SCIENCE ADVANCES | RESEARCH ARTICLE

DEVELOPMENTAL NEUROSCIENCE

A Zic2-regulated switch in a noncanonical
Wnt/Bcatenin pathway is essential for the

formation of bilateral circuits

Cruz Morenilla-Palao, Maria Teresa L6pez-Cascales, José P. Lopez-Atalaya, Diana Baeza,

Luis Calvo-Diaz, Angel Barco, Eloisa Herrera*

The Wnt pathway is involved in a wide array of biological processes during development and is deregulated
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in many pathological scenarios. In neurons, Wnt proteins promote both axon extension and repulsion, but
the molecular mechanisms underlying these opposing axonal responses are unknown. Here, we show that
Wnt5a is expressed at the optic chiasm midline and promotes the crossing of retinal axons by triggering an
alternative Wnt pathway that depends on the accumulation of Bcatenin but does not activate the canonical
pathway. In ipsilateral neurons, the transcription factor Zic2 switches this alternative Wnt pathway by regu-
lating the expression of a set of Wnt receptors and intracellular proteins. In combination with this alternative
Wnt pathway, the asymmetric activation of EphB1 receptors at the midline phosphorylates pcatenin and
elicits a repulsive response. This alternative Wnt pathway and its Zic2-triggered switch may operate in other

contexts that require a two-way response to Wnt ligands.

INTRODUCTION

To establish neuronal connectivity in the adult brain, neurons located
far from their targets must extend an axon that navigates over long
distances during embryonic development to reach the target tissue.
Using simple models such as the axonal binary decision of crossing
or not the midline in vertebrates or invertebrates, different families
of secreted (Netrin and Slits) and membrane (Eph/ephrins) proteins
were initially identified as axon guidance molecules (1-3). Later, the
highly conserved proteins Wnts—originally described as key regu-
lators of body axis patterning, cell fate specification, proliferation,
cell migration, and carcinogenesis—were found to be also involved
in axon guidance and mediate both attractive and repulsive responses
in different contexts. For instance, while Wnt5 repels ventral nerve
axons expressing the Derailed receptor in Drosophila (4, 5), vertebrate
post-commissural axons are attracted by Wnts (6).

Intracellularly, Wnt signaling is a particularly complex pathway
that leads to the activation of two main alternative branches: the
canonical and the noncanonical pathway, with the latter, in turn,
being divided into the planar cell polarity (PCP) and calcium path-
ways. This classification relies on the participation of Bcatenin, an
important intracellular signal transducer that links the membrane
adhesion protein E-cadherin to the actin cytoskeleton (7). In the
absence of Wnt, free cytosolic Bcatenin is constantly degraded by
the destruction complex formed by GSK3, Axin, and Apc (Apc2 in
the nervous system). In the canonical pathway, the binding of Wnt
proteins to their receptors (Frizzled and Lrp5/6) triggers the inacti-
vation or disassembly of the destruction complex, which reduces
Bcatenin phosphorylation and promotes its accumulation and trans-
location to the nucleus. There, Bcatenin forms a complex with Lef/
Tcf factors and induces the transcription of specific genes. In contrast,
activation of the noncanonical pathway does not depend on Bcatenin-
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driven transcription; instead, it relies on changes that affect cyto-
skeletal organization and calcium homeostasis (8). The role of classical
PCP proteins in polarizing epithelial tissues made the noncanonical
branch the most likely candidate to translate Wnt signals into the
polarization of the motile axon growth cone. Consistent with this view,
mutant mice for typical PCP receptors such as Celsr3 (cadherin
EGF LAG seven-pass G-type receptor 3, also known as Flamingo)
or Vangl2 (Van Gogh-like protein 2) exhibit pathfinding defects in
the ascending and descending projections of the brainstem, in the
longitudinal axis of the spinal cord, and in other fiber tracts (9-12).
However, more recent studies have shown that manipulation of dif-
ferent components of the canonical pathway, including Bcatenin,
alters axon midline behavior in the chick spinal cord (13). This,
along with studies showing that Wnt5a may act as an activator of
the canonical pathway (14), has challenged the idea of PCP as the
only Wnt signaling branch involved in guidance. Therefore, the
mechanisms by which Wnt proteins mediate axon attraction or
repulsion and the branch of the Wnt pathway involved in axon
guidance remain unclear.

In the developing visual system, retinal ganglion cells (RGCs)
projecting ipsilaterally (iRGCs) are located in the peripheral ventro-
temporal retina and contralaterally projecting ganglion cells (cCRGCs)
distribute in the remainder retina. The spatial segregation of iRGCs
and cRGCs facilitates their genetic manipulation and the labeling
and visualization of individual axons when they are crossing or
avoiding the midline. By using this binary system, here, we dis-
entangle some of the unknown mechanisms underlying Wnt signal-
ing pathways during axon guidance decisions. We first demonstrate
that cRGC and iRGC axons transduce Wnt5a signaling differentially.
In contralateral neurons, a previously unidentified form of Wnt signaling
that depends on accumulation of Bcatenin but is noncanonical is ac-
tivated to promote midline crossing. In ipsilateral axons, the posi-
tive response to Wnt5a is switched off by Zic2, a transcription factor
(TF) previously described as the determinant of ipsilateral identity
and known to induce the expression of the tyrosine kinase receptor
EphB1 (15-17). Then, we identified the set of Zic2-regulated genes
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that blocks the positive response to Wnt5a, and show that a concomi-
tant asymmetric activation of EphB1 at the growth cone would me-
diate phosphorylation of Bcatenin to trigger actin filament destabili-
zation to facilitate axon steering.

