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ARTICLE INFO ABSTRACT

Keywords: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by motor neuron death. A 20%
B-Catenin of familial ALS cases are associated with mutations in the gene coding for superoxide dismutase 1 (SOD1). The
Accumulation accumulation of abnormal aggregates of different proteins is a common feature in motor neurons of patients and
ALS

transgenic ALS mice models, which are thought to contribute to disease pathogenesis. Developmental mor-
phogens, such as the Wnt family, regulate numerous features of neuronal physiology in the adult brain and have
been implicated in neurodegeneration. B-catenin is a central mediator of both, Wnt signaling activity and cell-
cell interactions. We previously reported that the expression of mutant SOD1 in the NSC34 motor neuron cell
line decreases basal Wnt pathway activity, which correlates with cytosolic B-catenin accumulation and impaired
neuronal differentiation. In this work, we aimed a deeper characterization of B-catenin distribution in models of
ALS motor neurons. We observed extensive accumulation of B-catenin supramolecular structures in motor
neuron somas of pre-symptomatic mutant SOD1 mice. In cell-cell appositional zones of NSC34 cells expressing
mutant SOD1, B-catenin displays a reduced co-distribution with E-cadherin accompanied by an increased as-
sociation with the gap junction protein Connexin-43; these findings correlate with impaired intercellular ad-
hesion and exacerbated cell coupling. Remarkably, pharmacological inhibition of the glycogen synthase kinase-
3B (GSK3p) in both NSC34 cell lines reverted both, (-catenin aggregation and the adverse effects of mutant
SOD1 expression on neuronal differentiation. Our findings suggest that early defects in B-catenin distribution
could be an underlying factor affecting the onset of neurodegeneration in familial ALS.

Motor neuron
GSK3p inhibition
Differentiation

sarcoma/translocated in sarcoma (FUS/TLS), and the hexanucleotide
repeat expansions in C9ORF72 as the most common alterations (Al-

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease
characterized by the selective death of motor neurons in the spinal
cord, brainstem and motor cortex. This progressive disease causes
atrophy of limb, axial and respiratory muscles (Kiernan et al., 2011).
Most ALS cases are considered sporadic (sALS), while 10% are familial
(fALS), involving mutations in superoxide dismutase 1 (SOD1), trans-
active response DNA binding protein 43 (TARDBP or TDP-43), fused in

Chalabi and Hardiman, 2013; Turner et al., 2013). > 150 mutations in
SOD1 have been linked to ALS with varying degree of aggressiveness
and aggregation propensity, which explains around 20% of fALS cases
(Valentine et al., 2005). Importantly, several studies have reported the
presence of abnormal SOD1WT species in post-mortem SALS tissue
highlighting the relevance of the protein in disease pathogenesis (Bosco
et al,, 2010; Ciechanover and Kwon, 2015; Forsberg et al., 2010;
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Medinas et al., 2018). Mice overexpressing mutant SOD1 are the most
widely used model of ALS as they develop consistent motor neuron
degeneration and clinical progression resembling the human disease
(Gurney et al., 1994). Despite many efforts, the mechanisms by which
SOD1 mutations lead to motor neuron degeneration are not yet fully
understood.

Insoluble protein aggregates and inclusion bodies are hallmarks of
several neurodegenerative diseases such as ALS, including Alzheimer's
disease (AD), Parkinson's disease (PD), Huntington's disease (HD) and
spino-cerebellar ataxia (Soto, 2003). Protein aggregates may have dif-
ferent nature according to the mechanism involved in their assembly
(Bendotti et al., 2012). Indeed, deficient ubiquitin-proteasome system
(UPS), impaired autophagy, and abnormal RNA-binding proteins as-
sembling into stress granules have been implicated in the formation of
protein aggregates in ALS (Taylor et al., 2016). Although protein ag-
gregation has been described near the onset of ALS symptoms, growing
evidence demonstrates that several cellular alterations take place at
pre-symptomatic stages. These include mitochondrial dysfunction,
Golgi fragmentation, endoplasmic reticulum stress, increased neuronal
excitability, and neuromuscular junction detachment (Amendola et al.,
2004; Dobrowolny et al., 2017; Hetz and Saxena, 2017; Kuo et al.,
2004; Moloney et al., 2014; Pambo-Pambo et al., 2009; van Zundert
et al., 2008). Thus, defining early molecular defects in ALS motor
neurons is crucial to reveal the primary mechanisms of the disease and
to identify novel targets for therapeutic intervention.

Neuronal physiology is tightly controlled by morphogens of early
development, such as the Wnt family (Inestrosa and Arenas, 2010). The
canonical Wnt pathway is activated by the binding of a Wnt ligand to a
cognate Frizzled receptor (Fzd) and to LRP5/6 co-receptors, resulting in
cytosolic glycogen synthase kinase-33 (GSK3f) inhibition and induc-
tion of a cytoplasmic accumulation of (-catenin, whose nuclear trans-
location regulates the expression of target genes. Gene expression
profile analyses of spinal cord tissue derived from mutant SOD1 mice
have revealed a global increase in the expression of Wnt ligands, re-
ceptors, and inhibitors at symptomatic stages of the disease (Al-Chalabi
and Hardiman, 2013; Gonzalez-Fernandez et al., 2019; Li et al., 2013);
however, the possible consequences of Wnt pathway alterations in ALS
motor neurons have been less explored. We previously reported that the
expression of mutant SOD1 in NSC34 motor neuron-like cells results in
impaired basal Wnt-dependent transcriptional activity, a feature that
correlated with B-catenin distribution in macromolecular structures,
particularly in undifferentiated cells (Pinto et al., 2013).

Here, we aimed at a deeper characterization of (3-catenin distribu-
tion in ALS models. Our findings indicate that motor neuron somas of
pre-symptomatic and symptomatic stages of ALS mice display supra-
molecular B-catenin structures. Although co-localization and biochem-
ical experiments showed that B-catenin does not form classical protein
aggregates, its distribution in the cell periphery of clustered cells cor-
related with decreased cell-cell adhesion and increased cell coupling.
Remarkably, GSK3[ inhibition reverted P-catenin accumulation and
rescued normal neuronal differentiation. Our findings suggest that early
alterations of B-catenin distribution may contribute to ALS pathogen-
esis.

2. Materials and methods
2.1. Animals and spinal cord sections

As an in vivo model of ALS, transgenic mice expressing human
SOD1%%3# were used. Mice expressing the WT form of human SOD1
were used as controls. The animal care and all animal experiments were
performed according to procedures approved by the “Guide for the Care
and Use of Laboratory Animals” (Commission on Life Sciences, National
Research Council. National Academy Press 1996) and approved by the
Bioethical Committee of the Faculty of Medicine, University of Chile.
Spinal cord tissue was dissected, fixed in 4% paraformaldehyde in PBS
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and incubated in a sucrose gradient (from 7.5 to 30% in PBS). Samples
were mounted in OCT (Sakura Finetek, Torrance, CA, USA) and 30 pym
sections were obtained from the lumbar L5 region.

