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Myosin Light Chain Kinase and Acto-Myosin Contractility
Modulate Activation of the ERK Cascade Downstream
of Oncogenic Ras
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Faculté de Medecine de Grenoble, 38706 La Tronche cedex, France

Abstract The actin cytoskeleton is recognized as an important component of both adhesion- and growth factor-
dependent signaling, but its role in oncogene-dependent signaling has received much less attention. In this study, we
investigated the role played by the acto-myosin cytoskeleton and its main regulators, i.e., myosin light chain kinase and
Rho kinase, in oncogenic Ki-Ras-induced signaling. We found that activation of the ERK cascade by Ras is dependent on
acto-myosin contractility, under the regulation of myosin light chain kinase but not Rho kinase. Inhibition of myosin II or
myosin light chain kinase caused a complete loss of ERK phosphorylation in a time- and dose-dependent manner, but
proved dispensable for activation of the PI3K pathway. We also provide evidence that the target of myosin light chain
kinase lays at the level of Raf activation. Since myosin light chain kinase is a target of ERK, these results suggest a previously
uncharacterized signaling pathway involving Ras-mediated alterations of the actin cytoskeleton, which might play a
critical role in ERK activation by the Ras oncogene and contribute to aberrant signaling and enhanced cell motility. In
addition, restoration of stress fibers following ectopic expression of tropomyosin 2 resulted in reduced levels of ERK
phosphorylation. Finally, these studies suggest that myosin light chain kinase but not Rho kinase plays an essential role in
the generation of ERK signaling in transformed cells and indicate distinct cellular roles for Rho-kinase and myosin light
chain kinase-dependent functions involving the regulation of acto-myosin contractility. J. Cell. Biochem. 95: 1069–1080,
2005. � 2005 Wiley-Liss, Inc.
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Actin filaments are crucial for cell migration
and the maintenance of cellular morphology. In
addition, a role for actin in cell signaling is
emerging. Signals generated by growth factor
stimulation and cell adhesion are required for
cell proliferation, and the actin cytoskeletonhas
been implicated in the integration of these
signals by forming a platform that regulates
signaling events [Assoian and Schwartz, 2001].

Most studies on the regulation of cell signaling
by the actin cytoskeleton have focused on
growth factor signaling, using cells in mono-
layer versus suspension culture, but the impor-
tance of cytoskeleton organization in oncogenic
signaling has received much less attention.
Alterations in the actin-based cytokeleton are
an established part of the neoplastic phenotype,
and it is becoming clear that such alteration
is not a byproduct of cellular transformation
but contributes to malignant transforma-
tion [Pawlak and Helfman, 2001; Rao, 2002].
These results raised the hypothesis that the
actin cytoskeleton may play a direct role in the
regulation of oncogenic signaling.

The actin cytoskeleton is a dynamic system,
in which the association of actin filaments with
the molecular motor myosin II drives the gene-
ration of intracellular contractile forces re-
quired for the formation of stress fibers and
focal adhesions [Burridge et al., 1997; Helfman
et al., 1999]. The activity of myosin II is
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controlled by phosphorylation of a serine resi-
due on its regulatory light chain (MLC) by the
enzyme myosin light chain kinase (MLCK)
[Sellers, 1991; Tan et al., 1992]. Phosphoryla-
tion of MLC byMLCK activates myosin II. This
action is opposed by dephosphorylation of the
MLC, which is mediated by a specific myosin
light chain phosphatase. The Rho kinase cata-
lyzes the inhibitory phosphorylation of myosin
light chain phosphatase [Kawano et al., 1999],
and the resulting increase in steady-state
MLC phosphorylation by MLCK promotes both
myosin filament assembly and actin-activated
myosin ATPase activity, thus generating acto-
myosin contractility [Chrzanowska-Wodnicka
and Burridge, 1996; Fukata et al., 2001]. MLC
has also been identified as a direct substrate of
Rho kinase [Amano et al., 1996; Totsukawa
et al., 2000].

The ERK (extracellular-signal regulated
kinase) cascade impacts on cell proliferation
and survival, and recent studies have demon-
strated a close link between organization of
the actin cytoskeleton and activity of the ERK
pathway. Growth factor-mediated activation of
ERKs is adhesion-dependent and relies upon
an intact cytoskeleton [Renshaw et al., 1997;
reviewed in Howe et al., 2002]. Recent studies
have also shown that stress fiber formation is
required for sustained activation of ERKs
in NIH3T3 fibroblasts, therefore allowing
cyclin D1 expression and cell cycle progression
[Roovers et al., 1999; Bottazzi et al., 2001;
Roovers and Assoian, 2003]. In addition, trans-
location of ERKs from the cytoplasm to the
nucleus is also regulated by adhesion and cyto-
skeletal integrity in fibroblasts and endothelial
cells [Aplin and Juliano, 2001a,b; Smith et al.,
2004].

