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Abstract—The aim of this study was to elucidate the upstream signaling mechanism that mediates the fluid shear stress
activation of mitogen-activated protein kinases (MAPKs), including c-Jun NH2-terminal kinase (JNK) and extracellular
signal–regulated kinases (ERKs), in vascular endothelial cells (ECs). Our results indicate that p60src is rapidly activated by
fluid shear stress in bovine aortic endothelial cells (BAECs). Shear stress induction of the hemagglutinin (HA)
epitope–tagged HA-JNK1 and the Myc epitope–tagged Myc-ERK2 was significantly attenuated by v-src(K295R) and
c-src(K295R), the kinase-defective mutants of v-src and c-src, respectively. HA-JNK1 and Myc-ERK2 were activated by
c-src(F527), a constitutively activated form of p60src, and the activation was abolished by RasN17, a dominant-negative
mutant of p21ras. In contrast, although HA-JNK1 and Myc-ERK2 were also activated by RasL61, an activated form of
p21ras, the activation was not affected by v-src(K295R). These results indicate that p60src is upstream to the Ras-JNK and
Ras-ERK pathways in response to shear stress. The shear stress inductions of the promoters of monocyte chemotactic
protein-1 (MCP-1) and c-fos, driven by TPA-responsive element (TRE) and serum-responsive element (SRE),
respectively, were attenuated by v-src(K295R). This attenuation is associated with decreased transcriptional activities of
c-Jun and Elk-1, the transcription factors targeting TRE and SRE, respectively. Thus, p60src plays a critical role in the
shear stress activation of MAPK pathways and induction of Activating Protein-1 (AP-1)/TRE and Elk-1/SRE–mediated
transcription in ECs. (Arterioscler Thromb Vasc Biol. 1998;18:227-234.)
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Shear stress is the tangential component of hemodynamic
forces acting on the vessel wall and constitutes a risk factor

of cardiovascular diseases.1 Application of shear stress to ECs
cultured in flow channels induces a number of morphological
and functional changes. Previous studies have shown that shear
stress induces several genes that encode proteins implicated in
atherosclerosis and other vascular diseases, including MCP-1,
intercellular adhesion molecule-1, heparin-binding EGF-like
growth factor, PDGF, nitric oxide synthase, and c-fos proto-
oncogene.2–8 In the cytoplasm of ECs, MAPKs, including JNK
and ERK, are activated by shear stress.9–13 Studies by Berk and
colleagues11,14 demonstrated that the activation of ERK by
shear stress requires PKC and a herbimycin-sensitive tyrosine
kinase. It was also shown that shear stress differentially regulates
JNK and ERK by signaling that involves PTx-insensitive G
protein–dependent and Gi2-dependent pathways, respective-
ly.12 Genistein, an inhibitor of tyrosine kinases, inhibits shear
stress activation of ERK and JNK.12 Transcription factors that
contain the ETS domain, MADS box, zinc finger, HMG box,
or bZIP domain have been implicated in the MAPK-mediated
gene regulation (see References 15 and 16 for review). For
example, the activation of ERK leads to the phosphorylation
of ternary complex factor TCF/Elk-1,17 an important tran-
scription factor involved in the regulation of c-fos gene
expression.18 On the other hand, JNK binds to c-Jun to

specifically phosphorylate Ser-63 and -73 at the N-terminal of
c-Jun,19 a major component of AP-1 transcriptional complex.20

Despite many investigations on MAPKs in response to shear
stress, the upstream molecules involved in the mechanotrans-
duction to activate MAPKs are still unclear. Furthermore, how
these signaling events regulate the downstream genes (eg,
MCP-1 and c-fos) via MAPKs remains to be elucidated.

