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Abstract

Small GTPases of the Arf family are best known for their role in vesicular transport, wherein they
nucleate the assembly of coat proteins at sites of carrier vesicle formation. However, accumulating
evidence indicates that the Arfs are also important regulators of actin cytoskeleton dynamics and are
involved in a variety of actin-based processes, including cell adhesion, migration and neurite
outgrowth. The mechanisms of this regulation are remarkably diverse, ranging from the integration
of vesicular transport with cytoskeleton assembly to the direct regulation of Rho-family GTPase
function. Here, we review recent progress in our understanding of how Arfs and their interacting
proteins function to integrate membrane and cytoskeletal dynamics.

Introduction

A dynamic actin cytoskeleton is essential for a wide variety of normal cellular processes,
including the maintenance of cell shape and morphology, cytokinesis, adhesion, migration,
neurite outgrowth, endocytosis and phagocytosis. Actin remodeling is also important under
pathological conditions, such as the invasion and metastasis of cancers. It is well established
that actin cytoskeleton dynamics are controlled by small GTPases of the Rho family (for review
see [1]). The best characterized of these, RhoA, Rac and Cdc42, interact with distinct sets of
downstream effector proteins to direct the assembly of different actin-based structures; RhoA
promotes the formation of stress fibers and focal adhesions, Rac induces the formation of
lamellipodia and membrane ruffles, and Cdc42 stimulates formation of filopodia. Protrusive
structures such as lamellipodia might also require the vectorial addition of new membrane
components, such that actin remodeling is often integrated with vesicular transport.

The ADP-ribosylation factor (Arf) proteins are small, ubiquitously expressed GTP-binding
proteins best known for their role in membrane trafficking [2]. The six mammalian Arfs are
divided into three classes on the basis of sequence relatedness, with class | containing Arfl,
Arf2 and Arf3, class Il containing Arf4 and Arf5, and class 111 containing only Arfé. The class
I and class Il Arfs are mainly concentrated in the Golgi apparatus, although they also function
in endosomal compartments. By contrast, Arf6 is localized primarily in the plasma membrane
and a subset of endosomes.

A large body of evidence indicates that the Arfs promote carrier vesicle biogenesis by
nucleating the assembly of coat protein complexes at sites of vesicle formation. For class | and
class Il Arfs, these complexes include multimeric coat protein complexes such as COPI (coat
protein complex I), AP-1 (adaptor protein complex 1), AP-3 and AP-4, in addition to
monomeric adaptors of the GGA (Golgi-associated, gamma adaptin ear-containing and Arf
binding) and Mint (Munc18-interacting protein) families [2]. These vesicle coats serve to
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concentrate cargo proteins in the plane of the membrane and might help to deform the
membrane surface, thereby facilitating the formation of carrier vesicles.

In addition to their well characterized role in membrane trafficking, it has become apparent
that the Arfs also contribute significantly to the regulation of actin cytoskeletal organization.
In this review, we summarize recent progress in our understanding of how Arfs and their
interacting proteins can integrate actin cytoskeleton and membrane dynamics.

Arfs, phosphoinositides and the cytoskeleton

One way in which Arfs influence actin cytoskeleton assembly is through their effects on the
lipid microenvironment. There is an intimate relationship between phosphoinositides and the
actin cytoskeleton. This relationship operates on several levels. First, phosphatidylinositol 4,5
bisphosphate (PtdIns(4,5)P,), binds directly to several important actin regulatory proteins and
modulates their function. For example, PtdIns(4,5)P, stimulates the activity of actin-nucleating
factors, such as the WASP (Wiskott-Aldrich syndrome protein) family proteins, promotes
filament growth by uncapping of barbed ends, and inhibits filament severing by proteins such
as ADF (actin depolymerizing factor), cofilin and gelsolin (for review see [3]). Ptdins(4,5)P»
also enhances the association of actin with membranes by modulating the conformation of
proteins such as ezrin, radixin, moesin, a-actinin and vinculin that act at the cytoskeleton—
membrane interface. Second, phosphoinositides enhance the activation of Rho family GTPases
by recruiting cytosolic guanine nucleotide exchange factors to the membrane surface and/or
stimulating their activity.

