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Cell migration is critical for normal development and for pathological processes including cancer cell
metastasis. Dynamic remodeling of focal adhesions and the actin cytoskeleton are crucial determinants of cell
motility. The Rho family and the mitogen-activated protein kinase (MAPK) module consisting of MEK–
extracellular signal-regulated kinase (ERK) are important regulators of these processes, but mechanisms for
the integration of these signals during spreading and motility are incompletely understood. Here we show that
ERK activity is required for fibronectin-stimulated Rho-GTP loading, Rho-kinase function, and the maturation
of focal adhesions in spreading cells. We identify p190A RhoGAP as a major target for ERK signaling in
adhesion assembly and identify roles for ERK phosphorylation of the C terminus in p190A localization and
activity. These observations reveal a novel role for ERK signaling in adhesion assembly in addition to its
established role in adhesion disassembly.

Cell migration is a highly coordinated process essential for
physiological and pathological processes (69). Signaling through
Rho family GTPases (e.g., Rac, Cdc42, and Rho) is crucial for
cell migration. Activated Rac and Cdc42 are involved in the
production of a dominant lamellipodium and filopodia, respec-
tively, whereas Rho-stimulated contractile forces are required
for tail retraction and to maintain adhesion to the matrix (57,
58, 68). Rac- and Cdc42-dependent membrane protrusions are
driven by the actin cytoskeleton and the formation of periph-
eral focal complexes; Rho activation stabilizes protrusions by
stimulating the formation of mature focal adhesions and stress
fibers. Active Rho influences cytoskeletal dynamics through
effectors including the Rho kinases (ROCKs) (2, 3).

Rho activity is stimulated by GEFs that promote GTP bind-
ing and attenuated by GTPase-activating proteins (GAPs) that
enhance Rho’s intrinsic GTPase activity. However, due to the
large number of RhoGEFs and RhoGAPs expressed in mam-
malian cells, the molecular mechanisms responsible for regu-
lation of Rho activity in time and space are incompletely un-
derstood. p190A RhoGAP (hereafter p190A) is implicated in
adhesion and migration signaling. p190A contains an N-termi-
nal GTPase domain, a large middle domain juxtaposed to the
C-terminal GAP domain, and a short C-terminal tail (74). The
C-terminal tail of �50 amino acids is divergent between p190A
and the closely related family member p190B (14) and thus
may specify the unique functional roles for p190A and p190B
revealed in gene knockout studies (10, 11, 41, 77, 78). p190A
activity is dynamically regulated in response to external cues
during cell adhesion and migration (5, 6, 59). Arthur et al. (5)
reported that p190A activity is required for the transient de-

crease in RhoGTP levels seen in fibroblasts adhering to fi-
bronectin. p190A activity is positively regulated by tyrosine
phosphorylation (4, 5, 8, 17, 31, 39, 40, 42): phosphorylation at
Y1105 promotes its association with p120RasGAP and subse-
quent recruitment to membranes or cytoskeleton (8, 17, 27, 31,
71, 75, 84). However, Y1105 phosphorylation is alone insuffi-
cient to activate p190A GAP activity (39). While the functions
of p190A can be irreversibly terminated by ubiquitinylation in
a cell-cycle-dependent manner (80), less is known about re-
versible mechanisms that negatively regulate p190A GAP ac-
tivity during adhesion and motility.

The integration of Rho family GTPase and extracellular
signal-regulated kinase (ERK) signaling is important for cell
motility (48, 50, 63, 76, 79). Several studies have demonstrated
a requirement for ERK signaling in the disassembly of focal
adhesions in migrating cells, in part through the activation of
calpain proteases (36, 37) that can downregulate focal adhe-
sion kinase (FAK) signaling (15), locally suppress Rho activity
(52), and sever cytoskeletal linkers to focal adhesions (7, 33).
Inhibition of ERK signaling increases focal adhesion size and
retards disassembly of focal adhesions in adherent cells (57, 64,
85, 86). It is also recognized that ERK modulates Rho-depen-
dent cellular processes, including membrane protrusion and
migration (18, 25, 64, 86). Interestingly, ERK activated in re-
sponse to acute fibronectin stimulation localizes not only to
mature focal adhesions, but also to peripheral focal complexes
(32, 76). Since these complexes can either mature or be turned
over (12), ERK may play a distinct role in focal adhesion
assembly. ERK is proposed to promote focal adhesion for-
mation by activating myosin light chain kinase (MLCK) (21,
32, 50).

Here we find that ERK activity is required for Rho activa-
tion and focal adhesion formation during adhesion to fibronec-
tin and that p190A is an essential target of ERK signaling in
this context. Inspection of the p190A C terminus reveals a
number of consensus ERK sites and indeed p190A is phos-
phorylated by recombinant ERK only on its C terminus in vitro,
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and on the same C-terminal peptide in vivo. Mutation of the
C-terminal ERK phosphorylation sites to alanine increases the
biochemical and biological activity of p190A. Finally, inhibition
of MEK or mutation of the C-terminal phosphorylation sites
enhances retention of p190A in peripheral membranes during
spreading on fibronectin. Our data support the conclusion that
ERK phosphorylation inhibits p190A allowing increases in
RhoGTP and cytoskeletal changes necessary for focal adhe-
sion formation.

MATERIALS AND METHODS

Cell culture, plasmids, transfection, and antibodies. Standard cell culture
methods were followed. REF52 and COS1 cells were transfected with Superfect
(Qiagen, CA) and Lipofectamine (Invitrogen, CA), respectively. Plasmids en-
coding glutathione S-transferase (GST)–RhoA (wild type and 63L and 17N
mutants), and enhanced green fluorescent protein (EGFP)-p190A RhoGAP
(wild type and catalytically inactive R1258A mutant) were gifts from William T.
Arthur and Keith Burridge (University of North Carolina, Chapel Hill). FLAG-
RhoA (human wild type, plasmid 11750) and myc-RhoA-63L (human constitu-
tively active, plasmid 15900) were purchased from Addgene (www.addgene.org).
myc-tagged ROCKII-�3 (constitutively active ROCKII) was a gift from Shuh
Narumiya (Kyoto University, Japan). UO126 and Y27632 were purchased from
Calbiochem. Membrane-permeable C3 transferase (Cytoskeleton, Boulder, CO)
and antibodies against FLAG epitope (M2), active MEK (pSer218/222), MEK1,
vinculin (Sigma-Aldrich), RhoA (Santa Cruz Biotechnology), p190A RhoGAP
(clone 30), p190B RhoGAP (clone 54), RhoGDI (BD Biosciences), active ERK
(12D4; Upstate), and EGFP (Clontech monoclonal antibody [MAb] JL-8) were
used as suggested by commercial suppliers. Antibodies against ERK1 and -2
(clone B3B9 MAb) and myc epitope (9E10 MAb) were gifts from Michael
Weber (University of Virginia, Charlottesville). Phospho-specific pT696 MYPT1
(Millipore) and pT853 MYPT1 (Cell Signaling) were used at a 1:1,000 dilution.
Antibodies that recognize phospho-cofilin (pSer3) were purchased from Cell
Signaling. Cofilin antibody was obtained from Cytoskeleton (ACFL02, 1:1,000,
rabbit polyclonal antibody). All other chemicals were from Sigma-Aldrich unless
stated otherwise.

siRNA knockdown of p190A expression. Stealth small interfering RNAs (siRNAs)
targeting rat p190A RhoGAP were synthesized by Invitrogen. Two siRNAs
targeting the open reading frame (no. 1 and 2) and two targeting the 3� untrans-
lated region (UTR) (no. 3 and 4) and a mismatched control oligonucleotide to
siRNA 1 (see Fig. 5) were used to transfect REF52 cells using the calcium
phosphate method. Seventy-two hours after transfection, cells were lysed and
analyzed for p190A knockdown or subjected to replating on fibronectin as de-
scribed below.

Site-directed mutagenesis. Mutagenesis of four potential p190A mitogen-
activated protein kinase (MAPK) sites (S1451, S1476, T1480, and S1483) to
alanines was carried out using the QuikChange XL mutagenesis kit (Stratagene)
and oligonucleotides synthesized at the University of Virginia, Charlottesville.
The quadruple-mutant sequence was subcloned to p190A constructs using stan-
dard techniques. All plasmids were sequenced to verify that the right mutations
were introduced and the correct fragments and reading frames were restored.

