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Inactivating Celsr2 promotes motor axon
fasciculation and regeneration in
mouse and human
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Understanding new modulators of axon regeneration is central to neural repair. Our previous work demonstrated
critical roles of atypical cadherin Celsr2 during neural development, including cilia organization, neuron migration
and axon navigation. Here, we address its role in axon regeneration.

We show that Celsr2 is highly expressed in both mouse and human spinal motor neurons. Celsr2 knockout pro-
motes axon regeneration and fasciculation in mouse cultured spinal explants. Similarly, cultured Celsr2 mutant
motor neurons extend longer neurites and larger growth cones, with increased expression of end-binding protein
3 and higher potassium-induced calcium influx. Mice with Celsr2 conditional knockout in spinal motor neurons do
not exhibit any behavioural deficits; however, after branchial plexus injury, axon regeneration and functional fore-
limb locomotor recovery are significantly improved. Similarly, knockdown of CELSR2 using shRNA interference in
cultured human spinal motor explants and motor neurons increases axonal fasciculation and growth. In mouse
adult spinal cord after root avulsion, in mouse embryonic spinal cords, and in cultured human motor neurons,
Celsr2 downregulation is accompanied by increased levels of GTP-bound Racl and Cdc42, and of JNK and c-Jun.

In conclusion, Celsr2 negatively regulates motor axon regeneration and is a potential target to improve neural
repair.
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Introduction

Spinal motor neurons are unique as their somas and dendrites res-
ide in the CNS, but their axons extend in the PNS, giving them
qualities of both CNS and PNS neurons. Following injury, spinal
motor axons regenerate better than those of premotor CNS neu-
rons.™ Brachial plexus injury often leads to root avulsion and
lesions of motor neurons and axons, with dramatic consequences,
and represents an important health issue. Root lesions interrupt
corresponding segmental motor axons and sensory fibres, leading
to axon degeneration and, eventually, the death of motor neu-
rons.®> Contrary to distal motor axon injuries, axons regenerate
poorly after root avulsion. Reimplantation of avulsed roots in the
spinal cord provides a scaffold that may facilitate survival of
injured motor neurons and regeneration of their axons.* These
observations resulted in the development of a surgical method to
restore function after root injury.® Potential therapies to promote
axon regrowth and functional recovery have been considered.®”’
Yet, the limits of current treatments underscore the need for fur-
ther basic research into mechanisms that enhance motor axon
regeneration.®

Together with its two paralogues Celsrl and Celsr3, the atypical
cadherin Celsr2 is an orthologue of the Drosophila planar cell polar-
ity (PCP) protein Flamingo. Celsr1-3 play critical roles during brain
development.®'® Genetic studies in mice showed that Celsr2 and
Celsr3 regulate axonal pathfinding, motor neuron migration, and
ependymal ciliogenesis,'*"* whereas mutant phenotypes suggest
that Celsr2 and Celsr3 act synergistically, they were also reported
to play opposite roles in steering neurite outgrowth in vitro.*

Motor axon phenotypes in Celsr3 and Celsr2 double mutant
mice'® have also been observed in mice with Fzd3 knockout’® and
upon motor neuron-specific inactivation of Rac1,” hinting at a
mechanistic link between Celsr2 and 3, Fzd3 and GTPase-depend-
ent regulation of growth cone extension. Contrary to Celsr3, the ex-
pression of which is sharply downregulated after birth, Celsr2
expression remains high in the adult CNS.*® This prompted us to
investigate whether Celsr2 has any effect on the regeneration of
injured motor axons.

To address this, we compared motor axon outgrowth in control
and Celsr2-deficient spinal cord explants and cultured motor neu-
rons from mouse and human embryos. Human CELSR2 was down-
regulated using a lentivirus encoding Celsr2 shRNA, whereas
mouse Celsr2 was inactivated genetically. To investigate the role of
Celsr2 during adult motor axon regeneration, we performed spinal
root avulsion and motor root reimplantation in control and Celsr2
motor neuron-specific knockout mice, and evaluated axon regen-
eration and functional recovery after surgery.

Materials and methods

Animal procedures were performed following recommendations in
the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the
Laboratory Animal Ethics Committee at Jinan University (permit
number: 20111008001). The generation of Celsr2”~ and Celsr2"*“ mice
was described previously.'® Isli-Cre; Celsr2”~ conditional knockout
animals (Celsr2 cKO) were obtained by crossing Celsr2™~ with Isl1-Cre
mice (Stock No: 024242, Jackson Laboratory) to generate Isll-Cre;
Celsr2*/~ mice, which were mated with Celsr2”f mice. To stage em-
bryos, animals were mated in the afternoon and vaginal plugs were
checked on the next morning, noted as embryonic Day 0.5 (EO.5).

Human embryos were collected following drug-induced abortions
at Guangzhou Women and Children’s Medical Center. All proce-
dures were approved by the Medical Ethics Committees of the hos-
pital (ref. file 2016041303) and in agreement with the Helsinki
Convention. Informed consent was obtained from both parents
and pregnant women had no reported disease history. Embryos
were transferred into culture medium (DMEM-F12 plus 50U/ml
penicillin-streptomycin) immediately after expulsion. The age was
estimated by the date of the mother’s last menstruation, and by
measurement of crown rump length, according to a growth
chart,’® and is expressed as weeks post conception (WPC).

