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ABSTRACT 

 
MOLECULAR PHYSIOLOGY OF p21-ACTIVATED KINASES IN 

PLATELETS 
 

Rachit Badolia 
Doctor of Philosophy 
Temple University School of Medicine, 2015 
Doctoral Advisory Committee Chair: Satya P Kunapuli, PhD. 
 
 
Platelets are involved in many processes ranging from fighting microbial infections and 

triggering inflammation to promoting tumor angiogenesis and metastasis. Nevertheless, 

the primary physiological function of platelets is to act as essential mediators in 

maintaining homeostasis of the circulatory system by forming hemostatic thrombi that 

prevent blood loss and maintain vascular integrity.  

The p21-activated kinases (PAKs) are a family of serine/threonine kinases known to be 

the downstream effectors of GTPases, Cdc42 and Rac1. PAKs are the key regulators of 

actin polymerization and have been shown to play an important role in platelet spreading 

and aggregation in thrombin-stimulated platelets. Whereas several signaling cascades 

downstream of heterotrimeric G proteins that regulate platelet functions have been 

characterized, little attention is paid towards the signaling cascades that involve small G 

proteins effectors such as PAK. A few studies have characterized the role of PAK, 

downstream of the Rho family of small G proteins, in outside-in signaling, but its role in 

the regulation of platelet functional responses by inside-out signaling events have not 

been elucidated. PAK is reported to interact with numerous proteins including Akt, PDK1 

and PI3-kinase in different cell lines. PAK’s function as a scaffolding protein expands the 
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role of this protein in cellular functions. Although PAK is known to have non-catalytic 

scaffolding functions and is shown to associate and translocate Akt in other cell systems, 

the catalytic and possible non-catalytic scaffolding role in platelet functions are not 

clearly defined.  In this dissertation we propose to elucidate the scaffolding function of 

PAK and also its role platelet functional responses using molecular genetics approach. 

Akt is an important signaling molecule regulating platelet aggregation. Akt is 

phosphorylated upon translocation to the membrane through Gi signaling pathways by a 

PIP3-dependent mechanism. However, Akt is more robustly phosphorylated by thrombin 

compared to ADP in platelets. In this study, we investigated the mechanisms of Akt 

translocation as a possible explanation for this difference. Stimulation of washed human 

platelets with protease-activated receptor (PAR) agonists caused rapid translocation of 

Akt to the membrane, whereas Akt phosphorylation occurred later. The translocation of 

Akt was abolished in the presence of a Gq-selective inhibitor or in Gq-deficient murine 

platelets, indicating that Akt translocation is regulated downstream of Gq signaling 

pathways. Interestingly, PI3-kinase inhibitors or P2Y12 antagonist abolished Akt 

phosphorylation without affecting Akt translocation to the membrane, suggesting that 

Akt translocation occurs through a PI3-kinase/PIP3/ Gi-independent mechanism. An Akt 

scaffolding protein, PAK, translocates to the membrane upon stimulation with PAR 

agonists in a Gq-dependent manner with the kinetics of translocation similar to that of 

Akt. Co-immunoprecipitation studies showed constitutive association of PAK and Akt, 

suggesting a role of PAK in Akt translocation. These results show for the first time an 

important role of the Gq signaling pathway in mediating Akt translocation to the 

membrane in a novel Gi/PI3-kinase/PIP3-independent mechanism. 
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PAK contains an autoinhibitory domain that suppresses the catalytic activity of its kinase 

domain. This autoregulatory domain found within PAK kinase provides a unique target 

for chemical inhibitors.  IPA3, a small molecule allosteric inhibitor of PAK activation, 

binds covalently to the PAK regulatory domain and prevents binding to its upstream 

activators.  IPA3 has been used in various cells, including platelets, to evaluate the role of 

PAK in signaling. Herein, we investigated the specificity and selectivity of IPA3 as a 

PAK inhibitor in the human platelets. Stimulation of platelets pretreated with IPA3 using 

a PAR-4 or GPV1 agonist resulted in a concentration dependent inhibition of 

aggregation, as was suggested by earlier studies. Interestingly, we found that incubation 

of washed human platelets with IPA3 leads to a non-specific increase in phosphorylation 

of several proteins in absence of any agonist. However, this phosphorylation is not 

sufficient for aggregation of platelets by IPA3. In summary, we demonstrate that IPA3 by 

itself can phosphorylate several proteins in human platelets and thus its use is not an 

appropriate strategy for investigating PAK function in platelets.  

 

PAKs are classified into two groups based on their structural differences. Human 

platelets have been shown to express both group I (PAK1, PAK2, and PAK3) and group 

II PAKs (PAK4). Previous studies showing the role of PAK were performed with 

nonspecific inhibitors of PAK, such as IPA3, that do not distinguish isoforms. Thus, we 

propose to evaluate the function of specific PAK isoforms in platelets using knockout 

murine platelets, which are more selective tools to study the role of individual isoforms 

of PAK. We observed that Pak2 null mice showed enhanced secretion responses upon 

stimulation with 2MeS ADP and collagen, and delayed clot retraction. Interestingly, Pak1 
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null murine platelets did not have any functional defects, suggesting redundancy with 

other PAK isoforms.  

The studies proposed in my thesis will provide further insights into the molecular 

mechanisms of platelet activation and hence provide a basis for development of PAK as 

novel antithrombotic therapeutic targets. Furthermore, PAK inhibitors are currently being 

developed by pharmaceutical companies to treat malignancies, although this enzyme is 

ubiquitously expressed in the body. A thorough understanding of the role of PAK in 

platelets can predict the effect of these drugs on hemostatic functions, which helps during 

clinical trials. In the future, targeted inhibition of signaling molecules in platelets could 

be developed and that would solely target platelet signaling pathways. 
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CHAPTER 1 

INTRODUCTION 
1.1 Platelet Physiology 

1.1.1 Platelet Overview 

Platelets play a major hemostatic role in the body. They have a discoid shape and 

circulate at a relatively high concentration of 1.5-4 x 108/ml in a quiescent state ready to 

form a hemostatic plug at the sites of vascular injury. Their shape, small size (1-3 µm) 

and the physics of the laminar flow in the blood vessels, whereby the red blood cells 

cause the platelets to marginate to the vessel wall, means they are ideally placed to detect 

injury to the vessel wall. Activation of the platelets is brought about by the exposure to 

subendothelial matrix proteins, by positive feedback mechanisms from platelets 

themselves, and through the generation of thrombin 1. Pathologic platelet activation is 

found in areas of diseased endothelium and the atherosclerotic plaque rupture causing 

thrombotic disorders such as myocardial infarction and stroke, two of the major causes of 

death in the Western world. Anti-platelet agents (e.g. aspirin and clopidogrel) are widely 

prescribed for individuals at higher risk of arterial thrombosis. However, these drugs have 

side effects of prolonged bleeding time and hence the search for an ideal drug target is 

still under consideration.  

 

1.1.2    Platelet Genesis 

Platelets have a life span of approximately 10 days before their removal by 

reticuloendothelial system. Multipotent hematopoietic stem cells in the bone marrow give 

rise to all the circulating blood cells. The cytokine, thrombopoietin (TPO), play a critical 
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role at the early stages of blood cell production and in the maturation of megakaryocytes 

and subsequently platelet production. Megakaryocytes are large polyploid cells that can 

grow up to 50 µm and are involved in the production of platelets by the process of 

fragmentation of their cytoplasm. They can be viewed as factories that fragment, 

releasing 2000-3000 platelets into the blood stream 2. 

 

1.1.3   Platelet Anatomy 

Platelets are anucleate cells, which have the capacity to undergo very limited de novo 

protein synthesis, although the physiological significance of this is unclear. The 

organelles, proteins and low levels of mRNA are therefore synthesized in the parental 

megakaryocyte, although the platelet retains the ability to take up some proteins from the 

plasma, most notably fibrinogen. The plasma membrane is supported by actin 

cytoskeleton and a ring of microtubules to maintain the resting discoid shape. The 

membrane contains a large network of invaginations known as the open canilicular 

system (OCS), which greatly enhances the surface area of the platelet membrane thereby 

increasing the sites for release of granular content. The OCS also contains the dense 

tubular system, which is a Ca+2 store and the site for cyclooxygenase 1 (COX-1), critical 

for the production of thromboxane A2 (TxA2), a positive feedback platelet agonist. The 

plasma membrane contains a wide variety and diversity of glycoprotein receptors and G-

protein coupled receptors (Figure 1.1). 

The cytoplasm contains two distinct secretory vesicles, which rapidly release their 

contents upon activation, namely α-granules and dense granules. The α-granules contain 

a wide variety of proteins, which can be divided according to their function. These 
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include adhesion proteins, such as fibrinogen and von Willebrand Factor (vWF), which 

play a critical role in aggregation and thrombus formation. They also contain chemokines 

such as platelet factor 4 (PF4) and SDF-1, which attract leukocytes to the sites of vascular 

damage; and growth factors including PDGF, EGF and VEGF, which are involved in the 

wound repair and angiogenesis. The α-granules also express a number of membrane 

proteins on their surface that support aggregation, including integrin αIIbβ3; and support 

binding of leukocytes e.g. P-selectin. Dense granules, so called because of their 

appearance in electron micrographs, contain the major feedback mediators adenosine 

diphosphate (ADP) and adenosine triphosphate (ATP), as well as Ca+2, serotonin, and 

polyphosphates (Figure 1.1) 3,4.  
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Figure 1.1: Platelet structure. a) The inactivated, oblate spheroid platelet contains 

numerous organelles, a circumferential microtubular system, and a metabolically active 

membrane with a surface canalicular connection system that provides a large surface 

area. Glycoprotein receptors populate the outer surface of the platelet and act as adhesion 

molecules that bind fibrinogen and mediate platelet aggregation and activation of other 

platelets. b) The activated platelet has a more stellate form, with long pseudopodia. The 

contents of platelet storage granules—including von Willebrand factor, fibrinogen, ADP 

and coagulation factors—are secreted, further amplifying the platelet response and 

thrombus formation. Fibrinogen links platelets to form aggregates via GPIIb/IIIa 

integrins.  
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1.1.4   Platelet function in Hemostasis 

Platelets circulate in the healthy vessels in a quiescent state, continuously sampling the 

endothelium for sites of the vascular damage. Under normal conditions, platelets are 

unable to bind to the endothelial cells, which release PGI2 (prostacyclin) and nitric oxide, 

and also express the ectonucleoside triphosphate diphosphohydrolase (CD39/ENTPD1-

hydrolyzes ATP and ADP to AMP) to prevent platelet activation. Damage to the 

endothelium leads to the exposure of sub-endothelial matrix proteins such as vWF and 

collagen, which mediate powerful platelet adhesion and activation. Activated platelets 

will recruit other platelets and provide a surface to catalyze the coagulation cascade 

leading to the formation of thrombus and occlusion of the wound 1. The role of platelets 

in the thrombus formation in hemostasis or under pathological thrombosis can be 

described in several stages (outlined in Figure 1.2): 

(a) Tethering: Under low shear stress (venous flow) the collagen binding integrin 

α2β1 can bind to exposed collagen fibers in the sub-endothelial matrix. This 

interaction has a slow rate of association, which under high shear stress (arterial 

flow) is unable to tether the platelets. However, the exposed collagen fibers 

become coated by soluble vWF, which undergoes rapid binding to the GP1b-IX-V 

complex on platelet surface. This leads to capture (or tethering) of platelets but is 

unable to mediate stable adhesion due to fast rate of dissociation. Thus, on a vWF 

coated surface, platelets role or slide in the direction of the flow.  

(b) Activation and stable adhesion: Tethering to vWF brings the low affinity collagen 

receptor GPVI into close proximity to exposed collagen, resulting in its activation 
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and the conversion of integrins αIIbβ3 and α2β1 from inactive to active 

conformation. This in turn leads to stable adhesion through interactions with vWF 

and collagen, respectively. The GP1b-IX-V complex also generates intracellular 

signals that on their own are insufficient to mediate rapid platelet activation but 

may act in synergy with those from GPVI to induce activation. 

(c) Spreading: Activation-dependent actin polymerization results in the sequential 

formation of filopodia and lamellipodia thereby increasing the surface area in 

contact with the exposed sub-endothelial matrix and strengthening attachment. 

This in turn is followed by the formation of actin stress fibers that further 

reinforce the growing aggregate 5. 

(d) Secretion: Activated platelets rapidly generate thromboxane A2 and secrete this 

along with the contents of their α- and dense-granules. ADP is secreted from 

dense granules and acts in synergy with TxA2 to induce aggregation. Fibrinogen 

and vWF, which are stored in α-granules, support platelet aggregation through 

cross-linking and capture of circulating platelets respectively 6. 

(e) Aggregation and thrombus growth: Circulating platelets are recruited to the 

growing thrombus by a combination of membrane tethers and binding to vWF 7. 

These platelets are subsequently activated by ADP and TxA2. Secretion of the 

adhesion proteins fibrinogen and vWF and also their recruitment from the plasma 

leads to the cross-linking of activated platelets (aggregation) via integrin αIIbβ3. 

Activated platelets also provide a pro-coagulant surface for the generation of 

thrombin through the coagulation cascade. Thrombin further activates platelets 

and mediates the conversion of fibrinogen to fibrin, resulting in fibrin mesh, 
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which makes up the bulk of the growing thrombus and occludes the wound, 

preventing further blood loss.  

(f) Clot retraction: Further stabilization of the thrombus is brought about by the 

active process of clot retraction, which is mediated by the contraction of the actin 

cytoskeleton via fibrin/fibrinogen-bound αIIbβ3. Therefore, as a result of platelet 

contractile force on the fibrin network, the formed clot will compact on itself and 

hence reduce its total volume. This mechanism is termed as clot retraction and its 

main physiological function is to clear the obstructed vessel for renewed blood 

flow. 
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Figure 1.2: Platelet activation: A schematic representation of the various stages of 

platelet activation including: tethering, integrin activation and stable adhesion, spreading 

and secretion, secretion and thrombus stability and clot retraction. 8  
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1.1.5   Other functions of platelets. 

Several roles of platelets other than in hemostasis have also been described. Platelets are 

involved in many processes ranging from fighting microbial infections and triggering 

inflammation to promoting tumor angiogenesis and metastasis 9-11. They also have been 

shown to be important to maintain vascular integrity and blood-lymph separation 

throughout life 12,13. Nevertheless, the primary physiological function of platelets is to act 

as essential mediators in maintaining homeostasis of the circulatory system by forming 

hemostatic thrombi that prevent blood loss and maintain vascular integrity 14-16. When 

there is vascular damage, exposure of the extracellular matrix recruits and activates 

platelets thereby leading to aggregation and formation of a fibrin-rich hemostatic plug at 

the injured site. However, platelets have not been designed to differentiate between a 

disrupted vessel wall within and the atherosclerotic disruption of a coronary artery. 

Dysregulated thrombus formation (thrombosis) causes blockage of blood vessels, leading 

to  ischemia. Thrombotic diseases such as heart attack and ischemic stroke, are a leading 

cause of mortality in the modern world.  

 

a) Atherosclerosis: in atherosclerosis, platelets facilitate the recruitment of inflammatory 

cells towards the lesion sites and release a plethora of inflammatory mediators, thereby 

enriching and boosting the inflammatory milieu. Platelets do so by interacting with 

endothelial cells, circulating leukocytes (monocytes, neutrophils, dendritic cells, T-cells) 

and progenitor cells. This crosstalk enforces leukocyte activation, adhesion and 

transmigration 17. Furthermore, platelets are known to function in innate host defense 

through the release of antimicrobial peptides and the expression of pattern recognition 
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receptors. In severe sepsis, platelets are able to trigger the formation of neutrophil 

extracellular traps (NETs), which bind and clear pathogens 18. The present antiplatelet 

therapies that target key pathways of platelet activation and aggregation therefore hold 

the potential to modulate platelet-derived immune functions by reducing cellular 

interactions of platelets with other immune components and by reducing the secretion of 

inflammatory proteins into the milieu. 

 

b) Inflammation: Thrombosis and inflammation as intricately linked. Although highly 

specialized for their role in hemostasis, platelets are also innate inflammatory cell, 

carrying inflammatory and antimicrobial activities. In addition, platelet derived 

microparticles modulate leukocyte adhesion/extravasation at the sites of inflammation by 

(i) inducing a proinflammatory, proadhesive state in endothelial cells and leukocytes and 

(ii) providing a bridge between the endothelium and leukocytes. This enables the 

leukocytes to firmly attach to the vessel wall and finally transmigrate into the 

subendothelial tissue. In turn, inflammatory mediators such as TNF-a lead to an 

imbalance between the pro-coagulant and anti-coagulant properties of the endothelium, 

thereby affecting both platelet function and coagulation and thus thrombus formation. 19 

 

c) Antimicrobial host defense: Platelets upon stimulation deliver a diverse array of 

potent antimicrobial molecules at the sites on tissue injury or infection. These molecules 

are now known to include PMPs and kinocidins that exert direct antimicrobial effects and 

potentiate the antimicrobial mechanisms of leukocytes. Platelets express a number of 

chemotactic receptors such as CXCR, CCR, N-f-MLF towards different host or microbe 
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components, serving as positive chemo-attractants that guide platelets navigation toward 

sites of microbial infection. Antibody receptors such as FcγRIIa for Fc domains of 

antibody may promote platelet interaction with microorganisms or toxins thereof, 

yielding opsonization, neutralization, or antibody-dependent cell cytotoxicity (ADCC). 

Toxic oxygen metabolites such as superoxide, peroxide, are generated from activated 

platelets in response to microbial components, as well as host cell-derived inflammatory 

stimuli, antibody recognition, and soluble agonists (e.g., platelet activating factor). 

Platelets are known to release an array of proteins and peptides that exert direct 

antimicrobial activity, many of which are microbicidal chemokines (platelet factor 4, 

platelet basic protein, neutrophil activating peptide-2). 20 

 

d) Angiogenesis: Platelets contain a variety of biological regulators that include pro- and 

antiangiogenic compounds. Platelets are highly involved in triggering and regulating the 

angiogenic response by secreting factors such as vascular endothelial growth factor 

(VEGF), platelet-derived growth factor (PDGF), Fibroblast growth factors (FGF), 

Epidermal growth factor (EGF) 21. The overall affect of platelets is stimulatory on blood 

vessel development.  
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1.1.5   Platelet Receptors 

Platelets express a wide variety of surface receptors that regulate all aspects of platelet 

function. They can be divided into two broad groups based on their signaling pathways: 

and immunoglobulin-superfamily receptors, which activate platelets via tyrosine kinase 

pathway such as GPVI/ FcRγ, integrin αIIbβ3, FcγRIIA and CLEC-2. G-protein-coupled 

receptors (GPCRs) for e.g. Protease activated receptors (PARs), P2Y receptors and 

thromboxane prostanoid receptor (TP) 15,16 (Figure 1.3). 

 

(A) Tyrosine kinase-linked receptors 

The tyrosine kinase-linked pathway receptors falls into two main categories: (i) ITAM 

(immunoreceptor tyrosine-based activation motif)-containing receptors, such as the Fc 

receptor-γ chain (FcRγ) and FcγRIIA, which has the classic YXX(L/I)X6-12 YXX(L/I) 

with two tyrosine residues in its cytoplasmic domain. (ii) hemITAM-containing receptor, 

such as CLEC-2, which has only one tyrosine residue (YXX(L/I)) in its cytoplasmic 

domain 22,23. 