2.2. Cell culture and treatments

Neuroblastoma x spinal cord NSC34 cells (Cashman et al., 1992), as
well as clones stably expressing human wild-type SOD1 (NSC34-
hSOD1"" cells) or mutant SOD1 (NSC34-hSOD1°%* cells) (Gomes
et al.,, 2008) were grown in Dulbecco's modified Eagle's medium
(DMEM) (HyClone, South Logan, UT, USA) supplemented with 15%
fetal bovine serum (FBS), 1% penicillin/streptomycin solution at 37 °C
in a 5% CO, atmosphere. Stable clones were supplemented with
0.4 mg/ml G418. Cells were grown on plastic or glass surfaces pre-
viously coated with 0.01% poli-i-lysine (Sigma-Aldrich, MO, USA) for
24h at 37°C, and 0.5% gelatin (Sigma-Aldrich) for 30 min at 37 °C.
Cells were induced to differentiate in Neurobasal medium (Invitrogen,
MA, USA) without FBS for 24 h. In disassembly experiments, cells were
washed twice with saline phosphate buffer (PBS), pH 7.4, and incubated
in fresh growth medium containing 40 mM lithium chloride or 10 uM
andrographolide (ANDRO) (both from Sigma-Aldrich) for 6 h at 37 °C in
a 5% CO, atmosphere. In cell differentiation assays, cells were in-
cubated with 2puM ANDRO or 100 uM lithium chloride for 24h (De
Ferrari et al., 2003; Tapia-Rojas et al., 2015). Stress granule formation
was induced by incubating cells with DMEM supplemented with
0.5 mM NaAsO, (Sigma-Aldrich) for 45 min at 37 °C (Tourriére et al.,
2003). The proteasome inhibitor MG132 was diluted in growth medium
at a final concentration of 10 uM and incubated for 6 h at 37 °C (Onesto
et al., 2011).

2.3. Transient transfection

NSC34 cells were seeded onto glass coverslips in 24 well plates,
grown for 24 h, and transfected with a lipofectamine-PLUS mixture
(Invitrogen) in OptiMEM medium (Invitrogen) according to the in-
structions of the manufacturer. We used the pF141 pAcGFP1 SOD1W”*
and the pF145 pAcGFP1 SOD1%%* plasmids (Addgene, plasmids
#26402 and #26406) (Stevens et al., 2010). The DNA/lipofectamine/
PLUS ratio in the mixture was 0.4 pug/1.2 ul/0.8 pl with 0.4 ug of total
plasmid DNA per well. Cells were incubated with the DNA mixture and
lipofectamine-PLUS in serum-free medium for 4 h before being swit-
ched to the growth medium. When indicated, cells were switched to
differentiate for the indicated times.

2.4. Western blot analysis

Cells were lysed in PBS (cytosolic extract), or in Tris-HCl 50 mM,
NaCl 100 mM, Triton X-100 0.5% v/v (total extract), pH 7.4, supple-
mented with a protease inhibitor cocktail (Sigma-Aldrich). For im-
munoblotting, 10 pg of total proteins were loaded in each lane, frac-
tionated by SDS-PAGE, transferred onto nitrocellulose membranes, and
probed against rabbit anti f-catenin (1:1000) (Santa Cruz
Biotechnology, CA, USA) and mouse anti a-tubulin (1:5000) (Sigma-
Aldrich) antibodies. Peroxidase-conjugated secondary antibodies
(1:2000) (Jackson Immunoresearch, PA, USA) were incubated for 2 h at
room temperature. Reactions were developed with enhanced chemilu-
miniscence according to the ECL Western blotting analysis system
(Perkin Elmer, MA, USA).

2.5. Filter-trap analysis

Protein extracts were prepared in TEN buffer (Tris-HCl 10 mM,
EDTA 1 mM, NaCl 100 mM, pH 8.0) containing Nonidet P-40 0.5% (v/
v) and protease inhibitor cocktail (Promega, WI, USA) by ultra-soni-
cation at 30% power during 15s (QSonica, NY, USA). Protein con-
centration was measured using the BCA assay according to
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manufacturer's instructions (Pierce, MA, USA). For filter-trap, the
samples were diluted in PBS, pH7.4, containing SDS 1% (w/v) or
Nonidet P-40 1% (v/v) to a final concentration of 0.5 pg/ml and passed
through a cellulose acetate membrane with 0.22 um pore (Whatman,
Buckinghamshire, UK) under vacuum using a dot-blot apparatus (Bio-
Rad, CA, USA) (Medinas et al., 2018). After filtration, the membranes
were washed in PBS, pH7.4, containing SDS 1% (w/v) for 15 min,
followed by three washes in PBS, pH 7.4, containing Tween 0.1% (v/v),
blocked with skim milk 5% (w/v) in PBS, pH 7.4, and incubated with
mouse anti -catenin (1:1000) (Millipore, Darmstadt, Germany) over-
night at 4°C. Detection was performed with peroxidase-conjugated
secondary antibodies (1:2000) (Invitrogen) and ECL kit (Perkin Elmer,
MA, USA) using the ChemiDoc imaging system (Bio-Rad, CA, USA).

2.6. Detergent-insoluble protein aggregates

Post-nuclear protein extracts were prepared by cell lysis in TEN
buffer containing Nonidet P-40 0.5% (v/v) and protease inhibitor
cocktail (Promega, WI, USA) during 30 min on ice followed by low-
speed centrifugation (800 X g, 10 min, 4 °C) to remove nucleus and cell
debris (P1). The supernatant was collected and centrifuged at high-
speed (20,000 xg, 45min, 4°C) to yield a pellet (P2) containing
Nonidet P-40 insoluble protein aggregates. The P2 pellet was solubi-
lized in TEN buffer containing SDS 1% (w/v) and analyzed by Western-
blot, as described (Medinas et al., 2018).

