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Mutational analysis has established that the
cytoplasmic tail of the integrin �3 subunit
binds c-Src (termed as Src in this study) and
is critical for bidirectional integrin signaling.
Here we show in washed human platelets
that a cell-permeable, myristoylated RGT
peptide (myr-RGT) corresponding to the in-
tegrin �3 C-terminal sequence dose-depen-
dently inhibited stable platelet adhesion and
spreading on immobilized fibrinogen, and
fibrin clot retraction as well. Myr-RGT also
inhibited the aggregation-dependent plate-

let secretion and secretion-dependent sec-
ond wave of platelet aggregation induced by
adenosine diphosphate, ristocetin, or throm-
bin. Thus, myr-RGT inhibited integrin
outside-in signaling. In contrast, myr-RGT
had no inhibitory effect on adenosine
diphosphate-induced soluble fibrinogen
binding to platelets that is dependent on
integrin inside-out signaling. Furthermore,
the RGT peptide induced dissociation of Src
from integrin �3 and dose-dependently in-
hibited thepurifiedrecombinant �3cytoplas-

mic domain binding to Src-SH3. In addition,
phosphorylation of the �3 cytoplasmic ty-
rosines, Y747 and Y759, was inhibited by myr-
RGT. These data indicate an important role
for �3-Src interaction in outside-in signal-
ing. Thus, in intact human platelets, disrup-
tion of the association of Src with �3 and
selective blockade of integrin �IIb�3 out-
side-in signaling by myr-RGT suggest a
potential new antithrombotic strategy.
(Blood. 2008;112:592-602)

Introduction

Integrins mediate cell adhesion and transduce signals that are
critical in the dynamic regulation of cell adhesion, spreading,
migration, and proliferation.1,2 Bidirectional signaling of integrins
is exemplified in the prototype platelet integrin, �IIb�3. Inside-out
signaling of integrin �IIb�3 requires talin binding to the cytoplas-
mic domain of �IIb�3,3 and its subsequent conformational changes,4

which propagate to the extracellular ligand binding domain,
activate the ligand binding function. Ligand binding to �IIb�3 not
only forms adhesive bonds but also induces outside-in signaling,
leading to platelet spreading, secretion, amplification of platelet
aggregation, and subsequent clot retraction.5 It is known that
outside-in signaling of integrin �IIb�3 requires phosphorylation of
the �3 cytoplasmic domain at Y747 and Y759.6 It has also been
reported, using multiple Src family protein tyrosine kinase-
deficient mouse models, that Src plays an important role in the
integrin outside-in signaling.7 However, the exact molecular events
and the direct requirement for this kinase in �3 tyrosine phosphor-
ylation in human platelets remain to be established.

The cytoplasmic domain of �3 is critical in integrin bidirec-
tional signaling. Inside-out signaling requires the membrane proxi-
mal region of �3, including the highly conserved N744PXY747

motif, which directly interacts with the talin head domain, allowing
receptor activation. Arias-Salgado et al have shown that the
C-terminus of �3 interacts with Src, which is important in integrin
outside-in signaling leading to cell spreading, and that 2 residues in

the �3 cytoplasmic tail, R760 and T762, are necessary for Src
binding.8 Furthermore, deletion of the C-terminal RGT sequence of
�3 abolishes Src binding.9 However, whether RGT sequence is
sufficient for Src binding or whether additional residues upstream
of R760, in particular Y759 of the NXXY motif, are also involved in
this interaction, is still an unanswered question. Using a CHO cell
model, we have previously identified the �3 C-terminal end, in
particular the last 3 R760GT762 residues, as an important functional
domain necessary for outside-in signaling leading to �IIb�3-
dependent cell spreading but dispensable for inside-out signaling.10

More recently, we have shown that calpain cleavage of the �3
cytoplasmic tail, which preferentially occurs at Y759 removing the
RGT residues, is prevented by phosphorylation of the �3 cytoplas-
mic tail residues Y747 and Y759.11 These results suggested a
protective effect of tyrosine phosphorylation, in which Src is
presumably involved, on �3 cytoplasmic tail cleavage. However, in
human platelets, the precise functional role of the R760GT762

residues in outside-in signaling remains to be established.
Much of our knowledge with respect to the physiologic and

pathologic consequences of integrin outside-in signaling in plate-
lets was obtained with genetically manipulated mice in which this
critical signaling pathway is disrupted. Compared with the integrin
�3-deficient mice, which show all the cardinal features of the
human bleeding disorder Glanzmann thrombasthenia, transgenic
mice with selectively impaired outside-in signaling all presented a
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common phenotype characterized by unstable thrombus formation
but a normal or only slightly prolonged bleeding time.6,12–20

Outside-in signaling in platelets thus appears to be mainly respon-
sible for thrombus stabilization, and selective interference with the
propagation of outside-in signals might represent a new therapeutic
approach to selectively inhibit platelet-rich arterial thrombosis with
less bleeding complications caused by compromised primary
hemostasis. Because human platelets are not amenable to genetic
manipulations, we chose to develop a cell-permeable RGT peptide
to investigate its effect on �IIb�3-dependent outside-in signaling.
Our results show that a myristoylated RGT peptide was readily
internalized into human platelets and did indeed dose-dependently
and selectively interfere with integrin outside-in signaling in
platelets as indicated by its inhibitory effects on platelet spreading,
secretion, and clot retraction mediated by washed human platelets.
Importantly, myristoylated RGT (myr-RGT) abolished �3 interac-
tion with Src SH3 domain and inhibited �3 cytoplasmic tyrosine
phosphorylation. Thus, Src binding to �3 cytoplasmic domain is
required for Src-dependent phosphorylation of �3 tyrosine resi-
dues, and myr-RGT may potentially be developed into a new type
of antithrombotic agent.

