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ABSTRACT
Small GTPases play crucial roles in the maintenance of a homeostatic environment and appropriate
movements of the cell. In these processes, the direct or indirect interaction between distinct small
GTPases could be required for regulating mutual signaling pathways. In our recent study,
ARHGEF10, known as a guanine nucleotide exchange factor (GEF) for RhoA, was indicated to
interact with Rab6A and Rab8A, which are known to function in the exocytotic pathway, and
colocalized with these Rabs at exocytotic vesicles. Moreover, it was suggested that ARHGEF10 is
involved in the regulation of Rab6A and Rab8A localization and invasion of breast carcinoma cells,
in which Rab8 also acts via regulation of membrane trafficking. These results may reveal the
existence of a novel small GTPase cascade which connects the signaling of these Rabs with RhoA
during membrane trafficking. In this mini-review, we consider the possible functions of ARHGEF10
and RhoA in the Rab6- and Rab8-mediated membrane trafficking pathway.
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Introduction

Cells alter their morphology and polarity to adapt to a
changing environment. Organization of the cytoskeleton
and membrane trafficking plays important roles in this
adaptation. These processes are mainly regulated by the
small GTPases of Rab and Rho. The small GTPases act
as molecular switches by cycling between active GTP-
bound and inactive GDP-bound forms, and thus, they
have the ability to control various effectors. The activity
of these small GTPases is modulated by guanine nucleo-
tide exchange factors (GEFs), GTPase activating proteins
(GAPs), and GDP dissociation inhibitors (GDIs). GEFs
catalyze the exchange of GDP for GTP to activate small
GTPases; GAPs enhance the slow intrinsic GTPase activ-
ity of small GTPases, and GDIs prevent the dissociation
of GDP from small GTPases.1 Evidence has accumulated
recently to indicate a relationship between Rho-family
proteins and the membrane trafficking pathway.1,2

The Rho family of small GTPases consists of 22 mem-
bers in human cells and acts as a master regulator of the
cytoskeleton, which mediates various cellular processes
involved in migration, cytokinesis, and differentiation.2

Among these proteins, RhoA, Cdc42, and Rac1 are well-
known inducers of stress fiber and focal adhesions (FAs),
filopodia, and lamellipodia, respectively, in

fibroblasts.3,4,5 Activated Rho family members interact
with various effector proteins to regulate the cytoskeletal
state. For example, Rho kinases (ROCKs), which are
known as a serine/threonine kinase and consist of
ROCK1 and ROCK2, act as downstream of the RhoA
subfamily and regulate actomyosin contractility by con-
trolling the phosphorylation state of myosin light chains
(MLC).6,7,8 ROCKs phosphorylate various substrate,
such as MLC itself, the MLC phosphatase and LIM
kinase. Phosphorylation of MLC phosphatase downregu-
late its phosphatase activity and result in the activation
of MLC. Phosphorylated LIM kinase phosphorylates and
negatively regulate cofilin, which is known to
disassemble actin filaments.9 Thus, Rho-ROCKs signals
play roles in regulation of actomyosin contractility.

The GEFs for the Rho family comprise 69 members of
the Dbl family, which have a Dbl homology (DH)
domain as a catalytic domain, and 11 members of the
dedicator of cytokinesis (DOCK) family, which have a
DOCK Homology Region 2 (DHR2) domain as a cata-
lytic domain.10 Each GEF is locally activated in response
to various cellular signals to induce localized morpholog-
ical changes. For example, bPIX (also known as Cool-1
and ARHGEF7), which is known to belong to the Dbl
family and to activate Rac1 and Cdc42 and function in
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cell migration, localizes to adhesions near the leading
edge through an interaction with paxillin–GIT–PAK
complexes in migrating cells.10,11 It was reported that
overexpression of the GIT1 (G protein-coupled receptor
kinase-interacting protein 1) failed paxillin, a component
of focal adhesion complexes, to localize to FA and stimu-
lates cell motility, implicating GIT1 in FA disassembly.12

It is known that PAKs (p21-activated kinases), which
contain 6 members, are downstream effectors of Rac1
and Cdc42 and phosphorylate various protein, contain-
ing paxillin.13 Phosphorylation of paxillin enhances the
recruitment of the GIT1–bPIX–PAKs module to the
adhesion site, and GIT1 stimulate FA disassembly and
cell motility.13,14 Furthermore this module is thought to
activate Rac1 at a microdomain in the leading edge.12,13