RESULTS

Wnt5a enhances the growth of contralaterally

projecting axons

Wnt signaling is known to play an important role in axonal naviga-
tion in different contexts and species, but its function in the guid-
ance of visual axons at the midline has not been explored. To assess
the role of Wnt signaling in the navigation of retinal axons, we first
analyzed the expression of different members of the Wnt family at
the optic chiasm by in situ hybridization. Among the different Wnts
expressed at the chiasm region (fig. S1), we detected Wnt5a mRNA
at the midline in a spatiotemporal pattern that resembles that of
ephrinB2 (Fig. 1A), a repulsive guidance molecule expressed by glial
cells that induces the turning of iRGCs (18). We noticed that con-
trasting to other Wnt proteins that have been reported as expressed
in the ciliary margin zone of the eye (19, 20), Wnt5a mRNA is not
expressed in the retina (fig. S1). This result points toward Wnt5a as
a candidate to influence axon guidance at the midline.

To investigate whether Wnt5a has an effect on RGC axons, ex-
plants from the central retina of E14.5 mouse embryos that contain
contralaterally but not ipsilaterally projecting neurons were cultured
for 12 hours in the presence of Wnt5a. The axons from explants
cocultured with Wnt5a extended significantly longer axons than
those not exposed to Wnt5a (Fig. 1, B to D), indicating that RGC
axons respond positively to Wnt5a. In addition, acute exposure to
Wnt5a leads to a significant increase in the size of the growth cone
and in the levels of Bcatenin (Fig. 1, E to G).

A noncanonical but Bcatenin-dependent branch of the Wnt
pathway mediates midline crossing

Then, to investigate the participation of Bcatenin in midline cross-
ing, we down-regulated Bcatenin in RGCs at the time that the
majority of visual axons are crossing the midline. Short hairpin
RNA against Bcatenin (ctnnbl shRNA) (fig. S2) was injected and
electroporated into the retinas of E13.5 mouse embryos, and the
axonal projection phenotype of targeted neurons at the optic chiasm
was analyzed 5 days later. As a control, retinas were also electroporated
with plasmids bearing random shRNAs. In addition, plasmids en-
coding enhanced green fluorescent protein (EGFP) were co-injected
in both cases to visualize the axons of targeted neurons at the chiasm.
In embryos electroporated with control shRNAs, the large majority
of the axons crossed the midline. However, embryos electroporated
with ctnnbl shRNA plasmids showed strongly altered axonal
trajectories at the chiasm. The majority of the RGC fibers exited the
retina (fig. S2), but a large number of them stalled at the midline
and a subset aberrantly grew into the ipsilateral path (Fig. 2, Aand B).
To explore whether this phenotype may be caused by an axonal
incapacity to respond to Wnt5a, we challenged retinal explants
electroporated with control or ctnnb1 shRNAs with Wnt5a. Ctnnbl
shRNAs axons from explants incubated with the vehicle showed a
modest defect in axon growth compared to axons from control shR-
NA-electroporated explants, as expected for a protein involved in
adhesion and linked to cadherins (21). Axons with reduced levels of
Bcatenin did not show enhanced growth after incubation with Wnt5a
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(Fig. 2, C and D), suggesting that the stalling phenotype of axons
with ctnnbl shRNAs observed at the midline is a consequence of
their incapacity to respond to Wnt5a.

The effects of Wnt5a treatment and the phenotype obtained after
knocking down Bcatenin on cRGCs were suggesting that contralateral
neurons could be activating the canonical pathway while confront-
ing Wnt5a at the chiasm. To test this hypothesis, we electroporated
retinas from E13.5 embryos with a reporter plasmid for canonical
Wht signaling (referred to as Top-RFP) that contains several TCF/
LEF (T cell factor/lymphoid enhancer factor) binding sites upstream
of the coding sequence of the red fluorescence protein (RFP) (22).
As a positive control, we used an N-terminal-truncated form of
Bcatenin (A90PBcat) that lacks phosphorylation sites responsible for
its degradation and therefore accumulates intracellularly and promotes
Bcatenin-dependent transcription (23). Retinas from embryos elec-
troporated with Top-RFP plus A90Bcat expressed high levels of RFP
2 days later. However, no red signal was detected in retinas electro-
porated with Top-RFP alone (Fig. 2E), indicating that although
Bcatenin is required for midline crossing, canonical Wnt signaling
is not active in RGCs when the axons are crossing the chiasm.

Zic2 silences the positive response to Wnt5a in

ipsilateral RGCs

We demonstrated that Wnt5a enhances the growth of contralateral
axons and triggers local accumulation of Bcatenin at the tip of the
growth cone. What about ipsilateral axons? Do they also respond to
Wnt5a? To address this question, we analyzed the response of ipsi-
lateral axons to Wnt5a by using the Sert-RFP mouse line in which
iRGCs are labeled with the RFP (Materials and Methods) (24, 25).
Retinal explants isolated from E14 Sert-RFP embryos were grown
for 12 hours and incubated with Wnt5a or a vehicle for 1 hour. In
contrast to RFP axons exposed to the vehicle, most RFP axons
collapsed upon exposure to Wnt5a (Fig. 3, A and B), revealing that
contralateral and ipsilateral axons respond differentially to Wnt5a.
Because the TF Zic2 determines axon midline avoidance in iRGCs
(15, 16), we wondered whether Zic2 underlies the differential re-
sponse of iRGC and cRGC axons to Wnt5a. To address this question,
retinal explants from embryos electroporated with Zic2 and EGFP
or EGFP alone were plated on dishes and incubated with Wnt5a for
12 hours (Fig. 3C). As expected, the axons of EGFP-electroporated
explants (controls) extended significantly longer axons in the pres-
ence of Wnt5a than with the vehicle (Fig. 3C). In contrast, the axons
from Zic2-expressing explants did not exhibit enhanced growth after
Wnht5a treatment (Fig. 3D), indicating that Zic2 is able to modify
the positive response of contralateral axons to Wnt5a. Moreover,
the acute exposure of Zic2-expressing neurons to Wnt5a resulted in
a significant increase of collapsing axons compared to controls
(Fig. 3, E and F). These results strongly suggested that the negative
response of iRGCs to Wnt5a is controlled by Zic2.

