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Abstract
β-Catenin has a dual function in cells: fortifying cadherin-based adhesion at the plasma membrane
and activating transcription in the nucleus. We found that in melanoma cells, WNT5A stimulated
the disruption of N-cadherin and β-catenin complexes by activating the guanosine triphosphatase
adenosine diphosphate ribosylation factor 6 (ARF6). Binding of WNT5A to the Frizzled 4–LRP6
(low-density lipoprotein receptor–related protein 6) receptor complex activated ARF6, which
liberated β-catenin from N-cadherin, thus increasing the pool of free β-catenin, enhancing β-
catenin–mediated transcription, and stimulating invasion. In contrast to WNT5A, the guidance cue
SLIT2 and its receptor ROBO1 inhibited ARF6 activation and, accordingly, stabilized the
interaction of N-cadherin with β-catenin and reduced transcription and invasion. Thus, ARF6
integrated competing signals in melanoma cells, thereby enabling plasticity in the response to
external cues. Moreover, small-molecule inhibition of ARF6 stabilized adherens junctions,
blocked β-catenin signaling and invasiveness of melanoma cells in culture, and reduced
spontaneous pulmonary metastasis in mice, suggesting that targeting ARF6 may provide a means
of inhibiting WNT/β-catenin signaling in cancer.

INTRODUCTION
The canonical function of WNTs has been largely attributed to the stabilization of the
cytoplasmic pool of β-catenin, leading to nuclear translocation and activation of
transcription (1). In addition to transcription, β-catenin has a distinct structural role at the
plasma membrane in adherens junctions in linking cadherins to the actin cytoskeleton and
stabilizing cell-cell contacts (2). Although adhesion and transcription can share the same
pool of β-catenin, our understanding of the mechanisms by which junctional β-catenin feeds
into canonical signaling is limited (2, 3). The release of β-catenin from cadherin potentially
has dual roles in promoting tumor cell invasion: (i) weakening cell-cell contacts by
destabilizing adherens junctions and (ii) enhancing transcription by augmenting the nuclear
pool of β-catenin. Among the WNTs, WNT5A has emerged as a key mediator of tumor cell
invasion (4), yet its role has been attributed to β-catenin– independent, noncanonical
signaling mechanisms. WNT5A can stimulate β-catenin signaling, depending on receptor
context (5–10), but whether this occurs naturally in mammalian cells or in the setting of
cancer is unknown.

Adenosine diphosphate (ADP)–ribosylation factor 6 (ARF6) is a small guanosine
triphosphatase (GTPase) that is a critical mediator of endocytosis and recycling of cadherin-
catenin complexes at the cell surface (11). In the endothelium, we have shown that the
ligand SLIT and its receptor ROBO induce GTPase-activating proteins (GAPs) to convert
ARF6 to the inactive, guanosine diphosphate (GDP)–bound state (12), enhancing the
localization of vascular endothelial–cadherin to the cell surface and promoting stability of
cell-cell interactions (13). In epithelial cells, hepatocyte growth factor activates ARF6 to
promote internalization of E-cadherin and cell motility (11). Likewise, in breast cancer, the
epidermal growth factor receptor induces guanine exchange proteins (GEFs) to induce
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guanosine 5′-triphosphate (GTP) loading and activation of ARF6 (ARF6-GTP), reducing E-
cadherin at the cell surface and promoting an invasive phenotype (14). Thus, ARF6 is at the
center of opposing signals that influence cellular motility by regulating adherens junctions.
Whether ARF6 is also central to the mechanism controlling the relationship between
junctional and nuclear pools of β-catenin has not been explored.

Here, we showed in melanoma cells that ARF6 acts as a molecular switch to control the
shuttling of β-catenin between the plasma membrane and the cytoplasm. This switch is
controlled by two competing signals, WNT5A and SLIT2. WNT5A activates ARF6, leading
to the disruption of N-cadherin–β-catenin complexes, accumulation of cytoplasmic and
nuclear β-catenin, increased transcription, and tumor cell invasion. In contrast, SLIT2
inactivates ARF6, thus stabilizing N-cadherin–β-catenin interactions and reducing
transcription and invasion. Hence, the activation state of ARF6 controls the intracellular
location of β-catenin, which directly stimulates tumor cell invasion. Our work indicates that
a WNT can induce the disruption of cadherin-catenin interactions and that endogenous
WNT5A signaling augments canonical signaling. Our data support a mechanism in which
ARF6 is critical in the WNT5A signaling cascade and explain how junctional and nuclear β-
catenin pools are related. Furthermore, we show that inhibition of this ARF6 mechanism
impedes spontaneous melanoma metastasis in vivo.

RESULTS
ARF6 controls the release of β-catenin from N-cadherin, affecting β-catenin transactivation

Because activated ARF6 increases endothelial and epithelial cell motility by decreasing the
surface localization of cadherins (11–14), we hypothesized that ARF6 might promote tumor
cell invasion by a similar mechanism. To this end, we evaluated the role of ARF6 in
invasion of melanoma cells. Both N-cadherin (15–20) and ARF6 (21–23) have been
implicated in melanoma invasion, but a relationship between the two has not been
investigated. N-cadherin abundance in plasma membrane fractions was unchanged after
small interfering RNA (siRNA)–mediated knockdown of ARF6 in LOX melanoma cells
(fig. S1). In contrast, ARF6 knockdown in LOX cells increased both the association of β-
catenin with N-cadherin (Fig. 1A and figs. S2A and S3A) and the membrane fraction of β-
catenin (Fig. 1B and figs. S2B and S3B), with a concomitant decrease in cytoplasmic and
nuclear β-catenin (Fig. 1B and figs. S2B and S3B). Immunofluorescence staining of LOX
cells showed that N-cadherin localization was relatively unchanged in ARF6 knockdown
cells (fig. S3C), whereas membrane localization of β-catenin increased (fig. S3D) and active
β-catenin in the nucleus decreased (fig. S3E). ARF6 silencing did not alter total β-catenin or
the amount of unphosphorylated, stabilized, active β-catenin (fig. S4A), suggesting that the
ARF6-dependent increase in cytoplasmic and nuclear β-catenin was unrelated to
mechanisms controlling β-catenin protein stability. In support of this, silencing of ARF6 did
not affect the phosphorylation of low-density lipoprotein receptor–related protein 6 (LRP6)
(fig. S4A), a marker for the sequestration of the β-catenin degradation complex by
Dishevelled (24). In addition, ARF6 activation was not altered by chemical manipulation of
the β-catenin degradation complex. Specifically, the amount of ARF6-GTP was constant in
LOX cells exposed to the AXIN stabilizer endo-IWR 1, the tankyrase inhibitor X AV-939,
or the glycogen synthase kinase 3β (GSK3β) inhibitor BIO (fig. S4B). In addition, the
amount of β-catenin bound to N-cadherin was not altered by AXIN stabilization or
inhibition of GSK3β (fig. S4C), suggesting that the N-cadherin–associated pool of β-catenin
was distinct from the canonical, WNT-generated pool of β-catenin. These data suggest that
ARF6 controls the disassembly of cadherin and β-catenin, converting junctional β-catenin
into cytoplasmic pools available for nuclear translocation.
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To determine whether the activated form of ARF6 is necessary for the release of β-catenin
from N-cadherin, we inhibited ARF6 activation in LOX cells by either activating ARF6
GAPs or inhibiting ARF6 GEFs. SLIT2, which is a ligand for ROBO receptors, inhibits
ARF6 activation in endothelial cells by stimulating ARF6 GAP activity in a ROBO4-
dependent manner (12). Similarly, ROBO1 was necessary for the inhibitory effects of SLIT2
on ARF6 activation in LOX cells (fig. S5, A and B). ARF6 GEFs, such as cytohesins and
IQSECs (for example, GEP100, which is also known as IQSEC1), and the PSD families
convert inactive ARF6-GDP to active ARF6-GTP, and some ARF6 GEFs can be inhibited
with the small-molecule SecinH3 (25). SecinH3 inhibited ARF6 activation in LOX cells
(fig. S5C). Treatment of LOX cells with either SLIT2 (Fig. 1, C and D, and fig. S2, C and
D) or SecinH3 (Fig. 1, E and F, and fig. S2, E and F) mimicked the effects of ARF6
knockdown on β-catenin localization, causing an increase in N-cadherin–bound β-catenin at
the plasma membrane and a decrease in cytoplasmic and nuclear β-catenin. This shift in β-
catenin from the nucleus to the membrane in response to SLIT2 or SecinH3 was observed
after 3 hours and persisted up to 24 hours (fig. S6, A and B). These data suggested that
ARF6-GTP switched β-catenin localization from the cell surface to the cytoplasm where it
could then translocate to the nucleus. Consistent with this interpretation, ectopic expression
of the constitutively active mutant of ARF6 (Q67L) reduced N-cadherin– bound β-catenin
and the membrane fraction of β-catenin and increased both cytoplasmic and nuclear β-
catenin (Fig. 1, G and H, and fig. S2, G and H). Together, these data indicate that ARF6-
GTP induces the release of β-catenin from N-cadherin, thus increasing the pool of free β-
catenin that is available for nuclear translocation.