Recent reports indicate that the activities of PTKs in cardiac
myocytes, platelets, and ECs are increased by mechanical
stimuli such as cyclic stretch and shear stress.21–23 Thus, PTKs
seem to play important roles in the signaling events elicited by
mechanical forces. Cellular PTKs, in general, can be divided
into two major categories, RTKs and nonreceptor PTKs (see
Reference 24 for review). The extracellular domains of RTKs
can bind polypeptide growth factors and initiate signal trans-
mission by phosphorylating the tyrosine residues in the intra-
cellular domains. Nonreceptor PTKs such as p60src represent
cellular enzymes that have intrinsic kinase activities without
extracellular domains. p60src is the cellular counterpart of the
product of the v-src gene of Rous sarcoma virus. Many growth
stimuli, such as PDGF,25 MCSF,26 serum, and environmental
stress (eg, UV),27 activate p60src in different cell types. We
hypothesized that p60src, like PKC and G proteins, play
critical roles in the shear stress induction of JNK and ERK in
ECs. One approach to delineate the functions of PTKs in the
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signal transduction pathways in response to extracellular stimuli
is to overexpress negative mutants of the various PTKs in the
target cells to block the upstream pathways. Alternatively, their
wild-type or activated mutants may be overexpressed to
activate the downstream pathways. In the present study, by
using the dominant-negative mutants and the constitutively
activated forms of p60src and p21ras, we found that p60src is
a common upstream mediator for both the Ras-JNK and the
Ras-ERK pathways in ECs in response to shear stress. Con-
sequently, transcription factors c-Jun and Elk-1 are activated,
which act on the cis-elements TRE and SRE to induce target
genes, such as those encoding MCP-1 and c-fos.

Methods
Cell Culture and Shear Stress Experiments
BAECs were used in all experiments. Cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) with 10% FBS, 1% penicillin/
streptomycin, and 1% L-glutamine. All cell cultures were kept in a
humidified 5% CO2/95% air incubator at 37°C. BAECs cultured on
38376-mm slides to confluence were either kept as static controls or
subjected to a laminar shear stress in a rectangular flow channel. The flow
experiments were performed by using the system designed by Frangos et
al28 with minor modifications, so that multiple slides could be sheared
simultaneously. A surface area of 14 cm2 on the BAEC-seeded slide,
confined by a gasket, was exposed to fluid shear stress, which was
generated by perfusing the conditioned culture medium (10% FBS) over
the cells. The pH of the system was kept constant by gassing with 5%
CO2/95% air, and the temperature was maintained at 37°C by maintain-
ing the flow system in a temperature-controlled box. The shear stress was
12 dyne/cm2, which is relevant to the physiological range in the human
major arteries and has been found to induce the expression of several
immediate early genes in vitro.2,6

Kinase Activity Assays
The IP kinase assays of p60src, HA epitope–tagged HA-JNK1, and
Myc-tagged Myc-ERK2 were performed according to the procedures
described by Gould and Hunter.29 After they were subjected to shear

stress, BAECs were rinsed with ice-cold PBS and lysed in a buffer
containing 25 mmol/L HEPES (pH 7.5), 1% Triton X-100, 1%
deoxycholate, 0.1% SDS, 0.5 mol/L NaCl, 50 mmol/L NaF,
1 mmol/L Na3VO4, 5 mmol/L EDTA, 10 mg/mL leupeptin, and
1 mmol/L PMSF. The cell lysate was centrifuged at 13 000g for 10
minutes at 4°C. After quantification using Bio-Rad protein reagent
assay, 300 mg cell lysate was incubated with 2 mg anti-p60src mAb
(Upstate Biotechnology) for p60src, 2 mg anti-HA mAb (Boehringer
Mannheim) for HA-JNK1, or 2 mg anti-Myc mAb (Santa Cruz) for
Myc-ERK2, together with 20 mL 10% protein A–Sepharose beads for
12 hours at 4°C. The immunocomplexes were washed four times with
TPBS (PBS containing 0.2% Triton X-100) and twice with a kinase
buffer (25 mmol/L HEPES pH 7.4, 20 mmol/L MgCl2, 20 mmol/L
b-glycerol-phosphate, 0.1 mmol/L Na3VO4, 1 mmol/L PMSF, 10
mg/mL leupeptin, and 2 mmol/L dithiothreitol). The kinase reaction
was initiated by suspending the immunoprecipitates in 20 mL kinase
buffer containing 1 mCi [g-32P]ATP, 1 mL of 25 mmol/L ATP, 0.2 mg
enolase (Sigma) for p60src, 2 mg GST–c-Jun(1–79)10 fusion protein
for HA-JNK1, or 5 mg MBP (Sigma) for Myc-ERK2. The reaction
mixture was incubated for 20 minutes at 30°C and terminated by the
addition of 63 SDS sample buffer. The proteins were resolved by 10%
SDS–polyacrylamide gel electrophoresis followed by autoradiography.

