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RhoE belongs to the Rho GTPase family, the members of which control actin cytoskeletal dynamics. RhoE
induces stress fiber disassembly in a variety of cell types, whereas RhoA stimulates stress fiber assembly. The
similarity of RhoE and RhoA sequences suggested that RhoE might compete with RhoA for interaction with its
targets. Here, we show that RhoE binds ROCK I but none of the other RhoA targets tested. The interaction of RhoE
with ROCK I was confirmed by coimmunoprecipitation of the endogenous proteins, and the two proteins colocalized
on the trans-Golgi network in COS-7 cells. Although RhoE and RhoA were not able to bind ROCK I simultaneously,
RhoE bound to the amino-terminal region of ROCK I encompassing the kinase domain, at a site distant from the
carboxy-terminal RhoA-binding site. Overexpression of RhoE inhibited ROCK I-induced stress fiber formation and
phosphorylation of the ROCK I target myosin light chain phosphatase. These data suggest that RhoE induces stress
fiber disassembly by directly binding ROCK I and inhibiting it from phosphorylating downstream targets.

Rho family proteins are involved in regulating cytoskeletal
organization and cell motility responses. Most Rho proteins
are GTPases and cycle between an active, GTP-bound confor-
mation that interacts with downstream targets and an inactive,
GDP-bound conformation. The members of the Rnd subfam-
ily (Rnd1, Rnd2, and RhoE/Rnd3) of Rho proteins are an
exception to this, in that they bind only detectably to GTP, not
GDP, and have very low if any GTPase activity (9, 15, 30).
Similarly, RhoH/TTF is GTPase defective (25).

Different members of the Rho family induce distinct changes
to the actin cytoskeleton, including stress fiber formation and
extension of filopodia and lamellipodia (16). The sequences of
three highly related Rho proteins, RhoA, RhoB, and RhoC,
differ significantly only at their carboxy termini, and the pro-
teins are generally referred to together as “Rho.” Rho stimu-
lates actomyosin-based contractility through its downstream
targets ROCK I/ROK� and ROCK II/Rho-kinase/ROK� (re-
ferred to here as ROCKs), and this is required for stress fiber
formation in cultured fibroblasts, epithelial cells, and endothe-
lial cells. ROCKs control the formation of stress fibers by
inactivating myosin light chain phosphatase (MLCP), thus
maintaining myosin light chain in an active form (23), and by
activating LIM kinase, which subsequently inhibits the actin
cable-severing protein cofilin (28). Other Rho targets involved
in Rho-induced actin reorganization include the Dia proteins,
protein kinase C-related kinases (PRKs), and phosphatidyli-
nositide 4-phosphate 5-kinases (33, 45, 47).

In contrast to Rho, RhoE/Rnd3 or Rnd1 overexpression in
fibroblasts and epithelial cells induces a decrease in stress
fibers (15, 30), and expression of RhoE stimulates cell migra-

tion (15). RhoE but not Rnd1 or Rnd2 expression can be induced
by expressing activated Raf in MDCK cells and could thereby
contribute to Raf-induced loss of stress fibers (17). The mecha-
nisms that RhoE employs to induce loss of stress fibers are not
known, although a Rnd1/RhoE-interacting protein, Socius, has
recently been implicated in this response (21). One hypothesis is
that RhoE competes with Rho for interaction with its targets.
Analysis of the crystal structures of RhoA-GDP and RhoA-GTP
revealed that the main changes in structure between the GDP-
and GTP-bound forms occur in two surface loops, known as
switch I (amino acids 28 to 44) and switch II (amino acids 61 to
76) (18). Downstream effector proteins need to recognize the
conformational changes in these regions in order to differentiate
between the GDP- and GTP-bound forms of Rho. Mutational
analysis together with the crystal structure of RhoA bound to
PRK1 has shown that switch I is involved in interaction with
downstream targets (2, 18). The equivalent region of RhoE is
highly homologous to RhoA, and comparison of RhoE and
RhoA structures shows that the RhoE switch I region is most
similar in conformation to RhoA bound to the nonhydrolyzable
GTP�S and not RhoA-GDP (14). However, other regions of Rho
in addition to switch I are required for interaction with various
downstream targets (2, 18), and these are less conserved between
RhoE and RhoA (14).

Here, we have investigated whether RhoE is able to interact
with a panel of known RhoA targets. Interestingly, we observe
that RhoE interacts with ROCK I but that this is not through
the RhoA-binding site on ROCK I. In addition, we show that
RhoE inhibits ROCK I-induced stress fiber formation and
phosphorylation of its downstream target MLCP. These data
suggest that RhoE acts to reduce stress fibers by directly in-
teracting with ROCK I.

MATERIALS AND METHODS

Antibodies. The rabbit antiserum against an N-terminal peptide of RhoE
(SQKLSSKSIMDPNQNVK) was produced by Eurogentec, Seraing, Belgium,
and the antibody was affinity purified with the peptide column. RhoE monoclo-
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nal antibodies were generated in mice against purified recombinant full-length
RhoE according to standard procedures. Mouse monoclonal (9E10) and rabbit
polyclonal anti-myc antibodies and polyclonal goat anti-ROCK I antibody (C-19)
were purchased from Santa Cruz Biotechnology. Antipolyhistidine (clone HIS-1)
and anti-FLAG (M2) antibodies were from Sigma. Monoclonal TGN38 and
ROCK I antibodies were from BD Transduction Laboratories, anti-MLCP
(MLCP/MYPT1) was from Covance, and anti-phospho-MYPT1 (Thr696) was
from Upstate Biotechnology Inc.