2.7. Cell-cell interaction experiments

NSC34-hSOD1"" or NSC34-hSOD1%%%** cells were seeded onto
35 mm plastic dishes and grown to reach confluency. In separate dishes,
both NSC34-hSOD1 cell lines were stained with Calcein AM-488
(Waltham, MA USA) for 20 min at 37 °C. After trypsinization, 2 X 10°
cells were seeded on top of the monolayers of their same cell line and
incubated for 30 min. After removing non-adhered cells by washing,
adhered cells were fixed in paraformaldehyde 4%, 20 min at 4 °C, and
mounted in Faramount aqueous mounting medium (DAKO, CA, USA).
Cell-cell adhesion index was determined by counting the number of
Calcein positive cells attached to the monolayer. Intercellular coupling
was examined after microinjection of the gap junction tracers Lucifer
Yellow (LY, MW: 457, net charge: —2) and neurobiotin (MW: 345, net
charge: +1), as previously described (Martinez et al., 2002). Tracers
were injected in one cell inside a group of at least 6 cells. The transfer of
LY was detected after 2 min by epifluorescence. Cells were fixed with
paraformaldehyde 4%, 20 min at 4 °C and neurobiotin was traced with
Cy3-conjugated streptavidin (Jackson Immunoresearch West Grove,
PA, USA) after permeabilization with 0.25% Triton-X100 in PBS. The
dye-coupling index was calculated as the number of coupled or dye-
filled cell groups divided by the total number of dye-injected cells per
conditions. Over 60 injected cells per condition of three independent
experiments were analyzed.

2.8. Inmunohistochemistry, immunofluorescence microscopy and image
analysis

For immunohistochemistry, floating spinal cord cryosections were
repeatedly washed with PBS containing 0.1% Tween-20, incubated
with 0.15mM glycine, pH7.4, for 15min at room temperature, and
blocked with 1% BSA diluted in Tris phosphate buffer. NSC34-hSOD1
cells were grown on 18 X 18 mm glass coverslips, fixed in 4% paraf-
ormaldehyde for 20 min at 4 °C, followed by 100% methanol at —20 °C
for 5min, and permeabilized with 0.05% Triton X-100 in Tris-phos-
phate buffer. Primary antibodies were: rabbit anti (3-catenin 1:1000
(Millipore), mouse anti-neurofilament 1:50 (2H3, Developmental
Studies Hybridoma Bank), goat anti-ChAT 1:250 (Merck, Darmstadt,
Germany), rabbit anti-Connexin-43 1:500 (Sigma-Aldrich), mouse anti-
E-cadherin 1:100 (Biosciences, CA, USA), mouse anti 3-catenin 1:200,
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mouse anti-y-tubulin 1:100, goat anti-MAP1B 1:450, rabbit anti-
Ubiquitin 1:100, goat anti-TIA1 1:300 (Santa Cruz Biotechnology), and
rabbit anti-eIF3h 1:300 (Cell Signaling Technology, MA, USA). Primary
antibodies were incubated in 1% BSA diluted in Tris phosphate for 16 h
at 4°C. Corresponding Alexa-488, Alexa-546 (Invitrogen) and Cy5
(Jackson Immunoresearch) conjugated secondary immunoglobulins
were incubated for 2h at room temperature. Nuclei were counter-
stained with 30 pM DAPI (Molecular Probes, MA, USA) along with the
secondary antibodies. Samples were mounted in DAKO aqueous
medium. Images were captured in a laser confocal LSM780 Zeiss mi-
croscope at the Center for Advanced Microscopy (CMA Bio-Bio) facility
at Universidad de Concepcién (Concepcidn, Chile). In the in vivo model,
B-catenin structures were defined as those having an area larger than
0.2 um? and were quantified in ChAT positive neurons. In the in vitro
model, (3-catenin structures were defined as those having an area larger
than 0.2 um? and were quantified in cell groups containing at least 6
cells. In each condition, B-catenin structures were selected using the
threshold function of ImageJ to quantify their number and size. The
number of differentiated cells and the length of their neurites were
determined in cells having at least one neurite with a minimum size
equal to the cell soma diameter (Benavente et al., 2012; Pinto et al.,
2013). Stress granules were defined as those exhibiting e[F3h and TIA1
co-localization, and were quantified as the percentage of cells bearing
them and as the number of stress granules per cell. In cell-cell adhesion
experiments, the number of Calcein AM-488 positive cells adhered to a
10,000 um? region of interest (ROI) of the corresponding cell line
monolayer was quantified. Co-localization analyses were performed in
double staining (B-catenin/E-cadherin and p-catenin/Connexin-43) for
three independent cultures per condition. In each z plane of consecutive
confocal image series, circular ROIs were analyzed in appositional (cell-
cell contacts) and non-appositional (nucleus periphery) areas of two
contacting cells to measure Mander's Coefficient using the Image J
software. To obtain E-cadherin or Connexin-43 over (3-catenin Mander's
overlapping values, a total of 20 to 60 ROIs of appositional and non-
appositional areas were quantified. Merge images were processed with
the Imaris software to filter co-localization regions in each z plane of
consecutive confocal image series.

2.9. Statistical analyses

Experiments with NSC34-hSOD1 cells were performed at least three
times by triplicate. In each condition, 10-15 fields per coverslip were
quantified. Plots correspond to the mean = SEM. One-way ANOVA or
two-way ANOVA was used for comparison among three or more groups
followed by Bonferroni's post hoc analysis for multiple comparisons
between different groups. The number and size of -catenin structures,
the percentage of cell groups having -catenin structures, cell adhesion,
cell coupling, and the ratio of B-catenin/a-tubulin bands in Western
blot experiments, were compared using paired t-test. p < 0.05 was
considered to indicate statistical significance.

3. Results

3.1. B-catenin distributes in supramolecular structures in cells expressing
SOD1%%*A in cellular and animal models of ALS

To further characterize the accumulation of B-catenin structures in
an ALS context, we first analyzed spinal cord samples from mice ex-
pressing the G93A mutation of human SOD1 (hSOD1°?%4) (Gurney
et al.,, 1994). Immunostaining was performed in spinal cord sections
obtained at P76 (pre-symptomatic) and P130 (symptomatic) stages
from hSOD1°°*” and control mice, which express the wild-type (WT)
form of hSOD1 (Fig. 1A). We immunodetected ChAT to identify motor
neurons in the ventral horn of the spinal cord (Houser et al., 1983). -
catenin staining showed a nuclear and homogenous cytosolic distribu-
tion in spinal cord sections from control mice at both ages. In turn,
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Fig. 1. B-catenin organizes in supramolecular structures in motor neurons of
hSOD1%%** mutant mice and ALS-like NSC34-hSOD1%93# cells.

