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A crucial role for Arf6 in the response of commissural axons to Slit
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ABSTRACT

A switch in the response of commissural axons to the repellent Slit is
crucial for ensuring that they cross the ventral midline only once.
However, the underlying mechanisms remain to be elucidated. We have
found that both endocytosis and recycling of Robo1 receptor are crucial
for modulating Slit sensitivity in vertebrate commissural axons. Robo1
endocytosis and its recycling back to the cell surface maintained the
stability of axonal Robo1 during Slit stimulation. We identified Arf6
guanosine triphosphatase and its activators, cytohesins, as previously
unknown components in Slit-Robo1 signalling in vertebrate commissural
neurons. Slit-Robo1 signalling activated Arf6. The Arf6-deficient mice
exhibited marked defects in commissural axon midline crossing. Our
data showed that a Robo1 endocytosis-triggered and Arf6-mediated
positive-feedback strengthens the Slit response in commissural axons
upon their midline crossing. Furthermore, the cytohesin-Arfé pathways
modulated this self-enhancement of the Slit response before and after
midline crossing, resulting in a switch that reinforced robust regulation of
axon midline crossing. Our study provides insights into endocytic
trafficking-mediated mechanisms for spatiotemporally controlled axonal
responses and uncovers new players in the midline switch in Slit
responsiveness of commissural axons.

KEY WORDS: Slit-Robo, Axon guidance, Commissural neurons,
Midline, Endocytic recycling, Arfé

INTRODUCTION

How developing axons grow towards their final targets is a
fascinating question in neurobiology (Lewis et al., 2013). The roles
of various neuronal guidance cues, which direct axon growth along
particular routes, and their receptors in neural circuit formation have

"Developmental Neurobiology Unit, Okinawa Institute of Science and Technology
Graduate University, Onna, Okinawa 904-0495, Japan. ?Department of Neurology,
Lurie Comprehensive Cancer Center, Northwestern University Feinberg School of
Medicine, Chicago, IL 60611, USA. ®Department of Neurology, Faculty of Medicine,
Fukuoka University, Fukuoka 814-0180, Japan. “Department of Physiological
Chemistry, Faculty of Medicine and Graduate School of Comprehensive Human
Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8575, Japan. ®Laboratory of
Molecular Biochemistry, School of Life Sciences, Tokyo University of Pharmacy and
Life Sciences, Hachioji, Tokyo 192-0392, Japan. ®State Key Laboratory of
Biomembrane and Membrane Biology, Peking-Tsinghua Center for Life Sciences,
PKU-IDG/McGovern Institute for Brain Research, Peking University School of Life
Sciences, Beijing 100871, China. "Center for Advanced Medical Innovation,
Kyushu University, Fukuoka 812-8582, Japan. ®Department of Clinical Chemistry
and Laboratory Medicine, Kyushu University Graduate School of Medical Sciences,
Fukuoka 812-8582, Japan.

*Present address: Department of Hygienic Sciences, Kobe Pharmaceutical
University, Kobe 658-8558, Japan. *Present address: Heidelberg Institute for Stem
Cell Technology and Experimental Medicine, German Cancer Research Center,
Heidelberg 69120, Germany.

SAuthors for correspondence (jkawada@cclm.med.kyushu-u.ac.jp;
jane-wu@northwestern.edu)

J.Y.-K., 0000-0002-1382-3159; J.Y.W., 0000-0003-1794-1213

Received 22 September 2018; Accepted 14 January 2019

been clarified (Guan and Rao, 2003; Kolodkin and Tessier-Lavigne,
2011). Axons use intermediate guideposts to reach their targets.
This strategy relies on an axon’s ability to change its response to
guidance cues at the right time and place.

Growing axons make a crucial decision at the ventral midline as to
whether to cross it or not. Floor-plate (FP) cells at the midline act as
guideposts by secreting attractive and repulsive guidance cues. Midline
crossing by commissural axons is a powerful model for studying how
axons switch on/off responses to guidance cues in a spatiotemporally
regulated manner (Ducuing et al., 2018; Stoeckli, 2017). In vertebrates,
extracellular cues derived from the FP and ventral neural tube promote
commissural axon growth towards the midline. Upon reaching the
midline, but not before this point, commissural axons lose their
responsiveness to these cues, and acquire responsiveness to repellents,
such as Slit and semaphorins (Brose et al., 1999; Kidd et al., 1999; Li
et al., 1999; Zou et al., 2000), so that they properly cross the midline.
After crossing the midline, axons maintain their responsiveness to
midline repellents, ensuring that they exit the midline and never re-
cross it. Although roundabout 3.1 (Robo3.1; in vertebrates) and
commissureless (Comm; in Drosophila) suppress Slit responsiveness
before axons reach the midline (Chen et al., 2008; Kidd et al., 1998;
Sabatier et al., 2004), the mechanism by which axons increase Slit
sensitivity upon midline crossing remains unclear. Comm prevents
axonal transport and surface distribution of Robo by sorting Robo from
the synthetic to the late-endosomal pathway (Keleman et al., 2002,
2005). A proline-rich and Gla domain gene, Prrg4, has been reported
as a vertebrate Comm homolog (Justice et al., 2017). However, it is
unknown whether similar endosomal trafficking modules are used in
the vertebrate midline switch (O’Donnell et al., 2009).

Here, we have examined the mechanisms controlling Slit
responsiveness of commissural axons. Our results showed that both
Robo1 endocytosis and subsequent recycling are required for protecting
surface-located Robol molecules at the time of Slit stimulation against
degradation. Slit-Robol signalling activated ADP-ribosylation factor 6
(Arfb), in contrast to Robo4-mediated suppression of Arf6 (Jones et al.,
2009). The Robol endocytic recycling-driven positive feedback,
mediated by Arf6, enhanced axonal response to Slit upon midline
crossing. Analyses of Arf6-knockout mice and cytohesin-knockdown
neurons revealed that cytohesin Arf-GEFs (Arf-guanine nucleotide
exchange factors) regulate Slit sensitivity before and after midline
crossing. Thus, cytohesin-Arf6 pathways constitute an endocytic
switch in Slit responsiveness. Our data provide insights into
mechanisms underlying midline switching of commissural axon
response to various guidance cues, including Slit and semaphorin
proteins, and Sonic hedgehog (Shh).

RESULTS

Slit increases axonal Robo1 levels in commissural neurons
To study the mechanisms regulating the responsiveness of
commissural neurons to Slit, we established a commissural neuron
culture system that recapitulates the in vivo switch in Slit
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responsiveness (Yuasa-Kawada et al., 2009a). Primary neuronal
cultures were prepared from the cervical to lumbar levels of dorsal
spinal cords of mouse embryos at embryonic day 9.5 (E9.5; when
commissural axons have not reached the midline) and at E11.5-12.5
(when most axons have crossed the midline) (Altman and Bayer,
1984; Sabatier et al., 2004). The netrin receptor DCC (deleted in
colorectal cancer) is broadly expressed in commissural neurons
during midline-crossing stages in rats (corresponding to E9.5-11.5 in
mice). We referred to dorsal spinal cord neurons whose axons were
DCC positive as commissural, as in previously published studies
(Keino-Masu et al., 1996; Okada et al., 2006; Yuasa-Kawada et al.,
2009a) (Fig. 1A). Many DCC™ neurons were also positive for Robo3;
TAG-1, the first identified marker for commissural neurons (Dodd
et al., 1988), localized to the cell body of commissural neurons, but
less so to the axon, at E11.5 (Fig. S1A).

