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Background: The mechanisms that regulate cytokine secretion from platelets are undefined.
Results: Inhibiting the expression or function of theWiskott-Aldrich syndrome protein (WASp) increases TGF-�1 release from
platelets.
Conclusion:WASp curtails the secretion of TGF-�1 from human and mouse platelets.
Significance: Identifying the biochemical mechanisms of cytokine secretion will improve our understanding of platelets vis-à-
vis the host immune response.

Platelets are immunologically competent cells containing
cytokines such as TGF-�1 that regulate cell-mediated immu-
nity. However, the mechanisms underlying cytokine secretion
from platelets are undefined. The Wiskott-Aldrich syndrome
protein (WASp) regulates actin polymerization in nucleated
hematopoietic cells but has other role(s) in platelets.WASp-null
(WASp�/�) platelets stimulated with a PAR-4 receptor agonist
had increased TGF-�1 release compared with WT platelets;
inhibiting WASp function with wiskostatin augmented TRAP-
induced TGF-�1 release in human platelets. TGF-�1 release is
dissociated from �-granule secretion (P-selectin up-regulation)
andoccursmore gradually, with�10–15% released after 30–60
min. Blockade of Src family kinase-mediated WASp Tyr-291/
Tyr-293 phosphorylation increased TGF-�1 release, with no
additive effect in WASp�/� platelets, signifying that phosphor-
ylation is critical for WASp-limited TGF-�1 secretion. Inhibit-
ing F-actin assembly with cytochalasin D enhanced secretion
in WT platelets and further increased TGF-�1 release in
WASp�/� platelets, indicating that WASp and actin assembly
independently regulate TGF-�1 release. A permeabilized plate-
letmodel was used to test the role of upstream small GTPases in
TGF-�1 release. N17Cdc42, but not Rac1 mutants, increased
TGF-�1 secretion and abrogated WASp phosphorylation. We
conclude that WASp function restricts TGF-�1 secretion in a
Cdc42- and Src family kinase-dependent manner and indepen-
dently of actin assembly.

Platelets have a well established role in hemostasis, and the
mechanisms underlying clot formation and thrombosis have
been extensively studied (1). By contrast, much less is known
about how platelets influence the host immune response. Plate-
lets contain more than 30 cytokines, chemokines, and growth

factors that are secreted upon binding of cell surface receptors
with their cognate ligands (2). Platelet � granules are a rich
source of TGF-�1 (3), a cytokine pivotal to wound healing, can-
cer, inflammation, and cell-mediated immunity (4). It is there-
fore of significant interest to elucidate the signaling mecha-
nisms governing the release of TGF-�1 from platelets.
In platelets, recent evidence indicates that growth factors

and cytokinesmay be organized and packaged into distinct sub-
groups of �-granules that are selectively targeted for release in
response to specific signals (5). For example, Battinelli et al. (5)
determined that pro- and anti-angiogenic factors are differen-
tially released from platelets in an agonist-specific manner. In
contrast, another group reported that �-granule content is
released in a random fashion upon activation and that it is ago-
nist potency that primarily determines the rate and extent of
cargo release (6). In either case, the signals that regulate�-gran-
ule secretion are likely integrated with the actin cytoskeleton,
which is extensively remodeled upon platelet activation (7). In
platelets, actin assembly and disassembly are tightly orches-
trated by a number of accessory proteins including vinculin (8),
cortactin (9), filamin A (10), talin (11), gelsolin (12), cofilin (13),
ARP2/3 complex (14), and WAVE (15).
The Wiskott-Aldrich syndrome protein (WASp) is another

actin accessory protein that is expressed only in cells of hema-
topoietic origin (16). In humans, Wiskott-Aldrich syndrome
(WAS)2 is characterized by eczema, thrombocytopenia, and
severe dysfunction of the immune system (17). WAS-associ-
ated immunodeficiency has been traced to mutations of the
WASp gene in hematopoietic cells and confirmed in studies
usingWASpknock-out animals. Defectivemigration andphag-
ocytosis have been observed inWASp-null neutrophils (18) and
macrophages (19), and the directed migration of B-lympho-
cytes is alsoWASp-dependent (20). In T-lymphocytes, the for-
mation of critical cell/cell contact points known as immune
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tion (21) as is cell polarization and cytokine secretion (22).
However, WASp is not required for platelet spreading or its
accompanying actin assembly reaction (23), although the
hemostatic function inWASp-null mice is reduced because the
platelets circulate poorly (24).
In light of the emerging role of platelets as cytokine-secreting

immune cells (2), we evaluated the role of WASp in regulating
TGF-�1 secretion fromplatelets. The recognized role ofWASp
in immune cell function (17), coupled with an overall lack of
understanding of WASp function in platelets, highlighted
WASp as an ideal protein to study.We report here thatWASp-
null mice have 4-fold higher circulating levels of TGF-�1 than
wild-type controls. WASp normally restricts PAR-mediated
secretion of TGF-�1 in a Cdc42- and Src family kinase (SFK)-
dependent manner. Finally, WASp mediates platelet TGF-�1
secretion independently of the actin cytoskeleton.

