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Control of Vesicular Trafficking by Rho

GTPases

Marc Symons'2:3 and Nicole Rusk

Although vesicular trafficking is essential for a large
variety of cellular processes, the regulation of vesic-
ular trafficking is still poorly understood. Members
of the Rho family of small GTPases have recently
emerged as important control elements of many
stages of vesicular trafficking, providing new insight
into the regulation of these events. We will discuss
the diverse roles played by Rho proteins in mem-
brane trafficking and focus on the biological impli-
cations of these functions.

Introduction

Membrane trafficking plays an important role in a
wide range of processes, such as pattern formation,
establishment of cell polarity and uptake of nutrients
and particles. Over the past few years, evidence has
accumulated indicating that Rho GTPases are critical
regulators of many stages of vesicular trafficking. In
this review, we will discuss some of the salient find-
ings that support the diverse roles played by Rho
proteins in membrane trafficking. We also will cover
recent progress in our understanding of the Rho-
controlled signaling mechanisms that regulate vesic-
ular trafficking.

Like other GTPases, members of the Rho family
cycle between a GDP-bound (inactive) and a GTP-
bound (active) state. In the GTP-bound state, the
GTPase relays signals that are initiated by growth
factors, cytokines and adhesion molecules to a large
number of downstream effectors. Rho proteins are key
regulators of actin dynamics. Notably, individual Rho
family members have been shown to control distinct
types of actin-based structures. Thus, Rac stimulates
the formation of veil-like protrusions of the plasma
membrane, called lamellipodia, while Cdc42 induces
finger-like extensions, called filipodia. RhoA on the
other hand regulates actomyosin-based contractility
and stimulates the formation of actin bundles, called
stress fibers. In addition, Rho proteins mediate many
other functions, including lipid metabolism, transcrip-
tion and cell proliferation [1]. The GTPase cycle is con-
trolled by three types of regulatory proteins: Guanine
nucleotide exchange factors (GEFs), GTPase-activating
proteins (GAPs), and guanine nucleotide dissociation
inhibitors (GDIs) [2]. GEFs catalyze the exchange of
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GDP for GTP by transiently stabilizing the nucleotide-
free protein. GAPs stimulate the intrinsic GTP hydroly-
sis activity of Rho proteins, rapidly converting them to
the ‘inactive’ GDP-bound form. RhoGDlIs preferentially
bind to the GDP-bound form of GTPases and prevent
spontaneous and GEF-catalyzed release of nucleotide,
thereby maintaining the GTPases in the inactive state.
Rho proteins are localized to membranous compart-
ments by post-translational modification with a prenyl
group that serves as a lipid anchor. The prenylated
form of the GTPases is preferentially bound by
RhoGDls, which masks this prenyl group and thereby
restricts the GTPases to the cytosol.

The regulation of nucleotide exchange is thought to
be the rate-limiting factor for GTPase activation [2].
Recent evidence obtained in a number of different
systems has indicated that these regulators are highly
localized within the cell and that such spatial control
is likely to be relevant for directed vesicle transport
events [2,3].

Endocytic Trafficking

Endocytosis, the internalization of plasma membrane
as well as extracellular particles and solutes, can occur
via several distinct routes and mechanisms. Clathrin-
mediated endocytosis involves the concentration of
plasma membrane receptors and their ligands in spe-
cialized domains of the plasma membrane, termed
clathrin-coated pits [4]. Pit formation is mediated in
part via direct interaction of the cytoplasmic tails of
receptors with a constituent of the adaptor protein (AP)
complex. Subsequently, the coated pits invaginate and
bud off to form coated vesicles. In addition to clathrin-
mediated endocytosis, a number of clathrin-indepen-
dent endocytic pathways have been described,
including macropinocytosis, caveolae-dependent
endocytosis and phagocytosis [5]. Macropinocytosis
contributes to bulk fluid-phase uptake via the forma-
tion of membrane protrusions that trap extracellular
fluid and subsequently fuse back with the plasma
membrane. Yet another pathway relies on caveoli,
plasma membrane invaginations that are enriched in
cholesterol and glycosphingolipids. Both clathrin- and
caveolae-dependent endocytosis involve dynamin, a
GTPase that functions in vesicle fission from the
plasma membrane [6]. Phagocytosis refers to the
engulfment of large particles (>0.5 um) and involves
extensive reorganization of the actin cytoskeleton.

