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Abstract

 

Fluid shear stress modulates vascular function and struc-

ture by stimulating mechanosensitive endothelial cell signal

events. Cell adhesion, mediated by integrin–matrix interac-

tions, also regulates intracellular signaling by mechanosen-

sitive events. To gain insight into the role of integrin–matrix

interactions, we compared tyrosine phosphorylation and ex-

tracellular signal-regulated kinase (ERK1/2) activation in

adhesion- and shear stress-stimulated human umbilical vein

endothelial cells (HUVEC). Adhesion of HUVEC to fibro-

nectin, but not to poly-

 

L

 

-lysine, rapidly activated ERK1/2.

Fluid shear stress (12 dyn/cm

 

2

 

) enhanced ERK1/2 activa-

tion stimulated by adhesion, suggesting the presence of a

separate pathway. Two differences in signal transduction

were identified: focal adhesion kinase phosphorylation was

increased rapidly by adhesion but not by shear stress; and

ERK1/2 activation in response to adhesion was inhibited to

a significantly greater extent when actin filaments were dis-

rupted by cytochalasin D. Two similarities in activation of

ERK1/2 were observed: protein kinase C (PKC) activity was

necessary as shown by complete inhibition when PKC was

downregulated; and an herbimycin-sensitive (genistein- and

tyrphostin-insensitive) tyrosine kinase was required. c-Src

was identified as a candidate tyrosine kinase as it was acti-

vated by both shear stress and adhesion. These findings

suggest that adhesion and shear stress activate ERK1/2 via

a shared pathway that involves an herbimycin-sensitive

tyrosine kinase and PKC. In addition, shear stress acti-

vates ERK1/2 through another pathway that is partially

independent of cytoskeletal integrity. (

 

J. Clin. Invest.

 

 1996.

98:2623–2631.) Key words:

 

 

 

mechanical stress

 

 

 

• 

 

signal trans-

duction 

 

• 

 

tyrosine kinase 

 

• 

 

focal adhesion contact 

 

• 

 

cytoskel-

eton

 

Introduction

 

Mechanical forces alter the structural and functional proper-
ties of cells of the cardiovascular system at the cellular and mo-
lecular levels with profound effects on physiology. Fluid shear

stress is one of the most important mechanical forces experi-
enced by endothelial cells because of their location at the in-
terface between the vessel surface and the blood. Recent evi-
dence indicates that shear stress modulates vascular structure
and function by activating specific signal events leading to acti-
vation of transcription factors and changes in gene expression
(1). For example, increases in activity of intracellular signaling
molecules (e.g., intracellular calcium (2, 3), mitogen-activated
protein (MAP)

 

1

 

 kinase (extracellular signal-regulated kinase 1/2;
[ERK1/2; 4], and c-Jun-NH

 

2

 

-terminal kinase [JNK; 5], acti-
vating protein-1 [AP-1] transcription factor [6]), and changes
in shear stress responsive genes (e.g., PDGF; 7, monocyte
chemoattractant protein-1 [MCP-1; 8], and endothelin-1 [9])
have been demonstrated. We recently showed that ERK1/2 ac-
tivation by shear stress in bovine aortic endothelial cells is pro-
tein kinase C (PKC)-dependent and calcium-independent (4).
ERK1/2 was first identified as a microtubule-associated pro-
tein kinase (10) and has been shown to phosphorylate proteins
and to regulate gene expression. For instance, ERK1/2 phos-
phorylates both p90rsk, an S6 protein kinase that stimulates
protein synthesis (11, 12), and p62

 

TCF

 

, a transcription factor
that increases 

 

c-fos

 

 transcription (13). Although the pathways
leading from growth factor receptor activation to ERK1/2
stimulation have been well characterized (14), the pathways
leading to activation of ERK1/2 by shear stress remain un-
clear.

We have recently suggested that integrin-mediated signal
events may be important in shear stress-mediated signal trans-
duction (15), based on findings that shear stress-stimulated fo-
cal adhesion kinase (FAK) tyrosine phosphorylation (peak at
2 h), and activation of 

 

b

 

1

 

 integrins in human umbilical vein en-
dothelial cells (HUVEC) stimulate ERK1/2 activity. Integrins
are ubiquitous 

 

a

 

/

 

b

 

 heterodimeric transmembrane glycopro-
teins, which act as adhesion receptors involved in the interac-
tion between cell and extracellular matrix (ECM) (16). It has
become clear that integrin activation stimulates many intracel-
lular signal events, several of which resemble those stimulated
by shear stress in endothelial cells. For example, both shear
stress and integrins affect intracellular pH (17, 18), intracellu-
lar calcium (19), tyrosine phosphorylation (20, 21), inositol
lipid metabolism (3, 22), and ERK1/2 activity (23, 24). Several
studies indicate that integrins play a crucial role in mechano-
sensitive signal events (25–27). A specific role for integrins in
shear stress signal transduction is suggested by the finding that
shear stress induces rapid remodeling of focal adhesion con-
tacts (28, 29). Because focal adhesion contacts are formed at
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tein; PKC, protein kinase C; PLL, poly-

 

L

 

-lysine.

 



 

2624

 

Takahashi and Berk

 

the sites of linkage of the cytoplasmic tails of integrins with cy-
toskeletal proteins and are thought to play a key role in inte-
grin signal transduction, we hypothesized that integrins may
act as mechanotransducers of shear stress.

