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ABSTRACT Cell migration is a highly regulated event that is initiated by cell membrane pro-
trusion and actin reorganization. Robo1, a single-pass transmembrane receptor, is crucial for
neuronal guidance and cell migration. ADP-ribosylation factor (Arf)-like 4A (Arl4A), an Arf
small GTPase, functions in cell morphology, cell migration, and actin cytoskeleton remodel-
ing; however, the molecular mechanisms of Arl4A in cell migration are unclear. Here, we
report that the binding of Arl4A to Robo1 modulates cell migration by promoting Cdc42
activation. We found that Arl4A interacts with Robo1 in a GTP-dependent manner and that
the Robo1 amino acid residues 1394-1398 are required for this interaction. The Arl4A-Robo1
interaction is essential for Arl4A-induced cell migration and Cdc42 activation but not for the
plasma membrane localization of Robo1. In addition, we show that the binding of Arl4A
to Robo1 decreases the association of Robo1 with the Cdc42 GTPase-activating protein
srGAP1. Furthermore, Slit2/Robo1 binding down-regulates the Arl4A-Robo1 interaction in
vivo, thus attenuating Cdc42-mediated cell migration. Therefore, our study reveals a novel
mechanism by which Arl4A participates in Slit2/Robo1 signaling to modulate cell motility by
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regulating Cdc42 activity.

INTRODUCTION

Arf-like (Arl) proteins are structurally similar to members of the Arf
protein family, which belong to the Ras superfamily of small
GTPases and regulate vesicular transport, membrane trafficking,
organelle structure, and cytoskeletal remodeling via cyclic
regulation between their GTP-bound active form and their GDP-
bound inactive form (D’Souza-Schorey and Chavrier, 2006; Chavrier
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and Menetrey, 2010). Like other GTP-binding proteins, the GTP-
GDP cycle is regulated by guanine nucleotide exchange factors
(GEFs) to exchange GDP for a triphosphate nucleotide and GTP-
ase-activating proteins (GAPs) to stimulate GTP hydrolysis. Arl4
proteins (Arl4A, Arl4C, and Arl4D) are distinct from other Arf/Arl
proteins due to their unique structures, which include a nuclear lo-
calization signal peptide at the carboxy terminus and a long inter-
switch region between two switch domains (Pasqualato et al.,
2002). Constituting the subfamily, Arl4A, Arl4C, and Arl4D have dif-
ferent expression patterns during fetal development (Schurmann
etal., 1994; Jacobs et al., 1999; Lin et al., 2000, 2002). Our previous
studies showed that Arl4C and Arl4D modulate actin cytoskeleton
remodeling and cell migration by affecting their interacting part-
ners FLNa and ARNO, respectively (Li et al., 2007; Chiang et al.,
2017). Arl4A shares a 90% amino acid sequence consensus with
Arl4C and Arl4D and is mainly expressed in the forebrain-midbrain
and midbrain-hindbrain junctions (Lin et al., 2000). Recently, Arl4A
was found to play a role in actin cytoskeleton rearrangement via a
pathway that stimulates ELMO/DOCK180-induced Rac signaling
(Patel et al., 2011). However, the mechanism underlying how Arl4A
affects cell motility remains unclear.
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Cell migration is a highly regulated event that is initiated by pro-
trusion of the cell membrane (Le Clainche and Carlier, 2008). Among
the Rho GTPase family, Cdc42 reportedly plays a major role in regu-
lating cell polarity, cell migration, and actin reorganization (Etienne-
Manneville, 2004; Raftopoulou and Hall, 2004; Ridley, 2015). The
secreted proteins Slits and their transmembrane receptor
Roundabout (Robo) are highly expressed in the neuronal system
and are crucial for neuronal guidance and cell migration (Ballard and
Hinck, 2012). Recent studies have shown that a pathway mediated
by Slit2 and Robo1 also plays important roles in other physiological
and pathological processes outside of the nervous system, includ-
ing the vascular system and tumorigenesis (Wu et al., 2001; Hinck,
2004; Legg et al., 2008). Many studies have indicated that Slit2/
Robo1 signaling regulates multiple types of signaling responses,
such as cell proliferation, adhesion, and migration (Andrews et al.,
2006; Legg et al., 2008). Interestingly, emerging evidence postu-
lates that Slit2/Robo1 often function in both the promotion and pre-
vention of cell migration in various cell types in the same tissue
(Schmid et al., 2007; Prasad et al., 2008). Slit2/Robo1 showed an
ability to prevent cell migration and promote cell-cell adhesion via
E-cadherin and B-catenin in lung cancer and breast cancer cells, re-
spectively, as well as to attenuate Cdc42 activity in epithelial cell
lines (Prasad et al., 2008; Yiin et al., 2009; Tseng et al., 2010). By
contrast, Slit2/Robo1 also reportedly promotes cell migration by
chemokines or by regulating Rho GTPases in breast cancer and epi-
thelial cells (Schmid et al., 2007; Khusial et al., 2010).

In this study, we first identified Robo1 as a novel effector of Arl4A
and found that Robo1 is required for Arl4A-induced cell migration.
We showed that decreased cell migration resulting from Robo1
knockdown can be rescued by the expression of wild-type Robo1 but
not by a Robo1 mutant deficient in Arl4A binding. Furthermore, the
Arl4A-Robo interaction promotes Cdc42 activation by decreasing
the association of a Cdc42-GAP, srtGAP1, with Robo1. The binding of
Slit2 to Robo1 decreases the Arl4A-Robo1 interaction and increases
the srGAP1-Robo1 association, resulting in decreased Cdc4?2 activa-
tion and prohibited cell migration. Our results demonstrate that
Arl4A functions together with Robo1 to modulate Cdc42 activation
and cell migration via regulating the Robo1-srGAP1 association.

