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Rho GTPases are well known to regulate actin dynamics.
They activate two types of actin nucleators, WASP/
WAVE proteins and Diaphanous-related formins (DRFs),
which induce different types of actin organization. Their
ability to interact with membranes allows them to target
actin polymerization to discrete sites on the plasma
membrane and to intracellular membrane compart-
ments and thereby induce membrane protrusions or
regulate vesicle movement. Most studies have concen-
trated on just three of the 22 mammalian Rho proteins,
RhoA, Rac1 and Cdc42. However, recent research indi-
cates that several other members of the Rho family,
including Rif, RhoD, TC10 and Wrch1, and also related
Rho-of-plants proteins (ROPs) in plants, stimulate actin
polymerization and affect plasma membrane protrusion
and/or vesicular traffic.

Introduction
Rho GTPases are found in all eukaryotic organisms and
regulate cell polarity and motility through their effects on
the cytoskeleton, membrane trafficking and cell adhesion
[1,2]. In mammals there are 22 Rho GTPases (Table 1),
many of which affect cell morphology [1,3,4]. In yeasts and
plants, several Rho GTPases contribute directly to polar-
ized cell growth by affecting the actin cytoskeleton [5–7].

Most Rho GTPases act on membranes and affect the
movement of these membranes by changing the mem-
brane-associated actin cytoskeleton. The best-studiedmem-
bers of the family are RhoA, Rac1 and Cdc42, and in
mammalian cells Rac1 and Cdc42 have long been known
to induce plasma membrane protrusions known as lamelli-
podia and filopodia by stimulating actin polymerization.
Other Rho GTPases, including RhoG, RhoD, TC10 and
Rif (also called RhoF), can also induce actin-based protru-
sions at the plasma membrane [3,8,9]. On the other hand,
several Rho GTPases, including RhoA, RhoB, RhoD
and Cdc42, affect specific steps of vesicle trafficking
between different intracellular compartments, for example
exocytosis orGolgi-to-endoplasmic reticulum(ER) transport
and, as with plasma membrane protrusion, their ability
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to induce actin polymerization is important for these
activities [10,11].

Here, I discuss the regulation and localization of Rho
GTPases, how they induce different types of actin filament
organization and how this in turn affects both plasma
membrane protrusion and vesicle trafficking.
Regulation and localization of Rho GTPases
Most Rho family proteins can bind to GTP and GDP and
have intrinsic GTPase activity. In their GTP-bound con-
formation they interact with and activate downstream
target proteins. Their activity is regulated by guanine
nucleotide exchange factors (GEFs), which stimulate
release of GDP, allowing GTP to bind. They are down-
regulated by GTPase-activated proteins (GAPs), which
catalyse GTP hydrolysis, converting the proteins to the
GDP-bound inactive conformation. Exceptions are Rnd1,
Rnd2, Rnd3 (also called RhoE) and RhoH (also called TTF),
which exhibit no or low GTPase activity because they lack
the key amino acids required to catalyse this reaction [12].
They are therefore not regulated by classical GEFs or
GAPs and might instead be regulated by expression levels
and/or phosphorylation [12–14].

To affect membrane dynamics, Rho GTPases need to act
on membranes, and indeed they are usually activated on
membranes by GEFs [15]. Post-translational modifications
are critical for their interaction with membranes. Most
Rho family proteins are post-translationally modified by
prenylation (farnesylation or geranylgeranylation) and in
some cases palmitoylation at the C-terminus, enhancing
their interaction with membranes and often defining their
localization to specific membrane compartments [4]
(Table 1, Box 1). For example, the different modifications
on RhoB and RhoA are crucial for their distinct localiza-
tions (Table 1) [16]. Several family members also have a
polybasic domain close to the C-terminus, which contri-
butes to their membrane association [4,17].

Rho guanine nucleotide dissociation inhibitors (Rho-
GDIs) bind to some but not all Rho GTPases and prevent
their interaction with membranes by masking the prenyl
group as well as inhibiting them from binding to down-
stream targets [18,19]. Mammals have three RhoGDIs,
d. doi:10.1016/j.tcb.2006.08.006
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Table 1. Localization and modification of mammalian Rho GTP-binding proteinsa

Rho GTPase Official symbol (human)b Localization Post-translational modifications

RhoA RHOA PM and cytosol [16] GG and PH [23,105]

RhoB RHOB PM and endosomes [16] GG, F and P [105]

RhoC RHOC PM and cytosol [16] GG [105]

RhoD RHOD PM and endosomes [97] GGc

Rif RHOF PM [8] GGc

Rnd1 RND1 PM [98] Fc

Rnd2 RND2 endosomes and cytosol? [99] Fc

Rnd3/RhoE RND3 PM, Golgi and cytosol [13] F and PH [14,106]

RhoH/TTF RHOH ? GGc

Rac1 RAC1 PM [18] GG [107]

Rac2 RAC2 PM and cytosol (Knaus, 1991) GG [107]

Rac3 RAC3 PM and endomembranes [100] GG [100]

RhoG RHOG PM and endosomes [101] GGc

Cdc42 CDC42 PM and Golgi [63] GGc

TC10 RhoQ PM and perinuclear [9] F and Pc

TCL RHOJ PM and endosomes [76] F and Pc

Wrch1 RHOV PM and endomembranes [102] P [102]

Chp/Wrch2 RHOU PM and endomembranes [103] P [103]

RhoBTB1 RHOBTB1 Vesiculard [3] None known

RhoBTB2 RHOBTB2 Vesiculard [3] None known

Miro1 RHOT1 Mitochondria [104] None known

Miro2 RHOT2 Mitochondria [104] None known
aAbbreviations: PM, plasma membrane; GG, geranylgeranylation; F, farnesylation; P, palmitoylation; PH, phosphorylation.
bOfficial symbol provided by HUGO gene nomenclature committee.
cPredicted.
dLocalization not defined.
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RhoGDIa, b and g [20]. RhoGDIs could also target Rho
GTPases to specific membrane compartments and/or pro-
tein complexes. For example, RhoGDIa is important for
localization of Cdc42 to the plasma membrane [21]. Rho-
GDIg (also known as RhoGDI-3) is localized to the Golgi
and appears to target RhoG to this site [22], although what
RhoG does at the Golgi is not known. RhoGDIa is itself
phosphorylated by multiple kinases, either enhancing or
Box 1. Schematic of Rho GTPases

The core structure of Rho GTPases is shown in Figure I. Note that

some Rho GTPases have an N-terminal extension beyond the core

structure, and/or the length of the C-terminal hypervariable region is

longer. RhoBTB and Miro proteins have additional domains. The

effector domain changes conformation between GTP- and GDP-

bound Rho proteins and is usually required for binding to down-

stream targets. The hypervariable region is very different between

the three Rho or Rac isoforms and can include a polybasic region

and/or sites for palmitoylation. The CAAX box contains a cysteine

residue that becomes prenylated (farnesyl or geranylgeranyl group),

and subsequently the remaining three amino acids (two aliphatic

amino acids and a variable C-terminal amino acid) are removed and

replaced with a methyl group.