(1) Collagen receptor-GPVI 

Collagen, a sub-endothelial matrix protein, is a powerful activator of platelets through 

GPVI/ FcRγ. GPVI activates platelets through a tyrosine kinase-linked pathway resulting 

in activation of Syk and PLCγ2. PLCγ2 produces secondary mediators inositol-1,4,5-

trisphosphate (IP3) and 1,2-diacylglycerol (DAG), which in turn mediate a cellular 

increase in both Ca+2 and protein kinase C (PKC) activity. Ca+2 release from intracellular 

stores is mediated by IP3. This Ca+2 release stimulates extracellular Ca+2 entry through 

the CRAC (Ca+2-release-activated Ca+2) channel Orai-1 by binding to STIM1 which is 
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localized to the intracellular stores 24. PKCα has been shown to regulate secretion of both 

dense and α-granules in mouse platelets 25. There is also evidence for both activatory and 

inhibitory roles that are specific to other PKC isoforms 26,27. Additionally, DAG and Ca+2 

together regulate CALDEG-GEF1, a Rap1b GTP-exchange factor. Rap1b plays an 

important role in integrin αIIbβ3 activation 28.  

(2) Fibrinogen receptor-integrin αIIbβ3  

The major platelet integrin αIIbβ3 mediates platelet adhesion to vWF and platelet 

aggregation by cross-linking platelets through soluble fibrinogen, vWF and other 

adhesion proteins, including fibronectin and vitronectin. In resting platelets αIIbβ3 exists 

primarily in a ‘low-affinity’ state that undergoes a conformational change to a ‘high-

affinity’ state in response to agonist-induced inside-out signaling. Ligand-mediated 

clustering of αIIbβ3 triggers signaling cascade called as outside-in signaling, filopodia 

and lamellipodia formation, secretion, and clot retraction. αIIbβ3 is essential for 

aggregation as demonstrated by using specific blocking antibodies or platelets from 

patients that lack either subunit of the integrin, a condition known as Glanzmann’s 

thrombasthenia. Outside-in signaling through the integrin is similar to GPVI signaling 

and hence leads to further PLCγ2 activation though SFK and Syk activation, reinforcing 

platelet activation, and activation of myosin light chain (MLC) which plays a role in 

shape change, actin stress fiber formation and clot retraction. 
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(B) G protein-coupled receptors 

Platelets express a variety of GPCRs that play a central role in regulating platelet 

activation and inhibition. GPCRs signal in a different way to the tyrosine kinase-linked 

receptors described above. Some of the most important platelet activation receptors are: 

the thrombin protease-activated receptors (PAR)-1 and PAR-4; the ADP receptors P2Y1 

and P2Y12; and the thromboxane (TxA2) receptor, thromboxane prostanoid (TP). 

 

(1) Thrombin receptors- Protease activated receptors (PARs) 

The coagulation cascade generates thrombin (Factor IIa), which cleaves fibrinogen 

(Factor Ia) to form fibrin, forming a mesh like network entrapping blood cells and 

platelets and contributes a large part of the bulk of a thrombus. Thrombin can activate 

platelets through the PAR family of GPCRs that are linked to both Gαq and Gα12/13. 

Thrombin cleaves the N-terminus of the PAR receptors, exposing a tethered ligand. 

Human platelets express PAR-1 and PAR-4 isoforms of the receptor, while mouse 

platelets express PAR-3 and PAR-4 isoforms. The PAR-3 receptor does not directly 

signal but facilitates the interaction between thrombin and PAR-4 29-31. The Gq pathway is 

the main PAR-1 and PAR-4 activation pathway and leads to the activation of PLCβ and 

generation of IP3 and DAG, which in turn activate PKC and Ca+2 mobilization 

respectively. G12/13 activates p115Rho, a GTP exchange factor, which activates Rho and 

subsequently leads to activation of Rho Kinase, that regulates myosin light chain 

phosphatase, thereby playing a role in shape change and stress fiber formation. 
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(2) ADP receptors- P2Y1 and P2Y12 

ADP released from dense granules upon platelet activation acts as a feedback agonist, 

which signals through the P2Y1 and P2Y12 receptors. P2Y1 is coupled to Gαq while 

P2Y12 is coupled to Gαi classes of G proteins. Gq activates PLCβ, Ca+2 mobilization, and 

PKC activation, similar to PARs. On the other hand Gi inhibits the formation of cAMP 

through inhibition of adenylyl cyclase 28,32 and also activates PI3-Kinase, which 

phosphorylates inositol-lipids in the membrane to provide binding sites for the pleckstrin-

homology domains of PLCβ and γ isoforms and various other proteins such as Akt and 

Btk. The P2Y12 ADP receptor interacts synergistically with Gq signaling to mediate 

powerful platelet activation. Coactivation of P2Y1 and P2Y12 is necessary for normal 

ADP-induced platelet activation as inhibition of either receptor results in a marked 

decrease in platelet aggregation. Platelets also express an ATP receptor, P2X1, which is a 

Ca+2 ion channel. The physiological significance of P2X1 is uncertain due to its low 

expression level. 

 

(3) Thromboxane A2 receptor-TP 

TxA2 is a short-lived lipid mediator that is synthesized by activated platelets to amplify 

activation signals and recruit additional platelets to the site of thrombus formation. TxA2 

also acts as a potent vasoconstrictor. In activated platelets, TxA2 is generated from 

prostaglandin H2 (PGH2) by thromboxane-A synthase. Aspirin irreversibly inhibits 

platelet cyclooxygenase-1 (COX-1) that converts arachidonic acid (AA) into 

prostaglandin H2. TxA2 is lipid soluble and crosses the plasma membrane, exiting the 
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platelet and binding to the TP receptor on the surface of same platelet or other platelets in 

vicinity in an autocrine or paracrine manner respectively. The TP receptor couples to Gq 

and G12/13 similar to thrombin receptors.  

The importance of TxA2 as a positive feedback agonist is demonstrated by patients 

deficient in TxA2 production, which display a mild bleeding disorder and by the TP 

knock out mouse, which has prolonged bleeding time. TxA2 works synergistically with 

released ADP to amplify platelet activation signals.  
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Figure 1.3 : Major platelet receptors, their antagonists and inhibitor. 
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Figure 1.4 Outline of proximal signaling events regulating platelet functional 

responses. The GPVI receptor activates platelets via tyrosine kinase, Src, Syk-mediated 

activation of PLCγ2. GPCRs activates Gq pathways leading to PLCβ activation. Activated 

PLC converts lipids into DAG and IP3, resulting in activation of PKC sa and release of 

intracellular Calcium, which mediates secretion of dense granules containg ADP. Gi or Gz 

pathways activates PI3-Kinase-Akt-GSK3β pathway as well as results in inhibition of 

adenylyl cyclase, thereby reducing cAMP levels. 
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1.2     p-21 Activated Kinases (PAK) 

During the process of platelet activation, platelets undergo a dramatic change in shape 

from discs to small spheres with filopodial extensions and lamellipodial structures. This 

process is mediated by changes in the platelet actin cytoskeleton 33. An array of actin 

regulatory proteins such as small G proteins, Rho GTPases, play a role in regulating 

platelet morphology through the regulation of actin assembly and lamellipodia dynamics 

33,34. The Rho family GTPases, Cdc42 and Rac are molecular switches that control 

fundamental cellular processes in eukaryotic cells in response to a large number of 

extracellular stimuli. Among the best-characterized effectors of Cdc42 and Rac are the 

PAKs (p21-activated kinases), which were the first Rho family GTPase-regulated kinases 

to be identified 35.  

 

PAKs are a highly conserved group of serine/threonine protein kinases that serve as 

important mediators of Rac and Cdc42 function. The PAKs were initially identified in the 

screen for specific RhoGTPase (p21) binding partners in the rat brain cytosol 36. On the 

basis of biochemical and structural features the PAKs have been classified into two 

groups: PAK1, PAK2 and PAK3 have been assigned to group I, whereas PAK4, PAK5 

and PAK6 belong to group II 37,38. PAK1-3 kinases share a significant sequence 

homology in their catalytic domains to Ste20, a protein kinase from budding yeast 39-41. It 

has subsequently been determined that the genomes of all eukaryotes examined contain a 

large family of Ste20-related protein kinases 42. Most closely related in their catalytic 

domains to the mammalian PAKs 1–3 are the more recently discovered PAKs 4–6. 
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Although the latter have also been termed PAKs, PAKs 4–6 differ significantly in their 

structural organization and regulation from PAKs 1–3 37.  

 

1.1.2 PAK Structure 

The group I PAKs are characterized by an N-terminal regulatory region that includes a 

conserved PBD (p21-binding domain), which overlaps with an AID (auto-inhibitory 

domain), and a C-terminal kinase domain (Figure 1.5). The PBD, which is located in the 

N-terminal region of group I PAKs, consists of a GTPase-binding domain (CRIB-Cdc42 

and Rac Interactive binding), confers binding to active Cdc42 and Rac GTPases 43,44. The 

PBD overlaps, but is not coincident with an autoinhibitory segment that forms part of an 

“inhibitory switch” that controls the basal kinase activity of PAKs 1–3 45. Interposed 

between the N terminus and the kinase domain is an acidic (ED) residue–rich region of 

unknown significance. Additionally, a conserved binding site for the Gβγ subunit 

complex of heterotrimeric G proteins exists at the extreme C terminus 46,47. Other 

distinguishing features of the N-terminal region of group I PAKs include a canonical 

PXXP SH3 (Src homology 3)-binding motifs and a conserved non-classical SH3-binding 

site for the guanine-nucleotide-exchange factor PIX (PAK-interacting exchange factor) 

48. The first (most N-terminal) conserved SH3-binding site binds the adaptor protein Nck 

49, whereas the second site is able to bind to Grb2 (growth-factor-receptor-bound protein 

2) 50, suggesting that the group I PAKs can be recruited to the plasma membrane in a 

similar manner to a variety of other modular signal transduction proteins.  

PAK1 exists as a homodimer in solution and in cells 45,51, with the protein in a trans-

inhibited conformation where the N-terminal regulatory domain of one PAK1 molecule 
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binds and inhibits the C-terminal catalytic domain of the other. The dimerization 

interface overlaps the PBD/CRIB and inhibitory switch domains 45.  

 

The group II PAKs are structurally distinct from the group I PAKs, containing an N-

terminal PBD and a C-terminal kinase domain, but lacking other motifs found in PAK1, 

PAK2 and PAK3 (Figure 1.5). Structural data, as well as genetic and biochemical studies, 

have shown that the binding of group I PAKs to activated GTPases disrupts PAK 

dimerization and leads to a series of conformational changes which destabilize the folded 

structure of the AID, inducing its dissociation from the catalytic domain and allowing 

autophosphorylation that is required for full kinase activity 52-56. 
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Figure 1.5: Domain structure of the group I and II PAKs. The group I PAKs contain a 

conserved PBD that overlaps with an AID. Cdc42/Rac1 binding to the PBD rearranges 

the AID and releases it from the catalytic domain. The group II PAKs contain a PBD 

sequence that binds GTPases, but lacks the AID, although unrelated conserved sequences 

are present. All six PAKs have conserved proline-rich motifs. Percentage identities for 

PBDs and kinase domains are indicated, relative to PAK1 for group I and relative to 

PAK4 for group II.56 
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1.1.3 Activation mechanism. 

The structural data as well as genetic and biochemical studies support a model in which 

GTPase binding disrupts dimerization and leads to a series of conformational changes 

that destabilize the folded structure of the inhibitory switch domain, inducing its 

dissociation from the catalytic domain, and that rearrange the kinase active site into a 

catalytically competent state (Figure 1.6). All group I PAKs contain a threonine residue 

at the position corresponding to Thr423 in the activation loop of PAK1 (Thr 402 in PAK2). 

The phosphorylation of this residue is important for maintaining relief from auto-

inhibition and for full catalytic function toward its substrates 55. Autophosphorylation or 

exogenous phosphorylation of PAK at additional residues, including Ser144, Ser199 and 

Ser204, can also contribute to kinase activation and/or maintenance of kinase activity 52,55. 

Although Thr423 will autophosphorylate when PAK1 is activated in solution, there is 

evidence that this does not readily occur and that phosphorylation of this site by an 

exogenous kinase, such as PDK1, may be required for effective PAK activation in vivo 57.  

 

It has been argued that the binding of active GTPase does more than just relieve 

inhibitory constraints imposed on the catalytic domain by the inhibitory switch and may 

also act by an allosteric mechanism to promote autophosphorylation events necessary for 

full kinase activation 52,58,59. Additionally, since Rac and Cdc42 are membrane localized 

via their prenylated C terminus, the association of PAK with a GTPase positions it at the 

plasma membrane where sphingolipids and PDK1 reside, potentially stimulating 

activation. Once PAKs are activated by the binding of Rac or Cdc42 in vitro, the 

continued binding of the GTPase is not necessary for PAK kinase activity, and it has been 
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reported that active GTPase dissociates from the PAK3 complex once activation has 

occurred 35. 
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Figure 1.6: The mechanism of Group I and Group II PAK activation. (a) The group I 

PAKs are maintained in an inactive, autoinhibited dimeric complex comprising a kinase 

domain with a disordered activation loop (blue) and a GTPase-binding CRIB domain. 

The active GTPase binds the PAK1 CRIB–AID domain and removes the inhibition, thus 

enabling autophosphorylation and activation-loop ordering. When the phosphorylated 

kinase domain binds the substrate, it adopts a monomeric conformation. (b) The inactive 

conformation of group II PAKs remains unknown. The intermediary-active, 

phosphorylated group II PAK kinase domain remains in a monomeric, catalytically non-

productive conformation.60	  
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1.2.3    Functions of PAK 
 

The specific functions of PAK family members have been studied in other cells using 

gene knockout mice and loss-of-function experiments. Among Group1 PAKs, PAK1 and 

PAK3 null mice are viable, whereas PAK2 gene deletion results in embryonic lethality 

56,61, thereby emphasizing functional non-complementarity among PAKs. Although, 

PAK1 and PAK3 are predominantly expressed in the brain, PAK2 is expressed 

ubiquitously 60. Platelets are shown to express all of the three Group1 PAKs. However, 

among group II PAKs, only PAK4 was detected in the platelets 62. Either the other 

members of group II PAKs (PAK5 and PAK6) are not present in the platelets or the 

antibodies used lacked specificity and sensitivity, is debatable. Moreover, the effects of 

the functional loss of PAK isoforms on platelet functional responses have never been 

studied. 

 

PAKs function as dynamic control centers that transmit signals from upstream 

modulators, including G-protein-coupled receptors (GPCRs), integrin cell-adhesion 

complexes, growth factor receptors and bioactive lipids to various signaling cascades, 

which control crucial physiological functions. The dynamic interplay between PAKs and 

Rho GTPases, specifically Cdc42 and Rac1 dictates their pivotal roles in cell migration 

and cytoskeletal reorganization. The most well characterized function of the PAK 

proteins is the regulation of cytoskeletal organization, cell morphology and motility. The 

role of group I PAKs in mammalian MAPK signaling has also been extensively studied 

63,64, and it is well documented that group I PAKs activate MEK1, as well as Raf 63,65. 

PAK1 induces lamellipodia, filopodia and membrane-ruffle formation through signaling 
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modulators, such as mixed lineage kinase (MLK) and LIM domain kinase (LIMK), thus 

directing cell motility 60. Increasing evidence indicates that RhoGEFs might be the main 

regulators of PAKs, at least in cytoskeletal remodeling. Also, PAK-interactive-exchange 

factor (β-PIX), a GEF for Cdc42 and Rac1, is a well-established PAK1-interacting 

partner that mediates numerous cell-migration activities 56. PAK was shown to be 

required for endothelial cell motility and hence in the process of angiogenesis 66. PAKs 

also plays an important role in modulating ability of cancer cells to move and 

metastastize 67. A number of human breast cancer cell lines exhibit constitutively 

elevated PAK1 and PAK2 activity67. Therefore, PAK are being considered as the 

therapeutic drug targets to treat cancer. ` 

 

In platelets, PAK is activated during platelet spreading on a collagen-coated surface 68.  

As the cells adhere to and spread on substrates, PAKs are recruited to focal adhesions and 

the actin leading edge to orchestrate actin dynamics, lamellipodia formation, and cell 

motility. A number of PAK substrates, including the LIM domain kinase LIMK1 69, are 

thought to be the major contributors to the PAK-based regulation of actin dynamics 70. 

PAK2 was shown to be rapidly activated by thrombin in platelets 71. A recent study used 

IPA3 in platelets to inhibit PAK activity and have shown that platelets preincubated with 

10 µM IPA3 led to inhibition of thrombin-induced platelet aggregation and lamellipodia 

formation, indicating an important role of PAK in platelet physiological functions 33. 

PAK activity downstream of the platelet collagen receptor, GPVI, is necessary for 

platelet aggregation, secretion, and aggregate stability under physiological conditions of 

shear, suggesting PAK as a key regulator of platelet functions. Furthermore, it was also 
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reported that Cdc42/Rac1-dependent activation of the p21-activated kinase (PAK) 

regulates human platelet lamellipodia spreading through the cortical-actin binding protein 

cortactin 72.  Class II PAKs (PAK4/5/6) were also reported to be rapidly activated (within 

5 seconds) upon stimulation of platelets with thrombin. It was suggested in the same 

study that Rac1 activation in thrombin-stimulated platelets regulates rapid cofilin 

dephosphorylation (stimulates F-actin polymerization) leading to secretion and that this 

pathway is mediated through activation of Class II PAKs, but not PAK1/2 73.  
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CHAPTER 2 

MATERIALS AND METHODS 
 

 
Materials - Apyrase (type VII), 2MeSADP and Aspirin were obtained from Sigma 

(St.Louis, MO). ARC69931MX was a gift from AstraZeneca (Longhborough, UK). 