EXPERIMENTAL PROCEDURES

Reagents—The PAR-4 receptor agonist peptide (PAR4-AP)
was purchased from Bachem (King of Prussia, PA). The PAR-1
receptor-activating peptide (TRAP), FITC-phalloidin, poly-L-
lysine, octyl glucopyranoside (OG), and the anti-�-tubulin anti-
body were from Sigma. Antibodies against GAPDH, WASp,
phospho-WASp, TGF-�1, and GST were obtained from
Abcam (Cambridge, MA) and from Millipore (Billerica,
MA). The anti-mouse and anti-human P-selectin antibodies
were from BD Biosciences (San Jose, CA). The anti-gelsolin
antibody was previously described (25). Rhodamine-phalloidin
and Alexa-647-phalloidin were from Molecular Probes
(Eugene, OR). Cytochalasin D, wiskostatin, PP1, PP2, and the
Rac1 inhibitorNSC23766were obtained fromCalbiochem (Bil-
lerica, MA). GST-tagged dominant negative (N17) Rac1 and
Cdc42 recombinant proteins were purchased from Cytoskele-
ton (Denver, CO).
Animals—Wild-type,WASp-null (26), and gelsolin-null (27)

mice were maintained on a 129Sv background. Knock-out of
platelet WASp and gelsolin expression was verified by immu-
noblotting as previously described (24, 27). Approval for animal
research was granted by the Harvard Medical Area Standing
Committee, according to National Institutes of Health stand-
ards and as outlined in the Institute for Laboratory Animal
Research Guide for Care and Use of Laboratory Animals.
Human and Mouse Platelet Preparation—Blood was

obtained from healthy human volunteers with institutional
review board approval from Brigham and Women’s Hospital
and informed consent in accordance with the Declaration of
Helsinki. Human blood was collected by venipuncture into
1/10th volume of Aster-Jandl anticoagulant buffer (28). Blood
was collected from wild-type, WASp-null, and gelsolin-null
mice by retro-orbital plexus bleeding.Human andmouse plate-
lets were isolated by sequential centrifugation of whole blood
and the resultant platelet-rich plasma as previously described
(29). The platelet pellet was washed twice with a washing buffer
(140 mM NaCl, 5 mM KCl, 12 mM trisodium citrate, 10 mM

glucose, 12.5 mM sucrose, pH 6.0) supplemented with prosta-
glandin-1 (Sigma). Washed platelets were resuspended in
resuspension buffer (10 mM HEPES, 140 mM NaCl, 3 mM KCl,
0.5mMMgCl2, 5mMNaHCO3, 10mMglucose, pH7.4) contain-

ing apyrase (Sigma) and allowed to rest for 30min at 37 °C prior
to use.
Measurement of TGF-�1 Secretion—For quantification of

TGF-�1 release, resting platelets were activated with 10 �M

TRAP (human) or 500 �M PAR4-AP peptide (mouse). The
reactions were stopped at the specified time points by centrif-
ugation at 4 °C, and the ensuing pellets (cell fractions) and
supernatants (releasate fractions) were separated. The concen-
tration of TGF-�1 in the supernatants was determined using a
Quantikine ELISA kit (R & D Systems, Minneapolis, MN)
according to the manufacturer’s instructions. The correspon-
ding pellets were solubilized in lysis buffer supplementedwith a
protease/phosphatase inhibitor mixture (Thermo Fisher, Wal-
tham, MA) and retained for SDS-PAGE and immunoblot
analysis.
FITC-Phalloidin Binding Assay and Analysis of Surface P-se-

lectin Expression—To determine platelet F-actin content, rest-
ing or activated platelets were fixed and permeabilized using
CytoFix/CytoPerm solution (BD Biosciences) and incubated
with a 1 �M solution of FITC-phalloidin (Sigma). The amount
of bound FITC-phalloidin was then quantified by FACS analy-
sis using a Becton-Dickinson FACSCalibur flow cytometer and
CellQuestPro software. Aminimum of 10,000 events were ana-
lyzed per sample. For determination of surface P-selectin
expression, resting or activated platelets were labeled with a
FITC-conjugated anti-P-selectin antibody for 30 min prior to
FACS analysis.
Immunocytochemistry—To examine the spatial distribution

of platelet proteins, glass coverslipswere coatedwith fibrinogen
and blocked for 1 h in 1% (w/v) BSA. Platelets were activated
with TRAP (human) or PAR4-AP (mouse), plated on to the
fibrinogen-coated coverslips, and allowed to spread for the
indicated times. Platelets were then fixed in 4% paraformalde-
hyde, permeabilized with 0.1% (v/v) Triton-X-100, and blocked
with 1% (w/v) BSA. Platelets were then incubated with an
appropriate primary antibody for 1 h at room temperature, fol-
lowed by a FITC-conjugated secondary antibody for 1 h, and
then stained with rhodamine- or Alexa-647-phalloidin. For
double immunofluorescence experiments, platelets were
blocked a second time prior to incubating with a second pri-
mary antibody for 1 h at room temperature, followed by a
TRITC-conjugated secondary antibody for 1 h at room temper-
ature. In some experiments, resting platelets were centrifuged
onto poly-L-lysine-coated coverslips, fixed immediately with
4% paraformaldehyde, and processed as described above. Con-
focal images were captured and processed using a Zeiss
spinning disk confocal microscope and SlideBook software
(Intelligent Imaging Innovations, Denver, CO). To facilitate
micrograph interpretation, confocal images supplied as gray-
scale by the SlideBook programwere colorized in green, red, or
blue using the color levels function in Adobe Photoshop.
Purification of Recombinant Proteins—Vectors encoding

GST-CA (amino acids 450–505 of N-WASp) and GST-VCA
(amino acids 392–505 of N-WASp) constructs were previously
described (14). The constitutively active GST-Rac1V12 and
GST-Cdc42V12 constructs were also previously described (30).
GSTproteinswere expressed inEscherichia coli and purified on
glutathione-agarose beads (Amersham Biosciences). Protein