RESULTS

Identification of Robo1 as an Arl4A GTPase interaction
partner

To identify Arl4A interaction proteins, a yeast two-hybrid screen with
a human fetal brain cDNA library was performed using Arl4A-QL, a
GTP-bound form of Arl4A, as the bait; one Arl4A-interacting protein
was identified, the cytoplasmic domain of Robo1 (residues 921-
1651). To identify the region within Robo1 required for its interaction
with Arl4A, we constructed fragments of the intracellular region of
Robo1 as illustrated in Figure 1A, and their interactions with Arl4A
were tested using a yeast two-hybrid system. Only the CC2+CC3
domain of Robo1 was found to interact with Arl4A-WT (Figure 1B).
To determine the specific region of Robo1 that interacts with Arl4A,
the CC2+CC3 domain was divided into CC2 and CC3 fragments.
Only Robo1-CC3 was accountable for its interaction with Arl4A
(Figure 1C). To further investigate the specific regions within Robo1-
CC3 responsible for its interaction with Arl4A, we generated three
truncated forms of the Robo1-CC3 domain. Both Robo1-CC3-1 and
Robo1-CC3-2 positively interacted with Arl4A in a yeast two-hybrid
system, indicating that the Robo1-CC3-1 region (residues 1342-
1475) is necessary for the Robo1-Arl4A interaction (Figure 1D). In
addition, in vivo coimmunoprecipitation assays also suggested that
the interaction between Arl4A and Robo1 is GTP-dependent
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(Figure 1E). Furthermore, yeast two-hybrid and pull-down assays
showed that an interaction was not detected between the Robo1-
CC3 region and the other two Arl4 family members, Arl4C and Arl4D
(Figure 1, F and G). These results suggest that Arl4A specifically and
directly interacts with Robo1 in a GTP-dependent manner.

Residual Robo1 amino acids 1394-1398 are necessary for
the Arl4A-Robo1 interaction

We further narrowed the amino acids responsible for the rlA4A-
Robo1 interaction to Robo1 fragments 1342-1475 (Robo1 CC3-1)
and 1370-1475 (Robo1-CC3’) using the yeast two-hybrid system
(unpublished data). To identify which residues are important for its
interaction with Arl4A, we generated Arl4A-binding defective
Robo1 mutants by alanine scanning and assayed these mutants us-
ing the yeast two-hybrid system. Among these 13 mutants, only the
Robo1-A1 (1394-1398 amino acids) mutant was unable to interact
with Arl4A-WT in the yeast two-hybrid assay (Figure 2A). As shown
in Figure 2B, Arl4A directly interacted with Robo1-CC3-1-WT fused
with glutathione S-transferase (GST) beads but not with beads con-
taining Robo1-CC3-1-A1, Robo1-CCO+CC1, or GST alone. Notably,
Robo1-CC3-1-A2 fused with GST beads did not lose much
interaction ability with the purified Arl4A protein, suggesting that
residues 1394-1398 of Robo1 play a more critical role in the Arl4A-
Robo1 interaction than other regions in this fragment. The interac-
tion was also verified by an in vivo coimmunoprecipitation assay.
Hela cells cotransfected with Arl4A and the Robo1-Flag-WT or
Robo1-Flag-A1 mutant were immunoprecipitated using magnetic
beads conjugated to an anti-Flag M2 antibody. Similarly, the interac-
tion ability of the Robo1-A1 mutant with Arl4A was decreased
significantly compared with that of Robo1-WT (Figure 2C). To eluci-
date the effects of the Arl4A-binding defective Robo1-A1 mutant on
other Robo1 partner proteins, interactions between Robo1-srGAP1
and Robo1-Nck1 were assayed by the yeast two-hybrid system. Like
wild-type Robo1, the Robo1-A1 mutant was capable of interacting
with both srGAP1 and Nck1, indicating that the interaction defect of
Robo1-A1 was specific to Arl4A but not to the other Robo1-interact-
ing proteins srGAP1 and Nck1 (Supplemental Figure 1).

Arl4A induces Robo1 localization at the plasma membrane

Several studies have shown that the expression of Robo1 on the cell
surface is regulated by factors involved in exocytosis and the endo-
somal system (Keleman et al., 2002; Myat et al., 2002; Philipp et al.,
2012; Justice et al., 2017). We next examined whether the Arl4A-
Robo1 interaction corresponds with their localization in Hela cells by
immunofluorescence staining. As previously reported, the typical pat-
tern of Arl4A signals includes Golgi and plasma membrane signals (Lin
et al., 2011). Robo1, which had a C-terminal myc tag in our experi-
ments, localized primarily in the cytosol in diffuse or vesicle-like punc-
tate forms in Hela cells (Figure 3A). When Robo1 and Arl4A were co-
expressed, Robo1, which appeared to be sequestered in the cytosol
when expressed alone, localized partially at the plasma membrane
(Figure 3B). To carefully determine the extent of Robo1 potentiation at
the plasma membrane upon the expression of Arl4A, we costained
Hela cells with the plasma membrane marker CD44 to clearly demar-
cate the margins of the cells. With the boundaries of the Hela cells
defined by the CD44 signal, we calculated the plasma membrane-to-
cytosol (PM/C) ratio (see Materials and Methods) for Robo1 and found
that this ratio significantly increased upon Arl4A expression (Figure
3Q). In addition, Arl4A expression significantly promoted plasma
membrane localization of the Arl4A-binding defective Robo1 A1 mu-
tant (Figure 3, D and E), although the PM/C ratios for Robo1 A1 were
slightly lower than those for Robo1 WT. We further monitored the
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FIGURE 1: Arl4A interacts with Robo1 in a GTP-dependent manner. (A) Schematic diagram of Robo1 and several
fragments constructed in this study. Robo1 is a single-pass transmembrane protein that contains five Ig motifs, three
fibronectin type Il domains, and four conserved cytoplasmic (CC) domains at its carboxy terminus. The N-terminal
region of Robo1 is an extracellular region, while the four CC domains located at the carboxy terminus are in an
intracellular region of Robo1. Yeast two-hybrid assays were used to verify the interactions of WT Arl4A with (B) two
intracellular domains of Robo1 fragments (CC0+CC1 and CC2+CC3), (C) CC2 and CC3 Robo1 domains, and (D) different
fragments of the Robo1 CC3 domain (CC3-1, CC3-2, CC3-3, and CC3-4). Lamin was used as the negative control, and
ARNO was used as the positive control. The levels of proteins expressed by the transforming plasmids were confirmed
by immunoblotting. After cotransformation with the indicated plasmids, interactions were verified by growth of the
yeast on a synthetic His+ plate and a His— plate followed by filter assays for B-galactosidase activity. (E) In vivo
interaction between Arl4A and Robo1 was confirmed by coimmunoprecipitation. HEK293T cells were transfected with
the indicated plasmids. To verify the initial protein expression level, 7.5% of the total cell lysate (input) was loaded.
Equal binding abilities of the magnetic beads were used in the assays as shown by the Flag signal in the IP group.

