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How the extracellular signal-regulated kinase (ERK) cascade regulates diverse cellular functions, including
cell proliferation, survival, and motility, in a context-dependent manner remains poorly understood. Compel-
ling evidence indicates that scaffolding molecules function in yeast to channel specific signals through common
components to appropriate targets. Although a number of putative ERK scaffolding proteins have been
identified in mammalian systems, none has been linked to a specific biological response. Here we show that the
putative scaffold protein MEK partner 1 (MP1) and its partner p14 regulate PAK1-dependent ERK activation
during adhesion and cell spreading but are not required for ERK activation by platelet-derived growth factor.
MP1 associates with active but not inactive PAK1 and controls PAK1 phosphorylation of MEK1. Our data
further show that MP1, p14, and MEK1 serve to inhibit Rho/Rho kinase functions necessary for the turnover
of adhesion structures and cell spreading and reveal a signal-channeling function for a MEK1/ERK scaffold
in orchestrating cytoskeletal rearrangements important for cell motility.

The mitogen-activated protein kinase (MAPK) module con-
taining Raf, MEK, and extracellular signal-regulated kinase
(ERK) transduces diverse extracellular signals to regulate a
variety of cellular functions, including proliferation, differen-
tiation, and migration, in a context-specific manner. To elicit
the appropriate downstream response, this generic cascade is
selectively coupled to specific upstream activators and down-
stream targets. However, the mechanisms permitting simulta-
neous processing of parallel signals through this core module
remain poorly understood.

Flexibility and specificity may be conferred upon the ERK
pathway through the assembly of signaling complexes around
scaffolding proteins, and compelling evidence supports a crit-
ical role for such proteins in specifying the biological function
of MAP kinase pathways in yeast (reviewed in references 18
and 68). Disparate evidence supports the contention that pu-
tative scaffolds regulate the localization, efficiency, and agonist
specificity of ERK signaling (14, 40, 50, 67, 74, 77, 81, 82, 89,
96), but a coherent picture of how an individual scaffold chan-
nels a specific extracellular signal to the appropriate down-
stream response has not emerged. For instance, MEK partner
1 (MP1) (67) may localize ERK signaling to endosomes (80,
94), but the spectra of stimuli transduced and the cellular
responses mediated by MP1 are unknown; homozygous dis-
ruption of KSR (55) or inhibition of IMP (50) decreases ERK
signaling, but it is not clear that KSR and IMP target the ERK
cascade to specific activators or targets; MORG (89) facilitates
ERK activation by select agonists, but the biological context(s)

in which this scaffold functions is unknown. How scaffolds
impose and maintain signaling specificity remains a critical
question in our understanding of ERK function.

A pool of activated ERK localizes to focal complexes and
adhesions in response to extracellular matrix stimulation (20,
65, 73). Focal adhesions serve a dual role as anchors for actin
stress fibers that transmit the force of actin-myosin contraction
to the substratum during migration and as sites of signal trans-
duction through pathways that control the kinetics of cell
spreading and motility (reviewed in reference 58). While focal
adhesion kinase (FAK) and tyrosine phosphorylation of focal
adhesion proteins are not required for focal adhesion assembly
per se (21, 34), FAK and Src control the turnover of adhesion
structures (19, 58, 91, 92). Importantly, FAK and Src control
the activation of ERK in adhesion structures in response to
fibronectin stimulation (20, 73), and ERK stimulates the dis-
assembly of focal adhesion structures (27, 91, 92). These data
suggest that localized mechanisms and targets of ERK activa-
tion within focal adhesions are critical for dynamic remodeling
of adhesion structures during morphogenetic events.

The formation and remodeling of adhesion structures and
stress fibers is mediated by the Rho family GTPases (reviewed
in reference 78). Thus, Cdc42 activation drives the protrusion
of filopodia, while Rac signaling through PAK (p21-activated
kinase) is necessary for the formation of membrane ruffles and
lamellipodia; the protrusion of these actin-rich membrane
structures in turn allows for the formation of new focal com-
plexes. In contrast, Rho stimulates the formation of stress
fibers and terminal focal adhesions in part through the activa-
tion of Rho kinase (ROCK) (12, 90) and the sequential phos-
phorylation of LIM kinase (48) and cofilin (2, 95) and thus
counteracts membrane protrusion stimulated by Cdc42 and
Rac.

The regulated assembly and disassembly of adhesive struc-
tures is fundamental to cell motility (34, 58), and decreased
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stability of adhesion structures contributes to the enhanced
motility and invasiveness of tumor cells (66, 87). Considerable
evidence indicates that the integration of Rho family GTPase
and ERK signaling is important in the control of cell morpho-
genesis (27, 36, 38, 56, 66, 75, 87). ERK is also implicated in the
coordinate control of Rho and Rac activities in fibroblast mod-
els of transformation (66) and human tumor cells (87).

Rho family GTPases are acutely regulated by adhesion to
extracellular matrix proteins. Adhesion to fibronectin tran-
siently decreases Rho-GTP levels (62), while Rac and Cdc42
activities are coincidently elevated (61). Although Rac, Cdc42
(41, 76), and their effector PAK1 (49, 98) have been shown to
antagonize Rho function, the mechanism(s) by which Rho is
transiently inactivated during adhesion and spreading is not
clear. A role for ERK in inhibiting Rho function is suggested
by the observation that the inhibition of MEK increases stress
fiber formation in Swiss 3T3 cells (66), and Webb et al. (91)
have recently provided direct evidence that MEK is necessary
for the disassembly of focal adhesions. Focal adhesion disas-
sembly may in part be controlled by ERK phosphorylation and
activation of M-calpain (7, 27–29) and subsequent proteolysis
of Rho and proteins resident in adhesion structures (8, 15, 23,
42).

We recently reported that adhesion controls the assembly
and activation of MEK1 signaling complexes through PAK1
phosphorylation of MEK1 in peripheral membrane structures
(16, 73). Interestingly, in spite of the conservation of the cor-
responding serine residue, MEK2 appears not to be phosphor-
ylated by PAK1 (16, 24, 73), indicating that additional factors
control the specificity of adhesion signaling to ERK. Circum-
stantial evidence supports a role for MP1 in the assembly and
activation of MEK1-containing signaling complexes in the con-
text of cellular adhesion and morphogenesis. First, MP1 binds
selectively to MEK1 but not MEK2 (67). Second, MP1 appears
to bind MEK1 through a proline-rich sequence (PRS) that
contains serine 298, the site of MEK1 phosphorylation by
PAK1 (10, 67). Third, both MP1 (67) and PAK1 phosphory-
lation of MEK1 (16) stimulate MEK1-ERK association.

Here we report that MP1 associates with PAK1 to selectively
couple the activation of MEK1-ERK to upstream adhesion
signals. Furthermore, we provide evidence that MP1 is re-
quired for the transient suppression of Rho and ROCK func-
tions necessary for focal adhesion turnover and cell spreading,
revealing signal-channeling functions for a MEK1/ERK scaf-
folding complex in the reciprocal regulation of Rac/Cdc42 and
Rho and the orchestration of cytoskeletal rearrangements im-
portant for cell motility. Our finding that ERK activation in
response to platelet-derived growth factor (PDGF) is indepen-
dent of MP1 reveals a scaffolding mechanism by which signal
processing in the mammalian ERK pathway is insulated to
allow for parallel and independent regulation of multiple
ERK-dependent responses.

