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■ Abstract Members of the Rho family of small Ras-like GTPases—including
RhoA, -B, and -C, Rac1 and -2, and Cdc42—exhibit guanine nucleotide-binding
activity and function as molecular switches, cycling between an inactive GDP-bound
state and an active GTP-bound state. The Rho family GTPases participate in regula-
tion of the actin cytoskeleton and cell adhesion through specific targets. Identification
and characterization of these targets have begun to clarify how the Rho family
GTPases act to regulate cytoskeletal structure and cell-cell and cell-substratum con-
tacts in mammalian cells. The Rho family GTPases are also involved in regulation of
smooth muscle contraction, cell morphology, cell motility, neurite retraction, and
cytokinesis. However, the molecular mechanisms by which the Rho family GTPases
participate in the regulation of such processes are not well established.
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INTRODUCTION

Dynamic rearrangements of the cytoskeleton and cell adhesion are required for
various cellular processes, such as shape changes, migration, and cytokinesis
(1–4). These temporal and spatial reorganizations of cell structure and cell con-
tacts can be stimulated by extracellular signals, including growth factors, hor-
mones, and other biologically active substances (1, 3, 4). The cytoskeleton consists
mainly of three components: actin filaments, microtubules, and intermediate fila-
ments (1, 3, 4). Cell-cell contacts are mediated by adhesion molecules, such as
cadherins and their associated cytoplasmic proteins, a- and b-catenins (5–7). Cell-
to-substratum contact is mediated by different types of adhesion molecules, such
as integrins, and their interacting molecules, talin and vinculin (8, 9). 

The Rho family GTPases (including Rho, Rac, and Cdc42) participate in regu-
lation of the actin cytoskeleton and various cell adhesion events (10, 11). Rho has
been implicated in the formation of stress fibers and focal adhesions (12), cell mor-
phology (13), cell aggregation (14), cell motility (15), membrane ruffling (16),
smooth muscle contraction (17, 18), neurite retraction in neuronal cells (19, 20),
and cytokinesis (21, 22). Rac is involved in membrane ruffling (23), cell motility
(24), actin polymerization (25), and cadherin-mediated cell-cell adhesion (26–28).
Cdc42 participates in filopodia formation (29, 30) and cell-cell adhesions (28). The
molecular mechanisms underlying the above processes have been largely unknown,
until recently. Some of the molecular pathways that connect the Rho family
GTPases to control of the cytoskeleton and cell adhesion have been established.
The major emphasis in this review is on molecules that interact with the Rho fam-
ily GTPases and their role in regulation of the cytoskeleton and cell adhesion.

MOLECULES THAT INTERACT 
WITH RHO FAMILY GTPASES

The Rho family GTPases belong to the Ras superfamily of small GTPases. At
least 10 members of the Rho subfamily are known in mammals: RhoA-E, RhoG,
Rac1 and -2, Cdc42, and TC10. These proteins share >50% sequence identity
(31). RhoA, -B, and -C, Rac1 and -2, and Cdc42 are the best-studied members.
RhoA, -B, and -C (collectively Rho) have the same amino acid sequence in their
effector domains (approximately 32–41 amino acids), appear to be regulated in a
similar manner, and seem to have similar functions. Like other GTP-binding pro-
teins, the Rho family GTPases exhibit both GDP/GTP-binding and GTPase activ-
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ities (31, 32). The GDP-bound inactive and GTP-bound active forms are inter-
convertible by GDP/GTP exchange and GTPase reactions (31, 32). There are
several groups of proteins that interact with the Rho family GTPases, including
regulators and effectors.

GDP/GTP Exchange Proteins

Guanine Nucleotide Exchange Factors There are guanine nucleotide
exchange factors (GEFs), also known as GDP dissociation stimulators (GDSs),
that facilitate the release of GDP from the Rho family GTPases, thereby promot-
ing the binding of GTP (33) because the cytosolic concentration of GTP is more
than fivefold higher than that of GTP. GTP binding activates the Rho family
GTPases. GEFs for the Rho family GTPases share a common sequence motif,
designated the Dbl-homology (DH) domain (33). The Dbl proto-oncogene was
originally isolated as cDNA that induced foci when transfected into NIH3T3
cells (33). In 1991, Dbl was shown to release GDP from Cdc42 in vitro (34).
Since then, a number of GEFs for various Rho family GTPases (in parentheses)
have been identified, including the following: Dbl (Cdc42, Rho); Lbc (Rho) (35);
Lfc (Rho) (36); Lsc (Rho) (36); Tiam (Rac) (37); p115 Rho GEF (Rho) (38); Vav
(Rac, Cdc42, Rho) (39); Fgd1 (Cdc42) (40); Trio (Rac, Rho) (41); Ost (Rho,
Cdc42) (42); Bcr (Rac, Cdc42, Rho) (43); Pix (Rac) (44); and Smg GDS (Rac,
Cdc42, Rho) (45). In addition to the DH domain, GEFs for the Rho family
GTPases also contain a nearby pleckstrin homology (PH) domain (except for
Smg GDS) (45). Both the DH and PH domains are essential for GEF activity
(33). As indicated, some Rho GEFs show activity toward several Rho family
GTPases, whereas others have more restricted specificity. For example, p115
Rho GEF seems to be specific for Rho (38), whereas Fgd1 seems to be specific
for Cdc42, at least in vitro (40). Vav is able to act on Rho, Rac, and Cdc42 in
vitro (39, 46). Smg GDS was originally isolated as a GEF for Rap1, which is
closely related to Ras (45, 47), but it was subsequently found to be active on both
RhoA and K-Ras (48). Although a number of GEFs have been identified, the mo-
lecular mechanism by which their activity can be modulated by extracellular sig-
nals was unknown until recently (Figure 1). 

Studies on heterotrimeric G proteins have clarified the mechanism by which
p115 Rho GEF is regulated. Expression of constitutively active mutant forms of
certain heterotrimeric G protein a subunits (Ga12 or Ga13) induce formation of
stress fibers and focal adhesions in certain cells in a Rho-dependent manner (49).
Mouse fibroblasts deficient in Ga13 fail to display thrombin-induced cell migra-
tion, which is also thought to require Rho (50). Examination of the sequence of
p115 Rho GEF revealed that its NH2-terminal region has a regulator of G protein
signaling domain (51). The regulator of G protein signaling domain of p115 Rho
GEF specifically stimulates the intrinsic GTPase activity of Ga12 and Ga13 (51,
52). Conversely, activated Ga13 binds to p115 Rho GEF and stimulates its abil-
ity to catalyze nucleotide exchange on Rho (52). Thus, on stimulation by extra-
cellular signals such as thrombin, activation of Ga13 is linked to activation of
Rho via p115 Rho GEF (Figure 1).
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Vav has DH, PH, and Src homology (SH2 and SH3) domains. Although Vav
was originally thought to serve as a GEF for Ras (53), it actually functions as a
GEF for Rac (39). Vav becomes phosphorylated on tyrosine residues when lym-
phoid cells are stimulated by antigens or mitogens. Tyrosine phosphorylation of
Vav by a tyrosine kinase (Lck) enhances its GEF activity on Rac (39, 46). Rac is
thought to be activated through processes that depend on phosphatidylinositol
(PI) 3-kinase, because wortmannin (a relatively specific inhibitor of PI 3-kinase)
or the expression of dominant-negative PI 3-kinase inhibits growth factor-
induced Rac activation (54–58). Biochemical analysis showed that PI-3,4,5-
triphosphate (a product of PI 3-kinase) enhances the phosphorylation and
activation of Vav by Lck (59). Thus, activation of receptor-tyrosine kinases that
recruit both Lck and PI 3-kinase may act synergistically to activate Vav, which
in turn activates Rac. Further studies are required to identify the signaling mole-
cules that couple other GEFs for the Rho family GTPases to upstream stimuli.

Rho GDP Dissociation Inhibitor GDP dissociation inhibitor (GDI) was origi-
nally isolated as a molecule that interacts specifically with GDP·Rho and inhibits
the dissociation of GDP from Rho (32, 60, 61). In addition to Rho GDI itself, at

Figure 1 Mode of activation of the Rho family GTPases. GEF, Guanine nucleotide
exchange factors; GAP, GTPase-activating proteins; GDI, GDP dissociation inhibitor;
GDF, GDI dissociation factor.
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least two other isoforms, named D4-GDI and Rho GDI3, have been identified (62,
63). Rho GDI was subsequently found to also be active on Cdc42 and Rac (64).
Rho GDI prevents the binding of GDP·Rho, but not GTP·Rho, to cell membranes
and can extract GDP·Rho from membranes (65). Thus, in a sense, Rho GDI acts
as a chaperone to regulate the translocation of the Rho family GTPases between
membranes and the cytosol. In resting cells, the Rho family GTPases, including
Rho, Rac, and Cdc42, exist mostly in the GDP-bound form and in complexes with
Rho GDI in the cytosol (32). Because Rho GDI counteracts the action of GEFs,
such as Dbl, it is thought that release of Rho GDI from Rho is necessary before
Rho becomes susceptible to a GEF (66, 67). The molecular mechanism under-
lying dissociation of Rho GDI from Rho was unknown until recently. Biochemi-
cal analysis suggests a tentative model by which Rho GDI is released from Rho
(68) (Figure 1). Rho GDI can be coimmunoprecipitated with moesin, a member
of the ERM (ezrin, radixin, and moesin) family of proteins (69). In vitro, the NH2-
terminal region of radixin binds to a GDP·Rho/Rho GDI complex, dissociates
Rho GDI from GDP·Rho, and thereby enhances the ability of GEF to induce
GDP/GTP exchange (68). Thus, Rho GDI dissociation factors (GDFs), such as
the ERM family proteins, which stimulate dissociation of Rho GDI from
GDP·Rho, may play a critical role in regulating the GDP/GTP exchange reaction.

GTPase–Activating Proteins

Rho GTPase-activating proteins (GAPs) were identified as molecules that stimu-
late the intrinsic GTPase activity of the Rho GTPases, leading to their conver-
sion to the inactive GDP-bound state (32, 70). The first GAP identified for the
Rho family GTPases was purified from cell extracts and designated p50 Rho-
GAP (71). P50 Rho-GAP was subsequently found to be more active on Cdc42
than on Rho or Rac (72). Since the discovery of p50 Rho-GAP, a number of
GAPs for various Rho family GTPases (in parentheses) have been identified,
including the following: Bcr (Rac > Cdc42) (73); Abr (Rac, Cdc42) (74); 
b-chimerin (Rac) (75); p190GAP (Rho > Rac, Cdc42) (76); 3BP-1 (Rac, Cdc42)
(77); p122 Rho GAP (Rho) (78); Myr5 (Rho > Cdc42) (79); and RalBP1 (Cdc42
> Rac) (80). GAPs shares a related GAP homology domain that encompasses
about 140 amino acids of the protein. The substrate specificity in vivo may be
more restricted than in vitro, however. 

