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Abstract
Objective—Recent studies have shown a role for Rac1 in regulating platelet functions, but how
Rac1 is activated in platelets remains unclear. PIP3-dependent Rac exchanger 1 (P-Rex1) was
originally identified in neutrophils that regulates phagocyte functions. We sought to examine
whether P-Rex1 plays a role in platelet activation.

Methods and Results—Western blotting showed P-Rex1 expression in mouse and human
platelets. Mice lacking P-Rex1 exhibited prolonged bleeding time and increased re-bleeding.
When challenged with low doses of the G protein-coupled receptor (GPCR) agonists U46619 and
thrombin, P-Rex1-/- platelets displayed significantly reduced secretion and aggregation compared
to WT platelets. Increasing the concentration of these agonists could overcome the defect. Platelet
aggregation induced by collagen, a non-GPCR agonist, was also compromised in the absence of P-
Rex1. Along with these phenotypic changes were impaired Rac1 activation, reduced ATP
secretion, decreased phosphorylation of Akt, JNK and p38 MAPK in P-Rex1-/- platelets upon
agonist stimulation.

Conclusion—These results demonstrate for the first time the presence of P-Rex1 in platelets and
its role in platelet secretion as well as aggregation induced by low-dose agonists for GPCR and by
collagen.
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Platelets play a critical role in physiological and pathological processes including hemostasis
and thrombosis. At the site of blood vessel injury, platelets accumulate to the exposed
subendothelial matrix and undergo an activation process that includes shape change,
aggregation and granule secretion, leading to clot formation and initiating repair of the
damaged vessel wall. A variety of agonists, including thrombin, thromboxane A2 (TXA2),
adenosine diphosphate (ADP), and collagen, are involved in platelet activation and may
work together to facilitate clot formation. Upon vessel wall injury, exposed subendothelial
collagen plays an important role in the initiation of platelet activation. In addition, thrombin
generated from the injury site, combined with TXA2 and ADP secreted from activated
platelets, further induce platelet activation as well as formation of stable thrombi. Among
these agonists, thrombin, TXA2 and ADP induce platelet activation via G protein-coupled
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receptors (GPCRs), whereas collagen engages multiple platelet receptors including the
glycoprotein VI (GPVI)/Fc receptor γ, glycoprotein IV (GPIV) and the integrin α2β1 1.
Thrombin receptors including the protease-activated receptors 1 and 4 (PAR1 and PAR4) in
human and the TXA2 receptor are functionally coupled to the Gq and G12/13 signaling
pathways 2-5. During platelet activation, the receptors for thrombin, TXA2 and collagen can
mediate substantial activation of the small GTPase Rac, which is required for platelet
aggregation and secretion.

Rac, a subfamily of the Rho small GTPases, contains three members including Rac1, Rac2
and Rac3. The Rac1 GTPase is ubiquitously expressed, whereas Rac2 is specifically
expressed in hematopoietic cells of myeloid lineage 6. Rac3 GTPase is detected only in the
brain during development 7. In platelets, Rac1 but not Rac2 is detected at the protein level 8.
Rac1 deficient platelets display impaired aggregation and secretion, suggesting that the Rac1
GTPase is important to platelet functions 9. It is well known that activated Rac1 GTPase
regulates lamellipodia formation through direct stimulation of p21-activated kinase (PAK),
which in turn induces actin polymerization 9-11. A recent report showed that activated Rac
GTPase also regulates the MAPK signaling pathways in platelets 12. Therefore, the role for
the Rac GTPase is not confined to cytoskeletal rearrangement during platelet activation.
Although the downstream effectors of activated Rac GTPase are well described, much less
is known about the upstream mechanism for Rac GTPase activation in platelets.

Studies of Rac activation have identified a large number of guanine nucleotide exchange
factors (GEFs), among which P-Rex1 is a Rac-specific GEF activated by the βγ subunits of
G proteins and by phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which are produced
through phosphoinositol 3-kinase (PI3K) activation 13, 14. Initially purified from neutrophils
and found in high abundance both in leukocytes and in the brain 13, P-Rex1 is known to play
important roles in the regulation of bactericidal functions of neutrophils. Based on studies of
P-Rex1 deficient neutrophils, it was found that this GEF is required for optimal production
of reactive oxygen species (ROS) and neutrophil chemotaxis through activation of the Rac2
GTPase 15, 16. During brain development, P-Rex1 is involved in neurotrophin-mediated
neuronal migration 17. A more recent study showed that P-Rex1 is also involved in ErbB
signaling in breast cancer cells 18, expanding its role beyond normal cells and physiological
functions.