Mouse embryonic motor neuron explant culture was performed as
described.” Briefly, cervical spinal motor neuron explants from E13.5
Celsr2*/* (control) and Celsr2”~ embryos were minced and cultured
on coverslips coated with polylysine (0.75 ug/cm? BD, Biocoat) and
laminin (0.9 ug/cm?), in 24-well plates (Corning). Plates were kept at
room temperature for 30 min to allow explants to attach, and then
transferred to a cell culture incubator. The culture medium consisted
in neurobasal medium (Invitrogen) supplemented with 2% (vol/vol)
B27 (Invitrogen), 50 U/ml penicillin-streptomycin, 2mM r-glutamine
and 20 ng/ml BDNF (R&D Systems). In each group (control and Celsr2
mutant), three E13.5 litters of five to seven embryos were used and
19-22 explants were suitable for analysis. Human spinal motor neu-
ron explant culture was performed from seven post conceptional
weeks (WPC7) embryos, in 12-well plates, using similar procedures.
After 24-h culture, 2 x 10° transduction units (TU)/ml lentivirus
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encoding CELSR2-shRNA, or CELSR2 scrambled shRNA as control
was added to the culture medium and replaced by fresh culture me-
dium after 48h. After 6days in vitro (DIV) for mouse and 5 DIV for
human, cultured explants were fixed and immunostained with anti-
Tujl (1:1000; ab18207; Abcam) and anti-choline acetyl transferase
(ChAT; 1:500 dilution; AB144P, Millipore) antibodies. The maximal
area covered by growing axons was estimated using Image].*! In
each explant, four axes (eight directions in total) were drawn with
the explant at the centre; the maximal axon length was measured in
each direction and the average was calculated. To evaluate fascicula-
tion, axonal bundles with diameters larger than 8 um were counted
in the region 150-200 um away from the explant surface.??

Ventral horns of cervical spinal cords from E13.5 mouse or WPC7-8
human embryos were dissected out in cold DPBS (Dulbecco’s PBS
without Ca®* and Mg?* at pH 7.4). After trypsinization (0.5% tryp-
sin, Gibco) and cell counting, isolated cells (2.5 x 10% cells/cm?)
were seeded on polylysine- and laminin-coated coverslips, in 12-
well plates, and cultured in neurobasal medium (Invitrogen) plus
2% B27, 20ng/ml BDNF, 50U/ml penicillin-streptomycin and
2mM t-glutamine. Half of the medium was replaced by fresh me-
dium every 2-3days. To estimate the effects of CELSR2 inactiva-
tion in human spinal neurons, lentivirus (2 x 10° TU/ml)
encoding CELSR2-shRNA, or CELSR2 scrambled shRNA as control
was added to the culture medium after 1 DIV, and fresh culture
medium was added 48h later. After 5 DIV, cells were fixed and
stained with mouse anti-Tujl (1:1000; ab18207; Abcam) and
TexRed-Phalloidin (1:50, Life Technologies Corporation). Neurite
length and growth cone areas were measured using Imaris and
ImageJ. Data were collected from at least three independent cul-
tures, and a total of 50-60 neurons were used for quantification in
each group.

After 16 DIV for mouse and 19 DIV for human, cultured neurons
were washed three times with Hank’s balance salt solution (HBSS),
incubated in complete medium supplemented with 5pM Fura-4
AM (DOJINDO Chemical Technology) for 30min and rinsed with
HBSS. Cover slips were transferred to a culture chamber under an
inverted microscope (Axioplan 2; Zeiss) and perfused with cal-
cium-imaging buffer at a rate of 2.0 ml/min for 13 min. KCl (50 mM)
was applied to stimulate calcium influx. Fluorescence density was
analysed to estimate the intracellular calcium peak using ImageJ
software. Three litters (six to seven embryos in each litter) of E13.5
mouse embryos and three human embryos (two at WPC7 and one
at WPC8) were used for spinal neuron culture.

Adult (2-3months old, 24-28g) Celsr2 cKO (n = 12) and Celsr2’~
(control; n = 12) mice were selected for surgery and anaesthetized
with avertin (1.25%, 20 ul/g, intraperitoneal injection). C5-C7 spinal
segments were exposed under an operating microscope following
unilateral hemilaminectomy. Right C5-C7 dorsal and ventral roots
were dissected out; 2-3mm of spinal roots in segments of C5 and
C7 were removed to prevent reconnection to spinal cord, and the
right C6 ventral root was reimplanted to its initial location. During
the operation, a thermostatic surgical pad was used to maintain
normal body temperature. After the procedure, animals were
housed in individual cages. They resumed drinking and eating
within 24h and recovered uneventfully. Males and females were
used indiscriminately. At Day 1 after surgery, animals without
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complete paralysis of right forelimbs were excluded and the rest
were proceeded for dynamic behavioural tests (below) up to
56 days. Subsequently, animals were perfused and samples were
collected after EMG recording.

Behavioural tests were carried out by an experimenter blind to
mouse genotypes.

C6 spinal motor axons travel in musculocutaneous nerve and in-
nervate the biceps to control elbow flexion. Functional recovery
was assessed by the grooming test®® and the scores were deter-
mined by monitoring the position that the right forelimb could
reach. After water was sprayed on the animal’s head, the forelimb
movements were recorded for 2min with a video camera and the
scores were given as described.?® After 24h of surgery, successful
animals had scores of 0, and those with scores above 0 were
excluded.

Climbing tests evaluated the usage of forelimbs.?>?® Briefly, mice
were placed in a clear Perspex cylinder (170 mm in height, 90 mm
in diameter) and the times the forelimb touched the wall were
counted during a video recording. The ratio of hits by forelimbs on
the operated versus control side was calculated.

The musculocutaneous nerve and biceps brachii were exposed
under a surgical microscope under 1.25% avertin anaesthesia. A
stimulating electrode was placed on the musculocutaneous nerve
and a bipolar recording electrode was inserted in the centre of the
biceps, with a grounding electrode in the subcutaneous tissue.
Similar stimulations (30pA, 30ms) were applied in all animals.
EMG signals were collected with a multichannel system
(VikingQuest EMG/EP System, Nicolet). Individual responses were
measured six times, at 2-min intervals, on left and right sides, and
the mean from six trials represented one sample. The peak-to-
peak amplitude of evoked potentials was measured and expressed
as the ratio between the operated (R) and the unoperated (L) sides.
After recording, the biceps brachii were fixed in 4% paraformalde-
hyde to estimate the R/L weight ratio.