The adhesion-dependent activation of ERKs
is by-passed in ras-transformed cells, leading to
constitutive activation of this pathway. Mech-
anistically, activity of oncogenic Ras might
promote adhesion-independent signaling by
causing the ERK cascade to bypass the require-
ment for cytoskeletal integrity. Alternatively,
because oncogenic Ras can profoundly affect
microfilament organization [Reuveni et al.,
2000; Sahai et al., 2001; Pawlak and Helfman,
2002], it is also possible that Ras might remodel
the actin cytoskeleton into structures required
for efficient signaling to ERK. To examine the
contribution of myosin II and the actin cyto-
skeleton to the signaling activity of the Ras

oncogene, we have measured the basal level of
ERK activation in NRK (normal rat kidney)
fibroblasts transformed by the Ki-ras oncogene
(NRK/ras cells), and cultured in the presence
of various cytoskeleton-perturbing agents. We
have found thatmyosin II andMLCK inhibitors
are potent and specific inhibitors of ERK act-
ivation, thus demonstrating the importance of
myosin II in oncogenic Ras signaling. Fur-
thermore, restoration of stress fibers following
ectopic expression of tropomyosin 2 in NRK/
ras cells resulted in reduced levels of ERK
phosphorylation, suggesting that alterations in
the actin cytoskeleton contribute to oncogene-
mediated signaling events. In addition, these
studies suggest distinct cellular roles for Rho
kinase- andMLCK-dependent functions involv-
ing the regulation of myosin II.

MATERIALS AND METHODS

Cell Culture and Pharmacological Reagents

NRK and NRK/ras cells (NRK ATCC CRL
1570 and 1569, respectively) were maintained
in DMEM containing 5% fetal bovine serum,
100U/ml penicillin, and 100 mg/ml streptomycin
in a humidified air–5% CO2 atmosphere. Cells
were allowed to proliferate in 60 mm tissue
culture dishes (Corning, Corning, NY) until
they reached 80% confluence, and then exposed
to different cytoskeleton-modifying drugs. For
someexperiments,NRK/ras cellsweredetached
with 0.05% trypsin-EDTA and collected in
DMEM containing 2% bovine serum albumine
(BSA). Cells were then incubated non-adher-
ently at 378C for 2 h in a rotator to allow kinases
to become quiescent. Cytoskeleton-modifying
drugs were eventually included at this step. At
the end of treatments, cells were rinsed rapidly
with ice-cold phosphate-buffered saline and
solubilized for western-blot analysis. The phar-
macological compounds Blebbistatin, ML-7,
ML-9, and Y27632 were purchased from Cal-
biochem (La Jolla, CA); 2,3-butanedione mono-
xime (BDM) was from Sigma (St. Louis, MO).

Preparation of Ligand-Coated Dishes
and Adhesion-Induced Signaling

Tissue culture dishes were incubated with
10mg/mlfibronectin (Sigma) or100mg/ml poly-L-
lysine (Sigma) in PBS overnight at room tem-
perature, followed by blocking with 2% BSA in
DMEM for 1 h at 378C.Disheswere rinsed twice
with PBS prior to use. Cells were then replated
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onto these ligand-coated dishes and allowed to
proliferate for various times.

Retrovirus Production and Infection

Vectors for the inducible expression of active
forms of Raf1 (pBP3DRaf1:ER[YY]) and MEK1
(pBP3DMEK1:ER) were kindly provided by
M. McMahon (ICSF, CA). The plasmid pDCR-
Ha-Ras (G12V, T35S) was a generous gift
of M.A. White (University of Texas, South-
western Medical Center, Dallas, TX). Ecotropic
retrovirus stocks were obtained by Lipofecta-
mine-mediated transient transfection of the
retroviral vector DNAs into Phoenix packaging
cells. Target NRK cells were infected in the
presence of 4 mg/ml polybrene then cultured in
medium containing 4 mg/ml puromycin (NRK/
DRaf1:ER and NRK/MEK1:ER) or 500 mg/ml
G418 (NRK/RasV12S35) to select for virus-
infected cells. Following selection, cells were
pooled, expanded, and tested for the expression
of RasV12S35, DRaf1:ER, and DMEK1:ER
proteins by Western blotting, using antibodies
to the HA tag (12CA5mAb; Cold Spring Harbor
Laboratory Antibody Facility) and ER protein
(HC-20 pAb; Santa Cruz Biotechnology, Santa
Cruz, CA), respectively. For the induction of
Raf-1:ER or MEK1:ER, cells were grown in
medium containing 4-HT (1 mg/ml) or ethanol
(as a control) for up to 72 h. 4-HT (Sigma) was
stored at�208C as a 1 mM stock in ethanol and
diluted directly into the cell culture medium.

