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ABSTRACT 
 

The Regulation of Phosphorylation Events in Platelets 
 

Todd M. Getz 

Doctor of Philosophy 

Temple University School of Medicine, 2012 

Doctoral Advisory Committee Chair: Satya P. Kunapuli, Ph.D. 

 

Platelets play a vital role in processes of hemostasis and thrombosis under physiological 

and pathological conditions.  Following vascular damage, platelets will accumulate and 

stably adhere to exposed subendothelial matrixes.  The binding of platelet surface 

receptor Glycoprotein VI (GPVI) to exposed collagen initiates a signaling cascade, which 

culminates in platelet activation.  Stimulation of GPVI pathways results in the generation 

of thromboxane and causes the platelets to secrete their granule contents.   This generated 

thromboxane as well as constituents released from dense granules such as ADP, and 

serotonin, play an essential role in potentiating the platelet response through activation of 

other surface receptor mediated pathways.  Importantly, downstream of all these separate 

pathways, kinases become activated and play a crucial role in phosphorylating their 

substrates to elicit critical cellular responses. 

 

Previously published studies have established the importance for myosin kinase in its role 

for phosphorylating the myosin light chain (MLC) downstream of ADP receptors.  These 

studies have shown MLC phosphorylation occurs rapidly and is essential for shape 
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change following the stimulation of ADP receptors.  Technological advances in antibody 

development have resulted in the generation of commercially available phospho-specific 

antibodies for MLC phosphorylated on either threonine (Thr) 18 or serine (Ser) 19.  

These antibodies allowed us to revisit these prior studies and address whether 

phosphorylation on MLC (Ser) 19 would elicit one response while phosphorylation on 

(Thr) 18 may result in another functional response.  Our result show, that MLC is 

phosphorylated rapidly on (Ser) 19 and plays an important role in shape change 

downstream of Gq pathways, while MLC (Thr) 18 phosphorylation occurs at a slower 

rate downstream of G12/13 pathways and contributes to platelet dense granule secretion. 

 

Protein kinase C’s (PKC) are serine/threonine kinase, which become activated following 

the stimulation of many of the platelet surface receptors.   PKCs are classified into three 

groups, classical (α, βI, βII, γ), novel (δ, ε, η, θ), and atypical  (ζ, ι, λ, µ) based on their 

cofactor requirements for activation.   The classical PKCs, which require diacylglycerol 

and calcium for their activation were investigated using the specific inhibitor Go6976.   

Much to our surprise, we demonstrated that downstream of GPVI pathways, Go6976 

caused non-selective inhibition of Spleen tyrosine kinase (Syk) activity.  This inhibition 

of Syk activity resulted in a concentration-dependent reduction in phosphorylation of 

downstream molecules Lat and PLCγ2 as well as platelet aggregation and secretion.   

 

Stimulation of surface receptors GPVI, CLEC-2, GPIb, and FcRIIa, all lead to the 

activation of tyrosine kinase pathways.  The role for Syk in these pathways is essential 

and in the absence of its activity these pathways are completely shut down.  We 
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inadvertently discovered dextran sulfate (DxS) actives platelets.  Our results show that 

DxS activates a Src-dependent pathway which does not utilize surface receptors GPVI, 

CLEC-2, GPIb, or FcRIIa.  Platelets pretreated with Syk inhibitors OXSI-2 or Go6976  

failed to cause αIIbβ3 activation in response to convulxin, however, platelets activated 

with DxS under the same conditions retained the ability to activate αIIbβ3.  In response 

to DxS, platelet aggregation, intracellular calcium mobilization, and αIIbβ3 activation 

were significantly inhibited in platelets pre-treated with PI-3K inhibitors.   Taken 

together these results for the first time establish a novel tyrosine kinase pathway in 

platelets that cause fibrinogen receptor activation in a PI-3K dependent manner without a 

role for Syk. 

 

In conclusion, we have evaluated the role of myosin light chain kinase, Syk, and PI-3 

kinase downstream of platelet receptor-mediated pathways.  We have examined the 

phosphorylation status of several of their effector molecules and have correlated these 

events with their functional responses in platelets.    Here we have highlighted several 

roles for platelet kinases and their relative importance in regulating platelet functional 

outcomes.    
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CHAPTER 1 
 

INTRODUCTION 
 

Platelets and Hemostasis 

 

Hemostasis is achieved through intricate processes including, coagulation, platelet 

activation, and anticoagulant and fibrinolytic pathways, which work together to maintain 

and support vascular integrity and physiological blood flow.  These processes function 

together in a dynamic equilibrium to preserve blood in a fluid state under normal 

physiological conditions and to arrest bleeding following vascular injury.  A disturbance 

to the balance of this highly regulated system often results in pathological conditions 

such as bleeding or thrombosis.   

 

Megakaryocytes, the cells responsible for platelet biogenesis, undergo a serious of 

complex remodeling event that result in the production of thousands of platelets (Patel, 

Hartwig, and Italiano 2005).  These newly formed platelets are released into the 

bloodstream and exist as anucleated cells ranging from 2.0 to 5.0 µm in size.  Here they 

circulate in a quiescent discoid shape and remain in the circulation for 7 to 10 days before 

being cleared by the liver and spleen.   

 

In response to vascular damage, subendothelial matrixes are exposed.  Platelets in 

circulation that come in contact with exposed elements such as von Willebrand factor  

(vWF) undergo rolling and adhesion and will ultimately become activated through the 

interaction of the platelet glycoprotein VI (GPVI) receptor with collagen (Blockmans, 
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Deckmyn, and Vermylen 1995).  Stimulation of the GPVI receptor triggers a host of 

functional responses, which include platelet shape change, filopodia extension, and 

lamellipodia formation.  Aside from these responses, platelets will generate the 

prothrombotic agent thromboxane A2 (TXA2) and secrete their granule contents, which 

serve as autocoids through binding to G protein-coupled receptors on the platelet 

(Holmsen 1989; Brass).  These autocoid agents function to recruit more circulating 

platelets and to further potentate the platelet response by enhancing fibrinogen receptor 

activation.  Inside-out signaling is required and essential for the activation of the 

fibrinogen receptor (αIIbβ3).  When αIIbβ3 becomes activated it undergoes a 

conformational change that puts it in a high affinity state which now permits its binding 

to fibrinogen (Shattil and Newman 2004).  This process is important for the bridging of 

adjacent platelets and is essential for the formation of a stable platelet plug to arrest 

bleeding.    

 

 

Platelet Receptors 
 

In order for platelets to respond to a variety of stimuli, it expresses numerous surface 

receptors, which primarily couple to either tyrosine kinase dependent or G-protein 

dependent pathways.  The major receptors for each of these pathways are as follows: 

 

 

 

 



3 
 
 

Tyrosine Kinase-Dependent Receptors 
 

Glycoprotein Ib-IX-V 

 

The glycoprotein Ib-IX-V (GPIb-IX-V) complex is the main receptor for vWF on the 

platelet surface.   Each platelet expresses approximately 30,000 copies of GPIb-IX-V, 

indicating its importance for haemostasis.   The binding of GPIb-IX-V to vWF initiates 

the rolling and adhesion of the platelet to the injured vascular surface (Andrews and 

Berndt 2004).  The overall importance of this receptor is highlighted in patients with 

Bernard-Soulier syndrome (BSS) who lack GPIb-IX-V (Lanza 2006).  These patients 

have thrombocytopenia and present with a strong bleeding diathesis.  Their platelets are 

abnormally large and fragile due to the loss of structural integrity since GPIb-IX-V has a 

major role in linking the plasma membrane to the underlying actin cytoskeleton.   

 

The importance for GPIb-IX-V adhesion to vWF has been well demonstrated at high 

sheer rates (Bergmeier, Chauhan, and Wagner 2008; Berndt et al. 2001).  In order for 

normal interactions to occur between GPIb-IX-V and vWF a stimulus is required to cause 

a conformational change in either the ligand or the receptor.  Most commonly this is 

achieved under pathological sheer conditions, however this may also occur when vWF is 

immobilized on collagen.  This regulation is important to prevent platelets from 

becoming activated under physiological conditions where inactivated vWF is present in 

the circulating plasma.   
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The role for GPIb-IX-V in intracellular signaling has been controversial for a period of 

time.  Studies involving platelets fixed with paraformaldehyde demonstrated their ability 

to agglutinate when mixed with vWF and the modulating agents ristocetin or botrocetin 

(Allain et al. 1975).  These studies suggested it was physical interactions and forces that 

held platelets together rather and intracellular signals leaded to αIIbβ3 activation.  

However, others have demonstrated Syk and Erk phosphorylation, PKC activation, 

intracellular calcium mobilization, and thromboxane A2 (TXA2) formation in response to 

GPIb-IX-V stimulation (Ozaki et al. 2005).  Work from our group has shown that GPIb-

IX-V-mediated platelet aggregation is Src-dependent and requires the phosphorylation of 

Erk2 and formed TXA2 (Garcia et al. 2005).  Furthermore, in the absence of TXA2 

generation GPIb-IX-V stimulated platelets failed to aggregated but still retained the 

ability to agglutinate.   

 

 

Glycoprotein VI 

 

Based on the identification of two patients who’s platelets were unresponsive to collagen, 

Nieuwenhuis et al. and Kehrel et al (Nieuwenhuis et al. 1985; Kehrel et al. 1988) 

originally proposed that α2β1was the primary collagen receptor on platelets.  

Glycoprotein VI (GPVI) finally emerged as a potential collagen receptor when a patient 

was described with a collagen defect due to autoantibodies against GPVI.  Work from 

Barnes and Santoro described a two-step model for platelet activation by collagen 

(Morton, Peachey, and Barnes 1989; Santoro et al. 1991).  They proposed that α2β1 
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mediated the adhesion and a second receptor initiated signaling and activation.  Further 

studies suggesting α2β1 had to be in an activated high affinity conformation in order for 

it to bind collagen, led to a refinement of their model.  It is currently thought that 

collagen binding to GPVI initiates signaling events leading to the activation of α2β1, 

which in turn causes further GPVI activation and aids in enhanced adhesion to collagen.    

 

Identification that GPVI was the primary signaling receptor for collagen on platelets led 

to the further characterization of the receptor itself and its downstream signaling events.  

GPVI is a member of the immunoglobulin (Ig) superfamily and exists as a single 

transmembrane receptor with two Ig domains, a juxtamembrane domain and a proline-

rich domain.  The presence of a charged amino acid residue (Arg 252) in its 

transmembrane domain permits a salt bridge to be formed with a negatively charged Asp 

residue found in the transmembrane domain of an Fc receptor γ-chain.  This interaction is 

essential for the stabilization of the receptor complex and is crucial for proximal 

signaling events following collagen binding.   Cross-linking of GPVI to the FcR γ-chain 

by collagen results in the phosphorylation of the immunoreceptor tyrosine-based 

activation motif (ITAM) located on the FcR γ-chain (Watson et al. 2005).  This event has 

been shown to be mediated by Src-family kinase members Fyn and Lyn, which are 

constitutively associated with GPVI (Ezumi et al. 1998).  Following the phosphorylation 

of the ITAM, Syk kinase is recruited to the ITAM via its dual Src-homology-2 (SH2) 

domains and undergoes autophosphorylation to render the kinase active.  The activation 

of Syk leads to further downstream signaling events important for platelet activation, 



6 
 
 

such as the phosphorylation of Lat and the formation of the Lat signalosome, as well as 

intracellular calcium release and PKC activation (Watson et al. 2005) (Fig 1.1).  

 

 

Figure 1. 1  The GPVI signaling cascade 
 

 

C-type lectin receptor 2 (CLEC-2) 

 

In the late nineties, Rhodocytin was isolated from the venom of a Malayan pit viper by 

two groups (Huang, Liu, and Yang 1995; Shin and Morita 1998).  The snake toxin was 

shown to activate platelets and was thought originally to activate the integrin α2β1 based 

on studies using blocking antibodies.  It was later shown that rhodocytin was unable to 

bind α2β1 and could in fact activate platelets deficient in α2β1 (Watson, Herbert, and 
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Pollitt).   In 2006, mass spectrometry work had identified the receptor for rhodocytin as 

CLEC-2 (Suzuki-Inoue et al. 2006).   

 

CLEC-2 is single transmembrane receptor with a carbohydrate-like recognition domain 

(CRD-like) however; it lacks the appropriate amino acids for binding to sugars.  Its 

cytoplasmic tail contains one conserved YxxL sequence, which has been shown to be 

important for the binding of Syk.  CLEC-2 is expressed as a dimer on resting platelets 

and it is currently thought that upon receptor stimulation, Syk is recruited to two 

hemITAMs in two CLEC-2 receptors (Fig 1.2).  Studies using a variety of molecular 

techniques have determined CLEC-2 signals through Src, Syk, PI- 3 kinase, and PLCγ2 

without a role for Lat (Watson, Herbert, and Pollitt; Suzuki-Inoue et al. 2006).  All of 

these profiling experiments were ultimately important for the identification of the 

physiological agonist for CLEC-2.  Suzuki-Inoue et al. (Suzuki-Inoue et al. 2007), had 

determined podoplanin, a type I transmembrane sialomucin-like glycoprotein, had similar 

activating profiles as rhodocytin on platelets.  Further studies confirmed podoplanin to be 

the actually physiological agonist for CLEC-2.   
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Figure 1. 2 CLEC-2 signaling cascade 
 

Integrin αIIbβ3 

 

The integrin αIIbβ3 also termed GPIIb-IIIa is the receptor for fibrinogen on the platelet’s 

surface.  Nearly 80,000 copies are expressed per platelet.  This receptor complex is found 

in a low affinity state on resting platelets. When platelet activation ensues, via the binding 

to collagen or through feedback mechanisms such as TXA2, ADP, or thrombin 

stimulation the integrin αIIbβ3 will undergo a conformational change to a high affinity 

state in a process termed inside-out signaling (Shattil and Newman 2004).  Some of the 

important signaling molecules required for αIIbβ3 activation include Rap1, RIAM, talin 

and kinlin-3 (Banno and Ginsberg 2008; Metcalf et al.).  Once αIIbβ3 is activated, it can 
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interact with fibrinogen, which facilitates the bridging of adjacent platelets and allows for 

the formation of a platelet aggregate crosslinked by fibrin.  In addition, the binding of 

fibrinogen to αIIbβ3 results in the activation of a tyrosine kinase pathway that is 

important for cellular functions such as platelet adhesion, spreading, and fibrin clot 

retraction (Schoenwaelder et al. 1994).  In brief, when αIIbβ3 is activated by fibrinogen a 

term also called outside-in signaling, Src kinases constitutively bound to the β3 

intracellular tail become activated and phosphorylate recruited Syk.  The signaling is 

further propagated through active Syk and leads to the phosphorylation of several 

downstream substrates such as the Rac GTPase Vav, SLP-76, adhesion and 

degranulation-promoting adapter protein (ADAP), and cellular-casistas B-lineage 

lymphoma protein (c-Cbl). These signaling events culminate in the modulation of the 

cytoskeleton (Watson et al. 2005; Shattil and Newman 2004).   