(A) Sections of control and hSOD1%°3* mutant mice at pre-symptomatic (P76)
and symptomatic (P130) stages were stained with antibodies to detect -catenin
and ChAT. (B) Quantification of the percentage of motor neurons that display -
catenin structures. Data are expressed as the mean + SEM of three in-
dependent experiments (**p < 0.01; ***p < 0.001). (C) Cytosolic protein
fractions from NSC34-hSOD19°** and control NSC34-hSOD1W" cells were
analyzed by Western blot using a specific antibody to detect (-catenin. The
levels of a-tubulin were used as loading control. (D) Quantification of the re-
lative levels of B-catenin was performed by band intensity densitometry and
expressed as a ratio regarding a-tubulin band intensity. Data are expressed as
the mean = SEM of three independent experiments (**p < 0.01). (E)
NSC34hSOD1 cells were fixed and subsequently subjected to im-
munocytochemistry using anti B-catenin and anti-MAP1B antibodies. Nuclei
were counterstained with DAPI. Quantifications show (F) the percentage of 3
catenin positive cell groups, (G) the number of -catenin aggregate-like struc-
tures per cell, (H) their average area, and (I) their size distribution. Data are the
mean *+ SEM of three independent experiments (*p < 0.05, **p < 0.01,
***p < 0.001, t-test). Scale Bars = 10 um (A,E).

motor neurons from P76 hSOD1%** mice showed a clear cytosolic re-
distribution of B-catenin to the periphery of motor neuron somas (ar-
rows in Fig. 1A). At P130, cytosolic B-catenin shows a punctate pattern
in motor neurons from hSOD1%?32 mice, a feature that correlated with
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decreased nuclear distribution. Quantification shows a marked increase
of B-catenin structures in ALS motor neurons (Fig. 1B). We also ob-
served that (3-catenin detection increased in surrounding cells (Fig. 1A).
Thus, (-catenin distribution is altered in motor neurons of a mouse
model of ALS.

In order to explore on B-catenin distribution under mutant
SOD1993A expression, we performed detailed investigation in the
NSC34 motor neuron-like cell line. As a first hint to characterize f-
catenin accumulation in NSC34-hSOD1%%32 cells, total cytosolic protein
fractions from ALS-like NSC34-hSOD19°*4 and control NSC34-
hSOD1WT cells were subjected to Western blot analyses to detect the
cytosolic levels of -catenin, whereas a-tubulin detection was used as
loading control (Fig. 1C). Quantification of the band intensity of p-ca-
tenin/o-tubulin ratio shows a significant increase of f-catenin in
NSC34-hS01%%%A cells, compared to control cells (Fig. 1D). Im-
munocytochemistry experiments confirmed previous findings showing
that -catenin structures were abundant in undifferentiated NSC34-
hSOD1%%34 cells (Fig. 1E). Quantification reveals a striking increase in
the abundance (Fig. 1F), number (Fig. 1G), as well as of the average
area of B-catenin structures in NSC34-hSOD1%%** cells, compared to
controls (Fig. 1H). Histogram analyses revealed that NSC34-hSOD16%34A
cells contain a higher proportion of B-catenin structures with an
area > 1pum? which correlated with a decrease in those having an
area < 0.2pm? (Fig. 1I). Together, these data indicate an abnormal
distribution of B-catenin in animal and cellular models of ALS motor
neurons.

3.2. fB-catenin structures in NSC34 cells expressing mutant SOD1 do not co-
localize with protein aggregates present in ALS and other pathological
conditions

Cytoplasmic aggregates of -catenin have been shown to be phos-
phorylated in the brains of AD patients (Ghanevati and Miller, 2005). In
addition, in cultures of N2a cells treated with proteasome inhibitors, [3-
catenin aggregates co-localize with vimentin and y-tubulin, revealing
that they form aggresomes (Ghanevati and Miller, 2005). In order to
correlate the presence of 3-catenin structures with alterations of protein
degradation pathways, we conducted a series of double labeling ex-
periments and analyzed them under confocal microscopy (Fig. 2). To
analyze if fB-catenin accumulation is related to SOD1 aggregation,
NSC34 cells were transiently transfected with hSOD1W'-GFP or
hSOD1%%3*A.GFP expression vectors and then treated with the protea-
some inhibitor MG132 (Onesto et al., 2011). MG132 treatment en-
hanced the accumulation of hSOD1%°3A-GFP; however, these structures
did not co-localize with B-catenin (Fig. 2A), suggesting the presence of
distinct and independent protein accumulations. We then monitored
the distribution of ubiquitin-positive aggregates after proteasome in-
hibition. Qur results show that incubation of NSC34-hSOD1%9% cells
with MG132 resulted in the formation of ubiquitin-positive inclusions
but they do not distribute along with B-catenin (Fig. 2B). Similarly, (-
catenin structures did not co-localize with y-tubulin (Fig. 2C), a marker
of perinuclear aggresomes (Ghanevati and Miller, 2005; Johnston et al.,
1998). These results indicate that B-catenin structures do not distribute
with aggregates cleared by the main protein degradation pathways.

We next evaluated other markers of protein aggregation occurring
in neurodegenerative diseases. We first analyzed stress granules, since
the accumulation of these structures often involves different proteins
altered in ALS implicated in RNA metabolism, controlling translational
rates upon proteostasis defects (Medinas et al., 2017; Taylor et al.,
2016). In order to define if B-catenin structures interact with stress
granules, NSC34-hSOD1 cells were treated with sodium arsenite to in-
duce stress granule assembly and then co-immunolabeled with the
specific markers TIA1 and elF3h (Fig. 2D). We found that sodium ar-
senite treatment triggered the formation of stress granules in cells ex-
pressing WT and mutant SOD1 (Fig. 2D). Quantification shows that
although the number of stress granules per cell decreases (Fig. 2E), the
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Fig. 2. B-catenin structures do not co-distribute with
protein aggregates in NSC34-hSOD1%%** cells.

(A) NSC34 cells were transfected with plasmids
coding for hSOD1Y" or hSOD1°** fused to GFP and
treated with the proteasome inhibitor MG132 during
6h. Cells were stained against (-catenin (red) and
MAPI1B (blue). (B) NSC34-hSOD1 cells were treated
with MG132 and co-stained against B-catenin (red)
and Ubiquitin (green). Ubiquitin aggregates (arrows)
do not co-distribute with B-catenin structures (aster-
isks). (C) NSC34-hSOD1 cells were co-stained to de-
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percentage of cells containing stress granules is increased in cells ex-
pressing mutant SOD1 (Fig. 2F). In addition, our findings show that -
catenin did not co-distribute with stress granules (Fig. 2D). Next, we
considered to evaluate the accumulation of protein aggregates with
amyloid properties, formed of insoluble (3-sheet structures, as they are
present in most neurodegenerative diseases, including fALS (Bigio et al.,
2013; Soto, 2003). Interestingly, our results show that NSC34-
hSOD1%%34 cells display increased amyloid aggregates, as evidenced by
thioflavin T-488 (ThT) staining. However, ThT-positive aggregates did
not co-distribute with P-catenin in these cells (Fig. 2G). We finally
performed analyses to assess biochemical properties of p-catenin in
NSC34 cells. Using filter-trap assays we detected similar levels of -
catenin species larger than 0.22 um in protein extracts of both NSC34-
hS01%%*4 and NSC34-hSOD1™T cells diluted with the non-ionic de-
tergent Nonidet P-40 (Fig. 2H, NP-40). However, the addition of the
denaturing ionic detergent SDS solubilized these f-catenin species,
preventing the detection by filter-trap (Fig. 2H, SDS). These results
indicate that the (-catenin cytosolic accumulations observed in ALS
motor neurons do not exhibit features of common protein aggregates,
consistently with the lack of localization with ubiquitinated or amyloid
structures (Fig. 2B and G). Next, we isolated NP-40-insoluble B-catenin
species using centrifugal sedimentation followed by Western-blot ana-
lyses. Similar low levels of PB-catenin were detected in the insoluble
pellet of NSC34-hSO19%** and NSC34-hSOD1WT protein extracts
(Fig. 2I), in line with the filter-trap results. Taken together, our findings
show a significant increase in the number and size of (-catenin