In this study, we compared tyrosine phosphorylation and
ERK1/2 activation in adhesion- and shear stress-stimulated
HUVEC. Both integrin-mediated adhesion and shear stress
stimulated ERK1/2 in a PKC-dependent and herbimycin-sen-
sitive manner, indicating shared signal events. However, shear
stress activated ERK1/2 by a pathway separate from adhesion
as shown by three findings: (

 

a

 

) shear stress was additive with
adhesion for ERK1/2 activation; (

 

b

 

) ERK1/2 activation in re-
sponse to adhesion was inhibited to a significantly greater ex-
tent by cytochalasin D; and (

 

c

 

) FAK was rapidly tyrosine phos-
phorylated by adhesion (peak at 15 min) while FAK was
slowly tyrosine phosphorylated by shear stress (peak at 120
min; 15).

 

Methods

 

Cell culture and materials. 

 

HUVEC were obtained from umbilical
cord veins as previously described (30). Cells at passages between 1
and 3 were grown in RPMI-1640 (GIBCO BRL, Gaithersburg, MD)
supplemented with 20% FBS (Hyclone Laboratories, Inc., Logan,
UT), heparin (Sigma Chemical Co., St. Louis, MO), and endothelial
cell growth factor (kindly provided by Dr. R. Ross, University of
Washington, Seattle, WA), and used at confluence. Herbimycin A,
tyrphostin 23, and genistein were purchased from Calbiochem Nova-
biochem Intl. All experiments were performed at least three times us-
ing different preparations of HUVEC.

 

Cell adhesion assay. 

 

HUVEC were incubated at 37°C in 2 mM
ethylenediamine tetra-acetic acid (EDTA) in PBS (137 mM NaCl,
2.7 mM KCl, 4.3 mM Na

 

2

 

HPO

 

4

 

, 1.4 mM KH

 

2

 

PO

 

4

 

, pH 7.3) for 5 min
and detached from dishes by gentle pipetting. The cells were washed
three times with RPMI 1640, collected by low speed centrifugation
and resuspended in RPMI-1640 with 0.1% BSA (Sigma Chemical Co.).
10

 

6

 

 cells were placed onto 60-mm bacteriologic plastic dishes coated
with fibronectin (FN; Sigma Chemical Co.) or poly-

 

L

 

-lysine (PLL;
Sigma Chemical Co.) and incubated at 37

 

8

 

C. The bacteriological plas-
tic dishes and plates were coated with human FN (10 

 

m

 

g/ml) or PLL
(10 

 

m

 

g/ml) for 16 h at 4

 

8

 

C, and nonspecific binding sites were blocked
with 1% heat denatured BSA in PBS for 1 h at room temperature.
Before use the dishes and plates were rinsed three times with PBS.

 

Shear stress experiments. 

 

HUVEC were placed onto 2 

 

3

 

 4 cm
slides made of bacteriological plastic coated with human FN as de-
scribed above. Preliminary experiments showed that cell density
(range 5 

 

3

 

 10

 

5

 

 to 2 

 

3

 

 10

 

6

 

 cells/slide) had no significant effect on
ERK1/2 activation by adhesion and shear stress. After the cells were
incubated at 37

 

8

 

C for various times, the cells (10

 

6

 

) were rinsed free of
culture media with Hepes-buffered saline solution (HBSS; 130 mM
NaCl, 5 mM KCl, 1.5 mM CaCl

 

2

 

, 1.0 mM MgCl

 

2

 

, 20 mM Hepes, pH
7.4) with 10 mM glucose and either maintained in static condition or
exposed to fluid shear stress in a parallel plate chamber at 37

 

8

 

C ex-
actly as described previously (4). To harvest cells, the plates were
washed gently with ice-cold PBS and cell lysates prepared for in-gel-
kinase assay and Western blot analysis.

 

In-gel-kinase assay. 

 

Cells were lysed in 0.2 ml of modified cell ly-
sis buffer (10 mM Hepes, pH 7.4, 5 mM EDTA, 5 mM EGTA, 50 mM
sodium pyrophosphate, 50 mM NaF, 50 mM NaCl, 100 

 

m

 

M Na

 

3

 

VO

 

4

 

,
0.1% Triton X-100, and fresh 0.1 mM PMSF and 10 

 

m

 

g/ml leupeptin).
Cell lysates were prepared by freezing in liquid nitrogen, thawing on
ice, scraping, and sonication. After centrifugation for 30 min at 14,000
rpm in a microfuge (4

 

8

 

C) protein concentration was determined and
the samples were stored at 

 

2

 

80

 

8

 

C. In-gel-kinase assay using myelin
basic protein as substrate was performed exactly as described previ-
ously (31). We have previously shown an excellent correlation be-

tween ERK1/2 activity measured by in-gel-kinase assay and Western
blot band shift (4, 31).

 

Immunoprecipitation and immunoblotting. 

