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Thrombopoietin (TPO) plays a crucial role in
egakaryocyte differentiation and platelet produc-

ion. c-Mpl, a receptor for TPO, is also expressed in
erminally differentiated platelets. We investigated
he effects of TPO on activation of p38 mitogen-
ctivated protein kinase in human platelets. Throm-
in, a thrombin receptor agonist peptide, a throm-
oxane A2 analogue, collagen, crosslinking the glyco-
rotein VI, ADP, and epinephrine, but not phorbol 12,
3-dibutyrate activated p38. TPO did not activate p38
y itself, whereas TPO pretreatment potentiated the
gonist-induced activation of p38. TPO did not pro-
ote phosphorylation of Hsp27 and cytosolic phospho-

ipase A2 by itself, but enhanced thrombin-induced
hosphorylation of them. The specific p38 inhibitor
B203580 strongly inhibited such phosphorylation.
hus, TPO possesses the priming effect on p38 activa-

ion in human platelets and could affect platelet func-
ions through the p38 pathway. © 1999 Academic Press

Thrombopoietin (TPO), also called the c-Mpl ligand
r the megakaryocyte growth and development factor,
lays a crucial role in megakaryocyte differentiation
nd platelet production (1–4). However, c-Mpl is also
xpressed in terminally differentiated platelets as well
s the megakaryocytic progenitors (5). Others and we

1 To whom correspondence should be addressed at Department of
ematology and Oncology, Clinical Sciences for Pathological Organs,
raduate School of Medicine, Kyoto University, 54 Shogoin-
awaracho, Sakyo-ku, Kyoto 606-8507, Japan. Fax: 181-75-751-
201. E-mail: hiro@kuhp.kyoto-u.ac.jp.
Abbreviations: TPO, thrombopoietin; MAP, mitogen-activated pro-

ein; ERK, extracellular signal-regulated kinase; JNK, Jun
-terminal kinase; PKC, protein kinase C; cPLA2, cytosolic phospho-

ipase A2; GP, glycoprotein; ATF, activating transcription factor;
TA2, 9, 11-epithio-11, 12-methano-thromboxane A2; PDBu, phorbol
2, 13-dibutyrate; TRAP, thrombin receptor agonist peptide; PAGE,
olyacrylamide gel electrophoresis; TXA2, thromboxane A2.
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opyright © 1999 by Academic Press
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ave reported that TPO does not induce either platelet
ggregation or release reaction by itself but potentiates
ggregation and release reaction induced by other ago-
ists (6–12). Furthermore, TPO elicits tyrosine phos-
horylation of signaling molecules including the Janus
yrosine kinases, JAK2 and Tyk2, in platelets (6–13).
owever, it has not been studied in detail how TPO
ffects platelet functions or the signal transduction
timulated by other agonists.
p38 mitogen-activated protein (MAP) kinase is a
ember of the MAP kinase family (14, 15), which in-

ludes the extracellular signal-regulated kinases
ERKs), ERK1 and ERK2, and the Jun N-terminal
inases (JNKs), JNK1 and JNK2. p38 is the mamma-
ian homologue of HOG1 from yeast and mainly acti-
ated by stress stimuli and inflammatory cytokines
16, 17). p38 and ERKs but not JNKs have been iden-
ified in platelets (18, 19). We have shown that TPO
oes not activate ERKs or protein kinase C (PKC) by
tself but markedly enhances PKC-mediated activation
f ERKs induced by thrombin or phorbol esters (20).
revious reports have shown that physiologic agonists

ncluding thrombin and collagen induce activation of
38 in platelets (21, 22) and that p38 phosphorylates
nd activates cytosolic phospholipase A2 (cPLA2) lead-
ng to arachidonic acid release and is involved in plate-
et aggregation (22, 23). In this report, we investigated
he effects of TPO on p38 activation in human plate-
ets.