Thus, this positive-feedback loop facilitates cell migra-
tion.10,14 Moreover, the GEF for RhoA reportedly plays a
role in the membrane trafficking pathway.15-17 The exo-
cyst complex is known to be involved in the regulation
of cell polarity formation by controlling the tethering of
exocytotic vesicles to the plasma membrane.15,16 Pathak
et al. indicated that GEF-H1, which is a member of the
Dbl family of proteins, activates RhoA in response to
microtubule depolymerization and is associated with
various cellular functions involving migration and cyto-
kinesis, was implicated in the regulation of exocyst
assembly/localization and exocytosis through the activa-
tion of RhoA.17-19

The Rab family of small GTPases, which comprises
more than 60 members, includes well-known regulators
of membrane trafficking pathways.20 Each vesicle origi-
nating from the plasma membrane or various organelles
must be transported along the cytoskeleton and tethered
to and fused with the target membrane. Rabs specifically
regulate their effectors, including sorting adaptors, teth-
ering factors, motors, kinases, phosphatases, and modu-
lators of small GTPases, at the donor or acceptor
domain to function appropriately. For example, the

Rab27 localize to melanosome and recruit melanophilin,
which binds to actin-based vesicle motors of myosin Va,
in a GTP-dependent manner; these melanosomes are
then shuttled to the cell periphery by myosin Va.21,22

Furthermore, several studies have indicated that distinct
Rabs act in coordination in the same pathway by localiz-
ing to the same or different organelles, which are occu-
pied by different Rabs. This mechanism enables
individual Rabs to function distinctively by interacting
with other Rabs. An example is the Rab11–Rabin8–Rab8
cascade, wherein Rabin8, known as the GEF for Rab8,
interacts with activated Rab11 to form a complex that
allows activation of Rab8 at recycling endosomes. The
activation of both Rab8 and Rab11 thereby facilitates an
interaction between their carrier and the exocyst com-
plex.16 Furthermore, recent findings suggest that inter-
play between Rabs and small GTPases other than those
of the Rab family mutually influence their activity.23,24

Recently, we identified ARHGEF10 as the multiple
Rab-interacting GEF for RhoA.25 ARHGEF10 belongs to
the Dbl family and functions as the GEF for the RhoA
subfamily, consisting of RhoA, RhoB, and RhoC.26,27

Moreover, ARHGEF10 had no distinct domain structure
except for DH domain and a putative PDZ-binding
motif at the C terminus (Fig. 1).28 Although ARHGEF10
is proposed to be associated with various diseases,
including cancer, Charcot-Marie-Tooth disease, athero-
thrombotic stroke, and schizophrenia,29-33 its function
has not yet been elucidated. ARHGEF10 was initially
identified as a GEF with a mutation in which threonine
was replaced with isoleucine at codon 332 (T332I) by
analyzing a family with autosomal dominant segregation
of slowed nerve conduction velocities (NCV) and thin
peripheral nerve myelination without the clinical pheno-
type (Fig. 1).34 To elucidate the cause of this phenotype,
Chaya et al. performed functional analysis of the T332I
and various deletion mutants of ARHGEF10 and showed
that ARHGEF10 has a negative regulatory region and an

Figure 1. Schematic representation of ARHGEF10. The region 1–211 amino acids (aa) inhibited ARHGEF10 to localize to the Rab8-
positive tubular structure. The region 212–332 aa negatively regulated the GEF activity of ARHGEF10. C-terminous 1304–1342 aa, which
does not include the PDZ-binding motif (1343–1345 aa), is an essential region for the GEF activity of ARHGEF10.
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essential region for GEF activity in its N-terminus con-
taining 211–332 amino acids and C-terminus containing
1304–1342 amino acids (Fig. 1) for its GEF activity,
respectively and that T332I mutant had constitutively
activated GEF function and that the overexpression of
this mutant but not the wild-type ARHGEF10 in HeLa
or HEK293T cells induced cell contraction that was
inhibited by the ROCK inhibitor Y-27632.27 Similar
morphological changes were observed in the Schwann
cells that overexpressed the T332I mutant.27 These
results suggest that the T332I mutation-associated phe-
notype observed in the peripheral nerves could be due to
its high GEF activity.