Expression vectors. The expression vector encoding FLAG-RhoE was gener-
ated by inserting the full-length mouse RhoE cDNA between the EcoRI and
HindIII sites of pCMV5-FLAG. The coding regions for residues 375 to 727, 1 to
420, and 76 to 420 of ROCK I were cloned into KpnI and XhoI sites of pCAG
expression vector with an N-terminal myc tag. pRK5-myc-RhoA wild type (wt)
and pRK5-myc-RhoA-V14 were kindly provided by Alan Hall (MRC Laboratory
of Molecular Cell Biology, London, United Kingdom). Expression vectors en-
coding FLAG-tagged wt mDia1 (pFL-C1-mDia1) (47), full-length citron kinase
(pCAG-myc-citron kinase) and its C-terminally truncated mutant (pCAG-myc-
citron kinase �1) (27), full-length ROCK I (pCAG-myc-p160 wt), and three
C-terminally truncated mutants (pCAG-myc-p160�1, -�3, and -�5) (19) were
kindly provided by Shuh Narumiya (Kyoto University, Kyoto, Japan). A trunca-
tion mutant of ROCK I from amino acids 906 to 1024 that covers the RhoA-
binding domain (RBD) (pQE-11-His-M2-2; Shuh Narumiya) was digested with
BamHI and NotI, blunted, and inserted into the EcoRI site of pCAG plasmid to
express His-M2-2 in mammalian cells. pcDNA3-PRK1-myc (29) was kindly pro-
vided by Peter Parker (Cancer Research UK, London, United Kingdom).

Cell culture, transfection, and microinjection. COS-7 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum
and penicillin-streptomycin (Invitrogen). For transfection, cells were washed
with 5 ml of cold electroporation buffer (120 mM KCl, 10 mM K2PO4 � KH2PO4

[pH 7.6], 25 mM HEPES [pH 7.6], 2 mM MgCl2, 0.5% Ficoll). The buffer was
removed, and cells were resuspended in 250 �l of cold electroporation buffer and
electroporated at 250 V and 960 �F with 10 �g of DNA. The cells were then
plated on 10-cm-diameter dishes and incubated at 37°C for 24 h. Swiss 3T3 cells
were grown in DMEM containing 10% fetal calf serum. For microinjection, cells
were seeded on glass coverslips 2 days before being starved with DMEM without
serum for 24 h. The starved cells were microinjected with expression construct
DNA and incubated for 6 h. For platelet-derived growth factor (PDGF) treat-
ment, the starved Swiss 3T3 cells were incubated with 25 ng of PDGF/ml in
DMEM without serum.

GST pull-down, immunoprecipitation, and immunoblotting. Recombinant
RhoA-V14 (constitutively active RhoA) was expressed as glutathione S-trans-
ferase (GST) fusion protein and purified as previously described (35). Recom-
binant GST-RhoE was purified by the same procedure with slight modifications
(15). For cell lysates and GST pull-down assays, transfected COS-7 cells were
lysed in lysis buffer (1% NP-40, 20 mM Tris-HCl [pH 8], 130 mM NaCl, 10 mM
NaF, 1% aprotinin, 10 �g of leupeptin/ml, 1 mM dithiothreitol, 0.1 mM Na3VO4,
and 1 mM phenylmethylsulfonyl fluoride). After removal of insoluble material,
the cell lysate was incubated for 2 h at 4°C with the recombinant proteins on
glutathione beads (Amersham Pharmacia Biotech). Beads were washed three
times with lysis buffer before the proteins were eluted in Laemmli sample buffer.
For immunoprecipitations, clarified lysates were incubated with anti-FLAG M2
antibody (Sigma) or anti-myc antibody (Santa Cruz) covalently linked to agarose
or with polyclonal RhoE antibody and protein A beads (Amersham Pharmacia
Biotech) for 2 h at 4°C. The bound proteins were, after thorough washes of the
matrix with lysis buffer, eluted in Laemmli sample buffer. To analyze direct
interaction between RhoE and ROCK I, proteins binding immunoprecipitated
myc-ROCK�1 were removed by washes with lysis buffer containing 0.5 M NaCl.
myc-ROCK�1 was eluted with 20 �g of myc peptide (Sigma)/ml in lysis buffer
and dialyzed against phosphate-buffered saline (PBS) before the GST pull-down
assay. A sample was also resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and the gel was silver stained. For immunoblot-
ting, proteins were resolved by SDS-PAGE and transferred to an Immobilon P
membrane (Millipore). Nonspecific binding of antibodies was blocked with 5%
nonfat dried milk–0.05% Tween 20 in TBS (25 mM Tris-HCl [pH 7.4], 137 mM
NaCl, 3 mM KCl). Rabbit anti-myc antibody was used for detection of myc-
tagged proteins. The bound antibodies were visualized with horseradish perox-
idase-conjugated goat anti-immunoglobulin G antibodies and the enhanced
chemiluminescence system (ECL; Amersham Pharmacia Biotech).