Arfl has been shown to recruit both PI14KIIIp and PIP5K (phosphatidylinositol 4-phosphate
5-kinase) to the Golgi, where it also allosterically enhances the activity of both enzymes [4,
5]. Similarly, Arf6 stimulates recruitment and activation of type | PIP5 kinases at the plasma
membrane and endosomes [6,7], a property shared with its yeast counterpart, yArf3 [8]. At
both the Golgi and the plasma membrane, the Arf-dependent recruitment of PtdIns kinases
results in enhanced local production of PtdIns(4,5)P;.

In addition, all Arfs are allosteric activators of phospholipase D (PLD), which cleaves
phosphatidylcholine to generate phosphatidic acid (PA). PA is a bioactive lipid that alters the
physical properties of membrane bilayers, and it is thought to facilitate membrane bending at
sites of vesicle formation. PA also synergizes with Arf to enhance the activity of PIP5 kinases,
and the resulting PtdIns(4,5)P, further stimulates the activity of PLD, resulting in a positive
feedback loop (for review, see [9]). Thus, the ability of Arfs to alter the local lipid environment
is important to their roles in both vesicular transport and in actin cytoskeleton dynamics.

Arf regulation of actin assembly in the Golgi

It has been known for some time that actin and several actin-binding proteins, including
spectrin, mAbpl (mammalian actin-binding protein 1), drebrin, cortactin, N-WASP and the
Arp2/3 complex associated with the Golgi (for review, see [10]). It is therefore not surprising
that actin-depolymerizing drugs have been shown to disrupt both Golgi morphology and
positioning [11,12]. Perhaps more surprising is that most of these proteins rapidly dissociate
from the Golgi upon treatment of cells with brefeldin A (BFA), a fungal toxin that selectively
inhibits Golgi-associated Arf nucleotide exchange factors. This indicates that the association
of these proteins with Golgi membranes is dependent upon Arf activity. In the case of spectrin,
this is clearly due to the Arfl-dependent synthesis of PtdIns(4,5)P,, which binds to the B-
spectrin pleckstrin homology (PH) domain [13]. The mechanisms by which mAbp1, drebrin
and cortactin associate with Golgi membranes are less well defined.
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Cdc4z2 also associates strongly with Golgi membranes, where it regulates both retrograde
transport from the Golgi to the ER [14] and exit from the trans-Golgi network (TGN) [15].
Early studies revealed that association of Cdc42 with the Golgi was sensitive to BFA,
suggesting that Arf activation was necessary for Cdc42 recruitment [16]. Subsequent work
demonstrated that Cdc42 binds to yCOP, a subunit of the COPI vesicle coat, and is brought to
the Golgi, at least in part, through the Arfl1-dependent assembly of the COPI complex on Golgi
membranes [17]. This initiates a cascade of events in which Cdc42 activates N-WASP, which
then activates the Arp2/3 complex, leading to the assembly of polymerized actin on Golgi
membranes (Figure 1a). Interestingly, Cdc42 is displaced from coatomer by occupation of the
cargo-binding site on yCOP by the cargo protein p23, suggesting that cargo loading is coupled
to local actin polymerization. A late burst of actin assembly has been observed during formation
of clathrincoated vesicles at the plasma membrane [18], leading to the hypothesis that actin
polymerization either pushes nascent vesicles away from the donor membrane or contributes
to their fission (for review, see [19]). Whether such a mechanism is operational in the Golgi
remains to be determined.

