






The inhibitor of the Src family of tyrosine kinases, PP2 (5
and 10 �M), reduced the basal and blocked Ang II-induced
wound healing of VSMCs (Fig. 3A) and also inhibited the
significant increase (p � 0.05) in phosphorylation of Syk,
c-Src, and ERK1/2 from 2.5 � 0.3-, 2.51 � 0.52-, and 1.75 �
0.16-fold above basal (absence of Ang II) to 1.4 � 0.25-, 1.18 �
0.24-, and 1.18 � 0.1-fold, respectively (p � 0.05), but not
that of p38 MAPK (4.40 � 1.37- to 3.66 � 0.18-fold), implying
that p38 MAPK acts upstream of Src and Syk. A represen-
tative blot is shown in Fig. 3B.

The p38 MAPK inhibitor SB202190 (10 and 20 �M) abol-
ished the Ang II-induced wound healing of VSMCs (Fig. 4A)
and attenuated the significant increase (p � 0.05) in phos-
phorylation of Syk, c-Src, and p38 MAPK from 2.43 � 0.23-,
2.28 � 0.42-, and 4.7 � 0.69-fold above basal (absence of Ang
II) to 1.66 � 0.23-, 1.57 � 0.49-, and 1.97 � 0.64-fold, respec-
tively (p � 0.05), indicating that Syk and c-Src participate in
VSMC migration and are downstream of p38 MAPK.
SB202190 did not inhibit the phosphorylation of ERK1/2
elicited by Ang II (2.89 � 0.55- to 3.01 � 0.29-fold). A repre-
sentative blot is shown in Fig. 4B. The ERK1/2 inhibitor,
U0126, blocked Ang II-induced wound healing of VSMCs but

did not alter phosphorylation of Syk, c-Src, or p38 MAPK,
indicating that it acts downstream of these kinases (data not
shown).

Ang II-Induced VSMC Migration Stimulated by p38
MAPK-Activated c-Src Is Also Mediated via EGFR
Transactivation Independent of Syk. Ang II stimulates
transactivation of EGFR that results in an increase in p38
MAPK and ERK1/2 activity (Eguchi et al., 1998), and EGFR
activation results in VSMC migration (Saito et al., 2002). We
have shown that Ang II-induced EGFR transactivation is
mediated via p38 MAPK (Yaghini et al., 2007) and Ang II is
known to promote association of c-Src with EGFR (Eguchi et
al., 1999) and c-Src phosphorylates EGFR (Stover et al.,
1995). Therefore, we determined whether p38 MAPK-acti-
vated c-Src promotes VSMC migration through EGFR by a
mechanism independent of or dependent on Syk. Ang II-

Fig. 2. Transient transfection of VSMCs with DN Syk plasmid inhibits
Ang II-induced VSMC migration. A, confluent VSMCs (60–80%) were
transiently transfected with WT or DN Syk for 48 h and then starved
overnight before treatment with Ang II. Plasmid-transfected VSMCs
were washed twice with serum-free medium 199 and wounded by scrap-
ing, and images were taken at the initial time of wounding (0 h) using a
microscope. Cells were then stimulated with Ang II (200 nM) and after
24 h; images were taken and quantitated as described in the legend to
Fig. 1. �, value significantly different from the corresponding value ob-
tained in presence of Ang II (p � 0.05). B, quiescent VSMCs were tran-
siently transfected with WT or DN Syk mutant and were treated with
Ang II and analyzed by Western immunoblotting for phospho (p)-Syk,
p-Src, p-ERK1/2, and p-p38 MAPK using their phospho- and nonphospho-
specific antibodies as described in legend to Fig. 1. The representative
blots of three experiments are shown. Veh, vehicle.