Methods

This study was approved by the Institutional Review Board of Shanghai
Jiaotong University School of Medicine.

Antibodies and reagents

Monoclonal antibodies to integrin �3 (SZ21), �IIb (SZ22), and fluorescein
isothiocyanate (FITC)-anti-CD62P were from Beckman Coulter (Fullerton,
CA), antitalin (8d4) from Sigma-Aldrich (St Louis, MO), anti-glutathione-
S-transferase (GST) (B14) from Santa Cruz Biotechnology (Santa Cruz,
CA), and anti-His (AB102) from Tiangen (Beijing, China). Monoclonal
antibody 327 against c-Src SH3 domain and polyclonal rabbit antibodies
specific for human integrin �3 phospho-Y747 or phospho-Y759 were
products of Abcam (Cambridge, MA). Horseradish peroxidase- or FITC-
conjugated secondary antibodies were from Biosource International
(Camarillo, CA). Ristocetin was purchased from Sigma-Aldrich and
RGDS peptide from Bachem California (Torrance, CA). Alexa Fluor
488-conjugated human fibrinogen was a product of Invitrogen (Carlsbad,
CA). Purified human fibrinogen and human �-thrombin were purchased
from Enzyme Research Laboratories (South Bend, IN) and protein
G plus-Agarose from Santa Cruz Biotechnology. All other reagents were
obtained from Sigma-Aldrich.

Peptides

The synthetic peptides were obtained from GL Biochem (Shanghai, China),
and myristoylated peptides were synthesized with myristoylate covalently
linked to their N-terminal amino acid. The peptides were purified by reverse
phase-high performance liquid chromatography using a C-18 column with a
purity higher than 98%. The expected mass spectra were verified by
electrospray ion-trap mass spectrometry. To test the peptides for their ability
to penetrate the membrane of living cells, myristoylated and nonmyristoy-
lated RGT peptides were labeled with FITC (Sigma-Aldrich) as described21

and assayed by flow cytometry and confocal microscopy.

Plasmid constructs

The cDNAs encoding the SH3 domain of human c-Src and the wild-type or
mutant integrin �3 cytoplasmic tail were obtained by polymerase chain
reaction amplification and cloned into the pGEX-6P1 vector (GE Health-
care, Little Chalfont, United Kingdom) downstream of the GST sequence.
The Src-SH3 cDNA was also inserted into the pET32A vector (Novagen,
Madison, WI). All constructs were verified by DNA sequencing.

Platelet preparation22

Whole blood was drawn by venipuncture from healthy volunteers with
informed consent, and collected into 1/10th volume of 3.8% (w/v)
trisodium citrate. The blood was centrifuged at 300g for 20 minutes at 22°C,
and platelet-rich plasma (PRP) was collected. Platelet counts in PRP were
adjusted to 3 � 108/mL by adding platelet-poor plasma. For preparation of
washed platelets, blood was anticoagulated by 1/7 volume of acid citrate
dextrose (ACD; 85 mM of trisodium citrate, 83 mM of dextrose, and
21 mM of citric acid). The PRP was recentrifuged at 1500g for 20 minutes.
Pelleted platelets were washed twice with CGS (120 mM of NaCl, 13 mM
of trisodium citrate, 30 mM of glucose, pH 6.5), and were finally
resuspended at a concentration of 3 � 108/mL in Tyrode’s buffer (137 mM
of NaCl, 2 mM of KCl, 12 mM of NaHCO3, 0.3 mM of NaH2PO4, 5.5 mM
of glucose, 5 mM of N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid
(HEPES), 0.1% bovine serum albumin (BSA), pH 7.4) containing extempo-
raneously added 1 mM of CaCl2 and MgCl2. The platelet suspension was
allowed to stand at room temperature for 60 minutes before use.

Platelet adhesion assay

The platelet adhesion assay was performed as previously described with
minor modifications.10,23 In brief, 96-well microtiter plates were coated
overnight at 4°C with either human fibrinogen (20 �g/mL) or BSA
(10 mg/mL) in 0.1 M of NaHCO3, pH 8.3. The wells were blocked for
2 hours at room temperature with 20 mg/mL of BSA. Washed platelets in
Tyrode’s buffer at a concentration of 2 � 108/mL were incubated with
peptides at indicated concentrations for 30 minutes at 37°C. Platelets
(100 �L) were added to the precoated wells in triplicate and incubated at
37°C for 60 minutes. Nonadherent platelets were removed by 3 vigorous
washes with phosphate-buffered saline, and adherent platelets were quanti-
fied by a phosphatase assay. In another set of experiments, the platelets were
incubated with the peptide, the peptide-containing supernatant was re-
moved by centrifugation, and the peptide-treated platelets were resus-
pended in Tyrode’s buffer for adherent assay.24 In addition, to monitor
peptide-dependent platelet lysis, the platelet phosphatase activity was
separately measured in the supernatant of the platelets in suspension or after
their adhesion to fibrinogen by mixing with p-nitrophenyl phosphatase
(PNPP) substrate solution (100 mM of sodium acetate, 1% Triton X-100,
3 mg/mL of PNPP) for 60 minutes at 37°C. The enzyme reaction was
stopped with 1 M of NaOH, and the optical density was measured at 405 nm
with a microplate reader.