As with most GTPases, Cdc42 requires guanine nucleotide exchange factors (GEFs) to
facilitate GTP loading, and GTPase-activating proteins (GAPs) to stimulate GTP hydrolysis
and to terminate its interaction with downstream effectors. The identity of GEFs that might
activate Cdc42 at the Golgi remains unknown. However, a recent study identified a Golgi-
associated Cdc42 GAP protein, ARHGAP21, which is recruited to Golgi membranes through
a direct interaction between Arf1-GTP and a region of ARHGAP21 encompassing the PH
domain and an adjacent helical motif [20]. The PH domain of ARHGAP21 does not bind
phospholipids, and it therefore appears that Golgi recruitment is mediated primarily through
its interaction with Arfl. Depletion of endogenous ARHGAP21 by RNA interference (RNAI)
resulted in fragmentation of the Golgi and an accumulation of the Arp2/3 complex in the spaces
between Golgi fragments, suggesting that failure to terminate the Cdc42 signal leads to
unregulated actin assembly. A similar phenotype is seen following expression of constitutively
active Cdc42 [21]. Thus, it appears that Cdc42 is an important regulator of actin-dependent
transport events in the Golgi, and that Arfl acts both upstream (to recruit coatomer) and
downstream (to recruit ARHGAP21) of Cdc42 in the process of vesicle formation. Intriguingly,
it was shown recently that Arfl, ARHGAP21 and Cdc42 also act in concert to promote the
clathrin-independent endocytosis of cholesterol-rich micro-domains at the plasma membrane
(Figure 1b) [22], indicating that the Arfl-ARHGAP21 complex acts at multiple sites within
the cell. It should be noted that, although originally reported as ARHGAP10, the protein
described in studies [20] and [21] has been renamed ARHGAP21 (accession # NP_065875)
to avoid confusion with a previously existing ARHGAP10 protein (NP_078881), also known
as GRAF2 (GTPase regulator associated with focal adhesion kinase 2) (P. Chavrier, personal
communication).

Recent evidence also suggests that Arf activation promotes recruitment of the actin-binding
protein cortactin to sites of vesicle formation in the TGN (Figure 1c) [23]. In addition to its
ability to bind F-actin and to activate the Arp2/3 complex, cortactin is also necessary for
recruitment of the mechanoenzyme dynamin to the TGN. A recent study demonstrated that
treatment of cells with either BFA or actin depolymerizing drugs leads to the rapid dissociation
of both cortactin and dynamin from the TGN, and that Arf1-GTP stabilizes the binding of both
proteins to Golgi membranes. Moreover, expression of truncated cortactin mutants that cannot
couple to dynamin impaired the transport of cargo [vesticular stomatitus virus G (VSV-G) and
mannose-6-phosphate receptor] from the TGN. Together, these observations suggest that Arf
activation leads to the actin-dependent recruitment of a cortactin—dynamin complex that is
necessary for export of at least some cargos from the TGN. It is well established that Arfl
promotes the assembly of AP1, AP3 and GGA adaptor complexes on TGN membranes, and a
role for actin assembly has been suggested in the budding of clathrincoated vesicles at the TGN
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[24]. However, it is not yet known whether actin or associated proteins function in all Arf-
dependent pathways at the TGN.

Arf regulation of actin dynamics in the cell periphery

Although both class | and class Il Arfs are present in the cell periphery, the predominant Arf
in this region is Arf6. Expression of dominant—negative mutants or RNAi-mediated depletion
indicates that Arf6 plays an important role in a variety of actin-based processes. including
phagocytosis, some forms of endocytosis, cell adhesion, migration, invasion of the extracellular
matrix. and neurite outgrowth [2]. In a similar fashion to Arfl, Arf6 can activate both
phospholipase D and type | PIP5 kinases, but it does so at the plasma membrane and on
endosomal compartments [6]. Consistent with this function, expression of the Arf6-specific
GEF, EFAG6 (exchange factor for Arf6), or a constitutively active Arfé mutant, Arf6Q67L,
leads to the formation of swollen, clustered endosomes that have membranes enriched in PtdIns
(4,5)P, and surrounded by polymerized actin [25]. Lower level expression of Arf6Q67L
induces the formation of actin-rich tails on intracellular particles, at least some of which contain
endocytosed tracers and are presumably endosomal in nature [26]. The use of markers has
revealed that these tails exist in live cells, but neither their function nor their regulation is
currently understood. Another feature typical of Arf6 activation is the loss of actin stress fibers
[27-29]. Again, the mechanisms through which this occurs are not well understood, but they
are likely to involve crosstalk between Arf6 and Rho family GTPases.