Based on the preceding sections, the activity of the Rho family GTPases appears
to be regulated cyclically, as follows (Figure 1). In the cytosol of the resting cells,
the Rho family GTPases are present in the GDP-bound form complexed with Rho
GDI. When cells are stimulated by certain extracellular signals, Rho GDI is disso-
ciated via the action of GDFs and specific GEFs for the Rho family GTPases are
activated; then the GDP-bound form of the Rho family GTPase is converted to the
GTP-bound form. The GTP-bound form of Rho family GTPases is targeted to cell
membranes by its COOH-terminal prenyl group and interacts with its specific 
targets (32, 65, 81). GAPs act as negative regulators by enhancing the GTPase
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activity of the Rho family GTPases and reconverting them to the inactive GDP-
bound form. Rho GDI can then form a complex with the GDP-bound form and
extract it from the membrane back into the cytosol.

Targets/Effectors

Rho Targets A number of proteins have been identified as targets of Rho by
means of affinity chromatography, ligand overlay assay, or the yeast two-hybrid
system. These targets include Rho-kinase/ROK/ROCK, the myosin-binding sub-
unit (MBS) of myosin phosphatase, protein kinase N (PKN)/PRK1, rhophilin,
rhotekin, citron, and p140 mDia (10) (Figure 2). 

Rho-kinase was identified as a GTP·Rho-binding protein of extracts from
bovine brain by affinity column chromatography on matrix-bound GTP·Rho (82).
Rho-kinase was also identified as ROKa (83) and ROCK2 (84). ROKb
(85)/ROCK1 (86) is an isoform of Rho-kinase/ROKa/ROCK2. The kinase
domain of Rho-kinase is situated at the NH2-terminal end and has 72% sequence
homology with the catalytic domain of myotonic dystrophy kinase (82). Rho-
kinase has a putative coiled-coil domain in its middle portion and a PH domain
at its COOH-terminal end. GTP-bound Rho interacts with the COOH-terminal
portion of the coiled-coil domain and activates the phosphotransferase activity of
Rho-kinase (82). Rho-kinase is involved in regulation of smooth muscle contrac-
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Figure 2 Mammalian targets of Rho. PIP, Phosphatidylinositol 4,5-bisphosphate;
PKN, protein kinase N.
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tion (87–89), the formation of stress fibers and focal adhesions (85, 90, 91), neu-
rite retraction (92–94), and cytokinesis (95).

Myosin phosphatase is composed of three subunits: MBS, a 37-kDa type 1
phosphatase catalytic subunit, and a 20-kDa regulatory subunit (96). Myosin
phosphatase binds to phosphorylated myosin light chain (MLC) via MBS and
dephosphorylates it. The COOH-terminal domain of MBS interacts with GTP-
bound Rho (88). Rho-kinase phosphorylates both MLC (87) and MBS, the latter
of which leads to inactivation of myosin phosphatase (88). Rho-kinase and MBS
are therefore believed to regulate the level of MLC phosphorylation coopera-
tively, as described later. 

PKN/PRK1 contains an NH2-terminal regulatory domain and a COOH-termi-
nal catalytic domain. The catalytic domain is highly homologous to that of 
protein kinase C, whereas the NH2-terminal domain shares no obvious homology
with protein kinase C or any other protein kinases (97). The regulatory domain
contains three leucine zipper-like motifs. GTP-bound Rho interacts with the first
leucine zipper-like motif in the NH2-terminal portion (98, 99) and activates the
catalytic activity of PKN (98). The physiological functions of PKN/PRK1 are
unknown. PRK2 is an isoform of PKN/PRK1 and appears to associate with
GTP·Rac. PRK2 also interacts with Rho, but in a GDP/GTP-independent manner
(100, 101). The expression of a kinase-deficient form of PRK2 disrupts actin
stress fibers (101), which implicates PRK2 in actin cytoskeleton reorganization. 

Rhophilin and rhotekin have sequence similarity to the Rho-binding domains
of both MBS and PKN/PRK1 and interact with GTP-bound Rho (99, 102). This
region of homology represents one of the consensus motifs for a Rho-interacting
surface. Rhophilin and rhotekin do not have any other diagnostic features in their
primary structures, and their functions are unknown. 

Citron was originally isolated as a Rho-binding protein in a yeast two-hybrid
system (103). The overall domain structure of citron is similar in sequence to 
Rho-kinase, but it lacks a kinase domain. A splice variant of citron with an NH2-
terminal kinase domain homologous to that of the Rho-kinase family (citron-
kinase) was recently identified (104). Citron-kinase is localized at the cleavage
furrow and mid-body during cytokinesis and this is implicated in cytokinesis (104). 

p140mDia is a mammalian homologue of Drosophila melanogaster
diaphanous, which is required for cytokinesis, and belongs to the formin-related
family of proteins (105). p140mDia also has sequence similarity to yeast Bni1
(106). The NH2-terminal portion of p140mDia interacts with GTP-bound Rho.
p140mDia also contains repetitive polyproline stretches that can bind profilin
(105). p140mDia appears to be involved in actin polymerization (105). 

Kv1.2, the delayed rectifier potassium channel, can associate with GTP-bound
Rho (107). The overexpression of Rho reduces the basal current generated by
exogenously expressed Kv1.2 in Xenopus oocytes. Clostridial C3 toxin, which
ADP ribosylates and inactivates Rho (108, 148, 149), blocks the suppression of
Kv1.2 current by one type (m1) of muscarinic acetylcholine receptors in human
293 embryonic kidney cell line. Thus, G protein-coupled receptors may activate
Rho, which in turn regulates Kv1.2 activity. 
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Phospholipase D (PLD) is thought to be activated by Rho (109), although the
molecular mechanism is not known. PLD hydrolyzes phospholipids to yield
phosphatidic acid and their head groups. Phosphatidic acid is claimed to be a
direct second messenger (109, 110), but it can also be metabolized to other
demonstrated second messengers, including diacylglycerol and lysophosphatidic
acid (LPA). The activity of PLD is stimulated by a variety of extracellular sig-
nals, such as growth factors and hormones. Biological and biochemical studies
have indicated that Rho regulates PLD activity cooperatively with Arf, another
member of the Ras-related superfamily of small GTPases (111–114). 

PI 5-kinase has been implicated in Rho signaling (115, 116). Previous work
has shown that PI 4,5-bisphosphate (PIP2), the product of PI 5-kinase, can regu-
late the interactions of a number of actin-binding proteins, including profilin, 
a-actinin, gelsolin, and p39CapZ in vitro (117). Thus, it is possible that alterations
in PIP2 synthesis affect actin polymerization and the association of actin filaments
with focal adhesion zones. However, whether effects on PIP2 are part of a mecha-
nism by which Rho controls the cytoskeleton in intact cells remains controversial. 

Rac/Cdc42 Targets A number of proteins have been identified as targets for
Rac and/or Cdc42, including p21-activated kinases (PAKs), WASP/N-WASP,
IQGAP1, MRCK, Por1, p140Sra-1, and Posh. It is interesting that several of
these proteins interact with both Rac and Cdc42 (10) (Figure 3).

To date, at least three isoforms of PAK (PAK1–3) have been identified
(118–122). PAKs are serine/threonine kinases, which comprise an NH2-terminal
regulatory domain and a COOH-terminal catalytic domain (118). In the NH2-
terminal region, there is a conserved domain of approximately 20 residues that is
responsible for interaction with Cdc42/Rac; this motif is called the CRIB
(Cdc42/Rac-interactive binding) site (123). Several other potential targets for
Cdc42 and Rac share this motif (see below). The GTP-bound forms of Cdc42
and Rac1 interact with the CRIB site and activate all PAK isoforms (118–122).
PAKs are components of pathways that regulate cell morphology, including for-
mation of lamellipodia and disassembly of stress fibers and focal adhesions (124,
125). PAKs are also upstream elements in the JNK and p38 kinase pathways that
control gene expression (126, 127). PAK interacts with Pix, a GEF for Rac (44).
This interaction is necessary for PAK-induced lamellipodia formation (128).
Moreover, the PAK-induced lamellipodia formation is inhibited by dominant-
negative Rac (RacN17). Hence, Cdc42-dependent activation of PAK leads to Pix-
mediated activation of Rac.

The WASP gene was originally identified as the locus mutated in patients with
Wiskott-Aldrich syndrome (129). Its neural isoform, N-WASP, was identified as
a molecule interacting with the SH3 domain of Grb2/Ash (130). The WASP and
N-WASP molecules consist of PH, CRIB, proline-rich, verprolin-homologous,
and cofilin-like domains (129, 130). N-WASP, but not WASP, also contains an IQ
motif, which is able to bind calmodulin. WASP is expressed exclusively in
hematopoietic cells, whereas N-WASP is ubiquitously expressed, although espe-
cially abundant in brain (131). WASP and N-WASP interact with GTP-bound
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Cdc42 and induce actin polymerization when overexpressed (129, 131). N-
WASP appears to play a crucial role in filopodia formation (131).

The IQGAP1 gene was originally isolated as a member of the Ras GAP fam-
ily (132, 133). However, no GAP activity toward any small GTPases has been
demonstrated for IQGAP1. At least two isoforms of IQGAP have been identified,
IQGAP1 and IQGAP2. Both isoforms directly interact with GTP-bound Cdc42
and Rac, but not with the GDP-bound forms (134–137). IQGAP1 consists of a
calponin-homologous domain, IQGAP-repeat sequences that are the hallmarks
of IQGAP1 and IQGAP2, a WW domain, an IQ motif, and a GRD sequence (Ras-
GAP related domain). IQGAPs, unlike PAKs and WASP, do not contain a CRIB
site; the COOH-terminal GRD domain is responsible for the interaction with
Cdc42. IQGAP1 (138, 139) and IQGAP2 (140) directly interact with actin fila-
ments and cross-link the actin filaments, and GTP-bound Cdc42 enhances the
cross-linking activity (138). In addition to its role in actin filament organization,
IQGAP1, acting downstream of Cdc42 and Rac1, appears to regulate cell-cell
adhesion through the cadherin-catenins pathway, as described below (141).