MATERIALS AND METHODS

Cells and transfections. REF52 fibroblasts were cultured as described previ-
ously (73) and transfected with small interfering RNAs (siRNAs; final concen-
tration, 120 nM) using either calcium phosphate or TransIt TKO reagent (Mi-
rus). COS1, COS7, and CCL39 cells were transfected as described previously (10,
16). ROCK inhibitors Y27632 (5 to 10 �M; Calbiochem) or H1152 (114 nM;
Calbiochem) were added to suspended cells 30 min prior to replating or to

adherent cells 30 min prior to lysis. UO126 (25 �M; Calbiochem) or dimethyl
sulfoxide vehicle were included as indicated in figure legends.

Plasmids and RNAs. The following siRNAs (Dharmacon) were used: nonspe-
cific control VII, ACU CUA UCG CCA GCG UGA CUU; MP1 no. 1, UCG
UUU GCC UCU GGU GGU GUU; MP1 no. 2, GCA UCA UCU GCU ACU
AUA AUU; and p14, GAC AGU CUC AAA UUU AUC CUU. Maximal
depletion of MP1 was seen at 72 to 96 h posttransfection; experiments were
performed between these time points. Hemagglutinin (HA)-tagged MEK, glu-
tathione S-transferase (GST)-His6 double-tagged MEK1, and FLAG-tagged
MP1 constructs were described previously (9, 10, 67). Additional MEK mutants
were made using a Transformer site-directed mutagenesis kit (Clontech). The
following plasmids were generous gifts: GST-PAK1 232-544 (24) (M. Cobb),
Myc-p14 (94) (L. Huber), V5-PAK1 constructs (1) (S. Alahari), and GST-Rho-
tekin Rho binding domain (62) (R. Worthylake).

Cell spreading assays. Cells transfected with control, MP1, or p14 siRNA were
suspended and replated on fibronectin as described previously (73). Cells were
fixed (4% paraformaldehyde, 4% sucrose in phosphate-buffered saline [PBS])
and adhesion and spreading quantitated in at least four random fields (690 by
510 �m). Data shown are means and standard deviations from one experiment
representative of two to four trials.

Yeast two-hybrid and protein-protein interaction analyses. Two-hybrid assays
were performed according to the manufacturer’s instructions (Proquest, Gibco-
BRL). MEK1 mutants were fused with the GAL4 DNA binding domain; MP1
and Raf-1 were fused to the GAL4 transactivation domain (67). For pull-down
assays, �2 �g of GST, GST-PAK1 232-544, or GST MEK1 proteins was incu-
bated with 6 �g recombinant MP1/p14 complex in 0.5 ml binding buffer (50 mM
HEPES-NaOH, pH 7.5, 2 mM MgCl2, 2 mM EGTA, 0.05% Tween 20) on ice for
2 h. GST fusion proteins were collected on glutathione Sepharose (Amersham)
for 30 min and washed three times with binding buffer. Bound proteins were
eluted by boiling in sodium dodecyl sulfate-polyacrylamide gel electrophoresis
sample buffer. GST-His6-MEK1 proteins were purified from Escherichia coli
BL21 by sequential glutathione Sepharose and nickel-chelate chromatography as
described previously (9). GST-PAK1 232-544 (24) was similarly purified on
glutathione Sepharose except that host E. coli JM109 cells were induced for 4 h
at 30°C. Purified MP1/p14 complex (45) was a generous gift from M. Cygler and
M. Sacher.

Western blotting and immunoprecipitation. Cells were lysed as described
previously (67) except that lysis buffer was supplemented with 1 �M microcystin.
For detection of phospho-cofilin, cells were lysed in Rho activity buffer (62) (50
mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.5 mM MgCl2, 1% Triton X-100, 0.5%
deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM phenylmethylsulfonyl fluoride,
10 �g/ml leupeptin and aprotinin). FLAG-tagged proteins were immunoprecipi-
tated with anti-FLAG M2 agarose (Sigma). HA-tagged proteins were immuno-
precipitated and blotted with anti-HA antibody 12CA5 (Berkley Antibody Com-
pany). Additional antibodies were obtained from the indicated sources: RhoA
26C4, Myc 9E10, and Raf1 C12 from Santa Cruz; FAK, ROCKII, and anti-
phosphotyrosine 4G10 from Upstate Biotechnology; MEK1, ROCKI, and
ROCKII from BD Transduction Laboratories; anti-pY397 FAK from Biosource;
anti-pS3 cofilin from Cell Signaling Technology; anti-V5 from Invitrogen; anti-
pS218/222 MEK1 from Sigma; and anticofilin from Cytoskeleton. ERK2 (B3B9),
phospho-ERK (97), and MP1 (67) antisera were kind gifts from M. Weber.
Anti-pS298 MEK1 (73) and anti-p14 (94) antisera were kind gifts from M.
Marshall and L. Huber, respectively.

Measurement of Rho and Rho kinase activity. Rho-GTP levels were measured
essentially as described previously (62). Rho kinase activity was measured using
recombinant myosin phosphatase targeting subunit 1 (MYPT1; Upstate Biotech-
nology) as substrate (51). REF52 cells were lysed in ROCK lysis buffer (10 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 50 mM NaF, 5 mM Na4P2O7, 2 mM CaCl2, 0.1
mM sodium orthovanadate, 1% Triton X-100, 0.5% Igepal, 1 mM phenylmeth-
ylsulfonyl fluoride, 5 �g/ml pepstatin, 10 �g/ml of leupeptin and aprotinin), and
clarified extract was immunoprecipitated with ROCKII antibody (Upstate Bio-
technology) overnight at 4°C. Immunoprecipitates were washed four times with
ice-cold wash buffer (20 mM HEPES-KOH, pH 7.4, 10 mM MgCl2), suspended
in 50 �l of wash buffer supplemented with 5 mM MnCl2, 10 �M ATP, 0.02% Brij
35, 0.5 �g of MYPT1, and 10 �Ci of [�-32P]ATP (6,000 Ci/mmol; Amersham)
with or without prior incubation with 20 �M Y27632 (30 min), and incubated for
30 min at 30°C.

Immunofluorescence. Cells were rinsed twice in PBS and fixed in 3.7% para-
formaldehyde, 4% sucrose, 0.5% Triton X-100 for 30 min at room temperature
(RT). Fixed cells were washed in PBS and blocked with 1% bovine serum
albumin in PBS. Vinculin was detected with antivinculin antibody (1:400, clone
hVIN-1; Sigma) for 2 h at RT or overnight at 4°C and with Cy3-conjugated goat
anti-mouse secondary antibody (1:200; Jackson ImmunoResearch Laboratories)
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for 1 h at RT. Cells were rinsed three times with PBS, stained for F-actin and
DNA with Oregon Green 488-phalloidin (1:25; Molecular Probes) and DAPI
(4�,6�-diamidino-2-phenylindole) (0.03 �g/ml; Sigma), respectively, rinsed with
PBS–20% glycerol, and mounted in ProLong Anti-Fade (Molecular Probes) or
VectaShield (Vector Laboratories). All staining solutions were prepared in PBS
containing 0.05% NP-40. Images were obtained using a Leica DM RA2 fluores-
cence microscope fitted with appropriate filters and controlled with SlideBook
software (Intelligent Imaging Innovations). Fluorescent images are single Z
planes close to the basal surface of the cell.