 

 

G protein Coupled Receptors 
 

Thromboxane A2 Receptor 

 

The stimulation of platelets by collagen or thrombin results in the activation of 

phospholipase A2, which cleaves membrane phospholipids and causes the liberation of 

arachidonic acid (Needleman et al. 1976).  Once liberated, arachidonic acid is converted 

to prostaglandin H2 (PGH2) by cyclooxygenase-1 (COX-1) and further isomerized to 

thromboxane A2 (TXA2) by thromboxane synthase.  The released soluble TXA2 then 

diffuses from the platelet cytosol and acts on the TP receptors of other circulating 
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platelets resulting in a positive feedback loop.  The TP receptors are couple to both Gq 

and G12/13 pathways (Offermanns et al. 1994), which cause intracellular calcium 

mobilization and Rho A activation respectively.  The stimulation of these pathways 

contributes to the overall regulation of myosin light chain phosphorylation and platelet 

functional responses as discussed in chapter 3.   

 

Protease-Activated Receptors (PARs) 

 

At sights of vascular damage, thrombin is generated due to the activation of the 

coagulation cascade.  The generated thrombin, which is a serine protease, acts as a potent 

agonist to cause platelet shape change, secretion, TXA2 generation and aggregation 

(Kahn et al. 1998).   It was originally thought that human platelets express two thrombin 

receptors, PAR1 and PAR4, however, work from Schmidt et. al. (Schmidt et al. 1998) has 

demonstrated the presence of PAR3 on human platelets.  Murine platelets also express 

thrombin receptors but are limited to PAR3 and PAR4.  Interestingly, PAR3 has been 

shown to function only as a co-receptor and is unable of directly causing downstream 

signaling in response to thrombin (Nakanishi-Matsui et al. 2000).  The PAR receptors are 

activated by thrombin through the peoteolytic cleavage of its N-terminus. This process 

results in a newly exposed N-terminus, which acts as a tethered ligand and folds back and 

binds its extracellular loop to induce receptor activation (Coughlin 1999). The PAR 

receptors can also be activated by SFLLRN or AYPGKF, peptides that can selectively 

activate PAR1 or PAR4 receptors respectfully without any receptor cleavage (Vassallo et 

al. 1992)  
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PAR1 and PAR4 couple to both Gq and G12/13 dependent pathways.   Gq-dependent 

pathways contribute to intracellular calcium mobilization, PKC activation, and play an 

important role in shape change and the phosphorylation of myosin light chain (MLC) on 

residue serine 19 (Getz, Dangelmaier et al.).    G12/13-dependent pathways signal through 

Rho A/ Rho kinase and contribute largely to the inactivation of the myosin light chain 

phosphatase, however, evidence from chapter 3 suggests it also has a role in the 

phosphorylation of MLC on residue threonine 18 and this appears to be important for full 

dense granule secretion.   

 

 

ADP Receptors 

 

Adenosine diphosphate (ADP) is released from the platelet’s dense granule and serves as 

a major autocoid by binding and activating P2Y1 and P2Y12 receptors(Kunapuli et al. 

2003).  The Gq-coupled P2Y1 receptor is expressed in several tissues including heart, 

blood vessels, neural tissues, and platelets.  This receptor can also be stimulated with the 

stable analog of ADP, 2MeSADP and antagonized with MRS2179 or MRS2500.  The 

P2Y1 receptor has been shown to be essential for ADP-induced platelet shape change and 

aggregation (Kim et al. 1999; Jin, Daniel, and Kunapuli 1998).  Studies have 

demonstrated that P2Y1 deficient platelets or platelets treated with P2Y1 antagonist 

failed to undergo shape change or aggregation in response to ADP.  Furthermore, P2Y1 

null animals exhibit prolonged bleeding times due to a defect in thrombosis size, 
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formation, and stability compared to wild-type littermates (Fabre et al. 1999).  Studies 

using human or murine Gαq-deficient platelets, show that these platelets are unable to 

aggregate, mobilize intracellular calcium, or secrete in response to ADP (Kahner et al. 

2006).  Thus, validating the coupling of Gq to P2Y1.  It is important to note that a low 

level of Rho A has been demonstrated to be activated downstream of Gq-pathways.   

 

The P2Y12 Gi-coupled receptor is essential for ADP-induced inhibition of adenylyl 

cyclase and subsequent reduction in cytosolic cAMP levels.  Upon P2Y12 receptor 

activation not only does Gαi cause signaling, but so does the released Gβγ subunits.  The 

Gβγ dimers have been shown to activate molecules such as phosphoinositide-3-kinase 

(PI-3K), Akt, and Rap 1b (Kahner et al. 2006).  Interestingly, selective activation of 

P2Y12 is insufficient to cause platelet shape change or aggregation, however, when 

stimulated in conjunction with other receptors it enhances the agonist-induced dense 

granule release (Dangelmaier et al. 2001).  Furthermore, we have also shown that 

signaling events from the P2Y12 receptor are required for ADP-induced aggregation and 

TXA2 generation (Jin and Kunapuli 1998; Jin et al. 2002).  The P2Y12 receptor can be 

antagonized by AR-C compounds discovered by Astra-Zeneca or by metabolites of 

thienopyridines, clopidogrel, or ticlopidine.  Human patients with a defect in P2Y12 and 

murine P2Y12 null platelets suffer from a severe defect in ADP-induced adenylyl cyclase 

inhibition and platelet aggregation (Jin et al. 2002).  P2Y12 knockout mice have a 

bleeding phenotype and fail to form a stable occlusive thrombus in an in vivo ferric 

chloride injury model.  A major role for PI-3K has been shown downstream of P2Y12 

receptor activation. We have also shown a large portion of Akt phosphorylation occurs in 
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a PI-3K-dependent manner downstream of the P2Y12 receptor (Kim et al. 2009).  

Furthermore, selective activation of P2Y12 in P2Y1 null platelets results in partial 

aggregation, which can be abolished by PI-3K inhibitors LY294002 or wortmannin.  
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CHAPTER 2 
 

MATERIALS AND METHODS 
 

Materials 

Apyrase (Type VII), 2MeSADP, α-thrombin, and acetylsalicylic acid (ASA), and 

indomethacin were obtained from Sigma (St. Louis, MO). Hexapeptide SFLLRN was 

obtained from New England Peptide (Gardner, MA). AYPGKF was from GenScript 

Corp. (Piscataway, NJ).  Serotonin was from ACROS Organics (Morris Plains, NJ). 

Convulxin was purified according to the method of Polgar et. al. (Polgar et al. 1997). 

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

Cambridge, Cambridge UK).  Collagen type I was from Chrono-log Corp. (Havertown, 

PA). Dextran sulfate was purchased from American Bioanalytical (Natick,MA). 

DuPONT Instruments luminescence biometer reagent kit was used for detection of 

secreted ATP (Wilmington, DE).  Chrono-Lume luminescence reagent was also used for 

detection of secreted ATP (Havertown, PA). YM-254890 was a gift from Yamanouchi 

Pharmaceutical Co., Ltd. (Ibaraki, Japan).  The calcium chelator dimethyl-BAPTA [bis-

(o-aminophenoxy)ethane-N,N,N’,N’-tetra-acetic acid], Go6976,PP2, and LY294002 

were purchased from Biomol Research Laboratories (Plymouth Meeting,PA).  AR-

C69931MX was a gift from Astra-Zeneca.  MRS 2500 was purchased from Tocris 

Bioscience (Ellisville,MO). OXSI-2 and ROCK inhibitor Y-27632 were from 

Calbiochem (San Diego, CA). TGX-221 was purchased from Cayman Chemical (Ann 

Arbor, MI). PIK-75, AS-252424, and IC87114 were from the lab of Shaun Jackson 

(Monash University, Victoria, Australia). Fura 2 acetoxylmethyl ester (Fura-2 AM) was 

from Molecular Probes (Eugene, OR, USA). GST-tagged active human Syk was 
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purchased from Invitrogen (Carlsbad, CA).  Tubulin, more than 99% pure from bovine 

brain, was purchased from Cytoskeleton (Denver, CO).    

Whatman protran nitrocellulose transfer membrane was obtained from Fisher Scientific 

(Pittsburgh, PA). LI-COR Odyssey blocking buffer was purchased from LI-COR 

Biosciences (Lincoln, NE). Millipore Immobilon Western Chemiluminescent HRP 

substrate and PVDF membrane were also used for some immunoblot experiments 

(Billerica, MA). Phospho-myosin light chain 2 (Ser)19 Mouse mAb , p44/42 MAPK 

(Erk1/2) (3A7) mouse mAb, antiphosphospecific Syk (Tyr525/Tyr 526), (Tyr352), 

PLCγ2 (Tyr759), Lat (Tyr191), Akt (Ser473), Akt (2H10) and β−actin were obtained 

from Cell Signaling (Beverly, MA). Monoclonal phosphotyrosine antibody (clone 4G10) 

was purchased from Upstate Biotechnologies (Lake Placid, NY, USA). Anti-α tubulin 

(B-7) and anti-β tubulin (D-10), PLCγ2 (B-10), and Syk (4D10) antibodies were obtained 

from Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Monoclonal phosphotyrosine 

antibody (clone 4G10) was purchased from Upstate Biotechnologies (Lake Placid, NY). 

Syk (4D10), Lat (2H10) and phospho-specific MLC (Thr)18, horseradish peroxidase 

(HRP)–conjugated goat anti–mouse or anti–rabbit immunoglobulin G (IgG) were from 

Santa Cruz (Santa Cruz, CA). FITC labeled PAC-1 and mouse IgG1 isotype control 

antibodies were from BD Technologies (Franklin Lakes, NJ). Goat anti-mouse IgG 

(H+L) Dylight 680 and Goat anti-rabbit IgG (H+L) Dylight 800 secondary antibodies 

were from Thermo Scientific (Rockford, IL).   
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Human Platelet Isolation and Preparation 

Blood was drawn from informed healthy volunteers according to a protocol approved by 

the Institutional Review Board of Temple University into one-sixth volume ACD (85mM 

sodium citrate, 111mM glucose, 71.4mM citric acid).  Platelet-rich plasma (PRP) was 

isolated by centrifugation at 230g for 15 minutes and incubated with 1mM aspirin for 30 

minutes at 37oC.  Platelets were obtained by centrifugation for 10 minutes at 980g and 

resuspended in HEPES buffered Tyrodes solution (10mM HEPES, pH7.4, 137mM NaCl, 

2.7mM KCl, 2mM MgCl2, 0.42mM NaH2PO4, 5mM glucose, and 0.2U/ml apyrase.  

Platelets counts were adjusted using a Z1 Coulter Particle Counter (Beckman Coulter, 

Brea, CA) or Hemavet 950 FS (Drew Scientific, Dallas, TX) and adjusted to 2x108 

cells/ml unless otherwise stated. 

 

For isolating washed platelets, following isolation of PRP platelets were resusupended in 

PIPES buffered Tyrodes solution (25mM PIPES pH 6.8, 137mM NaCl, 2.7mM KCl, 

2mM MgCl2, 0.42mM NaH2PO4, 5mM glucose, 0.2U/ml apyrase and 100nM 

carbacyclin.  

 

Murine Platelet Isolation and Preparation 

All mice were maintained and housed in a specific pathogen-free facility, and animal 

procedures were carried out in accordance with the institutional guidelines after the 

Temple University Animal Care and Use Committee approved the study protocol. Fcer1g 

(FcRγ) mice were purchased from Taconic (Germantown, NY).  Age and gender matched 

wild-type mice were used as controls.  Blood was drawn via cardiac puncture into one-
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tenth volume of 3.8% sodium citrate.  Blood was then spun at 100g for 10 minutes and 

the PRP removed.  Red blood cells were mixed with 400ul 3.8% sodium citrate and spun 

for a further 10 minutes at 100g.  Resulting PRPs were combined, 100nM carbacyclin 

added and centrifuged for 10 minutes at 400g.  Platelet-poor plasma was removed and the 

platelet pellet resuspended in HEPES buffered Tyrodes solution (pH 7.4) containing 

0.2U/mL apyrase. Platelets counts were adjusted using Hemavet 950 FS (Drew Scientific, 

Dallas, TX) and adjusted to 2x108 cells/ml.  

 

Aggregometry 
 
Aggregation of 0.5 ml of washed platelets was analyzed using a lumi-aggregometer 

(Chrono-log Corp., Havertown, PA).  Aggregation was measured using light transmission 

under stirring conditions (900 rpm) at 37°C.  Each sample was allowed to aggregate for 

the indicate time. The chart recorder (Kipp and Zonen, Bohemia, NY) was set for 0.2 

mm/s. 

 

Platelet Dense Granule Secretion Measurements  

Platelet secretion was determined by measuring the release of ATP as previously 

described (Jin et al. 2009) using Chrono-Lume reagent or a luciferin-luciferase reagent 

(DuPont, Wilmington, DE). Prior to activation of the sample, 1.6mg/ml, final 

concentration, of the reagent was added.  In experiments where inhibitors were used, the 

platelet sample was incubated with the inhibitors for the indicated time at 37°C prior to 

the addition of agonists.  The secretion was subsequently measured as described above.   

 



18 
 
 

Measurement of intracellular Ca2+ mobilization  
 
PRP was incubated with the fluorescent calcium indicator Fura-2 AM (5 µm) and aspirin 

(1 mM), fluorescence was measured and the Ca2+ concentration was calculated as 

previously described using Triton X-100 (0.1%) instead of digitonin for standardization 

(Daniel et al. 1994). 

