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Rac1 regulates lamellipodium formation, myosin II-dependent contractility, and focal adhesions during cell migration. While
the spatiotemporal assembly of those processes is well characterized, the signaling mechanisms involved remain obscure. We
report here that the cytoskeleton-related Coronin1A and -1B proteins control a myosin II inactivation-dependent step that dic-
tates the intracellular dynamics and cytoskeletal output of active Rac1. This step is signaling-branch specific, since it affects the
functional competence of active Rac1 only when forming complexes with downstream ArhGEF7 and Pak proteins in actomyo-
sin-rich structures. The pathway is used by default unless Rac1 is actively rerouted away from the structures by upstream activa-
tors and signals from other Rho GTPases. These results indicate that Coronin1 proteins are at the center of a regulatory hub that
coordinates Rac1 activation, effector exchange, and the F-actin organization state during cell signaling. Targeting this route
could be useful to hamper migration of cancer cells harboring oncogenic RAC1 mutations.

The organization of the F-actin cytoskeleton has to fluctuate
along the longitudinal axis of migrating cells to make possible

coherent vectorial movements, directional changes in response to
sudden alterations in chemical or topological cues, and the pres-
ervation of cell integrity (1). Some of the most critical upstream
regulators of those processes are members of the Rho GTPase
family. Thus, at the leading edge, Cdc42 generates filopodia; RhoA
initiates the earliest steps of lamellipodium formation; and Rac
proteins, such as Rac1 and RhoG, drive the generation of lamelli-
podia and membrane ruffling. In areas located away from the
leading edge, Rac1 contributes to the regulation of myosin II
(MII) contractility, as well as to focal-adhesion maturation and
disassembly. In turn, RhoA favors the generation of actomyosin
bundles, stress fibers, focal adhesions, and the contractility-driven
forces required for trailing-edge detachment (2). The coregula-
tion of these migration phase- and site-specific functions is con-
ditioned by the membrane receptors engaged, the GDP/GTP ex-
change factors (GEFs) involved in the GTPase activation step, and
interactions of GTPases with subcellular-localization-specific
tethering factors (1–3). In addition, it relies on both the spectrum
and localization of downstream effectors engaged. For example,
Rac1 can promote the stimulation of Arp2/3 upon association
with the Wave complex at the migration front, leading to both
filopodium collapse and lamellipodium formation (4–6). By con-
trast, it can elicit the growth and stability of F-actin fibers in the
same areas when interacting with type I Pak serine/threonine pro-
tein kinases (7). This effect can be redirected toward changes in
MII contractility and focal-adhesion turnover rates when the in-
teraction of the two proteins occurs in areas behind the migration
front (8). Rho GTPase signaling cycles can be further fine-tuned
by posttranslational modifications, signaling inputs that regulate
GTPase stability at membranes, and feedback loops from other
Rho GTPases (2, 9). When the cytoskeletal change has to stop, Rho
proteins are inactivated by GTPase-activating proteins and se-
questered in heteromolecular complexes with Rho GDP dissocia-
tion inhibitors (GDI) (9).

To provide additional flexibility to the system, the cytoskeleton
is further regulated by the distal actions of a large number of actin-

binding proteins (10). Those include Coronin1A (Coro1A) and
Coro1B, two proteins implicated in lamellipodial architecture and
dynamics via the regulation of F-actin-bundling processes, Arp2/3
complex inhibition, and activation of the F-actin-severing factor
cofilin (11–17). Whereas the first two functions are mediated by
direct interactions of Coro1 proteins with F-actin and Arp2/3, the
last requires interactions of Coro1B with the Slingshot phospha-
tase (13). Whether Coro1A also associates with that phosphatase
is currently unknown. In addition to these cytoskeletal roles, we
have recently shown that Coro1A participates in the induction of
serial waves of upstream Rac1 activation during mitogenic re-
sponses. This function, which is not shared by Coro1B, is medi-
ated by the association of Coro1A with Pak and RhoGDI/Rac
complexes, which, via the Pak-mediated phosphorylation of
RhoGDI, promotes the release and subsequent activation of Rac1
(18). This process also requires the interaction of Coro1A with
F-actin and ArhGEF7 (also known as �-Pix and Cool1) (18), a
catalytically inactive Rac1 GEF that can physically interact with
Rac1, Pak, and a variety of focal-adhesion-localized proteins (19).
The above observations led us to hypothesize that Coro1A could
represent a network hub involved in the coordinated assembly of
long-lasting, self-amplifying cycles of Rac1-dependent cytoskel-
etal change in mitogen-stimulated cells. To investigate this possi-
bility, we decided to monitor the cytoskeletal changes induced by
constitutively active versions of Rac1 in cells lacking either the
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Coro1A or Coro1B protein. These studies led us to discover a
Coro1-dependent regulatory route specifically involved in the
proper stereospatial organization of the Rac1-dependent cytoskel-
eton. Unexpectedly, such a function does not seem to be linked to
the general F-actin-regulatory properties of those proteins. In
contrast, it relies on a Coro1/MII-dependent step that, by modu-
lating the intracellular dynamics of Rac1/ArhGEF7/Pak2 com-
plexes, dictates the overall organization and shape of Rac1-driven
peripheral protrusions in cells.

MATERIALS AND METHODS
Cell lines. Control and CORO1 knockdown cell clones (COS1) and cell
pools (HEK 293T and Jurkat) have been described previously (18). How-
ever, the designation of the knockdown cell lines has been changed to
make the names more intuitive for readers. The new and old (in paren-
theses) names are KD1A (ACC2-2), KD1B (VOS7-3), 293T.KD1A
(VOS6-3), and J.KD1A (VOS2-1) (18). When indicated, cells were incu-
bated with 100 ng/ml epidermal growth factor (EGF) (Millipore; 10 min),
50 �M CK-636 (Sigma; 90 min), 50 �M blebbistatin (Sigma; 2 h), 10 �M
Y-27632 (Sigma; 2 h), or 1 �M ML-7 (Sigma; 2 h) under serum-free
medium conditions.

Plasmids. The expression plasmid encoding enhanced green fluores-
cent protein (EGFP)-Rac1Q61L (pNM42) has been previously described
(20). The expression plasmid encoding AU5-Rac1Q61L was a gift from P.
Crespo (IBBTEC-Universidad de Cantabria, Santander, Spain). Mamma-
lian expression vectors encoding AU5-Rac1F28L (pRMP46), AU5-
Rac1V44S�Q61L (pRMP12), FLAG-RhoGQ61L (pRMP49), and AU5-
RhoGQ61L have been described previously (21). The mammalian
expression vector for Cherry fluorescent protein (ChFP)-Rac1G12V was
provided by M. A. del Pozo (Centro Nacional de Investigaciones
Cardiovasculares, Madrid, Spain). Mammalian expression vectors encod-
ing EGFP-tagged RhoAQ63L (pNM041), Cdc42Q61L (pNM040),
Rac1F37A�Q61L (pMJC6), Rac1Y40C�Q61L (pMJC7), and the Vav1 DH-
PH-ZF cassette (pNM103) have been previously described (22–25). The
expression vector encoding a myristoylated version of Rac1Q61L

(pVOS12) was obtained by ligating a BamHI/EcoRI human RAC1Q61L

cDNA fragment from pXRB99 into the BamHI-EcoRI-linearized pCEFL-
Myr plasmid (obtained from P. Crespo). The expression plasmid encod-
ing EGFP-Rac1Q61L under the speckle promoter (pVOS35) was generated
by amplifying the human RAC1Q61L cDNA contained in pNM42 using
primers 5=-GGC CAG ATC TCA GGC CAT CAA GTG TGT GG-3= (for-
ward) and 5=-GGC CGG ATT CCA ACA GCA GGC-3= (reverse), diges-
tion of PCR fragments with BglII and BamHI (restriction sites in the
oligonucleotides are underlined), and ligation of the PCR product into a
BglII/BamHI-linearized pGFP-speckle backbone (provided by M. Vi-
cente-Manzanares, La Princesa University Hospital, Madrid Autono-
mous University, Madrid, Spain). Coro1AshRNAMUT-EGFP (pACC58),
Coro1AshRNAMUT�R29D-EGFP (pACC67), and pCor-RFP (wild-type
[WT]) plasmids have been described previously (18). The mammalian
expression vector encoding Coro1B-EGFP (pVOS13) was obtained by
subcloning an EcoRI/BamHI human CORO1B cDNA fragment obtained
from the retroviral vector pCoro1B-GFP (provided by J. Bear, University
of North Carolina at Chapel Hill, Chapel Hill, NC) into the EcoRI-
BamHI-linearized pEGFP-N2 (Clontech). To generate the vector encod-
ing Coro1BR30D-EGFP (pVOS19), we used the QuikChange kit (Strat-
agene) to incorporate the R30D mutation into the CORO1B cDNA
present in pVOS13. The sequences of the mutagenesis primers were 5=-
CCA GTG CTA TGA GGA CAT TGA CGT GTC CCG TGT TAC CTG
G-3= (forward; the mutation is underlined) and 5=-CCA GGT AAC ACG
GGA CAC GTC AAT GTC CTC ATA GCA CTG G-3= (reverse; the
mutation is underlined). To generate the plasmid encoding
Coro1AshRNAMUT-red fluorescent protein (RFP) (pVOS60), we mu-
tagenized the pCor-RFP (WT) plasmid using oligonucleotides 5=-CCT
GGG ACA GTG GCT TCT GTG CCG TAA ACC CTA AGT TTG TGG
CCC-3= (forward) and 5=-GGG CCA CAA ACT TAG GGT TTA CGG