(F) Yeast two-hybrid assays were used to verify the interactions of Robo1-CC3 with three members of the Arl4A family.
Lamin was used as the negative control. The levels of proteins expressed by the transforming plasmids were confirmed
by immunoblotting. After cotransformation with the indicated plasmids, interactions were verified by growth of the
yeast on a synthetic His+ plate and a His— plate followed by filter assays for B-galactosidase activity. (G) The interactions
of Robo1-CC3 with the Arl4 family members were verified by pull-down assays. His-tagged Arl4-WT was generated
from E. coli, and soluble cell lysate fractions were incubated with GST and Robo1-CC3-GST immobilized on glutathione—
Sepharose beads. Bound proteins were detected by Western blotting, and Coomassie Brilliant Blue staining indicated
that equal amounts of His-tagged or GST-fusion proteins were used in the pull-down assays.

change in localization of Arl4A or Robo1 by knocking down either  although Arl4A facilitates the plasma membrane localization of Robo1,
Robo1 or Arl4A and showed that the cellular localization of Arl4A or  the Arl4A-Robo1 interaction is not the major factor contributing to the
Robo1 did not change (Figure 3, F and G). These results suggest that  Arl4A-induced localization of Robo1 at the plasma membrane.
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FIGURE 2: A specific region in Robo1 is required for its interaction with Arl4A. (A) The region of Robo1 responsible for
binding Arl4A was identified by a yeast two-hybrid system using fragments comprising amino acid residues 1370-1475
and Arl4A Q79L as the bait. Alanine scanning was used to determine which Robo1 fragments (from amino acid residues
1394-1454) were required for its interaction with Arl4A using a yeast two-hybrid system. Interaction between Robo1-
WT and Arl4A-WT served as the positive control, and lamin was used as the negative control. (B) Direct interactions
between Arl4A-WT and different Robo1 fragments were examined by an in vitro binding assay. His-tagged Arl4-WT was

generated and purified from E. coli and then incubated with GST and four truncated/mutated GST-Robo1 genes

(CCO+CC1, CC3-WT, CC3-A1, and CC3-A2) immobilized on glutathione-Sepharose beads, respectively. Bound proteins
were detected by Western blotting, and Coomassie Brilliant Blue staining was used to ensure that equal amounts of
GST and GST-Robo1 proteins were used in the in vitro binding assay. Arl4A signals were quantified based on in vitro
binding assay data obtained from three biological replicates. The solid bars represent the mean + SD. ***, P < 0.001

(one-way ANOVA with Dunnett’s post hoc multiple comparison test, GST-Robo1-WT was used as the reference).

(C) Interaction between Arl4A and Robo1-WT or Robo1-A1 was verified by in vivo coimmunoprecipitation. HeLa cells
transiently transfected with the indicated plasmids were lysed and immunoprecipitated with anti-Flag M2 magnetic
beads. The bound proteins were separated by SDS-PAGE and subjected to immunoblotting with antibodies against
Arl4A and Robo1. To confirm the initial expression level, 5% of the total cell lysate (input) was loaded. Equal amounts of
magnetic beads were used in the assays as shown by Coomassie Blue staining of the heavy chain. Co-IP assay data were
quantified based on three biological replicates. The solid bars represent the mean + SD. ***, P < 0.001 (Student’s t test).
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Arl4A induces the localization of Robo1 at the plasma membrane. (A) Hela cells
were transfected with Arl4A-WT (red) or Robo-myc-WT (green) alone. (B) Hela cells were
cotransfected with Arl4A-WT and Robo1-Myc-WT. CD44 staining was used to define the plasma
membrane boundary of Hela cells. Cell nuclei were stained with DAPI. (C) PM/C ratios for
Robo-myc-WT in the single-expression and Arl4A coexpression groups. (D) Cellular localization
of Arl4A-binding defective mutants (A1 and A2) in the single-expression and Arl4A coexpression
groups. (E) Quantitative data from A, B, and D. Scale bar = 10 pm. The numbers of analyzed cells
are shown in each column. The solid bars represent the mean + SD. **, P < 0.005; ***, P < 0.001
(C: Student'’s t test; E: one-way ANOVA with Dunnett’s post hoc multiple comparison test).

Arl4A-induced cell migration requires interaction

with Robo1

Although Arl4A induces cellular protrusion and plays a role in the
regulation of actin dynamics (Patel et al., 2011), its function in modu-
lating cellular mobility remains to be established. The wound
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healing assay showed that Hela cells ex-
pressing Arl4A-WT and Arl4A-Q79L had
higher migration abilities than those ex-
pressing either Arl4A-T34N or Arl4-T51N
(Figure 4, A and B). Knocking down Arl4A or
Robo1 decreased the motility of Hela cells
(Supplemental Figure 2), although the en-
dogenous Arl4A protein level was extremely
low. Importantly, the coexpression of Arl4A
and Robo1 had an additive effect on pro-
moting cell mobility, as the increased migra-
tion abilities of Arl4A- or Robo1-expressing
cells were enhanced by the coexpression of
these two proteins in Hela cells (Figure 4, C
and D). The increased migration ability of
Arl4A-expressing cells was abolished by
Robo-1 knockdown (Figure 4, E and F). Our
preliminary screening showed that HEK293T
o cells possess abundant endogenous Robo1;
testing whether Robo1 is required for Arl4A-
induced cell migration in a different cell
model is thus ideal. Owing to the tendency
of HEK293T cells to detach easily from the
plate after the wound is made, it therefore
compromises the suitability of the wound

closure assay for these cells (Justus et al.,
2014). Transwell migration inserts were
used instead to assess the migration ability
of HEK293T cells. According to the Trans-
well assay results, the overexpression of
Arl4A did not restore the reduced motility
of Robo1-knockdown cells, supporting a
critical role for Robo1 in Arl4A-induced cell
migration. This assumption was further sup-
ported by the observation that Arl4A and
Robo1-WT coexpression but not Arl4A and
Robo1-A1 coexpression rescued the cell
migration ability of Robo1-knockdown cells
(Figure 4, G and H). These results collec-
tively demonstrate that the Arl4A-Robo1
interaction is necessary for Arl4A-induced
cell migration.

