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Rac regulates collagen-induced HSP27 phosphorylation
via p44/p42 MAP kinase in human platelets
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Abstract. We previously reported that the collagen-induced
phosphorylation of heat shock protein (HSP) 27 via p44/p42
mitogen-activated protein (MAP) kinase is sufficient to induce
the secretion of platelet-derived growth factor (PDGF)-AB
and the release of soluble CD40 ligand (sCD40L) from human
platelets. It has been shown that Rac, which belongs to the Rho
family of small GTPases, is involved in the collagen-induced
platelet aggregation. In this study, we investigated the role
of Rac in the collagen-stimulated release of PDGF-AB and
sCD40L in human platelets. Human blood was donated from
healthy volunteers and platelet-rich plasma was obtained from
the blood samples. The samples were then treated with 1.0 ug/ml
collagen for 0, 1, 3, or 5 min and Racl activity was determined
using the Racl Activation Assay kit. We found that collagen
stimulated the activation of Rac in human platelets in a time-
dependent manner. However, pre-treatment with NSC23766, a
selective inhibitor of Rac-guanine nucleotide exchange factor
interaction, reduced the collagen-induced platelet aggregation.
NSC23766 markedly attenuated not only the collagen-induced
p44/p42 MAP kinase phosphorylation, but also the phosphory-
lation of HSP27 at three serine residues (Ser-15, Ser-78 and
Ser-82). In addition, the collagen-induced release of PDGF-AB
and sCD40L was significantly suppressed by NSC23766 in a
dose-dependent manner. These results strongly suggest that
Rac regulates the collagen-induced HSP27 phosphorylation
via p44/p42 MAP kinase in human platelets, resulting in the
stimulation of PDGF-AB secretion and the release of sSCD40L.

Correspondence to: Dr Tomoaki Doi, Department of Emergency
and Disaster Medicine, Gifu University Graduate School of Medicine,
1-1 Yanagido, Gifu-shi, Gifu 501-1194, Japan

E-mail: tomo-you-kei@mbr.nifty.com

Key words: Rac, collagen, p44/p42 mitogen-activated protein kinase,
heat shock protein 27, platelet-derived growth factor-AB, soluble
CDA40 ligand

Introduction

Platelet activation and aggregation represent the first step
in thrombus formation at an injured vascular site and play a
crucial role in hemostasis. Platelets are activated by various
stimuli, resulting in shape change, adhesion, aggregation
and subsequently, thrombus formation. Thrombus formation
is associated with the release of granule contents, such as
platelet-derived growth factor (PDGF)-AB and serotonin and
the release of inflammatory substances, such as soluble CD40
ligand (sCD40L). These secreted and generated mediators
trigger a positive feedback mechanism that potentiates platelet
activation (1,2).

The expression of heat shock proteins (HSPs) is induced in a
variety of cells in response to various types of biological stress,
such as heat and chemical stress (3). It is generally recognized
that HSPs can act as molecular chaperones, which prevent the
aggregation of unfolded proteins and have cytoprotective func-
tions under certain stressful conditions. HSP27 (HSPBI) is a
member of the low-molecular-weight HSP family (HSPB) with
molecular masses ranging from 15-30 kDa (3.4). It is firmly
established that HSP27 activity is regulated by post-transla-
tional modifications, such as phosphorylation (3,4). HSP27 is
promptly phosphorylated in response to various types of stress,
as well as following exposure to cytokines and mitogens and
changes from an aggregated form (up to 800 kDa) to a disso-
ciated form (3,4). Human HSP27 is phosphorylated at three
serine residues (Ser-15, Ser-78 and Ser-82). It is recognized
that the phosphorylation of HSP27 is catalyzed by members
of the mitogen-activated protein (MAP) kinase superfamily,
such as p38 MAP kinase (3,4). However, the precise roles of
phosphorylated HSP27 have not yet been clarified.

Collagen is known to be one of the most important physi-
ological stimuli for human platelet activation and its receptors
on the platelet membranes are classified into two main groups,
glycoprotein (GP)VI and integrin-a2f1 (5). The firm adhesion
of activated integrin-a2p1 by binding to collagen and the
strengthening of GPVI-collagen interactions lead to integrated
signaling and further upregulation of integrin activities, thus
resulting in the enhancement of granule secretion and the
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development of coagulant activity (6-8). It has been reported
that p38 MAP kinase is activated by collagen and regulates
the phosphorylation of HSP27, which is likely to be neces-
sary for human platelet activation (9). We have previously
demonstrated that the collagen-induced phosphorylation of
HSP27 via p44/p42 MAP kinase is sufficient for the release of
PDGF-AB and sCD40L from human platelets (10). However,
the exact role of collagen in platelet activation remains to be
elucidated.