Zic2 regulates many genes related to the Wnt signaling
pathway

Our results show that cRGCs and RGCs expressing Zic2 respond
differentially to Wnt5a, suggesting that Zic2 must control some
genes related to the Wnt pathway. To address this question, we
analyzed the genetic program activated by Zic2 in an unbiased man-
ner by comparing the transcriptomic profiles of RGCs expressing or
not Zic2. Retinas from E13.5 embryos electroporated with Zic2 and
EGFP plasmids or with EGFP plasmids alone were isolated, and EGFP
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Fig. 1. Wnt5A is expressed at the midline and enhances axonal growth of contralateral axons. (A) In situ hybridization for Wnt5a in coronal sections from E13.5,
E15.5, and E17.5 embryos. Scale bar, 200 um. (B) Color-inverted Tuj1 staining on retinal explants from E14.5 embryos cultured for 12 hours. Retinal explants from the
central retina treated with recombinant Wnt5a protein display longer neurites compared with vehicle-treated explants. Scale bar, 100 um. (C) Quantification of average
axon length in explants treated with vehicle or Wnt5a (n = mean length of axons/explant). Data from three biological replicates. Two-tailed Mann-Whitney U test, **P <
0.01. (D) Relative cumulative frequency histogram showing axonal length in explants growing in the presence of Wnt5a (gray; n = 927) or the vehicle (black; n=861). Each
dot represents an individual neurite. n = number of axons from three biological replicates. (E) Color-inverted immunohistochemistry for Bcatenin in the growth cone of
ganglion cells from contralateral axons treated for 1 hour with Wnt5a or vehicle. Note that Wnt5a-treated cones occupy a larger area and show higher levels of Bcatenin.
Scale bar, 5 um. (F and G) Quantification of growth cone area and Bcatenin fluorescence intensity (Fl) in retinal explants. n = mean from at least four growth cones/explant.
Results from three independent experiments. BCatenin levels (two-tailed Mann-Whitney U test). Growth cone area (two-tailed unpaired t test, ***P < 0.001). Results show

means + SEM. a.u,, arbitrary units.

cells were sorted by flow cytometry 36 hours after electroporation
and compared by RNA sequencing (RNA-seq) analysis (Fig. 4A and
fig. S3A). This mRNA-seq screen identified 423 up-regulated genes
and 192 down-regulated genes (P,gj < 0.1) (Fig. 4B). As expected,
Zic2 was the most up-regulated gene in the cells electroporated with
Zic2-encoding plasmids (fig. S3B). Genes encoding for the tyrosine
receptor EphB1 and the serotonin transporter Sert, previously
described as Zic2 targets (17, 24), were also up-regulated (fig. S3C). In
addition, Zic2 expression strongly down-regulated Sox4, a TF that
promotes cRGC differentiation and axonal midline crossing (26) as
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well as Brn3a and Isl2, which have been reported to be expressed in
contralaterally but not in ipsilaterally projecting neurons (fig. S3D)
(27, 28). In addition to all the already known Zic2 targets, we iden-
tified an important number of genes related to the Wnt pathway in a
PANTHER (protein analysis through evolutionary relationship)
pathways analysis (Fig. 4C). Gene set enrichment analysis (GSEA)
confirmed the important impact of Zic2 expression on Wnt pathway
genes, and a heatmap analysis focused on the Wnt pathway revealed
that Zic2 induces the expression of genes encoding for specific Wnt
receptors such as Fzdl, Fzd8, or Lgr5. Although no changes were
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Fig. 2. BCatenin is necessary for midline crossing. (A) Plasmids encoding EGFP and control shRNA or shRNA against Bcatenin (ctnnb1 shRNAs) were electroporated into
one eye of E13.5 embryos, and EGFP axons into the optic chiasm were analyzed at E18.5. Right panels are representative images of optic chiasms from embryos electro-
porated with ctnnb1 shRNA or scramble shRNA plasmids. Down-regulation of fcatenin in contralaterally projecting neurons inhibits midline crossing. Scale bar, 100 um.
(B) Graph represents the percent of embryos showing midline crossing defects after electroporation with scramble shRNAs [n = 10; no phenotype (NP) = 87.5%; ectopic
ipsilateral projection (Ipsi) = 12.5%)] or ctnnb1 shRNAs (n = 42; NP = 9.52%; Ipsi = 42.86%; and stalled = 47.62%) plasmids. (C) Color-inverted images of retinal explants from
E14 embryos electroporated with ctnnb1 shRNAs plus EGFP plasmids or with control shRNA plus EGFP plasmids cultured for 12 hours with Wnt5a or vehicle. Scale bar,
100 um. (D) Axon length quantification of control and ctnnb1 shRNAs cultured with Wnt5a or vehicle, as in (C). n = mean length of axons/explant. Results from three in-
dependent experiments. Two-tailed unpaired t test (*P < 0.05 and ***P < 0.001). Results show means + SEM. n.s., not significant. (E) Representative immunohistochemistry
for RFP and EGFP in whole-mount E16.5 retinas that electroporated at E13.5 with Top-RFP- and EGFP-encoding or A90-BCatenin/Top-RFP- and EGFP-encoding plasmids
shows that canonical Wnt signaling is not activated in cRGCs at the time that visual axons transverse the midline. The experiment was repeated at least three times for

each condition with similar results. Scale bar, 100 um.

detected in the Zic2 samples in Fzd3, Fzd5, or Ryk transcripts, we
observed that they were highly expressed in the GFP samples, suggest-
ing that they could be the receptors mediating the positive response
to Wnt5a in cRGCS (fig. S3F). Other components of the Wnt path-
way such as the adenomatous polyposis coli protein 2 (Apc2) were
down-regulated in Zic2-expressing neurons (Fig. 4, C to E). Thus,
this genome-wide analysis underscored a strong link between Zic2
and the Wnt pathway during axon midline avoidance and revealed
the set of genes regulated by Zic2 during this process.

