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1 Thrombin is a potent mitogen for vascular smooth muscle cells (VSMC) and has been implicated
its pathogenic role in vascular remodelling. However, the signalling pathways by which thrombin
mediates its mitogenic response are not fully understood.

2 We have previously reported that thrombin activates p38 mitogen-activated protein kinase (p38
MAPK) by a tyrosine kinase-dependent mechanism, and that p38 MAPK has a role in thrombin-
induced mitogenic response in rat VSMC.

3 In the present study, we examine the involvement of epidermal growth factor (EGF) receptor in
thrombin-induced p38 MAPK activation. We found that thrombin induced EGF receptor tyrosine
phosphorylation (transactivation) in A10 cells, a clonal VSMC cell line. A selective inhibitor of EGF
receptor kinase (AG1478) inhibited the p38 MAPK activation in a dose-dependent manner, whereas
it had no e�ect on the response to platelet-derived growth factor (PDGF). EGF receptor
phosphorylation induced by thrombin was inhibited by BAPTA-AM and GF109203X, which
suggest a requirement for intracellular Ca2+ increase and protein kinase C.

4 We next examined the e�ect of AG1478 on thrombin-induced DNA synthesis. AG1478 inhibited
thrombin-induced DNA synthesis in a dose-dependent manner. In contrast, PDGF-induced DNA
synthesis was not a�ected by AG1478.

5 In conclusion, these data suggest that the EGF receptor transactivation and subsequent p38
MAPK activation is required for thrombin-induced proliferation of VSMC.
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Introduction

Thrombin is a multifunctional serine protease and stimula-
tion of cells with thrombin leads to protein phosphorylation,

gene expression, contractility and proliferation in a variety of
cells. These e�ects are mediated by the thrombin receptor,
which has been shown to be as a member of the family of G

protein-coupled receptors (GPCRs) (Zhong et al., 1992). In
cultured vascular smooth muscle cells (VSMC) thrombin has
been reported to act as a growth factor (McNamara et al.,

1993). VSMC proliferation is a key step of arterial
remodelling in disease of the vasculture, including athero-
sclerosis, hypertension and restenosis after PTCA (Ross,

1993). Under these pathological conditions, thrombin has
been implicated in the regulation of VSMC proliferation
(Sarembock et al., 1991; Gibbons & Dzau, 1994). Therefore,
the signalling pathways leading to its mitogenic e�ects will be

useful to understand the smooth muscle remodelling and
dysfunction.

Mitogen-activated protein kinase (MAPK) cascades are
important systems of signal transduction from the cell surface

to the nucleus. MAPK has been implicated in the regulation
of many cellular responses, such as proliferation, di�erentia-
tion and apoptosis. In mammalian cells, MAPK is divided

into at least three subfamilies: extracellular signal-regulated
protein kinase (ERK), c-Jun N-terminal kinase (JNK), and
p38 MAPK (Davis, 1994). The ERK cascade has been

relatively well-elucidated and found to be activated by
GPCRs and tyrosine-kinase receptors (Cobb & Goldsmith,
1995). Two other subfamilies of MAPK, JNK and p38

MAPK, were found to be activated by both stresses and pro-
in¯ammatory cytokines (Kyriakis & Avruch, 1996). Recently,
p38 MAPK can also be activated by GPCR agonists, such as
carbachol, isoproterenol and angiotensin II, in several kinds

of cells (Larsen et al., 1997; Moule et al., 1998; Ushio-Fukai
et al., 1998). The mechanisms from GPCR to the activation
of p38 MAPK are largely unknown.

In a previous study, we have shown that thrombin
activates p38 MAPK by a tyrosine kinase-dependent
mechanism and that SB203580, a selective p38 MAPK
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inhibitor, inhibits thrombin-induced DNA synthesis in
VSMC, suggesting a possible role of thrombin in cell
proliferation (Kanda et al., 2001). However, the identity of

the tyrosine kinase and its physiological signi®cance in the
signalling pathway remained unclear.
In the present study, we investigate whether epidermal

growth factor (EGF) receptor is involved in the thrombin-

induced signalling cascade in rat A10 cells, a clonal VSMC
cell line. Moreover, to understand the role of EGF receptor
in thrombin-induced growth, we examine the e�ect of

AG1478, a selective EGF receptor kinase inhibitor, on
thrombin-induced DNA synthesis in the cells. We report
here that thrombin induces EGF receptor transactivation and

that AG1478 inhibits thrombin-induced DNA synthesis in
VSMC, suggesting a possible role of EGF receptor in cell
proliferation.