To investigate the fundamental function of ARH-
GEF10, we performed cytochemical and functional
analyses using a monoclonal antibody against ARH-
GEF10 as well as overexpression and knockdown
techniques.25 In this study, immunofluorescence anal-
ysis using antiARHGEF10 revealed cytoplasmic vesi-
cle-like puncta in HeLa cells. ARHGEF10 localization
is affected by microtubule orientation. Since many
secretory and endocytic vesicles are known to move
along microtubules, we examined the colocalization of
ARHGEF10 with various Rab proteins, including
Rab5A, Rab6A, Rab7, Rab8A, Rab11A, and Rab27A.
Among these Rabs, Rab6A and Rab8A were found to
colocalize and interact with ARHGEF10 on vesicle-
like puncta. Previous findings have indicated that
Rab6- and Rab8-double-positive vesicles are the exo-
cytotic vesicles containing the membrane or secreted
proteins that are transported from the Golgi appara-
tus to the plasma membrane.35,36 Colocalization of
ARHGEF10 with the exocytotic vesicle marker protein
neuropeptide Y was confirmed. Further experiments
suggested the involvement of ARHGEF10 in Rab6-
and Rab8 localization and Rab8-mediated invasion.
These results possibly show the existence of a novel
small GTPase cascade, which connects the signaling
of these Rabs with RhoA during membrane traffick-
ing. In this mini-review, we discuss the possible func-
tion of ARHGEF10 and RhoA in membrane
trafficking.

The localization of ARHGEF10 is altered by
depolymerization of microtubules

Although ARHGEF10 is distributed as cytoplasmic vesi-
cle-like puncta at the cell periphery, the disruption of
microtubules induced the accumulation of ARHGEF10
near the centrosome in HeLa cells. This implies that
ARHGEF10 localization is affected by microtubule ori-
entation and that ARHGEF10-positive vesicles are deliv-
ered along the microtubules to the cell periphery.

Furthermore, it was revealed that ARHGEF10 colocal-
ized with Rab6A on the exocytotic vesicles. Knockdown
of Rab6A or overexpression of dominant-negative
Rab6A impaired ARHGEF10 localization to exocytotic
vesicles. These data suggest that ARHGEF10 localizes to
exocytotic vesicles in a Rab6A-dependent manner and
that ARHGEF10-positive vesicles may be transported to
the cell periphery together with Rab6A. It was demon-
strated that Rab6A localizes to exocytotic vesicles and
controls the transport of these vesicles from the Golgi
apparatus to the plasma membrane via interaction with
a microtubule motor, the heavy chain of kinesin-1
(KIF5B).35,37 Another study identified KIF1C as a
Rab6A-interacting microtubule motor.38 Depletion of
KIF1C slowed protein delivery to the cell surface and
interfered with vesicle motility. These motor proteins
could contribute to the localization of ARHGEF10-posi-
tive vesicles to the cell periphery. Conversely, Aoki et al.
found that ARHGEF10 binds to KIF3B.39 KIF3B is
known to be a component of kinesin-2 and to be associ-
ated with various cell functions, including axonal and
cytoplasmic organelle transport and cilia biogenesis.40

Immunocytochemical studies show that KIF3B is local-
ized to the centrosome and cilia.39-41 This microtubule
motor could serve to deliver ARHGEF10-positive
vesicles to the cell periphery or restricted sites in which
KIF3B functions.

Functions of RhoA in membrane trafficking

ARHGEF10 colocalizes with Rab6 and Rab8 at exocy-
totic vesicles emanating from the Golgi apparatus.25 In
this trafficking pathway, these vesicles containing newly
synthesized secretory or membrane proteins must be
budded and fissioned from the Golgi apparatus, trans-
ported along the cytoskeletal track, and tethered to and
fused with the plasma membrane. It has been reported
that Rab6 is involved in the fission and transport of these
vesicles and that Rab8A localizes to these vesicles in a
Rab6A-dependent manner to modulate the tethering
and fusion of these vesicles with plasma membrane.35-37

