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Abstract

Objective—Rho GTPase proteins play a central role in regulating the dynamics of the platelet
actin cytoskeleton. Yet, little is known regarding how Rho GTPase activation coordinates platelet
activation and function. In this study, we aimed to characterize the role of the Rho GTPase
effector p21 activated kinase (PAK) in platelet activation, lamellipodia formation and aggregate
formation under shear.

Approach and Results—Stimulation of platelets with the GPV1 agonist, collagen-related
peptide (CRP), rapidly activated PAK in a time course preceding phosphorylation of PAK
substrates LIMK1 and MEK and the subsequent activation of MAPKSs and Akt. Pharmacological
inhibitors of PAK blocked signaling events downstream of PAK and prevented platelet secretion
as well as platelet aggregation in response to CRP. PAK inhibitors also prevented PAK activation
and platelet spreading on collagen surfaces. PAK was also required for the formation of platelet
aggregates and to maintain aggregate stability under physiological shear flow conditions.

Conclusions—These results suggest that PAK serves an orchestrator of platelet functional
responses following activation downstream of the platelet collagen receptor, GPVI.

Keywords
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Introduction

Platelets serve as the primary cellular mediators of hemostasis and thrombosis.!: 2 These
circulating, anucleate fragments of megakaryocytic cells are optimally configured to detect a
loss of vascular integrity, adhere to sites of vessel injury and aggregate to form thrombotic
plugs. During the process of platelet activation, platelets undergo a dramatic change in shape
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from discs to small spheres with filopodial extensions and lamellipodial structures. This
process is mediated by changes in the platelet actin cytoskeleton.® Accordingly, an array of
actin regulatory proteins including SCAR/WAVE,* Arp2/3,° cortactin,® and the Rho
GTPases’ play roles in regulating platelet morphology through the regulation of actin
assembly and lamellipodia dynamics.3: & 9

Through the guanine nucleotide exchange factor (GEF)-mediated exchange of GDP for
GTP, the ~21 kD Rho GTPases Racl and Cdc42 support the autocatalytic activation of the
p21 activated kinases, or PAKs.10 The PAK family of serine/threonine protein kinases
represent well characterized Rho GTPase effectors.11 As cells adhere to and spread on
substrates, PAKSs are recruited to focal adhesions and the actin leading edge to orchestrate
actin dynamics, lamellipodia formation and cell motility. A system of PAK substrates,
including the LIM domain kinase LIMKZ1,12 are thought to be major contributors to the
PAK-based regulation of actin dynamics.11 Of the major PAK isoforms in mammalian cells,
PAK2, represents the most ubiquitous and highly expressed PAK family member.11 While
PAK2 was originally described as a kinase activated upon platelet stimulation,12 little is
known regarding the role of PAKSs in platelet biology. A number of platelet agonists,
including GPVI agonists, have been demonstrated to stimulate PAK autophosphorylation in
platelets.b: 14-16 These studies have shown that PAK activation occurs downstream of the
Rho GTPases Racl and Cdc42 in platelets; however, a specific role for PAK in platelet
function has not yet been defined.5: 14-18

Here, we demonstrate that PAK activity downstream of the platelet collagen receptor, GPVI,
is necessary for platelet aggregation, secretion and lamellipodia formation as well as platelet
aggregate stability under physiological conditions of shear. Platelet PAK activation occurs
rapidly upon stimulation with the GPV1 agonist, CRP. Through inhibition of platelet PAK,
we show that PAK effectors LIMKZ1 and MEK are phosphorylated upon platelet activation
in a PAK-dependent manner and that PAK activity is required for the coordination of
MAPK and Akt signaling upstream of platelet lamellipodia formation, aggregation and the
maintenance of platelet aggregates under shear. Together, these results support a role for
PAK as a key regulator of platelet function.

Materials and Methods

Results

Materials and Methods are available in online-only Supplement.