Apyrase (type VII), acetylsalicylic acid (ASA), YM-254890 was a gift from Yamanochi 

Pharmaceutical Co. Ltd (Ibaraki, Japan). AR-C69931MX was gift from Astra-Zeneca 

(Loughborough, UK). PF3758903 was a gift from Dr. Jonathan Chernoff, Fox Chase 

Cancer Center (Philadelphia, PA). LY294002 was from Biomol. Research Laboratories 

(Plymouth Meeting, PA). MRS 2179 and EHT 1864 were obtained from Sigma-Aldrich 

(St. Louis, MO). Whatmann protein nitrocellulose transfer membrane was obtained from 

Fisher Scientific (Pittsburg, PA), LI-COR Odyssey blocking buffer was purchased from 

LI-COR Biosciences (Lincoln, NE). Antibodies to phospho-Akt 308 (#4056) and 

phospho Akt 473 (#4058), phospho-PAK1/2 T423/T402 (#2601), total Akt mouse mAb 

(#2920), total Akt rabbit Ab (#9272) Akt1 (#2967), Akt2 (#5239) and Akt3 (#3788) were 

bought from Cell signaling Technology (Beverly, MA). Total Akt mouse mAb (sc-5298), 

total PAK (sc-166887), β3 integrin (sc-14009), GRB14 (sc-20755), agarose conjugated 

IgG (sc-2345) or AC-PAK antibodies (sc-881AC) were obtained from Santa Cruz 

Biotechnologies (Santa Cruz, CA). Antibody to FREUD-1 (A300-285A) is obtained from 

Bethyl Laboratories (Montgomery, TX). YM-254890 was a generous gift from 

Yamanouchi Pharmaceutical (Ibaraki, Japan). CHRONO-LUME were from Chronolog 

(Havertown, PA). Collagen-related peptide (CRP) was purchased from Dr. Richard 

Farndale. Pan-PKC inhibitor GF109203X and Go6976 was from Biomol (now ENZO 

Life Sciences Inc., Plymouth Meeting, PA). Protein A/G PLUS-agarose was from Santa 
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Cruz Biotechnology (Santa Cruz, CA, USA). Monoclonal phosphotyrosine antibody 

(clone 4G10) was purchased from Upstate Biotechnologies (Lake Placid, NY). IV.3 

antibody was purchased from Stem cell Technologies (Vancouver, Canada). Goat anti-

CLEC-2 antibody was obtained from R & D Systems (Minneapolis, MN). Goat anti-

mouse IgG (H+L) Dylight 680 and Donkey anti-Goat IgG (H+L) Dylight 800 secondary 

antibodies were from Thermo Scientific (Rockford, IL). Whatman protein nitrocellulose 

transfer membrane was obtained from Fisher Scientific (Pittsburg, PA), LI-COR Odyssey 

blocking buffer was purchased from LI-COR Biosciences (Lincoln, NE). Antibodies to 

phospho Akt (Ser473), beta-actin and beta 3 Integrin were bought from Cell signaling 

Technology (Beverly, MA), Total Akt and β3-integrin antibodies were obtained from 

Santa Cruz Biotechnologies (Santa Cruz, CA).  

 

Preparation of Human platelets - Blood was collected from informed healthy 

volunteers in to one-sixth volume of acid/citrate/dextrose (2.5g sodium citrate, 2 g 

glucose, and 1.5 g citric acid in 100 ml de-ionized water). Platelet rich plasma was 

obtained by centrifugation at 230g for 20 minutes at ambient temperature and incubated 

with 1mM aspirin for 30 minutes at 370C.Platelets were isolated from plasma by 

centrifugation at 980g for 10 minutes at ambient temperature and resuspended in 

Tyrode’s buffer pH 6.5 (138 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.42 mM NaH2PO4, 

5 mM glucose, 10 mM PIPES (pH6.5) containing 20 nM PGE1, 500 µM EGTA and 0.2 

U/ml apyrase,). Platelets were isolated from Tyrode’s buffer pH 6.5 by centrifugation at 

980g for 10 minutes and resuspended in Tyrode’s buffer, pH 7.4 (138 mM NaCl, 2.7 mM 

KCl, 2 mM MgCl2, 0.42 mM NaH2PO4, 5 mM glucose, 10 mM HEPES and 0.2 U/ml 
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apyrase, pH7.4). The platelet count was adjusted to 2-2.5 X 108/ml. Approval was 

obtained from the institutional review board of Temple University for these studies. 

Informed consent was provided prior to blood donation. 

 

Preparation of Murine Platelets - All mice were maintained in a specific pathogen-free 

facility, and animal procedures were carried out in accordance with institutional 

guidelines after the Temple University Animal Care and Use Committee (IACUC) 

approved the study protocol, or they were performed under UK Home Office Project 

license (PPL 40/2803). Fccer1g (FcRγ knock-out) or FcRγ-chain-deficient 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 onetenth volume of 

3.8% sodium citrate. Blood was spun at 100 g for 10 min, and the platelet rich plasma 

(PRP) was separated. Red blood cells were mixed with 400 µl of 3.8% sodium citrate and 

spun for a further 10 min at 100 g. Resulting platelet rich plasmas (PRPs) were 

combined, and 1 µM PGE1 added and centrifuged for 10 min at 400 x g. Platelet-poor 

plasma was removed, and the platelet pellet was resuspended in Tyrode’s buffer (pH 7.4) 

containing 0.2 units/ml apyrase. Platelet counts were determined using a Hemavet 950FS 

blood cell counter (Drew Scientific Inc., Dallas, TX). For aggregation studies, a density 

of 2 x 108 platelets/ml was used. 

 

Platelet Aggregation – Platelet aggregation was measured using a lumi-aggregometer 

(Chrono-Log, Havertown, PA) at 370C under stirring conditions. A 0.5 ml (for human 

platelets) or 0.25 ml (for murine platelets) sample of washed platelets was stimulated 
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with different agonists and change in light transmission was measured. Platelets were 

pre-incubated with different inhibitors where noted before agonist stimulation. The chart 

recorder (Kipp and Zonen, Bohemia, NY) was set for 0.2 mm/s. 

 

Measurement of intracellular Ca2+ mobilization – Platelet-rich plasma was incubated 

with 5 µM FURA-2/AM for 45 minutes at 37oC. Platelets were prepared as described 

above and fluorescence was measured in a Perkin-Elmer apparatus with excitation set at 

340 nm and emission set at 510 nm. Ca2+ concentration was calculated using 

kaleidagraph. 

 

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

agonist-dependent levels of αIIbβ3- activated receptor by PAC-1-FITC antibody and P-

selectin expression or alpha granule release by CD62P-PE 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 concentration of inhibitors for 5 min at 37 °C. Prior to the 

activation with agonist, an aliquot containing 10 µl of 106 platelets was gently mixed with 

90µl of antibody mixture and incubated for 30 min at 37 °C in the dark. Platelets were 

identified and gated according to the forward and side scatter signals. As control for 

immunolabeling, platelets were incubated with non-immuno-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 Caliber flow cytometer (BD Biosciences). 
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Preparation of platelet membrane fractions – Platelets (2 x 109 cells/ml) were 

stimulated with agonists in presence of inhibitors or antagonists/ vehicle and the reaction 

was stopped by addition of 2X Halt Protease and Phosphatase cocktail solution (Pierce, 

Rockford, IL) in Tyrode´s buffer and flash frozen. Platelets were lysed by 4 freeze/thaw 

cycles and then centrifuged at 1500g for 10 minutes at 4 oC to pellet unlysed cell.  

Supernatants were centrifuged at 100,000g for 30 minutes at 4 oC. The supernatant is a 

cytosolic fraction while the pellet is membrane and cytoskeleton fraction. The pellet was 

carefully rinsed with 0.9% saline and resuspended in 100 ml of 1% Triton X-100. 

Samples were then centrifuged at 15,000g for 10 minutes at 4 oC to pellet the 

cytoskeleton. The membrane-rich supernatant was collected and an equal volume of 2X 

sample buffer was added. Protein estimation was performed using the Pierce BCA 

Protein assay kit (Thermo Scientific, Rockford, IL). 10 µg of protein were run on SDS-

PAGE gel for separation and transferred to nitrocellulose membranes for specific 

immunoblotting. 

 

Western blot analysis - Platelets were stimulated with agonists in the presence of 

inhibitors or vehicles for the appropriate time under stirring conditions at 370C and the 

reaction was stopped by the addition of one-tenth volume of 6.6 N HClO4. The resulting 

protein precipitate was collected by centrifugation at 13000g for 4 minutes followed by a 

wash in 0.5 ml of deionized water. The protein was again pelleted by centrifugation at 

13000 g for 4 minutes. The protein pellets were solubilized in sample buffer containing 

0.1 M Tris base, 2% SDS, 1% (v/v) glycerol, 0.1% bromophenol blue, and 100 mM DTT 
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then boiled for 10 minutes. Proteins were resolved by SDS -PAGE and transferred to 

nitrocellulose membranes (Whatman Protran). Membranes were blocked with Odyssey 

blocking buffer for 1 hour at ambient temperature, incubated overnight at 4oC with the 

desired primary antibody and then washed 4 times with TBS-T. Membranes were then 

incubated with appropriate secondary infrared dye-labeled antibody for 60 minutes at 

room temperature and washed 4 times with TBS-T. Membranes were examined with a 

Li-Cor Odyssey infrared imaging system. 

 

Immunoprecipitation - Washed human platelets (1 X 109/mL) were stimulated with 

fucoidan (50 µg/mL). Reactions were terminated by adding equal volume of 2X NP-40 

lysis buffer (20 mM Tris-HCl, pH 7.6, 300 mM NaCl, 2 mM EGTA, 2 mM EDTA, 2% 

Nonidet P-40, 2 mM PMSF, 5 mM Na3VO4, 10 µg/ml leupeptin, 10 µg/ml aprotinin, 1 

µg/ml pepstatin). Cell debris was removed by centrifugation at 15,000 x g for 10 min. 

Antibodies against CLEC-2 (5 µg/mL) or control IgG were added to the resultant 

supernatant and incubated overnight with Protein A/G agarose beads. The beads were 

washed three times with lysis buffer. Precipitated proteins were separated by SDS-PAGE 

and western blotted with the 4G10 antibody and monoclonal CLEC-2 antibody. 

 

Statistical analysis - Each experiment was repeated at least 3 times. Results are 

expressed as means ± S.E.M. with number of observations n. Data was analyzed using 

Kaleidagraph software. Significant differences were determined using Student’s t-test. 

Differences were considered significant at P ≤ 0.05. 
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CHAPTER 3 
 

PAK-MEDIATED AKT TRANSLOCATION TO THE MEMBRANE: A NOVEL 
PIP3-INDEPENDENT MECHANISM IN PLATELETS 

 

 
INTRODUCTION 
 

Akt (also known as Protein kinase B- PKB) 74 is a 57 kDa serine /threonine kinase that 

contains a pleckstrin homology (PH) domain adjacent to a centrally located catalytic 

domain which is connected to a short C-terminal domain 75 . Akt is recruited to the 

membrane by the binding of its PH domain to the phosphatidylinositol (PI) 3-kinase 

products, phosphatidylinositol-3,4-bisphosphate (PtdIns[3,4]P2) and 

phosphatidylinositol-3,4,5-trisphosphate (PtdIns[3,4,5]P3) 76. At the membrane, Akt is 

phosphorylated at Thr308 by PDK1 and Ser473 by mTORC2 12,76-78. Forced membrane 

localization of Akt by the addition of a myristoylation motif at the amino terminus 

induces phosphorylation at both Thr308 and Ser473 79, indicating that membrane 

translocation is a crucial step for Akt activation. Although much is known about the 

translocation of Akt in other cell lines, the mechanism of Akt translocation to the 

membrane has never been studied in platelets.  

 

Human platelets express three Akt isoforms, Akt1, 2 and 3. Deletion of Akt1 in mice 

reduces platelet responses to collagen and thrombin in vitro and increases tail-bleeding 

time 80. Loss of Akt2 results in impaired responses to PAR4 agonist or ADP, but not 

collagen, and reduces thrombosis in arterial injury models 81. Akt regulates platelet 

secretion, probably subsequent to initial aggregation (second-wave secretion). The fact 

that the platelet function defects seen at low agonist concentrations in the absence of 
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Akt1 or Akt2 are overcome at higher agonist concentrations may suggest a primary 

defect in secretion, given the amplifying nature of platelet secretion on aggregation and 

fibrinogen binding 80,81. Consistent with this idea is the observation that platelets lacking 

Akt1 or Akt2 have defects in secretion of dense and α-granule contents. Akt contributes 

to phosphorylation of phosphodiesterase 3A (PDE3A), glycogen synthase kinase 3β 

(GSK3β) and possibly endothelial nitric oxide synthase (eNOS) and the β3 integrin tail in 

platelets 82. The relative roles of these substrates in regulating platelet activation are still 

undefined.  

 

Thrombin, generated at the site of vascular injury by extrinsic and intrinsic coagulation 

cascades, is an important agonist for platelet activation 83. Thrombin mediates its cellular 

effects primarily through G protein-coupled protease-activated receptors (PARs) 84. PARs 

couple to the Gq and G12/13 pathways 74  and activation of platelets by thrombin or PAR-

activating peptides causes Akt activation through secreted ADP 85,86. Secreted ADP 

activates the Gq-coupled P2Y1 receptor and the Gi-coupled P2Y12 receptor on platelets. 

Stimulation of platelets with thrombin results in Akt phosphorylation and the ADP 

receptor P2Y12 is responsible for this Akt phosphorylation 87. 

 

The p21-activated kinases (PAKs) are a family of serine/threonine kinases known to be 

downstream effectors of Cdc42 and Rac 35,88. Binding of Cdc42-GTP and Rac-GTP to the 

CRIB (Cdc42/Rac Interactive Binding) domain of PAK and autophosphorylation of 

serine/threonine residues in the regulatory domain leads to the opening of the molecule, 

transphosphorylation of threonine 423 in PAK1 or threonine 402 in PAK2 89-91. PAKs are 
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the key regulators of actin polymerization and cell migration 38 and are classified into two 

groups based on structural differences. Human platelets have been shown to express both 

group I (PAK1, PAK2, PAK3) and group II PAKs (PAK4) 92. In thrombin-activated 

platelets, PAK is rapidly activated and plays a primary role in extensive cytoskeleton 

reorganization 71,72. It has been reported that the PAK signaling system plays an 

important role in activation of MEK/ERK, platelet spreading and aggregation in 

thrombin-stimulated platelets 93. PAK is reported to interact with numerous proteins 

including Akt, PDK1 and PI3-kinase in different cell lines 57,94,95. PAK’s function as a 

scaffolding protein expands the role of this protein in cellular functions. Although PAK is 

known to have non-catalytic scaffolding functions and is shown to associate and 

translocate Akt in other cell systems 94, the mechanisms of its activation and the 

scaffolding role in platelet functions are not clearly defined. We hypothesized that PAK 

acts as a scaffolding protein and plays a role in Akt translocation in Gq-activated 

platelets. 

 

In this study, we investigated the molecular mechanisms of the quantitative differences in 

Akt phosphorylation by ADP and thrombin. We show that Akt is translocated to the 

membrane in a Gq-dependent mechanism that is independent of PIP3 formation. We have 

identified a possible scaffolding role of PAK in the translocation of Akt to the membrane 

in platelets. We show, for the first time, the constitutive association between PAK and 

Akt, and a novel PIP3-independent translocation mechanism for Akt downstream of Gq 

pathway in platelets.  
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RESULTS: 

PAR agonists induce more robust Akt phosphorylation and membrane 

translocation than ADP in platelets: 

In platelets, Akt phosphorylation is known to depend on Gi stimulation by secreted ADP 

87. However, thrombin receptor agonists cause more robust Akt phosphorylation than 

ADP in both human (Figure 3.1A) and murine platelets (Figure 3.1B), although ADP is 

known to activate PI3-kinase and is required for thrombin-induced Akt phosphorylation. 

The reason for this robust phosphorylation is not clear and we investigated the 

mechanism of such robust phosphorylation by thrombin receptor agonists.  

 

Activation of Akt by extracellular stimuli is a multi-step process involving its 

translocation and phosphorylation.  Hence, we investigated whether there are differences 

in the kinetics of translocation of Akt by thrombin and ADP that could account for the 

differences in its phosphorylation. We stimulated washed human platelets at 37 oC under 

stirring conditions in an aggregometer, with AYPGKF, a PAR4 agonist, or 2MeSADP, an 

ADP receptor agonist, and analyzed membrane fractions. Figure 3.1C (human platelets) 

and 3.1D (murine platelets) shows that there is more Akt translocated to the membrane, 

as well as more Akt phosphorylation in membrane fractions, upon stimulation with 

AYPGKF as compared to 2MeSADP. The stimulation of platelets with different 

concentrations of 2MeSADP and AYPGKF shows that there is less Akt phosphorylation 

in whole cell lysates (Figure 3.1E) and translocation to the membrane (Figure 3.1F) at 

almost all concentrations of 2MeSADP. However, only at the lowest concentration of 

AYPGKF (50 µM), there is no Akt phosphorylation. 
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Figure 3.1: PAR agonist causes a more robust Akt phosphorylation and 

translocation in platelets than ADP: A) Washed human platelets and B) murine 

platelets, were stimulated with 2MeSADP (100 nM) and AYPGKF (500 µM) for 2 

minutes and phosphorylation of Serine 473 residue on Akt is evaluated by western blot 

analysis of whole cell lysates. Densitometric analysis of the western blot shows the 

percent of phosphorylated Akt S473, normalized to β-actin. Phosphorylation (Serine 473) 

and translocation of Akt evaluated by western blot and densitometric analysis of 

membrane fractions prepared by ultracentrifugation of human (C) or mouse (D) 

stimulated either with 100 nM 2MeSADP or 500 µM AYPGKF. β3-integrin was used as 

lane loading control as well as a membrane marker. Western blot showing Akt 

phosphorylation and translocation in E) whole cell lysate and F) platelet membrane 

fractions, when human platelets are stimulated with different concentrations of 

2MeSADP (30, 50 and 100 nM) or AYPGKF (50, 100, 250, and 500 µM) for 2 minutes 

in an aggregometer. All the three bands of total Akt correspond to 3 Akt isoforms as the 

total antibody detects all three. Densitometric analysis represented as percent of phospho-

Akt S473 normalized to β-actin or Akt translocated to the membrane normalized with β3-

integrin at different concentrations of 2MeSADP and AYPGKF. Western blot analysis 

shown is a representative of three independent experiments using anti-Akt mouse mAb 

(Cell Signaling).  
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Also, the lowest concentration of AYPGKF induces similar amount of translocation as 

does highest concentration of 2MeSADP, and shows a robust increase with increasing 

concentration of AYPGKF.  

 

In order to determine the kinetics of Akt translocation downstream of P2Y receptors and 

PAR receptors, we stimulated washed human platelets with 2MeSADP (Figure 3.2A) or 

thrombin-receptor activation peptides, AYPGKF (Figure 3.2B) or SFLLRN (Figure 

3.2C); and evaluated the translocation and phosphorylation of Akt to the membranes. As 

observed in Figure 2, there was a rapid increase in Akt translocation upon stimulation 

with all the agonists, as early as 30 seconds after stimulation, but the level of 

phosphorylation at Ser473 and Thr308 on Akt increased at approximately 2 minutes. 

Together, all these results suggest that PAR agonists induce more Akt translocation to the 

membrane in platelets than ADP and that Akt translocation is an early event with similar 

kinetics of translocation downstream of PARs and ADP receptors. We also compared the 

levels of Akt in cytosolic and membrane fractions upon stimulation with AYPGKF (data 

not shown), and observed that the levels of Akt decreases slightly with increase in time in 

cytosolic fraction but increases in the membrane fractions. We believe that there are 

different pools of Akt and only a fraction of Akt gets translocated to the membrane upon 

stimulation. 