Platelet spreading on immobilized fibrinogen

Platelet spreading assays10 were performed using the Lab-Tek chamber
slides (Nalge Nunc International, Rochester, NY) that were precoated with
20 �g/mL of fibrinogen. Platelets (50 �L) at 1 � 108 cells/mL in Tyrode’s
buffer were incubated for 30 minutes with the peptides, then transferred to
the Lab-Tek wells and allowed to adhere for 60 minutes at 37°C. After
washing, the adherent platelets were fixed with 1% paraformaldehyde,
followed by an incubation with 1% BSA. Platelets were stained with a
monoclonal antibody against human integrin �3 and an FITC-conjugated
goat antimouse immunoglobulin antibody. Coverslips were mounted on the
slides with Dako fluorescent mounting medium (Dako North America,
Carpinteria, CA), and the adherent platelets were examined by confocal
microscopy using an LSM510 confocal microscope (Zeiss, Jena, Germany)
with a 63� plan-apochromat differential interference contrast (DIC) oil-
immersion objective. The images were processed with LSM 5 Pascal
software (Zeiss).

Clot retraction

Clot retraction was performed as described previously.25,26 In brief, washed
platelets (3 � 108/mL) in resuspension buffer (10 mM of HEPES, pH 7.4,
140 mM of NaCl, 3 mM of KCl, 0.5 mM of MgCl2, 5 mM of NaHCO3,
10 mM of glucose) with extemporaneously added CaCl2 (1 mM) were
incubated with the peptides for 30 minutes at 37°C. Fibrinogen was then
added to a final concentration of 2 mg/mL, and the platelets were dispensed
in 0.25-mL aliquots into siliconized glass tubes. Clot retraction was
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initiated by the addition of human �-thrombin to a final concentration of
1 U/mL and allowed to proceed at 37°C. Clot retraction was monitored by
taking photographs at indicated time points using a digital camera. Clot
retraction was quantified on the photographs by measuring the clot surface
area with the NIH Image 1.67e software, and the data were processed using
Excel 4.0. Results were expressed as percentage of retraction (% � area
t/area t0 � 100%).

Platelet aggregation

Platelet aggregation was performed as previously described.22,27 PRP at a
platelet concentration of 3 � 108/mL was preincubated in glass vials for
10 minutes at 37°C in the presence or absence of peptides and stimulated
with adenosine diphosphate (ADP) (2 �M), ristocetin (1.25 mg/mL), or
thrombin receptor activating peptide (TRAP) (10 �M) at 37°C under
constant stirring at 1000 rpm. Thrombin-induced platelet aggregation was
performed with washed platelets at a concentration of 2.5 � 108/mL in
Tyrode’s buffer and by the addition of thrombin (0.1 U/mL). Platelet
aggregation was monitored in a lumi-aggregometer (Chrono-Log,
Havertown, PA).

Soluble fibrinogen binding

Washed platelets were suspended in Tyrode’s buffer at 3 � 108/mL, and
fibrinogen binding was measured according to methods described else-
where.28,29 Peptides were added to the platelets up to 250 �M for a
30-minute incubation at 37°C. Then the suspension was incubated with or
without ADP (20 �M) in the presence of Alexa Fluor 488-labeled
fibrinogen (100 �g/mL) for 30 minutes at room temperature in dark.
Platelet-bound fluorescence was analyzed on an EPICS XL flow cytometer
(Beckman Coulter). Samples treated with 1 mM of RGDS served as control.

P-selectin expression

P-selectin expression was measured with a protocol as described else-
where30 using fluorescein-labeled anti-CD62P antibody. Washed platelets in
Tyrode’s buffer at a concentration of 2 � 108/mL were preincubated with
peptides (250 �M) at 37°C for 30 minutes. The platelets were then
stimulated for 3 minutes with or without thrombin (0.1 U/mL) at 37°C and
immediately fixed with 1% paraformaldehyde. The fixed platelets were
labeled with an FITC-CD62P antibody at concentrations recommended by
the manufacturers. A same conjugated nonspecific mouse isotype IgG was
used as negative control. P-selectin surface expression was analyzed by
flow cytometry. P-selectin expression was also analyzed in peptide-treated
platelets stimulated with ADP (20 �M) under stirring for 3 minutes in
an aggregometer.

Tyrosine phosphorylation of integrin �3 tail in platelets

Tyrosine phosphorylation of the integrin �3 cytoplasmic tail was estimated
by Western blot.11,31 Washed platelets (1 � 109/mL in Tyrode’s buffer) were
preincubated with peptides at 250 �M for 30 minutes and were stimulated
by �-thrombin (0.05 U/mL) with stirring at 1000 rpm for 1 minute. The
reaction was terminated by the addition of sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer containing
1 mM of ethylenediaminetetraacetic acid (EDTA), 2 mM of sodium
vanadate, 1 mM of phenylmethylsulfonyl fluoride, complete protease
inhibitor cocktail (Roche Diagnostics, Indianapolis, IN). Samples were
subjected to SDS-PAGE analysis using 8% gels and immunoblotted with
various antibodies. Enhanced chemiluminescence was used for signal
detection (Pierce Chemical, Rockford, IL).

Immunoprecipitation

Experiments were performed according to the procedures published
elsewhere.32,33 Platelets in suspension at 2 to 4 � 108/mL were preincu-
bated with peptides (250 �M) for 30 minutes at 37°C, and lysates were
prepared by solubilizing the platelets with cold Nonidet P-40 lysis buffer
(1% NP-40, 150 mM of NaCl, 50 mM of Tris, pH 7.2, 1 mM of EDTA,
1 mM of sodium vanadate, 1 mM of phenylmethylsulfonyl fluoride)

containing the protease inhibitor mixture. Platelet lysates (600 �g protein)
were incubated with a monoclonal antibody against either integrin �3 or Src
for 1 hour at 4°C with gentle agitation and were further incubated with
protein G-Agarose beads (20 �L) overnight at 4°C. After washing,
immunoprecipitates were resuspended in SDS sample buffer containing
5% 2-mercaptoethanol and subjected to SDS-PAGE analysis using
10% gels. Src, integrin �IIb or �3 subunits were identified by Western
blotting using specific monoclonal antibodies.