Commissural neurons from post-crossing stage embryos
exhibited increased growth cone collapse responses following
30-min of Slit2 exposure, when compared with pre-crossing
neurons (neurons were cultured for 2 days in vitro before
stimulation) (Yuasa-Kawada et al., 2009a). Thus, in our culture

Fig. 1. Slit elevates axonal Robo1 levels in E11.5, but not E9.5,
commissural neurons. (A-D) DCC* (red) commissural neurons from E11.5
mouse spinal cords were stimulated with 25 pM Slit for 10 min. Maximal-
intensity projections of deconvoluted z-stacks of immunofluorescence and
differential interference contrast (DIC) images are shown. Endogenous Robo1
(green) was detected with an antibody against the Robo1 extracellular domain.
(A) Subcellular distribution of Robo1. Arrowhead indicates Robo1 localization
to the perinuclear region of E11.5 commissural neurons, in the absence of Slit.
(B) Robo1 expression on the distal axon surface. (C) Robo1 intensity in the
distal-most 30 pm of axons (stained as in A). Data are meants.e.m. n=30
(neurons) (E9.5, results were from two independent experiments, 15 neurons/
experiment; E11.5, three experiments, 10 neurons/experiment). E9.5,
P=0.8111; E11.5, ***P<0.0001; two-tailed Mann—Whitney test. ns, not
significant. (D) Distal axon-surface Robo1 levels (stained as in B; three
experiments). n=41 and 42 (neurons) from left to right. ***P=0.0003. (E-G)
Explant cultures of E11.5 spinal cords. (E) Schematics of spinal cord (SC)
explant culture. (i) Commissural axon trajectory. d, dorsal; v, ventral. (ii) Open-
book SC showing axon midline crossing. Dotted lines show cut placings to
obtain dSC (—FP) or SC (+FP) explants (FP, in yellow). r, rostral; c, caudal. (jii)
Explants mounted onto black nitrocellulose (NC) filters. (iv) Explants cultured
on the coverslip. (v) Lateral view. (F) Representative results of dSC (—FP)
explants stimulated with 25 pM Slit for 10 min and SC (+FP) explants.
Schematic drawings of axon extension from explants, montage images
(maximal-intensity projections corresponding to boxed areas) of axons triple
stained for Robo1 (green), L1 (red) and B3-tubulin (TuJ1; cyan), and high-
power images of distal axons are shown. (G) The effects of Slit on levels of
Robo1 and L1 in axons extending from dSC (—FP) explants. Robo1 or L1
intensity in the distal axon was normalized to TuJ1 intensity and compared with
control-stimulated neurons (four experiments). n=110, 114, 110 and 114 (distal
axons). Robo1, ***P<0.0001; L1, P=0.8665. Scale bars: 10 ymin A; 5 umin B;
50 ym in explant in F; 10 ym in axon in F.

system, commissural neurons maintained the memory of in vivo
experience of midline crossing and acquiring Slit responsiveness.

To investigate whether Slit altered Robo distribution, dorsal
spinal cord neurons were stimulated with Slit for 10 min, before
growth cone collapse occurred. We immunostained endogenous
Robol in fixed neurons (Fig. 1A) using an antibody against the
Robol extracellular domain (for antibody specificity, see Long
et al., 2004; Tamada et al., 2008; Yuasa-Kawada et al., 2009a; for
Robol detection, see Fig. S1B). Because Robol is cleaved by
metalloproteinases and y-secretase (Seki et al., 2010), this anti-
Robol antibody is postulated to detect full-length Robol and
cleaved extracellular fragments. Robol expression was higher in
E11.5 neurons than in E9.5 neurons (Fig. 1A and Fig. SIC-E). In
E11.5 DCC* commissural neurons without Slit, Robol localized to
the perinuclear region (Fig. 1A, arrowhead), with a lower level in
the axons. After 10 min of stimulation with Slit, Robol levels in the
distal axons increased significantly (Fig. 1A,C and Fig. S1G). This
effect was specific, because axonal DCC levels were not markedly
changed (Fig. S1D,F). In contrast, Slit did not affect axonal Robol
levels in pre-crossing E9.5 commissural neurons (Fig. 1C and
Fig. S1C). To examine whether Robolwas indeed redistributed to
the axon surface upon Slit stimulation, we immunostained surface
Robol in live neurons, without detergents, and found that Slit
increased axon-surface Robol levels (Fig. 1B,D).

Furthermore, surface Robol levels in E12.5 dorsal spinal cord
neurons were examined by extracellular biotinylation. Cell-surface
proteins were biotinylated immediately after Slit stimulation, and
collected using avidin-immobilized beads. Cell-surface Robol levels
increased following a 10 min Slit stimulation (Fig. SIH). Next, we
transiently transfected E11.5 dorsal spinal cord neurons with Robo1-
GFP, and live-imaged Robol-GFP dynamics. Slit induced the
accumulation of Robo1-GFP into the growth cone (Fig. S1I).

To rule out a potential artefact associated with dissociated
neurons, and to test for the effect of Slit in a more physiological
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context, we prepared dorsal spinal cord explants lacking the FP and
spinal cord explants containing the FP from E11.5 embryos
(Fig. 1E). In both explant types, the extending axons were
positive for L1, a post-crossing commissural axon marker (Dodd
et al., 1988). In distal regions of commissural axons extending from
dorsal spinal cord explants lacking the FP, Robol levels normalized
to B3-tubulin (TuJ1) were significantly increased following Slit
treatment (Fig. 1F,G). In FP-containing explants, Robol was
distributed to post-crossing axons, without exogenous Slit treatment
(Fig. 1F). These data indicated that Slit elevated Robol levels in
post-crossing axons in dissociated commissural neurons and spinal
cord explants.

Slit activates Robo1 endocytic recycling in commissural
neurons

Co-immunostaining showed predominant overlaps of Robol with
transferrin receptor (TfR) and Rabll guanosine triphosphatase
(GTPase), endocytic recycling compartment (ERC) markers, and
partial overlaps with syntaxin 6, a trans-Golgi network (TGN)
marker (Fig. 2A-C and Fig. S2A,B) (Bock et al., 1997; Stenmark,
2009). The ERC and TGN constitute major recycling stations to the
cell surface (Maxfield and McGraw, 2004). By simultaneously
examining intracellular trafficking of Robol and TfR from the cell-
surface, we found that internalized Robol showed partial overlaps
with transferrin (Tf), irrespective of Slit, suggesting that Robol was
transported to the ERC (Fig. 2D and Fig. S2C). These observations
led us to hypothesize that endocytosed and/or intracellularly stored
Robol is mobilized to the axon surface via recycling pathways.

We therefore asked three questions: (1) are endocytosis and
recycling involved in Slit-induced elevation of axonal Robol
levels?; (2) does Robol protein surface-located at the time of Slit
stimulation contribute to this elevation?; and (3) does Robo1 protein
initially localized in intracellular pools contribute to this elevation?
To address these questions, we analysed Robol trafficking during
Slit stimulation in E11.5 commissural neurons using a series of live-
cell antibody-feeding assays with anti-Robo (protein-A affinity-
purified rabbit polyclonal antibody, composed of divalent IgG
fractions; Fig. 2E and Fig. S2D). In Robol-GFP-expressing
neurons, after antibody labelling, internalized anti-Robol showed
marked overlap with Robol-GFP, indicating that most anti-Robol
remained associated with the target Robol protein after
internalization (Fig. S2E). In addition, a Slit-binding assay (Li
et al., 1999), followed by blocking of cell-surface Robol and Slit,
revealed that internalized Robol and Slit partially overlapped with
each other (Fig. S2F), suggesting that, after endocytosis, at least
some antibody labelled Robol proteins remained Slit-bound and
signal competent.