C5-C7 spinal segments or musculocutaneous nerve were cut into
15-um frozen sections for immunostaining. The blocking buffer
was composed of 5% goat serum and 3% bovine serum albumin
diluted in 0.1M PBS. Signal was detected with Alexa Fluor 546 or
488 coupled secondary antibodies (1:1000, Invitrogen). Primary
antibodies were: goat anti-ChAT (1:500, ab144p, Millipore), chick-
en anti-B-gal (1:500, ab9361, Abcam), rabbit anti-Isl1 (1:1000,
Abcam) and goat anti-human CELSR2 (1:100, AF6379, R&D sys-
tems). To visualize neuromuscular junctions (NMJs), the biceps
were collected 50days post-surgery and the wet weight was
recorded. Seventy-micrometre horizontal sections were prepared
with a sliding microtome (Leica, Germany) and double stained
with rabbit anti-NF200 (1:500, n4142, Sigma) and «-BT (1:1000,
Molecular probes). To analyse axon number in musculocutane-
ous nerves, tissues were fixed with 2.5% glutaraldehyde plus 2%
paraformaldehyde and 500-nm semi-thin sections were stained
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with 1% Toluidine Blue; images were taken under a 63x oil
objective.

Animals were perfused with 2.5% glutaraldehyde plus 2% parafor-
maldehyde 56 days after root avulsion/reimplantation. Segments
(2-3mm) of musculocutaneous nerves adjacent to biceps were col-
lected for post-fixation at 4°C overnight. After washing in phos-
phate buffer, samples were immersed in 0.5% osmic acid,
dehydrated in ethanol and embedded in resin (EMbed 812, Electron
Microscope Sciences). Semi-thin (500-nm) transverse sections
were stained with 1% Toluidine Blue and images were captured
under a 63 x oil objective. For ultrastructural analysis, 50-nm ultra-
thin sections were prepared for lead staining and the images were
captured using a Philips 400 transmission electron microscope.

Levels of GTP-bound Cdc42 and Rac1 proteins of E13.5 mouse sam-
ples containing cervical spinal motor neurons, 5-DIV cultured
human spinal motor neurons and C5-C7 ventral horns of adult
animals 3days after surgery were estimated using a Rac1/Cdc42
Activation Assay Kit (#17-441, Merck Millipore). Briefly, samples
were homogenized in the lysis buffer (125mM HEPES (pH 7.5),
750 mM NaCl, 5% Igepal CA-630, 50mM MgCl,, 5mM EDTA, 10%
glycerol and protease inhibitors). Lysates were incubated with
glutathione-agarose beads conjugated with the PAK1 Protein
Binding Domain fused to GST (GST-PBD) at 4°C for 60 min and the
beads were washed three times in lysis buffer. GTP-bound proteins
were eluted in sample gel buffer and subjected to western blots.

Protein extracts from E13.5 mouse cervical segments, C5-C7 ven-
tral horns of adult animals 3days after surgery, 5-DIV cultured
human motor neuron explants and proteins eluted from glutathi-
one-agarose beads were analysed on 10% SDS polyacrylamide gels
and then transferred to 0.45-um nitrocellulose membranes. The
following primary antibodies were used: anti-B-tubulin (Tuj1) rab-
bit polyclonal antibody (1:1000; ab18207, Abcam), anti-GAPDH
mouse polyclonal antibody (1:1000; ab8245, Abcam), anti-JNK rab-
bit polyclonal antibody (1:1000; 9252, CST), anti-c-Jun rabbit poly-
clonal antibody (1:1000; 3270S, CST), anti-EB3 rat polyclonal
antibody (1:1000; ab53360, Abcam), anti-GSK-3p polyclonal anti-
body (1:1000; 9315, CST), anti-Racl mouse polyclonal antibody
(1:1000; 610650, BD Pharmingen), anti-CDC42 rabbit polyclonal
antibody (1:1000; 11A11, CST), goat anti-human CELSR2 (1:1000,
AF6379, R&D systems); the secondary antibodies include peroxid-
ase anti-rabbit IgG (1:5000, ab6721, Abcam) and peroxidase anti-
mouse IgG (1:10 000; Vector Laboratories). Immunoreactivity was
detected using an enhanced chemiluminescence detection kit
(1705061, Bio-Rad).

Data are presented as mean + SEM. Results of behavioural tests
were analysed with two-way ANOVA; receptor clusters with axon
terminal overgrowth were compared using chi-square; and other
comparisons were made using Student’s t-test of two-independent
samples. The cell count and fluorescence density were assessed
using ImageJ software.
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The data that support the findings of this study are available from
the corresponding authors upon reasonable request.

Results

To study Celsr2 expression, we used Celsr2/%?* mice, in which an
internal ribosomal entry site (IRES) and the LacZ gene are inserted
into Celsr2 exon 23."® When Celsr2-expressing cells were visualized
by anti-B-gal staining, signal was found in several cell types
(Fig. 1A and F). In E12.5 spinal sections, all Isl1-positive cells in
the ventral horn co-expressed f-gal (Fig. 1A-E). In adult
spinal sections, motor neurons were positive using anti-ChAT
immunostaining and all of them were also positive for p-gal
(Fig. 1F-J). In WPC8 human spinal sections, double immunostain-
ing showed that most ISL1-positive cells were also positive for
CELSR2 in the ventral horn (Fig. 1K-0). Expression of CELSR2 is
maintained in adult human spinal cord (GTEx Human brain RNA-
Seq dataset, https://www.proteinatlas.org/ENSG00000143126-
CELSR2/brain). Thus, Celsr2 is expressed in mouse and human
spinal motor neurons.