RhoGTP assay. Cellular RhoGTP was measured by pulldown with the Rho
binding domain (RBD) of Rhotekin fused to GST (GST-RBD) as described
previously (65, 66). Briefly, freshly transformed Escherichia coli BL21(DE3) cells
were grown overnight at 37°C in LB medium (with 100 �g/ml ampicillin), diluted
1:50 into fresh LB-ampicillin and grown until the A600 was 0.2. Cultures were
then induced with 0.3 mM IPTG (isopropyl-�-D-thiogalactopyranoside) at room
temperature for 16 h. To determine RhoGTP levels, clarified cell lysates pre-
pared in buffer A (50 mM Tris, pH 7.4, 500 mM NaCl, 0.1% SDS, 0.5% sodium
deoxycholate, 1% Triton X-100, and 0.5 mM MgCl2 supplemented with 10 �g/ml
leupeptin, aprotinin, and 1 mM phenylmethylsulfonyl fluoride [PMSF]) were
incubated with 30 to 50 �g of GST-RBD bound to glutathione-Sepharose beads
(GE Health Care) for 30 min at 4°C. Beads were washed four times in buffer B
(50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, and 0.5 mM MgCl2
supplemented with 10 �g/ml leupeptin, aprotinin, and 1 mM PMSF) and ana-
lyzed by immunoblotting with either anti-FLAG antibody to detect transfected
FLAG-RhoA (M2; Sigma) or anti-RhoA to detect endogenous RhoA.

p190A RhoGAP assay. Recombinant GST-RhoA-63L and -17N and the wild
type were produced in E. coli (BL21) cells as described previously (34), with the
following modifications. Expression was induced at room temperature for 16 h
and purification was done in the absence of dithiothreitol (DTT). After mea-

surement of the protein concentration (Pierce bicinchoninic acid [BCA] reagent
kit with bovine serum albumin [BSA] as a standard), DTT was added to a final
concentration 2 mM. Purified GST-RhoA-63L was stored at 4°C and used within
10 days or was stored in 50% glycerol at �20°C and used within 6 weeks of
preparation. Active p190A RhoGAP was precipitated from cell lysates as previ-
ously described (34, 59).

Replating assay. Cells were trypsinized (with 0.05% Trypsin-EDTA; Invitro-
gen) and collected with serum-free medium containing soybean trypsin inhibitor
(1 mg/ml) as described previously (76). Cells were centrifuged (500 � g for 5
min), washed once with serum-free medium, and resuspended gently in serum-
free medium. After incubation for 90 min in a cell culture incubator at 37°C (5%
CO2), suspensions were replated on fibronectin (10 �g/ml)-coated coverslips (for
immunofluorescence) or bacterial petri dishes (biochemical assays) for the
indicated times at 37°C (5% CO2). Cells were lysed in ice-cold lysis buffer (20
mM HEPES-KOH, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1%Triton X-100, 1
mM PMSF, 3 mM benzamidine, 10 �g/ml each leupeptin and pepstatin, 10
nM microcystin-LR, 1 mM sodium orthovanadate, 5 mM sodium pyrophosphate,
50 mM sodium fluoride) and centrifuged at 13,000 � g for 5 min. Supernatants
were normalized for protein concentration (Pierce BCA reagent kit) with lysis
buffer and assayed as described for each experiment.

Metabolic and in vitro labeling. Metabolic labeling with 32Pi and in vitro
phosphorylation reactions were carried out essentially as described previously
(16, 26), except that FLAG p190A immunoprecipitates destined for in vitro
phosphorylation by ERK were pretreated with calf intestinal alkaline phos-
phatase (1 U; NEB) for 60 min at 37°C according to the manufacturer’s instruc-
tions. After phosphatase treatment, immunoprecipitates were washed in kinase
buffer (20 mM Tris, pH 7.8, 10 mM MgCl2,) and suspended in 50 �l of kinase
buffer supplemented with 1 mM DTT, 10 �M ATP, 10 �Ci [�-32P]ATP (EazyTide;
Perkin Elmer) and 0 to 100 ng of recombinant ERK1 (MBL International
Corporation). After 30 min of incubation at 30°C, kinase reactions were stopped
by adding 2� SDS-PAGE sample buffer and analyzed by PhosphorImager or
exposure to X-ray film. Tryptic phosphopeptides prepared as described by Luo et
al. (38) were resolved on 16.5% Tris-Tricine-SDS gels (73) and transferred to
Immobilon PSQ membrane (Millipore). In silico trypsin digestion was performed
with PeptideCutter (ca.expasy.org/tools/peptidecutter).

Immunofluorescence. Cells were fixed with 3.7% paraformaldehyde (in 4%
sucrose and 1� phosphate-buffered saline [PBS] pH 7.4), permeabilized with
0.5% Triton X-100 (for 15 min), washed with PBS (plus 0.05% Igepal CA630),
and blocked with 3% bovine serum albumin (in PBS; Igepal CA630). Blocked
cells were washed thoroughly with PBS and incubated with primary antibody
against vinculin (1:200; Sigma, mouse monoclonal clone hVin1) and detected
with Fluor-conjugated secondary antibodies (Jackson Laboratory). F-actin was
stained with phalloidin-Oregon green 488 or phalloidin-595 (Invitrogen), rinsed
with PBS, and mounted on glass slides with ProLong Antifade with DAPI
(4�,6-diamidino-2-phenylindole) mounting medium (Invitrogen). In double-
staining experiments, antibodies against vinculin (1:200), zyxin (1:100; Sigma,
rabbit polyclonal), and phospho-paxillin (pY118) conjugated to Alexa Fluor 488
(1:50; Biosource 44-722A1, rabbit polyclonal antibody) were used for indirect
or direct immunofluorescence with the appropriate secondary antibodies
conjugated to Cy3 or Cy5. Cells transfected with myc-tagged RhoA-63L or
ROCKII-�3 (“active” ROCKII) were detected with rabbit monoclonal anti-myc
antibody (Cell Signaling; clone 71D10, 1:200). Immunofluorescence images were
captured with a Leica DM RA2 epifluorescence microscope equipped with the
appropriate filters, excitation sources, and a motorized z-stage controlled by
Slide Book software (Intelligent Imaging Innovations).

Image analysis, quantitation, and statistical analyses. Immunofluorescent
images were converted to 32-bit gray scale image in Image J. Threshold values
were set between 45 and 225. Masks generated from threshold images were
quantitated using plug-ins in ImageJ (http://rsb.info.nih.gov/ij/plugins). Tabu-
lated values were manually filtered by comparing the x-y position of each object
from the table with that present in the image. Filtered data were exported to
Excel, and statistical analyses were performed with Prism Graphpad with an
unpaired t test or one-way analysis of variance (ANOVA). Pairwise comparisons
were made posttest (when P is �0.05) with Tukey’s multiple comparison test.
Pixel values were converted to micrometers using the constant pixel2 	 0.101
�m2 in our setting (a function of charge-coupled device [CCD] capabilities and
objectives). Chemiluminescent images of immunoblots obtained with Fujifilm
Intelligent Dark Box II run through LAS1000Plus software were quantitated
using ImageQuant application. Densitometry of digital images was converted to
intensity (arbitrary units) and exported to Prism GraphPad for statistical analysis.
In experiments where cells were quantitated for mature focal adhesion or for
spreading, at least 20 nonoverlapping fields were counted for each experimental
condition. We defined mature adhesions as those that resembled clustered ad-
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hesions present in control cells (see the example in Fig. 1A, top of the middle
panel) and fully spread cells as those that contained a major lamellipodium and
distinct stress fibers. In some experiments with cells of higher passage (
20),
even control cells contained diffused vinculin staining that was atypical to the
expected punctate or focal adhesion staining. Such cells were excluded from
analysis from all experimental conditions. For GAP phenotype analysis, REF52
cells transfected with GFP-tagged constructs were counted 24 to 48 h posttrans-
fection with a Nikon Eclipse TS100 microscope fitted with a GFP filter. Rounded
cells in each bright field were counted (20� objective), and GFP-positive cells in
the same field were scored by switching to the GFP channel.

RESULTS

ERK activity is required for focal adhesion formation and
cell spreading. To test if MEK activity is required for focal

adhesion formation, we treated REF52 cells with the MEK
inhibitor UO126 (29) and allowed them to adhere to fibronec-
tin. Vehicle-treated control cells spread radially and formed
numerous vinculin-containing focal adhesions, whereas cells
treated with UO126 lacked focal adhesions and spread with
multiple broad membrane protrusions (Fig. 1A). Approximately
85% of control cells spread radially (Fig. 1B), and �60% pro-
duced focal adhesions following adhesion to fibronectin for 30
min (Fig. 1C); pretreatment with UO126 reduced these per-
centages to �20% and 2%, respectively. A similar phenotype
was seen in cells transiently expressing dominant-negative
MEK1 (MEK1-K97A; Fig. 1D). Together these data indicate a
requirement for MEK-ERK signaling in the formation of focal

FIG. 1. MEK activity is required for cell spreading and focal adhesion assembly. REF52 cells were plated on fibronectin-coated coverslips for 30 min
with or without prior treatment with the MEK inhibitor UO126 (25 �M). Cells were fixed and stained for focal adhesions (vinculin) and F-actin
(phalloidin-Oregon green 488) (A) and scored for spreading (B) and for mature focal adhesions (C). At least 20 random fields were counted for each
experimental condition. Experiments were performed on at least three different occasions with similar results. Data were analyzed by Student’s t test, and
P values and number of cells (n) in this experiment are indicated. (D) REF52 cells were transfected with EGFP-tagged kinase-defective MEK1
(EGFP-MEK1-K97A) and replated on fibronectin-coated coverslips for 30 min. Cells were fixed and imaged as in panel A.

VOL. 30, 2010 ERK SUPPRESSION OF p190A RhoGAP 3235



adhesions during adhesion to fibronectin, consistent with pre-
vious reports (32, 50).

