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ABSTRACT
The activation of the small GTPase ARF6 has been implicated in promoting several pathological
processes related to vascular instability and tumor formation, growth, and metastasis. ARF6 also
plays a vital role during embryonic development. Recent studies have suggested that ARF6 carries
out these disparate functions primarily by controlling protein trafficking within the cell. ARF6 helps
direct proteins to intracellular or extracellular locations where they function in normal cellular
responses during development and in pathological processes later in life. This transport of proteins
is accomplished through a variety of mechanisms, including endocytosis and recycling, microvesicle
release, and as yet uncharacterized processes. This Commentary will explore the functions of ARF6,
while focusing on the role of this small GTPase in development and postnatal physiology,
regulating barrier function and diseases associated with its loss, and tumor formation, growth, and
metastasis.
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Introduction

ARF6 is a member of the adenosine diphosphate (ADP)-
ribosylation factor (ARF) family of small GTPases and is
part of the larger superfamily of RAS GTPases. ARFs were
originally named for their ability to stimulate cholera
toxin-mediated ADP ribosylation of the Gas subunit of
the heterotrimeric G proteins,1 which are utilized by many
G-protein coupled receptors (GPCRs). However, ARFs are
now known to regulate cell behavior and function by con-
trolling protein and lipid trafficking in eukaryotic cells.

Mammals possess 6 different ARF isoforms that can
be divided into 3 classes: class I (ARF1, ARF2, and
ARF3); class II (ARF4 and ARF5); and class III (ARF6).
However, unlike many other mammals, humans lack
ARF2.2 Most research to date has focused on ARF1 and
ARF6. ARF1 primarily regulates vesicular trafficking
between the endoplasmic reticulum and Golgi and from
the Golgi to the plasma membrane3 as well as phagocyto-
sis.4 ARF1 also recruits CDC42 to Golgi vesicles where it

activates N-WASP, which leads to Arp2/3 recruitment
and actin polymerization.5 In contrast, ARF6 functions
mostly at the plasma membrane where it is involved in
endocytosis and recycling, cytokinetic abscission, and
Rac-mediated cytoskeletal remodeling to promote cell
migration, invasion, adhesion, and phagocytosis
(Fig. 1).6-9 Recently, ARF6 also has been shown to
control retromer trafficking between the Trans-Golgi
network and late endosomes/lysosomes.10

Like other GTPases, ARF6 adopts an active conforma-
tion when bound to GTP and in an inactive form when
bound to GDP. Two different classes of proteins control
the activation state of ARF6. Guanine nucleotide
exchange factors (GEFs) activate ARF6 by promoting the
exchange of GDP for GTP, while GTPase activating
proteins (GAPs) inactivate ARF6 by stimulating the
hydrolysis of GTP to GDP. Numerous ARF6-GEFs and
ARF6-GAPs regulate ARF6 activity depending on cell
type and the stimulus received by the cell.
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The role of ARF6 in the endocytosis and recycling of
receptor tyrosine kinases (RTKs), GPCRs, integrins, and
cadherins is well established (Table 1, Fig. 2),6,11,12 More
recently, it has been shown that ARF6 also directs the
intracellular trafficking of key signaling proteins, such as
VEGFR2, c-MET, b-catenin, and activated GNAQ, to
intracellular signaling sites where signaling or transcrip-
tion is enhanced (Table 1, Fig. 2).13-16 These recent find-
ings illuminate the role of ARF6 in controlling the
spatial and temporal localization of key signaling
proteins.

ARF6 function is vital during embryogenesis.17

Whether ARF6 plays an essential role in normal postna-
tal physiology has not yet been formally evaluated.
However, the systemic inhibition of ARF6 by small mol-
ecule compounds does not produce observable pathology
in adult animals when administered at therapeutic
levels,13,18 suggesting that a reduction in ARF6 activity in
adults does not have dire consequences to the organism.
The aberrant activation of ARF6, however, does play an
important role in many pathological states, including
vascular leak, inflammatory processes, and cancer. Each
of these roles for ARF6 will be discussed in the following
sections.