RESULTS

MP1 and p14 regulate PAK1-dependent MEK activation.
MP1 binds MEK1 but not MEK2, promotes MEK1-ERK com-
plex formation, and sensitizes MEK1 to activation by Raf in
vitro (67). Similar functional consequences accompany PAK1
phosphorylation of MEK1 (16, 24, 73), suggesting MP1 as a
candidate regulator of PAK1-dependent activation of MEK1
in response to adhesion. To test this hypothesis, we used RNA

interference to reduce MP1 expression in REF52 cells. The
depletion of MP1 attenuated S298 phosphorylation of MEK1
(pS298 MEK1), MEK activation (pS218/222 MEK) (Fig. 1A),
and ERK activation (Fig. 1D; see also Fig. 7C) in response to
fibronectin stimulation. Identical results were obtained with a
second MP1 siRNA (data not shown), affirming the specificity
of this response.

MP1 tightly associates with p14, a protein localized to late
endosomal and lysosomal membranes, and functions in part as
an MP1/p14 complex (45, 80, 94). The depletion of p14 also
inhibited MEK1 S298 phosphorylation and activation of
MEK1 during adhesion to fibronectin (Fig. 1A). As previously
reported (80), knockdown of MP1 reduces the expression of
p14 (Fig. 1A). Similarly, knockdown of p14 results in a corre-
sponding loss of MP1 in REF52 cells, suggesting that the MP1/
p14 complex is more stable than either individual subunit (80).
The expression of FAK, PAK1, MEK1, ERK, ROCK, and Rho

FIG. 1. MP1/p14 regulates PAK1-dependent MEK1 phosphorylation and activation. (A) Depletion of MP1/p14 inhibits fibronectin-stimulated
PAK1 phosphorylation (pS298 MEK1) and activation of MEK1 (pS218/222 MEK1). (B) Selective inhibition of MEK activation by depletion of
MP1/p14. REF52 cells transfected with MP1 siRNA or control RNA were stimulated with EGF or PDGF, and MEK activation was assessed as
described for panel A. (C) FAK autophosphorylation proceeds normally in cells depleted of MP1. Identical results were seen in cells transfected
with either an independent MP1 siRNA or p14 siRNA (data not shown). (D) Fibronectin-stimulated tyrosine phosphorylation events are mostly
independent of MP1/p14. Lysates prepared from control or MP1 siRNA-transfected cells were blotted with anti-phosphotyrosine antisera. The
arrowhead indicates tyrosine-phosphorylated ERK (see the text).
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family GTPases was not affected by the depletion of MP1 and
p14 (see below; data not shown).

These data might suggest that MP1/p14 is required for
PAK1 phosphorylation of MEK1, which in turn facilitates
MEK1 activation during adhesion (73). An alternative inter-
pretation is that MP1/p14 is required for MEK1 activation and
subsequent autophosphorylation on serine 298 (64). However,
S298 phosphorylation during adhesion to fibronectin is not
inhibited in kinase-defective MEK1 (data not shown) or by the
MEK inhibitor UO126 (17), ruling out autophosphorylation as
a major contributor to MEK1 S298 phosphorylation. Our data
therefore indicate that MP1 and/or p14 are necessary for
PAK1-dependent activation of MEK1 during acute adhesion
to fibronectin.

Scaffolding proteins in yeast couple multifunctional MAP
kinase modules to specific upstream stimuli in a context-de-
pendent manner (reviewed in references 18 and 68). To begin
to investigate whether MP1 and p14 channel select upstream
stimuli to MEK1 and ERK, we determined whether MP1/p14
was also required for MEK1 activation in response to epider-
mal growth factor (EGF) or PDGF stimulation. While knock-
down of MP1/p14 inhibited EGF-stimulated activation of
MEK1 and ERK, consistent with published observations (80),
depletion was without effect on PDGF stimulation (Fig. 1B).
Since Rac potentiates EGF-stimulated ERK activation (44)
and PAK1 phosphorylation of MEK1 S298 is necessary for full
activation of MEK1 by combined fibronectin and EGF stimu-
lation (73), these data are consistent with MP1/p14 regulating
PAK1-dependent activation of MEK1 in response to adhesion
signals alone or in response to soluble agonists that cooperate
with adhesion signals to induce full MEK1 activation.

MP1 and p14 function downstream or parallel to adhesion-
stimulated tyrosine kinase activation. To identify the signaling
node requiring MP1, we next asked if MP1 was necessary for
activation of upstream regulators of MEK1 S298 phosphory-
lation. The activation of PAK1 and phosphorylation of MEK1
at S298 during adhesion to fibronectin require the activity of
FAK and Src family tyrosine kinases (73). FAK autophosphor-
ylation proceeded normally or was somewhat enhanced in cells
transfected with either MP1 or p14 siRNAs (Fig. 1C and data
not shown) under conditions where MEK1 S298 phosphoryla-
tion was inhibited (Fig. 1A and data not shown). Furthermore,
the spectra of tyrosine-phosphorylated proteins following ad-
hesion to fibronectin was largely indistinguishable in control
and MP1 siRNA-transfected cells (Fig. 1D); a notable excep-
tion was the tyrosine phosphorylation of a �40-kDa protein,
likely ERK1/2, which was attenuated by the depletion of MP1
(Fig. 1D; see also Fig. 7C). These data demonstrate that MP1/
p14 functions downstream or parallel to FAK and early adhe-
sion-stimulated tyrosine phosphorylation events in PAK1
phosphorylation of MEK1.

MP1 binds PAK1. Since MP1 specifically associates with
MEK1 but not MEK2 (67), and serine 298 phosphorylation
appears to be a MEK1-specific event in fibroblasts (24, 73), we
reasoned that MP1/p14 might physically interact with PAK1 to
integrate adhesion signals into the ERK pathway. Indeed, full-
length PAK1 and the PAK1 C terminus (PAK1 CT) were
recovered in MP1 immunoprecipitates following cotransfec-
tion of MP1, p14, and PAK1 expression constructs, whereas
the PAK1 N terminus was unable to bind to MP1/p14 (Fig.

2A). Since the PAK1 catalytic domain (PAK1 CT) coimmuno-
precipitates more efficiently with MP1/p14 than full-length
PAK1 (Fig. 2A), this might indicate that MP1/p14 associates
preferentially with either catalytically active or “open” con-
formers of PAK1. Consistent with the former possibility, mu-
tationally activated (T423E) PAK1 and kinase-defective
(K299R) PAK1 coimmunoprecipitated with MP1/p14 more
and less efficiently, respectively, than wild-type PAK1 (Fig.
2B). Furthermore, PAK1 L107F, which is “open” and catalyt-
ically active by virtue of a mutation in the N-terminal autoreg-
ulatory domain (31), coimmunoprecipitated with MP1/p14,
whereas “open” but kinase-defective PAK1 (PAK1 L107F
K299R) was unable to bind (Fig. 2B).

To investigate whether MP1/p14 and PAK1 can associate
directly, we performed pull-down assays (Fig. 2C). Recombi-
nant PAK1 CT was able to associate with the recombinant
MP1/p14 complex, indicating that the MP1/p14-PAK1 interac-
tion seen in coimmunoprecipitation assays (Fig. 2A and B) is
likely direct.