 

Flow Cytometry 
 
Washed and aspirin-treated human platelets were used to measure agonist-dependent 

levels of αIIbβ3-activated receptors by PAC-1-FITC antibody. Aliquots (0.5 ml) of 

washed platelet suspension in Tyrode's buffer (pH 7.4) containing 1 mM CaCl2 were 

preincubated with the indicated concentrations of inhibitors for 10 min at 37 °C.  Just 

prior to activation with DxS, ADP feedback inhibitors MRS 2500 and AR-C69931MX 

were added.  An aliquot containing 106 platelets was gently mixed with 20 µl of antibody 

mixture and incubated for 20 min at 37 °C in the dark. Platelets were identified and gated 

according to the forward and side scatter signal. As a control for immunolabeling, 

platelets were incubated with nonimmune IgG isotype control antibody. To fix the 

platelets, 1% paraformaldehyde dissolved in phosphate-buffered saline was added. A 

total of 10,000 platelet events were acquired per sample, and the percentage of positive 

gated cells was analyzed.  All determinations were performed on a FACS Calibur flow 

cytometer (BD Biosciences). 
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In vitro Syk kinase assay 
 
DMSO or Go6976 was incubated for 10 mins at room temperature in the in vitro Syk 

kinase assay mixture containing GST-tagged active Syk (final concentration 0.25 ng/µl), 

tubulin (final concentration 50 ng/µl), kinase assay buffer (50 mM MOPS, 5 mM MgCl2, 

5 mM MnCl2, 1 mM DTT), and the reactions were started by the addition of 2.5 µM 

ATP.  The reactions were stopped with 2 X SDS Laemmlli buffer and the samples were 

subjected to SDS-PAGE.  Phosphorylation of tubulin and Syk were assessed using 4G10 

antibody, and total tubulin measured using the tubulin antibodies (see Materials).  

 

Measurement of Percent Myosin light chain phosphorylation 
 
For absolute mass method measurement of myosin light chain phosphorylation, urea gel 

electrophoresis was used as previously described (Paul, Daniel, and Kunapuli 1999). In 

brief, HClO4 acid precipitates were centrifuged at 13,000 X g for 10 min, washed and 

reconstituted in 50 µl of sample buffer containing 8 M urea, 20 mM Tris-HCl (pH 8.6), 

122mM glycerin, 5mM dithiothreitol, with 0.1% bromphenol blue dye.  Platelet samples 

where sonicated in a Branson (Shelton,CT) sonication bath.  Electrophoresis was 

performed using 10% polyacrylamide gels containing 40% (v/v) glycerol with 3.6% 

polyacrylamide stacking gel containing 8 M urea.  The running buffer used in the top 

chamber was 20 mM Tris, 122 mM glycine at pH 8.6 containing 4 mM urea.  The 

samples were electrophoresed at 8-9 mA per gel and electrophoreses was terminated 1 h 

after the bromphenol blue marker had come off the bottom of the gel.  Gels were either 

stained with GelCode blue staining reagent or transferred and probed with appropriate 

antibody. 
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Western blot analysis 
 
Platelets were stimulated with agonists in the presence of inhibitors or vehicle for the 

appropriate time under stirring conditions at 37° C and the reaction was stopped by the 

addition of 0.6 N HClO4.  The resulting acid precipitate was collected and chilled on ice.  

The pellets were centrifuged at 13,000 x g for 10 min followed first by rinsing and then 

resuspension in 0.5 mL of deionized water.  The protein was again pelleted by 

centrifugation at 13,000 x g for 10 min.  The protein pellets were solubilized in sample 

buffer containing 0.1M Tris, 2% SDS, 1% (v/v) glycerol, 0.1% bromophenol blue, and 

100  mM DTT then boiled for 10 minutes.  Proteins were separated by SDS-

polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride 

(PVDF) or Whatman Protran nitrocellulose membranes.  Blots were blocked with 5% 

nonfat milk in TBS-T (TBS + 0.05% Tween) or Odyssey Infrared Imaging System 

blocking buffer for 1 hour at room temperature and probed overnight at 4°C with 

appropriate antibodies.  Blots were washed 4 times with TBS-T for 10 mins.  HRP-

conjugated or IgG (H+L) DyLight secondary antibodies were incubated for 60 minutes at 

room temperature.  Blots were washed an additional 4 times with TBS-T. Antigen-

antibody complexes were detected and visualized on a Fuji imaging system for 

membranes requiring chemiluminescent HRP for detection.  Li-Cor Odyssey infrared 

imaging system was used for membranes incubated with IgG (H+L) DyLight secondary 

antibodies.  Densities were calculated with Image Gauge software (Fujifilm Medical 

Systems, Stamford, CT). 
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Statistics 
 
All densitometric analysis was performed using FUJI FILM Science Lab 2003, Image 

Gauge, Version 4.22 software. Percent MLC phosphorylation was derived first by 

calculation of the ratio of MLC phosphorylation to total ERK.  Second, the zero time 

point ratio was subtracted from each stimulated sample in all experiments and the highest 

determination was set to 100%.  KaleidaGraph 2003, Version 3.62 by Synergy software 

and Prism 2007, GraphPad Prism 5® software were used for statistical analysis and 

graphical representation.   Significant differences were determined using Student’s t-test 

or ANOVA.  
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CHAPTER 3 
 
DIFFERENTIAL PHOSPHORYLATION OF MYOSIN LIGHT CHAIN (THR)18  

 
AND (SER)19 AND FUNCTIONAL IMPLICATIONS IN PLATELETS 

 

Introduction 
 

Platelets undergo a series of coordinated responses following activation, which 

play an important role in thrombosis and are essential for the maintenance of hemostasis 

(Packham 1994; Shattil, Kashiwagi, and Pampori 1998).  Physiological agonists such as 

collagen, thrombin, and ADP are capable of activating platelets, resulting in events 

including shape change, aggregation, generation of thromboxane, and secretion of 

granule contents (Hourani and Cusack 1991; Mills 1996; Molino et al. 1997; Brass 1999; 

Coughlin 1999, 2001).  Platelet shape change is the earliest functional response following 

activation with physiological agonists and is accompanied by rearrangement of the 

cytoskeleton (Daniel et al. 1984).   Properties that may lead to cytoskeletal 

rearrangements such as filament assembly, surface membrane folding, and centralization 

of secretory granules are thought to be mediated by the phosphorylation of Myosin IIA 

(Daniel et al. 1984; Siess 1989; Fox 1993).  The phosphorylation of myosin light chain 

(MLC) results in an increased development of actin-activated ATPase activity and 

reflects the contractile activity of actomyosin (Adelstein 1982; Ikebe, Koretz, and 

Hartshorne 1988).  In intact cells, MLC is found to be phosphorylated on residues 

threonine 18 (Thr)18 or serine 19 (Ser)19 (Itoh, Hara, and Shibata 1992; Ikebe 1989) and 

is regulated through an increase in calcium/calmodulin-mediated myosin light chain 

kinase (MLCK) activity and/or through the activation of Rho kinase, which can either 



23 
 
 

directly phosphorylate MLC or phosphorylate myosin phosphatase, thereby inhibiting its 

activity (Itoh, Hara, and Shibata 1992; Suzuki et al. 1999).  Diphosphorylation was first 

decribed by Ikebe and Hartshorne (Ikebe, Hartshorne, and Elzinga 1986). They showed 

that (Thr)18 phosphorylation occurs in smooth muscle more slowly than at MLC (Ser)19. 

They concluded that phosphorylation at MLC (Thr)18 markedly increases the actin-

activated ATPase activity of myosin over singly phosphorylated myosin. Reports from 

Kiss et. al. (Kiss et al. 2002) suggest other platelet cytoskeletal kinases such as zipper-

interacting protein kinase (ZIPK) and integrin-linked kinase (ILK) may contribute to the 

regulation and balance of kinase and phosphatase activity leading to MLC 

phosphorylation.   

It has been previously reported that the phosphorylation of myosin light chains are 

important for triggering platelet shape change (Daniel et al. 1984).  Studies from our 

laboratory have demonstrated that platelet shape change is mediated by MLC 

phosphorylation in a Ca2+-dependent and Ca2+-independent manner through Gq and 

RhoA pathways respectively (Paul, Daniel, and Kunapuli 1999).  The contribution of 

these signaling pathways in the regulation of MLC phosphorylation has been investigated 

with the use of pharmacological inhibitors 5,5’-dimethyl-BAPTA (a calcium chelator), 

YM-254890 (a Gq inhibitor (Taniguchi et al. 2003; Takasaki et al. 2004; Kim, Jin, and 

Kunapuli 2006), which prevents signaling leading to Ca2+ mobilization), or Y-27632 (a 

selective inhibitor of P160ROCK (Uehata et al. 1997)).  

Rho A signaling has been shown to cause MLC phosphorylation and this event is 

important for platelet internal contraction (Johnson et al. 2007).  Suzuki et. al. (Suzuki et 

al. 1999) demonstrated that a reduction in ATP secretion as well as MLC phosphorylation 
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occurred in platelets pre-treated with Y-27632, and activated with the thromboxane 

analog, STA2 (1 µM) or thrombin (0.05 U/mL), implicating a contribution of Rho kinase 

in ATP release.   We have also shown PAR-mediated dense granule release is inhibited 

upon blockade of Rho A signaling (Jin et al. 2009) suggesting Rho A or downstream 

effectors may contribute to dense granule release.   

 In the present study, we examined the mechanism and the role of phosphorylation 

of MLC residues (Thr)18 and (Ser)19 in platelet function.  The results demonstrate that 

the phosphorylation of MLC (Ser)19 occurs by Ca2+-dependent and Ca2+-independent 

signaling and correlates with  platelet shape change.  Phosphorylation of MLC on (Thr)18 

occurs in a Ca2+-independent manner through both a G12/13 and Rho kinase mechanism.  

We provide evidence that the phosphorylation of MLC (Thr)18 may be important for the 

full release of ATP following PAR 1 activation. 

 

Results 
 

Agonist-induced phosphorylation of specific residues on MLC in human platelets.  Actin-

myosin interactions play a crucial role in the activation of platelets (Daniel et al. 1984).  

These interactions are initiated upon phosphorylation of MLC on  (Ser)19 and (Thr)18 

residues. Although it has been known that these two MLC residues are phosphorylated in 

platelets upon agonist stimulation (Itoh, Hara, and Shibata 1992) , it is not known 

whether they are phosphorylated by the same signaling pathways.  We investigated the 

regulation of myosin light chain phosphorylation, using the PAR 1 agonist SFLLRN in 

aspirin-treated platelets.  The platelet lysates were then probed for phosphorylation of 
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either MLC (Thr)18 or (Ser)19 using phospho-specific antibodies.  Following the 

stimulation of PAR 1 receptors, platelets undergo shape change, aggregation, and 

secretion (Fig. 3.1A), while myosin light chain is phosphorylated on both (Thr)18 and 

(Ser)19 residues.  As shown in Fig. 3.1B and C, phosphorylation of both residues occur 

in a time-dependent manner and peak within 15 seconds of the addition of agonist.   We 

also observed a slight difference in the kinetics of phosphorylation of MLC (Thr)18 

compared to (Ser)19. Most notably at 5 seconds (Thr)18 was proportionally less 

phosphorylated than (Ser)19. These data suggest possible differences in the regulation of 

these two residues of MLC.  
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Figure 3. 1  Phosphorylation of MLC by PAR 1 agonist (A) Washed and aspirin-treated 
human platelets were stimulated with 3 µM SFLLRN at 37° C while stirring for 60 
seconds.  Platelet aggregation and secretion where measured in a Lumi-aggregometer.  
The tracings are representative of data from at least three independent experiments. (B) 
SFLLRN stimulated platelets were subjected to 15% SDS-PAGE and analyzed for MLC 
phosphorylation by using polyclonal anti-phospho-specific (Ser) 19 or anti-phospho-
specific (Thr)18 antibodies.  Equal lane loading was assured by probing the samples with 
total monoclonal Erk antibody. (C) Densitometrical analysis of the western blot was 
performed.  Each data point is the mean ± S.E. percentage value (n = 3) of 
phosphorylated MLC.  The samples that make up each of these data points are derived 
from platelets from 3 different donors. 
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Gq-dependent shape change and MLC phosphorylation.  Prior studies from our group 

correlated myosin phosphorylation with the onset of ADP-induced shape change (Daniel 

et al. 1984). However, it was not determined whether both residues of MLC were 

phosphorylated during this response since diphosphorylation of myosin had yet to be 

described.  To evaluate Gq-mediated MLC phosphorylation, we selectively activated the 

Gq-coupled P2Y1 receptors with 2MeSADP in the presence of a P2Y12 receptor 

antagonist AR-C69931 MX.  As shown in Fig. 3.2A, platelets activated with 2MeSADP 

in the presence of AR-C69931 MX undergo rapid shape change, which is completed by 

10 seconds.  As shown in Fig. 3.2B, both MLC residues are phosphorylated downstream 

of selective Gq activation. In each blot, a platelet sample stimulated with SFLLRN was 

used both as a positive control and as a measure of a full phosphorylation of each residue.  

Fig. 3.2C represents the relative percent of MLC phosphorylation of both residues 

following selective Gq stimulation in relationship to the maximal phosphorylation levels 

when normalized to the SFLLRN-stimulated sample.  The onset of MLC phosphorylation 

strongly correlates with the timing of platelet shape change.  Phosphorylation of MLC 

(Ser)19 peaks at about 60% of SFLLRN-induced level at about 5 sec and then rapidly 

declines consistent with our previous studies on total myosin phosphorylation (Daniel et 

al. 1984; Paul, Daniel, and Kunapuli 1999). In contrast, (Thr)18 phosphorylation is only 

20% of the SFLLRN level and is sustained for the full time period studied. 
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Figure 3. 2 
Gq-mediated phosphorylation of MLC  (A) Washed and aspirin-treated human platelets 
where stimulated with 100 nM 2MeSADP in the presence of 100 nM AR-C69931MX. 
The tracings are representative of data from at least three independent experiments.  (B) 
2MeSADP stimulated platelets were subjected to western blot analysis as described in 
Fig. 3.1. (C) Densitometry analysis of the western blots was performed.  Each data point 
is the mean ± S.E. percentage value (n = 3) of phosphorylated MLC and the positive 
control 3 µM SFLLRN was set to 100% to allow for the assessment of relative amounts 
of ADP-stimulated Gq-mediated phosphorylation of MLC with respect to the maximal 
response.  The samples that make up each of these data points are derived from platelets 
from 3 different donors. 
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ADP-mediated calcium-dependent and calcium –independent MLC phosphorylation.  

Our previous studies have shown that ADP-induced platelet shape change is mediated by 

both Ca2+-dependent and Ca2+–independent signaling pathways (Paul, Daniel, and 

Kunapuli 1999).  To examine whether the ADP-mediated phosphorylation of MLC 

(Ser)19 occurs by a Ca2+-dependent pathway, we used 5,5’–dimethyl-BAPTA, a high 

affinity Ca2+ chelator (Jen et al. 1996). As shown in Fig. 3.3A, 2MeSADP-induced MLC 

(Ser)19 phosphorylation is almost totally inhibited in BAPTA-treated platelets, while the 

phosphorylation status of MLC (Thr)18 was minimally affected. (Fig 3.3B.)   These 

results suggest that the Ca2+-dependent pathway plays an important role in the 

phosphorylation of MLC (Ser)19 but does not regulate the phosphorylation of MLC 

(Thr)18.  These data suggest that this partial MLC (Thr)18 phosphorylation may be 

regulated by Gq-dependent RhoA activation  (Gratacap et al. 2001; Jin et al. 2009; Moers 

et al. 2004). Rho-kinase is capable of phosphorylating MLC directly (Amano et al. 1996).  