Because Rab5 and Rabl1 play crucial roles in endocytosis and
recycling (Stenmark, 2009; Zerial and McBride, 2001), we used
RNA interference (RNAI) against them to test the role of endocytic
recycling (see Fig. 3B and Fig. SSA for specificity and efficiency of
the RNAI). As shown in Fig. 2Ei and Fig. S2D, we labelled surface
Robol in commissural neurons using anti-Robol, before Slit or
control stimulation. By immunostaining after stimulation, we
monitored total pools of antibody-labelled Robol, i.e. Robol
molecules initially surface located. Initial levels (0 min) of
antibody-labelled Robol in the distal axon were not significantly
different between neurons transfected with small interfering RNAs
(siRNAs) against Rab5 or Rabl11 and control siRNA (siControl)-
transfected neurons (Fig. 2F and Fig. S4A). In siControl-transfected
commissural neurons, antibody-labelled Robol levels in the axon
and even in the entire neuron were drastically reduced 10 min after
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Fig. 2. Slit activates Robo1 endocytic recycling to elevate axonal Robo1
levels. (A-C) Colocalization of endogenous Robo1 (A,B) or Robo1-GFP

(C) with TfR (A,C) or syntaxin 6 (B) in E11.5 dorsal spinal cord neurons.
Images composed of green (Robo1), red (TfR or syntaxin 6), blue (Hoechst
33342) and DIC channels are shown. (D) Localization of internalized
Robo1 and Alexa555-Tf in the commissural neuron cell body. (E)
Schematics of live-cell antibody-feeding assays. (i,ii) Monitoring the
redistribution of initially surface-located Robo1. Neurons were incubated
with anti-Robo1 antibody (Ab) and stimulated with 25 pM Slit for 10 min
before detecting both surface and internal Robo1 (i) or separately detecting
surface and internal Robo1 (ii) with Alexa-conjugated secondary
antibodies. (iii) Monitoring newly surface-inserted Robo1 from intracellular
pools. (F) Effects of siRab5 or siRab11 on axonal Robo1 levels. n=32-34
neurons (two independent experiments). (G) Quantification of surface,
internal and surface+internal levels of antibody-labelled Robo1 in the axon
(stained as in Eii). Robo1 levels in the distal-most 30 um of axons in
stimulated neurons were compared with vehicle-treated neurons before
stimulation (initial). n=76, 76, 77, 61, 60, 59, 45, 45, 46, 47, 47 and 48
neurons (three to five independent experiments). Whether siRab5,
siRab11, dynasore, MG132 or CQ significantly suppressed Slit-induced
elevation of Robo1 was tested (Mann-Whitney test). *P<0.05; **P<0.01;
***P<0.0001. (H) Robo1 surface-insertion levels in the axon of neurons
stained as in Eiii. n=49, 47, 51 and 50 neurons (three independent
experiments). ns, not significant. Data are meants.e.m. Scale bars:

5 um in A-D.
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Fig. 3. Both endocytosis and recycling of Robo1 are indispensable for Slit response and sensitization in commissural axons. (A) Growth cone collapse
in response to Slit (25 pM, 30 min) in siControl-transfected E11.5 commissural neurons. Growth cone morphology was examined by staining with phalloidin
(green) and anti-DCC (cyan). Neurons efficiently transfected with siRNAs were detected by fluorescence of Alexa555-conjugated RNA oligo (red) in the soma and
analysed. (B) Quantification of Slit-induced growth cone collapse. n=7, 14, 4, 3, 3, 3, 3, 3, 3, 3, 3, 3, 3, 4 and 3 experiments from left to right (30 neurons/
experiment). *P<0.05; **P<0.01; Mann—-Whitney test. (C) Effects of MDC, dynasore or SecinH3 on Slit responsiveness in E11.5-12.5 commissural neurons. n=10,
3, 3 and 3 experiments. (D) Slit sensitization protocols. Pre-stimulated neurons [5 pM Slit (Pre-Slit)] were treated with 25 pM Slit. (E,F) Quantification of Slit-
sensitized growth cone collapse in nontransfected (E; n=4) and siRNA-transfected (F; n=6, 4, 4 and 4) neurons. **P=0.0048; Mann—Whitney test. (G) Effects of
dynasore or SecinH3 on Slit sensitization. n=7, 3 and 4. *P=0.0167; **P=0.003; Mann—Whitney test. Data are meanzts.e.m. Scale bars: 5 um.

mock-control stimulation [axon: 41.2+5.3% of the initial level
(0 min); entire neuron: 41.7+6.2%]. This result indicated that total
levels of antibody-labelled Robol are not constantly maintained,
and suggested that, without Slit, Robo1 that appeared on the surface
undergoes a rapid turnover. However, the loss of antibody-labelled
Robol was effectively blocked by Slit stimulation, leading to a
remarkable elevation of Robol levels (axon: 100.3+12.9%; entire
neuron: 74.0+9.1%). These data confirmed our previous results
(Yuasa-Kawada et al., 2009a), suggesting that axonal Robol is
stabilized by Slit and that mechanisms of Slit-induced Robol
mobilization are distinct from those of many other ligand-stimulated
receptors. Furthermore, in siRab5- or siRab1 1-transfected neurons,
Slit-induced elevation of axonal Robol levels was markedly
reduced when compared with the siControl group (Fig. 2F). Thus,
both endocytosis and recycling are required for Slit-induced
elevation of antibody-labelled axonal Robol levels.

Next, as shown in Fig. 2Eii, after antibody labelling of
surface Robol and Slit stimulation, we differentially monitored
surface versus internal Robol (Fig. S3A). By comparing two
immunostaining conditions using unconjugated or Alexa-
conjugated secondary antibody before permeabilization (for
blocking or detecting of surface Robol, respectively), we
confirmed that internal Robol levels could be measured
independently of the detection of surface Robol (Fig. S3B).
In vehicle-treated neurons, antibody labelled axonal Robol levels
(surface and surfacetinternal) were reduced during control
stimulation [compare initial (0 min) and control (10 min) groups
in Fig. 2G and Fig. S4B]. On the other hand, Slit significantly
enhanced Robol internalization, similar to ligand-induced

endocytosis of other receptors. At the same time, Slit blocked the
loss of antibody labelled Robol [compare initial (0 min) and Slit
(10 min) groups in Fig. 2G and Fig. S4B]. These results verified the
consistency of differential detection of surface and internal Robol
(Fig. 2F,G, bottom panel). Initial background levels of internalized
Robol immediately after antibody labelling (0 min) were 5-10%
(Fig. S4C). The internal/(surface+internal) ratios of Robol, at
10 min after control or Slit stimulation, were similar (e.g. vehicle-
treated control-stimulated, 24.6+1.2%; Slit-stimulated, 23.4+1.1%;
Fig. S4C), suggesting that surface and internal levels of antibody-
labelled Robo1 changed in conjunction with each other, irrespective
of Slit stimulation.