Fig. 3. Angiotensin II-induced VSMC migration is c-Src-dependent.
A, confluent VSMCs grown in six-well dishes starved for 24 h and
wounded, and images were taken as described above in the legend to Fig.
1. Then VSMCs were treated with the c-Src inhibitor PP2 (5 and 10 �M)
for 30 min and with Ang II (200 nM) and after 24 h, images were again
taken, the remaining wound area was quantitated, and results are pre-
sented as described in the legend to Fig. 1. Values are means � S.E. �,
value significantly different from the corresponding value obtained in the
presence of Ang II (p � 0.05). †, values significantly different from the
corresponding value obtained in the presence of vehicle (Veh) (p � 0.05).
B, quiescent VSMCs were treated with and without the c-Src inhibitor
PP2 (5 and 10 �M) for 30 min and then stimulated with Ang II (200 nM)
for 10 min. An equal amount of protein from each treatment was analyzed
by Western blotting for phospho (p)-Tyr (p-EGFR), p-Syk, p-Src,
p-ERK1/2, and p-p38 MAPK using their phospho- and nonphospho-spe-
cific antibodies. The representative blots of three experiments are shown.
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induced VSMC wound healing was blocked by the EGFR
inhibitor, AG1478 (Fig. 5A). This agent also inhibited the
Ang II-induced increases (p � 0.05) in phosphorylation of
EGFR, ERK1/2, and p38 MAPK from 4.94 � 1.96-, 3.82 �
1.0-, and 5.24 � 1.18-fold above basal (absence of Ang II) to
2.71 � 0.86-, 0.89 � 0.42-, and 1.56 � 0.42-fold, respectively
(p � 0.05) but not phosphorylation of Syk or c-Src (1.82 �
0.35-, 2.79 � 0.75-fold to 1.78 � 0.33-, 2.60 � 0.30-fold,
respectively). A representative blot is shown in Fig. 5B. Ang
II-induced EGFR transactivation is known to cause activa-
tion of ERK1/2 and that results in VSMC migration (Eguchi
et al., 2001; Saito et al., 2002; Kyaw et al., 2004). We con-
firmed this observation in our study. The ERK1/2 inhibitor
U0126 abolished Ang II-induced wound healing of VSMCs
and inhibited phosphorylation of ERK1/2 but not that of Syk,
EGFR, c-Src, or p38 MAPK (data not shown).

To further determine whether Ang II-induced VSMC migra-
tion is mediated by p38 MAPK-activated c-Src via Syk through

EGFR transactivation, we examined the effect of the Syk inhib-
itor piceatannol on the action of EGF on wound healing in
VSMCs. EGF caused a 2.48 � 0.49-fold increase in wound
healing of VSMCs, which was inhibited by AG1478 (Fig. 6A).
EGF increased phosphorylation of EGFR, ERK1/2, and p38
MAPK (2.4 � 0.41-, 2.83 � 0.51-, and 6.6 � 1.82-fold above
basal (absence of EGF), respectively (p � 0.05) but not of c-Src
and Syk (Yaghini et al., 2007). AG1478 inhibited EGF-induced
phosphorylation of EGFR, ERK1/2, and p38 MAPK to 1.35 �
0.38-, 1.08 � 0.09-, and 2.08 � 0.32-fold, respectively (p � 0.05).
A representative blot is shown in Fig. 6B.

The Syk inhibitor picetannol did not alter EGF-induced
wound healing (Fig. 7A) or the increase (p � 0.05) in phos-
phorylation of EGFR, c-Src, ERK1/2, or p38 MAPK (from
2.15 � 0.37-, 2.44 � 0.56-, 4.51 � 0.76-, and 7.08 � 0.35-fold

Fig. 4. Angiotensin II-induced VSMC migration is mediated by p38
MAPK. A, confluent VSMCs were wounded, and field images were taken
as described in the legend to Fig. 1. Then VSMCs were treated with the
p38 MAPK inhibitor SB202190 (SB, 10 and 20 �M) for 30 min. Cells were
then exposed to Ang II (200 nM) and after 24 h, images were again taken
and the wounded area was quantitated as described under Materials and
Methods. Values are means � S.E. �, value significantly different from
the corresponding value obtained in presence of Ang II (p � 0.05). †,
values significantly different from the corresponding value obtained in
presence of vehicle (Veh) (p � 0.05). B, quiescent VSMCs were treated
with and without p38 MAPK inhibitor SB202190 (SB, 10 and 20 �M) for
30 min and then stimulated with Ang II (200 nM) for 10 min and analyzed
by Western blotting for phospho (p)-Syk, p-Src, p-ERK1/2, and p-p38
MAPK using their phospho- and nonphospho-specific antibodies as
shown in the representative blots of three experiments.