The expression and function of P-Rex1 in platelet has remained unknown. In the present
study, we investigated whether P-Rex1 is important for platelet activation using the GPCR
agonists thrombin and U46619, and a non-GPCR agonist collagen. Our study revealed that
P-Rex1 is not only expressed in mouse platelets but also plays an important role in
regulating platelet aggregation and dense granule secretion. Rac1 activation is attenuated in
the absence of P-Rex1, and P-Rex1 deficient mice show an extended bleeding time as well
as reduced activation of Akt, JNK and p38 MAPK. These results demonstrate that P-Rex1 is
a major regulator of platelet activation by low-dose GPCR agonists and a potential target for
therapeutic intervention.

Methods
Materials

The TXA2 analog U46619 and Rac inhibitor NSC23766 were purchased from Calbiochem
(San Diego, CA). Thrombin, collagen and luciferase/luciferin reagent were purchased from
Chrono-Log (Havertown, PA). Prostaglandin E1 and apyrase were obtained from Sigma-
Aldrich (St Louis, MO). Mouse anti-P-Rex1 antibody 13, 15 was a kind gift from Dr. Marcus
Thelen (Institute for Research in Biomedicine, Switzerland). A rabbit polyclonal antibody
against phosphorylated Ser473 of Akt and antibodies against phosphorylated and non-
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phosphorylated forms of JNK (Thr183/Tyr185) were from Cell Signaling Technology
(Boston, MA). The mouse monoclonal antibody against Rac1 were purchased from BD
Biosciences (San Diego, CA).

Mice
P-Rex1 knockout mice were generated as described 16. The mice were backcrossed at least 7
generations to C57BL/6 background. Wide type C57BL/6 mice were purchased from
Charles River Laboratories (Wilminton, MA). Mice 8 to 12 week of age were used in the
study. All experiments involving the use of mice were conducted with protocols approved
by the Institutional Animal Care and Use Committee at the University of Illinois at Chicago.

Platelet preparation
Male and female mice were anesthetized by intraperitoneal injection of ketamine (100 mg/
kg) and xylazine (5 mg/kg) in PBS. Whole blood was collected from the abdominal aorta
using 100 μl volume of ACD (85 mM trisodium citrate, 83 mM dextrose, and 21 mM citric
acid) as anticoagulant. For each experiment, blood was pooled from 5-6 mice. Platelets were
isolated from platelet-rich plasma (PRP) by centrifugation of whole blood with 0.1 μg/ml
prostaglandin E1 and 1 U/ml apyrase, washed twice with CGS buffer (0.12 M sodium
chloride, 0.0129 M trisodium citrate, 0.03 M D-glucose, pH 6.5) with 1 U/ml apyrase and 5
mM EDTA, and resuspended in Tyrode's buffer (150 mM NaCl, 12 mM NaHCO3, 2.5 mM
KCl, 10 mM HEPES, 5.5 mM D-Glucose, 1 mM CaCl2, 1 mM MgCl2 and 1 mg/ml BSA).

Platelet aggregation and secretion
Platelet aggregation was determined by the turbidometric method. Platelet dense granule
secretion was evaluated by measuring the release of ATP using luciferin/luciferase reagent
(Chrono-Lume). Washed platelets (3 × 108/ml) were mixed with luciferin/luciferase reagent
within 1 min before stimulation. Platelet aggregation and secretion were recorded in a
platelet aggregometer (Chrono-Log, Havertown, PA) at 37°C while stirring at 1,000 rpm. To
detect the effect of Rac inhibition, washed platelets were pre-incubated with 1 μM
NSC23766 for 1 min prior to stimulation with U46619. To investigate the effect of secretion
on collagen-induced aggregation, platelets were pre-treated with 10 nM SQ29548 (Cayman
Chemical) or 50 μM aspirin (Sigma) for 1 min. Platelet aggregation was then measured after
collagen stimulation.

Western blotting assay
Washed platelets (400 μl, 1 × 108/ml) were stimulated with U46619 (60 nM) for different
periods of time at 37°C while stirring at 1,000 rpm. The reaction was terminated by adding
4× loading buffer (NuPAGE, Invitrogen, Carlsbad, CA). Western blotting was performed as
described previously 19. The lysate was separated on 10% SDS-PAGE. Phosphorylated and
unphosphorylated Akt and MAPK were detected with specific antibodies against Akt
(Ser473) and JNK (Thr183/Tyr185). The relative density of bands on gel blots was
quantified using the ImageJ software (National Institutes of Health, Bethesda, MD). For
detection of P-Rex1 in platelets, mouse and human platelets were lysed, the lysate was
separated on 4-20% SDS-PAGE, and P-Rex1 was detected with the anti-P-Rex1 antibody.
For positive control, HEK293T cells were transiently transfected with pRK5 plasmid vector
containing human P-Rex1 cDNA, and the cell lysate was compared in Western blotting.