Yeast two-hybrid analysis. The mouse RhoE cDNA lacking the C-terminal
sequence encoding the CAAX box was inserted into the SmaI site of pGBT9.
pGBT9-RhoA-V14/S190, pGAD-ROCK I (amino acids 349 to 1025), pGAD-
kinectin (amino acids 1053 to 1327), pGAD-mNET (amino acids 1 to 595),
pGAD-mDia2 (amino acids 47 to 800), pGAD424-PAK (amino acids 1 to 252),

pGAD-PKN (amino acids 1 to 942), pVP16-citron (amino acids 674 to 870), and
pVP16-rhophilin (amino acids 1 to 130) have been previously described (37) and
were kindly provided by Richard Treisman (Cancer Research UK). Transforma-
tion of HF7C cells (Clontech) was carried out according to the supplier’s pro-
tocol. The interaction of the two encoded proteins was evaluated as the ability of
the transformed yeast cells to grow on plates lacking histidine with increasing
concentrations of 3-aminotriazole.

Immunofluorescence microscopy. Swiss 3T3 cells on coverslips were fixed for
20 min with 4% paraformaldehyde in PBS. The fixed cells were permeabilized
with 0.2% Triton X-100 in PBS for 5 min, and the cells were incubated with
primary antibodies for 30 min. Actin filaments were localized by incubating the
cells with 0.1 �g of tetramethyl rhodamine isothiocyanate (TRITC)-labeled
phalloidin (Sigma)/ml. For secondary antibodies fluorescein isothiocyanate-con-
jugated donkey anti-mouse, indodicarbocyanine (Cy5)-conjugated donkey anti-
goat, and TRITC-conjugated donkey anti-rabbit antibodies with minimal cross-
reaction to different species (Jackson ImmunoResearch) were used for 30 min.
The specimens were mounted in Mowiol (Calbiochem) containing p-phenylene-
diamine (Sigma), and images were generated with a Zeiss LSM 510 confocal
microscope.

Cell fractionation. Cell fractionation was performed essentially as previously
described (36). In brief, Swiss 3T3 cells were washed with PBS and suspended in
10 mM Tris-HCl (pH 7.5)–10 mM KCl–250 mM sucrose–10 mM NaF–1%
aprotinin–10 �g of leupeptin/ml–1 mM dithiothreitol–0.1 mM Na3VO4–1 mM
phenylmethylsulfonyl fluoride. The cells were broken by repeated passages
through a 21-gauge needle, and after removal of intact cells and nuclei (500 � g,
10 min), the postnuclear supernatant was centrifuged at 150,000 � g for 30 min.
The pellet (particulate fraction) and supernatant (cytosol) were analyzed by
immunoblotting.

RESULTS

RhoE interacts with ROCK I but not with other RhoA tar-
gets. Exogenous expression of RhoE leads to loss of stress
fibers in fibroblasts and epithelial cells (15, 30). RhoA-induced
stress fiber formation involves its targets ROCKs and Dia (33),
and possibly PRKs (45). We therefore investigated whether
RhoE could interact with these RhoA targets. Expression vec-
tors encoding myc-ROCK I, FLAG-mDia1, and myc-PRK1
were transfected into COS-7 cells. GST-RhoE pulled down
ROCK I from lysates of these transfected cells (Fig. 1A).
GST-RhoE interacted preferentially with a faster-migrating
version of ROCK I rather than full-length ROCK I (Fig. 1A,
lower band). This could be a cleaved version of ROCK I, as
ROCK I can be cleaved by caspase 3 (7, 39). RhoE could also
bind, however, to full-length ROCK I (Fig. 1A, upper band)
and to the caspase 3-resistant ROCK I mutant (data not
shown) (7). In contrast, GST-RhoE did not interact with
mDia1 or PRK1 (Fig. 1A). The RhoA target most closely
related to ROCKs is citron kinase. GST-RhoE interacted very
weakly with myc-citron kinase (data not shown) and its acti-
vated, C-terminally truncated mutant �1 (Fig. 1A). As ex-
pected, the constitutively active RhoA mutant, GST-RhoA-
V14, was able to bind to ROCK I, mDia1, citron kinase, and
PRK1 (Fig. 1A).

To test if the interaction between RhoE and ROCK I was
direct, myc-ROCK�1, a constitutively active C-terminally trun-
cated ROCK I (19), was expressed in COS-7 cells. After im-
munoprecipitation with an anti-myc antibody and thorough
washes with high salt to remove all ROCK�1-binding proteins,
myc-ROCK�1 was eluted by competition with a myc peptide.
Only one protein was detected in this eluate (Fig. 1B, silver
stain), which was myc-ROCK�1, as it was recognized by anti-
myc antibody, and this bound specifically to GST-RhoE but
not to GST (Fig. 1B). This indicates that RhoE and ROCK I
interact directly.

4220 RIENTO ET AL. MOL. CELL. BIOL.



Consistent with the in vitro binding results, RhoE was un-
able to interact with the RBDs of mDia1, PRK1, and a number
of other RhoA targets in a yeast two-hybrid assay (Table 1). As
a positive control, RhoA-V14 interacted with all the targets
(Table 1). Although RhoE interacted with the C-terminal do-
main of citron kinase, this interaction was very weak in com-
parison to RhoA binding to the kinase. It was not possible to
detect an interaction between RhoE and a region of ROCK I
from amino acids 349 to 1025, which did not include the N
terminus and kinase domain, although RhoA-V14 could inter-
act with this region (Table 1). This suggests that the N termi-
nus of ROCK I could be required for RhoE but not for RhoA
interaction.