TGF-�1 Secretion by Platelets

NOVEMBER 29, 2013 • VOLUME 288 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 34353



purity was verified by SDS-PAGE and Coomassie Blue staining
of the PAGE gels.
OG Permeabilization of Human Platelets—Permeabilization

of human platelets using OG was performed essentially as
described (14, 30, 31). Briefly, platelets were isolated from
human platelet-rich plasma by gel filtration through a Sephar-
ose 2B column (Amersham Biosciences). Platelet concentra-
tion was adjusted to 2 � 108 platelets/ml in platelet buffer (145
mMNaCl, 10 mMHEPES, 0.6 mMNaH2PO4, 2.5 mM KCl, 4 mM

MgCl2, 10 mM glucose, 0.3% BSA, pH 7.4). Cells were permea-
bilized with 0.25% OG in PHEM buffer (60 mM PIPES, 25 mM

HEPES, 10 mM EGTA, 0.2 mM MgCl2, pH 7.0) and incubated
with the GST-tagged recombinant proteins described above.
For secretion studies, platelets reconstituted with the recombi-
nant GST-tagged proteins were activated with TRAP (10 �M),
and the TGF-�1 content of the corresponding releasates was
analyzed by ELISA as described above.
Statistical Analysis—For time course experiments, a two-

way analysis of variance and Bonferroni post hocmultiple com-
parison tests were employed to determine the effects of 1)
genotype/treatment and 2) time on the secretion of platelet
TGF-�1. Statistical significance was set at p � 0.05.

RESULTS

WASp Restricts PAR4-AP-mediated Secretion of TGF-�1 by
Mouse Platelets—The levels of TGF-�1 in the platelet-poor
plasma (following platelet isolation) were 4-fold higher in
WASp�/� mice (43.12 � 3.48 ng/ml, n � 4) relative to WT
controls (10.61 � 1.86 ng/ml, n � 4). Because platelet �-gran-
ules are the primary source of TGF-�1 in blood (3), we deter-
mined the kinetics of TGF-�1 release (Fig. 1A) and compared it
with the surface up-regulation of P-selectin in activated mouse
platelets (Fig. 1B). To restrict the signaling pathway to the
mouse PAR-4 receptor, we employed its peptide agonist
(PAR4-AP) (32). The release of TGF-�1 by PAR-4 ligation was
gradual, because only �10–15% of the total platelet TGF-�1
content was secreted within 30–60 min of PAR4 stimulation
(Fig. 1A). By contrast, 60% of total P-selectin translocated to the
cell surface within 1min of PAR4 ligation, as expected (Fig. 1B).
These distinct release patterns are consistent with the separate
distribution of P-selectin and TGF-�1 in human platelets (Fig.
2H). To evaluate the role ofWASp in platelet secretion of TGF-
�1, we studied wild-type and WASp�/� mice. Because only a
fraction of the total TGF-�1 is released by PAR4 ligation, we
were able to monitor the spatial distribution of TGF-�1-con-
taining granules following platelet activation and spreading on
fibrinogen. In bothWT andWASp�/� platelets, TGF-�1-con-
taining granules were evenly dispersed throughout the cyto-
plasm at rest (Fig. 1, C andD). In activatedWASp�/� platelets,
TGF-�1-containing granules centralized prematurely relative
to wild-type platelets (Fig. 1, C and D), which is indicative of
accelerated granule fusion into the open canalicular system
(33). We quantified this observation in two ways: 1) by mea-
suring the centralized/aggregated granule area relative to total
cell area (Fig. 1E) and 2) by determining the percentage of cells
exhibiting granule centralization (Fig. 1F). Both approaches
showed that WASp�/� platelets had a significantly (p � 0.05)
higher degree of granule centralization relative to controls. We

therefore hypothesized that WASp may influence the PAR4-
mediated secretion of TGF-�1 by platelets. Accordingly, the
amount of TGF-�1 released from activatedWASp�/� platelets
was 2–5-fold higher than that fromwild-type platelets (Fig. 1A),
indicating that WASp curtails platelet secretion of TGF-�1.
Statistical analysis showed that both genotype and time had
significant (p� 0.0001) effects on the secretion of platelet TGF-
�1; individual differences were evaluated by Bonferroni multi-
ple comparison tests (Fig. 1A). The surface expression of P-se-
lectin, a classical marker for �-granule secretion (34), was
identical (p� 0.05) in wild-type andWASp�/� mouse platelets
following PAR4-AP stimulation (Fig. 1B). Collectively, these
data indicate that WASp constrains platelet secretion of
TGF-�1 and that cytokine secretion can be altered indepen-
dently of surface P-selectin expression.
WASp Restricts TRAP-mediated Secretion of TGF-�1 by

Human Platelets—To test the hypothesis that WASp function
regulates PAR1-mediated secretion of TGF-�1 in human plate-
lets, we assessed TRAP-induced TGF-�1 release in the pres-
ence or absence of wiskostatin, a chemical inhibitor with a doc-
umented inhibitory effect on WASp function (19). Consistent
with our observations onWASp�/� mouse platelets, there was
a significant (p � 0.05) increase in TGF-�1 release fromwisko-
statin-treated human platelets compared with vehicle-treated
controls (Fig. 2A). In contrast, TRAP-induced release of platelet
factor 4, another �-granule cytokine, was unaffected by wisko-
statin (data not shown). Also consistent with the WASp�/�

