) for 10 minutes at room 

temperature and immunoreactivity was detected using a Fuji Film Luminescent Image Analyzer 

(LAS-1000 CH, Japan). 

 

Statistical Analysis: 

The results were quantitated, expressed as Mean ± S.D. The data was statistically analyzed using 

Student’s t test and P ≤ 0.05 was considered significant. 
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Results 

 

PAR- and GPVI – mediated SHIP-1 phosphorylations follow different activation kinetics : 

SHIP-1 plays an important role in the negative regulation of degranulation in mast cells by 

associating with PKCδ (Leitges, Gimborn et al. 2002). As PKCδ differentially regulates dense 

granule secretion in platelets downstream of PARs and GPVI (Crosby and Poole 2003; 

Murugappan, Tuluc et al. 2004), we examined whether there are differences in the 

phosphorylation of SHIP-1 downstream of these receptors. SHIP-1 has two tyrosine residues on 

its C-terminus, Y1020 and Y1166 in humans. The C-terminus is important for its catalytic 

function (Damen, Ware et al. 2001). SHIP-1 is expressed in platelets and its tyrosine 

phosphorylation upon thrombin stimulation is aggregation-dependent and integrin-mediated 

(Giuriato, Payrastre et al. 1997). Previous findings from Pasquet et al. (Pasquet, Quek et al. 

2000) showed that SHIP is tyrosine phosphorylated upon GPVI stimulation. However, due to the 

lack of availability of isoform specific phospho antibody, the isoform of SHIP that is activated 

downstream of GPVI receptors was not identified. Therefore, we evaluated GPVI-mediated 

SHIP-1 phosphorylation at tyrosine residue 1020 (Y1020) as a marker of its activation. We 

stimulated human platelets with PAR agonist peptides, AYPGKF, SFLLRN and a GPVI agonist, 

convulxin. Our results showed that PAR-mediated SHIP-1 phosphorylation was delayed and 

started at 60 seconds and peaked at 120 seconds, (Figure 10A and 10B) whereas GPVI-mediated 

SHIP-1 phosphorylation was rapid, started as early as 15 seconds and peaked at 60 seconds 

(Figure 10C). Thus, we concluded that PAR- and GPVI-mediated SHIP-1 phosphorylation 

occurs at different time points.  
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Figure 10 - Time courses of PARs and GPVI-mediated SHIP-1 phosphorylation.  
Washed and aspirin-treated human platelets were stimulated with 500 µM AYPGKF (A), 10 µM SFLLRN (B), or 
100 ng/mL CVX (C) for various time periods at 37°C under stirring conditions, and the blots were probed with the 
antibody for pSHIP-1 Y1020. Each blot is a representative of 3 experiments from 3 different donors.  
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SHIP-1, but not SHIP-2 or Shc, associates with PKCδ upon stimulation of GPVI receptors 

There are two isoforms of 5’-inositol phosphatase, SHIP-1 and SHIP-2 expressed in human 

blood platelets and SHIP-1, rather than SHIP-2, plays a major role in regulating PIP3 levels in 

platelets (Giuriato, Pesesse et al. 2003). The association of SHIP-1 with PKCδ negatively 

regulates mast cell degranulation (Leitges, Gimborn et al. 2002). In addition, Shc was shown to 

associate with both SHIP-1 and PKCδ in mast cells (Leitges, Gimborn et al. 2002).  Therefore, 

we investigated the association of SHIP-1, SHIP-2, and Shc with PKCδ in platelets using co-

immunoprecipitation. When PKCδ was immunoprecipitated and probed for phospho-SHIP-1, 

there was no constitutive association of SHIP-1 with PKCδ (Figure 11A). Furthermore, SHIP-1 

did not associate with PKCδ upon stimulation of platelets with 500 µM AYPGKF. However, 

SHIP-1 preferentially associated with PKCδ upon GPVI stimulation with convulxin (Figure 

11A). We confirmed these results with reverse-immunoprecipitation experiments by 

immunoprecipitating with total SHIP-1 and probing for PKCδ. These experiments confirmed that 

the association of SHIP-1 with PKCδ occurs only upon GPVI activation (Figure 11B). As SHIP-

2 and Shc are also expressed in platelets, we investigated the association of SHIP-2 and Shc with 

PKCδ. In co-immunoprecipitation experiments, we did not detect any association of SHIP-2 or 

Shc with PKCδ either constitutively, or upon PAR or GPVI receptor stimulation in platelets 

(data not shown). Rabbit IgG served as a negative control for our immunoprecipitation 

experiments. These data suggest differential association of SHIP-1 with PKCδ upon GPVI 

activation.  
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Figure 11 -  Association of phospho-SHIP-1 with PKCδ  
Washed aspirin-treated human platelets were stimulated with 500 µM AYPGKF or 100 ng/mL 
CVX for 60 seconds at 37°C under stirring conditions, and then the samples were 
immunoprecipitated with total PKCδ􏰉and immunoblotted for phospho-SHIP-1 (A) as described 
in “Immunoprecipitation and Western blotting.” Reverse immunoprecipitation experiments were 
carried out by immunoprecipitating total SHIP-1 and immunoblotting for total PKCδ (B) Rabbit 
IgG served as a negative control for all our immunoprecipitation experiments.  
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SHIP-1 phosphorylation is inhibited in PKCδ null murine platelets upon GPVI 

stimulation: 

As PKCδ associates with SHIP-1 in human platelets upon GPVI stimulation, we investigated 

whether this association has any functional implications on SHIP-1 phosphorylation. Hence we 

evaluated the phosphorylation of SHIP-1 by convulxin stimulation in PKCδ-/- murine platelets. 

As shown in Figure 12A, AYPGKF-induced SHIP-1 phosphorylation was not affected in the 

PKCδ-/- murine platelets. However, convulxin-induced SHIP-1 phosphorylation was inhibited in 

PKCδ-/- murine platelets compared to the wild type littermates (Figure 12B). These data indicate 

that the association of PKCδ with SHIP-1 regulates SHIP-1 tyrosine phosphorylation upon only 

GPVI stimulation and not upon PAR stimulation. However, as PKCδ is a serine threonine 

kinase, it may be indirectly regulating tyrosine phosphorylation of SHIP-1 possibly through an 

adapter function. 
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Figure 12 - PKCδ  regulates GPVI-, but not PAR-mediated, phosphorylation of SHIP-1.  
Washed and indomethacin-treated murine platelets from PKCδ and age-matched WT  
littermates were stimulated with (A) PAR4 agonists or (B) CVX for 2 minutes. The samples  
were then lysed with sample buffer containing dithiothreitol (DTT) and probed for pSHIP-1  
Y1020 antibody. Total Erk and β-actin were used as lane-loading controls.  
 