Fig. 5. Angiotensin II-induced migration of VSMCs is dependent on
c-Src-induced EGFR transactivation. A, confluent VSMCs were prepared
and wounded, and field images were taken as described in the legend to
Fig. 1. Cells were then treated with the EGFR blocker tryphostin AG1478
(1 and 2 �M) for 30 min and then stimulated with Ang II (200 nM) for
24 h, after which images were again taken and the remaining wound area
was quantitated as described under Materials and Methods. Values are
means � S.E. �, value significantly different from the corresponding
value obtained in the presence of Ang II (p � 0.05). B, VSMCs were
treated with and without the EGFR blocker tryphostin AG1478 (1 and 2
�M) for 30 min and then stimulated with Ang II (200 nM) for 10 min.
Whole-cell lysates with equal amounts of protein from each treatment
were analyzed by Western blotting for phospho (p)-Tyr (p-EGFR), p-Syk,
p-Src, p-ERK1/2, and p-p38 MAPK using their phospho- and nonphospho-
specific antibodies. Representative blots of three experiments are shown.
Veh, vehicle.
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to 2.16 � 0.24-, 2.27 � 0.51-, 4.83 � 1.32-, and 7.15 �
2.11-fold, respectively) above basal (absence of EGF), respec-
tively. A representative blot is shown in Fig. 7B. The DN Syk
mutant also did not alter EGF-induced VSMC wound healing
or EGF-induced phosphorylation of p38 MAPK or ERK1/2
(data not shown). These results indicate that VSMC migra-
tion by EGF through EGFR is mediated by p38 MAPK and
ERK1/2 and is independent of c-Src and Syk.

The c-Src inhibitor did not alter EGF-induced wound healing
of VSMCs (Fig. 8A) and phosphorylation of EGFR [1.63- �
0.11-fold with vehicle versus 2.74- � 0.14- and 1.82- � 0.10-fold
with PP2, 5 and 10 �M, respectively (p � 0.05)]. EGF did not
increase phosphorylation of c-Src, and PP2 did not alter the
EGF-induced increase in phosphorylation of ERK1/2 (19.14- �
2.22-fold with vehicle versus 22.55- � 4.04- and 19.36- � 5.34-
fold with PP2, 5 and 10 �M, respectively) or p38 MAPK
(16.71- � 1.10-fold with vehicle versus 22.58- � 2.60- and
21.31- � 4.31-fold with PP2, 5 and 10 �M, respectively). A
representative blot is shown in Fig. 8B. Transfection of VSMCs
with Src RNAi (not its control positive duplex) or transduction

of VSMCs with adenovirus DN Src (not PA Src mutant) that
inhibited Ang II-induced increase in VSMC migration and
phosphorylation of EGFR, c-Src, and ERK1/2 (not p38 MAPK)
also failed to alter EGF-induced VSMC migration or EGFR,
ERK1/2, and p38 MAPK phosphorylation (Supplemental Figs. 1
and 2). The inhibitor of p38 MAPK SB202190 partially inhib-
ited EGF-induced wound healing of VSMCs (Fig. 9A) and re-
duced phosphorylation of p38 MAPK from 10.35 � 3.88-fold
above basal (absence of EGF) to 5.65 � 1.48-fold (p � 0.05) but
not that of EGFR, c-Src, or ERK1/2 (1.96 � 0.16-, 1.69 � 0.51-,
and 5.47 � 1.53-fold to 1.81 � 0.11-, 1.70 � 0.47-, and 4.91 �
1.09-fold, respectively) caused by EGF. A representative blot
is shown in Fig. 9B. The ERK1/2 inhibitor U0126 blocked
EGFR-induced wound healing of VSMCs and ERK1/2
phosphorylation but not that of Syk, EGFR, c-Src, or p38
MAPK (data not shown). These results indicate that p38
MAPK-activated c-Src plays a dual role in the action of
Ang II to promote wound healing of VSMCs via activation
of Syk as well as via EGFR transactivation through
ERK1/2 and partly by p38 MAPK activation (Fig. 10).