mouse platelets, the surface expression of P-selectin in human
platelets was unaffected (p � 0.05) by wiskostatin treatment
(Fig. 2B). The specificity of wiskostatin for WASp is suggested
by the finding that wiskostatin treatment had no significant
effect (p � 0.05) on TGF-�1 release from WASp�/� platelets
(data not shown). WASp was primarily localized at the plasma
membrane in resting platelets (Fig. 2C) but progressively aggre-
gated at the platelet center after 15min of platelet spreading on
immobilized fibrinogen (Fig. 2, D and E). Wiskostatin treat-
ment, however, impeded the centralization ofWASp in TRAP-
stimulated platelets (Fig. 2F). Notably, TGF-�1-positive gran-
ules uniformly co-localizedwithWASp in the activated platelet
(Fig. 2G). Taken together, these data suggest that wiskostatin
prevents the targeting of TGF-�1-containing granules by
WASp. These data also indicate that WASp constrains TRAP-
mediated TGF-�1 secretion in human platelets independently
of surface P-selectin expression.
WASp and the Actin Cytoskeleton Regulate Platelet TGF-�1

Secretion Independently—WASp regulates actin polymeriza-
tion in neutrophils, macrophages, and lymphocytes (17) but is
not required for platelet spreading (23), a process that remodels
and doubles cytoskeletal F-actin (7, 31).We therefore set out to
dissect the individual and collective contributions ofWASp and
actin assembly to TGF-�1 secretion. To determine whether
WASp affects PAR4-AP-mediated actin assembly, we used a
FITC-phalloidin binding assay (35) to measure F-actin content
in wild-type and WASp�/� platelets at rest and after stimula-
tion with PAR4-AP. Consistent with previous reports, the actin
assembly response of wild-type andWASp�/� mouse platelets
was identical (p � 0.05) after PAR4-AP stimulation (Fig. 3A).
There was also no significant difference (p � 0.05) in TRAP-
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induced actin assembly in vehicle- or wiskostatin-treated
human platelets (Fig. 3B). An inhibition of actin assembly with
cytochalasin D significantly (p � 0.05) increased the amount of
TGF-�1 in the releasate of activated human and mouse plate-
lets (Fig. 3, C and D), consistent with previous reports (36).
Importantly, the combined stimulatory effects of cytochalasin
D treatment and WASp�/� were additive (p � 0.05) on
TGF-�1 secretion (Fig. 3D), indicating thatWASp and the actin
assembly can function independently in regulating TGF-�1
release. Moreover, both TGF-�1 and WASp showed little co-

localization with F-actin in TRAP-activated human platelets
spread on fibrinogen (Fig. 3, E and F).
As a complementary approach to dissecting the individual

and collective roles of WASp and actin in the regulation of
TGF-�1 secretion, we used mice deficient in gelsolin, a protein
that promotes cytoskeletal reorganization and actin polymeri-
zation by severing actin filaments and generating additional
barbed ends (12). PAR4-AP induced significantly (p � 0.05)
more TGF-�1 release from gelsolin-null than from WT plate-
lets (Fig. 3G). However, in the gelsolin-null platelets, cytocha-

FIGURE 1. WASp restricts PAR-4 receptor-mediated secretion of TGF-�1 in mouse platelets. A, time course for PAR4-AP-mediated release of TGF-�1 from
wild-type (white bars) and WASp�/� (black bars) mouse platelets. The data are expressed as means � S.E. and represent three independent experiments. *, p �
0.01; **, p � 0.001, based on Bonferroni multiple comparison tests. B, time course of surface P-selectin expression by flow cytometry in wild-type (white bars)
and WASp�/� (black bars) mouse platelets stimulated by PAR4-AP. The data are expressed as means � S.E. and represent three independent experiments. C,
confocal micrographs showing the distribution of TGF-�1 in wild-type mouse platelets at rest (far left panel) and after stimulation with 500 �M PAR4-AP and
spreading on fibrinogen for 2 min (center left panel), 5 min (center right panel), and 15 min (far right panel). Bar, 10 �m; n � 3. D, distribution of TGF-�1 in
WASp�/� platelets at rest (far left panel) and after stimulation with 500 �M PAR4-AP and spreading on fibrinogen for 2 min (center left panel), 5 min (center right
panel), and 15 min (far right panel). Bars, 10 �m; n � 3. TGF-�1-containing granules are concentrated at the center more rapidly in WASp�/� platelets (arrows)
than in WT platelets. E, time course for the centralization of TGF-�1-containing granules, relative to total cell area (%) in wild-type (white bars) and WASp�/�

(black bars) platelets. The data are expressed as means � S.E. and represent three independent experiments. *, p � 0.01, based on Bonferroni multiple
comparison tests. F, quantification of the proportion of wild-type (white bars) and WASp�/� (black bars) platelets showing centralized TGF-�1-contain-
ing granules. The data are expressed as means � S.E. and represent three independent experiments. *, p � 0.01, based on Bonferroni multiple
comparison tests.
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lasin D treatment did not amplify secretion (p� 0.05) (Fig. 3G).
By contrast, wiskostatin treatment induced an additional 2-fold
increase inTGF-�1 secretion in gelsolin-null platelets (Fig. 3G).
Based on these data, it can be inferred that although both
WASp and the actin cytoskeleton combine to restrict TGF-�1

release from platelets, their mechanisms of action are
independent.
Platelet Secretion of TGF-�1 Is Regulated by Tyrosine Phos-

phorylation of WASp—WASp Tyr-291/Tyr-293 phosphoryla-
tion by SFK, a prerequisite forWASp function (37), is known to