To assess the role of Celsr2 in motor axon regeneration, we used
spinal motor neuron explant cultures.?® Cervical spinal explants
containing motor neurons were prepared from E13.5 Celsr2” and
control embryos and cultured for 6 DIV (Fig. 2A). Cells and out-
growing axons expressed ChAT in both groups (Fig. 2B and E), indi-
cating that they corresponded to spinal motor neurons from the
ventral column. Anti-Tujl signal co-localized extensively with
ChAT-immunoreactivity (Fig. 2C, D, F and G). In Tujl-immunos-
tained preparations, the maximal area covered by growing axons
and axonal length (indicated in Fig. 2A) were significantly
increased in Celsr2”~ mutant compared with control samples
(Fig. 2H and I; three litters of embryos in each group, five to seven
embryos in each litter, 19 and 22 explants in mutant and control,
respectively; P < 0.05 and 0.01). In addition, larger axonal bundles
were formed in the mutant explants (Fig. 2C and F, insets). In the
region 150-200 pm away from explant borders, the number of large
(>8um) axon bundles, estimated as described,” was significantly
higher in mutant explants (Fig. 2J; P <0.001). Together, these
results suggest that inactivation of Celsr2 stimulates spinal motor
axon growth and fasciculation.

In explant cultures, spinal motor neurons are intermingled with
other cells such as interneurons or glial cells that may influence
motor axon growth. To check whether Celsr2 acted in a cell-au-
tonomous manner, we cultured isolated motor neurons from E13.5
embryos. After 6 DIV, axons were readily identified by anti-Tuj1
immunofluorescent staining (Fig. 3A and B). As in the explant cul-
tures, the total neurite length was significantly enhanced in the
mutants (Fig. 3E; three independent experiments, 35 neurons and
41 neurons in the mutant and control, respectively; P < 0.0001).
The growth cone size, estimated by F-actin immunostaining
(Fig. 3C and D), was increased in mutant compared to control
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Mous spinal cord

Human spinal cord
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Figure 1 Celsr2 expression is enriched in mouse and human spinal motor neurons. Using Celsr2"*“ transgenic mice, Celsr2 expression is detected by
anti-p-gal immunostaining. (A-E) E12.5 spinal sections were immunostained for Isll (red), B-gal (green) and counterstained for DAPI (blue). The
merged image showed that all Isl1-positive cells in the ventral horn (VH) co-labelled by p-gal immunoreactivity (E). (F-J) In adult spinal sections,
all ChAT-positive (red) spinal motor neurons co-expressed f-gal (green) indicated by arrows (J). (K-O) In WPC8 human spinal sections, ISL1 and
CELSR2 double immunofluorescent staining showed that CELSR2 was expressed in ISL1-positive neurons in the ventral horn (VH) indicated by arrows
(0). B-E, G-J and L-O correspond to boxed areas in A, F and K, respectively. Nuclei were counterstained by DAPI (blue).

samples (Fig. 3F; three independent experiments, 39 neurons and
55 neurons in the mutant and control, respectively; P < 0.0001).
Axonal growth is a dynamic process that requires remodelling
of the cytoskeleton. The upregulation of the microtubule plus
end-binding protein 3 (EB3) is an index of axon regeneration.?”’
We analysed E13.5 spinal ventral horn extracts by western blots
and found that the EB3 levels were markedly higher in Celsr27~
than in controls (Fig. 3G). Intracellular calcium is an established

indicator of cytoskeleton reorganization during axon growth.?® In
16-DIV cultured spinal motor neurons, we studied potassium-
stimulated calcium influx using the calcium sensitive dye Fura-4
AM (Supplementary Fig. 1A). Fluorescent intensity of cultured
neurons measured before and after potassium stimulation
showed a significant increase of intracellular calcium peak
in Celsr2”~ compared to control neurons (Supplementary Fig. 1B
and C; P < 0.05).
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Figure 2 Celsr2 knockout improves axon growth in mouse spinal motor explant culture. (A) Schema of the experimental procedure for explant culture
and analysis. (B-G) Spinal motor neuron explants from E13.5 Celsr2*/* (B-D) and Celsr2”~ mouse embryos (E-G) were cultured for 6 DIV and then
immunostained for ChAT (B and E; red) and Tuj1 (C and F; green). Both signals co-localize (D and G; yellow). Representative axonal bundles are indi-
cated in the insets of C and F. (H-J) Quantification of the maximal area covered by growing axons in 107 um? (H; control: 0.86+0.03, mutant: 1.02+0.05;
P < 0.05), maximal axon length in 10% um (I; control: 1.68+0.09, mutant: 2.04+0.07; P < 0.001) and number of large axon bundles (>8 um in diameter;
J; control: 3.11+0.45, mutant: 6.77+0.74; P < 0.001). These parameters are increased significantly in the mutant compared to the control. **P < 0.001;
**P < 0.01; *P < 0.05; Student’s t-test; n = 19 in the control and n = 22 in the mutant.

To test whether Celsr2 influences regeneration of adult motor
axons in vivo, we first generated Celsr2 cKO mice with conditional
inactivation of Celsr2 in spinal motor neurons by Isl1-Cre according
to previous reports,**?*3° and confirmed that Celsr2 mRNA was ab-
sent in spinal motor neurons using in situ hybridization
(Supplementary Fig. 2). These animals develop to adulthood unre-
markably, without apparent neurological deficit. We next carried

