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de Montréal, Montréal H3C 3J7, Canada

Submitted April 26, 2002; Revised November 27, 2002; Accepted December 9, 2002
Monitoring Editor: Tony Hunter

Oxidative stress induces in endothelial cells a quick and transient coactivation of both stress-activated
protein kinase-2/p38 and extracellular signal-regulated kinase (ERK) mitogen-activated protein kinases.
We found that inhibiting the ERK pathway resulted, within 5 min of oxidative stress, in a misassembly of
focal adhesions characterized by mislocalization of key proteins such as paxillin. The focal adhesion
misassembly that followed ERK inhibition with the mitogen-activated protein kinase kinase (MEK) inhib-
itor PD098059 (2�-amino-3�-methoxyflavone) or with a kinase negative mutant of ERK in the presence of
H2O2 resulted in a quick and intense membrane blebbing that was associated with important damage to
the endothelium. We isolated by two-dimensional gel electrophoresis a PD098059-sensitive phosphopro-
tein of 38 kDa that we identified, by mass spectrometry, as tropomyosin-1. In fact, H2O2 induced a
time-dependent phosphorylation of tropomyosin that was sensitive to inhibition by PD098059 and UO126
(1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]butanediane). Tropomyosin phosphorylation was also
induced by expression of a constitutively activated form of MEK1 (MEKCA), which confirms that its
phosphorylation resulted from the activation of ERK. In unstimulated cells, tropomyosin-1 was found
diffuse in the cells, whereas it quickly colocalized with actin and stress fibers upon stimulation of ERK by
H2O2 or by expression of MEKCA. We propose that phosphorylation of tropomyosin-1 downstream of ERK
by contributing to formation of actin filaments increases cellular contractility and promotes the formation
of focal adhesions. Incidentally, ML-7 (1-[5iodonaphthalene-1-sulfonyl]homopiperazine, HCl), an inhibitor
of cell contractility, inhibited phosphorylation of tropomyosin and blocked the formation of stress fibers
and focal adhesions, which also led to membrane blebbing in the presence of oxidative stress. Our finding
that tropomyosin-1 is phosphorylated downstream of ERK, an event that modulates its interaction with
actin, may lead to further understanding of the role of this protein in regulating cellular functions associated
with cytoskeletal remodeling.
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INTRODUCTION

Actin polymerization and remodeling are centrally involved
in many cellular functions that include motility, migration,
division, endocytosis, and gene expression. They also con-
tribute to apoptosis and pathological processes such as in-
flammation and cardiac hypertrophy. Regulation of actin
organization and dynamics is a highly complex process that
involves a number of actin-binding proteins, including cap-
ping, branching, severing, sequestering, and cross-linking
proteins. Actin homeostasis further involves binding to
membrane-anchoring proteins located in focal adhesion
sites. Focal adhesions are sites of cell attachment to the
extracellular matrix. Their assembly is induced by increased
cellular contractility and is characterized by the recruitment
of signaling molecules such as focal adhesion kinase and
paxillin, and of structural and membrane actin-anchoring
proteins such as vinculin and tensin (Chrzanowska-Wod-
nicka and Burridge, 1996; Ridley, 1999; Turner, 2000). These
proteins provide a link allowing the anchorage of stress
fibers to the membrane and to integrins. All the actin-bind-
ing proteins are under the regulation of a complex network
of bidirectional outside-in and inside-out signaling cascades
that integrate the signals that lead to the proper organization
and dynamics of the microfilament cytoskeleton.

Tropomyosins encompass a large family of actin regula-
tory proteins that are expressed by muscle and nonmuscle
cells. Nonmuscle cells express multiple isoforms of tropo-
myosin that are encoded by a combination of multiple genes
some of which contain alternative promoters and some of
which exhibit alternative splicing of primary mRNA tran-
scripts (Lees-Miller and Helfman, 1991). The various forms
of nonmuscle tropomyosins are regrouped into high-
(�34–40 kDa, e.g., TM1, TM2, TM3, and TM6) and low-
molecular-weight tropomyosin isoforms (�28–32 kDa, e.g.,
TM5) (Warren et al., 1995). A dynamic balance between the
low- and high-molecular-weight tropomyosin tightly regu-
lates microfilament organization. For instance, the transition
of lens epithelial cells, from the undifferentiated to the dif-
ferentiated state, is characterized by a shift in tropomyosin
isoform expression from high molecular weight to low mo-
lecular weight and by a resulting reorganization of actin,
from stress fibers to cortical F-actin (Fischer et al., 2000). The
mechanisms by which tropomyosin contributes to regulate
the integrity of the microfilament organization and functions
are still ill defined. The lower molecular weight tropomyo-
sins have a weaker actin-binding capacity than the high-
molecular-weight tropomyosins. They are found in both
ruffles and stress fibers, whereas the high-molecular-weight
tropomyosins are found mostly in stress fibers (Lees-Miller
and Helfman, 1991). The low-molecular-weight isoforms are
mostly involved in the regulation of motile process, whereas
the high-molecular-weight isoforms are implicated in micro-
filament protection and organization (Warren et al., 1995). In
vitro, the high-molecular-weight isoforms of tropomyosin
protect actin filaments against severing by gelsolin. In vivo,
tropomyosin-1 null yeasts have less stable actin bundles
(Ishikawa et al., 1989; Liu and Bretscher, 1989). The non-
muscle cell tropomyosin-mediated modulation of actin
properties underlies the regulation of basal cellular func-
tions such as cell division, cell migration, extension of neu-
ronal growth cone, movement of cytoplasmic organelles,

and protein sorting (Pelham et al., 1996; Gunning et al., 1998;
Lee et al., 2000; Wong et al., 2000). Tropomyosins possess
multiple potential phosphorylatable sites that seem to be
involved in modulating association with actin (Watson et al.,
1988; Sano et al., 2000). In rabbit striated muscle, phosphor-
ylation of ��-tropomyosin is associated with increased my-
osin Mg2�/ATPase activity in vitro (Heeley et al., 1989). A
250-kDa kinase responsible for phosphorylating tropomyo-
sin in chicken embryo has been described previously (de-
Belle and Mak, 1987). However, nothing more is known
concerning the kinases and phosphatases that regulate the
phosphorylation status of tropomyosins. Interestingly, tro-
pomyosins are among the most abundant cytoskeletal pro-
teins in various types of endothelial cells (Patton et al., 1990).
This suggests that they play important roles in regulating
the numerous functions of endothelial cells associated with
cytoskeletal remodeling.