Macropinocytosis

In many cell types, macropinocytosis is a transient
process that is stimulated by growth factors. Pio-
neering work by Ridley and Hall had implicated Rac in
the stimulation of pinocytosis [7]. More recent studies
have provided evidence for an important role for the
Rac/Cdc42 effector p21-activated kinase (Pak) in the
regulation of this process [8]. Rac and Pak co-local-
ize to membrane ruffles and pinocytic vesicles. A
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Figure 1. Differential involvement of Rho GTPases in FcyR-
and CR-mediated phagocytosis.

Signaling by both FcyR and CR converges on the Arp2/3
complex to promote actin cup formation. CR-induced localiza-
tion of the Arp2/3 complex to the phagocytic cup is mediated
by the Rho - ROK - myosin-Il pathway. Myosin-Il also is likely
to be involved in phagosome internalization in both FcyR- and
CR-mediated phagocytosis.

constitutively active mutant of Pak stimulates pinocy-
tosis, whereas the autoinhibitory domain of Pak
inhibits Rac-induced pinocytosis. Interestingly, acti-
vated Pak also enhances the recycling of pinosomes
to the plasma membrane. Macropinocytosis is an
actin-dependent process, and the Lim-domain-con-
taining protein kinase (LIMK) is a Pak substrate that
may mediate Pak-regulated actin dynamics in
macropinosome formation. Pak can directly phos-
phorylate LIMK [9], which in turn phosphorylates and
inactivates cofilin [10,11], a protein involved in actin
depolymerization. Pak also is an important signaling
element in the control of cell motility [12,13], sug-
gesting that Pak-regulated turnover of the plasma
membrane might play a role in cell migration. We will
return to the potential role of vesicular trafficking in
cell migration in the last section of this review.
Macropinocytosis is also used by dendritic cells to
capture antigens for subsequent presentation to CD4+
T cells. In immature dendritic cells, macropinocytosis
is constitutive. Upon encountering an inflammatory
stimulus dendritic cells start to mature; during this
process, pinocytosis is downregulated and process-
ing of the acquired antigens is initiated. Selected pep-
tides are then loaded onto major histocompatibility
complex (MHC) class Il molecules for displaying to
CD4+ cells [14]. In immature dendritic cells derived
from bone marrow, macropinocytosis can be blocked
by microinjection of either dominant-negative Cdc42
or Rac, while both constitutively active Cdc42 and Rac
restore pinocytosis in mature dendritic cells [15].

However, in comparison to mature dendritic cells, the
immature cells display increased levels of activated
Cdc42, but not Rac, suggesting that Cdc42 rather than
Rac is the physiological regulator of macropinocytosis
in these cells.

A different scenario is played out in spleen-derived
dendritic cells, where dominant negative Rac, but not
Cdc42, inhibits macropinocytosis. Microinjection of
constitutively active Rac, however, fails to reactivate
macropinocytosis in mature spleen-derived dendritic
cells [16]. At face value, these results would suggest
that the signaling events that regulate macropinocy-
tosis in dendritic cells vary depending on the source
of the cells. It also is interesting to note that Rac activ-
ity is not essential for membrane ruffling in spleen-
derived dendritic cells [16]. This suggests that Rac
may be required for pinocytosis at a point down-
stream of lamellipodia formation, while other Rho
family members may control membrane ruffling in
these cells.

Phagocytosis

Phagocytosis plays an important role in several biolog-
ical processes (for a recent review, see [17]). In higher
organisms, it is required for host defense by allowing
for the uptake and subsequent degradation of patho-
genic agents and contributes to immune and inflamma-
tory responses [18,19]. In addition, the phagocytosis of
apoptotic cells is essential for tissue homeostasis and
remodeling [20]. Professional phagocytosis is carried
out by specialized cells such as macrophages and neu-
trophils, although many cell types have retained the
ability to phagocytose through evolution and are known
as ‘non-professional’ phagocytes. Phagocytosis is ini-
tiated by the binding of particle-attached ligands to
specific receptors, including the Fcy (FcyRs) and com-
plement (CRs) receptors. Which mode of protrusive
activity and which signaling pathways become acti-
vated depends on the type of the receptor being
stimulated [21,22]. In the case of FcyR-mediated
phagocytosis, the cell extends pseudopods that engulf
the particle and subsequently fuse to form a phago-
some. The phagosome is taken up by the cell and fuses
with the lysosomal compartment where the content of
the phagosome is digested. In contrast to antibody-
coated particles, particles that are opsonized with com-
plement fragments sink into a phagocytic cup and are
taken up without pseudopod formation. CR activation
requires additional stimuli such as chemokines and
integrin ligation to form the phagocytic cup.