The gene network triggered by Zic2 induces Bcatenin
accumulation

To validate the RNA-seq analysis, we analyzed the expression of some
of the candidates by performing in situ hybridization and immuno-
staining in retinal sections. In situ hybridization for one of the Wnt
receptors identified in the RNA-seq screen (Fzd8) demonstrated
that this Wnt receptor has a restricted expression in the ventrotemporal
retina, coinciding with the position of iRGCs (Fig. 5A) and consistent
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with the idea that Zic2 endogenously regulates these Wnt receptors.
We also confirmed the down-regulation of Apc2 in the growth cone of
RGCs ectopically expressing Zic2 by immunostaining (Fig. 5, Band C),
in line with previous studies suggesting that Apc regulates axon be-
havior and is required for midline crossing (29, 30). Consistent with
the known role of Apc2 as an integrant of the Bcatenin degradation
complex, we also observed a significant and homogeneous accumula-
tion of PBcatenin in the cones of Zic2-expressing RGCs (Fig. 5, Band C).
These results indicated that although CtnnbI (the gene encoding
Bcatenin) transcription is not directly affected by Zic2 (fig. S3E), the
presence of this TF indirectly regulates the levels of Bcatenin and
produces an accumulation of this protein in the neuron. This accu-
mulation of Bcatenin did not activate, however, the canonical path-
way, as electroporation of Top-RFP plasmids in Zic2 neurons did not
result in RFP expression. Retinas electroporated with Zic2, Top-
RFP, and A90Bcat plasmids showed a significant reduction in RFP
expression compared to the control (Fig. 5, D and E), indicating
that in this artificial scenario, instead of inducing canonical Wnt
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Fig. 3. Ipsilateral RGC axons collapse in response to Wnt5a. (A) Top panel shows the experimental approach used to assess the response of ipsilateral RGCs to Wnt5a.
(Bottom) Retinal explants from Sert-RFP E15 embryos cultured for 12 hours, incubated with vehicle or Wnt5a for 1 hour, and stained with phalloidin. Scale bar, 20 um.
(B) Quantification showing the percentage of growth cones smaller than 70 um (% collapse) in Sert-RFP explants incubated with Wnt5a or the vehicle. Results from three
independent experiments. Two-tailed unpaired t test (***P < 0.001). Results show means + SEM. (C) Top panels show the experimental approach used to assess the re-
sponse of Zic2-expressing neurons to Wnt5a. Color-inverted retinal explants from E14.5 embryos electroporated at E13.5 with EGFP- or Zic2/EGFP-encoding plasmids
were isolated and cultured with or without Wnt5a. The bottom images are retinal explants from electroporated embryos incubated with Wnt5a or vehicle. Scale bar, 200 um.
(D) Quantification of axonal length of RGCs expressing EGFP or Zic2/EGFP grown in the presence of Wnt5a or vehicle (n = number of explants). Axon length values
were normalized to the mean value of the axons in explants treated with the vehicle. Results from three independent experiments. Two-tailed unpaired t test, P = 0.003
(EGFP) and P = 0.563 (Zic2). (E) Schema summarizing the experimental approach. Color-inverted images show axons from representative retinal explants isolated from
electroporated embryos that were cultured for 12 hours and exposed to Wnt5a or vehicle for 1 hour. Green arrowheads point out axons with growth cones smaller than
70 um. Scale bar, 50 um. (F) Quantification showing the percentage of collapsed growth cones in Zic2-expressing explants incubated with Wnt5a or the vehicle.n = mean
length of axons/explant (two-tailed unpaired t test, ***P < 0.001). Results from three independent experiments. Results show means + SEM.

signaling, Zic2 is able to inhibit this pathway, which was also consistent
with the observation that En2, a TF involved in the nuclear transloca-
tion of Pcatenin (31), is down-regulated upon Zic2 expression (fig. S3).

Our results have shown that down-regulation of Bcatenin in
contralateral neurons provokes stalling at the midline, while in ipsi-
lateral neurons, Zic2 induces accumulation of Bcatenin. These re-
sults inspired the idea that polarized accumulation of Pcatenin at
the tip of the growth cone induced by Wnt5a is essential for cross-
ing and disturbing this polarization could disrupt midline crossing.
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To address this hypothesis, we analyzed E16.5 embryos electropo-
rated at E13.5 with plasmids encoding either wild-type (WT) Bcatenin
or a variant form of this protein that is resistant to Apc2-mediated
degradation and also lacks the transactivation domain (ACT-fcat).
The chiasm of embryos electroporated with WT Bcatenin plasmids
was undistinguishable from the controls electroporated with EGFP-
encoding plasmids alone. However, forced unpolarized accumula-
tion of Bcatenin achieved by the expression of this nondegradable
truncated protein leads to a nearly random projection phenotype,
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graph) (**P < 0.01 and ***P < 0.001) (n = mean of at least four growth cones/explant). (D) RFP fluorescence in whole-mount E16.5 retinas electroporated at E13.5 with the
indicated plasmids. Panels at the right corner show targeted/EGFP cells in the same whole-mounted retinas. Scale bar, 100 um. (E) Normalized quantification of RFP fluo-
rescence intensity in whole-mount electroporated retinas. n = number of retinas (unpaired t test with Welch'’s correction, **P < 0.001). (F) Optic chiasms from E16.5 em-
bryos electroporated with plasmids encoding for Bcatenin or A90-BCatenin-ACT. Scale bar, 100 um. (G) Percentage of contralaterally projecting axons at the optic chiasm
normalized to the total number of targeted axons (n = number of embryos) (two-tailed unpaired t test, ***P < 0.001). Results show means + SEM. All results come from at

least three independent experiments.

with axons choosing either the ipsilateral or the contralateral route
(Fig. 5, F and G).