Quantitative analysis of immunofluorescent images of vin-
culin staining (Fig. 2A) revealed that the average size of ad-

hesions was significantly decreased in UO126-treated cells at
30 min (0.94 � 0.07 �m2 compared to 5.76 � 0.66 �m2 in
control cells; P � 0.05) (Fig. 2B and C) with some recovery
seen at 90 min (8.46 � 0.6 �m2 compared to 15.24 � 0.61 �m2

FIG. 2. MEK signaling facilitates maturation of focal adhesions. Cells plated on fibronectin for 30 or 90 min (FN30 and FN90, respectively)
in the presence or absence of UO126 were stained for vinculin. Digital images were converted to 32-bit gray scale, threshold set and semiauto-
matically gated (A). Pixel values were converted to micrometers and analyzed by one-way ANOVA (B). (C and D) Box-whisker plot representation
of the distribution of focal adhesion areas in cells plated for 30 of 90 min, respectively. The top and bottom edges of the rectangle are 75th and
25th percentiles, and the horizontal line within the rectangle is the median value. The means � standard errors (SE) from this analysis are
presented in panel B. (E) Cells allowed to spread on fibronectin for 30 or 90 min (FN30 and FN90, respectively) in the presence or absence of
UO126 were stained for zyxin, a marker for mature adhesions, or phospho-Y118 paxillin, found in both mature and nascent adhesions. (F) Cropped
and magnified details from insets shown in panel E.
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in control cells; P � 0.001) (Fig. 2B and D), suggesting a defect
in the maturation of nascent adhesions. Nascent adhesions con-
tain paxillin phosphorylated on tyrosine 118, but little zyxin,
whereas mature adhesions contain both markers (35, 90). Zyxin
was largely absent from adhesions in UO126-treated cells at 30
min but recovered somewhat at 90 min (Fig. 2E and F). These
observations indicate that MEK/ERK activity facilitates the
maturation of nascent adhesions.

ERK inhibition phenocopies Rho and ROCK inhibition.
Inhibition of MEK signaling (Fig. 1) causes a phenotype rem-
iniscent of inhibition of Rho/ROCK signaling in fibroblasts
(64) and THP-1 leukocytes (87). To begin to test this possibility
directly, we pretreated cells with membrane-permeable Clos-
tridium C3 to inactivate Rho proteins (1) or with Y27632 to
inhibit ROCK (45). Cells incubated with C3 toxin or Y27632
typically failed to spread normally or elaborate mature focal
adhesions and exhibited phenotypes closely resembling those
of UO126-treated cells (Fig. 3A and B).

To determine if MEK/ERK signaling is required upstream
or downstream of Rho/ROCK as cells adhere to fibronectin,
we performed two experiments. First, we asked whether the
contractile morphology induced by constitutively active Rho or
ROCK could be reversed by UO126. Cells transiently trans-
fected with constitutively active Rho (myc-RhoA-63L) or
ROCK (myc-ROCKII-�3) were plated on fibronectin in the

presence or absence of UO126. UO126 had little effect on
the morphology of cells transiently expressing active Rho or
ROCK but inhibited focal adhesion formation in neighboring
untransfected cells (Fig. 3C and D). Thus, MEK/ERK activity
is not required downstream of constitutively active Rho or
ROCK. Second, we asked whether endogenous RhoGTP load-
ing and ROCK function require MEK/ERK activity. Cells pre-
treated with UO126 or solvent control were plated on fi-
bronectin for 30 min. RhoGTP was measured by pulldown with
the Rho-binding domain of Rhotekin (65, 66); ROCK activity
was measured by assessing phosphorylation of a direct ROCK
substrate, myosin phosphatase targeting subunit (MYPT) (30,
43, 49), and by phosphorylation of a ROCK-dependent but
indirect target, cofilin (81, 82, 88). In vehicle-treated controls,
RhoGTP levels are elevated over baseline following 15 and 30
min of adhesion to fibronectin (Fig. 4A and B) in concert with
the appearance of focal adhesions and stress fibers (Fig. 1)
(64). However, cells treated with UO126 exhibited substan-
tially lower RhoGTP levels at 15 min, with some recovery seen
at 30 min (Fig. 4A and B). Furthermore, UO126 substantially
inhibited ROCK-dependent phosphorylation of both MYPT
and cofilin (Fig. 4C and D). Note that neither Y27632 (Fig. 4B)
(64) nor C3 transferase (data not shown) inhibits ERK activa-
tion stimulated by fibronectin. Together, these data support a
requirement for MEK upstream but not downstream of the

FIG. 2—Continued.
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Rho/ROCK activity necessary for maturation of focal adhe-
sions during spreading on fibronectin.

p190A is a major target for ERK during focal adhesion
formation. Fibroblasts exhibit a transient decrease and subse-
quent recovery of RhoGTP levels following adhesion to fi-
bronectin, in concert with membrane spreading and subse-
quent focal adhesion formation (4–6, 56, 64, 65). Since ERK
activity is required for RhoGTP loading in this recovery phase
(Fig. 4A and B), we hypothesized that ERK suppresses p190A
RhoGAP activity to allow Rho activation necessary for focal
adhesion formation. We first asked whether p190A activity in
cells adhering to fibronectin was elevated by pretreatment with
the MEK inhibitor UO126. Active RhoGAPs and effectors
were enriched from cell lysates by virtue of their affinity for
RhoGTP (34, 59). p190A RhoGAP was detected by blotting

GST-Rho63L pulldowns with p190A antisera; preliminary ex-
periments established the selectivity of this assay (data not
shown). Approximately 50% more endogenous p190A was
pulled down from UO126-treated cells than control cells fol-
lowing 20 min of adhesion to fibronectin (Fig. 4E and F),
consistent with the hypothesis that ERK activity suppresses
p190A Rho-binding activity.

A key prediction of this hypothesis is that depletion of
p190A should render focal adhesion maturation resistant to
the MEK inhibitor UO126. We designed four siRNAs target-
ing the p190A open reading frame or 3� untranslated region
and a mismatched nontargeting control (Fig. 5A), and siRNA-
transfected cells were plated on fibronectin for 30 min in the
presence or absence of UO126. All four p190A siRNAs sub-
stantially reduced p190A levels, while none affected p190B,

FIG. 3. MEK inhibition phenocopies Rho or ROCK inhibition during acute spreading. Cells in suspension were treated with MEK inhibitor
UO126, ROCK inhibitor Y27632, or the Rho inhibitor C3-transferase at the indicated concentration and then allowed to adhere and spread on
fibronectin for 60 min. Cells were stained for vinculin and F-actin (A). The fractions of cells spreading normally and exhibiting mature focal
adhesions were quantitated (B). All images were at the same magnification, and at least 20 random fields were counted for each experimental
condition. (C) The requirement for MEK activity is upstream of Rho and ROCK activities. REF52 cells were transfected with constitutively active
RhoA (myc-RhoA-63L) or ROCK (myc-ROCKII-�3) and replated on fibronectin-coated coverslips (30 min) with or without prior treatment with
UO126. Fixed cells were stained for myc epitope (to identify transfected cells) and costained with vinculin. (D) Western blot of expression of
endogenous and exogenous proteins from the experiment shown in panel C. The symbols # and — denote exogenous and endogenous RhoA,
respectively.
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ERK2, or MEK1/2 (Fig. 5B). As expected, control siRNA-
transfected cells treated with UO126 failed to spread and form
mature focal adhesions (Fig. 5C to F). In striking contrast, cells
transfected with any of the four p190A siRNAs spread and
formed focal adhesions even in the presence of UO126 (Fig.
5C to F). Collectively, these data support the hypothesis that
ERK activity suppresses p190A RhoGAP function to allow
RhoGTP loading and focal adhesion formation.

p190A RhoGAP is phosphorylated on ERK phosphorylation
motifs. The p190A primary sequence contains at least four
potential ERK sites clustered in the C-terminal tail following
the RhoGAP domain (Fig. 6A). Amino acids 1451 (PGS*P),
1476 (PQS*P), 1480 (PPT*P), and 1483 (PQS*P) conform to a
consensus PXS/T*P ERK phosphorylation motif, where * tags
the phosphorylated residue (23), and are conserved in all
vertebrate p190A isoforms analyzed (Fig. 6A) but are absent
from the closely related p190B protein (13). Unfortunately,
attempts to identify C-terminal phosphorylation sites in full-

length p190A by mass spectrometry were unsuccessful (data
not shown), likely because all four phosphorylation sites reside
in a large (�8.5 kDa) and chemically nonoptimal tryptic pep-
tide. Given its size and given that all other predicted tryptic
peptides from p190A are smaller than 3.75 kDa, we were able
to analyze in vitro- and in vivo-labeled p190A using a Tris-
Tricine gel electrophoresis/transfer approach that exploits the
large size of the C-terminal tryptic peptide. To determine
whether ERK can phosphorylate p190A, FLAG-tagged wild-
type p190A or p190A-4A (in which serines 1451, 1476, and
1483 and threonine 1480 are mutated to alanine) were tran-
siently expressed in COS1 cells. FLAG-p190A and FLAG-
p190A-4A from transfected cells were immunoprecipitated
and phosphorylated in vitro with [�-32P]ATP and recombinant
active ERK. In initial experiments, recombinant ERK phos-
phorylated both wild-type p190A and p190A-4A to similarly
low levels (data not shown). We reasoned that poor in vitro
phosphorylation might result from high occupancy of the C-