out C5-C7 root avulsion and C6 motor root reimplantation as
described.?* In this model, upon reimplantation of root C6, regen-
erating axons could reinnervate the biceps brachii and restore par-
tial function,® which can be evaluated by monitoring elbow
flexion in grooming and climbing tests. In both tests, Celsr2 cKO
animals showed a significantly improved recovery of injured right
forelimb function compared with littermate controls (Celsr2?;
Fig. 4A and B). Inactivation of Celsr2 in motor neurons also
decreased biceps atrophy, as evidenced by increased muscle wet
weight (Fig. 4C and D), fostered biceps reinnervation with forma-
tion of new NMJs, as indicated by more numerous NMJs (Fig. 4F;
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Figure 3 Celsr2 knockout contributes to neurite growth in primary spinal motor neuron culture. (A and B) E13.5 spinal motor neurons from Celsr2*/*
(A) and Celsr2”~ (B) mouse embryos were cultured for 6 DIV and immunostained for Tuj1 (red). DAPI counterstained nuclei (blue). (C and D) Double
immunostaining of cultured neurons for F-actin (blue) and Tuj1 (red) disclosed the axon shafts and growth cones. (E and F) Statistical analysis of total
neurite length (E; control: 165.25+10.52 pm, mutant: 354.19+24.89 um; P < 0.0001, n = 41 in the control and n = 36 in the mutant) and growth cone
areas (F; control: 17.48+0.91 um?, mutant: 84.89+7.75 um? P < 0.0001, n = 58 in the control and n = 40 in the mutant). (G) Protein extracts from E13.5
ventral horns of cervical spinal segments was subjected to western blots using anti-EB3 and B-III tubulin (tubulin). There was a dramatic increase of
EB3 in the mutant compared to the control (control: 0.99+0.09, mutant: 1.35+0.01; P < 0.05, n = 3 animals in each group). *P < 0.05; P < 0.0001,

Student’s t-test.

213+16.6 versus 56+3.5 NMJs/muscle in mutant and control, re-
spectively; n = 3 animals in each group; P < 0.001). Intriguingly, in
cholinergic receptor clusters (labelled by a-BT) of intact biceps, a
higher number of axonal terminals showed overgrowth in the
mutants (Fig. 4E; 4/52 in control and 17/32 in mutant; P < 0.01; chi-
square test). On Day 56 post-surgery, EMG recording of biceps
showed a higher peak-peak amplitude value on the injured side
and an increase of the peak ratio (injured to intact sides) in the
mutants compared to the controls, whereas on the intact side,
there were no significant differences of EMG amplitude and laten-
cies between the two groups (Fig. 4G-I).

To assess axon regeneration, musculocutaneous nerves col-
lected 56days after root avulsion/reimplantation were examined
by Toluidine Blue staining of plastic sections (Fig. 5A) and by elec-
tron microscopy (Fig. 5B). On uninjured sides, total axon numbers
were comparable in both groups (Fig. 5A, C and D). However, in
electron microscope images, the packing of axons was remarkably
denser in the mutant than in the control (Fig. 5B, left two panels).
An increase of total axon numbers on the injured sides and of the
ratio of injured to intact sides was found in the mutants compared
to controls (Fig. 5C and D). In Celsr2 cKO animals, ChAT

immunolabelling of C6 spinal segments showed that more spinal
motor neurons survived after root avulsion/reimplantation than in
control mice, with increased ChAT-positive cells and higher oper-
ated/intact ratio (Supplementary Fig. 3A and B). Thus, our in vivo
experiments also indicate that Celsr2 inactivation contributes to
neural repair and functional recovery after injury.

To test whether CELSR2 has similar effects in humans as in mice,
we used lentiviral vectors encoding CELSR2 shRNA to knockdown
CELSR2, and evaluated their efficacy by transfecting cultured
motor neurons from WPC7 human embryos. Three different
CELSR2-shRNA were compared (Supplementary Fig. 4) and the
most efficient one was selected for study. Three days after trans-
fection, CELSR2 mRNA level was 28% of the controls (using RT-
gPCR, Supplementary Fig. 4A) and the protein was 23% of the con-
trols (western blots, Supplementary Fig. 4B and C). Spinal motor
neuron explants from WPC7-8 human embryos were cultured and
infected with CELSR2 shRNA or scrambled shRNA lentivirus. After
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Figure 4 Celsr2 cKO in spinal motor neurons improves functional recovery and NMJ formation after root avulsion/reimplantation. (A and B) After root
avulsion/reimplantation, the function of the affected forelimb was assessed using the grooming (A) and climbing test (B). Scores were significantly
higher in Celsr2 cKO (Isl1-Cre; Celsr2”") compared to littermate controls (Celsr2’") at Days 14, 21, 28, 35, 42, 49 and 56 post-injury. During the climbing
test, usage of injured (R) and intact (L) forelimbs was compared; the R/L ratio was increased in the Celsr2 cKO. *P < 0.05; **P < 0.01; Student’s t-test. (C
and D) Biceps collected 56 days after injury were more atrophic on the injured than the intact side, in both mutant and control mice (C). Muscle wet
weight on the intact side was comparable in both groups, whereas it was higher on the injured side in mutants versus controls, as reflected by the
increased the R/L ratio (injured side to intact side) (D). Wet weight, control: 0.0339+0.0008 g, mutant: 0.0339+0.0011 g on the intact side, P < 0.05; con-
trol: 0.0237 +0.0024 g, mutant: 0.0300+0.0010 g on the injured side, P < 0.05; the R/L ratio: 0.69+0.06 and 0.89+0.02 in the control and the mutant, re-
spectively, P < 0.01. *P < 0.05; **P < 0.01; Student’s t-test; n = 7 in the control and n = 8 in the mutant. (E and F) NMJs were examined using anti-NF200
and anti-a-BT double staining 56 days post-surgery. On intact sides (E), several cholinergic receptor clusters showed axonal terminals overgrowth in
Celsr2 cKO (17/32; indicated by arrows), but rarely in the control (4/52). On injury sides (F), there were more numerous growing axons and NMJs in the
mutant than in the control (control: 56.33+3.53, mutant: 213.00+16.56 NMJs/muscle, P < 0.001, n = 3 animals in each group). P < 0.01; **P < 0.001,
Student’s t-test for NMJ number comparison and chi-square for receptor cluster comparison. (G-I) EMG of biceps was recorded 56 days post-surgery
(G). The latencies were increased after injury, with no difference between both groups (H; control: 0.514+0.014, mutant: 0.600+0.033ms on the intact
side; 1.129+0.170 ms for control and 1.632+0.083 ms for mutant on the injured side; ratio of latency: 2.195+0.335 and 1.632+0.083 in the control and
the mutant, respectively; P > 0.05 in all comparisons). Denervation resulted in a significant decrease of the peak-peak amplitude in both groups, but
the amplitudes and the ratio of the injured to the intact muscle was significantly higher in the mutant compared to the control (I; control:
11.182+0.923 mV, mutant: 11.269+1.055mV on the intact side, P > 0.05; control: 2.740+0.523 mV, mutant: 5.572+0.873mV on the injured side,
P < 0.05; ratio: 0.244 +0.044 and 0.492+0.067 in the control and the mutant, respectively, P < 0.05). *P < 0.05; **P < 0.01; ***P < 0.001; n.s, not significant;
Student’s t-test; n = 7 in the control and n = 9 in the mutant.
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Figure 5 Improved axon regeneration in Celsr2 cKO mice after root avulsion/reimplantation. (A) Toluidine Blue staining of musculocutaneous nerves
from intact and injured sides 56 days after root avulsion/reimplantation. (B) Electron microscope images of musculocutaneous nerves from intact
and injured sides. On the intact side, axons were more closely packed in the mutant than in the control. (C and D) Statistical analysis showed that
axon number was comparable on the intact side in the two genotypes but higher in the mutant on the injured side (C; control: 734.0+24.8, mutant:
696.3+20.2 axons/section on the intact side, P > 0.05; control: 201.0+21.5, mutant: 300.3+25.8 axons/section on the injured side, P < 0.05; the ratio:
0.244+0.044 and 0.492+0.067, P < 0.05; n = 7 in the control and n = 9 in the mutant). The ratio of the injured to the intact side (R/L) was higher in the
mutant (C; control: 0.27 £0.02, mutant: 0.43+0.03, P < 0.05; n = 3 in each group). The distribution of axons according to their diameter showed no dif-
ferences in the two genotypes on the intact side and an increased number of axons with 2-6 um diameter on the operated side in the mutant relative
to the control (D). *P < 0.05; **P < 0.01; **P < 0.001; n.s, not significant; Student’s t-test.