ARF6 in development and postnatal physiology

ARF6 has been shown to be required for the normal
development of several species from different phyla
(Table 2), suggesting that it might be a universally
important developmental gene. Transgenic expression of
a dominant negative form of ARF6 (ARF6 T27N) in
Drosophila led to a major neural commissure malforma-
tion, mimicking the phenotype of a deficiency in schizo/
loner (the mammalian ortholog encodes the ARF-GEF
IQSEC1, also known as GEP100 and BRAG2).19 Schizo/
Loner was also shown to be important for myoblast
fusion in Drosophila development, and blocking ARF6
activity inhibited myoblast fusion.20 In sea urchins,
ARF6 also appears to be critical for early embryonic
development.21 In mice, genetic deletion of Arf6 caused a
mid-gestation in utero lethality, which is associated with
an underdeveloped liver and malformation of the fetal
hepatic cord.17 These studies indicate that ARF6 plays a
vital role in development by supporting both the prolif-
eration and the migration of embryonic cells in specific
tissues. Although ARF6 is necessary for early embryonic
development, genetic deletion of Arf6 in Tie2-positive
cells (primarily endothelial cells) during mid-stage

Figure 1. The diverse roles of ARF6 on cellular function and behavior. ARF6 can be activated (GTP-bound state) via several different
receptor signaling pathways, including those controlled by cytokine receptors, receptor tyrosine kinases (RTKs), frizzled (FZD)(a type of
G protein–coupled receptor or GPCR), Toll-like receptors (TLRs), and integrins. ARF6-GTP can induce cell proliferation (maroon arrows)
and cell motility or invasion (purple arrows) by reducing cell-cell contacts, promoting invadopodia formation, membrane ruffling, and
shedding of tumor microvesicles.
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embryonic development does not trigger any noticeable
developmental abnormality and normal physiology is
observed, although neoangiogenesis is reduced upon
tumor transplantation.22 This finding suggests that

ARF6 is not essential for the development or normal
function of all tissues.

The fundamental importance of ARF6 is also reflected
by the fact that it is highly conserved across species. The

Table 1. ARF6 drives relocalization of cellular proteins to control cellular function.

Cellular Localization Relocalization event Cellular Outcome References

CELL SURFACE PROTEINS
Cadherins E-cadherin internalization increased b¡catenin signaling,

increased proliferation
Pellon-Cardenas et al.27

internalization increased cell motility Palacios et al.35

Palacios et al.68

Tushir et al.69

reduced at cell surface increased invasion Morishige et al.51

VE-cadherin internalization reduced cell-cell adhesion, increased
vascular permeability

Zhu et al.18

N-cadherin stable in PM, b¡catenin
released - translocated to
cytoplasm and nucleus

increased invasion and metastasis Grossmann et al.13

RTKs c-MET Internalization (WNT3A
Induced)

hyperactive signaling, hyperproliferative,
disorganized epithelium

Pellon-Cardenas et al.27

Tushir et al.69

recycled to PM increased cell migration Parachoniak et al.12

CSF1-R internalization hyperactive signaling, hyperproliferative,
disorganized epithelium

Tushir et al.69

FGFR1 internalization facilitates nuclear accumulation of FGFR1 Bryant et al.70

MuSK internalization not specified in study Luiskandl et al.71

Integrin b1 integrins recycled to PM cell spreading, focal adhesion formation,
cell motility, angiogenesis

Hongu et al.22

recycled to PM increased cell motility Powelka et al.56

GPCR LHCGR internalization not specified in study, possible
desensitization, prolonged
endosomal signaling, and/or
resensitization

Kanamarlapudi et al.72

b2AR internalization and degradation not specified in study, possible
desensitization, prolonged
endosomal signaling, and/or
resensitization

Macia et al.73

TPbR internalization not specified in study, possible
desensitization, prolonged
endosomal signaling, and/or
resensitization

Giguere et al.74

P2Y1 and P2Y12 internalization, (recycling was
not tested directly)

resensitization, increased platelet
aggregation

Kanamarlapudi et al.75

Heparin-sulfate
proteoglycan

Syndecan recycling cell spreading Zimmermann et al.76

CYTOPLASMIC/
NUCLEAR PROTEINS

G protein GNAQQ209L PM! cytoplasmic vesicles increased oncogenic signaling and
tumor growth