Given that changes in the activation state of ARF6 altered the amount of nuclear β-catenin,
we reasoned that ARF6 may also affect β-catenin– mediated transcription. Indeed, ARF6
knockdown (Fig. 1I and fig. S7, A and B) or inhibition of ARF6 activation by SLIT2-
ROBO1 (Fig. 1J) or SecinH3 (Fig. 1K) significantly blunted both the activity of a reporter
gene for β-catenin–mediated transcriptional activity (7TFP-luciferase) and the expression of
AXIN2, a β-catenin target. In contrast, ectopic expression of ARF6 Q67L increased
luciferase activity and AXIN2 expression (Fig. 1L). Together, these data demonstrated that
activated ARF6 could activate β-catenin–mediated transcription. This study demonstrates
that ARF6 controls the cadherin-bound pool of β-catenin and that, when released, this source
of β-catenin can activate transcription.

WNT5A activates ARF6 through Frizzled 4 and LRP6
Because SLIT2-ROBO1 inactivates ARF6 and opposes β-catenin signaling in melanoma
cells, we reasoned that there must be a source of ARF6 activation in these cells. The ability
of ARF6 to affect β-catenin transactivation suggests that WNTs may activate ARF6. LOX
melanoma cells produce generous amounts of WNT5A (fig. S7C), consistent with their
invasive and metastatic behavior (21, 26). WNT5A is a key mediator of tumor cell invasion
(4), and thus far, its role in invasion has been attributed only to β-catenin–independent
(noncanonical) signaling mechanisms (27–30). In LOX cells, silencing WNT5A reduced the
amount of ARF6-GTP (Fig. 2A and fig. S2I). In contrast, after serum starvation and cell
washing to remove endogenous WNT5A, treatment with recombinant WNT5A increased
ARF6-GTP (Fig. 2B and fig. S2J). Among the nine human melanoma cell lines we
evaluated, four produced endogenous WNT5A (fig. S7C). In A2058 and Yusac-2 melanoma
cells, WNT5A was present in relatively low amounts. Treatment of these cells with
recombinant WNT5A resulted in an increase in ARF6-GTP (Fig. 2B and fig. S2I). A375
melanoma cells produced the highest amounts of WNT5A among the cell lines we tested
(fig. S7C). Regardless of the relative amounts of endogenous WNT5A, knockdown of
WNT5A reduced ARF6-GTP abundance (Fig. 2C and fig. S2K). LOX cells also produced
low amounts of WNT2, but WNT3A and WNT7A were not detected (fig. S7D). WNT5A
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knockdown did not reduce WNT2 expression (fig. S7E). ARF6 activation was reduced by
WNT2 knockdown (fig. S8A), but knockdown of WNT2 did not affect WNT5A expression
(fig. S8B). Together, these data demonstrate that ARF6 is activated by endogenous WNT5A
in multiple melanoma cell lines but that other WNTs may be upstream of ARF6.

Because the repertoire of Frizzled receptors present at the cell surface can influence whether
WNT5A activates β-catenin signaling (5), we sought to determine which WNT5A receptors
were responsible for ARF6 activation. Among the Frizzled (FZD) proteins, FZD2 (31),
FZD4 (32), FZD5 (33), and FZD7 (9) have been reported to be WNT5A receptors, but only
FZD4 and the co-receptor LRP5 allow WNT5A to activate β-catenin–mediated transcription
when ectopically expressed in human embryonic kidney (HEK) 293 cells (5). Although
LOX cells express FZD1 to FZD10 (fig. S8C), silencing of FZD4 (Fig. 2D and figs. S2L
and S9), but not FZD2, FZD5, or FZD7 (Fig. 2E and fig. S2M), reduced the accumulation of
ARF6-GTP in LOX cells. Silencing of the WNT co-receptor LRP6 (Fig. 2F and fig. S2N) or
inhibition of LRP6 with DKK-1 (Figs. 2G and fig. S2O) also prevented ARF6 activation.
These data indicate that ARF6 activation by WNT5A requires FZD4 and LRP6.