5 DIV, cultured explants were immunostained with anti-ChAT and
anti-Tujl antibodies. In both groups, lentivirus-tagged green fluor-
escent protein (GFP) labelled cells in the explants and some
labelled neurons migrated out of the explants (Supplementary Fig.
SA and E). ChAT- and Tujl-immunoreactivity were consistently
co-localized in the explants and outgrowing axons
(Supplementary Fig. 5B-D and F-H), indicating that growing axons
stemmed from motor neurons. Compared with mouse, the human
explants developed faster, and the area covered by growing axons
was much larger after 5 DIV (Fig. 6A-D) than that in mouse after 6
DIV (Fig. 2B and E). Intriguingly, in the CELSR2-shRNA group, grow-
ing axons often gathered to form circles (11/27; Fig. 6C, C' and G)
and some aggregated into large bundles (Fig. 6D and D’). We meas-
ured the maximal covering area and axonal length in anti-Tujl
immunostaining preparations. Statistical analysis confirmed a sig-
nificant increase in both parameters in CELSR2-shRNA transfected
explants compared with those transduced by scrambled shRNA
(Fig. 6E and F; three human embryos; 24 and 23 explants in the
CELSR2-shRNA and the control, respectively; P < 0.0001). In add-
ition, larger axonal bundles (>8 um in diameter) were significantly
increased after CELSR2-shRNA infection (Fig. 6H; P < 0.0001).

In human primary motor neuron culture, lentivirus-tagged GFP
labelled neuronal soma and neurites exactly like Tujl-immunos-
taining (Fig. 7A and B). Total neurite length was increased in
CELSR2-shRNA transfected neurons at 5 DIV (Fig. 7C; two WPC7
and one WPC8 human embryos, 43 and 36 neurons from the con-
trol and the CELSR2-shRNA transfection, respectively; P < 0.0001).
GFP also filled growth cones which were visualized by anti-F-actin

immunostaining (Fig. 7D and E). The growth cone area was consid-
erably larger in the CELSR2-shRNA than the control group (Fig. 7F;
P < 0.0001). In 5-DIV CELSR2-shRNA transfected neurons, EB3 pro-
tein levels were significantly higher than in controls (Fig. 7G; three
independent experiments; P < 0.05). In 19-DIV cultured human
motor neurons, the peak of potassium-induced intracellular cal-
cium was more elevated in CELSR2-shRNA transfected neurons
than in controls (Fig. 7H; P < 0.05). Therefore, knocking down
CELSR2 in human preparations similarly promotes axonal regener-
ation and fasciculation as the findings in mouse.