Membrane blebbing is an early manifestation of toxicity
both in vitro and in vivo (Gores et al., 1990). It typically
results from alterations of the microfilament organization in
response to insult. Notably, membrane blebbing is associ-
ated with new actin polymerization, increased actin-myosin
contractile force, and loss of focal adhesions (Mills et al.,
1998; Leverrier and Ridley, 2001; Kanthou and Tozer, 2002).
In endothelial cells exposed to oxidative stress, disruption of
focal adhesion assembly by chemical inhibition of the extra-
cellular signal-regulated kinase (ERK) mitogen-activated
protein (MAP) kinase pathway results in a quick and intense
membrane blebbing activity that requires stress-activated
protein kinase-2/p38 (SAPK2/p38)-heat shock protein
(HSP)27-mediated enhanced polymerization of F-actin
(Huot et al., 1998). Membrane blebbing is associated with
cytoplasmic and nuclear manifestations of apoptosis, and
depending on the cellular context may be caspase dependent
or caspase independent (McCarthy et al., 1997; Huot et al.,
1998; Lavoie et al., 2000; Coleman et al., 2001; Sebbagh et al.,
2001). In addition to its role in apoptosis, membrane bleb-
bing may have deleterious consequences in vivo. In endo-
thelial cells, membrane blebbing leads to a narrowing of the
vascular lumen associated with increased vascular resis-
tance, which may ultimately lead to cardiac failure (Becker
and Ambrosio, 1987). Bleb shedding from ischemic renal
tubule cells may lead to tubular obstruction (Phelps et al.,
1989). In liver, bleb shedding from hepatocytes seems to be
responsible for the release in the bloodstream of viral anti-
gens such as hepatitis B (Gores et al., 1990).

In the present study, we report, for the first time, that
tropomyosin-1 is phosphorylated downstream of ERK either
after exposure to H2O2 or by expression of a constitutively
activated form of mitogen-activated protein kinase kinase
(MEK)CA. We also present evidence suggesting that the
phosphorylation of tropomyosin-1 regulates its association
with F-actin and that it is required for the proper assembly
of focal adhesion, and for the bundling and anchorage of
F-actin into stress fibers. When phosphorylation of tropomy-
osin-1 is impaired by ERK inhibition with PD098059 (2�-
amino-3�-methoxyflavone) or by a dominant negative form
of ERK, focal adhesion assembly is impaired, which results
in membrane blebbing and damage to the endothelial bar-
rier and increased permeability.
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MATERIALS AND METHODS

Materials
H3[32P]O4 was purchased from Amersham Biosciences (Montréal,
QC, Canada). H2O2, fluorescein isothiocyanate (FITC)-phalloidin,
ML-7 (1-[5iodonaphthalene-1-sulfonyl]homopiperazine, HCl),
and endothelial cell growth supplement were from Sigma-Al-
drich (Oakville, ON, Canada). PD098059 and UO126 (1,4-dia-
mino-2,3-dicyano-1,4-bis[2-aminophenylthio]butanediane) were
purchased from Calbiochem (San Diego, CA) and Promega (Mad-

ison, WI), respectively, and were diluted in dimethyl sulfoxide
(DMSO) to make stock solutions of 20 mM. Chemicals for elec-
trophoresis were obtained from Bio-Rad (Mississauga, ON, Can-
ada) and Fisher Scientific (Montréal, QC, Canada).

Antibodies
Anti-paxillin mouse antibody was purchased from BD Transduction
Laboratories (Mississauga, ON, Canada). Anti-Myc tag (9E10) and
anti-hemagglutinin (HA) tag (12Ca5) mouse antibodies were gifts

Figure 1. Inhibition of ERK MAP
kinase in the presence of H2O2 leads
to early membrane blebbing. Expo-
nentially growing HUVECs were ei-
ther untreated (A) or treated with
vehicle alone (0.25% DMSO, 60 min;
B) or they were pretreated with the
MEK inhibitor PD098059 (50 �M)
for 60 min and treated or not (C)
with 250 �M H2O2 for 5 min (D), 15
min (E), or 30 min (F). In G, expo-
nentially growing HUVECs were
pretreated with vehicle (0.25%
DMSO, 60 min; filled circles) or with
PD098059 (50 �M, 60 min; unfilled
circles) and then were treated with
250 �M H2O2 for increasing periods
of times. Blebbing cells were visual-
ized by fluorescence microscopy,
counted, and means from two sep-
arate experiments were calculated.
In H, PAECs were transfected with
vector expressing either �-galactosi-
dase, wild-type ERK1 MAP kinase
fused to HA tag, or kinase dead
ERK1T192A MAP kinase fused to
HA tag. To make sure that MAP
kinase kinase upstream of ERK was
not limiting, transfection with ERK1
was supplemented with vector-ex-
pressing wild-type MEK1. Cells
were treated (gray bars) or not
(black bars) with 500 �M H2O2 for
60 min. Blebbing HA-stained cells
were visualized by fluorescence mi-
croscopy, counted, and means from
two separate experiments were cal-
culated. Membrane blebbing has
been quantitated by counting the
number of blebbing cells over a total
of 500 cells counted in different rep-
resentative fields. In each experi-
ment, cells were fixed, permeabil-
ized, and stained for F-actin by
using FITC-phalloidin and for HA
tag by using 12Ca5 antibody (H
only) as described in MATERIALS
AND METHODS.
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from Dr. Jacques Landry (Université Laval, Québec). Anti-ERK2 is a
rabbit polyclonal antibody raised against a synthetic peptide that
corresponds to the 14 carboxy-terminal amino acids of rat ERK2
(Huot et al., 1997). Anti-tropomyosin monoclonal mouse antibody
was purchased from Sigma-Aldrich. Anti-MEK1 #9 rabbit poly-
clonal antibody was a gift from Dr. Jean Charron (Université Laval,
Québec). Monoclonal and polyclonal anti-phospho-ERK antibodies
were purchased from Cell Signaling Technology (Beverly, MA).

Cells
Human umbilical vein endothelial cells (HUVECs) were isolated by
collagenase digestion of umbilical veins from undamaged sections
of fresh cords (Huot et al., 1997). Briefly, the umbilical vein was
cannulated, washed with Earle’s balanced salt solution, and per-
fused for 10 min with collagenase (1 mg/ml) in Earle’s balanced salt
solution at 37°C. After perfusion, the detached cells were collected,
the vein was washed with 199 medium, and the wash-off was
pooled with the perfusate. The cells were washed by centrifugation
and plated on gelatin-coated 75-cm2 culture dishes in 199 medium
containing 20% heat-inactivated fetal bovine serum, endothelial cell
growth supplement (60 �g/ml), glutamine, heparin, and antibiotics.
Replicated cultures were obtained by trypsinization and were used
at passages �5. The identity of HUVECs as endothelial cells was
confirmed by their polygonal morphology and by detecting their
immunoreactivity for factor VIII-related antigens. Porcine aortic
endothelial cells (PAECs) were cultivated in F-12 medium contain-
ing 10% fetal calf serum. Cultures were incubated at 37°C in a
humidified atmosphere containing 5% CO2.