Analysis of Rac activation
Rac activation was determined using p21-activated kinase binding domain (PBD) as
described previously 20. The PBD-GST fusion protein was expressed in E.coli strain HB101
and purified. Washed platelets (1 × 109/ml) were stimulated with 60 nM U46619 at different
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time points with stirring. The platelets were then lysed by addition of lysis buffer/wash
buffer (6 mM Na2HPO4, 4 mM NaH2PO4, 1% Nonidet P-40, 150 mM NaCl, 30 mM MgCl2,
2 mM PMSF, Protease Inhibitor Cocktail I (Calbiochem), 0.1 mM Na3VO4, and 50 mM
NaF). After centrifugation, the lysate was incubated with 20 μg of PAK1 PBD-GST
recombinant protein at 4°C overnight, and then incubated with 30 μl of glutathione-
Sepharose 4B beads (Little Chalfont, Buckinghamshire, UK) for another 1 h. Beads were
washed five times with wash buffer and resuspended in a loading buffer. Aliquots of the
total Rac protein and those bound to the beads (Rac-GTP) were analyzed by Western
blotting.

Statistical analysis
For statistical analysis, a P-value < 0.05 was considered statistically significant. Student's t-
test was performed. For bleeding time, difference between WT and P-Rex1 KO mice was
evaluated with two-tailed Mann-Whitney tests.

Results
P-Rex1 deficient mice display impaired hemostasis

We first examined the expression of P-Rex1 in mouse and human platelets. Washed platelets
isolated from P-Rex1-/- and WT mice (Figure 1A, upper panels) or from human blood
(lower panels) were lysed and the expression of P-Rex1 was determined by Western
blotting. An anti-P-Rex1 antibody detected a single species of expected size (∼190 kDa) in
WT platelets. As a positive control, HEK293T cells transfected with human P-Rex1 cDNA-
expression vector expressed a protein of similar size that was detected by the anti-P-Rex1
antibody (Figure 1A). This species was absent in platelets prepared from P-Rex1 knockout
mice or in HEK293 cells transfected with an empty vector, confirming the identity of the
detected protein as P-Rex1.

We next determined whether P-Rex1 is involved in hemostasis in vivo using a tail-bleeding
assay. The bleeding time of P-Rex1-/- mice (446.8 ± 77.76 sec) was significantly longer than
that of the WT controls (192.92 ± 62.61 sec) (Figure 1B; p<0.05). Of note, bleeding times
longer than 900 sec were observed in nearly one quarter (23.5 %) of the P-Rex1-/- mice
tested, compared to only 7.7 % of the WT controls. The percentage of mice showing re-
bleeding, defined as recurrent bleeding within 15 min of the first occurrence, was more than
2.5 times higher in P-Rex1-/- mice than the WT controls (76.5% vs. 30.8%; Figure 1C).
However, P-Rex1-/- mice did not display a significantly difference platelet count compared
to the WT controls (1.19 ± 0.06 × 106 /μl in P-Rex1-/- mice vs. 1.13 ± 0.02 × 106 /μl in WT
mice; Figure 1D), suggesting that P-Rex1 is not critical to the generation of platelets or its
lifespan. Flow cytometry analysis showed that platelets with or without P-Rex1 were similar
in size (Figure 1E). Platelet adhesion and spreading on fibrinogen was also unchanged in the
absence of P-Rex1 (Supplemental Figure S1). Collectively, these data indicate that the
observed difference in bleeding time between the WT and P-Rex1-/- mice might be
attributed to functional changes in platelet activation, suggesting that P-Rex1 plays an
important role in hemostasis.

P-Rex1 regulates platelet aggregation and dense granule secretion
Based on these findings, we next examined platelet aggregation and ATP release, which is a
function of dense granule secretion. U46619 is a synthetic analog of TXA2 that induces
platelet aggregation and secretion through the TXA2 receptor (TPR), primarily activating
the Gαq-coupled pathways. Upon stimulation with a low concentration of U46619 (60 nM),
platelet aggregation was markedly reduced in P-Rex1-/- mice (Figure 2A). Platelets isolated
from WT mice showed a typical biphasic aggregation 21, of which the first phase was a

Qian et al. Page 4

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



direct result of U46619 activation through TPR, and the second phase presumably
represented the combined effect of TPR activation and TPR-mediated ADP secretion
through a paracrine or autocrine mechanism. A close examination of the P-Rex1-/- platelets
found that it lacked the second phase (Figure 2A), suggesting that secretion-dependent
aggregation might be compromised in P-Rex1 deficient platelets. Indeed, the phenotype of
one-phase aggregation in P-Rex1-/- platelets was accompanied by a drastically altered
pattern of ATP release. Whereas platelets from the WT mice showed two phases of ATP
release upon U46619 stimulation, ATP secretion was completely absent in P-Rex1-/-