MRCKa and -b interact with GTP-bound Cdc42 through a CRIB site (142).
MRCKs are composed of an NH2-terminal kinase domain, a coiled-coil region, a
cysteine-rich segment, a PH motif, and a CRIB site. The kinase domains of
MRCKs show sequence similarity with those of myotonic dystrophy kinase and
Rho-kinase. MRCKa is colocalized with Cdc42 at the cell periphery (142).

CYTOSKELETON AND RHO FAMILY GTPASES 467

Figure 3 Mammalian targets of Rac and Cdc42. PIP, Phosphatidylinositol 4,5-bisphos-
phate; PI, phosphatidylinositol; PAK, p21-activated kinases.
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MRCKs appear to regulate the formation of focal adhesive complexes and filopo-
dia in a Cdc42-dependent manner. Gek, a D. melanogaster ortholog of MRCK,
binds to Cdc42 in a GTP-dependent manner (143). Homozygous gek mutants die
as larvae, and egg chambers homozygous for gek mutations exhibit an abnormal
accumulation of F-actin and are defective in producing fertilized eggs (143). 

Por1, p140Sra-1, and Posh have been identified as Rac-specific targets
(144–146). Por1 and p140Sra-1 may participate in regulation of lamellipodia 
formation (144, 145), whereas Posh may regulate JNK activity (146).

Bacterial Toxins

The Rho family GTPases are targets for at least three groups of bacterial toxins
that either inactivate or activate the GTPases (147). The first group is the C3
exoenzyme family. Members of this toxin family include Clostridium botulinum
C3 ADP-ribosyltransferase, Clostridium limosum transferase, Bacillus cereus
transferase, and epidermal differentiation inhibitor (EDIN). C. botulinum C3
toxin is a useful tool for identifying specific functions of Rho. C. botulinum C3
toxin specifically ADP ribosylates Rho at Asn41 using NAD as the donor sub-
strate (148, 149). ADP ribosylation of Rho is thought to interfere with the ability
of Rho to interact with its putative targets, thereby inhibiting the functions of
Rho. C. botulinum C3 toxin ADP ribosylates only poorly other Rho family mem-
bers, such as Rac and Cdc42. 

Bacterial toxins in the second group are large clostridial cytotoxins. Members
of this toxin family include Clostridium difficile toxins A and B and Clostridium
sordellii HT and LT (147). C. difficile toxins specifically glycosylate Rho at
Thr37, Rac at Thr35, and Cdc42 at Thr35 by using UDP-glucose as the donor sub-
strate (150). The biological effects of C. difficile toxins indicate that glycosyla-
tion inactivates the Rho family GTPases (151). 

The third group is cytotoxic necrotizing factors (CNFs). Members of this toxin
family include Escherichia coli CNF1 and CNF2 and Bordetella spp. DNTs
(147). CNFs induce a deamidation of Gln63 of Rho, resulting in its conversion to
Glu63 (152). Loss of Gln63 inhibits both the intrinsic and the GAP-stimulated
GTPase activity of Rho, thereby sustaining Rho in its active GTP-bound form
(152). CNF acts on Cdc42 as well as on Rho. Thus, CNFs may activate several
Rho family GTPases in vivo.

FUNCTIONS OF THE RHO FAMILY GTPASES

Smooth Muscle Contraction and Contractility

Specific agonists, such as carbacol and endothelin, cause an increase in cytosolic
Ca2+ and subsequent activation of Ca2+/calmodulin-dependent MLC kinase in
smooth muscle. MLC kinase phosphorylates MLC and activates myosin ATPase,
thereby inducing contraction of smooth muscles (153–155). However, because
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the levels of MLC phosphorylation and degree of contraction are not always pro-
portional to the cytosolic Ca2+ levels, an additional mechanism that regulates
MLC phosphorylation and contraction has been proposed (156). Because the
agonist-induced MLC phosphorylation and contraction of permeabilized smooth
muscles occur at fixed suboptimal concentrations of Ca2+ and are GTP depen-
dent, a GTP-binding protein is thought to be involved in receptor-mediated sen-
sitization of MLC phosphorylation (157, 158). 

Evidence that Rho is the GTP-dependent factor involved in sensitizing smooth
muscle contraction at suboptimal Ca2+ levels has been obtained in several labo-
ratories (159). GTP-bound Rho causes contraction of permeabilized smooth mus-
cles at fixed suboptimal concentrations of Ca2+ (17), and C. botulinum C3 toxin
and EDIN inhibit contraction induced by the guanosine 5′-(3-O-thio)-triphos-
phate (GTPgS) (a nonhydrolyzable GTP analog) (17). C. botulinum C3 toxin
inhibits the GTPgS-induced MLC phosphorylation in permeabilized smooth
muscle cells (160). GTP-bound Rho stimulates MLC phosphorylation in perme-
abilized smooth muscle, and EDIN inhibits the ability of carbacol-induced Ca2+

elevation to stimulate MLC phosphorylation (18). 
Until recently, the molecular mechanism by which Rho regulates MLC phos-

phorylation was largely unknown. Recent analyses suggest the model shown in
Figure 4, in which Rho regulates MLC phosphorylation through its effectors,
Rho-kinase and MBS (87, 88). GTP-bound Rho interacts with both Rho-kinase
and MBS of myosin phosphatase, resulting in activation of Rho-kinase and
translocation of MBS. Activated Rho-kinase phosphorylates MBS, thereby inac-
tivating myosin phosphatase (88). Concomitantly, Rho-kinase phosphorylates
MLC at the same site that is phosphorylated by MLC kinase and activates myosin
ATPase (87). Both events appear to be necessary for an increase in MLC phos-
phorylation. Consistent with this view, addition of dominant-active Rho-kinase
to permeabilized vascular smooth muscle induces contraction through MLC
phosphorylation (89). A specific chemical inhibitor for Rho-kinase (Y27632) has
recently been developed (161). Y27632 selectively inhibits smooth muscle con-
traction by inhibiting GTP-dependent sensitization to suboptimal Ca2+ and sup-
presses hypertension in several hypertensive rat models (161) as well as
vasospasm of porcine coronary artery (H Shimokawa, unpublished observations).
Thus, Rho-kinase–mediated sensitization of smooth muscle contraction may be
involved in the pathophysiology of hypertension and vasospasm.

In nonmuscle cells, MLC phosphorylation is thought to modulate interaction
of myosin with actin to regulate stress fiber contraction and thereby affect cell
motility (162). Several studies have established roles for Rho and Rho-kinase in
MLC phosphorylation in nonmuscle cells. MBS is phosphorylated, and myosin
phosphatase activity is inactivated, during the action of thromboxane A2 in
platelets, and both responses are blocked by prior treatment of platelets with C.
botulinum C3 toxin (163). Similar observations have been made in endothelial
cells responding to thrombin (164). Expression of dominant-active Rho (RhoV14)
or constitutively active Rho-kinase induces MLC phosphorylation in COS7 cells
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(165) and NIH3T3 cells (92), whereas the expression of a dominant-negative
Rho-kinase variant inhibits serum-induced MLC phosphorylation (92). Thus,
Rho-kinase appears to regulate MLC phosphorylation downstream of Rho in
nonmuscle cells as well as in smooth muscle.

Stress Fibers and Focal Adhesions 

Rho is believed to regulate the formation of actin stress fibers and focal adhe-
sions, based on the following observations. Confluent, serum-starved Swiss 3T3
cells have few actin stress fibers, which are composed of actin filaments and asso-
ciated myosin filaments that confer contractility to the fibers on MLC phos-
phorylation (162). When these cells are stimulated by LPA, new stress fibers,
which increase in number and diameter, appear (12). Prior treatment of the cells
with C. botulinum C3 toxin inhibits LPA-induced stress fiber formation. Microin-
jection of RhoAV14 into the cells induces stress fiber formation (12, 13). Rho is
also required for the LPA-induced formation of focal adhesions (12), the sites at
which stress fibers are linked via integrins to extracellular matrix components,
such as fibronectin (8, 9). Certain molecules, including vinculin, a-actinin, and
talin, assemble with integrin that form the focal adhesions and serve as the
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Figure 4 Model for regulation of MLC (myosin light chain) phosphorylation by
Rho, Rho-kinase, and myosin phosphatase. cat, Catalytic subunit; MBS, myosin-
binding subunit.
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anchors for stress fibers. Expression of dominant-active Rho-kinase induces for-
mation of stress fibers in Swiss 3T3 and MDCK cells, whereas the expression of
dominant-negative Rho-kinase inhibits the LPA- or RhoAV14-induced formation
of stress fibers (85, 90, 91). The expression of MLC mutant, MLCT18D,S19D

(substitution of Thr and Ser by Asp), which is known to cause activation of
myosin ATPase and a conformational change of myosin II when reconstituted
with myosin heavy chain in vitro (166–168), also enhances the formation of
stress fibers and focal adhesions (92). Pharmacological analysis suggests that
contractility of stress fibers driven by MLC phosphorylation governs focal adhe-
sion formation (169). Taken together, these observations indicate that Rho
through Rho-kinase plays a critical role in the formation of stress fibers and focal
adhesions via myosin II activation (Figure 5).

Lamellipodia and Filopodia

Membrane ruffling, which is characterized by dynamically fluctuating movement
of membrane protrusions consisting of lamellipodia and filopodia, is rapidly
induced in cells in response to certain extracellular signals (170). The molecular
mechanism of membrane ruffling is not known, but it has been suggested that poly-
merization and depolymerization of actin beneath the plasma membrane drives the
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process (171). Accumulating evidence indicates that Rac serves as a key control
element in lamellipodia formation and membrane ruffling induced by certain
growth factors, such as platelet-derived growth factor, and by activated Ras in
fibroblasts (23), whereas Cdc42 appears to regulate filopodia formation (29, 30).
Injection of dominant-active Rac (RacV12) triggers lamellipodia and membrane
ruffling followed by stress fiber formation, whereas injection of dominant-negative
RacN17 inhibits these processes induced by the same growth factors (23). Injection
of dominant-active Cdc42 (Cdc42V12) rapidly induces filopodia formation fol-
lowed by lamellipodia and membrane ruffling (29, 30). The cytoskeletal changes
induced by Rac and Cdc42 are associated with integrin-based focal complexes dis-
tinct from the adhesion sites induced by Rho (23, 29, 30). Judging from the kinet-
ics of the cytoskeletal changes induced by Rho, Rac, and Cdc42, cross talk appears
to exist: Cdc42 can activate Rac, and Rac can activate Rho (11). It should be noted
that Rho is implicated in the membrane ruffling (lamellipodia) induced by hepato-
cyte growth factor (HGF) and 12-O-tetradecanoylphorbol-13-acetate in certain
cells, such as KB cells (16) and MDCK cells (172), whereas Rac is implicated in
the insulin-induced membrane ruffling in KB cells (16). These observations indi-
cate that Rho and Rac receive distinct signals but generate similar outputs in cer-
tain cells. This convergence could be partly explained by the fact that Rho and
Rac/Cdc42 interact with different protein kinase targets; nevertheless, these
enzymes share a high degree of similarity in their catalytic domains, for example
Rho-kinase and MRCKa. 