The Arl4A-Robo1 interaction promotes
cell migration by activating Cdc42

Because Cdc42 is reportedly important for
regulating cell motility, we examined its role
in affecting the migration of HEK293T and
HeLa cells expressing Arl4A and Robo1. We
tested whether the Arl4A-Robo1 interaction
promotes Cdc42 activation using an activity
pull-down assay with PAK1-PBD beads. No
active Cdc42 was found in mock-trans-
fected HEK293T cells, while only a low level
of active Cdc42 was detected in cells ex-
pressing exogenous Cdc42. The amount of
active Cdc42 increased in cells cotrans-
fected with Cdc42, Arl4A, and Robo1-WT, suggesting that the
coexpression of Arl4A and Robo1l induces Cdc42 activation. By
contrast, the amount of active Cdc42 decreased when Robo1l-
WT was replaced with the Arl4A-binding defective Robo1-A1
mutant (Figure 5A). Similar results were also found in Hela cells
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(Supplemental Figure 3). Moreover, the level of active Cdc42 de-
creased when Robo1 was knocked down in Arl4A-expressing
HEK293T cells (Figure 5B). These results indicate that the Arl4A-
Robo1 interaction is critical for promoting Cdc42 activation.

Robo1 and Arl4A binding decreases the association of
Robo1 with srGAP1

Previous studies reported that the association between Robo1 and
srGAP1, a Cdc42 GTPase-activating protein, regulates Cdc42 activity
(Wong et al., 2001). We examined whether srtGAP1 also plays a role
in Arl4A-induced Cdc42 activation. The Robo1-srGAP1 association
was verified by an in vivo coimmunoprecipitation assay in which
HEK293T cells were transfected with Arl4A, srGAP1, Robo1-Flag-
WT, and Robo1-Flag-A1. A higher level of srtGAP1 coimmunoprecipi-
tated with Robo1-A1 than with Robo1-WT (Figure 6A). To further in-
vestigate whether Arl4A affects the association between Robo1 and
srGAP1, a coimmunoprecipitation assay was performed in HEK293T
cells coexpressing srGAP1, Robo1-Flag, and different amounts of
Arl4A. The level of immunoprecipitated srGAP1 decreased with in-
creasing Arl4A concentrations in a dose-dependent manner
(Figure 6B). Together, the Arl4A-Robo1 interaction promotes Cdc42
activation by down-regulating the Robo1-srGAP1 association.

Slit2 down-regulates Cdc42 activation and cell motility by
affecting the Robo1-srGAP1 and Robo1-Arl4A associations
A previous study showed that upon Slit2 stimulation, Robo1 recruits
srGAP1 in order to inhibit Cdc42 activity, thus controlling neuronal
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migration by regulating the Robo1-srGAP1
and Robo1-Arl4A associations. As shown in
Figure 7D, Slit2 treatment significantly re-
duced the association between Robo-1 and
Arl4A in a dose-dependent manner. By
contrast, the association between Robo1
and srGAP1 was increased when cells were
treated with Slit2 (Figure 7E). These results
collectively demonstrate that Slit2 plays a
role in modulating the association between
Robo1 and its two interacting proteins Arl4A and srGAP1 and thus
contributes to the dynamic regulation of cell migration.

DISCUSSION

In this study, we identified Robo1 as a novel effector of Arl4A and
demonstrated that the Arl4A-Robo1 interaction modulates cell mi-
gration by potentiating Cdc42 activation. Arl4A-induced Cdc42 ac-
tivation was impaired in Robo1-knockdown cells (Figure 5B). More-
over, the Robo1-A1 mutant, which can no longer interact with Arl4A,
failed to activate Cdc42 in either HelLa or HEK293T cells (Figure 5A
and Supplemental Figure S3). The Arl4A-Robo1 interaction reduces
protein—protein associations between Robo1 and the Cdc42 GAP
srGAP1 (Figure 6). We further showed that the binding of Robo1 to
the neuronal repulsive factor Slit2 inhibits HEK293T cell motility and
Cdc42 activity by decreasing the Arl4A-Robo1 interaction and in-
creasing the Robo1-srGAP1 association (Figure 7).

Our previous study showed that Arl4A plays a role in actin cyto-
skeleton rearrangement via a pathway that stimulates ELMO/
DOCK180-induced Rac signaling (Patel et al., 2011). Studies have
demonstrated that Arl4A and its close relatives Arl4C and Arl4D
promote actin restructuring via the recruitment of ARNO, an Arfé
GEF, to the plasma membrane. Interestingly, Arf6 is positioned up-
stream of Rac activation in various biological processes. Arfé
activation has been proposed to recruit the DOCK180-ELMO
complex to the leading edge of a cell to promote lamellipodia for-
mation (Santy et al., 2005). However, our previous studies demon-
strated that Arl4A-induced cytoskeletal remodeling occurs via an
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down by small interfering RNA (siRNA) in
human retinal pigmented epithelium cells
significantly reduced their adhesion, prolif-
eration, and migration capacities (Huang
et al, 2010). However, cells coexpressing
Arl4A and Robo1 had higher migration abil-
ities than those expressing Arl4A or Robo1
alone. Based on our findings, we postulated
that Arl4A might participate in the Robo1-
regulated migration pathway, as Hela and
HEK293T cells expressing Arl4A in which
Robo1 was knocked down exhibited down-

regulated cell motility.