In addition to localizing with these vesicles, Rab6A local-
izes to the Golgi apparatus and Rab8A does to the cyto-
plasmic tubular structures, while ARHGEF10 was only
detected at exocytotic vesicles. Furthermore, the interac-
tion of ARHGEF10 with Rab6A or Rab8A was demon-
strated using immunoprecipitation assays. Conversely,
overexpression of the ARHGEF10-N-terminal-deletion
mutant (211»), which lacks amino acids 1–210 (Fig. 1),
altered the localization of both Rab6A and Rab8A while
depletion of ARHGE10 partially inhibited the localiza-
tion of Rab8A to exocytotic vesicles. These results sug-
gest that ARHGEF10 acts as a regulator of Rab6A or
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Rab8A localization in the exocytotic pathway. If this is
the case, how does the RhoA subfamily, downstream of
ARHGEF10, play a role in this pathway?

Rab8A localizes to the tubular structure, which has
been shown to originate from macropinosomes at ruf-
fling surface membrane domains, and recycles the mem-
brane back to the plasma membrane.42 Rab8-positive
tubular structures are increased by treatment with cyto-
chalasin D, known as an actin depolymerization drug.
Huttula et al. indicated that overexpression of RhoA-
G14V, the dominant active form of RhoA, altered the
Rab8-positive tubular structures to the vesicular struc-
tures in HeLa cells.42 These results suggest that the

control of actin filaments and RhoA-activity is impli-
cated in the biogenesis of Rab8A-positive tubular struc-
tures (j RhoA in Fig. 2).

Several reports have proposed that the contraction of
actomyosin and the polymerization of actin filaments,
known to be regulated by RhoA signals, play roles in the
fission of exocytotic vesicles from the Golgi appara-
tus.37,43 Miserey-Lenkei et al. demonstrated that Rab6
bound to myosin II and that the cells treated with
Y-27632 (a ROCK inhibitor) and ML-7 (a myosin light
chain kinase inhibitor) exhibited the formation of tubu-
lar structures, which extended from the Golgi apparatus
to the cytoplasm and contained secretory proteins, due

Figure 2. Schematic representation of exocytotic pathway, which is modulated by Rab6 and Rab8. ARHGEF10 localized to Rab6- and
Rab8-positive exocytotic vesicles, but not Rab6-positive Golgi apparatus and Rab8-positive tubular structure. It is possible that RhoA
might contribute to the biogenesis of Rab8-positive tubular structure (j RhoA), the fission of exocytotic vesicles from Golgi apparatus
(k RhoA), tethering of exocytotic vesicles to plasma membrane (l RhoA), mitotic-spindle formation (m RhoA) and ciliogenesis (m
RhoA). Rab6-positive: blue, Rab8-positive: orange, ARHGEF10-positive: brown.
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to the failure of scission of exocytotic vesicles.37 Further-
more, it was reported that knockdown of mammalian
Diaphanous-related formin 1 (mDia1), which acts as a
direct target for RhoA44 and activates the polymerization
of actin filaments,45 resulted in an increase in Rab6-posi-
tive tubular structures.46 Serine/threonine kinase LIM-
kinase1, another RhoA downstream protein, is also pro-
posed to be involved in the formation of vesicles origi-
nating from the Golgi apparatus destined for the apical
plasma membrane of epithelial cells.47 It is known that
LIM-kinase1 activated by RhoA suppresses the activity
of cofilin, which acts as an actin-depolymerizing pro-
tein.9 The overexpression of kinase-dead LIM-kinase1,
of LIM-kinase1 small interfering RNA, or of an activated
cofilin mutant interfered with exit from the Golgi appa-
ratus of these vesicles.47 From these data, it appears that
RhoA could function to bring about fission of exocytotic
vesicles from the Golgi apparatus (k RhoA in Fig. 2).

Several studies also support a role for RhoA in the
tethering and fusion between exocytotic vesicles and the
plasma membrane. In yeast, exocyst, an evolutionarily
conserved octameric protein complex, is shown to be
involved in tethering and fusion processes. In these pro-
cesses, Rho is crucial in regulating the formation and
localization of the exocyst.15 A similar mechanism is
conserved in mammals. In invading breast carcinoma
MDA-MB231 cells, it was reported that IQGAP, which
functions as a scaffold protein in the formation of cell
polarity through regulation of the tethering point of exo-
cytotic vesicles, colocalized and interacted with Sec 3 and
Sec 8, which are components of the exocyst, in the inva-
dopodia. In this pathway, activation of RhoA is required
to stimulate this interaction.48 These results indicate a
role for RhoA in the regulation of exocytotic vesicles
tethering at the restricted or overall plasma membrane
(l RhoA in Fig. 2). Therefore, ARHGEF10 functioning
in relation to these processes may be mediated via activa-
tion of RhoA.