We have shown that activation of RhoA/P160ROCK pathways downstream of Gq are 

important for ADP-induced Ca2+-independent shape change (Paul, Daniel, and Kunapuli 

1999).  In order to determine whether RhoA-dependent signaling regulates (Thr)18 

phosphorylation, we used the Rho kinase inhibitor Y-27632 (Uehata et al. 1997).  As 

shown in Fig. 3.3A, in platelets treated with Y-27632, there small inhibition of MLC 

(Ser)19 phosphorylation at 5 seconds, while by 20 seconds a significant inhibition is 

observed. MLC (Thr)18 phosphorylation was completely inhibited by Y-27632 (Fig. 

3.3C).  Since Y-27632-treated platelets activated with 2MeSADP undergo rapid shape 

change (Fig. 3.3D), these results suggest MLC (Thr)18 phosphorylation plays little role 
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in this response. Thus the slight increase in MLC (Thr)18 phosphorylation following 

stimulation with ADP is probably mediated through a P160ROCK-dependent mechanism.  
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3A 

 

 

 

3B 

 

3C 

 

3D 

 

Figure 3. 3  Calcium-dependent and calcium-independent phosphorylation of MLC (A) 
Densitometrical analysis of MLC (Ser)19 phosphorylation by 2MeSADP.  Platelet 
samples activated with 2MeSADP in the presence of AR-C69931MX, with or without the 
pre-treatment with dimethyl BAPTA or Y-27632 was subjected to western blot analysis 
using MLC (Ser)19-phospho specific antibody and analyzed by densitometry.   Data are 
expressed as the mean ± S.E. from three experiments where data was normalized to 
maximum 2MeSADP MLC (Ser)19 phosphorylation at 5 seconds (taken as 100%).  (B) 
Platelets treated with AR-C69931MX were activated with 2MeSADP in the presence and 
absence of BAPTA or (C) Y-27632 for 5 and 20 second and subjected to western blot 
analysis using MLC (Thr)18-phophos specific antibody.  (D) Representative shape 
change tracing of 2MeSADP stimulated platelets in the presence of AR-C69931MX and 
Y-27632. 
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Effect of G12/13  signaling on MLC phosphorylation.  Since activation of Gq failed to 

cause moderate to high levels of MLC (Thr)18 phosphorylation, we hypothesized that 

that MLC (Thr)18 phosphorylation is at a great extent downstream of G12/13 signaling.  

We activated platelets with the PAR 1 agonist SFLLRN in the presence of YM-254890, a 

selective Gq inhibitor (Takasaki et al. 2004). Such platelets undergo a delayed change in 

shape and fail to aggregate, secrete, or as shown in Fig. 3.4A to mobilize intracellular 

calcium.  As shown in Fig. 3.4B, 3.4C, and 3.4D, YM-254890 treated platelets exhibited 

a significant reduction in MLC (Ser)19 phosphorylation and only a slight decrease in 

MLC (Thr)18 phosphorylation that is not statistically significant.  Similar results were 

obtained when thrombin-stimulated platelets treated with BAPTA; MLC (Ser)19 

phosphorylation was inhibited by about 50% while MLC (Thr)18 phosphorylation was 

not affected (data not shown). The contribution of G12/13 to the phosphorylation of of 

MLC Thr(18) was confirmed using a low concentration of U46619 (30 nM) which does 

not activate Gq pathways (4E) (Bauer et al. 1999; Quinton, Kim et al. 2002; Johnson et 

al. 2007). All these data support the hypothesis that RhoA signaling is essential for MLC 

(Thr)18 phosphorylation and that G12/13-dependent RhoA signaling provides the greater 

portion of this phosphorylation with strong agonists, while Gq-mediated RhoA activation 

only contributes weakly. These results also suggest that both Gq-pathways are important 

for contributing to significant levels of MLC (Ser)19 phosphorylation during the rapid 

calcium transient while RhoA pathways contribute to sustained phosphorylation (Ser)19 

which can be attributed to inhibition of myosin phosphatase.  
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Figure 3. 4 

G12/13-mediated phosphorylation of MLC. Aspirin-treated platelets loaded with 5 µM 
Fura-2AM were activated with SFLLRN (3 µM) in the presence and absence of 100 nM 
YM-254890 (A). Washed platelets pre-treated with YM-254890 (dotted line) or vehicle 
DMSO (solid line) for 5 minutes were stimulated with SFLLRN (3 µM) and analyzed for 
phosphorylation of B,D) MLC (Ser)19  or C,D) MLC (Thr)18 by western blot analysis 
followed by densitometry. Each data point is the mean ± S.E. percentage value (n = 3) of 
phosphorylated MLC.  The samples that make up each of these data points are derived 
from platelets from 3 different donors.  
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4D. 

 
 

 
 

4E. 

 
 
 

Figure 3.4 Cont.  (D) Representative western blot from platelets stimulated with (3 µM) 
SFLLRN in the presence and absence of YM-254890 or vehicle for various time points 
and probed with phospho-specific antibodies. (E) Western blot comparison of MLC 
(Thr)18 phosphorylation following selective Gq (2MeSADP) or G12/13 (30 nM U46619) 
activation. 
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Correlation of MLC (Thr) 18 phosphorylation with dense granule secretion.   MLC 

diphosphorylation have been previously reported to play a role in secretion (Daniel, 

Holmsen, and Adelstein 1977; Haslam and Lynham 1977; Bennett, Belville, and Lynch 

1979).  We correlated MLC phosphorylation levels in aspirin or indomethacin- treated 

platelets with agonists that either cause or fail to cause secretion.  Activation of the PAR 

or GPVI receptors with peptides SFLLRN, AYPGKF, or thrombin, and convulxin 

respectively, induced platelet secretion (Fig. 3.5A), and moderate increase in both MLC 

(Ser)19 and MLC (Thr)18 phosphorylation levels were observed (Fig. 3.5B).   In 

comparison, when aspirin or indomethacin-treated platelets were activated with 

2MeSADP or serotonin, agonists which failed to cause secretion, MLC (Ser)19 

phosphorylation levels are inhibited compared to agonists which caused secretion, and 

only minimal levels of MLC (Thr)18 phosphorylation were detected (Fig. 3.5B).  As 

shown in Fig. 3.5C, when non-aspirin-treated platelets were activated with 2MesADP, 

these platelets underwent secretion due to the positive feedback of thromboxane on its 

receptor.  Significant levels of MLC (Ser)19 phosphorylation occurred and significant 

levels of MLC (Thr)18 phosphorylation preceded the initiation of ATP release.  These 

data suggest a threshold level of both MLC (Ser)19 and MLC (Thr)18 may be required 

for ATP release. 

Role of MLC (Thr)18 phosphorylation in dense granule secretion.   Since MLC (Thr)18 

phosphorylation occurs through a G12/13/RhoA-dependent mechanism we evaluated ATP 

release in the presence of a RhoA pathway inhibitor, Y-27632.  ATP secretion was 

partially inhibited in aspirin-treated platelets activated with PAR 1 peptide SFLLRN in 

the presence of Y-27632 (Fig 3.6A).  As shown in Fig. 3.6B, there is no significant 
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difference in MLC (Ser)19 phosphorylation levels. However, Y-27632 treatment 

produces a significant inhibition in MLC (Thr)18 phosphorylation levels (Fig 3.6C). The 

inhibition of secretion is similar to the inhibition in MLC (Thr)18 phosphorylation. Y-

27632 failed to completely inhibit the MLC (Thr)18 phosphorylation that occurs 

following PAR 1 activation, suggesting Y-27632 insensitive kinases upstream of 

P160ROCK may be able to phosphorylate MLC (Thr)18. 
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5A. 

 

5B. 

 

5C. 

 

Figure 3. 5  Correlation of agonist-induced MLC phosphorylation with secretion.  
Washed aspirin-treated platelets were stimulated with various agonists (as indicated) and 
analyzed for dense granule secretion (Panel A) and MLC phosphorylation (Panel B).  The 
data are representative of at least three independent experiments.  (C) Non-aspirinated 
platelets were activated with 100 nM 2MeSADP and analyzed for dense granule secretion 
and MLC phosphorylation at various time points. The data were quantitated by 
densitometry and presented as a correlation with dense granule secretion. Data are 
representative of three independent experiments.    
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Figure 3. 6 
The effect of Y-27632 on dense granule secretion and MLC phosphorylation. Washed 
and aspirin-treated platelets were stimulated with SFLLRN  in the presence of Y-27632 
or vehicle and analyzed for A) aggregation and dense granule secretion, B) MLC (Ser)19 
phosphorylation, and C) MLC (Thr)18 phosphorylation. Panel A is a representative of 
three experiments. In Panels B &C, each data point is the mean ± S.E. percentage value 
(n = 3) of phosphorylated MLC.  The samples that make up each of these data points are 
derived from platelets from 3 different donors.   
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Effect of YM-254890 or Y-27632 on PAR1-induced Myosin Light Chain Phosphorylation.  

In order to quantitate the actual percentage of myosin phosphorylation that occurs on 

each of the two residues of MLC, we used urea gels to detect the shifts in the mobility of 

the phosphorylated proteins. This method was first used to Perrie et al. (Perrie and Perry 

1970), who showed that MLC mobility increased on a native acrylamide gel when it 

become phosphorylated. Platelets were activated with SFLLRN and the proteins resolved 

on urea gels and then either stained for protein (Figure 3.7A), or probed with either total 

MLC antibodies or phospho-specific antibodies for MLC (Ser)19 or (Thr)18 (figures 

3.7B & 3.7C). There was a large SFLLRN-induced increase in the percentage of MLC 

(Ser)19 phosphorylation and this change correlates well with the change seen both in the 

protein staining pattern Figure 3.7A (70%) and the antibody-dependent detection of total 

MLC (Fig 3.7B.1 & C.1).  Using an overlay (Fig. 3.7C.3) of one blot probed for total 

MLC and the same blot reprobed for (Thr)18 phosphorylation shows a band that runs 

slightly faster than total phosphorylated light chain. This result indicates that 

phosphorylation of (Thr)18 adds a slight increase to the mobility of MLC beyond that 

induced by MLC (Ser)19 phosphorylation alone. Unfortunately, we were not able to 

show di-phosporylation by demonstrating an increase in mobility of the phosphorylated 

light chain species whether detected by Gel-Code protein staining or by probing for total 

MLC. These data suggest that only a small but important fraction of MLC becomes 

phosphorylated on (Thr)18. The other two lanes in each blot show the effect of the Gq 

inhibitor, YM-254890 or the P160ROCK inhibitor, Y-27632 on these staining patterns. In 

the presence of YM-254890, the amount of MLC (Ser)19 phosphorylation was 

dramatically inhibited (Fig. 3.7B) consistent with Figure 3.4.  Two bands of MLC 
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phosphorylated on (Thr)18 are seen in figure 3.7C (lane 3) a prominent band probably 

representing MLC phosphorylation on both (Ser)19 and (Thr)18 and a less prominent 

band phosphorylated on only (Thr)18. In the presence of Y-27632, (Thr)18 

phosphorylation was dramatically reduced, whereas (Ser)19 phosphorylation was close to 

the stimulated control. Overall these experiments are consistent with the results of our 

other experiments. 
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Figure 3. 7 
Effect of YM-254890 and Y-27632 on PAR1-induced MLC phosphorylation.  (A)  
Washed and aspirin-treated platelets were activated with 3 µM SFLLRN for 30 seconds 
in the presence or absence of YM-254890 100 nM or Y-27632 10 µM.  The samples were 
prepared and subjected to urea-PAGE as described in the methods and stained for protein 
using GelCode blue staining reagent.  (B) Samples were subjected to urea-PAGE and 
transfered to PVDF membranes then probed with MLC phosphospecific antibodies to 
either (Ser)19 (7B.2.) or (Thr)18 (7C.2.). Blots were then stripped and reprobed for total 
MLC (7B.1. or 7C.1.)  In Fig. (7B.3. and 7C.3.) a 50% overlay of total to phosphorylated 
MLC is represented . 
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Discussion 
 

In the present study, we investigated the significance of diphosphorylation of 

myosin regulatory light chain (MLC) on the functional responses of human platelets. We 

also addressed the role of Gq and G12/13 mediated signaling pathways regulating agonist-

dependent phosphorylation of MLC (Thr)18 and MLC (Ser)19.   Previous studies in 

platelets focused on the gross phosphorylation of MLC without distinguishing the relative 

contribution of each residue. As a result, little is known about the role each distinct MLC 

phosphorylation plays in human platelet functional responses. We have demonstrated that 

when platelets are fully activated by protease-activated receptors (PARs) MLC becomes 

phosphorylated on both (Thr)18 and (Ser)19.  

 PARs couple to both heterotrimeric G proteins Gq and G12/13 (Paul, Jin, and 

Kunapuli 1999; Kim et al. 2002). We have shown in this work, that activation of the 

PAR1 receptor under conditions where platelets change shape, aggregate, secrete dense 

granules (Bauer et al. 1999; Suzuki et al. 1999) undergo a time-dependent increase in 

both MLC (Ser)19 and (Thr)18 phosphorylation (Fig. 3.1A and 3.1B). The kinetics of 

phosphorylation of MLC (Thr)18 were slightly slower, which is consistent with the 

differences in kinetics of MLC (Ser)19 and (Thr)18 observed in smooth muscle (Ikebe 

and Hartshorne 1985; Ikebe, Hartshorne, and Elzinga 1986).  The difference in kinetics 

led us to explore the possibility that MLC (Ser)19 and (Thr)18 may be differentially 

regulated downstream of Gq and G12/13 pathways and play a role in different functional 

responses.   



43 
 
 

Stimulation of aspirinated human platelets with ADP, through P2Y1, causes 

activation of Gq and PLCβ2, which results in mobilization of intracellular Ca2+ and PKC 

activation, (Jin and Kunapuli 1998; Offermanns et al. 1997; Jin, Daniel, and Kunapuli 

1998; Fabre et al. 1999; Leon et al. 1999).  It has been shown that platelets activated with 

ADP under these conditions undergo phosphorylation of MLC, which coincides with 

shape change, suggesting its importance in the initiation of the shape change event 

(Daniel et al. 1984).  ADP-stimulated platelet myosin phosphorylation is regulated by 

Ca2+-dependent MLCK activation and Rho/p160ROCK-activated inhibition of the myosin 

phosphatase, MYPT1, apparently through Gq-mediated mechanisms since ADP does not 

activate G12/13 (Paul, Daniel, and Kunapuli 1999; Bauer et al. 1999; Jin et al. 2009).   