Methods

Materials

Thrombin and lysophosphatidic acid (LPA) were from

Sigma. Protein G-sepharose was from Pharmacia. Pertussis
toxin was from Funakoshi. p38 MAPK assay kit, anti
phospho-ERK antibody, and anti JNK1 antibody were from

New England Biolabs. Anti phospho-JNK antibody was
from Promega. Platelet-derived growth factor (PDGF) was
from Genzyme. EGF was from Upstate Biotechnology. [3H]-

Thymidine and enhanced chemiluminescence reagents were
from Amersham. Anti p38 MAPK polyclonal antibody and
anti phosphotyrosine monoclonal antibody (PY20) were from
Santa Cruz Biotechnology. 4-(3-Chloroanilino)-6,7-dimethox-

yquinqzoline (AG1478) and 1,2-bis(o-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid tetra(acetoxymethyl) ester (BAP-
TA-AM) were from Calbiochem. 2-[1-(3-Dimethylaminopro-

pyl)-1H-indol-3-yl)-maleimide (GF109203X) was from RBI.
All other reagents were of analytical grades and obtained
from commercial sources.

Cell culture

A10 cells (rat thoracic aortic smooth muscle) were provided

by American Type Cell Collection. Cells were cultured at
378C in a humidi®ed atmosphere of 5% CO2/95% air in
100 mm dishes. The growth medium was Dulbecco's modi®ed

Eagle's medium (DMEM) supplemented with 10% foetal
bovine serum (FBS), 100 u ml71 of penicillin, and
100 mg ml71 of streptomycin. Medium was changed twice a

week and cell passages 18 ± 24 were used for all experiments.

Cell lysis, immunoprecipitation and immunoblotting

A10 cells were serum-starved for 24 h in serum-free DMEM.
The cells were stimulated with agonists for the indicated
times at 378C and lysed in a bu�er containing (mM): Tris 50,

1% Triton X-100, NaCl 150, Na4P2O7 10, NaF 20, EDTA 2,
PMSF 1, pH 7.4, Na3VO4 1, 10 mg ml71 aprotinin and
10 mg ml71 leupeptin. Following incubation on ice for

30 min, the lysed cells were centrifuged at 15,0006g for
20 min at 48C to precipitate debris. The supernatant was
collected and assayed for protein concentration with the Bio-

Rad protein assay method. For immunoprecipitation, the
supernatant was precleared with protein G sepharose beads
and incubated with the appropriate antibody conjugated to

sepharose beads overnight at 48C. The samples were analysed
on 12% SDS±PAGE, transferred electrophoretically to
polyvinilidene di¯uoride membranes (15 V, 90 min). After
blocking with 5% bovine serum albumin for 1 h at room

temperature, membranes were reacted with speci®c antibodies
overnight at 48C. The blots were washed and then incubated
with HRP-conjugated secondary antibodies (1 : 2000 dilution)

for 1 h at room temperature. After washing, the signal was
detected with chemiluminescence ECL detection kit. The
bands were quanti®ed using a densitometer.

p38 MAPK activity assay

p38MAPK activity in immunoprecipitates was measured using
the p38 MAPK assay kit according to the manufacture's
instructions. Brie¯y, p38 MAPK was immunoprecipitated
from cell lysates using 2 mg of anti-p38 MAPK antibody

conjugated to sepharose beads overnight at 48C. The
immunoprecipitates were washed twice with a lysis bu�er and
twice with a kinase bu�er (mM): (Tris 20, MgCl2 20, NaCl 20,

Na3VO4 0.1, DTT 2, pH 7.4). The beads were then suspended
in 50 ml of the kinase bu�er containing 2 mg GST-ATF-2,
20 mM ATP at 308C for 30 min. Reactions were stopped by

adding 56Laemmli sample bu�er and heating for 5 min.
Phosphorylation of ATF-2 was analysed by immunoblotting
using phosphospeci®c ATF-2 antibody (1 : 2000 dilution).