PAK activation upon platelet stimulation with the GPVI agonist CRP

Previous studies have determined that the p21 activated kinase PAK is activated
downstream of the Rho GTPases Racl and Cdc42 in platelets upon stimulation with GPVI
agonists.® 14-16 While the Rho GTPases Racl and Cdc42 have known functions in platelet
filopodia and lamellipodia formation as well as platelet aggregation, secretion and thrombus
formation, the role of PAK in platelet function has remained undetermined.” To examine
PAK isoform expression in human platelets, whole platelet lysates were analyzed by
Western blot. As seen in Figure 1A, platelets express Group | PAKs PAK1 and PAK2 as
well as the Group 1l PAK, PAK4 (Figure 1A). Low levels of PAK3 protein were also
detectable by Western blot (Figure 1A). To better understand the role of PAK in actin
reorganization in platelet activation mediated by GPVI, we next examined the localization of
Group | PAKSs in platelets treated with the GPVI-specific agonist collagen-related peptide
(CRP). Replicate samples of quiescent and CRP-activated platelets were fixed in solution,
permeabilized and stained for PAK1/2/3 and actin. As seen in Figure 1B, PAK shows a
cytosolic distribution in platelets under basal conditions. Upon stimulation with CRP, PAK

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Aslan et al.

Page 3

was found at the platelet periphery and in platelet filopodia (Figure 1B). To characterize the
roles of PAK in platelet signaling downstream of stimulation with GPVI, we next examined
the phosphorylation of PAK as well as the phosphorylation of PAK substrates and putative
downstream signaling systems by Western blot over a time course of platelet activation by
CRP. As shown in Figure 1C, treatment of platelets with CRP resulted in Serine and
Threonine phosphorylation of a single PAK1/2/3-positive protein at residues conserved
among the Group | PAKs, PAK1, PAK2 and PAKS3. This phosphorylated Group | PAK
protein also displayed immunoreactivity specific for PAK2 phosphorylated at Ser20,
suggesting that PAK?2 is a predominantly phosophorylated PAK species in platelets upon
activation with CRP, but not ruling out the activation of other Group | PAK isoforms, PAK1
and PAKS3. In addition to the autocatalytic phosphorylation of PAK2, the phosphorylation of
the PAK substrate LIMK1 was also rapid and detectable within 30 sec of stimulation (Figure
1C). In nucleated cells, PAK plays a role in the activation of MAPK pathways through the
phosphorylation of MEKs.11:19. 20 pAK also has a role in coordinating the activation of Akt.
In platelets, we found that CRP stimulation induced an activation of MEK and Akt
following PAK activation (Figure 1C). ERK activation followed MEK activation. The PAK
phosphorylation observed in platelets following CRP stimulation was found to be promoted
by GPVI signaling and not secondary mediators such as ADP, TxA2 and integrin activation,
as the presence of apyrase, indomethacin and eptifibatide did not hinder PAK
phosphorylation in response to CRP (Figure 1D). Together, these results show that the PAK
system is rapidly activated following stimulation with the platelet GPVI agonist CRP, that
PAK activation occurs temporally before MAPK and ERK activation and that PAK
redistributes to the platelet periphery and filopodia upon activation.

Activation of platelet PAK effectors and downstream signaling systems

As PAK regulates actin dynamics in nucleated cell systems,11: 21 we hypothesized that PAK
would likewise regulate platelet actin reorganization upon platelet activation. To investigate
the function of PAK Kkinase activity in platelet signaling, we utilized two specific
pharmacological inhibitors of PAKSs. These included the inhibitor of PAK activation, IPA-3,
an allosteric inhibitor that prevents activation of Group | PAKs (PAK1, 2 and 3).22: 23 |PA-3
covalently binds to PAK1 with a Kp of 1.9 uM and inhibits the activation of PAK by Rho
GTPases in a time- and dose-dependent manner with an in vitro IC50 of 2.5 uM.22 23 |n
cellular systems, IPA-3 has been used to analyze PAK function at concentrations ranging
from 5 to 25 uM in studies of cell biology,2* oncology,2® virology2® and neuroscience.?’
PF-3758309, a competitive inhibitor of all PAK isoforms (PAK1-6), blocks tumor cell
growth in vitro and promotes tumor regression and MAPK and Akt inhibition in vivo in
mouse models of skin cancer.28: 29 As seen in ure 2A, treatment of platelets with 1 pg/ml
CRP (in the presence of 2 U/ml apyrase and 20 ug/ml eptifibatide) readily activated PAK2,
as evidenced by the autophosphorylation of PAK2 Ser20 as well as Ser192 and Thr402.
PAK2 phosphorylation in response to CRP was completely inhibited following a 10 min
incubation with PF-3758309, IPA-3 or FRAX-597,28 another pharmacologically distinct
inhibitor of the Group | PAKSs (Figure 2A and Supplemental Figure). An inactive PAK
inhibitor relative compound, PIR 3.5,22 23 had no effect on CRP-stimulated platelet PAK2
activation (Figure 2A). Inhibition of PAK had no effect on the Src-mediated
phosphorylation of Syk Tyr323 which occurs upstream of PAK activation (Figure 2B).