 



 59 

 

Lyn regulates GPVI-mediated SHIP-1 phosphorylation : 

The signaling function of SHIP-1 is subject to the regulation by Src family kinase (SFK) 

members (Giuriato, Bodin et al. 2000; Phee, Jacob et al. 2000; Gardai, Whitlock et al. 2002; 

Baran, Tridandapani et al. 2003). Pan SFK inhibitor, PP2 totally abolished GPVI-mediated 

SHIP-1 phosphorylation in platelets (data not shown). To clearly delineate the specific member 

of SFKs regulating GPVI-mediated SHIP-1 phosphorylation, we used Fyn -/-, Src -/- and Lyn-/- 

murine platelets. Washed indomethacin-treated murine platelets were stimulated with GPVI 

agonists, convulxin or collagen and aggregation was measured. Aggregation was inhibited in 

Fyn-/- platelets upon stimulation with convulxin (Figure 13A) consistent with previous 

findings(Quek, Pasquet et al. 2000). There was no effect on GPVI-mediated SHIP-1 

phosphorylation in Fyn-/- murine platelets compared to wild type littermates (Figure 13B). Src -/- 

mice showed no defect in aggregation (Figure 13C) or no inhibition of SHIP-1 phosphorylation 

upon stimulation with GPVI agonists (Figure 13D). On the other hand, Lyn -/- murine platelets 

showed a potentiation of convulxin-induced aggregation (Figure 13E) and inhibition of collagen-

induced SHIP-1 phosphorylation (Figure 13F). Consistent with the data using collagen as the 

GPVI agonist, convulxin-induced SHIP-1 phosphorylation was also inhibited in Lyn-/- murine 

platelets but not in Fyn-/- or Src-/- murine platelets compared to their wild type littermates (data 

not shown). Furthermore, there was no difference in SHIP-1 phosphorylation in Lyn-/- murine 

platelets compared to their wild type littermates upon PAR stimulation (Figure 12B). These data 

suggest an important role for Lyn in regulating GPVI-mediated SHIP-1 phosphorylation in 

murine platelets.  
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Figure 13 - Regulation of GPVI-mediated SHIP-1 phosphorylation by Fyn, Src, and Lyn in 
murine platelets.  
Washed and indomethacin-treated WT, Fyn-/- (A-B), Src-/-

 (C-D), and Lyn-/- (E-F) murine 
platelets were stimulated with 60 ng/mL CVX or 20 µg/mL collagen under stirring conditions for 
60 seconds at 37°C. The reaction was stopped using 3X sample loading buffer (with DTT). The 
lysates were subjected to Western blotting analysis and probed for pSHIP-1 (Y1020). Total Erk 
and β-actin served as lane-loading controls.  
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Lyn associates with PKCδ and regulates PKCδ Y311 phosphorylation: 

As it was shown that Lyn associates with PKCδ in RBL-2H3 cells (Song, Swann et al. 1998), we 

evaluated such association in platelets. Platelets were activated with 500 µM AYPGKF or 100 

ng/ml convulxin followed by immunoprecipitation with total PKCδ and immunoblot with total 

Lyn. As shown in Figure 14A, Lyn associates with PKCδ upon stimulation with only convulxin. 

However, there is no constitutive association of Lyn and PKCδ in human platelets. In addition, 

we failed to see such association between Lyn and SHIP-1 (data not shown). Since Lyn 

associated with PKCδ upon GPVI stimulation, , we investigated the implication of such 

association. Phosphorylation on Y311 of PKCδ is known to occur downstream of GPVI 

stimulation of platelets (Hall, Jones et al. 2007). In Lyn-/- mice, Y311 phosphorylation of PKCδ 

was inhibited upon stimulation with convulxin or collagen, compared to wild type littermates 

(Figure 14B). These results indicate that Lyn regulates Y311 phosphorylation of PKCδ upon 

GPVI stimulation.  
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Figure 14 - Lyn associates with PKCδ and regulates PKCδ  Y311 phosphorylation on GPVI 
stimulation.  
Washed aspirin-treated human and indomethacin-treated murine platelets were used. Human 
platelets were stimulated with 500 µM AYPGKF or 100 ng/mL CVX and immunoprecipitated 
with total PKCδ and probed for total Lyn (A). Washed indomethacin-treated murine platelets 
from Lyn-/- mice and corresponding WT littermates were stimulated with 60 ng/mL CVX or 20 
µg/mL collagen for 1 minute. The samples were then lysed with sample buffer containing DTT 
and probed for PKCδ Y311 (B). Total PKCδ served as a lane-loading control in this experiment.  
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Lyn-mediated tyrosine phosphorylaton regulates the association of SHIP-1 with PKCδ 

Lyn and SHIP-1 have been shown to associate upon antigen stimulation in immune cells (Baran, 

Tridandapani et al. 2003) and are known regulators of hematopoiesis (Harder, Quilici et al. 

2004). SHIP-1 also associates with PKCδ through a trimolecular complex with Shc  in immune 

cells (Leitges, Gimborn et al. 2002). Our data shows that Lyn phosphorylates SHIP-1 upon GPVI 

stimulation of platelets (Figure 14F). To investigate the role of Lyn in the regulation of the 

association between PKCδ and SHIP-1, we carried out co-immunoprecipitation experiments in 

Lyn -/- murine platelets and corresponding wild type littermates (Lyn+/+). We immunoprecipitated 

the murine platelets with PKCδ and immunoblotted for phospho-SHIP-1. Our results revealed 

that SHIP-1 associates with PKCδ in wild type murine platelets (Figure 15) but not in Lyn-/- 

littermates upon convulxin-stimulation. There was no association of SHIP-1 with PKCδ in Lyn-/- 

or Lyn+/+ littermates upon stimulation with AYPGKF (Figure 15). These data indicate that Lyn 

regulates the association of SHIP-1 with PKCδ in platelets, possibly through phosphorylation of 

PKCδ and/or SHIP-1, upon GPVI receptor stimulation.  
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Figure 15 - Lyn regulates the association between PKCδ and SHIP-1.  
Washed, indomethacin-treated WT littermates (A) and Lyn-/- mice (B) were stimulated with  
500 µM AYPGKF or 100 ng/mL CVX, immunoprecipitated with total PKCδ, and probed for 
pSHIP-1 and total PKCδ, respectively. Rabbit IgG was used as a negative control for the 
coimmunoprecipitation experiment.  
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Lyn and SHIP-1 negatively regulate GPVI-mediated dense granule secretion in murine 

platelets 

Studies have established hematopoietic-specific SHIP to be a negative regulator of mast cell 

degranulation (Huber, Helgason et al. 1998; Huber, Helgason et al. 1998). SHIP-1 is a major 

regulator of PIP3 levels in platelets (Giuriato, Pesesse et al. 2003). Our studies show that SHIP-1 

is phosphorylated by Lyn (Figure 14F) and this phosphorylation is regulated by PKCδ (Figure 

13). In addition, we have shown that SHIP-1 and PKCδ, and Lyn and PKCδ associate with each 

other upon GPVI stimulation in platelets. If these associations are important for the regulation of 

dense granule release by GPVI pathways, then absence of any of these signaling molecules 

should have a functional implication on secretion. Because we and others have shown that 

convulxin-induced dense granule secretion is potentiated by pharmacological inhibitors of PKCδ 

(Crosby and Poole 2003; Murugappan, Tuluc et al. 2004), we hypothesized that in the absence of 

Lyn or SHIP-1, the dense granule secretions would also be potentiated upon GPVI stimulation. 