Cell Extracts and Immunoblotting

Cells were washed with ice-cold PBS contain-
ing 1 mM sodium orthovanadate before direct
extraction in 2% SDS Laemmli sample buffer.
Lysates were clarified by centrifugation
(16,000g, 15 min at 48C) and protein concentra-
tions were measured by bicinchoninic acid
protein assay (Biorad, Hercules, CA). Equal
amounts of proteins were resolved by SDS–
PAGE and transferred to nitrocellulose mem-
brane (Schleicher & Schuell, Keene, NH). The
following primary antibodies were used: mAb
anti-b-actin (Sigma), polyclonal anti-ERK1
(Santa Cruz Biotechnology), mAb anti-phos-
pho-ERK1/2 (Cell Signaling Technology), poly-
clonal anti-AKT (Cell Signaling Technology,
Beverly, MA), polyclonal anti-phospho-AKT
(Cell Signaling Technology), mAb anti-MEK
(Transduction Laboratory, San Diego, CA),
polyclonal anti-phospho-MEK1/2 (Cell Signal-
ing Technology), mAb anti-tropomyosin

(TM311; Sigma), polyclonal anti-phospho-
Thr18/Ser19-MLC (Cell Signaling Technology),
mAb anti-MLC (MY-21; Sigma). The phospho-
ERK1/2 antibody is directed against tyrosine
202 and threonine 204 of ERK, the phospho-
AKT antibody against serine 473, and the
phospho-MEK1/2 antibody against serine 217
and serine 221. These sites have been shown to
correlatewith the activated forms of ERK,AKT,
and MEK, respectively [Yan and Templeton,
1994; Alessi et al., 1996; Xu and Goldfarb,
2001]. After incubation with appropriate HRP-
conjugated secondary antibodies, the immunor-
eactive bands were detected by chemilumines-
cence (NEN) according to the manufacturer’s
instructions. Signals were quantitated by
densitometry using an image analyzer (AlphaI-
mager 2200 v5.5 software).

Immunofluorescence

Cells grown on glass coverslips were fixed
with 3%paraformaldehyde, permeabilizedwith
0.2% Triton X-100, then blocked with 1% BSA,
at room temperature. Incubationswith primary
antibodies against vinculin (Sigma; 1:400) were
conducted at room temperature for 1 h, followed
by incubation with Cy3-conjugated secondary
antibodies (Molecular Probes, Eugene, OR;
1:500) for 45 min. To stain actin, fixed cells
were incubated with Oregon Green-conjugated
phalloidinMolecular Probes). Cells were finally
stained with 406-diamidino-2-phenylindole
(DAPI) and coverslips were mounted using
Prolong Antifade (Molecular Probes). Samples
were examined and pictures acquired on a Zeiss
Axiophot microscope equipped with a Photo-
metrics SenSys cooled CCD camera using
Image 2.0.5 software (Oncor). All photographs
were taken at the same magnification.

Statistical Analysis

All the experiments were performed at least
three times. For statistical analysis of data,
Student’s t-test was used. Values are expressed
as mean� standard error of the mean. Data
were considered statistically significant at a
P value of <0.01.

RESULTS

Oncogenic Ras Requires Acto-Myosin
Contractility to Activate ERK1/2

Studies performed with untransformed cells
have shown that assembly of the acto-myosin
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cytoskeleton modulates activation of the
ERK cascade, in response to various stimuli
[Yanazume et al., 2002; Roovers and Assoian,
2003]. On the other hand, the ERK signaling
cascade induced by the Ras oncogene targets
the actin cytoskeleton and induces a remodeling
of structures such as stress fibers and focal
adhesions [Reuveni et al., 2000; Sahai et al.,
2001; Pawlak and Helfman, 2002]. These
results raised the hypothesis that the cytoske-
letal rearrangements induced by oncogenic Ras
may play a direct role in the regulation of ERK
signaling. To test whether the actin-based
cytoskeleton is relevant for Ras-induced ERK
activation, we blocked myosin II in Ki-ras-
transformed NRK cells (NRK/ras cells), using
2,3-butanedione monoxime (BDM) as a broad-
spectrum inhibitor ofmyosin II function [Ostap,
2002; Yarrow et al., 2003]. ERK activity was
monitored with phospho-specific antibodies,
since phosphorylation of ERKs on both threo-
nine and tyrosine residues has been shown to
be a good indicator of the kinase activity of these
proteins [Egea et al., 2000]. The constitutive
activation of ERKs observed in control NRK/ras
cells was dramatically reduced by 25 mM BDM
(Fig. 1A), revealing that oncogenic Ras signal-
ing activity requires myosin II-induced actin
contractility to activate ERKs. Since recent
findings have questioned the mechanism by
whichBDM functions [Duran et al., 2003; Titus,
2003; Yarrow et al., 2003], we tested blebbista-
tin, a recently described highly specific myosin
II inhibitor [Straight et al., 2003; Limouze et al.,
2004]. Treatment of NRK/ras cells with blebbis-
tatin indeed led to reduced ERK phosphoryla-
tion (Fig. 1B), thus confirming the implication of
myosin II activity in oncogenic Ras signaling.