FIG. 4. MEK activity is required for RhoGTP loading and ROCK activity during adhesion to fibronectin. (A) Suspended REF52 cells were
treated with dimethyl sulfoxide (DMSO) or UO126 and replated on fibronectin. RhoGTP was pulled down with the Rho binding domain of
Rhotekin. (B) Quantitation of RhoGTP normalized to total Rho from experiments represented in panel A (n 	 3). (C) Cells replated on
fibronectin for 30 min (FN30) with or without prior treatment with UO126, Y27632, or DMSO vehicle were assessed for ROCK-dependent
phosphorylation of MYPT (pMYPT1-T696 or -T853) and cofilin (pS3-Cofilin). (D) Quantitation of experiments represented in panel C. Values
from FN30 were normalized to those in control suspended cells for each condition. (E and F) Inhibition of MEK activity increases p190A RhoGAP
binding to active RhoA. Cells were treated with DMSO or UO126 and replated on fibronectin. Lysates were subjected to GST-RhoA-63L pulldown
and blotted with p190A antibody to determine binding of endogenous p190A-RhoGAP to active RhoA. (F) Quantitation of p190A bound to
RhoGTP at 20 min expressed as fold increase over suspended cells (0 min).
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FIG. 5. p190A RhoGAP is a major target of MEK signaling during focal adhesion maturation and cell spreading. Cells transfected with stealth
siRNA targeting one of four different regions in the p190A open reading frame or 3�UTR, or a mismatched nontargeting control (see panel A;
mismatched residues in the control are indicated in black letters) were treated with DMSO or UO126 and replated on fibronectin-coated coverslips
for 30 min. (B) Stealth p190A siRNAs suppress p190A expression without altering expression of the closely related p190B homologue. (C and D)
Quantitation of cell spreading and focal adhesions. Cells in at least 20 nonoverlapping fields were counted and subjected to one-way ANOVA. (E
and F) Cells were imaged for focal adhesions or F-actin. Selected regions from images in panel E are magnified in panel F. Numbers 1 to 4 denote
the siRNA used (see panel A).
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terminal sites in the immunoprecipitated wild-type protein,
and indeed prior incubation of the immunoprecipitates with
alkaline phosphatase allowed ERK to robustly phosphorylate
wild-type p190A but not the p190A-4A mutant (Fig. 6C).
These data indicate that serines 1451, 1476, and 1483 and/or
threonine 1480 are the only residues in p190A appreciably
phosphorylated by ERK. To determine if these sites are
phosphorylated in cells, FLAG-tagged wild-type p190A or
p190A-4A or empty vector was transiently expressed in REF
cells and cultures were labeled with 32Pi. Given the technical
difficulties associated with performing this type of labeling
experiment in acutely adhering cells, we instead labeled
adherent cultures. FLAG-p190A proteins were recovered by
immunoprecipitation and resolved by SDS-PAGE. A non-
specific labeled protein was reproducibly present in all lanes
including the vector control (Fig. 6D), but Coomassie blue
staining of the membrane (not shown) allowed for precise
excision of the p190A proteins. After trypinization of either in
vitro-or in vivo-labeled proteins, an �8- to 10-kDa tryptic phos-
phopeptide was reproducibly detected in wild-type p190A but
not in p190A-4A (Fig. 6E), demonstrating that one or more of
the sites phosphorylated by ERK in vitro are used in vivo. Note
that trypsinization of the nonspecific band yielded no phos-
phopeptides in the �8- to 10-kDa size range (Fig. 6E): i.e., the
observed �8- to 10-kDa phosphopeptides are derived exclu-
sively from p190A. Treatment of stably adherent cells express-
ing wild-type p190A with UO126 did not substantially decrease
phosphorylation of the C-terminal tryptic phosphopeptides
(Fig. 6E). We speculate that this is due to decreased turnover
of the C-terminal sites in densely packed, stably adherent cells
or in the absence of active ERK, other kinases such as p38 and
glycogen synthase kinase � (GSK�) may phosphorylate the
C-terminal sites as observed by Jiang et al. in vitro (47).

Together the in vitro and in vivo phosphorylation data dem-

onstrate that ERK selectively phosphorylates the C-terminal
ERK consensus motifs in full-length p190A and that these sites
are used in REF cells. These data extend the observations
made by Settleman and colleagues, who found that serines
1476 and 1483 are phosphorylated when the isolated C termi-
nus of p190A is expressed in cells and serine 1476 and T1480
are phosphorylated when this fragment is incubated with active
ERK in vitro (47).

Mutation of the ERK consensus phosphorylation sites in-
creases p190A functional activity. We next asked whether the
C-terminal phosphorylation sites affect p190A biological func-
tion by using a well-established cellular assay (4, 47). Cells
transfected with EGFP-p190A constructs or the EGFP vector
control were incubated in a monolayer culture, and GFP-pos-
itive cells were scored for the round-cell “GAP” phenotype (4,
17, 47). As expected, �15% of GFP vector- or GAP-deficient
p190A-RA-expressing cells were round, as compared to �55%
of wild-type p190A-expressing cells (Fig. 7A). Importantly, the
GAP phenotype was more prevalent (�85%) in cells express-
ing p190A-4A (Fig. 7A). Levels of expression of the wild type
and GAP- and phosphorylation-deficient mutants were similar
(Fig. 7B).

To refine this analysis, we asked whether mutation of the
putative C-terminal ERK phosphorylation sites influenced fo-
cal adhesion formation in cells acutely spreading on fibronec-
tin. Cells expressing GFP alone spread normally and elabo-
rated focal adhesions following adhesion to fibronectin for 30
min (Fig. 7C). In contrast, �55% of all cells expressing GFP-
tagged wild-type p190A exhibited reduced focal adhesion
formation and defects in spreading (Fig. 7C and D). These
phenotypes were more prevalent (�82%) in cells expressing
GFP-tagged p190A-4A (Fig. 7C and D). This phenotypic dif-
ference was most obvious in cells expressing relatively low
levels of the p190A constructs (Fig. 7E).

FIG. 5—Continued.
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These biological assays support the hypothesis that C-termi-
nal phosphorylation of p190A by ERK suppresses RhoGAP
function in the context of focal adhesion formation. We
therefore asked whether the enhanced functional activity of

p190A-4A correlated with an increase in p190A biochemical
activity. EGFP-tagged p190A constructs were cotransfected
with FLAG-RhoA and lysates assayed for both EGFP-p190A
binding to recombinant active Rho and for FLAG-RhoGTP.

FIG. 6. p190A RhoGAP is an ERK substrate. (A) Four potential ERK phosphorylation motifs are highly conserved in the p190A C terminus.
Vertebrate p190A sequences are aligned to show potential ERK phosphorylation (PXSP and PXTP) motifs. (B) Collation of putative phosphor-
ylation and docking sites identified either manually or through computational methods (ScanSite). (C and D) p190A is phosphorylated on one or
more putative C-terminal ERK sites in vitro and in vivo. FLAG-tagged wild-type (WT) or p190A-4A mutant (4A; where the four putative ERK
sites shown in panel A have been replaced with alanines) was immunoprecipitated, pretreated with alkaline phosphatase, and then phosphorylated
in vitro with recombinant active ERK in the presence of [�-32P]ATP (C). Alternatively, REF52 cells transfected with FLAG-p190A, FLAG-
p190A-4A, or empty vector were metabolically labeled with 32Pi and FLAG-p190A forms were recovered by immunoprecipitation (D). (E) Tryptic
digests of in vitro- and in vivo-labeled p190A were resolved by electrophoresis (with low-molecular-mass markers) and transferred to membrane.
The positions of the dye front and �6.5-, 10-, and 15-kDa markers are indicated. 32P denotes phosphorimages, and CB in panel C represents a
Coomassie blue-stained image of the same blot.
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The mutant construct bound to RhoA-63L approximately 2.5-fold
more avidly than wild-type p190A (Fig. 8A and B), consistent with
our finding that UO126 stimulated binding of endogenous p190A
to RhoA-63L (Fig. 4E and F). FLAG-RhoGTP levels were re-
duced by approximately 70% in cultures cotransfected with
EGFP-p190A as compared to either empty EGFP vector (Fig.
8C and D) or a GAP-deficient mutant (p190A-RA; data not
shown). Cotransfection with the EGFP-p190A-4A mutant
modestly (�20%) but reproducibly decreased FLAG-RhoGTP
further than wild-type p190A (Fig. 8C and D). Thus, the pri-
mary consequence of phosphorylation of the p190A C termi-
nus on one or more of the four PXS/TP motifs is inhibition of
RhoA binding.

Together the biochemical and functional data strongly sup-
port an important role for ERK phosphorylation of the C

terminus in inhibiting p190A GAP function in vivo in the
context of focal adhesion formation.