Rac is a member of the Rho family of small GTPases (11).
It is well recognized that the Rho family regulates cytoskeletal
reorganization and gene expression. Rac is inactive when
bound to GDP and is activated upon the exchange of GDP for
GTP, which leads to downstream signaling. As regards Rac
in platelets, it has been shown that platelets express the Rho
family, including Rac (12). In addition, collagen and thrombin
reportedly stimulate the activation of Rac, which is critical for
thrombus formation (12,13). However, the exact role of Rac in
human platelets has not yet been clarified. In the present study,
we investigated the involvement of Rac in the collagen-induced
release of PDGF-AB and sCD40L in human platelets. We
demonstrate that Rac regulates the collagen-induced HSP27
phosphorylation via p44/p42 MAP kinase in human platelets,
resulting in the stimulation of PDGF-AB secretion and the
release of sCD40L.

Materials and methods

Materials. Collagen was purchased from Nycomed Pharma
GmbH (Munich, Germany). NSC23766 was purchased from
Tocris Bioscience (Bristol, UK). Phospho-p44/p42 MAP kinase
antibodies and p44/p42 MAP kinase antibodies were
from Cell Signaling Technology, Inc. (Beverly, MA, USA).
Phospho-HSP27 (Ser-15) antibodies, phospho-HSP27 (Ser-78)
antibodies and HSP27 antibodies were from Stressgen
Biotechnologies (Victoria, BC, Canada). Phospho-HSP27
(Ser-82) antibodies were from Biomol Research Laboratories
(Plymouth Meeting, PA, USA). GAPDH antibodies were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz
Biotechnology, Inc., CA, USA). The ECL Western blotting
detection system was purchased from GE Healthcare (Little
Chalfont, UK). Other materials and chemicals were obtained
from commercial sources.

Preparation of platelets. Human blood was donated from
healthy volunteers into a 1/10 volume of 3.8% sodium citrate.
Platelet-rich plasma (PRP) was obtained from blood samples
by centrifugation at 155 x g for 12 min at room temperature.
Platelet-poor plasma was prepared from the residual blood by
centrifugation at 2,500 x g for 5 min. All participants signed
an informed consent agreement after receiving a detailed
explanation of the study. This study was approved by the Ethics
Committee of Gifu University Graduate School of Medicine.
Gifu, Japan.

Measurement of platelet aggregation induced by collagen.
Platelet aggregation using citrated PRP was carried out in a
PA-200 aggregometer (Kowa Co., Ltd., Tokyo, Japan), which
can determine the size of platelet aggregates based upon the
particle count using a laser scattering method (small size,
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9-25 ym; medium size, 25-50 ym; large size, 50-70 pm) (14) at
37°C for 5 min with a stirring speed of 800 rpm. The percentage
of transmittance of the isolated platelets was recorded as 0%
and that of the appropriate platelet-poor plasma (blank) was
recorded as 100%. When indicated, PRP was pre-treated with
NSC23766 for 15 min.

Protein preparation following stimulation with collagen.
Following stimulation with 1.0 zg/ml collagen for 5 min (for
measurement of the protein expression levels by western blot
analysis) and for 30 min (for measurement of the levels of
PDGF-AB and sCD40L), the platelet aggregation was termi-
nated by the addition of an ice-cold EDTA (10 mM) solution,
followed by centrifugation at 10,000 x g at 4°C for 2 min. To
perform western blot analysis, the pellet was washed twice with
phosphate-buffered saline and then lysed and immediately
boiled using a lysis buffer containing 62.5 mM Tris/Cl, pH 6.8,
2% sodium dodecyl sulfate (SDS), 50 mM dithiothreitol
and 10% glycerol as previously described (15). To measure
PDGF-AB and sCD40L as described below, the supernatant
was isolated and stored at -20°C for subsequent ELISA.