DNA Plasmids, Transfection, and
Luciferase Assays
DNA plasmids were transfected into BAECs at 70% confluence using
the lipofectamine method (GIBCO-BRL). Gal4–c-Jun(1–223) and
Gal4-ElkC(307–428) encode the fusion proteins of the Gal4 DNA-
binding domain fused to the activation domains of c-Jun or Elk-1.30,31

5XGal-Luc is a chimeric construct consisting of five copies of the
Gal4-binding sequence and the luciferase reporter. MCP1-Luc and
c-fos-Luc are promoter constructs in which the luciferase reporters are
driven by the 540-bp MCP-1 and the 800-bp c-fos 59 promoters,
respectively.9,32 v-src(K295R) and c-src(K295R) are the respective
kinase-defective mutants of v-src and c-src in which Lys-295 has been
replaced by Arg, whereas c-src(wt) encodes the wild-type c-src.33,34

RasN17 is a dominant-negative mutant of p21ras in which the Ser-17
in the wild type has been replaced by an Asn.35 c-src(F527) encodes a
constitutively activated p60src in which the Tyr-527 in the wild type
has been replaced by a Phe.36 RasL61 is a constitutively activated form
of p21ras, in which the Glu-61 in the wild type has been replaced by
a Leu.37 The pSV–b-gal plasmid, which contains a b-galactosidase
gene driven by the SV40 promoter and enhancer, was also included in
the transient transfection assays to monitor transfection efficiency.
After the cells had been incubated with the plasmids for 6 hours,
DMEM containing 10% FBS was added until the cells reached
confluence. In general, 10% to 15% of the cells were plasmid
transfected, as determined by X-gal staining. The cells in the tissue
culture flasks were then subcultured on glass slides and either used for
shear stress experiments or maintained as static controls. The luciferase
reporter activities of the various experiments were normalized to the
levels of the expressed b-galactosidase for transfection efficiency.

Statistics
The various kinase and luciferase activities assays were performed at
least three times for each set of experiments. The results were analyzed
using a computer statistical package (Excel). Difference between sets of
experiments was statistically significant if P,.05 by Student’s t test.

Results
Shear Stress Increases the Kinase Activities of
p60src in ECs
To investigate whether shear stress increases the kinase activity
of p60src in ECs, confluent monolayers of BAECs in flow
channels were subjected to a steady shear stress of 12 dyne/cm2

for different durations ranging from 1 to 20 minutes. Equal
amounts of cell lysates were immunoprecipitated with anti-
p60src, and kinase assays were performed using enolase and
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[g-32P]ATP as the substrates. As shown in the top panel of Fig 1,
the kinase activity of p60src was increased by shear stress as early
as 1 minute, peaked at 10 minutes, and decreased afterward as
indicated by the enolase phosphorylation. There was a 3.360.2-
fold increase in p60src activity determined by densitometry in cells
that had been subjected to shear stress for 1 minute compared with
the static controls. Induction of kinase activity increased to
3.960.8-fold and 5.360.6-fold for cells subjected to shear stress
for 5 and 10 minutes, respectively. However, the activity in cells
subjected to shear stress for 20 minutes decreased to 3.260.4-fold.
These results demonstrate that p60src is rapidly activated by shear
stress in ECs in a transient manner.