CAC AGA AGC CAC TGT CCC AGG-3= (reverse). This mutagenesis
step introduced mutations (underlined) in the 41 (A) and 42 (V)
CORO1A codons that make the transcript insensitive to degradation
by the CORO1A short hairpin RNA (shRNA) present in KD1A cells
(18). To generate the Coro1BshRNAMUT-EGFP (pVOS14)- and
Coro1BshRNAMUT�R30D-EGFP (pVOS20)-encoding vectors, we mutated
the pVOS13 and pVOS19 vectors, respectively, using oligonucleotides
5=-GGC TGC GAC AAC GTG GTA CTA ATT TGG AAT GTG GGC-3=
(forward) and 5=-GCC CAC ATT CCA AAT TAG TAC CAC GTT GTC
GCA GCC-3= (reverse). Transcripts expressed by those plasmids are in-
sensitive to degradation by the CORO1B shRNA integrated into KD1B
COS1 cells due to the introduction of conservative mutations (under-
lined) at the 158 (L) and 159 (I) CORO1B codons. pEGFP-mDia2 and
pRFP-Ruby-N1-Lifeact were provided by M. A. del Pozo. Expression vec-
tors encoding EGFP-cofilinS3A, myosin light chain (MLCT19D�S20D)-
EGFP, and ChFP-MIIA were from M. Vicente-Manzanares. The MLC-
EGFP (pVOS49) plasmid was generated by site-directed mutagenesis of
the pRLCT19A�S20D-EGFP vector (provided by M. Vicente-Manzanares)
using oligonucleotides 5=-GCG CCC GCA GCG CGC CAC CTC CAA
TGT CTT CGC TAT GTT CG-3= (forward; the mutations are underlined)
and 5=-CGA ACA TAG CGA AGA CAT TGG AGG TGG CGC GCT GCG
GGC GC-3= (reverse; the mutations are underlined). All oligonucleotides
were purchased from Invitrogen. All plasmids generated were verified by
DNA sequencing of the entire cDNA at the Genomics and Proteomics
Facility of our center.

Antibodies and other immunological reagents. Rhodamine- and Al-
exa Fluor 635-labeled phalloidin and Alexa Fluor 647-labeled CTxB were
obtained from Molecular Probes/Invitrogen. Mouse monoclonal anti-
bodies to AU5 and GFP and rabbit polyclonal antibodies to MIIB were
from Covance. Mouse monoclonal antibodies to cortactin and fascin and
rabbit polyclonal antibodies to Arpc2 and ArhGEF7 were from Millipore.
Rabbit polyclonal antibodies to the FLAG epitope, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), phospho-MLC, phosphocofilin,
and RFP were obtained from Sigma, Santa Cruz Biotechnology, Rockland,
Cell Signaling, and Thermo Scientific, respectively. Mouse monoclonal
antibodies to Vasp, Rac1, and IQGAP1 and rabbit polyclonal antibody to
caveolin were from BD Transduction Laboratories. Mouse monoclonal
antibodies to Pak2 and Coro1A were from Cell Signaling and Sigma, re-
spectively. Mouse monoclonal antibodies to tubulin � were ordered from
Calbiochem. Rabbit polyclonal antibodies to phospho-Erk were from Cell
Signaling. When required, appropriate Cy2-, Cy3-, and Cy5-labeled sec-
ondary antibodies were used (Jackson ImmunoResearch). In the case of
immunoblotting, horseradish peroxidase-coupled secondary antibodies
were used (GE Healthcare Life Biosciences).

Immunofluorescence experiments. To monitor the distribution of
the proteins under analysis, transfected cells were fixed in 3.7% formalde-
hyde in a phosphate-buffered saline (PBS) solution for 15 min. The cells
were then permeabilized in 0.5% Triton X-100 in TBS-T (25 mM Tris-
HCl [pH 8.0], 150 mM NaCl, 0.1% Tween 20) for 10 min, washed three
times with TBS-T, blocked in 2% bovine serum albumin in TBS-T for 30
min, and stained using the appropriate stepwise addition of primary and
secondary antibodies diluted in blocking solution for 1 h each. To
visualize the F-actin cytoskeleton, the above-mentioned preparations
were subsequently incubated with either rhodamine- or Alexa Fluor
635-labeled phalloidin diluted 1:100 in blocking solution for 30 min.
To detect lipid rafts, Alexa Fluor 647-conjugated CTxB was added to
cultured cells (0.5 �g/ml) for 2 min prior to fixation. The stained
preparations were mounted on microscope slides using Mowiol (Cal-
biochem). Unless otherwise indicated, confocal images shown in the
figures were taken in cell sections showing enriched F-actin structures
and therefore may not correspond to the same positions in the cell
lines compared. Confocal images were collected using a Leica SP5
confocal microscope with a 63� objective (Leica). When required,
triple colocalization of proteins was analyzed by using the Colocaliz-
eRGB plug-in in ImageJ software (version 1.43u). This plug-in finds
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the colocalized pixels of three separate channels from three-color im-
munofluorescence microscopy images. When numerical values are
provided, they refer to the percentage of a given phenotype in the total
population of fluorescent-protein-expressing cells. In histograms, we
defined as “spread” cells displaying the typical morphology of COS1
cells. “Ruffles” refers to cells exhibiting the characteristic large mem-
brane ruffles typically present in cells expressing constitutively active
Rac1 versions. A score was considered positive when those structures
occupied more than half of the cell perimeter. We did not include in
this category the small peripheral ruffles that are occasionally seen in
untransfected COS1 cells. “Lamella-like” refers to cells displaying un-
polarized cytoplasmic extensions that were supported by radial phal-
loidin- and Rac1-decorated F-actin filaments. Although there were
differences in terms of overall cell size, this parameter was not quan-
tified. Quantification was done using 150 cells in three independent
experiments.

Immunoblotting. Protein samples were denatured by boiling in SDS-
PAGE sample buffer, separated electrophoretically, and transferred onto
nitrocellulose filters using the iBlot dry blotting system (Invitrogen) ac-
cording to the manufacturer’s instructions. Membranes were blocked in
5% nonfat dry milk in TBS-T for 1 h and then incubated overnight at 4°C
with the indicated primary antibodies diluted in blocking buffer. After
extensive washes with TBS-T, the membrane was incubated with the ap-
propriate horseradish peroxidase-conjugated secondary antibody (1:
5,000 dilution) for 1 h at room temperature. Immunoreacting bands were
developed using a standard chemiluminescence method (enhanced
chemiluminescence [ECL]; GE Healthcare Life Biosciences).