The expression of Robo1 on the cell sur-
face is regulated by factors involved in exo-
cytosis and the endosomal system
(Keleman et al., 2002; Myat et al., 2002;
Philipp et al., 2012; Justice et al., 2017).
The Commissureless protein (Comm) in
Drosophila can bind Robo1 in the Golgi
and directly traffic Robo1 to endosomes,
thus preventing it from reaching the cell

3 surface (Keleman et al., 2002; Myat et al.,
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FIGURE 6: The Arl4A-Robo1 interaction induces Cdc42 activation via reducing the association
between Robo1 and srGAP1. HEK293T cells were transiently transfected with an (A) empty
vector, srGAP1, Flag-Robo1-WT, Flag-Robo1-A1, and Arl4A or (B) srGAP1, Flag-Robo1-WT, and
Arl4A. The interaction was verified by in vivo coimmunoprecipitation with anti-Flag M2 magnetic
beads. To confirm the initial expression level, 2.5% of the total cell lysate (input) was loaded.
Equal amounts of cell lysates were used in each experiment as shown by Coomassie Blue staining.
The heavy chain was used to ensure equal amounts of M2 magnetic beads were loaded in each
group. SDS-PAGE analysis was used to verify srGAP1, Robo1, and Arl4A expression and total cell
lysates. Histograms: Co-IP assay data were quantified based on three biological replicates. The
solid bars represent the mean + SD. *, P < 0.01; **, P < 0.005; ***, P < 0.001 (A: two-tailed
Student’s t test; B: one-way ANOVA with Dunnett’s post hoc multiple comparison test).

Arfé-independent pathway. This finding may signify that Arl4A can
act as a central signaling node for two divergent GTPase pathways.
RhoG is known to promote migration and phagocytosis when coex-
pressed with ELMO (Katoh et al., 2006). In contrast to the RhoG-
ELMO interaction, Arl4A was incapable of synergizing with ELMO/
DOCK180 in both cell migration and engulfment assays. These data
suggest that Arl4A and RhoG are not located in the same mem-
brane microdomain because their interaction with ELMO led to dif-
ferent biological outputs.

Robo1, originally observed in the nervous system, plays a vital
role in axon guidance and cell motility during the forebrain
development process. Previous studies have shown that Robo1 reg-
ulates cell proliferation and motility in both neuronal and nonneuro-
nal cells. Apart from the central nervous system, several studies have
shown that Robo1 plays dual roles in cancer cell migration, as it acts
as both an oncogene and a suppressor in different types of cancers
(Ballard and Hinck, 2012). Robo1 has been found to either inhibit or
promote cell migration depending on its downstream interacting
partners (Stella et al., 2009; Tole et al., 2009; Yiin et al., 2009). The
different directions of Robo1’s regulation of cell motility have some-
thing in common, as both phenomena have been reported to affect
the activities of Rho GTPases, such as Cdc42, in several cell types
(Wu et al., 2001; Stella et al., 2009; Tole et al., 2009; Yiin et al., 2009).
Our results demonstrated that Arl4A-expressing Robo1-knockdown
cells exhibited significantly decreased migration. These data are
consistent with those of previous studies showing that Robo1 knock-
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2002). In vertebrates, Robo1 was shown to
be predominantly stored in Rab11-positive
vesicles, and RabGDI controls axonal mid-
line crossing by up-regulating Robo1 sur-
face expression (Philipp et al., 2012). Con-
sistent with this report, we observed that
the majority of the Robo1 protein appeared
to be located in vesicle-like puncta in Hela
cells and that Arl4A can induce Robo1 lo-
calization at the plasma membrane. Our
previous study showed that Arl4A has a
role in the maintenance of the Golgi struc-
ture and endosome-to-Golgi transport (Lin
et al,, 2011). ARL4A was partially localized at the plasma mem-
brane and presented a punctate pattern in intracellular areas,
where it partially colocalized with the trans-Golgi, early endo-
somes, late endosomes, and recycling endosomes. Although the
Arl4A-Robo1 interaction is not required for Arl4A-induced Robo
localization at the plasma membrane, whether Arl4A-dependent
vesicle trafficking plays a role in axonal behavior remains to be
investigated.

Robo1 is a transmembrane receptor with a Slit2 binding site at its
amino terminus to control axonal guidance, cell motility, and active
downstream signaling pathways. The intracellular region of Robo1,
located at the carboxy terminus, is responsible for its association
with interacting proteins, including Nck1, Dock, and srGAP1. These
Robo1 interacting partners are involved in Slit2-Robo1 signaling in
different ways, which are coordinated with a variety of cellular pro-
cesses and result in various functions and phenotypes. Slit2 pro-
motes Robo1 to inhibit glioma cell migration and invasion by down-
regulating Cdc42 activation (Stella et al., 2009; Yiin et al., 2009).
Stimulation of Robo1 by Slit2 leads to the recruitment and activation
of srGAP1, consequently inhibiting Cdc42 activity. Conversely, our
results showed that Arl4A binding to Robo1 decreased the srGAP1-
Robo1 association in vivo following Cdc42 activation. Consistent
with most Robo1 interacting proteins, Arl4A also bound to the C-
terminal region of Robo1. Although the Arl4A-binding defective
Robo1-A1 mutant did not lose its ability to interact with srGAP1 or
Nck1 in the yeast two-hybrid assay, this mutant showed a stronger
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FIGURE 7: Slit2 affects Arl4A-induced Cdc42 activation and cell migration via regulating the Robo1-Arl4A and Robo1-
srGAP1 associations. (A) Representative images of HEK293T cells transfected with the indicated plasmids and siRNA and
then subjected to the Transwell assay. Purified Slit2 (0.2 pg/ml) was added to the lower chamber of the Transwell
apparatus. The number of migrated cells in a field was calculated using ImageJ software after 22 h of migration.
Histograms: Migration assay data were quantified based on three biological replicates. (B) Total protein (20 pg) was
loaded onto a 10-well gel to detect proteins. Immunoblotting analyses were used to evaluate protein expression levels
in cells transfected with the indicated plasmids and siRNA. The percentage of Robo1 after siRNA treatment was 11.5 +
0.75%. (C) HEK293T cells were transiently transfected with the indicated plasmid and treated with 0.2 or 0.6 pg/ml
purified Slit2. The cells were lysed and subjected to Cdc42 activity pull-down assays. To confirm the initial expression
level, 2.5% of the total cell lysate (input) was loaded. Equal amounts of GST-tagged beads and cell lysates were used in
each experiment as shown by Coomassie Blue staining. Histogram: Active Cdc42 was quantified based on three
biological replicates. (D, E) HEK293T cells were transiently transfected with the indicated plasmids and then treated with
purified Slit2 (ug/ml). Interactions were verified by in vivo coimmunoprecipitation with anti-Flag M2 magnetic beads. To
confirm the initial expression level, 7.5% and 2.5% of the total cell lysates (input) were loaded. The heavy chain was used
to ensure that equal amounts of M2 magnetic beads were loaded in each group. SDS-PAGE analysis was used to verify
srGAP1, Robo1, and Arl4A expression and total cell lysates. Histograms: Co-IP assay data were quantified based on
three biological replicates. The solid bars represent the mean + SD. *, P < 0.01; **, P < 0.005; ***, P<0.001 (A, C, and E:
one-way ANOVA with Dunnett’s post hoc multiple comparison test; D: two-tailed Student’s t test).