platelets (Figure 2B). Increasing the concentration of U46619 to 100 nM partially restored
aggregation of P-Rex1-/- platelets (Figure 2C). At 100 nM, U46619 induced a primary
secretion in P-Rex1-/- platelets that was similar to ATP release from the WT platelets;
however, secondary secretion in P-Rex1-/- platelets was markedly impaired (Figure 2D). At
300 nM, P-Rex1-/- and WT platelets showed similar aggregation and secretion (Figure 2E
and F), suggesting that the effect of P-Rex1 deficiency can be overcome with high
concentrations of the agonist (see supplemental Figure S3 for quantification). The restored
platelet activation is largely the result of secretion-induced second phase activation. This
notion was confirmed when ADP was added back to P-Rex1-/- platelets, which effectively
restored second phage platelet aggregation (data not shown). Collectively, the results
indicate that P-Rex1 plays an important role in platelet secretion.

Thrombin is a potent agonist for platelet activation. A low concentration of thrombin
(0.0125 U/ml) induced WT platelets to reversibly aggregate (Figure 3A) and to release ATP
(Figure 3B), whereas both aggregation and secretion were absent in the P-Rex1-/- platelets.
At a higher concentration (0.01875 U/ml), thrombin was able to induce platelet aggregation
and ATP release without P-Rex1, although less than that in WT platelets (Figure 3C and
3D). Further increase of thrombin concentration to 0.025 U/ml completely overcame the
defect of P-Rex1 in both aggregation and secretion assays (Figure 3E and 3F). Again, these
results support an important role for P-Rex1 in platelet secretion by the GPCR agonists at
low concentrations.

Collagen activates platelets through binding to several receptors including the glycoprotein
VI (GPVI)/Fc receptor γ complex, integrin α2β1 and GPIV, none of them belonging to the
7-transmembrane domain GPCR family. A previous study showed that collagen stimulates
activation of the small GTPase Rac in platelets 10. Therefore, we sought to determine
whether P-Rex1 regulates collagen-mediated platelet activation. Upon stimulation with
collagen (0.5 μg/ml and 1 μg/ml), platelets from P-Rex1-/- mice showed attenuated
aggregation (Figure 4A, 4C) and secretion (Figure 4B, 4D) compared to WT platelets. To
investigate whether collagen-induced aggregation is dependent on secretion and TPR
feedback, we treated platelets with aspirin, an inhibitor for thromboxane synthase, and
SQ29548, a highly selective thromboxane receptor antagonist. Both aspirin and SQ29548
markedly inhibited collagen-induced aggregation (Figure 4E and 4F). Therefore, collagen-
induced aggregation is heavily dependent on the release of thromboxane. These results
suggest that the attenuated response in P-Rex1 deficient platelets might be attributable to a
defect in secretion and TPR feedback.

P-Rex1 regulates Rac activation in platelets
P-Rex1 is a GEF specific for Rac activation, as was documented in earlier studies using
leukocytes 13. In platelets, Rac GTPase is rapidly activated after stimulation with the GPCR
agonists U46619 and thrombin 22. Rac1-/- platelets exhibit impairment in aggregation and
secretion 9. Since more than 70 GEFs for Rho GTPase are present, the GEFs that are
primarily responsible for Rac activation in platelets remain undefined. To determine whether
P-Rex1 regulates platelet functions through activation of Rac1, we conducted pull-down
assay using the Rac-binding domain of p21-activated protein kinase (PBD) 20. A rapid
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activation of Rac1 was detected in WT platelets following stimulation with U46619 (60
nM), and the results were reproducible. Rac1 activation peaked at ∼15 sec and subsided by
60 sec. In P-Rex1-/- platelets, U46619 induced less that 50% of Rac1 activation at 15 sec
compared to WT platelets (Figure 5A, 5B). To further verify that P-Rex1 regulates platelet
activation through activating Rac GTPase, we examined whether WT platelets treated with
the Rac inhibitor NSC23766 23 could simulate the phenotype of P-Rex1-/- platelets. In
platelets receiving NSC23766 (1 μM), U46619 (60 nM)-induced aggregation was markedly
attenuated (Figure 5C). Similar to the P-Rex1-/- platelets, NSC23776-treated platelets lacked
the second phase of aggregation upon U46619 stimulation. The U46619-induced ATP
release was totally abolished after treatment with NSC23766 (Figure 5D). Along with the
inhibition of platelet activation, NSC23766 blocked Rac1 activation (Figure 5E).
Interestingly, increasing U46619 concentration to 300 nM and 600 nM did not overcome the
inhibitory effect of NSC23766 on platelet aggregation and dense granule secretion
(supplemental Figure S2). In U46619-stimulated platelets, granule release exhibits two
phases. NSC23766 is highly potent in blocking the second-phase secretion, but only slightly
reduced the first-phase secretion in WT platelets stimulated with 300 nM of U46619
(Supplemental Figure S2F). In comparison, P-Rex1 deficiency reduced first-phase secretion
but had little effect on the second-phase secretion when the platelets were exposed to the
same concentration of U46619. In P-Rex1-deficient platelets, NSC23766 did not exert
additional inhibition of either aggregation (Supplemental Figure S2E) or first-phase
secretion, although it blocked the second-phase secretion (Supplementa Figure S2F). These
results suggest that Rac1 is required for platelet dense granule secretion, and P-Rex1 is
important for maximal platelet aggregation and secretion by serving as an important Rac1
activator, especially at low concentrations of GPCR agonists.