PAK organizes cytoskeletal dynamics through the phosphorylation of a complex set of
substrates with known functions in actin regulation.19 11 Such factors include LIMK1, a
PAK-regulated kinase that mediates actin polymerization and microtubule disassembly in
nucleated cellular systems.12 In addition to phosphorylating effectors like LIMK with
specific functions in cytoskeletal organization, PAKSs also support the activation of MAPK
pathways and ERK signaling through the phosphorylation of MEK.1? As shown in Figure 2,
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PAK activation was found to be required for the PAK-mediated phosphorylation of platelet
MEK1/2 Ser217/221 in response to CRP stimulation, as IPA-3 or PF-3758309 treatment
inhibited PAK-mediated MEK phosphorylation in response to CRP. This loss of MEK
phosphorylation activation was associated with the downstream blockade of MEK-mediated
ERK phosphorylation in response to CRP (Figure 2A). In addition to activating MAPK
pathways through MEK phosphorylation, PAKSs also have a role coordinating the membrane
recruitment and activation of Akt.39: 31 PAK activity was also required for complete
activation of platelet Akt by CRP, as IPA-3 or PF-3758309 treatment blocked Akt Ser473
phosphorylation (Figure 2A) as well as Akt Thr308 phosphorylation which may be
controlled through the PAK-mediated regulation of PDK1.30 31 |n nucleated cells, PAK
regulates actin assembly in part through the phosphorylation of filamin A (FLNA) at
Ser2152.32 In platelets, FLNA has a role in regulating platelet morphology.32 Interestingly,
stimulation of platelets with CRP in solution led to no change in basal levels of FLNA
Ser2152 phosphorylation which was also unaffected by PAK inhibition (Figure 2A).
Together, these results show that in addition to activating a set of PAK-specific effectors,
PAK also plays a role in regulating platelet MAPK and Akt activation in response to CRP.

PAK activity is required for platelet secretion and aggregation

To determine the role of PAK activation in platelet degranulation, we examined the surface
exposure of P-selectin and the activation of the integrin a, B3 by flow cytometry under
vehicle and PAK-inhibited conditions. As seen in Figure 2B and 2C, treatment of platelets
with 1 pg/ml CRP for 5 min effectively resulted in P-selectin exposure and integrin a B3
activation in 46.6% and 48.3% of platelets, respectively. Treatment of platelets with the
PAK inhibitor PF-3758309 reduced CRP-induced granule release and integrin activation to
8.16% and 6.32%, respectively (Figure 2C & D). Similar inhibition was seen with IPA-3
treatment (Figure 2C & D) while the PAK inhibitor relative compound, PIR 3.5, did not
significantly change platelet P-selectin exposure or PAC-1 binding (data not shown). Next,
to examine the role of PAK activation in actin assembly in platelets, we assayed the fold-
change in filamentous actin (Factin) content elicited by CRP stimulation under basal and
PAK-inhibited conditions. As seen in Figure 2E, CRP promoted a 1.74+0.20 fold increase in
total platelet F-actin content. Inhibition of PAK activity with IPA-3 or PF-3758309
significantly reduced this increase in F-actin content to a 1.24+0.10 and 1.10+0.05 fold-
change, respectively.

Platelet secretion, integrin activation and F-actin assembly are closely tied to the process of
platelet aggregation. To next determine if PAK plays a role in platelet aggregation, the
effects of PAK inhibition on platelet aggregation in solution were assayed using a Born
aggregometer. As shown in Figure 3, purified human platelets readily aggregated in solution
upon the addition of 1 ug/ml CRP. Pretreatment of platelets with IPA-3 concentration-
dependently prevented the aggregation of platelets stimulated with CRP, while PIR 3.5 had
no significant effects on aggregation relative to the vehicle-treated control (Figure 3A and
data not shown). PF-3758309 as well as FRAX-597 similarly inhibited platelet aggregation
in response to CRP in a concentration-dependent manner (Figure 3B and Supplemental
Figure).