Yoo et al.16

Rac1 activation and recruitment to
PM

increased cell motility Tushir et al.54

Boshans et al.,
Marchesin et al.,
Palamidessi et al.,
Radhakrishna et al.,
Santy et al.,78-82

Transcription factor b¡catenin PM/AJs! cytoplasm! nucleus increased transcription, invasion,
metastasis

Grossmann et al.13

PM/AJs! cytoplasm! nucleus increased proliferation Pellon-Cardenas et al.27

YAP cytoplasm! nucleus increased transcription, proliferation,
tumor growth

Yoo et al.16

ENDOLYSOSOMAL
& TGN PROTEINS

Transmembrane
glycoprotein

M6PR retromer-mediated transport
between TGN and
endolysosomes

diffuse intracellular distribution of free
cholesterol

Marquer et al.10

Intralysosomal
glycoprotein

NPC2 retromer-mediated transport
between TGN and
endolysosomes

diffuse intracellular distribution of free
cholesterol

Marquer et al.10

E-, epithelial; VE-, vascular endothelial; N-, neural; PM. Plasma membrane; CSFR-1, colony stimulating factor 1 receptor; FGFR1, fibroblast growth factor receptor 1;
MuSK, muscle-specific kinase receptor; LHCGR, luteinizing hormone/choriogonadotropin receptor; GPCR, G protein-coupled receptor; b2-adrenergic receptor;
TPbR, thromboxane A(2) receptor b; YAP. Yes-associated protein; AJ, adherens junctions; TGN, Trans-Golgi network; M6PR, mannose-6-phosphate receptor;
NPC2, Niemann-Pick Disease, Type C2.
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amino acid sequence of ARF6 in Drosophila is 94%
identical to the human sequence, and ARF6 in the mouse
is 100% identical to human ARF6. Importantly, the
protein structure and putative functions are also highly
conserved from Drosophila to humans. Moreover, ARF6
is expressed at an appreciable level in almost all cell types
throughout the life span, at least in humans and
mice.17,23,24

Many groups, including our own, have demonstrated
the detrimental effects of aberrant ARF6 activation in
the pathogenesis of several human diseases (reviewed
below), which encouraged the field to investigate poten-
tial therapeutic strategies of targeting ARF6-related
signaling. By inhibiting ARF6-GEFs or ARF6 directly
with systemic administration of small molecules such as
SecinH3 or NAV-2729, several disease phenotypes were

effectively ameliorated, and the treated animals showed
no signs of toxic exposure or pathology related to ARF6
inhibition.13,18,22,25,26 These results suggest that reducing
ARF6 activity by pharmacological inhibition will not
produce detrimental effects in adults and can be used for
therapeutic purposes.

Although pharmacologic inhibition of ARF6 does not
seem to undermine the survival of mice and the normal
function of healthy adult somatic cells, these studies do
not fully address the role of ARF6 in adults. For example,
ARF6 may be important for adult stem cell functions.
ARF6 is activated by WNT3A in benign epithelial cells27

and WNT5A in cancer cells13 to control signaling specifi-
cally from the cadherin-pool of b-catenin (Table 1,
Fig. 2). ARF6 also appears to be important for
activating the WNT co-receptor LRP6.28 This link to