WNT5A-FZD4-LRP6 stimulate the release of β-catenin from N-cadherin, augmenting β-
catenin signaling

We next tested whether knockdown of WNT5A, FZD4, and LRP6 increased the pool of
junctional β-catenin. Silencing of WNT5A, FZD4, or LRP6 in LOX cells caused a
redistribution of β-catenin, with an increase in β-catenin associated with N-cadherin and a
simultaneous decrease in cytosolic and nuclear β-catenin (Fig. 3, A to E, and fig. S2, P to S),
a result that mirrors knockdown or inhibition of ARF6 (Fig. 1 and fig. S3). Silencing of
WNT5A caused a significant decrease in both the activity of 7TFP-luciferase and AXIN2
expression (Fig. 3F). Luciferase activity was partially rescued and AXIN2 expression was
completely rescued by treatment with recombinant WNT5A in WNT5A knockdown cells
(Fig. 3G), demonstrating that β-catenin–mediated transcription was specifically activated by
WNT5A. Endogenous WNT5A also activated β-catenin in other melanoma cells (fig. S10).
Specifically, knockdown of ARF6 or WNT5A in A375, A2058, or Yusac-2 cells
significantly reduced 7TFP-luciferase activity. WNT5A siRNA treatment had no effect on
7TFP-luciferase activity in MeWo melanoma cells (fig. S10), which do not produce
WNT5A (fig. S7C). These data indicate that endogenous WNT5A– ARF6–β-catenin
signaling is present in multiple human melanoma cell lines. In LOX cells, silencing of FZD4
or LRP6 reduced luciferase activity and AXIN2 expression (Fig. 3H). These data confirm
that WNT5A, FZD4, and LRP6 stimulate β-catenin signaling in melanoma cells, similar to
activated ARF6. Thus, these results implicate WNT5A in disrupting adherens junctions and
driving junctional β-catenin into the canonical pathway.

Activated ARF6 restores β-catenin signaling and invasion when WNT5A is silenced
Because ARF6 was necessary for WNT5A–meditated β-catenin signaling, we asked whether
activated ARF6 was sufficient to rescue β-catenin signaling when WNT5A is silenced. In
WNT5A–depleted LOX cells, expression of ARF6 Q67L disrupted the N-cadherin–β-
catenin interaction (Fig. 4A and fig. S2T) and rescued cytoplasmic and nuclear
accumulation of β-catenin (Fig. 4B and fig. S2U), as well as AXIN2 expression (Fig. 4C).
WNT5A stimulates motility (27) and invasion in several other melanoma cell lines (28, 29).
Silencing of WNT5A inhibited invasion of LOX cells, a result that was reversed by ectopic
expression of ARF6 Q67L (Fig. 4D). Although β-catenin–independent WNT5A pathways
have been described in melanoma (27–30), our data indicate that WNT5A stimulates ARF6
to release cadherin-bound β-catenin, increasing the pool of β-catenin available for nuclear
translocation, transactivation, and tumor cell invasion.

Grossmann et al. Page 5

Sci Signal. Author manuscript; available in PMC 2014 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ARF6 and stabilized β-catenin promote invasion and facilitate invadopodia activity
To determine the requirement of ARF6 for melanoma invasion, we silenced ARF6 in eight
melanoma cell lines. ARF6 knockdown consistently inhibited invasion (Fig. 5A), a result
that is consistent with studies showing that overexpression of an inactive mutant ARF6
inhibited invasion, whereas a constitutively active mutant ARF6 enhanced invasion of LOX
cells (21–23).

Expression profiling of uveal melanomas indicates that reduced ROBO1 expression is
among the 12 expression markers that predict progression to metastatic disease (34). As
indicated above, in LOX cells, SLIT2 inhibited ARF6 activation in a ROBO1-dependent
manner (fig. S5A). SLIT2 also reduced invasion of LOX cells in a ROBO1-dependent
manner (Fig. 5B). Furthermore, invadopodia activity was abrogated by SLIT2 (Fig. 5C). A
similar phenotype was observed upon inhibition of ARF6 activation with SecinH3 (Fig. 5, D
and E), confirming that this small molecule phenocopied the effects of either ARF6 protein
loss or inactivation.

Although the disruption of the cadherin–β-catenin complex is one mechanism by which
WNT5A and ARF6-GTP can stimulate invasion, we sought to determine whether stabilized,
active β-catenin also contributes to invasion. Ectopic expression of stabilized β-catenin
(S33Y-β-catenin) increased the invasive properties of LOX cells (Fig. 5, F and G). The
effect of S33Y-β-catenin had a greater effect on invasion than invadopodia activity,
suggesting that β-catenin might control tumor motility to a greater extent than matrix
degradation. Regardless, these data support a role for nuclear β-catenin in LOX melanoma
cell invasion and are consistent with findings in vitro (19, 20, 35) and in vivo (36) whereby
transcriptionally active β-catenin increases melanoma invasion and metastasis, respectively.

GEP100 is necessary for WNT5A-induced ARF6 activation, β-catenin transactivation, and
invasion

To further understand the mechanism by which WNT5A activates ARF6 to release
junctional β-catenin and promote invasion, we sought to identify the GEF responsible for
activation of ARF6 downstream of WNT5A. Cytohesins are ARF GEFs that are targets of
SecinH3 (25). Because SecinH3 inhibits ARF6 activation (fig. S5C) and the subsequent
downstream effects on β-catenin signaling and invasion (Figs. 1, E, F, and K, and 5, D and
E, and fig. S2, E and F), we reasoned that cytohesins were responsible for ARF6 activation
in LOX cells. Silencing of cytohesin-1, cytohesin-2 (also called ARNO), or cytohesin-3
failed to reduce ARF6-GTP abundance in LOX cells (fig. S11). In contrast, GEP100
knockdown significantly reduced ARF6 activation (Fig. 6A and fig. S2V) and prevented
recombinant WNT5A from activating ARF6 (Fig. 6B and fig. S2W) in LOX cells. Silencing
of GEP100 mimicked WNT5A and ARF6 knockdown, fortifying N-cadherin–β-catenin
interactions, reducing nuclear β-catenin and transcription, and melanoma invasion (Fig. 6, C
to F, and fig. S2, X and Y). GEP100 catalyzed the activation of ARF6 in nucleotide
exchange assays carried out in vitro (37), and SecinH3 exhibited comparable inhibitory
potencies for ARF6 nucleotide exchange in the presence of GEP100 or ARNO (Fig. 6G).
Together, these data identify GEP100 as a critical member of a signaling pathway consisting
of WNT5A, ARF6, and β-catenin that leads to melanoma invasion.

Pharmacologic inhibition of ARF6 activation reduces spontaneous pulmonary metastasis
On the basis of the data presented thus far, we hypothesized that metastasis would be
inhibited by blocking the signaling pathway consisting of WNT5A, FZD4, LRP6, GEP100,
ARF6, and β-catenin. Because pharmacologic inhibition of ARF6 activation with SecinH3
(fig. S5C) strengthened the N-cadherin–β-catenin interaction (Fig. 1E and fig. S2E), reduced
cytoplasmic and nuclear pools of β-catenin (Fig. 1F and fig. S2F), reduced β-catenin
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signaling (Fig. 1K), and suppressed invasion (Fig. 5, D and E), we sought to test whether
SecinH3 had antimetastatic activity in vivo. Subcutaneous LOX xenograft tumors produce
spontaneous pulmonary micrometastases that are identified grossly as discrete, round,
hemorrhagic foci (26) (Fig. 7A). Systemic treatment with SecinH3 significantly reduced
both the number of metastatic foci (Fig. 7B) and the number of mice with metastasis (Fig.
7C). There was no difference in overall primary tumor growth between the two groups (Fig.
7D). We frequently observed reduced nuclear β-catenin staining in primary tumors from
SecinH3-treated mice but not in those from control mice (fig. S12). These data support a
role for ARF6 in melanoma metastasis in vivo and suggest that ARF6 or ARF6 GEFs (or
both) may be viable targets for systemic intervention in patients, particularly those with
WNT/β-catenin–driven cancers.