PAK is required for platelet lamellipodia formation

Upon binding to collagen, platelet activation downstream of GPVI stimulates the rapid
reorganization of the actin cytoskeleton, resulting in the transformation of platelets from
discoids to fully spread cells. To assay the effect of PAK inhibition on lamellipodia
formation downstream of GPVI, platelets were pretreated with vehicle, PF-3758309, IPA-3
or PIR 3.5 for 10 min, then exposed to an immobilized surface of collagen for 45 min,
before lysis into sample buffer and Western blot analysis. Collagen surfaces stimulated PAK

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Aslan et al.

Page 5

activation in platelets as determined by Western blot for the phosphorylation of PAK2
Ser192 and Ser402 (Figure 4A). PAK activation by these substrate surfaces was readily
blocked by the PAK inhibitors, IPA-3 and PF-3758309 (Figure 4A). To examine the role of
PAK in platelet lamellipodia formation, platelets were fixed following spreading on collagen
and visualized by DIC microscopy.34 As seen in Figure 4B and 4C, under basal conditions,
platelets readily formed lamellipodia and spread out upon surfaces of collagen. Inhibition of
PAK activation by PF-3758309, IPA-3 or FRAX- 597 treatment prevented lamellipodia
formation and platelet spreading (Figure 4B & C and Supplemental Figure). To examine the
architecture of platelet actin-rich adhesion structures under PAK-inhibited conditions,
platelets were spread onto a surface of collagen, fixed, and stained for actin and the focal
adhesion component vinculin. Conventional fluorescence microscopy and super resolution
visualization by structured illumination microscopy revealed that platelets readily form
actin-rich focal adhesion structures as they spread on collagen-coated substrates (Figure 5A
& B). Treatment of platelets with IPA- 3 prior to exposure to a surface of collagen prevented
spreading, focal adhesion formation and the efficiency of vinculin association with the actin
cytoskeleton (Figure 5A & B). Similar results were observed with PF-3758309 (data not
shown). Immunofluorescence microscopy experiments also confirmed that inhibition of
PAK similarly blocked the formation of actin-rich lamellipodia, as platelets did not establish
Arp2/3-positive lamellipodial structures while spread on collagen in PAK-inhibited
conditions (Figure 5C & D). Together, these results show that PAK is activated by platelet
exposure to collagen and has a role in platelet lamellipodia and actin-rich adhesion structure
formation.

PAK activation is required for platelet aggregate formation and aggregate stability under

shear

The effects of PAK inhibition on platelet aggregation and lamellipodia formation (Figures 3,
4) suggested that PAK may regulate platelet adhesion and aggregate formation under
physiologically-relevant conditions of shear. To examine the role of PAK in platelet
aggregate formation, human blood was treated with vehicle alone or PF-3758309, which is
bioavailable in whole blood,2° for 10 min prior to flow over immobilized collagen. As seen
in Figure 6A, under vehicle-treated conditions, platelets bound to and formed aggregates on
collagen under shear. Treatment of blood with PF-3758309 prevented the formation of
platelet aggregates (Figure 6A & B). In addition to platelet aggregate formation, signaling
networks such as the mTOR,3 36 Rho GTPase36 37 and PI3K/Akt38 systems are also
required to maintain platelet aggregate stability under physiological shear conditions. To
determine if the PAK-mediated signaling is similarly required to maintain the integrity of
platelet aggregates, we tested the ability of PAK inhibition to disrupt platelet aggregates
formed under physiological shear flow. Platelet aggregates were formed through the
perfusion of PPACK-anticoagulated blood over a surface of collagen (Figure 6C). Next,
aggregate stability was assessed during a secondary perfusion of buffer containing
physiological concentrations of fibrinogen. Under basal conditions, platelet aggregates
remained stable (Figure 6C & D). Buffer containing fibrinogen and IPA-3, however,
destabilized platelet aggregates under shear flow after 300 sec, with further instability at 450
sec (Figure 6B & C). Quantification of the surface area changes of the aggregates revealed a
44.6% increase in coverage after 300 sec, extending to 60.0% after 450 sec, in contrast to
17.4% and 17.8% for vehicle alone at 300 sec and 450 sec, respectively (Figure 6D). Similar
results were observed with PF-3758309 (data not shown).