P-Rex1 is required for optimal signaling through Akt and MAPK
The PI3K - Akt signaling pathway is involved in platelet aggregation and secretion under
various stimulation conditions 24-27. Rac has been implicated in Akt activation. To
determine whether P-Rex1 regulates Akt activation, we stimulated platelets from WT and P-
Rex1-/- mice with 60 nM of U46619. Peak Akt-Ser473 phosphorylation was observed at 3
min (Figure 6A). Densitometry analysis showed that the peak level of phosphorylation at
Ser473 is lower in P-Rex1-/- platelets than in WT platelets, suggesting that P-Rex1 is
required for optimal activation of Akt in platelets. Similar to results obtained in aggregation
and secretion assays, Akt phosphorylation was identical between WT and P-Rex1-/- platelets
when high concentrations of agonists (e.g. 300 nM of U46619) were used (Supplemental
Figure S4).

It has been previously reported that the MAPK signaling pathways (JNK, p38 MAPK and
ERK) can be quickly activated by the GPCR agonist U46619 and contributes to platelet
activation 28, 29. Since Rac activation is also required for MAPK activation, we postulated
that activation of MAPKs might be a downstream event of the P-Rex1-Rac axis. After
stimulation with U46619, the phosphorylation of JNK (Figure 6B) was markedly elevated in
WT platelets, but the induced phosphorylation was much less in P-Rex1-/- platelets (Figure
6B). Similar results were obtained for ERK and p38 MAPK (data not shown). These
findings suggest that P-Rex1 regulates the activation of MAP kinases. The relationship
between P-Rex1 and induced phosphorylation of Akt and MAPKs was next examined.
Platelets treated with NSC23766 displayed a significantly reduced phosphorylation of Akt
(Figure 6C) and JNK (Figure 6D). These results suggest that Rac is upstream of Akt and
JNK for their phosphorylation, and P-Rex1 mediated phosphorylation of these kinases was
accomplished at least in part through its role as a Rac GEF.
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Discussion
Platelets express a large number of GPCRs including proteinase-activated receptors for
thrombin, P2Y purinergic receptors, and thromboxane A2 receptor. Although GPCR-
mediated Rac activation in platelets has been reported previously 8, 9, 11, 30, the GEFs
responsible for this action in platelets remain unidentified. Results from the present study
demonstrate that P-Rex1, one of the Rac GEFs activated by PIP3 and Gβγ 13, is expressed in
platelets. Moreover, we have shown that P-Rex1 plays an important role in platelet
activation upon stimulation with low concentrations of the GPCR agonists U46619 and
thrombin. Mice lacking P-Rex1 exhibit prolonged bleeding time and increased re-bleeding,
suggesting a deficiency in platelet functions. Since the gene deletion procedure abrogates P-
Rex1 expression in all tissues including blood vessels, we further investigated platelet
functions ex vivo. P-Rex1 gene deletion does not appear to affect platelet development, as
the number and size of platelets are indistinguishable between WT and P-Rex1-/- mice.
Furthermore, maximal secretion in WT and P-Rex1 deficient platelets, induced by a high
dose of thrombin, was also indistinguishable suggesting that the granule contents of these
platelets are similar. It was the platelet aggregation measured after stimulation with low
concentrations of the GPCR agonists U46619 and thrombin that was significantly changed
in the absence of P-Rex1. Under these experimental conditions, defective secretion was also
observed. However, increasing the concentrations of the GPCR agonists overcomes the
defective aggregation of P-Rex1-/- platelets.