The molecular mechanisms by which Rac and Cdc42 regulate lamellipodia
and filopodia, respectively, are still largely unknown. Several targets of Rac and
Cdc42 have been implicated in these processes.

Accumulating evidence suggests that cofilin plays a critical role in the rapid
turnover of actin filaments in various cellular processes, including lamellipodia
formation (171). Cofilin sequesters actin monomers and severs actin filaments,
thereby inducing disassembly of actin filaments in vitro (171). Phosphorylation of
cofilin at Ser3 reduces its actin-binding and -severing activities (173, 174). Recent
studies indicate a role for LIM-kinase in Rac-induced lamellipodia formation,
which appears to be mediated by the phosphorylation of cofilin (175, 176). Domi-
nant active Rac (RacV12) activates LIM-kinase (175, 176), although the linkage
between Rac and LIM-kinase is unknown. The expression of dominant-negative
LIM-kinase inhibits RacV12-induced membrane ruffling. Activated LIM-kinase
phosphorylates cofilin at Ser3, which may prevent cofilin from disassembling of
actin filaments and inhibits the ability of cofilin to bind actin monomers, thereby
promoting the formation of the proper actin meshwork for lamellipodia. Rac may
also increase the production of PIP2 through the action of PI 5-kinase (177). The
change in PIP2 levels may affect the functions of certain classes of actin-binding
proteins and influence actin polymerization by uncapping or increased nucleation
of actin filaments, perhaps in cooperation with cofilin (178).

Por1, a specific target of Rac, may participate in lamellipodia formation (144).
A mutation in the effector-binding loop of Rac1 abolishes membrane ruffling and
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also the interaction of Rac with Por1. Truncated versions of Por1 inhibit the
induction of membrane ruffling by RacV12 in fibroblasts. In addition, the overex-
pression of Por1 synergizes with dominant-active Ras (RasV12) in the induction
of membrane ruffling, which suggests a potential role of Por1 in Rac1-mediated
membrane ruffling. p140Sra-1, another Rac-specific target, is colocalized with
activated Rac in the membrane ruffling area (145). p140Sra-1 directly interacts
with actin filaments. IQGAP1, a target of Rac and Cdc42, specifically accumu-
lates at the membrane ruffling area induced by insulin or RacV12 (135). IQGAP1
(138) and IQGAP2 (139) directly interact with and cross-link actin filaments. A
calponin-homologous domain mediates the interaction of IQGAP1 and IQGAP2
with actin filaments (138). GTP-bound Cdc42, but not its GDP-bound form,
enhances the actin filament cross-linking activity of IQGAP1 in vitro (138).
These proteins, including LIM-kinase, Por1, p140Sra-1, and IQGAPs, may con-
tribute to formation of the actin meshwork required for membrane ruffling,
although their relation is largely unknown. 

The expression of N-WASP, but not WASP, enhances Cdc42-induced filopo-
dia formation (130). Injection of anti-N-WASP antibody specifically blocks
bradykinin-induced filopodia formation (131). Moreover, N-WASP severs actin
filaments in vitro, and this activity is further enhanced by GTP-bound Cdc42, but
not the GDP-bound form (131). Thus, N-WASP appears to play a crucial role in
filopodia formation. 

MRCKa is colocalized with Cdc42 at the cell periphery in HeLa cells (142).
MRCKa preferentially phosphorylates MLC at Ser19 in vitro, as observed for
Rho-kinase (142). The expression of Cdc42V12 or constitutively active MRCKb
induces MLC phosphorylation in COS7 cells (T Nakamura, unpublished data).
The expression of dominant-negative MRCKa blocks the Cdc42V12-dependent
formation of filopodia and focal complexes. The coexpression of MRCKa
enhances the Cdc42V12-induced formation of filopodia, which suggests that
MRCKa regulates filopodia formation, presumably through reorganization of
actin-myosin complexes.

Cell Motility and Migration

Reorganization of actin filaments and cell-substratum contacts is believed to be
involved in cell motility. Membrane ruffling is observed at the leading edge of
motile cells and is also thought to be essential for cell motility (179). A force
arising from actin polymerization appears to drive lamellipodial protrusion (4),
which is thought to be regulated by Rac (11, 23) (Figure 6). Actin at the area of
membrane ruffling is thought to be continuously depolymerizing and repolymer-
izing during cell movement (4). A force derived from myosin II triggered by
MLC phosphorylation, which appears to be regulated by Rho (87, 88), in the area
of membrane ruffling and in the posterior region of motile cells may also con-
tribute to cell movement (4, 180) (Figure 6). Indeed, injection of anti-MLC kinase
diminishes the cell motility of macrophages (181) (Figure 6). 
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Accumulating evidence indicates that the Rho family GTPases regulate cell
motility (15, 24, 182). Scatter factor/HGF stimulates the motility of epithelial
cells, initially inducing a centrifugal spreading of cell colonies followed by a
disruption of cell-cell adhesions and then cell scattering, accompanied by mem-
brane ruffling. Roles of the Rho family GTPases in cell motility have been inves-
tigated mainly by two groups of investigators. Takaishi et al (15) have reported
that HGF-induced cell motility of keratinocytes (308R cells) is inhibited by
microinjection of either Rho GDI or C. botulinum C3 toxin, but not by microin-
jection of RacN17. The action Rho GDI is counteracted by comicroinjection of
activated Rho, but not of activated Rac, indicating that Rho is necessary for the
HGF-induced cell motility. Conversely, Ridley et al (24) have proposed that
Rac, rather than Rho, is necessary for the HGF-induced cell motility of MDCK
cells and that activated Rho inhibits the HGF-induced motility. These apparent
contradictory results concerning the roles of Rho and Rac might be explained
by the differences in cell types and reagents used. A more recent study has
shown that the expression of RhoN19 or RacN17 inhibits the HGF-induced mem-
brane ruffling of MDCK cells (172). Thus, both Rho and Rac may play crucial
roles in the motility of MDCK cells. The expression of dominant-negative Rho-
kinase also inhibits the HGF-induced membrane ruffling and wound-induced
cell migration, indicating that Rho-kinase is involved in cell motility (172). 

Taken together, the above observations suggest that MLC phosphorylation
regulated by Rho and Rho-kinase is necessary for cell motility. In addition to
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Figure 6 Roles of Rho and Rac in cell motility. MLC, Myosin light chain.

8505_AR_16  12/15/99  2:45 PM  Page 474



using MLC as a substrate, Rho-kinase also phosphorylates adducin and moesin
directly and inactivates myosin phosphatase which dephosphorylates adduction
and moesin, thereby increasing phosphorylation levels of adducin and moesin
(172, 183–185). Adducin binds to F-actin and to the spectrin-F-actin complex
(186, 187). Adducin subsequently promotes the binding of spectrin to F-actin or
the spectrin-F-actin complex to form a spectrin-F-actin meshwork (186, 187).
Adducin accumulates within the spectrin-F-actin meshwork at cell-cell contact
sites and membrane ruffling areas (188). The phosphorylation of a-adducin by
Rho-kinase enhances the interaction of a-adducin with F-actin (185). Rho-
kinase phosphorylates  a-adducin at Thr445 in the membrane ruffling area of
MDCK cells during the action of HGF (172). The expression of a-
adducinT445A,T480A (substitution of Thr residues by Ala), which is not phos-
phorylated by Rho-kinase, inhibits HGF-induced membrane ruffling and
wound-induced cell migration. The expression of a-adducin T445D,T480D (sub-
stitution of Thr residues by Asp), which may mimic a-adducin phosphorylated
by Rho-kinase, counteracts the inhibitory effect of dominant-negative Rho-
kinase on HGF-induced membrane ruffling and wound-induced cell migration.
Thus, phosphorylation of adducin by Rho-kinase appears to be necessary for
membrane ruffling and cell motility.

Neurite Retraction and Extension

Chemoattractants and chemorepellants can exert significant effects on neural
architecture, ranging from the stimulation of neurite outgrowth to the induction
of growth cone collapse and neurite retraction (189, 190). The growth cone is a
dynamic structure at a tip of a neurite and consists of filopodia and lamellipo-
dia. Neurite extension is thought to be driven by actin polymerization in growth
cones. Neurite retraction and the extension of developing neurites evoked by
extracellular molecules are fundamental to nervous system development and
neural plasticity. Rho is implicated in thrombin-, serum-, and LPA-induced
neurite retraction and cell rounding in N1E-115 neuroblastoma and PC12 cells
(19, 191), whereas Rac and/or Cdc42 is implicated in the promotion of filopo-
dia and lamellipodia formation in growth cones and therefore in neurite exten-
sion (192). Competition appears to exist between chemoattractant- and
chemorepellant-induced morphological pathways mediated by Rac and/or
Cdc42 and by Rho, leading to either neurite development or collapse (192).
The Rho-induced neurite retraction is presumed to be driven by a contraction
of the cortical actin-myosin system (20), which is known to be regulated by
Rho. Consistent with this conclusion, the expression of dominant-active Rho-
kinase induces neurite retraction (92–94), whereas the expression of dominant-
negative Rho-kinase inhibits the LPA-induced neurite retraction. The
expression of mutant MLCT18D,S19D also enhances neurite retraction (92).
Thus, myosin II activation appears to promote neurite retraction downstream
of Rho and Rho-kinase.
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Cell-Cell Adhesion

Cell-cell adhesions are categorized into several types, including tight junctions
and adherens junctions (5–7, 193). Tight junctions, the most apical component of
the junctional complex in columnar epithelium, form a diffusion barrier that reg-
ulates the flux of ions and hydrophilic molecules. Among the proteins that com-
prise tight junctions are claudin and occludin. Rho is thought to be required to
maintain the “fence” function of the tight junction in epithelial cells (194, 195).