Discussion

Here we report that in platelets, the PAK signaling system supports signaling processes that
mediate platelet spreading, aggregation and platelet aggregate stability under conditions of

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Aslan et al.

Page 6

physiological shear. Since their original discovery as serine/threonine protein kinases
activated by GTP-bound Rac1 and Cdc42,3? the PAKs have been extensively characterized
for roles in linking small GTPase activation to actin regulation, cell motility and cell
growth.11 The Rho GTPases RhoA, Cdc42 and Rac1 orchestrate actin remodeling in
platelets to regulate platelet activation, secretion, aggregation and thrombus stability.” RhoA
and Cdc42 have been shown to play roles in platelet contractility and secretion.8: 15. 40. 41
Platelet spreading is regulated by Rac1, which is required for platelet lamellipodia formation
and the stability of platelet aggregates.3®: 37 While some of the tyrosine kinase signaling
events upstream of Rac1 activation in platelet thrombotic functions have been defined,? it is
not well understood how signals downstream of Racl are translated into changes in platelet
actin structures. In addition to the WASP and formin proteins which support actin
polymeri;ation and reorganization, the PAKSs are key candidates in Rac effectors in platelet
function.

PAK2, or y-PAK, the most abundantly and ubiquitously expressed PAK family member,11
was originally characterized in platelets as a kinase activated upon platelet stimulation and
associated with a signaling complex consisting of small GTPases and GAPs.13 While small
GTPases have been an active subject of investigation in platelet biology for the past decade,’
a characterization of PAK in platelets has been absent. Early studies of actin dynamics in
platelets have shown that Cdc42, Racl and PAK are activated downstream of tyrosine
kinases.’ 16 Experiments with toxins that nonspecifically inhibit Rac and Cdc42 suggested
that PAK activation occurs downstream of Rac signaling in platelets,® but the specific
effects of inhibiting Rac on PAK activation in platelets had not yet been determined. More
recent studies with Cdc42-knockout mice have provided evidence that Cdc42 is required for
platelet PAK activation, filopodia formation, aggregation and Akt activation;1> however, the
role of Cdc42 in platelets is not straightforward.*2 In this study, we show that platelet PAK
activation temporally precedes MEK, ERK and Akt activation and that PAK localizes to
platelet filopodia upon stimulation with the GPVI agonist CRP (Figure 1). Using two
separate PAK-specific inhibitors, we show that inhibition of PAK activity blocks platelet
secretion, integrin activation and aggregation. PAK inhibition also prevented platelets from
forming lamellipodia or establishing actin-rich adhesions on an immobilized surface of
collagen, as determined by a characterization of the platelet actin cytoskeleton by super
resolution structured illumination fluorescence microscopy (SR-SIM) (Figure 5). A third
pharmacologically distinct Group | PAK inhibitor, FRAX-597,28 also prevented platelet
PAK phosphorylation, aggregation and lamellipodia formation in response to GPVI
stimulation (Supplemental Figure).