ATERIALS AND METHODS

Reagents. Affinity-purified rabbit polyclonal antibody against
38 (C-20) and anti-cPLA2 monoclonal antibody (clone 4-4B-3C) were
urchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
nti-phosphotyrosine mouse monoclonal antibody (clone 4G10) was
urchased from Upstate Biotechnology, Inc. (Lake Placid, NY).
ouse monoclonal antibody (clone G3.1) specific for the small heat

hock protein Hsp27 was obtained from StressGen Biotechnologies
orp. (Victoria, BC, Canada). F(ab’)2 of IgG specific for glycoprotein



(GP) VI was prepared from serum of a patient with GP VI-deficiency
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s described previously (24). Convulxin was isolated from Crotalus
urissus terrificus venom as described previously (25). Activating
ranscription factor-2 (ATF-2) was expressed as His-tagged protein
n E. coli and purified with Ni1-NTA resin (Qiagen, Studio City, CA)
s described previously (26). Recombinant human TPO (4) was
indly provided by Kirin Brewery Co. (Maebashi, Japan). A p38
nhibitor, SB203580, and its inactive analogue, SKF106978, were
ifts from Dr. J. C. Lee (SmithKline Beecham Pharmaceuticals, King
f Prussia, PA) (27). Prostaglandin E1 and 9, 11-epithio-11, 12-
ethano-thromboxane A2 (STA2) were kind gifts from Ono Pharma-

eutical Co. (Osaka, Japan). Arg-Gly-Asp-Ser (RGDS), apyrase, epi-
ephrine, ADP, and phorbol 12, 13-dibutyrate (PDBu) were obtained
rom Sigma. 32Pi (8500-9120 Ci/mmol, 150 mCi/ml) and [g-32P]ATP
3000 Ci/mmol, 10 mCi/ml) were provided by DuPont NEN. The
hrombin receptor agonist peptide SFFLRN (TRAP) was purchased
rom Phoenix Pharmaceuticals, Inc. (Mountain View, CA). All other
eagents were obtained as described previously (28).

Preparation and stimulation of platelets. After informed consent
as obtained, venous blood was collected from healthy adult donors.
nti-coagulation of blood and preparation of platelet-rich plasma
ere performed as described previously (28). Platelet-rich plasma
as incubated with 1 mM aspirin for 30 min at 37°C. Gel-filtered
latelets were then prepared as described previously (6) at a final
oncentration of 1 3 109 cells/ml in Hepes buffer (137 mM NaCl, 2.7
M KCl, 1 mM MgCl2, 1 mM CaCl2, 5.6 mM glucose, 1 mg/ml bovine

erum albumin, 3.3 mM NaH2PO4, and 20 mM Hepes, pH 7.4),
ontaining 1 unit/ml apyrase and 500 mM RGDS. For 32Pi-labeling of
latelets, platelets were incubated with 0.5 mCi/ml 32Pi in Hepes
uffer without NaH2PO4 for 1 h at 37°C before gel-filtration. Gel-
ltered platelets were stimulated by agonists with gentle agitation
or appropriate periods at 37°C. In some experiments, gel-filtered
latelets were preincubated with 0.1% (v/v) Me2SO, 10 mM
B203580, or 10 mM SKF106978 for 10 min at 37°C, and then
reated with buffer or with TPO for 3 min at 37°C before stimulation.

Immunoprecipitation and immunoblotting. Gel-filtered platelets
ere stimulated by various agonists with gentle agitation at 37°C
nd lysed in an equal volume of 2 3 RIPA buffer (50 mM Tris-HCl,
H 7.5, 100 mM NaCl, 50 mM NaF, 10 mM EDTA, 2% Triton X-100,
.2% SDS, 2% sodium deoxycholate, 80 mM b-glycerophosphate, 80
M p-nitrophenylphosphate, 2 mM Na3VO4, 2 mM phenylmethyl-

ulfonyl fluoride, 40 mg/ml leupeptin, and 40 mg/ml aprotinin) to stop
eaction. p38 was purified by immunoprecipitation from lysates with
nti-p38 antibody as described previously (6). Immunoprecipitates
rom 2.6 3 108 cells/lane were subjected to 10% (w/v) SDS-
olyacrylamide gel electrophoresis (PAGE) and transferred electro-
horetically to nitrocellulose membranes (Bio-Rad, Hercules, CA)
ith a semidry blotter. The membranes were treated for an immu-
oblot assay using the anti-phosphotyrosine monoclonal antibody
G10 or anti-p38 antibody with the ECL chemiluminescence reaction
Amersham International plc, Little Chalfont, U.K.) as described
reviously (28).