DISCUSSION
Here, we define a signaling cascade consisting of WNT5A, FZD4, LRP6, GEP100, ARF6,
and β-catenin that promotes melanoma invasion and metastasis (Fig. 7E). GEP100 and
ARF6 link WNT5A stimulation to the release of β-catenin from N-cadherin, ultimately
increasing β-catenin transactivation. Thus, WNT5A and ARF6-GTP facilitate the switch in
β-catenin function from adhesion to transcription. BCL9 (38) and FoxM1 (39) mediate β-
catenin nuclear transport, but unlike these proteins, ARF6 localizes to the plasma membrane
and endosomes (40) and may not be directly involved in nuclear translocation of β-catenin.
Activated ARF6 mediates invasion of diverse malignant lineages, including melanoma,
breast carcinoma, and glioma (21–23). In breast cancer cells, GEP100 facilitates ARF6
activation to promote invasion and metastasis (14). The proinvasive activities of ARF6 have
been attributed to its role in vesicular transport and remodeling of the actin cytoskeleton
(40–42) but have not been linked to β-catenin function. ARF6 may shuttle β-catenin between
the plasma membrane and cytosol through endocytic mechanisms.

ARF6 as an integrative switch
Our data reveal the importance of ARF6 in the integration of competing signals that help
drive plasticity in β-catenin function and the melanoma cell response. WNT5A activates
ARF6 to shift the cadherin pool of β-catenin into the nucleus, whereas SLIT2 inactivates
ARF6, fortifying the association of β-catenin and N-cadherin at the plasma membrane.
SLIT2-ROBO1 inhibits canonical WNT signaling in mammary myoepithelial cells,
affecting duct branching during maturation (43). Together with our data, it appears that
SLIT-ROBO may be a natural antagonist of WNT signaling in multiple cell types. In
melanoma, both WNT5A and SLIT2-ROBO1 appear to be clinically relevant pathways.
Detection of WNT5A in patient tumors correlates with disease progression and reduced
survival (29, 44), and loss of ROBO1 expression in uveal melanoma helps identify patients
at high risk for metastasis (34). Somatic loss or mutations of the SLIT2, ROBO1, and
ROBO2 genes have been observed in pancreatic ductal adenocarcinoma (45), providing
further evidence that these genes have a tumor suppressor role.

Our data show that both WNT5A and SLIT2-ROBO1 control invasion by regulating the
activation state of ARF6 and, as a consequence, the integrity of adherens junctions and β-
catenin signaling. This is analogous to the opposing effects of SLIT2-ROBO4 on
inflammatory signals whereby SLIT2 promotes endothelial barrier function by inhibiting
ARF6 activation and stabilizing cadherin-catenin interactions at the cell surface (46). Hence,
SLIT-ROBO opposes the effects of distinct promigratory signals in inflammation and cancer
by inactivating ARF6. In addition, we have demonstrated that the proinflammatory
cytokines interleukin-1β and tumor necrosis factor–α activate ARF6 and that inhibiting
ARF6 activation in mouse models of rheumatoid arthritis and inflammation reduces vascular
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leak and inflammation (47). The present study shows that the activation state of ARF6 can
control the intracellular location of β-catenin in melanoma cells, thereby influencing cancer
cell invasion. Combined, these studies suggest that ARF6 forms a molecular convergent
point between inflammatory cytokine signaling cascades and cancer-promoting pathways
such as WNT/β-catenin signaling. Future studies will need to explore whether inflammation
disrupts surface cadherin-catenin complexes and increases intra-cellular pools of β-catenin
in neoplastic cells, potentially rendering them more sensitive to perturbations of WNT/β-
catenin signaling.

WNT5A and β-catenin signaling
Our study describes an endogenous WNT5A pathway in human melanoma cells that
facilitates β-catenin signaling. Although previous investigations into the mechanism of
WNT5A-mediated invasion have uncovered only noncanonical pathways (27–30), Wnt5a
can stimulate canonical signaling in Xenopus (6–10) and in mammalian cells (5). Thus, the
dichotomy between canonical and noncanonical pathways might be less distinct than had
been appreciated. These data have been received with some caution, however, because of
the use of overexpressed proteins (1). Wnt5a ectopic expression induces β-catenin
transactivation in the developing mouse embryo (48). Our data provide evidence for a native
WNT5A/β-catenin pathway in human cancer cells. We showed that WNT5A used the
cadherin-bound pool of β-catenin for canonical signaling through ARF6. Whether ARF6 is
also important for noncanonical signaling remains to be investigated. In the cell lines we
studied, noncanonical mechanisms might be important for invasion, and our data do not rule
out this possibility. Our data both support the model advocated by van Amerongen and
Nusse (1), in which WNTs can initiate various interrelated signaling events, and provide
information that explains how β-catenin signaling can be propagated by a prototypical
noncanonical WNT.

The ability of ARF6 to facilitate WNT5A/ β-catenin signaling raises the question whether
ARF6 meditates other WNT/β-catenin pathways. On the basis of our observation that WNT2
also activates ARF6 (fig. S8), we suspect that ARF6 may be a general effector in WNT
signaling. Previous reports indicate that QS11, an ARF GAP inhibitor that increases ARF6-
GTP abundance, can boost WNT3A-dependent TOPFlash activity in HEK293 cells (49),
and ARF1 and ARF6 are activated by WNT3A conditioned medium in HEK293T cells (50).
Our data show the mechanism by which ARF6 mediates an endogenous WNT5A/β-catenin
pathway that is biologically active in cancer invasion. These findings imply that ARF6 may
impinge on various WNT-dependent processes in development and cancer, which will need
to be addressed using in vivo genetic approaches.

β-Catenin in melanoma
In our system, stabilized, active β-catenin induced invasion of melanoma cells (Fig. 5, F and
G), which agrees with a study demonstrating that stabilized β-catenin enhances melanoma
metastasis in mice (36). In contrast, β-catenin may also suppress invasion of melanoma cells
(51). In this latter study, silencing of β-catenin increased invasion in vitro. There are several
possible explanations for these discordant results. First, melanoma is a heterogeneous
disease. β-Catenin function may be context-dependent and, therefore, may vary between cell
lines and model systems. Second, knockdown of β-catenin will decrease the abundance of β-
catenin not only in the nucleus but also at the membrane. The loss of β-catenin could
destabilize adherens junctions and increase cell motility. This is supported by reports
showing that in melanoma cells, β-catenin interacts with N-cadherin during the initial
contacts with en-dothelial cells but must be released from N-cadherin for transendothelial
migration to occur (19, 20). Once released from N-cadherin, β-catenin accumulates in the
nucleus of melanoma cells and activates transcription, facilitating transendothelial migration

Grossmann et al. Page 8

Sci Signal. Author manuscript; available in PMC 2014 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(19). This study highlights the fact that invasion is a dynamic process and that β-catenin
function alternates between the membrane and the nucleus as cells make and break contacts
during this process. Thus, drawing conclusions about β-catenin cellular function based on
subcellular localization requires an evaluation in migrating cells.