Because of the pivotal role of actin dynamics in
phagocytosis, it comes as no surprise that Rho family
members have been implicated in the regulation of
this process (reviewed in depth in [19,22,23]). Both
Cdc42 and Rac act at distinct stages of FcyR-medi-
ated phagocytosis [24-26]: Cdc42 functions during
pseudopod extension, whereas Rac acts in pseudo-
pod fusion and phagosome closure [25]. Also Rho is
recruited to the site of particle attachment, but its
precise role in FcyR-mediated phagocytosis remains
to be determined [27]. In contrast, CR-dependent
phagocytosis is controlled by Rho, but not Cdc42 or
Rac [26].
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Currently, little is known about the molecular mech-
anisms that regulate recruitment and activation of Rho
proteins in phagocytosis. Recent work, however, has
implicated the Vav GEF in the activation of Rac during
FcyR-mediated phagocytosis [28]. Vav translocates to
nascent phagosomes where it activates Rac, but not
Cdc42. Notably, Vav translocation and subsequent
Rac activation occur independently of Cdc42, further
demonstarting that Cdc42 and Rac deliver distinct
contributions to the phagocytic process.

The precise orchestration of actin dynamics during
phagosome formation and internalization remain
largely elusive [19,22,23]. It is clear, however, that
some of the signaling pathways that are activated
during both FcyR- and CR-mediated phagocytosis
converge on the Arp2/3 complex [29], an evolutionary
conserved protein complex that nucleates actin fila-
ments [30] (Figure 1). In addition, the Rho effector Rho-
kinase (ROK) has been implicated in this process [31],
which is in keeping with the specific involvement of
Rho in CR-mediated phagocytosis. Notably, inhibitors
of either ROK or myosin-Il interfere with the accumula-
tion of Arp2/3 and F-actin around bound patrticles, indi-
cating that the Rho > ROK - myosin-Il pathway is
necessary for actin cup formation. This situation differs
from FcyR-mediated phagocytosis, where myosin-Il is
only involved in phagosome internalization.

Another specialized phagocytic process is the rapid
clearing of apoptotic cells, a critical and final step in
programmed cell death, that prevents the induction of
an inflammatory response [32]. The signaling events
mediating this process have been elucidated by
genetic studies in Caenorhabditis elegans (reviewed in
[20,22,23]). Sequential steps in the engulfment of cell
corpses involve the formation of a ternary complex
composed of CED-2/Crkll, CED-5/DOCK180 and
CED-12/ELMO and the subsequent activation of CED-
10/Rac [33-38] (Figure 2). The signaling mechanisms
that initiate the formation of this complex and regulate
its recruitment to the plasma membrane are still
elusive in C. elegans [39,40]. In human kidney epithe-
lial cells, however, this is accomplished by avf5 inte-
grin engagement and subsequent phosphorylation of
the adaptor protein p130Cas [34].

Recent studies have shed light on how the
DOCK180-ELMO complex activates Rac. Members of
the DOCK180 family contain a domain, termed
Docker/DHR-2, which is sufficient to stimulate Rac
nucleotide exchange activity in vitro [41,42]. Appar-
ently, ELMO can stimulate the GEF activity of
DOCK180, but exactly how this is accomplished will
require clarification [37,38,41]. Also Cdc42 is neces-
sary for phagocytosis of apoptotic cells by macro-
phages, but the signaling events that mediate the
activation of Cdc42 in this process are still unclear
[35]. It is important to note that the phagocytic
machinery is subverted by a large number of viral and
bacterial pathogens in order to gain access to the cell
interior. Not surprisingly, Rho family members are
targets of numerous bacterial toxins. A discussion of
these events falls outside of the scope of this review,
however, and the reader is referred to two compre-
hensive recent reviews [43,44].
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Figure 2. Model for Rac activation by apoptotic cells.

This scheme combines experimental evidence obtained
in mammals and C. elegans. Integrins are one example
of membrane receptors that detect signals from apoptotic
cells. Integrin ligation triggers the recruitment of the
p130Cas—Crkll-DOCK180-ELMO complex to the plasma mem-
brane. Localization of this complex may be aided by the PH
domain of ELMO. Rac activation subsequently promotes
reorganization of the actin cytoskeleton in a process that is
probably mediated by a number of different Rac effectors.