Together, these observations indicate that MP1/p14 and
PAK1 associate through the PAK1 C terminus in cells, MP1/
p14 binds more efficiently to catalytically competent PAK1,
and the MP1/p14-PAK1 interaction is likely direct. Taken to-
gether with our MP1 and p14 knockdown experiments, these
observations are consistent with the hypothesis that MP1/p14
regulates MEK1 S298 phosphorylation and activation through
physical interactions with active PAK1.

The MEK1-MP1 interaction may be dispensable for PAK1
phosphorylation of MEK1. Both the MEK1-MP1 and MEK1-
Raf interactions require the MEK1 PRS (10, 67). MP1 binding
correlates with the MEK1 PRS in MEK1-MEK2 chimeras
(H.-J. Schaeffer, A. D. Catling, and M. J. Weber, unpublished
data), indicating that the MEK1 PRS is likely a site of inter-
action between MP1 and MEK1. By aligning the MEK1 PRS
with the proline-rich sequences from MEK2 and Xenopus
MEK (both unable to bind MP1 [67; Schaeffer et al., unpub-
lished data]), we identified nine MEK1 PRS residues poten-
tially important for MP1 binding (Fig. 3A). Individual MEK1
residues were mutated to the corresponding MEK2 residue
and mutant proteins tested for their ability to bind MP1 or
c-Raf in coimmunoprecipitation and yeast two-hybrid assays.
While these substitutions within the MEK1 PRS did not com-
promise c-Raf binding (Fig. 3B and D), replacement of leucine
274 with serine severely compromised MEK1 binding to MP1
in both assays (Fig. 3B and C). Similar results were seen in the
glutamine 278-to-proline mutant, although in this case the
disruption of the MEK-MP1 interaction was more apparent in
immunoprecipitation assays (Fig. 3B and C); this may indicate
that additional binding partners compete with MP1 for MEK1
in mammalian cells. MEK2 and MEK1 �PRS, which are un-
able to bind MP1 (67) and c-Raf (10), respectively, were used
as negative controls in the coimmunoprecipitation experi-
ments. Pull-down assays using recombinant MP1/p14 and
MEK1 proteins confirmed that wild-type MEK1 is able to bind
directly to MP1/p14, whereas MEK1 L274S is compromised
for binding (Fig. 2C). These data indicate that L274S and
Q278P mutations selectively inhibit MP1 binding and might
therefore be useful for dissecting the signaling role of the
MEK1-MP1 interaction.

To test the hypothesis that MP1/p14 recruits MEK1 to
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PAK1 in cells, we asked whether mutants of MEK1 unable
to associate with MP1 were phosphorylated by PAK1 during
adhesion to fibronectin. As expected, wild-type MEK1 was
rapidly and robustly phosphorylated on serine 298 in re-
sponse to fibronectin stimulation, with maximal phosphory-
lation observed at 5 min (Fig. 3E). MEK1 L274S and MEK1
Q278P mutants were typically phosphorylated on serine 298
as efficiently and rapidly as wild-type MEK1, although in
some trials (Fig. 3E) phosphorylation was somewhat de-
layed. Since our two-hybrid (Fig. 3B), coimmunoprecipita-
tion (Fig. 3C), and in vitro reconstitution (Fig. 2C and data
not shown) experiments indicate that the L274S and Q278P
mutants are substantially compromised for binding to MP1,
these data argue that the MEK1-MP1 interaction is not
essential for PAK phosphorylation of MEK1. Our inability
to demonstrate the existence of a ternary complex between
MEK1, MP1, and PAK1 (data not shown) is consistent with
this view. However, we cannot exclude the possibility that

overexpression of MEK1 reduces the requirement for MP1-
mediated scaffolding in PAK1 phosphorylation of MEK1 or
that such scaffolding complexes are transient in nature or
too unstable to be detected in our coimmunoprecipitation
assays. These possibilities are considered further in the Dis-
cussion.

Our data indicate that MP1/p14 is required for PAK1 phos-
phorylation of endogenous MEK1 and, consistent with this
observation, that MP1/p14 associates with active forms of
PAK1. Together, these observations suggest that MP1/p14 may
facilitate rapid MEK1 serine 298 phosphorylation in response
to fibronectin stimulation. MEK1 phosphorylated on S298 is
localized proximal to peripheral adhesion structures and is
important for adhesion-stimulated MEK1-ERK complex as-
sembly and activation (16, 73). These data reveal a novel role
for the MP1/p14 scaffolding complex in PAK1-dependent as-
sembly and activation of peripherally localized MEK1 signal-
ing complexes during adhesion to fibronectin and suggest an

FIG. 2. MP1 associates with PAK1. (A) MP1 associates with the PAK1 C terminus. COS cells were transiently transfected with V5-tagged
PAK1 constructs (WT, wild type; NT, amino acids 1 to 248; CT, amino acids 248 to 545) with or without FLAG-tagged MP1 and Myc-tagged p14.
FLAG immunoprecipitates were formed and blotted with V5, p14, or MP1 antisera (top three panels). Expression of V5 PAK1 constructs was
confirmed by blotting lysates with V5 antisera (bottom panel). The intense band present in all immunoprecipitates is immunoglobulin G heavy
chain. (B) MP1 preferentially associates with activated PAK1. COS cells were transiently transfected with the V5-tagged PAK1 constructs indicated
with or without FLAG-tagged MP1 and Myc-p14. FLAG immunoprecipitates were formed and blotted with V5, p14, or MP1 antisera (top three
panels). The expression of V5 PAK1 constructs was confirmed by blotting lysates with V5 antisera (bottom panel). TE, T423E; KR, K299R; LF,
L107F; LF/KR, L107F K399R. (C) The PAK1 C terminus (residues 232 to 544) binds directly to MP1/p14. GST fusion proteins were incubated
with recombinant MP1/p14 complex before capture with glutathione Sepharose. MP1/p14 pulled down by the fusion proteins was assessed by
blotting (top panels) and the presence of fusion protein verified by Coomassie blue staining (bottom panel). Blotting of input (1%) established that
MP1/p14 was present in each reaction. The upper band seen in the p14 blots is residual MP1 signal remaining after stripping.
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important role for this scaffolding complex in the context of
cellular adhesion and morphogenesis.

MP1 is required for cell spreading. Strikingly, REF52 cells
depleted of MP1/p14 were severely compromised for spread-
ing on fibronectin (Fig. 4) or vitronectin (data not shown):
while �50% of attached control transfected cells had formed
lamellipodia and spread at 10 min following replating on fi-
bronectin (Fig. 4A and Fig. 4B, arrows), only �10% of cells
transfected with MP1 or p14 siRNAs had spread at this time
point. Indeed, the majority of cells depleted of MP1/p14 re-
mained round and refractile and frequently expressed plasma
membrane blebs (Fig. 4B, arrowheads). At 30 min after replat-
ing, �90% of control transfected cells had fully spread,
whereas �50% of cells transfected with either MP1 or p14

siRNAs remained refractile with prominent membrane blebs
(Fig. 4A and data not shown).

ERK signaling is implicated in “inside-out” suppression of
integrin affinity (32). However, REF52 cells transfected with
control, MP1, or p14 siRNAs were equally able to both
adhere to fibronectin (Fig. 4A) and stimulate proximal ty-
rosine phosphorylation events (Fig. 1C and D), suggesting
that the affinity and signaling activity of the fibronectin
receptor(s) are not substantially altered by depletion of
MP1/p14. Since pharmacological inhibition of MEK also
inhibits REF52 cell spreading (20), our data suggest that
MP1/p14 controls a population of MEK1 and ERK whose
activation is acutely regulated by PAK1 and is required for
cell spreading on fibronectin.