Transient transfections. In the case of standard immunofluores-
cence studies with the COS1 and HEK 293T cell lines, cells were grown
on 6-well plates and transfected using Lipofectamine 2000 (Invitro-
gen). To that end, 1 �g of the appropriate plasmid DNA and 3 �l of
Lipofectamine 2000 were diluted separately in 100 �l of serum-free Dul-
becco’s modified Eagle’s medium (DMEM), and the two solutions were
mixed, incubated for 20 min at room temperature, and added to the cells.
Except where otherwise indicated, transfected cells were trypsinized 24 h
later and seeded onto 0.001% polylysine (Sigma)-, 10 �g/ml fibronectin
(Sigma)-, or 10 �g/ml laminin (Invitrogen)-coated coverslips and fixed
24 h later. In the case of small interfering RNA (siRNA)-based studies, 30
to 40% confluent COS1 cells were transfected with the appropriate siRNA
(60 mM) using Lipofectamine 2000 (Invitrogen) as described above. For
coimmunoprecipitation experiments, 30 to 40% confluent COS1 cells
were transfected using Lipofectamine 2000 in 10-cm dish plates. To this
end, 2 �g of the indicated plasmids and 6 �l of Lipofectamine 2000 were
diluted separately in 200 �l of serum-free DMEM and added to the cells as
described above. Cells were harvested 36 to 48 h after the transfection step,
as indicated (18).

In the case of Jurkat T cells, transfections were performed using the
Neon transfection system (Life Technologies) following the manufactur-
er’s protocols. To this end, 20 �g of plasmid DNA was added to 2 � 106

cells diluted in 2 ml of R buffer (included in the Neon transfection system
kit, catalogue number MPK10096; Life Technologies), and the mixture
was subjected to two 20-ms electroporation cycles at 1.7 mV. The cells
were then transferred to standard culture media for 36 h and then plated
onto 0.001% polylysine-coated coverslips, allowed to settle for 20 min,
fixed, and stained.

Video recording. Subconfluent cells plated on 35-mm plastic plates
were transfected with pNM42 (encoding EGFP-Rac1) and pRFP-Ruby
N1-Lifeact plasmids and analyzed 24 h later using a 20� objective (Olym-
pus) in a Delta Vision microscope (Image Solutions). Images were taken
using Resolve3D softWoRx-Aquire software (version 5. 5. 0). The capture
settings were 0.3- and 1-s exposure times for EGFP-Rac1Q61L and Lifeact
fluorescence, respectively, using 1 s of interval time. The videos were
played at 10 frames/s.

siRNAs. For knockdown purposes, we used pools of the three Stealth
siRNA target sequences (Invitrogen) available for human PAK2 (catalog

numbers HSS107578, HSS107579, and HSS10780), ARHGEF7 (catalog
numbers HSS113107, HSS113108, and HSS113109), and CTTN (cat-
alog numbers HSS103231, HSS103232, and HSS103233) transcripts. As a
control, we used a scrambled Stealth siRNA (catalog number 12935-300).

Coimmunoprecipitation experiments. Cells cultured in 100-mm
dishes were washed with chilled PBS and disrupted in 1 ml of lysis buffer
composed of 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Triton
X-100, 1 mM Na3VO4, 10 mM �-glycerophosphate, and a protease inhib-
itor cocktail (cOmplete; Roche). The lysates were incubated on ice for 10
min and precleared by centrifugation at 14,000 rpm for 10 min at 4°C. The
supernatants obtained were immunoprecipitated with the GFP-Trap re-
agent (ChromoTek) for 1 h, and the immunocomplexes were collected by
centrifugation, washed, separated electrophoretically, and analyzed by
immunoblotting as indicated in the figures. Analyses of total cellular ly-
sates were performed in parallel to detect the expression of the indicated
proteins.

Image processing. Images were assembled and processed for final fig-
ure presentation using Canvas 9.0.4 (Deneba Systems).

Statistical analyses. Data from at least three independent experiments
were analyzed using the Student t test. P values of �0.05 were considered
statistically significant.

RESULTS
Coro1-deficient cells show abnormal shapes and contractile
properties. During a previous study, we generated COS1 cells
lacking expression of either Coro1A (KD1A.1 and KD1A.2 cells)
or Coro1B (KD1B.1 and KD1B.2 cells) using a lentiviral shRNA
approach (18). A similar method was utilized to generate
CORO1A-deficient human HEK 293T embryonic kidney
(293T.KD1A.1 and 293T.KD1A.2) and T-lymphoblastoid Jurkat
(J.KD1A) cells (18). Effective protein depletion was confirmed in
each case using immunoblotting techniques (18). When analyzed
by confocal microscopy, we observed that the stable depletion of
Coro1A and, to a much lesser extent, of Coro1B promotes the
acquisition of contractile features (Fig. 1A), as evidenced by the
detection in knockdown cells of phospho-MLC-decorated stress
fibers (Fig. 1A), enlarged focal adhesions (Fig. 1A), and dimin-
ished cell areas (14.9 � 2.9 and 28.5 � 8.3 �m2 in CORO1A and
CORO1B knockdown cells versus 36.1 � 7.2 �m2 in control cells;
P � 0.001, n � 50 cells for each type) (Fig. 1A). It should be noted,
however, that the morphological features induced by the single
depletion of each Coro1 protein are different. For example,
CORO1A knockdown cells consistently display elongated shapes
and contain thin stress fibers, usually oriented along the longitu-
dinal axis. In contrast, Coro1B-deficient cells are more rounded
and contain stress fibers thicker and shorter than those found in
Coro1A-depleted cells (Fig. 1A). We found similar morphologies
in independent knockdown clones for each of the proteins (exam-
ples are shown in Fig. 2A), indicating that these phenotypes are the
consequence of the intrinsic lack of each Coro1 protein. Consis-
tent with this, we could rescue normal morphologies upon expres-
sion of the appropriate shRNA-resistant CORO1 transcript in
knockdown cells (Fig. 1B). Interestingly, we observed that the ec-
topic expression of Coro1B can rescue the morphological pheno-
type of both CORO1A and CORO1B knockdown cells (Fig. 1B).
However, Coro1A can rescue only the defects found in the former
cell line (Fig. 1B). This result rules out the possibility that such
morphological changes can be derived from the Rac1 activation
defects previously found in CORO1A knockdown COS1 cells (18).
In addition to these morphological alterations, we observed that
CORO1A knockdown cells have elevated amounts of both phos-
pho-MLC and phosphocofilin compared to controls (Fig. 1C).
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In contrast, CORO1B knockdown COS1 cells show only a
marked upregulation in the amount of phosphocofilin (Fig. 1D). De-
spite these signaling differences, these defects are clearly MII and
Rock dependent, because parental cell-like shapes can be restored
in those cells using short-term treatments with either an MII
(blebbistatin) or a Rock (Y-27632) inhibitor (Fig. 1E). Thus, it is
possible that the lack of Coro1B promotes either small or subcel-
lular-localization-specific alterations in MII activity that cannot
be reliably detected using standard immunoblot analyses. Consis-

tent with this, we observed that Y-27632 reduces the phosphory-
lation levels of both phospho-MLC and phosphocofilin in
CORO1A knockdown cells (Fig. 1C) and of phosphocofilin in
CORO1B-deficient cells (Fig. 1D). We could not determine the
effect of blebbistatin because its use promotes MLC hyperphos-
phorylation in all cell lines tested (Fig. 1C and D). Although it is
prima facie counterintuitive, such an effect has been reported by
others (6, 26). The implication of Coro1A in the steady-state MLC
activation status is cell type independent, because Jurkat cells lack-

FIG 1 Unregulated myosin II-dependent contractility contributes to the cytoskeletal phenotype of CORO1 knockdown cells. (A) Representative images of the
indicated cells stained with antibodies to phospho-MLC (top row, red signals) and Alexa Fluor 635-labeled phalloidin (top row, blue signals) and with vinculin
(bottom row, green signals). In the top row, magnifications of the boxed cell areas are shown in the insets. Color codes for fluorescence signals are indicated.
Colocalization of phospho-MLC and F-actin is shown in purple (top row). Scale bars, 10 �m. (B and E) Representative images of the cytoskeletal phenotype
exhibited by CORO1 knockdown cells (top) upon ectopic expression of the indicated Coro1-EGFP proteins (B, left) and drug treatments (E, left). In panel B,
colocalization of Coro1 and F-actin is shown in yellow. Scale bars, 10 �m. (C, D, and F) Total cellular extracts from the indicated cell lines and experimental
conditions were analyzed by Western blotting (WB) to detect the amount of phospho (p)-MLC (top gels), phosphocofilin (second gels from top), and Coro1A
(F, third gel from top). The loading controls used were tubulin � (C and D, bottom) and GAPDH (F, bottom). The antibodies used in the immunoblot analyses
are indicated on the right.
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ing the protein also display larger amounts of phospho-MLC that
in this case are not associated with parallel elevations in phospho-
cofilin (Fig. 1F).