 

After treatment, cells
were washed with PBS, and 0.5 ml of radioimmuno protein assay
(RIPA) lysis buffer (10 mM Hepes, pH 7.4, 5 mM EDTA, 50 mM so-
dium pyrophosphate, 50 mM NaF, 50 mM NaCl, 100 

 

m

 

M Na

 

3

 

VO

 

4

 

,
1% Triton X-100, 1% deoxycholic acid, 0.1% SDS, and fresh 0.5 mM
PMSF and 10 

 

m

 

g/ml leupeptin) was added. Cell lysates were prepared
by scraping, sonication, and centrifugation for 5 min at 14,000 rpm in
a microfuge (4

 

8

 

C). The lysates were immunoprecipitated and immune
complexes were recovered by the addition of protein G-agarose
(GIBCO BRL) or protein A–Sepharose CL-4B, incubation for 3 h at
4

 

8

 

C and centrifugation. The beads were washed four times with lysis
buffer. For Western blot analysis, cell lysates or immunoprecipitates
were subjected to SDS-PAGE under reducing conditions and pro-
teins were then transferred to nitrocellulose (Hybond-ECL, Amer-
sham Corp., Arlington Heights, IL) as previously described (4). The
membrane was blocked for 2 h at room temperature with a commer-
cial blocking buffer (GIBCO BRL). The blots were incubated for 1 h
at room temperature with the primary antibodies (anti-ERK1, anti-
ERK2, anti-phosphotyrosine PY20, and anti-FAK from Santa Cruz
Biotechnology, Santa Cruz, CA; anti-phosphotyrosine 4G10 from
Upstate Biotechnology, Inc., Lake Placid, NY), followed by incuba-
tion for 1–2 h with secondary antibody (horseradish peroxidase con-
jugated). Immunoreactive bands were visualized by chemilumines-
cence (ECL; Amersham Life Science, Inc.).

 

Immunofluorescence staining. 

 

HUVEC were detached and re-
suspended as described above. Before adhesion assay, HUVEC were
incubated with 0.1% dimethylsulfoxide (DMSO; J.T. Baker, Inc.,
Phillipsburg, NJ), cytochalasin D or nocodazole (Sigma Chemical Co.)
for 20 min at 37

 

8

 

C. 10

 

6

 

 cells were placed onto glass coverslips coated
with FN (10 

 

m

 

g/ml) and incubated for 20 min at 37

 

8

 

C. The cells were
then fixed in 4% paraformaldehyde in PBS for 20 min at 37

 

8

 

C, rinsed
with PBS, permeabilized in 0.1% Triton X-100 in PBS for 10 min at
room temperature, rinsed three times in PBS, and then three times
(5 min each) with 50 mM ammonium chloride, pH 7.3. After rinsing
twice with PBS, nonspecific binding was blocked by 1% BSA in PBS
for 30 min, after which the cells were incubated with anti–

 

a

 

-tubulin
mAb (Amersham Life Science, Inc.). After three rinses with PBS, bi-
otinylated anti–mouse IgG (Vector Laboratories, Inc., Burlingame,
CA) was added for 1 h at room temperature, rinsed three times in
PBS, and incubated with Texas red avidin (Vector Laboratories,
Inc.) for 1 h at room temperature. Filamentous actin (F-actin) was
stained with TRITC-labeled phalloidin (Sigma Chemical Co.) for 1 h
at room temperature, followed by three washes in PBS. The cover-
slips were mounted with mounting media (Vector Laboratories, Inc.),
viewed under a phase-fluorescence Nikon microscope, and photo-
graphed with TriXPan 400 black and white print film (Eastman
Kodak Co., Rochester, NY). There was no cytotoxicity associated
with either cytochalasin D or nocodazole at the concentrations used
as shown by trypan blue staining (data not shown).

 

c-Src immune complex kinase assay. 

 

c-Src immune complex ki-
nase assay was performed as described previously (32). Briefly, c-Src
immunoprecipitates were washed three times in the buffer described
above and twice in kinase reaction buffer (20 mM Pipes, pH 7.0, 10
mmol/liter MnCl

 

2

 

). The precipitates were then suspended in the ki-
nase reaction buffer (50 mM Pipes, pH 7.0, 10 mM MnCl

 

2

 

, 50 

 

m

 

M
ATP) with 5 

 

m

 

g of acid-denatured (with 25 mM sodium acetate,
pH 3.3, 30

 

8

 

C, 5 min) rabbit muscle enolase (Sigma Chemical Co.).
The kinase reaction (final volume of 50 

 

m

 

l) was started by addition of
10 

 

m

 

Ci [

 

g

 

-

 

32

 

P]ATP (specific activity of 6,000 mCi/mmol) at 30

 

8

 

C and
terminated after 10 min by addition of SDS-PAGE sample buffer.
Samples were boiled for 5 min, and subjected to SDS-PAGE.

 

Results

 

HUVEC adhesion to FN stimulates ERK1/2. 

 

Adhesion of Swiss/
3T3 cells and human skin fibroblasts to FN (a ligand for 

 

a

 

3,4,5,v

 

b

 

1

 

,
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a

 

v

 

b

 

3

 

, 

 

a

 

v

 

b

 

5

 

, and 

 

a

 

v

 

b

 

6

 

 integrins) was recently shown to activate
ERK1/2 (23, 24). Because we have demonstrated that activat-
ing 

 

b

 

1 integrins directly (with mAb 8A2; 15) stimulates ERK1/2
in HUVEC we determined whether HUVEC adhesion to FN
activated ERK1/2. ERK1/2 activity, measured by in-gel-kinase
assay, was stimulated by HUVEC adhesion to FN with peak at
10 min and return to baseline at 60–120 min (Fig. 1). No signif-
icant activation of ERK1/2 was observed in HUVEC placed
onto PLL or maintained in suspension. The differences in
ERK1/2 activity under these conditions correlated with cell
morphology; HUVEC placed onto FN began to adhere and
spread within 10 min, whereas on PLL, HUVEC attached but
remained rounded (data not shown).