Figure 2. Similarities and differences of ARF6-mediated signaling in various model systems. The following common themes are
illustrated: 1) Growth factors, inflammatory cytokines, and WNTs all activate ARF6 to control adherens junction integrity via endocytosis;
2) Both receptor tyrosine kinase and G-protein signaling are coordinated from endosomes by ARF6; and 3) b-catenin junctional and
transcriptional function is controlled by WNT-activated ARF6 in non-neoplastic/normal epithelial cells as well as melanoma. ARF6
pathways appear to be divergent in the exact guanine exchange factors engaged to activate ARF6 and in the ultimate cellular
phenotype (proliferation vs. barrier function/migration/invasion). Because engagement of ARF6 is a proximal event that is critical for
endosomic signaling, ARF6 controls multiple downstream, parallel pathways. For this reason and because ARF6 activation leads to
pathologic outcomes in both normal and neoplastic cells, ARF6 is an attractive target for development of therapeutic interventions.
FZD D Frizzled, HGF D hepatocyte growth factor, VEGF D vascular endothelial growth factor, EGF D epithelial growth factor, GPCR D G
protein coupled receptor, IL-1 D Interleukin 1, PLC D phospholipase C, PKC D protein kinase C, b D b catenin, a D a catenin,
wt D wild type, mut D oncogenic mutant.
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WNT/b-catenin raises new questions about the role of
ARF6 in adult stem cell function. WNT-b-catenin sig-
naling maintains a transcriptional program that supports
the stem cell state.29 SLIT-ROBO signaling opposes
WNT signaling in cancer cells by inactivating ARF6.13

Likewise, in mammary stem cells SLIT-ROBO inhibits
WNT signaling.30 A few reports indicate that SLIT-
ROBO can regulate somatic stem cell and stem-like cell
behavior.30-33 Thus, because ARF6 is downstream of
WNT/b-catenin and SLIT-ROBO, it appears to be poised
to integrate competing signals that modulate stem cell
function. More work is needed to determine whether
ARF6 has a role in stem cell biology.

In conclusion, the pharmacological inhibition of
ARF6 at therapeutic dosages does not seem to have a det-
rimental effect on adult animal physiology. However,
formal testing of the necessity of ARF6 in postnatal
development and adulthood awaits Arf6 knockout stud-
ies in post-development mice.

The role of ARF6 in controlling barrier function and
diseases related to the loss of barrier function

ARF6 signaling cascades are implicated in the control of
vascular endothelial barrier stability (Table 2). In many
inflammatory and infectious disease states, the presence

of pathogen-associated molecular patterns (PAMPs) or
the release of excessive proinflammatory cytokines
(known as a cytokine storm) leads to a dramatic increase
in vascular permeability, due at least in part to the inter-
nalization of VE-cadherin and the disassembly of adhe-
rens junctions.18,26 The destabilization of the endothelial
barrier permits the influx of inflammatory cells into tis-
sues. This extravasation is a hallmark of the innate
immune response and can also increase fluid accumula-
tion in tissues and lead to organ failure. Recent studies
have elucidated an ARF6-dependent inflammatory sig-
naling cascade in endothelial barrier destabilization that
is independent of the well-described nuclear factor-kB
(NF-kB)-dependent pathway.18,25 IL-1b and lipopolysac-
charides (LPS) each activate ARF6 via the adaptor pro-
tein MYD88 and the ARF-GEF ARNO/CYTH2.
MYD88-ARNO-ARF6 serves as a proximal signaling
cascade that disrupts vascular stability and is functionally
distinct from the inflammatory NF-kB signaling path-
way. It is likely that other proinflammatory cytokines
and PAMPs, as well as damage-associated molecular pat-
terns (DAMPs) may also act through ARF6 to induce
vascular permeability. For example, data suggest that
TNFamay induce permeability through ARF6.18

Inhibition of ARF6 by the ARF-GEF inhibitor
SecinH3 reduced inflammation in 2 different animal

Table 2. ARF6 signaling pathways in development and disease.

Biologic Process Signaling Pathway Outcome/Model System References

Development Schizo/Loner-Arf6 neural commissure formation, Drosophila Onel et al.19

Schizo/Loner-Arf6 myoblast fusion, Drosophila Chen et al.20

ARF6 early embryo formation, sea urchin Dumas et al.21

HGF-ARF6 liver development, mice Suzuki et al.17

Barrier Structure &
Function

Endothelial IL1R-MYD88-ARNO-ARF6 collagen-induced arthritis, mice Zhu et al.18

VEGF-ARNO-ARF6-RAC1 inhibited by
SLIT2/ROBO4-GIT1-Paxillin

1. retinal permeability, retinopathy, mice
2. retinal neovascularization, macular

degeneration, mice

Jones et al.26

LPS-TLR4-MYD88-ARNO-ARF6-VEcadherin endotoxic shock/sepsis, mice Davis et al.25

HGF-ARF6 GEFs�-b1integrin tumor neoangiogenesis, mice Hongu et al.22

Epithelial HGF-ARF6-Ecadherin epithelial cell migration, in vitro Palacios et al.35,36