Crosstalk between Arf6 and Rac

Arf6 can also control cytoskeletal organization through crosstalk with Rho family GTPases.
Early studies demonstrated that expression of dominant inhibitory Arf6T27N inhibited
membrane ruffling in response to either constitutively active Rac mutants [30] or physiological
stimuli [27]. Conversely, activation of endogenous Arf6 by expression of the Arf GEF ARNO
(Arf nucleotide-binding site opener) was found to trigger the activation of Rac, extension of
lamellipodia and the onset of migration in normally stationary epithelial cells (Figure 2) [31].
Subsequent studies have confirmed that Arf6 activation is coupled to Rac activation in several
settings, including integrin ligation [32,33] or stimulation of cells with vascular endothelial
growth factor (VEGF) [34], platelet-derived growth factor (PDGF) [35] or angiotensin Il
[36].

The relationship between Arf6 and Rac is complex. In epithelial cells, Rac activity is necessary
for both the maintenance of cell-cell adhesions and the migration of cells induced by growth
factors or wounding. In MDCK (Madin-Darby canine kidney) cells induced to scatter, there is
a transient decrease in Rac activation, corresponding temporally to disassembly and
internalization of cadherin-mediated junctional complexes [37]. This initial decrease is caused,
at least in part, by the Arf6-dependent recruitment of NM23-H1, an allosteric inhibitor of the
Rac GEF TIAM1 (T-lymphoma invasion and metastasis protein 1), to sites of cell-cell contact
[38]. Subsequently, Racl activity increases (in parallel with Arf6) at free cell edges, triggering
the assembly of lamellipodia and the onset of migration. Thus, at least in epithelia, Rac
activation can be both positively and negatively regulated by Arf6, in a spatially distinct
manner.

Arf-mediated recruitment of Rac GEFs

How does Arf6 activate Rac? In epithelial cells, Arf6 activation leads to recruitment of a
bipartite Rac GEF, the Dock180-EImo complex, to the leading edge (Figure 3a) [39].
Expression of catalytically inactive Dock180, or an EImo mutant that cannot couple to
Dock180, completely inhibits both the activation of Rac and motility downstream of Arf6.
Although a direct interaction between Arf6é and EImo or Dock180 has not yet been
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demonstrated, an EImo isoform, EImoD2, was found to act as a GAP on the Arf-like protein
Arl2, and to exhibit weak activity on Arf6, suggesting that Arfs and EImo proteins can interact
directly [40]. Interestingly, the Drosophila Arf6 GEF, Loner, promotes Rac activation and
localization during myoblast fusion [41], a process that also requires the Drosophila ortholog
of Dock180, myoblast city [42].

A second mode of Rac activation might be through the Kalirin and Trio family of Rac GEFs.
Both the brain-specific Kalirin5 and the more ubiquitously expressed Trio bind Arf6
specifically through an array of spectrin repeats [43]; however, they appear to interact
preferentially with Arf-GDP. Given that Arf6 remains associated with membranes in the GDP-
bound state, it is possible that Arf6-GDP targets Kalirin and Trio to the membrane and releases
it locally upon Arf activation.