We pretreated neurons with dynasore, a dynamin inhibitor that
suppresses a number of endocytic pathways (Doherty and McMahon,
2009; Macia et al., 2006). Proteasome inhibitor MG132 and lysosomal
inhibitor chloroquine (CQ) were also used. Initial levels of antibody-
labelled axonal Robol (0 min) were not affected by treatment using
these drugs (Fig. 2G). In dynasore-treated neurons without Slit, axon-
surface Robol levels were higher than those in vehicle-treated neurons
(Fig. 2G), suggesting that dynasore-sensitive endocytosis regulates
surface Robol levels. The same concentration of dynasore blocked Tf
uptake, a typical dynamin-dependent endocytic process (Fig. S3C).
Strikingly, Slit induced a marked reduction in both surface and internal
Robol levels in dynasore-treated neurons (Fig. 2G). Western blot
analysis showed that total Robol levels in dorsal spinal cord neurons
were reduced by dynasore treatment, with and without Slit stimulation
(Fig. S3D). Together, in dynasore-treated neurons, axon-surface
populations of antibody labelled Robol were maintained in a steady
state, but underwent degradation upon Slit stimulation. Thus,
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dynasore-sensitive endocytic pathways regulated Robol transport to
the cell-surface during Slit signalling.

The reduction in surface Robol levels in the absence of Slit was
partially but significantly suppressed by MG132 (Fig. 2G and
Fig. S4B), suggesting a role of the ubiquitin-proteasome system
in Robol degradation under basal conditions. If lysosomal
degradation had played a major role in controlling Robol levels,
CQ should have increased these levels; however, this did not happen
(Fig. 2G and Fig. S4B). Thus, lysosomal degradation was not
crucial for controlling Robol levels.

As shown in Fig. 2Eiii and Fig. S2D, we performed the third type
of antibody-feeding assay in commissural neurons, whose surface
Robol was masked using the anti-Robol antibody before
stimulation. This experiment allowed us to measure levels of
Robo1 proteins that were ‘freshly surface inserted’ from intracellular
pools (Fig. 2H, Figs S3E and S4D). Unexpectedly, levels of freshly
surface-inserted Robol were not increased upon Slit stimulation,
irrespective of dynasore treatment, indicating that surface insertion
of intracellularly stored Robol made little contribution to Slit-
induced elevation of axon-surface Robol levels.

Collectively, upon Slit stimulation, substantial fractions of signal-
competent Robol were endocytosed and recycled back to the cell
surface, rather than remaining stagnantly on the surface. These
Robol endocytosis and recycling cycle(s) happened within 10 min
of Slit stimulation. Importantly, inhibition of endocytosis did
not elevate surface Robol levels, rather it induced Robol
downregulation in commissural axons, thus supporting the notion
that both endocytosis and recycling are required for protecting
initially surface-located populations of Robol from degradation
during Slit signalling and thereby increasing axonal Robol levels.

Both endocytic and recycling machineries are indispensable
for Slit response and sensitization

To investigate whether Robo1 endocytosis and recycling modulated
the Slit sensitivity of commissural neurons, we performed growth
cone collapse assays following siRNA-mediated knockdown of
specific genes (Fig. 3A,B and Fig. S5A). siControl transfection had
no detectable effects on Slit-induced growth cone collapse. Knocking
down Robol abolished Slit activity in inducing growth cone collapse
(Fig. 3B) (Yuasa-Kawada et al.,, 2009a), indicating that Slit
responsiveness of commissural axons is Robol mediated.
Knockdown of all three Rab5 isoforms, both Rabll isoforms,
Epsl15-homology domain protein EHD1 or Arf6, which are all
regulators of endocytosis and recycling (Donaldson and Jackson,
2011; Naslavsky et al., 2004; Stenmark, 2009), eliminated Slit
sensitivity (Fig. 3B). In contrast, knocking-down Golgi-localized
Rab6 did not affect Slit sensitivity. Re-expressing siRNA-resistant
wild-type Rab5a or Rab11a, but not their dominant-negative mutants
(Rab5a-S34N or Rab11a-S25N), rescued the phenotype induced by
siRab5 or siRabl11, respectively (Fig. 3B), indicating that the RNAi
effects were specific. Our data demonstrated that Rab5 and Rab11 are
crucial for the Slit response of commissural neurons. Interestingly, the
response of commissural axons to Sema3F, another midline repellent
(Zou et al., 2000), was also blocked by siRab3, siRabl1 or siArf6
(Fig. S5B). On the other hand, the response of commissural axons to
lysophosphatidic acid (LPA), a repellent for axons, was blocked by
siRab5, but by neither siRabll nor siArf6 (Fig. S5C). Thus,
endocytic recycling pathways differentially modulate repulsive
axonal responses. Similar to a previous study of Slit signalling in
Xenopus retinal axons (Piper et al.,, 2006), acute treatment with
monodansyl cadaverine (MDC), an inhibitor of clathrin-dependent
endocytosis, blocked Slit sensitivity of commissural axons (Fig. 3C).

Treatment with dynasore or SecinH3, an inhibitor of cytohesin Arf-
GEFs (see below), also abolished the Slit response. Together, these
data showed that both endocytic and recycling machineries are
essential for Slit response of commissural axons. These data lead us to
propose a model for an endocytosis-induced positive-feedback
mechanism in Slit-Robol signalling (see Fig. 7E). Such a
mechanism may enhance Slit sensitivity of commissural axons in
response to Slit itself upon midline crossing. This model predicts that
repetitive  Slit stimulations would augment Slit response of
commissural axons, rather than desensitizing them to Slit. To test
our model, commissural neurons were first pre-treated with a low
dose of Slit and then stimulated with a higher dose of Slit (Fig. 3D).
The low level of Slit by itself did not elicit a significant response.
However, pre-treatment with low-level Slit markedly enhanced
growth cone collapse responses to Slit stimulation at a higher level
(Fig. 3E and Fig. S5D). siRab$5, siRabll or siArf6, as well as
treatment with dynasore or SecinH3, abolished Slit sensitization
(Fig. 3F,G). Therefore, commissural axons are sensitized by Slit in an
endocytic recycling-dependent manner that has not been documented
previously.

Arf6 is required for elevating Robo1 levels in post-crossing
commissural axons

To determine whether this endocytic mechanism played roles in axon
midline crossing in vivo, we focused on Arfb6 signalling, because Arfo
plays important roles in endocytosis and recycling (Donaldson and
Jackson, 2011; Yoo et al., 2016; Zhu et al., 2012), and is essential for
Slit sensitivity (Fig. 3). We analysed the phenotypes of commissural
axons in Arf6-deficient mice that were generated in our previous
study (Suzuki et al., 2006). Although almost all mice lacking Arf6
died before birth, post-crossing stage (E12.5) mutants were obtained
at a Mendelian ratio, and their gross anatomy appeared normal.
Immunohistochemistry confirmed the lack of Arf6 expression in
Arf6~'~ spinal cords (Fig. S6A). Arf6 was broadly distributed in the
spinal cord, with low levels in the midline-crossing commissural
axon region. The FP formation was not impaired in 47/6~~ mutants,
as shown by FoxA2 expression (Fig. S6B).

We examined whether Robol distribution was affected by Arf6
deficiency. In wild-type littermates, Robo1 predominantly localized
to the ventral funiculus (VF), post-crossing axon tracts, with low
levels being found in pre- and midline-crossing axon segments
(Fig. 4A). However, in Arf6~'~ mutants, Robol immunoreactivity
was reduced in the VF and pre-crossing axonal regions (61.6+5.9%
of Robol levels in the wild-type VF).

We next tested whether axon fibres in the Arf6~'~ VF extended
from the ipsilateral or contralateral side. We injected Dil into the VF
of open-book spinal cords at E12.5 and E14.5, and retrogradely
labelled axons and cell bodies (Fig. 4B). In wild-type spinal cords,
Dil injection retrogradely labelled commissural axons and their cell
bodies on the contralateral side, in addition to ipsilateral axons and
commissural axons that extended from the ipsilateral side
(anterogradely labelled; Fig. 5C). By contrast, in Arf6~'~ spinal
cords, the number of retrogradely labelled cell bodies on the
contralateral side was significantly reduced (Fig. 4B,D), and instead
ipsilateral axons appeared to be dominant. These results suggest that
Robol immunosignals in the VF were mainly from commissural
axons in wild-type mice, but not in Arf6~~ mutants. Robol
immunosignals in the 47f6~~ VF may have derived from aberrant,
ipsilaterally projecting axons.