The observation that compromised functions in P-Rex1-/- platelets could be overcome with
high dose of GPCR agonists suggests that, under these experimental conditions, another
signaling pathway triggered by the GPCR agonists apparently can replace P-Rex1. It is
likely that other Rac GEFs are activated by high concentrations of the GPCR agonists. P-
Rex1 is one of the multi-domain Rho-GEF of the Dbl family with high specificity for
Rac 13. More than 70 members of the Dbl family Rho GEFs have been identified to date,
which far exceeds the number of available Rho GTPases and suggests that GEFs confer
tissue specificity 31. Extensive studies have been conducted to investigate the diverse
functions of Rho GEFs in a variety of tissues and cells, but very little is known about the
presence and functions of Rho GEFs in platelets. Among the few published studies
conducted on Rac GEFs in platelets, the Vav subfamily member Vav1 and Vav3 have been
found to mediate collagen-induced platelet aggregation 32. The Vav proteins are activated
downstream of the ITAM-coupled collagen receptor, GPVI, and mediate PLCγ2 activation
which is necessary for the secretion of platelet granules upon collagen stimulation. In a
recent study, Vav proteins have been shown to work together with P-Rex1 to regulate
leukocyte functions 33. Therefore it is likely that Vav proteins are alternative to P-Rex1
when platelets are stimulated with higher concentrations of GPCR agonists. Interestingly, in
neutrophils the two GEFs play different roles in the regulation of LPS priming for oxidant
production (requiring P-Rex1 and Vav), particle-induced oxidant production (Vav) and cell
spreading (Vav) 33. Our finding that P-Rex1 is not involved in platelet spreading is
consistent with these results from neutrophils. Although a full comparison of different Rac
GEFs is a subject beyond this work, our preliminary data indeed suggest the presence of
such regulatory mechanisms. We have shown that pharmacological inhibition of Rac
produced an effect similar to that of P-Rex1 gene deletion in U46619-stimulated platelets.
The reduction in platelet aggregation and ATP release was accompanied by a ∼50%
decrease in Rac1 activation following U46619 stimulation, supporting a role for the
activated Rac in platelet aggregation. The partial loss of Rac1 activation also indicates that
P-Rex1 is not the only GEF responsible for Rac1 activation in platelets 22.

The functional involvement of Rac in platelet activation remains an unsettled subject. Our
findings corroborate those reported by Zheng and colleagues, who combined
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pharmacological and genetic approaches to demonstrate an essential role for Rac1 activation
in platelet secretion and aggregation 9. Other published reports showed that Rac1 is required
for the stability of platelet aggregation under flow 8 and for GPVI- and CLEC-2-dependent
platelet aggregation through regulation of PLC-γ2 activation 34. Interestingly, it was not
reported that Rac1 deficiency alter GPCR agonist-induced platelet aggregation in these
studies. We believe that the concentrations of the GPCR agonists used in these studies might
be too high to detect a role for Rac in platelet activation. In the report by McCarty et al 8,
thrombin was used at 0.1 U/ml and no difference in platelet aggregation was observed
between WT and Rac1 / Rac2 double-KO platelets. In our study, we found that thrombin at
0.0125 U/ml failed to induce the second-phase aggregation in P-Rex1-/- platelets, but at a
concentration of 0.01875 U/ml platelet aggregation was markedly improved. At 0.025 U/ml
of thrombin, the difference between WT and P-Rex1-/- platelets was completely lost.
Likewise, aggregation was markedly different between WT and P-Rex1-/- platelets when
stimulated with 60 nM of U46619, but the difference was much smaller at 100 nM of
U46619. Pleines et al observed identical platelet aggregation in WT and Rac1-/- platelets
when U46619 was used at 300 nM and 3 μM 34. These observations are consistent with
those using the Rac inhibitor NSC23766, which inhibits both platelet secretion and
aggregation but the inhibitory effect was reversed with increased agonist concentration 9.
Taken together, P-Rex1 and Rac1 are required for platelet aggregation at low concentrations
of both GPCR agonists and collagen, but as the agonist concentration increases, other GEFs
may replace P-Rex1 for Rac1 activation. Rac1 plays a non-redundant role in platelet
secretion, and high concentrations of the GPCR agonist U46619 (e.g., 300 nM) cannot
overcome the inhibitory effect of NSC23766 (Supplemental Figure S2). Therefore, P-Rex1
regulates both first phase release and second phase release when platelets are exposed to a
GPCR agonist at low dose. P-Rex1 gene deletion becomes less critical to platelet activation
when the agonist concentration increases. In comparison, NSC23766 potently blocks the
second phase release even at high concentrations of a GPCR agonist. These observations
suggest that a GEF-specific inhibition by NSC23766 exists when platelets are exposed to
low agonist concentration, but as agonist concentration increases, additional GEFs may be
activated and NSC23766 becomes less specific for Rac activation by a particular GEF.

Dense granule secretion plays a less important role in platelet aggregation when stimulated
with high concentrations of the GPCR agonists. Consistent with these findings, ATP release
from the P-Rex1-/- platelets was also defective at low agonist concentrations (60 nM of
U46619 and 0.0125 U/ml of thrombin). When the agonist concentration was increased to
100 nM of U46619 and 0.01857 U/ml of thrombin, the secretion of ATP from P-Rex1-/-

platelets was partially restored but still remained markedly attenuated compared to WT
platelets. Based on the time course of platelet aggregation and secretion, there was a close
correlation between defective ATP release and reduced aggregation in P-Rex1-/- platelets,
suggesting that compromised dense granule secretion substantially contributes to the
observed reduction in platelet aggregation. Data obtained from this study support those
published previously and together suggest an important role for Rac1 and the P-Rex1 – Rac1
axis to regulate platelet dense granule secretion.