Negative Mutants of src Attenuate the Shear
Stress Activation of JNK and ERK
We and others have previously shown that shear stress activates
JNK and ERK pathways in ECs.9–13 To investigate whether
the shear-induced p60src can be upstream to JNK, BAECs
were cotransfected with the epitope-tagged HA-JNK1 to-
gether with either an expression plasmid encoding
v-src(K295R), a kinase-defective mutant of v-src, or an empty
vector as a control. As shown in Fig 2A, subjecting the control
cells (transfected with empty plasmid) to 30 minutes’ shear
stress increased the kinase activity of HA-JNK1 as demon-
strated by the phosphorylation of GST–c-Jun(1–79) (lane 2
versus lane 1 in Fig 2A). In contrast, cotransfection of
v-src(K295R) markedly attenuated the shear-induced JNK
activity (lane 4 versus lane 2 in Fig 2A). Densitometry analysis
showed that shear stress caused a 6.0-fold increase in the kinase
activity of HA-JNK1 in control cells and that this was reduced
to a 1.7-fold increase in cells cotransfected with v-src(K295R).
In a separate set of experiments (Fig 2B), shear stress increased
the kinase activity of HA-JNK1 in c-src–overexpressed cells
(transfected with c-src[wt] encoding wild-type c-src). Cotrans-
fection of c-src(K295R), a kinase-defective mutant of p60src,
attenuated the shear stress activation of HA-JNK1 (lane 4
versus lane 2 in Fig 2B). The levels of the expressed HA-JNK1
in these BAECs, examined by immunoblotting, were essen-

tially the same (data not shown), indicating that the expression
of HA-JNK1 was not affected by cotransfection of the various
plasmids. To further demonstrate the requirement of p21ras in
the induction of JNK by p60src, we tested whether a consti-
tutively activated p60src, ie, c-src(F527), can activate JNK, and
if it does, whether the activation can be blocked by RasN17,
a dominant-negative mutant of p21ras. As shown in Fig 2C,
cotransfection of c-src(F527) with HA-JNK1 indeed increased
the kinase activity of HA-JNK1 (lane 2). Cotransfection of
RasN17 markedly reduced the c-src(F527)–induced HA-
JNK1 kinase activity (lane 3). Cotransfection of RasL61
(activated form of p21ras) also increased the HA-JNK1 activity
(lane 4), but this could not be decreased by cotransfection of
v-src(K295R) (lane 5). These results, in conjunction with
those in Fig 2A, suggest that p60src is upstream to p21ras in the
shear stress activation of JNK in BAECs.

To investigate whether p60src can also regulate the shear-
induced ERK, BAECs were cotransfected with the epitope-
tagged Myc-ERK2 together with either an empty vector as a
control or plasmid v-src(K295R). As shown in lane 2 in Fig
3A, subjecting the control cells (transfected with empty plas-
mid) to shear stress induced the kinase activity of Myc-ERK2
by 5.3-fold. Cotransfection of v-src(K295R) reduced the shear
stress–induced Myc-ERK2 activity to 2.3-fold (lane 4 versus
lane 2 in Fig 3A). Expression plasmids encoding the wild-type
c-src and c-src(K295R) were used in similar experiments as
those in Fig 3A. Shear stress increased the kinase activity of
Myc-ERK2 in cells transfected with c-src(wt) (lane 2 in Fig
3B). Cotransfection of c-src(K295R) attenuated the shear stress
activation of Myc-ERK2 (lane 4 in Fig 3B). The expression of
Myc-ERK2 was not affected by the cotransfection of the
various plasmids (data not shown). Experiments were also
performed using c-src(F527) (activated form of p60src) to-
gether with RasN17 (dominant-negative mutant of p21ras) or
RasL61 (activated form of p21ras) together with v-src(K295R)
(dominant-negative mutant of p60src) to examine the role of
p21ras in its linkage between src and ERK. Cotransfection of
RasN17 (lane 3 in the top panel of Fig 3C) abolished the