To determine whether Arf6 regulated Robol distribution in post-
crossing commissural axons, we prepared spinal cord explants from
E11.5 wild-type and Arf6~'~ littermates, and examined Robol
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Fig. 4. Arf6 regulates Robo1 distribution in post-
crossing commissural axons. (A) Robo1 distribution in
E12.5 brachial-level spinal cords (left). The mVF is marked
with arrowheads. (Right) Relative Robo1 immunoreactivity
in the mVF. n=5 (embryos). ***P<0.0001; Mann-Whitney
test. (B) Retrograde axon labelling with Dil into the VF in
E12.5/E14.5 open-book spinal cords. Dotted lines show the
outside edge of the longitudinal axon tract. r, rostral; c,
caudal; d, dorsal; v, ventral. (C) Robo1 distribution in post-
crossing commissural axons in FP-containing spinal cord
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distribution in commissural axons. Commissural axon extension
in Arf6='~ dorsal spinal cords was similar to that in wild type
(Fig. S6C). However, in FP-containing spinal cords from Arf6~'~
mutants, reduced numbers of axons crossed the midline (Fig. 4C,E),
consistent with in vivo findings (see below). Robo1 immunosignals in
such post-crossing axons were quantified after normalization to 3-
tubulin (TuJ1) signals, which represented axonal density. In Arf6~'~
explants, there was a marked decrease in Robol levels in the distal
and shaft parts of L1-positive post-crossing axons (Fig. 4F). Thus,
Arf6 regulates Robol levels in post-crossing commissural axons.

Roles of Arf6 in commissural axon midline-crossing

TAG-1 immunohistochemistry in wild-type, brachial-level spinal
cords revealed an increase in TAG-1 immunoreactivity in the medial
part of the VF (mVF) during E11.0-12.5, suggesting that growing
commissural axons crossed the midline at these stages (Fig. S7A).
TAG-1 immunoreactivity in the mVF was not significantly different

Data are meants.e.m. Scale bars: 100 um in A,B; 200 ypm
in monochrome images in C; 50 ym in higher
magnifications in C.

between E11.5 and E12.5, indicating that most commissural axons had
crossed the midline by E12.5, consistent with previous observations in
rats (Altman and Bayer, 1984). We examined commissural axon
trajectories in Arf6~'~ spinal cords at E12.5 by TAG-1
immunostaining. In Arf6~"~ and Arf6"'~ mice, commissural axons
extended ventrally, similar to wild-type embryos (Fig. 5A). In Arf6~'~
mutants, however, TAG-1 immunoreactivity was reduced in the mVF
to only 32.3% of the wild-type level (Fig. 5A,B). Line-scan profiles of
TAG-1 immunofluorescence through the VF and ventral commissure
(VC) confirmed a dramatic decrease in TAG-1 immunoreactivity in the
Arf6='~ VF (Fig. S7B). Similarly, Robo3 immunoreactivity was
reduced in the Arf6~'~ VF (Fig. S7C). These data suggest that many
commissural axons were stalled at the midline in Arf6~'~ mice.

To verify the defects in midline crossing, we traced axon
trajectories of commissural neurons in dorsal spinal cords using
anterograde Dil labelling. In wild-type embryos, the majority
(93.9£0.9%) of commissural axons crossed the FP and made rostral
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turns (Fig. 5C). However, remarkable defects were observed in
commissural axon midline crossing in 476~ mutants with two
classes of highly penetrant phenotypes: axon stalling within the FP
or at the contralateral FP edge; and axon overshooting into the
contralateral side (Fig. 5C,D). The most frequent phenotype was
axon stalling at the midline. In 71.9% of Dil-injection sites in
Arf6~'~ mutants, 20 or more axons were stalled within the FP or
immediately after exiting, in contrast to wild-type embryos (0%;
Fig. 5E). A larger number of axons were stalled at the contralateral
FP edge than within the FP (the approximate ratio of 4:1). In
addition, in 25.3% of Dil injections in 47f6 '~ mutants, 10 or more
axons showed overshooting into the contralateral side (wild type,
9.3%; Fig. 5C, arrows and Fig. S7E). In 15.1% of Dil injections in
dorsal spinal cords in Arf6~'~ mutants, 10 or more axons turned
ipsilaterally (wild type, 0%; Fig. 5C and Fig. S7TD,E), suggesting
roles for Arf6 in preventing commissural axons from choosing
ipsilateral pathways and in enabling midline crossing. Dil tracing of
dorso-ventral trajectories of commissural axons revealed clear axon
stalling within the FP or at the contralateral FP edge in Arf6—/~
mutants, with some axons aberrantly entering the contralateral grey
matter after crossing (Fig. S7F). Thus, Arf6 is required for midline
crossing by commissural axons and their proper midline exit. It
should be noted that the axon-stalling phenotype at the midline in
Arf6~~ mutants was similar to that found in Robol™~ mutants
(Jaworski et al., 2010; Long et al., 2004).

Slit-Robo1 signalling involves cytohesin-Arf6é pathways

We examined whether Slit-Robol signalling affected Arf6 activity.
Arf6-GTP levels were measured in a pulldown assay using
glutathione  S-transferase-fused  Golgi-localized gamma-ear-
containing Arf-binding protein 1 (GST-GGA1) (Hanai et al,
2016). Slit activated Arf6 in Robol-expressing HEK293 cells and
cortical neurons, but not in control cells lacking Robol expression
(Fig. 6A,B).

In E12.5 spinal cords, GST-GGA1 detected active Arf GTPases in
the midline-crossing axon region of wild-type, but not Arf6~"~,
embryos (Fig. S8A), indicating that Arf6-GTP is the major GTP-
bound Arf in E12.5 commissural neurons (GST-GGA1 binds to
GTP-bound Arfl-6). GST-GGAL1 labelling showed a Slit-induced
increase in Arf6 activity in dissociated commissural neurons
(Fig. S8B). Various Arf6-GEFs, including cytohesins 1-3 (Cythl-
Cyth3), were expressed in dorsal spinal cord neurons (Fig. S8C).
Because cytohesins have been implicated in neuronal polarization,
with effects similar to Slit-Robo (e.g. Hernandez-Deviez et al., 2002;
Whitford et al., 2002), we tested whether cytohesins were involved in
Slit-Robo signalling. Treatment with cytohesin inhibitor SecinH3
abolished Slit responsiveness and sensitization (Fig. 3), and reduced
Slit-induced Arf6 activation in commissural neurons (Fig. S8B),
suggesting that Slit-Robol signalling activates Arf6 via cytohesins.