In vitro kinase assay. p38 was isolated from unstimulated or
timulated platelets by immunoprecipitation as described above.
inase activity of p38 was determined by an in vitro kinase assay
ith recombinant ATF-2 as described previously (29). Briefly, immu-
oprecipitated p38 was washed three times with RIPA buffer and
wo times with kinase buffer (25 mM Hepes, pH 7.4, 25 mM
-glycerophosphate, 25 mM MgCl2, 2 mM dithiothreitol, and 0.1 mM
a3VO4), and then incubated for 30 min at 30°C with 3 mg of ATF-2

n 30 ml of kinase buffer including 1 mCi of [g-32P]ATP and 50 mM of
TP. Reactions were stopped by addition of 30 ml of 2 3 SDS sample
uffer. The samples were boiled for 3 min and subjected to 10% (w/v)
DS-PAGE followed by autoradiography.

Phosphorylation of Hsp27 and cPLA2. 32Pi-labeled platelets were
timulated and lysed in RIPA buffer as described above. Hsp27 and
PLA2 were immunoprecipitated from lysates with anti-Hsp27 anti-
59
ody and anti-cPLA2 antibody, respectively, as described previously
6). Immunoprecipitates from 2.6 3 108 cells/lane were subjected to
2.5% (w/v) SDS-PAGE for Hsp27 or 7.5% (w/v) SDS-PAGE for
PLA2, followed by autoradiography.

Densitometric analysis. The densities of protein bands on
canned images of immunoblot and autoradiogram were analyzed
ith the public domain NIH Image program (written by Wayne
asband at the National Institute of Health).

ESULTS

TPO enhances tyrosine phosphorylation and kinase
ctivity of p38 stimulated by thrombin. We first stud-
ed tyrosine phosphorylation of p38 in platelets stimu-
ated by TPO, thrombin, and the phorbol ester PDBu,
r combinations of them. If not mentioned, gel-filtered
latelets were pretreated with aspirin, apyrase, and
GDS to avoid the secondary effects of synthesized

hromboxane A2 (TXA2), released ADP, and integrin
IIbb3-mediated aggregation following platelet stimula-
ion. As shown in Fig. 1a, in resting platelets, p38 was
ot phosphorylated on tyrosine. Thrombin stimulation

nduced tyrosine phosphorylation of p38, whereas TPO
lone did not induce it. Interestingly, pretreatment of
latelets with TPO distinctly enhanced the thrombin-
nduced tyrosine phosphorylation of p38. In contrast,
DBu did not stimulate p38 tyrosine phosphorylation

rrespective of TPO pretreatment. We next examined
inase activity of p38 immunoprecipitated under the

FIG. 1. Effects of TPO on tyrosine phosphorylation and activa-
ion of p38 induced by thrombin. Gel-filtered platelets pretreated
ith buffer alone (lanes 1, 3, and 5) or 50 ng/ml of TPO (lanes 2, 4,
nd 6) for 3 min were unstimulated (lanes 1 and 2) or stimulated
ith 0.1 unit/ml of thrombin (lanes 3 and 4) or 1 mM of PDBu (lanes
and 6) for 1 min under mild agitation, and were lysed to stop