Plasmids and Adenoviral Vectors
Plasmid pCH110, expressing �-galactosidase, was purchased from
Amersham Biosciences. Plasmid pcDNANeo-HAP-Mapk was a gift
from Dr. Sylvain Meloche (IRCM, Montréal) and expresses wild-
type human MAP kinase ERK1 fused to HA tag. Plasmids pcDNA-
Neo-MapkT192A and pECE-HA-Mapkk were a gift from Dr.
Jacques Pouysségur (Institute of Signaling, Nice, France) and ex-
press human ERK1 kinase dead and the wild-type human MAP
kinase kinase MEK1, respectively, and are both fused to HA tag.
Adenoviral vectors carrying �-galactosidase and constitutively ac-
tive MEK1 (MEKCA) were given by Drs. Claude Gravel (Université
Laval, Québec) and Sakae Tanaka (University of Tokyo, Tokyo,
Japan) (Miyazaki et al., 2000), respectively.

Gene Transfer
Exponentially growing PAECs were plated 24 h before lipofection
(10,000 cells/Lab-Tek well). Cells were incubated with 55 ng of
plasmids expressing �-galactosidase, ERK1, or ERKT192A kinase
dead along with 55 ng of plasmid expressing MEK1 with a ratio of
4:1 of Tfx50 (Promega) for 2 h in the absence of serum. Cells were
then overlaid with 0.5 ml of complete medium, and assays were
done 24 h posttransfection. In HUVECs, gene transfer was achieved
by using adenoviral constructs containing LacZ or MEKCA genes.
Briefly, HUVECs were plated for 24 h before the addition for 6 h of
adenoviral vector suspensions to the monolayers of HUVEC cul-
tures. The infection media were then changed for fresh media.
Sixteen to 48 h later, depending on the experiments, the cells, whose
80% expressed the protein, were treated and used for experiments

Immunoprecipitation
After treatments, cells were lysed in 75 �l of buffer B (150 mM NaCl,
50 mM Tris-HCl pH 7.5, 1% Triton X-100, 0.1% sodium deoxy-
cholate, 2 mM EDTA, 2 mM EGTA, 1 mM Na3VO4, 1 mM leupeptin,
50 �g/ml pepstatin, and 1 mM phenylmethylsulfonyl fluoride
[PMSF]). Samples were diluted three times and precleared with 10
�l of a 50% (vol/vol) protein G-Sepharose suspension for 15 min
with shaking on ice. Supernatants were incubated on ice for 90 min

with 8 �l of mouse monoclonal anti-tropomyosin antibody, and
then 10 �l of 50% (vol/vol) protein G-Sepharose (Amersham Bio-
sciences) was added and incubation was extended for 30 min on ice
with shaking. Antibody–antigen complexes were washed four times
with buffer B and then SDS-PAGE loading buffer was added. Pro-
teins were separated through SDS-PAGE, and the gel was dried or
transferred onto nitrocellulose for Western blotting by using anti-
tropomyosin.

Kinase Assays
ERK kinase activity was assayed in immune complexes after immu-
noprecipitation of cell extracts by using the rabbit polyclonal anti-

Figure 2. Inhibition of ERK MAP kinase in the presence of H2O2 is
associated with disruption of the endothelial layer. HUVECs (4 �
104) were plated in Lab-Tek chambers and grown to confluence (72
h). They were then pretreated with vehicle (0.25% DMSO, 60 min;
A–D) or with PD098059 (50 �M, 60 min; E–H) and thereafter were
treated or not (A, B, G, and H) with 250 �M H2O2 for 30 min (C–F).
After treatments, cells were fixed, permeabilized, and stained for
F-actin by using FITC-phalloidin as described in MATERIALS AND
METHODS. Endothelial layers were visualized at 20� magnifica-
tion by phase contrast (A, C, E, and G) and by fluorescence micros-
copy after staining for F-actin (B, D, F, and H).
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ERK2 (Huot et al., 1997). The assays were carried out in 25 �l of
kinase buffer K: 100 �M ATP, 3 �Ci of [�-32P]ATP (3000 Ci/mmol),
40 mM p-nitrophenyl phosphate, 20 mM 3-(N-morpholino)propane-
sulfonic acid pH 7, 10% glycerol, 10 mM MgCl2, 0.05% Triton X-100,
1 mM dithiothreitol, 1 mM leupeptin, 0.1 mM PMSF. The kinase
activity was assayed for 30 min at 30°C and was stopped by the
addition of 10 �l of SDS-PAGE loading buffer. Immunoprecipitated
ERK2 was assayed using myelin basic protein as substrate (Huot et
al., 1997) and was evaluated by measuring incorporation of the
radioactivity into the specific substrates after resolution by SDS-
PAGE and quantification using PhosphorImager (Molecular Dy-
namics, Sunnyvale, CA). ERK activity has also been evaluated by
Western blotting with monoclonal anti-phospho ERK antibody (Cell
Signaling Technology) that recognizes the phosphorylated form of
ERK.

In Vivo Phosphorylation

HUVECs plated in 35-mm Petri dishes were incubated in PO4-free
medium for 1 h before being labeled with H3[32P]O4 (60–200 �Ci/
ml) for 90 min. Cells were treated and were extracted in IEF buffer
(3.4% CHAPS, 1.2 M �-mercaptoethanol, 2.7% ampholytes 4–6,
0.7% ampholytes 3–10, 17 mM NaF, 1.7 mM EDTA, 1.7 mM PMSF,
1 mM Na3VO4, 15 M urea) for two-dimensional (2D) separation, or
in buffer B for immunoprecipitation experiments. In some experi-
ments, NaF (1 mM for 1 h) was added to the incubation medium to
inhibit phosphatases and to allow the accumulation of phosphory-
lated tropomyosin. It has been shown that endothelial cells remain
100% viable after 2-h treatment to concentrations of NaF up to 20
mM (Wang et al., 2001).