HGF-ARF6-RAC1 epithelial tube formation��, in vitro Tushir and D’Souza-
Schorey54

WNT3A-ARF6-cMET-ERK-CK2-Ecadherin/
bcatenin

abnormal cyst filling/ductular proliferation,
in vitro

Pellon-Cardenas
et al.27

Cancer
glioma HGF-ARF6-IQGAP1-RAC1 invasion in vitro, invasion in mice Hu et al.49

cutaneous melanoma HGF-ARF6-ERK invasion, in vitro Tague et al.52

cutaneous melanoma WNT5A/FZD4/LRP6-GEP100-ARF6-
bcatenin

invasion in vitro, spontaneous lung
metastasis in mice

Grossmann et al.13

breast carcinoma EGFR-GEP100-ARF6-AMAP1 invasion in vitro, experimental metastasisC

in mice
Morishige et al.51,

Onodera et al.61

lung adenocarcinoma HER2-GEP100-ARF6-AMAP1 invasion, in vitro Menju et al.50

renal cell carcinoma LPAR2-Ga12-EFA6-ARF6 invasion in vitro, experimental metastasis2C

in mice
Hashimoto et al.63

uveal melanoma GNAQQ209L-GEP100-ARF6-PLC, ERK, YAP
and bcatenin

proliferation and colony formation in vitro,
tumor establishment and growth in mice

Yoo et al.16

ARF6 mediates a variety of biologic processes. In developing organisms, ARF6 is essential for embryogenesis. In mature organisms, ARF6 activation potentiates
both inflammatory and neoplastic disease states. �Multiple ARF6 GEFs were implicated. ��Also relevant to development of 3-dimensional epithelial structures in
various organs.CTail vein injection model. CCTail vein injection model with bioluminescent scoring, no gross or microscopic lung masses reported.
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models—collagen-induced arthritis (CIA), a model of
rheumatoid arthritis, and the carrageenan air-pouch
model, a model of acute inflammation.18 Vascular leak
was also reduced by ARF6 inhibition in the CIA model.
These results suggest that limiting vascular leak by block-
ing ARF6 activation is beneficial in both slowing the pro-
gression of arthritis and in reducing acute inflammatory
processes. However, such results might not be solely due
to the stabilizing effect of such inhibitors on the vascula-
ture. Other mechanisms, such as the effect of inhibiting
ARF6 in inflammatory cells, could partially account for
the beneficial effects of the inhibitors. Similar in vivo
studies in mice following cell-specific loss of Arf6 will be
required to determine the role of ARF6 in the endothe-
lium, inflammatory cells, or other cell types in ameliorat-
ing pathology in these models or other models of
inflammation.

The angiogenic growth factor VEGF can also activate
ARF6, leading to increased paracellular permeability of
the endothelium.34 VEGF-mediated vascular leak is the
core etiology of several human diseases, including vascu-
lar eye diseases such as diabetic retinopathy, retinopathy
of prematurity, and age-related macular degeneration.
Inhibition of ARF6 using small molecule inhibitors
decreased vascular leak and associated pathology in sev-
eral animal models of eye disease, including VEGF-
induced permeability, oxygen-induced retinopathy, and
laser-induced choroidal neovascularization.26

ARF6 appears to play a similar role in controlling epi-
thelial barrier function (Table 2). E-Cadherin mediated
cell-cell adhesion maintains the integrity and normal
functions of epithelial cell layers. ARF6 activation
remodels the membrane and actin cytoskeleton at the
periphery of the cell and regulates recycling of plasma
membrane components. Specifically, it has been shown
that expression of the dominant negative ARF6 T27N
mutant prevents hepatocyte growth factor (HGF)-
induced internalization of E-cadherin-based junctional
components in Madin-Darby canine kidney (MDCK)
cells, whereas the constitutively active ARF6 Q67L
mutant induces disassembly of adherens junctions
(Fig. 2).35,36 ARF6 activation by one of its GEFs,
GEP100, disrupts E-Cadherin-mediated cell-cell adhe-
sion of human epidermoid carcinoma CaSki cells,
thereby promoting their invasive phenotype.37 Taken
together, these findings demonstrate that proper regula-
tion of ARF6 activity is necessary for the maintenance of
cell-cell adhesions in the epithelium.