Enzyme-linked immunosorbent assay

Peptides were coated to the wells of microtiter plates at a concentration of
20 �g/mL. The SH3 domain of c-Src was expressed as a GST fusion protein
in Escherichia coli strain BL21 (Novagen) and purified from bacterial
extracts.32 Increasing amounts (2.5–20 �M) of purified GST-Src-SH3 (in
100 �L) were added to the wells in triplicate and incubated for 1 hour at
room temperature. After subsequent incubations with monoclonal anti-GST
antibody and horseradish peroxidase-conjugated antimouse immunoglobu-
lin, color was developed with o-phenylenediamine substrate. Absorbance
was measured in an enzyme-linked immunosorbent assay reader at 450 nm.

Pull-down assays

Wild-type or mutated GST-�3 cytoplasmic tail fusion proteins (GST-�3,
GST-�3Y/A, GST-�3-741) were expressed in E coli and purified from bacterial
lysates by batch elution from glutathione-Sepharose. Purified GST fusion
proteins coupled to glutathione-Sepharose 4B beads were incubated overnight at
4°C with platelet lysates in lysis buffer (50 mM of Tris, pH 7.4, 75 mM of NaCl,
1% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 5 mM of EDTA, 1 mM of sodium
vanadate and the protease inhibitor mixture) in the presence or absence of the
peptide, and immunoblotted with specific antibodies. His-tagged Src-SH3 was
expressed in BL21 (DE3) and purified by Ni-affinity chromatography. For
�3-Src-SH3 pull-down assays, immobilized wild-type GST-�3 was incubated
with His-Src-SH3 in the presence of increasing concentrations of the RGT
peptide overnight at 4°C under constant rotation. Complexes were washed and
subjected to Western blot analysis.

Results

Membrane permeability of the myr-RGT peptide

Peptides were labeled with FITC to trace their localization. Flow
cytometry analysis showed that platelets incubated with FITC-
labeled myr-RGT became fluorescent (Figure 1A). In confocal
microscopy analysis, all platelets treated with myr-RGT exhibited a
strong overall fluorescence (Figure 1B). In contrast, platelets
treated with the nonmyristoylated peptide, although visible with
DIC imaging, were fluorescently negative (Figure 1B). Z-position
sectional analysis of FITC-myr-RGT-treated platelets confirmed
the intracellular localization of the peptide (Figure 1C).

Inhibition of platelet stable adhesion and spreading on
immobilized fibrinogen by myr-RGT

An important function of integrin �IIb�3 outside-in signaling is to
mediate stable platelet adhesion and spreading on immobilized
ligands. Platelets with impaired outside-in signaling are hence less
resistant to detachment in adhesion assays. For quantitative analy-
sis of the effect of the RGT peptide on platelet adhesion, we used a
phosphatase assay. As shown in Figure 2A, myr-RGT dose-
dependently inhibited platelet stable adhesion on immobilized
fibrinogen, whereas control peptides, or myristic acid or the
vehicle dimethyl sulfoxide (DMSO), had no significant inhibitory
effect. A 50% inhibition of platelet adhesion was obtained with
a 125 �M concentration of myr-RGT, whereas maximal inhibi-
tion was achieved at 250 �M. Removal of myr-RGT from the
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adhesion buffer did not significantly alter the adhesion of myr-
RGT-pretreated platelets (Figure 2A inset). Parallel analysis of DIC
images revealed a dose-dependent inhibition of platelet spreading
on immobilized fibrinogen by myr-RGT (Figure 2B). In addition,
we measured the phosphatase activity in the supernatant of
adherent platelets or of platelets in suspension. No difference was
observed between myr-RGT-treated and nontreated platelets either
after adhesion (Figure 2A) or in suspension (Figure 2C), indicating
that myr-RGT did not induce platelet lysis.

Effect of myr-RGT on platelet-mediated fibrin clot retraction

Platelet clot retraction is an essential step in platelet thrombus
consolidation and is initiated after platelet activation as a late

consequence of integrin outside-in signaling. It also relies on an
efficient extracellular fibrinogen-integrin interaction as well as a
stable integrin-cytoskeletal association. To investigate whether
myr-RGT has an effect on this important platelet function, we
performed a plasma-free platelet clot retraction assay using washed
platelets pretreated with different peptides. Fibrin clots were
induced at 37°C by the addition of thrombin to platelet suspension
containing purified fibrinogen, and the subsequent platelet-
dependent clot retraction was monitored over a 90-minute time
period. As shown in Figure 3A, at 30, 60, and 90 minutes, the fibrin
clots in the control tubes underwent a time-dependent retraction
that started at 30 minutes and was complete at 90 minutes. For
quantitative analyses of the effects of the different peptides, clot