Given the dynamic nature of β-catenin localization during invasion, care must be exercised
when interpreting β-catenin staining patterns at a single point in time, such as in patient
samples. Correlative clinical studies suggest that nuclear β-catenin staining is a useful
prognostic marker, predicting a more favorable outcome in melanoma (52–54). Although
these studies do not establish causality, they may hint at a biphasic population of malignant
cells within the tumors. Chien et al. (52) showed that proliferation is inversely related to
nuclear β-catenin staining in both primary and metastatic lesions. Hence, nuclear β-catenin
staining may be a surrogate for nonproliferating cells in these samples and may, in fact, be
highlighting the nonproliferative, invasive population within these tumors.

During cancer progression, tumor cells may switch between invasive and proliferative states,
and nuclear β-catenin may favor one phenotype over the other. Phenotype switching is a
poorly understood process, and the role of β-catenin in melanoma is unclear. The presence
of LEF1 or TCF4 has been shown by one study (55) to determine the proliferative or
invasive phenotypes of melanoma cells, respectively. These data reveal that β-catenin
function can be context-dependent. Future studies of phenotype switching may shed more
light on β-catenin function. For now, we and others have observed that nuclear β-catenin
promotes invasion. We recognize that activation of β-catenin signaling is not the only means
of stimulating invasion downstream of WNT5A. Noncanonical WNT5A signaling is
important, but our data indicate that β-catenin signaling is also active downstream of
WNT5A and is dependent on activated ARF6.

Clinical implications
We have shown that pharmacologic inhibition of ARF6 activation fortifies adherens
junctions, effectively inhibiting β-catenin signaling (Fig. 1, E, F, and K, and fig. S2, E and
F), melanoma invasion (Fig. 5, D and E), and spontaneous pulmonary metastasis of
melanoma (Fig. 7). In cancer, ARF6 is necessary for invasion of tumor cells originating
from diverse cell lineages (14, 21–23, 56, 57), indicating that migrating malignant cells
readily recruit ARF6. As a molecular switch, ARF6 is ideally suited for controlling the
dynamic changes in cell function that are required for invasion and metastasis. Clinically,
inhibitors of the metastatic process are needed to improve therapeutic outcomes (58). This is
particularly important for melanoma because, despite substantial progress in the
development of immunotherapy and therapies that target activating mutations in the kinase
BRAF, few patients achieve a sustainable response that affords long-term remission (59–
61). We have exploited the aggressive nature of melanoma to elucidate a role for WNT5A,
FZD4, LRP6, GEP100, and ARF6 in β-catenin function and show that this signaling
pathway controls invasion and metastasis. It will be important to evaluate whether targeting
ARF6 is an effective strategy in other WNT/β-catenin–driven cancers.

MATERIALS AND METHODS
Cell lines

LOX, SKMel28, Yugen-8, and Yusac-2 cells were provided by D. Grossman (Huntsman
Cancer Institute, University of Utah), and A375 cells were a gift from S. Holmen (Huntsman
Cancer Institute, University of Utah). HEK293T, A2058, MeWo, SKMel2, and WM266-4
cells were purchased from the American Type Culture Collection (ATCC). All cells except
SKMel28 and A375 were maintained in Dulbecco’s modified Eagle’s medium + GlutaMAX
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supplemented with 1 mM sodium pyruvate. SKMel28 cells were maintained in modified
Eagle’s medium + GlutaMAX and 1 mM sodium pyruvate. A375 cells were maintained in
RPMI 1640 medium including GlutaMAX and 1 mM sodium pyruvate. LOX, Yugen-8, and
Yusac-2 were maintained with 5% fetal bovine serum (FBS), whereas the other cells
received 10% FBS.

Plasmids and transfections
FLAG-tagged S33Y-β-catenin in pcDNA3.1 was provided by C. Murtaugh (Department of
Human Genetics, University of Utah). Murine Wnt2, Wnt5a, and Wnt7a, and human WNT3A
coding sequences were individually cloned into the pCI vector under the control of the
cytomegalovirus promoter. HEK293T cells were transiently transfected with 10 µg of
plasmid using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.
For establishing stable cell lines, LOX cells were transfected with 2 µg of pcDNA3.1
(Invitrogen) vector, ARF6 Q67L, or S33Y β-catenin using Metafectene (Biontex
Laboratories) according to the manufacturer’s instructions and selected and maintained with
G418 (800 µg/ml; Gibco) for 2 weeks. Myc-tagged ARF6 Q67L in pcDNA3.1 was
generated by PCR-based mutagenesis from the full-length coding sequence of human ARF6.
Briefly, two fragments of overlapping ARF6 sequence were amplified. The first fragment
was amplified with primers hARF6-F-Kpn I (5′-
cggGGTACCgccaccatggggaaggtgctatcca-3′) and hARF6-Q67L–R (5′-
gagcggccggatcttgtccaggccgcccacatcccatac-3′) and contained base pairs 1 to 219. The second
fragment was amplified with primers hARF6-Q67L–F (5′-
gtatgggatgtgggcggcctggacaagatccggccgctc-3′) and hARF6-R-Not I (5′-
ataagaatGCGGCCGCcaagatttgtagttagagg-3′) and contained base pairs 181 to 526. The two
DNA fragments were mixed in equal amounts for fusion PCR. The full-length human ARF6
Q67L coding sequence was amplified from the fusion template with primers hARF6-F-Kpn
I and hARF6-R-Not I and sequenced for verification.

Lentiviral transduction
For lentiviral transduction, LOX, MeWo, A375, A2058, and Yusac-2 cells were plated at
10,000 cells per well on a 96-well plate in growth medium and incubated at 37°C/5% CO2
overnight. Cells were then treated with lentiviral particles at a multiplicity of infection of 3
to 5 in growth medium containing hexadimethrine bromide (8 µg/ml) and incubated for 20
hours at 37°C/CO2. Medium was replaced with fresh growth medium, and the cells were
incubated overnight and then split into 24-well plates. Forty-eight hours after removal of the
lentivirus-containing medium, selection for cells containing stable integration of the
lentiviral construct was begun using growth medium containing puromycin (0.5 µg/ml;
Invitrogen) for LOX cells and puromycin (1 µg/ml) for MeWo, A375, A2058, and Yusac-2.
Selection was complete by 3 days of treatment. However, cells were expanded for 2 weeks
on selection medium before being used for cellular assays.