Upon stimulation of indomethacin-treated washed murine platelets with PAR-4 agonist peptide 

AYPGKF (100 µM) and thrombin (0.05 U/ml) and GPVI agonists, convulxin (60 ng/ml) and 

collagen (20 µg/ml) at sub-maximal doses for 3 minutes, platelet aggregations and dense granule 

secretions were slightly inhibited upon PAR stimulation with AYPGKF (Figure 16A) or 

thrombin (Figure 16B) and potentiated upon convulxin (Figure 16C) or collagen (Figure 16D) 

stimulation in Lyn-/- mice. Similarly, in SHIP-1-/- murine platelets, AYPGKF-induced dense 

granule secretion was inhibited (Figure 16E) whereas convulxin- or collagen-induced dense 

granule secretion (Figure 16F & G) was potentiated. Similar results were obtained with CRP as a 

GPVI agonist (data not shown). These data suggest that the intermolecular interactions between 
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Lyn, SHIP-1 and PKCδ negatively regulate collagen-induced platelet dense granule secretion. 
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Figure 16 - Dense granule secretion measurements in WT, Lyn-/-, and SHIP-1-/- murine 
platelets.  
Washed indomethacin-treated WT and Lyn-/- or SHIP-1-/- murine platelets were stimulated with 
100 µM AYPGKF (A,E), 0.05 U/mL thrombin (B), 60 ng/mL CVX (C,F) or 20 µg/mL collagen 
(D,G) for 3 minutes at 37°C as indicated under stirring conditions. The activation of platelets 
was performed in a lumi-aggregometer at 37°C with stirring at 900 rotations per minute (rpm) 
and the secretion was measured and expressed in as nanomoles of ATP released/108 platelets. 
The data are represented as normal secretion tracings, and the actual ATP released was 
represented in nanomoles and analyzed by Student t test. P≤ .05 was considered significant.  
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Discussion 

 

PKC isoforms mediate a number of platelet functional responses including platelet secretion and 

thereby amplify platelet responses. PKCδ isoform differentially regulates secretion in many cells 

(Leitges, Gimborn et al. 2002; Murugappan, Tuluc et al. 2004; Oh, Kang et al. 2007). This 

isoform positively regulates PAR-mediated dense granule secretion, whereas it negatively 

regulates GPVI-mediated dense granule secretion. In the current study, we investigated the 

mechanism of such differential regulation of platelet dense granule secretion by PKCδ. 

Our results also show that the rapid phosphorylation of SHIP-1 upon GPVI stimulation of 

platelets results in its association with PKCδ While GPVI-mediated SHIP-1 phosphorylation is 

rapid, started as early as 15 seconds and peaked at 60 seconds, PAR-mediated SHIP-1 

phosphorylation is delayed, started at 60 seconds and peaked at 120 seconds. This delay is 

consistent with the previous findings that PAR-mediated tyrosine phosphorylation of SHIP-1 is 

aggregation-dependent and occurs upon integrin engagement (Giuriato, Payrastre et al. 1997). 

Our previous studies have shown that PKCδ is also rapidly phosphorylated (less than 30 sec) on 

Thr 505, a marker of its activation, downstream of both GPVI and PARs (Murugappan, Tuluc et 

al. 2004). Thus the activation of PKCδ and SHIP-1 downstream of PAR stimulation do not occur 

in the same time frame. However, platelet dense granule secretion is a rapid process usually 

occurs within 30 seconds coinciding with PKCδ activation and SHIP-1 phosphorylation 

downstream of GPVI receptors. Hence, we investigated whether the rapid phosphorylation of 

SHIP-1 downstream of GPVI receptors may regulate platelet dense granule secretion.  

GPVI signaling and immune receptor signaling mimic each other and involve ITAMs and PLCγ2 

(Watson and Gibbins 1998). In mast cells which signal through immune receptors, PKCδ and 
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SHIP-1 associate through a adapter protein, Shc. However, we did not see any association of 

either PKCδ or SHIP-1 with Shc in platelets upon GPVI stimulation. GPVI receptors signal 

through PLCγ2, whereas PAR signaling involves activation of PLCβ2. Therefore, the differences 

in the signaling downstream of PARs and GPVI receptors may result in the differential 

association of PKCδ and SHIP-1 leading to differential regulation of platelet dense granule 

secretion. 

SHIP-1 is a major regulator of PIP3 levels in platelets (Giuriato, Pesesse et al. 2003) and the 

membrane localization of SHIP-1 is very crucial for its catalytic activity (Phee, Jacob et al. 

2000). The association of tyrosine phosphorylated SHIP-1 with PKCδ may enhance its 

membrane localization whereby the catalytic activity of SHIP-1 is increased causing a reduction 

in PIP3 levels. PIP3 levels are also positively regulated by the activation of PI3-kinases (Leevers, 

Vanhaesebroeck et al. 1999). The inhibition of PI3 kinases, with wortmannin and LY294002, 

and reduction of PIP3 levels have been known to reduce platelet functional responses (Lagrue, 

Francischetti et al. 1999). Thus the association of PKCδ with SHIP-1 might decrease PIP3 levels 

and thereby negatively regulate platelet dense granule secretion.  

SHIP-1 has three important structural domains; N-terminal SH2 domain, central catalytic 

domain, and C-terminal proline rich domain (Rohrschneider, Fuller et al. 2000). The SH2 

domain binds tyrosine phosphorylated proteins and PKCδ has been shown to be tyrosine 

phosphorylated in platelets (Murugappan, Shankar et al. 2005). Hence the interaction between 

PKCδ and SHIP-1 might involve phosphotyrosine residues on PKCd and SH2 domain of SHIP-

1. Although PKCδ has nine tyrosine residues, Hall et al. (Hall, Jones et al. 2007) have shown 

that Y52, Y155, Y525, Y332 are not phosphorylated upon GPVI stimulation. As our data shows 

that Y311 phosphorylation on PKCδ is regulated by Lyn, this or other phosphotyrosine residues 
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on PKCδ might mediate the association with SHIP-1. It is also very likely that Lyn may not be 

the sole regulator of Y311 phosphorylation on PKCδ as the phosphorylation is not completely 

abolished in Lyn null murine platelets.  

SHIP-1 has a proline-rich domain which may interact with Src family kinases via their SH3 

domains. This interaction might lead to the Lyn-mediated SHIP-1 phosphorylation on Y1020. 

Our studies show that Lyn specifically phosphorylates SHIP-1 on Y1020 in platelets upon GPVI 

stimulation. We cannot rule out an interaction between phosphorylated Y1020 on SHIP-1 with 

PKCδ that is essential for their association. As there is no association of PKCδ and SHIP-1 in 

Lyn null murine platelets, we can only conclude that tyrosine phosphorylations by Lyn are 

important for this association. In addition, as we failed to detect an association between Lyn and 

SHIP-1, we cannot rule out the role for another tyrosine kinase downstream of Lyn that 

phosphorylates SHIP-1. 

The functional implications of the association between a kinase and a phosphatase are not clear. 