To determine which cytohesin member was responsible for Slit
signalling, we performed RNAi of Cythl-Cyth3 in E12.5
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Fig. 6. Cytohesin-Arfé pathways in Slit-Robo1 signalling.
(A) Slit (25 pM) regulation of Arf6 activities in control and
Robo1-expressing HEK293 cells transfected with wild-type
Arfé plasmid. Arf6-GTP was captured using GST-GGA1 from
total cell lysates (TCL) and detected by immunoblotting with
anti-Arf6. (B) Endogenous Arf6 activities in E15.5 cortical
neurons stimulated with Slit (25 pM). (C) Quantification of
growth cone collapse induced by 25 pM Slit for 30 min in E12.5
commissural neurons transfected with siRNAs to Cyth1-Cyth3

Arf6-GTP

Control HEK cells| [Robo1-expressing
HEK

| Embryonic cortical neurons |

and with rescue constructs expressing GFP-cytohesins

cells

(9]
-
o
=3

Collapsed growth cones (%)

*

80
60
40
20

siCyth2 siCytha

r

O Control
m Slit

wn

Total Robo1 (fold)

Axon-surface Robo1 (fold)
(=]
o
(=]

siControl
siCyth1
siCyth2
siCyth3
siArf6
siControl
siCyth1
siCyth2

-
]

E Robot-HA
mCh-Cyth I

St - Blot: ‘g‘

[ | | =] oythrrs S

[ =] [ -

= |
=+

+ =+
(S
M+
+ n o+
|+

- +
3 3
- +

IP: HA

| RFP (mCh)

TC

f
;
;

| p-tubulin

commissural neurons (Fig. 6C and Fig. SOA-C). Each member has
multiple splicing variants with a triglycine (GGG) or diglycine
(GG) motif in the pleckstrin homology domain (Ogasawara et al.,
2000). GGG/GG motifs differentially affect cytohesin function (Oh
and Santy, 2012). We used siRNAs targeting both GGG- and GG-
containing cytohesins. Knocking-down Cyth1 or Cyth3 suppressed
Slit-induced growth cone collapse. Surprisingly, Cyth2/ARNO
knockdown increased the Slit response. These RNAI effects were
rescued by re-expressing siRNA-resistant wild-type cytohesins, but
not catalytically inactive mutants containing a Glu-to-Lys (EK)
substitution in the GEF domain (Fig. 6C). Thus, siRNA-mediated
knockdown of cytohesin was specific. In addition, cytohesin GEF
activities modulated Slit sensitivity. These results reveal that Cythl
and Cyth3 are required for Slit response in post-crossing
commissural neurons, whereas Cyth2 inhibits Slit response.

To examine the roles of cytohesins and Arf6 in Robol endocytic
recycling, we measured axon-surface and total Robol levels in
E12.5 commissural neurons. Although Slit induced an increase in
surface Robol1 in siControl-transfected neurons, Cyth1 knockdown
led to a reduction in surface Robol upon Slit stimulation (Fig. 6D,
left). Silencing Cyth3 or Arf6 also suppressed Slit-induced

= Control
= Slit

(wild type or EK mutants). n=11, 7,3, 3,6, 3, 3,8,3and 3
experiments from left to right (30 neurons/experiment). siCyth1
and siCyth3, ***P<0.0001; siCyth2, *P=0.0177; Mann—
Whitney test. (D) Effects of RNAI of Cyth1-Cyth3 or Arf6 on
axon-surface and total Robo1 levels in E12.5 commissural
neurons stimulated with 25 pM Slit for 10 min (three
experiments). (Left) n=39, 32, 31, 32, 32, 31, 30, 30, 30 and 31
neurons from left to right. Slit-stimulated: siCyth1, siCyth3 and
siArfe, ***P<0.0001; Cyth2, P=0.7346 (versus siControl).
Control-stimulated: siControl versus siArf6, *P=0.0155. siCyth1
versus siArf6, **P=0.0014. Mann—Whitney test. (Right) n=30,
30, 31, 31 and 31 neurons. siCyth1, *P=0.0114; siCyth2,
*P=0.0313; siCyth3, P=0.3169; siArf6, P=0.6799.
Mann—Whitney test. Data are meanzs.e.m. (E,F) Co-
immunoprecipitation of tagged Robo1 and Cyth proteins in
HEK293 cells (E) and of endogenous proteins in cell extracts
prepared from E16.5 whole brain, including hindbrain and
spinal cord (F). In E, cells were stimulated with control
preparations (—) or with 25 pM Slit (+) for 5 min.

IP, immunoprecipitation.

elevation of surface Robol. Furthermore, axon-surface Robol
levels were significantly different between siCythl- and siArf6-
transfected neurons without Slit, suggesting that Cythl also has
Arf6-independent roles in steady-state commissural neurons. In
contrast, Cyth2 knockdown did not affect surface Robol. Robol
expression in siCyth2-transfected neurons was higher than in
control neurons (Fig. 6D, right), suggesting that Cyth2
downregulates Slit signalling by inhibiting Robol expression or
reducing its stability. Together, Cythl and Cyth3, but not Cyth2,
mediate Slit-induced Robo1 endocytic recycling and Slit response.

Co-immunoprecipitation showed that Robol interacted with
Cyth1-Cyth3 in HEK293 cells (Fig. 6E). Slit enhanced Robol
interaction with Cyth3, but not with Cyth1 or Cyth2. Furthermore,
co-immunoprecipitation using Robo1 deletion mutants revealed that
Cythl interacted with Robol CC2 and CC3 motifs (Fig. S8D).
Conservation of CC2/3 motifs among Robol-Robo4 suggests that
all Robo proteins may interact with cytohesins. The catalytically
inactive mutation of Cyth1 did not affect its interaction with Robo1
(Fig. S8E), indicating that the Robol-Cythl interaction is
independent of Cythl activity. Interactions between endogenous
Robol and cytohesins in mouse brain lysates were confirmed
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11, 16, 33, 16, 21 and 45 (imaging fields) from left to
right. *P<0.05; **P<0.01; ***P<0.001 (versus shControl);
Kruskal-Wallis test with Dunn’s post-hoc test (at least
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(Fig. 6F), supporting the hypothesis that cytohesins play roles in
Slit-Robo signalling.

Immunostaining of spinal cords showed that Cythl and Cyth2
were expressed in the VC (Fig. S9E; for the antibody specificity, see
Fig. S9C,D), suggesting the involvement of Cythl and Cyth2 in
commissural axon midline crossing.

Cytohesin-Arf6 pathways modulate axon midline crossing

To investigate the roles of cytohesins in axon midline crossing, we
performed ex vivo RNAI in mouse spinal cords (Parra and Zou,
2010). We used two independent sequences of short-hairpin RNAs
(shRNAs) targeting both GGG- and GG-type cytohesins and two
shRNAs against Arf6 (Fig. S10A-D). shRNA-encoding constructs,
together with a Venus-YFP (VYFP, venus-yellow fluorescent
protein) plasmid, were co-electroporated unilaterally into dorsal-
half regions of E11.5 spinal cords, allowing us to mark shRNA-
expressing cells. The spinal cord explants were cultured in collagen
gel and examined for axon trajectories (Fig. 7A). In shControl-
electroporated spinal cords, we measured vYFP-labelled
commissural and ipsilaterally turning axons: 49% of vYFP-
positive axons crossed the FP, turning contralaterally in the rostro-
caudal direction (Fig. 7B,C). Co-electroporation of vYFP-plasmid
and shRNAs against cytohesins or Arf6 into spinal cords led to

comparable levels of VYFP expression with those in shControl-
targeted spinal cords, and the numbers of vYFP-positive ventrally
extending axons were unaffected.

However, in shCyth1-, shCyth3- or shArf6-targeted spinal cords,
many vYFP-positive axons were stalled within the FP (including
longitudinal axon growth within the FP) or immediately after exiting
the FP, whereas in shCyth2-targeted spinal cords, a significant
percentage of axons were stalled before entering the FP (Fig. 7B,C
and Fig. S10F). Re-crossing was rarely observed. Importantly, such
midline-crossing defects were rescued by co-introducing plasmids
expressing shRNA-resistant wild-type cytohesins, but not inactive
EK mutants (Fig. 7C), thus revealing the specificity of the RNAi
and requirements for their Arf-GEF activities in axon midline
crossing. Co-introducing Cyth2-E156 K mutant plasmid with
shCyth2 led to a marked increase in the number of ipsilaterally
turning axons (Fig. 7C and Fig. S10E), suggesting that strong
suppression of Cyth2 by both RNAi and its dominant-negative
mutant prevents midline crossing by commissural axons, leading to
their premature ipsilateral turning.