Western blot analysis. Western blot analysis was performed
as previously described (15). Briefly, SDS-polyacrylamide gel
electrophoresis (PAGE) was performed using the Laemmli
method (16) on a 12% or 10% polyacrylamide gel. Proteins were
fractionated and transferred onto Immnobilion-P membranes
(PVDF). The membranes were blocked with 5% fat-free dry
milk in Tris-Buffered saline with 0.1% Tween-20 (TBS-T,
20 mM Tris, pH 7.6, 137 mM NaCl, 0.1% Tween-20) for 1 h
before incubating them with the indicated primary antibodies.
Phospho-p44/p42 MAP kinase antibodies, p44/p42 MAP
kinase antibodies, phospho-HSP27 (Ser-15) antibodies,
phospho-HSP27 (Ser-78) antibodies and phospho-HSP27
(Ser-82) antibodies and HSP-27 antibodies were used as
primary antibodies. Peroxidase-labeled anti-mouse IgG (Santa
Cruz Biotechnology, Inc.) or anti-rabbit IgG antibodies (KPL,
Gaithersburg, MD, USA) were used as secondary antibodies.
The primary and secondary antibodies were diluted to the
optimum concentrations with 5% fat-free dry milk in PBS-T
(phosphate-buffered saline with 0.1% Tween-20). The peroxi-
dase activity on PVDF membranes was visualized on X-ray
films by means of an ECL western blotting detection system
(GE Healthcare) as described in the manufacturer's instruction
manual.

Measurement of Rac activity. Following stimulation with
1.0 ug/ml collagen for 0, 1, 3 or 5 min, platelet aggregation was
terminated by the addition of an ice-cold EDTA (10 mM) solu-
tion, followed by centrifugation at 10,000 x g at 4°C for 2 min.
The pellet was washed twice with ice-cold Tris-buffered saline
and Racl activity was determined using the Racl Activation
Assay kit (Millipore Corp., Temecula, CA, USA) as described
in the manufacturer's instruction manual.

Measurement of plasma PDGF-AB and sCD40L levels. The
plasma PDGF-AB and sCD40L levels in the human samples
were determined using PDGF-AB Quantikine ELISA and
sCD40-Ligand Quantikine ELISA kits, respectively, purchased
from R&D systems, Inc. (Minneapolis, MN, USA). All assay
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procedures were performed according to the manufacturer's
instructions.

Determination. Densitometric analysis was performed
using Molecular Analyst/Macintosh (Bio-Rad Laboratories,
Hercules, CA, USA).

Statistical analysis. All figures shown are from representa-
tive results of five independent experiments. The data are
presented as the means + SEM. The data were analyzed by the
Student's t-test and a p-value <0.05 was considered to indicate
a statistically significant difference.

Results

Effect of Rac on collagen-stimulated human platelets. It has
been demonstrated that Racl is involved in collagen-induced
platelet aggregation (12). Thus, in this study, we first exam-
ined whether collagen stimulates the activation of Rac in
human platelets. Collagen (1.0 pg/ml) markedly increased
the GTP-Rac levels in human platelets in a time-dependent
manner (Fig. 1).

Effect of NSC23766 on platelet aggregation induced by
collagen stimulation. We then examined the effect of
NSC23766, a selective inhibitor of Racl-guanine nucleotide
exchange factor (GEF) interaction (17), on the platelet aggre-
gation stimulated by collagen using an aggregometer with
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Figure 1. Time-dependent effect of collagen on Rac activation in human plate-
lets. Platelet-rich plasma (PRP) was stimulated with 1.0 zg/ml of collagen at
37°C for 5 min. The reaction was terminated by the addition of an ice-cold
EDTA (10 mM) solution. The protein extracts were harvested as described
in Materials and methods and then GTP-Rac was immunoprecipitated
using the Racl Activation Assay kit. The immunoprecipitated GTP-Rac and
pre-immunoprecipitated lysates (Rac) were subjected to SDS-PAGE using
antibodies against Rac.

laser scattering methods. NSC23766 markedly suppressed
the collagen-induced platelet aggregation in a dose-dependent
manner in the range between 30-70 yM (Fig. 2). According to
an analysis of the size of the platelet aggregates, the number
of large aggregates (50-70 ym) decreased in a dose-dependent
manner following treatment with NSC23766. On the other
hand, NSC23766 markedly increased the number of small
aggregates (9-25 um) (Fig. 2).
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Figure 2. Effect of NSC23766 on collagen-induced platelet aggregation. Platelet-rich plasma (PRP) was pre-treated with various concentrations of NSC23766
at 37°C for 15 min and then stimulated with 1.0 pg/ml of collagen for 5 min. The reaction was terminated by the addition of an ice-cold EDTA (10 mM) solu-
tion. The black line indicates the percentage of transmittance of each sample (the isolated platelets were recorded as 0% and that of the appropriate platelet-poor
plasma was recorded as 100%). The blue line indicates the small aggregates (9-25 ym); the green line indicates the medium aggregates (25-50 ym); the red line
indicates the large aggregates (50-70 pm). The distribution (%) of aggregated particle size was measured using laser scattering methods.