Clathrin-Mediated Endocytosis

The first evidence for an involvement of Rho family
members in clathrin-mediated endocytosis came from
studies in HelLa cells, showing that overexpression of
constitutively active forms of either Rac1 or RhoA
causes inhibition of transferrin and EGF receptor inter-
nalization [45]. One mechanism by which these
GTPases might participate in clathrin-mediated endo-
cytosis is the modulation of phosphatidylinositol (Pl)
lipid metabolism, which plays a key role in this process
[46]. Rac has been shown to interact with a number of
enzymes that regulate Pl metabolism, including type |
Pl 3 -kinase, members of the phosphatidylinositol 4-
phosphate 5-kinase family (also termed type | PIPki-
nases) and synaptojanin 2, a PI lipid phosphatase
[47,48]: also Rho associates with a type | PIPkinase
[47]. Synaptojanin 2 is a particularly attractive candidate
for a downstream effector of Rac in clathrin-mediated
endocytosis, as other members of the synaptojanin
family already have been shown to be essential for the
timely progression of this process [49,50].

Rho proteins could also affect clathrin-mediated
endocytosis via their action on the actin cytoskeleton.
In principle, actin dynamics and actomyosin contrac-
tility could operate in many of the steps of the endo-
cytic process, such as the invagination of the plasma
membrane, dissolution of the cortical actin barrier and
coated vesicle fission and movement away from the
plasma membrane [51]. Although in the budding
yeast, Saccharomyces cerevisiae, the essential func-
tion of the actin cytoskeleton in clathrin-mediated
endocytosis has long been established [52,53], the
role of actin dynamics during this process is less clear
in mammalian cells. For instance, a comprehensive
study using three different chemical inhibitors of actin
polymerization showed that perturbation of actin
dynamics has a variable effect on the internalization of
the transferrin receptor that strongly depends on the
cell line and assay conditions [54]. In recent years,
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however, a number of regulators of the actin
cytoskeleton have been shown to bind to endocytic
proteins, such as clathrin, AP-2 and dynamin [55]. It is
therefore tempting to speculate that Rho family
GTPases could modulate clathrin-mediated endocy-
tosis, at least in part, by acting on the actin cytoskele-
ton. Attempts to test this hypothesis, however, have
thus far yielded negative results. For example, the
inhibitory effects of constitutively active Rac and Rho
on transferrin uptake were not affected by cytocha-
lasin D, a drug that prevents actin filament assembly
[45]. Nevertheless, these experiments could not
exclude that post-internalization events might be
modulated by actin dynamics.

Interestingly, different members of the Rho subfam-
ily affect distinct stages of clathrin-mediated endocy-
tosis. For instance, expression of constitutively active
RhoA inhibits receptor uptake at an early step of the
internalization process [45,56,57], whereas wild-type or
constitutively active RhoB prevents intracellular traf-
ficking of the receptor from early to late endosomes
[58,59]. Notably, the three members of the Rho sub-
family, RhoA, B and C, share about 83% amino acid
identity and differ mainly in their carboxy-terminal
hypervariable region, a critical determinant of mem-
brane targeting [60]. Thus, overexpressed RhoA is
largely cytosolic, while RhoB targets to both the
plasma membrane and internal membranes [58,60-62].
Therefore, the intracellular localization of RhoA and
RhoB may be instrumental for their differential roles in
receptor trafficking. One effector of RhoB in membrane
trafficking might be protein kinase C related kinase 1
(PRK1/PKN). Indeed, RhoB targets PRK1 to endoso-
mal membranes and overexpression of kinase-inactive
PRK1 releases the inhibitory effect of RhoB on the traf-
ficking of internalized receptors [63].

It is interesting to note that although constitutively
active RhoA inhibits clathrin-mediated endocytosis in
non-polarized cells [45], it stimulates this process in
MDCK cells [64], a model system for epithelial cell
polarity. The reason for this cell-type dependency is
not clear. Rac1, however, exerts an inhibitory role on
receptor internalization in polarized and non-polarized
cells [45,65].

Evidence supporting a role for Cdc42 in clathrin-
mediated endocytosis has come from studies
showing that an effector of Cdc42, activated Cdc42-
associated kinase (Ack), interacts with the clathrin
heavy chain [66,67]. Whereas Ack1 expressed at low
levels enhances transferrin receptor internalization,
high levels of Ack1 have the opposite effect. Notably,
both effects are independent of the kinase activity of
Ack1 [66]. The interaction of Ack with clathrin com-
petes with the binding of clathrin to AP-2, suggesting
that the inhibitory effect of overexpressed Ack on
receptor internalization might be a consequence of
preventing clathrin recruitment to coated pits [67]. A
stimulatory role for Ack in clathrin-mediated endocy-
tosis is also in accordance with studies in C. elegans,
where ARK-1, a tyrosine kinase closely related to Ack,
negatively regulates epidermal growth factor (EGF)
signalling during vulva development [68], possibly by
promoting internalization of the EGF receptor.