FIGURE 2. WASp restricts PAR-1 receptor-mediated TGF-�1 secretion in human platelets. A, time course of TRAP-mediated release of TGF-�1 by human
platelets treated with vehicle (white bars) or the WASp inhibitor wiskostatin (black bars). The data are expressed as means � S.E. and represent three inde-
pendent experiments using platelets from different blood donors. *, p � 0.05, based on Bonferroni multiple comparison tests. B, time course of surface
P-selectin expression in TRAP-stimulated human platelets treated with either vehicle (white bars) or wiskostatin (black bars). The data are expressed as means �
S.E. and represent three independent experiments using platelets from different blood donors. C, representative confocal micrographs comparing the
distribution of WASp (left-hand panel, green) and F-actin (center panels, red) in resting human platelets. WASp is concentrated at the plasma membrane
(left-hand panel). Bar, 5 �m; n � 3. D, representative confocal micrographs comparing the distribution of WASp (left-hand panel, green) and F-actin (center panel,
red) in human platelets, stimulated with TRAP (10 �M) and spread for 15 min on fibrinogen. WASp is located at the platelet center (right-hand panel, arrow and
dotted circle, depicted at higher magnification in bottom right-hand panel). Bar, 10 �m; n � 3. Bottom right panel, high magnification of selected area (dotted
circle) from the top right-hand panel, illustrating the centralization of WASp (green) relative to peripheral actin (red). Bar, 4 �m. E, quantification of the proportion
of platelets showing centralized P-selectin (white bars), TGF-�1 (gray bars), and WASp (black bars). The data are expressed as means � S.E. and represent three
independent experiments. *, significantly (p � 0.001) different from TGF-�1 and WASp, based on Bonferroni multiple comparison tests. F, representative
confocal micrographs comparing the distribution of WASp (left-hand panel, green) and F-actin (center panel, red) in human platelets treated with wiskostatin,
stimulated with 10 �M TRAP, and spread for 15 min on fibrinogen. WASp remains near the platelet edge (right-hand panel, arrow). Bar, 10 �m; n � 3. G, spatial
distribution of TGF-�1 (left-hand panel, green) and WASp (center panel, red) in human platelets stimulated by 10 �M TRAP and spread on fibrinogen for 15 min.
Yellow indicates co-localization (right-hand panel). Bar, 10 �m; n � 3. H, representative confocal micrographs illustrate the separate distributions of P-selectin
(left panel, green) and TGF-�1 (center panel, red) in resting human platelets. Bar, 5 �m; n � 3.
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occur rapidly following human platelet activation (38–40).
Accordingly, WASp in both human and mouse platelets was
tyrosine-phosphorylated following activation with TRAP or

PAR4-AP, respectively (Fig. 4, A and B). The phosphorylated
form of WASp preferentially localized with TGF-�1 in both
human and mouse platelets (Fig. 4,D and F). To test the signif-

FIGURE 3. TGF-�1 secretion by mouse and human platelets is regulated independently by WASp and the actin cytoskeleton. A, PAR4-AP-induced actin
assembly by wild-type (white bars) or WASp�/� (black bars) mouse platelets as determined by FITC-phalloidin binding. The data are expressed as means � S.E.
and represent three independent experiments. NS, difference not statistically significant (p � 0.05). B, TRAP-induced actin assembly by human platelets treated
with vehicle (white bars) or wiskostatin (black bars) as determined by FITC-phalloidin binding. The data are expressed as means � S.E. and represent three
independent experiments using platelets from different blood donors. NS, difference not statistically significant (p � 0.05). C, TRAP-mediated release of TGF-�1
by human platelets treated with either vehicle (white bar) or 10 �M cytochalasin D (black bar). The data are expressed as means � S.E. and represent three
independent experiments using platelets from different blood donors. *, p � 0.05. D, PAR4-AP-mediated release of TGF-�1 by wild-type (white bars) or
WASp�/� (black bars) mouse platelets pretreated with either vehicle or 10 �M cytochalasin D. The data are expressed as means � S.E. and represent three
independent experiments. *, significantly (p � 0.05) different from vehicle-treated wild-type platelets; **, significantly (p � 0.05) different from vehicle-treated
WASp�/� platelets or cytochalasin-treated wild-type platelets. E, comparison of the spatial distribution of TGF-�1 (left-hand panels, green) and F-actin (center
panels, red) in human platelets stimulated by TRAP (10 �M) and spread on fibrinogen for 15 min. Bar, 10 �m; n � 3. F, comparison of the distribution of WASp
(left-hand panels, green) and F-actin (center panels, red) in human platelets stimulated by TRAP (10 �M) and spread on fibrinogen for 15 min. Bar, 10 �m; n � 3.
G, effect of cytochalasin D or wiskostatin on PAR4-AP-mediated release of TGF-�1 by wild-type (white bars) or gelsolin-null (black bars) mouse platelets. The
data are expressed as means � S.E. and represent three independent experiments. *, significantly (p � 0.05) different from vehicle-treated wild-type platelets;
**, significantly (p � 0.05) different from wild-type platelets (treated with either cytochalasin D or wiskostatin) or Gsn�/� platelets (treated either with vehicle
or cytochalasin D). Cyto D, cytochalasin D.
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icance of WASp phosphorylation in the context of TGF-�1
secretion, we abrogated activation-inducedWASp phosphory-
lation in human and mouse platelets using PP1 and PP2 (41),
two cell-permeant inhibitors of Src family kinases (Fig. 4, E and
G). Relative to vehicle-treated controls, human platelets pre-
treated with PP1 and PP2 released more TGF-�1 after TRAP
stimulation (Fig. 4H). Similarly, mouse platelets pretreated
with PP1 and PP2 exhibited greater PAR4-AP-induced
release of TGF-�1 relative to vehicle-treated controls (Fig.