RhoE binds to the N-terminal region of ROCK I. To deter-
mine the region of ROCK I which interacts with RhoE, a series
of truncation mutants of myc-ROCK I was used (Fig. 2A).
GST-RhoA-V14 interacted with ROCK I wt and ROCK�1 but
not with ROCK�3 or ROCK�5, consistent with previous stud-
ies in which the major site of RhoA interaction with ROCK I
was mapped to amino acids 934 to 1015 (11). In contrast,
GST-RhoE interacted with ROCK I wt, ROCK�1, and
ROCK�3 but not with ROCK�5 (Fig. 2B). In addition, RhoA-
V14 but not RhoE bound to the RhoA-binding site of ROCK
I (ROCK M2-2, amino acids 906 to 1024 [11]) (Fig. 2C). These
results indicate that RhoE does not bind to the previously
mapped RhoA-binding site and that the region of ROCK I
between amino acids 375 and 727 is required for RhoE bind-
ing. To determine whether this region is sufficient for RhoE
binding, we studied the interaction of myc-ROCK-CC (coiled-
coil domain, amino acids 375 to 727 of ROCK I) with RhoE.
As shown in Fig. 2C, ROCK-CC did not bind either RhoE or
RhoA-V14, suggesting that amino acids within the N-terminal
region of ROCK I (residues 1 to 375) are also needed for
RhoE binding. This is consistent with the yeast two-hybrid
analysis, which indicates that the region from amino acids 349
to 1025 of ROCK I is not sufficient for RhoE interaction
(Table 1). Further deletion analysis defined amino acids 1 to

FIG. 1. RhoE interacts with ROCK I but not with PRK1 or mDia1
in vitro. (A) COS-7 cells were transiently transfected with expression
vectors encoding myc-tagged ROCK I, myc-PRK1, FLAG-mDia1, or
myc-citron kinase �1. Cells were lysed after 24 h, and cell lysates were
incubated with GST, GST-RhoE, or GST-RhoA-V14 on glutathione
beads. The precipitated complexes were analyzed by SDS-PAGE and
immunoblotting. The amounts of GST fusion proteins were deter-
mined by Coomassie blue staining of the gel. (B) myc-ROCK�1 pro-
duced in COS-7 cells was immunoprecipitated with anti-myc antibody,
washed with 0.5 M NaCl to remove ROCK-binding proteins, and

TABLE 1. Yeast two-hybrid analysis of RhoA-V14 and RhoE
interaction with Rho GTPase targets

Target Amino acids
Interactiona

RhoA-V14 RhoE

Citron kinase 674–870 ��� �
Kinectin 1053–1327 ��� �
mDia2 47–800 ��� �
mNET 1–595 �� �/�
PAK 1–252 � �
PRK1/PKN 1–942 � �
Rhophilin 1–130 ��� �
ROCK I 349–1025 ��� �

a Semiquantitative assay of HIS3 activity by growth on plates containing in-
creasing amounts of aminotriazole: �, no growth on plates lacking histidine; �,
��, and ���, growth on plates containing 0, 5, or 10 mM 3-aminotriazole,
respectively.

eluted with myc-peptide. A sample of the eluate was resolved by
SDS-PAGE and silver stained. The eluate was incubated with GST or
GST-RhoE on glutathione beads, and the complexes were analyzed by
SDS-PAGE and immunoblotting. WB, Western blot.
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420 on ROCK I (ROCK R1) to be the minimal region required
for RhoE binding, as deletion of the first 76 amino acids before
the kinase domain in the N terminus (ROCK R2) prevented
RhoE from interacting with ROCK I (Fig. 2C). In addition, the
region after the kinase domain (amino acids 338 to 420) of
ROCK I was important for RhoE binding, as the ROCK�5
construct (amino acids 1 to 375) did not interact with RhoE
(Fig. 2B). Neither of the domains next to the ROCK I kinase
domain (amino acids 1 to 76 or 338 to 420) on its own was able
to interact with RhoE (data not shown). The kinase activity of
ROCK I was not needed for RhoE binding, as the kinase-dead
form of ROCK I (19) was still able to interact with RhoE (data
not shown).

RhoE and ROCK I colocalize on the Golgi complex. To
determine the intracellular localization of RhoE, COS-7 cells
were stained with a polyclonal antibody raised against the N
terminus of RhoE and with a monoclonal RhoE antibody (see
Materials and Methods). RhoE localized primarily in the pe-
rinuclear region and on vesicular structures, suggesting local-
ization to the Golgi complex (Fig. 3A and B). In addition, some
COS-7 cells showed staining at the plasma membrane. The
nuclear staining with the polyclonal, but not the monoclonal,
RhoE antibody was due to a cross-reactivity of the antibody
with a nuclear protein. A similar perinuclear localization of
RhoE was observed in Swiss 3T3 cells (Fig. 3C). However,
these cells express lower levels of RhoE than do COS-7 cells
(Fig. 4B). RhoE localization to the Golgi complex was verified
by double staining of COS-7 cells with an antibody recognizing
a marker protein of the trans-Golgi network (TGN38, Fig. 3D
and E). Further, dual staining with antibodies to ROCK I and
RhoE indicated that there was a significant degree of overlap
in the localization of the two proteins in COS-7 cells (Fig. 3F
and G), and that considerable amounts of the proteins were
localized to the trans-Golgi network (Fig. 3H). RhoE did not
significantly colocalize with marker proteins of the early endo-
somes or lysosomes (data not shown). Overexpression of RhoE
in Swiss 3T3 cells disrupts actin stress fibers (15, 30). Costain-
ing of filamentous actin and the trans-Golgi network in RhoE-
overexpressing cells revealed that the disrupted actin filaments
and the trans-Golgi network localized in the same perinuclear
region (Fig. 3I to K).