A novel signaling pathway was described in MDCK
cells by which ligand-activated erythropoietin-producing
hepatocellular carcinoma (EPH) A2 increases cell com-
paction, increases E-cadherin-mediated contacts and
suppresses ARF6 activity.38 EPH A2 ligation leads to

activation of the NCK1 tyrosine kinase 1 followed by
recruitment of G-protein coupled receptor kinase-inter-
acting ArfGAP 1 (GIT1) to inactivate ARF6. Although it
is not entirely clear if EPH signaling precedes E-cad-
herin-mediated adhesion or vice versa, these data pro-
vide additional evidence that ARF6 allows a cell to
respond to environmental cues for epithelial barrier
integrity and function, similar to the vascular system.

ARF6 in tumor formation, growth, invasion, and
metastasis

A few studies have begun to address the role of ARF6 in
tumor formation and growth (Table 2). One recent
study16 showed that ARF6 acts as an effector of onco-
genic GNAQ in uveal melanoma to control all known
downstream signaling pathways, including PLC/PKC,
Rho/Rac, YAP, and b-catenin (Fig. 2).39-42 Reducing
ARF6 activity either by knocking down its expression or
by pharmacological inhibition using the small molecule
inhibitor NAV-2729 decreased cell proliferation and
anchorage-independent colony growth in cell culture
assays and tumor establishment and growth in an ortho-
topic xenograft mouse model of uveal melanoma
(Table 2).16 At therapeutic levels, daily dosing of mice
with NAV-2729 for 35 consecutive days produced no
overt signs of toxicity. Red blood cell, white blood cell,
and platelet counts and hematocrits were within the nor-
mal range, and histopathological examination of vital
organs including the liver, lungs, heart, kidney, and brain
revealed no significant lesions. However, toxicity was
observed when mice were administered higher dosages
of NAV-2729. These results indicate that prolonged inhi-
bition of ARF6 in adult mice does not cause catastrophic
physiological changes and suggest that ARF6 inhibition
can be safely employed in adult animals for therapeutic
purposes. When ARF6 was knocked down in uveal mela-
noma cells, GNAQ was relocated from cytoplasmic
vesicles to the plasma membrane and oncogenic signal-
ing was decreased. These results suggest that activation
of ARF6 by oncogenic GNAQ causes the relocation of
GNAQ to cytoplasmic vesicles where signaling is
enhanced (Table 1, Fig. 2) and illustrate the important
role of ARF6 in protein trafficking and signaling.16 Other
reports have also suggested that ARF6 plays a role in the
proliferation of various tumor cell types.43-45 Addition-
ally, the SLIT-ROBO pathway is known to reduce ARF6
activation13,26 and has been shown to inhibit prolifera-
tion in several types of cancers.46

Cancer cells exhibit an aggressive phenotype that ena-
bles them to spread locally and to distant sites. Tumor
cell movement through tissue is controlled by a series of
coordinated events involving cell adhesion, cytoskeletal
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remodeling, changes in cell shape, and extracellular
matrix proteolysis. ARF6 regulates all of these processes
(Fig. 1, Table 2) by controlling the subcellular location of
both membrane and cytoplasmic proteins (Table 1), and
signaling mechanisms have been described at length else-
where.6,47 More recently, it has been shown that ARF6
coordinates signaling and cell function from well-estab-
lished oncogenes such as EGFR, HER2/ERBB2, c-MET,
b-catenin, mutant p53, and mutant GNAQ (Fig. 1,
Tables 1–2).13,16,35,48-52