 

Shear stress enhances ERK1/2 activation by adhesion. 

 

We
previously demonstrated that shear stress stimulates a time-
and force-dependent activation of ERK1/2 in bovine aortic en-
dothelial cells (4). To examine the effect of shear stress on
ERK1/2 activity during adhesion of HUVEC to FN, HUVEC
were exposed to flow (shear stress 

 

5

 

 12 dyn/cm

 

2

 

) for 5, 10, 20,
90 min after only 10 min of adhesion. We have previously
shown that 12 dyn/cm

 

2

 

 elicits a maximal increase in ERK1/2
activity in HUVEC (15). Peak ERK1/2 activation by shear
stress occurred at 5 min (Fig. 2, 

 

A

 

 and 

 

B

 

). Concomitant shear
stress significantly increased adhesion-mediated ERK1/2 activ-
ity by 

 

z

 

 50% (Fig. 2, 

 

A–C

 

), with increases in activity in re-
sponse to adhesion alone (15

 

9

 

 Adhesion) of 5.6

 

6

 

0.9-fold
versus adhesion plus shear stress (Adhesion 10

 

9

 

 

 

1

 

 SS 5

 

9

 

) of
9.6

 

6

 

0.9-fold (

 

n

 

 

 

5

 

 3, 

 

P

 

 

 

,

 

 0.05). ERK1/2 activation under these
conditions was transient with return to baseline within 30 min.
Similar results were obtained when ERK1/2 activation was
measured by Western blot band shift with anti-ERK1/2 anti-
bodies (data not shown). To investigate whether HUVEC ad-
hesion is necessary for shear stress-induced ERK1/2 activa-
tion, suspended cells were stimulated by shear stress for 10 and
30 min using a rotating shaker. There was no significant
ERK1/2 activation in cells exposed to shear stress that were
not adherent to a substratum (data not shown). Because the
cells plated onto 10 

 

m

 

g/ml PLL-coated dishes were detached
by shear stress, cells were placed onto 100 

 

m

 

g/ml PLL-coated
dishes and stimulated by shear stress. Adhesion alone to
100 

 

m

 

g/ml PLL stimulated ERK1/2 activation to a small ex-
tent, but cells adherent to 100 

 

m

 

g/ml PLL did not show further
ERK1/2 activation by shear stress. In addition, we tested the
role of RGD binding in shear stress mediated activation of

ERK1/2 by pretreating HUVEC for 30 min with 0.5 mM RGD
peptide. Unfortunately, the RGD peptide caused the cells to
round up and 

 

.

 

 60% of cells detached when exposed to shear
stress, preventing analysis of the role of arg-gly-asp (RGD)
binding.

We next determined whether events associated with adhe-
sion modified the ability of HUVEC to respond to shear stress.

Figure 1. HUVEC adhesion to FN stimulates ERK1/2. HUVEC 
were grown to confluence, detached with 2 mM EDTA, and then 
maintained in suspension (Suspension) or placed onto plastic dishes 
coated with PLL (10 mg/ml; PLL Adhesion) or FN (10 mg/ml; FN Ad-

hesion) for the indicated times. Cell lysates were prepared and ana-
lyzed for ERK1/2 activity using an in-gel-kinase assay.

Figure 2. Shear stress enhances ERK1/2 activation by adhesion. In all 
figures, the Time (min) refers to the total time that cells were allowed 
to adhere to the dishes. The time of exposure to shear stress (SS) is 
indicated above each lane. (A) After confluent HUVEC were de-
tached, cells were maintained in suspension (Suspension) or placed 
onto plastic dishes coated with FN (10 mg/ml; Adhesion) for 15, 20, 
40, 100 min. After adherence for 10 min, cells were exposed to shear 
stress (12 dynes/cm2; SS) for 5, 10, 20, and 90 min (Adhesion 109 1 SS 
59, 109, 209, 909). Cell lysates were prepared and analyzed for ERK1/2 
activity using an in-gel-kinase assay. (B) Relative ERK1/2 activity 
was quantified by densitometry. Results are the mean6S.E. of three 
independent experiments. *P , 0.05 vs. adhesion. (C) After conflu-
ent HUVEC were detached, cells were maintained in suspension for 
0, 20, 130 min or placed onto plastic dishes coated with FN (10 mg/ml; 
Adhesion) for 20 and 130 min. After adherence for 10 and 120 min, 
cells were exposed to shear stress (12 dynes/cm2; SS) for 10 min (Ad-

hesion 109 1 SS 109, Adhesion 1209 1 SS 109), respectively. Cell ly-
sates were analyzed for ERK1/2 activity using an in-gel-kinase assay.
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Shear stress stimulated ERK1/2 activity when HUVEC had
adhered for only 10 min, but there was no ERK1/2 stimulation
when cells were allowed to adhere for 120 min before stimula-
tion by shear stress (Fig. 2 B). Phorbol 12-myristate 13-acetate
(PMA) stimulated ERK1/2 activation after adhesion for 120
min (data not shown) as well as during the early phase of adhe-
sion, suggesting that there are mechanisms of ERK1/2 desensi-
tization independent of PKC downregulation. At present, this
mechanism(s) is unknown.