Functional Inhibitors of MLCK
Prevent Activation of the ERK

Cascade by Oncogenic Ras

The activity of myosin II is mainly regulated
by phosphorylation of its regulatory light chain
(MLC), under the control of two major kinases,
MLCK and Rho-kinase [Amano et al., 1996;
Totsukawa et al., 2000]. To testwhetherMLCK-
andRho-kinase-dependent signaling play a role
in Ki-ras-induced ERK activation, we assayed
ERK phosphorylation in cells that had been
pretreated with ML-7, one of the most specific
small molecule inhibitors which blocks MLCK
function [Saitoh et al., 1987; Chrzanowska-
Wodnicka and Burridge, 1996], or Y-27632,

a well-established inhibitor of Rho-kinase
[Uehata et al., 1997].

NRK/ras cells were treated withML-7 orML-
9 (an other MLCK inhibitor), or the Rho kinase

Fig. 1. Inhibition of myosin II ATPase activity prevents
phosphorylation of ERK by Ki-Ras. A: NRK/ras cells were treated
(þ) or not (�) with 25 mM BDM or vehicle only (DMSO) for
30 min. After treatment, cells were lysed, and protein extracts
were analyzed by Western-blotting with an anti-phospho-ERK
antibody (upper panel). The membrane was then stripped and
reprobed with an anti-ERK antibody (lower panel) as a control for
the protein content per lane. Graph shows the average ERK
phosphorylation from five independent experiments. *, P value
of <0.001, as determined by Student’s t-test. Arrows labeled p-
ERK1 and p-ERK2 or ERK1 and ERK2 indicate the positions of
phosphorylated and total ERK1 and ERK2 proteins, respectively.
B: NRK/ras cells were treated (þ) or not (�) with Blebbistatin (50,
100, 200, or 500 mM) or vehicle only (DMSO) for 30 min. After
treatment, protein extracts were analyzed by Western blotting for
ERK phosphorylation as described above.

1072 Helfman and Pawlak



inhibitor Y27632, for 30 min. Protein extracts
were analyzed with an anti-phospho ERK anti-
body, and results are shown in Figure 2. Both
ML-7 and ML-9 blocked the phosphorylation of
ERKs, while inhibition of Rho kinase by Y27632
had no effect on ERK phosphorylation (Fig. 2),
even at concentrations as high as 50 mM. As a
control of the effectiveness of ML-7, ML-9, and
Y27632 at the concentrations used, they were
shown to induce characteristic morphological
changes in parentalNRKcells (data not shown).
Thus, Rho-kinase does not play a role in myosin
II activation during Ki-ras signaling and this
activation is largely regulated by MLCK alone.
The effects of MLCK inhibitors on Ki-ras-

induced ERK activation were also investigated
over time. ERK phosphorylation was inhibited
as soon as 5 min after the addition of ML-7 and
remained undetectable for almost 2 h (Fig. 2B).
The level of ERK phosphorylation eventually
returned to the control level, typically after 3–
4 h of incubation (not shown). The ML-7 effects

were reversible, since ERK phosphorylation
quickly returned to control levelswhen the drug
was washed out (Fig. 2B), ruling out the pos-
sibility that inhibition of ERK phosphorylation
upon ML-7 treatment could result from toxicity
followed by cell death. Collectively, these data
suggest that activation of myosin II via MLCK,
but not Rho kinase, plays a critical role in Ki-
Ras-induced ERK activation.

Having shown the implication of both myosin
II and MLCK in oncogenic Ras signaling, we
then analyzed the state of MLC phosphoryla-
tion. We found that MLC is phosphorylated in
NRK/ras cells, and that treatment with ML7
does indeed reduce the level of phosphorylation
of MLC, whereas Y27632 has no significant
effect (Fig. 2C).As expected, blebbistatin didnot
affect MLC phosphorylation, since this com-
pound inhibits the myosin II ATPase activity
without affecting MLCK [Straight et al., 2003].