tect B-catenin (red) and the aggresome marker y-tu-
bulin (green). PB-catenin structures (arrowhead) do
not co-localize with y-tubulin (arrow). (D) NSC34-
hSOD1 cells were treated with sodium arsenite (SA),
fixed and subsequently subjected to staining with
antibodies against elF3h (blue), TIA1 (red), and pB-
catenin (green). Nuclei were counterstained with
DAPI. Even though arsenite treatment induced stress
granule formation in both NSC34-hSOD1 cell lines,
evidenced by elF3h and TIAl co-localization (ar-
rows), they did not co-distribute with [B-catenin
structures (asterisks). (E) Quantifications of the
number of stress granules per cell and (F) the per-
centage of cells with stress granules. (G) To reveal
amyloid structures, NSC34-hSOD1 cells were in-
cubated with ThT-488 (green) and stained against -
catenin (red). Amyloid aggregates (arrows) do not co-
distribute with B-catenin structures (asterisk). Scale
Bars = 10 um. (H) Total protein extracts from three
different cultures of NSC34-hSOD1 cells were diluted
in PBS containing Nonidet P-40 (NP-40) or SDS and
analyzed by filter-trap for detection of -catenin ag-
gregates. (I) Protein extracts from (H) were also
fractionated into NP-40-insoluble pellet (P2) and
analyzed by Western-blot for detection of B-catenin.
B-actin was employed as loading control. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

NP-40 SDS
-

B-catenin

B-actin

structures in ALS-like NSC34 cells. Nevertheless, (3-catenin accumula-
tions present in NSC34-hSOD1%%32 cells were not associated to common
protein aggregates cleared by degradative pathways or to those that
have been described in ALS and other neurodegenerative diseases, such
as stress granules, amyloid aggregates, and SDS-resistant species.

3.3. Impaired cell-cell interaction and increased cell-cell coupling correlate
with the presence of f-catenin structures in cells expressing mutant SOD1

In addition to act as an essential effector of Wnt-mediated gene
expression, 3-catenin plays key roles in cell-cell interactions (Daugherty
and Gottardi, 2007). As B-catenin accumulation occurs mainly at the
periphery of clustered NSC34-hSOD1%?3# cells, we first analyzed the
potential co-localization with N- or E-cadherin (Fig. 3A,B). N-cadherin
distributes as dots with low frequency in cell-cell interfaces in both
NSC34-hSOD1 cell lines (Fig. 3A). Although a small fraction of N-cad-
herin puncta co-localize with B-catenin in control NSC34-hSOD1"”
cells, the large B-catenin structures of NSC34-hSOD1%93* cells did not
co-distribute with N-cadherin (Fig. 3A). E-cadherin also displays a
punctate distribution in both NSC34-hSOD1 cell lines, although more
abundant than those of N-cadherin. Double staining shows that [3-ca-
tenin partially co-localizes with E-cadherin (Fig. 3B). The Mander's
overlap coefficient was determined to quantify the degree of co-dis-
tribution between both proteins in cell-cell appositional and non-ap-
positional zones. Our findings show impaired co-localization of p-ca-
tenin and E-cadherin in NSC34 cells expressing the G93A mutated form
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Fig. 3. NSC34-hSOD1%93* cells display impaired cell-cell interaction and increased cell-cell coupling.

NSC34-hSOD1 cells were co-stained to reveal 3-catenin (red) along with (A) N-cadherin or (B) E-cadherin (green). Nuclei were counterstained with DAPI (blue). B-
catenin structures (arrows) do not co-localize with N-cadherin (A, arrowheads) and partially co-localizes with E-cadherin puncta (B, arrowheads), as evidenced by
image processing to reveal the co-localization regions (yellow, right panel). (C) Mander's overlap coefficient quantification between p-catenin and E-cadherin in cell-
cell appositional and non-appositional zones. (D) NSC34-hSOD1 cells were loaded with the live-cell Calcein AM-488 dye (green), trypsinized, and subjected to bind to
monolayers of their corresponding cell line (bright field) for 30 min at 37 °C. (E) Quantification of cell-cell adhesion expressed as the number of cells per 10,000 um2
of cell monolayer. Data are the mean + SEM of three independent experiments (*p < 0.05). (F) NSC34-hSOD1 cells were co-stained to detect B-catenin (red) and
Connexin-43 (green). Nuclei were counterstained with DAPI (blue). B-catenin structures (arrows) partially co-localize with Connexin-43 (arrowheads). Image
processing reveals the co-localization regions (yellow, right panel) (G) Mander's overlap analyses between [-catenin and Connexin-43 in cell-cell appositional and
non-appositional zones. (H) NSC34-hSOD1 cells were co-injected with Lucifer yellow/Neurobiotin dyes. After 2 min, the dye transference to adjacent cells was
analyzed by epifluorescence microscopy. The panels show superimposed phase-contrast and Lucifer yellow fluorescence. (I) Quantification of coupling index,
expressed as the mean + SEM of three independent experiments (***p < 0.001, t-test). Scale Bars = 10 um (A,B,D,F,H). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

of SOD1 in both subcellular regions (Fig. 3C). To analyze cell-cell in-
teractions at the functional level, NSC34-hSOD1 cells were labeled with
the membrane-permeable live-cell Calcein AM dye, trypsinized, and

distribution with gap junctions (Ai et al., 2000; Rinaldi et al., 2015).
Indeed, in cardiomyocytes, -catenin interacts with Connexin-43 (Ai
et al., 2000), a gap junction-forming protein whose expression increases

subjected to bind to monolayers of their corresponding cell line for
30 min (Fig. 3D). Quantification shows that both NSC34-hSOD1 cells
bind to a monolayer of their corresponding cell line; however, this
ability is significantly impaired in NSC34-hSOD1%*2 cells (Fig. 3E).
Secondly, we focused on evidence pointing to [-catenin co-