Effect of cytoskeleton disrupting agents on ERK1/2 activa-

tion by adhesion and shear stress. In fibroblasts, ERK1/2 acti-
vation by adhesion is inhibited when actin filaments are dis-
rupted (23, 24). We therefore investigated the effect of
cytoskeleton disrupting agents on ERK1/2 activation by shear
stress. Cytochalasin D (0.1 and 0.5 mM for 20 min) was used to
disrupt actin filaments, and nocodazole (1 and 3 mM for 20
min) was used to disrupt intermediate filaments and microtu-
bules. HUVEC treated with cytochalasin D and placed on FN
for 20 min attached, but failed to spread as shown by mainte-
nance of a round cell morphology (data not shown). HUVEC
treated with vehicle (0.1% DMSO) attached and spread within
20 min. Treatment with nocodazole also inhibited HUVEC
spreading as shown by a round cell morphology. The efficacy
of these agents, at the indicated concentrations, to disrupt HU-
VEC cytoskeletal components was confirmed by fluorescence
microscopy after staining cells with TRITC-phalloidin and
anti–a-tubulin antibody (Fig. 3, A–D). Cytochalasin D at both
0.1 and 0.5 mM completely inhibited ERK1/2 activation upon
attachment to FN (Fig. 4 A). Cytochalasin D also caused sig-
nificant inhibition of ERK1/2 activation (4468%) by shear
stress after adhesion compared with control cells (P , 0.05,
n 5 3, Fig. 4 A). Nocodazole at 1 and 3 mM had no inhibitory
effect on ERK1/2 activation by either adhesion or shear stress
(Fig. 4 B).

ERK1/2 activation by both adhesion and shear stress re-

quires protein kinase C (PKC). PKC may represent a common
upstream pathway for ERK1/2 activation by both adhesion

and shear stress, because shear stress mediated ERK1/2 activa-
tion in bovine aortic endothelial cells (4), and integrin medi-
ated fibroblast spreading (33) are dependent upon PKC. To in-
vestigate the role of PKC, we downregulated phorbol ester
responsive PKC isoforms by incubating cells with 1 mM phor-
bol 12, 13 dibutyrate (PDBU) for 24 h. PKC downregulation
completely inhibited ERK1/2 activity stimulated by both adhe-
sion and shear stress (Fig. 5). As expected, PMA (200 nM)-

Figure 3. Effect of cytocha-
lasin D and nocodazole on 
actin filament and microtu-
bule formation. After con-
fluent HUVEC were de-
tached, suspended cells 
were pretreated with 0.1% 
DMSO (A and B), cyto-
chalasin D (0.5 mM; C) and 
nocodazole (3 mM; D) for 20 
min at 378C, and placed onto 
plastic dishes coated with 
FN (10 mg/ml) for 20 min. 
Cells were fixed, stained for 
actin filaments (A and C) 
and microtubules (B and D), 
and analyzed by immunoflu-
orescence microscopy as 
described in Methods. Bar, 
30 mm.

Figure 4. Effect of cytochalasin D and nocodazole on ERK1/2 activa-
tion by adhesion and shear stress. After confluent HUVEC were de-
tached, cells were suspended and pretreated with 0.1% DMSO, cy-
tochalasin D (0.1 and 0.5 mM; A) and nocodazole (1 and 3 mM; B) for 
20 min at 378C. Cells were maintained in suspension (Suspension) for 
0 and 20 min or placed onto plastic dishes coated with FN (10 mg/ml; 
Adhesion). After incubation of adherent cells for 10 min, cells were 
exposed to shear stress (12 dynes/cm2; SS) for 10 min (Adhesion 109 1 
SS 109). Cell lysates were prepared and analyzed for ERK1/2 activity 
using an in-gel-kinase assay.
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stimulated ERK1/2 activity was also inhibited by pretreatment
with PDBU. Adherence and spreading of PKC-downregulated
HUVEC to FN-coated plates occurred within 10 min and the
adherent cells showed normal morphology (data not shown).

ERK1/2 activation by adhesion and shear stress is inhibited

by herbimycin, but not by genistein or tyrphostin 23. Because
cell adhesion to FN stimulates formation of focal adhesion
contacts and increased protein tyrosine phosphorylation (21,
34, 35), we examined the effect of tyrosine kinase inhibitors on
ERK1/2 activation by adhesion and shear stress. Herbimycin
A (1 mM) completely inhibited ERK1/2 activation by both ad-
hesion and shear stress (Fig. 6 A). In contrast, neither genistein
(100 mM) nor tyrphostin 23 (100 mM) inhibited ERK1/2 acti-
vation by adhesion and shear stress. The inhibitory effect of
herbimycin A was concentration dependent with an IC50 of
z 0.1 mM (Fig. 6 B).