Whether diphosphorylation of MLC is required or plays a role in Ca2+-dependent 

and –independent ADP-mediated shape change had not been investigated. We show that 

following activation of Gq pathways  by ADP, phosphorylation of MLC (Ser)19 is rapid 

and robust (Fig. 3.2B and 3.2C), but the level of (Thr)18 phosphorylation was relatively 

weak compared to the level seen following concomitant Gq and G12/13 activation  (Fig. 

3.2C).  In the presence of the p160ROCK inhibitor, Y-27632, this low level of MLC 

(Thr)18 phosphorylation is abolished without effecting the initial rate of shape change 

(Fig. 3.3D) (Paul, Daniel, and Kunapuli 1999).  These data indicate that MLC (Thr)18 

phosphorylation is mediated through Rho kinase and plays little role in initiation of shape 

change. At 5 seconds the level of MLC (Ser)19 phosphorylation is minimally effected by 

Y-27632 indicating that shape change depends primarily on a p160ROCK-independent 

activation of MLC (Ser)19 phosphorylation (Fig. 3.3A). At later times, MLC (Ser)19 

phosphorylation is inhibited by Y-27632, suggesting that maintenance of inactive 
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MYPT1 is required for prolonged MLC (Ser)19 phosphorylation. These conclusions are 

completely consistent with previous observations (Bauer et al. 1999; Paul, Daniel, and 

Kunapuli 1999). 

YM-254890 and BAPTA have been used to inhibit Gq-dependent pathways, 

leaving G12/13 pathways intact. PAR 1-stimulated phosphorylation of MLC (Ser)19 is 

dependent on both Gq and G12/13-coupled events (Fig. 3.4B). Since MLC (Thr)18 

phosphorylation is not significantly attenuated when Gq is inhibited (Fig. 3.4B), the 

majority MLC (Thr)18 phosphorylation must be downstream of G12/13 with a small 

component dependent of Gq-activated RhoA and not dependent on either Ca2+ or PLCβII 

activation. Secretion does not occur under selective G12/13 activation because other 

requirements, such as intracellular Ca2+ mobilization and PKC activation, are not met.  At 

the current time, there is no condition where we can activate platelets to solely cause 

MLC (Thr)18 phosphorylation independent of MLC (Ser)19 phosphorylation to test 

whether phosphorylation of MLC (Thr)18 alone could support platelet functional 

responses. This is probably due to the fact that (Thr)18 phosphorylation may require prior 

phosphorylation on MLC (Ser) 19 (Figure 3.7C) (Ikebe and Hartshorne 1985). 

 It has been shown that the diphosphorylation of MLC at (Thr)18 and (Ser)19 

further increases actin-activated myosin ATPase activity over that of 

monophosphorylated  MLC (Ser)19 (Ikebe and Hartshorne 1985; Ikebe, Hartshorne, and 

Elzinga 1986). Furthermore in support of a conclusion of our work, diphosphorylation of 

MLC by MLCK and PKC was required for secretion in RBL-2H3 cells (Choi, Adelstein, 

and Beaven 1994).  To evaluate whether MLC diphosphorylation is required for 

secretion, we activated platelets with strong agonists. Activation of platelet receptors with 



45 
 
 

strong agonists such as thrombin and collagen are known to cause platelet dense granule 

release (Fig. 3.5A). However, weaker agonists such as ADP or serotonin are unable to 

secrete dense granule contents in the absence of thromboxane generation (Jin and 

Kunapuli 1998; Offermanns et al. 1997; Jin, Daniel, and Kunapuli 1998; Fabre et al. 

1999; Roevens and de Chaffoy de Courcelles 1995) possibly due to the inability of these 

receptors to activate G12/13 pathways and thus provide sufficient MLC phosphorylation 

(Fig. 3.5A) (Jin et al. 2009). We show that the strong platelet agonists thrombin, 

SFLLRN, AYPGKF, and convulxin caused moderate to high levels of both MLC (Ser)19 

and (Thr)18 phosphorylation, while the weak agonists ADP and serotonin caused only 

modest levels of MLC (Ser)19 and minimal levels of (Thr)18 phosphorylation when 

thromboxane generation is blocked (Fig. 3.5B). In non-aspirinated platelets, stimulation 

with ADP can cause dense granule secretion due to potentiation by thromboxane A2. 

Activation of dense granule secretion is delayed under these conditions allowing a clear 

separation between shape change and onset of secretion. We find that phosphorylation of 

MLC (Ser)19 correlates with the initial shape change while MLC (Thr)18 

phosphorylation is delayed and occurs prior to ATP secretion (Fig. 3.5C).  Finally, when 

Y-27632 is used in platelets stimulated with a PAR 1 agonist, both ATP secretion and 

MLC (Thr)18 phosphorylation are attenuated. MLC (Ser)19 phosphorylation is not 

affected in spite of the fact that a significant portion of MLC (Ser)19 phosphorylation is 

downstream of G12/13 activation. This suggests that p160ROCK-independent pathways 

regulate a portion of MLC (Ser)19 and perhaps MLC (Thr)18 phosphorylation. We 

suggest that either ZIPK or ILK may contribute to the regulation of Gq-independent 
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MLC phosphorylation (Kiss et al. 2002). One caveat should be noted in that all these data 

are correlative in nature and do not provide absolute proof of this hypothesis.   

From the current study and prior studies, activation of G12/13/Rho A pathways 

prolongs MLC phosphorylation (Wilde et al. 2000; Missy et al. 2001) and this is 

necessary for irreversible aggregation (Missy et al. 2001).  Rho A activation and MLC 

phosphorylation have also been implicated in playing a role in ‘internal contraction’ 

which could be important for driving dense granule release (White and Burris 1984; 

Johnson et al. 2007).  We demonstrated that under conditions where intracellular Ca2+ is 

mobilized and there is PKC activation, the maintenance of moderate levels of both MLC 

(Ser)19 and MLC (Thr)18 phosphorylation are required for full dense granule secretion. 

While this is the first proposal of such a mechanism in platelets, a similar conclusion 

were reached in the case of RBL-2H3 cells (Choi, Adelstein, and Beaven 1994).  

Attempts to measure absolute amounts of MLC (Thr)18 phosporylation by urea 

gels indicated that only low levels of (Thr)18 phosphorylation occurred under conditions 

where secretion ensued.   This is consistent with the results of Itoh et al. (Itoh, Hara, and 

Shibata 1992) who directly detected low levels of diphosphorylated MLC following 

thrombin stimulation.  We propose this is consistent with a small regulated fraction of 

MLC that is directly coupled to the release of dense granules.   

 In conclusion, we have linked MLC (Ser)19 phosphorylation to platelet shape 

change and have shown that MLC (Ser)19 is phosphorylated downstream of both Ca2+-

dependent Gq activation and Ca2+-independent G12/13 pathways. We have also provided 

evidence that MLC (Thr)18 phosphorylation occurs subsequent to MLC (Ser) 19 
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primarily through G12/13/Rho A activation and that diphosphorylated MLC may play a 

role in dense granule secretion. 
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CHAPTER 4 
 

GO6976 ABROGATES GPVI-MEDIATED PLATELET FUNCTIONAL  
 

RESPONSES IN HUMAN PLATELETS THROUGH INHIBITION OF SYK 
 

Introduction 
 

PKCs are a group of serine/threonine kinases belonging to the AGC (protein 

kinase A, G, and C) superfamily.   PKC isoforms are further defined into 3 classes based 

on their lipid and cofactor requirements (Newton 1997; Mellor and Parker 1998; Parker 

and Murray-Rust 2004).  cPKC (conventional/classical PKC) isoforms (α, βI, βII, γ) all 

require diacylglycerol and calcium for their activation.  nPKC (novel PKC) isoforms (δ, 

ε, η, θ)  are DAG sensitive, however, are insensitive to calcium due to the absence of 

essential aspartate residues required for calcium binding.  aPKC (atypical PKC) isoforms 

(ζ, ι, λ, µ) are sensitive to phosphatidylinositide trisphosphate (Grabarek et al. 1992; 

Baldassare et al. 1992; Crabos et al. 1991; Wang et al. 1993).   

Activation of Protein kinase C (PKC) has been suggested to mediate several 

physiological responses including αIIbβ3 activation (Yacoub et al. 2006), dense granule 

secretion (Strehl et al. 2007; Chari et al. 2009; Nagy et al. 2009), filopodia formation 

(Pula et al. 2006), and tumor promotion (Anderson et al. 1985; Nishizuka 1984).  The 

prompting for specific PKC inhibitors was facilitated by the discovery that PKCs played 

a role in tumor promotion.  Subsequently staurosporine, an alkaloid isolated from 

bacterium was identified to potently inhibit PKC activity, however, the observation of 

non-selective affects led to a continued search for highly specific PKC inhibitors (Meggio 

et al. 1995; Meyer et al. 1989; Toullec et al. 1991).  In attempts to create more selective 
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PKC inhibitors, structural analogues of staurosporine were synthesized (Meyer et al. 

1989; Davis et al. 1989).  Go6976 emerged as a derivative that has been shown to inhibit 

only the classical PKC isoforms α and β (Martiny-Baron et al. 1993). 

PKCα has been implicated in many cell types to play a variety of biological roles 

including cell adhesion, differentiation, proliferation, secretion, migration, and apoptosis 

(Parker and Murray-Rust 2004; Dempsey et al. 2000; Gould and Newton 2008; 

Nakashima 2002).  In permeabilized platelets PKCα has been suggested to regulate 

calcium-induced aggregation (Tabuchi et al. 2003).  Pharmacological studies by Pula et 

al. (Pula et al. 2005) suggested PKCα physically interacts with Syk and Src and this 

interaction may aide in the functional regulation of platelets. However, Syk activity was 

not regulated by PKCα. Efforts to define a more definitive role for PKCα in platelets 

using a genetic approach were conducted by Konopatskaya et.al. (Konopatskaya et al. 

2009).  PKCα deficient platelets elicited impaired thrombus formation and granule 

secretion, mostly likely attributed to a defect in dense granule formation.   It has also 

been demonstrated that both human and mouse platelets express PKCβ as well as two 

splice variant forms in which sequences differ in the C-terminal V5 region (Kawakami, 

Kawakami, and Kitaura 2002; Khan et al. 1993).  PKCβ has been implicated in playing a 

role in platelet spreading on fibrinogen mediated through an interaction with αIIbβ3 

(Buensuceso et al. 2005).  

 Here we attempted to further define the role of classical PKC isoforms α and β 

downstream of GPVI pathways with the use of Go6976.  Our efforts, however, resulted 

in an important observation that Go6976 inhibited an off target molecule upstream of 

classical PKC activation.  We demonstrate that Go6976 non-selectively inhibits Syk 



50 
 
 

kinase activity in platelets downstream of GPVI pathways and use of this compound may 

not be effective to evaluate the role of classical PKCs in platelets.   

 

 

Results 
 

Go6976 inhibits GPVI-mediated platelet aggregation and ATP-secretion:  In order to 

evaluate the functional role of the classical PKC isoforms in platelet functional responses, 

we used convulxin, collagen related peptide (CRP), or collagen as well as AYPGKF and 

2MeSADP.  As shown in Fig 4.1A-C, vehicle (DMSO)-treated platelets underwent shape 

change, aggregation, and ATP secretion.  Platelets pre-treated with increasing 

concentrations of the classical PKC isoform inhibitor Go6976 resulted in a concentration-

dependent inhibition in both aggregation and secretion with all GPVI agonists.  In 

contrast only a minimal effect in platelet functional responses was seen when platelets 

were activated with GPCR agonists AYPGKF or 2MeSADP in the presence of 1 µM 

Go6976 (Fig. 1D). Platelets activated with either convulxin Fig 4.1A or CRP Fig 4.1B in 

the presence of 1 µM Go6976 also failed to aggregate, suggesting Go6976 may possibly 

cause blockade of intracellular calcium mobilization.  
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A. 

 

B. 

 
C. 

 
 
 
Figure 4. 1 

D. 

 

Go697 dose-dependent inhibition of GPVI-induced functional responses. Washed 
aspirin-treated human platelets were pretreated with varying concentrations of Go6976 
for 10 minutes at 37°C and activated with A) convulxin B) collagen related peptide 
(CRP)  C) collagen D) AYPGKF and 2MeSADP  at 37° C while stirring for 3 minutes.  
Platelet aggregation and secretion were measured in a Lumi-aggregometer.  The tracings 
are representative of data from at least three independent experiments. 
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Go6976 inhibits convulxin-induced intracellular calcium mobilization and PLCγ2 

phosphorylation. Both calcium and PKCs have been shown to be important for platelet 

aggregations and secretion (Quinton, Kim et al. 2002; Quinton, Ozdener et al. 2002).  

Heemskerk and co-workers have shown that PKC isoforms might regulate increases in 

intracellular calcium levels (Gilio et al. 2010).   Hence we investigated whether 

increasing concentrations of Go6976 had an effect on intracellular calcium mobilization 

following activation with convulxin.  As shown in Fig. 4.2A, a concentration-dependent 

inhibition of intracellular calcium mobilization was seen in platelets treated with Go6976.  

However, Go6976 did not affect AYPGKF- or 2MeSADP-induced intracellular calcium 

mobilization (not shown). Since the conventional class of PKC require calcium for their 

activation, these results suggest Go6976 could possibly exert its effects on an off target 

molecule upstream of calcium, following the activation of GPVI pathways.  

PLCγ2 is an important signaling molecule located upstream of calcium and plays 

an important role by hydrolyzing phosphatidylinositol 4,5-bisphosphate (PIP2) to 

generate diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3).  This generated IP3 

ultimately leads to the release of intracellular calcium following the binding to its 

receptor (Mikoshiba 1997).  Previous studies from our group have shown that the 

phosphorylation status of PLCγ2 on tyrosine residue 759 reflects its activity (Ozdener et 

al. 2002).  Upon examination of PLCγ2 tyrosine 759 phosphorylation in the presence of 

increasing concentrations of Go6976, we observed a concentration- dependent inhibition 

of the convulxin-induced Tyr 759 phosphorylation levels in platelets (Fig. 4.2B).   
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A. 

 
B. 

 
 
 
 
 
Figure 4. 2 
Effect of Go6976 on intracellular calcium mobilization and PLCγ2 phosphorylation.  (A) 
Aspirin-treated washed platelets loaded with 5 µM Fura-2AM were pretreated with 
increasing concentrations of Go6976 or vehicle DMSO for 10 minutes at 37°C and 
activated with 100 ng/mL convulxin.  (B) Washed platelets pre-treated with Go6976 for 
10 minutes or PP2 for 5 minutes at 37° C were stimulated with convulxin (100 ng/mL) 
and analyzed for phosphorylation of tyrosine 759 by western blot analysis.   
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Go6976 inhibits the phosphorylation of upstream signaling molecules Lat and Syk:   

As PLCγ2 phosphorylation levels were inhibited in the presence of Go6976, we next 

evaluated whether the phosphorylation levels of upstream molecules Lat and Syk were 

effected by Go6976 treatment following activation of GPVI pathways.  As shown in Fig. 