Fig. 6. EGF-induced migration of VSMCs is dependent on EGFR trans-
activation. A, images of the wounded confluent VSMCs were taken as
described in the legend to Fig. 1, and VSMCs were treated with the EGFR
blocker tryphostin AG1478 (1 and 2 �M) for 30 min and then stimulated
with EGF (100 ng/ml) for 24 h, after which images were again taken and
quantitated as described under Materials and Methods. Values are
means � S.E. �, value significantly different from the corresponding
value obtained in presence of EGF (p � 0.05). B, VSMCs were treated
with and without the EGFR blocker tryphostin AG1478 (1 and 2 �M) for
30 min and then stimulated with EGF (100 ng/ml) for 10 min and were
analyzed by Western blotting for phospho (p)-Tyr (p-EGFR), p-Src,
p-ERK1/2, and p-p38 MAPK using their phospho- and nonphospho-spe-
cific antibodies. Representative blots of three experiments are shown.
Veh, vehicle.

Fig. 7. Effect of piceatannol (PIC) on EGF-induced VSMC migration.
A, images of wounded confluent VSMCs were taken as described in the
legend to Fig. 1 followed by treatment with piceatannol (5 and 10 �M) for
30 min, and VSMCs were then stimulated with EGF (100 ng/ml). After
24 h, images were again taken and quantitated as described under
Materials and Methods. Values are means � S.E. �, value significantly
different from the corresponding value obtained in presence of EGF (p �
0.05). B, quiescent VSMCs were treated with and without piceatannol (5
and 10 �M) for 30 min and then stimulated with EGF (100 ng/ml) for 10
min, and lysates were subjected to Western blot analysis for phospho
(p)-Tyr (p-EGFR), p-Src, p-ERK1/2, and p-p38 MAPK using their phos-
pho- and nonphospho-specific antibodies as shown in the representative
blots from three experiments. Veh, vehicle.
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Discussion
We have previously reported that p38 MAPK-activated

c-Src promotes VSMC protein synthesis via activation of Syk
and DNA synthesis via EGFR transactivation (Yaghini et al.,
2007). This study was conducted to determine the contribu-
tion of Syk to Ang II-induced VSMC migration and demon-
strates that Ang II promotes VSMC migration through p38
MAPK-stimulated c-Src via Syk activation as well as via
EGFR transactivation through ERK1/2 and partly by p38
MAPK activation.

Contribution of Syk to Ang II-Induced VSMC Migra-
tion. The conclusion that Syk mediates Ang II-induced
VSMC migration, examined by the scratch wound method,
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Fig. 8. EGF-induced VSMC migration is not c-Src-dependent. A, images
of wounded confluent VSMCs were taken as described in the legend to
Fig. 1. VSMCs were then treated with the c-Src inhibitor PP2 (5 and 10
�M) for 30 min and with EGF (100 ng/ml) and after 24 h, images were
again taken and quantitated as described under Materials and Methods.
Values are means � S.E. �, value significantly different from the correspond-
ing value obtained in presence of EGF (p � 0.05). B, VSMCs were treated
with and without the c-Src inhibitor PP2 (5 and 10 �M) for 30 min and then
stimulated with EGF (100 ng/ml) for 10 min, and lysates were analyzed by
Western blotting for phospho (p)-Tyr (p-EGFR), p-Src, p-ERK1/2, and p-p38
MAPK using their phospho- and nonphospho-specific antibodies as shown in
the representative blots from three experiments.