Dissolution of adherens junctions is thought to allow
cells to mobilize for migration or invasion. In MCF-7
breast cancer cells, overexpression of ARF6 along with
its activating GEF GEP100 reduces E-cadherin-mediated
cell-cell contacts and renders the cells more invasive
(Fig. 2).51 Consistent with these findings, an independent
study showed that epidermal growth factor (EGF)-
induced ARF6 activation leads to E-cadherin internaliza-
tion.53 In MDCK cells, ARF6 activation by hepatocyte
growth factor (HGF) induces E-cadherin internalization
and epithelial cell migration (Fig. 2).35,36 The link
between HGF and ARF6 has been corroborated in addi-
tional, distinct systems such as melanoma, glioma and in
embryonic development (Table 2).17,49,52 In cutaneous
melanoma cells HGF activates ARF6 upstream of ERK to
induce invadopodia activity.52 In glioma, HGF activates
ARF6 leading to IQGAP1 recruitment of RAC1 and an
invasive phenotype.49 During liver development, ARF6
has been reported to be essential for hepatic cord forma-
tion downstream of HGF signaling.17 Embryonic livers
from Arf6 null mice showed defective elongation and
branching into hepatic cords. This finding is consistent
with the role described for HGF-induced ARF6 activa-
tion in the formation of epithelial structures by MDCK
cells in vitro.54

WNT3A also activates ARF6 in MDCK cells to induce
E-cadherin internalization and accumulation of cyto-
plasmic and nuclear b-catenin.27 This is analogous to the
WNT5A-ARF6-b-catenin pathway in cutaneous mela-
noma (Fig. 2).13 However, the precise mechanism of action
of this pathway has been better characterized in epithelial
cells. Specifically, WNT3A-mediated activation of ARF6
causes endocytosis of the receptor tyrosine kinase (RTK)
c-MET and subsequent signaling from endosomes. Thus,
similar to endosomal GNAQ signaling in uveal melanoma,
ARF6 activation leads to endosomal signaling by RTKs in
epithelial cells (Fig. 2). Endosomal c-MET activates ERK,
leading to casein kinase 2-mediated phosphorylation of
a-catenin and disassembly of adherens junctions. Corrob-
orating the data showing that E-cadherin localization is
controlled by ARF6, inactivation of ARF6, via overexpres-
sion of the ARF6-GAP SMAP1, causes E-cadherin to accu-
mulate on the cell surface.55

In contrast to E-cadherin, N-cadherin in cutaneous
melanoma persists at the cell surface upon ARF6 activa-
tion by WNT5A, while junctional b-catenin is released
into the cytoplasm where it can be transported to the
nucleus to induce transcription (Fig. 2).13 Likewise, in
uveal melanoma, oncogenic GNAQ (Q209L) binds and
recruits GEP100 to activate ARF6, which promotes the
relocalization of b-catenin from the cell surface to the
nucleus to induce transcription.16 At present the com-
plete mechanism behind ARF6-dependent liberation of
junctional b-catenin in cutaneous melanoma is
unknown. Independence from cadherin internalization
suggests that a novel mechanism remains to be discov-
ered. However, for uveal melanoma, the process of
b¡catenin release from the membrane appears to
require casein kinase 2 and possibly ERK activation,16

similar to ARF6-dependent, endosomal c-MET control
of junctional b¡catenin signaling in epithelial cells.27

Integrins attach cells to the surrounding extracellular
matrix (ECM) by forming a link between the cellular
cytoskeleton and the ECM by serving as matrix recep-
tors. Integrin internalization and recycling back to the
surface play integral roles in cell adhesion, establishing
and maintaining cell polarity, controlling signaling path-
ways, and promoting cell migration and invasion. ARF6
facilitates b1 integrin recycling to the cell surface
(Table 1) and colocalizes with b1 integrin at membrane
ruffles in HeLa cells, while in MDA-MB-231 breast can-
cer cells, ARF6 controls b1 integrin-dependent cell
migration.56