Fractionation of Swiss 3T3 cells into cytosolic and particu-
late fractions showed that RhoE was mainly in the particulate
fraction, which includes membrane-associated proteins (Fig.
3L). To test if a physical complex of RhoE and ROCK I was
possible on the Golgi membranes, the same fractions were

FIG. 2. RhoE and RhoA bind to different domains of ROCK I.
(A) Diagrammatic representation of ROCK I mutants used in this
study. ROCK I is represented with its structural domains at the top.

The region of ROCK I between the kinase domain and the pleckstrin
homology (PH) domain is predicted to form a coiled-coil structure.
Numbers indicate amino acid residues. CRD, cysteine-rich domain.
(B) ROCK�3 binds RhoE but not RhoA. COS-7 cells were transiently
transfected with expression vectors encoding myc-ROCK�1, -�3, or
-�5, and the lysates were incubated with GST, GST-RhoE, or GST-
RhoA-V14 on glutathione beads. Bound ROCK I was detected by an
immunoblot analysis with anti-myc antibody. (C) The minimal region
for RhoE binding is amino acids 1 to 420 in ROCK I. Plasmids
encoding myc-tagged ROCK-CC, His-tagged ROCK M2-2, myc-
ROCK R1, or myc-ROCK R2 were transfected into COS-7 cells. Cell
lysates were incubated with GST, GST-RhoE, or GST-RhoA-V14 on
glutathione beads. Bound proteins were detected by immunoblotting.
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FIG. 3. RhoE colocalizes with ROCK I on the Golgi complex. COS-7 cells were stained with polyclonal (A, D, and F) or monoclonal
(B) anti-RhoE antibodies, anti-TGN38 antibody (E and H), or polyclonal anti-ROCK I antibody (G). Swiss 3T3 cells were stained with monoclonal
RhoE antibody (C), anti-TGN38 antibody (K), or anti-FLAG antibody to stain exogenous FLAG-RhoE (I). Swiss 3T3 cells were microinjected
with plasmid encoding FLAG-RhoE (I to K) and fixed after 5 h. Filamentous actin was stained with TRITC-phalloidin in panels A to E and J and
is shown in blue in COS-7 cells to indicate the cell shape (A, B, D, and E) and in red in Swiss 3T3 cells (C and J). Bars, 20 �m (A, B, and F to
H), 35 �m (C and I to K), and 15 �m (D and E). (L) Intracellular distribution of RhoE and ROCK I by cell fractionation and immunoblotting.
RhoE and ROCK I were immunoblotted with polyclonal and monoclonal antibodies, respectively.
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subjected to Western blotting for ROCK I. Although a major
portion of ROCK I was found to be in the cytosolic fraction, a
significant amount of ROCK I was in the particulate fraction.
Similar results were obtained with COS-7 cells (data not
shown).

RhoE and ROCK I interact in cells. To study whether
RhoE and ROCK I can associate with each other in cells,
COS-7 cells were cotransfected with plasmids encoding myc-
ROCK�1 together with FLAG-RhoE or FLAG-RhoA-V14.
myc-ROCK�1 coimmunoprecipitated with FLAG-RhoE,
and also weakly with FLAG-RhoA-V14 (Fig. 4A), from
transfected-cell lysates. In addition, FLAG-RhoE precipi-
tated, although weakly, full-length myc-ROCK I and myc-
citron kinase �1 from transiently transfected COS-7 cells
(data not shown).

To determine if endogenous RhoE and ROCK I can form a
complex, Swiss 3T3 and COS-7 cells were subjected to coim-
munoprecipitation studies. RhoE specifically precipitated
ROCK I from both Swiss 3T3 and COS-7 cell lysates (Fig. 4B).

As RhoE and RhoA bind to different regions of ROCK I, we
investigated whether they could bind to ROCK I simulta-
neously. Expression vectors encoding FLAG-RhoE, myc-
RhoA-V14, and myc-ROCK I were cotransfected into COS-7
cells. The complexes of RhoE with ROCK I and of RhoA with
ROCK I appeared to be mutually exclusive, as myc-RhoA-V14
did not coimmunoprecipitate with FLAG-RhoE in COS-7 cell
lysates (data not shown). To determine if RhoE could inhibit
RhoA binding to ROCK I, COS-7 cells coexpressing FLAG-
RhoE with myc-ROCK I were subjected to a GST pull-down
assay (Fig. 4C). Expression of FLAG-RhoE reduced the bind-
ing of myc-ROCK I to GST-RhoA-V14. Similarly, coexpres-
sion of FLAG-RhoA-V14 with myc-ROCK I reduced the bind-
ing of myc-ROCK I to GST-RhoE (Fig. 4C). The active ROCK
I mutant, myc-ROCK�1, behaved in the same way as did the
wt in this GST pull-down assay (Fig. 4C). Taken together,
these results strongly suggest that RhoE and RhoA cannot
bind simultaneously to ROCK I, even though they bind to
different regions of ROCK I.