Figure 3. Early membrane blebbing
is associated with focal adhesion mis-
assembly. Exponentially growing
HUVECs were pretreated with vehi-
cle (0.25% DMSO, 60 min; A–D) or
with PD059098 (50 �M, 60 min; E–H),
and then they were treated or not (A,
B, G, and H) with 250 �M H2O2 for 5
min; (C–F). After treatments, cells
were fixed, permeabilized, and
stained for F-actin by using FITC-
phalloidin and for paxillin by using
anti-paxillin monoclonal antibody as
described in MATERIALS AND
METHODS. Open arrowheads show
intact cells and white arrow heads
show cells that begin to bleb.
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2D Gel Electrophoresis
After in vivo phosphorylation, cells were extracted in IEF buffer and
were run for 16 h into pH 4.0–6.0 isofocusing electrophoresis gels.
Gels were incubated for 10–15 min in loading buffer before being
run into 8.5% SDS-PAGE. Gels were dried and exposed for imaging
with PhosphorImager (Molecular Dynamics). Control gels run sim-
ilarly, but not dried, were used to cut the spots of interest on the
exposed gels. To further separate the tropomyosin isoforms, cells
extracted in IPG buffer (7 M urea, 4% CHAPS, 20 mM EDTA, 0.5%
IPG buffer pH 4.5–5.5) were run overnight on 18-cm Immobilon
Drystrip pH 4.5–5.5 on an IPGPhor (Amersham Biosciences). There-
after, gels were run into 8.5% SDS-PAGE, transferred onto nitrocel-
lulose membranes, and processed for immunodetection.

Mass Spectrometry Analysis
Mass spectrometry was performed by Dr. Nick Morrice (Medical
Research Council Protein Phosphorylation Unit, University of
Dundee, Dundee, United Kingdom). Tryptic peptides were ana-
lyzed on an Elite STR matrix-assisted laser desorption/time of flight
(MALDI-TOF) mass spectrometer (Applied Biosystems, Foster City,
CA) with saturated �-cyanocinnamic acid as the matrix. The mass
spectrum was acquired in the reflector mode and was internally
mass calibrated. The tryptic peptide ions obtained were scanned
against the Swiss-Prot and Genpep databases by using the MS-
FIT program of Protein Prospector developed by Karl Clauser and
Peter Baker (http://proteomics.biotech.vt.edu/ucs/html4.0/instruct/
Fitman.htm).

Fluorescence Microscopy
Confocal microscopy was used for immunofluorescence visualiza-
tion of F-actin, tropomyosin, paxillin, and phospho-ERK (Huot et al.,
1997). The cells were plated on gelatin-coated Lab-Tek (Nalge Nunc,
Naperville, IL) dishes. After treatment, they were fixed with 3.7%
formaldehyde and permeabilized with 0.1% saponin in phosphate-
buffered saline, pH 7.5. F-actin was detected using FITC-conjugated
phalloidin (33.3 �g/ml) diluted 1:50 in phosphate buffer. Appropri-
ate antibodies were used for antigen staining. Antigen–antibody
complexes were detected with biotin-labeled anti-mouse IgG and
were revealed with Texas Red-conjugated streptavidin. The cells
were examined by confocal microscopy with an MRC-1024 imaging
system (Bio-Rad) mounted on a Diaphot-TDM (Nikon, Tokyo, Ja-
pan) equipped with a 60� objective lens with a 1.4 numerical
aperture (Huot et al., 1997). For triple labeling, antigen–antibody
complexes were detected using anti-mouse IgG antibody coupled to
FITC, anti-rabbit IgG antibody coupled to AMCA (7-amino-4-meth-
yl-coumarin-3-aceticacid),whereasF-actinwasdetectedusingrhoda-
mine-phalloidin. The cells were examined under fluorescent micros-
copy with an Eclipse E600 (Nikon) equipped with a 40� 0.85

Figure 4. MALDI-TOF identification of tropomyosin-1 as a down-
stream target of ERK. (A) Exponentially growing HUVECs were
labeled with H3[32P]O4 and were pretreated with vehicle (0.25%
DMSO, 60 min; top) or with PD098059 (50 �M, 60 min; bottom).
They were then treated or not (left) with 250 �M H2O2 for 15 min
(right). Proteins were extracted and run into IEF (pH 4–6) gels and
in a second dimension into 8.5% SDS-PAGE. Representative auto-
radiograms from four separate experiments are shown. (B) In a
separate experiment, spots circled in A were excised and processed
for MALDI-TOF analysis. Database searching identified the protein
as tropomyosin-1 with eight matching peptides that represent 23%
sequence coverage. In C, exponentially growing HUVECs were
extracted and processed for 2D electrophoresis as in A. The gel was
transferred on nitrocellulose membrane and processed for immu-
nodetection by using a monoclonal anti-tropomyosin antibody that
cross-reacted with the different isoforms of tropomyosin.

ERK Phosphorylation of Tropomyosin

Vol. 14, April 2003 1423



numerical aperture objective lens. Images were captured as 16-bit
TIFF files with a Micromax 130 YHS cooled (�30°C) camera (Prince-
ton Instruments, Trenton, NJ) driven by MetaMorph software (Uni-
versal Imaging, Downingtown, PA).

RESULTS

ERK Inhibition in Presence of Oxidative Stress
Leads to Early Membrane Blebbing of Endothelial
Cells and to Disruption of Endothelial Layer
Oxidative stress induces in endothelial cells a quick and
marked activation of the SAPK2/p38 and ERK MAP kinases
(Huot et al., 1997). Activation of SAPK2/p38 results in an
increased actin polymerization and in a massive actin reor-
ganization into transcytoplasmic stress fibers (Huot et al.,
1998; Figure 3C). In both cases, this depends on the phos-
phorylation of the actin-polymerizing factor HSP27 by mi-
togen-activated kinase kinase-activated protein kinase-2, a
direct downstream target of SAPK2/p38 (Huot et al., 1997,
1998). Intriguingly, polymerized F-actin could not assemble
into stress fibers and remained at the periphery of the cells
when H2O2-induced activation of ERK was inhibited with
PD098059. In those conditions, small patches of actin began
to form within 5 min (Figure 1, A–D), which quickly evolved
in membrane blebbing with actin remaining at the periphery
of the blebs (Figure 1, E and F). After 60 min of exposure to
250 �M H2O2, 40–60% of the cells, in which ERK was
blocked with PD098059, exhibited intense membrane bleb-
bing (Figure 1G). Yet, 95% of cells remained attached. Sim-
ilar results were obtained in porcine aortic endothelial cells
cotransfected with a wild-type MAP kinase kinase MEK1
and kdERK1, a mutant form of ERK1 that acts as dominant
negative and suppresses 70% of both ERK1 and ERK2 activ-
ities in response to growth factors (Figure 1H; Pages et al.,
1993). Treating these transfected cells with H2O2 resulted in
membrane blebbing in �40% of the treated cells expressing
kdERK1. In contrast, blebbing was found in only 12% of the
H2O2 cells that were transfected with an irrelevant protein,
�-galactosidase. As shown in Figure 2, membrane blebbing
was associated with cell shrinking, dismantling of cell-cell
contacts, and a marked increase in the interendothelial
spaces in tight confluent cultures of HUVECs that mimic an
in situ endothelial layer. The disruption of the endothelial
layer after exposure to PD098050 plus H2O2 was associated
with an approximately twofold increase in the transendo-
thelial permeability to albumin of a layer of endothelial cells
by using either a Boyden chamber or a perfused rat mesen-
teric venules as models (our unpublished data). Overall,
these results indicated that ERK inhibition in the presence of
oxidative stress induced early manifestations of endothelial
toxicity that are characterized by membrane blebbing and
loss of endothelial barrier integrity.