816 KAGEYAMA et al: Rac AND HSP27 IN PLATELETS

100-

phgspho-p44fp42 N — — X s
[
PA4/p42 i S - 1S 50 _
Lane 1 2 3 4 g **
NSC23766 (uM) 0 30 50 70 *®
Collagen + + + + 0!
Lane 1 2 3 4

Figure 3. Effect of NSC23766 on the collagen-induced phosphorylation of p44/p42 MAP kinase in human platelets. Platelet-rich plasma (PRP) was pre-
treated with various concentrations of NSC23766 and then stimulated with 1.0 pg/ml collagen at 37°C for 5 min. The protein extracts were subjected to
SDS-PAGE using antibodies against phospho-specific p44/p42 MAP kinase or p44/p42 MAP kinase. The histogram shows the quantitative representations of
the collagen-induced phosphorylation levels obtained from laser densitometric analysis of five independent experiments. The density levels are expressed as a
percentage (%) of the levels presented in lane 1. The values were calculated as the average values of lane 1 to be 100%. Each value represents the mean + SEM
of five independent determinations. “p<0.05, “p<0.01, compared with the value with 1.0 pg/ml collagen alone.
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Figure 4. Effect of NSC23766 on the collagen-induced phosphorylation of HSP27 in human platelets. Platelet-rich plasma (PRP) was pre-treated with various
concentrations of NSC23766 and then stimulated with 1.0 gg/ml of collagen at 37°C for 5 min. The protein extracts were subjected to SDS-PAGE using
antibodies against phospho-specific HSP27 (Ser-15, Ser-78 and Ser-82), total HSP27 and GAPDH. The histogram shows the quantitative representations of the
collagen-induced phosphorylation levels obtained from laser densitometric analysis of five independent experiments. The density levels were expressed as a
percentage (%) of the levels presented in lane 1. The values were calculated as the average values of lane 1 to be 100%. Each value represents the mean + SEM
of five independent determinations. “p<0.01, compared with the value with 1.0 ug/ml collagen alone.

Effects of NSC23766 on the collagen-induced phosphoryla-
tion of p44/p42 MAP kinase and HSP27. In our previous
study (10), we reported that the phosphorylation of HSP27 via
p44/p42 MAP kinase activation is involved in the collagen-
induced release of PDGF-AB and sCD40L from human
platelets. Therefore, in this study, we examined the effects
of NSC23766 on the collagen-induced phosphorylation of
p44/p42 MAP kinase and HSP27 in human platelets. NSC23766
markedly attenuated the collagen-induced phosphorylation of

p44/p42 MAP kinase in a dose-dependent manner in the range
between 30-70 #M (Fig. 3). In addition, NSC23766 significantly
suppressed the collagen-induced phosphorylation of HSP27
at three serine residues (Ser-15, Ser-78 and Ser-82) in human
platelets (Fig. 4).

Effect of NSC23766 on the collagen-induced platelet
granule secretion. To evaluate whether NSC23766 affects the
collagen-induced platelet granule secretion, we then examined
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Figure 5. Effect of NSC23766 on the collagen-induced PDGF-AB secre-
tion from human platelets. Platelet-rich plasma (PRP) was pre-treated with
various concentrations of NSC23766 for 15 min and then stimulated with
1.0 pug/ml collagen or the vehicle for 30 min. The reaction was terminated
by the addition of an ice-cold EDTA (10 mM) solution. The mixture was
centrifuged at 10,000 x g at 4°C for 2 min and the supernatants were then sub-
jected to an enzyme-linked immunosorbent assay for PDGF-AB. Each value
represents the mean + SEM of five independent determinations. “p<0.01,
compared with the value with 1.0 ug/ml collagen alone.
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Figure 6. Effect of NSC23766 on the collagen-induced sCD40L release from
human platelets. Platelet-rich plasma (PRP) was pre-treated with various
concentrations of NSC23766 for 15 min and then stimulated with 1.0 yg/ml
collagen or the vehicle for 30 min. The reaction was terminated by the addi-
tion of an ice-cold EDTA (10 mM) solution. The mixture was centrifuged
at 10,000 x g at 4°C for 2 min and the supernatants were then subjected to
an enzyme-linked immunosorbent assay for soluble CD40 ligand (sCD40L).
Each value represents the mean + SEM of five independent determinations.
“p<0.05, “p<0.01, compared with the value with 1.0 ug/ml collagen alone.

its effect on the collagen-induced secretion of PDGF-AB
from human platelets. NSC23766 significantly suppressed the
collagen-induced PDGF-AB secretion from human platelets in a
dose-dependent manner in the range between 30-70 uM (Fig. 5).