Figure I. The primary structure of Rho GTPases.
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inhibiting its interaction with Rho GTPases depending on
the phosphorylation site [20]

The activity and localization of some Rho family
proteins is regulated by phosphorylation. For example,
RhoA is phosphorylated near the C-terminus by protein
kinase A, and this prevents its association with the plasma
membrane, enhances its affinity for RhoGDI, and protects
it from degradation [23–25]. Rnd3/RhoE is phosphorylated
by ROCK-I, which shifts its localization from membranes
to the cytosol [14].

Rho GTPases and actin polymerization
Rho GTPases activate two different kinds of molecules
that directly stimulate actin polymerization, WASP/
WAVE proteins and Diaphanous-related formins (DRFs;
Box 2). Although RhoA, Rac1 and Cdc42 have been most
studied for their effects on these proteins, other Rho
GTPases interact with DRFs (Table 2). WASP/WAVE
proteins induce actin polymerization via the Arp2/3 com-
plex, which stimulates the formation of a new actin
filament branching off an existing filament (Box 2) [26].
Cdc42 binds directly to WASP and N-WASP and stimu-
lates their activation of the Arp2/3 complex [27].
The ability of WASP proteins to stimulate actin polymer-
ization is also regulated by phosphorylation and by pro-
tein–protein interactions, for example they bind via their
proline-rich region to the Src homology 3 (SH3) domain of
cortactin, a well known regulator of both actin dynamics
and endocytosis [27,28]. Rac indirectly activates WAVE
proteins through the multi-protein WAVE complex
(Box 2; Table 2) [29].

The DRFs Dia1, Dia2 andDia3 stimulate the nucleation
and extension of non-branching actin filaments. They bind
as dimers at the barbed (or plus) end of actin filaments,
preventing the binding of capping proteins, which nor-
mally terminate actin polymerization [30]. Each DRF is



Box 2. Actin nucleators activated by Rho GTPases

An actin nucleator can initiate the assembly of a new actin filament

from actin monomers.

The Arp2/3 complex

This is a stable complex of seven proteins, including two actin-

related proteins (Arp2 and Arp3). It binds to the sides of existing

actin filaments and induces polymerization of actin to form a

branching filament network. The Arp2/3 complex has a very low

actin nucleating activity in the absence of an activator.

WASP/WAVE family
The Wiskott–Aldrich syndrome (WASP) proteins and WASP family

Verprolin-homologous (WAVE) proteins activate the Arp2/3 com-

plex. They have a C-terminal verprolin–cofilin–acidic (VCA) domain

that binds directly to the Arp2/3 complex. The N-terminal region

includes several protein–protein interaction domains.

WASP and N-WASP

These have ‘CRIB’ domains that bind directly and quite specifically

to Cdc42. Cdc42 binding unfolds the proteins so that the VCA

domain is accessible to Arp2/3 complex. WASP is expressed only in

haematopoietic cells, whereas N-WASP is ubiquitously expressed.

WASP proteins bind to a variety of proteins that regulate their ability

to stimulate actin polymerization and/or link them to endocytic or

exocytic pathways.

WAVE1–3 (also known as SCAR1–3)

These proteins are part of a multi-protein WAVE complex that

includes Abi1, Sra1/PIR121, Nap/Kette and HSPC300. Rac binds to

Sra1 and this leads to activation of the Arp2/3 complex-dependent

nucleating activity of WAVE1–3. WAVE proteins are also regulated

by IRSp53, which binds to Rac and Cdc42 and can associate with the

WAVE complex.

Diaphanous-related formins Dia1–3 (also known as DIAPH1–3 or

DRF1–3)

These proteins have an actin-nucleating region known as the FH2

domain, which nucleates parallel, unbranched actin filaments. Rho

GTPases bind near the N-terminus, unfolding the proteins and

stimulating their nucleating activity.

Figure 1. Regulation of cofilin by Rho and Rac. Rho and Rac are activated by

exchange of GDP for GTP, catalysed by guanine nucleotide exchange factors

(GEFs). They are inactivated by GTP hydrolysis, catalysed by GTPase-activating

proteins (GAPs). In their active, GTP-bound conformation, Rho isoforms (RhoA,

RhoB and RhoC) bind to and activate ROCK serine/threonine kinases (ROCK-1 and

ROCK-2), whereas Rac isoforms (Rac1, Rac2 and Rac3) bind to and activate PAK

serine/threonine kinases (PAK1, PAK2 and PAK3). Other Rho GTPases also activate

PAKs (Table 2). ROCKs and PAKs can then phosphorylate and activate LIMKs

(LIMK1 and LIMK2), which in turn phosphorylate and inactivate cofilin. Cofilin is

dephosphorylated by the phosphatase Slingshot. Unphosphorylated cofilin

stimulates severing and depolymerization of filamentous actin (F-actin) in

lamellipodia.
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activated by a distinct subset of Rho GTPases (Box 2,
Table 2) [31,32].