in the motor cortex and the spinal cord of ALS patients (Almad et al.,
2016). Thus, we co-stained NSC34-hSOD1 cells with antibodies against
B-catenin and Connexin-43 (Fig. 3F). Quantification of the Mander's
overlap coefficient shows that both proteins co-distribute in cell-cell
appositional and non-appositional zones in both cell types; remarkably,
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the co-distribution of (-catenin and Connexin-43 is significantly in-
creased in the appositional zone of NSC34-hSOD1¢%* cells (Fig. 3G).
To functionally analyze gap junctions in NSC34-hSOD1 cells, we ex-
amined intercellular dye transfer coupling (Martinez et al., 2002). To
this aim, Lucifer yellow/neurobiotin were injected into single cells from
cell groups of both NSC34-hSOD1 cell lines and after 2 min the presence
of both tracers in adjacent cells was analyzed as a measure of cell
coupling. In NSC34-hSOD1WT cells, dyes remained restricted to the
micro-injected cell; in turn, most of the microinjected NSC34-
hSOD1%934 cells showed dye diffusion to two or more adjacent cells
(Fig. 3H). Quantification of the coupling index shows a strong and
significant increase of the coupling between NSC34-hSOD1%%** cells,
compared to control NSC34-hSOD1"T cells (hSOD1W™: 0.07 + 0.01;
hSOD1%%34: 0.5 + 0.01; ***p < 0.001) (Fig. 3I). Together, our find-
ings show that the presence of peripheral 3-catenin structures in NSC34
cells expressing mutant hSOD1 correlates with impaired cell-cell ad-
hesion and increased cell-cell coupling.

3.4. GSK3p inhibition induces the disassembly of B-catenin structures in
mutant SOD1 expressing cells

The subcellular distribution of B-catenin in the membrane, the cy-
tosol and the nucleus is regulated by its phosphorylation by GSK3[3 (Wu
and Pan, 2010). To gain further insights on B-catenin accumulation in
ALS-like motor neurons, NSC34-hSOD1%°3* cells were treated with
pharmacological agents that inhibit GSK3[3. Western blot experiments
showed that total -catenin levels were similar in control and NSC34-
hSOD1%934 cells, consistent with our previously published results (Pinto
et al., 2013). As expected, we found that both, lithium chloride and
Andrographolide (ANDRO) treatments, increased [(-catenin levels in
control NSC34-hSOD1"" cells, demonstrating that both drugs inhibit
GSK3p. Nevertheless, both drugs failed in increasing total B-catenin
levels in NSC34-hSOD1%%%A cells (Fig. 4A-B). Remarkably, we found
that the treatment of undifferentiated NSC34-hSOD1%%** cells with li-
thium chloride significantly reduced the number of 3-catenin structures
(PBS: 2.9 * 0.48; LiCl: 1.2 = 0.10; *p < 0.05) and their average area
(Fig. 4C-E). Histogram analyses revealed that lithium treatment re-
sulted in a lower proportion of B-catenin structures with an area >
1 um? which correlated with an increase in those having an area <
0.2um? (Fig. 4F). Comparable results were obtained with the more
specific GSK3[ inhibitor ANDRO (Tapia-Rojas et al., 2015) (Fig. 4G).
ANDRO treatment reduced the number of (-catenin structures in
NSC34-hSOD19%3* cells (DMSO: 2.5 + 0.2; ANDRO: 1.1 + 0.1;
*p < 0.05) and decreased the average area of these structures (DMSO:
0.7 = 0.1pym% ANDRO: 0.3 + 0.04um?% *p < 0.05) (Fig. 4G-I).
Analyses of size distribution show that ANDRO treatment induced a
marked decrease in the proportion of B-catenin structures with an
area > 1um? and a corresponding significant increase in those with an
area < 0.2 |,lm2 (Fig. 4J). These results indicate that GSK3p inhibition
induces the disassembly of [(-catenin structures in cells expressing
mutant hSOD1.

3.5. Decreased neurite outgrowth triggered by mutant SOD1 is counteracted
by GSK3p inhibition

As one of the main features of cellular models of ALS motor neurons
is their impaired ability to differentiate into a neuronal-like phenotype
(Chen et al., 2014; Gomes et al., 2008; Isobe et al., 2015; Lee et al.,
2002; Magrane et al., 2009; Pinto et al., 2013; Yao et al., 2013), we next
evaluated the potential effect of GSK3p inhibition on neuronal differ-
entiation. To this aim, NSC34-hSOD1 cells were incubated with lithium
chloride during 24 h, differentiated, and subsequently stained against
MAP1B for morphological quantification (Benavente et al., 2012; Pinto
et al., 2013). In control conditions, the number of differentiated cells
was significantly impaired in NSC34-hSOD®?** cells (Fig. 5A), as we
reported before (Pinto et al., 2013). Interestingly, lithium treatment
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rescued the ability of NSC34-hSOD®?3* cells to project neurites
(Fig. 5A). Quantification indicated that lithium treatment results in a
significant increase in the proportion of NSC34-hSOD®?*A cells pro-
jecting neurites after induction of neuronal differentiation (PBS:
13.0 = 0.4%; lithium: 24.2 + 2.5%; *p < 0.05, ANOVA) (Fig. 5B).
However, the average length of these projections was unaltered by li-
thium treatment (Fig. 5C). A similar response was exerted by the spe-
cific GSK3f inhibitor ANDRO (Fig. 5D). Indeed, ANDRO treatment
significantly increased the number of NSC34-hSOD®®** cells having
neurites after induction of differentiation (DMSO: 22.0 + 2.4%;
ANDRO: 55.9 + 2.3%; ***p < 0.001). Remarkably, even in un-
differentiated cultures treatment with ANDRO resulted in a marked
increase in the proportion of cells projecting neurites in NSC34-
hSOD1%%3*  cells (DMSO: 5.1 * 2.1%; ANDRO: 18.9 * 3.1%;
*p < 0.05) (Fig. 5E). Similar to lithium treatment, GSK3p inhibition
with ANDRO did not affect the average length of neurites (Fig. 5F).
Together, our findings show that GSK3f inhibition disassembles p-ca-
tenin structures and rescues the morphological differentiation of an in
vitro model of ALS motor neurons.