Effect of NSC23766 on the collagen-induced release of
sCD40L from human platelets. Additionally, we examined
the effect of NSC23766 on the collagen-stimulated sCD40L
release from human platelets. NSC23766 significantly reduced
the collagen-stimulated release of sCD40L (Fig. 6) and this
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inhibitory effect of NSC23766 was dose-dependent in the
range between 30-70 xM.

Discussion

In the present study, we investigated the exact role of Rac in
the collagen-stimulated activation of human platelets, paying
particular attention to the association between Rac and HSP27
phosphorylation. It has been reported that collagen stimu-
lates Rac GTPase activation in human platelets and that Rac
is essential for thrombus formation (12,13). We found that
collagen markedly increased the levels of GTP-Rac in human
platelets in a time-dependent manner. In addition, NSC23766,
which is a selective inhibitor of Racl-GEF interaction (17),
inhibited the collagen-induced platelet aggregation. According
to the size of the platelet aggregates using a laser scattering
method, the ratio of large platelet aggregates (50-70 ym)
decreased in a dose-dependent manner following treatment
with NSC23766, while the ratio of small platelet aggregates
(9-25 pm) markedly increased. In a previous study (10), we
demonstrated that collagen induces the phosphorylation of
HSP27 via p44/p42 MAP kinase in human platelets, resulting
in the stimulation of PDGF-AB secretion and the release of
sCDA40L. Therefore, in this study, we investigated the involve-
ment of Rac in the collagen-stimulated release of PDGF-AB
and sCD40L through HSP27 phosphorylation in human plate-
lets. NSC23766 markedly suppressed the collagen-induced
phosphorylation of p44/p42 MAP kinase and HSP27 at three
residues (Ser-15, Ser-78 and Ser-82). We also demonstrated
that the collagen-induced granule secretion of PDGF-AB was
significantly decreased by pre-treatment with NSC23766. In
addition, NSC23766 attenuated the release of sSCD40L stimu-
lated by collagen. Taking our findings into account as a whole,
it is most likely that Rac activated by collagen functions at a
point upstream from p44/p42 MAP kinase and regulates the
phosphorylation of HSP27 in human platelets, resulting in the
stimulation of PDGF-AB secretion and the release of sCD40L.

Collagen is a major component of the extracellular matrix
and plays a central role in the hemostatic cascade at sites of
vascular injury (9,18). It is firmly established that the mate-
rials stored in specific granules, such as dense granules and
a-granules are secreted from activated platelets. Dense gran-
ules contain small non-protein molecules, including adenosine
diphosphate (ADP) and 5-hydroxytryptamine. On the other
hand, a-granules contain large adhesive and healing proteins,
such as PDGF-AB and P-selectin (19). PDGF-AB released
from platelet a-granules is a potent mitogenic growth factor,
which mainly acts on connective tissue, such as vascular
smooth muscle cells and promotes atherosclerosis (20). In
addition, activated platelets release inflammatory mediators
of atherosclerosis, such as CD40L. CD40L is stored in the
cytoplasm of unstimulated platelets and rapidly translocates
to the surface following platelet activation by agonists, such
as collagen (21,22). CD40L expressed on the activated platelet
surface undergoes a cleavage that generates a functional soluble
fragment, termed sCD40L. It is recognized that the release of
sCD40L from platelets induces inflammatory responses via
CD40, which is expressed on vascular endothelial cells and
neurtrophils (23). The elevation of plasma sCD40L is report-
edly associated with an increased risk of cardiovascular events
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in patients with unstable coronary artery disease (24). In the
present study, we found that the collagen-induced secretion
of PDGF-AB from a-granules and the release of sCD40L
were significantly inhibited by pre-treatment with NSC23766.
Based on these findings, it seems likely that Rac stimulated
by collagen in human platelets may affect atherosclerosis and
inflammation by regulating the levels of PDGF-AB and the
release of sSCD40L and that the effect of Rac on platelets is due
to HSP27 phosphorylation via p44/p42 MAP kinase.

In conclusion, our results strongly suggest that Rac
regulates collagen-induced HSP27 phosphorylation via
p44/p42 MAP kinase in human platelets, resulting in the stimu-
lation of PDGF-AB secretion and the release of sCD40L.
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