Rho proteins can also affect actin polymerization by
regulating cofilin, an actin filament-severing and actin-
depolymerizing factor. LIM kinases (LIMKs) directly phos-
phorylate cofilin and thereby inactivate it, leading to an
increase in polymerized actin [33,34]. The Rho target
ROCK and Rac/Cdc42-activated PAKs in turn phosphor-
ylate and activate LIMKs (Figure 1, Table 2). PAK1–3 are
somewhat promiscuous targets for Rho GTPases: most of
Table 2. Some Rho GTPase targets that regulate actin polymeriza

Rho GTPase target Function

WASP and N-WASP Activator of Arp2/3 complex

Sra1 Part of WAVE protein complex: regulates Arp2/3 c

IRSp53 Binds WAVE proteins; actin filament bundling

Dia1 Actin nucleator

Dia2 Actin nucleator

Dia3 Actin nucleator

PAK (1–3) Phosphorylation of multiple cytoskeletal proteins,

LIMK2c

ROCK (1 and 2) Phosphorylation of multiple cytoskeletal proteins,

LIMK2c and MYPTd

aThe affinity of TC10 for WASP is nearly 1000-fold weaker than that of Cdc42 [108].
bOnly the mammalian isoforms of Rac and Rho that have been shown to interact with
cPAKs and ROCKs act via LIMKs to phosphorylate cofilin, which severs actin filaments.
dMYPT is a component of myosin light chain phosphatase.
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the closest relatives of Rac1 and Cdc42 [4] have been
reported to activate at least one of these kinases
(Table 2), implying that they should all act via LIMKs to
inactivate cofilin.

Other downstream targets of Rho proteins also have the
potential to affect actin polymerization, albeit indirectly.
For example, Rho and Rac associate with PtdIns(4)P 5-
kinase isoforms, which catalyse the formation of
phosphatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P2).
PtdIns(4,5)P2 affects actin dynamics at the plasma mem-
brane by altering the activity of PtdIns(4,5)P2-regulated
actin-binding proteins, such as cofilin and gelsolin [35].
Given that there is a large amount of PtdIns(4,5)P2 in the
plasma membrane, localized production or hydrolysis of
PtdIns(4,5)P2 in specialized membrane microdomains is
tion

Rho GTPase

Cdc42 (TCL, TC10a)

omplex Rac1b

Rac1b, Cdc42

RhoA, RhoB and RhoCb

RhoA, Cdc42 and Rif

Cdc42 and RhoD

including LIMK1 and Rac1, Rac2, Rac3, Wrch1, Chp/Wrch2, Cdc42,

TC10 and TCL

including LIMK1 and RhoA, RhoB, RhoC and Rnd3/RhoE

the actin regulator are listed.



Figure 2. Rho family proteins, actin filaments and membrane dynamics. (a) At the plasma membrane Rho GTPases stimulate membrane protrusions through actin

polymerization. Rac activates the WAVE protein complex, leading to Arp2/3 complex-mediated actin polymerization to form a branching actin filament network in

lamellipodia, where the Arp2/3 complex induces a new filament to polymerize from the side of an existing filament. Cdc42 might also contribute to lamellipodial extension

through WASP proteins, which activate the Arp2/3 complex. Cdc42 and Rif activate the DRFs Dia1 and/or Dia2, which bind to the barbed (+) ends of filaments and induce

actin polymerization in parallel bundles at the plasma membrane, forming filopodia. + indicates barbed ends, � indicates pointed ends of filaments. (b) On

endomembranes, Cdc42 stimulates formation of a branching actin filament network through N-WASP and WASP during endocytosis and exocytosis of vesicles at the

plasma membrane, and traffic of vesicles from the Golgi to the endoplasmic reticulum (ER). This actin polymerization might assist the process in which a vesicle pinches off

the source membrane, and/or might help drive the vesicle towards the target membrane, acting in concert with myosin motors. RhoB and/or RhoD are hypothesized to

stimulate polymerization of an actin coat on endosomes via Dia1 and Dia3, thereby slowing endosomal dynamics.
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presumably needed to regulate the activity of these
proteins.

Rho GTPases and plasma membrane dynamics
Rho GTPases are believed to stimulate plasma membrane
protrusion by inducing actin filament nucleation and poly-
merization on or close to membranes. This process has
been studied extensively in vitro using beads or membrane
vesicles with portions of actin-nucleating proteins attached
[26].

Lamellipodia

Lamellipodia are broad sheet-like protrusions containing a
network of branching actin filaments and are found at the
front of migrating cells. Cdc42 and Rac are both active at
the leading edge of cells, and inhibition of each reduces
lamellipodium extension [36,37]. Their target WAVE and
N-WASP proteins are localized at the front of lamellipodia,
www.sciencedirect.com
but although the requirement ofWAVEs for lamellipodium
extension is clear, the involvement of N-WASP is contro-
versial [38–40]. Given its role in exocytosis (see below), it is
possible that N-WASP acts indirectly by stimulating deliv-
ery of proteins and membrane lipids required for mem-
brane extension to the leading edge, rather than directly
stimulating actin polymerization in lamellipodia
(Figure 2).

Cofilin seems to act very early in the initiation of
lamellipodium extension, severing existing filaments to
generate new actin filament ends for the Arp2/3 complex
to use. Rho GTPases probably act through LIMKs to turn
down this response and limit cofilin severing of filaments
[33,34,41] (Figure 1). On the other hand, cofilin is also
thought to remove actin monomers from the pointed
(minus) ends of actin filaments in lamellipodia, allowing
recycling of actin monomers to the leading edge [42].
Phosphorylation of cofilin would reduce this process, and
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thus LIMK activity should be restricted to a very limited
region of the lamellipodium.

RhoG also has an important role in lamellipodia, per-
haps through activation of Rac through a RacGEF, the
ELMO–DOCK180 complex [43,44]. RhoG does not interact
with PAKs or IRSp53, but whether it binds to Sra1 or
regulates WAVEs has not been tested (Table 2). RhoG, Rac
and Cd42 are also required for phagocytosis, in which the
plasma membrane extends around a microorganism or
apoptotic cell using a similar mechanism to lamellipodium
extension [44,45].

RhoA has always been assumed to act at the back of
migrating cells to induce tail detachment, but recently
active RhoA has been found to localize to membrane ruffles
and lamellipodia under some conditions, where Dia1 but
not ROCK appears to be its major target [46,47]. Exactly
what RhoA does in lamellipodia or membrane ruffles in
unclear, but it could contribute via Dia1 to actin polymer-
ization at integrin-based focal adhesions [48].