RhoE inhibits ROCK I-induced actin stress fiber formation
and myosin phosphatase phosphorylation. Increased RhoE
expression induces rapid loss of stress fibers (15, 30). In con-
trast, exogenous ROCK I and RhoA can stimulate stress fiber
formation (13, 19). To investigate how the interaction of RhoE
with ROCK I affected ROCK I-induced responses, we ex-
pressed exogenous FLAG-RhoE together with myc-ROCK I
or myc-RhoA in Swiss 3T3 cells. In starved Swiss 3T3 cells
expression of wt ROCK I or activated ROCK�1 induced for-
mation of actin stress fibers without any additional stimulus
(Fig. 5A, B, E, and F). Coexpression of RhoE in starved Swiss
3T3 cells inhibited the ability of wt ROCK I to induce stress
fibers (Fig. 5C and D). ROCK I protein expression was not
detectably altered by FLAG-RhoE coexpression (data not
shown). The inhibition of stress fiber formation was concen-

FIG. 4. RhoE coimmunoprecipitates with ROCK I. (A) Lysates of
COS-7 cells expressing myc-ROCK�1 and FLAG-RhoE or FLAG-
RhoA-V14 were subjected to immunoprecipitation with anti-FLAG
antibody. The precipitates were separated by SDS-PAGE and analyzed
by immunoblotting. (B) Lysates of Swiss 3T3 cells or COS-7 cells were
subjected to immunoprecipitation with polyclonal anti-RhoE antibody
or, as a control, with rabbit preimmune serum. Precipitates were im-
munoblotted with monoclonal RhoE and ROCK I antibodies.
(C) COS-7 cells were cotransfected with expression vectors encoding
myc-ROCK I wt or myc-ROCK�1, together with plasmids encoding
FLAG-RhoE or FLAG-RhoA-V14. ROCK proteins were pulled down

by GST-RhoA-V14 or GST-RhoE on glutathione beads. After washes
the bound proteins were separated by SDS-PAGE and analyzed by
immunoblotting. The cleaved form of ROCK I is indicated by an
arrowhead on the immunoblot showing the levels of expressed proteins
in cell lysates. IP, immunoprecipitation; WB, Western blot.

4224 RIENTO ET AL. MOL. CELL. BIOL.



tration dependent, as the number of coinjected cells lacking
stress fibers was increased by injecting more of the expression
vector encoding RhoE (Fig. 5M). A higher level of RhoE was
required to reduce stress fiber formation induced by myc-

ROCK�1, consistent with the fact that this protein is consti-
tutively active, whereas presumably only a fraction of ROCK I
wt is active at any time (Fig. 5G and H). Furthermore, FLAG-
RhoE overexpression also inhibited the ability of RhoA to

FIG. 5. RhoE inhibits ROCK I- and RhoA-induced stress fiber assembly. Starved Swiss 3T3 cells were microinjected with plasmids encoding
myc-ROCK I (25 �g/ml) (A and B), myc-ROCK I (25 �g/ml) and FLAG-RhoE (50 �g/ml) (C and D), myc-ROCK�1 (10 �g/ml) (E and F),
myc-ROCK�1 (10 �g/ml) and FLAG-RhoE (100 �g/ml) (G and H), myc-RhoA (25 �g/ml) (I and J), or myc-RhoA (25 �g/ml) and FLAG-RhoE
(100 �g/ml) (K and L). Cells were stained after 6 h of incubation for filamentous actin with rhodamine-conjugated phalloidin (A, C, E, G, I, and
K). For the detection of myc-tagged proteins cells were stained with mouse 9E10 antibody (B, F, and J), and for the detection of FLAG-RhoE
they were stained with mouse anti-FLAG antibody (D, H, and L). Bar, 30 �m. The percentages of injected cells that lack stress fibers as determined
by using different FLAG-RhoE DNA concentrations are presented in panel M.
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induce stress fibers (Fig. 5I to M), supporting a model where
RhoE binding to ROCK I inhibits downstream signaling from
ROCK I.

To test whether RhoE affects the ability of ROCK I to
phosphorylate downstream targets, we investigated the effect
of RhoE expression on MLCP phosphorylation. MLCP is the
major known substrate for ROCK I involved in ROCK I-me-
diated stress fiber formation (13), and as expected COS-7 cells
expressing ROCK�1 showed a large increase in MLCP phos-
phorylation compared to that in control cells (Fig. 6). wt
ROCK I also induced a small increase in MLCP phosphory-
lation (Fig. 6). Coexpression of RhoE reduced MLCP phos-
phorylation induced by both ROCK�1 and wt ROCK I, as well
as reducing the background level of MLCP phosphorylation in
the absence of exogenous ROCK I (Fig. 6). These results
indicate that RhoE inhibits stress fiber formation by preventing
ROCK I from phosphorylating its substrate, MLCP.