Recently, two groups, using Drosophila and mam-
malian systems, respectively, showed that Ack binds to
and phosphorylates SH3PX1/SNX9, a member of the
sorting nexin family [69,70]. The sorting nexins consti-
tute a large and diverse group of proteins that are char-
acterized by the presence of a PX motif, which binds PI
lipids [71]. Most of the known functions of mammalian
sorting nexins involve the regulation of receptor
turnover at the plasma membrane. Although overex-
pression of SNX9 on its own does not affect EGF recep-
tor degradation, it greatly stimulates EGF receptor
degradation when co-expressed with wild-type, but not
kinase-inactive Ack [70], suggesting a novel role for Ack
in receptor turnover. How does this function relate to
the binding of Ack to clathrin? Interestingly, Ack forms
a ternary complex with clathrin and SNX9. Moreover,
expression of an amino-terminal truncation mutant of
Ack enhances binding of SNX9 to clathrin, whereas
expression of a mutant of Ack that cannot bind clathrin
inhibits the association of SNX9 with clathrin, suggest-
ing that Ack could act as a scaffold protein to recruit
SNX9 to clathrin-coated pits and/or vesicles [70]. Pre-
cisely how SNX9 promotes EGF receptor degradation
and whether Cdc42 acts upstream of Ack in this context
remains to be determined.

Initially, Drosophila SNX9 was identified as a
binding partner of Dock/Nck, a SH3/SH2-containing
adaptor protein that provides a link between mem-
brane receptors and the actin cytoskeleton [72,73].
More recently, DSNX9 has also been shown to inter-
act with Wiskott-Aldrich Syndrome protein (WASP), a
scaffold protein involved in the regulation of actin
polymerization [72,74], thus implicating actin dynam-
ics in endosome trafficking.

Another intriguing connection between Cdc42-mod-
ulated actin dynamics and endocytic trafficking is pro-
vided by the endocytic scaffold protein intersectin.
The neuronal isoform of intersectin, intersectin-long
(intersectin-l), has a Dbl homology (DH) in tandem
with a Pleckstrin homology (PH) domain at its car-
boxyl-teminus, conferring Cdc42-specific nucleotide
exchange activity. Interestingly, the exchange activity
of intersectin-l is stimulated by binding to N-WASP, an
effector of Cdc42 that mediates actin nucleation
through activation of the Arp2/3 complex [75]. In prin-
ciple, this stimulatory effect of N-WASP could drive a
positive feedback loop that would promote localized
actin polymerization at clathrin-coated pits, the com-
partment to which intersectin has been localized [76].

Support for this notion comes from a recent study
on the EphB receptors in hippocampal neurons [77].
This tyrosine kinase receptor relays signals from B-
ephrin ligands to regulate dendritic spine develop-
ment, a process that is thought to be powered by
actin polymerization [78]. EphB binds to and activates
intersectin-l in a cooperative fashion with N-WASP
and dominant negative versions of either intersectin-I,
N-WASP or Cdc42 inhibit dendritic spine formation.

Clathrin-Independent Endocytic Pathways

Rho GTPases are also involved in clathrin-indepen-
dent receptor internalization. For example, the inter-
leukin-2 (IL-2) receptor localizes to detergent-resistant
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Figure 3. Control of Glut4 translocation
by TC10.

recruitment of Cbl via the adaptor protein
containing PH and SH2 domains (APS).
Upon phosphorylation, Cbl relocalizes to
lipid rafts via Cbl-associated protein (CAP)
and flotillin. Subsequently, Cbl recruits the
adaptor protein Crkll along with C3G
which promotes nucleotide exchange on
TC10. A TC10 effector that may mediate
the translocation of Glut4 storage vesicles
(GSVs) is Cdc42-interacting protein 4/2
(CIP 4/2), possibly by promoting a reorga-
nization of the actin cytoskeleton.
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membrane domains, also termed lipid rafts [79] and
becomes internalized in a clathrin-independent but
dynamin-dependent fashion [80]. In contrast to
clathrin-mediated endocytosis, this process is inhib-
ited by expression of dominant-negative RhoA or Rac,
but is not affected by the constitutively active versions
of these GTPases, indicating essential roles for both
Rho and Rac in endocytosis of the IL-2 receptor.
Recently, a novel clathrin-independent pathway for
the internalization of glycosylphosphatidylinositol-
anchored proteins has been described [81]. This
pathway is also responsible for a major fraction of fluid-
phase uptake and is distinct from macropinocytosis
that is stimulated by growth factors or developmentally
regulated pinocytosis such as observed in dendritic
cells. Notably, this pinocytic pathway is specifically
mediated by Cdc42, as it is inhibited by expression of a
dominant-negative Cdc42, but is unaffected by domi-
nant-negative forms of either Rac or Rho.