eaction. p38 was immunoprecipitated from the lysates and sub-
ected to SDS-PAGE, followed by immunoblot analysis with anti-
hosphotyrosine antibody (a) and with anti-p38 antibody (b). Kinase
ctivity of p38 was determined with an in vitro kinase assay using
TF-2 as an exogenous substrate. Phosphorylation of ATF-2 was
etected by autoradiography (c).
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ame conditions as described above by an in vitro ki-
ase assay with ATF-2 as an exogenous substrate.
hrombin, but not TPO or PDBu, stimulated activity of
38, while TPO pretreatment potentiated the p38 ac-
ivation induced by thrombin (Fig. 1c). Densitometric
nalysis revealed that upon thrombin stimulation, fold
nhancement by TPO pretreatment in the tyrosine
hosphorylation and the kinase activity of p38 was
.87 6 0.25 and 1.76 6 0.13 (means 6 SE, n 5 3),
espectively. These data confirmed that the kinase ac-
ivity of p38 increased in proportion to the extent of
yrosine phosphorylation of the kinase. When platelets
ere not pretreated with aspirin, we also obtained
ssentially similar results on tyrosine phosphorylation
nd activation of p38 (data not shown). We examined a
ime course of tyrosine phosphorylation of p38 in
hrombin-stimulated platelets pretreated with or with-
ut TPO. Tyrosine phosphorylation of p38 occurred
fter 30 s of thrombin stimulation and peaked between
and 2 min (Fig. 2). TPO pretreatment enhanced the

evel of tyrosine phosphorylation of p38 in thrombin-
timulated platelets with a time course similar to that
een with thrombin stimulation alone (Fig. 2). TPO by
tself hardly induced tyrosine phosphorylation of p38
ntil 30 min (data not shown).

TPO enhances tyrosine phosphorylation of p38 stim-
lated by various agonists. We next examined the
PO effect on tyrosine phosphorylation of p38 in plate-

ets stimulated by following agonists; TRAP, the TXA2

nalogue STA2, collagen, convulxin, the F(ab’)2 frag-
ent of anti-GP VI IgG, ADP, and epinephrine (Fig. 3).
onvulxin (25, 30), a tropical rattle snake venom, and

he F(ab’)2 fragment of anti-GP VI IgG (24) activate
latelets by cross-linking of GP VI. TRAP, STA2, colla-
en, convulxin, and the F(ab’)2 fragment of anti-GP VI
gG induced tyrosine phosphorylation of p38. Pretreat-
ent of platelets with TPO markedly potentiated the

38 phosphorylation stimulated by these agonists (Fig.
A and 3B). ADP, epinephrine, or their combination
lightly induced tyrosine phosphorylation of p38. TPO
retreatment also enhanced the tyrosine phosphoryla-

FIG. 2. Effects of TPO on time-dependent tyrosine phosphoryla-
ion of p38 induced by thrombin. Gel-filtered platelets pretreated
ith buffer alone or 50 ng/ml of TPO for 3 min were stimulated with
.1 unit/ml of thrombin for the indicated periods under mild agita-
ion, and were lysed to stop reaction. p38 was immunoprecipitated
rom the lysates and subjected to SDS-PAGE, followed by immuno-
lotting with anti-phosphotyrosine antibody (a) and with anti-p38
ntibody (b). Arrows indicate the position of p38.
60
ion of p38 stimulated by ADP, epinephrine, or their
ombination (Fig. 3C).

TPO enhances p38-dependent phosphorylation of
sp27 and cPLA2 induced by thrombin. We studied
hether TPO affected the downstream pathways of
38. p38 phosphorylates and activates MAP-kinase-
ctivated protein kinase-2, which in turn phosphory-
ates Hsp27 (31, 32). We then studied the effect of TPO
n phosphorylation of Hsp27 in thrombin-stimulated
latelets. Thrombin stimulation promoted Hsp27 phos-
horylation, while TPO treatment by itself had no ef-
ect on it. However, TPO pretreatment further en-
anced the Hsp27 phosphorylation by thrombin (Fig.
A). To confirm whether p38 is involved in the Hsp27
hosphorylation, we used a selective inhibitor for p38,
B203580 (27), and an inactive analogue of it,
KF106978, as a control. 10 mM of SB203580 com-
letely inhibited kinase activity of p38 in an in vitro
inase assay, if the inhibitor was added to the kinase
uffer (data not shown). Preincubation of platelets
ith 10 mM of SB203580 but not SKF106978 com-