Localization of p190A is regulated by MEK signaling and
the C-terminal ERK phosphorylation sites. p190A function is
linked to its localization (4, 17, 40). In particular, previous
reports have shown that focal adhesions and stress fibers are
formed preferentially in lamellipodia lacking p190A (6, 84).
We therefore reasoned that ERK phosphorylation of p190A
might function in part to localize p190A away from newly
forming focal adhesions and stress fibers during cell spreading
on fibronectin. Indeed, endogenous p190A was largely ex-
cluded from a zone containing circumferential stress fibers in
cells spreading on fibronectin for 30 min, whereas p190A was
distinctly colocalized with poorly organized actin at the periph-
ery of UO126-treated cells (Fig. 9A). In good agreement, com-

FIG. 7. Mutation of C-terminal ERK phosphorylation sites increases p190A RhoGAP biological activity. REF52 cells were transfected with
EGFP vector, EGFP-p190A, EGFP-p190A-4A, or catalytically inactive EGFP-p190A-RA. Twenty-four hours after transfection, cells were scored
for the GAP phenotype (see text). (B) Expression of endogenous (—) and exogenous (#) proteins in cells used in panel A. (C to E) Cells
transfected with EGFP-p190A constructs were replated on fibronectin-coated coverslips for 30 min, fixed, and imaged for GFP and vinculin.
Expression levels of EGFP-p190A were optically determined; low and moderate expressors contained about 2 and 5 times more GFP fluorescence
than background, respectively. Gray scale images are magnified images of cells indicated by asterisks. (D to E) Quantitation of focal adhesion (FA)
and spreading defects. Data from the entire GFP-positive populations are shown in panel D; further analysis reveals that the frequency of focal
adhesion and spreading defects is greatest in a subpopulation expressing low levels of p190A-4A (E).
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bined mutation of the four ERK phosphorylation sites in the C
terminus enhanced retention of GFP-p190A-4A in peripheral
membranes (Fig. 9B). These observations indicate that MEK-
dependent phosphorylation of the C-terminal ERK sites is
required for translocation of p190A away from developing
focal adhesions and stress fibers.

DISCUSSION

Integrin engagement activates Rac and Cdc42 while simul-
taneously and transiently inactivating Rho (4, 5, 24, 63, 65).
Rac and Cdc42 activation stimulate membrane protrusion and
formation of focal complexes (57, 58, 67–69), while suppres-
sion of Rho diminishes contractile forces and allows the for-
mation of lamellipodia. Subsequent recovery of RhoGTP pro-
motes focal adhesion maturation and formation of stress fibers.
In concert with these morphological changes, integrin engage-
ment also activates ERK signaling (20, 32, 76). ERK in pro-
truding membranes and nascent focal adhesions directly acti-
vates myosin light chain kinase that promotes contraction of
the actomyosin system by phosphorylating myosin light chain
(9, 32, 50). Contraction of the actin cytoskeleton and formation
of stress fibers and focal adhesions require Rho activation (22,
55), raising the possibility that integrin-activated ERK may
stimulate Rho activation during adhesion and spreading on
extracellular matrix.

Here we demonstrate that inhibiting ERK activity with
UO126 or with dominant-negative MEK1 abrogates focal ad-
hesion maturation in acutely adhering cells. We further find

that fibronectin-stimulated RhoGTP loading and ROCK-de-
pendent phosphorylation of MYPT and cofilin are inhibited by
UO126, while the contractile phenotypes induced by expres-
sion of constitutively active Rho or ROCK are resistant to the
MEK inhibitor. These data support the hypothesis that ERK
signaling upstream of Rho is necessary for focal adhesion mat-
uration.

Rho regulation during adhesion and spreading. The oppos-
ing actions of GEFs and GAPs likely set the dynamic level of
RhoGTP during spreading on fibronectin. p190A, a major
GAP for RhoA, is activated by tyrosine phosphorylation in
response to integrin signaling (4, 5, 8, 42, 56, 70) and causes a
transient decrease in RhoGTP levels following initial adhesion
to fibronectin (5, 65). Association of p190A RhoGAP with
p120 RasGAP is essential for recruitment of p190A to the cell
periphery, where it is active against Rho (8, 61), and disruption
of the p190A RhoGAP-p120 RasGAP complex suppresses ac-
tin filament reorientation and migration in wound healing as-
says (27, 51). Thus, p190A RhoGAP function in cell spreading
and migration requires tyrosine phosphorylation, association
with p120 RasGAP, and recruitment to peripheral sites of
action.

The decrease in RhoGTP seen following initial adhesion
largely recovers by 30 min (5, 65). Thus, RhoGEF activity
increases to exceed p190A RhoGAP activity and/or p190A
RhoGAP activity is suppressed at later time points of adhesion
to fibronectin. Chen et al. (19) reported that oncogenic Ras
decreases p190A RhoGAP abundance and increases RhoGTP

FIG. 8. Mutation of C-terminal ERK phosphorylation sites increases p190A biochemical activity in adherent cells. (A) Mutation of putative
C-terminal ERK sites stimulates p190A RhoGTP binding activity. Cells were transfected with either EGFP vector, EGFP-p190A (WT) or
EGFP-p190A-4A. Binding of wild-type and mutant p190A RhoGAP to RhoGTP was assessed by pulldown with GST-RhoA63L. (B) Ratio of
active p190A in GST-RhoA-63L pulldown to total p190A in the starting extract. Digital images from 10 experiments were statistically analyzed.
(C) Mutation of putative C-terminal ERK sites modestly stimulates p190A GAP activity in cells. Cells were cotransfected with FLAG-RhoA and
EGFP, EGFP-p190A, EGFP-p190-4A, or EGFP-p190A-RA (GAP-deficient R1258A mutant). FLAG-RhoGTP levels were determined by
GST-Rhotekin Rho binding domain pulldown assay. Rhotekin pulldown was blotted with FLAG antibody and pseudocolored for presentation.
(D) Digital images from five experiments were statistically analyzed.
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FIG. 9. ERK signaling regulates localization of p190A in spreading cells. (A) REF52 cells were treated with UO126 or vehicle control and
replated on fibronectin for 30 or 60 min (FN30 and FN60, respectively). Fixed cells were stained for endogenous p190A and F-actin. (B) COS1
cells transfected with EGFP-p190A or EGFP-p190A-4A were replated on fibronectin for 60 min, fixed, and imaged for F-actin (red) and GFP
(green) fluorescence. The gray scale images correspond to GFP fluorescence magnified from the areas indicated by white boxes in the color images.
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in a nonionic detergent-soluble fraction. Translocation of
p190A RhoGAP (in complex with p120 RasGAP) to the in-
soluble fraction requires MEK signaling, and activated forms
of Raf and MEK are sufficient to cause this translocation (19).
These observations are consistent with the view that ERK
signaling suppresses p190A activity in part by separating
p190A from its RhoGTP substrate.

ERK regulation of p190A RhoGAP. Inspection of the p190A
primary sequence reveals four consensus ERK phosphoryla-
tion sites clustered in the C-terminal domain of p190A but
missing from p190B. ERK substrates typically also contain
ERK docking sites that are necessary for efficient substrate
recognition (46, 83). Two putative ERK docking sites conform-
ing to the consensus (R/K)(R/K)(X1–5)(L/I)X1–3(L/I) (46)
(where X represents any amino acid) are present at leucine 341
and leucine 344 of p190A. A computational search using algo-
rithms at Scansite (60) independently identified the two dock-
ing sites and S1476 as a potential ERK site (Fig. 6B). Our
experiments show that recombinant ERK phosphorylates only
the C-terminal sites in vitro and that the C terminus is phos-
phorylated on one or more of these sites in adherent cells. In
addition, combined mutation of the four potential C-terminal
ERK sites (p190A-4A) prevents the previously reported (19)
MEK-dependent translocation of p190A to a detergent-insol-
uble fraction (data not shown). Mutation of the C-terminal
ERK phosphorylation motifs significantly enhances Rho
binding and causes a substantial increase in the number of
cells exhibiting a “GAP” phenotype. Furthermore, exoge-
nous p190A-4A is a more potent inhibitor of focal adhesion
formation than wild-type p190A during acute adhesion of REF
cells to fibronectin. Together these biochemical and functional
data indicate that phosphorylation of the p190A C terminus
inhibits RhoGAP function. These observations extend those of
Jiang et al. (47), who recently demonstrated that at least two
(S1476 and S1483) of the putative C-terminal phosphorylation
sites are phosphorylated following overexpression of a 50-
amino-acid C-terminal fragment of p190A and that S1476 and
T1480 are direct targets for ERK in vitro. Indeed, S1476A and
T1480A mutants exhibited �50% more GAP activity toward
RhoA in adherent cells and fail to rescue polarization and
migration in p190A-null fibroblasts (47).