4I). Notably, neither PP1 nor PP2 significantly affected (p �
0.05) TGF-�1 release from WASp-null platelets (Fig. 4I),
indicating that the negative influence of WASp on TGF-�1
secretion is regulated through SFK-mediated tyrosine
phosphorylation.
WASp-dependent TGF-�1 Secretion Is Regulated by Cdc42

but Not by Rac1—The Rho GTPases Rac1 and Cdc42 are acti-
vated in platelets (42) and have been shown to interact with
WASp (17). To determine whether Rac1 contributes toWASp-

FIGURE 4. WASp-mediated platelet secretion of TGF-�1 is regulated by tyrosine phosphorylation. A and B, tyrosine phosphorylation of WASp (Tyr-291 or
Tyr-293) in activated human platelets activated by 10 �M TRAP (A) or mouse platelets activated by 500 �M PAR4-AP (B). Total WASp is shown as a loading control
(n � 3). C, representative confocal micrographs comparing the distribution of Tyr-291 phospho-WASp (left-hand panel, green) to total WASp (center panel, red)
in human platelets stimulated by TRAP (10 �M) and spread on fibrinogen for 15 min. Yellow indicates co-localization (right-hand panel). Bar, 10 �m; n � 3. D,
co-localization of TGF-�1 (left-hand panel, green) and Tyr-291 phospho-WASp (center panel, red) in human platelets stimulated by TRAP (10 �M) and spread on
fibrinogen for 15 min. Yellow indicates co-localization (right-hand panel). Bar, 10 �m; n � 3. E, the Src family kinase inhibitors PP1 and PP2 abrogate WASp
phosphorylation in TRAP (10 �M)-stimulated human platelets. Total WASp is shown as a loading control (n � 3). F, co-localization of TGF-�1 (left-hand panel,
green) and Tyr-293 phospho-WASp (center panel, red) in mouse platelets stimulated by PAR4-AP (500 �M) and spread on fibrinogen for 15 min. Yellow indicates
co-localization (right-hand panel). Bar, 10 �m; n � 3. G, the Src family kinase inhibitors PP1 and PP2 abrogate WASp phosphorylation in PAR4-AP (500
�M)-stimulated mouse platelets. Total WASp is shown as a loading control (n � 3). H, TRAP-mediated release of TGF-�1 in human platelets treated with either
vehicle, PP1, or PP2. The data are expressed as means � S.E. and represent three independent experiments using platelets from different blood donors (*, p �
0.05). I, PAR4-AP-mediated release of TGF-�1 by wild-type (white bars) or WASp�/� (black bars) mouse platelets treated with either vehicle, PP1, or PP2. The data
are expressed as means � S.E. and represent three independent experiments. *, significantly (p � 0.05) different from vehicle-treated wild-type platelets. IB,
immunoblot.
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mediated TGF-�1 secretion, we used the cell-permeant Rac1
inhibitor (NSC23766). Treatment of human or mouse platelets
with NSC23766 had no effect on agonist-inducedWASp phos-
phorylation (Fig. 5, A and B) but decreased TGF-�1 secretion
by �25–30% in these platelets (Fig. 5, C and D). NSC23766
affected wild-type and WASp�/� mouse platelets equally,
although the effect ofNSC23766was not statistically significant

(p � 0.05) in mouse platelets (Fig. 5D). Taken together, these
data indicate that Rac1 activity does influence platelet TGF-�1
secretion, but independently of WASp.
To further investigateGTPase function, active and dominant

negative Rac1 and Cdc42 mutant proteins were reconstituted
into secretion-capable, permeabilized platelets. Permeabiliza-
tion is a well established approach for reconstituting platelets