EphB1-mediated asymmetric phosphorylation of fcatenin
may facilitate axon steering

Previous reports have shown that the tyrosine kinase receptor
EphB1, a direct target for Zic2, is necessary for the ipsilateral pro-
jection to form (18). However, electroporation of EphB1 in RGCs
was known to induce midline avoidance with much less efficiency
than electroporation of Zic2 (17, 32). This already pointed to the
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existence of mechanisms, additional to EphB/ephrinB signaling,
involved in axon midline avoidance, but such mechanisms had
remained unknown. Our Bcatenin gain- and loss-of-function re-
sults suggested that alterations on the polarized accumulation of
Bcatenin are also involved in the decision of crossing or not the
midline (Figs. 2 and 5). We hypothesized that abolishing the ca-
pacity of the axon to asymmetrically accumulate Bcatenin, and
inducing EphB1 at the same time, should increase the number of
axons steering at the midline compared to simple induction of
EphB1. To test this idea, we electroporated EphB1- and ctnnbl
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shRNA-encoding plasmids at E13.5 and analyzed the optic chiasms
of electroporated embryos 5 days later. As expected, blocking the
capacity of the axons to respond to Wnt5a by reducing the levels
of Bcatenin and concomitantly inducing the expression of EphB1
almost doubled the number of axons changing their laterality
compared to when only EphB1 plasmids were electroporated
(Fig. 6, A to C).

These results suggested that ipsilateral neurons need to silence
the positive response to Wnt5a to prevent crossing at the same time
that inducing asymmetric cytoskeleton destabilization upon activa-
tion of EphB1 to promote steering. To date, there is no evidence
showing interactions between Pcatenin and Eph receptors, but cross-
talk between these membrane proteins and Wnt signaling has been
suggested in oncogenic contexts (33). It is known that Bcatenin links
membrane-integrated cadherins to actin filaments and promotes
cytoskeleton stabilization (34-36), and the levels and subcellular
localization of Bcatenin as well as the interaction with cadherin are
tightly regulated by phosphorylation (37). Taking all these observations
into account, we considered the idea that EphB1 phosphorylates
Beatenin to facilitate asymmetric cadherin-actin filament disassembly
in ipsilaterally projecting neurons.

To tackle this hypothesis, we activated the EphB1 receptor by
overexpression (38) in human embryonic kidney (HEK) 293 cells
and performed immunoprecipitation assays using antibodies against
Bcatenin and phosphotyrosine. We also transfected HEK293 cells
with an EGFP-encoding plasmid or with plasmids containing a
truncated version of the EphB1 receptor lacking the kinase domain
(EphB1-ACT) as a control. We detected a large enrichment of Bcatenin
in the pool of immunoprecipitated tyrosine-phosphorylated pro-
teins obtained from EphB1-transfected cells compared to GFP- and
EphB1-ACT-transfected cells (Fig. 6C). Consistently, we ob-
served tyrosine phosphorylation at a band that corresponds to
the molecular weight of Bcatenin in immunoprecipitations by using
an antibody against Bcatenin. This phospho-Tyr band was much
stronger in extracts from EphBl1-transfected cells than from GFP-
and EphB1-ACT-transfected cells (Fig. 6D). Both experiments
indicate that Bcatenin is phosphorylated at tyrosine residue/s by
EphBI1. Furthermore, mass spectrophotometry analysis of the im-
munoprecipitated product revealed that Bcatenin phosphorylation
occurs at the tyrosine residue 654 (Y654) upon EphB1 activation
(Fig. 6E).

pY654-Bcatenin has a reduced affinity for the cadherins integrated
in the cell membrane (34). Consistent with this, we detected Y654-
Bcatenin by immunofluorescence at the cytoplasm rather than in
the plasma membrane and totally excluded from the nuclei of cells
transfected with EphB1 plasmids. In addition, Y654-Bcatenin cells
exhibited smaller areas and adopted rounded shapes compared to
control cells that occupied an extended area and exhibited more
polygonal silhouettes (Fig. 6, F to H), indicating an increase in
cell detachment induced by EphB1-mediated phosphorylation of
Bcatenin at the Y654. In line with these results, we also detected an
elevated number of cells positive for Y654-Bcatenin in retinal explants
electroporated with EphB1-encoding plasmids, demonstrating that
EphB1-mediated Bcatenin phosphorylation also occurs in retinal neu-
rons (Fig. 6I). Together, these results support a model in which EphB1
asymmetrically phosphorylates Bcatenin in the growth cone upon
activation of ephrinB2 expressed at midline to prevent the forma-
tion of cadherin-actin filament complexes and facilitate axon
steering.
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DISCUSSION

A Bcatenin-dependent but noncanonical Wnt pathway plays
an essential role in axon guidance

The participation and the mode of action of the Wnt signaling path-
ways in axon guidance have been a controversial issue for years
(6, 13, 39-41). Our results reconcile all the previous observations
about the participation of the canonical versus the noncanonical
Wnt pathway in axon navigation by revealing a third via that regu-
lates crossing and it is independent on Pcatenin-mediated tran-
scription but relays on its local accumulation. This form of signal
transduction is remarkably different to the canonical pathway because
the changes in Pcatenin stability are restricted to the axon terminal
compartment and never reaches the cell nucleus or triggers tran-
scription. However, because it involves Bcatenin dynamics, it is not
the classical PCP pathway either.

Our results support a model in which Wnt5a binding induces
polarized accumulation of Bcatenin in contralaterally projecting
axons, likely activated by the expression of Fzd2, Fzd5, and/or Ryk
(fig. S3F), which, in turn, leads to cytoskeleton stabilization at the
tip of the growth cone and promotes midline crossing. In contrast,
the presence of the TF Zic2 in ipsilaterally projecting neurons in-
duces a gene program that silences this positive response to Wnt5a
and triggers instead a different set of Wnt receptors that, together
with the EphB1-dependent phosphorylation of Bcatenin, allows
membrane detachment by disrupting the binding of membrane-
associated cadherins with actin filaments (Fig. 7).

It has been suggested that ipsilateral axons are repelled by con-
tralateral axons in a Sonic Hedgehog-mediated manner (42). We
cannot discard a similar scenario in the response of iRGC axons to
Wnt5a. However, given the intrinsic regulation of Wnt-related pro-
teins by Zic2, we favor the idea that the negative response of iRGC
axons to Wnt5a is direct rather than through cRGCs.