PKCδ has been shown to associate and regulate the catalytic activity of a serine threonine 

phosphatase PP2Ac and modulate the dopamine production in the neuronal cells (Zhang, 

Kanthasamy et al. 2007). From our study, PKCδ regulates GPVI-mediated SHIP-1 

phosphorylation and not PAR-mediated SHIP-1 phosphorylation (Figure 3). As the 

phosphorylation of SHIP-1 in PKCδ null murine platelets is not completely ablated, we predict a 

role for other kinases in phosphorylating SHIP-1 upon GPVI stimulation. The association of 

PKCδ with SHIP-1 might cause ser/thr phosphorylations on SHIP-1 that enhance the catalytic 

activity of SHIP-1. Thus, PKCδ associated SHIP-1 might reduce the PIP3 levels more readily and 

negatively regulate platelet functional responses. However, whether the serine/threonine 

phosphorylations on SHIP regulate its catalytic function is not known.  
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SHIP-1 is tyrosine phosphorylated upon stimulation of PARs or GPVI receptors. This tyrosine 

phosphorylated SHIP-1 preferentially associated with PKCδ upon GPVI stimulation. As reported 

previously, both PAR- and GPVI-mediated SHIP-1 phosphorylations are regulated by SFKs 

because SFK inhibitors, PP1 and PP2 inhibited SHIP-1 phosphorylation. However, studies in 

immune cells have shown that Lyn regulates the tyrosine phosphorylation of SHIP (Baran, 

Tridandapani et al. 2003; Hernandez-Hansen, Bard et al. 2005). Studies by these groups also 

showed a reduced SHIP phosphatase activity in the Lyn-/- bone marrow derived mast cells, 

indicating that Lyn regulates the phosphatase catalytic activity of SHIP by retaining SHIP at the 

membrane. Thus, the tyrosine phosphorylation of SHIP-1 by Lyn is required for its catalytic 

function (Baran, Tridandapani et al. 2003). Consistent with these findings, GPVI-mediated 

SHIP-1 phosphorylation was inhibited in Lyn -/- murine platelets, whereas it was unaffected in 

Fyn -/- and Src -/- murine platelets. These findings suggest a critical role for Lyn in regulating the 

function of SHIP-1. Furthermore, Lyn preferentially associated with PKCδ upon GPVI receptor 

stimulation, but not PAR stimulation, consistent with the findings that have been reported in 

RBL-2H3 cell lines (Song, Swann et al. 1998).  

Although it is possible that PKCδ might associate with some other signaling molecules and 

phosphorylate them to regulate dense granule release, this is unlikely as PKCδ is also activated 

downstream of PARs and positively regulates this functional response. Therefore, it is the 

formation of a signaling complex downstream of GPVI stimulation that involves PKCδ which 

differentially regulates platelet dense granule secretion. 

Downstream of GPVI receptors, there is a signaling complex of Lyn, PKCδ and SHIP-1. Lyn not 

only regulates SHIP-1 phosphorylation, but also associates with PKCδ and regulates the Y311 

phosphorylation of PKCδ. These phosphorylations result in potentiation of dense granule 
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secretions in Lyn-/- or SHIP-1-/- murine platelets upon GPVI stimulation and inhibition upon 

PAR stimulation. Previous studies have also shown that PAR-mediated aggregations and dense 

granule secretions were inhibited in Lyn-/- murine platelets (Cho, Pestina et al. 2002). Severin et 

al. (Severin, Gratacap et al. 2007) reported that GPVI-mediated platelet dense granule secretion 

was unaffected in SHIP-1-/- mice. The reason for these differences could be attributed to 

stimulation of SHIP-1 -/- murine platelets with low doses of collagen and failure to treat the 

platelets with indomethacin to eliminate feedback mediators. For all the dense granule 

measurements in their studies, the platelets were stimulated with only one GPVI agonist, 

collagen. We consistently showed a potentiation of dense granule secretion in SHIP-1 -/- murine 

platelets by using convulxin, CRP and collagen as GPVI agonists with indomethacin treatment to 

strengthen our findings. 

In conclusion, we have shown that 1) Lyn-mediated tyrosine phosphorylation of SHIP-1 and 

PKCδ regulates their association 2) intermolecular interactions of Lyn, SHIP-1, and PKCδ are 

required for the negative regulation of GPVI-mediated dense granule secretion in platelets. A 

pictorial representation of the mechanism is depicted in Figure 17. 
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Figure 17 - Schematic of the Molecular mechanism underlying the negative regulation of  
GPVI-mediated platelet dense granule secretion 
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CHAPTER 4 

SHIP-1 ASSOCIATES WITH PKCδ AT TYROSINE 155 RESIDUE  

 

Introduction 

 

 

Platelets are anucleate blood cells that aid in the initial arrest of bleeding by forming a 

hemostatic plug (Brass LF, JCI, 2005). The exocytotic machinery of platelets plays a crucial role 

in amplifying the functional responses, thereby recruiting more platelets to the site of an injury. 

While the α−granules in platelets house the pro-coagulant proteins, dense granules contain ADP, 

ATP, serotonin which act on the respective receptors on platelet surface. After the contents from 

dense granules are released, these agents assist in the formation of hemostatic plug (Ren Q, 

Current Opinion in Hematology, 2008). Protein Kinase Cs (PKCs) are platelet secretion 

mediators. Among the different classes of PKC isoforms, PKCδ, a novel PKC isoform 

differentially regulates platelet dense granule secretion. This isoform positively regulates 

Protease Activated Receptor- (PAR-) mediated dense granule secretion and negatively regulates 

Glycoprotein VI - (GPVI-) mediated dense granule secretion (Murugappan, Tuluc et al. 2004) 

(Crosby and Poole 2003).  

PKCδ is autophosphorylated following activation to a much higher level than other PKC 

isozymes (Stempka, Girod et al. 1997). In addition to serine/threonine phosphorylations, many 

studies have shown that PKCδ also is tyrosine phosphorylated following cellular activation by 

many agents including phorbol myrsitate acetate (PMA), platelet derived growth factor (PDGF), 

carbachol and cholecystokinin (Moussazadeh and Haimovich 1998). It has been reported that 
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PKCδ has reduced kinase activity upon tyrosine phosphorylation by c-Src in Ras-transformed 

cells (Denning, Dlugosz et al. 1993), while tyrosine phosphorylation by Fyn resulted in elevated 

kinase activity upon epidermal growth factor activation (Denning, Dlugosz et al. 1996).  

PKCδ has nine tyrosine residues that are present in N-terminus regulatory domain as well 

as the C-terminus catalytic domain. Phosphorylation at distinct tyrosine residues (Y52, Y64, 

Y155, Y187, Y311, Y332, Y523, Y525, Y565) present in the regulatory domain at the N-

terminus can regulate different functions and result in altered substrate specificity, though the 

significance of these phosphorylations are not known. A diagram depicting the location of the 

tyrosine residues on PKCδ is shown in Figure 17.  

We have previously shown that PKCδ differentially regulates PAR and GPVI-mediated dense 

granule secretion. (Murugappan, Tuluc et al. 2004) (Crosby and Poole 2003). We have also 

shown that PKCδ associates with phosphorylated SHIP-1 in platelets. This phosphorylation-

dependent association negatively regulates GPVI-mediated dense granule secretion (Chari, Kim 

et al. 2009). Previous studies show that PKCδ is phosphorylated at Y311 and Y565 residues 

upon stimulation with thrombin (Hall, Jones et al. 2007). Therefore, in the current study, we 

investigate the significance of tyrosine phosphorylations on PKCδ and its implications on the 

association with SHIP-1. 
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Materials and Methods 

 

 

Preparation of washed human platelets:  

Whole blood was drawn from healthy, consenting human volunteers. Donated blood was 

collected in tubes containing one-sixth volume of ACD, which was centrifuged at 230 RCF for 

20 minutes at room temperature (RT) to obtain platelet-rich plasma (PRP). PRP was incubated 

with 1mM acetylsalicylic acid (aspirin) for 30 minutes at 37oC. The PRP was then centrifuged 

for 10 minutes at 980 RCF at RT. Platelet pellet was re-suspended in calcium-free Tyrode’s 

buffer (138 mM NaCl, 2.7mM KCl, 1mM MgCl2, 3mM NaH2PO4, 5mM glucose, 10mM HEPES 

and the pH was adjusted to 7.4) containing 0.01units/ml apyrase. Cells were counted using the 

Z1 Coulter Particle Counter and adjusted to 2 x 108 platelets/ml.  