4.3A, platelets activated with convulxin in the presence of Go6976 elicited a 

concentration-dependent inhibition of Lat 191 and Syk 525/526 phosphorylation, while 

Syk 352 phosphorylation was unaffected.  In contrast, the Src-family kinase inhibitor 

PP2, not only abrogated tyrosine phosphorylation of Lat 191 and Syk525/526, but also 

Syk 352.  These results suggest Go6976 exerts its inhibitory effects at the level of Syk as 

indicated by the dose-dependent inhibition of one of its immediate downstream targets 

LAT. Inhibition of Syk Tyr 525/526 was less pronounced consistent with the possibility 

the multiple kinases including Syk autophosphorylation may be responsible for this event 

(Couture et al. 1997; El-Hillal et al. 1997; Carsetti et al. 2009; Spalton et al. 2009). We 

ruled out the inhibitory effect of Go6976 on SFKs as the Tyr 352 was abrogated by PP2 

but not by Go6976 (Fig. 4.3). 
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Figure 4. 3 
Effect of Go6976 on GPVI-mediated Syk and Lat phosphorylation. Washed aspirin-
treated platelets were pre-treated with Go6976 for 10 minutes or PP2 for 5 minutes at 
37°C and activated for 30 seconds under stirring conditions with 100 ng/mL convulxin.  
Phosphorylation of tyrosine residues 352 and 525/526 of Syk and 191 of Lat were 
analyzed by western blot analysis and probing with phospho-specific antibodies.  Two 
separate SDS-PAGE gels were used for the analysis of Syk phosphorylation and the 
corresponding total Syk is represented below each phosphorylation blot. The blots are 
representative of data from at least three independent experiments. 
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Go6976 inhibits Syk kinase activity:  While the auto-phosphorylation of Syk 525/526 has 

been suggested to be a marker for its kinase activity there are some reports that 

phosphorylation of Syk may not reflect its kinase activity (Spalton et al. 2009) or the 

phosphorylation at 352 alone is enough to cause downstream signaling (Carsetti et al. 

2009).  To further investigate the effects of Go6976 on Syk kinase activity, we performed 

an in vitro kinase assay using tubulin as the substrate.  As shown in Fig. 4.4, Go6976 

inhibited Syk kinase activity, as measured by tubulin phosphorylation, in a concentration-

dependent manner.  These results suggest Go6976 non-selectively inhibits Syk kinase 

activity in platelets. 
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Figure 4. 4 
Go6976-mediated Syk kinase inhibition.  Recombinant active Syk was pre-treated with 
increasing concentrations of Go6976 or vehicle DMSO for 10 minutes at 37°C and the in 
vitro kinase assay was initiated by the addition of 2.5 µM ATP in the presence of the 
substrate tubulin.  The kinase assay was performed for 10 minutes at 37°C and is 
representative of at least three independent experiments. 
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Discussion 
 

We have previously reported that classical PKC isoforms regulate GPVI-

mediated, but not PAR-mediated, dense granule release (Murugappan et al. 2004).  As 

both PARs and GPVI are known to cause dense granule secretion in platelets through 

calcium and PKC pathways (Quinton, Ozdener et al. 2002; Quinton, Kim et al. 2002), 

and both pathways activate phospholipase C, we wondered why the classical PKC 

isoforms selectively play a role in GPVI-mediated dense granule release.  In this study, 

we employed a strategy of using the classical PKC inhibitor Go6976 to evaluate the role 

of α and β isoforms in human platelets downstream of GPVI pathways.  

Our studies show that Go6976 inhibits GPVI-mediated platelet functional 

responses but has no effect on GPCR-mediated responses. In addition, Go6976 elicited a 

concentration-dependent inhibition of GPVI-mediated increases in intracellular calcium 

and tyrosine phosphorylation of Syk, Lat, and PLCγ2.  Strikingly, the fact that classical 

PKCs require calcium for their activation, suggested Go6976 might non-selectively target 

a molecule upstream of PKC.  Our in vitro kinase assays have identified Syk kinase as 

the off target molecule for Go6976. . 

Previous studies, including those from our lab, have used Go6976 in platelets and 

interpreted GPVI-induced platelet functional responses attenuated in the presence of 

Go6976 (Pula et al. 2005; Konopatskaya et al. 2009; Murugappan et al. 2004).  Based on 

the use of Go6976, these studies implicated a fairly significant role for classical PKC 

isoforms in platelet aggregation and secretion downstream of GPVI pathways. These 

studies have, however, overlooked the possible nonspecific effects of this compound.  
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Agonist-induced platelet shape change is mediated through calcium-dependent 

and Rho kinase-dependent pathways (Riondino, Gazzaniga, and Pulcinelli 2002), and not 

regulated by any of the protein kinase C isoforms (Quinton, Ozdener et al. 2002). The 

fact that in the presence of 1 µM Go6976 a classical PKC selective inhibitor, but not by a 

pan-PKC inhibitor RO 31-8220 (Quinton, Kim et al. 2002), the convulxin-mediated 

platelet shape change was completely ablated suggested that Go6976 exerts a nonspecific 

inhibition on an early signaling molecule upstream of calcium and Rho A. 

Investigation of several upstream signaling molecules revealed Go6976 dose-

dependently inhibited tyrosine phosphorylation levels of PLCγ2, Lat, and Syk.  It has 

been previously shown in B cells that Lyn phosphorylates Syk on tyrosine 352 and Syk 

subsequently undergoes autophosphorylation at tyrosine residues 525 and 526 (Carsetti et 

al. 2009).  We observed that a pan SFK inhibitor PP2 abolished Syk 352 phosphorylation. 

However, Syk 352 phosphorylation was unaffected by Go6976 following the activation 

of GPVI pathways, suggesting Go6976 treatment does not affect SFK activity. Go6976 

did, however, partially inhibited Syk 525/526 phosphorylation.  Tyrosine phosphorylation 

of Syk 525/526 has been implicated as a marker for its activity, based on the mechanism 

in which the phosphorylation of the activation loop causes conformational change 

resulting in the active state of the kinase (Johnson, Noble, and Owen 1996).   Whereas we 

report reduced tyrosine phosphorylation levels of Syk at tyrosine 525/526 in platelets 

treated with Go6976, this was not seen in platelets treated with a novel Syk kinase 

inhibitor R406 (Spalton et al. 2009).  Our results with 1µΜ Go6976, however, are in 

agreement with those seen in platelets treated with R406, wherein platelet aggregation 

and tyrosine phosphorylation levels of Lat and PLCγ2 were inhibited downstream of 
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GPVI pathways (Spalton et al. 2009).  Despite the different levels of Syk 525/526 

phosphorylation seen with Go6976 and R406, these findings suggest Go6976 blocks 

signaling at the level of Syk and may utilize a slightly different mechanism for this 

inhibition than R406. 

Our data conclusively demonstrated that Syk kinase activity in vitro was inhibited 

by Go6976 in a concentration-dependent manner.  It is important to note that Go6976 is a 

derivative of the broad spectrum PKC inhibitor staurosporine (Martiny-Baron et al. 

1993).  Several protein-tyrosine kinases including TPK-IIB, a variant of p72syk,  was 

reported to be inhibited by staurosporine (Meggio et al. 1995; Brunati et al. 1996).  

Considering Go6976 is a staurosporine derivative, our results suggest this compound 

retained the tyrosine kinase inhibiting properties of staurosporine.  

In summary, we have used the staurosporine derivative Go6976 to block classical 

PKC isoforms and have identified its ability to inhibit Syk kinase activity in human 

platelets downstream of GPVI pathways.  We demonstrate that Go6976 blocks 

downstream signaling events of Syk in platelets and the kinase activity of Syk in vitro. 

We suggest the use of Go6976 is not an appropriate strategy for investigating classical 

PKC isoforms downstream of GPVI pathways in human platelets. 
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CHAPTER 5 
 

A NOVEL SYK-INDEPENDENT PI-3 KINASE-MEDIATED TYROSINE  
 

KINASE PATHWAY LEADING TO FIBRINOGEN RECEPTOR ACTIVATION  
 

IN PLATELETS 
 

Introduction 
 
 
 Platelet activation, facilitated by the exposure of subendothelial collagen 

following vascular injury, is essential for hemostasis and is a main cause of thrombosis 

(Packham 1994). Platelets will aggregate, release their granule contents, and generate 

thromboxane A2 in response to an array of agonists.   ADP, thromboxane A2, and 

thrombin, three of the most relevant physiological agonists, mediate their effects through 

the utilization of G-protein-coupled receptors (GPCRs) (Shattil, Kashiwagi, and Pampori 

1998).  The two GPCRs for ADP, P2Y1 and P2Y12, stimulate Gq and Gi pathways, 

respectively and concomitant signaling is required for ADP-induced αIIbβ3 activation 

(Jin, Daniel, and Kunapuli 1998 ).  The thromboxane A2 receptor and the receptors for 

thrombin, PAR1 and PAR4, all couple to Gq and G12/13 pathways (Offermanns et al. 

1994).  Stimulation of Gq pathways results in the activation of phospholipase C (PLC) β2 

and the hydrolysis of PtdIns(4,5)P2 to form diacylglycerol and Ins(1,4,5)P3 (InsP3).  The 

generated diacylglycerol serves as a stimulating cofactor for protein kinase C (PKC), 

while the InsP3 aids in the release of intracellular calcium (Brass et al. 1997).  These Gq-

mediated, PKC and calcium-regulated, pathways are important for the activation of the 

fibrinogen receptor αIIbβ3 (Brass et al. 1997; Offermanns 2000).   Activation of G12/13 

pathways through RhoA and Rho kinase causes myosin light chain phosphorylation and 

calcium-independent shape change as well as contributes to overall platelet secretion 
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(Paul, Daniel, and Kunapuli 1999; Getz, Dangelmaier et al.; Jin et al. 2009).   Co-

stimulation of G12/13 and Gi pathways has also been shown to be sufficient to activate 

αIIbβ3 by a mechanism involving intracellular calcium (Dorsam et al. 2002).  

Tyrosine kinase pathways are the other major pathways that lead to platelet activation. 

Glycoprotein VI (GPVI), the primary collagen surface receptor on platelets plays a 

fundamental role in the recognition of matrix collagen and initiates signal transduction 

through its association with the FcRγ-chain (Watson et al. 2005).   The formation of the 

GPVI- FcRγ-chain complex results in a Src family kinase (SFK)-dependent 

phosphorylation of two YxxL motifs located on the FcRγ-chain (Ezumi et al. 1998).  

When phosphorylated, these two conserved sequences, also termed ITAMs, aid in the 

recruitment of Syk via its SH2 domains.  Syk is then able to undergo autophosphorylation 

and further propagate signals through downstream mediators such as Lat, SLP-76, and 

PLCγ2, culminating in release of intracellular calcium (Watson et al. 2005).  Inhibitor-

based studies have suggested an indispensable role for Syk, whereby blockade of its 

kinase activity results in complete loss of function downstream of GPVI pathways 

(Spalton et al. 2009; Getz, Mayanglambam et al.).      

 Rhodocytin, a toxin from the venom of a Malayan pit viper, has been shown to 

activate platelets(Huang, Liu, and Yang 1995; Shin and Morita 1998).  It was originally 

thought to signal through the α2β1 receptor, however, studies later confirmed tht 

rhodocytin did not in fact mediate its effects through α2β1, GPVI, or GPIbα (Suzuki-

Inoue et al. 2001; Bergmeier et al. 2001).  Suzuki-Inoue et. al.(Suzuki-Inoue et al. 2007) 

proved rhodocytin to be an essential tool for the identification and isolation of the novel 
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CLEC-2 receptor.  Subsequently, it was shown that platelets as well as megakaryocytes 

express the single pass transmembrane receptor C-type lectin receptor (CLEC-2) (Senis 

et al. 2007).  The extracellular domain of CLEC-2 consists of a carbohydrate-like 

recognition domain (CRD-like), which is incapable of binding sugars due to the lack of 

conserved amino acid residues required for these interactions.  The use of rhodocytin, 

however, was instrumental in establishing the concept that CLEC-2 signals through a 

pathway which is distinct from that of GPVI (Hughes et al. 2010).  Despite the distinct 

differences in proximal signaling between GPVI and CLEC-2, the downstream signaling 

events remain similar.  CLEC-2 activation results in phosphorylation and activation of 

Syk as well as other downstream molecules including Lat and PLCγ2(Suzuki-Inoue et al. 

2006).  Much like GPVI pathways, the blockade of Syk activity completely inhibits 

rhodocytin-induced functional responses (Spalton et al. 2009).  Podoplanin, the 

endogenous ligand for CLEC-2 was later discovered based on the similarities between the 

activation profile compared to rhodocytin (Suzuki-Inoue et al. 2007).   

 In the present study, we not only show that DxS causes platelet activation, but 

also identified a novel tyrosine signaling pathway in platelets leading to αIIbβ3 

activation.  Unlike GPVI or CLEC-2, we provide evidence that DxS activates a Syk-

independent pathway leading to αIIbβ3 activation, which is dependent on Src family 

kinase members and PI-3K activation. Furthermore, We show that, unlike other platelet 

agonists, DxS causes Akt phosphorylation independently of the P2Y12 receptor. 
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Results 
 
FXIIa-induced functional responses in PAR4 null murine platelets.   It has been 

previously established that PAR4 null platelets are unresponsive to thrombin (Sambrano 

et al. 2001).   While it has been suggested that PAR3 acts as a co-receptor for PAR4 in 

murine platelets (Nakanishi-Matsui et al. 2000), we hypothesized that perhaps another 

protease may directly activate PAR3 and initiate signaling in platelets.  Therefore, we 

screened for the ability of several proteases to activate PAR4 null platelets (Table 5.1).  

Of these proteases, only FXIIa caused aggregation of PAR4 null platelets (Fig 5.1A).   

We observed that human platelets could also be activated by FXIIa, while the zymogen 

FXII was unable to induce platelet functional responses (Fig 5.1A).   To determine 

whether the enzyme activity of FXIIa was required for the activation of platelets we used 

heat inactivated FXIIa.  Surprisingly, heat inactivated FXIIa still caused platelet 

aggregation.  These data suggested that FXIIa’s enzyme activity was not required for 

platelet aggregation and raised the possibility that the observed aggregation was mediated 

by a contaminant.  