Coro1 proteins play critical roles in Rac1-dependent cyto-
skeletal signaling. To investigate the role of Coro1 proteins
downstream of active Rac1, we next evaluated the cytoskeletal
changes induced by the transient expression of constitutively ac-
tive Rac1 (with a Q61L mutation) in CORO1A and CORO1B
knockdown COS1 cells. To facilitate the visualization of trans-
fected cells, Rac1 was tagged at its N terminus with EGFP. Upon
transfection, the cells were trypsinized; plated on polylysine-, fi-
bronectin-, or laminin-coated coverslips; stained with fluoro-
chrome-labeled phalloidin; and analyzed by confocal microscopy.
Irrespective of the substrate used during the plating step, we ob-

served that constitutively active Rac1 proteins cannot generate
peripheral ruffles when expressed in any of the CORO1A and
CORO1B knockdown COS1 cells used in these experiments
(Fig. 2A to C). In contrast, they induce the formation of extended
lamellas characterized by the presence of radial extensions of
poorly branched F-actin filaments that in many cases are deco-
rated with active Rac1 (Fig. 2A and C). These filaments are present
within the cell perimeter but in some cases form small, filopodi-
um-like protrusions that extend outward from those limits. The
expression of EGFP-Rac1Q61L does not have any effect on the large
amounts of phospho-MLC (Fig. 2D, top gel, lanes 3 and 4) and
phosphocofilin (Fig. 2D, second gel from top, lanes 3 to 6) previ-
ously seen in Coro1-depleted cells. It does elicit, however, an in-
crease in the phosphorylation of cofilin (Fig. 2D, second gel from

FIG 2 Abnormal Rac1 cytoskeletal signaling in CORO1 knockdown cells. (A and C) Representative images of the cytoskeletal phenotype exhibited by EGFP-
expressing (A) and EGFP-Rac1Q61L-expressing (A and C) cell lines attached to polylysine-coated (A), fibronectin-coated (C), or laminin-coated (C) coverslips.
The cell lines are indicated at the top. Ectopically expressed proteins are indicated at the left. Colocalization areas of active Rac1 with F-actin are shown in yellow.
Scale bars, 10 �m. (B) Quantification of the types of cytoskeletal change induced by ectopically expressed EGFP-Rac1Q61L in the indicated cells attached to
polylysine-coated coverslips. (D) Total cellular extracts from the indicated cell lines and experimental conditions were analyzed by Western blotting to detect the
amounts of phospho-MLC, phosphocofilin, and EGFP proteins expressed. Tubulin � was used as a loading control.
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top, lanes 1 and 2) and, to a much lesser extent, of MLC (Fig. 2D,
top gel, lanes 1 and 2) when expressed in control cells.

Time-lapse microscopy analyses revealed that these F-actin fil-
aments are rather dynamic, since they sprout from many indepen-
dent cell areas, grow centripetally, and eventually collapse. The
last step takes place when F-actin filaments reach the cell edge or,
alternatively, when they detach from the substratum and undergo
a rearward movement using the most proximal end as a hinge (see
Video S1 in the supplemental material). At the time of collapse,
cells form short-lived, small, ruffle-like structures distinct from
the large and long-lasting retrograde ruffles typically seen in con-
trol cells (see Video S2 in the supplemental material). Confirming
the confocal microscopy results, we observed that EGFP-Rac1Q61L

colocalizes with these F-actin structures during their entire assem-
bly-disassembly cycle (see Video S1 in the supplemental material).
Further immunostaining experiments indicated that the F-actin
ribs present in Rac1-expressing CORO1 knockdown cells contain
typical filopodial markers, such as mDia2, fascin, and Vasp (Fig.
3A to C). These structures are also decorated with Arp2/3 com-
plexes and cortactin in the absence of any evident F-actin branch-

ing (Fig. 3D and E), a Rac1-dependent feature previously de-
scribed by others in filopodia (27). In vivo staining of cells with
Clostridium botulinum toxin B revealed that the majority of lipid
rafts cosegregate with these Rac1/F-actin-rich structures present
in knockdown cells (Fig. 3F).

Coro1 proteins do not work redundantly downstream of
GTP-bound Rac1. A number of independent experiments con-
firmed the physiological relevance of the above observations.
First, we could observe the formation of abnormal cytoskeletal
responses in nontransfected, serum-starved CORO1B knock-
down cells upon stimulation with EGF. Although milder than
those exhibited under conditions of ectopic Rac1 expression,
these alterations included the generation of extended lamellar ar-
eas, the presence of radial projections of very thin F-actin fibers,
the occasional generation of filopodia, and a lack of robust mem-
brane ruffling (Fig. 4A and B). These results indicate that Coro1B
is also involved in the cytoskeletal program of endogenous Rac1.
CORO1A knockdown COS1 cells were not used in these experi-
ments because, unlike the case of the Coro1B-depleted
counterparts, they cannot activate Rac1 due to the disruption of

FIG 3 Abnormal Rac1 cytoskeletal signaling in CORO1 knockdown cells. (A to F) Representative images of the subcellular localization of the indicated
cytoskeletal proteins (A to E) and CTxB-stained lipid rafts (F) in parental and CORO1-depleted cells (top rows) expressing the indicated ectopic proteins (left).
With the exception of Rac1 and mDia2, all signals correspond to endogenous proteins. The insets are enlarged images of the boxed cell areas. Scale bars, 10 �m.
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the previously described upstream Coro1A/RhoGDI/GDP-Rac1/
ArhGEF7/Pak2 signaling complex (18). Second, we demon-
strated, using Coro1-deficient pools of HEK 293T (Fig. 4C) and
Jurkat (Fig. 4D) cells, that the effect of the Coro1 depletion on

Rac1Q61L cytoskeleletal signaling is cell type independent. Finally,
using reconstitution experiments, we confirmed that these defects
are intrinsic to the lack of these proteins. In particular, we found
that Coro1A-EGFP can restore normal ruffling activity when co-

FIG 4 Cell-type-independent and nonredundant implication of Coro1 proteins in Rac1 cytoskeletal signaling. (A and B) Representative images (A) and quantification
(n � 3; 150 cells/condition) (B) of F-actin organization induced by EGF in the indicated cell lines. Scale bar, 10 �m. (C and D) Examples of the cytoskeletal changes
induced by ectopic EGFP-Rac1Q61L in the indicated HEK 293T (C) and Jurkat (D) cells. In the case of Jurkat cells, a confocal plane and a Z-stack 3-dimensional (3D)
reconstruction are shown. 293T.KD1A.1 and 293T.KD1A.2 are two independent pools of CORO1A knockdown HEK 293T cells. J.KD1A is a pool of CORO1A
knockdown Jurkat cells. Colocalization areas of Rac1 with F-actin are shown in yellow. Scale bars, 10 (C) and 5 (D) �m. (E to H) Representative images (E and G) and
quantification (n � 3; 150 cells/condition) (F and H) of the cytoskeletal phenotype exhibited by Coro1-depleted COS1 cells (E and G, left) upon ectopic expression of the
indicated combinations of ChFP-Rac1G12V and Coro1-EGFP proteins. Coro1A/BshRNAMUT-EGFP refers to the ectopic protein that cannot be targeted by the shRNA
harbored in knockdown cells. In panels E and G, colocalization areas of Rac1 with Coro1 proteins and F-actin are shown in white. Scale bars, 10 �m.
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expressed in CORO1A knockdown cells with a constitutively
active, ChFP-tagged version of Rac1 (with a G12V mutation)
(Fig. 4E and F). Ectopic Coro1A, however, cannot rescue normal
ruffling in CORO1B-deficient cells (Fig. 4E and F). In contrast, the
coexpression of Coro1B-EGFP does rescue such activity in both
Coro1A- and Coro1B-depleted cells (Fig. 4E and F). These results
indicate that the abnormal cytoskeletal response of those cells is
not due to shRNA off-target effects and, more importantly, that
the two Coro1 proteins work nonredundantly in this process. In-
terestingly, the rescue properties of Coro1 proteins observed in
this assay are similar to those found in the restoration of the mor-
phological shape of cells that had not been transfected with active
Rac1 (Fig. 1), suggesting that these two processes can be mecha-
nistically intertwined (see below). These experiments also re-
vealed that actin binding-deficient versions of Coro1A (with an
R29D mutation) (18) and Coro1B (with an R30D mutation) (12)
show no rescue activity (Fig. 4G and H), indicating that the par-
ticipation of Coro1 proteins in this biological process requires
their normal interaction with the cytoskeleton.