Adherens junctions are characterized by a well-developed plaque structure in
which actin filaments are densely associated. Adherens junctions are composed
of adhesion molecules such as cadherin (5). a- and b-Catenins are cadherin-
associated cytoplasmic proteins that are required for cadherin-mediated cell-cell
adhesion (5, 194). b-Catenin serves as a bridge between cadherin and a-catenin
(Figure 7). a-Catenin is thought to link cadherin and catenins with actin fila-
ments. Recent work has suggested that Rho, Rac, and Cdc42 are required for
maintaining cadherin-mediated cell-cell adhesion (26–28). The expression of
either Cdc42N17 or RacN17 in L cells expressing E-cadherin (EL cells), but not
in L cells expressing E-cadherin–a-catenin chimeric protein (nEaCL cells),
results in a reduction of E-cadherin–mediated cell-cell adhesive activity 
(M Fukata, unpublished observation). Because b-catenin is not required for the
adhesion of nEaCL cell, Cdc42 and Rac appear to regulate E-cadherin–mediated
cell-cell adhesion presumably through b-catenin. 

Until recently, the mechanism underlying the regulation of E-cadherin-
mediated cell-cell adhesion by the Rho family GTPases had been unknown. Stud-
ies of IQGAP, a target of Cdc42/Rac, have shed light on the molecular mechanism
as follows (141). IQGAP1 is localized with E-cadherin and b-catenin at cell-cell
contact sites in MDCK cells and EL cells, but not in nEaCL cells, indicating that
IQGAP1 accumulates at cell-cell contact sites in a manner dependent on E-
cadherin, b-catenin, or the NH2-terminal domain of a-catenin (141). IQGAP1
interacts with E-cadherin and b-catenin both in vivo and in vitro (141). IQGAP1
promotes the dissociation of a-catenin from a cadherin-catenin complex in vitro
and in vivo (141). These IQGAP1 effects are reversed by activated Cdc42. The
overexpression of IQGAP1 in EL cells, but not in nEaCL, results in reduction of
E-cadherin–mediated cell-cell adhesive activity. The inhibitory effect of IQGAP1
is counteracted by the coexpression of Cdc42V12 (141). Thus, activated Cdc42
blocks the ability of IQGAP1 to inhibit assembly of a cadherin-catenins complex
and thereby promotes formation of adherens junctions (Figure 7).

Microvilli

The ERM family proteins are essential components of microvilli-like structures
(apical membrane protrusions) on polarized epithelial cells, fibroblasts, and
lymphocytes (196–200) and are localized at the specific regions where actin fil-
aments associate with plasma membranes, such as at the brush border of the
intestinal epithelial cells, in cleavage furrows, at membrane ruffles, in filopodia,
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at cell-cell adhesion sites, and at other microvilli-like structures (193, 198,
201–206). The ERM family proteins function as bridges between the plasma
membrane and actin filaments (198–200). The NH2-terminal domains of the
ERM family proteins are thought to bind directly to some integral membrane
proteins, such as CD44 (207), and the COOH-terminal domains of ERM pro-
teins bind to actin filaments (208, 209). The NH2- and COOH-terminal domains
appear to mask each other, presumably through the intramolecular head-to-tail
association between the NH2- and COOH-terminal domains, thereby preventing
the interaction of the ERM family proteins with their partners (210, 211). Once
this intramolecular occlusion is relieved, the ERM family proteins are activated
and translocate from the cytosol to the plasma membranes, where they serve 
to anchor actin filaments (212, 213). Formation of the complex between CD44
and the ERM family members appears to be regulated dynamically. Recent 
evidence suggests that Rho regulates formation of the complex between CD44
and the ERM family proteins (69). A permeable cell reconstitution assay showed
that the ERM family proteins are essential for Rho- and Rac-induced cytoskeltal
reorganization (214). 

How does Rho regulate the activity of the ERM family proteins? In thrombin-
activated platelets, moesin is phosphorylated at Thr558 (215). This phosphoryla-
tion is observed at filopodia in macrophages and is thought to be required for the
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Figure 7 Role of IGQAP1 in regulation of E-cadherin–mediated cell-cell adhesion.
E, E-cadherin; a, a-catenin; b, b-catenin.
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stable interaction of moesin with actin (216). Recent biochemical analysis has
shown that Rho-kinase phosphorylates moesin at Thr558, thereby inhibiting
intramolecular association between the NH2- and COOH-terminal domains of
moesin (183, 185). Presumably Rho acts in vivo through Rho-kinase to phos-
phorylate and activate the ERM family proteins. Other studies have shown that
LPA stimulation of serum-starved NIH3T3 cells results in relocalization of
radixin into microvilli-like structures, which is blocked by C. botulinum C3 toxin
(217). The expression of RhoV14 induces formation of microvilli-like structures
and localizes radixin or moesin into these structures in both Rat1 and NIH3T3
cells. A more recent analysis has shown that the expression of RhoV14 in COS7
cells induces moesin phosphorylation and formation of microvilli-like structures
at apical membranes where Thr558-phosphorylated moesin accumulates, whereas
the expression of dominant-negative Rho-kinase inhibits both these processes
(218). The expression of dominant-active Rho-kinase also induces moesin phos-
phorylation and formation of microvilli-like structure. The expression of
moesinT558D (substitution of Thr by Asp), which may mimic phosphorylated
moesin, induces formation of microvilli-like structures, whereas the expression
of moesinT558A (substitution of Thr by Ala), which is not phosphorylated by
Rho-kinase, inhibits the RhoV14-induced formation of microvilli-like structures
(218). Thus, Rho-kinase does appear to regulate moesin phosphorylation down-
stream of Rho in vivo, and the phosphorylation of moesin by Rho-kinase seems
to play a crucial role in the formation of microvilli-like structures. 

Cytokinesis

Cells undergo cytokinesis at the end of M-phase of the cell cycle through the for-
mation of a contractile ring beneath the plasma membrane. The contractile ring
is composed mainly of actin filaments and myosin and contraction of this struc-
ture is thought to provide the force required to divide the cells into two daughter
cells by pulling the membrane inward (cytoplasmic division) (2, 219). The cyto-
plasmic division of fertilized Xenopus laevis embryos is inhibited by microinjec-
tion of Rho GDI or C. botulinum C3 toxin, whereas nuclear division occurs
normally (21, 22, 220). Coinjection of Rho GDI with activated RhoA prevents
Rho GDI action. Thus, Rho appears to control cytoplasmic division through reg-
ulation of the contractility of the contractile ring.

Rho and Rho-kinase accumulate at the cleavage furrow (221, 222), where
MLC phosphorylation occurs (180). The expression of dominant-negative Rho-
kinase inhibits cytokinesis in Xenopus embryo and in mammalian cells, resulting
in multinucleate cells (95). Thus, MLC phosphorylation by Rho-kinase may pro-
mote contraction of the contractile ring and play a critical role in cytokinesis.
Rho-kinase also phosphorylates intermediate filament proteins, such as glial fib-
rillary acidic protein (GFAP) and vimentin (223, 224), MBS, and the ERM fam-
ily proteins (Y Kawano, unpublished observations), exclusively at the cleavage
furrow during cytokinesis. The expression of GFAP mutated at its Rho-kinase
phosphorylation sites results in impaired glial filament segregation into postmi-
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totic daughter cells (95). These results suggest that Rho-kinase is essential not
only for cytokinesis but also for segregation of GFAP filaments into daughter
cells, which in turn ensures efficient cellular separation.

Citron-kinase is localized at the cleavage furrow and midbody (104). The
overexpression of kinase-deficient or constitutively active mutant of citron-
kinase results in multinucleate cells, whereas that of a constitutively active kinase
causes abnormal contraction during cytokinesis, which suggests that citron-
kinase is involved in cytokinesis. The physiological substrates of citron-kinase
remain to be identified.

Cell Transformation

Transformed cells show altered patterns of expression of cytoskeletal proteins and
commonly have a disorganized actin cytoskeleton, which may be associated with
the ability of transformed cells to grow in an anchorage-independent fashion
(225). Ras-transformed fibroblasts typically show decreased numbers of actin
stress fibers and possess sparse, less-prominent focal adhesions, which are local-
ized only at the margins of cells, whereas Vav- and Dbl-transformed cells show
well-developed stress fibers and focal adhesions (226). The critical involvement
of the Rho family GTPases including Rho, Rac, and Cdc42, in Ras-induced trans-
formation is supported by a number of experiments (227–230; see also 58,
231–233). Rac appears to participate in the Ras-induced low serum growth,
whereas Cdc42 appears to participate in the Ras-induced anchorage independence
(229). Although Rho activity is required for the Ras-induced foci formation, Rho
activity may be down-regulated in stably transformed Rat1 cells because stress
fibers and focal adhesions decrease in number at that stage (228). Consistently,
Rat1 cells expressing RasV12 show a severe disruption of actin stress fibers and
cell adhesions, whereas the coexpression of RhoV14 restores not only the forma-
tion of stress fibers and focal adhesions, but also cell-cell adhesions (234). The
coexpression of constitutively active Rho-kinase restores the assembly of stress
fibers and focal adhesions (234). The treatment of Rat1 cells with LPA enhances
stress fiber formation, whereas it fails to induce stress fiber formation in cells
expressing RasV12 (234). Thus, Rho-kinase may be inactivated in cells expressing
RasV12, and this may contribute to oncogenic Ras-induced transformation.
Because the expression of Cdc42V12 or constitutively active PAK decreases the
number of stress fibers and focal adhesions (124), Cdc42, acting through PAK,
may inactivate the Rho and/or Rho-kinase. However, Ras-transformed MCF10A
breast epithelial cells display a fibroblastic morphology with decreased cell-cell
adhesions but increased focal adhesions and stress fibers (233, 235). Thus, the ter-
minal morphologies of Ras-transformed cells may depend on cell types. 

Other Functions of the Rho Family GTPases

The Rho family GTPases have been reported to regulate various cell functions,
including transcription, cell growth, endo-exocytosis of vesicles, and develop-
ment in mammals (10) and lower eukaryotes (236). Because this review focuses
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on the regulation of cytoskeletons and cell adhesions in mammals, the above
functions regulated by the Rho family GTPases are not described in detail [for
such information, the reader is referred to two excellent reviews (10, 11)].

PERSPECTIVES

To understand the mechanism by which the Rho family GTPases regulate the
cytoskeletons and cell adhesion, enormous effort has been made over the past
several years to identify upstream regulators and downstream effectors of the
Rho family GTPases. As a result, a number of the regulatory proteins and targets
have been isolated. Intensive analyses of their functions have provided some
insights into the modes of activation and action of the Rho family GTPases at the
molecular level. For example, Rho-kinase has critical roles in divergent path-
ways downstream of Rho. Rho-kinase is involved in MLC phosphorylation, lead-
ing to the formation of stress fibers, focal adhesions, and neurite retraction,
indicating a direct linkage between the Rho family GTPases and the cytoskele-
ton. Further studies will lead to a better understanding of how temporal and spa-
tial signals are delivered to the cytoskeletons and cell contact sites through the
Rho family GTPases and their targets.