Together, our findings clarify many aspects of the long-standing
debate about Wnt signaling pathways in axon pathfinding. First, this
work shows that Wnt5a elicits attractive or repulsive responses in
the same type of neurons depending on a particular transcriptional
program that controls the expression of a set of Wnt receptors and
Wnt-related intracellular proteins. Second, they reveal that axon
repulsion cannot be achieved only through the action of repulsive
receptors since ipsilateral axons need to silence attractive mecha-
nisms for effective steering. Last, they also clarify that Wnts do not
activate the canonical or PCP pathways in axon guidance processes,
but much more complex mechanisms based on Bcatenin dynamics
at the growth cone mediate axonal navigation.

Zic2 regulation of the Wnt pathway likely operates

in many contexts

Our study not only reveals a previously unknown branch of the Wnt
signaling pathway but also identifies the TF responsible for a two-way
switch in the transduction on this previously unidentified Wnt path-
way. We propose that a similar switch in the response to Wnt ligands
may operate in other tissues and contexts where Wnt signaling and
Zic2 coexist beyond axon guidance. For instance, Zic proteins are
expressed in several populations of migrating neuroblasts in the fore-
brain, hindbrain, and neural tube as well as in neural stem cells in
the adult individual (43-48). In all these contexts, cells expressing Zic
TFs are in contact with Wnt proteins (43) and delaminate from a
neuroepithelium undergoing shape rearrangements before migrat-
ing through stereotyped paths. Ipsilaterally projecting neurons, or
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Fig. 6. EphB1 phosphorylates Bcatenin. (A) Optic chiasms from E16.5 embryos electroporated at E13.5 with plasmids encoding EGFP plus EphB1 alone or together
with plasmids bearing shRNA against Bcatenin (ctnnb1 shRNA). Scale bar, 100 um. (B) Quantification showing the percentage of ipsilaterally projecting axons in each
condition normalized to the total number of EGFP axons at the chiasm (n = number of embryos) (two-tailed unpaired t test, **P < 0.01 and ***P < 0.001). Results show
means + SEM. (C) Detection of Bcatenin in the immunoprecipitation (IP) of tyrosine-phosphorylated proteins from GFP-, EphB1-, and EphB1-ACT-transfected cells.
(D) Detection of tyrosine phosphorylation in Bcatenin immunoprecipitated from GFP-, EphB1-, and EphB1-ACT-transfected cells. (E) Detection of Y654-Bcatenin in
protein extracts from GFP- and EphB1-transfected cells. (F) Immunohistochemistry using antibodies to Y654-Bcatenin and total Bcatenin in HEK293 cells transfected
with EGFP or EphB1. Scale bar, 10 um. DAPI, 4',6-diamidino-2-phenylindole. (G) Percentage of phospho-Y654-Bcatenin cells on EGFP-expressing cells. Eleven regions
of interest (ROIs) were quantified from three independent experiments for each condition. Two-tailed Mann-Whitney test (***P < 0.001). Results show means + SEM.
(H) Quantification of the area occupied by individual cells transfected with EGFP alone or EphB1- and EGFP-encoding plasmids (n = number of cells). Two-tailed un-
paired t test (***P < 0.001). Results show means + SEM. (I) pY654Bcatenin immunostaining in retinal explants electroporated with EGFP- or EphB1/EGFP-encoding

plasmids. Scale bar, 50 um. Scale bar in the higher magnification panels at the right, 10 um. Representative experiments from three independent experiments
are shown.
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Fig. 7. Working model. It has been widely demonstrated that when the axon
grows in the absence of Wnt5a, cadherins are constantly being recycled from the
plasma membrane. Our results support a model in which midline-expressed Wnt5a
triggers local accumulation of Bcatenin in contralateral axons. It has been shown
that Bcatenin links cadherins and actin microtubules. Thus, Wnt5a-dependent
accumulation of Bcatenin would facilitate midline crossing by promoting the
stabilization of the cytoskeleton at the tip of the growth cone. In contrast, our
results demonstrate that Zic2 activates a different set of Wnt receptors and other
intracellular Wnt proteins in ipsilaterally projecting neurons, such as Fzd1, Fzd8,
Lgr5, or Apc2, to favor the accumulation of Bcatenin. We also show that EphB1
phosphorylates Bcatenin in Y654, and previous reports have demonstrated that
phosphorylated Y654-Bcatenin has low affinity for cadherins. Taking all these ob-
servations together, we propose that phosphorylation of Bcatenin induced by the
binding of EphB1 to ephrinB2 prevents the formation of cadherin/actin complexes
facilitating axon steering.

at least an important number of them, also originate from an
epithelium-like area known as the ciliary marginal zone (20, 49), and
the cell bodies of these cells are exposed to Wnt ligands secreted
from this peripheral retinal area (50, 51). In these cells, Zic2 likely
plays a twofold function regarding Wnt signaling. In addition, to
regulate axon guidance as we show here, it would block the canonical
pathway to prevent proliferation, guaranteeing that the recently dif-
ferentiated neurons do not reenter the cell cycle. Consistent with
this idea, it has been shown that activation of Wnt signaling alters
the number of ipsilaterally projecting neurons potentially by keeping
them in the cell cycle (19). Furthermore, experiments in zebrafish
and human cell lines suggest that Zic2 blocks the canonical Wnt
signaling pathway (52), a result that we have also confirmed here
and that could occur in particular contexts concomitantly with its role
in regulating the alternative Bcatenin-dependent but noncanonical
Wnt pathway.

Zic2 mutations in mice and humans cause holoprosencephaly
type IV, anencephaly, and spina bifida (53, 54) likely as a con-
sequence of defects in early developmental stages such as gastrulation
and/or neurulation (45, 55). In addition, accumulating evidence shows
that this TF is up-regulated in many different types of cancer (56).
However, the molecular mechanisms underlying these Zic2-associated
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anomalies have remained largely elusive. Wnt and Eph/ephrin path-
ways both play key functions in all these processes. While further
experiments should revisit the role of Zic2 in early development
and oncogenic scenarios, our results support the idea that Zic2 may
regulate the cross-talk between the Eph and Wnt pathways in many
different contexts.