 

Isolation of Mouse Platelets:  Whole mouse blood was withdrawn according to the protocol 

approved by the Institutional Animal Care and Use Committee (IACUC). Blood is collected by 

cardiac puncture of anaethesized mice into a syringe containing 1/10 blood volume of 3.8% 

sodium citrate. The blood was spun at 100 rcf for 10 minutes to remove the red blood cells. The 

platelet rich plasma was (PRP) was then transferred to another eppendorf tube and PGE1 (final 

concentration 1µM) was added. The PRP from the first spin was taken and more PGE1 was 

added. The supernatant was then aspirated and the platelet pellet was resuspended in tyrode’s 

buffer containing 0.01 units/ml of apyrase. 
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Aggregometry: Aggregation responses of 0.5ml platelets in response to 1U/ml thrombin and 100 

ng/ml convulxin was determined using the P.I.C.A lumi-aggregometer by measuring the light 

transmission under stirring conditions (900 rpm) at 37oC. The baseline was set using Tyrode’s 

buffer as a blank. The chart recorder was set for 0.2 mm/sec. Platelets were stimulated with 

1U/ml thrombin and 100 ng/ml convulxin and the aggregation tracings were recorded.  

 

Cell culture: RBL-2H3 cells were grown in Dulbecco Modified Eagle Medium (DMEM) 

supplemented with 10 % fetal bovine serum (FBS), 1 % penicillin/streptomycin (PS) at 37°C 

with 5 % CO2. RBL cells that were transfected with GPVI were grown in DMEM supplemented 

with 10 % FBS, 1% PS and 0.5 mg/ml G418 (Gentamycin selection marker).  

Meg 01 cells were grown in RPMI 1640 Medium 1X with L-Glutamine supplemented with 10 % 

fetal bovine serum (FBS), 1 % penicillin/streptomycin (PS) at 37°C with 5 % CO2. Meg 01 cells 

that were transfected with GFP-PKCδ constructs were grown in RPMI 1640 supplemented with 

10 % FBS, 1 % PS and 0.5 mg/ml G418 (Gentamycin selection marker). 

 

Calcium mobilization measurements in cell lines: 

Calcium mobilization was measured in cultured cell lines. The cells were detached with versene, 

spun down and counted using a hemocytometer. For counting the cells, the cells were spun 

down, resuspended in 1X phoshate buffered saline (PBS). The cell suspension was mixed with 

trypan blue in a 1:1 ratio. Following this, 10 µl of the cell suspension was loaded onto the 

hemocytometer and counted. The cells were counted from 2 fields of the hemocytometer and the 

average count was taken into account.  

Actual cell count = avg. cell count x 2 x 104 cells/ml 



 78 

Meanwhile, tyrodes buffer was thawed in a 37°C water bath, and 2 mM Ca+2 (20 µl of 1M 

CaCl2) was added to the tyrodes. The counted cells were spun down and resuspended in tyrodes 

buffer containing Ca+2. The cell count was adjusted to 2 x 106 cells/ml using this tyrodes buffer. 

In the mean time, Fura-2 – Pluronic acid mix was prepared in a 1:1 ratio. 6 µl of this mix was 

added per 1 ml of the cell suspension and mixed gently. The cells were then incubated in a 37°C 

water bath for 30 minutes. The cells were then spun down at 1000 rpm for 5 minutes at room 

temperature, resuspended in tyrodes buffer containing 2 mM Ca+2 and 1 mM Probenecid. The 

calciums were measured. 
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Results 

 

 

PKCδ is tyrosine phosphorylated at residues 332, 523, 525 and 565 upon PAR and GPVI 

receptor stimulation 

When aspirin-treated and washed platelets are stimulated with thrombin or convulxin, we 

anticipated both these agonists to cause tyrosine phosphorylation of PKCδ at distinct tyrosine 

residues owing to the differences in the GPCR-dependent (PARs) and GPVI-dependent ways of 

activation of these receptors. We anticipated that different tyrosine residues are phosphorylated 

by PAR agonists and convulxin, whereas others are phosphorylated by either agonists but not by 

both. Our preliminary data show that PKCδ is tyrosine phosphorylated at Y332, Y523, Y525 and 

Y565 by both PARs and GPVI agonists as shown in Figure 18. 
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Figure 18 - Tyrosine Phosphorylation of PKCδ at residues 332, 523, 525 and 565 occurs 
upon PAR and GPVI receptor stimulation 
Washed, aspirin-terated human platelets were stimulated with 1 U/ml thrombin or 100 ng/ml CVX for 1 minute 
under stirring conditions, following which the reaction was stopped using 3X sample buffer. The samples were run 
on a 10 % SDS gel and immunoblotted for various phospho-tyrosine residues of PKCδ. 
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PARs predominantly phosphorylate PKCδ at Y311 residue, whereas GPVI receptors 

preferentially phosphorylate PKCδ at Y155 residue 

 

When aspirin-treated and washed platelets were stimulated with thrombin or convulxin, Y311 

was predominantly phosphorylated by thrombin. However, convulxin was able to cause weak 

phosphorylation of PKCδ at Y311 as shown in Figure 19A. This suggests that PARs 

predominantly tyrosine phosphorylate PKCδ at 311 residue. 

When aspirin-treated and washed platelets are stimulated with thrombin or convulxin, Y155 was 

phosphorylated only by convulxin and thrombin was unable to cause phosphorylation of PKCδ 

at Y155 as shown in Figure 19B. This suggests that GPVI receptors preferentially tyrosine 

phosphorylate PKCδ at 155 residue. 
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Figure 18 - PAR-mediated and GPVI-mediated phosphorylations on PKCδ on Y311 and 
Y155 residues respectively 
Washed, aspirin-terated human platelets were stimulated with 1 U/ml thrombin or 100 ng/ml CVX for 1 minute 
under stirring conditions, following which the reaction was stopped using 3X sample buffer. The samples were run 
on a 10 % SDS gel and immunoblotted for various phospho-tyrosine residues of PKCδ. 
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PAR and GPVI-mediated tyrosine phosphorylations follow different time courses 

 

Washed aspirin-treated human platelets were stimulated with 500 µM AYPGKF for various time 

points and probed for phospho-Y311 antibody of PKCδ. As shown in Figure 19A, PAR-

mediated Y311 phosphorylation starts at 30 seconds and sustains for 2 minutes.  

Washed aspirin-treated human platelets were stimulated with 100 ng/ml CVX for various time 

points and probed for phospho- PKCδ Y155 antibody. Our results show that GPVI-mediated 

Y155 phosphorylation is rapid and transient, started at 15 seconds and was dephosphorylated 

completely by 2 minutes as shown in Figure 19B. These data suggest that PAR and GPVI-

mediated tyrosine phosphorylations on PKCδ follow different time courses. 
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Figure 19 - Time courses of PAR and GPVI-mediated Y311 and Y155 phosphorylations 
Washed, aspirin-terated human platelets were stimulated with 500 µM AYPGKF or 100 ng/ml CVX for various 
time points under stirring conditions, following which the reaction was stopped using 3X sample buffer. The 
samples were run on a 10 % SDS gel and immunoblotted for various phospho-tyrosine 311 or 155 residues of 
PKCδ. Total PKCδ served as a lane-loading control. 
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Lyn regulates GPVI-mediated tyrosine phosphorylation of PKCδ  at 155 residue 

Previous studies in various cell systems show that the tyrosine phosphorylations of PKCδ at 

distinct residues occurs as a result of phosphorylation by different src family kinase members . 