The Rac translocation model

Early studies indicated that endogenous Racl is present on perinuclear endosomes, and that it
can be translocated to the plasma membrane in an Arf6-dependent manner [27,30]. This led to
the hypothesis that Arf6 regulates Rac activation by controlling its trafficking from endosomes
to the plasma membrane in response to physiological cues (Figure 3b). However, a large
cytosolic pool of Rac exists in complex with RhoGDI. In addition to preventing the dissociation
of bound GDP, GDIs also enhance the solubility of Rho family GTPases by sequestering their
C-terminal isoprenyl modifications, and they sterically hinder interactions with both regulatory
proteins and downstream effectors [44]. Photobleaching experiments indicate that this
cytosolic pool exchanges rapidly with the plasma membrane, where GDI is displaced [45].
Therefore, although recycling of endosome-associated Rac probably contributes to the pool of
active Rac at the plasma membrane, the quantitative importance of this contribution remains
unknown.

Accumulating evidence indicates that Rac, which is prenylated at its C terminus, needs to be
partitioned into cholesterol-enriched membrane microdomains (CEMMSs, more commonly
called lipid rafts) to enable both its activation and its coupling to downstream effectors [46].
Therefore, Arf6 could modulate Rac activity by controlling the availability of the necessary
lipids at the plasma membrane. Although some of the components of CEMMs (notably PtdIns
(4,5)P,) are undoubtedly synthesized locally, recent findings suggest that the recycling of
internalized rafts from endosomes also requires active Arf6, and that this has an important role
in the attachment and spreading of anchorage-dependent cells [32]. Detachment of cells from
the substratum induces the quantitative internalization of lipid raft components from the cell
surface, and their accumulation in perinuclear recycling endosomes. Cells held in suspension
exhibit low levels of active Arf6 and Racl. However, replating onto fibronectin-coated
substrates triggers the rapid activation of Arf6, the redistribution of internalized rafts to the
plasma membrane, and a corresponding activation of Rac as the cells spread. Knockdown of
Arf6 leads to the selective retention of raft components in recycling endosomes, a dramatic
inhibition of adhesion-induced Rac activation, and impaired cell spreading [32]. These findings
suggest that, in addition to its regulation of phospholipid-modifying enzymes and its interaction
with Rac GEFs, Arf6 can further modulate Rac activity by controlling the availability of lipid
raft components (Figure 3c).

Arf GAPs as modulators of cytoskeleton dynamics

The human genome encodes 24 proteins with recognizable Arf GAP domains, a subset of which
have well-defined interactions with the actin cytoskeleton. Owing to space limitations, it is not
possible to review these interactions, or all of the GAP classes, in detail. However, for an
excellent and thorough review of the role of Arf GAPs in cytoskeletal dynamics, see [47]. Here,
we summarize the features of this group of proteins, members of which impact directly on
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cytoskeleton function. Unfortunately, the nomenclature for the Arf GAPs is, to say the least,
untidy. Here, we use the nomenclature adopted by Randazzo and colleagues [47], but a
complete list of synonyms can be found in [48].

The ARAPs (Arf GAP with Rho GAP, ankyrin repeat, and pleckstrin homology domains) are
characterized by the presence of both Arf GAP and Rho GAP domains, and as such represent
adirect link between the two GTPase families (Figure 4). (Note that the term Rho GAP as used
here connotes a domain that can stimulate GTP hydrolysis on Rho, Rac or Cdc42). There are
three ARAP genes, ARAP1, ARAP2 and ARAP3. Although ARAP1 was originally reported
to be primarily an Arfl GAP in vitro [49], recent evidence suggests that, as with ARAP2
[50] and ARAP3 [35], it can act preferentially on Arf6 in the cell [51]. The Rho GAP domains
of ARAP1 and ARAP3 both appear to prefer RhoA as a substrate and, consistent with this
activity, ectopic expression of either protein leads to a loss of actin stress fibers. Intriguingly,
the Rho GAP domain of ARAP2 contains a glutamine in place of the catalytic arginine typical
of Rho GAPs, and although it does indeed bind RhoA, it lacks GAP activity [50]. In this sense,
ARAP2 might actually serve as a RhoA effector rather than a GAP (see below).