Filopodia

Filopodia are finger-like membrane protrusions that
contain parallel bundles of actin filaments. They are
believed to be important for sensing the extracellular envir-
onment, either for soluble signals or for other cells [49].
Cdc42 has always been thought to be the main mediator of
filopodium extension, so it was surprising that Cdc42-null
fibroblastoid cells can still form filopodia [50]. However, Rif/
RhoF, RhoD andWrch1 can all induce filopodium extension
[3,8,32] and might therefore substitute for Cdc42 in Cdc42-
null cells. Recent evidence indicates that DRFs are the
major mediators of actin polymerization in filopodia, both
in mammalian cells and Dictyostelium [51], and Cdc42 and
Rif induce filopodia through Dia2 [32,52]. Consistent with
this, cells lacking WASP proteins have no apparent defects
in filopodium extension [53]. It has been suggested that
filopodia can form from actin filaments in lamellipodia [54],
but lamellipodia are not essential for filopodium extension,
because they can still form in cells where WAVE proteins
have been knocked down by RNAi [55].

Microvilli

Microvilli are membrane protrusions that contain parallel
bundles of actin filaments and can be rapidly disassembled
in response to specific stimuli [56,57]. They are found on
the surface of many cell types, for examplemicrovilli on the
epithelial cells of the gut are important for nutrient absorp-
tion. Ezrin–radixin–moesin (ERM) proteins are involved in
microvillus formation, and Rho and Rac act antagonisti-
cally to regulate ERMphosphorylation and activity [57,58].
What nucleates actin filaments inmicrovilli is still unclear:
WASP was thought to play a role [59], but functional
microvilli still form in the absence of WASP in Drosophila
rhabdomeres [60] and lymphocytes [61].

Rho GTPases and vesicle trafficking
Several Rho GTPases localize to specific intracellular
membrane compartments in addition to or instead of the
plasma membrane (Table 1), and for some of these there is
good evidence that their principal site of action is likely to
be on these compartments.
www.sciencedirect.com
Cdc42 and Golgi-to-ER transport

Cdc42 but not RhoA or Rac1 localizes in part to the Golgi
[62,63], together with its targets N-WASP, IQGAP and the
Golgi vesicle coat protein, coatomer [10,64]. Cdc42 and
N-WASP together regulate Golgi-to-ER transport [65].
Recently, secramine was identified as a small molecule
inhibitor of Golgi-to-ER transport, and seems to act by
inhibiting Cdc42 association with membranes [66].
Although it is not yet known whether secramine affects
other Rho GTPases, it promises to be a useful reagent for
future studies. By binding to coatomer, Cdc42 inhibits
recruitment of the microtubule motor dynein to coato-
mer-associated Golgi vesicles, and hence microtubule-
based transport of these vesicles [67]. Given that IQGAP
binds directly to Cdc42 and actin filaments and is involved
in microtubule capture [68], it will be interesting to know
how it contributes to Golgi-to-ER transport.

Endocytosis and exocytosis

Cdc42 and N-WASP also regulate endocytosis and exocy-
tosis [11,69] (Figure 2). The Tuba and intersectin families
of Cdc42 GEFs, which also bind to N-WASP, could activate
Cdc42 during the endocytic process [70,71]. Interestingly,
one intersectin isoform, intersectin-1L, specifically couples
to Cdc42 during exocytosis [72]. Cdc42, N-WASP and actin
polymerization are thus central to multiple steps of vesicle
trafficking, and Cdc42 might define a distinct phase of
actin filament-dependent vesicle transport, possibly acting
together with myosin motors, that needs to be functionally
separated from microtubule-based transport.

The Cdc42 relatives TC10 and TCL seem to have very
different functions in regulating protein trafficking. TC10
was found to regulate insulin-induced transport of the
glucose transporter GLUT4 from intracellular compart-
ments to the plasma membrane [73] and has also been
implicated in targeting the cystic fibrosis transmembrane
conductance regulator (CFTR) to the plasma membrane
[74]. TC10 seems to act in lipid rafts and caveolae at
the plasma membrane and on the secretory pathway
and could regulate GLUT4 recruitment by affecting the
actin cytoskeleton surrounding caveolae and/or by binding
to the exocyst complex, which is involved in targeted
exocytosis [75]. TCL, on the other hand, localizes to the
plasma membrane and early endosomes and affects
delivery of clathrin-dependent endocytosed receptors to
early endosomes [76], although whether it acts through
an actin nucleator such as N-WASP or a DRF (Box 1,
Table 2) is not known.

Constitutively active RhoA and Rac1 mutants inhibit
clathrin-mediated endocytosis [77], and in the case of Rac
this could be via synaptojanin2, a polyphosphoinositide
phosphatase that induces uncoating of clathrin vesicles,
probably by removing its substrate PtdIns(4,5)P2 [78]. For
Rho, one possible mechanism is through ROCK-mediated
phosphorylation of endophilin, a partner of synaptojanin
also involved in vesicle uncoating [79].

Rho and Rac also affect clathrin-independent endocy-
tosis, and this could take place through molecules that
bridge them to ARF family GTPases, which are well known
to regulate membrane dynamics [80]. These bridges
include the GIT proteins, which are ARF GAPs and bind
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to PIX, a GEF for Rac and Cdc42; and Arfaptins, which
bind to Rac and ARFs [81]. RhoA and/or Cdc42 are con-
nected to ARFs via ARAPs, which have both a RhoGAP and
ArfGAP domain [82,83]. ARAP1 localizes to the Golgi,
where it could potentially affect Cdc42 activity [82].
Another link between ARFs, Rho GTPases and membrane
traffic is phospholipase D, which is required for regulated
exocytosis, membrane delivery and constitutivemembrane
trafficking [84]. Phospholipase D generates the membrane
lipid phosphatidic acid, which in turn activates PtdIns4P
5-kinase, leading to PtdIns(4,5)P2 generation and thus
potentially affecting actin dynamics (see earlier).