These SFK-mediated phosphorylations may increase or decrease the catalytic activity of PKCδ . 

With this premise, we investigated the tyrosine kinase that phosphorylates PKCδ at the tyrosine 

residue 155 upon GPVI stimulation in platelets. Among the SFK members that were tested, the 

tyrosine phosphorylation at 155 residue was inhibited in Lyn-/- murine platelets compared to 

their wild-type littermates as shown in Figure 20. These data suggest that the tyrosine 

phosphorylation of PKCδ at 155 residue is Lyn-mediated upon GPVI stimulation. 
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Figure 20 - Lyn-mediated phosphorylation of PKCδ  at 155 residue upon GPVI stimulation 
Washed, indomethacin-treated murine platelets were stimulated with 10 µg/ml collagen or 60 
ng/ml CVX for 30 seconds under stirring conditions, following which the reaction was stopped 
using 3X sample buffer. The samples were subject to SDS-PAGE and immunoblotted with 
phospho-specific antibody to 155 residue on PKCδ. 
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The tyrosine phosphorylation of PKCδ at 155 residue is required for its interaction with 

SHIP-1 

To investigate the importance of the preferential phosphorylation of PKCδ at Y155, we designed 

a 16-mer agarose conjugated PKCδ peptide flanking the phosphorylated-Y155 residue. Washed, 

aspirin-treated human platelets were stimulated with 500 µM AYPGKF or 100 ng/ml convulxin 

for 1 minute, following which 2 µg agarose conjugated peptide was added to the platelet lysate, 

incubated for 4 hours. The samples were probed with phospho-tyrosine and pSHIP-1 antibodies. 

Our results show that pSHIP-1 is one among many tyrosine phosphorylated proteins that 

associate with PKCδ only upon GPVI stimulation and not PARs, as shown in Figure 21A and B. 

These data suggest that the tyrosine phosphorylation of PKCδ at 155 is required for its 

association with SHIP-1. 
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Figure 21 - PKCδ  associates with SHIP-1 at the tyrosine residue 155 upon GPVI 
stimulation 
Washed, aspirin-treated human platelets were stimulated with 500 µM AYPGKF or 100 ng/ml 
CVX for 1 minute under stirring conditions, lysed using 1 % NP-40 lysis buffer . 1 µM agarose-
conjugated phosphorylated-155 PKCδ peptide was added to the platelet lysates. The lysates were 
incubated with the peptide for 4 hours, following which they were spun down at high speed, 
washed 3 times with 1X lysis buffer, immunoblotted with phosphotyrosine or phospho-SHIP-1 
antibodies. 
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Discussion 

 

 

Phosphorylation of PKCδ occurs on multiple tyrosine residues upon stimulation with different 

agonists in various cell systems (Szallasi, Kosa et al. 1995; Li, Chen et al. 1996; Moussazadeh 

and Haimovich 1998) which is likely to regulate distinct functions through altered substrate 

specificity. There are nine potential tyrosine phosphorylation sites in the regulatory domain 

association. Phosphorylation of PKCδ at different tyrosine residues regulates substrate 

specificity (Li, Chen et al. 1996). Therefore, we investigated the phosphorylation of PKCδ at 

various tyrosine residues. Antibodies recognizing each of the eight phosphorylated tyrosine 

residues are available commercially from Santa Cruz Biotechnology (Y52, Y155, Y187, Y311, 

Y332, Y523, Y525, Y565). Therefore, we stimulated platelets with PAR or GPVI agonists and 

assessed phosphorylation status of each of these tyrosine residues by immunoblotting. 

Our experimental design involved characterizing the tyrosine residue on PKCδ that forms a site 

of interaction with SHIP-1. Our experiments were carried out in platelets to examine the tyrosine 

phosphorylations on PKCδ and in future, the functional implications will be extended into RBL-

2H3 cells or Meg01, a Megakaryocyte cell line. Tyrosine mutants will be generated by mutating 

the tyrosine residue (Y) to phenylalanine (F) by site-directed mutagenesis in a cell system and 

the site of interaction with SHIP-1 will be evaluated by co-immunoprecipitations.  

2H3 subline of rat basophilic leukemia (RBL) cells, have been extensively used as a model 

system for analysis of FceRI-mediated activation. Mast cells endogenously express SHIP 

(Huber, Kalesnikoff et al. 2002). We have these cells stably transfected with GPVI available to 

us by Dr. Steve P.Watson (University of Birmingham, U.K). To make sure the transfected GPVI 
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receptor is functional, calcium mobilization will be measured in GPVI-transfected RBL-2H3 

cells (Suzuki-Inoue, Tulasne et al. 2002) as per the protocol mentioned in our Materials and 

Methods section.  

Megakaryocytes are precursors of blood platelets. Therefore, we will evaluate the interaction in 

Meg 01 cell lines as they endogenously express GPVI receptor and simulate platelet signaling 

machinery (Jandrot-Perrus M, Blood, 2000) (Dyson JM, Blood, 2003). To confirm the function 

of GPVI receptor on Meg 01s, calcium mobilizations will be measured as per the protocol in our 

Materials and Methods section. 

In future, we propose to carry out experiments involving the transfection of RBL-2H3 cells or 

Meg 01 with either wild type or each of these mutants (Y155F, Y311F, Y332F). We have the 

wild type constructs necessary for these transfections. The construct encodes a fusion protein 

with the N-terminal region corresponding to PKCδ and the GFP at the C-terminus. The cells that 

have been transfected will be sorted by FACS. This will be followed by stimulation with 

convulxin. Following this, the cells will be harvested and then immunoprecipitated with GFP 

antibodies. Following SDS-PAGE, the membranes will be probed for SHIP-1 to look at its 

association with PKCδ. 
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CHAPTER 5 

OVERALL DISCUSSION 

 

 

 

Discussion 

 

The specific aim of Chapter 2 was to investigate the role of Protein Kinase Cδ  (PKCδ) in 

regulating platelet functional responses. The specific aim of Chapter 3 was to investigate the 

molecular mechanisms underlying the regulation of platelet dense granule secretion by PKCδ. In 

Chapter 2, we identify a differential role for PKCδ in regulating platelet functional responses. In 

Chapter3, we show that the differential association with SHIP-1 upon GPVI receptor stimulation 

negatively regulates GPVI-mediated platelet dense granule secretion. Considering the differences 

in the signaling downstream of PARs and GPVI receptors, it is likely that PKCδ differentially 

associates with proteins downstream of PARs and GPVI receptors.  This differential association 

may be attributed to the differences in the signaling between PARs and GPVI pathways, 

whereby platelet functional responses such as aggregation, dense granule secretion, α−granule 

secretion and thromboxane A2 (TXA2) generation are differentially regulated.   

 

In Chapter 2, we identified a differential role for PKCδ in regulating platelet functional 

responses such as aggregation, dense granule secretion, α−granule secretion and TXA2 

generation upon stimulation with PAR agonists or GPVI agonists. PKCδ positively regulates 

PAR-mediated platelet functional responses and negatively regulates GPVI-mediated platelet 
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functional responses. These effects were statistically significant at sub-maximal doses of the 

agonist. At higher doses of the agonist, the effects failed to attain statistical significance. More 

so, these effects were evident in both aspirin/indomethacin-treated/untreated human and murine 

platelets suggesting that the differential effects of PKCδ are TXA2-independent. To confirm 

these in vitro findings, we injured the right carotid artery of PKCδ-/- mice and the wild-type 

littermates with 10 % Ferric Chloride (FeCl3). As expected, PKCδ-/- had a faster times to 

occlusion compared to the wild-type littermates, however, times to occlusions were not 

statistically significant when the number of experimental mice were increased. This study 

showed that PKCδ differentially regulates PAR and GPVI-mediated platelet functional 

responses. 