The specific functions of ARAPs are largely unknown, although they appear to have roles in
post-endocytic transport [52], cytoskeletal reorganization in response to growth factors [35],
and focal adhesion dynamics [50]. Each of the ARAPs also contains a Ras-association (RA)
domain, predicted to serve as a binding site for Ras or for closely related GTPases such as Rap
[53]. Rap1l is best known for its role in the regulation of both integrin-mediated and cadherin-
mediated adhesion [54]. In this regard, interaction of Rapl with the RA of ARAP3 has been
shown to positively regulate its Rho GAP (but not its Arf GAP) activity [55]. Although binding
partners for the RA domains of ARAP1 and ARAP2 have not yet been identified, it seems
likely that these proteins as a group will serve as intersection points for signaling pathways
involving Arf, Rho, and Ras or Rap.

The three ASAPs (Arf GAP with Src homology 3, ankyrin repeat, and pleckstrin homology
domains), ASAP1 (also known as AMAP1), ASAP2 (AMAP2) and ASAP3 (AMAP3), appear
to prefer class | and/or class Il Arfs as substrates [56]. Interestingly, ASAP1 and ASAP2 have
been reported to bind Arf6 without promoting rapid GTP hydrolysis [57], and it is thought that
they function as Arf6 effectors. The ASAPs interact with several focal adhesion components,
including Src, FAK (focal adhesion kinase), Pyk2 (proline-rich tyrosine kinase 2) and paxillin,
and localize to focal adhesions or focal complexes in many cell types (Figure 4). ASAPs are
phosphorylated by Src, FAK and Pyk2, and phosphorylation by Pyk2 has been shown to inhibit
Arf GAP activity [58]. ASAP1 function appears to be important for focal adhesion dynamics,
because both overexpression and knockdown have been shown to affect FA assembly [59,
60]. However the precise role of ASAP1 within focal adhesions remains to be determined.

ASAPs are also important for the assembly of invadopodia, dynamic actin-based structures
important in the degradation and penetration of the extracellular matrix by metastatic cells.
Paxillin and cortactin are key components of invadopodia, and ASAP1 (AMAP1) binds both
proteins in a tripartite complex. Knockdown of ASAP1 (AMAP1) or disruption of the ASAP-
paxillin—cortactin complex prevents the formation of invadopodia or related structures called
podosomes [61,62]. Interestingly, formation of these structures requires the presence of ASAP1
but not its GAP activity [61], suggesting that it functions primarily as a scaffold in this context.
Moreover, disruption of the ASAP—paxillin—cortactin complex inhibits the metastasis of
murine breast tumor cells in an animal model [62]. These findings highlight the fact that ASAPs
have both GAP-dependent and GAP-independent functions.
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The two GIT proteins (G-protein-coupled receptor kinase interacting proteins), GIT1and GIT2
(also known as PKL) associate primarily with focal adhesions or focal complexes in non-
neuronal cells, and with synapses in neurons. Localization to focal adhesions is largely
mediated by interaction of the C-terminal domain of GIT with paxillin [63-65]. Both GIT1 and
GIT2also bind constitutively to the Rac and Cdc42 GEF PIX (Pak-interacting exchange factor),
and PIX in turn binds the serine—threonine kinase PAK (p21-activated kinase). The GIT-PIX-
PAK complex appears to constitute a functional, tripartite module in which GIT targets both
PIX and PAK to focal adhesions, focal complexes or synapses [64,66,67]. Early models
suggested that PIX activated Rac and/or Cdc42, which then activated PAK [68]. Active PAK
would then stimulate focal adhesion turnover and extension of lamellipodia, thereby promoting
cell migration [67,69]. However, subsequent work determined that PAK can be activated
directly by GIT in a GTPase-independent manner, calling into question whether Rac and Cdc42
activation is necessary [70]. Intriguingly, this direct activation mechanism requires the Arf
GAP domain, but not GAP activity [70].