Figure 1. Shear stress increases the kinase activity of
p60src in BAEC. Confluent monolayers of BAEC were
subjected to a shear stress of 12 dyne/cm2 in flow chan-
nels for periods of time as indicated or kept as static
controls (shown as shear time 0). The kinase activities of
p60src from the various samples were assessed by IP
kinase assays using enolase and [g-32P]ATP as sub-
strates. The phosphorylated enolase in the various sam-
ples is indicated by the arrow and the intensity was
determined by densitometry. Bar graph, representing
mean6SD from three sets of experiments, shows the
increases in induction relative to that in the static
controls.
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Figure 2. p60src is upstream to the Ras-JNK pathway in
ECs in response to shear stress. In (A), 3 mg of an expres-
sion plasmid encoding HA-JNK1 was cotransfected with
either 6 mg of pGL2 as an empty plasmid (lanes 1 and 2) or
6 mg of v-src(K295R) (lanes 3 and 4) into BAEC in a T-75
tissue culture flask. The transfected cells were subcultured
on glass slides and were either subjected to a shear stress of
12 dyne/cm2 for 30 minutes or kept as static control. After
the shear stress, HA-JNK1 was immunoprecipitated with
anti-HA mAb and subjected to kinase assays using GST-c-
Jun(1–79) and [g-32P]ATP as substrates. The phosphorylated
GST-c-Jun(1–79) is indicated by the arrow. Intensities of
phosphorylated bands were determined by densitometry.
Bar graph shows the relative kinase activity (mean6SD) from
three sets of experiments. The kinase activities of lanes 2, 3,
and 4 have been normalized to that of lane 1. Asterisk indi-
cates that the difference is significant (P,.05) between lanes
2 and 4. In (B), 3 mg of HA-JNK1 was cotransfected with 6
mg of the c-src(wt) (lanes 1 and 2) or 6 mg of c-src(K295R)
(lanes 3 and 4). The experimental conditions and data analy-
sis were the same as those in (A). In (C), 3 mg of HA-JNK1
was cotransfected with 6 mg of pGL2 as an empty plasmid
(lane 1), 6 mg of c-src(F527) (lane 2), 6 mg of c-src(F527) and
12 mg of RasN17 (lane 3), 6 mg of RasL61 (lane 4), or 6 mg of
RasL61 and 12 mg of v-src(K295R) (lane 5). IP kinase assays
for activities of HA-JNK1 in the various samples were per-
formed with the same procedures as described above.
Shown in the bottom is the relative activity representing
mean6SD from three separate experiments. The results indi-
cate that the c-src(F527)-activated HA-JNK1 (lane 2) is
blocked by RasN17 (lane 3). In contrast, v-src(K295R) (lane 5)
had little effect on the RasL61-activated HA-JNK1 (lane 4).

230 Shear Stress Activation of Src-MAPK Pathways



c-src(F527)–induced Myc-ERK2 activity. In contrast, the
activation of Myc-ERK2 by RasL61 was not attenuated by
v-src(K295R) (lane 5 versus lane 4 in the top panel of Fig 3C).
These results suggest that p60src is upstream to p21ras in the
shear stress activation of ERK, as in the case of JNK activation.