ERK and JNK phosphorylation

ERK and JNK phosphorylation were determined using

phospho-speci®c antibodies. ERK phosphorylation was
analysed by immunoblotting using anti phospho-ERK anti-
body (1 : 2000 dilution), as previously described (Mizuno et

al., 1999). JNK was immunoprecipitated using anti-JNK1
antibody as described above and JNK phosphorylation was
analysed by immublotting using anti phospho-JNK antibody

(1 : 5000 dilution).

DNA synthesis

The assay was performed by measuring the incorporation of
[3H]-thymidine into acid-insoluble materials as previously
described (Kanda et al., 1999). The cells were seeded in 24-

well culture plates, allowed to grow to 70 ± 80% con¯uence,
and then growth-arrested by incubation in serum-free
DMEM. Growth-arrested cells were exposed to growth

factors at the indicated concentrations for 24 h. The cells
were then pulse-labelled with 1 mCi ml71 [3H]-thymidine for
2 h just before the end of the incubation period and were

incubated at 48C for 2 h in 10% trichloroacetic acid. Acid-
insoluble material was extracted with 0.1 N NaOH, and
incorporated radioactivity was measured by liquid scintilla-
tion spectroscopy. All experiments were performed in

triplicate.

Statistics

Values are expressed as the arithmetic means+s.d. Statistical
analysis of the data was performed by the use of one-way

British Journal of Pharmacology vol 132 (8)

p38 MAPK activation via EGFR transactivationY. Kanda et al1658



analysis of variance (ANOVA), followed by Sche�e test when
F ratios were signi®cant (P50.05).

Results

Thrombin induced transactivation of EGF receptor in A10
cells

We have previously reported that thrombin activates p38

MAPK through a tyrosine kinase-dependent pathway. To
examine the possible involvement of EGF receptor kinase in
thrombin-induced signal transduction pathway in VSMC, we

®rst study whether thrombin stimulates tyrosine phosphor-
ylation of EGF receptor in A10 cells. Growth-arrested cells
were treated with thrombin for various durations and EGF

receptor was immunoprecipitated from the lysates and
blotted with anti-phosphotyrosine antibody. Immunoprecipi-
tation of equal amounts of protein were con®rmed by
immunoblotting with anti-EGF receptor antibodies. As

shown in Figure 1, thrombin induced tyrosine phosphoryla-
tion of EGF receptor in A10 cells, reaching a rapid maximum
e�ect at 2 min and then decline to almost basal levels at

10 min. This data suggests that thrombin induced transacti-
vation of EGF receptor in A10 cells.

Inhibition of EGF receptor kinase blocks
thrombin-induced p38 MAPK activation in A10 cells

We next examined the e�ects of a selective EGF receptor
kinase inhibitor, AG1478 (Levitzki & Gazit, 1995), on p38
MAPK activity. As shown in Figure 2A, AG1478 blocked
thrombin-induced p38 MAPK activation in a dose-dependent

manner, whereas it had no e�ect on the PDGF-induced p38
MAPK activation. In addition, AG1478 inhibited EGF-
induced EGF receptor phosphorylation and p38 MAPK

activation (Figure 2B,C). These data suggest that thrombin-
induced p38 MAPK activation is mediated through EGF
receptor transactivation. To examine whether EGFR trans-

activation is speci®c for p38 MAPK, we tested the e�ects of
AG1478 on ERK and JNK, which is another subgroup of the
MAPK family. As shown in Figure 3, AG1478 inhibited
thrombin-induced both ERK and JNK1 phosphorylation.

This data suggests that thrombin-induced ERK and JNK1
activation is mediated through EGF receptor-dependent
mechanism. Collectively, these data suggest that the

transactivation of EGF receptor plays an important role in
thrombin-induced MAPK cascade activation in A10 cells.