Exocytosis

In secretory cells, material to be exported, such as
neurotransmitters, peptides or ATP, is stored in secre-
tory vesicles that are released to the cell exterior
during exocytosis. Secretory vesicles are present in at
least two compartments, including a ‘rapidly releasable
pool’ (RRP) and a ‘slowly releasable pool’ (SRP). Stim-
ulus-induced reorganization of the actin cytoskeleton
is thought to play an important role in exocytosis
[82-84]. On one hand, actin filaments could act as a
diffusion barrier between the SRP and RRP pools. On
the other hand, they could provide tracks aiding in
vesicle transport to exocytic sites. In addition, secre-
tory vesicle-associated actin polymerization could
serve as a propelling force for vesicle transport.

Mast cell degranulation

Studies over the past several years have revealed the
importance of Rho GTPases in stimulus-induced exo-
cytosis in a number of different cell types [82,85-87]. A
valuable paradigm for the study of signaling pathways
that control exocytosis is the immunoglobulin E (IgE)
induced degranulation of secretory granules in mast
cells. Several reports have indicated a role for Rho pro-
teins in regulated secretion in these cells [86,87]. Rac
and Cdc42 regulate multiple steps of IgE-induced

Insulin
Ligation of the insulin receptor leads to the \\'eceptor

Flotillin

Actin?
degranulation in an extensively characterized mast cell
line. Constitutively active forms of Rac1 and Cdc42
stimulate the formation of inositol trisphosphate (IPj),
clustering of the IP; receptor and the subsequent
release of intracellular calcium [88]. Also extracellular
calcium influx is enhanced by activated Rac1 and
Cdc42. Calcium regulates both the priming and trig-
gering steps of exocytosis, although the identity of the
relevant calcium sensors is still under debate [89]. The
effect of Cdc42 and possibly Rac on IP; production
might be mediated by phospholipase Cyl (PLCy1), as
in vitro studies showed direct binding of PLCyl to
Cdc42 [88]. However, Rac1 and Cdc42 probably use
additional signaling mechanisms to mobilize calcium,
since these GTPases can also restore calcium mobi-
lization and degranulation in cells that are defective in
antigen-stimulated PLCy activation [90].

The precise role of actin dynamics in IgE-induced
degranulation remains to be clarified [91,92]. In perme-
abilized mast cells, activated Rho stimulates calcium-
induced cortical F-actin disassembly and participates
in antigen-induced degranulation at a point down-
stream of calcium influx, presumably at the level of the
RRP pool. These two activities, however, are mediated
via distinct signaling pathways [91], as Rho-stimulated

actin reorganization is Rock-dependent, whereas Rho-
induced secretion is not.

Glut4 trafficking

An important aspect of the anabolic action of insulin is
the stimulation of glucose uptake via the Glut4 trans-
porter [93]. In the resting state, most of the Glut4
resides in a specialized membrane compartment.
Insulin triggers a signaling cascade that is mediated by
the Rho family member TC10 and results in transport
of Glut4 to the plasma membrane via targeted exocy-
tosis (Figure 3). Insulin-stimulated signaling mecha-
nisms that lead to the activation of TC10 have recently
been elucidated [93]. Ligation of insulin receptors leads
to the recruitment of Cbl via the adaptor protein con-
taining PH and SH2 domains (APS). Cbl in turn recruits
the adaptor protein Crkll along with the exchange
factor C3G, which promotes nucleotide exchange on
TC10 [94]. A critical feature of the assembly of this sig-
naling complex is its localization to lipid rafts [95]. The
recruitment of Cbl to lipid rafts is mediated via its
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Figure 4. Control of the yeast exocyst complex by Rho
GTPases.

At least three S. cerevisiae Rho GTPases have been implicated
in polarized exocytosis, Rho1, Rho3 and Cdc42. Each of these
GTPases directly interacts with a component of the exocyst, a
multiprotein complex that functions in the correct targeting of
secretory vesicles. Polarized exocytosis also requires a well-
organized actin cytoskeleton for efficient transport of secretory
vesicles to the bud site, and Rho GTPases appear to act in
concert to accomplish this task.
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binding partner Cbl-associated protein (CAP), which in
turn associates with the integral membrane protein
flotillin. Conversely, targeting of TC10 to lipid rafts is
likely to be mediated via its carboxy-terminal hyper-
variable domain. As insulin-stimulated translocation of
Glut4 is dependent on remodeling of the actin
cytoskeleton [96,97], TC10-mediated regulation of
actin dynamics probably contributes to this specialized
exocytic process. A TC10 effector that may mediate
Glut4 translocation is Cdc42-interacting protein 4/2
(CIP 4/2), an adaptor protein that also interacts with
Cdc42 and has been implicated in the control of the
actin cytoskeleton [98,99].