There are three isoforms of Akt (Akt1, Akt2, and Akt3) expressed in human platelets and 

each have different substrate specificity and activity 78,96. As shown in the Figure 3.2D, 

all three isoforms of Akt expressed in the platelets translocate to the membrane upon 

PAR4 stimulation. 
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Figure 3.2: PAR agonist induces translocation and phosphorylation of Akt in 

platelets: Washed human platelets were stimulated with A) 2MeSADP (100 nM), B) 

AYPGKF (500 µM) for different time periods. Akt translocation and phosphorylation 

(Ser473 and Thr308) were evaluated by subjecting platelet membrane fractions SDS-

PAGE. β3-integrin was used as lane loading control. Washed human platelets were 

stimulated with C) SFLLRN (5 µM), for different time periods. Akt translocation and 

phosphorylation (Ser473 and Thr308) were evaluated by subjecting platelet membrane 

fractions SDS-PAGE. β3-integrin was used as lane loading control. D) Membrane 

fractions from platelets stimulated with AYPGKF were probed with anti-Akt isoform-

specific antibodies. The Western blot analysis shown is a representative of three 

independent experiments using anti-Akt mouse monoclonal antibody (Santa Cruz).  
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Contribution of Gq signaling to Akt translocation in platelets: 

It is known that PAR receptors are coupled to Gq and G12/13 pathways 74. We thus 

examined whether the Gq or G12/13 pathway regulates Akt translocation. We analyzed the 

role of the Gq pathway in Akt translocation by using YM-254890, a Gq selective 

inhibitor. Platelet membrane fractions revealed that, both translocation and 

phosphorylation were abolished in the presence of YM-254890 (Figure 3A), suggesting 

that Gq pathway plays an important role in Akt translocation. We confirmed these results 

by using Gq knockout mice. Consistent with the human platelet data, Akt translocation 

was abolished in Gq knockout murine platelets stimulated with AYPGKF in contrast to 

that of wild-type littermates (Figure 3B). These results thus suggest that the Gq pathway 

downstream of PARs is essential for translocation of Akt in platelets. It also suggested 

that G12/13 pathway does not play any role in Akt translocation, because in the absence of 

Gq, G12/13 by itself could not cause Akt translocation.  

 

Because the ADP receptor P2Y1 is also coupled to Gq, we analyzed the role of Gq in the 

Akt translocation upon stimulation with 2MeSADP. As shown in the Figure 3C, YM-

254890 did not affect the Akt translocation induced by 2MeSADP. This suggests that Gq 

does not play an important role in the Akt translocation downstream of ADP receptors.  
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Figure 3.3: Contribution of Gq signaling to Akt translocation in human and murine 

platelets: A) Washed human platelets were stimulated with AYPGKF (500 µM) in the 

presence or absence of 50 nM YM254890, a Gq inhibitor and the effect on Akt 

translocation and phosphorylation (Ser473 and Thr308) were evaluated by using western 

blot analysis of platelet membrane fractions using anti-Akt mouse mAb (Santa Cruz). β3-

integrin was used as lane loading control. B) Washed wild-type and Gαq-deficient murine 

platelets were stimulated at 37 °C for 2 min with AYPGKF (500 µM). Equal amounts of 

proteins from membrane fractions were analyzed for Akt translocation by Western blot 

analysis using anti-Akt rabbit polyAb (Cell Signaling). C) Washed human platelets were 

stimulated with 2MeSADP (100 nM) in the presence or absence of 50 nM YM254890 

and the effect on Akt translocation and phosphorylation (Ser473 and Thr308) were 

evaluated by using western blot analysis of platelet membrane fractions using anti-Akt 

mouse mAb (Santa Cruz). The Western analysis shown is a representative of three 

independent experiments.  
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PI3-kinase activity is not required for Akt translocation in platelets: 

 

It has been shown that Akt phosphorylation requires signaling events downstream of Gi 

activation, involving PI3-kinase 87. In addition, it was proposed that Akt translocates to 

the plasma membrane by binding to PIP3 generated by PI3-kinase 76. However, the role of 

PI3-kinase and the Gi pathway in Akt translocation has not been studied in platelets. 

Thus, we examined the role of PI3-kinase and Gi pathway in Akt translocation by using 

pharmacological and genetic approaches. We hypothesized that PI3-kinase is not required 

for Akt translocation downstream of PARs but is essential for its phosphorylation. 

Immunoblot analysis of membrane preparations from platelets stimulated with either 

PAR-4 agonist AYPGKF (Figure 4A) or PAR-1 agonist, SFLLRN (Figure 4B), in the 

presence of pan-PI3-kinase inhibitor, LY294002, showed complete inhibition of Akt 

phosphorylation, but failed to affect translocation of Akt to the membrane. However, 

2MeSADP-induced Akt translocation was significantly inhibited in the presence of 

LY294002 (Figure 4C). Similar results were obtained with 100 nM Wortmannin, another 

pan-PI3-kinase inhibitor (data not shown). This suggests that PI3-kinase is essential for 

Akt translocation downstream of ADP receptor but not PAR receptors.  

 

To support our hypothesis that PAR receptors can induce Akt translocation independently 

of the Gi signaling pathway, we used the Gi -coupled P2Y12 receptor antagonist AR-

C69931MX and stimulated platelets with AYPGKF (Figure 4D). In the presence of AR-

C69931MX, the phosphorylation of Akt was abolished, but translocation of Akt was not 

affected. We further confirmed the PI3-kinase activity/ Gi -independent Akt translocation 
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downstream of PAR receptors by using P2Y12 knockout murine platelets. Consistent with 

the human data, Akt translocation was unperturbed in P2Y12 knockout murine platelets 

stimulated with AYPGKF whereas, phosphorylation of Akt was abolished as compared to 

wild type murine platelets (Figure 4E). This suggests that Gi does not play a major role in 

Akt translocation. However Gi activation is necessary for Akt phosphorylation as shown 

previously 87. Together these results strongly suggest that Akt translocation occurs 

independently of PI3-kinase activity and the Gi signaling pathway downstream of PAR 

receptors. 

 

Evaluation of scaffolding proteins in Akt translocation to the membrane:  

In order to elucidate the mechanism through which Akt is translocated to the membrane 

in a PIP3-independent manner, we examined the membrane translocation of three 

different Akt scaffolding proteins, FREUD1, PAK and GRB14 94,97,98. Among the three 

proteins, only PAK is translocated to the membrane in platelets stimulated with 

AYPGKF. Although FREUD1 and GRB14 are expressed in platelets, they did not 

translocate to the membrane (Figure 3.5).  
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Figure 3.4: Effect of PI3-kinase activity/ Gi pathway on Akt translocation in human 

and murine platelets: Washed human platelets were stimulated with A) AYPGKF (500 

µM) and B) SFLLRN (5 µM) in the absence or presence of LY294002 (25 µM) (pan-PI3-

kinase inhibitor). The effects of inhibitor/ antagonist on Akt translocation and 

phosphorylation were determined by western blot analysis. The data shown are 

representative of three experiments. D) Washed human platelets were stimulated with 

AYPGKF (500 µM) in presence or absence of ARC69931MX (100 nM) (P2Y12 

antagonist). The effects of inhibitor/ antagonist on Akt translocation and phosphorylation 

were determined by western blot analysis. The data shown are representative of three 

experiments. E) Washed wild- type and P2Y12-deficient murine platelets were stimulated 

at 37 °C for 2 min with AYPGKF (500 µM). The Western blot analysis shown is a 

representative of three independent experiments. 
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Figure 3.5: Membrane translocation of proteins known to associate with Akt: 

Washed human platelets were stimulated with AYPGKF (500 µM) for 0 to 2 min and the 

reaction was stopped using 2X inhibitor solution. Translocation of scaffolding proteins 

such as GRB14, FREUD1 and PAK were evaluated by using western blot analysis. 

Cytosolic and membrane fractions were separated and protein samples were separated by 

SDS-PAGE, transferred onto nitrocellulose membrane and probed for anti-FREUD1, 

anti-GRB14 and anti-α PAK.  β3-integrin was used as lane loading control. The Western 

blot analysis shown is a representative of three independent experiments.  
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PAR-mediated Gq signaling plays a role in PAK translocation to the membrane: 

The time course of PAK translocation and phosphorylation was then followed in 

AYPGKF-activated platelets (Figure 3.6A). The kinetics of PAK translocation and 

phosphorylation correlate with that of Akt which suggests that PAK may play a role in 

translocation of Akt to the membrane downstream of PAR receptors. Considering that 

Akt translocation by PAR agonists is mediated through the Gq pathway, we investigated 

whether the Gq pathway regulates PAK translocation also. We observed that the 

translocation of PAK was abolished in presence of YM254890, indicating that Gq plays a 

role in PAK translocation (Figure 3.6B). It also indicates that G12/13 is not necessary for 

PAK translocation. These results suggest that translocation of both PAK and Akt is 

mediated through a similar Gq -dependent pathways downstream of PAR receptors.  

 

PAK interaction with Akt facilitates membrane translocation of Akt: 

Recent studies have reported that PAK plays a central role in thrombin-mediated platelet 

activation and platelet physiological functions 92.  In NIH 3T3 cells, it has been 

demonstrated that PAK regulates the efficiency, localization and specificity of the PDK1-

Akt pathway by acting as a scaffolding protein for Akt 94. Although the 

relationshipbetween PAK and Akt has been reported previously in other cell lines, it was 

never studied in platelets. We investigated whether PAK binds to Akt in AYPGKF-

stimulated human platelets. We found that Akt co-immunoprecipitated with PAK in both 

unstimulated as well as AYPGKF-stimulated whole cell lysates (Figure 3.7A), 

suggesting, for the first time, that Akt constitutively associates with PAK in the human 

platelets.  
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In order to elucidate the role of PAK in Akt translocation, platelets were treated with the 

PAK inhibitor, PF3758903 92. The translocation of Akt, as well as PAK, was intact in the 

presence of the PAK inhibitor (Figure 3.7 D). This suggests that the kinase activity of 

PAK is not required for Akt translocation as the inhibitor inhibits only the kinase activity 

but not the scaffolding function of PAK. We further analyzed Akt translocation in 

platelets derived from the PAK1-deficient mice. Membrane fractions obtained from 

murine platelets stimulated with AYPGKF shows that Akt translocation, as well as 

phosphorylation, is unaffected in PAK1-deficient platelets as compared to the wild type 

(Figure 3.7B).  This suggests that PAK1 is the isoform regulating Akt translocation or 

that there is redundancy with other PAK isoforms present in platelets.  

Since, it was shown earlier that PAK interacts with GTP-bound Rac1 localized in 

membranes of thrombin-stimulated platelets 93,99, we investigated the role of Rac1 in 

PAK-Akt translocation. We incubated platelets with Rac1 inhibitor, EHT1864 100 and 

stimulated with AYPGKF. As shown in the Figure 3.7 C, the translocation of PAK and 

Akt was significantly inhibited but not completely abolished in the presence of 50 µM 

EHT1864, suggesting that Rac1 might play an important role in the PAK translocation. 
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Figure 3.6: Role of Gq signaling pathways in PAK translocation in response to 

AYPGKF in human platelets: A) Washed, human platelets were stimulated with 

AYPGKF (500 µM) for different time periods. Translocation and phosphorylation of 

PAK were evaluated by subjecting platelet membrane fractions to SDS-PAGE analysis. 

β3-integrin was used as lane loading control. B) Washed human platelets were stimulated 

with AYPGKF (500 µM) in the presence and absence of 50 nM YM254890 and the 

effect on PAK translocation and phosphorylation were evaluated using western blot 

analysis of platelet membrane fractions. β3-integrin was used as lane loading control. The 

Western blot analyses shown are representative of three independent experiments. 
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D) 

 

 

Figure 3.7: Role of PAK in Akt translocation. A) PAK and Akt association in 

human platelets: Washed human platelets were stimulated for 1 minute at 37oC with 500 

µM AYPGKF. Platelet lysates were immunoprecipitated with agarose-conjugated PAK 

IgG1 mouse monoclonal antibody and samples probed for co-immunoprecipitating Akt 

using anti-Akt rabbit polyAb (Cell Signaling). B) PAK1 knockout murine platelets were 

stimulated with 500 µM AYPGKF and membrane fractions were subjected to SDS-

PAGE. Western blots were then probed for anti-Akt, anti-phospho S473 Akt and anti-

PAK1 antibodies. β3-integrin was used as lane loading control. Washed human platelets 

were stimulated with AYPGKF (500 µM) in the presence and absence of 10µM C) 

EHT1864 (50µM) or D) PF3758903 (10 µM), a PAK inhibitor and the effect on PAK 

translocation and phosphorylation were evaluated by western blot analysis of platelet 

membrane fractions.  The Western blot analysis shown is a representative of three 

independent experiments. 
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DISCUSSION: 

Akt has been shown to be activated by various agonists including ADP, epinephrine and 

thrombin in platelets 81,85,101,102. Previous studies from our lab have shown that thrombin 

and thrombin receptor-activating peptides require Gi stimulation through secreted ADP to 

cause Akt phosphorylation 86,87. Although ADP-dependent Gi activation is required for 

Akt phosphorylation by both PARs and P2Y12 receptors, it was observed that 2MeS ADP 

induces less Akt phosphorylation than thrombin or thrombin receptor-activating peptides 

in platelets. Hence, it is conceivable that there might be some potentiating contribution of 

G-protein signaling downstream of PARs to Akt phosphorylation. Akt activation involves 

two steps: translocation to the membrane and subsequent phosphorylation by PDK1 and 

mTORC2 77,78. We hypothesize that the enhanced Akt phosphorylation by PARs could be 

through a difference in Akt translocation. In particular, we have focused on the 

potentiating effect of Gq and G12/13 pathways on the Akt translocation to the membrane 

downstream of PAR receptors.  

 

In support of our hypothesis we observed that AYPGKF caused more Akt translocation 

to the membrane compared to 2MeS ADP, which could account for the differences in the 

extent of phosphorylation by these two agonists. Indeed, the lowest concentration of 

AYPGKF caused similar translocation and phosphorylation of Akt as the highest 

concentration of 2MeS ADP. We also show that the translocation of Akt upon PAR-4 or 

PAR-1 stimulation follows the similar kinetics and shows no difference. The 

translocation of Akt to the membrane occurs rapidly, as early as 30 seconds, while the 

phosphorylation occurs at a later time point of 2 minutes, indicating the importance of 
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Akt translocation as an essential step for its activation. The blocking of the Gq pathway 

by using YM-254890, or in Gq null mice platelets, completely abolished AYPGKF-

induced Akt translocation. However, in presence of a P2Y12 antagonist or in P2Y12 null 

platelets, AYPGKF-induced translocation of Akt was unaffected. These results suggest 

that the Gq pathway is important for Akt translocation. This also indicates that G12/13 does 

not play any role in Akt translocation upon PAR receptor stimulation. In contrast, the Gq-

coupled P2Y1 ADP receptor is not essential for Akt translocation, since the inhibition of 

Gq downstream of 2MeS ADP stimulation failed to inhibit the Akt translocation. This 

may be due to a Gi/PI3-kinase-dependent Akt translocation downstream of the P2Y12 

receptor. Furthermore, PAR-mediated Akt translocation occurs primarily through Gq 

pathways although secreted ADP could contribute to Akt translocation through PI3-

Kinase-dependent manner to a minor extent. Thus, the increased phosphorylation of Akt 

upon PAR activation is due to the higher potency of PAR agonists to activate Gq (stronger 

Gq signaling downstream of PARs as compared to P2Y1), resulting in more recruitment 

of Akt to the membrane. The delay in Akt phosphorylation vs. Akt translocation can be 

explained by the fact that Akt translocation requires Gq pathway, which is the primary 

pathway. However, the phosphorylation requires secondary mediator, secreted ADP-

mediated Gi pathways. Hence, there is a lag between the translocation and 

phosphorylation.  

 

Earlier studies in other cell lines and in vitro assays showed that Akt, via its pleckstrin 

homology (PH) domain, binds to the phospholipid PIP3 103,104. Generation of PIP3 by PI3-

kinase in response to receptor activation results in the Akt-PH domain binding to PIP3, 
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and Akt recruitment to the membrane 103-105. This membrane translocation is thought to 

cause a conformational change in Akt, allowing its phosphorylation and subsequent 

activation 105-108. In platelets, it is well known that Akt is phosphorylated downstream of 

the Gi pathway in a PI3-kinase dependent manner 87. It was also suggested that Akt 

translocation is PI3-kinase dependent. It was shown that Akt phosphorylation, in 

response to thrombin and thrombin-related peptides in platelets, is through secreted ADP, 

that activates PI3-kinase downstream of the P2Y12 receptor 85-87. This may explain the 

delay in phosphorylation of Akt by PAR agonists but the inhibition of PI3-kinase did not 

affect Akt translocation.  This result challenges the established paradigm that the PI3-

kinase product, PIP3, is required for Akt translocation. Thus, we suggest that although 

translocation events are regulated by the Gq pathway downstream of PAR receptors, Gi 

signaling mediates the Akt phosphorylation events in platelets, as established in our 

previous studies 87. In contrast, PI3-kinase is important for the Akt translocation 

downstream of the ADP receptors. However, we believe that both Gq- and Gi/PI3-kinase-

dependent pathways contribute to the Akt translocation downstream of the ADP 

receptors, because inhibition of PI3-kinase could not abolish ADP-induced Akt 

translocation completely.  

 

In order to elucidate the mechanism by which Akt translocates to the membrane 

downstream of the Gq pathway, we probed for scaffolding proteins that are known to 

associate with Akt in different cells, such as FREUD1, GRB14 and PAK 94,97,98. Of the 

three proteins, only p21-activation kinase (PAK) translocates to the membrane in a Gq-

dependent manner, suggesting a possible role of PAK in mediating Akt translocation by 
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Gq-dependent pathways. PAK is the well-known downstream effector of the small 

GTPases, Rac1 and CDC42. In cultured cells, binding of activated GTP-bound 

Rac1/Cdc42 to the CRIB domain of PAK recruits PAK to the cellular membrane where 

these GTPases are localized. PAK is also activated downstream of Rac1 and CDC42 in 

platelets stimulated with different agonists 72,92 PAK plays an important role in platelet 

filopodia and lamellipodia formation as well as platelet aggregation, secretion and 

thrombus formation 72,92,93. In NIH3T3 cell, a previously unrecognized function of PAK 

was demonstrated, i.e. PAK was shown to be a scaffolding protein that mediates the 

translocation of Akt to the membrane 94. These scaffolding functions account for the 

kinase-independent role of PAK. Other aspects of the close relationships between PAK 

and Akt have been demonstrated previously. For example, Akt phosphorylates and 

moderately activates PAK1, resulting in PAK1 dissociation from Nck and focal 

adhesions 109. Therefore, it was suggested that the activation process is bidirectional and 

there may be a positive feedback loop between PAK and Akt.  

 

Evidence shown in this study suggests a possible role of PAK in Akt translocation. First, 

there is constitutive association between PAK and Akt in human platelets. Second, the 

kinetics of Akt and PAK translocation downstream of the Gq pathway to the membrane 

are similar. Hence, we suggest a possible role of PAK as a scaffold protein for Akt, 

mediating its translocation downstream of the Gq pathway in a novel PIP3-independent 

manner. PAK1 knockout murine platelets showed similar levels of translocation of Akt as 

wild type, suggesting that other isoforms of PAK might take over the function of PAK1 

in its absence. Unfortunately, PAK2 knockout mice die early in embryogenesis due to 
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multiple developmental abnormalities and hence we could not evaluate the role of PAK2. 