Figure 5. H2O2 induces a time-dependent phosphorylation of tro-
pomyosin that is inhibited by inhibitors of the ERK pathway. (A)
Exponentially growing HUVECs were labeled with H3[32P]O4 and
were pretreated simultaneously with the phosphatase inhibitor NaF
(1 mM) and with vehicle (0.25% DMSO, 60 min; lanes 1 and 2), or
with PD098059 (50 �M, 60 min; lane 3) or with UO126 (50 �M, 60
min; lanes 4 and 5) and treated for 30 min with 250 �M H2O2 (lanes
2–4). Proteins were extracted, immunoprecipitated using anti-tro-
pomyosin antibody, and antigen–antibody complexes were run into
8.5% SDS-PAGE. Representative autoradiogram from two separate
experiments is shown. (B) Exponentially growing HUVECs were
pretreated with vehicle (0.25% DMSO, 60 min) or for 60 min with
increasing concentration of MEK inhibitor UO126 and treated or not
with 500 �M H2O2 for 30 min. After treatment, cells were extracted
and processed for ERK kinase assay using myelin basic protein as

substrate as described in MATERIALS AND METHODS. (C) Expo-
nentially growing HUVECs were labeled with H3[32P]O4 and were
pretreated with vehicle (0.25% DMSO, 60 min) along with phospha-
tase inhibitor NaF (1 mM) and were treated for increasing time with
250 �M H2O2. Proteins were extracted and immunoprecipitated
using mouse monoclonal anti-tropomyosin antibody. Antigen–an-
tibody complexes were run into 8.5% SDS-PAGE, and tropomyosin
bands were quantified using PhosphorImager. Means with error
bars from three separate experiments are shown.
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Early Membrane Blebbing Is Associated with a
Defect in the Assembly of Focal Adhesions
As shown in Figure 1, a major feature of membrane bleb-
bing is that F-actin remains at the periphery of the cells
and cannot assemble into stress fibers. In response to
oxidative stress, bundling of actin into stress fibers is
found in 70% of the cells, and it is associated with an
increased actin polymerization and requires their anchor-
age to focal adhesions after the recruitment of focal ad-
hesion proteins to the adhesion plaques. Inhibition of ERK
with PD098059 did not inhibit the 1.5-fold increase in
F-actin polymerization induced by H2O2 (our unpub-
lished data), but it impaired the proper assembly of focal
adhesion proteins at the ventral adhesion plaques. This is
illustrated in Figure 3 that shows that in control cells and
cells treated with PD098059, paxillin was found mainly at
the base of lamellipodia (Figure 3, A, B, G, and H). In cells
treated with H2O2, paxillin was recruited, within 5 min, to
ventral adhesion plaques (Figure 3, C and D), whereas it
was not recruited to and/or was lost from peripheral
adhesions and remained diffuse in the cytoplasm in the
cells that begin to bleb in the presence of PD098059 plus
H2O2 (Figures 3, E and F; see white arrowheads). Overall,
these findings suggest that membrane blebbing, when
induced by oxidative stress in HUVECs in which ERK is
inhibited, may result form a defect in the proper organi-
zation of focal adhesions. Of note, in contrast to previous
findings in hepatocytes (Miyoshi et al., 1996), the defect in
the assembly of focal contacts that underlie membrane
blebbing was independent of calpain activation. Indeed,
neither H2O2 alone nor H2O2 in the presence of PD098059
increased the activity of calpain (our unpublished data).

Mass Spectrometry Identification of Tropomyosin-1
as a Downstream Target of ERK Activation by
Oxidative Stress
Because membrane blebbing induced by oxidative stress is
associated with a misassembly of focal adhesions in cells in

which ERK was inhibited, we hypothesized that the assem-
bly of focal contacts in the presence of oxidative stress
required the phosphorylation of a protein downstream of
ERK. To verify this possibility, HUVECs labeled with
H3[32P]O4 were pretreated in the presence or not of
PD098059 (50 �M for 60 min) and were treated or not with
250 �M H2O2 for 15 min. Proteins were extracted and sep-
arated by 2D gel electrophoresis. Thereafter, the gels were
either stained to visualize the spots or dried and exposed for
autoradiography. Among the spots phosphorylated by H2O2
and sensitive to inhibition by PD098059, two of them had a
pI of �4.9 and an Mr of �38 kDa (Figure 4A). They were
pooled and analyzed by MALDI-TOF mass spectrometry.
Data base searching indicate that the spots correspond to a
single protein identified as tropomyosin-1 with eight match-
ing peptides representing 23% of the sequence coverage and
a MOWSE score �70 (Figure 4B). Western blotting by using
an anti-tropomyosin antibody that cross-reacted with vari-
ous isoforms of tropomyosin revealed six spots around a pI
of 4.9 and 38 kDa. The two fastest migrating of these spots
likely correspond to the spots of the autoradiogram that we
have identified by mass spectrometry as tropomyosin-1 (Fig-
ure 4C). We next ascertained that tropomyosin was phos-
phorylated and that the phosphorylation resulted from ERK
activation. HUVECs incubated with H3[32P]O4 were treated
or not for varying periods of time with H2O2 or H2O2 after
UO126 or PD098059, two unrelated inhibitors of the ERK
pathway (Figure 5, A–C; Huot et al., 1998). Extracts were
then prepared and tropomyosin-1 was immunoprecipitated
and run into SDS-PAGE. Results showed that oxidative
stress induces a threefold increase in the phosphorylation of
tropomyosin that started at 5 min and was maximal at 30
min (Figure 5C). The H2O2-induced phosphorylation of tro-
pomyosin was inhibited by inhibiting ERK, both with
PD098059 or UO126, which was consistent with the fact that
tropomyosin is a downstream target of ERK or of an ERK-
dependent kinase (Figure 5, A and B). To further ascertain
that tropomyosin was phosphorylated downstream of ERK,
we performed 2D gel analysis and immunoblotting for total