Endosomal dynamics

RhoB was the first member of the Rho family found to
localize to intracellular membrane vesicles. It localizes to
endosomes and delays the trafficking of membrane recep-
tors, such as the EGF receptor, to late endosomes [85]. Two
targets of Rho GTPases co-localize with RhoB: Dia1 and
the protein kinase PRK1. Dia1 is required downstream of
RhoB for recruitment of an actin coat to endosomes [86]
(Figure 1), which could inhibit subsequentmovement away
from the cell periphery to the late endosomal compart-
ment. Src is also found on RhoB-positive endosomes and
could regulate actin polymerization on endosomes [87], but
whether it does this via Dia1 is not known. PRK1 also acts
downstream of RhoB to regulate EGF receptor trafficking
[85], although its targets have not been identified.

Similar to RhoB, RhoD affects endosomal dynamics, and
also acts through a DRF, a Dia3 splice variant, and Src
[88]. Dia proteins bind to Src via its SH3 domain [89],
potentially bringing Src together with its substrates and
thereby affecting actin recruitment and endosomal
dynamics. RhoG has also been reported to localize to
caveolar endocytic vesicles [90], although its function there
is unknown.

RhoBTB1 and RhoBTB2 are little-characterized mem-
bers of the Rho family that both localize to vesicular
structures (Table 1) [3]. RhoBTB proteins are present in
Dictyostelium (called RacA), Drosophila and mammals,
and contain BTB domains C-terminal to the GTPase
domain [3]. BTB domains are protein–protein interaction
modules found in a variety of proteins, including some
transcription factors. Whether RhoBTBs affect membrane
trafficking is not known, but RhoBTB2 is a candidate
tumour suppressor (DBC2) and regulates the expression
of genes involved in the actin cytoskeleton and membrane
trafficking [91].

Rho GTPases and polarized membrane growth in plants
Studies on Rho homologues in plants have provided new
insight into the links between the actin cytoskeleton and
membrane dynamics. Plants have Rho-related proteins
known as ROPs (Rho-of-plants) or RACs, several of which
affect membrane trafficking [5,6]. Plants have homologues
of mammalian Rho targets including WAVEs, formins,
phospholipase D and NADPH oxidase, although it is not
clear whether plant formins interact with ROPs [92].
In Arabidopsis, constitutively active AtRAC10 induces
deformation of root and leaf cells by disrupting the actin
cytoskeleton and membrane cycling [93]. Elongation of
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the pollen tube tip and growing root hairs depends on
extremely rapid delivery of membrane and wall material
and requires the actin cytoskeleton [6]. ROPs are proposed
to stimulate growth and exocytosis through a combination
of actin dynamics, Ca2+ influx and PtdIns(4)P 5-kinase
stimulation to induce PtdIns(4,5)P2 synthesis. ROPs also
activate the NADPH oxidase and this might contribute to
growth via Ca2+ influx [5,94]. It would therefore be inter-
esting to know whether NADPH oxidases contribute to
exocytosis in animals. Further research on plant ROPs is
likely to provide novel insights into Rho GTPase function
in multicellular eukaryotes.

Conclusions and future perspectives
By stimulating actin dynamics, Rho GTPases induce
plasmamembrane protrusion and regulate vesicle traffick-
ing. The two types of Rho-regulated actin nucleators,
WASPs/WAVEs and DRFs, induce a branching actin fila-
ment network or parallel filaments, respectively, and thus
contribute to different types of membrane protrusion:
WAVEs (but probably not WASPs) to lamellipodia and
DRFs to filopodia. WASPs and DRFs also seem to have
distinct roles in vesicle trafficking: WASPs facilitate mem-
brane trafficking at the plasma membrane, contributing to
endocytosis and exocytosis, and also stimulate Golgi-to-ER
transport, whereas DRFs have so far been implicated in
slowing endosomal dynamics. Further studies on indivi-
dual actin nucleators should reveal whether DRFs affect
other steps of membrane trafficking, and whether WAVEs
play a role in any aspect of endomembrane movement.

Some Rho GTPases affect both vesicle trafficking and
membrane protrusion, but for most it is not yet known
whether they use the same or a different actin nucleator at
each membrane site, or indeed whether they act via a
combination of downstream targets. Most studies on Rho
GTPases and membrane dynamics have focused on RhoA,
Rac1 and Cdc42, but recent investigations of other Rho
family members, both in mammals and plants, have
yielded important and often unexpected insight into how
these proteins affect membrane protrusion and/or vesicle
trafficking. Finally, although this review has concentrated
on the actin cytoskeleton, Rho GTPases might also affect
membrane protrusion and traffic through their effects on
microtubule dynamics and lipid-modifying enzymes
[95,96]. In the future, more detailed studies on little-char-
acterized family members should reveal new aspects of
Rho GTPase function and regulation on endomembranes
and the plasma membrane.
References
1 Jaffe, A.B. andHall, A. (2005) RhoGTPases: biochemistry and biology.

Annu. Rev. Cell Dev. Biol. 21, 247–269
2 Jiang, S.Y. and Ramachandran, S. (2006) Comparative and

evolutionary analysis of genes encoding small GTPases and their
activating proteins in eukaryotic genomes. Physiol. Genomics 24,
235–251

3 Aspenstrom, P. et al. (2004) Rho GTPases have diverse effects on the
organization of the actin filament system. Biochem. J. 377, 327–
337

4 Wennerberg, K. andDer, C.J. (2004) Rho-family GTPases: it’s not only
Rac and Rho (and I like it). J. Cell Sci. 117, 1301–1312

5 Molendijk, A.J. et al. (2004) Small GTPases in vesicle trafficking.
Curr. Opin. Plant Biol. 7, 694–700



528 Review TRENDS in Cell Biology Vol.16 No.10
6 Xu, J. and Scheres, B. (2005) Cell polarity: ROPing the ends together.
Curr. Opin. Plant Biol. 8, 613–618

7 Pruyne, D. et al. (2004)Mechanisms of polarized growth and organelle
segregation in yeast. Annu. Rev. Cell Dev. Biol. 20, 559–591

8 Ellis, S. and Mellor, H. (2000) The novel Rho-family GTPase rif
regulates coordinated actin-based membrane rearrangements.
Curr. Biol. 10, 1387–1390

9 Murphy, G.A. et al. (1999) Cellular functions of TC10, a Rho family
GTPase: regulation of morphology, signal transduction and cell
growth. Oncogene 18, 3831–3845