src Regulates the Shear Stress–Induced
c-Jun/TRE and Elk-1/SRE
Shear stress–elicited p60src signaling diverges at p21ras to
activate JNK and ERK (ie, src-Ras-JNK and src-Ras-ERK).
This suggests that transcriptional factors activated by either
JNK or ERK pathway in response to shear stress could be
regulated by p60src. JNK increases the transcriptional activity
of c-Jun by phosphorylating its Ser-63 and Ser-73.30 Similarly,
ERK1 and ERK2 increase the transcriptional activity of Elk-1
by phosphorylating its Ser-383 and Ser-389.38 We thus tested
whether p60src regulates the shear stress–elicited transcrip-
tional activities of c-Jun and Elk-1. Gal4–c-Jun(1–223), which
encodes the fusion protein of the Gal4 DNA-binding domain
and the c-Jun activation domain,30 and 5XGal-Luc, which is a
chimeric construct consisting of the Gal4-binding sequence
and the luciferase reporter, were cotransfected into BAECs,
which were then subjected to shear stress experiments. As
shown in Fig 4A, shear stress caused a 3.7-fold induction of the
luciferase activity, indicating an increased c-Jun transcriptional
activity. When these plasmids, ie, Gal4–c-Jun(1–223) and
5XGal-Luc, were cotransfected with v-src(K295R), shear
stress did not cause a significant increase in the luciferase
activity (1.1-fold). Plasmid Gal4-ElkC(307–428), which en-
codes the Gal4 DNA-binding domain fused to the C-terminal
activation domain of Elk-1,31 was cotransfected with 5XGal-
Luc into BAECs to test whether shear stress increases the
transcriptional activity of Elk-1. As shown in Fig 4B, shear
stress caused a 2.7-fold increase in the luciferase activity.
However, this induction was abolished when Gal4-ElkC(307–
428) and 5XGal-Luc were cotransfected with v-src(K295R).
These results demonstrate that shear stress increases the tran-

Figure 3. p60src is upstream to the Ras-ERK pathway in BAEC
in response to shear stress. In (A), 3 mg of an expression plas-
mid encoding Myc-ERK2 was cotransfected with either 6 mg of
pGL2 as an empty plasmid (lanes 1 and 2) or 6 mg of
v-src(K295R) (lanes 3 and 4). The shear stress experiments were
the same as those described in Fig 2A. Myc-ERK2 in the vari-
ous samples were immunoprecipitated with anti-Myc mAb for IP
kinase assays using MBP and [g-32P]ATP as substrates. The
phosphorylated MBP is indicated by the arrow. Bar graph is the
mean6SD from three sets of experiments, showing the relative
kinase activities normalized to that of lane 1. Asterisk indicates
that the difference is significant (P,.05) between lanes 2 and 4.
In (B), 3 mg of Myc-ERK2 was cotransfected with 6 mg of the
c-src(wt) (lanes 1 and 2) or 6 mg of c-src(K295R) (lanes 3 and 4).
The experimental conditions and data analysis were the same
as those in (A). In (C), 3 mg of Myc-ERK2 was cotransfected
with 6 mg of pGL2 as an empty plasmid (lane 1), 6 mg of
c-src(F527) (lane 2), 6 mg of c-src(F527) and 12 mg of RasN17
(lane 3), 6 mg of RasL61 (lane 4), or 6 mg of RasL61 and 12 mg
of v-src(K295R) (lane 5). Myc-ERK2 was immunoprecipitated for
IP kinase assays. The relative activity shown in the bottom
panel indicates that the c-src(F527)-activated Myc-ERK2 (lane 2)
is blocked by RasN17 (lane 3). In contrast, cotransfection of
v-src(K295R) (lane 5) did not significantly decrease the RasL61-
activated Myc-ERK2 (lane 4).
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scriptional activities of c-Jun and Elk-1 and that the induction
is mediated, at least in part, by p60src.

Using the promoter construct MCP1-Luc, we have previ-
ously demonstrated that shear stress upregulates the MCP-1
gene through the activation of c-Jun/TRE.9 To investigate the
involvement of p60src in the shear stress–induced MCP-1
gene, MCP1-Luc and v-src(K295R) were cotransfected into
BAECs, and the transfected cells were then subjected to shear
stress followed by luciferase assays. As shown in Fig 5A, the
increments in induction decreased from 3.6-fold in the control
group (transfected with empty plasmid) to 1.3-fold in the
experimental group (transfected with v-src[K295R]). It has
been shown that shear stress activates the c-fos gene in ECs.6

SRE is an essential cis-element in the c-fos promoter in
response to many extracellular stimuli (see Reference 39 for
review), and there is ample evidence indicating that JNK and
ERK pathways converge on SRE to mediate gene expres-
sion.40 The ETS motif of SRE is recognized by (TCF)/Elk-1.41