interaction ability with srGAP1 in vivo. Conversely, Arl4A binding to  cue cell migration in Robo1-knockdown HEK293T cells expressing
Robo1 reduced the Robol-srGAP1 association (Figure 5). The  Arl4A, suggesting that Arl4A and Robo1 function in collaboration to
Robo1-A1 mutant, which could not interact with Arl4A, failed to res-  regulate cell motility outside the nervous system.
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FIGURE 8: Model of Arl4A involvement in Robo1-mediated Cdc42 activation. Robo1 is a
single-pass transmembrane receptor. GTP-bound Arl4A can interact with Robo1 via its
cytoplasmic CC3 domain. (A) An intermediate Robo1 structure may be associated with an
unknown Cdc42 GEF (purple triangles), which is much more susceptible to Cdc42 activation by
Arl4A stimulation. (B) More activated Arl4A molecules induce the localization of Robo1 at the
plasma membrane and subsequently bind its CC3 domain. The Arl4A-Robo1 interaction
prevents srGAP1 from binding Robo1 and promotes Cdc42 activation. (C) Slit2 binding to the
amino terminus of Robo1 decreases the Arl4A-Robo1 interaction and enhances the srGAP1-

Robo1 interaction, ultimately promoting Cdc42 inactivation.

Our study suggests that the plasma membrane association of
GTP-bound Arl4A can induce Robo1 to localize at the plasma mem-
brane, and its binding to Robo1 may lead to a conformational
change in Robo1, decreasing the recruitment of srGAP1 to Robo1.
In addition, we speculate that an intermediate Robo1 structure
associates with an unknown Cdc42 GEF, which is much more
susceptible to Cdc42 activation by Arl4A stimulation. Our studies
suggest that Arl4A plays a role in regulating the conformation of
Robo1, which can also be modulated by other stimulators. Slit2
binds Robo1 and decreases the Arl4A-Robo1 association, leading
to the recruitment and activation of srGAP1 (Figure 8).

Our previous study showed that the expression of mouse Arl4A
mRNA is developmentally regulated and is consistent with involve-
ment of the protein in early events of embryogenesis of the central
nervous system, somitogenesis, and spermatogenesis (Lin et al.,
2000). At mouse embryonic day 14.5 (E14.5), Arl4A mRNA is ex-
pressed strongly in the cortical plate in an overlapping pattern with
that of Robo1 and Slit1/Slit2 mRNA (Lin et al., 2000; Yeh et al., 2014),
suggesting possible comodulation of these molecules during the de-
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velopment of the dorsal telencephalon.
Given that Slit-Robo signaling plays a crucial
role in the axon guidance of developing cor-
tical neurons (Brose et al., 1999; Dickson,
2002) and that rsGAP1 is functionally in-
volved in neuronal migration in response to
Slit (Wong et al., 2001), our current study
suggests that Arl4A might functionally par-
ticipate in axonal pathfinding or neuronal
migration via modulation of the Slit-Robo/
rsGAP1 signal axis. Because Arl4A binds
with Robo1 in a competitive manner with rs-
GAP1, a possible scenario for the develop-
ing migratory neurons is that Arl4A keeps
the migratory-brake function of Robo1 inac-
tivated by constitutively binding with Robo1,
thus preventing Robol from association
with the downstream signaling rsGAP1 for
execution of migratory inhibition. When mi-
gratory neurons navigate through the devel-
oping cortex, contact with the guidance cue
Slit releases Robo1 from Arl4A's binding, al-
lowing for Robo1’s association with rsGAP1
and subsequent Cdc42 down-regulation
concomitant with inhibition of neuronal mi-
gration. Itis also possible that other environ-
mental cues or intrinsic factors, such as
changes in intracellular calcium concentra-
tion or neuronal activity, could regulate the
expression level or activity of Arl4A to fine-
tune the Slit-Robo/rsGAP1/Cdc42 signal
axis in the developing migratory neurons.
Our preliminary data in cultured nonneuro-
nal cells showed that Arl4A activity was re-
duced when cells were grown in serum star-
vation conditions. They suggest that Arl4A
activity requires certain extrinsic factors,
which remain to be further investigated. The
proceeding dissection of possible promigra-
tory or environmental cues will cast light on
the regulation of Arl4 activation for cell
migration.