MATERIALS AND METHODS

Mice

B6.FVB(Cg)-Tg(Slc6a4-cre)ET33Gsat (stock number, MMRC
031028-UCD) mice were crossed with the reporter line B6.Cg-
Gt(ROSA)26Sor"™#4(CAG-tdTomato)Hze (T 1o ckson Laboratory, stock
number 007914) to obtain Sert-RFP embryos. All the electropora-
tion experiments were performed using embryos from C57/DBA F1
hybrids. Mice were kept in a timed pregnancy breeding colony at
the Instituto de Neurociencias (IN). The animal protocols were
approved by the IN Animal Care and Use Committee and met
European and Spanish regulations.

In utero electroporation and quantification

Time-pregnant female mice were anesthetized with a classic
small-animal anesthesia (isoflurane) system (WPI, USA). In utero
electroporation was performed as described in (57). Plasmids
with pCAG-hZic2 (58), pCAG-A90-BCatenin-GFP (Addgene 26645),
pCAG-FullpCatenin-GFP, pCAG-A90-BCatenin-ACT-GFP,
pCAG-EphB1, and Top-RFP were injected at 1 ug/ul and pSilencer-
sh-ctnnbl and pSilencer-control at 2 ug/ul. pCAG-GFP plasmids
were co-injected at 0.5 pg/ul. pPCAG-A90-BCatenin-ACT-GFP and
pCAG-FullfCatenin-GFP were obtained from manipulation of the
CAG-A90-BCatenin-GFP. Fiji software was used to quantify contra-
lateral and ipsilateral projections. Briefly, mean fluorescence intensity
from three linear regions of interest (ROIs) drawn perpendicularly
on each optic tract (OTF) was measured, and background from a
very proximal area was rested to each measure. The percent of ipsi-
lateral projection was determined for each individual embryo by
applying the following formula: % Ipsis = iOTF x 100)/(iOTF +
cOTE). Statistical analyses were performed with GraphPad Prism
6.0 (GraphPad Software Inc., La Jolla, CA).

Retinal explant cultures and immunohistochemistry

Retinal explants from E14.5/E15.5 WT or electroporated embryos
were plated on glass-bottom microwell dishes (MatTek) coated with
poly-L-lysine (0.01%) and laminin (20 ug/ml). Culture medium was
Dulbecco’s modified Eagle’s medium (DMEM):F12/neurobasal
medium (Gibco) with 0.4% of methylcellulose with growth supple-
ments N-2 and B-27 and antibiotics penicillin/streptomycin. For
axonal growth analysis, recombinant Wnt5a (recombinant human/
mouse Wnt5a, R&D Systems, reference 645-WN) at 200 ng/ml or
Whnt5a reconstitution buffer as a vehicle was added to the medium.
For acute responses, retinal explants were exposed to recombinant
Wnt5a at 200 ng/ml for 1 hour.

Immunohistochemistry was performed on retinal explants fixed
with prewarmed 4% paraformaldehyde (PFA) in phosphate-buffered
saline (PBS) at 37°C for 20 min. Explants were permeabilized with
0.025% Triton X-100, blocked with horse serum, and incubated
with the specified antibody at 4°C overnight. The following anti-
bodies were used: chicken anti-GFP (Aves Labs, GFP-1020), rabbit anti-
RFP (Rockland, 600-401-379), mouse anti-Bcatenin (BD Transduction
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Laboratories, 610153), rabbit anti-APC2 (Fisher, PA5-20944),
rabbit anti-pY654-Bcatenin (Abcam, Ab59430), and Alexa Fluor 488
phalloidin (Invitrogen, A12379). Fluorescence microscopy was
performed using a Leica SPEII confocal microscope. Area and fluo-
rescence intensities at the growth cones were normalized using
phalloidin staining and quantified by Fiji software using maximum in-
tensity z projection. REP or GFP growth cones with areas of <70 um were
considered as collapsed, and the percent of collapsed axons was referred
to the total number of REP- or GFP-positive axons in the explant.

In situ hybridization

Heads of embryos from E13.5 to E17.5 were dissected in 1x cold
PBS and fixed in 4% PFA overnight. Coronal vibrosections (optic
chiasms) or cryosections (retinas) were obtained, and in situ hy-
bridization with specific antisense riboprobes generated from com-
plementary DNAs (cDNAs) for Fzd8 [NM_008058.2; 65 to 870 base
pairs (bp); gift of P. Bovolenta, Centro de Biologia Molecular Severo
Ochoa (CBMSO), Spain], Wntl (NM_021279.4; 1100 to 2118 bp; gift
of S. Martinez, Instituto de Neurociencias de Alicante, Spain), Wnt5a
(NM_009524.4; 1143 to 2166 bp), and Wnt11 (NM_001285792.1; 589
to 1644 bp; both gifts of E. David, University of Rochester, NY,
USA) was performed. Images were captured with Leica DM2500
equipped with a Leica DFC7000 T camera and Leica Application
Suite version 4.10.0 software.