c-Src is activated by adhesion and shear stress. Members of
the Src family of protein kinases are readily inhibited by herbi-
mycin A. To determine whether c-Src activity was regulated by
shear stress and adhesion, HUVEC were exposed to 12 dynes/
cm2 for varying times, c-Src was immunoprecipitated, and c-Src
activity measured by phosphorylation of enolase as described
previously (32). Activity of c-Src increased by 2.760.6-fold
within 2 min in response to shear stress (Figs. 7, A and C). Cy-
tochalasin D (0.5 mM) had no effect on shear stress-stimulated
c-Src activity (Fig. 7 A). a-thrombin (10 U/ml) also stimulated
c-Src activity to levels comparable to shear stress. Adhesion of
HUVEC to FN stimulated c-Src activity (Fig. 7 B). Although
adhesion-stimulated c-Src activity was less than shear stress-
stimulated activity, the results were not statistically different
(Fig. 7 C). To examine the relationship between c-Src and
PKC in shear stress-stimulated signaling events, c-Src activ-
ity was determined in cells in which PKC was downregulated
by treatment with PDBU for 24 h. PKC downregulation had
no effect on shear stress-activated c-Src (data not shown).
Thus, it is unlikely that PKC is an upstream regulator of c-Src
activation by fluid-shear stress.

FAK phosphorylation induced by adhesion and shear

stress. FAK may be an important signal mediator in HUVEC
because this tyrosine kinase is likely to be activated by both

cell adhesion and shear stress (15, 23, 33, 34). Because FAK
may be an upstream component in the pathway leading to
ERK1/2 activation (23), we investigated the effects of adhe-
sion and shear stress on FAK tyrosine phosphorylation. FAK
phosphorylation, measured by FAK immunoprecipitation and
antiphosphotyrosine Western blot analysis, was markedly
stimulated within 5 min by HUVEC adhesion to FN (Fig. 8).
FAK phosphorylation was sustained for up to 24 h (data not
shown). In contrast, exposure of HUVEC to shear stress after
adhesion to FN caused no significant additional increase in
FAK phosphorylation at early times (up to 20 min, Fig. 8).

Protein tyrosine phosphorylation stimulated by adhesion

and shear stress. Because herbimycin A was an effective in-
hibitor of ERK1/2 activation we compared proteins whose ty-
rosine phosphorylation was regulated by adhesion and shear
stress in the presence of herbimycin A to identify important

Figure 5. ERK1/2 activation by both adhesion and shear stress re-
quires PKC. HUVEC were pretreated with PDBU (1 mM) or 0.1% 
DMSO (Control) for 24 h, cells were detached and maintained in sus-
pension (Suspension) for 0 and 20 min or placed onto plastic dishes 
coated with FN (10 mg/ml; Adhesion) for 20 min. After adherence for 
10 min, cells were exposed to shear stress (12 dynes/cm2; SS) for 10 
min (Adhesion 109 1 SS 109). Cell suspensions were stimulated by 
PMA 200 nM for 10 min. Cell lysates were analyzed for ERK1/2 ac-
tivity using an in-gel-kinase assay.

Figure 6. Herbimycin A, but not genistein or tyrphostin 23, inhibits 
ERK1/2 activation by adhesion and shear stress. (A) Confluent
HUVEC were pretreated with 0.1% DMSO (Control), herbimycin 
A (1 mM), and tyrphostin 23 (100 mM) for 16 h (top) or 0.1% DMSO 
(Control) and genistein (100 mM) for 1 h (middle). Cells were de-
tached and maintained in suspension (Suspension) for 0 and 20 min 
or placed onto plastic dishes coated with FN (10 mg/ml; Adhesion) for 
20 min. After incubation of adherent cells for 10 min, cells were ex-
posed to shear stress (12 dynes/cm2; SS) for 10 min (Adhesion 109 1 

SS 109). Cell lysates were prepared and analyzed for ERK1/2 activity 
using an in-gel-kinase assay. Treatment by these inhibitors had no ef-
fect on cell viability assayed by trypan blue staining (data not shown). 
(B) Confluent HUVEC were pretreated with 0.1% DMSO (Control) 
or herbimycin A (0.03, 0.1, 0.3, and 1.0 mM) for 16 h. The protocols 
for adhesion, shear stress, and ERK1/2 activity were as described 
above.
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regulatory kinases. Antiphosphotyrosine Western blot analysis
of total cell lysates showed that adhesion to FN stimulated ty-
rosine phosphorylation of 60–66-, 90-, 110-, and 120–150-kD
proteins (Fig. 9). Proteins of 110- and 120–150 kD whose phos-
phorylation was stimulated by adhesion were not stimulated
by shear stress (and in some experiments there was dephos-
phorylation of these proteins). Shear stress uniquely stimu-
lated tyrosine phosphorylation of a 70-kD protein (Fig. 9).
This 70-kD protein is not paxillin, as shown by the failure to
detect increased tyrosine phosphorylation by Western blot
analysis of paxillin immunoprecipitates (data not shown). Her-

bimycin A (1 mM) inhibited tyrosine phosphorylation of all
proteins shown to be tyrosine phosphorylated by adhesion and
shear stress.