Fig. 9. EGF-induced VSMC migration is partially dependent on p38
MAPK. A, images of wounded confluent VSMCs were taken as indicated
in the legend to Fig. 1 and treated with the p38 MAPK inhibitor
SB202190 (SB, 10 and 20 �M) for 30 min. Cells were then stimulated
with EGF (100 ng/ml) and after 24 h, images were again taken and
quantitated as described under Materials and Methods. Values are
means � S.E. �, value significantly different from the corresponding
value obtained in the presence of EGF (p � 0.05). †, value significantly
different from the corresponding value obtained in presence of EGF and
vehicle (Veh) of SB (p � 0.05). B, quiescent VSMCs were treated with and
without SB202190 (10 and 20 �M) for 30 min and then stimulated with
EGF (100 ng/ml) for 10 min, and the lysates were analyzed by Western
blotting for phospho (p)-Tyr (p-EGFR), p-Src, p-ERK1/2, and p-p38 MAPK
using their phospho-specific and nonphospho-specific antibodies as
shown in the representative blots from three experiments.

Fig. 10. Proposed mechanism of Ang II-induced VSMC migration. Ang
II-induced VSMC migration is mediated by p38-MAPK activated c-Src
through two distinct but redundant pathways, one via Syk, and another via
EGFR transactivation through ERK1/2 and partially through p38 MAPK.
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was our demonstration that the effect of this peptide to
stimulate VSMC migration was minimized by the Syk inhib-
itor piceatannol and in VSMCs transfected with DN Syk but
not WT mutant. Because piceatannol and the DN Syk mu-
tant, but not WT Syk, attenuated Syk phosphorylation and
not that of p38 MAPK and c-Src, it appears that Syk acts
downstream of p38 MAPK and c-Src in stimulating VSMC
migration in response to Ang II. Piceatannol reduced Ang
II-induced phosphorylation of ERK1/2, suggesting that
ERK1/2 is activated by Syk. However, it is unlikely, because
in cells transfected with the DN Syk mutant Ang II-induced
Syk phosphorylation was not altered, indicating that piceat-
annol reduces ERK1/2 activity by a nonspecific mechanism.
Ang II-induced VSMC wound healing by Syk is mediated
through c-Src activation because the c-Src inhibitor PP2
blocked Ang II-induced migration of VSMCs and phosphory-
lation of Syk. Src family tyrosine kinases are known to asso-
ciate with and activate Syk (Kurosaki et al., 1994). Because
the p38 MAPK inhibitor SB202190 blocked Ang II-induced
wound healing and phosphorylation of c-Src and Syk but not
of ERK1/2, it appears that p38 MAPK mediates Ang II-
induced VSMC migration by c-Src-activated Syk. The mech-
anism by which p38 MAPK activates c-Src is not known. p38
MAPK does not appear to activate c-Src directly because 1)
p38 MAPK does not associate with c-Src as determined by
coimmunoprecipitation and 2) p38 MAPK immunoprecipi-
tated from Ang II-stimulated VSMCs with phospho-p38
MAPK did not phosphorylate c-Src in an in vitro kinase assay
(F. A. Yaghini and K. U. Malik, unpublished data). Whether
an intermediary kinase is involved in activation of p38
MAPK by c-Src or it requires one or more scaffolding mole-
cules for the productive interaction of p38 MAPK and c-Src
remains to be determined. c-Src is known to mediate Ang
II-induced VSMC migration via activation of ERK1/2 (Kyaw
et al., 2004). In the present study the ERK1/2 inhibitor also
blocked Ang II-induced VSMC wound healing, and the c-Src
inhibitor PP2 attenuated ERK1/2 phosphorylation. However,
the DN Syk mutant did not alter ERK1/2 phosphorylation,
indicating that c-Src-activated ERK1/2 mediates Ang II-in-
duced VSMC migration by a mechanism independent of Syk.