Furthermore, it is possible that PAK1 or even PAK3 might take over the function of 

PAK2 in PAK2-null mice. In addition, the PAK inhibitor could not abolish the Akt 

translocation, as the inhibitors will inhibit only the kinase activity of PAK, but not its 

kinase-independent scaffolding function. It was also of interest to address how PAK 

translocates to the membrane in platelets. It was shown earlier that PAK interacts with 

GTP-bound Rac1 localized in membranes of thrombin-stimulated platelets 93,99.  We also 

show that Rac1 plays a major role in PAK translocation using a Rac1 inhibitor, however 

the nonspecific effects of this inhibitor could not be ruled out.  In addition, the 

possibilities of other mechanisms of PAK translocation remain to be investigated. One 

possibility could be due to the presence of Gβγ-binding domain in PAK, which can 

interact with Gβγ subunit of activated GPCRs 110. It will be also interesting to see which 

Akt isoform interacts with PAK or which PAK isoform interacts with Akt by using 

isoform-specific immune-precipitation antibodies. The technique used in this study to 

separate membrane fractions does not distinguish the different types of membrane (i.e. 

plasma membrane or organelle membranes). Thus it will of future interest to isolate 

specific membrane fractions from the platelets in order to identify the exact location of 

the PAK-Akt complex.  

 

In conclusion, as outlined in Figure 3.8, we demonstrate that Gq, but not Gi, signaling is 

essential for Akt translocation by thrombin and thrombin receptor-activating peptides in 

platelets. We also showed for the first time a novel PIP3-independent Akt translocation 

mechanism downstream of Gq in platelets. Furthermore, we have shown that PAK and 
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Akt are constitutively associated, suggesting that this complex translocates to the 

membrane upon stimulation of PAR receptors and that this event might be essential for 

Gq-mediated Akt translocation in platelets. 
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Significance:  

This study will help us understand the mechanism of activation of Akt and hence the 

regulation of Akt activity in platelets. It will help us reveal more about the complexities 

of Akt activation in platelets and how Akt pathways may be dysregulated in disease 

states. In particular, whether aberrant signaling due to variant forms of Akt, PI3Ks or 

their regulators contribute to thrombophilia or hemostatic defects is a question only 

beginning to be addressed using genome-wide association studies in large patient 

populations. Future research is also expected to address whether activation of Akt 

pathways contributes to platelet hyperactivity and thrombophilia associated with 

conditions such as diabetes. Whether any of the three Akt isoforms is a preferential target 

for antithrombotic therapeutics and whether they play any unique roles in signaling of 

human platelets remains to be determined. Both the list of upstream Akt regulatory 

pathways and downstream effectors in platelets remain incomplete. Of note, several 

investigators have noted that there is evidence for PI3K-independent signaling to Akt in 

platelets 81,101,111. This pathway is, to date, uncharacterized. It is also unclear to what 

extent the possible effectors GSK3β, eNOS, or the β3 tail contribute to the positive role 

of Akt in platelet aggregation and thrombosis, or whether other currently uncharacterized 

effectors may play important roles. Clearer understanding of these pathways regulating 

Akt activation and its downstream targets will allow us to develop better inhibitors for 

therapeutic intervention in patients suffering from acute coronary syndrome and other 

prothrombotic complications, and to limit bleeding episodes and other side effects. 
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Figure 3.8: Proposed model depicting PAK mediated Akt translocation to the 

membrane downstream of Gq pathway in platelets: Activation of Gq pathway results 

in translocation of PAK-Akt complex to the membrane via interaction of PAK with 

membrane localized Rac1, in a novel PIP3-independent mechanism. Akt upon 

translocation is phosphorylated by PDK1 and mTORC2 by Gi pathway through secreted 

ADP.  
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CHAPTER 4 

 
IPA3 NON-SPECIFICALLY ENHANCES PHOSPHORYLATION OF SEVERAL 

PROTEINS IN HUMAN PLATELETS 
 

INTRODUCTION: 

Protein kinases have attracted much attention as therapeutic targets in platelets due to 

their functional role and their compliancy to small-molecule inhibition. Kinases 

frequently contain autoregulatory domains that modulate kinase location and/or catalytic 

activity, and these domains may offer selective targets for allosteric kinase inhibition 112-

115. However, the specificity of a kinase inhibitor is always a major concern. 

 

IPA3, chemically identified as 2,2’-dihydroxy-1, 1’-dinaphthyldisulfide, was identified in 

an in vitro screen for compounds that inhibit p21-activated kinase1 (PAK1) activation 116. 

IPA3 found to be a non ATP-competitive, allosteric inhibitor of PAK1, a cytoplasmic 

serine/threonine kinase known to be a downstream effector of Cdc42 and Rac 72,116. 

PAK1 contains an NH2-terminal regulatory domain that in the inactive homodimeric 

state, binds and inhibits the catalytic activity of the C-terminal kinase domain of its 

partner and vice versa. Binding of the p21 GTP binding proteins Rac or Cdc42 to the 

regulatory domain displaces the regulatory domain from the catalytic domain, 

dissociating the dimer, and leading to kinase activation45,51,112. Deacon et al 116 have 

shown that IPA3 is a highly selective inhibitor of Group1 PAKs and this selectivity is 

achieved by targeting the distinct autoregulatory mechanism conserved in Group 1 PAKs. 

IPA-3 binds covalently to the PAK1 regulatory domain and prevents binding to its 

upstream activator Rac/Cdc42 116. Several other compounds, originally identified for their 
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ability to target other kinases, also inhibit PAK family members 117-119. For example, 

OSU-03012, a previously characterized PDK1 inhibitor derived from celecoxib was 

shown to inhibit PAK activity and compete with ATP binding119. However, their use as a 

PAK inhibitor is limited due to their non-selective effects. 

 

IPA3 has been extensively used in various cell lines as a PAK activation inhibitor to 

evaluate the role of PAK in signaling. In a recent study using IPA3, PAK1 was shown to 

regulate F-actin remodeling to mobilize insulin granules to the cell surface of pancreatic 

β-cells 120. IPA3 has also been used to elucidate PAK functions in platelet signaling. 

Aslan and coworkers 93 used IPA3 in platelets to inhibit PAK activity and have shown 

that platelets preincubated with 10 µM IPA3 led to inhibition of thrombin-induced 

platelet aggregation and lamellipodia formation, indicating the role of PAK in platelet 

physiological functions. 

 

In this study, we assessed the effects of IPA3 in human platelets and have shown that 

IPA3 non-specifically increases the phosphorylation of several proteins in absence of any 

agonist and thus its use is not an ideal strategy. 
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RESULTS AND DISCUSSION: 

A significant challenge in the development of kinase inhibitors is achieving specificity. 

We therefore, evaluated specificity and selectivity of IPA3 as a PAK inhibitor in human 

platelets. As shown in Fig. 4.1 A1 and 4.1 A2, vehicle-treated washed human platelets 

underwent shape change and aggregation in response to a PAR-4 agonist, AYPGKF and 

a GPVI agonist, convulxin. Platelets pretreated with increasing amounts of IPA3 resulted 

in a concentration-dependent inhibition of aggregation. At 3 µM, IPA3 abolished the 

convulxin-mediated platelet aggregation; whereas, aggregation was inhibited but not 

abolished, in AYPGKF stimulated platelets when platelets were pre-incubated with 10 

µM IPA3. 

In order to evaluate the specificity of IPA3, platelets were pre-treated with 10 µM IPA3 

and its effect on various protein phosphorylation was evaluated by using antibodies 

against phosphor-threonine, phosphor-tyrosine or phospho-PKC substrates. We observed 

non-specific phosphorylation of many proteins by IPA3, particularly in the molecular 

weight range of 50-75kDa, in absence of any agonist (Fig. 4. 2 B1-B3). However, pre-

treatment of human platelets with IPA3 inhibited AYPGKF-induced phosphorylation of 

proteins compared to platelets pre-treated with DMSO (Figure not shown).  We further 

evaluated whether the phosphorylation levels of some specific proteins in the molecular 

weight range as observed in Fig. 4.2 were increased. As shown in Fig. 4.2 C, platelets 

incubated with IPA3 for 5 minutes elicited an increase in phosphorylation of Akt (Ser 

473), Syk (Tyr 525/526) or PLCγ2 (Tyr 759), and Src family kinases (Tyr 416) without 

any agonist treatment. 
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Figure 4.1. Effects of IPA3 on platelet aggregation. A) Platelet aggregation was 

measured by using aspirin-treated washed human platelets (2X108 cells/ml). Samples 

were pretreated with varying concentrations of IPA3 for 5 minutes at 370 C and activated 

with (A1) 250 µM AYPGKF or (A2) 100 ng/ml convulxin at 370 C while stirring. 
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We believe that IPA3 might be inhibiting some phosphatases that regulate 

phosphorylations of Akt, Syk, PLCγ2, and SFKs and thereby increase the 

phosphorylation of these molecules in the unstimulated platelets.  However, these events 

are not sufficient to activate platelets mainly because they are not associated with 

increases in intracellular calcium which is essential for platelet activation 121,122. It has 

been shown previously that some tyrosine phosphorylations on PLCγ2 downstream of 

GPIb stimulation do not lead to its activation and calcium mobilizations 123. Thus, 

although IPA3 can modify phosphorylation state of some of the important signaling 

molecules in platelets through inhibition of some phosphatases, it cannot cause activation 

of platelets by itself (Fig. 4.1 A1-A2). 

 

In conclusion, we have used IPA3 to block activation of PAK and have identified its 

ability to non-specifically enhance the phosphorylation of different proteins in human 

platelets indicating that, IPA3 by itself can phosphorylate several proteins in platelets. 

We therefore, suggest that the use of IPA3 may not be an appropriate strategy for 

investigating PAK function in human platelets. 
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Figure 4.2. Effects of IPA3 on phosphorylation of proteins. B) Platelets were 

incubated with 10 µM IPA3 for 5 minutes and reaction was stopped by 6.6N perchloric 

acid. Phosphorylation status of threonine (B1), tyrosine (B2) and PKC substrate residues 

(B3) were analyzed by western blot analysis and probed with phospho-specific 

antibodies, respectively. C). Phosphorylation of Serine residue 473 on Akt, tyrosine 

residues 525/526 on Syk, tyrosine residue 759 on PLCγ2, and tyrosine 416 on Src family 

kinases were analyzed by western blot analysis using phospho-specific antibodies, in 

platelets incubated with 10 µM IPA3 
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CHAPTER 5 

 
FUNCTIONAL ROLE OF PAK ISOFORMS IN PLATELETS 

 

INTRODUCTION: 

p21-activated kinases are a family of highly conserved serine/threonine protein kinases 

that are recognized as key signaling molecules. The mammalian PAK family members 

consists of six serine/threonine kinases divided into two groups, group I (PAK1-3) and 

group II (PAK4-6), based on their domain architecture and regulation 37,38. Group I PAKs 

are closely related by structure and sequence, whereas the group II PAKs are more 

divergent, suggesting a more ancient evolutionary origin. Group I PAKs are activated 

upon binding the Rho GTPases, Cdc42 and Rac1; whereas group II are activated 

independent of GTPases. Their association with GTPases mainly influences the 

subcellular localization of the group II PAKs 41,124. 

 

All PAK isoforms contain an N-terminal regulatory domain and a highly conserved C-

terminal catalytic kinase domain. The regulatory domain of group I PAKs consists of 

GTPase-binding domain (CRIB) and an auto inhibitory switch domain (AID). By 

contrast, group II PAKs lack a defined AID, thereby indicating the absence of a similar 

regulatory mechanism 60. 

 

In general, both group I and II PAK gene expression can be divided into one of two 

types: ubiquitous and restricted. PAK1 is highly expressed in the brain, muscle and 

spleen 56. PAK2 and PAK4 are both ubiquitously expressed and are required for 



	  

	   73	  

embryonic development in mice 61. PAK3 is predominantly expressed in the brain. 

Expression of PAK5 is also restricted to the brain, while PAK6 is expressed mainly in the 

testis, prostate, brain, kidney and placenta 56. The wide range of tissue distribution 

suggests expansive and likely non-overlapping biological functions of the PAK family 

members.  

 

The specific functions of PAK family members have been studied using gene knockout 

mice. Individual Pak1, Pak3, and Pak5-null mice are viable, whereas Pak2 and Pak4 

gene deletion results in embryonic lethality, suggesting functional non-complementarity 

among PAKs 56. Platelets have been shown to express all six isoforms of PAKs 73 and 

their function was elucidated using general group I PAK inhibitors, such as IPA3 which 

inhibits all of the three group I isoforms (PAK1-3) apart from having other non-specific 

effects 125. Hence the role of PAK in platelets is yet to be addressed by using knockout 

murine models for individual isoforms of PAK.  In addition, the specific role of each 

isoform of PAK has never been studied in platelets. Therefore, we sought to determine 

the role of the group I PAK members, PAK1 and PAK2 in platelet functional responses. 

We hypothesize that the PAK isoforms plays differential role in platelet functional 

responses. 

 

In the present study we show that PAK1 has no functional role in platelets while PAK2 

plays a distinct negative regulatory role in secretion downstream of ADP receptors and 

GPVI receptors. We also report in this study that PAK2 plays a role in integrin αIIbβ3-

mediated outside-in signaling.  
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RESULTS: 

PAK 1 has no functional role in platelets 

PAK1-/- mice are fertile, viable and have a normal life span 56. However, these mice 

display subtle immune deficiencies, mainly manifesting in bone-marrow-derived 

granulated cells, including mast cells, eosinophils and basophils 126. We obtained the 

PAK1 knockout mice from Dr. Jonathan Chernoff, Fox chase Cancer research center, 

Philadelphia; and isolated the platelets from these mice to characterize the role of PAK1 

in platelets. Figure 5.1 A, confirms that PAK1 protein is absent in platelet lysates 

prepared from PAK1-null mice but not PAK2, by using isoform-specific antibodies for 

PAK1 and PAK2. 

To examine potential differences in platelet aggregation and ATP secretion between 

Pak1+/+ and Pak1-/- mice, we stimulated washed murine platelets with different agonists 

under stirring conditions in lumi-aggregometer. As shown in Figure 5.1 B there is no 

difference in aggregation or secretion between PAK1 knock out and wild type littermates, 

when the platelets are stimulated by PAR4 agonist, AYPGKF or 2MeS ADP or with 

GPVI agonist, collagen-related peptide (CRP). These results suggest that absence of 

PAK1 does not alter platelet aggregation and dense granule secretion downstream of 

different receptors.  

Platelet activation leads to exposure of P-selectin present in the α-granules on the platelet 

surface; therefore we used flow cytometry to examine any potential changes in P-selectin 

exposure. As shown in Figure 5.2 A, we found similar surface expression levels of P-

selectin on platelets from Pak1+/+ and Pak1-/- mice, stimulated with AYPGKF, 2MeS 

ADP and CRP. Under the similar experimental conditions we also measured binding of 
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an activation-specific antibody (JON/A) to αIIbβ3 in resting or agonist stimulated 

platelets by flow cytometry. Figure 5.2 B shows that there is no significant difference in 

the ability of Pak1-/- platelets to bind to JON/A in response to different agonists versus 

wild type control platelets. These results imply that the absence of PAK1 does not alter 

integrin αIIbβ3 activation and agonist induced P-selectin surface expression. 
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                             A) 

 

B) 

 

Figure 5.1: PAK1 has no functional role in platelet aggregation or secretion. A) 

Western blot showing PAK 1 protein levels in washed murine platelets obtained from 

wild type (WT) or PAK1 knock out (PAK1 -/-), by using PAK1 and 2 –specific 

antibodies. B-actin is used as the lane loading control. B) Washed platelets from WT and 

PAK1 knock out mice were stimulated with 250 µM AYPGKF (PAR-4 agonist), 

collagen-related peptide (2.5 µg/ml) or 2MeSADP (30 nM) for 3 minutes in presence of 

chrono-lume to detect ATP secretion.  
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 A) 

 
                 B) 

 

Figure 5.2: PAK1 has no role in platelet functional responses. Washed murine 

platelets were stimulated with agonists for 30 minutes at 37°C in the presence of A) 5 µL 

FITC-labeled antimouse CD62 and JON/A-PE antibodies. The mean fluorescence 

intensity (MFI) for knockout and wild-type murine platelets was calculated and converted 

to % values. The data (n=4) were represented as MFI and analyzed using Student t-test, 

and P≤0.05 was considered significant. 
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Role of PAK2 in platelet functional responses downstream of GPCRs and GPVI 

receptors. 

Loss of Pak2 gene leads to embryonic lethality at E8.0. Embryogenesis fails due to 

multiple developmental abnormalities most prominently involving defective 

vascularization 56. We have developed conditional knockout mice of PAK2 using the 

cre/lox system. These mice (Pf4-cre; Pak2f/f) are deficient in PAK2 specifically in the 

megakaryocyte lineage and hence in platelets. Figure 5.3 A, confirms that Pak2-deficient 

murine platelets does not have PAK2 protein but have similar levels of PAK1 protein 

when compared to wild type littermate control mice platelets.  

 

In order to determine potential differences in platelet functional responses between 

Pak2+/+ and Pak2-/- mice, we stimulated washed murine platelets with PAR agonist, 

AYPGKF; ADP analogue, 2MeS ADP and; GPVI agonist, CRP and examined platelet 

aggregation and ATP secretion using lumi-aggregometer. As shown in Figure 5.3 B-D, 

Pak2-/- platelets showed similar levels of aggregation and ATP secretion upon 

stimulation with low concentration of AYPGKF as compared to wild type controls. 

However, we observed that loss of PAK2 significantly increased the dense granule 

secretion downstream of ADP receptors and GPVI receptor stimulation, however there 

was no significant difference in the aggregation pattern. This increased dense granule 

secretion was observed at both high and low concentration of 2MeS ADP and CRP.  

To evaluate whether PAK2 directly affects the activation of αIIbβ3 receptors to facilitate 

platelet activation, monoclonal JON/A antibody was used against activated integrin 

αIIbβ3 receptors when murine platelets were stimulated by low and high concentrations 
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of agonists and examined by flow cytometry. We found that PAK2-/- murine platelets 

showed similar levels of integrin activation compared to wild type controls at all 

concentrations of all the agonists. Thus, we demonstrated that PAK2 does not have a role 

in inside-out signaling resulting in activation of αIIbβ3 integrin.  

α-granule secretion also propagates platelet activation, which is much slower process 

than dense granule release. The expression of P-selectin (CD62) receptor is a sensitive 

marker of α-granules release as well as being that of general platelet activation. Since, 

the dense granule secretion was potentiated in PAK2-/- platelets when stimulated with 

2MeS ADP or CRP. Hence, we evaluated the role of PAK2 in the regulation of α-granule 

secretion by measuring P-selectin expression on flow cytometer observed with FITC-

labeled CD62 antibody (Figure 5.4 A). CRP-induced and 2MeS ADP-induced α-granule 

secretion was significantly potentiated in platelets deficient in PAK2. However, integrin 

activation was not affected in PAK2 knock out platelets as compared to wild type (Figure 

5.4 B).  These results show that PAK2, similarly as observed in dense granule release, 

negatively regulates α-granule secretion during GPVI- and ADP-receptor-mediated 

platelet activation. 
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A) 

 

 

 

B) 
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C) 

 

 

 

D) 
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E) 

 

 

Figure 5.3: Effect of PAK2 deficiency on platelet aggregation and secretion. A) 

Western blot showing PAK 2 protein levels in washed murine platelets obtained from 

wild type (WT) or PAK2 knock out (PAK2 -/-), by using PAK1 and 2 –specific 

antibodies. B-actin is used as the lane loading control. B) Washed platelets from WT and 

PAK1 knock out mice were stimulated with 100 µM AYPGKF (PAR-4 agonist), 

collagen-related peptide (2.5 µg/ml) or 2MeSADP (30 nM) for 3 minutes in the presence 

of chrono-lume to detect ATP secretion. C) Washed platelets from WT and PAK1 knock 

out mice were stimulated with 500 µM AYPGKF (PAR-4 agonist), collagen-related 

peptide (10 µg/ml) or 2MeSADP (100 nM) for 3 minutes in the presence of chrono-lume 

to detect ATP secretion. D-E) Densitometric analysis of ATP secretion obtained at high 

and low concentration of different agonists, as shown in Figure 5.3 B and 5.3 C 
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A) 

 

B) 

 

Figure 5.4: PAK2 has a role in platelet α-granule secretion. Washed murine platelets 

were stimulated with agonists for 30 minutes at 37°C in the presence of A) 5 µL FITC-

labeled antimouse CD62 and JON/A-PE antibodies. The mean fluorescence intensity 

(MFI) for knockout and wild-type murine platelets was calculated and converted to % 

values. The data (n=4) were represented as MFI and analyzed using Student t-test, and 

P≤0.05 was considered significant. 
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Role of PAK2 in outside-in signaling. 