Figure 1. Intraplatelet localization of the membrane-permeable peptides. Platelets incubated with FITC-conjugated peptides (250 �M) for 30 minutes and analyzed by flow
cytometry and fluorescence microscopy. (A) Fluorescence histograms of platelets treated with FITC-conjugated myristoylated RGT peptide (FITC-myr-RGT, closed histogram)
or with FITC-conjugated RGT peptide (FITC-RGT, open histogram) were analyzed by flow cytometry. (B) Platelets were treated with FITC-myr-RGT peptide or FITC-RGT
peptide and allowed to spread on immobilized fibrinogen for 60 minutes. The same microscopic fields were analyzed by differential interference contrast (DIC) microscopy as
well as confocal fluorescence microscopy (fluorescence). Figure shows representative images made by a Zeiss LSM510 confocal microscope with a 63� plan-apochromat
DIC oil-immersion objective with Pascal software. (C) Z-Stack scanning was performed on FITC-myr-RGT-treated platelets with intervals of 1.2 �m (from 1 to 4). The
fluorescence density profiles are shown below each picture.
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retraction was measured at 60 minutes. The presence of myr-RGT
at 62.5 �M resulted in a weak, but recognizable, inhibition of clot
retraction. When the concentration of the peptide was increased to
125 �M, the inhibition reached a full scale in terms of clot size,
whereas the clot retraction did occur under this condition to a subtle
extent, judging from the change of clot density. A complete
inhibition was achieved with the addition of 250 �M of myr-RGT,
a result comparable with that seen in the presence of 1 mM RGDS
known to inhibit clot retraction by preventing the extracellular
fibrinogen-integrin �IIb�3 interaction. These results demonstrated
that myr-RGT dose-dependently inhibited clot retraction in an
experimental system with purified fibrinogen and washed platelets.

Modulation of platelet aggregation by myr-RGT

Full-scale platelet aggregation in response to low concentrations of
agonists comprises the first wave of reversible aggregation that is
mediated by inside-out signaling and ligand binding to �IIb�3, the
second wave of irreversible aggregation that requires �IIb�3-
dependent outside-in signaling, and consequent aggregation-
dependent platelet granule secretion.5 To determine whether myr-
RGT interferes with integrin signaling during platelet activation,
we investigated its effect on platelet aggregation induced by ADP
and ristocetin. It is notable, as shown in Figure 3B, that in the
presence of myr-RGT, the primary wave of platelet aggregation
was intact. In contrast, the secondary wave of platelet aggregation
was significantly affected at a peptide concentration of 125 �M and
was completely abrogated at higher concentrations (250 �M). We
also tested the effect of myr-RGT on washed platelet aggregation
induced by low-dose thrombin. In the presence of myr-RGT at
62.5 �M, 125 �M, or 250 �M, the aggregation in response to
thrombin was reduced to 60%, 46%, and 39% of controls,
respectively. In control experiments, myristic acid plus equal
concentrations of nonmyristoylated RGT peptide did not inhibit
aggregation. Furthermore, the scrambled peptide, myr-GRT, failed
to significantly affect platelet aggregation, even at a high concentra-
tion (250 �M). In addition, 250 �M of myr-RGT inhibited
TRAP-induced aggregation (Figure 3B inset).

Effect of myr-RGT on soluble fibrinogen binding

To investigate whether myr-RGT affects inside-out integrin signaling,
we examined its effect on soluble fibrinogen binding to integrin �IIb�3,
the method of choice to assess integrin �IIb�3 activation after inside-out
signaling. Interestingly, as shown in Figure 4, when stimulated by ADP,
platelets preincubated with myr-RGT demonstrated an equivalent ability
to bind soluble Alexa Fluor 488-conjugated fibrinogen as those preincu-
bated with the control scrambled peptide or the nonmyristoylated
RGT peptide at concentrations up to 250 �M. In contrast, soluble
fibrinogen binding to ADP-stimulated platelets was almost completely
inhibited by 1 mM of the integrin inhibitor RGDS (Figure 4B). These
data provide evidence that inside-out signaling and thus the ligand
binding to the integrin �IIb�3 was not affected by the intracellular
presence of myr-RGT.

P-selectin expression on platelets treated with myr-RGT

The selective inhibition of the secondary wave of platelet aggrega-
tion by myr-RGT suggests that myr-RGT interferes with
aggregation-dependent platelet granule secretion, an event known
to require integrin outside-in signaling. To test this hypothesis, the
effect of myr-RGT on P-selectin surface exposure as a marker of
integrin-dependent �-granule release and adenosine triphosphate
release as a marker of dense granule secretion was determined.

Figure 2. Quantitative analysis of the effect of myristoylated RGT peptide on
platelet stable adhesion and spreading on immobilized fibrinogen. (A) Platelets
were added to microtiter wells precoated with fibrinogen and allowed to adhere for
60 minutes at 37°C. The phosphatase activity in supernatants (open columns) or in
adherent platelets (closed columns) was quantified by a PNPP assay. Data of
3 experiments (mean � SD) were presented as the ratio of the phosphatase activity of
platelet samples over blank. Peptide concentrations: *62.5 �M; **125 �M; ***250 �M.
(Inset) The phosphatase activity of myr-RGT-treated platelets adherent to immobilized
fibrinogen after removal of the peptide from the buffer. (B) Microphotographs of platelets
adherent on fibrinogen and treated with DMSO (B1), myristic acid and RGT peptide at a
concentration of 250 �M (B2), scrambled myr-GRT at 250 �M (B3), myr-RGT at 62.5 �M
(B4), 125 �M (B5), and 250 �M (B6). DIC indicates differential interference contrast
microscopy; IF: immunofluorescence assay with anti-integrin �3 antibody. (C) Platelets
were incubated in suspension with different treatments as indicated for 30 minutes at 37°C.
The phosphatase activity in supernatants ( ) or in remaining platelet suspensions ( )
was quantified by a PNPP assay. Data are arranged as in panelA.
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Indeed, myr-RGT significantly inhibited P-selectin exposure on
platelets (Figure 5A) or adenosine triphosphate release (not shown)
induced by a low concentration of thrombin. An inhibition of
approximately 80% of P-selectin expression compared with the
control was observed at a peptide concentration of 250 �M. In
contrast, no significant effect was observed with control peptides
used at the highest concentration of 250 �M. Similarly, myr-RGT
also inhibited ADP-induced P-selectin expression under stirring
(Figure 5B). These results are in agreement with the inhibitory
effects of myr-RGT on the secondary wave platelet aggregation,
platelet spreading, and clot retraction, indicating that the functional
outcome of integrin outside-in signaling was inhibited by myr-RGT.