Contribution of EGFR to Ang II-Induced VSMC
Migration. Ang II is known to cause EGFR transactivation
that results in activation of ERK1/2 and p38 MAPK (Eguchi
et al., 1998). EGFR transactivation by Ang II is also depen-
dent on c-Src (Eguchi et al., 1999; Touyz et al., 2002). There-
fore, it is possible that c-Src might result in activation of Syk
and ERK1/2 and p38 MAPK through EGFR transactivation.
Our demonstration that the c-Src inhibitor PP2, but not
piceatannol or the DN Syk mutant, attenuated Ang II-
induced VSMC migration and EGFR phosphorylation sug-
gests that p38 MAPK-activated c-Src mediates Ang II-
induced EGFR transactivation and VSMC migration
independent of Syk. Further supporting this view was our
demonstration that c-Src RNAi, but not its control duplex, or
DN c-Src, but not its PA c-Src mutant, inhibited Ang II-
induced VSMC migration and phosphorylation of EGFR, c-
Src, and ERK1/2 but not p38 MAPK. The fact that EGF did
not alter c-Src phosphorylation and PP2, c-Src RNAi or DN
c-Src mutant did not alter EGF-induced VSMC migration or
EGFR phosphorylation suggests that EGF does not activate
c-Src. Furthermore, our assumption that c-Src via EGFR
transactivation mediates Ang II-induced VSMC migration

independent of Syk was substantiated by our finding that
EGFR blocker AG1478 inhibited Ang II- and EGFR-induced
wound healing of VSMCs and phosphorylation of EGFR, but
not Syk or c-Src. Our finding that the p38 MAPK inhibitor
SB202190 attenuated c-Src and EGFR phosphorylation sug-
gests that p38 MAPK-activated c-Src plays a dual role in the
action of Ang II to promote VSMC migration via activation of
Syk as well as EGFR transactivation. The effect of Ang II to
promote VSMC migration through EGFR transactivation is
most likely to be mediated via ERK1/2 and p38 MAPK be-
cause the effect of Ang II as well as that of EGF to stimulate
wound healing of VSMCs and ERK1/2 phosphorylation was
inhibited by AG1478 and by the ERK1/2 inhibitor U0126.
The inhibitor of p38 MAPK SB202190, which blocked Ang
II-induced wound healing and phosphorylation of p38 MAPK,
only partially reduced EGF-induced wound healing and
phosphorylation of p38 MAPK. Therefore, it seems that p38
MAPK, which activates Syk via c-Src, is more effective than
p38 MAPK, which is activated through EGFR transactiva-
tion via c-Src, in stimulating VSMC migration in response to
Ang II. Because the EGFR blocker AG1478 that inhibited
EGF-induced p38 MAPK phosphorylation did not alter Syk
phosphorylation elicited by Ang II, it seem that p38 MAPK
activated by EGF is not involved in Syk phosphorylation.
Four isoforms of p38 MAPK, p38�, p38�, p38	, and p38
,
have been identified in various tissues and are differentially
activated depending on the stimulus and signal strength
(Conrad et al., 1999; Hale et al., 1999; Alonso et al., 2000).
Therefore, it is possible that EGF activates a different iso-
form of p38 MAPK that is not involved in activation of Syk in
response to Ang II VSMCs. Further studies on the activation
of different isoforms of p38 MAPK by Ang II and EGF and
their selective inhibition by their respective small interfering
RNAs on Syk activation would be required to address this
issue.

Our results clearly demonstrate two independent path-
ways for Ang II-induced migration of VSMCs mediated by
p38 MAPK-activated c-Src pathways, one mediated through
Syk and another through the EGF pathway. Because inhibi-
tion of each pathway blocked Ang II-induced VSMC migra-
tion, it seems that these are redundant pathways that do not
appear to converge. Further studies on the transcription
level could allow determining the point of convergence of
these distinct pathways that lead to Ang II-induced VSMC
migration.

In conclusion, this study demonstrates that Ang II stim-
ulates VSMC migration via p38 MAPK-activated c-Src
through two different redundant pathways, one through
activation of Syk and another via EGFR transactivation
through activation of ERK1/2 and partly through p38
MAPK (Fig. 10).
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