RNA interference, recombinant proteins, and SecinH3
All siRNA and short hairpin RNA (shRNA) sequences are listed in table S1. siRNA
duplexes (20 nM) were transfected into LOX cells using HiPerFect (Qiagen) according to
the manufacturer’s instructions. Forty-eight hours after transfection, cells were split to 50%
confluency, retrans-fected, and grown for another 24 hours before cellular assays.
Recombinant WNT5A was obtained from R&D Systems and PeproTech. Control (Mock)
and WNT5A conditioned media were collected from L cells (mouse fibroblasts) (ATCC)
grown according to ATCC instructions. For ARF6-GTP pull-downs, cells were serum-
starved overnight, washed in phosphate-buffered saline (PBS) to remove endogenous
WNT5A, and then treated with recombinant WNT5A (100 ng/ml) or WNT5A conditioned
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medium for 3 hours. For luciferase assays, recombinant WNT5A (10 ng/ml) was given in
complete medium for 6 hours in WNT5A knockdown LOX cells. Human DKK-1 was
purchased from R&D Systems, and cells were treated with 300 ng/ml in complete medium
for 3 hours. For recombinant SLIT2 generation, LOX cells were infected with either empty
adenovirus (Mock) or adenovirus containing a SLIT2 expression construct, and either SLIT2
was salt-extracted from the conditioned medium as previously described (62) or the
conditioned medium was directly used without salt extraction. For ARF6-GTP pull-downs,
cells were treated with 20 nM SLIT2 for 3 hours. For fractionation, 7TFP-luciferase, and
AXIN2 experiments, cells were treated with 20 nM SLIT2 for 24 hours. For Matrigel
invasion and invadopodia activity, cells were treated with 10 nM SLIT2 conditioned
medium, or a single dose (20 nM) of salt-extracted SLIT2 was added to the medium.
SecinH3 was purchased from Calbiochem and Albany Molecular Research Inc. For ARF6-
GTP pull-downs, cells were treated with 30 µM SecinH3 for 3 hours in complete medium.
For fractionation, luciferase, and AXIN2 experiments, cells were treated with 30 µM
SecinH3 for 24 hours. For Matrigel invasion and invadopodia activity, cells were treated
with one dose of 30 µM SecinH3 over the entire course of the experiment. endo-IWR 1 and
XAV-939 were purchased from Calbiochem. BIO was obtained from Tocris Bioscience. For
ARF6-GTP pull-downs, LOX cells were treated with endo-IWR 1 (25 µM), XAV-939 (2
µM), or BIO (5 µM) for 3 hours in complete medium. For immunoprecipitation with β-
catenin and N-cadherin, cells were treated with 25 µM endo-IWR 1, 2 µM XAV-939, or 5
µM BIO for 18 hours.

Western blots, immunoprecipitation, cell fractionation, and ARF6-GTP pull-downs
With the exception of the GGA3 ARF6-GTP pull-downs and cell fractionations, all cell
lysates were prepared with 25 mM Hepes (pH 7.4), 150 mM NaCl, 1% Triton X-100, and
1% sodium deoxycholate, plus phosphatase and protease inhibitors. For
immunoprecipitation, lysates were centrifuged at 12,000g for 10 min, precleared with
protein A/G (GE Healthcare) coupled to agarose beads for 2 hours, and then incubated for 1
hour at 4°C with N-cadherin antibody and protein A/G–agarose beads. For immunoblotting,
primary antibodies were diluted in 5% nonfat dry milk in PBS + 0.1% Tween 20 and
incubated overnight at 4°C. For cell fractionation, whole-cell lysates were prepared in
radioimmunoprecipitation assay buffer [50 mM tris-Cl (pH 7.4), 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS] plus protease and phosphatase inhibitors.
Quantification was by scanning densitometry whereby changes were normalized to loading
controls or input and represents an amalgamation of all independent experiment replicates (n
> 3 each).

Antibodies against ARF6, active β-catenin (Millipore), WNT5A, WNT3A, LRP6, phospho-
LRP6, lamin A/C, β-actin, Na,K-ATPase (Cell Signaling), WNT2, WNT7A, β-tubulin, Myc
(Santa Cruz Biotechnology), N-cadherin, and β-catenin (BD Biosciences) were used for
immunoblotting and/or immunoprecipitation. GGA3 ARF6-GTP pull-downs were
performed with Arf6 Activation Assay Kit (Cell Biolabs) according to the manufacturer’s
instructions. Cytoplasmic and nuclear fractions were prepared with NE-PER Nuclear and
Cytoplasmic Extraction Reagents (Thermo Scientific). Membrane and plasma membrane
fractions were isolated with Plasma Membrane Protein Extraction Kit (Abcam) according to
the manufacturer’s instructions.

Quantification of immunoblots and statistical analysis
Quantitative values were obtained by scanning densitometry. Each band on the immunoblots
was normalized to its paired internal control protein. After normalization, the ratio of each
experimental treatment to its paired control treatment was obtained, and the geometric
means and 95% confidence intervals were calculated.
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RNA extraction and quantitative RT-PCR
RNA was prepared with NucleoSpin RNA II (Macherey-Nagel). Complementary DNA was
synthesized from 5 µg of total RNA with Oligo(dT) primers and Superscript III reverse
transcriptase (Invitrogen). Quantitative RT-PCR was performed with the Applied
Biosystems 7900HT and QuantiTect SYBR Green PCR Kits (Qiagen) with the primers
listed in table S2. All samples were run in triplicate and normalized to GAPDH. AXIN2 and
GAPDH primers were validated for equal amplification efficiencies, and the relative
expression of these genes was determined with the ΔΔCT method. All primer sequences are
listed in table S2.

Luciferase assay
Luciferase activity was assayed with lentivirally transduced cells that stably express the
TOPFlash-based 7TFP reporter (Addgene) (63). Twenty micrograms of lysate was assayed
for firefly luciferase with Promega’s Luciferase Assay System according to the
manufacturer’s instructions. Twelve replicates (wells) were assayed for each experimental
condition. Stable Q67L clones were infected with 7TFP lentivirus 48 hours before the
luciferase assay.

Matrigel invasion
BD Biocoat Matrigel Invasion Chambers (24-well plates) were purchased from BD
Biosciences, and cells were assayed according to the manufacturer’s instructions, with minor
modifications. Briefly, cells were pretreated with mitomycin C (10 µg/ml) for 2 hours to
prevent cell division, washed, and resuspended in medium with 0.2% serum. For most
assays, cells were plated at a density of 5 × 104 cells per well. Cells stably expressing ARF6
Q67L were plated at 2.5 × 104 cells per well. Invasion was induced with complete medium
in the lower chamber. Cells were fixed with 5% glutar-aldehyde for 20 min and stained with
0.5% toluidine blue in 3% NaHCO3 for 40 min. Five separate fields were counted per well
(four wells per experimental variable).

Invadopodia assay
LOX cells were evaluated for invadopodia activity as previously described (21).
Invadopodia activity was scored by counting the percentage of total cells that show
pericellular gelatin degradation.