ACKNOWLEDGEMENTS

Preparation of this review was supported by grants-in-aid for scientific research
from the Ministry of Education, Science, and Culture of Japan and by a grant
from Kirin Brewery Co, Ltd.

LITERATURE CITED

480 KAIBUCHI, KURODA & AMANO

1. Stossel TP. 1993. Science 260:1086–94
2. Fishkind D, Wang YL. 1995. Curr. Opin.

Cell. Biol. 7:23–31
3. Zigmond SH. 1996. Curr. Opin. Cell. Biol.

8:66–73
4. Mitchison TJ, Cramer LP. 1996. Cell 84:

371–79
5. Takeichi M. 1990. Annu. Rev. Biochem.

59: 237–52
6. Gumbiner BM. 1996. Cell 84:345–57
7. Barth A, Nathke IS, Nelson WJ. 1997.

Curr. Opin. Cell. Biol. 9:683–90
8. Huttenlocher A, Sandborg RR, Horwitz A.

1995. Curr. Opin. Cell. Biol. 7:697–706
9. Yamada K, Miyamoto S. 1995. Curr.

Opin. Cell. Biol. 7:681–89

10. Van Aelst L, D’Souza-Schorey C. 1997.
Genes Dev. 11:2295–22

11. Hall A. 1998. Science 279:509–14
12. Ridley AJ, Hall A. 1992. Cell 70:389–99
13. Paterson HF, Self AJ, Garrett MD, Just I,