Coro1 proteins control cytoskeletal change in a GTPase- and
Pak-specific manner. The cytoskeletal defects observed are Rac1
specific, because Coro1-depleted COS1 cells undergo control cell-
like cytoskeletal changes when constitutively expressing active
versions of EGFP-RhoA (with a Q63L mutation), EGFP-Cdc42
(with a Q61L mutation), or FLAG-tagged RhoG (with a Q61L
mutation) (Fig. 5A). The results obtained with the last protein
represented a seminal clue to us, because it is known that this
GTPase can promote Rac1Q61L-like cytoskeletal changes (21, 28)
(Fig. 5A) despite the fact that it cannot physically interact with the
Rac1 downstream elements Pak (21, 28) and ArhGEF7 (V. Ojeda and
X. R. Bustelo, unpublished data). This led us to surmise that Coro1
proteins could be specifically involved in the regulation of the Pak/
ArhGEF7 downstream signaling branch of Rac1. Consistent with this
idea, we found that EGFP-Rac1Q61L proteins containing single point
mutations (Y40C and V44S) that eliminate the interaction with Pak
family proteins (21, 29) induce normal cytoskeletal change when ex-
pressed in Coro1-depleted cells (Fig. 5B and C). To further corrobo-
rate this hypothesis, we decided to investigate whether the siRNA-
mediated elimination of either PAK2 or ARHGEF7 mRNA could
restore ruffling responses in Rac1Q61L-expressing knockdown cells.
We chose the PAK2 transcript for these experiments because it is the
main type I Pak family member expressed in COS1 cells (18). We
found that the depletion of either of these two transcripts (Fig. 5D)
restores normal EGFP-Rac1Q61L-driven cytoskeletal effects in both
CORO1A and CORO1B knockdown cells (Fig. 5E to G), indicating
that the cytoskeletal defects present in these cells are due to alterations
in the signaling competence of active Rac1/ArhGEF7/Pak2 com-
plexes rather than to the impairment of canonical F-actin- and Arp2/
3-related roles of Coro1 proteins.

Coro1 proteins control Rac1 cytoskeletal output via MII in-
hibition. The similar rescue properties shown by shRNA-resistant
Coro1 proteins in both nontransfected (Fig. 1) and Rac1-trans-
fected (Fig. 4E and F) knockdown cells suggested to us that the
basal and Rac1-dependent cytoskeletal defects exhibited by these
cells could stem from a common signaling cause. Consistent with
this idea, we observed that CORO1 knockdown cells maintain
clear signs of enhanced actomyosin contractility even when ex-
pressing constitutively active Rac1 (Fig. 1 to 5). Furthermore, and
similar to results obtained with nontransfected cells (Fig. 1), we
could also restore normal cytoskeletal changes in EGFP-Rac1Q61L-

expressing CORO1 knockdown COS1 (Fig. 6A and B) and Jurkat
(Fig. 6C) cells using short-term treatments with either blebbistatin
or Y-27632. To further assess the implication of cofilin and MII in
the cytoskeletal phenotype of Coro1-depleted cells, we decided to
test whether phosphomimetic mutant versions of either cofilin
(S3D; inactive protein) or MLC (T19D and S20D; active protein)
could reproduce the effects of the Coro1 depletion in parental
cells. EGFP-cofilinS3D does not induce any obvious cytoskeletal
dysfunction in ChFP-Rac1G12V-expressing parental cells (Fig.
6D), indicating that inefficient cofilin inactivation cannot gener-
ate per se the cytoskeletal phenotype of CORO1 knockdown cells.
In contrast, MLCT19D�S20D-EGFP does elicit such defects when
coexpressed with active Rac1 in both parental COS1 (Fig. 6E and
F) and Jurkat (Fig. 6G) cells. This mutant protein also promotes a
change in the normal cytoskeletal program of endogenous Rac1 in
EGF-stimulated COS1 cells (Fig. 6H and I), leading to the gener-
ation of cytoskeletal structures quite similar to those found in
EGF-stimulated CORO1B knockdown cells (Fig. 4A). A similar
effect has been described previously in other cell types (30). These
effects are Rac1 specific, because MLCT19D�S20D-EGFP does not
alter the cytoskeletal change typically induced by RhoGQ61L in
parental COS1 cells (Fig. 6E and F). Collectively, these results
suggest that Coro1 proteins contribute to Rac1 downstream sig-
naling in an actomyosin-dependent manner.

Coro1 proteins regulate actomyosin dynamics during Rac1-
dependent responses. The above observations led us to
investigate in more detail the status of the MLC route in CORO1
knockdown cells. Using confocal microscopy, we observed that
EGFP-Rac1Q61L promotes the localization of both endogenous
MIIB (Fig. 7A, top row) and phospho-MLC (Fig. 7B, top row) in
cell-substrate interface areas located underneath regions of active
membrane ruffling in the case of control cells. In contrast, the two
proteins are clearly localized away from membrane ruffles (Fig. 7A
and B, bottom row). However, in Coro1-depleted cells expressing
active Rac1, we found that MIIB and phospho-MLC localize pref-
erentially in the actomyosin ring and, to a lesser extent, in the
proximal region of the F-actin ribs generated in those cells (Fig. 7A
and B). This is not due to the known lack of MIIA expression in
COS cells (31), because the coexpression of the protein with
EGFP-Rac1Q61L does not rescue normal cytoskeletal responses in
CORO1 knockdown cells (Ojeda and Bustelo, unpublished). Fur-
thermore, ectopically expressed MIIA shows subcellular distribu-
tions quite similar to those found in the case of MIIB and phos-
pho-MLC in both control and knockdown cells (Ojeda and Bustelo,
unpublished). Linking this differential distribution with the cytoskel-
etal dysfunctions found in CORO1 knockdown cells, we observed
that the siRNA-mediated depletion of endogenous transcripts for ei-
ther Pak2 or ArhGEF7 restores control cell-like MIIB (Fig. 7C to F)
and phospho-MLC (Ojeda and Bustelo, unpublished) subcellular lo-
calization patterns in EGFP-Rac1Q61L-expressing CORO1 knock-
down cells. These data can be extrapolated to the behavior of endog-
enous Rac1, because we also detected abnormal localization of MIIB
in the case of nontransfected, EGF-stimulated CORO1B knockdown
cells (Fig. 8A, third row from top, compare the first and fourth images
from left). Likewise, we could induce parental-cell-like intracellular
localizations of MIIB (Fig. 8A, third row from top, compare images 4
to 6 from left), as well as proper EGF-induced ruffling activity (Fig.
8A, bottom row, compare images 4 to 6 from left) when either Pak2
or ArhGEF7 protein was siRNA depleted in CORO1B knockdown
cells. The effective reduction of Pak2 (Fig. 8B, top gel) and ArhGEF7
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(Fig. 8B, second gel from top) in the appropriate experimental sam-
ples was confirmed by immunoblotting. These results suggest that
MII complexes cannot be efficiently inactivated in CORO1
knockdown cells, leading to the formation of stable actomyosin

structures and a total change in the cytoskeletal program of
active Rac1.