Celsr2 inactivation results in increased Rac1/Cdc42
and JNK/c-Jun signalling

Small Rho family GTPases Cdc42 and Racl are critical modulators
of cytoskeleton organization, with their GTP-bound active form
stimulating neurite growth.?> To determine whether Celsr2 inacti-
vation is associated with the Cdc42/Racl signalling, we studied the
expression and/or activity of Cdc42 and Racl in spinal samples.
The proteins were extracted from adult spinal cords after root
avulsion, E13.5 cervical spinal segments or cultured human spinal
motor neurons. GTP-bound Racl and Cdc42 proteins were pulled
down using agarose beads conjugated to the protein binding do-
main of PAK1 fused to GST, followed by elution and western blot
analysis with anti-Racl and anti-Cdc42 antibodies. In samples of
C5-C7 spinal ventral columns 3days after C5-C7 root avulsion,
total Cdc42 and Racl levels were similar in Celsr2”~ and control
extracts (Fig. 8A and B). However, in Celsr2”~ mutants, levels of
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Figure 6 CELSR2 knockdown increases axonal regeneration in human embryonic spinal motor explant culture. (A-D) Cultured spinal motor neuron
explants from WPC7 human embryos were transfected with a CELSR2 scrambled shRNA as control (A and B) and with CELSR2-shRNA (C and D). After
5 DIV, cultured explants were immunostained for Tujl. A, B/, C' and D’ are enlarged areas from A, B, C and D, respectively. Upon CELSR2-shRNA
knockdown, growing axons grew in circles (one example indicated in C) and formed large axonal bundles (arrows in C’ and D’). (E-H) The maximal
area in 10’ ym? (E; control: 0.82+0.12, CELSR2-shRNA: 3.93+0.40; P < 0.0001, n = 23 in each group), maximal axon length in 10°um (F; control:
1.20+0.05, and CELSR2-shRNA: 3.30+0.25; P < 0.0001, n = 23 in each group), explants with axons growing into circles (G; 1/26 in the control and 11/27
in the CELSR2-shRNA) and the number of large axon bundles (H; control : 7.83+1.37, mutant: 53.96+3.98, P < 0.0001, n = 23 in each group) were sig-
nificantly increased in the CELSR2-shRNA knockdown explants compared to control. ***P < 0.0001; Student’s t-test (E, F and H). *P < 0.01, chi-square

test (G).

GTP-bound Cdc42 and Racl were about 2.2-fold and 1.9-fold of
those in controls, respectively (Fig. 8E and F; six animals in each
group, samples from two animals were mixed together in the
same group, three independent experiments). As JNK and c-Jun
are downstream partners regulated by Racl and Cdc42 during
cytoskeleton reorganization,®® we estimated their expression
using western blots (Fig. 8C and D). There was a significant in-
crease of JNK and c-Jun concentrations in Celsr2 mutants versus
control samples (Fig. 8G and H; six animals in each group, samples
from two animals were mixed in the same group, three independ-
ent experiments).

In E13.5 mouse ventral spinal samples, the levels of active
Cdc42 and Racl proteins were also enhanced by 1.55 (Cdc42) and
1.74 (Racl) fold in Celsr2” mutants compared with control samples,
whereas total Cdc42 and Racl levels were comparable in two
groups (Supplementary Fig. 6A, B, E and F; three independent
experiments). In addition, there was a significant increase of JNK
and c-Jun concentrations in Celsr2 mutant versus control samples
(Supplementary Fig. 6G and H; three independent experiments;
P < 0.05). In cultured human spinal motor neurons, CELSR2-shRNA
transfection remarkably resulted in 1.36- and 2.08-fold increase of
GTP-Cdc42 and GTP-Racl proteins, respectively, compared with
the control, whereas total protein levels were comparable

(Supplementary Fig. 7A, B, E and F; proteins from three independ-
ent culturing experiments of three human embryos). The levels of
JNK and c-Jun were also increased upon CELSR2 knockdown
(Supplementary Fig. 7C, D, G and H).

Discussion

The intrinsic regenerative capacities of the adult CNS in higher
animals are very limited, often leading to irreversible functional
deficits after injury. Identification of key genes and networks regu-
lating axon regeneration could potentially benefit repair and func-
tional recovery. In this study, we showed that the expression of
Celsr2 in adult spinal motor neurons plays an inhibitory role in
axon regeneration, through downregulation of the Rac1/Cdc42 and
JNK/c-Jun pathways. Inactivation of Celsr2 in cultured human and
mouse spinal cord explant and motor neurons dramatically
enlarged growth cones and promoted axon outgrowth. Notably,
conditional inactivation of Celsr2 in adult mouse motor neurons
significantly improved axon regeneration, motor neuron survival
and locomotor recovery after lesion.

Together with its two paralogues Celsrl and Celsr3, Celsr2 form
a small family of adhesion G-protein-coupled receptors. Genetic
studies in mice showed that Celsr2 and Celsr3 act synergistically
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Figure 7 CELSR2 knockdown promotes axonal growth in primary human spinal motor neuron culture. (A-C) CELSR2 scrambled shRNA (A, control)
and CELSR2-shRNA (B) were used to transfect cultured primary spinal motor neurons from WPC7 and WPC8 human embryos. Transfected neurons
were visualized by virus-encoded GFP (green). After 5 DIV, neurons were immunostained for Tuj1 (red). GFP- and Tujl-immunoreactivity overlapped
in the somas and neurites as shown in the merged images. A significant increase of total neurite length was observed in CELSR2-shRNA transfected
neurons (C; in pm, control: 118.70+5.66, CELSR2-shRNA: 321.28+21.90, P < 0.0001, n = 43 in the control and n = 36 in the CELSR2-shRNA). (D-F)
Double immunostaining for F-actin (blue) and Tuj1 (red) reveal axon shafts and growth cones in control (D) and CELSR2-shRNA (E) transfected neu-
rons (GFP labelling, green). The growth cone area was significantly increased in CELSR2-shRNA versus control transfected neurons (F; control:
16.92+1.40 ym?, and CELSR2-shRNA: 109.00+9.12, P < 0.0001, n = 52 in the control and 55 in the CELSR2-shRNA). (G) Western blot analysis of 5-DIV
cultured neurons with antibodies to EB3 and -III tubulin (tubulin, reference) showed an increase of EB3 levels in CELSR2-shRNA transfected neurons
(control: 0.99+0.09, CELSR2-shRNA: 1.34+0.02, P < 0.05, n = 3 independent experiments). (H) Intracellular calcium influx was evaluated in 19 DIV-cul-
tured neurons by measuring Fluoro-4 AM fluorescence intensity. The curves were drawn from captured images before and after potassium applica-
tion. There was an increase of the fluorescent peaks in CELSR2-shRNA transfected neurons (control: 0.84+0.13, and CELSR2-shRNA: 2.22+0.09,
P < 0.05, n = 3 independent experiments). *P < 0.05; ***P < 0.0001; Student’s t-test.