Thus, we tested whether p60src regulates the shear stress
induction of c-fos promoter. Plasmid c-fos–Luc containing the
c-fos promoter region (bp 2750 to 145) fused to the luciferase
reporter was transfected into BAECs to test the shear stress
inducibility. Compared with the static controls, the luciferase
activity in the sheared BAECs was increased by 16.1-fold (Fig
5B). Cotransfection of v-src(K295R) attenuated the shear stress
induction of the c-fos promoter to 1.6-fold. These results,
together with those in Fig 4B, demonstrate that p60src is
upstream to the shear stress–activated Elk-1 in regulating the
c-fos promoter.

Discussion
The major finding of this study is the identification of a shear
stress–induced p60src signaling pathway that regulates the
transcriptional activation of TRE and SRE via MAPKs,
including both JNK and ERK pathways. The src-family PTKs
possess several structural features that include (1) an approxi-
mately 60–amino acid src homology 3 (SH3) domain that is
involved in the interaction with signaling molecules that have
proline-rich regions, (2) an approximately 100–amino acid src
homology 2 (SH2) domain that can recognize the phosphorylated
tyrosine of many RTKs, and (3) a kinase catalytic domain (see
References 42 and 43 for review). The activation of p60src by
shear stress suggests that SH2– and SH3-containing molecules
may be involved in the shear stress–induced signal transduction
pathways and that RTKs may be upstream to such pathways. We
have recently found that the ShczGrb2zSos ternary complex is
involved in the endothelial gene expression in response to shear
stress.44 Shc and Grb2 are SH2-containing adaptor proteins that
can associate with Sos, which is a guanine nucleotide exchange
factor specific to p21ras.45 The assembly of such a complex enables
the activation of the Ras pathway by converting p21raszGDP to
p21raszGTP. In NIH3T3 cells, the v-src transformation requires
Ras activity.46 In Rat-2 cells transformed by the v-src oncogene,
Shc gene product becomes highly tyrosine phosphorylated.47 In
response to shear stress, the endothelial p21ras may therefore be
activated by p60src via an ShczGrb2zSos–dependent pathway.
Consistent with this hypothesis, we recently found that the
dominant-negative mutant of Sos is able to attenuate the shear
stress–induced c-Jun transcriptional activity.10

Figure 4. The shear stress activation of
transcriptional activities of c-Jun and
Elk-C are attenuated by negative mutant
of v-src. (A) Plasmid Gal4-c-Jun(1–223)
was cotransfected with 5xGal4-Luc, pSV-
b-gal, and either with pGL2 as an empty
vector or with v-src(K295R) into BAEC in
a tissue culture flask. The transfected
cells were subcultured on glass slides
and either subjected to a shear stress of
12 dyne/cm2 for 8 hours or kept as static
controls, followed by luciferase activity
assays. The normalized luciferase activi-
ties are the luminometer readings of the
luciferase activity normalized for transfec-
tion efficiency based on the b-galactosi-
dase activity. The increase in induction is
defined as the ratio of the normalized

luciferase activity in samples subjected to shear stress to that in the static controls. The results represent mean6SD from three
separate experiments. Shown in (B) are similar experiments using Gal4-ElkC(307– 428) 5xGal4-Luc, and v-src(K295R).