FIG. 3. Effects of TPO on tyrosine phosphorylation of p38 in-
uced by various agonists. Gel-filtered platelets pretreated with
uffer alone (lanes 1, 3, and 5) or 50 ng/ml of TPO (lanes 2, 4, and 6)
or 3 min were unstimulated (2) or stimulated with 10 mM TRAP, 0.5
M STA2, 10 mg/ml collagen (Col), 20 ng/ml convulxin (Conv), 150
g/ml the F(ab’)2 of anti-GPVI IgG (aGPVI), 20 mM ADP, 20 mM
pinephrine (Epi), or with a combination of 20 mM ADP and 20 mM
pinephrine (ADP1Epi) for 1 min under mild agitation, and were
ysed to stop reaction. p38 was immunoprecipitated from the lysates
nd subjected to SDS-PAGE, followed by immunoblotting with anti-
hosphotyrosine antibody (a) and with anti-p38 antibody (b). Arrows
ndicate the position of p38.
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letely blocked the thrombin-induced phosphorylation
f Hsp27 irrespective of TPO treatment (Fig. 4A). The
ecent reports have shown that cPLA2 is another can-
idate for substrates of p38 in platelets (22, 23). We
hen examined the effects of TPO and SB203580 on
hosphorylation of cPLA2 in thrombin-stimulated
latelets (Fig. 4B). Again, TPO did not induce phos-
horylation of cPLA2 by itself but enhanced thrombin-
nduced phosphorylation of cPLA2. Preincubation of
latelets with 10 mM of SB203580 strongly inhibited
he thrombin-induced phosphorylation of cPLA2 irre-
pective of TPO treatment (Fig. 4B).

ISCUSSION

Previous studies have shown that p38 MAP kinase is
nvolved in arachidonic acid release and aggregation in
ollagen- or TXA2 analogue-stimulated platelets (21–
3). We also observed p38 activation upon stimulation
f various agonists such as thrombin, STA2, TRAP, and
ollagen. Thrombin, TRAP, and STA2 stimulate plate-
ets through G protein-coupled receptors, whereas col-
agen stimulation is dependent on protein tyrosine
hosphorylation including the Fc receptor g chain and
ctivation of the tyrosine kinase Syk (33). p38 was also
ctivated by crosslinking of GP VI, one of collagen
eceptors, which is complexed with the Fc receptor g
hain (34–36). These data suggest common and impor-
ant roles of p38 in platelet activation. On the other

FIG. 4. Effects of TPO and the p38 inhibitor SB203580 on
hrombin-induced phosphorylation of Hsp27 and cPLA2. 32Pi-labeled
latelets were preincubated with 0.1% Me2SO (DMSO), 10 mM
B203580 (SB), or 10 mM SKF106978 (SKF) for 10 min, treated with
uffer alone or 50 ng/ml of TPO for 3 min, then stimulated with
.1 unit/ml of thrombin for 1 min under mild agitation, and lysed to
top reaction. Hsp27 (A) and cPLA2 (B) were immunoprecipitated
rom the lysates and subjected to SDS-PAGE, followed by auto-
adiography.
61
and, the phorbol ester PDBu did not activate p38,
ndicating that p38 activation is independent of PKC.
nterestingly, TPO markedly potentiated those recep-
or-mediated p38 activation by the agonists, whereas
PO by itself did not activate p38. Although TPO also
otentiates platelet aggregation and release reactions
6–12), we can exclude the possibility that the TPO
ffect on p38 results secondarily from aggregation or
elease reactions for the following reasons. p38 was
ctivated by various agonists except for PDBu in plate-
ets pretreated with aspirin, apyrase, and RGDS, indi-
ating that activation of p38 is independent of the
rachidonic acid metabolism, released ADP, and inte-
rin-mediated aggregation. Under these conditions,
PO enhanced p38 activation by these agonists. In
ontrast, PDBu elicits aggregation and release reaction
ithout p38 activation. Furthermore, TPO still en-
anced p38 activation in aspirinized platelets stimu-