Conversely, inhibition of Rab8A localization to the
exocytotic vesicles observed in the ARHGEF10-depleted
cells was rescued by the expression of the ARHGEF10
mutant, which has suppressed GEF activity. This result
indicates that the GEF activity of ARHGEF10 is not
essential for localization of Rab8A to the exocytotic
vesicles. It is known that 2 distinct Rabs simultaneously
interact with the same effector protein, thereby enabling
association between 2 membrane compartments. One
example is rabenosyn 5, which has separate binding sites
for Rab4 and Rab5.49 Overexpression of rabenosyn 5
promotes the generation of Rab4- and Rab5-overlaped
membrane domains. Thus, it has been suggested that
rabenosyn 5 connects a Rab4-positive compartment with
a Rab5-positive compartment. In our study, some

ARHGEF10-positive vesicles were observed at or near
the Rab8A-positive tubular structures. Moreover, the
deletion mutant of ARHGEF10 (211») inappropriately
localizes to the Rab8A-positive tubular structures. These
results suggest that the region containing 1–211 amino
acids inhibits ARHGEF10 to localize to Rab8A-positive
tubular structures (Fig. 1) and full-length ARHGEF10
localizes temporally and spatially to this tubular struc-
ture through certain modifications or interactions with
unknown factors in response to a transient stimulation.
Conversely, overexpression of 211» led to the generation
of large vesicle-like structures containing both Rab6 and
Rab8. The large vesicle-like structures generated by the
overexpression of 211» could result from fusion of
Rab6A-positive vesicles with Rab8A-positive tubular
structures. Unfortunately, we could not find the charac-
teristical domain structure in the amino acids 1–210.
From these results, it appears that ARHGEF10 could
fuse Rab6A-positive vesicles with the Rab8A-positive
membrane, as exemplified by the relationship between
rabenosyn 5 and Rab4 and Rab5.

The function of ARHGEF10 in cell invasion

Various Rabs and Rho family proteins have been impli-
cated in the migration and invasion of cells.10 In migrat-
ing or invading cells, these small GTPases contribute to
the establishment of cell polarity by regulating mem-
brane trafficking and orientation of the cytoskeleton. It
has been proposed that Rab8 plays a crucial role in the
invasion of MDA-MB231 cells via polarized exocytosis.50

In this study, Rab8 was detected at the vesicles that origi-
nate from the Golgi apparatus and contain membrane
type 1-matrix metalloproteinase (MT1-MMP), known as
an essential protease in matrix degradation and cell inva-
sion. These vesicles are focally delivered to the invasive
structures in the invading cells. Depletion of Rab8
reduced invasive activity due to the failure of polarized
exocytosis of MT1-MMP. It is interesting to note that
the exocyst complexes were implicated in the tethering
of the vesicles containing MT1-MMP to the invadopodia
through an interaction with IQGAP and that this inter-
action was enhanced by the activation of RhoA.48 Since a
similar reduction in invasive activity was observed by
knockdown of ARHGEF10 in MDA-MB231 cells, it
might appear that ARHGEF10 functions to effect polar-
ized exocytosis through an interaction with Rab8.

When vascular endothelial cells are artificially sub-
jected to uniaxial cyclic stretch, they become elongated
and align perpendicular to the stretch axis. Moreover, as
perpendicular alignment of the cells proceeds, actin
stress fibers themselves align perpendicularly to the
stretch axis. Since these changes to the cell morphology
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and cytoskeletal alignment occur as a result of sensing
mechanical force through the cell–substrate and cell–cell
adhesion sites, integrin and cadherin play important
roles in these process.51,52 Abiko et al. indicated that
reorientation of the cell and stress fibers induced by
cyclic-stretch stress were suppressed by knockdown of
ARHGEF10 in human umbilical vein endothelial cells
(HUVECs).53 This result supports the idea that ARH-
GEF10 could act to modulate reorientation of the cell
and stress fibers. However, several studies have also pro-
posed the involvement of Rab8 in the regulation of cell
morphology.42,54 A recent report indicated that the over-
expression of dominant active Rab8 suppressed the activ-
ity of RhoA, resulting in the loss of the stress fibers.55