Figure 5. Negative mutant of v-src attenu-
ates the shear stress-activated MCP1-Luc
and c-fos-Luc. Plasmid MCP1-Luc (A) or
c-fos-Luc (B) was cotransfected with pSV-b-
gal, and with either pGL2 as an empty vector
or an expression plasmid encoding
v-src(K295R) into BAEC. The experimental
conditions for shear stress followed by lucif-
erase assays were the same as those
described in Fig 4. The results representing
mean6SD from three separate experiments
indicate that the shear stress-increased pro-
moter activities of MCP1-Luc and c-fos-Luc
were attenuated by the cotransfection of
v-src(K295R).
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On stimulation of cells with growth factors such as EGF or
PDGF, the cognate receptors (ie, EGFR and PDGFR, respec-
tively) oligomerize while binding to their substrates. Subse-
quently, the kinase domains autophosphorylate the tyrosine
residues at the regulatory domains to induce an affinity for the
binding of proteins containing SH2 domain, including p60src,
Grb2, and Shc (see Reference 48 for review). To examine the
shear stress–activated molecules on the EC membrane that
activate p60src, we have attempted to detect the phosphory-
lation of EGFR or PDGFR and their association with p60src,
Shc, or Grb2 in BAECs in response to shear stress. However,
these results were negative, which could be caused by the low
expression of EGFR and PDGFR in large-vessel endotheli-
um.49,50 It is possible that shear stress activates other endothe-
lium-abundant RTKs or G proteins. In line with this notion,
Jo et al12 recently showed that shear stress activation of JNK
involves a PTx-insensitive G protein–dependent pathway,
whereas activation of ERK is Gi2 dependent.

In addition to RTKs and G proteins, integrins may also be
involved in the activation of p60src in response to shear stress.
There is ample evidence that focal adhesion kinase (FAK) and
p60src are involved in the integrin-mediated signal transduc-
tion (see Reference 51 for review). For example, an enhanced
interaction between these two cytoplasmic nonreceptor PTKs
was found when fibronectin bound to the integrins of
NIH3T3 cells.52 Scanning confocal microscopy demonstrated
the remodeling of focal adhesion sites, at which FAK and
p60src aggregate, in the direction of flow.53 Application of
shear stress on ECs and the adhesion of ECs on fibronectin
induce many similar biochemical responses, which include but
are not limited to p60src activation, FAK tyrosine phosphor-
ylation, and ERK activation.14 It was further shown that the
endothelial responses elicited by a b1-activating antibody
involve some of those induced by shear stress.23 Thus, inte-
grins, in addition to G proteins, may be alternative mechano-
transducers to activate p60src in ECs in response to shear stress.
This hypothesis is supported by the studies demonstrating that
the responses of rat smooth muscle cells to mechanical strain is
mediated via both avb5 and b3 integrins.54

Our work reinforces the previous study by Takahashi and
Berk14 that shear stress activates p60src in ECs and that the
shear stress–activated ERK requires a herbimycin-sensitive
kinase. Src family tyrosine kinases are inhibited by herbimycin
A. The data in Figs 2 through 4 provide new, direct evidence
that the shear-activated p60src is upstream to the Ras-JNK and
Ras-ERK pathways, which in turn regulate the transcriptional
activities of c-Jun and Elk-1, respectively. The induction of
many genes requires the activation of these transcription factors
to act on the corresponding cis-elements in the 59 promoter
regions of the various genes. For example, the shear stress
induction of the MCP-1 gene in ECs requires the TRE site2

and the induction of the PDGF-B gene in the mechanically
injured arterial ECs depends on the Egr-1 site.55 ERK has also
been suggested to regulate Egr-1.56 It is likely that shear stress
activates these genes through the Src-Ras-JNK or Src-Ras-
ERK pathways. In addition, shear stress is able to regulate the
morphology of ECs to cause their orientation in the direction
of flow, and stress fibers are formed in these aligned cells. PTKs
and possibly integrins are involved in those remodeling pro-

cesses.57,58 p60src may also be a key molecule regulating these
endothelial events because of its functional role in the regula-
tion of cytoskeletal rearrangement and shape change.59–61 This
is supported by the observation that p60src is activated and
associated with the actin filament–associated protein, AFAP-
110, in mechanically strained fetal rat lung cells.62

Results from many research groups in this field suggest that
shear stress activates multiple signal transduction pathways
involving G proteins, integrins, RTKs, and so forth in ECs.
The current and previous studies indicate that p60src plays a
critical role in mediating these shear stress-elicited pathways.
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