In conclusion, we demonstrate that the
activated GTP-bound form of Arl4A functions as a novel interacting
partner of Robo1 to modulate cell motility. The Arl4A-Robo1 interac-
tion regulates cell migration via Cdc42 activation. The cell migration
enhanced by the Arl4A-Robo1 interaction is caused by the down-
regulation of the srGAP1 association with Robo1. Our work ad-
dresses a long-standing knowledge gap in the effects of regulating
Robo1 signaling on cell migration by defining a role for dynamic
protein interactions governing Cdc42 activation.
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MATERIALS AND METHODS

Antibodies

Rabbit anti-Robo1 and anti-Arl4A/C/D antibodies were generated
as described previously (Li et al., 2007). The following antibodies
were used: anti-Myc (1:1000, catalogue no. MMS-150R; Covance,
Princeton, NJ), anti-HA (1:1000, catalogue no. SC-7392; Santa Cruz
Biotechnology), anti-LexA (1:1000, catalogue no. 5397-1; Clontech,
Mountain View, CA), anti-CD44 (1:200 for IF, catalogue no. MA4400;
Invitrogen), anti-Cdc42 (1:500, catalogue no. 2462; Cell Signaling,
Danvers, MA), anti-srGAP1 (1:1000, catalogue no. 76926; Abcam),
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and anti-a-tubulin (1:5000, catalogue no. T5168; Sigma-Aldrich,
St. Louis, MO). A blue-fluorescent DNA stain 4’,6-diamidino-2-
phenylindole (DAPI) solution was purchased from Millipore (1:5000,
catalogue no. S7113). Horseradish peroxidase (HRP)-conjugated
goat anti-rabbit and anti-mouse antibodies were purchased from
GE Healthcare (1:5000, catalogue nos. NA934V and NA931V, re-
spectively; Waukesha, WI). Alexa Fluor—conjugated secondary
antibodies were purchased from Invitrogen (Grand lIsland, NY).
Alexa Fluor 594/488-conjugated anti-rabbit/anti-mouse and Alexa
Fluor 647-conjugated anti-rat secondary antibodies were from
Invitrogen (1:1000, catalogue nos. A-11012 for Alexa Fluor
594-rabbit, A-11034 for Alexa Fluor 488-rabbit, A-11001 for Alexa
Fluor 488-mouse, A-11032 for Alexa Fluor 594-mouse, and A-21247
for Alexa Fluor 647-rat).

Cell culture and transfection

HEK293T, COS-7, and Hela cells were purchased from the Ameri-
can Type Culture Collection (ATCC) and cultured in high-glucose
DMEM (HG-DMEM; HyClone, Logan, UT) containing 10% fetal
bovine serum (HyClone). All cells were maintained in a humidified
incubator supplemented with 5% CO; at 37°C. Cells were tran-
siently transfected with the indicated short hairpin RNA (shRNA),
siRNA, and plasmids using the Lipofectamine 2000 transfection
reagent (Life Technologies, Grand Island, NY) following the manu-
facturer’'s procedure. All siRNAs were purchased from Dharmacon
(GE Healthcare Life Sciences). The specific siRNA and shRNA
used were as follows: Arl4A: GGAACUCAUUGUCACUUUCUU
and Robo1: GCAGGUACUUG-GAGGAUAU. After transfection, the
transfected cells were harvested at 24 or 48 h for overexpression
and knockdown, respectively.

Plasmid construction

cDNA sequences of Arl4A/C/D and its mutants were cloned as previ-
ously described (Li et al., 2007). Briefly, Arl4A was cloned into the
mammalian expression vector pSG5 (Stratagene, La Jolla, CA) to
generate untagged Arl4A. The cDNA sequence was subcloned into
pET32a (Novagen, Madison, WI) for His-tagged Arl4A expressed in
Escherichia coli or pBTM116 for LexA-tagged Arl4A expressed in
yeast. Full-length Robo1 and srGAP1 cDNA sequences were ampli-
fied from a human fetal brain ¢<cDNA library (Clontech) using PCR.
Robo1 and srGAP1 were cloned into the mammalian expression vec-
tors pCMV-Tag4A and pcDNA3. 1A (Invitrogen), the E. coli expression
vector pGEX4T-1, or the yeast expression vector pACT2 (Clontech).
Replacement of alanine was accomplished using a two-step PCR
technique. All constructs were confirmed by DNA sequencing.

Total protein extraction and immunoblotting analysis

Total proteins were extracted as described elsewhere (Li et al.,
2007). The proteins in the lysates were separated by 7.5% or 12.5%
SDS-PAGE and transferred to Immobilon-P membranes (Millipore).
The membranes were blocked in PBST buffer (0.1% Tween 20 in
phosphate-buffered saline [PBS]) containing 5% skim milk powder
or bovine serum albumin (BSA) and then incubated with the
indicated primary antibodies. After washing, the membranes were
incubated in PBST containing the appropriate HRP-conjugated
secondary antibody (1:5000). a-Tubulin was used as the internal
control for protein loading.

Total RNA isolation, reverse transcription, and
quantitative-PCR

Total RNA isolation, reverse transcription, and quantitative-PCR (Q-
PCR) were performed as previously described (Chiang et al., 2017).
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RNA (2 pg) was reverse transcribed into cDNA and then used for
Q-PCR with the TagMan system (Applied Biosystems [ABI], Foster
City, CA). The Arl4A primer/probe (Hs01932504-s1; ABI) and the
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, Hs00266705-g1; ABI) were used.

Yeast two-hybrid interaction assay

The yeast two-hybrid screen was performed as previously described
(Li et al., 2007). In brief, the Saccharomyces cerevisiae strain L40
(MATa. trp1 leu2 his3 LYS::[lexAopl4-HIS3 URA3::[lexAop]8-lacZ)
was used. A human fetal brain cDNA library in pACT2 (Clontech)
was screened using Arl4A-Q72L as the bait. Colonies exhibiting his-
tidine auxotrophy were patched onto selective plates and assayed
for B-galactosidase activity using a colony-lift filter assay.

Yeast protein extraction

Yeast cells were harvested after 5 d of culture. Yeast protein extrac-
tion was performed as described previously (Li et al., 2007), and the
extracted proteins were subjected to immunoblotting analysis.