To determine whether our findings apply
to cells not transformed by Ras, the effects of

Fig. 2. MLCK inhibitors block Ki-Ras-induced ERK phosphor-
ylation. A: NRK/ras cells were treated (þ) or not (�) with ML-7
(25 mM), ML-9 (50mM), Y27632 (20 mM) or vehicle only (DMSO)
for 30 min. After treatment, cells were lysed, and ERK phos-
phorylation was analyzed as described in the legend to Figure 1.
*, P value of <0.001, as determined by Student’s t-test. B: NRK/
ras cells were not treated (�) or treated with 25 mM ML-7 for
various times (left panel). After 60 min of incubation in the
presence of ML-7, NRK/ras cells were washed with media and
incubated for another hour (right panel). After treatment, cells
were lysed, and ERK phosphorylation was analyzed as described

in the legend to Figure 1. C: NRK/ras cells were treated (þ) or not
(�) with blebbistatin (200 mM), ML-7 (25 mM), or Y27632 (20 mM)
for 30 min. Protein extracts were analyzed by Western blotting
with an anti-phospho-Thr18/Ser19-MLC antibody (upper panel).
The membrane was then stripped and reprobed with an anti-MLC
antibody (lower panel) as a control for the protein content per
lane. D: Adherent NRK cells were serum-starved overnight in
DMEM/2% BSA, pre-incubated for 15 min with BDM (20 mM) or
ML-7 (25 mM), and finally stimulated by 10% FBS for 30 min.
Protein extracts were analyzed by Western blotting for ERK
phosphorylation as described in the legend to Figure 1.
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acto-myosin inhibitors were analyzed in
untransformed parental NRK cells. Adherent
serum-starved NRK fibroblasts were pre-incu-
bated with BDM or ML-7, and then stimulated
byFBS.We found that acto-myosin contractility
was not required for serum-induced ERK
phosphorylation in normal adherent cells, since
none of the inhibitors tested could impair the
timing or the intensity of ERK activation
(Fig. 2D and data not shown). Longer pre-
incubation periods or increased dosages did
not change the outcome (not shown). This result
shows that the MLCK-dependent pathway we
identified is specific to cells transformed by Ras.

MLCK Modulates ERK Activity
Downstream of Ras

Another effector pathway that becomes acti-
vated upon Ras induction is the PI3-kinase/
AKT pathway. To test whether all of oncogenic
Ras signaling activities were under the control
of myosin II and MLCK, we monitored the
activity of the PI3-kinase/AKT pathway upon
incubation of NRK/ras cells with MLCK inhibi-
tors, by measuring the phosphorylation level of
AKT.We found that treatment of NRK/ras cells
with ML-7 (Fig. 3A) or BDM (data not shown)
did not significantly modify the constitutive
level of AKT phosphorylation, suggesting that
the inhibitory effects of BDM andML-7 on ERK
activity are not mediated through the modula-
tion of Ras itself.

ERKs are activated by phosphorylation on
threonine and tyrosine residues by MEK1 and
MEK2. MEK itself is activated by phosphory-
lation on specific serine residues and this
phosphorylation is generally attributed to Raf
kinases. To get more insight into the mechan-
ism by which myosin II and MLCK regulate
ERK activation, we analyzed the effect of myo-
sin inhibitors on MEK activation using an anti-
phospho-MEK1/2 antibody that recognizes
phosphorylated Ser217 and Ser221 residues.
The phosphorylation of these residues corre-
lates with its functional activation [Egea et al.,
2000]. Ki-ras-induced MEK phosphorylation
was inhibited byML-7 (Fig. 3B) and BDM (data
not shown) treatments, following a pattern
similar to that found for the inhibition of ERK
phosphorylation. This result suggests that the
effects of myosin inhibitors on ERK activation
were due to an inhibitory effect on MEK acti-
vity. More specifically, the lack of MEK phos-
phorylation in the BDM- and ML-7-treated
cultures indicates that myosin modulates
MEK activity through the regulation of an up-
stream MEK kinase. Taken together, these
results indicate that MLCK specifically regu-
lates the ERK pathway downstream of Ras and
upstream of MEK.

MLCK Modulates the ERK Cascade
at the Level of Raf Activation

Because commercially available phospho-
specific Raf antibodies did not work in our
hands, constitutively active components of the
ERK cascade were used to further assess the
myosin-regulated step leading to ERK acti-
vation in NRK/ras cells. Stable cell lines were
established by retroviral infection, using
RasV12S35, a Ras effector loop mutant activat-
ing specifically the Ras/ERK pathway [White
et al., 1995], or inducible active forms of Raf
(DRaf1:ER) andMEK (DMEK1:ER) [McMahon,
2001]. The ability of the different inhibitors to
prevent ERK phosphorylation was tested for
each cell line and the results are presented
in Figure 4. Similar to NRK/ras cells, NRK/
RasV12S35 cells were found sensitive to BDM
and ML-7. Both inhibitors were able to inhibit
ERK phosphorylation in a time- and dose-
dependent manner, whereas treatment with
the Rho kinase inhibitor had no effect (Fig. 4A
and data not shown). These results further
demonstrate that Rho kinase is not involved in
oncogenicRas signaling toERK,andstrengthen