Upon activation, PAKSs phosphorylate a number of effector proteins with established roles in
regulating the actin cytoskeleton in processes of cell migration and cell spreading.11 Of
these targets, the LIM domain kinase LIMK1 may be the best characterized PAK substrate
in connecting Rho GTPases and PAK to actin regulation.12 In nucleated cells, following
phosphorylation by PAK, LIMK1 plays a role in actin polymerization through the
phosphorylation of the actin binding protein cofilin.12 In platelets, LIMK1 phosphorylation
is similarly hypothesized to regulate actin dynamics following its phosphorylation; however,
the role of cofilin phosphorylation in platelet F-actin assembly is not clear.1® Here we show
that inhibition of PAK activity blocks LIMK1 phosphorylation in response to CRP. LIMK1
is also phosphorylated by the RhoA activated kinase ROCK upon platelet activation.18
Platelet LIMK1 regulation may therefore be complex, as both ROCK and PAK may
cooperate to regulate LIMK1 activity and actin reorganization at platelet focal adhesions.
Intriguingly, time course experiments of platelet LIMK1 activation demonstrate that platelet
LIMKZ1 is rapidly phosphorylated in response to CRP stimulation and may occur in a phase
of signaling temporally distinct from Akt and MAPK activation (Figure 1).
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In addition to LIMK1 Thr508 phosphorylation, PAK activation was also required for the
complete phosphorylation of platelet MEK and the subsequent activation of ERKS. In
nucleated cells, PAK plays a well-described role in MEK and ERK activation.!! In platelets,
MEKT1 activation is required for platelet aggregation in response to collagen and other
agonists.*3 While the exact roles of MEK and ERK in platelet function are not yet defined,
MEK and ERK are associated with the platelet cytoskeleton and have reported roles in
linking the signaling events of platelet activation to the cytoskeletal dynamics that mediate
platelet function.** In accordance with a role for platelet PAK upstream of MAPK
activation, we found that platelet PAK activation temporally preceded platelet MEK
activation (Figure 1) and that inhibition of PAK blocked MEK and ERK activation in
platelets (Figure 2). PAK may therefore regulate platelet function through both signaling and
cytoskeletal processes mediated through MAP kinase pathways and other cellular signaling
systems with more classical roles in actin assembly.

The PAK-based signaling systems that regulate platelet aggregation in solution also have
roles in platelet aggregate formation under physiological conditions of shear.4>-47
Intriguingly, PAK was required not only for actin dynamics that guide activated platelets as
they spread upon a surface, but also for platelet aggregation under flow (Figure 6). These
results suggest that PAK signaling has key roles in platelet cytoskeletal processes in multiple
aspects of platelet physiology. Moreover, like Rac, mTOR and PI3K/Akt,36-38 continuous
PAK activity was also required to maintain the integrity of platelet aggregates formed under
physiological conditions of shear (Figure 6). Our results showing that PAK regulates platelet
aggregation (Figure 3) and aggregate stability (Figure 6) together with previous studies
showing a PAK-associated shedding of microvesicles upon platelet activation’ support a
potential physiological role for PAK in hemostasis. While we have shown that PAK
effectors such as LIMK1 and MEK are phosphorylated in a PAK-dependent manner
upstream of platelet aggregation, the exact roles of these proteins in the biology of platelets
remains to be defined. Accordingly, the function of PAK as well as the system of PAK
effectors in hemostasis, angiogenesis and vascular stability is certain to develop into an
active area of future investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Platelets serve as the primary cellular mediators of thrombosis. While platelet activation
is known to be regulated by Rho GTPases proteins such as Racl, the signaling processes
downstream of Rho GTPases in platelet physiology remain unexplored. In nucleated
cells, the p21 activated kinases (PAKSs) represent well-established Rho GTPase effectors
in cytoskeletal dynamics and cell motility. This study shows for the first time that PAK
activity is required for signaling events and cytoskeletal reorganization processes that
underlie platelet activation, platelet aggregation, platelet spreading and platelet aggregate
stability under physiological shear.
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Figure 1. Platelet treatment with CRP stimulates PAK activation and the phosphorylation of

PAK effectors

(A) Replicate samples of human platelet lysates (50 g total protein) were assayed for PAK
isoform expression by Western blot. (B) Super resolution fluorescent microscopy analysis of
PAK localization. Replicate samples of control and CRP stimulated human platelets were
fixed and stained for PAK and actin. Scale bar = 1 um. (C) Time course of platelet PAK
phosphorylation and activation upon stimulation with CRP. Replicate samples of purified
human platelets (5 x 108/ml) were treated with CRP (1 pg/ml) for 30, 60, 120 and 300 sec
before lysis and Western blot analysis for PAK, LIMK, MEK, ERK and Akt
phosphorylation. (D) Time course of platelet PAK phosphorylation in response to CRP
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stimulation in the presence of apyrase (2 U/ml), indomethacin (10 uM) and eptifibatide (20
pg/ml).
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Figure 2. PAK activity isrequired for platelet PAK effector phosphorylation, secretion, integrin
activation and F-actin formation