Secretory Vesicle Targeting in Yeast

Rho proteins also function in the targeting of secretory
vesicles to discrete sites on the plasma membrane, a
process that is mediated by a multiprotein complex
termed the exocyst [100]. In S. cerevisiae, the exocyst
is regulated by at least three Rho family proteins:
Rho1p, Rho3p and Cdc42p (Figure 4). Rho1p and
Cdc42p act on the Sec3p component of the exocyst,
which appears to function as a landmark for exocytic
targeting on the plasma membrane [101]. Sec3p is a
direct effector of both Rho1p and Cdc42p and both of
these GTPases are essential for targeting Sec3p to the
tip of the emerging bud [102-104]. Rho3 directly inter-
acts with Exo70p, another component of the exocyst,
although the exact role of this interaction in the regu-
lation of the exocyst is unclear [105]. Rho3 also binds
to unconventional myosin Myo2p, through which it
may regulate the delivery of exocytic vesicles [105]. In
addition, Rho1p, Rho3p and Cdc42p bind to the
formin homology protein Bni1, which promotes actin

polymerization via binding to profilin. Given these
interactions and the fact that proper assembly of
the actin cytoskeleton is essential for polarized exo-
cytosis, a picture emerges, in which these three
Rho GTPases coordinate acto-myosin dynamics
and vesicle targeting to promote polarized secretion
(Figure 4).

An exocyst complex known as the Sec6/8 complex
[106] has also been characterized in mammalian cells.
This complex is found at sites of active exocytosis
such as neuronal growth cones, synapse-assembly
domains in axons and the apex of the basolateral
membrane in epithelial cells [107,108]. The mecha-
nisms that regulate the Sec6/8 complex may well
differ from those that regulate the exocyst in yeast.
Hence, of all the subunits of the Sec6/8 complex
expressed as GFP fusion proteins, only Exo70 has
been shown to be recruited to cell-cell contacts in
MDCK cells [109]. While to date there is no evidence
that the Sec6/8 complex is regulated by Rho
GTPases, a role for the Ral GTPase in regulated
secretion via direct interaction with the Sec5 compo-
nent of the Sec6/8 complex has been recently identi-
fied by several laboratories [110,111].

Functional Implications of Vesicular Trafficking
Regulated by Rho GTPases

Cell Migration

Rho GTPases play a critical role in the regulation of
cell motility and invasion largely due to their direct
action on actin dynamics and acto-myosin contractil-
ity [112,113]. Although the precise function of vesicu-
lar trafficking in cell migration has been debated for a
long time [114,115], accumulating evidence reveals
that facilitated recycling of cell adhesion molecules is
important for membrane protrusion and cell migra-
tion. For example, recycling of the avp3 integrin from
early endosomes mediated by the Rab4 GTPase has
been shown to be necessary for the adhesion and
spreading of fibroblasts on vitronectin [116], whereas
the oriented recycling of avf1 has been implicated in
the migration of neutrophils [117]. There is also evi-
dence that L1, a member of the immunoglobulin
superfamily of cell adhesion molecules, undergoes
endocytosis preferentially at the central domain of
growth cones and subsequently is recycled to the
leading edge, thus establishing an adhesive gradient
that contributes to neurite outgrowth [118]. It is,
therefore, conceivable that Rho GTPases could regu-
late cell migration by coordinating both vesicular traf-
ficking and actin dynamics. This notion is illustrated
by the functional analysis of RhoD, a Rho protein that
localizes both to the plasma membrane and early
endosomes [119]. Expression of a constitutively
active form of RhoD inhibits both the motility of early
endosomes and cell migration [120,121]. A causal
relationship between these two events remains to be
established, however.

Matrix metalloproteinases (MMPs) play a critical
role in breakdown and remodeling of the extracellular
matrix. It is interesting to note that endocytosis is an
important regulatory mechanism that controls the
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activity of MMPs [122,123]. This suggests that Rho
GTPase-regulated trafficking of MMPs may con-
tribute to the role of these GTPases in cell motility
and invasion.