These results prompted us to test whether Cyth2 repressed Slit
responsiveness of pre-crossing commissural axons. siControl-
transfected E9.5 neurons exhibited negligible Slit sensitivity
(Fig. 7D). However, silencing Cyth2, but not Cythl, enhanced
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Slit sensitivity of E9.5 neurons to a level similar to that in E11.5-
12.5 neurons (Fig. 7D). These experiments suggest that removing
the inhibitory effects of Cyth2 was sufficient for pre-crossing stage
neurons to acquire Slit responsiveness. siCyth3-transfected neurons
exhibited a modest level of Slit sensitivity. Together, cytohesin-
Arf6 pathways differentially regulate Slit sensitivity in commissural
axons before and after midline crossing.

DISCUSSION

Endocytosis is a major mechanism attenuating ligand-induced
signalling by removing receptors from the cell surface. In addition,
endocytosis modulates the intensity, duration and subcellular
distribution of signalling (Cosker and Segal, 2014; Irannejad
et al., 2015). We showed that Robol endocytosis and recycling are
required for Slit response and further sensitization in vertebrate
commissural axons upon midline crossing.

Endocytosis and exocytosis/recycling regulate responses of
developing axons to guidance cues (Piper et al., 2005; Tojima et al.,
2007, 2010). The balance between endocytosis and exocytosis across
the growth cone has been implicated in directional axon growth. We
found that both endocytic and exocytic/recycling machineries are
essential for Slit-induced growth cone collapse. Furthermore, repetitive
stimulation with Slit sensitizes, rather than desensitizes, commissural
axons, adding another layer of complexity in axon guidance.

We have previously shown that Slit induces elevation of Robol
surface presentation in cancer cells (Yuasa-Kawada et al., 2009b).
The present study has addressed how Robol trafficking is regulated
in commissural axons. It has been previously reported that Rab
guanine nucleotide dissociation inhibitor (RabGDI) and calsyntenin
1, a linker between vesicles and kinesin, promote Robol insertion
from Rab11-positive recycling compartments to the cell surface and
are required for axon midline crossing (Alther et al., 2016; Philipp
etal., 2012), consistent with our data. RabGDI recycles GDP-bound
Rab proteins from membranes for the next round of Rab activation
(Stenmark, 2009). Because Rabll and Arf6 regulate exocyst
complex in polarized exocytosis/recycling (He and Guo, 2009),
both RabGDI, as a Rabl1 regulator, and Arf6 may mediate Slit-
induced elevation of axon-surface Robol.

We found that axon-surface Robo1 pools are subject to degradation
under basal conditions, whereas surface-located Robol undergo
cycle(s) of endocytosis and recycling upon Slit stimulation; these
pools constitute major fractions of axonal Robol1 that are increased by
Slit signals in post-crossing neurons. Thus, our study reveals a new
mechanism by which the sensitivity of commissural axons to a ligand
is enhanced by receptor endocytosis-recycling cycles. It has been
proposed that endosomes act as a signalling platform (Scita and Di
Fiore, 2010; Villasefior et al., 2016). We demonstrated that Arf6
signalling is required for Slit sensitization in commissural axons.
Furthermore, Arf6-dependent endocytic trafficking of receptors may
provide an effective signal-amplification mechanism for axonal
responses to midline guidance cues such as Slit and Wnt (Onishi
et al., 2013; this study). Another study revealed that, in sympathetic
neurons, NGF-mediated stimulation increases surface expression of
p75 neurotrophin receptor (p75NTR) via Arf6 activation, thus
shifting the responsiveness of TrkA receptor from NT-3 to NGF
(Hickman et al., 2018). Therefore, Arf6-based endosomal trafficking
pathways may underlie versatile systems for spatiotemporal control of
sensitivity to various ligands.

We found that Slit-Robol signalling activates Arf6 via
cytohesins. Our data support a model in which functionally
distinct cytohesin-Arf6 pathways constitute a basic regulatory
mechanism for midline switching of Slit sensitivity (Fig. 7E). Cyth2

suppresses Slit repulsion before reaching the midline, enabling
axons to enter the midline, whereas Cythl mediates Robol
recycling in response to Slit, allowing axons to cross and exit the
midline. These functionally distinct cytohesin-Arf6-based pathways
negatively and positively regulate the self-enhancement of Slit
response before and after axon midline crossing, respectively,
generating a switch in Slit responsiveness.

Although Slit-Robol signalling activates Arf6 in commissural
neurons, Slit-Robo4 signalling suppresses Arf6 activity in
endothelial cells (Jones et al., 2009). Cdc42 and RhoA have been
identified as targets for Slit-Robo1 signalling in neurons and cancer
cells, respectively (Wong et al., 2001; Kong et al., 2015). Slit may
induce a range of diverse responses in different cell types by
regulating activities of different GTPases via distinct Robo receptors
(Blockus and Chédotal, 2016).

Schizo, another Arf6-GEF, is required for commissure formation
in Drosophila (Onel et al., 2004). Schizo and Arf6 antagonize Slit
signalling in midline cells through endocytosis-mediated inhibition
of Slit presentation. In schizo mutants, reduced numbers of
commissural axons crossed the midline; the other axons avoided
entering the midline and possibly undertook ipsilateral routes. A
similar Arf6-based mechanism might be involved in midline axon
guidance in vertebrates. Our analyses showed that, in Arf6~'~
mutants, many commissural axons were able to enter the FP but
became stalled at the midline, whereas the other populations of
commissural axons presumably pursued ipsilateral routes. In
shArf6-electroporated dorsal spinal cords, significant populations
of axons were stalled at the midline, supporting the notion that Arf6
signalling is required for axon midline crossing in vertebrates. It is
tempting to hypothesize that Arf6-based evolutionarily conserved
mechanisms specify axonal fate by their selection of commissural or
ipsilateral routes.

In Drosophila, Robol endocytosis from the axon surface, but not
its recycling back to the surface, positively regulates Slit repulsion
during midline crossing; Robo trafficking into late endosomes
induces Robo activation, recruiting its downstream target son of
sevenless (Sos) (Chance and Bashaw, 2015). Our data reveal that
roles of receptor endocytic trafficking in controlling Slit response
are conserved in vertebrates and Drosophila, even though the
specific molecular players are less conserved. It will be interesting to
examine whether vertebrates have acquired the ability to enhance
Slit repulsion during axon midline crossing by regulating recycling
pathways in an Arf6-dependent manner.