Immunofluorescence staining
LOX cells were plated for 24 hours at a density of 8 × 104 cells per well in complete
medium on collagen-coated eight-well cover glasses, washed twice in PBS, and fixed. For
intracellular staining, monolayers were fixed in 1:1 methanol/acetone at −20°C and
permeabilized in 0.5% Triton X-100 for 10 min. For cell surface staining of N-cadherin,
monolayers were fixed in 4% paraformaldehyde for 10 min at room temperature, followed
by 10 min in 100% methanol at −20°C. Both fixation conditions were blocked in 5% bovine
serum albumin for 1 hour at room temperature. Primary antibodies against active β-catenin
(Millipore), β-catenin (Invitrogen), and N-cadherin (BD Transduction Laboratories) were
diluted according to the manufacturer’s specifications and applied overnight at 4°C. Signals
were detected by Alexa Fluor–conjugated anti–immunoglobulin G (IgG) diluted to 10 µg/
ml. Fields for imaging were randomly selected in the 4’,6-diamidino-2-phenylindole channel
and imaged at 600× on an Olympus FV1000 confocal microscope.

Four-micrometer sections of formalin-fixed, paraffin-embedded LOX xenograft tumors were
subjected to heat-induced epitope retrieval in citrate buffer (pH 6.0) before immunostaining.
The β-catenin primary antibody (clone 14, BD Transduction Laboratories; 1:50) was
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preincubated with secondary antibody (rabbit anti-mouse Fab2, Dako; 1:100) for 30 min. To
reduce background staining of mouse tissue, 5 µl of mouse serum was added and incubated
for 30 min, creating a primary/secondary cocktail. Sections were incubated with this cocktail
for 2 hours at 37°C. A biotinylated tertiary antibody (goat anti-rabbit IgG, Sigma, 1:100)
was applied for 32 min. Development of the alkaline phosphate red signal was performed
with the Ventana XT detection kit. Levamisole was applied for 8 min as a blocker, and
slides were counterstained with hematoxylin for 4 min. Using a BioView Duet imaging
system, we chose three random 400× fields per tumor on bright field and then imaged them
on a fluorescence microscope. Investigators were blinded to the treatment groups when
evaluating β-catenin staining.

Xenograft melanoma model
Athymic nude and nonobese diabetic/severe combined immunodeficient mice were
purchased from Jackson Laboratories. Mice were injected sub-cutaneously with 2 × 106 to 3
× 106 LOX cells in 0.1 ml of Dulbecco’s PBS. Tumors were allowed to establish for 5 days
before initiating daily intraperitoneal injections of 0.1 ml of 5 mM SecinH3 or vehicle (25%
DMSO + 3.75% dextrose). Investigators were blinded to treatment groups for evaluation of
primary tumor size and scoring of metastasis. Primary subcutaneous tumors were measured
every 3 days. Tumor volume was calculated using the ellipsoid formula: V = 4/3 × π ×
length/2 × width/ 2 × depth/2. On day 21 after tumor cell injection, mice were sacrificed by
isoflurane inhalation and evaluated for spontaneous pulmonary metastasis. Lungs were
removed and rinsed thoroughly in PBS. Discrete, round, and red metastatic foci were
identified and counted. Primary tumors were evaluated histologically by H&E staining.

Biochemical nucleotide exchange assay
Nucleotide exchange was assayed in vitro using ARF6 (amino acids 14 to 175, which lacks
the N-terminal autoinhibitory region), as well as ARNO (also known as cytohesin2) (amino
acids 50 to 255), or GEP100 (amino acids 391 to 602) protein fragments that include Sec7
domains. All recombinant proteins were expressed as N-terminally His-tagged fusions in
Escherichia coli system using pET28a vector and purified to apparent homogeneity by
immobilized metal affinity chromatography. The nucleotide exchange reaction was carried
out with 50 mM tris-HCl (pH 7.5), 1 mM MgCl2, 0.001% Triton X-100, 2 mM β-
mercaptoethanol, 1% DMSO, and 50 nM GTP-BODIPY FL supplemented with 50 nM GEF
protein and 200 nM GDP-bound form of ARF6 in the absence or presence of SecinH3.
Replacement of ARF6-bound GDP with GTP-BODIPY FL was monitored by measuring
increases in fluorescence intensity that result from the relief of intramolecular fluorescence
quenching of the latter fluorogenic nucleotide upon binding to the GTPase (64).
Specifically, fluorescence intensities were determined in real-time mode with a Synergy 4
plate reader (BioTek) at excitation and emission wavelengths of 490 and 520 nm,
respectively.