10 Egea, G. et al. (2006) Actin dynamics at the Golgi complex in
mammalian cells. Curr. Opin. Cell Biol. 18, 168–178

11 Bader, M.F. et al. (2004) Coupling actin and membrane dynamics
during calcium-regulated exocytosis: a role for Rho andARFGTPases.
Biochim. Biophys. Acta 1742, 37–49

12 Chardin, P. (2006) Function and regulation of Rnd proteins.Nat. Rev.
Mol. Cell Biol. 7, 54–62

13 Riento, K. et al. (2003) RhoE binds to ROCK I and inhibits
downstream signaling. Mol. Cell. Biol. 23, 4219–4229

14 Riento, K. et al. (2005) RhoE function is regulated by ROCK
I-mediated phosphorylation. EMBO J. 24, 1170–1180

15 Rossman, K.L. et al. (2005) GEF means go: turning on RHO GTPases
with guanine nucleotide-exchange factors. Nat. Rev. Mol. Cell Biol. 6,
167–180

16 Adamson, P. et al. (1992) Intracellular localization of the P21rho
proteins. J. Cell Biol. 119, 617–627

17 Chenette, E.J. et al. (2006) Multiple sequence elements facilitate Chp
Rho GTPase subcellular location, membrane association, and
transforming activity. Mol Biol Cell

18 Michaelson, D. et al. (2001) Differential localization of RhoGTPases in
live cells: regulation by hypervariable regions and RhoGDI binding.
J. Cell Biol. 152, 111–126

19 DerMardirossian, C. and Bokoch, G.M. (2005) GDIs: central
regulatory molecules in Rho GTPase activation. Trends Cell Biol.
15, 356–363

20 Dovas, A. and Couchman, J.R. (2005) RhoGDI: multiple functions
in the regulation of Rho family GTPase activities. Biochem. J. 390,
1–9

21 Lin, Q. et al. (2003) RhoGDI is required for Cdc42-mediated cellular
transformation. Curr. Biol. 13, 1469–1479

22 Brunet, N. et al. (2002) RhoGDI-3 regulates RhoG and targets this
protein to the Golgi complex through its unique N-terminal domain.
Traffic 3, 342–357

23 Lang, P. et al. (1996) Protein kinase A phosphorylation of RhoA
mediates the morphological and functional effects of cyclic AMP in
cytotoxic lymphocytes. EMBO J. 15, 510–519

24 Rolli-Derkinderen, M. et al. (2005) Phosphorylation of serine 188
protects RhoA from ubiquitin/proteasome-mediated degradation in
vascular smooth muscle cells. Circ. Res. 96, 1152–1160

25 Forget, M.A. et al. (2002) Phosphorylation states of Cdc42 and RhoA
regulate their interactions with Rho GDP dissociation inhibitor and
their extraction from biological membranes.Biochem. J. 361, 243–254

26 Millard, T.H. et al. (2004) Signalling to actin assembly via the WASP
(Wiskott-Aldrich syndrome protein)-family proteins and the Arp2/3
complex. Biochem. J. 380, 1–17

27 Stradal, T.E. and Scita, G. (2006) Protein complexes regulating Arp2/
3-mediated actin assembly. Curr. Opin. Cell Biol. 18, 4–10

28 Martinez-Quiles, N. et al. (2004) Erk/Src phosphorylation of cortactin
acts as a switch on-switch off mechanism that controls its ability to
activate N-WASP. Mol. Cell. Biol. 24, 5269–5280

29 Suetsugu, S. et al. (2006) Optimization of WAVE2 complex-induced
actin polymerization by membrane-bound IRSp53, PIP(3), and Rac.
J. Cell Biol. 173, 571–585

30 Kovar, D.R. (2006) Molecular details of formin-mediated actin
assembly. Curr. Opin. Cell Biol. 18, 11–17

31 Higgs, H.N. (2005) Formin proteins: a domain-based approach.
Trends Biochem. Sci. 30, 342–353

32 Pellegrin, S. andMellor, H. (2005) The Rho family GTPase Rif induces
filopodia through mDia2. Curr. Biol. 15, 129–133

33 DesMarais, V. et al. (2005) Cofilin takes the lead. J. Cell Sci. 118,
19–26

34 Huang, T.Y. et al. (2006) Cofilin phosphatases and regulation of actin
dynamics. Curr. Opin. Cell Biol. 18, 26–31
www.sciencedirect.com
35 Oude Weernink, P.A. et al. (2004) Regulation and cellular roles of
phosphoinositide 5-kinases. Eur. J. Pharmacol. 500, 87–99

36 Kurokawa, K. et al. (2004) Coactivation of Rac1 and Cdc42 at
lamellipodia and membrane ruffles induced by epidermal growth
factor. Mol. Biol. Cell 15, 1003–1010

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

38 Sukumvanich, P. et al. (2004) Cellular localization of activated
N-WASP using a conformation-sensitive antibody. Cell Motil.
Cytoskeleton 59, 141–152

39 Kawamura, K. et al. (2004) N-WASP and WAVE2 acting downstream
of phosphatidylinositol 3-kinase are required for myogenic cell
migration induced by hepatocyte growth factor. J. Biol. Chem. 279,
54862–54871

40 Innocenti, M. et al. (2005) Abi1 regulates the activity of N-WASP and
WAVE in distinct actin-based processes. Nat. Cell Biol. 7, 969–976

41 Mouneimne, G. et al. (2004) Phospholipase C and cofilin are required
for carcinoma cell directionality in response to EGF stimulation.
J. Cell Biol. 166, 697–708

42 Pollard, T.D. and Borisy, G.G. (2003) Cellular motility driven by
assembly and disassembly of actin filaments. Cell 112, 453–465

43 Katoh, H. and Negishi, M. (2003) RhoG activates Rac1 by direct
interaction with the Dock180-binding protein Elmo. Nature 424,
461–464

44 deBakker, C.D. et al. (2004) Phagocytosis of apoptotic cells is
regulated by a UNC-73/TRIO-MIG-2/RhoG signaling module and
armadillo repeats of CED-12/ELMO. Curr. Biol. 14, 2208–2216

45 Niedergang, F. and Chavrier, P. (2005) Regulation of phagocytosis by
Rho GTPases. Curr. Top. Microbiol. Immunol. 291, 43–60