Fig. 3. MLCK modulates ERK activity downstream of Ki-ras but
does not affect AKT. NRK/ras cells were not treated (�) or treated
with 25 mM ML-7 for the time indicated. After treatment, cells
were lysed, and protein extracts were analyzed by Western-
blotting using an anti-phospho-AKT antibody (A), or an anti-
phospho-MEK1/2 antibody (B). Membranes were then stripped
and reprobed with an anti-AKT antibody (A) or an anti-MEK1/2
antibody (B) as a control for the protein content per lane.
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the idea that Rho kinase and MLCK play dis-
tinct roles despite common substrates such as
MLC.
By contrast, ERKwas found to be phosphory-

lated in amyosin-independent manner in NRK/
DRaf1:ER cells aswell asNRK/DMEK1:ER cells
(Fig. 4B,C). The same results were obtained

when increasing the dosages up to 100 mM
(BDM) or 100 mM (ML-7 and Y27632), or when
prolonging the incubation time period up to 2 h
(data not shown). The ability of active Raf (i.e.,
DRaf1:ER), but not activeRas (i.e., RasV12S35),
to induce ERK phosphorylation in a myosin-
independent manner suggest that the target of
MLCK inhibitors lies upstream or at the level of
Raf activation.

Inhibition of MLCK Prevents Activation
of the ERK Cascade Independently

of the Cell Adhesive State

Normal cells deprived of attachment to the
extracellular matrix are no longer able to signal
to the ERK cascade [Renshaw et al., 1997]. To
test whether MLCK could impact on ERK
signaling by regulating signals generated by
adhesion, NRK/ras cells were kept in suspen-
sion for several hours then treated by the
different compounds. Consistent with their
anchorage-independent phenotype, keeping
NRK/ras cells in suspension did not per se
decrease the efficiency of Ras signaling to ERK
(Fig. 5A). Under these conditions, inhibition of
myosin by either BDM or ML-7 dramatically
decreased the level of ERK phosphorylation
(Fig. 5A), suggesting that the effects of these
compoundswere notmediated through changes
in integrin engagement. To further confirm this
result, the different compounds were tested
on NRK/ras cells grown on plates coated with
either fibronectin, to induce integrin engage-
ment, or poly-L-lysine, a non-specific adhesive
polymer. None of these conditions impaired
the ability of BDM or ML-7 to prevent ERK
phosphorylation, while Y27632 was still unable
to do so (Fig. 5B). These results show that
the ability of myosin inhibitors to modulate the
ERK cascade is independent of the adhesion
state of the cells and integrin engagement.

Restoration of Microfilament
Organization Decreases the Efficiency of

Oncogenic Ras Signaling to ERK

Collectively, our results suggest that the
cytoskeletal rearrangements induced by onco-
genic Ras in NRK fibroblasts somehow con-
tributes to activation of the ERK signaling
pathway. Consequently, we reasoned that re-
storation of an organized cytoskeleton in NRK/
ras cells would impact on the level of activa-
tion of the ERK pathway. Tropomyosins are

Fig. 4. Activation of the ERK cascade by estrogen inducible
DRaf1:ER andDMEK1:ER is not inhibited by MLCK or Rho kinase
inhibitors. NRK cells infected with RasV12S35 (A), an inducible
active mutant of Raf (DRaf1:ER) (B) or an inducible active mutant
of MEK1 (DMEK1:ER) (C) were treated (þ) or not (�) with BDM
(20 mM), Y27632 (20 mM), or ML-7 (25 mM) for 30 min. Prior to
drug treatment, NRK/DRaf1:ER and NRK/DMEK1:ER cells were
incubated (þ) or not (�) with 4-HT (1mg/ml) for 4 h, to induce ERK
activation. After treatment, protein extracts were analyzed by
Western blotting for ERK phosphorylation as described in the
legend to Figure 1.
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actin-associated proteins involved in stabiliza-
tion of actin filaments, and are often down-
regulated in oncogenically transformed cells
and patient tumor samples [Pawlak et al., 2004,
and references therein]. We have previously
shown that forced expression of Tropomyosin-2
(TM-2) in NRK/ras cells restores microfilament
organization concomitantly with the growth
properties of these cells [Gimona et al., 1996].
Therefore, we asked whether the TM-2-induced
restoration in cytoskeleton architecture was
associatedwith changes inERKsignaling. Cells
expressing low levels of TM-2 (NRK/ras/TM-2l)
were indistinguishable from parental NRK/ras
cells and exhibited a disrupted actin cytoskele-
ton, associated with high levels of ERK1 and
ERK2 phosphorylation (Fig. 6). By contrast,
cells expressinghigher levels ofTM-2 (NRK/ras/
TM-2h), i.e., the level observed in untrans-
formed NRK cells, showed restored actin fila-
ment assembly correlated with a significant
decrease in ERK phosphorylation (Fig. 6).
These results demonstrate that stable expres-
sion of TM-2 inNRK/ras cells leads to decreased
activation of the ERK pathway, and further
suggest that organization of the actin cytoske-
leton strongly impacts on ERK signaling.