FIG. 3. Mutations in the MEK1 proline-rich sequence selectively inhibit MEK1-MP1 binding. (A) Residues present in the MEK1 PRS but not
conserved in MEK2 and Xenopus MEK proline-rich sequences (which do not bind MP1 [67; data not shown]) were mutated to the corresponding
MEK2 residue. (B) Yeast two-hybrid assays identify MEK1 mutants selectively defective for binding MP1. Mutants were analyzed for their ability
to bind MP1 and Raf-1 in yeast two-hybrid assays. Growth on media lacking histidine and induction of �-galactosidase activity indicates two-hybrid
interaction; growth on media lacking uracil and containing 5-fluoroorotic acid (5-FDA) indicates no bait-prey interaction. The expression of all
MEK1 mutants, MP1, and Raf-1 was verified by Western blotting (data not shown). (C) MEK1 L274S and MEK1 Q278P are unable to bind MP1.
CCL39 cells were cotransfected with HA-tagged MEK mutants and FLAG-tagged MP1. FLAG immunoprecipitates were formed and blotted with
HA antiserum (top panel) or MP1 antiserum (middle panel). HA blotting of lysates confirmed expression of all MEK constructs (bottom panel).
(D) MEK1 mutants unable to bind MP1 are competent to bind Raf. CCL39 cells were transiently transfected with HA-tagged MEK1 constructs.
HA immunoprecipitates were blotted for endogenous Raf-1 (top) or HA-MEK (middle). Lysates were blotted with Raf-1 antiserum (bottom).
(E) MEK1 mutants unable to bind MP1 are phosphorylated by PAK1 during adhesion to fibronectin. REF52 cells were transiently transfected with
HA-tagged MEK1 constructs, suspended in serum-free medium, and allowed to adhere to fibronectin-coated plates. HA immunoprecipitates were
blotted with anti-phospho S298 MEK1 antiserum (top) or HA antiserum (bottom).
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MP1 and MEK1 regulate focal adhesions. The depletion of
MP1/p14 inhibits the spreading of acutely adherent cells on
fibronectin, resulting in a round morphology with plasma
membrane blebbing (Fig. 4B) similar to that seen in cells
expressing active Rho or ROCK (13, 52, 71). We therefore
asked if Rho-GTP loading was altered in cells depleted of
MP1/p14. While the depletion of MP1/p14 decreased the ac-
tivation state of ERK1, it did not significantly alter Rho-GTP
levels (Fig. 5A) in continuously adherent cells. However, this
biochemical assay does not measure the cumulative effects of
small changes in Rho GTP loading associated with transient
membrane protrusion and retraction or the levels of Rho-GTP
at specific locations within the cell (53). We therefore asked
whether cells depleted of MP1/p14 exhibited changes in focal
adhesion distribution characteristic of a cumulative increase in
Rho signaling (12). Notably, focal adhesions in control trans-
fected cells were primarily located at the cell periphery (Fig.
5B, arrows), whereas knockdown of MP1/p14 led to the accu-
mulation of abundant, elongate focal adhesions under the cell
body (Fig. 5B, arrowheads). Treatment of continuously adher-
ent REF cells with UO126 also caused the accumulation of
abundant, elongated focal adhesions (Fig. 5C, arrowheads).
Together these data indicate that MP1/p14 and MEK activity
are required to maintain the discrete morphology and periph-
eral localization of Rho-dependent focal adhesions in contin-

uously adherent fibroblasts, a function previously suggested for
ERK (8, 20, 27, 66, 87).

MP1 and MEK1 regulate ROCK. ROCK stimulates focal
adhesion and actin stress fiber formation (90), prompting us to
test whether elevated ROCK activity causes the altered size
and distribution of focal adhesions in cells treated with UO126
or transfected with MP1 siRNA. ROCKII kinase activity was
measured in cells treated with UO126 or transfected with MP1
siRNA using a physiological substrate for ROCK (MYPT1)
(37) as the in vitro protein substrate (Fig. 5D). ROCKII activ-
ity was consistently elevated in MP1 siRNA-transfected cells
compared to controls (compare lanes 1 and 2 in Fig. 5D).
Importantly, stimulation of ROCKII activity was also seen in
control cells treated with the MEK inhibitor UO126 (Fig. 5D,
lane 5). Thus, the inhibition of MEK and ERK by either
pharmacological means or by depletion of MP1/p14 stimulates
ROCKII activity, consistent with the observed changes in focal
adhesion morphology (Fig. 5B and C). Interestingly, combined
depletion of MP1/p14 and treatment with UO126 further ac-
tivates Rho kinase activity (Fig. 5D, lane 6). Possible explana-
tions for this observation are outlined in the Discussion.

We next investigated whether phosphorylation of an endog-
enous ROCK effector was stimulated in cells lacking MP1.
ROCK phosphorylates and activates LIM kinase (48), which in
turn phosphorylates cofilin and inhibits its F-actin severing

FIG. 4. MP1/p14 regulates cell spreading on fibronectin. (A) REF52 cells transiently transfected with control, MP1, or p14 siRNA were
replated on fibronectin-coated petri dishes as described previously (73). Cultures were fixed at the indicated time points and random fields scored
for spread cells (left panel) and adherent cells (right panel). Data are representative of three experiments. (B) Typical morphology of cells
transfected with siRNA following replating on fibronectin for 10 min. Control transfected cells spread rapidly (arrows), whereas MP1 or p14
siRNA-transfected cells remain round and refractile with multiple membrane blebs (arrowheads). Immunoblots confirmed depletion of MP1 and
p14 (not shown).

VOL. 25, 2005 MP1 REGULATES CELL SPREADING 5125



FIG. 5. MP1 and MEK regulate Rho-ROCK signaling in adherent cells. (A) Depletion of MP1 and p14 has no effect on Rho-GTP levels in
continuously adherent cells. Rho-GTP loading was measured as described previously (62). (B) Depletion of MP1 and p14 stimulates accumulation
of Y27632-resistant focal adhesions and stress fibers in continuously adherent cells. Vinculin and F-actin were detected with antivinculin antisera
and phalloidin, respectively. Focal adhesions in control RNA-transfected cells are primarily localized at the cell periphery (arrows); in contrast,
abundant adhesions form tracks under the cell body in cells depleted of MP1 (arrowheads). Pretreatment with Y27632 (10 �M, 30 min) disrupted
stress fibers and adhesions in control transfected cells but not in cells depleted of MP1. (C) Pharmacological inhibition of MEK signaling leads
to accumulation of abundant, elongated focal adhesions under the cell body. REF52 cells were treated with or without UO126, fixed, and stained
for vinculin and F-actin. Control cells exhibit mostly peripheral focal adhesions (arrows); in contrast, abundant, elongated adhesions form under
the cell body in the presence of UO126 (arrowheads). Scale bars, 25 �m. (D) Depletion of MP1/p14 or inhibition of MEK (25 �M UO126; 30 min)
stimulates Rho kinase activity. ROCKII was immunoprecipitated and assayed as described in Materials and Methods. Incubation of immuno-
precipitates with Y27632 confirmed substrate phosphorylation by Rho kinase. (E) Depletion of MP1/p14 stimulates phosphorylation of cofilin.
Continuously adherent cells transfected with control or MP1 siRNA were incubated with or without Y27632 (10 �M; 30 min) prior to lysis.
Phosphorylation of endogenous cofilin was assessed by Western blotting.
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function (2, 95). Measurement of cofilin phosphorylation is
thus a surrogate measure of ROCK kinase activity in intact
cells. Cofilin phosphorylation was evident in control RNA-
transfected cells (Fig. 5E) and, in good agreement with the
immune-complex ROCK assays, was further stimulated by de-
pletion of MP1/p14 (Fig. 5E). Interestingly, while the ROCK
inhibitor Y27632 largely eliminated cofilin phosphorylation in
control cells, substantial phosphorylation was maintained in
the presence of Y27632 in MP1 siRNA-transfected cells (Fig.
5E). In striking agreement with these biochemical data, focal
adhesions and stress fibers were lost in control cells treated
with Y27632 but were maintained in MP1 siRNA-transfected
cells treated with the drug (Fig. 5B).