during neural development, particularly in regulating axon guid-
ance and ependymal cilia biogenesis.'® In most cases, inactivation
of Celsr2 causes milder embryonic phenotypes than that of Celsr3,
while joint inactivation generates severe phenotypes that mimic
closely those resulting from inactivation of Fzd3, a member of the
frizzled family of Wnt receptors.'® Celsr3 can co-immunoprecipi-
tate with Fzd3," and this might explain similarity of mutant

phenotypes. Neural specific inactivation of Racl impairs extension
of motor axons of the peroneal nerve,"”” a phenotype identical to
those observed when Fzd3 or Celsr2 and 3 are conditionally inacti-
vated in motor neurons, suggesting Fzd3 and Celsr2 and 3 may
upregulate Racl. However, we found that Celsr2 regulates Racl/
Cdc42 and JNK signalling negatively, rather than positively. A pos-
sible explanation is that Wnt/PCP signalling might stimulate the
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Figure 8 Celsr2 knockout increases Cdc42/Racl and JNK/c-Jun signalling in injured ventral horns. (A-D) Western blot analysis of GST-pulldown pro-
teins and samples from spinal ventral columns 3 days after root avulsion, using anti-Cdc42 (A), anti-Rac1l (B), anti-JNK (C), anti-c-Jun (D) antibodies.
Anti-GADPH antibody was used as reference. (E-H) GTP-bound Cdc42 (E; control: 1+0, mutant: 2.22+0.17, P < 0.05) and Rac1 (F; control: 1+0, mutant:
1.90+0.13, P < 0.05) proteins, as well as concentrations of JNK (G; control: 2.01+0.12, mutant: 3.65+0.44, P < 0.05) and c-Jun (H; control: 0.48+0.02,
mutant: 0.84+0.07, P < 0.05) were increased in mutant compared to control samples. *P < 0.05; Student’s t-test; n = 3 animals in each group.

Rac1/Cdc42 pathway during embryonic development, while inhib-
iting the same pathway in adult axon regeneration. In support of
this, at least two examples of negative regulation of the Racl/
Cdc42-JNK pathway by Wnt/PCP signalling have been published,
namely the effect of Fzd6, the closest paralogue of Fzd3** and of
Fzd8 working together with Celsr2 in haematopoietic stem cells.*
The Celsr2 ectodomain is implicated in homophilic interactions®®
and could mediate repulsion between axons, accounting for
increased fasciculation upon Celsr2 inactivation and increased
axon packing observed in Celsr2 cKO musculocutaneous nerves by
electron microscopy. In line with this, in Drosophila, its orthologue
Flamingo mediates homophilic repulsion of homologous neurons
at the dorsal midline, and mutations result in formation of neurite
tangles and dendrites overgrowth.*® Celsr2-mediated repulsion
might be implicated in cilia organization,”® motor neuron migra-
tion™ and axon navigation.™ In corollary, Celsr2 inactivation may
foster the formation of large axon bundles and thereby contribute
to axon regeneration and survival of injured neurons. The inter-
action between peripheral nerves and Schwann cells is also im-
portant for axon regeneration.’’ Whether Celsr2 silencing
influences neural regeneration by modulating axon-Schwann cell
interactions awaits further investigations.

Previous studies outlined a role of JNK in PCP and noncanonical
Wnt signalling, implicating, among others, the Wnt5a ligand and

frizzled receptor Fzd6, a close relative of Fzd3.%**** Qur data are the
first indication that Celsr2 acts via the same pathway. Mechanistic
links between Frizzled and Racl/Cdc42 remain incompletely
understood but could involve Dishevelled adaptors and formins
such as Daam1-2.*? The Rac1/Cdc42-JNK/c-Jun signalling module
is better documented. Cdc42 and Racl are two important small
GTPases of the Rho family, and their active form regulates actin
dynamics in navigating growth cones, promoting axon growth.>?
Downstream of Racl/Cdc42, the pathway sequentially involves
MAP3K mixed lineage kinases such as DLK, as well as MKK7/4 and
JNK1-3.%34* The cascade is coordinated by docking adaptors such
as JIP1/POSH.**™* The Rac1/Cdc42—JNK/c-Jun pathway is a ‘dou-
ble-edged sword’, with variable, often paradoxical actions. On the
one hand, it can mediate neuronal apoptosis upon nerve growth
factor deprivation®® and is implicated in Wallerian axon degener-
ation.*® On the other hand, upregulation of c-Jun is correlated with
axon regeneration after injury.>® JNK is necessary for the nuclear
translocation of c-Jun to maintain cytoskeletal integrity during
axon extension®® and DLK activation is required for axon
regeneration.”?

Besides upregulating Rac1/Cdc42 signalling, Celsr2 inactivation
also increases expression of the microtubule plus end-binding pro-
tein EB3, and stimulates potassium-induced calcium influx. EB3
interacts not only with microtubules, but also with actin filaments,
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via drebrin, and those interactions could promote growth cone for-
mation and neurite extension.”’” Similarly, an influx of calcium
could activate calcium-/calmodulin-dependent protein kinase II,
which regulates F-actin to stimulate growth cone extension during
development and after injuries.>®

Conclusion

Our data uncover a previously unknown role of Celsr2 in the regu-
lation of axon regeneration, via Rac1/Cdc42 and possibly other
mechanisms. The fact that concordant data were observed in
humans and mice, and in both embryonic and adult axons, strong-
ly suggests that this function of Celsr2 is physiopathologically rele-
vant and that Celsr2 is a potential target to promote neural repair.
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