DISCUSSION

Constitutive activation of the ERK cascade is
thehallmark of a variety of tumor cell types, and

has been implicated in tumor cell migration,
regulation of apoptosis, and angiogenesis,
events that are essential for the successful
completion of metastasis [Hoshino et al., 1999;
Reddy et al., 2003]. Alterations in the actin-
based cytoskeleton is another common feature
of transformed cells [Pawlak and Helfman,
2001; Rao, 2002], which prompted us to address
whether the actin cytoskeleton plays a role in
oncogene-mediated signaling events. Here, we
demonstrate that activation of the ERK cascade
by oncogenic Ras is dependent on actomyosin
contractility, under the regulation of MLCK
but not Rho kinase. Since MLCK is a target
of ERK [Klemke et al., 1997], these results
suggest a novel signaling pathway involving
Ras-mediated alterations of the actin cyto-
skeleton, which might play a critical role in
ERK activation by the Ras oncogene and
contribute to aberrant signaling and enhanced
cell motility.

Our data indicate an essential role formyosin
II and MLCK in activation of the Ras/ERK
cascade in NRK (normal rat kidney) cells
transformed with Ki-Ras or RasV12S35. ERK
activation in NRK cells transformed with Ki-
Ras was inhibited following addition of BDM,
blebbistatin ML-7, and ML-9, but not the Rho
kinase inhibitor Y27632. In addition, activation
of the Ras/ERK pathway in cells expressing
either estrogen inducible DRaf-1ER or DMEK1-
ER was not inhibited by agents that inhibit

Fig. 5. MLCK inhibitors prevent activation of the ERK cascade
independently of cell adhesion. A: NRK/ras cells grown as
adherent cells or kept in suspension for 2 h were treated or not
with BDM (25 mM) or ML-7 (25 mM) for 10 min. After treatment,
cells were lysed, and ERK phosphorylation was analyzed as
described in the legend to Figure 1. B: NRK/ras cells grown on

fibronectin-coated plates (FN) or poly-L lysine-coated plates (PLL)
for 24 h were treated or not with BDM (25 mM), ML-7 (25 mM), or
Y27632 (20 mM), for 10 min. After treatment, cells were lysed,
and ERK phosphorylation was analyzed as described in the
legend to Figure 1.
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myosin, MLCK or Rho kinase. Thus, our data
demonstrates that actomyosin contractility is
required for activation of the Ras/ERK pathway
in cells expressing Ki-Ras or RasV12S35, but
not following activation of DRaf-1ER and
DMEK1-ER. Furthermore, the ability of active
DRaf-1ER and DMEK1-ER, but not active Ras
(Ki-Ras or RasV12S35), to induce ERK phos-
phorylation in a myosin-independent manner

suggest that the target of myosin and MLCK
inhibitors lies upstream or at the level of Raf
activation. Thus, in NRK/ras cells, it is likely
that the point of convergence between Ras
signaling and myosin II occurs at or above Raf
activation, because ERK signaling is myosin-
independent in NRK/DRaf1:ER cells.

It is of note that the activation of the ERK
cascade by oncogenic Ras was found to depend

Fig. 6. Restoration of microfilament assembly by TM-2
is associated with decreases in the efficiency of oncogenic
signaling to ERK. A: NRK/ras, NRK/ras/TM2-l, and NRK/ras/TM2-
h cells grown on glass coverslips were stained with oregon green-
conjugated phalloidin and anti-vinculin mAb, followed by Cy3-
conjugated anti-mouse antibody. Note the reappearance of actin
bundles and vinculin-containing focal adhesions in NRK/ras/