Increased RhoE expression coincides with PDGF-induced
morphological changes in Swiss 3T3 cells. Having shown that
increased RhoE expression inhibited ROCK I-induced actin
stress fibers, we wanted to determine whether cell morpholog-
ical changes induced by a physiological stimulus coincided with
altered RhoE protein expression levels. PDGF has been shown
elsewhere to change Swiss 3T3 cell morphology (32, 34). At
low concentrations it primarily induces membrane ruffling and
lamellipodium extension, while at higher concentrations it
stimulates cell rounding (32). In Swiss 3T3 cells PDGF induced
cell rounding and branching by 1 h after addition (Fig. 7A),
resembling the morphology of Swiss 3T3 cells microinjected
with RhoE (30). This PDGF-induced rounding coincided with
upregulated expression of RhoE (Fig. 7B). After 4 h of PDGF
the cells started to respread and form actin filaments, and by
16 h the cells had an increased F-actin content and elongated
morphology (Fig. 7A). At these time points RhoE protein
levels decreased (Fig. 7B). ROCK I levels did not alter during
the PDGF treatment (Fig. 7B). Therefore, the RhoE expres-

sion and the PDGF-induced cell morphology changes corre-
lated well with the suggested role of RhoE in negatively reg-
ulating stress fiber formation.

DISCUSSION

RhoE is known to induce loss of actin stress fibers, but the
molecular basis for this effect has not been elucidated. Here,
we show that RhoE binds to ROCK I, a kinase required for
stress fiber formation and contractility. We found that RhoE
binds to the N-terminal region of ROCK I (amino acids 1 to
420) and not to the previously mapped RhoA-binding site
(amino acids 934 to 1015, RBD in Fig. 3A) (11). The RhoE-
binding region includes the N-terminal amino acids 1 to 76, the
kinase domain (amino acids 76 to 338), and amino acids 338 to
420 of ROCK I. This explains why the ROCK I construct used
in the yeast two-hybrid analysis (amino acids 349 to 1025),

FIG. 6. RhoE inhibits myosin phosphatase phosphorylation by
ROCK I. COS-7 cells were transfected with plasmids encoding FLAG-
RhoE, myc-ROCK I, and myc-ROCK�1. Equal amounts of proteins of
the transfected-cell lysates were separated by SDS-PAGE and ana-
lyzed by immunoblotting. The data are representative of three inde-
pendent experiments.

FIG. 7. PDGF induces changes in RhoE protein expression level.
(A) Starved Swiss 3T3 cells were incubated with 25 ng of PDGF/ml for
1, 4, or 16 h, and the cells were stained for filamentous actin. Bar, 30
�m. (B) Equal amounts of lysates of starved and PDGF-treated Swiss
3T3 cells were separated by SDS-PAGE and immunoblotted with
anti-ROCK I antibody or with polyclonal anti-RhoE antibody. The
data are representative of three independent experiments.
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which lacks the N terminus and kinase domain, did not interact
with RhoE. Interestingly, deletion of the N-terminal 78 amino
acids from ROCK II/Rho-kinase/ROK� has previously been
reported to prevent ROCK-induced stress fiber formation
(24), suggesting that the N-terminal region upstream of the
kinase domain is critical for ROCK function. Even though
RhoE does not bind to the C-terminal RhoA-binding site,
RhoA and RhoE are unable to bind ROCK I simultaneously
and compete for ROCK I binding. This suggests that the bind-
ing site for RhoE on ROCK I is masked when RhoA binds
(and vice versa), either because of the conformational change
induced or because RhoA binds to part of the RhoE-binding
site in addition to the C-terminal RBD. Considering that the
effector domain sequences of RhoA and RhoE are highly sim-
ilar, it is perhaps surprising that RhoE does not bind to the
RhoA-binding site of ROCK I. However, ROCK I binding to
RhoA requires a second region (amino acids 75 to 92) of
RhoA in addition to the effector domain (12), and this region
is less conserved between RhoE and RhoA.

Both ROCK I and RhoE localize to the trans-Golgi network
in COS-7 cells. Recently, ROCK I has been reported to be
bound to centrosomes (5), which are localized in the Golgi
area. Localization of ROCK II by using different antibodies
has yielded contradictory results, but some reports show
ROCK II to partially associate with stress fibers (4, 22). COS-7
cells have very few actin stress fibers, and we cannot exclude
the possibility that ROCK I would associate with them in other
cell types. Unfortunately, immunofluorescence studies with the
commercial ROCK I antibodies gave only very weak staining in
Swiss 3T3 cells. Nevertheless, other GTPases localize to the
Golgi complex, including Cdc42, TC10, and RhoG (3, 8, 20),
and Ras proteins have been shown elsewhere to be active on
the Golgi complex (6). In addition, it is known that a Golgi
complex-associated actin network is important for protein traf-
ficking (10), and myosins can be found on the Golgi complex
(40). Golgi complex-to-endoplasmic reticulum trafficking is af-
fected by Cdc42 and TC10 (20, 26). Interestingly, we found
that actin filaments were organized around the perinuclear
region in the RhoE-overexpressing cells and colocalized with
the trans-Golgi network. RhoE may therefore function primar-
ily on the Golgi complex, and one possibility is that it acts to
sequester ROCK I, and/or ROCK I may act on Golgi complex-
associated myosins.