A conservative interpretation of these data is that Y27632
treatment incompletely inhibits ROCK activity in MP1 siRNA-
transfected cells (Fig. 5D), resulting in residual cofilin phos-
phorylation (Fig. 5E) and stabilized stress fibers and focal
adhesions (Fig. 5B). However, we cannot exclude the more
interesting possibility that both ROCK and a novel Y27632-
resistant effector are activated by depletion of MP1 and stim-
ulate cofilin phosphorylation and the stabilization of stress
fibers and adhesions in continuously adherent cells. This pos-
sibility is considered in the Discussion.

Continuously adherent cells depleted of MP1/p14 cover a
noticeably larger surface area than control cells (data not
shown); the reason(s) for this is not yet clear, although recent
reports indicate that inhibition of myosin light chain kinase, a
putative ERK substrate (38), and expression of activated
ROCKI can increase cell surface area (83, 84).

MP1 regulates Rho function during cell spreading. Since
alterations in focal adhesions observed in continuously adher-
ent cells may reflect long-term consequences of depleting
MP1/p14 and the associated inhibition of ERK, we next inves-
tigated MP1/p14 regulation of Rho and ROCK function in
cells acutely adhering to fibronectin. In control RNA-trans-
fected cells, Rho-GTP levels were high in suspension but tran-
siently decreased (Fig. 6A) during adhesion and spreading on
fibronectin before recovering to levels similar to those seen in
suspended cells. This time course of Rho-GTP loading is typ-
ical in fibroblasts adhering to fibronectin (63). In contrast, cells
transfected with MP1 siRNA and incubated in suspension con-
tained low levels of Rho-GTP that increased rapidly following
adhesion to fibronectin (Fig. 6A). These data demonstrate that
MP1/p14 is essential for maintaining Rho in the GTP-bound
state in suspended cells and for the transient decrease in Rho-
GTP seen during adhesion to fibronectin, parameters previ-
ously shown to be important for cell spreading (4, 63). The
kinetics of MP1/p14-dependent MEK1 activation during adhe-
sion to fibronectin (Fig. 1A) are consistent with MP1/p14,
PAK1, and MEK1 playing a role in the acute control of Rho-
GTP loading.

As a functional measure of Rho activation, we asked if
Rho-dependent stress fiber and focal adhesion formation (12)
were altered by the depletion of MP1/p14 during acute adhe-
sion and spreading on fibronectin. In control RNA-transfected
cells allowed to spread on fibronectin, polymerized actin was
found in peripheral ruffles at 15 min and became organized
into stress fibers that frequently crossed the cell body or local-
ized to one primary lamellipodium at 30 and 60 min (Fig. 6B
and data not shown). In contrast, we did not observe actin

ruffles in cells depleted of MP1 at any time point, but rather
polymerized actin was localized around the nucleus and in
peripheral “blebs” at 15 min and became organized into pro-
nounced circumferential stress fibers by 60 min (Fig. 6B). Fo-
cal adhesions identified by vinculin staining were discrete and
well organized in control transfected cells (Fig. 6B and data
not shown). In striking contrast, large patches of vinculin stain-
ing were observed in cells depleted of MP1/p14 (Fig. 6B)
during acute adhesion to fibronectin. These data are strong
evidence of a requirement for MP1/p14 for remodeling of actin
and focal adhesion structures during cell spreading.

MP1 is required to suppress ROCK function during cell
spreading. To further test the hypothesis that inappropriate
activation of Rho and ROCK underlies this acute spreading
defect, we analyzed phosphorylation of the ROCK effector
cofilin in control and MP1 siRNA-transfected cells acutely
adhering to fibronectin. Depletion of MP1 stimulated cofilin
phosphorylation above that seen in control transfected cells
(Fig. 6C), as seen in continuously adherent cells (Fig. 5E).
These morphological and biochemical data suggested that el-
evated ROCK activity resulting from the depletion of MP1
might underlie the observed spreading defect. To directly test
this hypothesis, we asked whether ROCK inhibitors could res-
cue spreading in cells depleted of MP1. Y27632 substantially
inhibited fibronectin-stimulated cofilin phosphorylation (Fig.
6C) and rescued the spreading defect resulting from the de-
pletion of MP1/p14 (Fig. 7A and B); cell spreading was also
rescued with a structurally distinct Rho kinase inhibitor, H1152
(33) (Fig. 7A). Spreading rescued by inhibition of ROCK was
accompanied by partial restoration of typical focal adhesions
and stress fibers that crossed the cell body (Fig. 6B and data
not shown). Together, these morphological and biochemical
data indicate that ROCK activity is elevated in fibronectin-
stimulated cells lacking MP1 and that inhibition of this activity
partially restores adhesions and stress fibers and allows cell
spreading. ROCKI and ROCKII protein levels are not altered
by depletion of MP1 (Fig. 7A, inset), indicating that ROCK-
specific activity is elevated in the absence of MP1.

MEK1 S298 phosphorylation and ERK activation were not
restored in cells depleted of MP1/p14 when spreading was
rescued with the ROCK inhibitor Y27632 (Fig. 7C). Together,
these data place Rho-ROCK downstream of MP1/p14-regu-
lated MEK1 phosphorylation and ERK activation and indicate
that MP1/p14-regulated ERK suppresses Rho and ROCK
function to allow focal adhesion remodeling and membrane
protrusion (93) during spreading on fibronectin.

DISCUSSION

The mechanisms by which ERK signaling controls morpho-
genetic events are poorly understood. Here, we present evi-
dence that MEK1 and ERK controlled by the scaffold proteins
MP1 and p14 and the Rac/Cdc42 effector PAK1 acutely sup-
press Rho function to allow cell spreading. Our data suggest a
mechanism for the reciprocal regulation of Rac/Cdc42 and
Rho (41, 43) that accommodates the spatial and temporal
control of the Rho family GTPases and effectors involved.