46 Kurokawa, K. and Matsuda, M. (2005) Localized RhoA activation as a
requirement for the induction ofmembrane ruffling.Mol. Biol. Cell 16,
4294–4303

47 Pertz, O. et al. (2006) Spatiotemporal dynamics of RhoA activity in
migrating cells. Nature 440, 1069–1072

48 Hotulainen, P. and Lappalainen, P. (2006) Stress fibers are generated
by two distinct actin assemblymechanisms inmotile cells. J. Cell Biol.
173, 383–394

49 Kater, S.B. and Rehder, V. (1995) The sensory-motor role of growth
cone filopodia. Curr. Opin. Neurobiol. 5, 68–74

50 Czuchra, A. et al. (2005) Cdc42 is not essential for filopodium
formation, directed migration, cell polarization, and mitosis in
fibroblastoid cells. Mol. Biol. Cell 16, 4473–4484

51 Schirenbeck, A. et al. (2005) Formins and VASPs may co-operate in
the formation of filopodia. Biochem. Soc. Trans. 33, 1256–1259

52 Peng, J. et al. (2003) Disruption of the Diaphanous-related formin
Drf1 gene encoding mDia1 reveals a role for Drf3 as an effector for
Cdc42. Curr. Biol. 13, 534–545

53 Snapper, S.B. et al. (2001) N-WASP deficiency reveals distinct
pathways for cell surface projections and microbial actin-based
motility. Nat. Cell Biol. 3, 897–904

54 Svitkina, T.M. et al. (2003) Mechanism of filopodia initiation by
reorganization of a dendritic network. J. Cell Biol. 160, 409–421

55 Steffen, A. et al. (2006) Filopodia Formation in the Absence of
Functional WAVE- and Arp2/3-Complexes. Mol. Biol. Cell 17,
2581–2591

56 DeRosier, D.J. and Tilney, L.G. (2000) F-actin bundles are derivatives
of microvilli: what does this tell us about how bundles might form?
J. Cell Biol. 148, 1–6

57 Nijhara, R. et al. (2004) Rac1 mediates collapse of microvilli on
chemokine-activated T lymphocytes. J. Immunol. 173, 4985–4993

58 Louvet-Vallee, S. (2000) ERM proteins: from cellular architecture to
cell signaling. Biol. Cell. 92, 305–316

59 Snapper, S.B. and Rosen, F.S. (1999) The Wiskott-Aldrich syndrome
protein (WASP): roles in signaling and cytoskeletal organization.
Annu. Rev. Immunol. 17, 905–929

60 Zelhof, A.C. and Hardy, R.W. (2004) WASp is required for the correct
temporal morphogenesis of rhabdomere microvilli. J. Cell Biol. 164,
417–426

61 Majstoravich, S. et al. (2004) Lymphocyte microvilli are dynamic,
actin-dependent structures that do not require Wiskott-Aldrich
syndrome protein (WASp) for their morphology. Blood 104, 1396–
1403



Review TRENDS in Cell Biology Vol.16 No.10 529
62 Matas, O.B. et al. (2005) Membrane trafficking at the ER/Golgi
interface: functional implications of RhoA and Rac1. Eur. J. Cell
Biol. 84, 699–707

63 Erickson, J.W. et al. (1996) Mammalian Cdc42 is a brefeldin
A-sensitive component of the Golgi apparatus. J. Biol. Chem. 271,
26850–26854

64 McCallum, S.J. et al. (1998) Characterization of the association of the
actin-binding protein, IQGAP, and activated Cdc42 with Golgi
membranes. J. Biol. Chem. 273, 22537–22544

65 Luna, A. et al. (2002) Regulation of protein transport from the Golgi
complex to the endoplasmic reticulum by CDC42 and N-WASP. Mol.
Biol. Cell 13, 866–879

66 Pelish,H.E. et al. (2006) Secramine inhibitsCdc42-dependent functions
in cells and Cdc42 activation in vitro. Nat Chem Biol 2, 39–46

67 Chen, J.L. et al. (2005) Coatomer-bound Cdc42 regulates dynein
recruitment to COPI vesicles. J. Cell Biol. 169, 383–389

68 Brown, M.D. and Sacks, D.B. (2006) IQGAP1 in cellular signaling:
bridging the GAP. Trends Cell Biol. 16, 242–249

69 Symons, M. and Rusk, N. (2003) Control of vesicular trafficking by
Rho GTPases. Curr. Biol. 13, R409–R418

70 Hussain, N.K. et al. (2001) Endocytic protein intersectin-l regulates
actin assembly via Cdc42 and N-WASP. Nat. Cell Biol. 3, 927–932

71 Salazar, M.A. et al. (2003) Tuba, a novel protein containing bin/
amphiphysin/Rvs and Dbl homology domains, links dynamin to
regulation of the actin cytoskeleton. J. Biol. Chem. 278, 49031–49043

72 Malacombe, M. et al. (2006) Intersectin-1L nucleotide exchange factor
regulates secretory granule exocytosis by activating Cdc42. EMBO J.
25, 3494–3503

73 Chiang, S.H. et al. (2001) Insulin-stimulated GLUT4 translocation
requires the CAP-dependent activation of TC10.Nature 410, 944–948

74 Cheng, J. et al. (2005) Regulation of cystic fibrosis transmembrane
regulator trafficking and protein expression by a Rho family small
GTPase TC10. J. Biol. Chem. 280, 3731–3739

75 Kanzaki, M. (2006) Insulin Receptor Signals Regulating GLUT4
Translocation and Actin Dynamics. Endocr J. 53, 267–293

76 de Toledo, M. et al. (2003) The GTP/GDP cycling of rho GTPase TCL is
an essential regulator of the early endocytic pathway. Mol. Biol. Cell
14, 4846–4856

77 Qualmann, B. and Mellor, H. (2003) Regulation of endocytic traffic by
Rho GTPases. Biochem. J. 371, 233–241

78 Malecz, N. et al. (2000) Synaptojanin 2, a novel Rac1 effector that
regulates clathrin-mediated endocytosis. Curr. Biol. 10, 1383–1386