Statistical analysis
Excel or Prism was used to assess statistical significance. When two groups were compared,
a Student’s t test was performed. When more than two groups were compared, one-way
ANOVA followed by either Tukey’s or Dunnett’s post hoc test was performed. When one-
way ANOVA was performed, P values shown in figures represent results from the post hoc
test. When data were not normally distributed, nonparametric Mann-Whitney test was used.
Fisher’s exact test was performed to analyze data from contingency tables.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
ARF6-GTP induces release of β-catenin from N-cadherin and augments β-catenin
transactivation. (A) Coimmunoprecipitation of N-cadherin and β-catenin in LOX cells
treated with control (Ctrl) or ARF6 siRNAs. (B) Subcellular fractionation of β-catenin in
LOX cells treated with Ctrl or ARF6 siRNAs. (C) Coimmuno-precipitation of N-cadherin
and β-catenin in LOX cells treated with Mock or SLIT2. (D) Subcellular fractionation of β-
catenin in LOX cells treated with control Mock or SLIT2. (E) Coimmunoprecipitation of N-
cadherin and β-catenin in LOX cells treated with dimethyl sulfoxide (DMSO) or SecinH3
(SH3). (F) Subcellular fractionation of β-catenin in LOX cells treated with DMSO or SH3.
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(G) Coimmunoprecipitation of N-cadherin and β-catenin in LOX cells stably transformed
with empty vector or Myc-tagged ARF6-GTP (Q67L, stable clones #2 and #3). (H)
Subcellular fractionation of β-catenin in LOX cells stably transformed with vector or Q67L
#2 or #3. (I) β-Catenin transactivation in LOX cells treated with Ctrl or ARF6 siRNAs (two-
tailed t test). (J) β-Catenin transactivation in LOX cells treated with Mock or SLIT2. Upper
panel: Rescue of β-catenin–mediated luciferase activity with Ctrl or ROBO1 siRNA–
transfected LOX cells treated with Mock or SLIT2 [upper panel, one-way analysis of
variance (ANOVA) and Tukey’s post hoc test; lower panel, two-tailed t test]. (K) β-Catenin
transactivation in LOX cells treated with DMSO or SH3 (upper panel, one-way ANOVA
and Tukey’s post hoc test; lower panel, two-tailed t test). (L) β-Catenin transactivation in
LOX cells stably transformed with vector or Q67L #2 or #3. Stable 7TFP-luciferase clones,
7TFP#1 and 7TFP#8 (I to K), were used for all luciferase assays except in (L). For (L),
stable Q67L clones were infected with 7TFP lentivirus before the luciferase assay (one-way
ANOVA and Dunnett’s post hoc test). For all, error bars represent SD and n ≥ 3 independent
experiments. See fig. S2 (A to H) for quantification of blots. See related experiments in figs.
S3 to S7.
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Fig. 2.
WNT5A activates ARF6 through FZD4 and LRP6. (A) ARF6-GTP amounts in LOX
melanoma cells treated with control (Ctrl) or WNT5A siRNAs and rescue of ARF6-GTP
amounts with WNT5A conditioned medium (CM). (B) ARF6-GTP in A2058, Yusac-2, or
LOX melanoma cells treated with Mock or recombinant WNT5A (rWNT5A). (C) ARF6-
GTP amounts in A375, A2058, or Yusac-2 cells treated with Ctrl or WNT5A #1 or #2
siRNAs. (D) ARF6-GTP amounts in LOX cells treated with Ctrl or FZD4 siRNAs. Lower
panel, reverse transcription polymerase chain reaction (RT-PCR) for FZD4 mRNA. (E)
ARF6-GTP amounts in LOX cells treated with Ctrl, FZD2, FZD5, or FZD7 siRNAs. Lower
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panels, RT-PCR for FZD mRNAs. (F) ARF6-GTP amounts in LOX cells treated with Ctrl
or LRP6 siRNAs. (G) ARF6-GTP amounts in LOX cells treated with Mock or DKK-1. For
all, n = 3 independent experiments. See fig. S2 (I to O) for quantification of blots. See
related experiments in figs. S9 and S10.
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Fig. 3.
WNT5A/FZD4/LRP6 promotes disassembly of N-cadherin–β-catenin complexes and
activation of β-catenin–mediated transcription. (A to H) LOX cells treated with control
(Ctrl), WNT5A, FZD4, or LRP6 siRNAs. (A and B) Coimmunoprecipitation of N-cadherin
and β-catenin. (C to E) Subcellular fractionation of β-catenin. (F to H) β-Catenin
transactivation. Rescue of β-catenin transactivation with recombinant WNT5A (rWNT5A)
in LOX cells treated with Ctrl or WNT5A siRNAs (G). 7TFP#1 and 7TFP#8: stable 7TFP
luciferase clones. For all, error bars represent SD and n ≥ 3 independent experiments. For
(F), two-tailed t test. For (G) and (H), one-way ANOVA with Tukey’s (G) or Dunnett’s (H)
post hoc test. See fig. S2 (P to S) for quantification of blots.
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Fig. 4.
Activated ARF6 restores β-catenin signaling and melanoma invasion when WNT5A is
silenced. (A to D) LOX melanoma cells transfected with control (Ctrl) or WNT5A siRNAs in
the presence or absence of stable expression of Myc-tagged ARF6 Q67L. (A)
Coimmunoprecipitation of N-cadherin and β-catenin. (B) Subcellular fractionation of β-
catenin. (C) Relative AXIN2 expression. (D) Matrigel invasion (average number of invaded
cells per well, counted at ×200 magnification). Error bars represent SD (C) or SEM (D). For
all, n ≥ 3 independent experiments. For (C) and (D), one-way ANOVA with Tukey’s post
hoc test. See fig. S2 (T and U) for quantification of blots.
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Fig. 5.
Inhibition of ARF6 prevents invasion, whereas stabilized β-catenin promotes invasion of
melanoma cells. (A) LOX, A2058, WM266-4, MeWo, Yusac-2, SKMel2, SKMel28, and
Yugen-8 melanoma cells were transiently transfected with control (Ctrl) or ARF6 siRNAs
and assayed for Matrigel invasion. For LOX cells, P = 0.0028. For A2058 cells, P = 0.0092.
For all other cells, P < 0.0001. Statistical significance was determined by a two-tailed t test.
(B) Matrigel invasion of LOX cells trans-fected with Ctrl or ROBO1 siRNAs and treated
with Mock or SLIT2 (one-way ANOVA, Tukey’s post hoc test). (C) Invadopodia assay in
LOX cells treated with Mock or SLIT2. (D and E) Matrigel invasion (D) and invadopodia
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assay (E) of LOX cells treated with DMSO or SecinH3 (SH3). (F and G) Matrigel invasion
(F) and invadopodia assay (G) of LOX cells stably expressing empty vector or S33Y-β-
catenin (S33Y-β-cat). Invasion data are presented as the average number of invading cells
per well (A and F) or the fold invasion relative to unstimulated cells (B and D), counted at
320× (A, B, and D) or 200× (F) magnification. (C, E, and G) Invadopodia activity is
presented as the percent of cells demonstrating degradation (black) of gelatin (green).
Individual cells were visualized with cortactin (blue) and actin (red) staining. For all, n ≥ 3
experiments, and error bars represent SEM. For (C) to (G), two-tailed t test.
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Fig. 6.
GEP100 is necessary for the activation of ARF6 by WNT5A. (A to F) LOX cells treated
with control (Ctrl) or GEP100 siRNAs. (A) ARF6-GTP amounts (left panels). Expression of
mRNAs encoding ARF-GEFs as detected by RT-PCR (right panels). (B) ARF6-GTP in
LOX cells treated with Mock or WNT5A conditioned medium (CM) transfected with Ctrl or
GEP100 siRNAs. (C) Coimmunoprecipitation of N-cadherin and β-catenin. (D) Subcellular
fractionation of β-catenin. (E) β-Catenin–mediated transcription (7TFP-luciferase reporter).
(F) Matrigel invasion. (G) Nucleotide exchange assay using ARF6, ARNO, or GEP100
recombinant proteins. (E to G) Error bars represent SD. For all, n = 3 independent
experiments. (E and F) Two-tailed t test. See fig. S2 (V to Y) for quantification of blots.
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Fig. 7.
Pharmacologic inhibition of ARF6-GTP with SecinH3 reduces spontaneous pulmonary
metastasis of melanoma in vivo. (A) Gross and hematoxylin and eosin (H&E) images
(400×) of lungs from mice with LOX xenograft tumors, treated with either vehicle or
SecinH3 (SH3) daily. Ruler hatch marks (gross): 1 mm. Scale bars (microscopic): 20 µm.
Arrows: hemorrhagic foci of microme-tastases (upper left panel) with clusters of melanoma
cells (upper right panel). (B) Number of lung metastases per mouse (Mann-Whitney test,
one-tailed). (C) Total number of mice with lung metastasis (Fisher’s exact test, one-tailed).
(>D>) Primary tumor growth. Error bars = SEM. (E) Model of ARF6-dependent WNT5A/β-
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catenin signaling in melanoma invasion and metastasis. In the presence of WNTs, the
degradation complex consisting of APC, Axin1, CK1, and GSK3β is sequestered by
Dishevelled (DSH), allowing β-catenin stabilization. WNT5A activates ARF6 through
FZD4 and LRP6 by stimulating GEP100, a GEF for ARF6. ARF6-GTP facilitates release of
junctional β-catenin to augment transactivation of β-catenin, invasion, and metastasis. This
process can be antagonized by SLIT2-ROBO1, which stimulates GAPs to convert ARF6-
GTP to ARF6-GDP. Pharmacologic inhibition of ARF6 activation with SecinH3, an ARF6
GEF inhibitor, also prevents WNT5A/β-catenin signaling, invasion, and metastasis.
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