MP1 regulates PAK phosphorylation and activation of
MEK1. We have previously delineated a FAK- and Src-depen-
dent mechanism for PAK1 phosphorylation of MEK1 but not
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FIG. 6. MP1 regulates Rho-GTP loading and function during acute spreading on fibronectin. (A) MP1 controls Rho-GTP loading. REF52 cells
transfected with control or MP1 siRNA were suspended and then allowed to adhere to fibronectin-coated plates for the indicated times. Rho-GTP
loading was measured as described previously (62). (B) Rho-dependent focal adhesion and stress fiber formation are controlled by MP1. REF52
cells transfected and suspended as described for panel A were treated with or without the Rho kinase inhibitor Y27632 (10 �M) for 30 min prior
to replating on fibronectin for the indicated times. Cells depleted of MP1/p14 exhibit dense circumferential stress fibers (arrows) and large
vinculin-containing adhesions (arrowheads). Typical stress fiber (arrows) and vinculin staining (arrowheads) are partially restored by pretreatment
with the Rho kinase inhibitor. Scale bar, 25 �m. (C) Depletion of MP1/p14 stimulates ROCK-dependent phosphorylation of cofilin in acutely
adhering cells. Cells transfected with control or MP1 siRNA were incubated with or without Y27632 (10 �M; 30 min) prior to replating on
fibronectin. Phosphorylation of endogenous cofilin was assessed by Western blotting.
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MEK2 in peripheral membrane structures during adhesion
and spreading (73). We now show evidence that the MEK1-
specific binding protein MP1 (67) and its partner p14 (94) are
important for PAK1 phosphorylation and activation of MEK1
in response to fibronectin stimulation. Furthermore, we find
that MP1 preferentially associates with active PAK1, consistent
with the hypothesis that MP1/p14 facilitates MEK1 S298 phos-
phorylation through physical interactions with both kinases.
However, a direct test of this model using MEK1 mutants
(MEK1 L274S and MEK1 Q278P) unable to bind MP1 reveals
that while MP1 is required for PAK1 phosphorylation of en-
dogenous MEK1 during adhesion to fibronectin, the MP1-
MEK1 interaction is dispensable when MEK1 is overex-
pressed. While further studies are required to elucidate the
mechanism of action of MP1, it is plausible that the overex-
pression of MEK overcomes a requirement for the MP1-
MEK1 interaction for MEK1 S298 phosphorylation in our
assays. Indeed, we find that overexpressed MEK2 is apprecia-

bly phosphorylated on serine 298 in response to fibronectin
stimulation (data not shown), in contrast to endogenous
MEK2. Furthermore, MEK1 L274S and MEK1 Q278P mu-
tants did exhibit delayed fibronectin-stimulated MEK1 S298
phosphorylation in some trials, consistent with the hypothesis
that MP1/p14-mediated scaffolding is important for rapid
PAK1 phosphorylation during adhesion. Interestingly, rapid
MEK1 phosphorylation (5 to 15 min) in response to fibronec-
tin stimulation requires FAK and Src activity, whereas phos-
phorylation at later time points (15 to 45 min) appears inde-
pendent of these activities (73). It is plausible that the MP1-
MEK1 interaction is required only for the early FAK- and
Src-dependent phase of MEK1 S298 phosphorylation.

A requirement for simultaneous interactions between MP1,
MEK1, and PAK1 for fibronectin-stimulated MEK1 S298
phosphorylation would predict the existence of a ternary com-
plex between MEK1, MP1, and PAK1. We have been unable
to detect a complex following transient transfection of MEK1,

FIG. 7. MP1-regulated ERK activation suppresses ROCK function to allow cell spreading. (A) Inhibition of ROCK rescues the spreading
defect of cells depleted of MP1/p14. Cells were allowed to attach and spread on fibronectin for 30 min with or without prior treatment with Y27632.
A structurally distinct ROCK inhibitor, H1152, was used to confirm that elevated ROCK function underlies the spreading defect. Lysates prepared
from REF cells transfected with control or MP1 siRNA were blotted with ROCKI and II antisera (inset); ROCK expression is unaffected by
depletion of MP1/p14. (B) Inhibition of ROCK rescues the spreading defect in cells depleted of MP1. Cultures were fixed at 30 min and random
fields scored for spread cells. Data are representative of two experiments. (C) Rho kinase is downstream of MP1/p14-regulated MEK1 phos-
phorylation and ERK activation. Lysates were blotted for MEK1 phosphorylation and ERK activation following replating on fibronectin (30 min)
in the presence or absence of Y27632. Scale bar, 25 �m.
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MP1, and active PAK1 (data not shown). While we have no
evidence that MP1/p14 simultaneously scaffolds MEK1 and
PAK1, the small size of MP1 (14 kDa) makes it likely that
additional components would be required to stabilize a scaf-
folding complex. Indeed, it has recently been suggested that
the binding activities of an ERK scaffold are distributed among
a number of molecules in mammalian cells (89). Additional
studies are required to identify and characterize components
that may function to scaffold MEK1 and PAK1.

Although the precise mechanism of action of MP1 is not
understood, our data demonstrate that MP1 is required for
phosphorylation of MEK1 by PAK1 and MEK1 and ERK
activation during adhesion to fibronectin. PAK1 phosphoryla-
tion of MEK1 occurs in peripheral membrane structures (73)
and stimulates localized MEK1-ERK complex formation and
activation proximal to newly forming adhesion structures (16,
73), suggesting a mechanism for the focal complex and/or focal
adhesion localization of active ERK in response to fibronectin
stimulation (20, 73).

MP1 and MEK regulate Rho function. Our data show that
MEK1-ERK regulated by MP1/p14 acutely suppresses Rho-
dependent contractility and thereby allows the rapid remodel-
ing of actin and adhesion structures necessary for membrane
protrusion and cell spreading to occur. In support of this
model, FAK-null cells exhibit reduced PAK phosphorylation
of MEK1 (73) and activation of ERK during adhesion (69, 70,
73) and spreading defects resulting from Rho-mediated stabi-
lization of circumferential stress fibers and focal adhesions (11,
63). Furthermore, v-Src causes dissolution of focal adhesions
(19) and disruption of stress fibers reversible by acute inhibi-
tion of MEK (59, 60). Together, these data support the hy-
pothesis that MP1/p14-controlled activation of MEK1-ERK
downstream of FAK, Src, and PAK1 couples Rac/Cdc42 acti-
vation stimulated by local integrin engagement temporally to
the down-regulation of Rho function(s) necessary for focal
adhesion turnover and cell spreading. Furthermore, the local-
ization of activated PAK1 (72), PAK1-phosphorylated MEK1
(73), and activated ERK to peripheral adhesion structures (20,
73) during cell spreading on fibronectin allows for spatial reg-
ulation of this process. This model may explain why MEK1-
null fibroblasts are defective for migration on fibronectin de-
spite continued expression of MEK2 (26): MEK2 is unable to
bind MP1/p14 and integrate PAK1 signals in response to inte-
grin ligation (24, 73) and hence may be uncoupled from the
downstream turnover of focal adhesion structures.

Integration of ERK and Rho signaling. The balanced assem-
bly and disassembly of adhesion structures and stress fibers are
of critical importance for cell spreading and migration, and an
abundance of stable focal adhesions and stress fibers is fre-
quently associated with decreased motility (11, 19, 66, 87).
Diverse data support a role for the integration of Rho family
GTPase and ERK signaling in the control of cell motility (36,
38, 56, 73, 75). Importantly, ERK is implicated in the coordi-
nate control of Rac and Rho activities in human tumor cells
(87) and in fibroblast models of transformation (66). In these
situations, ERK signaling does not acutely influence Rho func-
tion, but rather sustained ERK signaling selects for down-
regulation of Rho or Rho effector function (66, 87). In colon
carcinoma cells, the loss of Fra1 results in an up-regulation of
Rho-GTP levels and ROCK activity as a result of activation of

�1 but not �3 integrins (87). Since Fra1 expression is controlled
by ERK (86), these studies demonstrate that ERK activity
promotes the migration of colon carcinoma cells in part by
Fra1-dependent suppression of Rho/ROCK activation. In con-
trast, Ras- and Raf-transformed fibroblasts exhibit increased
motility in spite of high Rho-GTP levels (66). In these cases,
sustained ERK activation uncouples ROCK from Rho and
thereby inhibits stress fiber formation (66).