(A) Replicate samples of purified human platelets (5 x 108/ml) treated with vehicle (0.1%
DMSO), IPA-3 (10 uM), PIR 3.5 (10 uM) or PF-3758309 (10 uM) for 10 min prior to
stimulation with CRP (1 pg/ml, 300 sec) in the presence of apyrase (2 U/ml) and eptifibatide
(20 pg/ml). After lysis, samples were analyzed for PAK2 Ser20, Ser192 and Thr402
autosphosphorylation, the phosphorylation PAK effectors LIMK1 (Thr508) and MEK1/2
(Ser217/221) and the activation of ERK and Akt signaling. Results representative of four
experiments are shown. (B) Platelets were also examined for Src-mediated phosphorylation
of Syk Tyr323. (C) Platelet P-selectin, (D) integrin a3 activation and (E) F-actin content
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analyzed by flow cytometry following vehicle (DMSO), IPA-3 and PF-3758309 treatment

and CRP stimulation. Data are represented as mean + SEM. Significant results (p < 0.05) are
indicated with an asterisk.
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Figure 3. Inhibition of PAK blocks platelet aggregation in response to CRP

Washed human platelets (2 x 108/ml) were incubated with vehicle (DMSO) or increasing
concentrations of (A) IPA-3 or (B) PF-123758309 in the presence of 2 U/ml apyrase prior to
stimulation with CRP (1 pg/ml) and the change in optical density indicative of platelet
aggregation was recorded. Representative aggregation traces of four separate experiments
are shown.
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Figure 4. PAK activation isrequired for spreading on a surface of collagen

(A) Replicate samples of purified human platelets (5 x 108/ml) were treated with vehicle
(DMSO), IPA-3 (10 uM), PIR 3.5 (10 pM) or PF-3758309 (10 pM) for 10 min prior to
exposure to a collagen surface in the presence of 2 U/ml apyrase. After 45 min, platelets
were stimulated lysed and analyzed for PAK activation by Western blot for PAK2-pSer192
and PAK2-pThr402. (B) Replicate wells of collagen-coated coverglass were seeded with
human platelets (2 x 107/ml) for 45 min after pretreatment with vehicle (DMSO), IPA-3 (10
uUM), PIR 3.5 (10 uM) or PF-3758309 (10 uM). Platelets were fixed and analyzed by DIC
microscopy. Images representative of five experiments are shown. Scale bar = 10 ym. (C)
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Quantification and distribution of platelet surface areas (n = 200 per condition) under control
and PAK-inhibited conditions.
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Figure 5. PAK activity regulates actin-rich adhesion and lamellipodia formation in platelets

spread on collagen
Replicate wells of collagen-coated coverglass were seeded with human platelets (2 x 107/

ml) for 45 min after pretreatment with vehicle (DMSO), IPA-3 (10 uM), PIR 3.5 (10 uM) or
PF-3758309 (10 puM). Platelets were fixed, stained for (A,B) vinculin and actin or (C,D)
Arp2/3 and actin and analyzed by fluorescence microscopy. Images representative of five
experiments are shown. (A,C) Scale bar = 10 pm. Super resolution microscopy analysis of
(B) platelet focal adhesion formation and (D) lamellipodia formation of vehicle (DMSO)
and IPA-3 (10 uM) treated platelets on a surface of collagen, visualized by SR-SIM of actin
(red) and vinculin or Arp2/3 (green) staining. Scale bar = 2 um.
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Figure 6. Platelet aggregate formation and stability under shear requires PAK

(A) Human whole blood was treated with vehicle or PF-3758309 (20 pM) and perfused over
collagen at a shear rate of 1500 s-1 to produce platelet aggregates. (B) Quantification of
percentage of surface area coverage by platelet aggregates in the presence of vehicle or
PF-3758309 (n = 3). (C) Platelet aggregates were formed following perfusion of PPACK-
anticoagulated blood over collagen for 4 min at a wall shear rate of 1500 s-1. Following
washing for 4 min with buffer containing fibrinogen (3 mg/ml), platelet aggregates were
perfused with buffer containing fibrinogen and vehicle (DMSO), IPA-3 (10 uM) or PIR 3.5
(10 uM). Representative DIC images are shown. Scale bar = 100 pm. (D) Quantification of
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platelet disaggregation promoted by IPA-3 under flow (n = 3). Data are represented as mean
+ SEM. Significant results (p < 0.05) are indicated with an asterisk.
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