79 Kaneko, T. et al. (2005) Rhomediates endocytosis of epidermal growth
factor receptor through phosphorylation of endophilin A1 by Rho-
kinase. Genes Cells 10, 973–987

80 Nie, Z. and Randazzo, P.A. (2006) Arf GAPs and membrane traffic.
J. Cell Sci. 119, 1203–1211

81 Tarricone, C. et al. (2001) The structural basis of Arfaptin-mediated
cross-talk between Rac and Arf signalling pathways. Nature 411,
215–219

82 Miura, K. et al. (2002) ARAP1: a point of convergence for Arf and Rho
signaling. Mol. Cell 9, 109–119

83 Krugmann, S. et al. (2004) ARAP3 is a PI3K- and rap-regulated GAP
for RhoA. Curr. Biol. 14, 1380–1384

84 Jones, D. et al. (1999) Phospholipase D and membrane traffic.
Potential roles in regulated exocytosis, membrane delivery and
vesicle budding. Biochim. Biophys. Acta 1439, 229–244

85 Gampel, A. et al. (1999) Regulation of epidermal growth factor
receptor traffic by the small GTPase rhoB. Curr. Biol. 9, 955–958

86 Fernandez-Borja, M. et al. (2005) RhoB regulates endosome transport
by promoting actin assembly on endosomal membranes through Dia1.
J. Cell Sci. 118, 2661–2670
Reproduction of materia

Interested in reproducing part or all of an article pub

If so, please contact our Global Rights Departmen

material will be used. To submit a perm

www.elsevier.com/lo

www.sciencedirect.com
87 Sandilands, E. et al. (2004) RhoB and actin polymerization coordinate
Src activation with endosome-mediated delivery to the membrane.
Dev. Cell 7, 855–869

88 Gasman, S. et al. (2003) RhoD regulates endosome dynamics through
Diaphanous-related Formin and Src tyrosine kinase.Nat. Cell Biol. 5,
195–204

89 Tominaga, T. et al. (2000) Diaphanous-related formins bridge Rho
GTPase and Src tyrosine kinase signaling. Mol. Cell 5, 13–25

90 Prieto-Sanchez, R.M. et al. (2006) Involvement of the Rho/Rac
family member RhoG in caveolar endocytosis. Oncogene 25, 2961–
2973

91 Siripurapu, V. et al. (2005) DBC2 significantly influences cell-cycle,
apoptosis, cytoskeleton and membrane-trafficking pathways. J. Mol.
Biol. 346, 83–89

92 Deeks, M.J. et al. (2002) Formins: intermediates in signal-
transduction cascades that affect cytoskeletal reorganization.
Trends Plant Sci. 7, 492–498

93 Bloch, D. et al. (2005) Ectopic expression of an activated RAC in
Arabidopsis disrupts membrane cycling. Mol. Biol. Cell 16, 1913–
1927

94 Foreman, J. et al. (2003) Reactive oxygen species produced byNADPH
oxidase regulate plant cell growth. Nature 422, 442–446

95 Watanabe, T. et al. (2005) Regulation of microtubules in cell
migration. Trends Cell Biol. 15, 76–83

96 Niggli, V. (2005) Regulation of protein activities by phosphoinositide
phosphates. Annu. Rev. Cell Dev. Biol. 21, 57–79

97 Murphy, C. et al. (1996) Endosome dynamics regulated by a Rho
protein. Nature 384, 427–432

98 Nobes, C.D. et al. (1998) A new member of the Rho family, Rnd1,
promotes disassembly of actin filament structures and loss of cell
adhesion. J. Cell Biol. 141, 187–197

99 Tanaka, H. et al. (2002) Vps4-A (vacuolar protein sorting 4-A) is a
binding partner for a novel Rho family GTPase, Rnd2. Biochem. J.
365, 349–353

100 Joyce, P.L. and Cox, A.D. (2003) Rac1 and Rac3 are targets for
geranylgeranyltransferase I inhibitor-mediated inhibition of
signaling, transformation, and membrane ruffling. Cancer Res. 63,
7959–7967

101 Prieto-Sanchez, R.M. and Bustelo, X.R. (2003) Structural basis for the
signaling specificity of RhoG and Rac1 GTPases. J. Biol. Chem. 278,
37916–37925

102 Berzat, A.C. et al. (2005) Transforming activity of the Rho family
GTPase, Wrch-1, a Wnt-regulated Cdc42 homolog, is dependent on a
novel carboxyl-terminal palmitoylation motif. J. Biol. Chem. 280,
33055–33065

103 Chenette, E.J. et al. (2005) Critical and distinct roles of amino- and
carboxyl-terminal sequences in regulation of the biological activity of
the Chp atypical Rho GTPase. J. Biol. Chem. 280, 13784–13792

104 Fransson, A. et al. (2003) Atypical Rho GTPases have roles in
mitochondrial homeostasis and apoptosis. J. Biol. Chem. 278,
6495–6502

105 Adamson, P. et al. (1992) Post-translational modifications of p21rho
proteins. J. Biol. Chem. 267, 20033–20038

106 Foster, R. et al. (1996) Identification of a novel human Rho protein
with unusual properties: GTPase deficiency and in vivo farnesylation.
Mol. Cell. Biol. 16, 2689–2699

107 Menard, L. et al. (1992) Rac1, a low-molecular-mass GTP-binding-
protein with high intrinsic GTPase activity and distinct biochemical
properties. Eur. J. Biochem. 206, 537–546

108 Hemsath, L. et al. (2005) An electrostatic steering mechanism of
Cdc42 recognition by Wiskott-Aldrich syndrome proteins. Mol. Cell
20, 313–324
l from Elsevier articles

lished by Elsevier, or one of our article figures?

t with details of how and where the requested

ission request online, please visit:

cate/permissions


	Rho GTPases and actin dynamics in membrane protrusions and vesicle trafficking
	Introduction
	Regulation and localization of Rho GTPases
	Rho GTPases and actin polymerization
	Rho GTPases and plasma membrane dynamics
	Lamellipodia
	Filopodia
	Microvilli

	Rho GTPases and vesicle trafficking
	Cdc42 and Golgi-to-ER transport
	Endocytosis and exocytosis
	Endosomal dynamics

	Rho GTPases and polarized membrane growth in plants
	Conclusions and future perspectives
	References