 

In Chapter 3, we delineated the molecular mechanisms underlying such a differential regulation 

downstream of PARs and GPVI receptors by PKCδ.  In immune cells, PKCδ negatively 

regulates mast cell degranulation by associating with a phosphatase, SHIP-1. Considering the 

similarities in the signaling pathways in platelets and immune cells, we hypothesized that the 

differential association of SHIP-1 with PKCδ may alter the regulation. In chapter 3, we showed 

that 5’-inositol phosphatase was activated at different time points downstream of PARs and 

GPVI receptors. Although both the receptors phosphorylated SHIP-1, co-immunoprecipitation 

experiments revealed a preferential association of SHIP-1 with PKCδ upon GPVI stimulation, 

and not stimulation of PARs.  This association was regulated by the phosphorylation of SHIP-1 

by a Src Family Kinase member, Lyn. Finally, the phosphorylation-dependent events were 

correlated to a functional relevance by measuring dense granule secretions in Lyn-/- or SHIP-1-/- 

murine platelets.  The dense granule secretions were potentiated in these mice upon GPVI 
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stimulation.  These data suggest that the phosphorylation-dependent associations between Lyn, 

PKCδ and SHIP-1 negatively regulate GPVI-mediated dense granule secretion. 

 

In this section of my dissertation, I intend discussing the following questions that arose from my 

two major studies: 

1) Does PKCδ regulate the catalytic activity of the 5’inositol phosphatase, SHIP-1?  

 

2) Are the serine residues on SHIP-1 important for its association with PKCδ? 

 

3) What other signaling molecules associate with PKCδ differentially upon PAR and 

GPVI stimulation? 

 

4) What are the signaling molecules that are regulated downstream of PKCδ? 
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Differences between the regulation of SHIP-1 by PKCδ downstream of PARs and GPVI 

receptors 

Under physiological conditions, platelets are in a quiescent state circulating in the blood. Upon 

injury to the vessel wall, exposure of sub-endothelial collagen attracts circulating platelets to it. 

Platelets bind to the exposed collagen through α2β1, following which platelet signaling 

culminates via the GPVI receptor.  Studies have also shown that α2β1 can signal, which 

contributes to collagen-induced signaling (Jarvis, Atkinson et al. 2002) (Inoue, Suzuki-Inoue et 

al. 2003; Nieswandt and Watson 2003). In our studies, we have used both GPVI and α2β1 

agonists.  

Activation of platelet GPVI receptor by collagen results in the tyrosine phosphorylation of the 

Immunotyrosine-based Activation Motifs (ITAMs) by Src Family Kinase (SFK) members, Lyn 

and Fyn. This results in the recruitment of of Syk via its SH2 domain. Recruited Syk gets auto-

phosphorylated and activates a LAT signalosome complex comprising of SLP76, LAT, Btk and 

PLCγ2. The central player of this signalosome is PLCγ2 which binds to PIP3 via its Pleckstrin 

Homology (PH) domain. Activation of PLCγ2 results in the hydrolysis of PIP2 into IP3 and DAG. 

IP3 mobilizes calcium, while DAG activates PKCδ. It should be noted that there lies a very 

subtle regulation of this pathway by the accumulated phosphoinositides, PIP2 and PIP3. The 

activation of many of the aforementioned signaling molecules is regulated by the accumulation 

of phosphoinositides. Therefore, it is of great interest to study the molecules regulating the 

interconversion of PIP2 into PIP3 and vice versa. The role of PIP3 hydrolysis into PI4,5P2 by 

PI3kinases and PI3,4P2 by SHIP-1 respectively is largely unknown. Shown below is a model 

depicting regulation of dense granule secretion by PKCδ and SHIP-1. 
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Figure 17: Molecular mechanisms underlying differential regulation of platelet dense 

granule secretion 
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In comparison to the regulation of GPVI signaling, signaling by PARs via G-proteins is subject 

to regulation by different signaling molecules. These differences in the regulation of signaling 

pathways result in different outcomes.  

In chapter 2, we showed that blockade of PKCδ using a antagonistic anti- PKCδ 

RACK peptide, (δV1-1)TAT  in human platelets,  results in inhibiton of PAR-mediated dense 

granule secretion and potentiation of GPVI-mediated dense granule secretion. This suggests that 

PKCδ differentially regulates PAR and GPVI-mediated dense granule secretions.  

In chapter 3, we identified the molecular mechanism underlying such differential regulation. We 

show that SHIP-1 preferentially associates with PKCδ upon GPVI stimulation and not upon PAR 

stimulation. This association is regulated by the tyrosine phosphorylation of SHIP-1 by Lyn 

implying that the phoshorylation of SHIP-1 is a prerequisite for its association with PKCδ.   

Furthermore, we show that PKCδ regulates the phosphorylation of SHIP-1. However, it still 

remains to be investigated if the tyrosine phosphorylation on SHIP-1 has an effect on its catalytic 

activity. The catalytic activity of SHIP-1 is dictated by the hydrolysis of PIP3 into PI3,4P2. Our 

future investigations will focus on this aspect of regulation. Considering the differences in the 

association of SHIP-1 downstream of PARs and GPVI receptors, it is probable that the 

association may affect the catalytic activity of SHIP-1. Being a pro-thrombotic drive, PIP3 

regulates a number of signaling molecules harboring a Pleckstrin homology (PH)-domain, that 

include PLCβ2/γ2, Btk, PDK1. The complete activation of PKCδ requires a phosphorylation on its 

activation loop by PDK1. Therefore, the levels of PIP3 indirectly regulate the activity of PKCδ. 

Taking this into account, the association of PKCδ with SHIP-1 downstream of GPVI receptors 

may alter the ability of SHIP-1 to hydrolyze PIP3. From our understanding, blockade/absence of 

PKCδ potentiates GPVI-mediated platelet functional responses. This implies that the association 
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of PKCδ may positively regulate SHIP-1’s catalytic function. This still needs to be confirmed in 

our future investigations. 

SHIP-1 is phosphorylated at its C-terminal tyrosine residue Y1020 (Chari, Kim et al. 2009). The 

C-terminus also houses a proline-rich region which has serine residues. Phosphorylation at serine 

residues preceding the proline-rich region is a common mechanism for regulation of protein 

function (Backers, Blero et al. 2003). There are 17 serine residues in the C-terminus of SHIP-1. 

Among these serines, the serine residues 1057, 1125,1127, 1147 precede the proline-rich region. 

These serine residues may regulate the association of SHIP-1 with other signaling molecules 

(Backers, Blero et al. 2003). Future investigations will need to address the regulation of serine 

phosphorylations on SHIP-1 by PKCδ.  From our data, PKCδ positively regulates SHIP-1 

activity. Therefore, it is implied that upon blockade of PKCδ, the serine phosphorylations on 

SHIP-1 will be reduced resulting in increased PIP3 levels.  

In chapter 3, we show that PKCδ regulates GPVI-mediated tyrosine phosphorylation of SHIP-1. 