EGF receptor phosphorylation by thrombin is mediated
via PTX-insensitive G proteins

We next examined the signalling pathways from the thrombin
receptor to EGF receptor transactivation. Several G protein-
coupled receptor agonists, such as a2A-adrenergic agonist
and lysophosphatidic acid (LPA) activate tyrosine kinase and

MAP kinase through pertussis toxin (PTX)-sensitive G
proteins (DellaRocca et al., 1997). Therefore, we studied
whether PTX-insensitive G proteins are involved in EGF

receptor transactivation by thrombin. As shown in Figure 4,
pretreatment of cells with PTX (100 ng ml71) for 24 h did
not inhibit thrombin-induced EGF receptor tyrosine phos-

phorylation. In contrast, PTX inhibited LPA-induced EGF

receptor tyrosine phosphorylation. These results suggest that
PTX-sensitive G proteins do not mediate thrombin-induced
EGF receptor transactivation.

EGF receptor phosphorylation by thrombin is dependent
on protein kinase C and intracellular Ca2+

It has been shown that thrombin activates phospholipase Cb
through Gq in VSMC, to generate inositol 1,4,5-triphosphate
and diacylglycerol, which mobilizes intracellular Ca2+ and

activates protein kinase C (PKC), respectively. To examine
the possible role of PKC and Ca2+ in thrombin-mediated
signalling pathways leading to EGF receptor transactivation,

we studied the e�ects of a selective PKC inhibitor,
GF109203X (Toullec et al., 1991), an intracellular Ca2+

chelator, BAPTA-AM, and a extracellular Ca2+ chelator,
EGTA. As shown in Figure 5, EGF receptor phosphorylation

was inhibited by GF109203X and BAPTA-AM, not by

Figure 1 EGF receptor tyrosine phosphorylation by thrombin in
A10 cells. After A10 cells were serum-starved for 24 h, the cells were
incubated with thrombin (1 u ml71) for the indicated times. EGF
receptor was immunoprecipitated from cell lysates and analysed by
immunoblotting with either anti-phosphotyrosine (PY20) (top panel)
or anti EGF antibody (polyclonal) (bottom panel). Averaged data
quanti®ed by densitometry, expressed as a fold stimulation in which
the basal activity is de®ned as 1.0. Values represent means+s.d. from
three separate experiments. *P50.05 as compared with the respective
control.
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Figure 2 E�ects of EGF receptor kinase inhibitor (AG1478) on thrombin-induced p38 MAPK activation in A10 cells. A10 cells
were serum-starved for 24 h. (A) the cells were pretreated with indicated concentrations of AG1478 for 30 min and incubated with
thrombin (1 u ml71) or PDGF (1 ng ml71) for 10 min. (B) The cells were incubated with EGF (100 ng ml71) for 5 min in the
presence or absence of AG1478 (2.5 mM). p38 MAPK activity was measured by immunoprecipitation kinase assay using GST-ATF-
2 as a substrate. Phosphorylation of ATF-2 was detected by immunoblotting with the phospho-speci®c ATF-2 antibodies. (C) The
cells were incubated with EGF (100 ng ml71) for 5 min in the presence or absence of AG1478 (2.5 mM). EGF receptor
phosphorylation was analysed as described in the legend of Figure 1. Averaged data quanti®ed by densitometry, expressed as a fold
stimulation in which the basal activity is de®ned as 1.0. Values represent means+s.d. from three separate experiments. *P50.05 as
compared with the respective control.
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EGTA. The inhibitor alone did not a�ect basal phosphoryla-
tion. These results suggest that PKC and intracellular Ca2+

are involved in part in thrombin-induced EGF receptor
transactivation.

A EGF receptor kinase inhibitor, AG1478, inhibits
thrombin-induced DNA synthesis

To further investigate the physiological role of EGF receptor
phosphorylation in thrombin-mediated signalling, we exam-
ined the e�ects of AG1478 on thrombin-induced DNA

synthesis. As shown in Figure 6, AG1478 inhibited
thrombin-induced DNA synthesis in a dose-dependent
manner with 61 and 82% inhibition at a 0.25 and 2.5 mM
concentration, respectively, whereas it had no e�ect on basal

Figure 3 E�ects of AG1478 on thrombin-induced ERK and JNK
phosphorylation in A10 cells. After A10 cells were starved for 24 h,
the cells were stimulated with thrombin (1 u ml71) for 5 min in the
presence or absence of AG1478 (2.5 mM). ERK phosphorylation was
detected by immunoblotting using anti phospho-speci®c ERK
antibody. JNK was immunoprecipitated from cell lysates with anti
JNK1 antibody and JNK phosphorylation was detected by
immunoblotting with anti phospho-speci®c JNK antibody. Averaged
data quanti®ed by densitometry, expressed as a fold stimulation in
which the basal activity is de®ned as 1.0. Values represent
means+s.d. from three separate experiments. *P50.05 as compared
with the respective control.