Regulation of integrin �3 cytoplasmic tyrosine phosphorylation
by myr-RGT

Previous studies have well established that the postoccupancy events of
integrin �IIb�3 are closely related to the phosphorylation of 2 tyrosine

residues present within the �3 cytoplasmic tail.6 Because Src interacts
with the �3 cytoplasmic domain at the C-terminal RGT site and
myr-RGT inhibited platelet function mediated by outside-in signaling,
we hypothesized that the effect of myr-RGT might be associated with its
inhibition of Src-mediated phosphorylation of �3 cytoplasmic domain.
To test this hypothesis, we examined �3 tyrosine phosphorylation at
Y747 and Y759 by Western blotting using antibodies specific for integrin
�3 cytoplasmic sequences containing phosphotyrosine residues at
position 747 or 759. As shown in Figure 6, unstimulated platelets
exhibited a subtle level of tyrosine phosphorylation at residues 747 and
759, which presumably reflects weak platelet activation during platelet
preparation. As expected, �-thrombin stimulation triggered the tyrosine
phosphorylation of integrin �3 at Y747 and Y759. Addition of myr-RGT
almost completely abolished phosphorylation of these tyrosines at a
peptide concentration of 250 �M. In contrast, neither the scrambled
myr-GRT peptide nor the nonmyristoylated RGT peptide plus myristic
acid prevented tyrosine phosphorylation at these sites. These data clearly

Figure 3. Effect of myr-RGT on fibrin clot retraction
and platelet aggregation. (A) Washed platelets were
resuspended in HEPES buffer and incubated with differ-
ent peptides or their vehicles as indicated. Then 2 mg/mL
of human fibrinogen was added and fibrin clot formation
was initiated by adding 1 U/mL of thrombin. Clot retrac-
tion was monitored over time, and photographs of the
clots were taken at different time points (bottom panel).
Peptide concentrations: *62.5 �M; **125 �M; ***250 �M.
The histograms of the clot size were generated from the
photographs by calculating the ratio of the surface area
of the retracted clot versus that of the initial clot.
(B) Aggregation of nontreated or peptide-treated plate-
lets was induced in an aggregometer at 37°C under
constant stirring (1000 rpm) by ADP (2 �M), ristocetin
(1.25 mg/mL) in PRP, or by thrombin (0.1 U/mL) in
washed platelets preincubated with (A) DMSO, (B) myris-
tic acid and RGT peptide at a concentration of 250 �M,
(C) scrambled myr-GRT at 250 �M, myr-RGT at concen-
trations of (D) 62.5 �M, (E) 125 �M, and (F) 250 �M,
respectively. (Inset) Platelets in plasma treated with
250 �M of (F) myr-RGT, (C) scrambled myr-GRT, or
(A) vehicle DMSO were stimulated by TRAP (10 �M) to
aggregate.
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Figure 4. Effect of myr-RGT on soluble fibrinogen
binding to platelets. Platelets were preincubated with
different peptides or their vehicle, and binding of Alexa
Fluor 488-conjugated fibrinogen (100 �g/mL) to platelets
was measured by flow cytometry after the addition of
20 �M of ADP. (A) Representative histograms. Fibrino-
gen bound to platelets treated with DMSO, myristic acid,
and RGT at 250 �M (M � RGT), scrambled myr-GRT at
250 �M (myr-GRT), myr-RGT at 250 �M (myr-RGT), or
with RGDS peptide (1 mM). The background fibrinogen
binding was assessed using platelets treated without
ADP (Control). (B) Statistical data were derived from
quantitative results (means and SD) calculated from the
ratios of mean fluorescence intensity (samples/control)
of 3 separate experiments.

Figure 5. Effect of myr-RGT on platelet CD62P expres-
sion in the presence of agonists. The expression of
CD62P on nontreated or peptide-treated platelets stimu-
lated with agonists was analyzed by flow cytometry using
an FITC-labeled monoclonal anti-CD62P antibody.
(A) Data shown in the left pattern (mean � SD) were
derived from the ratio of the geometric mean fluores-
cence intensity measured for anti-CD62P antibody bind-
ing to thrombin-treated platelets, preincubated for
30 minutes with DMSO vehicle, nonmyristoylated RGT
peptide (250 �M) plus myristic acid (M � RGT),
scrambled myr-GRT (250 �M), or myr-RGT (250 �M),
versus resting platelets (without thrombin treatment) and
obtained from 3 separate experiments. Data shown in the
right pattern are a representative figure of CD62P expres-
sion in the presence of thrombin on platelets preincu-
bated with DMSO (fine line), myr-RGT (normal line), or
on resting platelets (in the absence of thrombin; thick
line). (B) Expression of CD62P on peptide-treated plate-
lets stimulated with ADP under stirring conditions.
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showed that myr-RGT attenuated the tyrosine phosphorylation of
integrin �3 at Y747 and Y759, suggesting that myr-RGT inhibits the
Src-dependent �3 phosphorylation, presumably by disrupting the inter-
action between �3 and Src or, otherwise, the consequent effects of the
Src-�3 dissociation, such as the inhibitory effect on platelet aggregation.