Discussion

The major finding of this study is that ERK1/2 activation by
shear stress and by integrin-mediated adhesion to FN occur via
a common pathway in HUVEC that is dependent on PKC and
an herbimycin-sensitive tyrosine kinase. Another major find-
ing is that shear stress augments adhesion-mediated ERK1/2
activation by a pathway that is partially independent of actin
filament assembly. Together, these findings provide important
mechanistic insights into the relationship between integrin–
ECM interactions and shear stress-stimulated mechanotrans-
duction in endothelial cells. The present results are very simi-
lar to those reported by Liu et al. (36) regarding the activation
of c-Src by mechanical strain in neonatal rat lung fibroblasts.
These investigators found that mechanical strain stimulated a
PKC- and herbimycin A–sensitive activation of c-Src as well as
tyrosine phosphorylation of 110–130-kD cytoskeletal proteins.
Yamada et al. (16, 37) recently proposed a model for integrin–
ECM signal transduction in which a hierarchy of signal mole-
cules accumulate at sites of integrin activation. Based on this
model we discuss below the possibility that activation of ty-
rosine kinases associated with focal adhesion contacts is a criti-
cal early event in flow-mediated signal transduction.

The hypothesis underlying the experiments performed in
this study was that integrins play an essential role in mech-
anotransduction stimulated by shear stress in HUVEC. The
rationale for this hypothesis is based on two features charac-

Figure 7. c-Src is activated by adhesion and shear stress. (A) Con-
fluent HUVEC were exposed to shear stress (12 dynes/cm2; SS) for 
2 and 5 min and cell lysates were prepared and analyzed for c-Src ac-
tivity using immune complex kinase assay. Cells were pretreated with 
cytochalasin D (0.5 mM) for 20 min prior to shear stress. (B) After 
confluent HUVEC were detached, cells were placed onto plastic 
dishes coated with FN (10 mg/ml; Adhesion) for 10 and 30 min and 
cell lysates were prepared and analyzed for c-Src activity using im-
mune complex kinase assay. (C) Relative c-Src kinase activity was 
quantified by densitometry. Results are the mean6SE of three inde-
pendent experiments. There was no significant difference between 
shear stress and adhesion.

Figure 8. FAK phosphorylation induced by adhesion and shear 
stress. HUVEC were detached and maintained in suspension (Sus-

pension) or placed onto plastic dishes coated with FN (10 mg/ml; Ad-

hesion) for 5, 15, 30 min. For shear stress experiments, after adhesion 
for 10 min, cells were exposed to shear stress (12 dynes/cm2; SS) for 
5 and 20 min (Adhesion 109 1 SS 59, 209), respectively. Cell lysates 
were immunoprecipitated with anti-FAK antibody and immunoblot-
ted with antiphosphotyrosine antibody, PY20 (top). The membrane 
was stripped and reprobed with anti-FAK antibody (bottom).
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teristic of integrins. First, integrins have the ability to act as
mechanotransducers (26). Second, interactions between spe-
cific matrix proteins and their integrin receptors stimulate
unique, matrix-specific, cellular events. These concepts are
supported by data which show that magnetic beads coated
with RGD peptides transferred mechanical stress to the cy-
toskeleton of endothelial cells (25). More recently Ives and
colleagues (38) showed that vascular smooth muscle cell
growth stimulated by mechanical strain occurred only on
ECM-containing collagen, FN, or vitronectin, and growth was
abrogated by antibodies against b3 and avb5 integrins but not
by an antibody against b1 integrins. In the present study we
clearly demonstrated that integrin–ECM interactions are re-
quired for ERK1/2 activation in HUVEC by mechanical force
because ERK1/2 activation occurred when HUVEC adhered
to FN, but not to PLL, or when exposed to shear stress in sus-
pension. Finally, it is important to note that in the present
study, HUVEC were stimulated by shear stress after adhesion
to FN for only 10–120 min. This novel assay system should be
useful to analyze the role of specific ECM components in
shear stress-mediated events, because cells cannot synthesize
their own matrices during the time course of the experiment
(, 2 h).

The present study suggests that ERK1/2 activation by ad-
hesion to FN occurs via b1 integrins, although we have not
ruled out the possibility that other classes of integrins (e.g., b3

and b5) contribute to the response. It has been reported that
FN interacts with several integrins including a3,4,5,vb1, avb3,
avb5, and avb6 (39). In this regard, we recently found that 8A2,
a soluble monoclonal antibody that activates b1 integrins,
also stimulates ERK1/2 in HUVEC (15). We also found that
HUVEC adhesion to FN stimulated ERK1/2 activation with
peak at 10 min. Previous reports described maximal activation
of ERK1/2 by adhesion at 20–40 min with Swiss 3T3 cells (23),
which are likely to express different integrins than HUVEC. In
this regard, we observed that adhesion and spreading of Swiss
3T3 cells to FN took significantly longer than HUVEC adhe-
sion and spreading.

Actin filament assembly plays an important role in inte-
grin-mediated signaling events (20) and has been shown to be
required for mechanostransduction. For instance, Ingber and
colleagues (25) demonstrated that cytoskeleton disrupting agents
such as cytochalasin D inhibited mechanical stress-induced cy-
toskeleton stiffening. Furthermore, Watson (40) reported that
deformation-mediated stimulation of stretch-activated ion
channels was inhibited by disruption of actin filaments. Liu et al.
(36) showed that mechanical strain stimulated c-Src transloca-
tion and association with actin cytoskeleton, especially the ac-
tin binding protein, AFAP 110. These investigators also
showed that cytochalasin B inhibited strain induced c-Src
translocation suggesting an important role for actin filament
assembly. Several investigators have reported that disrupting
actin filaments with cytochalasin D blocked adhesion-medi-
ated ERK1/2 activation (23, 24). We also found that cytochala-
sin D completely blocked ERK1/2 activation upon HUVEC
adhesion to FN (Figs. 3 and 4). However, cytochalasin D inhib-
ited shear stress-induced ERK1/2 activation by only 44% at
the same concentration which completely blocked ERK1/2 ac-
tivation by adhesion. This finding indicates that shear stress ac-
tivated ERK1/2 via a pathway that is partially independent of
actin assembly. The nature of this actin assembly independent
pathway remains undefined although the large number of pro-
teins suggested to be involved in mechanotransduction (27)
provide many candidate molecules.