Fluorescence-resonance energy transfer (FRET)-based bio-
sensors in living cells reveal that RhoGTP levels are highest at
the periphery (54, 62). Previous observations have also indi-
cated that p190A is excluded from maturing lamellipodia (6,
84) and that the protein translocates to a nonionic detergent-
insoluble compartment in a MEK-dependent fashion coinci-
dent with a decrease in soluble p190A RhoGAP activity (19,
75). These data suggest an important role for ERK signaling in
the separation of p190A from its Rho substrate. Indeed, we
find that endogenous p190A is excluded from regions containing
circumferential stress fibers in cells spreading on fibronectin but
colocalizes with poorly organized peripheral filamentous actin in
cells adhering in the presence of UO126. Mutation of the four
putative ERK sites to alanine causes a similar peripheral lo-
calization of exogenous p190A. Together, these observations
suggest that MEK-dependent phosphorylation of ERK sub-
strate motifs in the p190A C terminus excludes the RhoGAP
from regions in which Rho activity is driving new stress fiber
and focal adhesion formation.

p190A RhoGAP: an integrator for polarity and adhesion
assembly signals? p190A RhoGAP and associated p120
RasGAP are known to play important roles in polarized cell
motility. Rho inactivation (4), p190A (47), and p190A-p120
(53) association are required for reorientation of the Golgi
apparatus and formation of stress fibers and focal adhesions
prior to migration. It appears likely that mechanistic links exist
between polarity signaling and focal adhesion formation dur-
ing directional cell migration. One possibility is that active
ERK localized in nascent focal complexes (32, 76) phosphor-
ylates p190A and primes it for further phosphorylation by the
polarity regulator glycogen synthase kinase 3� (47), which is
known to accumulate in the leading edge of motile cells (28).
Dual phosphorylation at these locales would be predicted to
inhibit p190A RhoGAP, allowing polarized maturation of fo-
cal complexes and directional migration. Given that at least
five C-terminal phosphorylation sites may cooperate to regu-
late p190A function (this report and see reference 47), the
precise phosphorylation mechanisms involved may be complex.
Novel phosphorylation site-specific antisera will be needed to
discern whether common phosphorylation sites are utilized for
both adhesion formation and polarized movement or whether
these processes are regulated by signals impinging on indepen-
dent sites in the p190A RhoGAP C terminus.

Distinct roles for ERK in adhesion assembly and disassem-
bly. ERK can promote disassembly of adhesions by activating
calpains (37) that degrade FAK (15), Rho (52), and/or cy-
toskeletal linkers to adhesions (7, 33). We now demonstrate
that ERK signaling also plays a role in adhesion assembly,
raising important questions of how these mutually antagonistic
outcomes are coordinated in time and space in motile cells.
ERK activation in focal adhesions is regulated by a number of
scaffolding molecules, including paxillin (44), GIT1 (89), and
RACK1 (85). We have previously shown that MP1 (72) is
required for full ERK activation during adhesion of REF52
cells to fibronectin (64). Strikingly, siRNA-mediated knock-
down of MP1 does not abolish adhesion formation on fi-
bronectin but rather results in the elaboration of large vinculin-
containing structures (64). Vomastek et al. (85) have also
found that the ERK scaffold RACK1 is required for focal
adhesion disassembly. In contrast, here we find that global
inhibition of MEK with UO126 blocks adhesion assembly, sug-
gesting that active ERK is selectively coupled to distinct sub-
strates required for adhesion assembly or disassembly in part
by the actions of scaffolding molecules. The identification of
these substrates and the mechanisms insulating their phosphor-
ylation in time and space are important goals of current ex-
periments.

ACKNOWLEDGMENTS

We thank S. Naramiya, W. T. Arthur, and K. Burridge for plasmid
constructs and L. LeCour, Jr., and E. Bailey for technical assistance.
Part of this work was accomplished at the University of Virginia,
Charlottesville, following Hurricane Katrina. We are grateful to Mike
Weber, Tom Parsons, and Geoffrey Weiss for accommodating us in the
Cancer Center and Department of Microbiology during this time and
Ling Su and Sally Parsons for discussions and reagents. We thank
Suresh Alahari, Allison Berrier, and Becky Worthylake and other
members of the Cell Migration Group at LSUHSC for comments on
the manuscript and for sharing reagents with us.

This research was funded by National Institutes of Health grants
GM068111 (principal investigator [PI] A.D.C.) and RR18766 (PIs

3246 PULLIKUTH AND CATLING MOL. CELL. BIOL.



S. M. Lanier and D. Kapusta; project PI A.D.C.) and by the Depart-
ment of Pharmacology at LSUHSC (A.K.P.).

We declare that there are no conflicts of interest.

REFERENCES

1. Aktories, K., and I. Just. 1995. In vitro ADP-ribosylation of Rho by bacterial
ADP-ribosyltransferases. Methods Enzymol. 256:184–195.

2. Amano, M., K. Chihara, K. Kimura, Y. Fukata, N. Nakamura, Y. Matsuura,
and K. Kaibuchi. 1997. Formation of actin stress fibers and focal adhesions
enhanced by Rho-kinase. Science 275:1308–1311.

3. Amano, M., H. Mukai, Y. Ono, K. Chihara, T. Matsui, Y. Hamajima, K.
Okawa, A. Iwamatsu, and K. Kaibuchi. 1996. Identification of a putative
target for Rho as the serine-threonine kinase protein kinase N. Science
271:648–650.

4. Arthur, W. T., and K. Burridge. 2001. RhoA inactivation by p190RhoGAP
regulates cell spreading and migration by promoting membrane protrusion
and polarity. Mol. Biol. Cell 12:2711–2720.

5. Arthur, W. T., L. A. Petch, and K. Burridge. 2000. Integrin engagement
suppresses RhoA activity via a c-Src-dependent mechanism. Curr. Biol.
10:719–722.

6. Bass, M. D., M. R. Morgan, K. A. Roach, J. Settleman, A. B. Goryachev, and
M. J. Humphries. 2008. p190RhoGAP is the convergence point of adhesion
signals from alpha 5 beta 1 integrin and syndecan-4. J. Cell Biol. 181:1013–
1026.

7. Bhatt, A., I. Kaverina, C. Otey, and A. Huttenlocher. 2002. Regulation of
focal complex composition and disassembly by the calcium-dependent pro-
tease calpain. J. Cell Sci. 115:3415–3425.

8. Bradley, W. D., S. E. Hernandez, J. Settleman, and A. J. Koleske. 2006.
Integrin signaling through Arg activates p190RhoGAP by promoting its
binding to p120RasGAP and recruitment to the membrane. Mol. Biol. Cell
17:4827–4836.

9. Brahmbhatt, A. A., and R. L. Klemke. 2003. ERK and RhoA differentially
regulate pseudopodia growth and retraction during chemotaxis. J. Biol.
Chem. 278:13016–13025.

10. Brouns, M. R., S. F. Matheson, K. Q. Hu, I. Delalle, V. S. Caviness, J. Silver,
R. T. Bronson, and J. Settleman. 2000. The adhesion signaling molecule
p190 RhoGAP is required for morphogenetic processes in neural develop-
ment. Development 127:4891–4903.

11. Brouns, M. R., S. F. Matheson, and J. Settleman. 2001. p190 RhoGAP is the
principal Src substrate in brain and regulates axon outgrowth, guidance and
fasciculation. Nat. Cell Biol. 3:361–367.

12. Broussard, J. A., D. J. Webb, and I. Kaverina. 2008. Asymmetric focal
adhesion disassembly in motile cells. Curr. Opin. Cell Biol. 20:85–90.

13. Burbelo, P. D., A. A. Finegold, C. A. Kozak, Y. Yamada, and H. Takami.
1998. Cloning, genomic organization and chromosomal assignment of the
mouse p190-B gene. Biochim. Biophys. Acta 1443:203–210.

14. Burbelo, P. D., S. Miyamoto, A. Utani, S. Brill, K. M. Yamada, A. Hall, and
Y. Yamada. 1995. p190-B, a new member of the Rho GAP family, and Rho
are induced to cluster after integrin cross-linking. J. Biol. Chem. 270:30919–
30926.

15. Carragher, N. O., M. A. Westhoff, V. J. Fincham, M. D. Schaller, and M. C.
Frame. 2003. A novel role for FAK as a protease-targeting adaptor protein:
regulation by p42 ERK and Src. Curr. Biol. 13:1442–1450.

16. Catling, A. D., H. J. Schaeffer, C. W. Reuter, G. R. Reddy, and M. J. Weber.
1995. A proline-rich sequence unique to MEK1 and MEK2 is required for
raf binding and regulates MEK function. Mol. Cell. Biol. 15:5214–5225.

17. Chang, J. H., S. Gill, J. Settleman, and S. J. Parsons. 1995. c-Src regulates
the simultaneous rearrangement of actin cytoskeleton, p190RhoGAP, and
p120RasGAP following epidermal growth factor stimulation. J. Cell Biol.
130:355–368.

18. Chen, B. H., J. T. Tzen, A. R. Bresnick, and H. C. Chen. 2002. Roles of
Rho-associated kinase and myosin light chain kinase in morphological and
migratory defects of focal adhesion kinase-null cells. J. Biol. Chem. 277:
33857–33863.

19. Chen, J. C., S. Zhuang, T. H. Nguyen, G. R. Boss, and R. B. Pilz. 2003.
Oncogenic Ras leads to Rho activation by activating the mitogen-activated
protein kinase pathway and decreasing Rho-GTPase-activating protein ac-
tivity. J. Biol. Chem. 278:2807–2818.

20. Chen, Q., M. S. Kinch, T. H. Lin, K. Burridge, and R. L. Juliano. 1994.
Integrin-mediated cell adhesion activates mitogen-activated protein kinases.
J. Biol. Chem. 269:26602–26605.

21. Cheresh, D. A., J. Leng, and R. L. Klemke. 1999. Regulation of cell contrac-
tion and membrane ruffling by distinct signals in migratory cells. J. Cell Biol.
146:1107–1116.