Figure 6. Tropomyosin is phos-
phorylated in cells in which ERK
is activated by expression of a
constitutive activated form of
MEK1. (A) Exponentially grow-
ing HUVECs were infected or not
with varying quantity of adeno-
viral vector carrying �-galactosi-
dase or MEKCA. Twenty-four
hours later, cells were treated
with 250 �M H2O2. Proteins were
extracted, run into 8.5% SDS-
PAGE, and transferred on nitro-
cellulose membrane. Immuno-
dectections with monoclonal
mouse anti-phospho-ERK antibody and rabbit polyclonal anti-MEK1 #9 antibody are shown. (B) Exponentially growing HUVECs were
pretreated or not with vehicle (0.25% DMSO, 60 min) or with PD098059 (50 �M, 60 min; PD) and were treated or not for 30 min with 250
�M H2O2. Bottom left, exponentially growing HUVECs were infected with 15 �l of adenoviral vector carrying MEKCA. Proteins were
extracted in IPG buffer (pH 4.5–5.5) and separated on IPGPhor as described in MATERIALS AND METHODS. IEF gels were run into 8.5%
SDS-PAGE for the second dimension. The gel was transferred on nitrocellulose membrane and processed for immunodetection with
monoclonal anti-tropomyosin antibody that cross-reacted with the different isoforms of tropomyosin. Shift of the relevant tropomyosin-1
spots toward the acidic forms (P, phosphorylated) is indicated by arrows. Representative autoradiogram from two separate experiments is
shown.
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tropomyosin in cells that have been treated with H2O2 in the
presence or not or PD098059. We also made the same type of
experiment in cells that express MEKCA after adenoviral-
mediated infection. The results showed that, in control con-
ditions, tropomyosin-1 exists under both nonphosphory-
lated and phosphorylated forms, which is consistent with
our one-dimensional phosphorylation data. Treatment with
H2O2 triggered a shift of the spot corresponding to nonphos-
phorylated tropomyosin-1 toward the acidic form, support-
ing its phosphorylation. The shift was blocked by PD098059,
suggesting that it was ERK dependent (Figure 6B). Expres-
sion of MEKCA in concentration that increases to approxi-
mately fivefold the activity of ERK1/2 (Figure 6A), also
induced a similar shift of tropomyosin toward the acidic
form (Figure 6B). Together, these findings indicate that tro-
pomyosin-1 is phosphorylated downstream of the ERK
pathway in response to H2O2. From the 2D experiment we
estimated to �40% the amount of tropomyosin phosphory-
lated in response to H2O2, as well as by expression of
MEKCA.

ERK-mediated Phosphorylation of Tropomyosin-1 Is
Associated with Formation of Stress Fibers
Tropomyosin is known to associate with actin in vitro (Sen
et al., 2001; Cooper 2002). We thus, verified whether phos-
phorylation of tropomyosin-1 modulates its association with
actin filaments in vivo. Cells were treated, fixed, permeabil-
ized, and then processed for tropomyosin-1 and F-actin
staining. We found that in control HUVECs, only small
amount of tropomyosin was associated with actin at mem-
brane ruffles (Figure 7, A–C, J–L). On treatment with
H2O2, tropomyosin-1 is phosphorylated, which was ac-
companied with reorganization of the actin cytoskeleton
into stress fibers. Tropomyosin-1 was then found along
the actin stress fibers (Figure 7, D–F). In contrast, if acti-
vation of ERK is impaired with PD098059, tropomyosin is
not phosphorylated and actin could not bundle into stress
fibers. In those conditions, membrane blebbing is initiated
and tropomyosin does not colocalize with actin being
found at the periphery of the cells but outside of the blebs,
whereas tropomyosin remains in the blebs (Figure 7, G–I).
Interestingly, activation of ERK and phosphorylation of
tropomyosin by expression of MEKCA was also associated
with an increased formation of stress fibers and with the
colocalization of tropomyosin with actin stress fibers in
contrast to cells that express �-galactosidase (Figure 8,
A–F). Notably, the staining of stress fibers for both actin
and tropomyosin was more pronounced and fibrillar in

the cells that exhibit the strongest staining for phospho-
ERK taken as the reflect of MEKCA expression (Figure 8, B,
D, and F; see arrows). In contrast, cells that do not stain
for phospho-ERK do not exhibit stress fibers. Overall,
these results suggest that ERK-mediated phosphorylation
of tropomyosin-1 is involved in bundling of F-actin, pos-
sibly by favoring cross-linking of filamentous actin. This
would increase cellular tension and promote the forma-
tion of focal adhesions and then the anchorage of actin
filaments (Chrzanowska-Wodnicka and Burridge, 1996).
We thus propose that phosphorylation of tropomyosin-1
downstream of ERK acts as a switch that contributes to
increase cellular tension and then initiate the formation of
focal adhesions and anchorage of elongating stress fibers.
In this context, inhibiting cellular contractility shall be
associated with impaired phosphorylation of tropomyo-
sin and proper assembly of focal adhesion and lead to
membrane blebbing in the presence of H2O2. We test this
hypothesis by inhibiting cell contractility with ML-7, an
inhibitor of myosin light chain kinase (MLCK) (Zhong et
al., 1998) that does not affect ERK activation by H2O2
(Figure 9G). As expected, treatments of the cells with
ML-7 and H2O2 impaired, within 5 min, the H2O2-induced
formation of stress fibers and recruitment of paxilllin to
ventral focal adhesions (Figure 9, A–D). After 30 min, this
was associated with a marked decrease in the phosphor-
ylation of tropomyosin (Figure 9F) and with membrane
blebbing in �65% of the cells (Figure 9E).

DISCUSSION

In endothelial cells, oxidative stress induces an SAPK2/
p38-mediated remodeling of the actin cytoskeleton that is
characterized by increased actin polymerization and reor-
ganization into stress fibers (Huot et al., 1997). In the
absence of a concomitant activation of the ERK pathway,
focal adhesions do not assemble and polymerized actin
generated through the SAPK2/p38 pathway cannot bun-
dle into stress fibers and remains at the periphery of the
cells (Huot et al., 1998). This leads to an intense membrane
blebbing that markedly alters the integrity of the endo-
thelial layer. In the present study, we provided the first
evidence that tropomyosin-1 was phosphorylated down-
stream of ERK. We also obtained results that suggest that
ERK-mediated phosphorylation of tropomyosin-1 is re-
quired for the formation of stress fibers and for the proper
assembly of focal adhesions in endothelial cells exposed
to oxidative stress.