In addition to the GPCR agonists, collagen was used at two different concentrations to
stimulate WT and P-Rex1-/- platelets. We found that platelet aggregation induced by 0.5 μg/
ml collagen was significantly reduced in the absence of P-Rex1; however, raising the
concentration of collagen to 1 μg/ml markedly improved platelet aggregation. Although
none of the collagen receptors are known GPCRs, collagen-stimulates TXA2 production. As
a result, collagen-induced secretion contributes to platelet aggregation through a paracrine
mechanism involving TXA2, especially when collagen is used at low concentrations.
Consistent with this explanation, collagen induced ATP release was compromised in P-
Rex1-/- platelets, much like those stimulated with the GPCR ligands. ATP along with other
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secreted products such as TXA2 serve to stimulate the second phase of platelet aggregation.
Consistent with this notion, we observed that aspirin and the TP receptor blocker SQ29548
effectively reduced platelet aggregation (Figure 4E, 4F). In addition, since activation of the
collagen receptor GPVI leads to PI3K activation, the resulting accumulation of PIP3 may
contribute to P-Rex1 activation. Indeed, inhibition of PI3K negatively impacts collagen-
induced platelet secretion and aggregation 35-37, although the isoform of Class I PI3K
involved in collagen signaling might be different from the one downstream of GPCRs 36.
Taken together, P-Rex1 appears to play an important role downstream of several platelet
receptors, including both GPCRs and non-GPCRs, that lead to platelet secretion and
aggregation.

Multiple signaling pathways are activated upon stimulation of platelets with GPCR agonists
and collagen. In the present study, we assessed the impact of P-Rex1 deficiency on selected
signaling pathways. The Ser/Thr kinase Akt is a downstream effector of PI3K, as its
activation requires PIP3 production. Both the Akt and MAPK signal pathways are required
for platelet activation. Platelets from Akt1-/- or Akt2-/- mice display impaired aggregation
similar to platelets treated with the Akt inhibitor SH-6, suggesting that Akt-mediated signal
pathway is required for platelet activation 38. The results from experiment using the JNK1-/-

mice showed that JNK1 is involved in regulation of platelet functions 29. JNK1 deficient
mice display a prolonged bleeding time and impaired thrombus formation, which is
associated with deficiencies in platelet aggregation and secretion. In addition, p38 MAPK
and ERK are required for platelet activation based on the use of small molecular inhibitors
SB203580 and PD98059 12, 28. In P-Rex1-/- platelets, both Akt and MAPK signaling
pathways downstream of the TXA2 receptor was defective, suggesting that these signal
pathways are modulated by P-Rex1. However, the mechanism for P-Rex1 regulation of Akt
and MAPK signal pathways remained unknown. One interpretation is that P-Rex1
modulates the activation of Akt and MAPK through Rac activation. In cardiomyocytes,
Rac1-dependent Akt and JNK signaling is required for interleukin-18 expression 39. In
human lung epithelial cells, thrombin-induced Akt activation is also dependent on Rac1
activation 40. Rac1-deficient platelets exhibit decreased p38 MAPK and ERK activation 12.
Our data show that the Rac1 inhibitor used can alleviate U46619-induced JNK and Akt
activation. Because Rac1 was downstream of P-Rex1, we concluded that the P-Rex1-Rac1
axis plays a role in the activation of Akt and JNK, which contributes to platelet activation.
However since P-Rex1 is a large protein with several motifs of defined functions, it can
possibly serve as a scaffold for protein-protein interaction that brings together signaling
molecules and facilitate platelet aggregation through mechanisms other than Rac1
activation.