ated by weak agonists, ADP and epinephrine, al-
hough they do not induce release reactions in
spirinized platelets (37). Thus, we concluded that p38
ctivation and potentiation of it by TPO did not sec-
ndarily result from aggregation or release reaction.
herefore, the intracellular TPO signaling could di-
ectly synergize the pathway leading to p38 activation.
he mechanism for the TPO potentiation effect re-
ains to be revealed. Considering that TPO by itself

id not stimulate either phosphorylation or activation
f p38, it is tempting to speculate that TPO may reduce
ctivity of protein phosphatases that down-regulate
he p38 pathway or that TPO may induce intracellular
ranslocation of some molecules in the p38 pathway to
acilitate the p38 cascade activation by other agonists.

We next examined if TPO affected the downstream
ignals of p38. p38 phosphorylates and activates MAP-
inase-activated protein kinase-2, which in turn phos-
horylates Hsp27 (31, 32), while p38 directly phosphor-
lates and activates cPLA2 in some types of cells
ncluding platelets and neutrophils (22, 23, 29). TPO by
tself did not induce phosphorylation of Hsp27 and
PLA2, whereas TPO pretreatment augmented throm-
in-induced phosphorylation of them. It was inhibited
y the pyridinyl imidazole SB203580 (27), which is a
pecific inhibitor to p38 and has been used for identi-
ying physiological roles of the p38 cascade in various
ells (38), confirming that TPO potentiated phosphor-
lation of Hsp27 and cPLA2 through the p38 pathway.
ecently, Börsch-Haubold et al. has reported that
B203580 also directly inhibits cyclooxygenases and
hromboxane synthase (39). However, we could exclude
hese effects of the inhibitor, since we used aspirinized
latelets to block the arachidonic acid metabolism.
sp27 seems to have protective activity against heat

hock and other stressing agents (40). However, phys-
ological functions of Hsp27 in platelets have been
nknown. cPLA2 is responsible for agonist-induced mo-
ilization of arachidonic acid leading to TXA2 synthesis



i
p
c
t
b

i
l
C
u
a
i
t
s
t

a
l
m
o
M
i
t
a
p

A

B
p
S
C
H
R
R

R

4. Kato, T., Ogami, K., Shimada, Y., Iwamatsu, A., Sohma, Y.,

1

1

1

1

1
1
1

1

1

1

2

2

2

2

2

2

2

2

2

2

Vol. 261, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
n platelets (41). Activity of cPLA2 is regulated by its
hosphorylation as well as cytosolic free calcium con-
entration (41). Thus, TPO could enhance TXA2 syn-
hesis via the p38-cPLA2 pathway as the positive feed-
ack of platelet activation.
Although TPO mRNA is expressed in several tissues,

ncluding the liver, kidneys, and bone marrow, the
iver seems to be the major site of TPO production (42).
irculating TPO levels are thought to be directly reg-
lated by the platelet and megakaryocyte mass (43)
nd markedly rise in patients with thrombocytopenia
nduced by radiation or chemotherapy. In such cases,
he TPO priming effect on platelet activation could
omewhat compensate bleeding tendency due to
hrombocytopenia.

We have recently shown that TPO also potentiates
gonist-induced activation of ERK1 and ERK2 in plate-
ets (20). In contrast to p38, the ERK pathway is

ainly dependent on PKC. TPO does not activate PKC
r ERKs by itself but enhances activation of ERKs and
AP kinase/ERK kinase-1 and -2 (MEK1 and MEK2)

n platelets (20). Taken together, it is now evident that
he TPO signaling separately synergizes the two par-
llel MAP kinase pathways, the PKC-dependent ERK
athway and the PKC-independent p38 pathway.
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