However, it should be noted that the phosphorylation is not completely ablated in PKCδ-/- murine 

platelets suggesting a possibility of another kinase downstream of PKCδ that regulates SHIP-1 

phosphorylation. Furthermore, we show that GPVI-mediated tyrosine phosphorylation of SHIP-1 

is inhibited in Lyn-/- murine platelets. A point to be considered here is that Lyn is activated 

downstream of both PARs and GPVI receptors. This suggests that Lyn is not a sole regulator of 

SHIP-1 phosphorylation. This has led us to believe that there may be other tyrosine kinases that 

regulate SHIP-1 phosphorylation differentially downstream of PARs and GPVI receptors 

resulting in the differential regulation of platelet functional responses by PKCδ. It is very likely 

that different tyrosine kinases associate with PKCδ and regulate its signaling downstream of 

PARs and GPVI receptors. This is one of the areas that needs more thought and investigation. 
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The focus till now is on upstream regulators of PKCδ’s function. Molecules that are regulated 

downstream by PKCδ is still unclear. One of the candidates that may be regulated by PKCδ 

downstream of GPVI signaling pathways is CDC-rel1. Mice lacking CDC-rel1 show increased 

aggregation and secretion in response to GPVI agonists and not upon PAR agonist stimulation 

(Dent, Kato et al. 2002). This suggests that CDC-rel1 may serve as a downstream candidate 

regulator of PKCδ.   A second molecule that may be regulated by PKCδ is Myristoylated 

alanine-rich C-kinase substrate (MARCKs). Upon phosphorylation of MARCKs by PKCs, 

MARCKs tightly binds to phosphatidylinositol 4,5 bisphosphate (PIP2) and protects it from 

hydrolysis by phospholipase C (PLC) (Wang, Arbuzova et al. 2001; Flaumenhaft 2003). In 

platelets, pseudo-MARCKs substrate blocks dense granule secretion (Elzagallaai, Rose et al. 

2000). With this premise, we predict that PKCδ may regulate the phosphorylation of MARCKs 

only downstream of GPVI signaling pathways and thereby negatively regulate GPVI-mediated 

dense granule secretion.   
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Concluding Remarks 

 

 

PKCδ differentially regulates PAR and GPVI-mediated platelet functional responses that include 

platelet aggregation, dense, α-granule secretions, TXA2 generation in vitro. PKCδ postively 

regulates PAR-mediated functional responses and negatively regulates GPVI-mediated 

functional responses. These responses do not affect the times to occlusion in PKCδ null mice.  

Therefore, we have identified  molecular mechanisms underlying such differential regulation 

which are 

1) Lyn-mediated phosphorylation of SHIP-1, subsequent association of SHIP-1 with PKCδ.  

2) Preferential phosphorylation of PKCδ at 155 residue upon GPVI stimulation resulting in its 

association with SHIP-1.    
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Future Directions 

 

Protein Kinase C-delta (PKCδ) differentially regulates platelet dense granule secretion. This 

isoform positively regulates protease activated receptor (PAR)-mediated dense granule secretion, 

whereas it negatively regulates glycoprotein VI (GPVI)-mediated dense granule secretion 

(Crosby and Poole 2003; Murugappan, Tuluc et al. 2004; Chari, Getz et al. 2009).  Previous 

studies from our lab have shown that the differential associations of PKCδ with a Src family 

kinase (SFK) member, Lyn and a 5’-inositol phosphatase, SHIP-1 have implications on 

negatively regulating GPVI-mediated platelet dense granule secretion (Chari, Kim et al. 2009). 

However, the implication on the catalytic activity of SHIP-1 due to its association with PKCδ is 

not known.  

1) Interegulation of PKCδ and SHIP-1’s catalytic activity 

 Src homology-2 domain containing Inositol 5’ Phosphatase (SHIP-1) is a 145 kDa protein 

expressed in platelets (Giuriato, Pesesse et al. 2003) and tyrosine phosphorylated upon thrombin 

stimulation of platelets (Giuriato, Payrastre et al. 1997). SHIP-1, a 5’ inositol phosphatase 

hydrolyzes Phosphatidylinositol 3,4,5 trisphosphate (PIP3) into Phosphatidylinositol 3,4 

bisphosphate (PIP2). SHIP-1 has two tyrosine residues on its C-terminus, tyrosine 1020 (Y1020) 

and tyrosine 1166 (Y1166) in humans. The C-terminus of SHIP-1 is important for its catalytic 

activity (Damen, Ware et al. 2001). Scientists have tried to understand the implication of the 

tyrosine phosphorylation of SHIP-1 on its catalytic activity. The availability of phospho-specific 

antibodies to the tyrosine 1020 residue of SHIP-1 have opened avenues for research in this area. 

From our current findings, we observed that SHIP-1 phosphorylation was inhibited in PKCδ null 
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murine platelets. Therefore, We hypothesize that PKCδ is a positive regulator of the catalytic 

activity of SHIP-1. We propose to test this hypothesis by pharmacological approaches and gene 

knockout approaches to understand the regulation of PKCδ on SHIP-1’s catalytic activity. 

Furthermore, we propose to use biochemical approaches to measure the phosphoinositide levels 

in platelets by blocking PKCδ as well as murine platelets lacking PKCδ. Human platelets pre-

treated with anti-PKCδ RACK peptide and Murine platelets lacking PKCδ will be used to the  

measure the levels of PI3,4,5P3 as well as PI3,4P2. Furthermore, we will investigate the 

activation of PKCδ in SHIP-1 null murine platelets by measuring the formation of other 

phosphoinositides such as PI4,5P2, to study the regulation of SHIP-1 on PKCδ’s activity. 

We will also study the effect of PKCδ on the translocation of SHIP-1 from the cytosol to 

membrane in platelets upon activation with PAR and GPVI agonists. Platelets will be sub-

fractionated into cytosolic and membrane fractions, stimulated with PAR and GPVI agonists in 

the presence and absence of anti-PKCδ RACK peptide, following which they will be probed for 

phospho-SHIP-1. This will give us a clue if PKCδ regulates the translocation of SHIP-1. 

 

2) Effect on Serine phosphorylations in SHIP-1 by PKCδ  

SHIP-1 is phosphorylated at its C-terminal tyrosine residue Y1020. The C-terminus also harbors 

serine residues. The implications of these serine residues on the catalytic activity of SHIP-1 is 

not known. We predict that PKCδ, being a serine/threonine kinase may phosphorylate SHIP-1 on 

its serine residue, thereby enhancing its catalytic activity. We propose to test this hypothesis by 

measuring the serine phosphorylation on SHIP-1 in the absence and presence of PKCδ. 

Considering the differential role of PKCδ upon stimulation of platelets with PAR or GPVI 

agonists, it is possible that the differential association with signaling molecules downstream of 
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PARs or GPVI receptors may dictate the differences in its function. Studies in immune cells and 

platelets have shown that PKCδ associates with a 5’ inositol phosphatase, SHIP-1, resulting in 

negative regulation of degranulation in immune cells as well as dense granule secretion in 

platelets (Leitges, Gimborn et al. 2002; Chari, Kim et al. 2009). We postulate that the association 

of PKCδ with SHIP-1 regulates other downstream signaling molecules to differentially regulate 

platelet secretion. Future investigations will need to focus on identifying downstream targets of 

PKCδ such as Myrisptoylated Alanine-rich C-kinase Substrate (MARCKs) and Cdc-rel1.  
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