TM2-h cells. B: Exponentially growing cells were harvested and
protein extracts analyzed by Western blotting for expression of
Tropomyosins (TM-1 and TM-2 isoforms) and phospho-ERK, as
described in the legend to Figure 1. Graph on the right shows the
average ERK phosphorylation from three independent experi-
ments. *, P value of <0.001, as determined by Student’s t-test.
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on actomyosin contractility, under the regula-
tion of MLCK but not Rho kinase. Rho kinase,
like MLCK, is a major serine/threonine kinase
that phosphorylates MLC, leading to activation
of myosin ATPase activity [Amano et al., 1996;
Leung et al., 1996]. Previous studies performed
on non-transformed cells indicated Rho kinase
is necessary for sustained ERK activation and
inhibition of Rho kinase suppresses ERK acti-
vation [Yanazume et al., 2002; Roovers and
Assoian, 2003], thus suggesting a function for
Rho kinase in ERK activation. Using Y27632,
we demonstrated a negligible effect of Rho
kinase inhibition on ERK phosphorylation
suggesting that contrary to what was observed
in normal cells, Rho kinase plays no major role
in the signaling events downstream of onco-
genic Ras. This result could also be explained by
our previous finding that NRK/ras cells have
impaired expression of both Rho kinase I and
Rho kinase II [Pawlak and Helfman, 2002].
However,we also showed thatNRK/RasV12S35
cells have an intact level of expression of both
kinases [Pawlak and Helfman, 2002], yet the
Y27632 compound still does not have any effect
on the level of ERK phosphorylation (Fig. 4).
Several studies have demonstrated a spatial
regulation of MLCK and Rho kinase activity.
During the migration of T cells, initiated by
LFA-1 binding to ICAM-1, MLCK operates at
the leading edge while Rho kinase is found in
highest concentration in the body and trailing
edge of the migrating cell. The distribution of
these two kinases suggests that there are two
compartmentswithdistinct functions operating
in the migrating T cell [Smith et al., 2004].
Separation of these two kinases has also been
observed in murine 3T3 cells [Totsukawa et al.,
2000] and human fibroblasts [Katoh et al.,
2001]. In these studies, Rho kinase activity
was associated with stress fibers in the center of
cells, whereas MLCK was associated with
peripheral cortical microfilaments, which cor-
responds to the predominant actin structures in
NRK/ras cells (see Fig. 6).

Here, we demonstrate that activation of the
ERK cascade by oncogenic Ras is dependent on
actomyosin contractility, under the regulation
of MLCK but not Rho-kinase. The only recog-
nized substrate of MLCK is MLC, which is
phosphorylated on Thr18 and Ser19, thereby
activating myosin ATPase activity [reviewed in
Bresnick, 1999]. The inhibitorML-7 used in this
study targets the kinase domain and blocks the

catalytic activity of MLCK [Saitoh et al., 1987;
Tanaka et al., 1995]. The fact that this agent
prevents ERK phosphorylation in response to
oncogenic Ras signaling provides evidence
that it is the kinase activity of MLCK that is
paramount. Since MLCK is a target of ERK
[Klemke et al., 1997], these results suggest a
novel signaling pathway involving Ras-mediat-
ed alterations of the actin cytoskeleton, which
might play a critical role in ERK activation by
the Ras oncogene. Two mechanisms have been
implicated in Ras activation of ERK. One in-
volves activation of G-protein coupled receptors
via the Shc/Grb2/SOS pathway. The other
involves a b-arrestin-dependent scaffold [Pierce
et al., 2001]. Interestingly, MLCK is implicat-
ed in pseudopod formation, and a b-arrestin
scaffold is associated with prolonged ERK
activation during pseudopodia formation
[Brahmbhatt and Klemke, 2003; Ge et al.,
2003]. The observation that inhibition of acto-
myosin contractility and myosin light chain
kinase blocks ERK phosphorylation suggests
that constitutive activation of theERKpathway
is through a b-arrestin scaffold. Our results
further suggest that the cytoskeletal rearrange-
ments induced by oncogenic Ras in NRK fibro-
blasts are functionally required for activation of
ERK signaling. Interestingly we found that
stable expression ofTM-2 inNRK/ras cells leads
to decreased activation of the ERK pathway.
The expression of HMW TMs is associated with
a more well-spread morphology, i.e., less lamel-
lipodia, and might compromise ERK activation
by limiting pseudopod growth. A b-arrestin
scaffold is associated with prolonged ERK acti-
vation in pseudopodia [Ge et al., 2003]. Thus it is
possible that myosin andMLCK function in a b-
arrestin-dependent scaffold required for ERK
activation. Experiments are in progress to
examine whether the actomyosin-dependent
activation of ERK in Ras-transformed cells is
dependent on a b-arrestin scaffold.

In conclusion, we have shown that inhibition
of actomyosin contractility inhibits ERK activa-
tion in Ras-transformed NRK cells. Inhibition
of the ERK pathway following modulation of
myosin II activity is likely meditated through
alterations in Raf functions. These studies also
demonstrate that MLCK but not Rho kinase
plays an essential role in the generation of ERK
signaling and indicate distinct cellular roles for
Rho kinase and MLCK-dependent functions
involving the regulation of myosin II.
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