Aktories K, et al. 1990. J. Cell. Biol. 111:
1001–7

14. Tominaga T, Sugie K, Hirata M, Morii N,
Fukata J, et al. 1993. J. Cell. Biol. 120:
1529–37

15. Takaishi K, Sasaki T, Kato M, Yamochi
W, Kuroda S, et al. 1994. Oncogene 9:
273–79

16. Nishiyama T, Sasaki T, Takaishi K, Kato
M, Yaku H, et al. 1994. Mol. Cell. Biol.
14:2447–56

8505_AR_16  11/23/99  11:14 AM  Page 480



17. Hirata K, Kikuchi A, Sasaki T, Kuroda S,
Kaibuchi K, et al. 1992. J. Biol. Chem.
267:8719–22

18. Gong MC, Iizuka K, Nixon G, Browne JP,
Hall A, et al. 1996. Proc. Natl. Acad. Sci.
USA 93:1340–45

19. Nishiki T, Narumiya S, Morii N,
Yamamoto M, Fujiwara M, et al. 1990.
Biochem. Biophys. Res. Commun. 167:
265–72

20. Jalink K, van Corven EJ, Hengeveld T,
Morii N, Narumiya S, et al. 1994. J. Cell.
Biol. 126:801–10

21. Kishi K, Sasaki T, Kuroda S, Itoh T, Takai
Y. 1993. J. Cell. Biol. 120:1187–95

22. Mabuchi I, Hamaguchi Y, Fujimoto H,
Morii N, Mishima M, et al. 1993. Zygote
1:325–31

23. Ridley AJ, Paterson HF, Johnston CL,
Diekmann D, Hall A. 1992. Cell 70:
401–10

24. Ridley AJ, Comoglio PM, Hall A. 1995.
Mol. Cell. Biol. 15:1110–22

25. Machesky LM, Hall A. 1997. J. Cell. Biol.
138:913–26

26. Braga V, Machesky LM, Hall A, Hotchin
NA. 1997. J. Cell. Biol. 137:1421–31

27. Takaishi K, Sasaki T, Kotani H, Nishioka
H, Takai Y. 1997. J. Cell. Biol. 139:
1047–59

28. Kuroda S, Fukata M, Fujii K, Nakamura
T, Izawa I, et al. 1997. Biochem. Biophys.
Res. Commun. 240:430–35

29. Kozma R, Ahmed S, Best A, Lim L. 1995.
Mol. Cell. Biol. 15:1942–52

30. Nobes CD, Hall A. 1995. Cell 81:53–62
31. Nobes C, Hall A. 1994. Curr. Opin. Genet.

Dev. 4:77–81
32. Takai Y, Sasaki T, Tanaka K, Nakanishi

H. 1995. Trends Biochem. Sci. 20:
227–31

33. Cerione RA, Zheng Y. 1996. Curr. Opin.
Cell. Biol. 8:216–22

34. Hart MJ, Eva A, Evans T, Aaronson SA,
Cerione RA. 1991. Nature 354:311–14

35. Zheng Y, Olson MF, Hall A, Cerione RA,
Toksoz D. 1995. J. Biol. Chem. 270:
9031–34

36. Glaven JA, Whitehead IP, Nomanbhoy T,
Kay R, Cerione RA. 1996. J. Biol. Chem.
271:27374–81

37. Habets GG, Scholtes EH, Zuydgeest D,
van der Kammen RA, Stam JC, et al.
1994. Cell 77:537–49

38. Hart M, Sharma S, el Masry N, Qiu RG,
McCabe P, et al. 1996. J. Biol. Chem. 271:
25452–58

39. Crespo P, Schuebel KE, Ostrom AA,
Gutkind JS, Bustelo XR. 1997. Nature
385:169–72

40. Olson MF, Pasteris NG, Gorski JL, Hall
A. 1996. Curr. Biol. 6:1628–33

41. Debant A, Serra-Pages C, Seipel K,
O’Brien S, Tang M, et al. 1996. Proc.
Natl. Acad. Sci. USA 93:5466–71

42. Horii Y, Beeler JF, Sakaguchi K,
Tachibana M, Miki T. 1994. EMBO J.
1354:4776-86

43. Chuang TH, Xu X, Kaartinen V, Heis-
terkamp N, Groffen J, et al. 1995. Proc.
Natl. Acad. Sci. USA 92:10282–86

44. Manser E, Loo TH, Koh CG, Zhao ZS,
Chen XQ, et al. 1998. Mol. Cell 1:183–92

45. Kaibuchi K, Mizuno T, Fujioka H,
Yamamoto T, Kishi K, et al. 1991. Mol.
Cell. Biol. 11:2873–80

46. Han J, Das B, Wei W, Van Aelst L,
Mosteller RD, et al. 1997. Mol. Cell. Biol.
17:1346–53

47. Yamamoto T, Kaibuchi K, Mizuno T,
Hiroyoshi M, Shirataki H, et al. 1990. J.
Biol. Chem. 265:16626–34

48. Mizuno T, Kaibuchi K, Yamamoto T,
Kawamura M, Sakoda T, et al. 1991. Proc.
Natl. Acad. Sci. USA 88:6442–46

49. Buhl A, Johnson NL, Dhanasekaran N,
Johnson GL. 1995. J. Biol. Chem.
24631–34

50. Offermanns S, Mancino V, Revel JP,
Simon MI. 1997. Science 275:533–36

51. Kozasa T, Jiang X, Hart MJ, Sternweis
PM, Singer WD, et al. 1998. Science 280:
2109–11

52. Hart MJ, Jiang X, Kozasa T, Roscoe W,
Singer WD, et al. 1998. Science 280:
2112–14

CYTOSKELETON AND RHO FAMILY GTPASES 481

8505_AR_16  11/23/99  11:14 AM  Page 481



53. Gulbins E, Coggeshall KM, Langlet C,
Baier G, Bonnefoy-Berard N, et al. 1994.
Mol. Cell. Biol. 14:906–13

54. Kotani K, Yonezawa K, Hara K, Ueda H,
Kitamura Y, et al. 1994. EMBO J. 13:
2313–21

55. Kotani K, Hara K, Kotani K, Yonezawa K,
Kasuga M. 1995. Biochem. Biophys Res
Commun 208:985–90

56. Hawkins PT, Eguinoa A, Qiu RG, Stokoe
D, Cooke FT, et al. 1995. Curr. Biol. 5:
393–403

57. Reif K, Nobes CD, Thomas G, Hall A,
Cantrell DA. 1996. Curr. Biol. 6:1445–55

58. Rodriguez-Viciana P, Warne PH, Khwaja
A, Marte BM, Pappin D, et al. 1997. Cell
89:457–67

59. Han J, Luby-Phelps K, Das B, Shu X, Xia
Y, et al. 1998. Science 279:558–60

60. Ueda T, Kikuchi A, Ohga N, Yamamoto J,
Takai Y. 1990. J. Biol. Chem. 265:
9373–80

61. Fukumoto Y, Kaibuchi K, Hori Y, Fujioka
H, Araki S, et al. 1990. Oncogene 5:
1321–28

62. Lelias JM, Adra CN, Wulf GM, Guillemot
JC, Khagad M, et al. 1993. Proc. Natl.
Acad. Sci. USA 90:1479–83

63. Zalcman G, Closson V, Camonis J, Hon-
ore N, Rousseau-Merck MF, et al. 1996.
J. Biol. Chem. 271:30366–74

64. Leonard D, Hart MJ, Platko JV, Eva A,
Henzel W, et al. 1992. J. Biol. Chem. 267:
22860–68

65. Isomura M, Kikuchi A, Ohga N, Takai Y.
1991. Oncogene 6:119–24

66. Kikuchi A, Kuroda S, Sasaki T, Kotani K,
Hirata K, et al. 1992. J. Biol. Chem. 267:
14611–15

67. Kuroda S, Kikuchi A, Hirata K, Masuda
T, Kishi K, et al. 1992. Biochem. Biophys.
Res. Commun. 185:473–80

68. Takahashi K, Sasaki T, Mammoto A,
Takaishi K, Kameyama T, et al. 1997. J.
Biol. Chem. 272:23371–75

69. Hirao M, Sato N, Kondo T, Yonemura S,
Monden M, et al. 1996. J. Cell Biol 135:
37–51

70. Hall A. 1990. Science 249:635–40
71. Garrett M, Self AJ, van Oers C, Hall A.

1989. J. Biol. Chem. 264:10–13
72. Lancaster CA, Taylor-Harris PM, Self AJ,

Brill S, van Erp HE, et al. 1994. J. Biol.
Chem. 269:1137–42

73. Diekmann D, Brill S, Garrett MD, Totty
N, Hsuan J, et al. 1991. Nature 351:400–2

74. Tan EC, Leung T, Manser E, Lim L. 1993.
J. Biol. Chem. 268:27291–98

75. Leung T, How BE, Manser E, Lim L.
1993. J. Biol. Chem. 268:3813–16

76. Settleman J, Albright CF, Foster LC,
Weinberg RA. 1992. Nature 359:153–54

77. Cicchetti P, Ridley AJ, Zheng Y, Cerione
RA, Baltimore D. 1995. EMBO J. 14:
3127–35

78. Homma Y, Emori Y. 1995. EMBO J. 14:
286–91

79. Reinhard J, Scheel AA, Diekmann D, Hall
A, Ruppert C, et al. 1995. EMBO J. 14:
697–704

80. Cantor SB, Urano T, Feig LA. 1995. Mol.
Cell. Biol. 15:4578–84

81. Katayama M, Kawata M, Yoshida Y, Hori-
uchi H, Yamamoto T, et al. 1991. J. Biol.
Chem. 266:12639–45

82. Matsui T, Amano M, Yamamoto T, Chi-
hara K, Nakafuku M, et al. 1996. EMBO
J. 15:2208–16

83. Leung T, Manser E, Tan L, Lim L. 1995.
J. Biol. Chem. 270:29051–54

84. Nakagawa O, Fujisawa K, Ishizaki T,
Saito Y, Nakao K, et al. 1996. FEBS Lett.
392:189–93

85. Leung T, Chen XQ, Manser E, Lim L.
1996. Mol. Cell. Biol. 16:5313–27

86. Ishizaki T, Maekawa M, Fujisawa K,
Okawa K, Iwamatsu A, et al. 1996. EMBO
J. 15:1885–93

87. Amano M, Ito M, Kimura K, Fukata Y,
Chihara K, et al. 1996. J. Biol. Chem. 271:
20246–49

88. Kimura K, Ito M, Amano M, Chihara K,
Fukata Y, et al. 1996. Science 273:245–48

89. Kureishi Y, Kobayashi S, Amano M,
Kimura K, Kanaide H, et al. 1997. J. Biol.
Chem. 272:12257–60

482 KAIBUCHI, KURODA & AMANO

8505_AR_16  11/23/99  11:14 AM  Page 482



90. Amano M, Chihara K, Kimura K, Fukata
Y, Nakamura N, et al. 1997. Science 275:
1308–11

91. Ishizaki T, Naito M, Fujisawa K,
Maekawa M, Watanabe N, et al. 1997.
FEBS Lett. 404:118–24

92. Amano M, Chihara K, Nakamura N,
Fukata Y, Yano T, et al. 1998. Genes
Cells 3:177–88

93. Katoh H, Aoki J, Ichikawa A, Negishi M.
1998. J. Biol. Chem. 273:2489–92

94. Hirose M, Ishizaki T, Watanabe N,
Uehata M, Kranenburg O, et al. 1998. J.
Cell. Biol. 141:1625–36

95. Yasui Y, Amano M, Inagaki N, Nagata K,
Nakamura H, et al. 1998. J. Cell. Biol.
143:1249–58

96. Shimizu H, Ito M, Miyahara M,
Ichikawa K, Okubo S, et al. 1994. J. Biol.
Chem. 269:30407–11

97. Mukai H, Ono Y. 1994. Biochem. Bio-
phys. Res. Commun. 199:897–904

98. Amano M, Mukai H, Ono Y, Chihara K,
Matsui T, et al. 1996. Science 271:
648–50

99. Watanabe G, Saito Y, Madaule P, Ishizaki
T, Fujisawa K, et al. 1996. Science 271:
645–48

100. Quilliam LA, Lambert QT, Mickelson-
Young LA, Westwick JK, Sparks AB,
et al. 1996. J. Biol. Chem. 271:28772–76

101. Vincent S, Settleman J. 1997. Mol. Cell.
Biol. 17:2247–56

102. Reid T, Furuyashiki T, Ishizaki T, Watan-
abe G, Watanabe N, et al. 1996. J. Biol.
Chem. 271:13556–60

103. Madaule P, Furuyashiki T, Reid T,
Ishizaki T, Watanabe G, et al. 1995.
FEBS Lett. 377:243–48

104. Madaule P, Eda M, Watanabe N, Fuji-
sawa K, Matsuoka T, et al. 1998. Nature
394:491–94

105. Watanabe N, Madaule P, Reid T, Ishizaki
T, Watanabe G, et al. 1997. EMBO J. 16:
3044–56

106. Kohno H, Tanaka K, Mino A, Umikawa
M, Imamura H, et al. 1996. EMBO J. 15:
6060–68

107. Cachero TG, Morielli AD, Peralta EG.
1998. Cell 93:1077–85

108. Aktories K, Mohr C, Koch G. 1992.
Curr. Top. Microbiol. Immunol. 175:
115–31

109. Singer WD, Brown HA, Sternweis PC.
1997. Annu. Rev. Biochem. 66:475–509

110. English D, Cui Y, Siddiqui RA. 1996.
Chem. Phys. Lipids 80:117–32

111. Bowman EP, Uhlinger DJ, Lambeth JD.
1993. J. Biol. Chem. 268:21509–12

112. Malcolm KC, Ross AH, Qiu RG,
Symons M, Exton JH. 1994. J. Biol.
Chem. 269:25951–54

113. Singer WD, Brown HA, Bokoch GM,
Sternweis PC. 1995. J. Biol. Chem. 270:
14944–50

114. Kuribara H, Tago K, Yokozeki T, Sasaki
T, Takai Y, et al. 1995. J. Biol. Chem.
270:25667–71

115. Chong LD, Traynor-Kaplan A, Bokoch
GM, Schwartz MA. 1994. Cell 79:
507–13

116. Ren XD, Bokoch GM, Traynor-Kaplan
A, Jenkins GH, Anderson RA, et al.
1996. Mol. Biol. Cell. 7:435–42

117. Janmey PA. 1994. Annu. Rev. Physiol.
56: 169–91

118. Manser E, Leung T, Salihuddin H, Zhao
ZS, Lim L. 1994. Nature 367:40–46

119. Manser E, Chong C, Zhao ZS, Leung T,
Michael G, et al. 1995. J. Biol. Chem.
270:25070–78

120. Bagrodia S, Taylor SJ, Creasy CL, Cher-
noff J, Cerione RA. 1995. J. Biol. Chem.
270:22731–37

121. Knaus UG, Morris S, Dong HJ, Chernoff
J, Bokoch GM. 1995. Science 269:
221–23

122. Martin GA, Bollag G, McCormick F,
Abo A. 1995. EMBO J. 14:1970–78