Figure 4 E�ects of a pertussis toxin on thrombin-induced EGF
receptor tyrosine phosphorylation in A10 cells. A10 cells were starved
and incubated with or without pertussis toxin (100 ng ml71) for 24 h.
After preincubation, the cells were stimulated with thrombin
(1 u ml71) or LPA (20 mM) for 10 min. Phosphorylation of EGF
receptor was measured as described in the legend of Figure 1. The
results shown are representative of three separate experiments.
Averaged data quanti®ed by densitometry, expressed as a fold
stimulation in which the basal activity is de®ned as 1.0. Values
represent means+s.d. from three separate experiments. *P50.05 as
compared with the respective control.
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levels. Equivalent doses of AG1478 did not inhibit PDGF-
induced DNA synthesis, providing support for the speci®city

of thrombin stimulation and lack of cytotoxicity of this
compound. These results suggest a possible role of EGF
receptor phosphorylation in the proliferative response of A10

cells.

Discussion

We previously reported that thrombin-induced p38 MAPK
activation is mediated by a tyrosine kinase and plays a role in

mitogenic signalling in A10 cells. In the present study, we
show that a selective inhibitor of EGF receptor kinase,
AG1478, inhibited thrombin-induced p38 MAPK activation,

whereas it had no e�ect on PDGF-induced activation.

Furthermore, AG1478 inhibited thrombin-induced DNA

synthesis, suggesting that EGF receptor transactivation and
subsequent p38 MAPK activation have an important role of
thrombin-mediated mitogenic signalling in VSMC.

p38 MAPK has been found to be involved in in¯ammation
and stresses. Recently, it has been reported that p38 MAPK
can be activated by GPCR agonists. However, the signalling

pathway from GPCR to p38 MAPK is not fully understood.
Since it has been reported that the activation of GPCR
requires tyrosine kinase activity (Wan et al., 1996), we focus

on tyrosine kinase in GPCR-mediated p38 MAPK activation.
We found that EGF receptor kinase is required for thrombin-
induced p38 MAPK activation (Figures 1 and 2). Further-
more, the involvement of EGF receptor transactivation was

also observed in the activation of ERK and JNK (Figure 3).
This observation is supported by the recent ®ndings that
several GPCR agonists induce a transactivation of EGF

receptor and subsequent ERK activation (Daub et al., 1996;
Li et al., 1998). Since p38 MAPK activation by thrombin is
inhibited by dominant-negative Ras in A10 cells (Kanda et

al., 2001) and Ras has been shown to play a role in EGF-
stimulated activation of ERK and JNK (Minden et al., 1994),
Ras-mediated signalling pathway might be required for EGF
receptor transactivation. c-Src is another tyrosine kinase that

has been implicated in the GPCR signalling. It has been
recently reported that c-Src is required for p38 MAPK
activation mediated by Gq/11 (Nagao et al., 1998). Moreover,

Figure 5 E�ects of various inhibitors on thrombin-induced EGF
receptor tyrosine phosphorylation in A10 cells. Growth-arrested A10
cells were incubated in the absence or presence of a PKC inhibitor
GF109203X (1 mM), an intracellular Ca2+ chelator BAPTA-AM
(10 mM), and an extracellular Ca2+ chelator EGTA (1 mM). After
preincubation for 30 min, the cells were stimulated with thrombin
(1 u ml71). Phosphorylation of EGF receptor was analysed as
described in the legend of Figure 1. The results shown are
representative of three separate experiments. Averaged data quanti-
®ed by densitometry, expressed as a fold stimulation in which the
basal activity is de®ned as 1.0. Values represent means+s.d. from
three separate experiments. *P50.05 as compared with the respective
control.