These mechanisms evolve during cellular transformation
and likely function to increase the motile and invasive behavior
of tumor cells (66, 87). The mechanism described here is dis-
tinct from those selected during cellular transformation in
three ways. First, the depletion of MP1/p14 or the acute inhi-
bition of MEK (20) attenuates REF52 cell spreading, indicat-
ing that ERK substrates, likely localized proximal to focal
adhesions, are direct regulators of this process. Second, the
depletion of MP1 and p14 does not detectably change Rho-
GTP loading or Rho or ROCK expression in continuously
adherent cells but instead alters Rho-GTP loading during
acute adhesion to fibronectin. Third, the depletion of MP1 and
p14 inhibits spreading on both fibronectin (a �1-ligand) and
vitronectin (�3-ligand; data not shown), indicating that the
suppression of Rho function by MP1 is not a �1 integrin-
specific mechanism in fibroblasts. MP1 and p14 thus control
acute Rho-mediated remodeling of actin and adhesion struc-
tures required for rapid, spatially coordinated cellular re-
sponses to the extracellular matrix.

ERK regulates the assembly and turnover of focal adhesions
(8, 20, 27, 66, 75, 87, 91), although the spectrum of substrates
phosphorylated in this context is unknown. Our data suggest
Rho GTPase-activating proteins (RhoGAPs) and Rho guanine
nucleotide exchange fators (RhoGEFs0 or their upstream reg-
ulators localized proximal to peripheral membrane structures
and adhesions as potential MP1/p14-dependent ERK sub-
strates. Down-regulation of Rho by p190 RhoGAP is required
for fibroblast spreading (3), and p190 RhoGAP is localized to
sites of membrane protrusion and ruffling (6, 54). However, it
is not known if ERK regulates p190 RhoGAP localization or
activity. In contrast, the FAK-associated RhoGAP GRAF (30)
is known to be phosphorylated by ERK (79), but whether ERK
phosphorylation regulates the activity or localization of GRAF
remains to be determined.

The biochemical and morphological data presented also
strongly support the hypothesis that MP1/p14 and MEK1 con-
trol ROCK activity in acutely spreading cells. Specifically, cells
lacking MP1 accumulate large and/or stabilized focal adhe-
sions and dense circumferential stress fibers and are markedly
defective for spreading on fibronectin. Increased ROCK activ-
ity is responsible for these defects in acutely spreading cells,
since two highly specific and structurally distinct ROCK inhib-
itors (Y27632 and H1152) rescue cell spreading and partially
restore typical focal adhesions and stress fibers in cells de-
pleted of MP1.

The situation may be more complex in continuously adher-
ent cells. Although ROCK activity is stimulated following
treatment with UO126 or depletion of MP1, focal adhesions,
stress fibers and phosphorylation of cofilin, an endogenous
ROCK effector, are maintained even in the presence of
Y27632 in MP1 siRNA-transfected cells. The most conserva-
tive explanation for this observation is that residual ROCK
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activity remaining after Y27632 treatment is sufficient to stim-
ulate cofilin phosphorylation and maintain adhesions and
stress fibers. However, we cannot exclude the more interesting
possibility that MP1 controls both ROCK and a distinct
Y27632-resistant kinase with overlapping substrate specificity
in continuously adherent cells. Rho-regulated kinases (25, 47,
88) relatively insensitive to Y27632 (35) have been described,
but to our knowledge none of these is known to stimulate
cofilin phosphorylation. Further work is needed to clarify
whether MP1 controls focal adhesion and stress fiber dynamics
in adherent cells through ROCK alone or through ROCK and
additional effectors.

The depletion of MP1/p14 and treatment with the MEK
inhibitor UO126 both stimulate the accumulation of enlarged
focal adhesions, albeit of subtly different morphologies. It is
plausible that UO126 and the loss of MP1/p14 are differentially
effective in inhibiting the pool of ERK controlling focal adhe-
sion dynamics. Alternatively, it is possible that MP1/p14 might
regulate PAK1 activity towards substrates other than MEK1
important for the remodeling of adhesion structures. Consis-
tent with this notion, we find that combined MP1 knockdown
and UO126 treatment enhances ROCK activity above that
seen with either MP1 knockdown or the MEK inhibitor alone.

Spatial regulation of MEK1 signaling during adhesion. The
mechanism by which MEK1 is recruited to peripheral mem-
brane sites of PAK1 activation is unknown. MP1 and associ-
ated p14 localize to late endosomal and lysosomal structures
(80, 94), raising the possibility that endosomal MP1/p14 may
traffic MEK1 to or from peripheral membrane structures dur-
ing adhesion. Additional support for this possibility was re-
cently provided by Sacher and colleagues (45), who found that
MP1 and p14 are structurally related to SNARE-like proteins
involved in membrane trafficking. That MP1 is enriched in
lipid rafts (22) is intriguing in this regard given the recent
finding that Rho function is intimately linked to FAK-depen-
dent translocation of raft components (57). One might specu-
late that FAK-dependent localization of MP1 to lipid rafts at
the cell periphery allows for subsequent ERK-dependent
down-regulation of Rho function in a temporally and spatially
controlled manner. Alternatively, localization of the MP1/p14
scaffold complex may be regulated by dynein motor activity,
since p14 exhibits sequence homology to the Roadblock/LC7
family of dynein-binding proteins (5, 39) and PAK1 binds to
dynein light chain (85).

MP1: a MEK1 scaffolding protein that regulates morpho-
genesis. Our finding that MP1/p14 regulates the PAK1-depen-
dent activation of MEK1 required for cell spreading while
apparently being unnecessary for PDGF-stimulated MEK ac-
tivation constitutes strong evidence that MP1 and p14 direct
MEK and ERK to specific upstream regulators and down-
stream targets in a context-dependent manner. This is remi-
niscent of the prototypical MAP kinase scaffolding protein
STE5 in yeast, which is thought to “insulate” the pheromone
response from functionally distinct pathways sharing common
components (reviewed in references 18 and 68). The mecha-
nism we propose here could insulate ERK-dependent morpho-
genetic events from regulation by other stimuli through scaf-
fold-mediated localization of the shared-component MEK1
and the integration of adhesion signals from PAK1.

To our knowledge, this is the first demonstration of a mor-

phogenetic function for a mammalian ERK pathway scaffold.
Interestingly, the PAK-related kinases STE20 and STE11 reg-
ulate localized actin remodeling through STE5-mediated acti-
vation of the FUS3 MAP kinase in yeast (46), suggesting the
existence of an evolutionarily conserved mechanism for the
control of cell morphology by MAP kinase scaffolds and PAK
family kinases. If, as suggested previously (68) and demon-
strated recently by Vomastek et al. (89), the binding activities
of the yeast scaffold STE5 are distributed among a number of
discrete subunits in mammalian cells, additional MP1 and p14
partners with binding specificity for upstream regulators and
downstream effectors remain to be discovered.
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