In summary, results from this study demonstrate an expanded role for P-Rex1 in cells other
than neutrophils and neurons, in which P-Rex1 was originally identified. The findings
provide evidence that GEFs dictate the specificity of the small GTPase Rac in different
tissues and cell types, where they are expressed. In platelets, P-Rex1 appears to be important
for the secretion functions, especially when stimulated with low doses of the GPCR ligands
U46619 and thrombin. However, cautions should be taken to interpret the data obtained so
far, because the studies were conducted using mouse platelets and we have not yet obtained
a P-Rex1 inhibitor for examination of human platelets. The identification of P-Rex1
expression in human platelets as well as the conservation between these proteins across
mammals suggests that P-Rex1 play an important role in human platelets. Since secretion
and the resulting paracrine signaling amplify platelet activation, P-Rex1 may be a target for
therapeutic intervention of atherothrombosis given that it is not only used by GPCRs but
also by the collagen receptor(s).
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Figure 1. P-Rex1 deficient mice display unstable hemostasis in vivo
(A) P-Rex1 was expressed in the platelets. Platelets from WT and P-Rex1-/- (KO) mice were
lysed and P-Rex1 protein was detected by Western blotting. β-actin was used as a loading
control. HEK 293T cells were transiently transfected with expression vector (pRK5-human
P-Rex1 as positive control. Lysate of 293T cells and washed human platelets were measured
for P-Rex1 expression by using Western blotting. GAPDH was used as a loading control.
(B) Bleeding time measurements in WT and P-Rex1-/- mice. Horizontal lines indicate the
median values (with two-tailed Mann-Whitney tests, *, p<0.05), and the percentage of re-
bleeding after 15 min (C) was also determined (with Chi-square test, **, p<0.01). Results in
(B) and (C) were obtained from 13 WT and 17 KO mice. (D) The total number of platelets
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in peripheral blood of WT and KO were counted. Data are expressed as means ± SEM (n =
5). (E) The size of P-Rex1 platelet was estimated by flow cytometry using forward scatter
(FSC). Data (FSC) are expressed as means ± SEM. D and E were based on data collected
from 3 mice.
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Figure 2. P-Rex1 deficient platelets display impaired aggregation and ATP secretion upon
stimulation with U46619
Washed platelets from WT and P-Rex1-/- mice were stimulated with U46619 at the
concentrations of 60 nM (A and B), 100 nM (C and D), and 300 nM (E and F). Platelet
aggregation (A, C, and E) was monitored as described in Methods. Platelet dense granule
secretion (B, D, and F) was determined by measuring the release of ATP. The traces shown
are representative of at least three independent experiments.
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Figure 3. P-Rex1 deficient platelets displayed impaired aggregation and secretion upon
stimulation with thrombin
Washed platelets from WT and P-Rex1 KO mice were stimulated with thrombin at the
indicated concentrations. Platelet aggregation (A, C and E) and secretion (B, D and F) was
determined as described in Methods. The traces shown are representative of at least 3
independent experiments.
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Figure 4. Impaired aggregation and secretion in P-Rex1-/- platelets upon collagen stimulation
Washed platelets from WT and P-Rex1 KO mice were stimulated with collagen (equine
tendon, Type I) at the concentration of 0.5 μg/ml (A and B) and 1 μg/ml (C and D). Platelet
aggregation (A and C) and dense granule secretion (B and D) was described in Methods.
The traces are representative of at least three independent experiments. Washed platelets
from C57BL/6 mice were pretreated with 50 μM of aspirin (E) or 10 nM of SQ29548 (F) for
1 min. After stimulation of Collagen at 1 μg/ml, platelet aggregation was recorded by
aggregometer. The traces are one of 3 independent experiments.
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Figure 5. P-Rex1 deficient platelets display impaired Rac activation
(A) Activation of Rac1 was down-regulated in P-Rex1-/- platelets upon stimulation with
U46619. Platelets from WT and P-Rex1-/- mice were stimulated with 60 nM of U46619 for
0, 15, 30 and 60 sec. PBD pull-down assay were performed as described in Materials and
Methods and the activated Rac1 was detected with a Rac1-specific antibody. Rac1 from total
lysis was detected as input control. (B) Densitometry analysis was conducted to determine
the relative level of Rac1 activation (means ± SEM based on 3 experiments; **, p<0.01). (C
and D) The Rac inhibitor NSC23766 was used for treatment of WT platelets (NSC, 1 μM, 1
min). The platelets were then stimulated with U46619 (60 nM), and platelet aggregation (C)
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and ATP release (D) were measured. The effect of NSC23766 on Rac activation was
detected (E). Data shown are representative of 3 independent experiments.
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Figure 6. Akt and JNK phosphorylation is attenuated in P-Rex1 deficient platelets
Washed platelets from WT and P-Rex1 KO mice were stirred and stimulated with 60 nM
U46619 for 0, 1, 3 and 5 min at 37°C in the aggregometer (A, B). In (C, D) the platelets
were treated with either PBS or NSC23766 (NSC, 1 μM, 1 min) before U46619 stimulation.
The reaction was terminated with the addition of 4 × loading buffer. Western blotting was
performed using platelet lysate and an anti-phospho-Akt antibody (Ser437) (A and C) or an
anti-phospho-JNK antibody (Thr183/Tyr185) (B and D). The total protein content of these
kinases were also detected and shown as loading controls. Phosphorylation was performed
by anti-Akt Ser 437 antibody. The level of phosphorylation was determined using
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densitometry and relative phosphorylation was shown in bar charts (means ± SEM based on
3 experiments; *, p<0.05 and **, p<0.01).
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