RNA-seq and bioinformatic analyses

RGC:s from E13 electroporated retinas were isolated 36 hours after
electroporation by cell sorting. Isolated retinas were enzymatically
dissociated in a mixture of collagenase/trypsin and bovine serum
albumin for 20 min at 37°C followed by mechanical dissociation.
Single-cell suspension was filtered and resuspended in cold Hanks’
balanced salt solution medium supplemented with 20% fetal bovine
serum (FBS). After cell sorting, cells were centrifuged and frozen.
Total RNA extraction was performed with the Arcturus PicoPure
RNA Isolation Kit (Thermo Fisher Scientific). The samples were se-
quenced according to the manufacturer’s instructions in HiSeq
Sequencing v4 Chemistry (Illumina Inc.). Briefly, RNA-seq reads
were mapped to the mouse genome (Mus_musculus.GRCm.38.83)
using STAR (v2.5.0¢) (59). Quality control of the raw data was
performed with FastQC (www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Library sizes were between 41 and 75 million
single reads. Samtools (v1.3.1) was used to handle BAM files (60).
To retrieve differentially expressed genes (DEGs), mapped reads were
counted with HTSeq v0.6.1 (61) with the following parameters: -s re-
verse, —i gene_id, and with a gtf file reference of GRCm38.83. Read
count tables were analyzed using DESeq2 v1.10.0 (62). Analysis and
preprocessing of data were performed with custom scripts using R
(https://cran.r-project.org/) (v3.4.3 “Kite-Eating Tree”) statistical
computing and graphics and Bioconductor v3.2 (BiocInstaller 1.20.3)
(63). Genes were considered differentially expressed at Benjamini-
Hochberg-adjusted P value < 0.1. Significantly up-regulated and
down-regulated genes were visualized with Integrative Genomics
Viewer (IGV) (v2.3.72) (64). Gene Ontology (GO) enrichment
analyses were performed using the platform PANTHER (65), with
Fisher’s exact test and with the P.q4j correction, obtaining the top
terms using the filters by ratio enrichment of >2, number of GO
family group genes between 3 and 2000, number of enrichment
genes of >3, and P,g;j of <0.1. The gene set enrichment analysis was
obtained with GSEA v3.0 (66).
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Sample Library type No. of reads Type of Read length
sequencing
GFP1 RNA-seq 43381301 Single end 50
e GFP2 - RNA—Seq 5mg|eend 50 o
e GFP3 - RNA—Seq 46713303 5mg|eend 50 o
e Zlczl - RNA-Seq 45279883 5mg|eend 50 o
e Zlczz - RNA-Seq 34371605 Smg|eend 50 o
| 7ic2.3  RNAseq 76525940 Singleend s

Datasets can be accessed at the Gene Expression Omnibus (GEO)
repository (GSE133492).

Immunoprecipitation, Western blot, and mass spectrometry

HEK293 [American Type Culture Collection (ATCC) CRL-15736]
cultured according to standard conditions were transfected with pCAG-
FullCatenin-GFP or pCAG-FullpCatenin-GFP/pCAG-EphB1 and
isolated by cell sorting 48 hours after transfection. Total protein was
extracted in radioimmunoprecipitation assay (RIPA) buffer with
protease and phosphatase inhibitors. Immunoprecipitation and
Western blot analysis were performed on total protein samples from
HEK?293 cells 24 hours after transfection with EGFP-EphB1 or EphB1-
ACT-bearing plasmids in RIPA buffer supplemented with protease
and phosphatase inhibitors. For immunoprecipitations, antibodies
were used at 1:500 and precipitated with protein G Sepharose beads.
To validate the sh-ctnnbl-bearing plasmids, N2a cells (ATCC CCL-
131) cultured according to standard conditions in 24-well plates were
transfected with sh-ctnnbl or random shRNAs at 0.5 and 1 pg per
well. pPCAG-GFP plasmid was cotransfected to assay transfection
efficiency. All samples were resolved by SDS-polyacrylamide gel
electrophoresis. Rabbit anti-GAPDH (glyceraldehyde-3-phosphate
dehydrogenase) (G9545), anti-mouse HRP (horseradish peroxidase)
(Sigma-Aldrich, A4416), and anti-rabbit HRP (Sigma-Aldrich, A9169)
were used for Western blot. The rest of the antibodies used in the
Western blot are the same as those used in immunohistochemistry.
To obtain a phosphotyrosine-enriched Bcatenin sample for the mass
spectrometry analysis, a tandem enrichment strategy was used. First,
immunoprecipitation was performed with an anti-phosphotyrosine
antibody (Millipore, 05-321), and protein G-bounded proteins were
eluted with phenyl phosphate (100 mM) and then immunoprecipi-
tated with anti-Bcatenin antibody (BD Transduction Laboratories,
610153). Samples were analyzed by mass spectrometry. Protein
identification by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) (LTQ Orbitrap Velos) was carried out in the CBMSO
Protein Chemistry Facility, which belongs to ProteoRed, PRB2-ISCIII,
supported by grant PT13/0001. Immunoprecipitation and Western
blot analysis were performed on total protein samples from HEK293
cells 24 hours after transfection with EGFP-, EphB1-, or EphB1-ACT-
bearing plasmids in RIPA buffer supplemented with protease and
phosphatase inhibitors. For immunoprecipitations, antibodies were
used at 1:500 and precipitated with protein G Sepharose beads.

Data collection and analysis

Data collection was performed using the following equipment:
FACSAria2, Illumina NovaSeq, Leica SPEII confocal microscope,
Leica DM2500, Leica DFC7000 T camera, and CUY21SC electroporator.
Data analysis was performed using the following software: FlowJo
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v10, Fiji software maximum intensity z projection, Leica Application
Suite software, Image] (v2), Microsoft Excel (v16), FastQC (v.0.11.6),
RSeQC (v2.6.4), fastq-dump (v2.3.5), Python 3.7.3, R software (v3.4.4),
Cutadapt (v1.18), Samtools (v1.9), Bedtools (v2.26.0), Rsubread
(v1.26.0), STAR (v2.5.0a), HTSeq (v0.7.2), DESeq2 (v1.10.0), GSEA
(v4.0.3), biomaRt (v2.39), PANTHER (v14), IGV (v2.3.92), HOMER
(v4.8), MEME Suite (v5.0.3), and GraphPad Prism software (v7.0),
San Diego. Statistical analysis was performed as indicated in figure
legends. Sample size was estimated according to data variance and
correlation between biological replicates and distance to control
condition. Each analysis was done in accordance to the sample size,
sequencing depth, and conditions. Reproducibility across replicate
was very high. The measures applied to evaluate replicates were correla-
tion among samples, variance, Euclidean classification, principal
components analysis, and statistical tests that revealed no significant
differences within the group. In the analyses in which a replicate
was not available, analyses were supported by the use of internal
controls and the sample was normalized and compared with sam-
ples from related conditions in which replicates were available [i.e.,
analysis of variance (ANOVA) and DESeq?2].

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/46/eaaz8797/DC1

View/request a protocol for this paper from Bio-protocol.
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