These results suggest that Rab8 also modulates the for-
mation of stress fibers through regulation of RhoA activ-
ity. Thus, ARHGEF10 and Rab8 could contribute to the
change in cell morphology, which is involved in the
establishment of cell polarity, through regulation of
stress fiber reorientation. It is noteworthy that overex-
pression of T332I mutants induced cell contraction,
which could also be attributed to the force generated by
formation of stress fibers.27 Two recent studies support a
correlation between the functions of Rab6 and Rab8 and
polarized cell migration. Directional migration of the
cells requires the formation of front–rear cell polarity,
such as the leading edge and tail. In the leading edge of
migrating cells, endocytosed or newly synthesized integ-
rins have to be delivered to the leading edge to generate
a new focal adhesion, and the mature adhesion should
be turned over. Hence, coordinated focal adhesion
dynamics facilitate polarized cell migration. It has been
reported that Rab8 is involved in the turnover of focal
adhesion via the polarized transport of these exocytotic
vesicles containing MT1-MMP near the focal adhesion.55

Rab6 was also suggested to play a role in the formation of
cell polarity through regulation of polarized b1 integrin
distribution.56 Based on these data, ARHGEF10 possibly
functions to establish cell polarity in invading or migrat-
ing cells through association with these small GTPases.

The function of centrosomal ARHGEF10

Aoki et al. showed that ARHGEF10 and RhoA local-
ized to the centrosome, and knockdown of these pro-
teins or treatment with ROCK inhibitor resulted in
multipolar-spindle formation. These results showed
the involvement of ARHGEF10 in the regulation of
mitotic-spindle formation in HeLa cells (m RhoA in
Fig. 2).39 Our study could not confirm the centroso-
mal localization of ARHGEF10 in HeLa cells at the
endogenous or exogenous level. However, this dis-
crepancy could be attributable to differences in

antibodies or cell culture conditions (for example, the
serum used in the culture medium). Primary cilia
project from proximal mother centrioles, known as
basal bodies, and play roles in sensing extracellular
signals.40,57 It was reported that Rab8 localized to the
basal body to control the trafficking of vesicles in pri-
mary ciliogenesis.58-60 In addition to the regulation of
mitotic-spindle formation, the localization of ARH-
GEF10 to the centrosome could also play a role in cil-
iogenesis. Several studies indicated the linkage
between modulation of Rho GTPase activity and the
actin cytoskeleton and ciliogenesis.61-67 The inhibition
of either Rho kinase (ROCK) or F-actin polymeriza-
tion promoted ciliogenesis in retinal pigmented epi-
thelial (RPE1) cells.66 Moreover, loss of p190A Rho
GAP, which have GAP activity for RhoA and Rac1,
induced the ciliogenesis defects and this defect was
rescued by the inhibition of either Rho kinase
(ROCK) or F-actin polymerization.67 These results
suggested that RhoA might negatively regulate the cil-
iogenesis. On the other hand, it was reported that
docking of basal bodies at the apical membrane were
dependent on RhoA activation in the mouse primary
culture airway epithelial cells.61 Thus, ARHGEF10
localizing to the centrosome might function in the cil-
iogenesis by modulating RhoA activity. Aoki et al.
identified KIF3B as an ARHGEF10-binding partner.39

It was noteworthy that this motor protein was pro-
posed to be required for ciliogenesis.57

Conclusion

Although our study revealed that ARHGEF10 localized
to Rab6- and Rab8 positive exocytotic vesicles, interacted
with these Rabs, and was involved in cell invasion, its
fundamental role in cell functions, such as invasion,
migration, and cytokinesis, as well as in its contribution
to Rabs signaling has not yet been completely elucidated.
Taking into consideration the aforementioned example,
ARHGEF10 could act to provide a connection between
Rabs signaling and RhoA signaling to mediate diverse
biologic processes. Further studies should unravel the
precise and basal functions of ARHGEF10 in the Rab-
and Rho- associated biologic systems.
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