Our study uncovered an Arf6-mediated, cell-intrinsic mechanism
that modulates Slit sensitivity, while two extrinsic mechanisms
were reported to regulate axonal sensitivity to the other midline
repellents Sema3B and Sema3F. Shh attracts commissural axons
toward the midline, but also acts as an on-switch cue that enhances
the Sema3B/3F response upon midline crossing by suppressing
protein kinase A (Parra and Zou, 2010). The protease calpain
prevents expression of the Sema receptor plexin Al in pre-crossing
axons. A midline cue, GDNF, and the midline cell-adhesion
molecule NrCAM act as on switches that increase axonal plexin-Al
levels by suppressing calpain (Charoy et al., 2012; Nawabi et al.,
2010). Importantly, mice that carry mutations in genes encoding
various components in Slit and semaphorin signalling pathways
exhibit similar axon-pathfinding defects, including axon stalling at
the midline. Our results (Fig. S5B) suggest that Arf6 has a general
role in repulsive axon guidance at the midline. Accumulating
evidence has shown that commissural axons switch Shh responses
from attraction to repulsion upon midline crossing (Bourikas et al.,
2005; Yam et al., 2012). Furthermore, post-crossing axons are
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repelled rostrally by a caudal-high/rostral-low Shh gradient, and
14-3-3 adaptor proteins are commissural neuron specific, time-
dependent switch molecules that drive the attraction-to-repulsion
conversion of axonal responses (Yam et al., 2012). It will be
interesting to study how Arf6 and 14-3-3 coordinate axon growth
during/after midline crossing. Multiple intrinsic and extrinsic
mechanisms may generate robust switches in axonal sensitivity to
various guidance cues, ensuring that axon crossing at the midline
takes place only once.

Coupling spatiotemporally regulated inhibition to a positive-
feedback mechanism suggests the existence of a bistable switch in
Slit repulsion during axon midline crossing. Mathematical
approaches have shown that bistable switches are used in biological
processes, including cell fate decision (Ferrell and Xiong, 2001). The
midline switch in commissural axons has two major features: the all-
or-none response (on/off states of Slit responsiveness) and
irreversibility (the one-time off-to-on transition only), both of
which are characteristic of a bistable response. Bistability may lead
to acquiring responsiveness to guidance cues at an appropriate time
and location, and could provide a memory mechanism for neuronal
sensitivity to guidance cues, thus generating fidelity and
irreversibility of decision-making in axon guidance. We propose
that functionally distinct cytohesin-Arf6 pathways contribute to a
bistable switch in Slit response during axon midline crossing.

MATERIALS AND METHODS

Animals

Animal experiments were performed according to protocols approved by the
Institutional Animal Care and Use Committees (IACUC) of Northwestern
University, OIST and Kyushu University. For further details, see the
supplementary Materials and Methods.

Antibodies, DNA constructs and reagents
The antibodies, plasmids and reagents used in this study are listed in the
supplementary Materials and Methods.

Cell culture and Slit stimulation

Primary neuronal cultures were prepared from E9.5 or E11.5-12.5 dorsal
spinal cords, as previously described (Yuasa-Kawada et al., 2009a).
HEK?293 cells stably expressing human Slit2-myc or rat Robol-HA were
used, as previously described (Li et al., 1999). For further details, see the
supplementary Materials and Methods.

Explant culture

Dorsal parts of spinal cords or intact floor plate (FP)-including half parts
(from the cervical to lumbar levels) were dissected out from E11.5 embryos
and cultured as explants. For further details, see the supplementary
Materials and Methods.

siRNAs and shRNAs

To perform RNAI in dissociated, dorsal spinal cord neurons, duplex siRNAs
were used. For ex vivo electroporation into spinal cords, shRNAs were used.
For further details, see the supplementary Materials and Methods.

Live-cell antibody-feeding assays

Different types of live-cell antibody-feeding assays were performed by
using our previously published protocol with minor modifications (Yuasa-
Kawada et al., 2009a). For further details, see the supplementary Materials
and Methods.

Growth cone collapse assays and GST-GGA1 immunolabelling
Slit-, Sema3F- or LPA-stimulated growth cone collapse assays were
performed as described previously (Yuasa-Kawada et al., 2009a). For
further details, see the supplementary Materials and Methods.

Immunocytochemistry, image acquisition and quantification
Cultured neurons and spinal cord explants were fixed by adding 4%
paraformaldehyde (PFA)/10% sucrose in phosphate-buffered saline (PBS)
directly to the culture, treated with 50 mM NH4CI for 10 min to reduce
autofluorescence and permeabilized with 0.2% Triton X-100 in PBS for
S min. Neurons were then immunolabelled as previously described (Yuasa-
Kawada et al., 2009a). Samples were mounted in Permafluor (Thermo
Fisher Scientific). For further details on the Immunohistochemistry Method,
see the supplementary Materials and Methods.

Z-stacks and time-lapse recordings were acquired using a BX6 11 microscope
(Olympus) with a CoolSNAP HQ or ES CCD camera (Roper Industries).
Images were obtained with a PlanApo 60%/NA1.40 oil-immersion objective
(Olympus), processed with Leica Deblur or AutoQuant X3 (Media
Cybernetics) deconvolution software and analysed using MetaMorph
(version 7.7; Molecular Devices). To measure Robol signal intensity, DCC"
neurons were carefully traced (anti-DCC labelled the entire commissural
neuron, from the cell body to the axon, irrespective of Slit stimulation) after
background signals were subtracted. For quantitative analysis of images,
thresholds were set at 3.5-fold background. Integrated signal intensity and the
area in the traced region were calculated, and the integrated signal intensity per
area or the normalized value was presented in figures. For colocalization
analyses (Fig. S2B), the maximal percentage of Robol-positive pixels
overlapping with organelle markers was scored for each set of deconvoluted
z-stacks. Z-stacks of confocal images acquired under LSM710NLO/LSM710,
LSM780 (Carl Zeiss) or TCS SP8 (Leica Microsystems) laser-scanning
microscope were directly subjected to quantification using MetaMorph.

Images shown in Figs 1-3 were acquired using an Olympus BX611
epifluorescence microscope and deconvoluted. Images in Fig. 4A,C, Fig. 5
and Fig. 7 were acquired using a Zeiss LSM780 confocal microscope.
Images in Fig. 4B were acquired using a Zeiss LSM710 confocal
microscope.

Dil labelling

Open-book preparations or vibratome sections of spinal cords of E12.5-14.5
wild-type and Arf6~~ embryos were injected with Dil (Thermo Fisher
Scientific) and the Dil was allowed to diffuse for 2-3 days to label
commissural axons along their entire length. For further details, see the
supplementary Materials and Methods.

Cell-surface biotinylation, Arf6 pulldown assays,
co-immunoprecipitation and western blotting

Biochemical experiments were performed essentially as described
previously (Hanai et al., 2016; Yuasa-Kawada et al., 2009a, 2009b). For
further details, see the supplementary Materials and Methods.

RT-PCR

Total RNA was extracted from cultured dorsal spinal cord neurons from
E11.5 embryos. cDNAs were synthesized by reverse transcription and
subjected to PCR. Primers are listed in Table S1. For further details, see the
supplementary Materials and Methods.

Ex vivo electroporation and spinal cord explant culture

Spinal cords of E11.5 embryos were injected with shRNA and pCAG-
vYFP, and electroporated using NEPA21 (NEPA GENE). The spinal cords
were cultured in collagen matrix and subjected to axon trajectory analyses.
For further details, see the supplementary Materials and Methods.

Statistical analysis

No statistical methods were used to predetermine sample size. Sample sizes
were chosen based on previous experience to obtain statistical significance
and reproducibility. Normal distribution of data was not assumed. No data
points were excluded, and all data collected from each individual experiment
were used for analysis. We noted that axonal phenotypes in commissural
neurons varied remarkably along the rostro-caudal axis and on the left/right
sides even within the same mouse embryo (Fig. 7). Thus, values quantified
on both sides of spinal cords at different rostro-caudal levels of individual
embryos were analysed as distinct data points and considered as biological
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replicates. Statistical analysis was performed using two-tailed Mann—
Whitney, %> or Kruskal-Wallis tests (Prism 6.04 software, GraphPad). For
multiple comparisons, Dunn’s post-hoc test (after Kruskal-Wallis test) was
used. P<0.05 was considered statistically significant.
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