Of the tested RhoA effectors ROCK I is the only one that
binds RhoE. Similarly, Rnd1 did not interact with several Rho/
Rac effectors in yeast two-hybrid assays (44). On the other
hand, RhoE shows weak interaction with a kinase homologous
to ROCK I, namely, citron kinase (27), but this interaction is
barely detectable in comparison to RhoA binding. The fact
that overexpression of RhoE has a major inhibitory effect on
stress fibers is explained by our observation that it binds
ROCK I, and prevents ROCK I-induced phosphorylation of
MLCP, a major downstream target of ROCKs involved in
stress fiber formation (13). In this respect it acts similarly to
ROCK I inhibitors, such as Y27632, and our results are there-
fore in concordance with ROCK playing a central role in stress
fiber formation (43). We cannot rule out the possibility that
other RhoE-binding proteins also contribute to RhoE-medi-
ated effects on cell morphology, especially as multiple RhoA
effectors contribute to stress fiber assembly. Nevertheless, by

binding around the kinase domain, RhoE could sterically in-
hibit ROCK I from interacting with its targets. Recently, Ward
et al. (46) reported that overexpressed Gem, another small
GTPase, inhibited ROCK-mediated functions, but unlike
RhoE, Gem bound adjacent to the RhoA-binding site of
ROCK I. Here we have shown that endogenous RhoE inter-
acts with ROCK I, and further studies are required to reveal if
other GTPases operate in different areas of the cell to nega-
tively control ROCK I activity.

The kinase domain of inactive ROCK is highly inaccessible,
as the protein forms inter- and intramolecular interactions. As
the C-terminal region of ROCK can bind to the N-terminal
kinase region to form an autoinhibited structure (1, 4), it would
be expected that in this inactive conformation the RhoE-bind-
ing site around the kinase domain would be masked. In cells
transfected with wt myc-ROCK I, we consistently observed a
lower-molecular-weight form of ROCK I that interacts much
better with RhoE than does full-length ROCK I. C-terminal
ROCK I cleavage by caspase 3 has been shown elsewhere to
yield a constitutively active ROCK I protein, which is similar in
size to the lower-molecular-weight form of ROCK I (7, 39).
This implies that ROCK I has to be in an open conformation
for RhoE to bind. Although RhoE can bind both full-length
ROCK I and a ROCK I mutant that is resistant to caspase
cleavage (7), much less full-length ROCK I is pulled down by
RhoE than is truncated ROCK I. Possibly the full-length
ROCK I pulled down by RhoE represents the small fraction of
activated (but not RhoA-bound) ROCK I in cells. Presumably,
RhoA-GTP binding to ROCK I induces this open conforma-
tion, and RhoE can bind to this once RhoA has dissociated.
Our observations that RhoE inhibited stress fiber formation
and MLCP phosphorylation induced by either wt or activated
ROCK I further support a model where RhoE functions by
binding to activated ROCK I.

As RhoE is constitutively in an active, GTP-bound form (9,
15), regulation of RhoE function must be controlled differently
from cycling Rho GTPases. Interestingly, we showed that the
expression of RhoE is transiently upregulated upon PDGF
treatment of Swiss 3T3 cells and that this correlates with the
levels of actin stress fibers and cell morphology. In addition,
RhoE expression has been shown elsewhere to be upregulated
upon Raf activation in MDCK cells (17) and by hepatocyte
growth factor, which stimulates cell migration (41). Raf is a
Ras effector, and there are several similarities between the
phenotypes of Ras-transformed cells and those of cells over-
expressing RhoE. RhoE overexpression increases the motility
of cells, including hepatocyte growth factor-stimulated MDCK
cells, and causes a loss of stress fibers and focal contacts (15).
Similarly, Ras-transformed cells are highly motile, and they
lack stress fibers and focal contacts. Ras-transformed cells fre-
quently show an upregulation of RhoA activity, which is im-
portant for cell proliferation (38, 50). However, to allow the
increased motility of Ras-transformed cells, RhoA needs to be
uncoupled from inducing actin stress fibers and focal contacts,
and this has been attributed to a reduction in Rho to ROCK
signaling (38) and extracellular signal-regulated kinase-in-
duced downregulation of ROCK I and/or II expression (31,
38). Reduction in ROCK function by increased RhoE expres-
sion could contribute together with ROCK downregulation to
the Ras-transformed motile phenotype. Upregulation of RhoE
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expression may also explain why wt ROCK cannot reverse the
phenotype of Ras-transformed cells (31, 38). In the future it
will be important to determine whether a sustained increase in
RhoE expression alters the level of ROCK I activity.

Our data suggest that the relative expression levels and ac-
tivities of Rho(A/B/C) and RhoE will determine the final read-
out of ROCK I. Other studies indicate that similar competition
may occur between other Rho family proteins. For example,
Xenopus laevis Rnd1 prevents RhoA-induced cell adhesion
(48) and RhoH reduces Rho-mediated activation of NF-	B
and p38 (25). In addition, RhoD inhibits RhoA-activated stress
fiber formation (42) and Rnd1-induced plexin-A1-mediated
cytoskeletal collapse (49). The GTPase-deficient Rho family
members particularly may employ competition as their mode
of action to affect cellular responses. We propose that control-
ling the expression level of RhoE and thus its binding to
ROCK I provides a mechanism to regulate cell behavior in
addition to altering the GTP/GDP ratio on conventional Rho
GTPases.
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