Coro1 proteins regulate the release of Rac1/ArhGEF7/Pak2
complexes from actomyosin. Taking into consideration the re-

FIG 5 The implication of Coro1 proteins is specific for the Rac1/Pak2 signaling branch. (A) Cytoskeletal changes induced in the indicated cell lines by
representative members of the Rho family. Scale bars, 10 �m. (B and C) Representative images (B; scale bar, 10 �m) and quantification (n � 3; 150 cells/
condition) (C) of cytoskeletal changes elicited by the indicated Rac1 proteins in control and Coro1-depleted cells. Colocalization regions of Rac1 and F-actin are
shown in yellow. (D) Western blot analysis showing the siRNA-mediated depletion of endogenous Pak2 and ArhGEF7 in the indicated COS1 cell lines.
Expression of tubulin � in each sample was used as a loading control. (E to G) Representative images (E and F; scale bars, 10 �m) and quantification (n � 3; 150
cells/condition) (G) of cytoskeletal changes induced by EGFP-Rac1Q61L upon depletion of Pak2 (E and G) and ArhGEF7 (F and G) in the indicated cell lines. In
panels E and F, cell lines and transfected molecules are shown at the top and left of the images, respectively. Colocalization regions of Rac1 and F-actin are shown
in either yellow (E) or light blue (F). Scrbl, scrambled.
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FIG 6 MII is involved in the Coro1-dependent Rac1 cytoskeletal route. (A and B) Representative images (A) and quantification (n � 3; 150 cells/condition) (B)
of the effects of the indicated drugs in EGFP-Rac1Q61L-expressing COS1 cell lines. In panel A, areas of colocalization of Rac1 and F-actin are shown in yellow. Scale
bar, 10 �m. DMSO, dimethyl sulfoxide. (C) Confocal Z-stack 3D reconstruction of the effects of blebbistatin in the indicated EGFP-Rac1Q61L-expressing
wild-type (Jurkat) and CORO1A knockdown (J.KD1A) Jurkat cells. The color codes are as in panel A. Scale bar, 5 �m. (D) Cytoskeletal changes elicited by
EGFP-cofilinS3D alone (top) or in combination with ChFP-Rac1G12V (bottom) in parental COS1 cells. Colocalization between Rac1 and F-actin is shown in
purple. Scale bar, 10 �m. (E and F) Representative images (E) and quantification (n � 3; 150 cells/transfection) (F) of the effects of the indicated combinations
of proteins on the cytoskeleton of parental COS1 cells. In panel E, colocalization areas of transfected proteins with F-actin are shown in either pink (top) or white
(bottom). Scale bar, 10 �m. (G) Confocal Z-stack 3D reconstruction of the effect of MLCT19D�S20D-EGFP on the cytoskeletal organization of ChFP-Rac1G12V-
expressing Jurkat cells. The confocal color codes are as in panel D. Scale bar, 5 �m. (H and I) Representative images (H; scale bar, 10 �m) and quantification
(n � 3; 150 cells/condition) (I) of the effects of ectopic MLCT19D�S20D-EGFP in the cytoskeleton of nonstimulated and EGF-stimulated parental COS1 cells. The
color codes are as in panel A.

Coronins Dictate Rac1/Pak2 Signaling

September 2014 Volume 34 Number 18 mcb.asm.org 3397

http://mcb.asm.org


sults described above, we decided to investigate whether the ab-
normal cytoskeletal organization shown by CORO1 knockdown
cells could be the result of trapping the GTP-Rac1/Pak2/ArhGEF7
complex in actomyosin structures. To test this hypothesis, we first
compared the subcellular localizations of EGFP-Rac1Q61L, Pak2,
MIIB, and phospho-MLC in both control and CORO1 knock-
down cells. To avoid mislocalization of proteins due to overex-
pression, we used a “speckle” plasmid that, due to a partial trun-

cation of the cytomegalovirus promoter, expresses very small
amounts of Rac1 (32). Upon transfection, cells were fixed and
incubated with antibodies to endogenous Pak2, MIIB, and phos-
pho-MLC, and subcellular-localization patterns were monitored
in different confocal cell layers. We found that triple-positive pix-
els for EGFP-Rac1Q61L, Pak2, and MIIB were mostly restricted to
the cell-substrate interfaces located just behind the cell edge in the
case of control cells (Fig. 9A, top left). This localization resembles

FIG 7 Coro1 depletion blocks actomyosin ring disassembly in Rac1-expressing COS1 cells. (A and B) Intracellular distribution of endogenous MIIB (A)
and phospho-MLC (B) in the indicated EGFP-Rac1Q61L-expressing cell lines. Confocal images were taken at sections corresponding to the bottom and
intermediate (Middle) cell areas along the perpendicular axis. Scale bar, 10 �m. (C and D) Effects of endogenous Pak2 (C) and ArhGEF7 (D) protein
depletion on the subcellular distribution of MIIB in the indicated COS1 cell lines. Confocal images were taken as for panels A and B (left). The siRNA and
Rac1 protein transfected are indicated at the top and left, respectively. Scale bars, 10 �m. (E and F) Western blot analysis showing the depletion of Pak2
(E) and ArhGEF7 (F) proteins with the indicated experimental conditions and cell lines. The amount of tubulin � in each sample was used as a loading
control.
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the typical distribution found for nascent adhesions in protruding
cell areas. In contrast, the three proteins colocalized in the char-
acteristic actomyosin ring present in CORO1 knockdown cells
(Fig. 9A, top, middle and right). We obtained similar results when
the colocalization of EGFP-Rac1Q61L, Pak2, and phospho-MLC
was studied in these cells (Fig. 9B).

Corroborating these immunolocalization-based data, we
found that MLC-EGFP can interact in vivo with both ectopically
and endogenously expressed Rac1 (Fig. 9C and D, top). Such in-
teraction is highly dependent on the GTP-bound status of Rac1,
since it is detected preferentially when lysates are from cells that
either ectopically express Rac1Q61L (Fig. 9C, top) or that had been
subjected to EGF stimulation (5.58 � 3.36 versus 1 found in EGF-
stimulated and nonstimulated cells; P � 0.05; n � 3) (Fig. 9D,
top). As a control, we observed that MLC-EGFP coimmunopre-
cipitated similar amounts of IQGAP, an MLC binding protein
identified in proteomic experiments (Ojeda and Bustelo, unpub-
lished), regardless of the ectopic Rac1 protein (Fig. 9C, second gel
from top) or stimulation conditions (Fig. 9D, second gel from
top) used in the experiments. The preferential interaction be-
tween MLC and Rac1Q61L was also observed using reverse immu-
noprecipitation experiments with EGFP-Rac1 proteins (Fig. 9E,
top). Using this approach, we also detected the presence of endog-
enous Pak2 (Fig. 9E, second gel from top) and ArhGEF7 (Fig. 9E,
third gel from top) in those complexes. However, RhoGDI� is

excluded from them (Fig. 9E, fourth gel from top). Conversely,
EGFP–wild-type Rac1 interacts preferentially with the last protein
while it shows no detectable binding to MLC-RFP, Pak2, or
ArhGEF7 (Fig. 9E). All these interactions are specific, since they
cannot be detected in immunoprecipitates obtained using the
nonchimeric EGFP (Fig. 9C to E, top gels).

The formation of active Rac1/MLC complexes requires Pak2,
as evidenced by the lack of efficient coimmunoprecipitation of the
Pak binding-deficient Rac1G12V�Y40C protein with MLC-EGFP
(0.11 � 0.02 versus 1 found in Rac1G12V�Y40C- and Rac1G12V-
expressing cells; P � 0.001; n � 3) (Fig. 10A, top). A similar re-
duction in the amount of GTP-bound Rac1/MLC-EGFP com-
plexes was observed when Pak2 was siRNA depleted in wild-type
COS1 cells (0.3 � 0.1 versus 1 found in PAK2 siRNA- and scram-
bled-siRNA-transfected cells; P � 0.001; n � 3) (Fig. 10B, top).
We also found that the interaction of active Rac1 with MLC-EGFP
takes place at higher levels in CORO1A knockdown than in con-
trol cells (2.6 � 0.6 versus 1; P � 0.01; n � 3) (Fig. 10C, top). This
enhanced association is lost upon reexpressing Coro1A in knock-
down cells (0.70 � 0.11 versus 1 in control cells; P � 0.01; n � 3)
(Fig. 10C), confirming that the above-mentioned results are in-
trinsic to the absence of Coro1A in those cells. In contrast, we
observed similar amounts of MLC-Rac1Q61L interaction when us-
ing CORO1B-deficient COS1 cells (Fig. 10D, top). The variations
in the amounts of MLC-EGFP/Rac1 complexes formed are spe-