Cell-Cell Junctions and Epithelial Cell Polarity

Rho GTPases also seem to play a role in the establish-
ment of cadherin-based adherens junctions [124],
during which E-cadherin is internalized, probably via
clathrin-dependent endocytosis, and recycled to the
basolateral membrane. As this process has been impli-
cated in the formation and stability of adherens junc-
tions [125], inhibition of E-cadherin cycling by Rho
GTPases could stabilize adherens junctions. In support
of this notion, expression of constitutively active ver-
sions of Rac1 or RhoA in MDCK cells blocks the dis-
assembly of adherens junctions and endocytosis of
E-cadherin caused by hepatocyte growth factor (HGF)
or phorbol esters [126]. However, this picture is com-
plicated by the finding that activated Rac1 induces the
disassembly of adherens junctions in keratinocytes
and that this is also accompanied by E-cadherin inter-
nalization [127]. Therefore, the role of Rac in E-cad-
herin cycling is probably cell type dependent.

In polarized epithelial cells, membrane proteins and
lipids segregate into two distinct compartments, the
apical and basolateral domains. This compartmental-
ization allows for vectorial transport along the
apical-basal axis and is greatly aided by polarized
membrane trafficking. Early studies had already
demonstrated a role for Cdc42 in the polarization
response of helper T cells toward antigen-presenting
cells (APC) [128]. This process comprises the re-ori-
entation of the microtubule-organizing center (MTOC)
and the Golgi apparatus toward the APC contact site,
facilitating the delivery of secretory granules. More
recent studies also have implicated Cdc42-mediated
secretory vesicle trafficking in the maintenance of
epithelial cell polarity [129-131]. Despite these indica-
tions, the precise function of Cdc42 in polarized traf-
ficking remains controversial (reviewed in [124]).

Cell Proliferation

Rho GTPases are also important for cell cycle pro-
gression and cell transformation. Some of the down-
stream pathways that contribute to these proliferative
effects result in the induction of cyclin D1 and down-
regulation of cyclin-dependent kinase inhibitors [132].
As endocytic trafficking results in the removal of
growth factor receptors from the cell surface, thereby
promoting their downregulation, the inhibitory effects
of Rac and Rho on clathrin-mediated endocytosis
[45,58] also could contribute to cell proliferation.

An intriguing connection between Cdc42-regulated
vesicle trafficking and cell transformation is revealed
by the observation that Cdc42 binds to the y-subunit
of the COPI [133], a coatamer protein required for ret-
rograde transport of Golgi components to the endo-
plasmic reticulum (ER) [134]. Notably, the binding of
YCOPI to Cdc42 correlates with the transforming
potential of Cdc42 [133]. Even though the precise
function of the Cdc42—yCOPI interaction is not clear
yet, inhibition of COPI function probably interferes

indirectly with anterograde transport from ER to Golgi,
a function that also is regulated by Cdc42 [135].

Regulated exocytosis also may contribute to cell
transformation. It has recently been shown that
BAIAP3, a member of the Munc13 family of exocytic
proteins, is upregulated by the EWS-WT1 transcription
factor, a chimeric fusion of the Ewing's sarcoma and
Wilms' tumor genes [136]. Ectopic expression of
BAIAP3 in tumor cells strongly enhances their trans-
formed properties, possibly by stimulating exocytosis
of autocrine factors. Rho proteins, therefore, also
could promote tumor growth by their stimulatory
effect on exocytosis.

Concluding Remarks

Advances made over the past few years have made
us appreciate the pleiotropic effects of Rho GTPases
on vesicular trafficking along both the endocytic and
exocytic pathways. Membrane trafficking is intimately
involved in many of the functions that are controlled
by Rho family members, including the establishment
of cell polarity and the control of cell proliferation and
motility. It is, therefore, likely that the roles of Rho
GTPases in these processes are mediated, at least in
part, via their modulation of trafficking events, as dis-
cussed in this review. This notion, however, may also
hold for other processes for which vesicular trafficking
is essential, such as developmental pattern formation
and synaptic plasticity [137,138]. A theme that was
developed throughout this review is the specific
involvement of several Rho proteins at particular
stages of vesicle trafficking. This does not come as a
surprise, because of the differential localization of Rho
family members to distinct membrane compartments.
We expect that future studies will identify additional
trafficking functions for some of the less well-charac-
terized members of the Rho family.

A considerable challenge we are now facing is the
dissection of the downstream signaling events that
mediate the roles of Rho proteins in membrane traf-
ficking. Although the precise role of the actin
cytoskeleton in membrane trafficking is still not
understood, Rho GTPases are ideally placed to serve
as coordinators of actin dynamics and vesicle traf-
ficking events. The recent identification of a large
number of components of the trafficking machinery
acting as downstream effectors of Rho GTPases indi-
cates that cytoskeletal reorganization is definitely not
the entire story.
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