DxS-induced functional responses in human platelets. Mass Spectrometric analysis 

revealed that the FXIIa used in our studies was not contaminated with any other proteins 

(data not shown).  Negatively charged surfaces such as DxS have been known to activate 

the zymogen FXII to FXIIa (van der Graaf et al. 1982).  Since the commercial FXIIa used 

in our studies was activated with high molecular weight DxS 500,000, we evaluated 

whether DxS could directly activate platelets.  As seen in Fig 5.1B, DxS caused platelet 

aggregation and dense granule release in a concentration-dependent manner in aspirin-
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treated human platelets.  While the FXIIa used in these studies was re-purified at the 

commercial source to remove DxS, our results suggest even a minimal level of 

contamination may explain our initial findings (Fig 5.1A.). In addition, DxS-mediated 

platelet aggregation occurred in aspirin-treated platelets (Fig 5.1B), ruling out the 

contribution of thromboxane to the primary aggregation. 
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Table 1 Effect of various proteases on aggregation in platelets from mice –deficient 
in PAR4. 
 

  Protease 
 

Aggregation (PAR4-/- mice ) 
 

FXa 1nM 
 

no 
 

FVIIa 5nM 
 

no 
 

FXIIf 25nM 
 

no 
 

Elastase 
 

no 
 

Plasma kallikrein 1 nM 
 

no 
 

a-chymotrypsin 
 

no 
 

Plasmin 20nM 
 

no 
 

Thrombin 0.5U/ml 
 

no 
 

Tryptase 240 mU/ml 
 

no 
 

Trypsin 10 U/ml 
 

Small shape change 
 

FXIIa 300 nM 
 

Yes 
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A. 

 
B. 

 
 
 
 
Figure 5. 1 

Platelet aggregation in response to FXIIa.  A) PAR4 null platelets or aspirin-treated 
human platelets were stimulated with 300 nM of FXIIa, heat inactivated FXIIa or FXII at 
37° C while stirring for 3 minutes.  B) Human aspirin-treated platelets were activated 
with increasing concentrations of DxS at 37° C while stirring for 3 minutes. Platelet 
aggregation was measured.  The tracings are representative of data from at least three 
independent experiments.  
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Role of SFKs in DxS-mediated functional responses.  Many of the platelet surface 

receptors which mediate positive functional responses are coupled to either Gq-dependent 

or tyrosine kinase dependent-pathaways (Brass 2010).  In order to better understand how 

DxS mediates platelet functional responses we made use of the selective Gq inhibitor YM 

254890 or the pan SFK inhibitor PP2. Platelets pre-treated with YM 254890 had only a 

minimum reduction in the extent of aggregation (Fig. 5.2A).  These data suggest Gq 

pathways play little role in the primary activation of platelets by DxS.   As shown in Fig. 

5.2B, DxS-mediated functional responses were completely abolished by PP2 as compared 

to control PP3 treated platelets.  These data suggest that SFK-dependent pathways are 

required for DxS-induced platelet activation. 
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A. 

 
B. 

 
Figure 5. 2 

Effect of SFK and Gq inhibition on DxS-induced platelet aggregation.  A) Washed 
human aspirin-treated platelets were pre-treated with inhibitors or DMSO (vehicle) for 5 
minutes at 37° C (as indicated) and stimulated with DxS (20 nM) at 37° C while stirring 
for 3 minutes in a Lumi-aggregometer. The tracings are representative of data from at 
least three independent experiments.  
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DxS-mediated platelet activation occurs independently of the FcRγ-chain.    The FcRγ-

chain is an ITAM-containing signaling adaptor, which couples to GPVI through charged 

amino acid interactions (Watson et al. 2005).  Upon the ligation of collagen to GPVI, the 

FcRγ-chain ITAM becomes phosphorylated by Src family kinase members to initiate 

downstream signaling (Ezumi et al. 1998).  Our results from Fig 5.2, suggest the profile 

of activation by DxS is similar to that of GPVI.  Jarvis et. al. (Jarvis et al. 2002) has 

shown that FcRγ-chain null platelets are not only unresponsive to collagen but also show 

no surface expression of GPVI.  In order to evaluate whether DxS signals through GPVI 

pathways we made use of FcRγ-chain null murine platelets. As shown in Fig. 5.3, wild 

type murine platelets aggregated in response to CRP or DxS.  Addition of CRP to FcRγ-

chain null murine platelets failed to induce platelet aggregation, whereas addition of DxS 

to the same sample caused platelet aggregation (Fig 5.3). Aggregation in wild type 

platelets, in response to DxS, was similar to that observed in FcRγ-chain null murine 

platelets (Fig 5.3). Taken together, these results suggest that DxS does not mediate its 

effects through the FcRγ-chain or GPVI. 
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Figure 5. 3 

DxS-mediated platelet aggregation in FcRγ-chain null platelets.  Wild-type murine 
platelets were stimulated with CRP (5 µg/mL) as control or DxS (5 nM) and allowed to 
aggregate for 3 minutes at 37° C. FcRγ-chain null platelets were first activated with CRP 
(5 µg/mL) for 1 minute to ensure unresponsiveness to the agonist. DxS (5 nM) was then 
added and aggregation was allowed to ensue for 3 minutes at 37° C in a Lumi-
aggregometer. 
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Evaluation of signaling pathways activated by DxS in platelets.   Known SFK-mediated 

signaling pathways involve activation and phosphorylation of Syk and Lat in platelets 

(Watson et al. 2005). In aspirin-treated platelets, we evaluated the phosphorylation status 

of Syk and Lat following stimulation with DxS.  As shown in Fig 5.4A, Syk, was 

phosphorylated in a time-dependent manner, however Lat failed to undergo 

phosphorylation as compared to convulxin-stimulated control.   These data suggest that, 

unlike GPVI or CLEC2, DxS-mediated signaling pathways do not involve Lat activation. 

Human platelets mobilized intracellular calcium in response to DxS, which was 

completely block by the SFK inhibitor PP2 (Fig 5.4B).  These results suggest that DxS 

activates a SFK-dependent pathway leading to intracellular calcium mobilization.  
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A. 

 
B. 

 
 
 
Figure 5. 4 

DxS-mediated phosphorylation of Syk and Lat.  A) Washed aspirin-treated human 
platelets were stimulated with DxS (20 nM) or Cvx (100 ng/mL) for the indicated amount 
of time, subjected to SDS-PAGE and analyzed for phosphorylation of Syk and LAT.  The 
results are representative of data from at least three independent experiments.   B) Human 
aspirin-treated platelets loaded with 5 µM Fura-2AM were pre-treated with PP3 or PP2 
(10 µM) and activated with DxS (20 nM).  The data point represented is the mean ± SEM 
(n = 3) 
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Syk is not required for DxS-induced fibrinogen receptor activation.  We have 

previously shown OXSI-2 and Go6976 to be effective Syk inhibitors and have made use 

of these compounds to evaluate the importance of Syk downstream of DxS-induced 

platelet activation (Bhavaraju et al. 2008; Getz, Mayanglambam et al.). To rule out any 

contribution from feedback mediators, we activated platelets pre-treated with OXSI-2 and 

Go6976 in the presence of aspirin and ADP receptor antagonists MRS 2500 (for P2Y1) 

and ARC 69931MX (for P2Y12). As seen in Fig. 5.5, PAC-1 binding, a measure of 

integrin αIIbβ3 activation, was abolished in platelets pre-treated with OXSI-2 or Go6976 

following stimulation with GPVI agonist convulxin.  Surprisingly, in response to DxS, 

PAC-1 binding was only partially inhibited in platelets pre-treated with Syk inhibitors 

(Fig. 5.5), suggesting that DxS may activate a pathway that is independent of Syk to 

transduce signals leading to αIIbβ3 activation .  
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A. 

 
 
 
 
 
Figure 5. 5 

B. 

 

Syk-independent DxS-mediated αIIbβ3 activation. Washed aspirin-treated human 
platelets were pre-treated with vehicle (DMSO), OXSI-2 (2 µM) or Go6976 (1 µM) for 
10 minutes at 37 °C.  Just prior to activation with A) CVX (100 ng/mL) or B) DxS (20 
nM), ADP feedback inhibitors MRS 2500 (5 µM) and AR-C69931MX (100 nM) were 
added. αIIbβ3 expression was analyzed with PAC-1-FITC antibody.   Graphs represent 
mean ± SEM of % positive cells for 3 different experiments. 
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PI3K β  plays an important role in DxS-mediated aggregation.  PI-3K plays an 

important role in the activation of platelets and Akt phosphorylation (Kim et al. 2009; 

Schoenwaelder et al.).   To evaluate the role of PI-3K in DxS-induced platelet 

aggregation, we activated platelets pre-treated with the pan PI-3K inhibitor LY 294002 as 

well as several isoform specific PI-3K inhibitors.  As shown in Fig. 5.6A, pan PI-3K 

inhibitor LY 294002 and PI-3K β isoform specific inhibitor TGX-221 completely 

inhibited DxS-induced platelet aggregation, whereas PI-3K inhibitors PIK 75, IC87114, 

and AS 252424, specific for isoforms α, δ, γ,  respectively, had little effect.  As a 

measure of PI-3K activity we investigated the phosphorylation status of Akt.  In response 

to DxS, Akt was phosphorylated in a time-dependent manner (Fig 5.6B).  As shown in 

Fig. 5.6C, the phosphorylation of Akt was unaffected by pre-treatment with Syk 

inhibitors or ADP antagonists, however, Akt phosphorylation was abolished in DxS-

stimulated platelets upon pretreatment with PP2, LY 294002, and TGX-221.  Taken 

together, these results suggest that DxS may activate a Syk-independent pathway, which 

is dependent on PI-3K β leading to fibrinogen receptor activation. 
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A. 

 
B. 

                     
C. 

 
Figure 5. 6 

Effect of PI-3K inhibition on DxS-induced aggregation and Akt phosphorylation.  A) 
Washed aspirin-treated human platelets were pre-treated with vehicle (DMSO), LY 
294002 (25 µM), TGX-221 (200 nM), PIK 75 (100 nM), IC87114 (1 µΜ), or AS 252424 
(2 µΜ) for 5 minutes at 37 °C and were activated with DxS (20 nM) at 37° C for 3 
minutes in a Lumi-aggregometer. B) Time course analysis of Akt phosphorylation from 
aspirin-treated human platelets simulated with DxS.  C) Akt phosphorylation analysis 
from aspirin-treated human platelets pre-treated with OXSI-2 (2 µM), LY 294002 (25 
µM), TGX-221 (200 nM), PP3 or PP2 (10 µM) for 5 minutes or Go6976 (1 µM) for 10 
minutes at 37 °C and stimulated with DxS for 3 minutes. 
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The role of PI-3K in DxS-induced calcium mobilization and PAC-1 binding.  To 

evaluate the role of PI-3K in DxS-induced intracellular calcium mobilization, we pre-

treated human platelets with PI-3K inhibitors, LY 294002, and TGX-221.  As shown in 

Figure 5.7A, DxS-mediated intracellular calcium mobilization was abolished in platelets 

pre-treated with PI-3K inhibitors. Furthermore, PAC-1 binding, in platelets simulated 

with DxS in the presence of LY 294002, was also abolished (Fig. 5.7B).   These results 

suggest a crucial role for PI-3K in the transduction of signals, which lead to intracellular 

calcium mobilization and αIIbβ3 activation.  
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A.  
 
 

 
 

C. 
 

 
 

 

B. 

 
 
 
Figure 5. 7 

Effects of PI-3K inhibition on DxS-induced calcium mobilization and αIIbβ3 activation.  
A) Intracellular calcium measurements of human aspirin-treated platelets loaded with 5 
µM Fura-2AM and pre-treated with vehicle (DMSO), LY 294002 (25 µM), TGX-221 
(200 nM), and activated with DxS (20 nM). The data point represented is the mean ± 
SEM (n = 3). B) Washed aspirin-treated human platelets were pre-treated with vehicle 
(DMSO), LY 294002 (25 µM) for 10 minutes at 37 °C.  Just prior to activation with DxS 
(20 nM), ADP feedback inhibitors MRS 2500 (5 µM) and AR-C69931MX (100 nM) 
were added. αIIbβ3 expression was analyzed with PAC-1-FITC antibody. Graph 
represents the mean ± SEM of % positive cells for 3 different experiments. C) 
Representative model of the pathway activated by DxS leading to αIIbβ3 activation. 
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Discussion 
 

 In this current study, we began our investigation to identify a protease that could 

directly activate PAR3.  Our direction was, however, changed based on our findings that 

heat inactivated FXIIa and most importantly contaminating DxS initiated platelet 

activation.   Our results show that key signaling molecules such as SFKs and PI-3Kβ are 

crucial for DxS-mediated platelet activation, but other signaling molecules, Syk and Lat, 

are not essential.  Overall, in our efforts to elucidate the pathways by which DxS 

activates platelets, we have characterized a novel Syk-independent pathway, which leads 

to αIIbβ3 activation.  

 DxS was originally evaluated as an anticoagulant which possessed heparin-like 

properties (Walton 1952). DxS has also been shown to activate cells.  Gronowicz et. al 

(Gronowicz and Coutinho 1975) demonstrated activation of primitive B cells and B-cell 

precursors by DxS.  Here, we report for the first time that DxS is an activator of human 

and murine platelets through novel signaling pathways. 

 The major receptors that trigger tyrosine kinase pathways in platelets are GPVI, 

FcRIIa, CLEC-2, and GP1b (Watson et al. 2005; Watson, Herbert, and Pollitt; Barkalow 

et al. 2003). Of these, GPVI receptor depends on FcRγ chain to cause Syk activation 

(Watson et al. 2005).  However, our data show that platelets lacking the FcRγ-chain are 

unresponsive to CRP, but still retain their ability to aggregate in response to DxS (Fig. 

5.4). These results suggest DxS does not mediate signaling through GPVI or the FcRγ-

chain.  As murine platelets lack FcRIIa receptor (Kato et al. 1998), another receptor that 
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causes platelet aggregation in human platelets through tyrosine kinase pathways, we ruled 

out FcRIIa receptor as the target of DxS.  

 CLEC-2 is a c-type lectin receptor, which has been shown to signal independently 

of the FcRγ-chain in platelets (Watson, Herbert, and Pollitt; Watson et al. 2009). 

However, in contrast to CLEC-2 signaling, there was no detectible level of Lat 

phosphorylation in platelets activated with DxS (Fig. 5.4). These results suggest CLEC-2 

is an unlikely receptor for DxS.   

We have previously shown that GPIb receptor-mediated platelet aggregation 

depends on SFK-mediated thromboxane generation (Garcia et al. 2005). However, as 

DxS-induced platelet aggregation occurred in aspirin-treated human platelets, wherein 

thromboxane generation does not occur, suggested that GP1b is not the target of DxS. 