Focal adhesions are sites of tight adhesion between the
membrane and the extracellular matrix on one hand, and
the membrane and the cytoskeleton on the other. These
structures provide a link allowing the anchorage of stress
fibers to the membrane and to integrins. They are also the
sites of an intense inside-out and outside-in signaling
between adjacent cells and between the cells and the
extracellular matrix (Geiger et al., 2001). The findings that
oxidative stress-induced misassembly of focal adhesions
and membrane blebbing resulted from inhibition of ERK
either by PD098059 or by expression of a dominant neg-
ative form of ERK indicate that ERK activation is essential
for proper assembly of actin structures as well as focal
adhesions. The rapidity at which ERK inhibition impairs

Figure 7 (facing page). Phosphorylation of tropomyosin-1 induces
its colocalization with F-actin. Exponentially growing HUVECs
were pretreated with vehicle (0.25% DMSO, 60 min; A–F) or with
PD098059 (50 �M, 60 min; G–L), and then they were treated or not
(A–C and J–L) with 250 �M H2O2 for 5 min (D–I). After treatments,
cells were fixed, permeabilized, and stained for F-actin by using
FITC-phalloidin and for tropomyosin by using anti-tropomyosin
monoclonal antibody as described in MATERIALS AND METH-
ODS. F-actin staining (A, D, G, and J), tropomyosin staining (B, E, H,
and K and merged picture (C, F, I, and L) are shown. In merged
picture, the yellow areas represent colocalization of both proteins.
Representative fields from two separate experiments are shown.
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the assembly of focal adhesions in the presence of oxida-
tive stress is a strong suggestion that a protein phosphor-
ylated downstream of ERK, rather than ERK-mediated
neosynthesis of proteins, was involved in the assembly of
focal contacts. The major contribution of our study is to
have identified tropomyosin-1 as a target phosphorylated
downstream of ERK and to have obtained results that
suggest that its phosphorylation is associated with the
assembly of focal contacts.

The identification of tropomyosin-1 as a downstream
target of ERK has been obtained after mass spectrometry
analysis of 2D gel electrophoresis spots that were phos-
phorylated by H2O2 in control HUVECs but not in
HUVECs treated with PD098059. Thereafter, we obtained
several experimental evidences supporting the point that
tropomyosin-1 is phosphorylated downstream of ERK.
First, the in vivo phosphorylation of tropomyosin in re-
sponse to oxidative stress was markedly reduced by
PD098059 and UO126, two unrelated inhibitors of ERK
activation and activity, respectively; second, in 2D gel
analysis, H2O2-induced a PD098059-sensitive shift of tro-
pomyosin toward the acidic forms; third, a similar shift
was induced by the expression of MEKCA in concentration
that increased by fivefold the activity of ERK. It is thus
unlikely that the phosphorylation of tropomyosin-1 by
H2O2 resulted from an inhibition of phosphatases. In this
context, vascular endothelial growth factor does not in-
hibit phosphatases but it induces a PD098059-sensitive
phosphorylation of tropomyosin-1 (our unpublished
data). Intriguingly, 2D gel analysis revealed that a pool of
tropomyosin is phosphorylated under basal conditions. It
is possible that this phosphorylated pool of tropomyosin
reflects the basal level of activation of the ERK pathway.
Tropomyosin-1 contains 13 serine and six threonine resi-
dues that can be putatively phosphorylated. However,
none of these sites contain the minimum (S/TP) consen-
sus sequence for phosphorylation by ERK, nor the FXP
sequence that mediates the interaction of ERK with its
substrates (Jacobs et al., 1999). This suggests that ERK is
unlikely to be the kinase that directly phosphorylates
tropomyosin-1. Hence, tropomyosin-1 is phosphorylated
by a kinase downstream of ERK but different from ERK. A
tropomyosin kinase of 250,000 responsible for phosphor-
ylating tropomyosin in chicken embryo has been de-
scribed previously (deBelle and Mak, 1987). Whether this
kinase is downstream of the ERK pathways remains, how-
ever, to be determined. Our finding that ML-7, a known
inhibitor of MLCK, blocked the phosphorylation of tro-
pomyosin, without having affected the activation of ERK,
raised the possibility that MLCK or a kinase downstream
of MLCK is the tropomyosin kinase. Incidentally, acti-
vated ERK2 can directly activate MLCK in vitro and
MLCK has been shown to be a target of ERK after cell
exposures to growth factors, to urokinase-type plasmino-
gen activator, and after integrin engagement (Klemke et
al., 1997; Nguyen et al., 1999; Finchman et al., 2000).

Very little is known concerning the role of phosphorylated
tropomyosin except that it seems to be involved in modu-
lating association of myosin with actin and that its phos-
phorylation on S283 may increased the in vitro Mg2�/AT-
Pase of myosin (Watson et al., 1988; Heeley et al., 1989; Sano
et al., 2000). Herein, we obtained results that suggest that

phosphorylation of tropomyosin might be a major determi-
nant in bundling of F-actin in stress fibers and also in the
assembly of focal contacts. The fact that phosphorylation of
tropomyosin in the ERK pathway is involved in bundling of
actin into stress fibers is suggested by the finding that after
its phosphorylation by H2O2 or by expression of MEKCA,
tropomyosin colocalizes with F-actin along stress fibers. In
contrast, when ERK-mediated phosphorylation is blocked
with PD098059, the association between F-actin is impaired
and no stress fiber is formed. Under these conditions, mem-
brane blebbing is induced, with actin remaining at the pe-
riphery of the blebs and tropomyosin-1 remaining confined
inside of the blebs. The incapacity of actin to bundle into
stress fibers when ERK-mediated phosphorylation of tropo-
myosin is impaired might underlie focal adhesion misas-
sembly and induction of membrane blebbing.