Degradation of the ECM by matrix metalloproteinases
(MMPs) is required for tumor cell invasion. Both micro-
vesicles that are shed from tumor cells and invadopodia
release MMPs into the extracellular space, thereby pro-
moting degradation of the ECM and invasion.57 Invado-
podia likely act locally to degrade the pericellular ECM,
while microvesicles can release MMPs at a more distant
location thus creating a path for invasion. The nature of
the ECM encountered by the tumor cells may also play a
role in determining whether invasion occurs by microve-
sicle shedding or by invadopodia formation.58 ARF6 acti-
vation promotes both microvesicle shedding and
invadopodia formation through the activation of Rho
and Rac1 pathways (Fig. 1), while expression of a domi-
nant negative ARF6 inhibits both microvesicle shedding
and invadopodia formation.59,60

In MDA-MB-231 breast cancer cells, ARF6 is activated
following the binding of GEP100 to phosphorylated
EGFR, which leads to the formation of invadopodia
through the recruitment of the ARF6 effector AMAP1,
cortactin, and paxillin (Fig. 2).51,61 This receptor tyrosine
kinase (RTK)-GEP100-ARF6-AMAP1 pathway has been
implicated in lung cancer as well. In lung adenocarcinoma
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patient specimens, triple positive immunohistochemical
staining for phosphorylated EGFR, ARF6, and AMAP1
was reported to correlate with reduced survival.62 Ectopic
expression of HER2/ERBB2 in lung adenocarcinoma cells
recruits and activates the GEP100-ARF6-AMAP1 axis and
increases invasiveness in vitro in a similar fashion to breast
cancer cells.50 New data suggest that ARF6 and AMAP1
may be important in other receptor pathways as well. In
renal cell carcinoma, ARF6 is activated by the Ga12 G-
protein via the GEF EFA6 following lysophosphatidic acid
(LPA) engagement of the GPCR LPAR2 (Table 2).63 This
GPCR-ARF6-AMAP1 pathway stimulates invadopodia
activity, similar to the phenotype in breast cancer. Thus,
RTK and GPCR signaling may employ similar ARF6-
AMAP1 mechanisms to facilitate tumor invasion. The
RTK-ARF6 data in breast and lung cancer model systems
are provocative not only because these cancers are very
common, but also because RTK signaling is a well-estab-
lished driver in cancer and there are numerous FDA-
approved therapies directed toward these signaling path-
ways. Nevertheless, unlike breast cancer, the clinical signifi-
cance of HER2 abnormalities in lung adenocarcinoma is
still uncertain (reviewed inMar et al.64) and the clinical rel-
evance of EGFR signaling in breast cancer is still under
investigation.65 Regardless, these studies demonstrate that
ARF6 is a signaling mediator for a variety of RTKs (Table 1,
Table 2), suggesting that targeting ARF6 may dampen
RTK-driven cancer progression.

ARF6 may also be activated in some tumor types by
the loss of tumor suppressors. For example, reduced
ROBO1 expression is one of 12 biomarkers used in clini-
cal testing to accurately predict metastasis in uveal mela-
noma patients,66 and reduced SLIT-ROBO signaling
appears to be a common feature of pancreatic ductal ade-
nocarcinoma.67 SLIT2-ROBO4 signaling can suppress
adhesion-induced Rac1 activation and endothelial mem-
brane protrusion,26 while SLIT2-ROBO1 inhibits ARF6
activation, invadopodia formation, and invasion of mela-
noma cells.13

These studies illustrate the important role that ARF6
plays in tumor formation, growth, invasion, and metasta-
sis and highlight how signaling from intracellular endo-
somes appear to be key to the effect of ARF6 in multiple
pathways and cancer types. Furthermore, preclinical
pharmacologic studies suggest that ARF6 might be an
appropriate target for the development of drugs to treat
many types of cancers.

Conclusions

ARF6 controls cellular functions and behaviors both dur-
ing embryonic development and under certain patholog-
ical conditions by directing proteins to intracellular and

extracellular locations where they can function effi-
ciently. Although ARF6 is critical for embryonic devel-
opment, its pharmacological inhibition does not appear
to be detrimental in adult animals, suggesting that target-
ing ARF6 might be an efficacious approach for treating
diseases that are driven, at least in part, by the activation
of ARF6, including certain eye and inflammatory dis-
eases and cancer.
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