Furthermore, GPIb activation with vWf does not result in Syk-tyrosine 525/526 

phosphorylation(Suzuki-Inoue et al. 2004). Our data shows that DxS causes Tyr 525/526 

phosphorylation of Syk. Hence we ruled out GPIb as the target of DxS in platelets. 

 Downstream of GPVI pathways, Syk kinase has been shown to play an integral 

part in activating downstream effectors, which ultimately leads to the activation of 

αIIbβ3 (Obergfell et al. 2002).  Inhibition of Syk following GPVI stimulation shuts down 

all functional responses (Spalton et al. 2009; Getz, Mayanglambam et al.).  Consistent 

with these previous studies, we observed significant inhibition of PAC-1 binding in 

convulxin-stimulated samples in the presence of Syk inhibitors (Fig. 5.5A).  Platelets 

activated with DxS in the presence of Syk inhibitors elicited a reduction in PAC-1 

binding; however, PAC-1 binding was not abolished (Fig. 5.5B).  These results suggest 
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DxS-induced platelet αIIbβ3 activation occurs independently of Syk and hence our 

studies establish a novel Syk-independent pathway directly leading to αIIbβ3 activation.   

 Phosphoinositide 3-kinase (PI-3K) has been shown to play an essential role in 

platelet aggregation (Trumel et al. 1999) and αIIbβ3 activation(Bowers et al. 2007). Our 

current results demonstrate that PI-3K activity is required for DxS-mediated platelet 

aggregation and PI-3Kβ is the primary isoform involved in this pathway. These results 

are consistent with our pervious data, suggesting PI-3Kβ is the primary PI-3K isoform 

involved in regulating Akt activation and platelet aggregation (Garcia et al.; Kim, et al. 

2009).   Our previous work also suggested Akt phosphorylation in platelets is primarily 

through Gi-coupled P2Y12 receptor (Kim, Jin, and Kunapuli 2004; Kim et al. 2009). 

Interestingly, DxS-mediated Akt phosphorylation was virtually unaffected by blockade of 

ADP receptors or inhibition of Syk kinase. Our results not only indicate an important role 

for PI-3K in regulating intracellular calcium release, Akt phosphorylation, and αIIbβ3 

activation, but also that its activation is independent of P2Y12 receptor.   

 DxS caused activation of Syk as well as PI-3K pathways, and these pathways 

appear to be independent of each other. Thus, it is possible that both Syk and PI-3K 

contribute to αIIbβ3 activation, with an essential role for PI-3K β isoform. It is possible 

that DxS activates two surface receptors that activate Syk or PI-3K pathways. The 

pathway involving PI-3K is depicted in Fig. 5.7C. This is a novel signaling pathway in 

platelets that causes αIIbβ3 activation independently of Syk. The identification of the 

surface receptor(s) responding to DxS remains to be identified and characterized.  

 In this study have shown that DxS, a glycosaminoglycan analog of other family 

members including chondroitin, dermatan, and heparin, has the capacity to induce platelet 
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activation.  Venkatesan et. al. (Venkatesan et al. 2011) has suggested there is an increased 

deposition of both chondroitin and dermatan sulfate as well as upregulation of β1,3-

glucuronosyltransferase I in pulmonary fibrosis.  Interestingly, a case report by Cavaco 

et. al. (Cavaco et al. 2009)suggested a link between pulmonary fibrosis and pulmonary 

vein thrombosis.  However, it remains unclear which was the cause or the effect.   

Heparin has not been shown to directly activate platelets in suspension, though it has 

been suggested to promote platelet responsiveness through αIIbβ3 outside-in signaling 

(Gao et al. 2011).  While heparin and DxS are both sulfated glycosaminoglycans, certain 

key elements such as glycosaminoglycan length, sulfated content, or position may be 

important factors, which dictate specificity for one glycomsaminoglycan’s involvement 

in platelet activation over the others.  Future studies will need to be directed towards 

addressing these elements.   

In conclusion, our current data puts forth a potential role for glycosaminoglycans 

in platelet activation through a novel Syk-independent pathway leading to αIIbβ3 

activation through activation of PI-3Kβ.    Unlike other platelet agonists, PI-3K appears 

to be activated by DxS independently of Gi pathways, and plays an essential role in 

intracellular calcium increases and αIIbβ3 activation.  
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CHAPTER 6 
 

GENERAL DISSCUSSION / FUTURE DIRECTION 

During the activation process, platelets are subjected to a variety of signals stemming 

from G-protein coupled and tyrosine kinase-dependent receptor activation.  The pathways 

activated by these receptors ultimately lead to the activation of serine/threonine and 

tyrosine kinases, which have important roles in phosphorylating their substrates to 

modulate cellular function.  The work described in chapters 3,4,and 5 examined the 

functional outcomes that result from the intricate signaling pathways triggered by their 

receptors.   

 

The focus of chapter 3 is on the significance of diphosphorylation of MLC and its 

functional response in human platelets.  MLC is well known to be regulated by the 

balance between its calcium-dependent MLCK and its calcium-independent MLCP.  

Since, much of the previous work done in platelets had focused on the gross 

phosphorylation of MLC, little was known about the role for each distinct MLC 

phosphorylation with regard to its functional outcome.   Thus, chapter 3 examined the 

contribution of calcium-dependent Gq-mediated and calcium-independent G12/13-

medatied signaling to MLC phosphorylation on residues (Thr)18 and (Ser)19.   Overall, 

we have provided novel findings that link MLC (Ser)19 phosphorylation to platelet shape 

change and have identified the MLC (Ser)19 is phosphorylated downstream of both 

calcium-dependent Gq and calcium-independent G12/13 pathways.  We also provide 

evidence that MLC (Thr)18 phosphorylation occurs subsequent to MLC (Ser)19 
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primarily downstream of G12/13/Rho A pathways and diphosphorylated MLC may play a 

role in dense granule secretion.   

 

 

FUTURE DIRECTIONS FOR MLC 
 

1. As mentioned previously, MLC phosphorylation is primarily thought to be 

regulated by the calcium-dependent MLCK and the calcium-independent MLCP.  

Interestingly, in our experiments where we selectively activate the calcium-

independent G12/13 pathway, we observed MLC (Ser)19 phosphorylated at nearly 

50 percent of its maximum and near maximal phosphorylation of MLC (Thr)18.  

Under these conditions, there is no calcium present to activate MLCK and the 

action of Rho A is to inhibit the MLCP.  Inhibition of MLCP alone is not 

sufficient to cause MLC phosphorylation on either residue.  Work from Kiss et. 

al. (Kiss et al. 2002) has identified two platelet cytoskeleton kinases (ILK and 

ZIPK) which are capable of phosphorylating MLC independent of calcium.  They 

showed ZIPK had a significant preference for phosphorylating MLC while ILK 

preferred to phosphorylate MLCP.  Based on these findings, it would be 

interesting to investigate the calcium-independent mechanism by which ZIPK 

becomes activated and does it have a significant role in phosphorylating MLC in 

platelets.  If ZIPK is activated downstream of G12/13 pathways, but upstream of 

Rho kinase, this could possibly provide an explanation for why aspirin-treated 

platelets stimulated with ADP fail to undergo secretion.   
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2. Unpublished data from Charles Abrams laboratory has suggested that Rho A 

knockout platelets elicit no phenotype.  This is rather interesting data and puts 

forth several questions to address.  Is there expression of Rho B or Rho C in 

human platelets?  If so, can these Rho family members compensate for the loss of 

Rho A? Also, it would be important to address whether all of these members have 

a redundant function in activating Rho kinase or do they each have separate 

effectors, which carry out different cellular responses.   

 

 

In chapter 4, our aim was to address why classical PKC isoforms selectively play such an 

important role in GPVI-mediated dense granule secretion.  Previous studies from our 

group and others have demonstrated attenuated functional responses in platelets 

pretreated with the classical PKC inhibitor Go6976 and activated with GPVI agonists 

(Pula et al. 2005; Konopatskaya et al. 2009; Murugappan et al. 2004).  Based on these 

studies it was believed that classical PKCs played an important role in GPVI-mediated 

dense granule release.  Interestingly, Go6976 has little to no effect on PAR-mediated 

dense granule release.  The observation that 1µM Go6976 and not a pan-PKC inhibitor 

RO 31-8220 (Quinton, Kim et al. 2002), completely abolished GPVI-mediated platelet 

functional responses suggested Go6976 exerts a nonspecific inhibition on a early 

upstream molecule.  The studies described in chapter 4 lead to the discovery that the 

staurosporine derivative Go6976 non-selectively inhibits Syk kinase activity and 

therefore, blocks downstream signaling events as well as functional responses in human 

platelets downstream of GPVI pathways.   
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FUTURE DIRECTIONS FOR GO6976 
 

1. While we have conclusively demonstrated the Go6976 is not an appropriate 

compound to use for the evaluation of classical PKC isoforms downstream of 

GPVI pathways, the question remains whether or not it could be an affective tool 

downstream of PAR receptor signaling.  Our data demonstrates that Go6976 had 

little effect on PAR mediated aggregation or secretion.  Preliminary data not 

shown in this thesis, demonstrated that the phosphorylation of pleckstrin (a 

substrate of PKCs) was unaffected following PAR stimulation in platelets 

pretreated with Go6976.  This data is inconclusive due to the possibility of novel 

or atypical PKCs compensating for the inhibition of the α and β isoforms.  To 

truly address whether Go6976 effectively inhibits the classical PKC isoforms, a 

kinase assay will need to be performed.  The α and β isoforms of PKC will need 

to be immunoprecepitated from PAR stimulated platelets in the presence and 

absence of Go6976.  The immunoprecepitated α and β isoforms can then be 

subjected to a kinase assay to address their relative activity and to evaluate the 

effects of Go6976.   

 

 

In chapter 5, we identified that FXIIa caused platelet aggregation.  Our results revealed 

that FXIIa’s enzyme activity was not required for platelet activation and the source of 

FXIIa we were using was most likely contaminated with DxS.  We identified that DxS 

could directly cause intracellualar signaling and platelet aggregation.   Studies directed at 
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determining the downstream signaling events caused by DxS, show that key signaling 

molecules SFKs and PI-3Kβ, but not Syk or Lat are crucial for DxS-mediated platelet 

activation.  We show that unlike other platelet agonists, PI-3K appears to be activated by 

DxS independently of Gi pathways, and plays an essential role in intracellular calcium 

increases and αIIbβ3 activation.  Overall, we have identified a novel Syk-independent 

pathway leading to αIIbβ3 activation through SFKs and PI-3Kβ in platelets. 

 

FUTURE DIRECTIONS FOR DXS 
 

1. Previous studies have suggested sulfated polysaccharides play a role in a range of 

cell adhesion systems (Cole, Loewy, and Glaser 1986; Coombe, Jakobsen, and 

Parish 1987; Glabe, Yednock, and Rosen 1983; Hoffman and Edelman 1987; 

Rossignol et al. 1984).  Parish et al. (Parish, McPhun, and Warren 1988). 

demonstrated that DxS could deplete CD2 from lysates of radiolabeled T cells, 

suggesting DxS can bind CD2.  There are however, no reports of CD2 in platelets.  

A screen by means of western blot analysis or flow cytometry could be one 

possible direction to identify whether or not CD2 is expressed in platelets.  

Interestingly, studies showing DxS could block leucocyte function associated 

antigen-1 (LFA-1) mediated HIV-1 induced syncytia led to the discovery that 

DxS can interact with LFA-1 (Vermot-Desroches, Rigal, and Bernaud 1991).   

The expression of LFA-1 has been reported in platelets and it is suggested that 

DNAX accessory molecule-1 (DNAM-1) also known as CD226, physically 

associates with LFA-1 in NK cells and activated T cell (Shibuya et al. 2005).  The 

expression of CD226 has also been shown in platelets and further studies have 
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suggested thrombin activated platelets adhere to human umbilical vein endothelial 

cells (HUVEC) which express CD226 ligand (Kojima et al. 2003).  It is unclear 

whether DxS could possibly mimic components of the extracellular matrix and 

directly activate LFA-1 or CD226.  Knockout animals for CD226 are available 

and it would be worthwhile to evaluate the effects of DxS on platelet aggregation 

in these animals.   

 

 

2. We have characterized a novel Syk-independent pathway in platelets stimulated 

with DxS, however, we also show that Syk is partially involved in αIIbβ3 

activation.  Future studies will need to be performed to address where Syk comes 

into play following DxS stimulation in platelets.  Boylan et al. (Boylan et al. 

2008) has suggested that the binding of ligand to αIIbβ3 induces integrin 

cytoplasmic domain-dependent phosphorylation of the FcγRIIa receptor.  This 

may be a possible mechanism for how Syk becomes phosphorylated after DxS-

mediated platelet activation.  We will need to investigate the phosphorylation 

status of Syk following the activation of platelets with DxS in the presence of the 

αIIbβ3 antagonist GR 144053.  This experiment will address whether or not Syk 

phosphorylation is being mediated by outside-in signaling.   

 

 

3. Another area of interest to determine how there is divergent signaling between PI-

3K and Syk in DxS stimulated platelets may be addressed by investigating the 
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presence of transmembrane adapter proteins such as DAP10 and DAP12.  These 

adapter proteins are part of the CD3ζ family (Wilson, Lindquist, and Trowsdale 

2000).  DAP12 contains an ITAM domain within its cytoplasmic tail, while 

DAP10 contains only a YINM motif, which is important for interactions with PI-

3K.  A model depicted below shows how DAP12 and DAP10 can interact with 

surface receptors to transduce signals to the cytoplasm.  DAP12 and DAP10 have 

been shown to interact with a variety of surface receptors (Hamerman et al. 2009).  

Western blot analysis and flow cytometery studies could address whether there is 

any expression of DAP10 or DAP12 in platelets.  Knockout animals are also 

available and aggregation studies with DxS would provide useful insights as to 

whether or not DxS mediates signaling through these adaptor proteins.     

 

 

Figure 6. 1 Model of DAP10 and DAP12 signaling 
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4. As described in chapter 5, DxS has been used as an analog for other members of 

the glycosaminoglycan family.  Since DxS is not a physiological agonist it would 

be useful to explore whether or not other glycosaminoglycans family members 

such as chondroitin sulfate, dermatan sulphate or hyaluronate can possibly 

activate platelets.  It is important to note that the overall conformation, size, and 

the net charge of glycosaminoglycans greatly affect their binding capacities and 

activity (Rudd et al.).  The possibility of using DxS as a tool much like rhodocytin 

was for CLEC-2 should be considered.  Perhaps tools such as DxS coated agarose 

might be useful to perform pull-down experiments to try and elicit the 

physiological receptor.  Once the receptor for DxS is discover, future studies can 

be directed towards finding the physiological agonist.   
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