FIG 8 Actomyosin ring disassembly is also blocked in EGF-stimulated Coro1B-depleted cells. (A) Effects of endogenous Pak2 and ArhGEF7 protein depletion
on the intracellular distribution of MIIB in the indicated COS1 cell lines under the indicated stimulation conditions. (B) Western blot analysis showing the
depletion of Pak2 and ArhGEF7 proteins with the indicated experimental conditions and cell lines. The amount of tubulin � was used as a loading control.
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FIG 9 Defective subcellular localization of Rac1/Pak2/MII complexes in CORO1 knockdown COS1 cells. (A and B) (Top rows) Colocalization (gray dots)
of EGFP-Rac1Q61L and endogenous Pak2 with either endogenous MIIB (A) or phospho-MLC (B) in the cell-substrate interfaces of the indicated cell lines.
Cell edges are depicted as broken black lines. (Bottom rows) Distribution of the proteins in the upper confocal sections of the cells under study. Scale bars,
10 �m. (C and D) Anti-EGFP immunoprecipitates (IP) from COS1 cells transiently expressing the indicated combinations of proteins (C and D) and
under the indicated stimulation conditions (D) were analyzed by Western blotting to detect the amount of coimmunoprecipitated ectopic (C) or
endogenous (D) Rac1 and endogenous IQGAP1 under each experimental condition. As a control, filters were either stained with Ponceau solution prior
to the immunoblotting step (C) or immunoblotted with antibodies to EGFP to visualize the immunoprecipitated EGFPs (D). In panel D, the bottom gel
shows an immunoblot of lysates with an antibody to phospho-Erk to demonstrate the effective activation of COS1 by the EGF treatment in these
experiments. (E) Anti-EGFP immunoprecipitates from COS1 cells expressing the indicated proteins were analyzed by Western blotting to detect the
presence of ectopic MLC, endogenous Pak2, ArhGEF7, and RhoGDI�. As a control, filters were immunoblotted with antibodies to EGFP to visualize the
immunoprecipitated EGFPs. (C to E, bottom) The amounts of proteins present in lysates prior to the immunoprecipitation step were determined by
Western blotting of aliquots of the total cell lysates used in the experiments.
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FIG 10 Enhanced formation of Rac1/Pak2/MII complexes in CORO1A knockdown COS1 cells. (A to D) Anti-EGFP immunoprecipitates from parental (A to D) and
CORO1 knockdown (C and D) COS1 cells transiently expressing the indicated combinations of proteins (A to D) and siRNAs (B) were analyzed by Western blotting to
detect the amount of coimmunoprecipitated ectopic Rac1 and endogenous IQGAP1 under each experimental condition. (A and B) As a control, filters were stained with
Ponceau solution prior to the immunoblotting step in some experiments to visualize the immunoprecipitated EGFPs. (C and D) Alternatively, the lysates were
immunoblotted with antibodies to EGFP. Aliquots of the same cell lysates were analyzed by Western blotting to evaluate the expression of the indicated proteins prior
to the immunoprecipitation step (bottom). Note that in panels C and D the increased amounts of immunoprecipitated IQGAP1 in lanes 3 and 5, respectively, are
probably due to the slight variations in the amount of input lysate before the immunoprecipitation step (fifth gel from top).
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cific, because the interaction of MLC-EGFP with IQGAP1 does
not significantly change under each of the above-described exper-
imental conditions (Fig. 10A to D, second gels from top). The
detected coimmunoprecipitations are also specific, since they do
not show up when MLC-EGFP is replaced by the nonchimeric
EGFP in these experiments (Fig. 10A to D, top). These observa-
tions indicate that Coro1 proteins, by favoring an MII inactivation
step, are important for the disassembly of GTP-Rac1/Pak2
/ArhGEF7 complexes from actomyosin structures.

Subcellular relocalization of Rac1 rescues membrane ruf-
fling in Coro1-depleted cells. Given the results indicating that the
active Rac1/Pak2/ArhGEF7 complexes are probably trapped in
actomyosin structures present in Coro1-deficient cells, we specu-
lated that normal cytoskeletal responses could potentially be re-
stored in those cells if such trapping was bypassed by the engage-
ment of other intracellular signals or, alternatively, by artificially
rerouting active Rac1 to the plasma membrane. Taking into ac-
count that RhoGQ61L could circumvent the Coro1-like effects in-
duced by constitutively active MLCT19D�S20D-EGFP in parental
COS1 cells (Fig. 5 and 6), we first decided to investigate whether
that GTPase could also restore Rac1-dependent cytoskeletal re-
sponses in CORO1A and CORO1B knockdown cells. Coexpres-
sion experiments with EGFP-RhoGQ61L and ChFP-Rac1G12V in
the cells confirmed that this is the case (Fig. 11A and B). We also
found similar rescues when ChFP-Rac1G12V was coexpressed with
either the Pak binding-deficient EGFP-Rac1Y40C�Q61L protein or
an oncogenic version of the Vav1 GEF (Fig. 11A and B), indicating
that the actomyosin trap can be inactivated when pools of either
ectopic or endogenous Rac1 molecules are activated at the plasma
membrane. These signals must be Pak2 independent, given the
rescue effect observed with both RhoGQ61L and Rac1Y40C�Q61L

mutants (Fig. 11A and B). This interpretation is also in agreement
with the observation that the Pak2 depletion restores per se effec-
tive membrane ruffling in Rac1Q61L-expressing Coro1-deficient
cells (Fig. 5D to G). These results also indicate that active Rac1
does not have a dominant role over other extrinsic, Coro1-inde-
pendent routes that trigger Rac1-like cytoskeletal changes in cells.
Finally, we tested whether the forced redirection of active Rac1
toward the plasma membrane could bypass the actomyosin trap
and, therefore, the Coro1 deficiency. To this end, we compared
the cytoskeletal changes elicited by a myristoylated version of
Rac1Q61L in both control and Coro1-depleted COS1 cells. Unlike
the case of EGFP-Rac1Q61L, we found that the myristoylated ver-
sion of Rac1Q61L showed plasma membrane localization and elic-
ited ruffling activity irrespective of the expression status of Coro1
proteins in COS1 cells (Fig. 11C and D). These results confirm the
idea that Coro1 proteins play specific roles in the intracellular
dynamics of the GTP-Rac1/Pak2/ArhGEF7 complex.

DISCUSSION

Our results have revealed that Rac1 requires a Coro1- and MII-
dependent step in order to translocate to the plasma membrane
and elicit its typical effects on F-actin polymerization and mem-
brane ruffling (Fig. 11E). Interestingly, we have found that this
new regulatory step exclusively affects the signaling output of the
active Rac1/Pak2/ArhGEF7 complexes and not other Rac1-de-
pendent signaling branches. Coro1 proteins work nonredun-
dantly in this process, as evidenced by the development of a phe-
notype upon depletion of each of them. Furthermore, we observed
that the ectopic expression of Coro1A did not restore normal cy-

toskeletal responses in CORO1B knockdown cells. Coro1B did
rescue normal cytoskeletal responses when overexpressed in
CORO1A knockdown cells. However, since these cells still express
amounts of endogenous Coro1B comparable to those present in
control cells (18), we believe that such rescue activity could prob-
ably derive from the stimulation of an MII-independent step
downstream of Coro1A, such as a direct effect on F-actin filament
stability. Indeed, the expression of actin-severing proteins, such as
active forms of both gelsolin and cofilin, can rescue normal mor-
phology in Coro1-deficient COS1 cells (Ojeda and Bustelo, un-
published). In favor of this possibility, we have observed that
CORO1A and CORO1B knockdown COS1 cells are rather differ-
ent in terms of shape, basal amounts of phospho-MLC, or the
ability to favor the overall formation of active Rac1/MLC com-
plexes in vivo. The lack of functional redundancy between the two
proteins is not surprising, since we have previously shown that
Coro1A, but not Coro1B, is in charge of engaging the F-actin/
ArhGEF7/Pak2/F-actin loop that favors the Rac1 activation step
during cell signaling (18) (Fig. 11E). These observations also sug-
gest that some of these regulatory actions, particularly the
Coro1B-dependent ones, could be exerted by other Coro1 family
or cytoskeleton-regulatory proteins in some specific cell lineages.
We surmise that this is possibly the case in T lymphocytes, because
they exhibit Coro1b transcript levels approximately 50-fold lower
than those for the Coro1a mRNA (Ojeda and Bustelo, unpub-
lished).

Disruption of this Coro1-dependent step leads to the seques-
tration of active Rac1/Pak2/ArhGEF7 complexes in the actomyo-
sin ring and the formation of large lamella-like extensions sus-
tained by radially projected F-actin bundles. Interestingly, most of
the lipid rafts present in CORO1 knockdown cells are also in close
association with F-actin rib structures, a feature that probably
contributes to further limiting the diffusion of Rac1 away from
those structures and, at the same time, to promoting the rapid
internalization of the GTPase from other plasma membrane areas
(18, 33). All these processes are mutually dependent, since we can
restore normal Rac1 cytoskeletal responses in CORO1 knock-
down cells by using MII inhibitors and strategies that reroute ac-
tive Rac1 away from the actomyosin trap. This new regulatory step
has been found in a number of independent cell types and during
cytoskeletal responses elicited by endogenous Rac1, suggesting its
physiological relevance. Collectively, these data indicate that
Coro1 proteins, and in particular Coro1A, play a hub-like role
critical for coupling Rac1 activation and downstream, Rac1-de-
pendent cytoskeletal outputs in mitogen-stimulated cells (Fig.
11E).