 

PAK has been shown to play a role in outside-in signaling by using non-specific inhibitor 

of group I PAKs, IPA3 127,128. We thus investigated the role of PAK2 in outside-in 

signaling. To test this we measured platelet spreading on immobilized fibrinogen, a 

process primarily regulated by integrin-dependent outside-in signaling.  Platelets exposed 

to BSA remained discoid. As shown in Figure 5.5 A, when exposed to immobilized 

fibrinogen PAK2-/- platelets showed similar levels of spreading as wild type controls, 

suggesting no role of PAK2 in outside-in signaling mediated platelet spreading.  

We next evaluated clot retraction, a process known to be regulated in part by outside-in 

signaling in platelets. Clot retraction rate in PAK2-/- platelets was significantly reduced as 

compared with wild-type platelets (Figure 5.5 B). In PAK2+/+ platelets the retraction 

started within 15 minutes and reached maximum by 1 hour, whereas in PAK2-/- platelets 

the only partial  retraction occurred after 1 hour. This suggests that PAK2 plays a role in 

outside-in signaling-mediated clot-retraction.  
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A)          

 

                    B)             

 

 

Figure 5.5: Effect of PAK2 isoform deficiency on outside-in signaling: A) washed 

platelets (1 X 107 platelets/ml) from WT and PAK2-/- mice were plated on fibrinogen-

coated cover slips. After washing 3 times with PBS, adherent cells were fixed with 3.7% 

paraformaldehyde, stained with rhodamine-phalloidin, and analyzed by fluorescence 

microscopy. B) Clot retraction analysis of platelets from WT and PAK2-/- mice. The 

figure is representative of 3 independent experiments. 
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DISCUSSION: 

 

PAKs are family of serine/threonine protein kinases identified as the downstream targets 

of Rac1/Cdc42 GTPases. So far 6 isoforms of PAK belonging to Group 1 (PAK1-3) and 

group II (PAK4-6) have been described. Platelets express all the members of group I 

PAK and also PAK4 73. To understand the specific functions of each member of the PAK 

family, isoform-specific knock out mouse have been constructed. In this study, we 

evaluated the role of PAK1 and PAK2 in platelet functional responses by using isoform-

specific knock out mouse models. We show that PAK1 does not play any functional role 

in the platelets but PAK2 plays a negative regulatory role in the dense granule and a-

granule secretion downstream of GPVI- and P2Y-receptors. We also show that PAK2 is 

essential for αIIbβ3 outside-in signaling-mediated clot retraction.  

PAK1 has been reported to be activated downstream of different receptors in platelets 

93,127. An isoform-specific PAK1 inhibitor, IPA3 has been used to elucidate the role of 

PAK1. A recent study used IPA3 in platelets to inhibit PAK activity and have shown that 

platelets preincubated with 10 µM IPA3 led to inhibition of thrombin-induced platelet 

aggregation and lamellipodia formation, indicating an important role of PAK in platelet 

physiological functions 33. Furthermore, it was also reported that Cdc42/Rac1-dependent 

activation of the p21-activated kinase (PAK) regulates human platelet lamellipodia 

spreading 72.  In a recent study published from our lab, we have shown that IPA3 has 

non-specific effects in human platelets thus its use is not an ideal strategy to study PAK 

function 129. Also, IPA3 is a highly non-specific inhibitor and inhibits other members of 

PAK family. Hence, the results obtained in the studies using IPA3, cannot be considered 
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to evaluate the role of PAK1.  The PAK1-deficient murine platelets did not show any 

differences in platelet aggregation and secretion downstream of different receptors as 

compared to wild type controls. This could be due to the functional redundancy between 

different isoforms of PAK. Hence, in the absence of PAK1, PAK2 or PAK3 might take 

over its function and rescue any overt phenotype; loss of PAK1 might result into.  

PAKs are the well known downstream effectors of Rac1 and Cdc42 in platelets. It was 

reported in Rac1-deficient mice platelets that thrombin-induced aggregation and secretion 

were not effected as compared to wild type 93. Also, Rac1 was found to be involved in 

GPVI-mediated platelet activation 128. In this study we reported that PAK2 plays a 

negative regulatory role downstream of GPVI and P2Y receptors but not PARs. This is in 

accordance with the previous study described above 128, where Rac1 plays a role 

downstream of GPVI but not PARs. Hence, it is possible that PAK2 is activated 

downstream of Rac1 in GPVI pathway and plays a role in secretion. The collagen-

mediated and ADP-mediated platelet secretion is highly dependent on thromboxane 

generation, as the COX-1 inhibition results in inhibition of both aggregation and 

secretion downstream of both ADP and GPVI receptors. Thus, it is likely that PAK2 

negatively regulates thromboxane generation downstream of these receptors. Erk1/2 has 

been reported earlier to be important for thromboxane generation 130 and also that Erk is 

one of the substrate of PAKs 131. It can be hypothesized that PAK2 negatively regulates 

Erk activation and hence results in enhanced thromboxane generation. This might not be 

apparent in the case with PARs, as the PAR signaling/secretion is not dependent on 

thromboxane, and hence we do not observe any difference in secretion when stimulated 

with PAR-4 agonist.  
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In a study by R. Kosoff et. al., it was reported that PAK2 loss in murine bone marrow-

derived mast cells, unlike loss of PAK1, induces increased degranulation and cytokine 

secretion without changes to extracellular calcium influx 132. This phenotype is associated 

with an increase in RhoA-GTPase signaling activity to downstream effectors, including 

myosin light chain and p38MAPK, and is reversed upon treatment with a Rho-specific 

inhibitor. PAK2, but not PAK1, negatively regulates RhoA via phosphorylation of the 

guanine nucleotide exchange factor GEF-H1 at an inhibitory site, leading to increased 

GEF-H1 microtubule binding and loss of RhoA stimulation. These data suggest that 

PAK2 plays a unique inhibitory role in mast cell degranulation by down-regulating RhoA 

via GEF-H1. It was hypothesized that PAK2 could regulate RhoA activity in the mast 

cells directly by phosphorylation of GEF-H1 at Ser-885, resulting in inhibition of this 

GEF with subsequent reduction in RhoA activity.  In addition, PAK2 might affect GEF-

H1 indirectly through phosphorylation of stathmin, resulting in inhibition of stathmin, 

stabilization of MTs, and retention of inactive GEF-H1 at this stabilized Microtubules 

(MT). In Pak2−/− cells, underphosphorylated stathmin drives MT disassembly, generating 

active GEF-H1, leading to elevated RhoA activity and driving secretion. However, the 

possibility of these events in platelets are not part of this study and will be interesting to 

evaluate this pathway of PAK2 negatively regulating secretion in platelets also.  

 

What accounts for the opposing signaling effects of PAK1 and PAK2 in platelets? These 

two kinases have very similar N-terminal p21-binding domains and C-terminal protein 

kinase domains and have many binding partners and substrates in common. However, the 

primary intracellular localization of these two enzymes may differ 133,134. For example, in 
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mast cells, PAK1, unlike PAK2, is localized to cytosolic vesicular structures in 

unstimulated cells and translocate to the nucleus following growth factor stimulation 

135,136. This unique feature may impart unique functions to PAK1 in mast cells. Platelets 

lack nucleus, however the intracellular localization and the abundance of one isoform 

over the other could impart major differences in the role played by each isoform. 

Experiments that employ chimeric versions of PAK1/2 or PAK2/3 hybrids may in the 

future prove useful in mapping structural features within these kinases that impart 

signaling specificity. 

 

Physiological Implications of PAK isoform deficiency: Secreted ADP is the important 

positive feedback agonist that contributes to thrombus growth and stability 137. Since we 

observed potentiation of ADP secretion in Pak2 KO mice, we hypothesize that PAK2 

deficiency results in increased hemostatic function through enhanced thrombus growth 

and stability. We will evaluate the physiological implications of PAK2 deficiency in mice 

by measuring tail bleeding times and in vivo thrombosis models using both a FeCl3 injury 

model. We anticipate that in vivo functional implications of this enhanced dense granule 

secretion results in decreased bleeding times, rapid time to occlusion in in vivo 

thrombosis models. 

 

Significance: Understanding fundamental mechanisms underlying platelet activation 

could enhance our understanding of the system and aid in development of novel 

antithrombotic drugs. Here we evaluate the role of the PAK isoforms in platelet function. 

This study will provide further insights into the molecular mechanisms of platelet 
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activation and hence provide a basis for novel antithrombotic therapeutic targets. 

Furthermore, PAK inhibitors are currently being developed by pharmaceutical companies 

to treat malignancies, although this enzyme is ubiquitously expressed in the body. A 

thorough understanding of the role of PAK in platelets can predict the effect of these 

drugs on hemostatic functions, which helps during clinical trials. In the future, targeted 

inhibition of signaling molecules in platelets could be developed and that would solely 

target platelet signaling pathways. For example, a specific PAK2 inhibitor could be used 

for patients suffering from bleeding disorder as PAK2 inhibition will increase the granule 

secretion from platelets and hence enhanced thrombus formation and stability. On the 

other hand, specific PAK1 inhibitor could be safely used on cancerous cell as the 

administration of the same will not lead to any bleeding or thrombotic disorder.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 



	  

	   91	  

CHAPTER 6 
 

 
GENERAL DISCUSSION/ FUTURE DIRECTIONS 

 
 

Platelets are important in hemostasis and thrombosis. Understanding the fundamental 

mechanisms underlying platelet activation can enhance our understanding of the system 

and might lead to novel therapeutics. In the past four decades, several leading laboratories 

have provided insights into the molecular aspects of platelet functional responses. Yet the 

signaling pathways from the agonist receptors to the final physiological response during 

platelet activation have not been fully elucidated. We evaluated the molecular mechanisms 

of p21-activated kinase (PAK) downstream of agonist receptors and the role of the PAK 

isoforms in platelet function. We also proposed novel mechanisms of activation of PAK in 

platelets and evaluate these mechanisms. These studies will provide further insights into 

the molecular mechanisms of platelet activation and hence provide a basis for novel 

antithrombotic therapeutic targets. Although, one might wonder how these ubiquitously 

expressed signaling molecules can become therapeutic targets, pharmaceutical companies 

have already shown that this can be done. Several receptor antagonists and agonists have 

been developed to treat specific diseases, although these receptors are expressed in several 

cells, for example adrenergic and cholinergic receptors. Aspirin is an effective anti-platelet 

drug although it targets COX in a number of cells. Even P2Y12 receptor, the target of anti-

platelet drug clopidogrel, may be expressed in cells other than platelets, such as 

lymphocytes 138,139, monocytes 138 and dendritic cells 140. Furthermore, PAK inhibitors are 

currently being developed by pharmaceutical companies to treat malignancies, although 

this enzyme is ubiquitously expressed in the body. A thorough understanding of the role of 
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PAK in platelets and megakaryocytes can predict the effect of these drugs on hemostatic 

functions, which helps during clinical trials. In the future, targeted inhibition of signaling 

molecules in platelets could be developed and that would solely target platelet signaling 

pathways. 

In Chapter 3, we identified a previously unidentified function of p21-activated kinases 

downstream of Gq pathways in platelets. Previous report using cell lines have shown that 

PAK acts as a scaffolding protein and helps in the translocation of Akt to the membrane. 

However, this mechanism was never established in platelets and it was believed that Akt 

translocation is dependent on PI3-Kinase product, PIP3 downstream of ADP-stimulated Gi 

pathway. We evaluated the translocation of Akt by preparing membrane fractions of 

platelets stimulated with PAR agonists and identified that this the Akt translocation is 

dependent on Gq pathways but not upon secreted ADP-mediated Gi pathways, as 

previously believed. We further showed that this translocation is PI3-Kinase independent 

and could possibly be mediated through interaction of Akt with PAK. We showed that the 

two proteins are constitutively associated in platelets and that translocation of PAK to the 

membrane by its upstream effector, Rac1-GTPase, also helps to translocate PAK-

associated Akt to the membrane. Our result thus, suggests a novel PIP3-independent 

translocation mechanism for Akt in platelets.  

The focus of Chapter 4 was to evaluate the specificity of the most commonly used small 

molecule PAK inhibitor, IPA3 in platelets. Deacon et al 116 have shown that IPA3 is a 

highly selective inhibitor of Group1 PAKs and this selectivity is achieved by targeting 

the distinct autoregulatory mechanism conserved in Group 1 PAKs. IPA-3 binds 

covalently to the PAK1 regulatory domain and prevents binding to its upstream activator 
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Rac/Cdc42. IPA3 has been used in various cells including platelets to evaluate the role of 

PAK in signaling. Stimulation of platelets pretreated with IPA3 using a PAR-4 or GPV1 

agonist resulted in a concentration dependent inhibition of aggregation, as was suggested 

by earlier studies. However, the specificity of the drug was never addressed in platelets. 

Interestingly, we found that incubation of washed human platelets with IPA3 lead to a 

non-specific increase in phosphorylation of several proteins in absence of any agonist. 

Our work demonstrates that IPA3 by itself can lead to non-specific phosphorylation of 

several proteins in human platelets and thus its use is not an appropriate strategy for 

investigating PAK function in platelets.  

 

In Chapter 5, we evaluated the functional responses of murine platelets lacking specific 

isoforms of PAK, i.e. PAK1 and PAK2. We identified that PAK1 does not play any 

functional role in platelets as the lack of PAK1 did not lead to any changes in aggregation 

or secretion with different agonists. On the other hand, PAK2-null platelets showed 

enhanced secretion but no difference in aggregation with ADP and GPVI agonists. This 

suggests a negative regulatory role of PAK2 in secretion. This is in line with the earlier 

report on PAK2-/- mast cells, which shows enhanced secretion in response to stimulation. 

We proposed a similar model for platelets as in mast cells, where PAK2 phosphorylates 

and inhibits GEF-H1, thereby reducing RhoA activity and hence reduced secretion. Thus 

in the absence of PAK2, RhoA activation is more and hence the secretion. We also 

demonstrated the important role of PAK2 in outside-in signaling. However, more work 

needs to be done in order to explain the differential role of PAK2 in outside-in and 

inside-out signaling in platelets. Secreted ADP is the important positive feedback agonist 
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that contributes to thrombus growth and stability 137. Since we observed potentiation of 

ADP secretion in Pak2 KO mice, we hypothesize that PAK2 deficiency results in 

increased hemostatic function through enhanced thrombus growth and stability. We will 

evaluate the physiological implications of PAK2 deficiency in mice by measuring tail 

bleeding times and in vivo thrombosis models using both a FeCl3 injury model. We 

anticipate that in vivo functional implications of this enhanced dense granule secretion 

results in decreased bleeding times, rapid time to occlusion in in vivo thrombosis models. 

 

Although p21-activated kinases have been known to be activated by thrombin and their 

role in outside-in signaling events is proposed, how these kinases are activated or their 

functional role in platelet activation by agonist receptors has not been investigated. The 

specific signaling events that regulate PAK phosphorylation and activation have not been 

clearly defined in platelets.  We propose that two independent processes of translocation 

and phosphorylation regulate PAK activation. The understanding of the mechanisms of 

PAK activation will enhance our understanding of the inside-out signaling regulating 

thrombus growth and stability and has potential to reveal novel targets and strategies for 

treating hemostatic and thrombotic pathologies. 
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1) Evaluation of the molecular mechanisms of PAK activation in platelets: 

(i) Role of Gq pathways in PAK translocation to the membrane: 

We will propose to elucidate the signaling cascades regulating PAK translocation and 

phosphorylation downstream of thrombin receptors. We postulate that PAK translocation 

and phosphorylation occurs through Gq-mediated pathways independently of G12/13 

pathways, and the phosphorylation events require translocation to the membrane. The 

translocation of PAK will be studied by membrane preparations by ultracentrifugation of 

the lysed platelets subsequent to agonist stimulation and followed by western blot 

analysis with total PAK antibodies. We will evaluate the phosphorylation of PAK using 

commercially available phospho-specific antibodies against Thr 423 (PAK1)/ Thr 402 

(PAK2), in immunoblotting. These studies will be carried out in the aspirin-treated 

human platelets in the presence of various signaling pathway inhibitors as well as mice 

deficient in specific signaling molecules. The aim will be to identify the signaling events 

that occur directly downstream of the receptor signaling rather than that through integrin 

activation. Hence, to prevent integrin activation we will use a GPIIb/IIIa antagonist, SC 

57101, in all the experiments.   

We will evaluate the role of Gq pathways in PAK translocation and phosphorylation, 

using YM-254890 to block Gq with PAR agonists. We will also use Gαq deficient mouse 

platelets stimulated with AYPGKF or U46619 as complementary molecular genetic 

approaches. Under these two conditions we know that G12/13 pathways are selectively 

activated by PAR agonists or U46619. If we observe that translocation of PAK still occurs 

in Gαq null platelets or when Gq is inhibited with YM254890, then we will also evaluate 
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the role of G12/13 pathway in the translocation of PAK using selective agonists viz. 

YFLLRNP (60 µM) or U46619 (10 nM), as pharmacological agents. In addition, we will 

selectively activate PLC pathways using 80 µM m-3M3FBS, a selective activator of PLC 

and 4 µM U73122, a PLC inhibitor. Alternatively, second messengers downstream of 

PLC, viz. Calcium and PKC, will be blocked using dimethyl-BAPTA and GF109203X or 

Ro 31-8220, respectively. Experiments using inhibitors for PLC or downstream events 

will not affect the signaling events downstream of Gq that do not cause PLC activation. 

Thus these studies will evaluate the role of Gq-mediated events, other than PLC, in the 

translocation of PAK. The data will be normalized to the total β3 integrin in each lane and 

expressed as a ratio. We anticipate that the Gq pathways regulate translocation of PAK to 

the membrane.  