Figure 6 AG1478 inhibits thrombin-induced DNA synthesis in A10
cells. Growth-arrested A10 cells were starved for 24 h. The cells were
then stimulated with thrombin (1 u ml71, hatched column) or PDGF
(100 ng ml71, closed column) for 24 h in the presence or absence of
AG1478. DNA synthesis was measured by [3H]-thymidine incorpora-
tion into trichloroacetic acid-precipitate material, as described in
Methods. Values represent means+s.d. from three separate experi-
ments performed in triplicate. *P50.05 as compared with the
respective control.
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in A10 cells, c-Src is activated by thrombin (unpublished
data). It is possible that c-Src and EGF receptor coopera-
tively regulate the p38 MAPK pathway.

Thrombin is coupled to Gi, Gq, and G12 subclasses of
heterotrimeric G proteins (LaMorte et al., 1993; O�ermanns
et al., 1994). We show that thrombin-induced EGF receptor
transactivation is mediated by a pertussis toxin-insensitive G

protein, Gq or G12 (Figure 4). It is unclear which G proteins
are required for thrombin to activate EGF receptor. Recent
studies have shown that the stimulation of Gq by angiotensin

II potently causes EGF receptor transactivation in VSMC
(Eguchi et al., 1998). In addition, G13, but not G12, has
recently been shown to mediate signalling from LPA receptor

via EGF receptor to rho (Gohla et al., 1998). Future studies
will be needed to identify the subclass of G protein.
The signal transduction pathways from the GPCR to EGF

receptor transactivation are poorly understood. Thrombin-
induced EGF receptor activation is partially inhibited by a
PKC inhibitor (Figure 5). This result suggests that EGF
receptor transactivation is mediated by both PKC-dependent

and -independent pathways. The role of PKC in EGF
receptor transactivation is controversial. Previous studies
showed that angiotensin II-induced transactivation is sup-

pressed by inhibitors of PKC in VSMC (Li et al., 1998) and
bradykinin-induced transactivation is independent of PKC in
COS-7 cells (Adomeit et al., 1999). The discrepancy might be

explained by the di�erence of PKC isoform or cell types. We
also found that a Ca2+ chelator, BAPTA-AM, inhibited the
thrombin-induced EGF receptor phosphorylation (Figure 4).

The role of calcium is further supported in that EGF receptor
transactivation by a GPCR agonist, angiotensin II, is a
calcium-dependent pathway (Eguchi et al., 1998). Further-
more, a non-receptor tyrosine kinase PYK2 was reported to

act as an upstream mediator of the p38 MAPK pathway in
response to certain cytotoxic agents (Pandey et al., 1999).
Therefore, it remains to be determined whether PYK2 is

involved in EGF receptor transactivation and subsequent p38
MAPK pathway.
To further assess the physiological role of EGF receptor in

thrombin-mediated signalling, we analysed the DNA synth-

esis. AG1478 has been used to evaluate the role of the EGF
receptor kinase. AG1478 has been shown to be highly
selective for EGF receptor kinase and it is unlikely that

AG1478 inhibits other kinases (Levitzki & Gazit, 1995). The
doses of AG1478 are su�cient to block the EGF receptor
kinase (Levitzki & Gazit, 1995) and incomplete to inhibit

thrombin-induced DNA synthesis, suggesting that thrombin
has an additional mechanism other than EGF receptor
transactivation pathway. The alternative pathway may

involve p70 S6 kinase. A previous study with bovine tracheal
smooth muscle cells showed that thrombin-induced prolifera-
tion is dependent on phosphatidylinositol-3 kinase-mediated
p70 S6 kinase activation (Scott et al., 1996). Further studies

are required for the contribution of the pathway leading to
the mitogenic response to thrombin.
In summary, we have shown that EGF receptor transacti-

vation and subsequent p38 MAPK activation plays a role in
mediating mitogenic responses in VSMC. Since thrombin has
been suggested to play a role in VSMC proliferation leading

to atherosclerosis, p38 MAPK may be one of the mediators
for the pathogenesis of atherosclerosis.

This work was supported in part by a grant from the Smoking
Research Foundation to Y. Watanabe.
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