4. Discussion

ALS models bearing the G93A mutation of SOD1 were chosen for
this study as their pathological and clinical features are similar to those
of ALS patients (Gurney et al., 1994). We have focused on Wnt signaling
as several developmental morphogens, including Wnt ligands, regulate
numerous aspects of neuronal behavior (Ciani and Salinas, 2005;
Inestrosa and Arenas, 2010). Moreover, proteins associated to Wnt-
dependent signaling pathways are expressed in the adult brain and have
been involved in neuroprotection (Inestrosa and Arenas, 2010; Purro
et al., 2014). In the context of ALS, symptomatic stages of the disease
display increased levels of transcripts coding for Wnt ligands, receptors,
and inhibitors (Al-Chalabi and Hardiman, 2013; Gonzalez-Fernandez
etal., 2019; Li et al., 2013). On the other hand, NSC34-hSOD1%%** cells
show decreased basal levels of Wnt-dependent transcription (Pinto
et al., 2013). Together, this evidence suggests that Wnt pathway in-
hibition could be associated to ALS. We have previously shown that 3-
catenin, a key effector of Wnt pathway activation, distribute in supra-
molecular structures in NSC34 cells bearing the G93A mutation of
SOD1 (Pinto et al., 2013). As B-catenin accumulation correlates with
decreased Wnt signaling in this in vitro ALS model, here we have aimed
to characterize B-catenin structures as well as their potential functional
outcome in the context of ALS.

Protein aggregates are a common feature of neurodegenerative
diseases (Medinas et al., 2018; Takalo et al., 2013) and imply altera-
tions in the protein degradation systems, such as UPS and autophagy
activation (Bendotti et al., 2012). Indeed, ALS models show alterations
in the protein degradation pathways. For instance, decreased activity of
the UPS leads to ubiquitin accumulation (Bendotti et al., 2012) and to
aggresome formation (Johnston et al., 2000). In models of different
neurodegenerative diseases, such as AD and HD, (3-catenin distributes in
aberrant patterns, including ubiquitinated (-catenin aggregates and
aggresomes (Ghanevati and Miller, 2005; Godin et al., 2010). Based on
these findings, we aimed to correlate the distribution of P-catenin
structures with the distribution of markers of protein aggregation. We
found that B-catenin is not associated with SOD1°%* aggregates, or
with a specific pathway of protein degradation, nor forming stress
granules. We also analyzed amyloid aggregates, a common feature of
neurodegeneration. Indeed, the central structure of protein aggregates
involved in AD (AP peptide), PD (a-synuclein), and HD (poly-gluta-
minated proteins) form amyloid structures (Soto, 2003). Amyloid ag-
gregates have also been described in models of mutant proteins causing
fALS, as mutations in TDP-43 and FUS (Bendotti et al., 2012). However,
the presence of these aggregates in models of SOD1-mediated ALS is
less clear (Furukawa et al., 2008; Kerman et al., 2010). Even though our
present findings support the notion that amyloid structures are present
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in ALS models, (3-catenin did not co-distribute with these protein ag-
gregates.

What is the nature of the (3-catenin structures present in NSC34 cells
expressing hSOD®*®*A? Qur filter-trap and aggregate isolation assays
reinforce the idea that 3-catenin do not form classical insoluble protein
aggregates. In this regard, (-catenin aggregates described in brain
neurons from AD patients correspond to granulovacuolar degeneration
bodies; however, these inclusions have 3 to 5um of diameter and are
characterized by the presence of ubiquitin (Ghanevati and Miller, 2005;
Murata-Shinozaki et al., 2017), different to what we found in B-catenin
structures of NSC34-hSOD1%%3# cells. One intriguing possibility is that
B-catenin assembles as amorphous aggregates, characterized by a three-
dimensional structure in which monomers are randomly assembled
(Stranks et al., 2009), that have been associated to neurodegeneration.
For instance, the microtubule-associated protein tau forms amorphous
aggregates in neurofibrillary tangles found in AD patients and in models
of frontotemporal dementia (Qureshi et al., 2013; Vogelsberg-Ragaglia
et al.,, 2000). Also, a subset of the a-synuclein protein assemble as
amorphous aggregates in models of PD (Uversky and Eliezer, 2009).
Interestingly, in the presence of lipid vesicles, hSOD1 assembles
amorphous cytotoxic aggregates in vitro (Choi et al., 2011). The possi-
bility that B-catenin form amorphous aggregates in the context of ALS
motor neurons and their potential involvement in the onset of ALS are
attractive avenues for future research.

How does p-catenin become accumulated in ALS-like motor neu-
rons? The dual role of (3-catenin in Wnt-mediated gene expression and
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Fig. 4. GSK3fB inhibition disassembles p-catenin
* structures in NSC34-hSOD1%%** cells.
(A) Total protein extracts from NSC34-hSOD1%%** and
control NSC34-hSOD1W" cells were analyzed by

=pPBS Western blot using a specific antibody to detect B-ca-
maLithum  tenin. The levels of a-tubulin were used as loading
=DMSO . )

=IANDRO control. (B) Quantification of the relative levels of -

catenin was performed by band intensity densitometry
and expressed as a ratio regarding a-tubulin band in-
tensity. Data are expressed as the mean = SEM of
three independent experiments (*p < 0.05). NSC34-
hSOD1 cells were treated with 40 mM lithium chloride
(C-F) or 10 uM ANDRO (G-J) for 6 h. Fixed cells were
subsequently subjected to immunocytochemical
staining to reveal B-catenin (green) and MAP1B (red).
Nuclei were counterstained with DAPI (blue).
Quantifications show (D,H) the number of B-catenin
aggregate-like structures per cell, (E,I) their average
area, and (F,J) their size distribution. Data are the
mean + SEM of three independent experiments
(p < 0.05, **p < 0.001, t-test). Scale
Bars = 10 um (C,G). (For interpretation of the refer-
ences to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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cell-cell interactions has been related to different pools of the protein
(Daugherty and Gottardi, 2007; McCrea et al., 2015). One possible level
to regulate the availability of B-catenin pools relies on its interacting
proteins at different cell compartments (McCrea et al., 2015). In this
regard, our results of the exploration of the 3-catenin interactions in the
ALS context indicate that even though this protein partially distributes
with E-cadherin in control cells, this co-localization is impaired in
NSC34-hSOD1¢93A cells, which correlates with decreased cell-cell ad-
hesion. It has been well established that cadherin protein levels nega-
tively impact canonical Wnt signaling through binding and sequestering
B-catenin from Wnt-dependent transcription (McCrea et al., 2015). In-
deed, B-catenin interacts with E-cadherin and Wnt cytosolic effectors in
a phosphodestruction complex that, although localized in cell-cell
contacts, it is molecularly different from the cadherin—catenin adhesion
complex (Maher et al., 2009). A recent elegant study using fly wing
imaginal discs show that myosin II-dependent cellular contraction in-
hibited Wnt target gene transcription by sequestering (-catenin to ad-
herens junctions through its interaction with E-cadherin (Hall et al.,
2019). Thus, our results showing decreased B-catenin interaction with
E-cadherin in cells expressing mutated hSOD1 could imply an increase
in Wnt signaling activation. However, we determined that decreased -
catenin interaction with E-cadherin occurs concomitantly to an in-
creased association with the gap-junction forming protein Connexin-43
that correlated with augmented cell-cell communication. Increased
expression of Connexin-43 has been described in both the motor cortex
and the spinal cord of ALS patients (Almad et al., 2016). In addition, [3-
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Fig. 5. GSK3P inhibition rescues morphological differentiation of NSC34-
hSOD1993* cells towards a neuron-like phenotype.