Activation of tyrosine kinases and phosphorylation of 110–
130-kD proteins is a characteristic feature of signal transduc-
tion activated by integrin clustering and cell adhesion (20).
However, the tyrosine kinase(s) responsible for mechano-
transduction remain undefined. The present study, as well as
Liu et al. (36), found that c-Src was activated by mechanical
forces. The finding that ERK1/2 activity by adhesion and shear
stress was inhibited by herbimycin A, a Src family kinase in-
hibitor, suggests that c-Src activity is functionally important.
Of interest, Liu et al. (36) also found that herbimycin A
blocked tyrosine phosphorylation of PLC-g, a c-Src substrate,
induced by mechanical strain. FAK is another candidate ty-
rosine kinase that may mediate mechanotransduction. It has
been reported that tyrosine phosphorylation of FAK and the
FAK substrate, paxillin, accompanies cell adhesion to FN (20).
However, it does not appear that FAK is the tyrosine kinase
upstream of ERK1/2 as FAK activation by shear stress was sig-
nificantly slower (15) and of smaller magnitude when com-
pared to adhesion (Fig. 8). Liu et al. (36) also observed no in-
crease in FAK phosphorylation in response to mechanical
strain. Taken together these results suggest that c-Src, but not
FAK, is likely to be involved in the rapid cellular response to
mechanical forces.

The findings that shear stress activates ERK1/2 to a greater

Figure 9. Protein tyrosine phosphorylation stimulated by adhesion 
and shear stress. Confluent HUVEC were pretreated with 0.1% 
DMSO (Control) and herbimycin A (1 mM) for 16 h. Cells were de-
tached and placed onto plastic dishes coated with FN (10 mg/ml; Ad-

hesion). For shear stress experiments, after adhesion for 10 min, cells 
were exposed to shear stress (12 dynes/cm2; SS) for 5 min (Adhesion 

109 1 SS 59). Cell lysates were prepared and Western blot analysis 
performed with antiphosphotyrosine monoclonal antibody (4G10). 
Black arrow, adhesion-phosphorylated protein; white arrow, shear 
stress-phosphorylated protein.
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extent than adhesion to FN alone and that shear stress does
not require actin filament assembly, indicates that shear stress
stimulates additional signal events that converge upon ERK1/2.
Two possible pathways for convergent signal transduction
involve PKC and tyrosine kinase mediated events. With re-
spect to PKC, both our laboratory (4) and Chein’s labora-
tory (41) previously demonstrated that shear stress stimula-
tion of ERK1/2 activity is PKC-dependent in bovine aortic
endothelial cells. Integrin activation also stimulates PKC, al-
though the specific isozymes activated by shear stress and inte-
grins remain to be defined. In terms of tyrosine kinases, we
observed that the potency of tyrosine kinase inhibitors (herbi-
mycin .. genistein . tyrphostin 23) was identical for adhe-
sion and shear stress, suggesting that the same tyrosine kinase
might be involved in adhesion-induced and shear stress-induced
ERK1/2 activation. A model for cell proliferation that includes
convergent effects of growth factors and cell adhesion has
been proposed by Schwartz et al. (17). We propose a modifica-
tion of this model based on the concept that shear stress acti-
vates both c-Src–dependent and integrin-dependent events
which converge at ERK1/2. In this model, Src activation causes
Shc phosphorylation, binding of GRB2, and activation of Sos
and Ras. Activation of Ras causes Raf translocation and acti-
vation leading to ERK1/2 activation (42). Conversely, integrin
activation causes recruitment of multiple proteins to focal ad-
hesion contacts including GRB2 (43), and integrin activation
has been shown to activate Ras in NIH 3T3 fibroblasts (44)
which leads to ERK1/2 activation as described above. The im-
portance of this pathway in shear stress signal transduction is
suggested by the preliminary report that flow activates Ras in
endothelial cells (45). Future studies will be required to iden-
tify the molecules recruited to focal adhesion contacts in re-
sponse to shear stress.

In summary, the present study in concert with work of oth-
ers (36) suggest that the rapid events stimulated by mechanical
force (e.g., shear stress, mechanical strain, and cell adhesion)
share a common herbimycin A–sensitive pathway. We propose
that c-Src is an important component of this pathway. How-
ever, shear stress and strain differ from adhesion by their rela-
tive lack of dependence on FAK phosphorylation. Shear stress
and strain differ in that shear stress-mediated activation of
ERK1/2 is less dependent than strain on the integrity of actin
filament assembly. These results suggest that there are several
mechanotransduction sensors and pathways, a concept sup-
ported by genetic studies in Caenorhabditus elegans where at
least 12 genes involved in mechanotransduction have been
identified (46). Understanding the mechanisms by which c-Src
is activated by mechanical forces should provide important in-
sight into the nature of these mechanosensors in mammalian
cells.
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