The current dogma concerning the formation of focal
adhesions is that their assembly depends on the increased
cellular tension and contractility generated through the
enhanced actomyosin ATPase activity that results from
the interaction between actin and myosin (Chrzanowska-
Wodnicka and Burridge, 1996; Ridley, 1999; Watanabe et
al., 1999; Sastry and Burridge, 2000). In fact, agents that
inhibit contractility, either by inhibiting MLCK or actin–
myosin interactions, inhibit formation of stress fibers and
assembly of focal adhesions (Chrzanowska-Wodnicka and
Burridge, 1996). Accordingly, we found that ML-7, a po-
tent inhibitor of cell contractility, impairs the phosphor-
ylation of tropomyosin as well as the assembly of focal
adhesions and leads to membrane blebbing in the pres-
ence of oxidative stress. A major mechanism underlying
the increased cellular contractility implicates the phos-
phorylation of myosin light chain (MLC), through the
RhoA pathway. Activation of this pathway increases the
phosphorylation level of MLC via a direct phosphoryla-
tion cascade involving ROCK (Rhoa activated kinase)-
MLCK and MLC or via an indirect mechanism by which it
contributes to inhibit myosin phosphatase (Ridley and
Hall, 1992; Amano et al., 1996; Chrzanowska-Wodnicka
and Burridge, 1996). MLC phosphorylation promotes the
productive interaction of myosin heads with actin fila-
ments, thus activating myosin ATPase and generating
contractility. Increased myosin-actin contractility results
in bundling of F-actin into stress fibers and triggers the
assembly of focal adhesions (Chrzanowska-Wodnicka and
Burridge, 1996; Sastry and Burridge, 2000). Intriguingly,
tropomyosin is importantly involved in promoting the
interaction between myosin and actin in various cell sys-
tems (Lees-Miller and Helfman, 1991). Moreover, phos-
phorylated ��tropomyosin increased in vitro the Mg2�/
ATPase activity of myosin (Heeley et al., 1989), and
activation of Rho kinase-directed pathways are critical for
tropomyosin-1-mediated microfilament assemblies (Shah
et al., 2001). In accordance, we propose that ERK-mediated
phosphorylation of tropomyosin-1 by facilitating the in-
teraction between actin and myosin contributes to in-
crease cell contractility and to bundling of actin into stress
fibers. This is in line with our finding that after its phos-
phorylation, tropomyosin-1 colocalizes with stress fibers.
This is also in line with our observation that ML-7 inhibits
the phosphorylation of tropomyosin as well as the forma-
tion of stress fibers. ERK-tropomyosin–mediated forma-
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tion of bundles of stress fibers and increase cellular ten-
sion will activate the integrin-associated mechanosensing
processes, initiating the recruitment of focal adhesion pro-
teins such as paxillin to the integrin complexes and then
the assembly of focal adhesions (Riveline et al., 2001).

Membrane blebbing is an early manifestation of toxicity
that basically results from an imbalanced regulation of the
cytoskeletal organization and dynamics (Mills et al., 1999;
Lavoie et al., 2000; Kanthou and Tozer, 2002). In fact,
membrane blebbing is strictly dependent on actin poly-
merization activity. It is blocked by cytochalasin D at a
concentration that inhibits new actin polymerization
without disrupting the actin filament network. It is also
blocked by SB203580 that inhibits actin polymerization
induced by the SAPK2/p38-HSP27 pathway (Huot et al.,
1998; Deschesnes et al., 2001). Our finding that the intense
blebbing activity that resulted from inhibition of ERK in

cells exposed to H2O2 was associated with an accumula-
tion of F-actin at the periphery of the cells and at the
perimeter of the bleb is also consistent with the notion
that blebbing is subsequent to cytoskeletal disturbances.
Our observation that membrane blebbing is associated
with a quick misassembly of focal adhesions induced by
H2O2 suggests that disorganization of focal adhesions
may be causal to the cytoskeletal disturbances that under-
lies membrane blebbing. This is in line with previous
findings that show that oxidative stress-induced mem-
brane blebbing in hepatocytes is associated with increased
degradation of talin and �-actinin (Miyoshi et al., 1996).
Intriguingly, in certain cell types undergoing apoptosis,
caspase activation induces the breakdown of the autoin-
hibitory domain of the RhoA kinase ROCK, which in-
creased its activity and leads to phosphorylation of MLC
and then to membrane blebbing (Mills et al., 1998;

Figure 8. Phosphorylation of tro-
pomyosin-1 by expression of
MEKCA induces stress fiber forma-
tion and colocalization with F-ac-
tin. Exponentially growing
HUVECs were infected with ad-
enoviral vector carrying �-galacto-
sisdase or MEKCA. Forty-eight
hours later, cells were fixed, perme-
abilized, and stained for F-actin by
using rhodamine-phalloidin, for
tropomyosin by using anti-tropo-
myosin monoclonal antibody, and
for phospho-ERK (to monitor
MEKCA-expressing cells) by using
anti-phospho-ERK polyclonal anti-
body. F-actin staining (A and B),
tropomyosin staining (C and D),
and phospho-ERK staining (E and
F) are shown. Arrows indicate that
cells that stain more strongly for
phospho-ERK also stain more
strongly for both fibrillar actin and
tropomyosin. Representative fields
from two separate experiments are
shown.
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Coleman et al., 2001; Sebbagh et al., 2001). In these cells, it
is possible that caspase activation also led to a concomi-
tant breakdown of focal adhesions and that the contrac-
tility generated through the RhoA pathway, instead of
giving rise to the remodeling of actin into stress fibers,
leads to membrane blebbing. We thus propose that the
weakening of the membrane-actin and actin-substratum
linkage that results from a defective assembly of focal
adhesions due to unphosphorylation of tropomyosin com-
bined with increased actin polymerization activity gener-
ated by SAPK2/p38, may all contribute to formation of
blebs during exposure to H2O2 when ERK is blocked.
When ERK was blocked, permanent damage to the endo-
thelium was observed that was associated with a twofold
increase in endothelial permeability to albumin. This
likely results from the induced membrane blebbing that
alters the interendothelial contacts. These findings
strongly suggest that deregulation of the ERK–tropomyo-
sin pathway in the presence of oxidative stress might be
an underlying cause of endothelial dysfunction and
thereby of diseases such as atherosclerosis that are asso-
ciated with the incapacity of the endothelial cells to ade-
quately cope with oxidants. In addition, the same phe-
nomenon could contribute to increase microvascular
permeability and contribute to end-organ damage in hy-
pertension and other cardiovascular diseases (Plante et al.,
1996).

In summary, we have shown in this study that tropo-
myosin-1 is phosphorylated downstream of the ERK path-
way in endothelial cells activated by oxidative stress.
Inhibition of the ERK–tropomyosin pathway by PD098059
or a dominant negative form of ERK impaired the forma-
tion of focal adhesions and reduced the capacity of endo-
thelial cells to resist oxidative stress. This was evidenced
by the induction of intense membrane blebbing and
breakdown of the endothelial layer. We conclude that the
ERK-tropomyosin pathway is an essential determinant of
the homeostatic response and cytoskeletal remodeling of
endothelial cells to oxidative stress.
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