It has recently been reported that coronins may regulate MII
disassembly in Dictyostelium discoideum by inhibiting the basal
stimulation status of Rac1 and Pak (34). Such a role seems to be
mediated by the independent interaction of a Cdc42- and Rac1-
interactive binding (CRIB)-like domain present in the �-propeller
domain of most coronin family members with inactive versions of
both Rac1 and Pak1 (34). According to this model, the elimination
of coronins would lead to the release of such inhibitory action,
increased Rac1 and Pak1 activities, the phosphorylation-mediated
inactivation of the myosin heavy chain kinase (MHCK) by acti-
vated Pak1, and, finally, the elimination of the MHCK-mediated
disassembly of MII complexes in cells (34). Although bearing
some similarity to the results reported here (i.e., the two mecha-
nisms must result in increased MII activity), we believe that our

Ojeda et al.

3402 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


data are mechanistically incompatible with this report. Thus, in
contrast to the CRIB-based model, we have demonstrated before
that the elimination of Coro1A from COS1 cells leads to the inhi-
bition, not the stimulation, of Rac1 activity (18). In addition, the
elimination of Coro1B affects the cytoskeletal output of constitu-

tively active Rac1 despite inducing no obvious change in the stim-
ulation levels of the endogenous GTPase (18). The morphology
exhibited by untransfected CORO1A and CORO1B knockdown
cells is also quite different from the phenotype expected in cells
displaying high levels of Rac1 activity, and certainly, constitutively

FIG 11 Subcellular relocalization of Rac1 rescues membrane ruffling in Coro1-depleted cells. (A to D) Representative images (A and C) and quantification
(n � 3; 150 cells/transfection) (B and D) of the cytoskeletal changes induced by the indicated combinations of GTPases (A to D) and the catalytic DH-PH-ZF
region of the Vav1 Rho GEF (A and B) in parental and CORO1A and CORO1B knockdown cells. In panel A, colocalization of the indicated Rho and Vav1 proteins
with both ChFP-Rac1G12V and F-actin is shown in white. In panel C, colocalization of the Rac1 proteins and F-actin is shown in yellow. Scale bars, 10 �m. (E)
Integrated view of the results reported. The Coro1-dependent route described is indicated by blue (functional steps) and red (dysfunctional steps induced upon
Coro1 depletion) lines. The previously described Coro1A-dependent loop involved in optimal Rac1 activation is shown with brown lines. The intrinsic role of
Coro1 in F-actin regulation is shown in black. Activation and inactivation steps are indicated by arrows and blunted lines, respectively. MII-rich and leading-edge
areas are shaded.
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active Rac1 does not elicit a CORO1 knockdown-like cytoskeletal
phenotype when ectopically expressed in parental cells. Moreover,
we have demonstrated that the Coro1A-mediated inactivation
step reported here is dependent on the presence of active Rac1, not
on interactions of Coro1A proteins with inactive Rac1, as pro-
posed in the CRIB model (34). In this context, it is also unclear
how the coronin CRIB-like domain would be required to inhibit
Rac1, considering that the GDP-bound versions of the GTPase are
fully trapped in RhoGDI complexes in nonstimulated cells (35).
Given that Coro1A and Coro1B share a CRIB domain (34), the
CRIB-based model cannot explain the lack of rescue of the cyto-
skeletal programs of Coro1-deficient cells expressing Coro1A mu-
tant proteins containing fully functional CRIB domains (i.e.,
Coro1AR29D and Coro1BR30D). Although outside the scope of this
study, it would be interesting to investigate in the near future the
actual implication of Coro1 proteins in the regulation of MII ac-
tivity and/or the stability of actomyosin complexes. The MII con-
tractile cycle is known to be primarily controlled by the combined
actions of an MLC kinase and an MLC phosphatase that in turn
are regulated via phosphorylation-dependent mechanisms by a
number of upstream elements, including the RhoA-stimulated
Rock family of serine/threonine kinases (36). Direct regulation of
MLC kinase by Coro1 proteins can be excluded, because the phar-
macological inactivation of the kinase does not rescue normal
Rac1-dependent cytoskeletal responses in CORO1 knockdown
cells (Ojeda and Bustelo, unpublished). Due to this, Coro1 pro-
teins may be involved in the negative control of Rock (37) or MLC
phosphatase or MII enzyme activities. Alternatively, they could
regulate more downstream regulatory steps, such as the destabili-
zation of MII-based structures. The latter model, for example,
would justify the results showing that active RhoG can promote
membrane ruffling even when cells express the nonregulatable
MLCT19D�S20D mutant protein. If this were the case, this process
has to be Pak2 independent, given the rescue observed in the sub-
cellular localization of active Rac1 by GTPase versions that cannot
stimulate Pak2, such as RhoG and EGFP-Rac1Y40C�Q61L.

In addition to the intrinsic interest of this new Coro1- and
MII-dependent regulatory mechanism controlling the signaling-
branch-specific output of Rac1, we believe that our results provide
useful information about other collateral issues related to the spa-
tiotemporal organization of Rac1-dependent signaling in cells.
For example, they reveal that active Rac1 molecules probably uti-
lize this new route by default to regulate actomyosin complexes in
a Pak-dependent manner and that only upon the Coro1-mediated
MII inactivation step will the active GTPase/Pak2/ArhGEF7 com-
plexes be redirected to the plasma membrane to undergo effector
exchange and, subsequently, trigger lamellipodia and membrane
ruffling formation. The present results also indicate that wild-type
Rac1 can be rerouted away from this default pathway, depending
on the upstream GEFs engaged during cell stimulation or, alter-
natively, through signaling inputs derived from concurrently ac-
tivated Rho proteins (i.e., RhoG). In contrast, they showed that
constitutively active Rac1 mutants seem to preferentially follow
this default route and therefore that the Coro1 route is particularly
critical for proper Rac1-dependent signaling under such condi-
tions. This indicates that the pharmacological targeting of this
route could be an interesting avenue to block the migration of
cancer cells bearing oncogenic RAC1 gene mutations, a particu-
larly intriguing observation given the recent discovery of this type
of mutations in human tumors (38–40).

The implication of MII in this new Coro1-dependent route
also provides information about its potential implication in other
cytoskeleton-related cell responses. Thus, ample evidence indi-
cates that MII is at the center of the inhibitory interplay estab-
lished between focal and nascent adhesions during cell signaling.
Current models indicate that focal-adhesion-localized MII com-
plexes coordinate such interplay using an “at a distance” mecha-
nism that limits the formation of Rac1-dependent nascent adhe-
sions in other subcellular areas. Although not yet fully
characterized, recent findings suggest that such action is mediated
by sequestration of Rac1 GEFs, a mechanism that obviously re-
stricts the activation of Rac1 in cell regions located outside focal
adhesions. There are conflicting reports, however, on whether
such a process relies on the nonspecific binding of MII to many
Rac1 GEFs or, alternatively, on the specific trapping of ArhGEF7
(30, 41). In addition to the problem associated with the quite
different mechanistic scenarios offered by these two models, the
latter omits the known fact that ArhGEF7 is a catalytically inactive
GEF (19). In this context, our results indicate that the role of MII
in this process may be more complex than previously anticipated,
as it may also contribute to sequestering active Rac1/Pak/Arh-
GEF7 complexes in actomyosin structures. Furthermore, they
suggest that ArhGEF7 may act in this process in the context of
active Rac1/Pak/ArhGEF7 complexes rather than as a Rac1 GEF
per se, a model that fits well the known biochemical properties of
the protein.

Recent reports have revealed that mutations in the CORO1A
gene cause severe combined T-cell immunodeficiencies (42, 43).
These diseases have been attributed to conventional actions of the
protein in F-actin and Arp2/3 regulation that contribute, either
directly or indirectly, to the engagement of polarization, migra-
tion, homing, signaling, and survival responses in mature T cells
(44–46). However, others have challenged this view, suggesting
that many of the prosurvival functions of the protein are F-actin
and Arp2/3 independent (47). Based on the present data, it would
be interesting to consider the hypothesis that some of the dysfunc-
tions could be mediated by unregulated MII activity.
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