123. Burbelo PD, Drechsel D, Hall A. 1995.
J. Biol. Chem. 270:29071–74

124. Manser E, Huang H-Y, Loo T-H, Chen
X-Q, Dong J-M, et al. 1997. Mol. Cell.
Biol. 17:1129–43

CYTOSKELETON AND RHO FAMILY GTPASES 483

8505_AR_16  11/23/99  11:14 AM  Page 483



125. Sells MA, Knaus UG, Bagrodia S,
Ambrose DM, Bokoch GM, et al. 1997.
Curr. Biol. 7:202–10

126. Bagrodia S, Derijard B, Davis RJ, Ceri-
one RA. 1995. J. Biol. Chem. 270:
27995–98

127. Zhang S, Han J, Sells MA, Chernoff J,
Knaus UG, et al. 1995. J. Biol. Chem.
270: 23934–36

128. Obermeier A, Ahmed S, Manser E, Yen
SC, Hall C, Lim L. 1998. EMBO J. 17:
4328–39

129. Symons M, Derry JM, Karlak B, Jiang S,
Lemahieu V, et al. 1996. Cell 84:723–34

130. Miki H, Miura K, Takenawa T. 1996.
EMBO J. 15:5326–35

131. Miki H, Sasaki T, Takai Y, Takenawa T.
1998. Nature 391:93–96

132. Nomura N, Nagase T, Miyajima N,
Sazuka T, Tanaka A, et al. 1994. DNA
Res. 1:223–29

133. Weissbach L, Settleman J, Kalady MF,
Snijders AJ, Murthy AE, et al. 1994. J.
Biol. Chem. 269:20517–21

134. Hart MJ, Callow MG, Souza B, Polakis
P. 1996. EMBO J. 15:2997–3005

135. Kuroda S, Fukata M, Kobayashi K,
Nakafuku M, Nomura N, et al. 1996. J.
Biol. Chem. 271:23363–67

136. Brill S, Li S, Lyman CW, Church DM,
Wasmuth JJ, et al. 1996. Mol. Cell. Biol.
16:4869–78

137. McCallum SJ, Wu WJ, Cerione RA.
1996. J. Biol. Chem. 271:21732–37

138. Fukata M, Kuroda S, Fujii K, Nakamura
T, Shoji I, et al. 1997. J. Biol. Chem. 272:
29579–83

139. Erickson JW, Cerione RA, Hart MJ.
1997. J. Biol. Chem. 272:24443–47

140. Bashour AM, Fullerton AT, Hart MJ,
Bloom GS. 1997. J. Cell. Biol. 137:
1555–66

141. Kuroda S, Fukata M, Nakagawa M, Fujii
K, Nakamura T, et al. 1998. Science 281:
832–35

142. Leung T, Chen XQ, Tan I, Manser E, Lim
L. 1998. Mol. Cell. Biol. 18:130–40

143. Luo L, Lee T, Tsai L, Tang G, Jan LY, et
al. 1997. Proc. Natl. Acad. Sci. USA 94:
12963–68

144. Van Aelst L, Joneson T, Bar-Sagi D.
1996. EMBO J. 15:3778–86

145. Kobayashi K, Kuroda S, Fukata M,
Nakamura T, Nagase T, et al. 1998. J.
Biol. Chem. 273:291–95

146. Tapon N, Nagata K, Lamarche N, Hall A.
1998. EMBO J. 17:1395–404

147. Aktories K. 1997. Trends Microbiol. 5:
282–88

148. Sekine A, Fujiwara M, Narumiya S.
1989. J. Biol. Chem. 264:8602–5

149. Aktories K, Braun U, Rosener S, Just I,
Hall A. 1989. Biochem. Biophys. Res.
Commun. 158:209–13

150. Just I, Selzer J, Wilm M, von Eichel-
Streiber C, Mann M, et al. 1995. Nature
375:500–3

151. Just I, Richter HP, Prepens U, von
Eichel-Streiber C, Aktories K. 1994. J.
Cell. Sci. 107:1653–59

152. Schmidt G, Sehr P, Wilm M, Selzer J,
Mann M, et al. 1997. Nature 387:725–29

153. Kamm KE, Stull JT. 1985. Annu. Rev.
Pharmacol. Toxicol. 25:593–603

154. Sellers JR, Adelstein RS. 1987. In The
Enzymes, P Boyer, EG Erevs, pp.
381–418. San Diego, CA: Academic

155. Hartshorne DJ. 1987. In Physiology of
the Gastrointestinal Tract, ed. DR John-
son, pp. 423–82. New York: Raven

156. Bradley AB, Morgan KG. 1987. J. Phys-
iol. 385:437–48

157. Kitazawa T, Masuo M, Somlyo AP. 1991.
Proc. Natl. Acad. Sci. USA 88:9307–10

158. Moreland S, Nishimura J, van Breeman
C, Ahn HY, Moreland RS. 1992. Am. J.
Physiol. 263:C540–44

159. Somlyo A. 1997. Nature 389:908–11
160. Noda M, Yasuda-Fukazawa C, Moriishi

K, Kato T, Okuda T, et al. 1995. FEBS
Lett. 367:246–50

161. Uehata M, Ishizaki T, Satoh H, Ono T,
Kawahara T, et al. 1997. Nature 389:
990–94

484 KAIBUCHI, KURODA & AMANO

8505_AR_16  11/23/99  11:14 AM  Page 484



162. Giuliano KA, Taylor DL. 1995. Curr.
Opin. Cell. Biol. 7:4–12

163. Nakai K, Suzuki Y, Kihira H, Wada H,
Fujioka M, et al. 1997. Blood 90:
3936–42

164. Essler M, Amano M, Kruse HJ, Kaibuchi
K, Weber PC, Aepfelbacher M. 1998. J.
Biol. Chem. 272:21867–74

165. Chihara K, Amano M, Nakamura N,
Yano T, Shibata M, et al. 1997. J. Biol.
Chem. 272:25121–27

166. Kamisoyama H, Araki Y, Ikebe M. 1994.
Biochemistry 33:840–47

167. Sweeney HL, Yang Z, Zhi G, Stull JT,
Trybus KM. 1994. Proc. Natl. Acad. Sci.
USA 91:1490–94

168. Bresnick AR, Wolff-Long VL, Baumann
O, Pollard TD. 1995. Biochemistry 34:
12576–83

169. Chrzanowska-Wodnicka M, Burridge K.
1996. J. Cell. Biol. 133:1391–402

170. Ridley AJ. 1994. BioEssays 16:321–27
171. Theriot J. 1997. J. Cell. Biol. 136:

1165–68
172. Fukata Y, Oshiro N, Kinoshita N,

Kawano Y, Matsuoka Y, et al. 1999. J.
Cell. Biol. 145:347–61

173. Agnew B, Minamide LS, Bamburg JR.
1995. J. Biol. Chem. 270:17582–87

174. Moriyama K, Iida K, Yahara I. 1996.
Genes Cells 1:73–86

175. Arber S, Barbayannis FA, Hanser H,
Schneider C, Stanyon CA, et al. 1998.
Nature 393:805–9

176. Yang N, Higuchi O, Ohashi K, Nagata K,
Wada A, et al. 1998. Nature 393:809–12

177. Hartwig JH, Bokoch GM, Carpenter CL,
Janmey PA, Taylor LA, et al. 1995. Cell
82:643–53

178. Rosenblatt J, Mitchison TJ. 1998. Nature
393:739–40

179. Cooper JA. 1991. Annu. Rev. Physiol. 53:
585–605

180. Matsumura F, Ono S, Yamakita Y, Tot-
sukawa G, Yamashiro S. 1998. J. Cell.
Biol. 140:119–29

181. Wilson AK, Gorgas G, Claypool WD, de
Lanerolle P. 1991. J. Cell. Biol. 114:
277–83

182. Takaishi K, Kikuchi A, Kuroda S, Kotani
K, Sasaki T, et al. 1993. Mol. Cell. Biol.
13:72–79

183. Matsui T, Maeda M, Doi Y, Yonemura S,
Amano M, et al. 1998. J. Cell. Biol. 140:
647–57

184. Kimura K, Fukata Y, Matsuoka Y, Ben-
nett V, Matsuura Y, et al. 1998. J. Biol.
Chem. 273:5542–48

185. Fukata Y, Kimura K, Oshiro N, Saya H,
Matsuura Y, et al. 1998. J. Cell. Biol.
141:409–18

186. Gardner K, Bennett V. 1986. J. Biol.
Chem. 261:1339–48

187. Gardner K, Bennett V. 1987. Nature 328:
359–62

188. Kaiser HW, O’Keefe E, Bennett V. 1989.
J. Cell. Biol. 109:557–69

189. Tanaka E, Sabry J. 1995. Cell 83:171–76
190. Tessier-Lavigne M, Goodman CS. 1996.

Science 274:1123–33
191. Jalink K, Moolenaar WH. 1992. J. Cell.

Biol. 118:411–19
192. Kozma R, Sarner S, Ahmed S, Lim L.

1997. Mol. Cell. Biol. 17:1201–11
193. Tsukita S, Tsukita S, Nagafuchi A, Yone-

mura S. 1992. Curr. Opin. Cell. Biol. 4:
834–39

194. Nusrat A, Giry M, Turner JR, Colgan SP,
Parkos CA, et al. 1995. Proc. Natl. Acad.
Sci. USA 92:10629–33

195. Jou T-S, Scneeberger EE, Nelson WJ.
1998. J. Cell. Biol. 142:101–15

196. Bretscher A. 1983. J. Cell Biol. 97:
425–32

197. Pakkanen R, Hedman K, Turunen O,
Wahlstrom T, Vaheri A. 1987. J. His-
tochem. Cytochem. 35:809–16

198. Tsukita S, Hieda Y, Tsukita S. 1989. J.
Cell. Biol. 108:2369–82

199. Algrain M, Turunen O, Vaheri A, Lou-
vard D, Arpin M. 1993. J. Cell. Biol. 120:
129–39

CYTOSKELETON AND RHO FAMILY GTPASES 485

8505_AR_16  11/23/99  11:14 AM  Page 485



200. Arpin M, Algrain M, Louvard D. 1994.
Curr. Opin. Cell. Biol. 6:136–41

201. Lankes W, Griesmacher A, Grunwald J,
Schwartz-Albiez R, Keller R. 1988.
Biochem. J. 251:831–42

202. Sato N, Yonemura S, Obinata T, Tsukita
S, Tsukita S. 1991. J. Cell. Biol. 113:
321–30

203. Sato N, Funayama N, Nagafuchi A,
Yonemura S, Tsukita S, et al. 1992. J.
Cell. Sci. 103:131–43

204. Berryman M, Franck Z, Bretscher A.
1993. J. Cell. Sci. 105:1025–43

205. Amieva MR, Wilgenbus KK, Furthmayr
H. 1994. Exp. Cell. Res. 210:140–44

206. Takeuchi K, Sato N, Kasahara H,
Funayama N, Nagafuchi A, et al. 1994.
J. Cell. Biol. 125:1371–84

207. Tsukita S, Oishi K, Sato N, Sagara J,
Kawai A, et al. 1994. J. Cell. Biol. 126:
391–401

208. Turunen O, Wahlstrom T, Vaheri A.
1994. J. Cell. Biol. 126:1445–53

209. Pestonjamasp K, Amieva MR, Strassel
CP, Nauseef WM, Furthmayr H, et al.
1995. Mol. Biol. Cell. 6:247–59

210. Gary R, Bretscher A. 1995. Mol. Biol.
Cell. 6:1061–75

211. Martin M, Andreoli C, Sahuquet A,
Montcourrier P, Algrain M, et al. 1995.
J. Cell. Biol. 128:1081–93

212. Tsukita S, Yonemura S, Tsukita S. 1997.
Trends Biochem. Sci. 22:53–58

213. Bretscher A, Reczek D, Berryman M.
1997. J. Cell. Sci. 110:3011–18

214. Mackay DJ, Esch F, Furthmayr H, Hall
A. 1997. J. Cell. Biol. 138:927–38

215. Nakamura F, Amieva MR, Furthmayr H.
1995. J. Biol. Chem. 270:31377–85

216. Nakamura F, Amieva MR, Hirota C,
Mizuno Y, Furthmayr H. 1996. Biochem.
Biophys. Res. Commun. 226:650–56

217. Shaw RJ, Henry M, Solomon F, Jacks T.
1998. Mol. Biol. Cell. 9:403–19

218. Oshiro N, Fukata Y, Kaibuchi K. 1998. J
Biol. Chem. 273:34663–66

219. Theriot J, Satterwhite LL. 1997. Nature
385:388–89

220. Drechsel DN, Hyman AA, Hall A,
Glotzer M. 1997. Curr. Biol. 7:12–23

221. Takaishi K, Sasaki T, Kameyama T,
Tsukita S, Tsukita S, et al. 1995. Onco-
gene 11:39–48

222. Kosako H, Goto H, Yanagida M, Mat-
suzawa K, Tomono Y, et al. 1999. Onco-
gene. In press

223. Kosako H, Amano M, Yanagida M, Tan-
abe K, Nishi Y, et al. 1997. J. Biol. Chem.
272:10333–36

224. Goto H, Kosako H, Tanabe K, Yanagida
M, Sakurai M, et al. 1998. J. Biol. Chem.
273:11728–36

225. Hunter T. 1997. Cell 88:333–46
226. Khosravi-Far R, Chrzanowska-Wod-

nicka M, Solski PA, Eva A, Burridge K,
et al. 1994. Mol. Cell. Biol. 14:6848–57

227. Qiu RG, Chen J, Kirn D, McCormick F,
Symons M. 1995. Nature 374:457–59

228. Qiu RG, Chen J, McCormick F, Symons
M. 1995. Proc. Natl. Acad. Sci. USA 92:
11781–85

229. Qiu RG, Abo A, McCormick F, Symons
M. 1997. Mol. Cell. Biol. 17:3449–58

230. Prendergast GC, Khosravi-Far R, Solski
PA, Kurzawa H, Lebowitz PF, et al.
1995. Oncogene 10:2289–96

231. Khosravi-Far R, Solski PA, Clark GJ,
Kinch MS, Der CJ. 1995. Mol. Cell. Biol.
15:6443–53

232. Khosravi-Far R, White MA, Westwick
JK, Solski PA, Chrzanowska-Wodnicka
M, et al. 1996. Mol. Cell. Biol. 16:
3923–33

233. Zhong C, Kinch MS, Burridge K. 1997.
Mol. Biol. Cell. 8:2329–44

234. Izawa I, Amano M, Chihara K,
Yamamoto T, Kaibuchi K. 1998. Onco-
gene 17:2863–71

235. Kinch MS, Burridge K. 1995. Biochem.
Soc. Trans. 23:446–50

236. Tanaka K, Takai Y. 1998. Curr. Opin.
Cell. Biol. 10:112–16

486 KAIBUCHI, KURODA & AMANO

8505_AR_16  11/23/99  11:14 AM  Page 486