22. Chrzanowska-Wodnicka, M., and K. Burridge. 1996. Rho-stimulated con-
tractility drives the formation of stress fibers and focal adhesions. J. Cell Biol.
133:1403–1415.

23. Clark-Lewis, I., J. S. Sanghera, and S. L. Pelech. 1991. Definition of a
consensus sequence for peptide substrate recognition by p44mpk, the mei-
osis-activated myelin basic protein kinase. J. Biol. Chem. 266:15180–15184.

24. Cox, E. A., S. K. Sastry, and A. Huttenlocher. 2001. Integrin-mediated

adhesion regulates cell polarity and membrane protrusion through the Rho
family of GTPases. Mol. Biol. Cell 12:265–277.

25. Cuevas, B. D., A. N. Abell, J. A. Witowsky, T. Yujiri, N. L. Johnson, K.
Kesavan, M. Ware, P. L. Jones, S. A. Weed, R. L. DeBiasi, Y. Oka, K. L.
Tyler, and G. L. Johnson. 2003. MEKK1 regulates calpain-dependent pro-
teolysis of focal adhesion proteins for rear-end detachment of migrating
fibroblasts. EMBO J. 22:3346–3355.

26. Eblen, S. T., J. K. Slack-Davis, A. Tarcsafalvi, J. T. Parsons, M. J. Weber,
and A. D. Catling. 2004. Mitogen-activated protein kinase feedback phos-
phorylation regulates MEK1 complex formation and activation during cel-
lular adhesion. Mol. Cell. Biol. 24:2308–2317.

27. Ellis, C., M. Moran, F. McCormick, and T. Pawson. 1990. Phosphorylation
of GAP and GAP-associated proteins by transforming and mitogenic ty-
rosine kinases. Nature 343:377–381.

28. Etienne-Manneville, S., and A. Hall. 2003. Cdc42 regulates GSK-3beta and
adenomatous polyposis coli to control cell polarity. Nature 421:753–756.

29. Favata, M. F., K. Y. Horiuchi, E. J. Manos, A. J. Daulerio, D. A. Stradley,
W. S. Feeser, D. E. Van Dyk, W. J. Pitts, R. A. Earl, F. Hobbs, R. A.
Copeland, R. L. Magolda, P. A. Scherle, and J. M. Trzaskos. 1998. Identi-
fication of a novel inhibitor of mitogen-activated protein kinase kinase.
J. Biol. Chem. 273:18623–18632.

30. Feng, J., M. Ito, K. Ichikawa, N. Isaka, M. Nishikawa, D. J. Hartshorne, and
T. Nakano. 1999. Inhibitory phosphorylation site for Rho-associated kinase
on smooth muscle myosin phosphatase. J. Biol. Chem. 274:37385–37390.

31. Fincham, V. J., A. Chudleigh, and M. C. Frame. 1999. Regulation of p190
Rho-GAP by v-Src is linked to cytoskeletal disruption during transformation.
J. Cell Sci. 112:947–956.

32. Fincham, V. J., M. James, M. C. Frame, and S. J. Winder. 2000. Active
ERK/MAP kinase is targeted to newly forming cell-matrix adhesions by
integrin engagement and v-Src. EMBO J. 19:2911–2923.

33. Franco, S. J., M. A. Rodgers, B. J. Perrin, J. Han, D. A. Bennin, D. R.
Critchley, and A. Huttenlocher. 2004. Calpain-mediated proteolysis of talin
regulates adhesion dynamics. Nat. Cell Biol. 6:977–983.

34. Garcia-Mata, R., K. Wennerberg, W. T. Arthur, N. K. Noren, S. M. Eller-
broek, and K. Burridge. 2006. Analysis of activated GAPs and GEFs in cell
lysates. Methods Enzymol. 406:425–437.

35. Geiger, B., and A. Bershadsky. 2001. Assembly and mechanosensory func-
tion of focal contacts. Curr. Opin. Cell Biol. 13:584–592.

36. Glading, A., R. J. Bodnar, I. J. Reynolds, H. Shiraha, L. Satish, D. A. Potter,
H. C. Blair, and A. Wells. 2004. Epidermal growth factor activates m-calpain
(calpain II), at least in part, by extracellular signal-regulated kinase-medi-
ated phosphorylation. Mol. Cell. Biol. 24:2499–2512.

37. Glading, A., P. Chang, D. A. Lauffenburger, and A. Wells. 2000. Epidermal
growth factor receptor activation of calpain is required for fibroblast motility
and occurs via an ERK/MAP kinase signaling pathway. J. Biol. Chem. 275:
2390–2398.

38. Hall, A., and C. D. Nobes. 2000. Rho GTPases: molecular switches that
control the organization and dynamics of the actin cytoskeleton. Philos
Trans. R. Soc. Lond. B Biol. Sci. 355:965–970.

39. Haskell, M. D., A. L. Nickles, J. M. Agati, L. Su, B. D. Dukes, and S. J.
Parsons. 2001. Phosphorylation of p190 on Tyr1105 by c-Src is necessary but
not sufficient for EGF-induced actin disassembly in C3H10T1/2 fibroblasts.
J. Cell Sci. 114:1699–1708.

40. Haskell, M. D., J. K. Slack, J. T. Parsons, and S. J. Parsons. 2001. c-Src
tyrosine phosphorylation of epidermal growth factor receptor, P190
RhoGAP, and focal adhesion kinase regulates diverse cellular processes.
Chem. Rev. 101:2425–2440.

41. Heckman, B. M., G. Chakravarty, T. Vargo-Gogola, M. Gonzales-Rimbau,
D. L. Hadsell, A. V. Lee, J. Settleman, and J. M. Rosen. 2007. Crosstalk
between the p190-B RhoGAP and IGF signaling pathways is required for
embryonic mammary bud development. Dev. Biol. 309:137–149.

42. Hernandez, S. E., J. Settleman, and A. J. Koleske. 2004. Adhesion-depen-
dent regulation of p190RhoGAP in the developing brain by the Abl-related
gene tyrosine kinase. Curr. Biol. 14:691–696.

43. Ichikawa, K., M. Ito, and D. J. Hartshorne. 1996. Phosphorylation of the
large subunit of myosin phosphatase and inhibition of phosphatase activity.
J. Biol. Chem. 271:4733–4740.

44. Ishibe, S., D. Joly, X. Zhu, and L. G. Cantley. 2003. Phosphorylation-depen-
dent paxillin-ERK association mediates hepatocyte growth factor-stimulated
epithelial morphogenesis. Mol. Cell 12:1275–1285.

45. Ishizaki, T., M. Uehata, I. Tamechika, J. Keel, K. Nonomura, M. Maekawa,
and S. Narumiya. 2000. Pharmacological properties of Y-27632, a specific
inhibitor of rho-associated kinases. Mol. Pharmacol. 57:976–983.

46. Jacobs, D., D. Glossip, H. Xing, A. J. Muslin, and K. Kornfeld. 1999.
Multiple docking sites on substrate proteins form a modular system that
mediates recognition by ERK MAP kinase. Genes Dev. 13:163–175.

47. Jiang, W., M. Betson, R. Mulloy, R. Foster, M. Levay, E. Ligeti, and J.
Settleman. 2008. p190A RhoGAP is a glycogen synthase kinase-3-beta sub-
strate required for polarized cell migration. J. Biol. Chem. 283:20978–20988.

48. Jo, M., K. S. Thomas, A. V. Somlyo, A. P. Somlyo, and S. L. Gonias. 2002.
Cooperativity between the Ras-ERK and Rho-Rho kinase pathways in

VOL. 30, 2010 ERK SUPPRESSION OF p190A RhoGAP 3247



urokinase-type plasminogen activator-stimulated cell migration. J. Biol.
Chem. 277:12479–12485.

49. Kawano, Y., Y. Fukata, N. Oshiro, M. Amano, T. Nakamura, M. Ito, F.
Matsumura, M. Inagaki, and K. Kaibuchi. 1999. Phosphorylation of myosin-
binding subunit (MBS) of myosin phosphatase by Rho-kinase in vivo. J. Cell
Biol. 147:1023–1038.

50. Klemke, R. L., S. Cai, A. L. Giannini, P. J. Gallagher, P. de Lanerolle, and
D. A. Cheresh. 1997. Regulation of cell motility by mitogen-activated protein
kinase. J. Cell Biol. 137:481–492.

51. Koch, C. A., D. Anderson, M. F. Moran, C. Ellis, and T. Pawson. 1991. SH2
and SH3 domains: elements that control interactions of cytoplasmic signal-
ing proteins. Science 252:668–674.

52. Kulkarni, S., D. E. Goll, and J. E. Fox. 2002. Calpain cleaves RhoA gener-
ating a dominant-negative form that inhibits integrin-induced actin filament
assembly and cell spreading. J. Biol. Chem. 277:24435–24441.

53. Kulkarni, S. V., G. Gish, P. van der Geer, M. Henkemeyer, and T. Pawson.
2000. Role of p120 Ras-GAP in directed cell movement. J. Cell Biol. 149:
457–470.

54. Kurokawa, K., and M. Matsuda. 2005. Localized RhoA activation as a
requirement for the induction of membrane ruffling. Mol. Biol. Cell 16:4294–
4303.