Effect of the RGT peptide on the interaction of platelet integrin
�3 with SH3 domain of Src

To determine whether the RGT peptide interferes with Src
interaction with �3, we performed coimmunoprecipitation ex-
periments using platelet lysates in the presence of an excess of
the RGT peptide. Figure 7A shows that Src as well as integrin
�IIb, as expected, were coimmunoprecipitated with �3 by an
anti-�3 antibody, but not by nonspecific control mouse IgG.
Preincubation of the platelets with myr-RGT, but not the
scrambled peptide, abolished coimmunoprecipitation of �3 with
Src but had no effect on the coimmunoprecipitation of �IIb with
�3. Similar results were obtained in experiments using an
anti-Src antibody to precipitate Src-�3 complexes. Addition of
RGT peptide to the Src-�3 complex after immunoprecipitation
also disrupted Src-�3 association (not shown), indicating a
direct effect of RGT peptide without relying on the platelet
cytoplasmic environment. Further evidence for a direct effect of
the RGT peptide on Src-�3 interaction was provided by
pull-down experiments using purified recombinant GST-�3 and
His-Src-SH3 proteins (Figure 7B) in which the RGT peptide
dose-dependently inhibited Src-SH3 binding to the integrin �3
tail. These results led us to postulate that the binding of the RGT
peptide directly induces dissociation of Src from integrin �3. As
a proof of this hypothesis, Figure 7C depicts the direct binding
of GST-Src-SH3 recombinant protein to immobilized RGT
peptide. This binding was dose-dependent and almost reached
saturation at a protein concentration of 20 �M. The specificity
of the binding was evidenced by the negative reaction of
GST-Src-SH3 with the scrambled GRT peptide. These data

established that Src interaction with integrin �3 was abrogated
by myr-RGT, which competes with �3 tail for binding Src. On
the other hand, talin was positively detected in a GST-integrin
�3 cytoplasmic domain pull-down experiment. Unlike what
happened with the integrin �3-Src interaction, the RGT peptide
could not affect integrin �3-talin interaction (Figure 7D). As
controls, mutant integrin �3 cytoplasmic domains lacking the
talin head binding site or bearing a point mutation, which is
known to disrupt integrin �3-talin interaction, �3-741 and
�3-Y/A, were unable to pull-down talin. These results indicate
that the RGT peptide had no effect on talin binding to the
integrin �3 cytoplasmic domain.

Discussion

Previous observations made with the CHO cell model have
demonstrated that �IIb�3-dependent inside-out and outside-in
signaling relies on distinct �3 cytoplasmic sequences.8,10,34-37

Using a cell-permeable peptide mimicking the �3 cytoplasmic
C-terminal residues, the present study extends our understanding of
the role of this �3 sequence in integrin signaling from CHO cell
model to human platelets. Our major findings are as follows:
(1) myr-RGT has an inhibitory effect on platelet functions regu-
lated by outside-in signaling without affecting those by inside-out
signaling; (2) the RGT peptide dissociates constitutively bound Src
kinase from integrin �3 by directly binding to the SH3 domain of
Src; and (3) the dissociation of Src kinase, but not talin, from
integrin �3 results in inhibition of Src-related �3 cytoplasmic
tyrosine phosphorylation and integrin outside-in signaling events.
As the Y747 and Y759 phosphorylation is concomitant with platelet
aggregation and the roles of Src in this process are multiple, the
contribution of aggregation to the causal relationship between the
myr-RGT-induced Src-�3 dissociation and the inhibition of inte-
grin �3 tyrosine phosphorylation remains to be further elucidated
in the future.

Different methods have been reported in the literature for
peptide delivery into platelets. Platelet membrane becomes perme-
able to peptides by streptolysin O treatment38,39 or electropora-
tion.40 In addition, chemical modifications, such as myristoylation
or palmitoylation,21,23,41-46 or attachment of a hydrophobic se-
quence,24,47 promote the translocation of peptides across the
platelet membrane. However, some of these methods have been
shown to interfere with normal platelet functions; in particular,
streptolysin O-treated platelets exhibited reduced adhesion.38,40

Here we have chosen the myristoylation approach because this
peptide modification does not affect platelet adhesion. In platelet
function assays, an inhibitory effect could be observed only in
platelets treated with myr-RGT, whereas a scrambled myristoylated
peptide or a nonmyristoylated RGT peptide was actually devoid of
activity. In addition, myr-RGT did not cause platelet lysis as
demonstrated by data with platelets in suspension or after adhesion.
We accordingly conclude that the inhibitory effect of the RGT
peptide on platelet function occurs intracellularly and is unlikely to
be caused by a potential extracellular interaction with platelet
surface receptors.

Among the integrin �3 cytoplasmic tail binding proteins, the
cytoskeletal protein talin and the non-receptor tyrosine kinase Src
are of particular interest, as the talin-integrin interaction is essential
to the regulation of inside-out signaling3 and is also important for
outside-in signaling,48 whereas Src is an important modulator of
platelet functions mediated by outside-in signaling.49 The present