FIGURE 5. Cdc42 influences WASp phosphorylation and platelet secretion of TGF-�1. A and B, tyrosine phosphorylation of WASp (Tyr-291 or Tyr-293) in
human platelets activated by 10 �M TRAP (A) or mouse platelets activated by 500 �M PAR4-AP (B) in the presence or absence of the Rac1 inhibitor NSC23766.
Total WASp is shown as a loading control. C, TRAP-mediated release of TGF-�1 by human platelets in the absence (white bar) or presence (black bar) of
NSC23766. The data are expressed as means � S.E. and represent three independent experiments using platelets from different blood donors (*, p � 0.05). D,
PAR4-AP-mediated release of TGF-�1 by wild-type (white bars) or WASp�/� (black bars) mouse platelets treated with or without NSC23766. The data are
expressed as means � S.E. and represent three independent experiments. *, significantly (p � 0.05) different from vehicle-treated wild-type platelets. E, TRAP
stimulation of OG-permeabilized human platelets increases P-selectin exposure (i.e., causes secretion). F, incorporation of recombinant GST protein into
OG-permeabilized human platelets. GST in the OG-treated platelets was stained with a FITC-conjugated anti-GST antibody. Successful reconstitution is
indicated by increased fluorescence. G, confocal micrographs reveal successful reconstitution of OG-permeabilized human platelets with GST protein (left
panel, GST, green; center panel, F-actin, blue; right panel, overlay). Bar, 10 �m. H, TRAP (10 �M)-mediated tyrosine phosphorylation of Tyr-291 on WASp in
OG-permeabilized human platelets reconstituted with: GST, the CA and VCA domains of N-WASp, and the constitutively active (V12) and dominant negative
(N17) forms of Rac1 and Cdc42. Total WASp is shown as a loading control (n � 3). I, TRAP-mediated release of TGF-�1 from OG-permeabilized human platelets
reconstituted with GST, the CA domain of N-WASp (CA), the VCA domains of N-WASp (VCA), constitutively active Rac1 (V12 Rac1), dominant negative Rac1 (N17
Rac1), constitutively active Cdc42 (V12 Cdc42), and dominant negative Cdc42 (N17 Cdc42). The data are expressed as means � S.E. and represent three
independent experiments using platelets from different blood donors. *, significantly (p � 0.05) different from OG-permeabilized platelets reconstituted with
GST. IB, immunoblot.
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with recombinant proteins (14, 30, 31), particularly for secre-
tion assays (43). We chose OG as the permeabilizing agent
because OG-permeabilized platelets retain their sensitivity to
TRAP stimulation (30, 31), as confirmed by increased surface
P-selectin expression (Fig. 5E). We then introduced GST-
tagged recombinant proteins into the permeabilized platelets
and analyzed the resultant effects on TRAP-mediated TGF-�1
secretion. To verify successful introduction of the recombinant
proteins, platelets were stained with a FITC-conjugated anti-
GST antibody; successful reconstitution was indicated by
increased fluorescence (Fig. 5F); this was also verified by con-
focal microscopy (Fig. 5G). Although the constitutively active
Rac1 mutant had no appreciable effect on TGF-�1 release, the
dominant negative (N17) Rac1mutant reducedTGF-�1 release
by �50% (Fig. 5I), consistent with data obtained using the Rac1
inhibitor NSC23766 (Fig. 5C). Neither Rac1 mutant affected
TRAP-induced WASp phosphorylation. By contrast, the con-
stitutively active V12Cdc42 protein caused a decrease in
TGF-�1 secretion (Fig. 5I). Strikingly, the dominant negative
N17Cdc42 mutant completely abrogated WASp phosphoryla-
tion (Fig. 5H) and caused a 2-fold increase in TGF-�1 secretion
(Fig. 5I). Collectively, these data show that Cdc42, not Rac1,
promotes WASp phosphorylation and regulates WASp-medi-
ated secretion of TGF-�1 from platelets.
The CA and VCA domains of N-WASp were used to manip-

ulate TRAP-inducedArp2/3 activation and actin assembly (31).
Platelets reconstituted with the Arp2/3 stimulatory VCA
domain secreted �60% of the TGF-�1 compared with controls
(Fig. 5I), consistent with the notion that actin polymerization
impedes TGF-�1 secretion (Fig. 3C). Neither the CA or the
VCAdomain ofN-WASp affectedTRAP-inducedWASpphos-
phorylation (Fig. 5H).

DISCUSSION

Platelets house pro- and anti-inflammatory cytokines and
chemokines that contribute to the host immune response (2),
but the mechanisms regulating their release are undefined. In
the present study, we demonstrate that WASp is a key modu-
lator of TGF-�1 secretion by platelets and thatWASp regulates
this process in a Cdc42- and SFK-dependent manner. Because
WASp is a nonessential regulator of the actin cytoskeleton in
platelets, we propose that its main role is to control the delivery
rate of cytokines like TGF-�1 following platelet activation.
This conclusion is based on the finding that TGF-�1 secre-

tion is increased significantly in platelets lackingWASp or after
treating platelets with chemical inhibitors of WASp. Platelets
are an abundant source of TGF-�1, which releases in a latent
form bound to the latency-associated peptide following activa-
tion in blood clots (44). Because TGF-�1 levels in blood are
increased in theWASp KOmice, it is likely that platelets are an
abundant source of TGF-�1 and that WASp KO platelets pre-
maturely release their TGF-�1 as they circulate in blood.
Release of TGF-�1 occurs at a leisurely pace relative to the bulk
of P-selectin up-regulation to the platelet surface, a classic
marker for �-granule secretion (34) that was not greatly
affected by the loss ofWASp expression or function (24). There
are two possible explanations for these distinct release patterns.

Based on the model proposed by Jonnalagadda et al. (6), the
PAR/WASp signaling pathway may uniformly regulate the
secretion of all�-granules; the differing release kinetics of P-se-
lectin and TGF-�1 would be due to differences in their relative
solubility and not the result of differential granule packaging or
agonist specificity. Alternatively, TGF-�1may be concentrated
and packaged into a compartment distinct from the bulk of the
�-granules that is specifically targeted by WASp. Localization
of WASp and TGF-�1 together in the activated platelet is con-
sistent with this notion that WASp targets specific granules,
impeding their centralization and subsequent fusion with the
OCS. This hypothesis is supported by the enhanced centraliza-
tion of TGF-�1-containing granules inWASp-null platelets. In
either case, whereas the precise mechanism underlying the
release of �-granular content remains unclear, WASp appears
to act as a gatekeeper for the delivery of TGF-�1. Consequently,
studying the release patterns of specific cytokines may repre-
sent a more elegant and informative approach to studying
platelet secretion than by examining levels of surface P-selectin
alone.
We also found that TGF-�1 secretion is increased by the

actin polymerization toxin, cytochalasin D, in agreement with
published observations on the secretions from �- and dense
granules (33, 36). TGF-�1 secretionwas also increased in gelso-
lin-null platelets. In activated platelets, gelsolin promotes actin
rearrangements and polymerization by severing actin fila-
ments, thus increasing the availability of short filaments for
Arp2/3 amplification (12, 14). Consequently, gelsolin-null
platelets are profoundly deficient in their ability to mount an
agonist-stimulated actin assembly reaction (12, 35). Similarly,
TGF-�1 secretion was markedly inhibited in platelets recon-
stituted with the VCA domain of N-WASp, which would
promote barbed end generation and actin polymerization
(31), data suggesting that F-actin networks pose a barrier to
cytokine secretion. Because the effects of cytochalasin D and
WASp deletion were additive, as was the effect of wiskostatin
on gelsolin-null platelets, it would appear that actin and
WASp regulate TGF-�1 secretion by independent but addi-
tive pathways.
We found that both mouse and humanWASp phosphoryla-