Inhibition of Gq or PKC pathways results in blockade of secretion from platelets 87. It is 

possible that secreted ADP activating P2Y12/Gi or epinephrine activating Gz pathways 

could cause translocation of PAK to the membranes. Gi pathways activate PI3 kinases, 

which generate PIP3. It is possible that PAK translocation and/phosphorylation could be 

mediated by PIP3 generated downstream of P2Y12/Gi pathways. We will evaluate this 

PI3 kinase/PIP3 dependent translocation of PAK using selective Gi or Gz stimulation. Gi 

pathways will be selectively activated by 2MeSADP in the presence of P2Y1 receptor 

antagonist or Gq inhibitor YM254890, or in murine platelets deficient in P2Y1 receptor or 

Gaq.  Gz pathways will be selectively activated by epinephrine. We will also evaluate the 

role of PI3 kinases in PAK translocation and phosphorylation using PI3 kinase inhibitors, 

wortmannin and LY294002. In control experiments, we will evaluate the effect of PI3 
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kinase inhibitors on the translocation of other proteins known to translocate, such as 

PDK1. 

To determine if the Src family tyrosine kinases mediate the translocation of PAK, we will 

stimulate platelets with thrombin, SFLLRN and AYPGKF in the presence and absence of 

PP2, a Src family kinase inhibitor, and then measure PAK translocation. We believe that 

pan SFK inhibitors will not affect translocation (that occurs downstream of Gq) but could 

affect phosphorylation. However, these results would not address whether translocation of 

PAK is required for its phosphorylation.  

We believe that phosphorylation of PAK occurs by Gq pathways alone, but not with G12/13 

or Gi pathways. We anticipate that PAK phosphorylation occurs subsequent to PAK 

translocation to the membrane (outlined in Figure 6.1). We also anticipate that SFK 

inhibitors would not affect translocation of PAK.  

(ii) Identification of the PKC isoform involved in the translocation and 

phosphorylation of PAK.  

Our earlier studies on translocation of PAK and Akt as discussed in Chapter 3 shows that 

the translocation of PAK and phosphorylation of PAK occur in a Gq and PKC dependent 

manner. These data also support the notion that PAK translocation also possibly depends 

on PKC activation (outlined in Figure 6.1). In order to identify the specific PKC isoform 

involved in these events, we will use platelets from PKC isoform null mice as well as PKC 

antagonistic RACK peptides in the experiments. We will use mice lacking PKC isoforms 

δ, θ, ε, β and α. We will also use selective RACK antagonistic peptides for each of the 

PKC isoforms. Furthermore, we can also use selective PKC isoform inhibitors that we 

have used in our recent studies.  We anticipate that translocation of PAK, as well as 
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phosphorylation of PAK will be significantly inhibited in some of the knockout mice. It is 

possible that phosphorylation and translocation are regulated by two separate isoforms. In 

such case we will see corresponding inhibitions in platelets deficient in a particular 

isoform for phosphorylation and in another isoform for translocation. It is also possible 

that we see partial inhibition in platelets deficient in each of the isoforms or when a 

specific isoform inhibitor is used, which will be interpreted as redundancy of PKC isoform 

function. 

 

 

 

 

 

 

 

 

 

 

 

 



	  

	   99	  

 

 

 

 

 

 

Figure 6.1:  Hypothesized distinct roles of signaling pathways in PAK translocation 

and phosphorylation. 
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2) Evaluation of specific role of PAK isoforms using different approaches.  

Human platelets have been shown to express all the members of group I PAKs (PAK1, 

PAK2, PAK3) 92. However, among group II PAKs, only PAK4 was detected in the 

platelets 62. Either the other members of group II PAKs (PAK5 and PAK6) are not present 

in the platelets or the antibodies used lacked specificity and sensitivity, is debatable. 

Hence, we will evaluate the presence of the other isoforms and will also evaluate the 

functional importance of these isoforms by using isoform-specific knockout mice and also 

other approaches listed below. 

(i) PAK small molecule inhibitors:  

Several potent and specific small molecule inhibitors of PAK have been developed by 

pharmaceutical companies. These inhibitors are FRAX 597 141 PF3758309 142, and FRAX 

1036. However, other nonspecific effects of the small molecule inhibitors, however 

specific they may be, cannot be ruled out in a cell. We will evaluate the selectivity and 

specificity of these inhibitors for their use in platelets. We will stimulate platelets with 

different agonists in presence and absence of different concentrations of the inhibitors and 

evaluate the phosphorylation of different proximal molecules such as Syk, PLCγ2 in case 

of GPVI agonists, in order to address the specificity of the inhibitor. We will have to use 

other methods to confirm the results. Furthermore, small molecule inhibitors only block 

the catalytic function and the scaffolding functions of the molecule are not affected. Hence 

molecular approaches where the entire molecule is deleted are needed to evaluate the 

catalytic and scaffolding function of the specific isoform.  
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(ii) PAK inhibitor transgenic mice: Because of the unique mechanism of activation of 

group I PAKs, it is possible to express a small peptide, derived from the Pak 

autoinhibitory domain (PID), to block endogenous PAK activation in trans 143 (outlined 

in Figure 6.2). This approach, unlike RNAi or gene knockout, mimics the action of a 

specific small molecule inhibitor and does not perturb the non-kinase, scaffold activities 

of PAK 94. Accordingly, we will develop transgenic mice (Tg LSL-PID) that 

conditionally express the PID from the ROSA26 locus upon excision of an upstream lox-

stop-lox (LSL) cassette. These mice, when crossed with an appropriate Cre-expressing 

strain, effectively suppresses endogenous PAK activity without affected PAK expression. 

We will evaluate the functional role of PAK isoforms 3 and 4 in platelets using 

pharmacological inhibitors and transgenic mice. We will evaluate platelet aggregation, 

fibrinogen receptor activation, granule release, thromboxane generation, in vivo thrombus 

growth and stability with ferric chloride injury model, tail bleeding times, platelet 

spreading on immobilized fibrinogen, and clot retraction, as used in our publications. We 

anticipate that some of the functional responses including thromboxane generation and in 

vivo thrombus growth would be affected.  
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Figure 6.2:  Inhibition of PAK by autoinhibitory domain: Group I PAKs contain a 

PAK autoinhibitory domain (PID) near the N-terminus.  Upon activation of PAK by 

small GTPases, autoinhibition is relieved.  Expressing the isolated PID fragment in trans 

inhibits activation of PAK. 
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Significance:  

Platelets are important in hemostasis and thrombosis. In large clinical trails, anti-platelet 

agents have been shown to reduce the incidence of cardiovascular ischemic events, 

supporting the concept of an association between platelet activation and cardiovascular 

ischemia. Platelet activation is a vital step in the hemostatic response fallowing vascular 

injury. Understanding fundamental mechanisms underlying platelet activation could 

enhance our understanding of the system and aid in development of novel antithrombotic 

drugs. Given that, the agents that block fundamental platelet function such as integrin 

blockers, while having potent antithrombotic effects, cause bleeding in approximately 

0.5% to 1.5% of patients receiving such compounds. The cyclooxygenase inhibitor 

(aspirin) and ADP purinergic receptor P2Y12 antagonists (clopidogrel) in use are also 

associated with problems such as drug resistance and bleeding. Hence a better 

understanding of intracellular signaling during platelet adhesion and activation will be 

helpful for the development of new generation of antiplatelet therapies, targeted 

specifically to a protein molecule rather that abolishing the entire receptor signaling. The 

studies proposed in this application will provide further insights into the molecular 

mechanisms of platelet activation and hence provide a basis for novel antithrombotic 

therapeutic targets. Furthermore, PAK inhibitors are currently being developed by 

pharmaceutical companies to treat malignancies, although this enzyme is ubiquitously 

expressed in the body. A thorough understanding of the role of PAK in platelets can 

predict the effect of these drugs on hemostatic functions, which helps during clinical 

trials. In the future, targeted inhibition of signaling molecules in platelets could be 

developed and that would solely target platelet signaling pathways. 



	  

	   104	  

REFERENCES 
	  
1. Gibbins JM. Platelet adhesion signalling and the regulation of thrombus 
formation. J Cell Sci. 2004;117(Pt 16):3415-3425. 
 
2. Hartwig J, Italiano J, Jr. The birth of the platelet. J Thromb Haemost. 
2003;1(7):1580-1586. 
 
3. Muller F, Mutch NJ, Schenk WA, et al. Platelet polyphosphates are 
proinflammatory and procoagulant mediators in vivo. Cell. 2009;139(6):1143-1156. 
 
4. Watson SP, Harrison P. The Vascular Function of Platelets. Postgraduate 
Haematology: Wiley-Blackwell; 2010:772-792. 
 
5. Calaminus SD, McCarty OJ, Auger JM, et al. A major role for Scar/WAVE-1 
downstream of GPVI in platelets. J Thromb Haemost. 2007;5(3):535-541. 
 
6. Kulkarni S, Dopheide SM, Yap CL, et al. A revised model of platelet aggregation. 
Journal of Clinical Investigation. 2000;105(6):783-791. 
 
7. Nesbitt WS, Westein E, Tovar-Lopez FJ, et al. A shear gradient-dependent 
platelet aggregation mechanism drives thrombus formation. Nat Med. 2009;15(6):665-
673. 
 
8. Furie B, Furie BC. Thrombus formation in vivo. Journal of Clinical Investigation. 
2005;115(12):3355-3362. 
 
9. Gawaz M, Langer H, May AE. Platelets in inflammation and atherogenesis. J Clin 
Invest. 2005;115(12):3378-3384. 
 
10. Jenne CN, Kubes P. Platelets in inflammation and infection. Platelets. 2015:1-7. 
 
11. Nording HM, Seizer P, Langer HF. Platelets in inflammation and atherogenesis. 
Front Immunol. 2015;6:98. 
 
12. Herzog BH, Fu J, Wilson SJ, et al. Podoplanin maintains high endothelial venule 
integrity by interacting with platelet CLEC-2. Nature. 2013;502(7469):105-109. 
 
13. Hess PR, Rawnsley DR, Jakus Z, et al. Platelets mediate lymphovenous 
hemostasis to maintain blood-lymphatic separation throughout life. The Journal of 
Clinical Investigation. 2014;124(1):273-284. 
 
14. Packham MA. Role of platelets in thrombosis and hemostasis. Can J Physiol 
Pharmacol. 1994;72(3):278-284. 
 



	  

	   105	  

15. Sambrano GR, Weiss EJ, Zheng YW, Huang W, Coughlin SR. Role of thrombin 
signalling in platelets in haemostasis and thrombosis. Nature. 2001;413(6851):74-78. 
 
16. Offermanns S. The role of heterotrimeric G proteins in platelet activation. Biol 
Chem. 2000;381(5-6):389-396. 
 
17. Kaplan ZS, Jackson SP. The role of platelets in atherothrombosis. Hematology 
Am Soc Hematol Educ Program. 2011;2011:51-61. 
 
18. Ma AC, Kubes P. Platelets, neutrophils, and neutrophil extracellular traps (NETs) 
in sepsis. J Thromb Haemost. 2008;6(3):415-420. 
 
19. Wagner DD, Burger PC. Platelets in inflammation and thrombosis. Arterioscler 
Thromb Vasc Biol. 2003;23(12):2131-2137. 
 
20. Yeaman MR. The role of platelets in antimicrobial host defense. Clin Infect Dis. 
1997;25(5):951-968; quiz 969-970. 
 
21. Patzelt J, Langer HF. Platelets in angiogenesis. Curr Vasc Pharmacol. 
2012;10(5):570-577. 
 
22. Fuller GL, Williams JA, Tomlinson MG, et al. The C-type lectin receptors CLEC-
2 and Dectin-1, but not DC-SIGN, signal via a novel YXXL-dependent signaling 
cascade. J Biol Chem. 2007;282(17):12397-12409. 
 
23. Underhill DM, Goodridge HS. The many faces of ITAMs. Trends Immunol. 
2007;28(2):66-73. 
 
24. Varga-Szabo D, Braun A, Nieswandt B. Calcium signaling in platelets. Journal of 
Thrombosis and Haemostasis. 2009;7(7):1057-1066. 
 
25. Konopatskaya O, Gilio K, Harper MT, et al. PKCα regulates platelet granule 
secretion and thrombus formation in mice. The Journal of Clinical Investigation. 
2009;119(2):399-407. 
 
26. Hall KJ, Harper MT, Gilio K, Cosemans JM, Heemskerk JW, Poole AW. Genetic 
analysis of the role of protein kinase Ctheta in platelet function and thrombus formation. 
PLoS One. 2008;3(9):e3277. 
 
27. Pears CJ, Thornber K, Auger JM, et al. Differential roles of the PKC novel 
isoforms, PKCdelta and PKCepsilon, in mouse and human platelets. PLoS One. 
2008;3(11):e3793. 
 
28. Chrzanowska-Wodnicka M, Smyth SS, Schoenwaelder SM, Fischer TH, White 
GC. Rap1b is required for normal platelet function and hemostasis in mice. Journal of 
Clinical Investigation. 2005;115(3):680-687. 



	  

	   106	  

29. Kahn ML, Zheng Y-W, Huang W, et al. A dual thrombin receptor system for 
platelet activation. Nature. 1998;394(6694):690-694. 
 
30. Xu W-f, Andersen H, Whitmore TE, et al. Cloning and characterization of human 
protease-activated receptor 4. Proceedings of the National Academy of Sciences. 
1998;95(12):6642-6646. 
 
31. Brass LF. Thrombin and platelet activation. CHEST Journal. 
2003;124(3_suppl):18S-25S. 
 
32. Woulfe D, Jiang H, Mortensen R, Yang J, Brass LF. Activation of Rap1B by G(i) 
family members in platelets. J Biol Chem. 2002;277(26):23382-23390. 
 
33. Aslan JE, McCarty OJ. Rho GTPases in platelet function. Journal of Thrombosis 
and Haemostasis. 2013;11(1):35-46. 
 
34. Li Z, Delaney MK, O'Brien KA, Du X. Signaling during platelet adhesion and 
activation. Arteriosclerosis, thrombosis, and vascular biology. 2010;30(12):2341-2349. 
 
35. Manser E, Leung T, Salihuddin H, Zhao ZS, Lim L. A brain serine/threonine 
protein kinase activated by Cdc42 and Rac1. Nature. 1994;367(6458):40-46. 
 
36. Manser E, Leung T, Salihuddin H, Zhao Z-s, Lim L. A brain serine/threonine 
protein kinase activated by Cdc42 and Rac1. 1994. 
 
37. Jaffer ZM, Chernoff J. p21-activated kinases: three more join the Pak. Int J 
Biochem Cell Biol. 2002;34(7):713-717. 
 
38. Bokoch GM. Biology of the p21-activated kinases. Annu Rev Biochem. 
2003;72:743-781. 
 
39. Bagrodia S, Taylor SJ, Creasy CL, Chernoff J, Cerione RA. Identification of a 
mouse p21Cdc42/Rac activated kinase. J Biol Chem. 1995;270(39):22731-22737. 
 
40. Brown JL, Stowers L, Baer M, Trejo J, Coughlin S, Chant J. Human Ste20 
homologue hPAK1 links GTPases to the JNK MAP kinase pathway. Curr Biol. 
1996;6(5):598-605. 
 
41. Cotteret S, Jaffer ZM, Beeser A, Chernoff J. p21-Activated kinase 5 (Pak5) 
localizes to mitochondria and inhibits apoptosis by phosphorylating BAD. Mol Cell Biol. 
2003;23(16):5526-5539. 
 
42. Dan I, Watanabe NM, Kusumi A. The Ste20 group kinases as regulators of MAP 
kinase cascades. Trends Cell Biol. 2001;11(5):220-230. 
 



	  

	   107	  

43. Sells MA, Chernoff J. Emerging from the Pak: the p21-activated protein kinase 
family. Trends Cell Biol. 1997;7(4):162-167. 
 
44. Knaus UG, Bokoch GM. The p21Rac/Cdc42-activated kinases (PAKs). Int J 
Biochem Cell Biol. 1998;30(8):857-862. 
 
45. Lei M, Lu W, Meng W, et al. Structure of PAK1 in an autoinhibited conformation 
reveals a multistage activation switch. Cell. 2000;102(3):387-397. 
 
46. Leeuw T, Wu C, Schrag JD, Whiteway M, Thomas DY, Leberer E. Interaction of 
a G-protein beta-subunit with a conserved sequence in Ste20/PAK family protein kinases. 
Nature. 1998;391(6663):191-195. 
 
47. WANG J, FROST J, COBB M, ROSS E. RECIPROCAL SIGNALING 
BETWEEN HETEROTRIMERIC G PROTEINS AND THE P21-STIMULATED 
PROTEIN KINASE. The Journal of biological chemistry. 1999;274(44):31641-31647. 
 
48. Manser E, Loo TH, Koh CG, et al. PAK kinases are directly coupled to the PIX 
family of nucleotide exchange factors. Mol Cell. 1998;1(2):183-192. 
 
49. Bokoch GM, Wang Y, Bohl BP, Sells MA, Quilliam LA, Knaus UG. Interaction 
of the Nck adapter protein with p21-activated kinase (PAK1). J Biol Chem. 
1996;271(42):25746-25749. 
 
50. Puto LA, Pestonjamasp K, King CC, Bokoch GM. p21-activated kinase 1 (PAK1) 
interacts with the Grb2 adapter protein to couple to growth factor signaling. J Biol Chem. 
2003;278(11):9388-9393. 
 
51. Parrini MC, Lei M, Harrison SC, Mayer BJ. Pak1 kinase homodimers are 
autoinhibited in trans and dissociated upon activation by Cdc42 and Rac1. Mol Cell. 
2002;9(1):73-83. 
 
52. Chong C, Tan L, Lim L, Manser E. The mechanism of PAK activation. 
Autophosphorylation events in both regulatory and kinase domains control activity. J 
Biol Chem. 2001;276(20):17347-17353. 
 
53. Zhao ZS, Manser E. PAK family kinases: Physiological roles and regulation. Cell 
Logist. 2012;2(2):59-68. 
 
54. Benner GE, Dennis PB, Masaracchia RA. Activation of an S6/H4 kinase (PAK 
65) from human placenta by intramolecular and intermolecular autophosphorylation. J 
Biol Chem. 1995;270(36):21121-21128. 
 
55. Gatti A, Huang Z, Tuazon PT, Traugh JA. Multisite autophosphorylation of p21-
activated protein kinase gamma-PAK as a function of activation. J Biol Chem. 
1999;274(12):8022-8028. 



	  

	   108	  

56. Arias-Romero LE, Chernoff J. A tale of two Paks. Biol Cell. 2008;100(2):97-108. 
57. King CC, Gardiner EM, Zenke FT, et al. p21-activated kinase (PAK1) is 
phosphorylated and activated by 3-phosphoinositide-dependent kinase-1 (PDK1). J Biol 
Chem. 2000;275(52):41201-41209. 
 
58. Zenke FT, King CC, Bohl BP, Bokoch GM. Identification of a central 
phosphorylation site in p21-activated kinase regulating autoinhibition and kinase activity. 
Journal of Biological Chemistry. 1999;274(46):32565-32573. 
 
59. Buchwald G, Hostinova E, Rudolph MG, et al. Conformational switch and role of 
phosphorylation in PAK activation. Mol Cell Biol. 2001;21(15):5179-5189. 
 
60. Eswaran J, Soundararajan M, Kumar R, Knapp S. UnPAKing the class 
differences among p21-activated kinases. Trends Biochem Sci. 2008;33(8):394-403. 
 