Figure 6. Effect of myr-RGT on thrombin-induced phosphorylation of integrin
�3 cytoplasmic Y747 and Y759. Washed platelets were preincubated for 30 minutes
with 250 �M of the different peptides as indicated. Thrombin (0.05 U/mL) was added
to induce platelet aggregation with stirring at 1000 rpm for 1 minute. The platelets
were then lysed in SDS-PAGE sample buffer and analyzed by Western blotting using
monoclonal antibodies directed against the integrin �3 subunit extracellular domain
(SZ21), �-actin, and polyclonal antibodies specific for the �3 integrin cytoplasmic
sequences containing phosphorylated Y747 or Y759 residue, respectively.
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Figure 7. Effect of myr-RGT on the interaction of integrin �3 cytoplasmic domain with Src or talin. (A) Platelets preincubated with 250 �M of myr-RGT or scrambled myr-GRT
were lysed with lysis buffer, and the lysates of untreated or peptide-treated platelets were analyzed with an immunoprecipitation procedure as follows. The lysates were incubated with
SZ21 antibody or nonspecific mouse IgG.After washing, the immune complexes were subjected to SDS-PAGE and probed by Western blotting using monoclonal antibodies SZ22 or 327
against integrin �IIb or c-Src, respectively (lanes 1-5). In another set of experiments, immunoprecipitation was performed with monoclonal antibody 327 and blotted with SZ21 or 327 (lanes
6-10). Representative results of 3 experiments are shown. (B) Glutathione-Sepharose 4B beads coated with GST-wild-type integrin �3 cytoplasmic tail fusion protein were incubated
overnight with purified His-Src-SH3 in the presence of peptides as indicated. After wash, protein complexes were subjected to Western blot analysis with anti-His or anti-GST antibodies.
Peptide concentrations: *62.5 �M; **125 �M; ***250 �M; ****500 �M. (C) Increasing concentrations of purified GST-Src-SH3 or GST protein were added to the microtiter wells coated with
RGTor GRTpeptide (20 �g/mL). Binding of the purified proteins to the peptides was detected by incubation with mouse anti-GSTantibody, followed by horseradish peroxidase-conjugated
antimouse Ig antibody. Specific binding was normalized by subtracting the OD (optical density) values of the blank wells from that of the sample wells. Results were presented as
percentage of the maximal binding. Data were organized as binding of GST-Src-SH3 to RGT peptide (�), GST-Src-SH3 to GRT peptide (f), GST protein to RGT peptide (‚), and GST
protein to GRT peptide (�). (D) Glutathione-Sepharose 4B beads coated with GST-integrin �3 cytoplasmic tail fusion proteins were incubated overnight with platelet lysates in the
presence of peptides as indicated at 4°C before being lysed by SDS sample buffer. Talin was detected with the monoclonal antibody 8d4.Anti-GST antibody binding was used to verify the
loading of the �3 cytoplasmic tail fusion proteins. The increased electrophoretic mobility of GST-�3-741 documents the 21 residue truncation of this fusion protein.
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work demonstrates that treatment of platelets with myr-RGT
caused an inhibitory effect on typical integrin �IIb�3 outside-in
signaling events, including integrin-dependent platelet secretion,
irreversible platelet aggregation, platelet stable adhesion, and
spreading on immobilized fibrinogen as well as fibrin clot retrac-
tion mediated by washed platelets, whereas the inside-out signaling
pathway was unaffected as evidenced by normal soluble fibrinogen
binding and undisturbed first wave of platelet aggregation induced
by low-dose agonists. These results suggested that the RGT
peptide, which corresponds to the last 3 residues of the �3
cytoplasmic tail, was able to compete with the endogenous �3
integrin subunit for binding to cytoplasmic proteins involved in the
outside-in signaling cascade, thereby exerting a dominant negative
effect on this signaling pathway. As recently demonstrated by
Arias-Salgado et al and others, the C-terminal RGT residues of �3
are required for Src binding to �3.8,9 However, these results did not
allow to conclude whether the RGT sequence is sufficient for Src
binding and whether adjacent sequences are also required. Our
results provide evidence that an exogenous RGT peptide was able
to cause a robust inhibition of the association between Src and �3
cytoplasmic tail (Figure 7A,B). The enzyme-linked immunosor-
bent assay data (Figure 7C) further showed that Src-SH3 directly
bound to RGT peptide, suggesting that the regulatory effect of RGT
peptide on outside-in signaling occurs through its direct binding to
Src. These results clearly show that the �3 R760GT762 sequence is
not only necessary but also sufficient for the �3 interaction with Src
kinase. These data also provide important evidence that the
C-terminal RGT sequence is critically important in integrin out-
side-in signaling in human platelets.

Based on our observation that the RGT peptide does not affect
inside-out signaling (Figures 3B,4), it is intuitive for us that the RGT
peptide should have no effect on talin head-�3 cytoplasmic tail
interaction. We thus examined the interaction of �3 cytoplasmic domain
model proteins with platelet talin by a pull-down procedure.8 Indeed, the
talin-binding capacity of wild-type GST-�3 cytoplasmic tail fusion
protein was not affected by the presence of the RGT peptide. (Figure
7D). These results support the conclusion that the R760GT762 sequence of
the �3 tail is not involved in talin-�3 interaction and help to explain the
inability of the RGT peptide to affect inside-out signaling. Importantly,
our results provide a novel method to selectively interfere with integrin
outside-in signaling in intact human platelets.

Integrin �IIb�3 is an ideal antithrombotic target as its activation
is the final common pathway mediating platelet aggregation in
response to different agonists. However, existing integrin �IIb�3
receptor antagonists that block ligand binding have to be used at a
defined dose that has a significant inhibition of thrombosis without
undue bleeding.50 In addition, some ligand-mimetic �IIb�3 antago-
nists have been reported to cause conformational changes of
�IIb�3 and elicit outside-in signaling.51 The transgenic animals
generated by targeting several key genes, including Gas6 recep-
tors,28 PTP-1B,17 TSSC6,19 CD151,12 SLAM,13 or by introducing
the DiYF mutation into integrin �3,6 all displayed a similar
phenotype characterized by the absence of spontaneous bleeding

and normal or only slightly prolonged tail bleeding time. These
mice also exhibited the similar platelet dysfunction resulting from
impaired outside-in signaling, and most of them showed a signifi-
cantly reduced thrombosis potential in in vivo settings, such as
photochemical denudation or collagen/epinephrine injection,28 fer-
ric chloride,13,19 or laser injury.17 The RGT peptide described here
caused a selective inhibition of outside-in signaling-related platelet
functions similar to those exhibited by the platelets of the
above-mentioned transgenic mice. This provides a rational basis
for the design of novel antiplatelet agents with improved efficacy/
side-effect (bleeding) profiles.
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