The biology of the GITs is complex and can vary with isoform and with cellular context. In
Rat2 fibroblasts, knockdown of GIT1 reduced protrusiveness and decreased the rate of focal
adhesion turnover. Moreover, reconstitution experiments indicated that the catalytic activities
of both B-PIX and PAK were necessary to restore normal turnover kinetics [65]. However, in
HeLa cells, knockdown of GIT1 was found to have no observable effect, whereas knockdown
of GIT2 actually enhanced focal adhesion turnover and lamellipodial extension [71]. This latter
result is consistent with a model in which the GIT2 complex actually represses Rac activity,
rather than enhancing it. In principle, this could occur if local Arf6 activity was kept low
through GIT2 GAP activity, but this remains to be tested directly.

Similarly, GIT1 has been shown to repress the activation of Rac at the trailing edge of migrating
cells when associated with a4p1 integrin [72]. Rac activity is typically high at the leading edge
of matile cells, and lower at the rear [73]. Recent evidence indicates that GIT1 is recruited to
the a4 cytoplasmic domain through its interaction with paxillin, which binds a4 directly. Given
that the interaction of paxillin with a4 is negatively regulated by integrin phosphorylation
(which occurs preferentially at the leading edge), the GIT1-paxillin complex binds only to
dephosphorylated o4 along the sides and trailing edge. In this context, local inhibition of Rac
activity requires the Arf GAP activity of GIT1; if GAP activity is counterbalanced by
overexpression of an Arf6 GEF, ARNO, Arf activity remains high and directional motility is
lost [72]. These data support a model in which spatially restricted inhibition of Arf6 activity
by GIT1 results in local repression of Rac activation and reduced protrusiveness at the rear of
migrating cells.

GIT1 has also been shown to modulate synapse formation in hippocampal neurons, through
recruitment of the GIT-PIX-PAK complex to dendritic spines and synapses [74]. However,
recruitment of GIT1 to spines does not require interaction with paxillin. Instead, recent work
suggests that signaling through the transmembrane guidance molecule ephrinB leads to
tyrosine phosphorylation of GIT1 on Y392 [75]. This creates a binding site for the adaptor
molecule Grb4, which then directly couples ephrinB to GIT1. Interference with this interaction
impairs spine morphogenesis and synapse formation, suggesting that ephrinB signaling
promotes these processes through recruitment of the GIT-PIX-PAK complex [75].

Conclusions

In addition to their well-characterized role in vesicular transport, it is now clear that the Arfs
have important functions in the regulation of actin cytoskeleton assembly. Such regulation can
occur on several levels: (i) the direct, local regulation of phosphoinositide synthesis, which
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impacts a broad array of actin regulatory proteins; (ii) the activation of Rho family GTPases
through the recruitment of GEFs (e.g. Dock180, kalirin or PIX) or trafficking of lipid raft
components; (iii) the downregulation of Rho GTPases by recruitment of either GAPs (e.g.
ARAPs or ARHGAP21) or inhibitors of activation (e.g. NM23-H1). Other modes of Arf-
dependent regulation undoubtedly exist, and defining these will be a challenge for the future.

It is increasingly apparent that actin dynamics are intimately linked with carrier vesicle
formation at many intracellular locations [10,19]. The discoveries that Cdc42 acts with Arfl
in both the cis-Golgi [17] and at the plasma membrane [22] suggest that actin remodeling is a
common theme in Arf-mediated vesicle biogenesis. However, it remains unknown whether the
formation of all Arf-dependent vesicle carriers require actin assembly. Conversely, how large
a role does Arf-dependent membrane trafficking play in cytoskeletal dynamics at the cell
periphery? It has long been hypothesized that the directed transport of membrane and adhesion
components from internal pools is tightly coordinated with actin dynamics at the plasma
membrane during processes like cell migration or neurite outgrowth. Thus, although many
previous studies have examined the trafficking and cytoskeletal functions of the Arfs
separately, hopefully future studies will focus on the role of Arfs in coordinating these two
interconnected processes.
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Figure 1.