55. Machesky, L. M., and A. Hall. 1997. Role of actin polymerization and
adhesion to extracellular matrix in Rac- and Rho-induced cytoskeletal reor-
ganization. J. Cell Biol. 138:913–926.

56. Nakahara, H., S. C. Mueller, M. Nomizu, Y. Yamada, Y. Yeh, and W. T.
Chen. 1998. Activation of beta1 integrin signaling stimulates tyrosine phos-
phorylation of p190RhoGAP and membrane-protrusive activities at inva-
dopodia. J. Biol. Chem. 273:9–12.

57. Nobes, C. D., and A. Hall. 1999. Rho GTPases control polarity, protrusion,
and adhesion during cell movement. J. Cell Biol. 144:1235–1244.

58. Nobes, C. D., and A. Hall. 1995. Rho, rac, and cdc42 GTPases regulate the
assembly of multimolecular focal complexes associated with actin stress
fibers, lamellipodia, and filopodia. Cell 81:53–62.

59. Noren, N. K., W. T. Arthur, and K. Burridge. 2003. Cadherin engagement
inhibits RhoA via p190RhoGAP. J. Biol. Chem. 278:13615–13618.

60. Obenauer, J. C., L. C. Cantley, and M. B. Yaffe. 2003. Scansite 2.0: pro-
teome-wide prediction of cell signaling interactions using short sequence
motifs. Nucleic Acids Res. 31:3635–3641.

61. Peacock, J. G., A. L. Miller, W. D. Bradley, O. C. Rodriguez, D. J. Webb, and
A. J. Koleske. 2007. The Abl-related gene tyrosine kinase acts through
p190RhoGAP to inhibit actomyosin contractility and regulate focal adhesion
dynamics upon adhesion to fibronectin. Mol. Biol. Cell 18:3860–3872.

62. Pertz, O., L. Hodgson, R. L. Klemke, and K. M. Hahn. 2006. Spatiotemporal
dynamics of RhoA activity in migrating cells. Nature 440:1069–1072.

63. Price, L. S., J. Leng, M. A. Schwartz, and G. M. Bokoch. 1998. Activation of
Rac and Cdc42 by integrins mediates cell spreading. Mol. Biol. Cell 9:1863–
1871.

64. Pullikuth, A., E. McKinnon, H. J. Schaeffer, and A. D. Catling. 2005. The
MEK1 scaffolding protein MP1 regulates cell spreading by integrating PAK1
and Rho signals. Mol. Cell. Biol. 25:5119–5133.

65. Ren, X. D., W. B. Kiosses, and M. A. Schwartz. 1999. Regulation of the small
GTP-binding protein Rho by cell adhesion and the cytoskeleton. EMBO J.
18:578–585.

66. Ren, X. D., and M. A. Schwartz. 2000. Determination of GTP loading on
Rho. Methods Enzymol. 325:264–272.

67. Ridley, A. 2000. Rho GTPases. Integrating integrin signaling. J. Cell Biol.
150:F107–F109.

68. Ridley, A. J., and A. Hall. 1992. The small GTP-binding protein rho regulates
the assembly of focal adhesions and actin stress fibers in response to growth
factors. Cell 70:389–399.

69. Ridley, A. J., M. A. Schwartz, K. Burridge, R. A. Firtel, M. H. Ginsberg, G.
Borisy, J. T. Parsons, and A. R. Horwitz. 2003. Cell migration: integrating
signals from front to back. Science 302:1704–1709.

70. Ridley, A. J., A. J. Self, F. Kasmi, H. F. Paterson, A. Hall, C. J. Marshall, and
C. Ellis. 1993. rho family GTPase activating proteins p190, bcr and rhoGAP
show distinct specificities in vitro and in vivo. EMBO J. 12:5151–5160.

71. Roof, R. W., M. D. Haskell, B. D. Dukes, N. Sherman, M. Kinter, and S. J.
Parsons. 1998. Phosphotyrosine (p-Tyr)-dependent and -independent mech-
anisms of p190 RhoGAP-p120 RasGAP interaction: Tyr 1105 of p190, a
substrate for c-Src, is the sole p-Tyr mediator of complex formation. Mol.
Cell. Biol. 18:7052–7063.

72. Schaeffer, H. J., A. D. Catling, S. T. Eblen, L. S. Collier, A. Krauss, and M. J.
Weber. 1998. MP1: a MEK binding partner that enhances enzymatic activa-
tion of the MAP kinase cascade. Science 281:1668–1671.

73. Schagger, H., and G. von Jagow. 1987. Tricine-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis for the separation of proteins in the range
from 1 to 100 kDa. Anal. Biochem. 166:368–379.

74. Settleman, J., V. Narasimhan, L. C. Foster, and R. A. Weinberg. 1992.
Molecular cloning of cDNAs encoding the GAP-associated protein p190:
implications for a signaling pathway from ras to the nucleus. Cell 69:539–549.

75. Sharma, S. V. 1998. Rapid recruitment of p120RasGAP and its associated
protein, p190RhoGAP, to the cytoskeleton during integrin mediated cell-
substrate interaction. Oncogene 17:271–281.

76. Slack-Davis, J. K., S. T. Eblen, M. Zecevic, S. A. Boerner, A. Tarcsafalvi,
H. B. Diaz, M. S. Marshall, M. J. Weber, J. T. Parsons, and A. D. Catling.
2003. PAK1 phosphorylation of MEK1 regulates fibronectin-stimulated
MAPK activation. J. Cell Biol. 162:281–291.

77. Sordella, R., M. Classon, K. Q. Hu, S. F. Matheson, M. R. Brouns, B. Fine,
L. Zhang, H. Takami, Y. Yamada, and J. Settleman. 2002. Modulation of
CREB activity by the Rho GTPase regulates cell and organism size during
mouse embryonic development. Dev. Cell 2:553–565.

78. Sordella, R., W. Jiang, G. C. Chen, M. Curto, and J. Settleman. 2003.
Modulation of Rho GTPase signaling regulates a switch between adipogen-
esis and myogenesis. Cell 113:147–158.

79. Stahle, M., C. Veit, U. Bachfischer, K. Schierling, B. Skripczynski, A. Hall,
P. Gierschik, and K. Giehl. 2003. Mechanisms in LPA-induced tumor cell
migration: critical role of phosphorylated ERK. J. Cell Sci. 116:3835–3846.

80. Su, L., J. M. Agati, and S. J. Parsons. 2003. p190RhoGAP is cell cycle
regulated and affects cytokinesis. J. Cell Biol. 163:571–582.

81. Sumi, T., K. Matsumoto, and T. Nakamura. 2001. Specific activation of LIM
kinase 2 via phosphorylation of threonine 505 by ROCK, a Rho-dependent
protein kinase. J. Biol. Chem. 276:670–676.

82. Sumi, T., K. Matsumoto, Y. Takai, and T. Nakamura. 1999. Cofilin phos-
phorylation and actin cytoskeletal dynamics regulated by rho- and Cdc42-
activated LIM-kinase 2. J. Cell Biol. 147:1519–1532.

83. Tanoue, T., M. Adachi, T. Moriguchi, and E. Nishida. 2000. A conserved
docking motif in MAP kinases common to substrates, activators and regu-
lators. Nat. Cell Biol. 2:110–116.

84. Tsubouchi, A., J. Sakakura, R. Yagi, Y. Mazaki, E. Schaefer, H. Yano, and
H. Sabe. 2002. Localized suppression of RhoA activity by Tyr31/118-phos-
phorylated paxillin in cell adhesion and migration. J. Cell Biol. 159:673–683.

85. Vomastek, T., M. P. Iwanicki, H. J. Schaeffer, A. Tarcsafalvi, J. T. Parsons,
and M. J. Weber. 2007. RACK1 targets the extracellular signal-regulated
kinase/mitogen-activated protein kinase pathway to link integrin engage-
ment with focal adhesion disassembly and cell motility. Mol. Cell. Biol.
27:8296–8305.

86. Webb, D. J., K. Donais, L. A. Whitmore, S. M. Thomas, C. E. Turner, J. T.
Parsons, and A. F. Horwitz. 2004. FAK-Src signalling through paxillin, ERK
and MLCK regulates adhesion disassembly. Nat. Cell Biol. 6:154–161.

87. Worthylake, R. A., and K. Burridge. 2003. RhoA and ROCK promote
migration by limiting membrane protrusions. J. Biol. Chem. 278:13578–
13584.

88. Yang, N., O. Higuchi, K. Ohashi, K. Nagata, A. Wada, K. Kangawa, E.
Nishida, and K. Mizuno. 1998. Cofilin phosphorylation by LIM-kinase 1 and
its role in Rac-mediated actin reorganization. Nature 393:809–812.

89. Yin, G., Q. Zheng, C. Yan, and B. C. Berk. 2005. GIT1 is a scaffold for
ERK1/2 activation in focal adhesions. J. Biol. Chem. 280:27705–27712.

90. Zaidel-Bar, R., C. Ballestrem, Z. Kam, and B. Geiger. 2003. Early molecular
events in the assembly of matrix adhesions at the leading edge of migrating
cells. J. Cell Sci. 116:4605–4613.

3248 PULLIKUTH AND CATLING MOL. CELL. BIOL.