tion increases after ligation of the PAR receptors, consistent
with published observations (38–40). In its inactive form,
WASp is in a closed, autoinhibited conformation (17, 45). Phos-
phorylation of tyrosine 291 (human) or tyrosine 293 (mouse) is
a key regulatory step for opening of theWASpmolecule and its
subsequent activation (17, 37, 45). In our study, the Src family
kinase inhibitors PP1 and PP2 prevented WASp phosphoryla-
tion and increased TGF-�1 secretion to the same extent as that
found in theWASp-null platelets. Because phospho-WASp co-
localized with TGF-�1-containing granules, we conclude that
Src family kinases mediate their effects on platelet secretion
via WASp phosphorylation. Conceivably, other signaling
pathways that promote WASp phosphorylation, e.g., the gly-
coprotein VI (GPVI) pathway (38), may contribute to
TGF-�1 secretion in a similar manner. This premise is sup-
ported, for example, by our finding that GPVI-mediated
TGF-�1 release is elevated in WASp-inactivated human
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platelets via a pattern analogous to that of PAR-mediated
TGF-�1 release (data not shown).

The Rho GTPases, Rac1 and Cdc42, are putative WASp
binding partners (17, 46) that are rapidly GTP-charged after
thrombin stimulation of platelets (30, 42). Both GTPases can
modulate platelet secretion (47–49), and several reports have
described impaired secretion in Rac1-null platelets (49) or in
NSC23766-treated platelets (48). In our study, TGF-�1 secre-
tion diminished when platelets were treated with the Rac1
inhibitor NSC23766, as was cytokine release fromOG-permea-
bilized platelets reconstituted with N17Rac1. Importantly,
WASp phosphorylation was unaffected by manipulation of
Rac1 signaling, in agreement with a report from Tomasevic et
al. (46), who showed that Rac1 has minimalWASpmodulating
activity. Collectively, these data allow us to conclude that
WASp and Rac1 independently regulate platelet secretion and
exert opposing effects. By contrast, OG-permeabilized platelets
reconstitutedwith dominant negativeN17Cdc42had increased
cytokine secretion but no WASp phosphorylation following
PAR1 ligation, indicating that Cdc42 is the upstream effector
for platelet WASp. Pleines et al. (47) recently reported
increased�- and dense-granule secretion from thrombin-stim-
ulated Cdc42-null platelets. These observations fit with the
concept that binding of Cdc42 to WASp is required for WASp
phosphorylation and activation (19, 37, 45). Because WASp is
the downstream target of Cdc42, WASp-deficient platelets
should exhibit increased secretion. We therefore suggest a
model in which ligation of the PAR receptor on platelets
recruits WASp as well as leads to the GTP charging of Cdc42.
One salient feature of ourmodel is that phospho-WASp targets
TGF-�1-containing granules (Fig. 6), inhibiting their central-
ization and fusion with the OCS.
TGF-�1 is a potent cytokine with significant effects on

T-lymphocyte-mediated immunity (4). Lymphopenia and
defective T-cell function are important features of WAS (50),
and TGF-�1 is known to inhibit T-cell proliferation (4). This
encourages speculation that increased TGF-�1 secretion from
WASp-null platelets may contribute to the increased plasma
levels of TGF-�1 and partly explains the atypical T-cell behav-
ior observed in WAS, especially because platelet-derived cyto-
kines directly modulate T-cell function (51). Paradoxically,
WAS patients also suffer from autoimmune reactions (52) that
are ascribed to dysfunctional regulatory T-lymphocytes, or
Tregs (53). Tregs are a subset of T-cells that suppress autoim-
mune reactions via a phenomenon known as T-cell tolerance
(4). The induction of Tregs from their precursor cells is TGF-
�1-dependent, andTreg dysfunctionmay result fromdisrupted
TGF-�1 signaling (4). Conceivably, an increase in TGF-�1
secretion by WASp-null platelets may represent a compensa-
tory reaction to this deficiency.
Future studies may identify a specific function for WASp

in mediating signals among different immune cells, while
providing additional insight into the role of platelets in the
host response to pathogens and contributing to a better
understanding of WAS. In conclusion, our results identify
WASp as an important regulator of TGF-�1 secretion down-
stream of Cdc42 and SFKs, corroborating the hypothesis that

WASp has a specialized role in platelets, independent of
actin assembly.

Acknowledgments—We thank Fumi Nakamura for assistance with
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FIGURE 6. Model for WASp-mediated release of TGF-�1 in platelets. A,
WASp is recruited to the PAR1/PAR4 receptor following agonist stimulation
(steps 1 and 2). WASp is depicted in its closed, inactive conformation. Binding
of Cdc42 to WASp (step 3) promotes the phosphorylation of WASp at Tyr-291/
Tyr-293, which is mediated by Src family kinases (step 4). Phosphorylation
transforms WASp into its open, active conformation (step 5). Phospho-WASp
interacts with TGF-�1-containing � granules to control their spatial and tem-
poral release (step 6). B, in the absence of WASp (or following WASp inactiva-
tion), TGF-�1-containing granules are freely trafficked within the platelet
cytosol (marked by premature granule centralization and increased cytokine
release).
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