Regulation of actin assembly by Arfl. (a) Arfl acts both upstream and downstream of Cdc42
to promote vesicle formation in the Golgi. Cdc42 interacts with the yCOP subunit of the COPI
coatomer complex and is brought to Golgi membranes by Arf1-mediated coatomer recruitment.
The identity of the GEF that activates Golgi-associated Cdc42 is not known. Activated Cdc42
then stimulates N-WASP, which activates the Arp2/3 complex, leading to local actin assembly,
and it is thought that this promotes vesicle scission. It is not known if Arfl remains associated
with the Cdc42-N-WASP complex. In addition, Arfl also downregulates Cdc42 activity by
recruiting the Cdc42 GAP, ARHGAP21, to Golgi membranes. In the absence of ARHGAP21,
unregulated actin assembly leads to disruption of the Golgi complex. How the upstream and
downstream functions of Arfl are coordinated is not currently understood. (b) Arfl, Cdc42,
and ARHGAP21 also cooperate at the plasma membrane to mediate clathrin-independent
endocytosis. Cdc42 activation leads to the formation of endocytic vesicles containing fluid
phase markers and GPI-anchored membrane proteins (vesicle budding) [22]. It is not known
if this pathway also uses N-WASP to drive actin assembly. Activation of Arfl on the plasma
membrane recruits ARHGAP21, leading to downregulation of Cdc42 activity. Depletion of
either Arfl or ARHGAP21 by RNAI results in accumulation of Cdc42 in puncta at the plasma
membrane [22]. (c) In the TGN, Arfl activity promotes the assembly of a cortactin—-dynamin
complex at sites of vesicle formation through a mechanism that remains unknown. In a similar
fashion to N-WASP, cortactin can activate the Arp2/3 complex and presumably acts in concert
with dynamin to mediate vesicle scission.
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Figure 2.

Induction of lamellipodia by activation of Arf in the cell periphery. MDCK cells were infected
with recombinant adenoviruses encoding the Arf GEF, ARNO. Epithelial cells typically cluster
together and do not form lamellipodia even at subconfluent density (a). Expression of wild
type ARNO induces the formation of large lamellipodia (b), whereas a catalytically inactive
mutant (E156K) does not (c), indicating that activation of Arf is sufficient to drive
lamellipodium assembly. Cells were stained to identify exogenous ARNO (green), and F-actin
(red). Arrows indicate sites of lamellipodia formation. Images courtesy of Lorraine Santy.
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Figure 3.

Models for the regulation of Rac activity by Arf6. (a) GEF recruitment. The activation of Arf6
by ARNO triggers the recruitment of the Rac GEF, Dock180-ELMO, to the plasma membrane,
where it then stimulates Rac activation. In this model, cytosolic Rac reaches the membrane by
diffusion. (b) Endosomal translocation. In this model, Arf6 regulates the vesicular transport of
Rac from perinuclear endosomes to the plasma membrane, where it is available to be activated
by local GEFs. (c) Lipid raft translocation. Arf6 can control the trafficking of lipid raft
components from endosomal compartments to the plasma membrane. Incorporation of Rac
into lipid rafts at the plasma membrane is thought to be important for both its activation and
its coupling to downstream effector proteins. In this model, cytosolic Rac reaches the plasma
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membrane by diffusion, but lipid raft components are transported in vesicular carriers whose
formation requires Arf6.
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Figure 4.

Domain organization of the ARAP, ASAP and GIT families of Arf GAPs, and their known
binding partners. Abbreviations: ANK, ankyrin repeat; BAR, Binl-amphiphysin—-Rvs167
domain; CC, coiled-coil domain; PBS, paxillin-binding sequence; PH, pleckstrin homology
domain; PR, proline-rich domain; RA, Ras-association domain; SAM, sterile a-motif domain;
SH3, Src homology 3 domain; SHD, Spa2 homology domain.
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