NSC34-hSOD1 cells were treated with 100 uM lithium chloride (A-C) or 2 uM
ANDRO (D-F) for 24h and induced to differentiate for additional 24 h.
Undifferentiated (0 h) and differentiated (24 h) cells were stained using a spe-
cific antibody against MAP1B (green). Morphological parameters of differ-
entiation were quantified as (B,E) the percentage of cells bearing neurites and
(C,F) the average length of neurites. Data are the mean + SEM of three in-
dependent experiments (*p < 0.05, ***p < 0.001). Scale Bars = 50 um (A,D).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

catenin co-distributes with Connexin-43 in neurospheres of neural
progenitor cells obtained from human foetal brain, in mouse cardiac
myocytes and in different cell lines (Ai et al., 2000; Hou et al., 2019;
Rinaldi et al., 2015). Interestingly, Connexin-43 silencing results in
increased Wnt-dependent f-catenin nuclear translocation (Hou et al.,
2019) and increases the levels of transcriptionally active (-catenin in
neurospheres (Rinaldi et al., 2015). These findings configure a potential
scheme where the association of [3-catenin with Connexin-43 in cells
expressing hSOD1%°*A could contribute to the decrease in the
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transcriptional activity observed in these cells (Pinto et al., 2013).
Another level by which p-catenin pools are regulated relies on its
phosphorylation state (McCrea et al., 2015). B-catenin is phosphory-
lated in sequential steps, where the Casein kinase 1-dependent phos-
phorylation of Ser45 acts as a priming signal for subsequent GSK3p-
dependent phosphorylation of residues Ser33, Ser37 and Thr41 for
ubiquitination and proteasome degradation (Daugherty and Gottardi,
2007). Even though (-catenin aggregates present in the context of AD
and HD are phosphorylated for degradation (Ghanevati and Miller,
2005; Godin et al., 2010), we found that B-catenin structures in cells
expressing hSOD®?** do not co-localize with ubiquitin. How does
GSK3p inhibition result in the disassembly of [(-catenin structures?
GSK3 has been reported to phosphorylate > 40 protein substrates and
cumulative evidence reveals that GSK3[ regulation can modulate other
downstream signaling events independently of B-catenin, including
mTOR, BMP, Akt and NFkB1-dependent pathways (Wu and Pan, 2010).
Some GSK3p targets are relevant in neurodegenerative conditions, such
as tau hyperphosphorylation in a spectrum of tau pathologies, including
AD (Igbal et al., 2010). In the context of ALS, GSK3 is up-regulated in
the brain and spinal cord of patients (Yang et al., 2008), where it has
been shown to regulate post translational modifications of TDP-43
(Moujalled et al., 2013) and autophagy (de Munck et al., 2016). Ac-
cordingly, the use of GSK3 inhibitors exerts positive effects both on
stem-cell-derived motor neurons (Yang et al., 2013) and hSOD1%934
transgenic mice, showing improved motor performance (Ahn et al.,
2014). Our present findings in motor neuron-like cells expressing
hSOD®%3A position B-catenin supramolecular complexes as an attractive
target to analyze in GSK3p inhibition strategies in the context of ALS.
ALS-like motor neurons display an impaired ability to differentiate
into a neuronal-like phenotype. For instance, the expression of
hSOD1%%3# in NSC34 cells decreases the percentage of cells that de-
velop neuronal processes (Gomes et al., 2008; Lee et al., 2002; Pinto
et al., 2013) while motor neurons derived from induced pluripotent
stem cells or from human embryonic stem cells display shorter neurites
than control cells (Chen et al., 2014; Isobe et al., 2015; Yao et al.,
2013). Activation of Wnt signaling by ligand- and drug-dependent in-
hibition of GSK3[ rescues the differentiation of an in vitro model of PD
neurons (Qi et al., 2017) and plays neuroprotective roles in in vitro
models of AD (Ardiles et al., 2012; De Ferrari et al., 2003; Purro et al.,
2012). How does GSK3p inhibition and the disassembly of 3-catenin
structures could rescue the morphological differentiation of NSC34-
hSOD1%%%A cells towards a neuronal-like phenotype? Based on the
aforementioned evidence, one possibility is that this effect could be
related to transcription. For instance, the increase in B-catenin depen-
dent transcription caused by Connexin-43 silencing in neurospheres
results in increased neuronal differentiation (Rinaldi et al., 2015). In
addition, incubation of chicken neural tube explants with the CRD
domain of Fzd8, which acts antagonizing Wnt signaling, blocks motor
neuron differentiation (Nordstrom et al., 2006). On the other hand, p-
catenin could regulate the ability of NSC34-hSOD1%9** cells to extend
neurites through local, transcription-independent mechanisms. During
the process of neuronal nucleation at the developing spinal cord, cad-
herin-mediated cell adhesion is crucial for the organization of motor
columns; indeed, interfering with 3-catenin and a-catenin expression in
motor neuron precursors results in an aberrant segregation of the motor
columns in the spinal cord (Demireva et al., 2011; Price et al., 2002),
likely inducing defects in the organization of sensorial-motor circuits
(Stirmeli et al., 2011). Therefore, possible alterations in cell-cell adhe-
sion during early nervous system development that, in our ALS cellular
model correlate with altered [(-catenin distribution, will potentially
result in delayed neuronal differentiation or impaired organization of
motor columns. Also, it has been shown that the expression of a sta-
bilized form of (3-catenin significantly decreased the proportion of PC12
cells projecting neurites in response to NGF, also through a transcrip-
tion-independent pathway (Votin et al., 2005). Rather, the mechanism
involves adenomatous polyposis coli (APC), a protein belonging to the
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B-catenin destruction complex that becomes disassembled upon Wnt
pathway activation (Ciani and Salinas, 2005). In these studies, stabi-
lized PB-catenin binding to APC blocks the cytoskeleton-dependent
ability of APC to induce neurite outgrowth (Votin et al., 2005).
Therefore, addressing transcriptional or local signaling responses eli-
cited by GSK3p inhibition will be essential to define its impact on the
disassembly of the macromolecular structures formed by f-catenin as
well as on neuronal differentiation. These studies will also allow to test
for possible pharmacological strategies to manipulate 3-catenin accu-
mulation and its potential impact in ALS progression.
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