Immunofluorescence staining and quantification

To stain Robo1 and Arl4A, Hela cells were seeded on coverslips and
transfected with the indicated plasmids. After transfection, cells
were fixed with 4% paraformaldehyde supplemented with 1 mM
CaCly and 1 mM MgCl; for 15 min. Cells were then permeabilized
with PBS supplemented with 1 mM CaCl, and T mM MgCl; contain-
ing 0.1% saponin for 10 min followed by blocking in 0.02% Tween-20
PBST containing 1% BSA for 1 h at room temperature. Cells were
incubated with either rabbit anti-Arl4A (1:500) or mouse anti-Myc
(1:200) and anti-CD44 (1:200) antibodies. After extensive washing,
cells were incubated with the corresponding Alexa Fluor—conju-
gated secondary antibody (1:1000) for at least 1 h. Cells were then
mounted in 90% glycerol in PBS containing 1 mg/ml p-phenylenedi-
amine and were visualized using a Carl Zeiss LSM780 system (Carl
Zeiss Microlmaging, Jena, Germany).

LSM780 confocal microscope analyses of Hela cells singly ex-
pressing or coexpressing Robo-myc and Arl4A were performed with
a 63x oil immersion objective. Midplane optical sections were cap-
tured for presentation and quantification. ImageJ2 software was
used for intensity and PM/C ratio calculations. We determined the
border of the plasma membrane by CD44 signals, which clearly out-
lined the cell boundary. A 10-pixel-wide freehand Line was drawn
along the boundary demarcated by the CD44 signal as a cell margin
denoting the plasma membrane. The recorded coordinates were
transferred to the Robo-myc detection channel to obtain the inten-
sity of the plasma membrane signal. The freehand selection tool
was used to enclose the cytosolic Region along the inner boundary
of the CD44 signal inside the cell outline. Similarly, the coordinates
were transferred to the Robo-myc detection channel to measure the
intensity of the cytosolic signal. The PM/C ratio was calculated using
the following equation:

PM/ Cratio = sum of intensity on the line / sum of intensity in the region

where intensity on the line and intensity in the region are defined in
the CD44 detection channel but measured in the Robo-myc detec-
tion channel.

In vitro binding assay

His-tagged Arl4A and GST-tagged Robo1 were purified using Ni-
NTA resins (Qiagen, Valencia, CA) and glutathione resins (GE
Healthcare), respectively. In total, 4 g of purified His-Arl4A was in-
cubated with 4 ug of various GST-Robo1 fragments in binding assay
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buffer (20 mM Tris-HCI [pH 8.0], 100 mM NaCl, 5 mM MgCl,, 1 mM
EDTA, 1 mM dithiothreitol [DTT], 10% glycerol, 1% Triton X-100, 1
mM NaNj, 1x protease inhibitor cocktail) for at least 2 h at 4°C.
Unbound proteins were washed away with assay buffer, and proteins
bound to GST beads were then eluted with protein loading buffer
for immunoblotting analysis.

Coimmunoprecipitation

Immunoprecipitation was performed according to a previously de-
scribed protocol with slight modifications (Chiang et al., 2017). Cells
were lysed with IP buffer for 30 min on a shaker and cleared by
centrifugation at 15,000 x g for 10 min at 4°C. The IP buffer for im-
munoprecipitation of the Robo1-srGAP1 complex comprised 50
mM Tris-HCl (pH 7.5), 50 mM NaCl, 0.1% NP40, 10 mM NaF, 1 mM
EDTA, 1 mM DTT, and 1x protease inhibitor cocktail. The IP buffer
for immunoprecipitation of the Robo1-Arl4A complex comprised 50
mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% NP40, and 1x protease
inhibitor cocktail. The cell supernatants were incubated with 20 pl of
anti-Flag M2 magnetic beads (Sigma-Aldrich) for 2 h at 4°C and
then extensively washed with IP buffer at least five times. The im-
munoprecipitated proteins were analyzed by immunoblotting.

Preparation and purification of Slit2

COS-7 cells were transiently transfected with the empty pSecTag2
vector or the pSecTag 2-human Slit2 plasmid. Purification was per-
formed as previously described (Jones et al., 2008). Finally, ~500 pl
of the concentrated Slit2 solution was collected (Jones et al., 2008).
Concentrated Slit2 was analyzed by Coomassie Blue staining and
stored at 4°C for up to 1 wk. In addition, we prepared the empty
pSecTag2 vector as the “mock” and used it as the negative control
in all the experiments.

Cdc42 activity pull-down assay

Cells were transfected with the indicated plasmids and then lysed in
Cdc42 activity pull-down assay buffer (50 mM Tris-Cl [pH 7.5], 150
mM NaCl, 1 mM DTT, 1% NP-40, 5 mM MgCl,, 5% glycerol, and 1x
protease inhibitor cocktail). Then, the cells were incubated with puri-
fied PAK-PBD-GST beads for 2 h at 4°C. The beads were washed
with assay buffer, and bound proteins were eluted with protein load-
ing buffer for immunoblotting analysis.

Migration assay

Wound healing migration assays were performed as described pre-
viously (Chiang et al., 2017). Cells were observed using a time-lapse
microscope (Axiovert 200M; Carl Zeiss Microlmaging) equipped
with a temperature and CO; controller. The cell migration capacity
was determined as described previously using ImageJ software
(Chiang et al., 2017).

In addition, Transwell cell migration assays were performed us-
ing the Boyden chamber assay method as previously described
(Chiang et al., 2017). Cells were serum-starved for 16 h before being
seeded into the upper chamber. For Slit2 treatment experiments,
the indicated concentrations of purified Slit2 and the vector control
were added to the lower chamber. After the assay, the migrated
cells were stained with 1% crystal violet and images were captured
using a phase-contrast microscope (Eclipse TS-100; Nikon, Melville,
NY) equipped with a digital camera (DS-5M; Nikon).

Statistical analysis

All data are presented as the mean + SD, and P values were calcu-
lated by one-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc multiple comparison test or two-tailed Student’s
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t test. Significant statistical differences (*, P < 0.05; **, P < 0.01;
*** P < 0.001) are indicated. For each independent in vitro experi-
ment, three biological replicates were used.
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