61. Hofmann C, Shepelev M, Chernoff J. The genetics of Pak. J Cell Sci. 2004;117(Pt 
19):4343-4354. 
 
62. Pandey D, Goyal P, Dwivedi S, Siess W. Unraveling a novel Rac1-mediated 
signaling pathway that regulates cofilin dephosphorylation and secretion in thrombin-
stimulated platelets. Blood. 2009;114(2):415-424. 
 
63. Slack-Davis JK, Eblen ST, Zecevic M, et al. PAK1 phosphorylation of MEK1 
regulates fibronectin-stimulated MAPK activation. J Cell Biol. 2003;162(2):281-291. 
 
64. Beeser A, Jaffer ZM, Hofmann C, Chernoff J. Role of group A p21-activated 
kinases in activation of extracellular-regulated kinase by growth factors. J Biol Chem. 
2005;280(44):36609-36615. 
 
65. Eblen ST, Slack JK, Weber MJ, Catling AD. Rac-PAK signaling stimulates 
extracellular signal-regulated kinase (ERK) activation by regulating formation of MEK1-
ERK complexes. Mol Cell Biol. 2002;22(17):6023-6033. 
 
66. Stockton RA, Schaefer E, Schwartz MA. p21-activated kinase regulates 
endothelial permeability through modulation of contractility. Journal of Biological 
Chemistry. 2004;279(45):46621-46630. 
 
67. Mira JP, Benard V, Groffen J, Sanders LC, Knaus UG. Endogenous, hyperactive 
Rac3 controls proliferation of breast cancer cells by a p21-activated kinase-dependent 
pathway. Proc Natl Acad Sci U S A. 2000;97(1):185-189. 
 
68. Suzuki-Inoue K, Yatomi Y, Asazuma N, et al. Rac, a small guanosine 
triphosphate-binding protein, and p21-activated kinase are activated during platelet 
spreading on collagen-coated surfaces: roles of integrin alpha(2)beta(1). Blood. 
2001;98(13):3708-3716. 



	  

	   109	  

69. Chabadel A, Bañon-Rodríguez I, Cluet D, et al. CD44 and β3 integrin organize 
two functionally distinct actin-based domains in osteoclasts. Molecular biology of the 
cell. 2007;18(12):4899-4910. 
 
70. Arias‐Romero LE, Chernoff J. A tale of two Paks. Biology of the Cell. 
2008;100(2):97-108. 
 
71. Teo M, Manser E, Lim L. Identification and molecular cloning of a 
p21cdc42/rac1-activated serine/threonine kinase that is rapidly activated by thrombin in 
platelets. J Biol Chem. 1995;270(44):26690-26697. 
 
72. Vidal C, Geny B, Melle J, Jandrot-Perrus M, Fontenay-Roupie M. Cdc42/Rac1-
dependent activation of the p21-activated kinase (PAK) regulates human platelet 
lamellipodia spreading: implication of the cortical-actin binding protein cortactin. Blood. 
2002;100(13):4462-4469. 
 
73. Pandey D, Goyal P, Dwivedi S, Siess W. Unraveling a novel Rac1-mediated 
signaling pathway that regulates cofilin dephosphorylation and secretion in thrombin-
stimulated platelets. Blood. 2009;114(2):415-424. 
 
74. Offermanns S, Laugwitz KL, Spicher K, Schultz G. G proteins of the G12 family 
are activated via thromboxane A2 and thrombin receptors in human platelets. Proc Natl 
Acad Sci U S A. 1994;91(2):504-508. 
 
75. James SR, Downes CP, Gigg R, Grove SJ, Holmes AB, Alessi DR. Specific 
binding of the Akt-1 protein kinase to phosphatidylinositol 3,4,5-trisphosphate without 
subsequent activation. Biochem J. 1996;315 ( Pt 3):709-713. 
 
76. Alessi DR, Cohen P. Mechanism of activation and function of protein kinase B. 
Curr Opin Genet Dev. 1998;8(1):55-62. 
 
77. Dangelmaier C, Manne BK, Liverani E, Jin J, Bray P, Kunapuli SP. PDK1 
selectively phosphorylates Thr(308) on Akt and contributes to human platelet functional 
responses. Thromb Haemost. 2013;111(4). 
 
78. Moore SF, Hunter RW, Hers I. mTORC2 protein complex-mediated Akt (Protein 
Kinase B) Serine 473 Phosphorylation is not required for Akt1 activity in human platelets 
[corrected]. J Biol Chem. 2011;286(28):24553-24560. 
 
79. Kohn AD, Takeuchi F, Roth RA. Akt, a pleckstrin homology domain containing 
kinase, is activated primarily by phosphorylation. J Biol Chem. 1996;271(36):21920-
21926. 
 
80. Chen J, De S, Damron DS, Chen WS, Hay N, Byzova TV. Impaired platelet 
responses to thrombin and collagen in AKT-1-deficient mice. Blood. 2004;104(6):1703-
1710. 



	  

	   110	  

81. Woulfe D, Jiang H, Morgans A, Monks R, Birnbaum M, Brass LF. Defects in 
secretion, aggregation, and thrombus formation in platelets from mice lacking Akt2. J 
Clin Invest. 2004;113(3):441-450. 
 
82. Woulfe DS. Akt signaling in platelets and thrombosis. Expert review of 
hematology. 2010;3(1):81-91. 
 
83. Eidt JF, Allison P, Noble S, et al. Thrombin is an important mediator of platelet 
aggregation in stenosed canine coronary arteries with endothelial injury. J Clin Invest. 
1989;84(1):18-27. 
 
84. Kahn ML, Nakanishi-Matsui M, Shapiro MJ, Ishihara H, Coughlin SR. Protease-
activated receptors 1 and 4 mediate activation of human platelets by thrombin. J Clin 
Invest. 1999;103(6):879-887. 
 
85. Kim S, Foster C, Lecchi A, et al. Protease-activated receptors 1 and 4 do not 
stimulate G(i) signaling pathways in the absence of secreted ADP and cause human 
platelet aggregation independently of G(i) signaling. Blood. 2002;99(10):3629-3636. 
 
86. Kim S, Jin J, Kunapuli SP. Relative contribution of G-protein-coupled pathways 
to protease-activated receptor-mediated Akt phosphorylation in platelets. Blood. 
2006;107(3):947-954. 
 
87. Kim S, Jin J, Kunapuli SP. Akt activation in platelets depends on Gi signaling 
pathways. J Biol Chem. 2004;279(6):4186-4195. 
 
88. Knaus UG, Morris S, Dong HJ, Chernoff J, Bokoch GM. Regulation of human 
leukocyte p21-activated kinases through G protein--coupled receptors. Science. 
1995;269(5221):221-223. 
 
89. Knaus UG, Wang Y, Reilly AM, Warnock D, Jackson JH. Structural requirements 
for PAK activation by Rac GTPases. J Biol Chem. 1998;273(34):21512-21518. 
 
90. Zenke FT, King CC, Bohl BP, Bokoch GM. Identification of a central 
phosphorylation site in p21-activated kinase regulating autoinhibition and kinase activity. 
J Biol Chem. 1999;274(46):32565-32573. 
 
91. Li W, Chong H, Guan KL. Function of the Rho family GTPases in Ras-stimulated 
Raf activation. J Biol Chem. 2001;276(37):34728-34737. 
 
92. Aslan JE, Itakura A, Haley KM, et al. p21 activated kinase signaling coordinates 
glycoprotein receptor VI-mediated platelet aggregation, lamellipodia formation, and 
aggregate stability under shear. Arterioscler Thromb Vasc Biol. 2013;33(7):1544-1551. 

 



	  

	   111	  

93. Aslan JE, Baker SM, Loren CP, et al. The PAK system links Rho GTPase 
signaling to thrombin-mediated platelet activation. Am J Physiol Cell Physiol. 
2013;305(5):C519-528. 
 
94. Higuchi M, Onishi K, Kikuchi C, Gotoh Y. Scaffolding function of PAK in the 
PDK1-Akt pathway. Nat Cell Biol. 2008;10(11):1356-1364. 
 
95. Papakonstanti EA, Stournaras C. Association of PI-3 kinase with PAK1 leads to 
actin phosphorylation and cytoskeletal reorganization. Mol Biol Cell. 2002;13(8):2946-
2962. 
 
96. O'Brien KA, Stojanovic-Terpo A, Hay N, Du X. An important role for Akt3 in 
platelet activation and thrombosis. Blood;118(15):4215-4223. 
 
97. Nakamura A, Naito M, Tsuruo T, Fujita N. Freud-1/Aki1, a novel PDK1-
interacting protein, functions as a scaffold to activate the PDK1/Akt pathway in 
epidermal growth factor signaling. Mol Cell Biol. 2008;28(19):5996-6009. 
 
98. King CC, Newton AC. The adaptor protein Grb14 regulates the localization of 3-
phosphoinositide-dependent kinase-1. J Biol Chem. 2004;279(36):37518-37527. 
 
99. Azim AC, Barkalow K, Chou J, Hartwig JH. Activation of the small GTPases, rac 
and cdc42, after ligation of the platelet PAR-1 receptor. Blood. 2000;95(3):959-964. 
 
100. Aslan JE, Tormoen GW, Loren CP, Pang J, McCarty OJ. S6K1 and mTOR 
regulate Rac1-driven platelet activation and aggregation. Blood. 2011;118(11):3129-
3136. 

101. Kroner C, Eybrechts K, Akkerman JW. Dual regulation of platelet protein kinase 
B. J Biol Chem. 2000;275(36):27790-27798. 
 
102. Barry FA, Gibbins JM. Protein kinase B is regulated in platelets by the collagen 
receptor glycoprotein VI. J Biol Chem. 2002;277(15):12874-12878. 
 
103. Coffer PJ, Jin J, Woodgett JR. Protein kinase B (c-Akt): a multifunctional 
mediator of phosphatidylinositol 3-kinase activation. Biochem J. 1998;335 ( Pt 1):1-13. 
 
104. Marte BM, Downward J. PKB/Akt: connecting phosphoinositide 3-kinase to cell 
survival and beyond. Trends Biochem Sci. 1997;22(9):355-358. 
 
105. Toker A, Cantley LC. Signalling through the lipid products of phosphoinositide-
3-OH kinase. Nature. 1997;387(6634):673-676. 
 
106. Franke TF, Yang SI, Chan TO, et al. The protein kinase encoded by the Akt 
proto-oncogene is a target of the PDGF-activated phosphatidylinositol 3-kinase. Cell. 
1995;81(5):727-736. 



	  

	   112	  

107. Franke TF, Kaplan DR, Cantley LC, Toker A. Direct regulation of the Akt proto-
oncogene product by phosphatidylinositol-3,4-bisphosphate. Science. 
1997;275(5300):665-668. 
 
108. Klippel A, Kavanaugh WM, Pot D, Williams LT. A specific product of 
phosphatidylinositol 3-kinase directly activates the protein kinase Akt through its 
pleckstrin homology domain. Mol Cell Biol. 1997;17(1):338-344. 
 
109. Zhou GL, Zhuo Y, King CC, Fryer BH, Bokoch GM, Field J. Akt 
phosphorylation of serine 21 on Pak1 modulates Nck binding and cell migration. Mol 
Cell Biol. 2003;23(22):8058-8069. 
 
110. Li Z, Hannigan M, Mo Z, et al. Directional sensing requires G beta gamma-
mediated PAK1 and PIX alpha-dependent activation of Cdc42. Cell. 2003;114(2):215-
227. 
 
111. Resendiz JC, Kroll MH, Lassila R. Protease-activated receptor-induced Akt 
activation--regulation and possible function. J Thromb Haemost. 2007;5(12):2484-2493. 
 
112. Viaud J, Peterson JR. An allosteric kinase inhibitor binds the p21-activated kinase 
autoregulatory domain covalently. Mol Cancer Ther. 2009;8(9):2559-2565. 
 
113. Cheetham GM. Novel protein kinases and molecular mechanisms of 
autoinhibition. Curr Opin Struct Biol. 2004;14(6):700-705. 
 
114. Liu Y, Gray NS. Rational design of inhibitors that bind to inactive kinase 
conformations. Nat Chem Biol. 2006;2(7):358-364. 
 
115. Peterson JR, Golemis EA. Autoinhibited proteins as promising drug targets. J Cell 
Biochem. 2004;93(1):68-73. 
 
116. Deacon SW, Beeser A, Fukui JA, et al. An isoform-selective, small-molecule 
inhibitor targets the autoregulatory mechanism of p21-activated kinase. Chem Biol. 
2008;15(4):322-331. 
 
117. Eswaran J, Lee WH, Debreczeni JE, et al. Crystal Structures of the p21-activated 
kinases PAK4, PAK5, and PAK6 reveal catalytic domain plasticity of active group II 
PAKs. Structure. 2007;15(2):201-213. 
 
118. Nheu TV, He H, Hirokawa Y, et al. The K252a derivatives, inhibitors for the 
PAK/MLK kinase family selectively block the growth of RAS transformants. Cancer J. 
2002;8(4):328-336. 
 
119. Porchia LM, Guerra M, Wang YC, et al. 2-amino-N-{4-[5-(2-phenanthrenyl)-3-
(trifluoromethyl)-1H-pyrazol-1-yl]-phenyl} acetamide (OSU-03012), a celecoxib 
derivative, directly targets p21-activated kinase. Mol Pharmacol. 2007;72(5):1124-1131. 



	  

	   113	  

120. Kalwat MA, Yoder SM, Wang Z, Thurmond DC. A p21-activated kinase (PAK1) 
signaling cascade coordinately regulates F-actin remodeling and insulin granule 
exocytosis in pancreatic beta cells. Biochem Pharmacol. 2012;85(6):808-816. 
 
121. Nesbitt WS, Giuliano S, Kulkarni S, Dopheide SM, Harper IS, Jackson SP. 
Intercellular calcium communication regulates platelet aggregation and thrombus growth. 
J Cell Biol. 2003;160(7):1151-1161. 
 
122. Jin J, Daniel JL, Kunapuli SP. Molecular basis for ADP-induced platelet 
activation. II. The P2Y1 receptor mediates ADP-induced intracellular calcium 
mobilization and shape change in platelets. J Biol Chem. 1998;273(4):2030-2034. 
 
123. Marshall SJ, Asazuma N, Best D, et al. Glycoprotein IIb-IIIa-dependent 
aggregation by glycoprotein Ibalpha is reinforced by a Src family kinase inhibitor (PP1)-
sensitive signalling pathway. Biochem J. 2002;361(Pt 2):297-305. 
 
124. Abo A, Qu J, Cammarano MS, et al. PAK4, a novel effector for Cdc42Hs, is 
implicated in the reorganization of the actin cytoskeleton and in the formation of 
filopodia. Embo j. 1998;17(22):6527-6540. 
 
125. Badolia R, Manne BK, Dangelmaier C, Kunapuli SP. IPA3 non-specifically 
enhances phosphorylation of several proteins in human platelets. Platelets. 
2015;26(5):501-503. 
 
126. Allen JD, Jaffer ZM, Park SJ, et al. p21-activated kinase regulates mast cell 
degranulation via effects on calcium mobilization and cytoskeletal dynamics. Blood. 
2009;113(12):2695-2705. 
 
127. Aslan JE, Itakura A, Haley KM, et al. PAK signaling coordinates GPVI-mediated 
platelet aggregation, lamellipodia formation and aggregate stability under shear. 
Arteriosclerosis, thrombosis, and vascular biology. 2013;33(7):1544-1551. 
 
128. McCarty OJ, Larson MK, Auger JM, et al. Rac1 is essential for platelet 
lamellipodia formation and aggregate stability under flow. Journal of biological 
chemistry. 2005;280(47):39474-39484. 
 
129. Badolia R, Manne BK, Dangelmaier C, Kunapuli SP. IPA3 non-specifically 
enhances phosphorylation of several proteins in human platelets. Platelets. 2014. 
 
130. Garcia A, Quinton TM, Dorsam RT, Kunapuli SP. Src family kinase–mediated 
and Erk-mediated thromboxane A2 generation are essential for VWF/GPIb-induced 
fibrinogen receptor activation in human platelets. Blood. 2005;106(10):3410-3414. 
 
131. Lu W, Katz S, Gupta R, Mayer BJ. Activation of Pak by membrane localization 
mediated by an SH3 domain from the adaptor protein Nck. Curr Biol. 1997;7(2):85-94. 



	  

	   114	  

132. Kosoff R, Chow HY, Radu M, Chernoff J. Pak2 kinase restrains mast cell FcϵRI 
receptor signaling through modulation of Rho protein guanine nucleotide exchange factor 
(GEF) activity. Journal of Biological Chemistry. 2013;288(2):974-983. 
 
133. Roig J, Traugh JA. p21-activated protein kinase gamma-PAK is activated by 
ionizing radiation and other DNA-damaging agents. Similarities and differences to alpha-
PAK. J Biol Chem. 1999;274(44):31119-31122. 
 
134. Huang Z, Ling J, Traugh JA. Localization of p21-activated protein kinase gamma-
PAK/Pak2 in the endoplasmic reticulum is required for induction of cytostasis. J Biol 
Chem. 2003;278(15):13101-13109. 
 
135. Dharmawardhane S, Brownson D, Lennartz M, Bokoch GM. Localization of p21-
activated kinase 1 (PAK1) to pseudopodia, membrane ruffles, and phagocytic cups in 
activated human neutrophils. J Leukoc Biol. 1999;66(3):521-527. 
 
136. Tao J, Oladimeji P, Rider L, Diakonova M. PAK1-Nck regulates cyclin D1 
promoter activity in response to prolactin. Mol Endocrinol. 2011;25(9):1565-1578. 
 
137. Cosemans J, Munnix I, Wetzker R, Heller R, Jackson S, Heemskerk J. Continuous 
signaling via PI3K isoforms {beta} and {gamma} is required for platelet ADP receptor 
function in dynamic thrombus stabilization. Blood. 2006. 
 
138. Wang L, Jacobsen SE, Bengtsson A, Erlinge D. P2 receptor mRNA expression 
profiles in human lymphocytes, monocytes and CD34+ stem and progenitor cells. BMC 
Immunol. 2004;5:16. 
 
139. Diehl P, Olivier C, Halscheid C, Helbing T, Bode C, Moser M. Clopidogrel 
affects leukocyte dependent platelet aggregation by P2Y12 expressing leukocytes. Basic 
Res Cardiol;105(3):379-387. 
 
140. Ben Addi A, Cammarata D, Conley PB, Boeynaems JM, Robaye B. Role of the 
P2Y12 receptor in the modulation of murine dendritic cell function by ADP. J 
Immunol;185(10):5900-5906. 
 
141. Chow HY, Jubb AM, Koch JN, et al. p21-Activated kinase 1 is required for 
efficient tumor formation and progression in a Ras-mediated skin cancer model. Cancer 
Res. 2012;72(22):5966-5975. 
 
142. Murray BW, Guo C, Piraino J, et al. Small-molecule p21-activated kinase 
inhibitor PF-3758309 is a potent inhibitor of oncogenic signaling and tumor growth. Proc 
Natl Acad Sci U S A. 2010;107(20):9446-9451. 
 
143. Zhao ZS, Manser E, Chen XQ, Chong C, Leung T, Lim L. A conserved negative 
regulatory region in alphaPAK: inhibition of PAK kinases reveals their morphological 
roles downstream of Cdc42 and Rac1. Mol Cell Biol. 1998;18(4):2153-2163. 



	  

	   115	  

 


